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ABSTRACT

MONTE CARLO DETERMINATION OF DETECTION EFFICIENCY FOR PORTAL
MONITORING

At ports of entry into the country, at high security events such as political or athletic
gatherings of crowds, and at high risk locations, portal monitors are used to detect the
presence of ionizing radiation and ensure radiological /nuclear materials do not fall out of
regulatory control or are utilized with malicious intent. This work uses computer models
to determine the probability of photon radiation being detected in polyvinyl toluene, a
plastic scintillator material, for a range of source energies, truck positions relative to the
detector, and cargo materials. These results are used to develop models for operators of
portal monitors to predict the activity of a radioactive source given the measured count rate
and integrated count measurements. A linear model of the detection efficiency produces
an analytic expression of the measured count rate given the emission spectrum of a source
which allows for calculation of net counts between two points on the truck’s trajectory and
the time derivative of the count rate. The time derivative of the count rate has a similar
characteristic behavior along the truck’s trajectory and has the potential to be an indicator
of weak radiological sources. A MARS model allows for accurate prediction of the net count
rate for truck positions and source energies not directly modeled. These models best predict
detection efficiency for higher energy photons and are primarily useful for the prediction of

detection of fission and activation products.
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Chapter 1

Introduction

1.1 Illicit Radiological and Nuclear Materials

At ports of entry into nations, high security events, and at high-risk locations, portal
monitors are used to detect the presence of ionizing radiation. These detectors can prevent
radiological and nuclear materials from falling out of regulatory control or being used for
illicit purposes. Fixed radiation portal monitors (RPMs) are commonly used to monitor
radiation levels within vehicles and in particular cargo trucks. Current methods utilize a
decision threshold for the amount of radiation detected, or rate of radiation detection, when
determining whether to perform a more detailed investigation of vehicles. While these meth-
ods can prevent the transportation of high activity materials, they are unable to distinguish
weak or shielded sources from natural background radiation. Some developments have been
made which utilize time-domain measurements of the count rate and application of Bayesian
statistics to detect the weak sources. This study models the gamma radiation from a truck
interior and the response of polyvinyl toluene portal monitors as a truck approaches and

passes through the monitoring region.

1.1.1 Radiological Materials out of Regulatory Control

Typically, radiological materials are classified based on the potential hazards they pose.
Nuclear materials broadly encompass fissionable and fissile material which can be used to
induce a chain nuclear reaction. The term radiological material typically refers to radioac-
tive materials which are commonly (though not always) fission and activation products from
nuclear reactions. The term radiological material will be used to describe radiological and
nuclear material in this report, and the distinction will be made when necessary. Accord-

ing to a 1999 International Atomic Energy Agency (IAEA) conference, the United States



Nuclear Regulatory Commission (NRC) receives at least two hundred reports of missing
radiological sources a year, IAEA (1999). As noted in this report, that number likely under-
estimates the true number of sources which fall out of regulatory control as these are only
the reported cases. Following the September 11th, 2001 attacks, the JAEA commissioned a
study on the radiation detection systems used at border crossings internationally at which
time there were three hundred verified reports of missing radiological sources, Beck and
Schmitzer (2003). These materials can range from irradiators used for research or medical
applications, sources used for imaging in industrial applications, or non-radioactive material
which becomes contaminated through proximity to other radioactive material.

Not all radiological material which goes missing is necessarily stolen for malicious pur-
poses. It may be inadvertently discarded, as was the case in Goiania, Brazil in 1988, or
may be temporarily misplaced during transit, IAEA (1988). Though there is a distinction
between sources which go missing, sources which are abandoned (orphaned sources), and
sources which are stolen, the end goal is to locate these sources as soon as possible to mini-
mize dose to the public and potential terrorist activity. That being said, orphaned sources
and unknowingly contaminated materials are commonly found within scrap metal, while
stolen sources may be located in a variety of shipments, IAEA (1999). For this reason, this
study will model the detection capabilities of sources within trucks that ship both scrap

metal and foodstuff.

1.1.2 Radiation Dose

Radiation describes the general process of energy in transport, regardless of medium or
energy. For the purposes of this document, the term radiation will refer to particles and
electromagnetic waves whose kinetic energy is sufficient to eject orbital electrons from an
atom. When electrons are ionized the chemical and crystal bonds within a material are

disrupted, and in some cases the electron can cause further ionization, Turner (2007).



When cells are exposed to ionizing radiation, the damage can lead to cellular death
or mutations. When large amounts of energy (above approximately 100 mGy to 500 mGy)
from radiation is absorbed by the body, there is the possibility for harmful tissue effects
(deterministic or non-stochastic) in which large parts of tissues and organs are damaged
potentially permanently. For smaller amounts of radiation absorbed by the body, there is
an increase in cancer risk, Johnson (2017).

In 1988 Goiania, Brazil a 7Cs medical source fell out of regulatory control and was
found by members of the public who thought it was just scrap metal. In the process of
transporting the source to a scrap metal processing facility, the individuals received large
doses of radiation and contaminated large parts of the city leading to internal doses for many
members of the public. Several individuals died as a result of acute radiation syndrome and
around twenty individuals had radiation burns on their skin as a result of their contact with
the source. The process of treating the patients in Goiania, responding to unexposed but
concerned members of the public, and decontaminating parts of the city was a large effort

on behalf of both Brazilian and international authorities, IAEA (1988).

1.1.3 Terrorism

In addition to concerns of excess dose to the public, there are concerns about the use
of radiological materials in terrorist activities. The use of radiological materials in weapons
can be characterized as an improvised nuclear device (IND), a radiological dispersal device
(RDD), and radiation exposure device (RED), NCRP (2010), Bevelacqua (2016).

INDs utilize nuclear material and conventional explosives to induce nuclear chain re-
actions similar to conventional nuclear weapons. These may have a lower yield than the
weapons developed by several nation states and may be unable to produce a sustained chain
reaction. The INDs which do not successfully induce a fission reaction may still act as an
RDD. The goal of an RDD is to spread radioactive material in an explosion thereby con-

taminating the region near the explosion. RDDs typically use strictly radiological material



which are commonly external and internal radiation hazards. The goal of an RED is to
provide radiation dose to unsuspecting members of the public and is typically composed of
gamma-emitting radiological material, NCRP (2010).

All of these methods can provide radiation dose and/or contaminate areas with radio-
logical material which can directly harm members of the public through dose and indirectly
through psychological effects. REDs and INDs are more likely to cause dose issues than
RDDs, but public exposure to ionizing radiation and to radiological material can cause
widespread panic which may overwhelm first responders and medical staff and may cause

general anxiety.

1.1.4 Sources of Ionizing Radiation

1.1.4.1 Photon Radiation

Photons are general particles describing excitation of the electromagnetic field which
mediate electric and magnetic interactions between charged particles. The energy of an indi-
vidual photon is proportional to the frequency of the electromagnetic field through Planck’s
constant, eqn 1.1. Visible light and radio waves are examples of photons whose energy is
insufficient to ionize atoms. For energies above approximately one hundred electron-volts,
photons can transfer energy to orbital electrons causing them to no longer be bound to their

original atom, Johnson (2017).

E, = hv (1.1)

All photons of the same energy will interact with the same materials in identical ways.
However, it is common to use different terminology for photons with different origins. High
energy photons which are produced through transitions between atomic orbitals are known
as x-rays. These photons are characteristic of the atom and can be used for atomic spec-
troscopy. Gamma-rays are analogous to x-rays for transitions between excited nuclear states.

Radioactive decay and nuclear interactions commonly leave the nucleus in an excited energy



state. The nucleus may transition to a less excited nuclear state through the emission of
electromagnetic radiation known as a gamma-ray. Like x-rays, gamma-rays are character-
istic for the daughter nucleus in the interaction and can be used to characterize the nuclei
present in a sample. Annihilation photons describe electromagnetic radiation which result
from interactions of matter and anti-matter. For example, when an electron (e™) interacts
with a positron e*, two photons with energy E, = m,c? ~ 511keV are produced, Johnson
(2017).

The previous forms of electromagnetic radiation all have discrete energy spectra. How-
ever, another form of electromagnetic radiation known as bremsstrahlung radiation produces
a continuous energy spectrum. When charged particles accelerate! some energy will be lost
due to electromagnetic radiation. The energy of the individual bremsstrahlung photons will
increase as the initial energy of the charged particle increases and increases with the accel-
eration of the particle. For electrons, this effect can be large when the electron scatters off

of nuclei with a high proton content (high Z-number).

1.1.4.2 Heavy Ion Radiation

For heavy nuclei with a large proton to neutron ratio (large Z : N ratio), the nucleus may
decay through the emission of an alpha particle (‘He nucleus) or via spontaneous fission in
which the nucleus splits into two smaller nuclei and several neutrons. These particles (aside
from neutrons) are charged and due to their large mass have a limited range in most media,
Johnson (2017). For this reason, they do not pose an external hazard, are typically shielded
by their surroundings, and cannot be detected by portal monitors. The probability of a
heavy ion tunnelling out of the nucleus decreases as the mass of a heavy ion increases.
Due to the small mass of helium nuclei and their stability, alpha-decay requires less energy
than spontaneous fission. The decay energy of alpha-emitting radionuclides typically ranges

from approximately two mega-electron-volts to eight mega-electron-volts. In some cases,

!This includes changes in direction and speed losses.



the resulting nuclei from alpha-decay or spontaneous fission will be left in an excited state

following the decay, leading to gamma-emission.

1.1.4.3 Electron Radiation

For nuclei without sufficient energy to undergo alpha-decay or spontaneous fission, or
nuclei with a large neutron to proton ratio, the nucleus may undergo isobaric decay. Two
nuclei are isobars if they contain the same total number of hadrons in their nucleus, A =
Z 4+ N. Isobaric decay is one in which A is the same for both the parent and daughter nucleus.
Beta-minus decay is a form of isobaric decay which occurs in nuclei with a large neutron to
proton ratio (low Z : N ratio), Johnson (2017). A down quark within the neutron changes

quark flavor to an up quark creating a proton, electron, and anti-electron-neutrino, eqn 1.2.

n—p+e +v, (1.2)

Since beta-minus decay is a three-body decay, the kinetic energy available is shared
between the anti-neutrino and the electron leading to a continuous spectrum of electron
energies. Pure-beta emitters are unstable nuclei in which the daughter nucleus is left in the
ground state. For many beta-emitters, gamma-rays will be emitted following the emission
of the electron. Beta-plus decay is another form of isobaric decay which occurs in nuclei
with a large proton to neutron ratio (high Z : N ratio) with insufficient energy to undergo
alpha-decay or spontaneous fission. An up quark within a proton changes quark flavor to a

down quark creating a neutron, positron, and electron-neutrino, eqn 1.3, Johnson (2017).

p—on+tet+u, (1.3)

Like beta-minus decay, the kinetic energy available is shared between the positron and
the neutrino. Upon production and subsequent deceleration, the positron will be attracted
to an electron and annihilate leading to a pair of annihilation photons with £, ~ 511keV.

Beta-plus decay requires the decay energy to exceed 2 - m,c? ~ 1.02MeV. If the decay



energy is insufficient for beta-plus decay, the nuclues may undergo electron-capture decay.
An orbital electron from one of the inner shells combines with a proton in the nucleus to

form a neutron and an electron neutrino, eqn 1.4, Johnson (2017).

p+e —n+r, (1.4)

Electron capture, annihilation with a positron, and ionization will leave holes in the
atomic orbitals. These holes are typically filled by outer electrons leading to the emission of
x-rays. In some cases, the transition from an outer shell to the hole is forbidden, the difference
in orbital angular momenta between the two states does not equal the spin of a photon. The
transitions can still occur through x-ray emission, but the transitions are delayed. Due to
the instability of the atom during this period, an electron may spontaneously drop to the
hole and transfer its energy to one of the electrons from its original shell. The electron which
receives the excess energy is subsequently ejected from the nucleus, Johnson (2017); this
process is called Auger emission. In a similar vein, if a nuclear transition is forbidden, the
energy may be transferred to an orbital electron instead of gamma emission; this process is

called internal conversion.

1.1.4.4 Neutron Radiation

Neutrons, like photons, are neutral particle radiation and have a larger range in matter
than electrons and heavy ions. They are commonly produced in nuclear fission reactions,
and are capable of leading to activation, Cacuci (2010). This is the process by which a stable
nucleus absorbs a neutron and becomes radioactive, typically a beta-minus emitter, Johnson
(2017). Activation products along with fission products are frequent beta-gamma emitters
of concern for both radiation dosimetry and potential dirty bombs. Though some portal
monitors are capable of neutron detection, gamma-radiation will be the primary topic of

this report.



1.1.5 Radioactive Decay Kinetics

The number of radioactive nuclei of a certain species follows first-order kinetics, eqn 1.5,
Johnson (2017). The rate constant, A, is characteristic for the radionuclide and is related to
the probability of the transition from the unstable state to the stable state occurring. This

kinetic law leads to exponential decay of the species present, eqn 1.6.

AN
= AN (1.5)
N(t+ At) = e MIN(2) (1.6)

The activity of a source is defined as the number of decays which occur in some duration,
eqn 1.7. The rate constant defines a characteristic time ¢ = 1/ for changes in activity of a
bulk sample. Since the primary concern is nuclides which could be used for illicit purposes,
this report will only consider nuclides sufficiently long-lived that the activity may be treated

as a constant.

A(t) = AN(t) (1.7)

While activity defines the rate at which decays occur, it does not describe the rate at
which photons are created. Both %°Co and '37Cs are common gamma-emitters in medical
treatments and industrial applications, whose rate of photon production does not equal the
activity. Following beta-minus decay, there is an 85.1% chance that cesium-137 will emit a
661.66 keV photon, Browne and Tuli (2006). Following beta-minus decay, there is a 99.8%
chance that cobalt-60 will emit a 1173 keV photon and a 99.9% chance it will emit a 1332 keV
photon, Browne and Tuli (2013). Due to these differences, the yield, Y (E,, ) is defined
to be the probability density for a photon to be emitted with energy E. in a direction €2
following the decay of a nuclide. The total rate of photon production in a sample of mixed

nuclides is given by eqn 1.8.



=)
S2

For all photon processes being considered in the report, the emission is isotropic,

/ A-Y (E,Q)dEdQ (1.8)
0

Y(E,, Q) = Y(E,)/4n.

1.2 Radiation Detection

The process of radiation detection in general requires the radiation to transfer or de-
posit energy into a detecting medium which leads to a chemical or physical response within
the medium. The magnitude of this response can be associated with number of energy
transfer/deposition events and/or the amount of energy transfer/deposited. Portal monitors
primarily operate by counting the number of energy deposition events which occur and re-
porting the number of counts, n,, or the count rate r, = n,/t,. The subscript g indicates
gross number of counts without correcting for background radiation. It is common practice
in both laboratory and field settings to measure the number of counts in the absence of

known sources of radiation to obtain a background count rate, ry. The background count

rate and gross count rate can be used to obtain the net count rate, r,,, Knoll (2010).

1.2.1 Detection Efficiency

Detection efficiency refers to both a medium’s ability to respond to radiation and the
ability to relate the count rate, r,, to the rate at which radiation is produced, S. The

intrinsic efficiency of the detector, €,, is the probability of a particle being registered by

int>
the detector given that it reaches the detecting medium. The absolute efficiency, €, is the
number of counts registered per particles generated by a radioactive source, Knoll (2010).
The two types of efficiency are related by calculating the probability of a particle reaching
the detecting medium as shown in Fig. 1.1. Along with the yield, the absolute efficiency can

be used to relate count rate to source activity.



Counts Photons Counted Photons Reaching Detector Photons Emitted Decays

Time — Photons Reaching Detector . Photons Emitted . Decay . Time
Eint Pr {Reach Detector} Yy A
€abs
Tn S

Fig. 1.1: Relationship between activity and count rate.

In laboratory settings, the absolute efficiency can be determined for a source energy using
a radioactive source with known photon emission rate S and comparing the net count rate
to the photon emission rate. The intrinsic efficiency can be determined by relating the count
rate to the emission rate given a known probability of reaching the detector. For many
counting instruments, this may be estimated by considering the solid angle of the detector
as measured by the source. When shielding and complicated geometries are involved, the
probability density of reaching the detector often needs to be estimated using radiation
transport methods.

Another method of relating activity to the count rate is via a series of conditional prob-
ability statements for photons reaching the detector. The three primary events for photon
detection are its emission with energy E, arrival at the detector with energy E., and depo-
sition of some energy E, in the detecting medium. For a simple counting experiment the
probability of detection depends on the probability density of source emission at some en-
ergy, the conditional probability density of a source reaching the detector with some energy
given the source energy, and the conditional probability density of energy deposition with
some amount given that the photon reached the detector with some energy, eqn 1.9. This

probability can be multiplied by the activity of the source to obtain the net count rate.

10



Pr{D|E} = Pr {Detection |Emission }
= [ By [ aB [ AB [fop (BB fus (BIEDY (B)] (1)
0 0 0

= / €abs (Es) dEs
0

For counting instruments which do not provide spectral information, such as the plastic
scintillators considered in this project, the intrinsic efficiency for a photon which reaches the
detector can be expressed in terms of the distribution fp g, eqn 1.10. Similarly, the absolute

efficiency can be expressed in terms of the distribution fp, eqn 1.11.

o (Ey) = / for (Ba |E,) dE, (1.10)

v (E,) = / fore (E4|E,) dE, 4 (1.11)

1.2.2 Scintillators

Portal monitors commonly utilize a class of radiation detectors known as scintillation
detectors, Ludlum Measurements (2023). When a scintillating material gets excited by ion-
izing radiation, it will emit optical radiation, Knoll (2010). This optical radiation can then
be measured using photomultiplier tubes (PMT). There are two main types of scintillators,
organic and inorganic. Organic scintillators will have characteristics that depend on the
structure of the electron levels for the molecules. Because of this, there is no dependence on
the physical state of the scintillating material which renders the material capable of function-
ing in the solid and liquid state. Inorganic scintillators operate based on the crystal structure
and the associated band energies. These must remain in the solid state and depend on the
type of lattice in the crystal. The polyvinyl toluene detectors used for portal monitoring
are plastic (organic solid) detectors, Ludlum Measurements (2023), Rakes, Kelly D. (2008),
Brooks (1979).

11



When a photon enters the scintillating medium, the photon will ionize an atom and the
resulting electron then excites electrons within the polyvinyl toluene as it passes by them.
Due to the molecular structure of organic scintillators, the electrons will de-excite through
a combination of radiative (optical emission) and non-radiative transitions. The excited
molecules initially will drop down to a lower energy state (but still excited) via a series of
non-radiative transitions. From the lower-energy excited state, the electron may drop to
the ground state emitting optical radiation (fluorescence). These transitions occur between
the singlet ground state and singlet excited state. Due to similar energy levels between the
excited singlet state and the excited triplet state, the molecule may undergo intersystem-
crossing to an excited triplet state. When the molecule de-excites from the triplet state to
the ground singlet state, optical radiation is emitted (phosphorescence). There is also the
possibility of the molecule transitioning from the excited triplet state back to the excited
singlet state through intersystem-crossing and de-exciting from the excited singlet state
(delayed fluorescence). The ideal wave-shifting material will primarily undergo fluorescence

to allow for better time correlation between events, Knoll (2010), Brooks (1979).

e : ; = = 5: :
e iHorf
;\‘\ (b) Phosphorescence (c) Delayed fluorescence

(a) Fluorescence

Fig. 1.2: Wave-shifter methods of emitting optical radiation.

When the lower energy optical photon reaches the photomultiplier tube, it interacts with

a photocathode emitting a photoelectron from the surface. The electron interacts with a

12



series of dynodes which amplify the number of electrons passing through the tube. This
electrical signal is subsequently measured as a pulse whose height is (typically) proportional

to the energy deposited in the scintillator, Knoll (2010).

1.2.3 Counting Statistics

The characterization of a detector depends on the statistical fluctuations associated with
radioactive decay and within the detection process. Given N identical radioactive nuclei,
each will have an equal probability, 7w, of undergoing a nuclear transition in some time
interval. The number of nuclei which undergo a transition, X, is a stochastic variable which
follows a binomial distribution, B(N,p) with a probability mass function (pmf) given by

eqn 1.12, Turner et al. (2012).

pxto) = (V) a-ps (112

The mean and variance in the number of nuclei which decay are respectively given by
E{X}=N-p=pandvar(X)=N-p-(1—p)=p-(1—p). In the case of a bulk sample
the number of nuclei is typically on the order of 1023, and the probability of a single atom
decaying is small. Taking the limit as N — oo and p — 0 of the binomial pmf, while keeping

the mean constant yields the pmf for a Poisson distribution.

A Uil
~ gzl N=
_ e

z!

The Poisson distribution has a mean and variance F{X} = var(X) = pu. As a con-
sequence of this relationship between mean and variance, the uncertainty in the number
of counts for a single counting measurement is the square root of the number of counts

measured.
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1.2.4 Background Radiation

When measuring a (potentially) radioactive sample, there will be measured events which
are not due to radiation from the sample, typically referred to as background radiation. The
largest source of background radiation is due to naturally occurring radioactive materials
(NORM). These are typically long lived radionuclides which have been present since the
formation of Earth. These include “°K and nuclides present in the thorium, actinium, and
uranium decay series. The amount of radiation from NORM will vary based on the geology
of the surrounding area and can be affected if a truck is shipping material that has large
amounts of NORM in concentrated amounts, NCRP (2009). There is also background ra-
diation due to cosmic radiation including galactic rays and solar particles. The amount of
background from cosmic radiation will depend on altitude, cloud cover, and the number of
solar particles being emitted, NCRP (2009). There may also be events which are detected in
the counting equipment which are due to spurious electrical signals which are amplified prior
to being counted, Knoll (2010). Due to the fluctuations in background and the inherently
stochastic nature of radioactive decay, the presence of counts does not necessarily indicate

that radioactive material is present.

1.2.5 ISO 11929 Methodology

Several methodologies have been developed to characterize the response of ionizing radi-
ation detectors, leading to the characteristic limits of detectors and detection methodologies.
Characteristic limits for detectors are most commonly defined in terms of the statistics of
background measurements. The uncertainties associated with background and source mea-
surements allow for the decision limit, detection limit, and limits of the confidence interval
to be defined, Altshuler and Pasternack (1963), Lloyd A. Currie (1968), ISO (2010). There
are differences between the methodologies given including (but not limited to) confidence
intervals used and notation. This overview will primarily use the notation used in ISO

11929:2010, but the other methods will be referenced when appropriate.
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The decision threshold, denoted y*, is a value of net counts or net count rate above which
a sample is determined to likely contain radiological material, ISO (2010). The decision
limit is analagous to the critical level and minimum significant measured activity (MSMA)
outlined by Currie and Altshuler, Lloyd A. Currie (1968), Altshuler and Pasternack (1963).
The detection limit indicates performance capabilities of instruments and does not typically
correspond to action thresholds when measuring a potentially radioactive sample. Similarly,
the limits of the confidence interval characterize the precision in a measurement or series of
measurements.

ISO 11929 formulates the estimator in the detector response (net counts, net count rate
(py), or activity), Y, in terms of a set of parameters, {X, : i € {1,2,---,m}}, eqn 1.13. These
parameters are typically the true gross count rate, X; = p,, the true background count rate,
Xy = pg, and other calibration and correction factors based on the instrument being used,
denoted as X 3. The uncertainty in the detector response is determined through standard

uncertainty propagation techniques.

Y =G(X;) = (X; — Xy x X3 — X)) x W(X5,-, X,,) (1.13)

This model for the detector response is used for a one sample z-test of the net count rate,

in which the null hypothesis corresponds to no radioactive material present eqn 1.14.

Hy:=p, =py—poy <0
J (1.14)
Hy:=p, =p;—py>0

Under the null hypothesis, the detector response is normally distributed with zero mean

and with a standard deviation calculated through error propagation techniques, eqn 1.15.

(G = 0) = /W25, =, 2,) - [(1+23) u2(r) + 13u(wg) +u2(wy)]  (115)
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The decision threshold is chosen to minimize false positive events (incorrectly identifying
a sample as radioactive when it is not) and is the upper limit of a confidence interval on the

measured net count rate, given that the true net count rate is zero, eqn 1.162.

Pr{(—oo,y*) 2 Tn‘ Pn :0} =l-«
(1.16)

v =2 erf ' (1-2a)- \/w2 (1 + 22) uP(rg) + r2ud(zg) + u?(zy)]

1.3 Radiation Transport

The previous section provided an overview of sources of ionizing radiation, and in par-
ticular sources of high energy photons. The theory of radiation transport characterizes how
radiation fields are distributed through media and how the fields interact with media. The
fundamental equation in radiation transport is the Boltzmann equation, which is given in
integral form in eqn 1.17. The Boltzmann equation describes the distribution of particles
X in phase space, P = € X R, X 52, the set of positions (configuration space, €), particle
energies (R-), and directions particles may go, (5%). The distribution of particles at some
point in phase space is given by the number of particles generated at that point in phase
space and the number of particles scattered into that region of phase space. The collision
operator K (P’ — P) characterizes this scattering and the relevant physical interactions

which occur, Kalos and Whitlock (2008).

P)dpP = | S(P)d® P’ — P)x(P")d%P’d® :
[xeer= [ sewer [ [ @ s pperer

1.3.1 Fluence and Interaction Coefficients
The primary quantities of interest obtained from the distribution function are various
fluence (rate) and energy deposition (rate) functions given the source term. The particle

fluence is the areal density of particles passing through a point in space, eqn 1.18, and the

2erf " (u) is the functional inverse of the error function, erf(z) = % j(;z et dt.
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energy fluence is the areal density of radiant energy, R, passing through a point in space,

eqn 1.19, ICRU (2011).

_ N(z)
o(z) = a(z)—0 a(z) (1.18)
U(z) = lim &) (1.19)

a(@)—0 a(x)

The fluence rates, ® = d® /dt and W, are the rates at which particles and radiant energy
pass through the region of space. The energy and directional distributions of the fluence
represent the fluence of particles within a certain energy range, or passing in a certain
direction, ICRU (2011). The distribution of fluence rates can be used along with certain

response functions to obtain quantities such as energy deposition rates, kerma, and dose,

Cacuci (2010).

: dd
b (@B = 35
Y
. dd

The cross section, o, characterizes an effective area of a target relative to the beam which
will interact with said target. There may be individual cross sections for particular events
such as scattering or absorption, as well as the total cross section which characterizes the
likelihood of any interaction occuring, Turner (2007).

The attenuation coefficient, eqn 1.20, is the differential probability per unit length of an
interaction occurring between the photons and the target. The coefficient is the product
of the total cross section and the particle density of the attenuating medium. For multiple
attenuating species, the coefficient is a sum of products of the cross sections and number
densities of each species present. The reciprocal of the attenuation coefficient is the mean

free path, the average distance a photon travels before interacting with the medium, ICRU

(2011), Kalos and Whitlock (2008)
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p=o-Ny=— (1.20)

The transfer coefficient, eqn 1.21, is the attenuation coefficient weighted by the fraction of
energy the photon loses per interaction, f <E7) For multiple interaction modes and species,
this becomes a sum of the fraction of energy losses, cross sections, and particle densities
for the different interaction modes and species. The attenuation coefficient represents the
decrease in particle fluence as photons pass through the medium, and the transfer coefficient
represents the decrease in the energy fluence as the photons pass through the medium, ICRU
(2011).

din R
o= F(By) = —— (1.21)

The absorption coefficient, eqn 1.22, is the transfer coefficient weighted by the fraction
of energy transferred which is absorbed locally within the medium, 1 — g (Ew) All three
coefficients and the cross section are used to characterize the mechanisms of energy loss by
photons in the attenuating medium, and how this energy loss affects the medium, ICRU

(2011). These will all be encoded within the collision operator.

flen = f1; - (1 =9 (E,)) (1.22)

1.3.2 Photon Interactions

Photons interact with matter through a variety of scattering and absorption methods
depending on both the energy of the photon and the nature of the material they are traveling
through. At low energies, in the optical and radiofrequency regimes, the primary interaction
mechanisms are Thompson and Rayleigh scattering. The scattered photon has the same
energy as the incident photon with a change in direction. For the higher energy photons

resulting from nuclear interactions, these cross-sections are lower and are of less importance

18



than other interaction mechanisms. For photons with energies above five mega-electron-
volts, the dominant interaction modes are pair-production and photo-nuclear interactions.
While pair-production is possible for several energies being considered in this study, it is
not the dominant interaction and is of lesser importance than photoelectric and Compton
interactions, Turner (2007).

For incident photons with energies below several hundred kilo-electron-volts the dominant
interaction method is the photo-electric effect. A weakly bound electron absorbs all the
photon’s energy and is ejected from the atom, Fig. 1.3. The kinetic energy of the resulting
photoelectron is the difference between the photon’s initial energy and the binding energy,

eqn 1.23, Turner (2007).

E, =E —E, (1.23)

Fig. 1.3: Photoelectric effect.

For photons with energies above several hundred kilo-electron-volts and below several
mega-electron-volts, the dominant interaction method is Compton scattering. An electron
will absorb some of the photon’s energy and be ejected from the atom, and the photon will
be scattered at some angle off the atom with less energy, Fig. 1.4. The kinetic energy of the
photon depends on the angle of scattering, eqn 1.24, and the kinetic energy of the electron
is given by the difference between the energy lost by the photon and the binding energy of

the electron within the atom, eqn 1.25, Turner (2007).
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E, = x (1.24)
714 mEZZ (1 —cosH)
1 —cosé
E, =B, 4" __p (1.25)
—5 +1—cosf

v

Fig. 1.4: Compton scattering.

For both of these interaction mechanisms, the energy transfer (governed by g, ) is the
energy lost by the photon through its interaction with the electron. The ejected electrons
will primarily lose energy through collisions with other electrons in the medium and through
radiating bremsstrahlung. The energy lost through collisions is typically absorbed locally
within the medium. The energy lost by the electron through bremsstrahlung typically is not
deposited locally. For this reason, the energy absorption is governed by the absorption coef-
ficient, u,,. These coefficients, along with the fluence spectrum, can be used to respectively

determine the energy transfer, eqn 1.26, and the energy absorbed, eqn 1.27, ICRU (2011).

E,, /0 dEW/VdV E.® (z,E,) p, (z,E,) (1.26)

B, - / IE, / AV E,® (2, E, ) fion (. E,) (1.27)
0 \%
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1.3.3 MOCNP Transport Code

The Boltzmann Equation can be numerically integrated but is commonly solved through
Monte Carlo methods. Monte Carlo integration is a statistical method of estimating integrals
which samples the integrand multiple times following a defined random distribution, typically
uniform. The sample mean value of these samples is an estimator for the true value of the
integral. In radiation transport, Monte Carlo methods can be used to sample the distribution
of source particles, model a path they travel, and compute the average value of desired
quantities. These quantities, known as tallies, are often functions of the fluence and fluence
distributions and can be combined with the particle emission rate to estimate quantities
such as dose rate, count rate, or fluence rate. The Los Alamos Monte Carlo N-Particle
transport code can perform radiation transport calculations for a variety of neutral and
charged particles. This code allows for tallying on surfaces and within volumes, Table 1.1,
by sampling the fluence distribution from many particle histories, Kulesza et al. (2022).
These tallies can be weighted by energy, to obtain the radiant fluence from the particle

fluence, and can be binned by energy to estimate distributions of quantities of interest.

Table 1.1: Common tallies used in MCNP.

Tally Type Definition
F1 Particle Flux F1-S=[TdE [ . dad(x E)Q-n
*x F1 Energy Flux *F1.8 = fooo dE [ . da Ed(z, E)Q-n
F2 Particle Fluence Rate F2.S = Asulrface fooo dE fsurface da ®(z, E)Q-n
*x F2 Energy Fluence Rate ~ +F2-S = ‘45;& fooo dE [ . da Ed(z,E)Q-n
F4 Particle Fluence Rate F4.-S = Véen fooo dE [,V bz, E)Q-n
* F4 Energy Fluence Rate *F4-S =g [TAE [ dV Ed(z,E)Q-n
F8 Pulse Height F8- 5 = ¢l BTAE [, AV &(x, B)pe, (@, E)
*F'8 Energy Deposition *F8 .S = Vée“ fooo dE fCell dV E®(z, E)p,, (z, E)
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1.3.4 Monte Carlo Estimation of Efficiency

The F'1 tally along with the photon emission rate, will provide the photon flux through
a surface. For the portal monitors being considered, the value of this tally at the surfaces
bounding the detector will provide an estimate for the probability of a photon reaching the
detector. By binning the tally by particle energy, and performing MCNP runs with multiple
source energies, we can obtain a matrix which estimates the probability of a photon reaching

the detector at some final energy, eqn 1.28.

E. i E; i
Py~ [ an [ AR, S (BB (1.25)
E E

5.

The F'8 tally along with the photon emission rate, will provide rate of energy deposition
events within a volume. For the portal monitors being considered, the value of this tally
within the detector will provide an estimate for the probability of a photon being detected.
By binning the tally by particle energy, and performing MCNP runs with multiple source

energies, we can obtain a matrix which estimates the probability of a photon depositing some

energy in the detector, eqn 1.28.

Ed,i+1 Es’j+1
F8ij %/ dEd/ dE; fpig (Eql Ey) (1.29)
Eq; E

5.9

The F'1 and F'8 tallies on their own are sufficient to estimate the probability of photons
reaching the detector and being detected respectively. In order to obtain information about
the intrinsic efficiency of a detector, we would ideally have a similar matrix whose rows
correspond to energy bins of energy deposited and whose columns correspond to energy bins
of photon energy at the detector, eqn 1.30.

Er,j+1

Ed,i+1
Qij %/ dEd/ dE, fD|R(Ed|Er) (1.30)
E E

d, r,j

The matrix containing F8 tallies would then be equal to the matrix product of the matrix

Q@ with the matrix containing the F1 tallies. The matrix containing efficiency information

22



can be calculated by the product of the left inverse of the F1 matrix and the F8 matrix. An
estimate for the intrinsic efficiency could then be obtained by summing over all rows of this

matrix, eqn 1.313.

eme (B~ Y [FB F17 - (F1 -F1T)_1] B € (B, ,,E. )] (1.31)

(3

3In this equation, [P] is the Iverson bracket which is 1 when a statement P is true and 0 when the statement
is false.
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Chapter 2

Methodology

2.1 Materials and MCNP Geometry

The configuration space for the Monte Carlo takes place in the following rectangular

prism:

x € [—750 cm, 750 cm] A
¢ =1 (2,9,2) ly € [~2500 cm, 2500 cm] A (2.1)
z € [—20 cm, 600 cm]

The lower ten centimeters of this space are made of dirt/soil, modeled using material 104
from the Pacific Northwest National Lab Compendium of Material Composition Data for
Radiation Transport Modeling, Gesh et al. (2011). The next ten centimeters are composed
of concrete, Gesh et al. (2011), Material 86. The rest of the configuration space will contain
the portal monitors, truck, and air, Gesh et al. (2011), Material 4. A summary of the

material compositions is provided in Table 2.1.

Table 2.1: General materials and mass fractions.

Material Mass Density (gcm™3) Nuclide Mass Fraction
Air 1.205 x 1073 nat 1.24 x 1074
natN 7.55 x 1071
nat(Q 2.32 x 1071
nat Ay 1.28 x 1072
Concrete 1.032 naty 4.53 x 1073
nat(Q 5.13 x 1071
natNa 1.53 x 1072
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Material Mass Density (gcm™3) Nuclide Mass Fraction

nat A] 3.56 x 1072
natGj 3.60 x 101
nat(Cg, 5.79 x 1072
natpe 1.38 x 1072
Earth 1.520 nat 2.38 x 1072
nat() 5.99 x 107!
nat Al 8.04 x 1072
natGj 2.97 x 107!

2.1.1 Portal Monitor

The portal monitors used are based on generic versions of Ludlum Model 4525 detectors.
The detecting medium is composed of PVT, Gesh et al. (2011), Material 256. The generic
version of the monitor being used has a height of 156 cm, a width of 152 cm, and a depth
of 8.8 cm, Ludlum Measurements (2023). This thickness is sufficient for an interaction to
be likely within the detector for most photon energies of interest, Fig. 2.2. The PVT is
surrounded by 0.64 cm of lead on all sides except for the side closest to the truck to reduce
background signal. The PVT and lead are held in a three centimeter thick carbon steel
container, Gesh et al. (2011), Material 294. The two portal monitors are separated by
359 cm, a common configuration for Ludlum portal monitors, Ludlum Measurements, Inc.

(2022). A summary of these materials used is located in Table 2.2.
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Fig. 2.1: Configuration of portal monitor used for radiation transport.
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Fig. 2.2: Number of mean free paths photons of various energies will travel through the thickness
of the portal monitor. Data taken from the radiological health handbook, Johnson and Birky
(2012).
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Table 2.2: Materials and mass fractions for portal monitors.

Material Mass Density (gcem™3) Nuclide Mass Fraction
Polyvinyl 2.250 nat 8.50 x 1072
Toluene nat 9.15 x 107*
Carbon Steel 7.820 nat( 5.00 x 1073
natFe 9.95 x 107*
Lead 11.350 natpp, 1.00

2.1.2 Truck Trailer

The exterior of the truck was modeled after the Strick Elevator™. The exterior dimen-
sions of the truck are 8.53m x 2.60m x 2.81 m and the bottom of the truck is 1.3 m off the
ground. The bottom of the truck is 3.5 cm thick, the sides are 0.122 cm thick, and the roof
is 0.122 cm thick, Strick Trailers (2021). Trailers commonly have thicker regions surround-
ing the walls to provide structural supports. These compose a small fraction of the surface
area of the truck and have not been included in the model of the truck. The truck itself is
assumed to be composed of pure aluminium, Gesh et al. (2011), Material 6, without any
composite materials present, Table 2.3. These assumptions may increase the likelihood of
photons reaching the detector.

The materials composing the truck interior will depend on the cargo being transported.
This study considers transport of scrap metal and the transport of foodstuff. The usable vol-
ume for the truck is 59.25 m?3, Strick Trailers (2021). Due to both regulatory and engineering
constraints, this entire volume cannot be filled with scrap metal, (modeled using Gesh et al.
(2011), Material 296). The United States Federal Highway Administration limits the total
mass of vehicles, cargo, and trailers at 36.3 Mg (8 x 10* 1b)*, Federal Highway Administration

(2016). Even if the total usable volume were legally allowed to be filled with scrap metal,

11Mg=10%¢g
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the flatbed trailer would be unable to support this mass. A 2016 study by Panganiban et
al. analyzed optimization methods to decrease trailer mass while maintaining the same mass
carrying capacity. Their model allows a cargo mass of 20 Mg which is consistent with US
regulations, Panganiban et al. (2016). Using this mass as the total mass allowed in the
truck, the metal will take up 4.29% of volume, 99.66% of the mass, and the interior will
have a total density of 0.339 gcm™3. A summary of mass fractions and density for the scrap
metal interior is presented in Table 2.3.

For transport of foodstuff the interior was modeled using ICRP soft tissue, Gesh et
al. (2011) Material 320, ICRP (2003). The elements found when modeling soft tissue are
consistent with atomic spectroscopy measurements performed on food, and the amount of
trace materials present in food which are not present in ICRP soft tissue are in low enough
mass fractions to be negligible, Patriarca et al. (2021). The use of ICRP tissue most closely
models the transport of meat and may not be a good surrogate for transport of vegetables
and grain. The volume fraction of foodstuff cargo varies depending on the specifics of the
cargo, whether refrigeration is required, and the distance being traveled. These effects are
covered in a study performed by Wang et al. which found packing efficiency (volume fractions
of cargo) ranging from 30% to 90%, Wang et al. (2019). The effects of packing efficiency
on trucks carrying foodstuff will be discussed later. For the time being, a packing efficiency
of 50% will be used for the majority of the analysis. Using this volume fraction of food, the
mass fraction of the food is 99.88%, and the bulk density is 0.501 gcm™3. A summary of
mass fractions and density for the scrap metal interior are in Table 2.3.

The materials used to model the cargo in the truck are uniform in density for each element
present, without any further structure. In reality, there will be regions which contain cargo
and regions which contain air. Adding this structure will increase computation time and may
not have a drastic impact on the radiation which reaches the exterior of the truck. When
considering the areal density of electrons with which a photon may interact with inside the

truck, there is minimal difference between discrete regions and a continuous material. In
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particular, for scrap metal, the bent structure of the metal when it is being transported
leads to regions of air and metal which are localized together. If the energy deposition
within the truck were of interest, this added structure would be needed. The placement of

the truck relative to the portal monitors and ground is shown in Fig. 2.3.

Table 2.3: Materials and mass fractions for truck and contents.

Material Mass Density (gcm™3) Nuclide Mass Fraction
Aluminium 2.699 nat A 1.00
Foodstuff 5.006 - 1071 natp 1.04 x 107¢
nat 2.31 x 107!
nat 2.57 x 1072
nat() 6.30 x 107!
nat Ny, 1.13 x 1073
nat)\[g 1.30 x 10*
natp 1.33 x 1073
natg 1.99 x 1073
nat(] 1.34 x 1073
nat Ay 1.54 x 107°
natig 1.99 x 1073
nat(Cy, 2.30 x 1074
natpe 4.99 x 107°
natzn 3.00 x 107°
Scrap 3.387 x 1071 nat 7.48 x 1074
Metal nat N 3.82 x 1072
nat () 7.89 x 1074
natGj 4.98 x 1073
natp 2.99 x 1073
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Material Mass Density (gcm™2) Nuclide Mass Fraction

natg 1.49 x 10~*
nat A 4.67 x 107°
nat Cy 1.79 x 1071
nat\p 8.72 x 102
nat fe 6.73 x 1071
nat N 4.98 x 1072

Fig. 2.3: Geometry of truck with portal monitors.

2.2 Truck Position and Source Energy

The photon source is located at the center of the truck and is modeled as a point source.
Using a point source neglects effects of self-attenuation which may be important for large
dense sources. Additionally, this does not account for potential intentional shielding which
may be present for sources which are smuggled. This shielding can be accounted for by

analyzing the spectrum of photons which exit the shield and using this spectrum as an
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emission source. For a point source, the fluence is proportional to 1/7? in which r is the
distance to the source. For extended sources, the fluence will contain terms proportional
to higher powers of 1/r which are more important for closer distances. For sufficiently far
distances from an extended source, the dominant term will be 1/r2, Johnson (2017).

The different MCNP runs are parameterized by g, the component of the displacement
from the center of the truck to the center of the portal monitors. At y = Ocm, the center
of the truck is aligned with the portal monitors, and at y = —250 cm, the truck is displaced
along the y-axis Fig. 2.4. The set of positions, given in eqn 2.2, will model the truck and
source relative to the detectors when the truck is approaching the portal monitors. These
different positions will not model the effect of the truck position relative to the detectors on
their measured background radiation. As the truck passes over the ground near the moni-
tors, the photons from NORM within the ground may be shielded by the truck temporarily
decreasing the level of background radiation, Lo Presti et al. (2006). Since the only sources
considered in this study are sources within the truck, this effect will not show up within the

model.

Fig. 2.4: Top down view of truck when y = O cm (left) and when y = —250 cm (right).
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0cm, —250 cm, —500 cm, —750 cm,
Y € (2.2)
—1000 cm, —1250 cm, —1500 cm

The gamma rays associated with radioactive decay have energies which typically range
from about 1keV to about 2 MeV, Firestone (1999). For photons whose energy is between
1keV and around 250keV, the attenuation coefficients are significant enough that there is
a low probability of these photons escaping the truck. For this reason, the source energy for
the various MCNP inputs varied from 200keV to 2MeV in 50 keV increments. Only using
data down to 200keV does neglect gamma rays which can be emitted by types of nuclear
material. The low energy and low yield of these gamma rays does indicate that these sources
are unlikely to be detected in the scenarios being considered in this report.

In addition to these energies, the energy from photons following the decay of 7Cs, 5°Co,
and electron annihilation energies were included, eqn 2.3, Browne and Tuli (2006), Browne

and Tuli (2013).

200keV, 250 keV, 300 keV, 350 keV, 400 ke V,
450keV, 500 keV, 511 keV, 550 keV, 600 keV, 650 keV,
661.6keV, 700keV, 750 keV, 800 keV, 850 keV, 900 keV,
E € 950 keV, 1000 keV, 1050 keV, 1100 keV, 1150 keV, o (2.3)
1173keV, 1200 keV, 1250 keV, 1300 keV, 1332 keV, 1350 ke V,
1400keV, 1450 keV, 1500 keV, 1550 keV, 1600 keV, 1650 keV,

1700 keV, 1750 keV, 1800 keV, 1850 keV, 1900 ke V, 1950 keV, 2000 ke V |

2.3 MCNP Tallies

For each portal monitors surface that is closest to the truck F1 (particle flux) and F2
(particle fluence) tallies will be tracked, and within each portal monitoring volume the F4

(particle fluence) and F8 (pulse height) tallies will be tracked. Additionally, the correspond-
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ing energy weighted tallies will be tracked. Each tally will be binned in 10keV increments
from 0 MeV to 2MeV. While the fluence tallies and energy weighted tallies are not required
for estimation of the probabilities of detection, they provide useful information characterizing

the distribution of photons in space that may be useful for future studies.

2.4 Variance Reduction

MCNP performs several statistical checks on each tally to ensure the precision and accu-
racy of the results. The primary numerical checks are on the relative uncertainty, eqn 2.4,
and the variance of the variance of a tally, eqn 2.5. The relative uncertainty is a measure of
the precision of a tally, and includes the likelihood of a tally being scored and the variations
within events which to score. The variance of the variance measures the relative precision of
the relative uncertainty as an estimator for the true relative uncertainty in the tally. For the
tallies being used for this analysis, both the relative uncertainty and variance of the variance

should be below 10%, Kulesza et al. (2022).

2
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To ensure these conditions were met, several preliminary MCNP runs were performed

using 10® particle histories to determine the number of histories required for both the relative

error and variance of the variance, Fig. 2.5.
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Histories Required
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Fig. 2.5: Particle histories required for different source energies and truck positions.

In addition to increasing particle history number for different runs, configuration space
had varying importance for different regions and starting particles. When each particle is
generated, it has a weight which is used when calculating the value of a tally at the end
of the run. It is possible to bias the source to emit in certain directions by increasing the
number of particles emitted towards the detector, but providing these particles with a lower
starting weight. This method decreases the component of the uncertainty associated with
the number of particles which score in a tally region. For these runs source biasing was not
used, though it may be used for future applications.

Everywhere within the configuration space described in eqn 2.1 has been assigned an
equal weight except for in the soil. The soil has half the importance of the rest of the space
causing half the photons which enter this region to be terminated immediately, while the
other half had their weight doubled. Given the low likelihood of photons traveling through
the truck, air, and concrete only to scatter within the soil to reach the detector, this method

reduces computation time on photons which are unlikely to be detected.
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The region outside the space described in eqn 2.1 has an importance of zero. Any photons
which reach this bounding region will be immediately terminated and the next history will
begin. Again, the likelihood of photons being scattering off air at these points or traveling

through the soil and scattering and reaching the detector is deemed negligibly small.

2.5 Input Generation and Output Processing

The various MCNP input files were generated using the R Statistical Programming lan-
guage, and several packages for statistical and numerical methods R Core Team (2023),
Wickham et al. (2019), Oehlschlidgel and Silvestri (2020), Borchers (2022). R along with

these packages was used to parse the MCNP output files and analyze the data.
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Chapter 3

Results

The primary results of importance are the probability of photons reaching the detector
and their probability of detection. As expected, the distance of the truck from the detector
is a major contributor to the likelihood of detection and reaching the portal monitor. For
truck distances greater than 500 cm, the probability of detection and reaching the portal
monitor decreases rapidly for increasing distances. The energy of source photon is another
major contributor for the likelihood of reaching the detector and for detection. For low
energies, the likelihood of photoelectric scattering in the cargo or truck is high enough that
many photons will not reach the detector. These effects for low energy sources will not
account for lower energy gamma rays and low emission yields which occur for many nuclear
materials. As the initial energy increases, the probability of reaching the detector appears
to asymptotically approach a fixed value for a particular position and cargo type. Once
the photons have sufficient energy to reliably exit the truck, the primary factor affecting
reaching the detector is whether their path will intersect with the portal monitor. Finally,
there are notably differences between the foodstuff cargo and the scrap metal cargo due to

their different attenuation coefficients at different energies.

3.1 Statistical Checks

From the statistical checks provided by MCNP, the relative error and variance of the
variance were less than 10% for all truck and source configurations except for when the
source energy was 140keV. This is the lowest source energy considered and is unlikely to
reach the detector and be detected at nearly all distances. Therefore, the component of the
uncertainty associated with the likelihood of a score being achieved will be very high. At
source energies below 200 keV, the large uncertainties must be taken into consideration and

the results may be questionable.
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The other statistical checks of note were the behavior of the mean and the distribution
of tallies (the pdf-slope). Ideally, the mean behavior should be constant or fluctuating about
a value during the last half of the histories run, and the distribution of events should be
localized near the mean. For scenarios in which the truck was at a distance of 10m or
more from the detection region, the mean behavior often followed a monotonic behavior
and did not have a distribution localized about the mean. This likely reflects the fact that
a small fraction of particles reached the detector, Fig. 3.3. While there were a sufficient
number of particle histories to minimize the relative error in the results, there is still a large
enough variability in the number of particles which score. This leads to the distribution,
and its evolution through the problem, not satisfying the requirements that MCNP typically
requires for its results. Given that there is an expectation of few particles reaching the
detector, this on its own does not invalidate the qualitative results, though the uncertainties
must be kept in mind for the exact values of the quantitative results. Further studies which
seek to obtain more accurate data will utilize more of the variance reduction techniques

discussed earlier.

3.2 Energy Weighting and Parity Differences

Given all the events being tracked throughout all MCNP runs and histories, there is a
level of redundancy. Both particle-based tallies and energy weighted tallies were tracked, and
all tallies are tracked in both monitors which are symmetric about the source. To determine
the useful information present in the energy weighted tallies, the relative difference was
computed for each energy bin between the energy tally and the particle tally multiplied by
the energy of the bin, eqn 3.1. The distribution of the relative differences can be seen in

Fig. 3.1.

TauyEnergy —FE bin * TauyPartiCle
% (TallyEnergy + Ebin ' TallyParticle)

(3.1)

Relative Difference =
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The distribution indicates that multiplying each binned tally by the energy of said bin
will overestimate the purely energy weighted quantities. This is because the energy of the
bin represents the upper bound of particle energies for the bin. Therefore, any calculations
of radiant energy quantities (flux, fluence, etc) that utilize information from the particle
tallies will overestimate. With this in mind, the majority of the calculations will utilize the

particle tallies.

Distribution of Differences
Particle and Radiant Energy Tallies
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Fig. 3.1: Distribution of differences between particle tallies and radiant energy tallies.

To determine the useful information present in the tallies performed on the left portal
monitor versus the right monitor (parity differences), the relative difference was calculated

for each tally, eqn 3.2. The distribution of the relative differences can be seen in Fig. 3.2.

Tallyy oo — Tallyg,

Relative Difference = n
2 (TallyLeft + TallyRight>

(3.2)

This distribution is symmetric which indicates that the average between the left and
right tally is a good representative of the value for a score on either one. The distribution

of parity differences does include several tallies which have a relative difference greater than
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one. The variability between these tallies will be captured when calculating the uncertainty

of the mean tally value.

Differences between Left and Right Tallies

0 T 1 T
-2 -1 0 1 2

Relative Difference

Fig. 3.2: Distribution of differences between tallies on left RPM and right RPM.

3.3 Probability of Reaching Detector

The probability of a photon reaching a detector given its emission is given by the F1
tally from the MCNP results. Using the matrix defined in eqn 1.28, the probability of the
photon reaching the detector with any final energy, given its initial energy and position, is

described by eqn 3.3.
Pr <Esa y) =Pr {R |E’ Esa y}
0
1 e righ
~ 3 Z (FLS () + FL" () ) [E. € (B Boyin)]

As seen in Fig. 3.3, the probability of a photon reaching a detector decreases rapidly as

the truck’s distance from the monitors increases. Additionally, photons whose source energy
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is below five-hundred kilo-electron-volts are significantly less likely to reach the detector than
those with higher energies. The low likelihood of detection for low energy photon emitters
is problematic for various nuclear materials which have low energy gamma emissions whose
yield is small. As the energy of the photons increases, the probability of a photon reaching
the detector asymptotically approaches an energy independent value. This is likely due to

the fact that these photons have similar probabilities of exiting the truck.

Probability of Photon Reaching Detector
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Fig. 3.3: Probability of photon reaching detector from truck for different cargo types and distances.

For higher energy photons, the probability of reaching the truck is larger when the cargo
is scrap metal compared to foodstuff. For lower energy photons, this probability drops off
in the truck carrying scrap metal compared to the truck carrying food stuff. This can be

explained by the total attenuation coefficient of the scrap metal cargo compared to the



foodstuff cargo, Fig. 3.4. For energies below one hundred kilo-electron-volts, the attenuation
coefficient is higher for scrap metal cargo. At lower energies, the dominant interaction
mechanism is photoelectric absorption which is highly dependent on the presence of high-Z
materials. These materials are found more in scrap-metal than foodstuff. Above one hundred
kilo-electron-volts, the attenuation coefficient is higher for foodstuff cargo. At these energy
ranges, the dominant interaction method is Compton scatter which is less dependent on the
presence of high-Z materials. However, the average density of the foodstuff cargo is higher
than the average density of the scrap metal cargo. For foodstuff cargo with lower packing
efficiency, the likelihood of reaching the detector will likely be higher than scrap metal for
all energies.

For all of the source photon energies, the mean free path in both materials ranges from ten
centimeters to one meter. Therefore, there is a high probability of an interaction occurring
within the truck. If a lower energy source photon is scattered within the truck, the resulting
energy may be below one hundred kilo-electron-volts where further interactions are more

likely within the scrap metal truck.
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Attenuation Coefficients of Truck Cargo
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Fig. 3.4: Attenuation coefficients of scrap metal cargo and foodstuff cargo. Data taken from
radiological health handbook, Johnson and Birky (2012).

3.4 Probability of Detection

The probability of a photon being detected given its emission is given by the F8 tally
from MCNP results. Using a similar procedure for the probability of a photon reaching the
detector, the probability of detection, can be written using the matrix defined in eqn 1.29,

which is presented by eqn 3.4.

D (Es7y) =Pr {D |E E37 y}
/ Joe (Eq |Egy) dEy (3.4)

Z (Fsleft +F8E( )) [E, € (B, Eq i1)]

The measured detection probabilities for various truck positions and cargo materials
is given in Fig. 3.5. Many of the qualitative behaviors of these curves are similar to the
probability of reaching the detector. Most of the factors which determine whether or not a

photon is detected are determined by whether the photon reaches the detection medium.
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Probability of Photon Detection
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Fig. 3.5: Probability of photon detection from truck for different cargo types and distances.

This probability function is the same as the absolute efficiency function for the detectors.
By integrating the absolute efficiency with the photon yield, eqn 3.5, it is possible to obtain
a conversion factor from source activity to count rate on the detector. The spatial behavior

of the count rate for various distances is shown in Fig. 3.6.

Y [137Cs; E,] = 0.851 -6 (E, — 661.66 keV)
Y [°Co; E,] = 0.998 - 6 (E, — 1173keV) + 0.999 - § (E, — 1332keV) (3.5)
Y[ E]=2-6(E,—511keV)
These energies were all calculated exactly in MCNP, but for other photon energies, the

results can be interpolated. The count rate per becquerel of activity for these sources in the

two truck materials is shown in Fig. 3.6.
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Count Rate of Sources Approaching Detector
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Fig. 3.6: Count rate of 1 Bq photon emitters passing through portal monitor.

All three curves show a gradual increase until the truck is within a few meters of the
detectors at which point the count rate will increase rapidly. Due to the high energy of the
two 99Co gamma rays, the count rate per becquerel is substantially higher than compared
to 37Cs and beta-plus emitters. Though a beta-plus emitter has a lower energy than '37Cs,
there are two photons emitted per decay (through the positron-electron annihilation), leading
to a higher likelihood of detection compared to the radiocesium. The photons from all three
sources are more likely to be detected in the scrap metal cargo than the foodstuff cargo, as

expected given their relatively high source energies.

Table 3.1: Count rate in cps (per 1Bq) of unshielded photon emitters at varying distances from
portal monitor.

Contents Position (cm) Beta-Plus Cs-137  Co-60

Foodstuff 0 2.34E-3 1.47E-3 7.89E-3
Foodstuff 250 &.97E-5 6.53E-5 5.23E-4
Foodstuff 500 5.39E-6 3.80E-6 2.75E-5
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Contents Position (cm) Beta-Plus Cs-137  Co-60

Foodstuft 750 2.60E-6 1.70E-6 1.11E-5
Foodstuff 1000 1.46E-6 9.80E-7 5.90E-6
Foodstuff 1250 8.98E-7 5.94E-7 3.16E-6
Foodstuff 1500 5.53E-7 3.66E-7  2.00E-6
Scrap Metal 0 6.98E-3 4.34E-3 1.98E-2
Scrap Metal 250 5.84E-4 4.24E-4 2.69E-3
Scrap Metal 500 3.04E-5 2.18E-5 1.50E-4
Scrap Metal 750 1.20E-5 8.20E-6 4.69E-5
Scrap Metal 1000 6.01E-6 3.83E-6 2.16E-5
Scrap Metal 1250 3.31E-6 2.15E-6 1.13E-5
Scrap Metal 1500 2.04E-6 1.28E-6 6.72E-6
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Chapter 4

Discussion

4.1 Intrinsic Detection Efficiency

Through the method outlined in the introduction, the intrinsic efficiency of the detector
can be calculated via the F1 and F8 tallies. Due to an unusual characteristic in the behavior
of the F8 tally, all data from the lowest non-zero energy bin have been removed from the
calculation, Kulesza et al. (2022). The matrix procedure was used to compute the detection
efficiency for all truck position data, and the special case when the truck was at its closest
approach. Additionally, MCNP runs without any truck, ground, or detector supports were
performed in vacuum to compute the intrinsic efficiency using an isotropic source as a point
of comparison. The data for all of these runs are included in Fig. 4.1. The measured efficiency
is roughly identical for both calculations with the source present in the truck. The results
of the bare isotropic source follow similar characteristics, though the efficiency is somewhat
larger for energies above approximately 400keV. All three curves peak near 320keV, and
drop to a low efficiency for higher energies. We hypothesize that the discrepancy between
the bare source and the source within the truck may be explained by the averaging done
between the two portal monitors for the F1 and F8 tallies used to calculate the absolute

efficiency and the probability of reaching the detector.
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Measured Intrinsic Efficiency
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Fig. 4.1: Measured intrinsic efficiency of portal monitor. The blue circles indicate the measured
efficiency using an unshielded source in a vacuum.

4.2 Absolute Detection Efficiency

Using the data for the probability of detection given emission, two different models of
the absolute detection efficiency. A linear model is initially constructed due to its inferential
capabilities. Due to the probability of detection spanning several decades and limitations in
linear regression models, the predictive capabilities are limited to closer distances and higher
energies. Therefore, this model is unable to predict the detection efficiency for nuclear
materials which have low energy gamma rays with lower emission yields. That being said,
there are some inferences which can be made from the model parameters. There is an
indication that the absolute efficiency decreases faster than 1/ Distance®. This likely includes
both shielding effects and geometric effects. The model also indicates that, on average for the
source energies considered, the detection efficiency of a truck carrying scrap metal is higher
than for a truck carying foodstuff. The analytic form of the model also allows for prediction

of the net counts along the different points in the truck’s path, and for the time derivative
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of the count rate. The time derivative of the count rate achieves a maximum and minimum
when the truck’s y-value is half the separation distance of the two portal monitors. This can
potentially be used as an indicator for weak radiological sources which do not exceed the
decision threshold.

A non-linear model is also constructed due to its ability to better predict the absolute
efficiency. The non-linear model is able to better predict cross effects of different variables
and fit local variations better. Future research will be done to refine the non-linear model
so that it may be used in operational settings to predict the activity of different sources
whose count rates are at the decision threshold. The biggest limitations in this non-linear
model are due to the simplifications of the internal geometry of the truck, lack of intentional
shielding which may occur for illicit sources, and low detection likelihoods for lower energy

sources.

4.2.1 Linear Model of Detection Efficiency

Using the probability of detection given in eqn 3.4 and Fig. 3.5, an empirical fit can be
created to predict the absolute efficiency of the detector for new source energies and positions
relative to the detectors, and to infer the characteristics of the detector. The model used is
given by eqn 4.1 in which E ~ N (0, 02) represents random error of the results, and BAZ are
estimators for model parameters. The error term contains the deviations of our observed
data from the model output. The magnitude of these errors will inform the uncertainty in
the model parameters. As this is an empirical fit, the equation only holds when the position
is given in centimeters and the energy is given in kilo-electron-volts (denoted {y}cm and

(E

sJ ey following ISO-IEC 80000 notation), ISO and IEC (2009). The parameter ¢ is used

to represent whether the cargo contains scrap metal, 6 = 1, or whether the cargo contains
foodstuff, & = 0. The base assumption is that the cargo type only has a multiplicative
effect on the absolute efficiency. A logarithmic model was chosen since the probability of

detection varies over several decades and can vary significantly due to small changes in the
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source energy and truck position. When the truck is at its closest approach, the source is
still z; = 179.5 cm from the detector. This factor is included so that the model depends on

the total distance from the truck to the detector.

In (eaps (B y)) = I (Eaps (B y)) + B

By
:[1 5 1n<\/{y}im+179.52> In ({E}.) Z +E (4

0.

Eops (B, y) = ePotobr . <\/ {32+ 179.52>ﬁ2 : {Es}fgv

The regression was performed using the 1m function in R using weights proportional to
the reciprocal of the square of the uncertainty in the logarithm of the efficiency, R Core
Team (2023). The parameter values, standard uncertainties, and correlation coefficients are
summarized in Table 4.1. Interestingly, the efficiency follows a 1/7%%31 curve. This likely
includes the typical 1/r? behavior from the isotropic emission and additional attenuation
from shielding. Since the correlation coefficients are non-zero and non negligible for the off
diagonal elements, the uncertainty in the logarithm of the absolute efficiency must contain
additional terms to account for this, eqn 4.2. Additionally, since the logarithm of the effi-
ciency is assumed to follow a normal distribution, the efficiency should follow a log-normal
distribution. For this reason, a multiplicative uncertainty (similar to geometric standard

deviation) will be used to construct confidence intervals, Turner et al. (2012).

Table 4.1: Parameter values, uncertainties, and correlation coefficients for regression model.

Value u()  plB)  e[WB] e[aB] o5
G, 7.084 0.165 1.000 -0.029 -0.753 -0.622
8, 1.002 0.013 20.029 1.000 -0.066 0.038
3, -4.031 0.025 -0.753 -0.066 1.000 20,042
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Value u () p [-,ﬁo] p ['751] p [':Bz] P ['753}

Bs 1.155 0.015 -0.622 0.038 -0.042 1.000

(4.2)

3 3 ~ ~
g (Bapa) = 0 (102,1) \l oy e mng_abs - Cov [5,, 3]
0

The assumption of utilizing a linear model (for the logarithm of the efficiency) is that the
data are normally distributed, as characterized by the error term in eqn 4.1. Fig. 4.2 contains
several diagnostic plots to assess this assumption. If the data were normally distributed, we
would expect the relative residuals (defined as the quotient of the residual and the uncertainty
in the model output) to follow a standard normal distribution. The observed distribution
is skewed somewhat left, contains several local maxima, and contains more data with zero
residual than would be expected. A majority of the data are still within two standard
uncertainties of zero indicating this is a decent fit. The skewed behavior indicates that
the model is likely to overestimate the efficiency instead of underestimate it. When the
quantiles of the residuals are plotted against the quantiles of a standard normal distribution,
the expected behavior is linear if the error term in the model is normally distributed. For
the negative residuals, there is a significant deviation from the normal distribution, but
for positive residuals and residuals near zero, there is some fit with a normal distribution.
This behavior indicates the model will be inaccurate for data whose residuals are large and
negative.

A of the residuals against the fitted values of the linear model is shown below, Fig. 4.2.
The color of the point indicates the logarithm of the energy and the brightness indicates the
logarithm of the position. The residuals which are large and negative are those at further

distances and lower energies. These are data in which the probability of detection is already
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low. Since the probability of detection falls off rapidly for these source configurations, it is

unlikely that a log-log model would be able to capture this behavior.

Diagnostic Plots for Linear Model
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Fig. 4.2: Diagnostic plots for linear model; distribution of residuals (left), quantile-quantile plot
of residuals (right), and residuals vs. fitted values (bottom).

A comparison of the linear model output and MCNP data for the absolute detection

efficiency is shown in Fig. 4.3. The model does perform well for distances within about
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300 cm of the source, and for energies above 500keV. The model seems to underestimate
the probability of detection for cargo containing foodstuff and seems to overestimate the
probability of detection for cargo containing scrap metal.

Within the region that the model does perform well, Fig. 4.4 shows a contour plot of the
efficiency. This figure can be used to make general predictions of the probability of detection

for sources at different regions given expected source energies and cargo.

Probability of Photon Detection
Points denote MCNP values, lines denote fitted values.
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Fig. 4.3: Comparison of linear model efficiency values and MCNP values.

52



Detection Efficiency for Different
Source Energies and Positions
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Fig. 4.4: Contour plot of detection efficiency as obtained by linear model.

Using the parameters from the linear fit, the count rate for a source with photon yield
Y (E,) at some position y on approach can be written analytically, eqn 4.3, in which x, =
179.5. The integral over the source energy is complicated for most continuous emission
spectra, but for most radiological sources of concern, the emission spectra are a sum of
Dirac-delta functions. With an analytic expression for the count rate of a source at some
distance, quantities such as the rate of change of the count rate and net counts over a distance

can be predicted.

?n(y) = A/o éa.bs (Es7 y) Y (Es) dEs
(4.3)

5 5 2 2 Bz/z o AS
- A650+551 ' ({y}cm + {ml}cm) ' / {ES feV Y ({Es}kev> d {Es}ke\/
0

The net counts between two positions y; and y, can be calculated by integrating the
net count rate along the path with those endpoints. If the truck is moving with constant

velocity, v, the integral over time can be replaced with an integral over position, eqn 4.4. The
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net counts between two positions can be expressed in terms of the hypergeometric function,
eqn 4.5, and was evaluated using the Sympy computer algebra system, Python Software
Foundation (2021), Meurer et al. (2017).

F 1 (y2)

P (41, 7) = /f R (F(1)) dt

(1)

v

1 Y2
= —/ 7, (2)dz

Y1

A eBoJFQBl oo 3
S [ BR Y (B By (4)
0
Y2 3
B2/2
X/ (v* +y7) " dy
Y1

A- 6B0+931 oo 5,
:T ' /0 {Es}kev Y ({ES}keV) d {Es}keV

1 By, 3 42 1 By, 3 42
X [y2‘2F1 (?—?2;5;—?75) — Y -2 b (57—?2;?—?7;
L L

The hypergeometric function can be expressed in terms of the permutation and gamma
functions, eqn 4.5, and has been numerically evaluated when needed, Gogolin (2014), Hankin
(2016).

>~ P(a,n) P (b,n) x"
F eix) = E —
241 (a7 bv C; ill') j2 (C, n) n!

n:;( +1) (45)
Plwv) =rn =031

Using the analytic expression for net counts between two positions, we can obtain the
predicted cumulative net counts along the trucks trajectory, Fig. 4.5. The linear model
suggests that the maximum net counts is no achieved until the truck has gotten 2.5 m from

the portal monitors.
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Net Counts of Source Along Trajectory

Foodstuff Scrap Metal

0.0125 -
T i
@ 0.0100
2 Source
S 0.0075
§ Beta—Plus
l — Co-60
c 0.0050 -
3 — Cs-137
(@)
© 0.0025-
=z

0.0000 -

500 -250 0 250 500-500 -250 O 250 500
Distance (cm)

Fig. 4.5: Cumulative net counts (per decay) of common photon emitters.

The analytic expression can also be used to obtain the time derivative of the count rate.
For weak radiological sources, this can be an indicator of source presence even when the net
counts do not exceed the decision threshold. For a truck moving with constant velocity, the
rate of change in the count rate is given by eqn 4.6. The count rate derivative reaches a
maximum when the truck is at y = —179.5cm and at a local minimum when y = 179.5 cm.
These correspond to half the distance between the pair of portal monitors. By measuring
the count rate shortly before and after these positions, it may be possible to detect weaker

sources which may not exceed the decision threshold.

a7, _ dydr,
dt — dt dy

B2 3

= Wl (0h e BP0 ({0 +())

™

' / {Es}f:\/ Y ({Es}ke\/) d {Es}ke\/
’ (4.6)
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Count Rate Derivative for
Sources Along Trajectory
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Fig. 4.6: Derivative of net count rate (per decay) of common photon emitters.

4.2.2 Multivariate Adaptive Regression Spline Model of Detection

Efficiency

The primary benefit of the linear regression model is its inferential capabilities. Through
an analytic expression for the detection efficiency, it is possible to analyze model parameters
for how different source and truck configurations affect the detection efficiency. The analytic
form can be used to predict quantities such as derivatives and integrals of the detection ef-
ficiency. The major weakness is its limited predictive capabilities. For lower energy sources
and truck positions further from the detector, the model fails to predict the detection effi-
ciency. This is compounded by the fact that the quantity of interest (detection efficiency)
is the exponential of the model output.

Other regression models, such as spline fits, have far better predictive capabilities. This
is due to their complicated, piecewise, non-linear functional dependence on the predictor
variables which allows them to fit the data better. This functional behavior does not allow

for simple analytic expressions and likely will not have many inferential capabilities. In spite
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of this, a multivariate adaptive regression spline (MARS) model was developed in addition
to the linear model to make better predictions. The MARS model uses a series of hinge
and rectified-linear functions of the predictor variables to generate an output. Initially this
will over-fit the model to the data for many hinge functions. The points which connect the
functions are known as knots. The model then selectively removes knots and refits the data

until a balance between model simplicity and accuracy is reached.

Spline Fits of Data
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Fig. 4.7: Visualization of knot reduction in multivariate adaptive regression spline models.

The regression model was originally developed by Friedman in 1991 and has been im-
plemented in many different software packages, Friedman (1991). The R package earth
has been used to generate a better predictive model of the detection efficiency, Milborrow.
Derived from mda:mars by T. Hastie and R. Tibshirani. (2011). Fig. 4.8 contains several di-
agnostic plots of the new model which fits the (natural) logarithm of the detection efficiency.
Like the linear model, the MARS model assumes that the residuals follow a normal distri-
bution. The distribution of the relative residuals shows that the values are centered around

zero, with slightly more values at this point. The distribution is also slightly skewed left,
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though not as significantly as the linear model. This can also be seen in the quantile-quantile
plot of the residuals which show there are several large negative residuals. For regions in
which the model does fit well, we can expect the normality assumption to fit well.

A plot of the residuals against the fitted values of the MARS model is shown below,
Fig. 4.8. The color of the points indicates the energy and the brightness indicates the
position. The residuals which are large and negative are those at further distances and lower

energies. Interestingly, this model seems to perform poorly for higher energies, unlike the

linear model.
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Diagnostic Plots for MARS Model
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Fig. 4.8: Diagnostic plots for MARS; distribution of residuals (left), quantile-quantile plot of
residuals (right), and residuals vs. fitted values (bottom).

A comparison of the MARS model output and MCNP data for the absolute detection
efficiency is shown in Fig. 4.9. The model does perform well for distances within about

300 cm of the source, and for energies above 500keV. The model seems to underestimate
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the probability of detection for cargo containing foodstuff and seems to overestimate the
probability of detection for cargo containing scrap metal.

Within the region that the model does perform well, Fig. 4.10 shows a contour plot of the
efficiency. This figure can be used to make general predictions of the probability of detection

for sources at different regions given expected source energies and cargo.
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Fig. 4.9: Comparison of MARS model efficiency values and MCNP values.
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Detection Efficiency for Different
Source Energies and Positions
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Fig. 4.10: Contour plot of detection efficiency as obtained by MARS model.

Unlike the linear regression model, there is not a clean analytic expression for the net
count rate using the MARS model. If the emission spectrum of a source is discrete or can
be expressed as a histogram, the count rate can be estimated using a sum over the yield and
efficiency at each photon energy. The count rate at different positions for 37Cs, °Co, and

for a positron emitter is shown in Fig. 4.11.
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Fig. 4.11: Count rate for 1 Bq photon emitters using MARS model.

It is possible to numerically integrate and differentiate these count rates to provide es-
timates for these quantities. However, these estimates likely will not be as accurate or
insightful as the linear model. The primary purpose of this model is to make predictions

about net count rates and detection efficiency.
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Chapter 5

Conclusion

The primary results of importance are the probability of photons reaching the detector
and their probability of detection. As expected, the distance of the truck from the detector is
a major contributor to the likelihood of detection and reaching the portal monitor. For truck
distances greater than 500 cm, the probability of detection and reaching the portal monitor
is decreases rapidly for increasing distances. The energy of source photon is another major
contributor for the likelihood of reaching the detector and for detection. For low energies,
the likelihood of photoelectric scattering in the cargo or truck is high enough that many
photons will not reach the detector. Since many nuclear materials of concern emit low energy
gamma rays with low emission yields, the models developed for the detection efficiency will
be unable to accurately predict their measured count rates. As the initial energy increases,
the probability of reaching the detector appears to asymptotically approach a fixed value
for a particular position and cargo type. Once the photons have sufficient energy to reliably
exit the truck, the primary factor affecting reaching the detector is whether their path will
intersect with the portal monitor. Finally, there are notably differences between the foodstuff
cargo and the scrap-metal cargo due to their different attenuation coefficients at different
energies. For higher energy photons, the differences between the two cargo types may be an
artifact of the 50% packing efficiency used for the foodstuff cargo. Under scenarios in which
less foodstuff is being transported, the attenuation coefficient may be higher in scap metal
for all energies.

Using the data for the probability of detection given emission, two different models of
the absolute detection efficiency. A linear model is initially constructed due to its inferential
capabilities. Due to the probability of detection spanning several decades and limitations
in linear regression models, the predictive capabilities are limited to closer distances and

higher energies. That being said, there are some inferences which can be made from the
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model parameters. There is an indication that the absolute efficiency decreases faster than
1/ Distance”. This likely includes both shielding effects and geometric effects. The model also
indicates that, on average, the detection efficiency of a truck carrying scrap metal is higher
than for a truck carrying foodstuff. The analytic form of the model also allows for prediction
of the net counts along the different points in the truck’s path, and for the time derivative
of the count rate. The time derivative of the count rate achieves a maximum and minimum
when the truck’s y-value is half the separation distance of the two portal monitors. This can
potentially be used as an indicator for weak radiological sources which do not exceed the
decision threshold.

A non-linear model is also constructed due to its ability to better predict the absolute
efficiency. The non-linear model is able to better predict cross effects of different variables
and fit local variations better. Future research will be done to refine the non-linear model so
that it may be used in operation settings to predict the activity of different sources whose
count rates are at the decision threshold. These models and data can be used to make
predictions of detector efficiency and net count rate detection of polyvinyl toluene photon
detectors. These can be used to estimate correction factors used in ISO 11929 methodology
of determining decision thresholds at portal monitoring stations. Additionally, the insights
provided by the linear model can be used to identify other indicators of weaker radiological
sources.

There are several variables missing from the current calculations of the detection effi-
ciency. For thinner detectors, higher energy photons are more likely to pass through without
interacting which can pose issues for thinner plastic scintillators. Sources which are inten-
tionally shielded for illicit purposes will have a reduction in the number of photons which
will exit the truck. The photons which do exit the shield may have undergone Compton
scatter and will have a lower energy as they travel through the cargo and truck exterior.
These effects can be incorporated by using the transmittance spectrum of photons exiting

the shield as the photon emission yield, though they are not directly included in the model.
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There are currently plans to perform additional MCNP calculations with varying detector
thickness and shielded sources. This model only considers two cargo types with no variation
in packing efficiency or mixed cargo types. The interior of these trucks also does not contain
any internal structures which may be more relevant to the mixed cargo types. In the future,
it may be of interest to include these in the MCNP model to ensure the model is applicable
for more users.

This model also only considers the effects on the net count rate, but does not consider
the background radiation suppression which can occur when a truck passes through the
monitors. Within the ISO 11929 methodology, this can artificially increase the decision
threshold if not corrected for and potentially let weaker sources through. This work has
been done experimentally by others, but there is an interest in incorporating these effects
into our model.

There are new models which may be developed to predict the behavior of other instru-
ments used to minimize illicit radiological sources. These include sodium iodide and high
purity germanium detectors in both fixed and mobile settings. These detectors have far
better energy resolution than plastic scintillators and can be used for spectroscopic analy-
sis. Given the wide applicability of these detectors, there is a potential for modeling the
multi-channel behavior and deconvoluting the measured signal to obtain emission spectra of
sources. Several researchers have also applied Bayesian methods to weak radiological sources
to have an updating decision threshold and to make better use of past data. These methods

and the use of multi-channel detectors will be the focus of future studies.
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