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In this paper, we present a new algorithm that improves muon-based generated tomography
images with increased precision and reduced image noise applicable to the detection of nu-
clear materials. Cosmic muon tomography is an interrogation-based imaging technique that,
over the last decade, has been frequently employed for the detection of high-Z materials. This
technique exploits a magnitude of cosmic muon scattering angles in order to construct an im-
age. The scattering angles of the muons striking the geometry of interest are non-uniform, as
cosmic muons vary in energy. The randomness of the scattering angles leads to significant
noise in the muon tomography image. GEANT4 is used to numerically create data on the
momenta and positions of scattered muons in a predefined geometry that includes high-Z ma-
terials. The numerically generated information is then processed with the point of closest ap-
proach reconstruction method to construct a muon tomography image; statistical filters are
then developed to refine the point of closest approach reconstructed images. The filtered im-
ages exhibit reduced noise and enhanced precision when attempting to identify the presence
of high-Z materials. The average precision from the point of closest approach reconstruction
method is 13 %; for the integrated method, 88 %. The filtered image, therefore, results in a
seven-fold improvement in precision compared to the point of closest approach reconstructed

image.
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INTRODUCTION

Cosmic muon tomography is theoretically
founded on the principle of multiple Coulomb scatter-
ing (MCS) [1]. The interaction of cosmic ray muons
with matter is mainly through a Coulomb interaction
between electrons and atomic nuclei. Interactions with
electrons lead to continuous energy loss and muon
stopping via ionization; interactions with nuclei result
in angular diffusion [2].This angular diffusion pro-
vides the basis for applications of cosmic ray muon to-
mography in cargo container scanning. In general, the
theory of MCS predicts a scattering angular distribu-
tion for the Coulomb interactions between charged
particles and atoms [3]. Lynch [4] extended Moliere's
theory! to heavy charged particles such as muons, and
derived a general formula for the MCS of muon parti-
cles. According to this MCS formula, muon scattering
angles are determined by material properties that pre-
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dominantly depend on the atomic number and density
of the penetrating materials. Due to its dependency on
atomic number and density, cosmic muon tomography
has been studied for the detection of concealed high-Z
materials [1]. In addition to Coulomb interactions, the
flux and energy of comic muons provide the means for
tomography to be applicable for large-scale interroga-
tion imaging. The flux of cosmic muons at sea level is
equal to 1 muon/cm?/min, while the energy of the cos-
mic muons ranges from 0.1 GeV to 100 GeV [5]. The
energy of cosmic muons is high enough for Coulomb
scattering to be observed when muons pass through
high-Z materials [6]. However, cosmic muons do not
have uniform scattering angle distributions when in-
teracting with certain materials, due to their varied en-
ergies [5]. This leads to significant noise production in
the tomography image. In order to reduce this noise,
filtering techniques must be used. Previous studies

' Moliere's theory explains multiple Coulomb scattering of
electrons and other charged particles
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have explored the application of such filters. A statisti-
cal filtering method is used to reduce noise, with the
filtered output resulting in a well-refined image [7].
Another study applied the median filter and the
Gaussian filter independently to reduce noise [8]. This
application efficiently removed noise in the muon to-
mography image.

This paper introduces a novel method based on
the use of synthesized statistical filtering methods to
reduce noise and improve the precision of muon-based
tomography. This method is developed using muon to-
mography images created using GEANT4. Numeri-
cally derived muon momenta and positions are then re-
constructed in order to create a tomography image
using the point of closest approach (PoCA) recon-
struction technique. An integrated filtering algorithm
is then compared to the median, mean and Gaussian
filtering methods, providing good agreements.

MUON CHARACTERISTICS,
TOMOGRAPHY AND INTERACTIONS

Muon characteristics

The muon (1) is an elementary particle similar to
the electron, with an electric charge of (—1le) and 1/2
spin, but with a much greater mass than an electron.
Table 1 shows the relationship between the muon and
other subatomic particles. The muon is a type of Lep-
ton, meaning it does not have any further sub-struc-
ture. It is unstable due to its mean lifetime 2 of 2.2 ps.
Similar to other elementary particles, the muon has a
corresponding  antiparticle, the antimuon; the
antimuon has opposite charge (+1e) and equal mass
and spin as the muon. Muons are denoted in this paper
by i, and antimuons by u*.

Muons were discovered by Carl D. Anderson
and Seth Neddermeyer in 1936, while measuring the
energy loss of particles occurring in cosmic ray show-

Table 1. Characteristics of elementary particles in
Fermions and Bosons groups: muon is located in the
group of Fermions within the Lepton category [9]
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Figure 1. Cosmic ray air shower in the upper earth
atmosphere. Cosmic ray proton enters the atmosphere
creating a hadronic shower [13]

ers [10]. Anderson noticed that muon particles curved
differently than electrons and other known particles
when passing through a magnetic field. The projectile
motion of the muon had a less sharp curve than that of
an electron, due to its heavier mass of 105.7 MeV/c?
compared to the mass 0.511 MeV/c? of an electron.
This makes muons almost 200 times more massive
than electrons [11]. Cosmic muons reach sea level
with a flux of 1 muon/cm?/min [5]. The Earth's atmo-
sphere is constantly exposed to cosmic rays. Cosmic
ray protons are accelerated in deep space from super-
nova remnants that then interact in Earth's atmosphere,
creating so-called cosmic ray hadronic showers illus-
trated in fig. 1 [12]. These protons interact and create
other secondary particles; the muon is included among
these secondary particles.

Highly energetic cosmic ray protons interacting
with Earth's atmosphere create secondary particles in-
cluding delta resonances and residual nuclei [14]. Pro-
duction of delta resonance by proton collision with air
follows p + N — A + N, where p represents protons, N
is the nuclei of elements in the atmosphere, and A is the
delta resonance.

The delta resonance produces a group of delta
particles, A7(ddd), A%udd), A*(uud), and A*(uuu)
[11]. Charged pions can be produced from the follow-
ing decay modes of A~ and A" with the mean lifetime
of (5.63 £0.14)-1072* s [14]

A~ — n+ 7 : Production of pion (77) and
neutron (n) by A~ decay

A™ — p + n*: Production of pion (n*) and
proton (p) by A** decay

These pions then decay with a mean lifetime of
26 ns, resulting in the production of a muon and a neu-
trino, or gamma rays, depending on the parent pion
charge, as follows [11]
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n — p~ + v, : Production of muon (1) and
anti-muon neutrino (v,) by n~ decay

n" — p* +v,: Production of muon (1) and
muon neutrino (v,,) by n* decay

1’ = y+ y: Production of two gamma rays
(y) by n 0 decay

Upon reaching the Earth's surface, muons either
continue to slow down through additional interactions
or decay with a 2.2 us mean lifetime [15]. Cosmic ray
muons decay into an electron (or positron) and two
neutrinos as follows

p~ — e +v, +v,: Production of electron
(€"), anti-electron neutrino (v, ), and muon neutrino
(v,) by beta-decay of y1~

p" — e’ +v, +v,: Production of positron
(e"), electron neutrino (v,), and anti-muon neutrino
(v,)) by beta-decay of 1~

Most cosmic ray muons are created near an
altitude of 15 km above sea level [5]. As they pass
through Earth's atmosphere, the cosmic ray muons
typically lose about 2 GeV due to ionization. The aver-
age energy of a cosmic ray muon at the Earth's surface
is 4 GeV. It seems that the 2.2 ps mean lifetime is too
short for a muon to travel 15 km from the atmosphere
to sea level; however, the relativistic effect of a 4 GeV
muon allows the muon to travel about 27 km during its
mean lifetime, which is long enough to reach the sur-
face of Earth.

Muon tomography

Tomography is defined as imaging by sections
that may be visualized in three dimensions. One of the
first applications of tomography used X-rays to gener-
ate images of areas inside of the human body; the
X-ray source and film were moved in different direc-
tions to produce sectional images [16]. Medical imag-
ing still relies on tomography for techniques such as
positron emission tomography (PET), single photon
emission computed tomography (SPECT), and com-
puted tomography (CT) scans [17]. Cosmic muon to-
mography is applied to various fields, such as geologi-
cal mapping, nuclear reactor imaging, and cargo
scanning. Muon tomography has also been proposed
as amethod for volcanic activity prediction; this appli-
cation is based in the measurement of cosmic muon
flux scattering in geological structures [ 18]. In nuclear
reactor analysis, muon tomography is adopted to iden-
tify the location and status of nuclear fuels. A muon
imaging system developed at Los Alamos National
Laboratory will be deployed at the Fukushima Daiichi
power plant in Japan by the end of 2015 [19]. Cosmic
muons have also been applied to cargo scanning, with
the intent to detect shielding materials and special nu-

clear materials (SNM) [1]. The muon flux reaching
Earth's surface is enough to be applied in the tomogra-
phy of large volumes such as reactors or cargo contain-
ers. This means that muon tomography does not re-
quire an artificial source. The principle of muon
tomography exploits the multiple Coulomb scattering;
the scattered angular width determines the material
properties [1].

Muon tomography requires two sets of detectors
that sandwich the examined volume; these detectors
provide information about muon scattering angles, in-
dicating the presence of certain materials in the exam-
ined volume. These data are analyzed with the algo-
rithms in order to construct a 3-D image. One typical
reconstruction method is the PoCA [20]. The PoCA
method finds the closest point between two linear
muon tracks and estimates a final scattering angle be-
tween them. The PoCA method is discussed in detail in
the section Point of closest approach to reconstruct
muon tomography images.

Muon interactions and multiple
muon coulomb scattering

To accurately explore the use of muon tomogra-
phy, an understanding of muon interactions and multi-
ple Coulomb scattering is needed. Those muon inter-
actions of interest include ionization, bremsstrahlung,
pair production and muon-nucleus inelastic scattering.
The energy loss due to these interactions is generally
expressed as follows [21]

£-(8) ()82, o

where ,,i”” denotes ionization, ,,5”” denotes bremsstrah-
lung, ,,p” denotes pair production, and ,,n”” denotes nu-
cleus inelastic scattering. These interactions are re-
sponsible for any energy loss as the muon penetrates a
material, and affect the angle deflection due to MCS
[22]. Therefore, in this section, these four major muon
interactions and MCS are described in a greater detail.
lonization. Muons lose their energy by ionizing
the matter they interact with; this is because no
charged particles may avoid losing energy through the
ionization of matter. The ionization process is respon-
sible for a continuous loss of muon energy due to the
interaction of the particle with atomic electrons in the
material. The rate at which this energy loss occurs is
well-described by the Bethe-Bloch formula [23]; for a
given material, the differential energy loss function
depends on the kinetic energy of a muon, as follows

5 2
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Figure 2. Energy loss of muons interacting with iron [24].
Muon energy loss is determined by the incident muon en-
ergy as well as its interactions (ionization, bremsstrah-
lung, pair production, and nuclear inelastic scattering)

where dE/dx, or stopping power, is the change in ki-
netic energy £ over a distance x, N — the Avogadro's
number, m.c” — the electron rest mass energy, z — the
unit charge of the incident muon, (e*/4ng,m,c?) isa
classical electron radius, Z — the atomic number, 4 —
the atomic mass, y — the Lorentz factor *,  — the mean
excitation energy of the ionized atom, in eV, Tp.x —the
incident muon energy, and 5(y) represents a density
effect correction to ionization energy loss. As an ex-
ample to illustrate muon energy loss, fig. 2 shows the
trend in energy loss of a muon interacting with iron. In
the energy region of less than a few hundred GeV, the
ionization interaction dominates over other types of
interactions. At high energies, over a thousand GeV,
bremsstrahlung and pair production interactions dom-
inate [24]. This is correlated to the cross section and
wavelength of the muon; muons with longer wave-
lengths have greater probability of collision with elec-
trons in a given material. The contribution of nuclear
inelastic scattering interactions to the combined cross
section is small compared to the contribution of all
other interactions. However, nuclear inelastic scatter-
ing leads to the production of nuclear-electromagnetic
showers, and it determines the main source of hadron
background arising from high energy muon interac-
tions [24].

Bremsstrahlung. Bremsstrahlung is electromag-
netic radiation produced by the deceleration of a
charged particle when deflected by another charged
particle [25]. Muons produce bremsstrahlung while
passing through the electric field of a nucleus. The
muon bremsstrahlung cross section was originally cal-
culated by Bethe [26]. The differential bremsstrahlung
cross section for muon interaction with a nucleus field
is defined as follows [27]

3Lorentz factor connects time, length, and relativistic mass change
for a moving particle

cal electron radius, k—a constant equal to 190, e repre-
sents natural logarithm of 2.718, and E,,, is initial en-
ergy of the muon. Equation (3) shows that the cross
section for muon bremsstrahlung with a nucleus in-
creases with atomic number; therefore, the number of
photons emitted increases with the Z of a material.
Muons may also interact with electrons as bremsstrah-
lung is produced. The cross section accounts for
bremsstrahlung loss in interactions with atomic elec-
trons. For that, the influence of the electron recoil is ig-
nored, since it is negligible. Therefore, a much better
approximation, which takes electronic binding into
account, is given by [27]

2
do —qf 27 7, (4—4v+v2j-
dv brems, nucl M u 3 3
2E  (1-v
v on (I=V) @)
v M,v

The cross section for bremsstrahlung is a func-
tion of fractional energy transfer “v”” as shown in eq.
(4). Due to dependence on the fraction of the muon's
energy transferred to a photon, the cross section in-
creases with the high fractional energy transfer.

Direct Electron Pair Production. Direct electron
pair production is one of the most important muon in-
teractions. It involves the formation or materialization
of two electrons, one electron and one positron, from
the kinetic energy of the muon, usually in the vicinity
of'an atomic nucleus [14]. The cross section for direct
electron pair production in a Coulomb field was first
calculated by Racah [13].

Nuclear screening was later taken into account
by Kelner and Kotov [28]. With their approach, the av-
erage energy loss is obtained through a numerical inte-
gration, as follows

L) N,

bpair, nuel = _E a 4

1
fvd—gdv %)
o dv

pair, nucl

where do/dv is the differential cross section for pair
production. This equation is widely used in muon
transport calculations. The pair production due to in-
teractions with atomic electrons is defined as follows
[13]
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where g=4.4-10" is defined for hydrogen and g=1.95-10"
refers to other materials. These constants including g are ob-
tained from numerical analysis [13]. It can be seen, accord-
ing to eq. (5) and eq. (6), that the energy loss from pair pro-
duction decreases by increasing the atomic mass, 4, of the
interacting atoms.

Nuclear inelastic interactions. Athigh muon en-
ergies, the inelastic interaction of muons with nuclei is
the dominant interaction type. In this energy region,
many simplifications can be made in order to obtain
convenient and simple relations for the interaction
cross section. For inclusive scattering where the scat-
tering amplitudes are summed over all possible
hadronic final states, the unpolarized cross section can
be written as a function of two independent kinematic
variables [29]. Therefore, the differential cross section
for unpolarized deep-inelastic charged lepton scatter-
ing can be written, in the Born approximation, as [30]

d’c =41wc2 l
do*dx 0% «x
{xyzFl (x,0? )+(1—y—j‘j§j& (x.0? )} ™

where « is the electromagnetic coupling constant and
Fi(x, Q%) and F»(x, Q) are the unpolarized structure
functions of the nucleon.
Q*=-¢*=—(k— k)’ =4EE 'sin’0

is the squared four-momentum transfer. In this equation,
k, k', p and g are the four-vectors of the initial and final
state lepton, the target nucleon, and the exchanged
boson. v =pg/M = E' — E is the energy transferred to the
hadronic system. M is the mass of the target nucleon,
whereas the lepton mass has been neglected. E, E', and 6
are the energies of the incident and scattered lepton, and
the lepton scattering angle, in the laboratory frame. Here,
x=0%2pg=0%2 Mvand y=pq/pk=v/E are the scaling
variables.

Multiple muon coulomb elastic scattering. The
interaction of a muon with a nucleus results in its angu-
lar deflection [13]. This angular deflection provides
the basis for applications of cosmic ray muons in to-
mography [1]. When a muon passes through matter, it
is deflected by a certain scattering angle. These deflec-
tions are due to Coulomb interactions between muons
and atoms, since muons are charged particles [5]. Cos-
mic muons that penetrate a given medium undergo
MCS events due to their energetic nature. The theory
of multiple Coulomb scattering was developed by
Bethe [31]; in this method, the muon scattering angu-

where Nis the number of muons, 8, —the scattering an-
gle in the 2-D plane, and 6, — the root mean square
(RMS) of'the scattering angle distribution. Along with
the 2-D Gaussian distribution, tomography considers
a 3-D image. Therefore, the spatial angle, 0°*, is de-
fined as the scattering angle between the incident and
scattered muons in 3-D space. The projection of a scat-
tered angle onto the 2-D plane is defined with 67
in the y-z plane and with 0P* in the x-z plane. The
RMS width for each angular distribution is
0, = 91%'\;‘[‘;6”‘ = Olsll\ige’y , because, according to the
MCS, 6, is defined as an RMS width of scattered an-
gles projected on the planes [32]. An RMS width in the
y-z pane, 0 gﬁg"’x, and an RMS width in the x-z plane,
0 gj;;e’y , are orthogonal to the z direction, so it can be
derived as follows
O35V =@+ O O)
From there we obtain 6, =6,/ / V2[33].
Based on the Gaussian function, the MCS is de-
rived to estimate the root mean square (RMS) width of
an angular distribution. The distribution can be esti-
mated as a zero mean Gaussian for the central 98 % of
the angles [4]. The MCS formula for muons is:

0, 13.6MeVic /i (10)
p X

where 13.6 MeV/c is calculated by considering a dis-
tribution of the central 98 % of the angles, p[MeV/c] is
the muon momentum, 6, [radian] is RMS of a scatter-
ing angle width, x [cm] is the material thickness, and
Xy [cm] is the radiation length, which represents an av-
erage travelling distance in a given material [4] de-
fined with

I

A _
Xy = 5 ———[gem ] (11)
4aN  Z(Z+)r; In(183Z27")

where Z and 4 are the atomic number and mass number
of'amaterial, respectively, and the constant of 183 rep-
resents an approximated parameterization of the
Thomas-Fermi potential* [34]. The simplified form of
this equation is as follows [34]

7164 A

P Z(Z+1)In(287/v2)
where p (g/cm’) is the density of interacting material.

X, (12)

* The Thoms-Fermi potential is a theoretical approach to calculate
the effects of electric field screening by electrons
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Equations (10) and (12) introduce a correlation
between the scattering angle and the atomic number,
Z. The MCS sensitivity to Z provides an understanding
of the discrimination between different materials of
similar densities. The radiation length decreases with
the charge density of a material. A high-Z material
with high density has a shorter radiation length; there-
fore, muons will be deflected by a larger angle in a
high-Z material [35]. For example, a 10 cm thick mate-
rial will scatter a 3 GeV muon with an angle of 2.3
milliradians in water, 11 milliradians in iron and 20
milliradians in lead [1]. The scattering angle, there-
fore, increases with increasing-Z material. By tracking
the scattering angles of individual muons, high-Z ma-
terials can be distinguished from low- or medium-Z
materials. This principle is applied to cargo scanning
to identify shielding materials, as described in the fol-
lowing sections.

STATISTICAL FILTERING METHODS AS
APPLIED TO COSMIC MUON TOMOGRAPHY
IMAGES

Point of closest approach to reconstruct
muon tomography images

The magnitude of the muon scattering angle is
determined by the interacting material density and
atomic number as defined with eq. (10). In order to
construct a tomography image from muon interac-
tions, scattering angle and interaction positions are re-
quired. In this paper we present a reconstruction algo-
rithm, developed to obtain scattering angles and
interaction positions [36]. The Point of Closest Ap-
proach (PoCA) [20] is selected as a method for recon-
structing the images. The PoCA reconstruction
method is based on a geometrical method for finding a
muon interaction point and a scattering angle between
the incident and scattered muon. This method deter-
mines the closest point of two linear muon tracks to es-
timate a final scattering angle between them; this is il-
lustrated in fig. 3.

The primary assumption in applying PoCA is
that the MCS is neglected by assuming one scattering
interaction between the initial and final muon tracks.

Incident muon

\

Scattering angle
-
-

=

IS
Target material ._%
-~
~
-
~
~
/ Interaction position

J Scattered muon

Figure 3. Illustration of the point of closest approach
(PoCA)

Therefore, the angle between the incident vector and
scattered vector is considered as the scattering angle,
and the medium position of the point of closest ap-
proach is related to the position of interaction [37]. In
the 2-D plane, if two lines are not parallel, they always
intersect. However, the two lines may not intersect in
3-D space, even though they are not parallel. The
PoCA reconstruction method may be used to find the
closest point of the two vectors, in order to obtain the
scattering interaction position, as follows

T, =P +iV, and T,=P,+iV, (13)

where T1 and T2 are the position vectors of the incident
and scattered muon tracks, P1 and P2 are the initial and
final position vectors, V and V2 are the momentum
vectors, and i represents the 7y, position of the muon
track. Hence, when Tl and Tz have the minimum dis-
tance of their iy, positions, the middle point between
those two positions is taken as the interaction position.

In a typical muon tomography system, gas elec-
tron multiplier (GEM) detectors detect the positions
and directions of incident and scattered muons using a
coincidence counting method [38]. In this paper,
GEANT4 isused to generate these positions and direc-
tions for various muon energies and materials.
GEANTH4 is a toolkit used to simulate the transport of
various subatomic particles, including muons,
through matter [39]. The code includes muon
cross-section data, and can therefore be used to track
muon interactions. The GEANT4 model presented
here consists of a40 cm % 40 cm % 40 cm iron box with
0.5 cm thickness, as sketched in fig. 4. Inside this iron
box, there are three 4 cm x 4 cm x 4 ¢cm cubes of vari-
ous materials, such as lead and uranium. Since it is a
first validation test, we used a simple model to develop
a preliminary image-filtering methodology. Other
similar studies applied simplified geometries as well,
suchas 100 cm x 20 cm % 25 cm [35], 30 cm % 30 cm x
x 30 cm [40], and 60 cm x 60 cm % 30 cm [41]. The
GEANT4 model, sketched in fig. 4, includes four de-
tectors used to record the muon tracks, providing in-
formation about the positions and momenta of both the
incident and scattered muons. The two detectors at the
top record the initial positions and vectors of the inci-
dent muons, while the two at the bottom record final
positions and vectors of the scattered muons.

The GEANT4 simulated muon momenta are
converted into muon scattering angles, 852, using
the PoCA reconstruction approach based on the princi-
ple of arccosine [33], as follows

0P —arccos{ P4 J (14)
Pla

where p is the vector of an incident muon, and g is the

vector of a scattered muon. This GEANT4 model is

run with100,000 histories to observe one hour of ex-

posure time. The upper area is 1,600 cm” and the muon
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Figure 4. Geometric design for a GEANT4 model for
generating muon tomography image

flux is counted at the rate of 1 muon/cm*/min at sea
level [5]. The purpose of this model was to develop the
filtering methodology; in this case, an exposure time
of one hour is considered sufficient. Out of 100,000
muons, 2,400 muons scattered out of the geometry
boundary; the remaining 97,600 muons provided the
information required for the calculation of the interac-
tion positions and scattering angles, based on egs. (13)
and (14), respectively. Figure 5 shows the PoCA re-
constructed tomography image for the geometry illus-
trated in fig. 4. The high level of noise, produced as a
result of varied cosmic muon energies, as described in
the section Muon characteristics, is clearly observed
in fig. 5. Various filtering methods are required to re-
duce this noise [7]. Here we present the statistical fil-
tering methods of the median, the mean and the
Gaussian smoothing techniques used to select the most
efficient filtering method.

Statistical filtering methods

Median filtering: In signal processing, filtering
reduces noise by emphasizing or suppressing struc-
tural signals in an image [42]. The median filter is a
statistical filtering process used to reconstruct images;
itis typically used to remove noise by finding a median
value among selected pixels in 2-D or among voxels in

Three lead cubes

20

o
o 10

y-axis [cm] -30 -30 x-axis [cm]

Figure 5. PoCA reconstructed muon tomography image
generated with GEANT4 model of the cube shown in fig.
4 (in this figure three small cubes made of lead are placed
inside a large iron hollow box)

Figure 6. Median filtering replaces each entry with the
median value of the neighboring entries in a matrix, thus
reducing the noise

3-D [42]. The median filter considers each pixel or
voxel as a certain matrix, and it replaces the values of
each pixel or voxel to the representative median value
as illustrated in fig. 6.

For this filtering method, a voxel matrix is deter-
mined with each voxel size of 2 cm x 2 cm % 2 cm. Po-
sitions for each voxel are defined as follows

Position (pth voxel)=(/—1)NM + (m—1)N +n (15)

where the x-axis has a grid numbering of 1,2, ... n ... N,
the y-axis is defined with the grid numbering of 1, 2, ...
m ... M; and the z-axis is defined with the grid of 1, 2, ...
[...L.

Mean filtering. Mean filtering is another simple
smoothing method used to reduce the noise in gener-
ated images. When noise varies randomly above and
below anominal brightness value, it can be reduced by
averaging neighboring values [42].

The idea of mean filtering is simply to replace
each pixel/voxel value with the average value of its
neighbors, including its own value as shown in fig. 7.
The original matrix has the same value as the one
shown in fig. 6. It can be seen that the resulting mean
filtering effect is different from the median filtering.
The mean filtering method eliminates pixel/voxel val-
ues that are unrepresentative to their surroundings,
such as salt and pepper noise. Therefore, the mean fil-
tering method is generally used to produce a better es-
timate of the values, when the average is taken over a
homogeneous area [43]. This mean filter is applied
with the same size voxel of the median filter for the
comparison to noise reduction. The average scattering
angle in the pth voxel is defined as follows

5 8 2 6.7 6.7 6.7
7 6 9 — 6.7 6.7 6.7
12 7 4 6.7 6.7 6.7

Figure 7. Mean filtering replaces each entry with the
mean value of the neighboring entries in a matrix thus
reducing the noise
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Average scattering angle of pth voxel =
= (1 %scattering angle; j (16)
i=1 »
where N is total number of scattering angles in the p™
voxel.

Maxwell Boltzmann shift of mean values. Ac-
cording to Moliere's theory, the angular distribution of
Coulomb scattered muons follows a Gaussian distri-
bution. It is assumed that an average angle from the
mean filter is the same as the mean of the Gaussian dis-
tribution [44]. However, the simulated scattering an-
gle distributions show a statistical similarity with the
Maxwell-Boltzmann distribution rather than with the
Gaussian distribution.

Several cases are evaluated for muon multiple
Coulomb scatterings, using 100,000 histories (or, one
hour of exposure) in GEANT4; these cases are described
in tab. 2. These cases are determined to observe muon
scattering angles with low-Z (aluminum), medium-Z
(iron), and high-Z (lead and uranium) materials for two
different muon energies, 0.3 GeV for medium energy
and 3 GeV for high energy. A solid box composed of alu-
minum, iron, lead or uranium is modeled for muon inter-
actions. Figure 8 shows a GEANT4 model of muon scat-
tering interactions with an aluminum, iron, lead or
uranium box. Scattered angles of muons are calculated in
3-D space, using an inner product of arccosine given
with eq. (14). Simulated scattering angle distributions are
fitted with the Maxwell-Boltzmann distribution [45]
based on eq. (17). For the ideal fitting, one additional pa-
rameter k is included in the general equation of the
Maxwell-Boltzmann distribution, as follows

space2 space 2
fo= 2% exc{—(@ j")J (7)
T a 2a

where 0°7* is the spatial scattering angle, and a and k
are coefficients of the distribution.

Table 2. Calculated root mean square (RMS) widths
using eq. (10), as well as mode from eq. (18) and mean
from eq. (19) for twelve scattering distributions

Al Fe Pb U
Mean 0.052 0.143 0.294 0.476

Thickness: ™ \ode | 0.047 | 0132 | 0265 | 0422

Muon a 0.076 | 0215 | 0431 | 0.686
energy:

Sherey, k 0202 | 0571 | 1.143 | 1.809

Chi-square| 1.19-10* | 4.85.10°|3.22-10° | 2.98-10°°
Mean 0.006 | 0.015 | 0.029 | 0.042

Thickness: ™ \fode | 0.005 | 0013 | 0027 | 0.038
Muon a 0.008 | 0.022 | 0043 | 0.6
energy:
nerey: k 0.022 | 0057 | 0.115 | 0.163

Chi-square| 2.58-10* |5.72:10*| 2.10-10* | 1.35-10"*
Mean 0.034 0.09 0.182 | 0.269

Thickness:

5cm/ Mode 0.031 0.081 0.162 0.239
Muon a 0.05 0.133 0.265 0.39
energy

03 Gov k 0.134 0.353 0.704 1.035

Chi-square | 2.04-10* | 7.36:10° | 4.27-10° | 3.86-10°°

Solid box
composed with
i — | designated

= materials
Detector 4 é‘ [

Figure 8. GEANT4 model of muon scattering
interactions: The model utilizes an aluminum, iron, lead
or uranium box (the thickness of each individual box is
5 cm or 10 cm as shown in tab. 2)

Figure 9 shows the fitting curves with the modified
Maxwell-Boltzmann distribution, processed with the
GEANT4 modeled scattering angle distributions. Figure
9 shows only one case, however the fitting processes are
done for twelve cases of tab.2 to calculate the coeffi-
cients. In addition to these coefficients, the chi-square
values estimated in tab. 2 are very small, indicating a
well-fitting curve. The mode, which is the most fre-
quently occurring value, has the same value with the
mean in the Gaussian distribution due to the symmetrical
shape of the plot; however, the mode is not equal to the
mean in the Maxwell-Boltzmann distribution [46]. The
mode of the modified Maxwell-Boltzmann distribution
is as follows

mode=%(—k+\/8a2 +k%) (18)

Table 2 introduces the calculated mode from eq.
(18) and the mean from eq. (19) of each muon scatter-
ing distribution as shown in fig. 9. The mean of the dis-
crete probability distribution is calculated using the
following formula N
Zx,«p(x i)
mean =*——— (19)

N
Zp(xi )

where x; denotes the numerically calculated muon
scattering angles, and p(x;) is the probability of the
scattering angle. These estimated means and modes
are plotted in fig. 10, showing that they have a linear
correlation.

The correlation of fig. 10 results in the following
linear formula

mode = 0.88744 x mean + 0.00098 (20)

310 Lead (10 cm), 0.3 GeV
T oFitted distribution
z - Simulated distribution
5 2
[}
Qo
[<]
[T
/
0
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4

Radian

Figure 9. GEANT4 modeled muon scattering angle
distribution and fitted Maxwell-Boltzmann distribution:
Distributions are from modeling for lead (10 cm) with
0.3 GeV muon shown in tab. 2
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Figure 10. Mode of eq. (18) vs. mean of eq. (17):
The mode and mean have a linear correlation to
each value

Mean filtered tomography data are transferred
into the Maxwell-Boltzmann shift defined with eq.
(20), since it is assumed that the mode, which is the
most frequently occurring angle, is the best value to
represent the actual muon scattering angle. These
shifted results are discussed in the section Validation
of the integrated statistical filtering method.

Integrated filtering algorithm with
Gaussian smoothing

The integrated filtering algorithm is developed
to refine the PoCA reconstructed tomography image
by fusing statics filtering methods. The algorithm fol-
lows three main steps: mean filtering, Maxwell
Boltzmann shift, and Gaussian smoothing. Gaussian
smoothing is similar to the mean filter; however, it re-
duces the weight of the input value with increasing dis-
tance from the center value, rather than weighing all
input values equally from the mean filtering [42].
Gaussian smoothing effectively identifies concen-
trated points [47] and is suitable for finding dense
points, such as high-Z materials, in a muon tomogra-
phy image. This feature is used to create blurred im-
ages and remove noise by applying the following
equation [47]

X2 +yZ

5 e 2762 (2 1)

Gl ()C >V ) =

2ro

where o is the standard deviation and x and y give the
location on a plane. This formula may be applied only
to the 2-D plane; tomography requires 3-D imaging.
Therefore, eq. (21) is applied to generate refined im-
ages of x-y planes along the z-axis for the 3-D applica-
tion. This Gaussian smoothing is used in the integrated
filtering algorithm as shown in fig. 11. Mean filtered
data is adopted as the first filtering step in the algo-
rithm instead of median filtering, since the
Maxwell-Boltzmann shift defined with eq. (20) ex-
ploits mean values to calculate the mode of the muon
scattering angle distribution. After that, the
Maxwell-Boltzmann shifted data is refined in the
Gaussian smoothing filter using eq. (21). By analyzing
the cumulative scattering angle ratio, the threshold of
the scattering angle is set at 56 milliradians, which has

Scattering angle >
threshold

Cut off

Refine the values
of positions and
scattering angles

* g

Riwoge saored spomivokan)

Figure 11. Schematics diagram of the integrated filtering
method; this algorithm is applied to fully refine
a GEANT4 generated muon tomography image

about a 95 % cumulative scattering angle ratio. There-
fore, if a scattering angle is less than 56 milliradians,
the angle is considered noise and the algorithm cuts off
the values to refine the tomography image.
Thus, the following advantages can be expected
by using the integrated filtering algorithm:
The combined statistical filtering methods reduce
random noise caused by cosmic muons.

— The algorithm decreases the uncertainty of esti-
mated scattering angles to identify high-Z materi-
als.

—  Thethreshold of the scattering angle allows for the
simulation to distinguish high-Z materials.

—  The position identification method has the benefit
of determining the location of interaction.

Despite the fact that the tomography images are
filtered in the three steps of the mean filter, the

Maxwell-Boltzmann shift, and the Gaussian smooth-

ing, the integrated algorithm presented in fig. 11 re-

quires a threshold to eliminate the noise scattering an-

gles. The threshold is determined by modeling a

scattering angle distribution of an empty box, which

results in scattering interactions with only air. These

simulated scattering angles are plotted in fig. 12.

VALIDATION OF THE INTEGRATED
STATISTICAL FILTERING METHOD

Verification for noise reduction

The feasibility of the integrated filtering algo-
rithm is tested by refining the simulated tomography
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Figure 12. Cumulative scattering angle distribution of
the MCS interaction with air: air (a low-density mate-
rial) has that 95 % of the cumulative scattering angle is
below 56 milliradians (based on the eqs. (10) and (12)); a
saturation is thus for angles larger than 56 milliradians)

images. High-, medium- and low-Z materials were
modeled to check the application for various condi-
tions. The aim of this verification is to distinguish only
high-Z and not medium- or low-Z materials. PoCA re-
constructed images are used as input data for the filter-
ing algorithm sketched in fig. 12. The voxel size for
the statistical filtering methods is defined as 2 cm %
x 2 cm x 2 cm. The reconstructed 3-D tomography im-
ages are compared to find the best performed filtering
method. Figure 13 shows filtered images of three lead
cubes inside a container, and the results show that the
image from the integrated filtering algorithm is the
best for noise reduction.

A standard deviation of 0.7 is selected for the
Gaussian filtering method, as this value maximizes
precision. The filtering results for tungsten and ura-
nium cubes are shown in figs. 14 and 15, respectively.
The true location of these three cubes is indicated with
lined cubes in the plots.

Figures 13, 14, and 15 show the successful iden-
tification of high-Z materials. The filtering method is
not expected to recognize medium-Z materials like
iron or low-Z materials like aluminum; because of this,
false identification of high-Z materials may be
avoided. Figure 16 shows the filtered tomography im-
ages for aluminum and lead cubes inside containers,
and it does not distinguish these materials. Although
there is a small amount of random noise in fig. 16 (b),
the integrated algorithm recognized no high-Z materi-
als. The integrated algorithm is proven effective for
noise reduction and the accurate discrimination of
high-Z materials exclusively.

Precision improvement based
on the integrated filtering algorithm

Verification of noise reduction using the inte-
grated filtering algorithm is described in the section
Verification for noise reduction; this verification,
however, is not sufficient to confirm that the integrated
filtering algorithm is the most effective one. For better
evaluation in quantifying the detection performance

10
(@) y-axis [cm] 0 0

z-axis [cm]
- = N N
o o,

PO 1O O
Scattering angle [milliradian]

(b)  y-axis [cm]

z-axis [cm]
= = N N
o o

NI IS
Scattering angle [milliradian]

©

y-axis [cm]

z-axis [cm]
o

_ a4 NN
o
4

PO oo o
Scattering angle [milliradian]

(d) y-axis [cm]

x-axis [cm]

Figure 13. Refined cosmic muon tomography images of
three lead cubes using (a) median filtering, (b) mean fil-
tering, (¢) mean filtering with Maxwell Boltzmann shift,
and (d) integrated filtering algorithm
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Figure 16. Refined cosmic muon tomography images;
(a) three aluminum cubes and (b) three iron cubes using
the integrated filter

indicators, a numerical analysis from the statistical hy-
pothesis testing is adopted and the precision ratios are
obtained based on:

Precision ratio = (Recognized in the correct position)/
(Recognized in the correct position and the wrong po-
sition)

Precision ratio values for each of the analyzed sta-
tistical filtering methods are shown in tabs. 3,4, and 5.

The integrated algorithm with the standard devi-
ation, o, equalto 1 ineq. (21), shows the best precision
value; however only one scattering angle has a higher
value than the threshold to detect three lead cubes as
presented in tab. 3. This means that the other two lead
cubes are not recognized as being made of high-Z ma-
terial. Therefore, the standard deviation, o, of 0.7, as
defined in eq. (21), is selected as an adequate standard
deviation for the filtering method. The average preci-
sion from the PoCA reconstruction is 13 %; from the
integrated method, 88 %.This method results in a
seven-fold improvement in precision analysis, on av-
erage.

Table 6 presents close to 97,700 scattering angle
values obtained with the PoCA reconstruction method
and 5,832 scattering angle values obtained with the in-
tegrated filtering algorithm. Fewer scattering angle

Table 3. Precision ratios of each statistical filtered
tomography image for lead cubes

Precision ratio | Precision ratio in [%]

PoCA 687/6381 11 %

Median filtering 6/18 33 %

Mean filtering 46/83 55%

a* 39/71 55%

b*(o =0.5) 31/51 61 %

b*(o =0.7) 16/17 94 %

b*(c=1) 1/1 100 %
b*(o =1.5) 0/0 -

a* mean filtering with Maxwell Boltzmann shift
b* integrated filtering algorithm

Table 4. Precision ratios of each statistical filtered
tomography image for tungsten cubes

Precision ratio | Precision ratio in [%]

PoCA 936/6567 14 %

Median filtering 24/46 52 %

Mean filtering 61/128 48 %

a* 58/111 52 %

b*(o =0.5) 56/83 67 %

b*(c=0.7) 49/56 88 %

b*(o=1) 25/25 100 %
b*(o = 1.5) 0/0 -

Table 5. Precision ratios of each statistical filtered
tomography image for uranium cubes

Precision ratio | Precision ratio in [%]

PoCA 866/6458 13 %

Median filtering 19/36 53 %

Mean filtering 60/133 45 %

a* 57/113 50 %

b*(c =0.5) 52/79 66 %

b*(c=0.7) 43/52 83 %

b*(o=1) 1/1 100 %
b*(o =1.5) 0/0 -

Table 6. Comparison of the total number of scattering
angles obtained with PoCA reconstruction method and
integrated filtering algorithm

Data from the
Material Data from the PoCA integrated filtering
reconstruction .
algorithm
Lead 97668 5832
Tungsten 97694 5832
Uranium 97673 5832

values were obtained with the integrated filtering al-
gorithm, demonstrating its ability to reduce the
number of data points needed for analysis. The in-
crease in precision, accompanied by the reduction of
necessary data, allows for shorter inspection time;
which is an important factor for cargo monitoring.
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CONCLUSIONS

Cosmic muon tomography is an emerging tech-
nology employed to detect high-Z materials in cargo
[48]. However, cosmic muons scatter off to non-uni-
formed scattering angles, producing noise in the to-
mography image. Hence, if cosmic muon tomography
uses only the PoCA reconstruction method, its clarity
and precision are limited.

To resolve this limitation, an integrated filtering
algorithm, which is mainly composed of three statisti-
cal filtering methods, is introduced. The algorithm was
tested to distinguish between high-Z, low-Z, and me-
dium-Z materials. The integrated filtering algorithm
shows seven times better improvement in the precision
than the PoCA method. An additional advantage to the
integrated filtering method is data reduction; this ulti-
mately reduces the inspection time.

For future work, the application of muon tomog-
raphy can also be extended to the real-time monitoring
of nuclear facilities and inventories for the purpose of
nuclear non-proliferation and reactor safety. However,
in these applications, the random scattering angles be-
tween cosmic muons and nuclear fuels will produce
noise in generated muon tomography images. There-
fore, the developed integrated filtering method may be
used to reduce noise and to increase detection precision.
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Canrkjy JIU, Amanga ®OJIEJ, Tarjana JEBPEMOBWh

HOBU AJITOPUTAM 3A NNPELIN3HY U E®UKACHY
AHA/IN3Y MUOHCKE TOMOI'PA®UIE

Y oBOM pajy IpuKa3yjeMO HOBU ajropuram ca nosehaHoM npenusHonthy u ecdukacHourhy
MHOHCKE TOMOFpa(bI/Ije ca mpuMeHama y AeTeKIWju HyKJeapHX Marepujana. Kocmmuka MuOHCKA
Tomorpaduja je TeXHHKa HCIUTHBAKA KOja Ce MOCIEAmHX ACLCHH]a CBE BUIIC KOPUCTH 3a ACTEKLHjy
TELIKUX MaTepujajia NPUCYTHUX y oApehenoj 3anpemuin. TexHuKka MIOHCKe ToMOrpaduje 3aCHIBA ce Ha
yIJIOBHMA pacejara MEOHA Ha OCHOBY KOjHX Ce 3alIPaBO FeHEPUIIIE CIMKA HCIIUTUBAHE TeOMEeTpHje. Y TIIOBH
pacejama MHOHA IOCI€ MHTEpaKlyja HUCY YHH(OPMHHU 3aTO IITO MUOHM MMAjy CIHEKTap €Hepruja.
Heynudgopmua pacnopena yriosa pacejatba MuoHa nosehasa HejacHohy npukasane ciauke. GEANT4 je
KopuheH fja ce HyMEPHUYKAM IIyTeM [CHEPHUILly NOJall O MIOHCKOM pacejaiby (YIVIOBH U MO3MLHjE) Y
FEOMETPUjU YHAIPEN J_Ie(bI/IHI/IcaHO], ca cajipkajeM MaTtepujana BUCOKOr Z. I'eHepucaHn UMM Cy OHJa
npouecupasy MeTooM "closest approach” (PoCA); craTHCTHUKY (DUITEPUHT METOJ je 3aTUM Pa3BUjeH ca
IubeM fia ce pekoncrpyumre PoCA cmmka. Tako ucnponecynpana ciuka nokasyje mosehany jacohy,
IpEenu3nHja je y ofpebuBamy NPUCYTHOCTH pa3sHUX MaTepHjana, IITO OBaj METON YMHN €(OUKACHUjUM Y
nopebemwy ca PoCA meropom. [Toehana npenusnoct goctuke 88 % y nopebemwy ca PoCA npenusHonthy
ox caMo 13 % y geTekiuju HyKJIeapHuX U PYruX TeIIKUX MaTepujaa.

Kmwyune peuu: muoncka itiomozpaghuja, sunecitipyko kyaonoscko pacejarbe, GEANT-4, HykaeapHu
maitiepujan



