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Abstract: Issues related to increasing the number of material recognition classes in cargo
inspection by the X-ray dual high-energy method through introducing a class of heavy
organic materials that include basic explosives are considered. A mathematical model of
material recognition by the dual-energy method based on the parameters of level lines
and effective atomic numbers has been proposed. Estimates of the parameters of the
level lines and effective atomic numbers of explosives and their physical counterparts for
monoenergetic and classical high-energy implementations of the dual-energy method were
made. The use of a simulation model to demonstrate the ability to detect and correctly
identify explosives and their physical counterparts using the dual high-energy method is
illustrated. An algorithmic methodological approach is proposed to improve the accuracy
of effective atomic number estimation. It has been demonstrated theoretically and by
simulation that it is possible to distinguish materials in cargo inspection from the following
classes of materials: light organics (typical representative—polyethylene); heavy organics
(explosives), light minerals and heavy plastics (fluoropolymers); light metals (aluminum,
Z =13), heavy minerals (calcium oxide, Z = 19); metals (iron, Z = 26); heavy metals (tin,
Z = 50); and radiation insensitive metals (Z > 57).

Keywords: cargo inspection; high-energy X-rays; dual-energy method; material recognition;
explosives; effective atomic number; mass thickness; pre-filtering; ADC bit depth

1. Introduction

High-energy inspection systems (HEISs) with the function of the detection of test
object (TO) materials and their fragments by dual-energy methods (DEMs) are still one
of the most effective and sort after technical means of customs control and X-ray cargo
inspection [1-4]. The objective of the cited works is to discuss methods, approaches, and
algorithms for recognition (distinction and classification) of materials using the dual-energy
method. Multi-energy methods (MEMs) [3,5-9] are an evolution of DEMs and allow for
an increase in the number of classes of recognized materials or the extension of the limits
of applicability of DEMs for complicated structures of TOs. The unifying objective of
the noted works is to illustrate the additional possibilities of material recognition using
MEMs compared to DEMs. The recognition of the TO material or its structural fragment
is understood as the unique belonging of the studied material to one of the given classes
of materials based on a feature called recognition parameter (RP) [5]: “Limit capabilities
of identifying materials by high dual- and multi-energy methods”. The main types of
RPs associated with high-energy DEV and MEM realizations are estimates of the effective
atomic number (EAN) of the TO material or the ratio of TO thicknesses in mean free paths
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(MFPs) for low and high energies of bremsstrahlung (high-energy X-rays) [1,10-13]. The
objective of the cited works is to analyze the features and compare the methods of material
recognition using various dual-energy methods as applied to cargo inspection. In the scien-
tific literature, the effective atomic number is usually denoted by the symbol Z.g [2,4,13].
The physical process of detecting TO fragments and recognizing their materials by one of
the recognition parameters is reduced to obtaining the initial digital radiographic DEM
images, calibrating the obtained images “by black” and “by white”, taking the logarithm
of the calibrated images, forming an image of the recognition parameter, correlating the
value of the recognition parameter at each point of the image using special predetermined
calibration functions (lines) to the recognition class, coloring all points of the image ac-
cording to the selected palette in accordance with the calculated recognition class. The
resulting final DEM image is analyzed by the operator or a specially developed algorithm
in order to establish the correspondence or non-correspondence of the final TO image to
the documentation accompanying the cargo. In the initial stage of the development of
HEISs with the function of material recognition by DEMs, no more than four classes of
materials were distinguished [14]—"Processing of interlaced images in 4-10 MeV dual-
energy customs system for material recognition”—and these four classes were maintained
until recently [15]: “A curve-based material recognition method in MeV dual-energy X-ray
imaging system”. A typical representative of the first class was polyethylene, the second
was aluminum or its alloys, the third, iron or its alloys, and the fourth, lead. All major HEIS
manufacturers guarantee correct material identification for three to four classes [16-21].
The objective of this work is to demonstrate modern trends towards expanding the number
of classes of materials recognizable by the low-energy dual-energy method. In the above-
mentioned HEIS, betatrons or linear accelerators are used as sources of high-energy X-ray
radiation. The objects under control are scanned by narrow beams of high-energy X-ray
(bremsstrahlung) radiation with alternating maximum energies from pulse to pulse (from
one group of pulses to another). High energy is determined by the maximum possible
energy for the radiation source used; it is usually equal to 6 MeV, 7.5 MeV, or 9 MeV. Low
energy is usually 2-3 MeV less than high energy. The website [21] refers to the possible
correct identification of four or more classes of materials. In the range of maximum en-
ergies of X-rays from 50 to 250 keV, where two effects of the interaction of gamma rays
with matter compete—the photoelectric effect and the Compton effect—the number of
classes of correctly recognized materials has expanded considerably in recent years [22-24].
Work [5] highlights that the increase in the number of classes of materials that can be
detected during a high-energy inspection is associated with physical limitations due to the
interaction of high-energy (energy above 1.022 MeV) gamma rays with matter. It is known
that, at energies from 2 to 10 MeV, the Compton effect and the electron—positron pairs
effect compete [25]—“Photon cross sections, attenuation coefficients and energy absorption
coefficients”—and the mass attenuation coefficient (MAC) of photons corresponding to the
pair birth effect is proportional to EAN [26], “Electron-positron pair production by photons:
A historical overview”, and for small values of EAN, the contribution of pairs to the integral
MAC is insignificant. The insignificance of the change in the integral MAC in the range of
small values of EAN is the main obstacle to increasing the number of classes of correctly
recognized materials [27]: “Automated X-ray image analysis for cargo security: Critical
review and future promise”. In [27], questions concerning the high-energy realization of
DEMs are formulated. The need for a comparative study of different image preprocessing
methods [27] is certainly related to increasing the number of classes of correctly recognized
materials. Moreover, [27] raises the following question: Will machine learning-based mate-
rial recognition perform better than current implementations of DEMs based on the physics
of the interaction between bremsstrahlung and matter? In [27], the strong noise in the initial
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and final images of DEMs in commercial HEISs is pointed out, which partially limits the
ability to increase the number of recognition classes. The work [27] illustrates the complex-
ity of correct material recognition of objects (fragments) with small and large thicknesses.
The incorrect recognition is due to a pronounced difference in the energy spectrum of the
bremsstrahlung of the delta function (monoenergetic gamma-ray source) on the one hand
and a high level of noise in the original digital radiographic images and (or) a low level of
digital signals on the other hand. Quantum or pseudo-quantum starvation leads to a low
level of digital signals [28], “Increasing penetrating power of digital radiography systems
based on analysis of low-intensity signals”. Quantum starvation is caused by insufficient
photons registered by detectors behind a large TO [28], and pseudo-quantum starvation
by insufficient ADC bit depth [28,29]. In order to improve the quality of recognition of
small material thicknesses, it is quite effective to convert the sources of bremsstrahlung
radiation into pseudo-monoenergetic ones by introducing pre-filtering of photons [29]—
“Physical and technical restrictions of materials recognition by the dual high energy X-ray
imaging”—which, however, leads to the amplification of the effect of quantum and/or
pseudo-quantum starvation. Work [14] states that the main direction of the development
of HEISs with the function of material recognition by the dual and multi-energy method
in the last two decades is mainly associated with an increase in the productivity and qual-
ity of material recognition. The work [30], “Security in the maritime container supply
chain: what is feasible and realistic?”, emphasizes that the growth of international trade,
especially through container shipping, is accompanied by the emergence of various types
of smuggling, including drugs, weapons, cigarettes, explosives, radioactive and nuclear
substances, and the potential risks and threats associated with these activities are also
increasing. The work [30] states that in order to meet the corresponding challenges and
threats, customs authorities, border guards, and transport security units must significantly
strengthen the monitoring of transported goods and vehicles by improving the techni-
cal means of high-energy X-ray inspection and ensuring their necessary number for the
benefit of consumers and the prevention of the illegal transport of particularly dangerous
goods. The work [5] assumes an increase to five classes of materials correctly recognized
by high-energy dual and multi-energy methods and also theoretically and experimentally
demonstrates the fundamental possibility of distinguishing the following classes of materi-
als: light organics (Z.y = 6); minerals (Zy5 = 9); light metals (Zyr = 13); calcium (Z5 = 19);
metals (Z,5 = 26); and heavy metals (Z,s > 50). It was noted above that for high-energy
DEM implementations, the competing processes of interaction of gamma radiation with
matter are the Compton effect and the pair birth effect, therefore, with an increase in EAN;
therefore, the features of recognition of materials with high EAN values are determined by
the MAC dependencies for the Compton effects and pair production on EAN [4,5,11,14].
An article [12], “Material Estimation Method Using Dual-Energy X-Ray Image for Cargo
Inspection System”, compares the quality of the material recognition algorithms of DEMs
with the increased number of classes of correct recognition. Theoretically, it justifies the
possibility of distinguishing classes of materials associated with acrylic ((C50,Hg);,), carbon
(C), water (H,O), aluminum (Al), iron (Fe), tin (Sn), and lead (Pb). It should be noted that,
in the results of the experiments [12], data on the test samples with water are missing,
which most likely indicates insufficiently correct recognition of this material.

The problem of increasing the recognition classes of TO materials and their structural
fragments by DEMs is still relevant, especially in the range of EAN values from 5 to 13,
due to the need to detecting and correctly recognize explosives and drugs [2]: “Raw data
processing techniques for material classification of objects in dual energy X-ray baggage
inspection systems”. In a recent work [31], “Dose Evaluation of a Car Occupant in Dual
Energy X-Ray Automobile Inspection System”, it is pointed out that it is necessary to
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diagnose the nature of the substance in the case of drugs with low atomic number, as
well as in the case of many explosives, such as plastic explosives, which can be masked
in various ways. The article [32], “Development of a Dual-Modality Gamma-ray/Fast
Neutron Imaging System for Air Cargo Inspection”, argues that cargo inspection systems
using high-energy bremsstrahlung sources (the equivalent term, according to the authors
of [32], is gamma-ray, which is controversial) are limited in detecting objects of low-
density materials, such as drugs or plastic explosives. Therefore, the combined use of
bremsstrahlung and neutron sources is proposed, which will allow a strong expansion
of the detection of the mentioned materials. In the conclusion of the work [32] on the
achievement of bremsstrahlung (high-energy X-rays) HEISs, its limit in terms of material
recognition seems not sufficiently argued. So, theoretical, simulation, and experimental
studies on the evaluation and achievement of DEM limits in terms of correct material
recognition in cargo inspection in the range of small values of EAN are needed.

2. Materials and Methods

The introduction points out the purpose of the research—to evaluate the possibility
of increasing the number of material recognition classes by dual high-energy methods,
preferably for low values of EAN.

2.1. Materials

It has already been mentioned that the greatest threats and risks are associated with
the illegal movement of explosives, drugs, and weapons.

Table 1 shows the chemical formulas and estimated experimental values from EAN for
some organic and inorganic materials, metals, and explosives. The materials traditionally
used for calibration in DEM are marked in bold. The difference in the values of effective
atomic numbers is due to various methods for estimating EAN [33-35]. This fact is unac-
ceptable since any measurement (estimates) must have the property of reproducibility; this
is also true for various applications of DEM [36-38].

Table 1. Chemical formulas and effective atomic numbers of materials.

Material and Chemical

Chemical Formula Theoretical Estimates Z. Experimental Values Z

Substance
Polyethylene (CHy)» 54
Carbon (graphite) C 6 6
Sugar C12H22011 6.92 [23]
Water H,O 7.49 [34]
Trinitrotoluene CyH5N304 7.27 [34],7.09 [35]
RDX CegHgOgNg 7.41 [34],7.11 [35]
C-4 C3HgOgNg 7.34 [33],7.26 [35]
Pentrite CsHgO1pNy 7.58 [33],7.43 [35]
Borax Na,B407-10H,O 8.06 [23]
Fluoropolymer (CoFy)n 10.0 [36], 8.5 [37]
Albite NaAlSizOg 11.62 [33], 11.44 [35] 11.22 [33]
Quartz Si0, 11.85 [33], 11.24 [34], 11.67 [35]
Aluminum Al 13 13
Dolomite CaMg(CO3), 13.94 [33], 13.33 [35] 13.61 [33]
Calcite CaCOg3 15.88 [33], 15.26 [35]
Fluorite CaF, 16.98 [33], 16.76 [35]
Rutile TiO, 19.3 [33], 18.6 [35] 19.4 [33]
Pyrite FeS, 22.21 [33], 21.59 [35]
Iron Fe 26 26
Tin Sn 50 50
Lead Pb 82 82
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2.2. Classification of Materials by the Dual-Energy Method

The introduction emphasized that the totality of materials transported by vehicles is
divided into several detection groups by the dual-energy method. The classification of
materials into groups closest to the subject of this article can be found in [23] (see Table 2).
This classification is given for low-energy implementations of the DEM, and the names of
the classes are rather conditional.

The work [5] classifies materials close to [23], where each recognition class is associated
with the EAN of its typical representative, i.e., the vector Z. defines the set of recognition
classes. For example, the vector Z.¢ = {6, 9, 13, 19, 26, 50, 65} was analyzed in [5].

Table 2. Classification of materials by the dual-energy method [23].

Zyy Class of Materials

1-8 Organic materials
8-10 Light inorganic materials
10-12 Heavy inorganic materials
12-17 Light metals
17-29 Heavy metals

29+ Superdense metals

- Non-transparent materials

From the above and the purpose of this work, it follows that it is necessary to divide
the class of organic materials into two classes—light and heavy organic materials. From
Table 1, we can conclude that it is logical to assign polyethylene to the class of light organic
materials. According to Table 1, water can be associated with the class of heavy organic
materials, which includes the main explosives. Sugar (the lower limit of the class of heavy
organic materials according to EAN) and borax (the upper limit of the class of heavy
organic materials according to EAN) can also be used for imitation explosives. It should be
noted that using water as a calibration material for DEMs is difficult. For low-energy DEM
realizations, non-explosive explosion simulators [39] that correspond to actual samples
in density and elemental composition are used. However, creating such simulators for
high-energy DEM implementations is quite difficult, since it is a liquid in the temperature
range from 1 to 100 degrees Celsius. An alternative could be the approach proposed in [35],
based on B-Al equivalents of explosives by effective atomic number.

3. Mathematical Model of Material Recognition by the Dual
High-Energy Method

3.1. Mathematical Model of Material Recognition by Dual-Energy Method by Level Lines

One of the most effective implementations of DEMs and MEMs is the method of level
lines [1,5,12,14,15,29]. In the case of DEMs, the identification parameter is the ratio of the es-
timates of Q for the TO thicknesses in the MFP yy for the higher maximum bremsstrahlung
energy Ep to yr for the lower maximum bremsstrahlung energy Er. Here, and below,
the index L relates the indexed value to the low maximum energy of bremsstrahlung Ey
(low-energy), and the index H corresponds to the high maximum energy of bremsstrahlung
E (high-energy).

The mathematical model of material recognition by the dual high-energy method
consists of the following blocks:

- Mathematical model of material recognition by Dual-Energy Method by Level Lines

- Mathematical Model for Estimating the TO Thickness in Free Run Lengths
- Material Recognition Criteria by Level Line Method
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- Recognition Parameter in the DEM Implementation by the Level Lines
Method

- Recognition Calibration in the DEM Implementation by the Level Lines
Method

- Material Recognition Criteria by Level Line Method

- Estimation of the Effective Atomic Number by the Dual High-Energy Method

- Monoenergetic Implementations of DEMs
- Non-monoenergetic DEM Implementation.

Mathematical models of the formation of primary radiographic images [5,8,29], taking
into account the modification [28], were chosen as the basis for calculating the dependence
of the estimates y;, and yy on the parameters of the HEIS and TO. All the models mentioned
are based on the Bouguer-Lambert-Beer attenuation law, valid for monoenergetic gamma
ray in parallel beam geometry, and generalized to the case of an X-ray source with a
continuous spectrum and photon registration by an integrating detector that is not a total
absorption detector. The models mentioned are based on tabulated dependences of the
mass attenuation coefficients of gamma rays on the energy and atomic number of the
attenuating substance [25,26].

3.1.1. Mathematical Model for Estimating the TO Thickness in Free Run Lengths

The dual-energy recognition HEISs are high-energy digital radiography systems that
are characterized by a number of basic parameters related to the source and detector of
bremsstrahlung radiation, as well as to the test object.

Parameters of the bremsstrahlung radiation source:

- maximum energies of the bremsstrahlung E;, Ey, MeV (Ep < Ep);

- numerical energy spectra of the bremsstrahlung source for maximum energies E;, and
EH _f(Er EL)/f(E/ EH)/

- pulse repetition rate v, Hz;

- the average number of photons emitted by the source in one pulse (subscript “1”) and
falling on the front surface of the radiation-sensitive element (RSE) of the detector, for
maximum energies E; and Ey — Nyp, N1y;

- number of bremsstrahlung pulses for generating digital signals for maximum energies
EL and EH — nr, Ny,

- density, material atomic number, and pre-filter thickness—pf, Zs, hf.

Proton prefiltering leads to a transformation of the numerical energy spectra of

bremsstrahlung f(E, Er), f(E, Eg) in f} (E), f;;(E)

fi(B) = F(E,Ev)exp(~m(E,Zp)d; ), iy (E) = F(E,Ex) exp(—m(E, Zp)dy), (D)

where m(E, Zy) is the mass attenuation coefficient (MAC) of gamma radiation with energy E
by a material with atomic number Z;. The superscript “*” in (1) denotes the transformation
of the numerical energy spectrum.

Bremsstrahlung detector parameters:

- chemical formula of the RSE detector substance Chemd

Chemd = @1(1‘\‘11‘, Pdi), @
1=

where 1, is the number of chemical elements that form the RSE substance; A;;, p;1 are a
designation of the i-th chemical element and the number of its atoms in the molecule. Here
and below, the subscript “d” is associated with the detector (RSE);



Computation 2025, 13, 41 7 of 23
- RSE detector thickness and density of its material hy, cm, oy, g/ cm3;
- ADC bit depth k4pc, bits;
- degree of filling of the digital signal range C4pc;
- maximum TO thickness in mean free paths P(Enax), MFP;
- minimum digital signal level M.
The vector A; = (Ad 1,442, -, Agn d) uniquely determines the vectors of mo-
lar masses and atomic numbers of elements M; = (Md 1, Mgo, ..., My, d), Z;, =

(Za1,Zaz, - -1 Zay,) [40].

The above is also true for any chemical substances, i.e., for any vector A, it is true
A & (M,Z). Vectors M, Z and p allow us to calculate the MAC m(E) for any chemical
substance and photons with energy E

m(E,A,p) = ZpMmEZ ZpM,, (3)
i=1

where #nc is the number of elements in the vectors M, Z, and p.
The bremsstrahlung detector characterizes most completely the dependence of the
detection efficiency on the energy

es(E) =1 —exp(—m(E, Ag,py)0aha) (4)

To describe TO, we introduce a fixed orthogonal coordinate system OXYZ. The ori-
gin of the coordinate system O is connected to the center of the radiating surface of
the bremsstrahlung source. Let the inspection object be scanned by a narrow beam of
bremsstrahlung, which is registered by a linear detector. Let us connect the axis OZ with
the scanning direction and the axis OX with the detector line.

Test object parameters:

the set of points V of the three-dimensional space occupied by the TO, V C R3;
- distribution of vectors A, p, and the density p of the material over the volume V.

The degree of attenuation of radiation with energy E is completely determined by TO
thickness in the MFP P(E, x, z) along the ray L(x, z) connecting the emitting point and the
detection point with coordinates (x, z). The formula for estimating P(E, x, z) is

P(E,x,z) = / m(E, A(x,y,2),p(x,y,2))p(x,y,z)dy. (5)
L(x,z)

Recall that for any point (x, y, z) € V the vector A(x,y,z) is equivalent to a pair of
vectors (Z(x,y,z),M(x,y,z)); that is, the MAC value in expression (5) is calculated using
Formula (3).

Formula for estimating the analog signal from the detector

Taking into account the above notations and expressions, the formula for estimating
the analog signal (AS) from the detector looks like

Ern

J(ELn,x,z) = CEN1 L1 / Eaw(E)fi u(E) exp(—P(E, x,z))eq(E)dE + B(x).  (6)
0

Here, Cg is the coefficient of conversion of the absorbed bremsstrahlung energy into electric
current energy; B(x) is the energy equivalent of the dark current of the detecting element
at the point with coordinate x; E ,(E) is the average value of the registered photon energy.
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Strictly speaking, E,;(E) depends on the sizes of the material and RSE, but for the problem
in question, we can take E ,(E) ~ E.

There are three types of AS from the detector element: the “dark” signal, i.e., the signal
with the bremsstrahlung source turned off; the signal without attenuation, in this case,

the bremsstrahlung radiationisonand [ p(x,y,z)dy = 0; the measuring signal—the
L(x,z)
bremsstrahlung radiationis onand [ p(x,y,z)dy # 0.
L(x,z)
Converting analog signals to digital signals

Regardless of the type of AS, the formula J; g (x,z) for describing the transformation
into digital signals (DS) D, i (x, z) has the following form

)

DL,H(X,Z) = l:]L’H(x'Z):|, = M

A - 2kapc —1°

Here, |max is the maximum expected level of analog signals without attenuation
Jmax = maXx(yz)es,, (JL(x,2), Ju(x,2)); Sw is the area of a preliminary evaluation of signals
without attenuation from the detector elements. Here, the subscript “W” corresponds to
calibration in white.

Calibration of digital signals and evaluation of TO thickness in mean free paths

Calibration of digital signals is reduced to the subtraction of average levels of digital
“dark (black)” signals (subscript B)Dy 5(x), followed by normalization to the average
levels of the calibrated “black” signals without attenuation Dy gw(x) — Dr gp(x). The
obtained values are converted into the corresponding estimates of TO thicknesses in MFP
yL, yu. The final formula for estimation yr g (x, z) is as follows

max(Dy y(x,z) —Dpru(x,z),1)
Dwru(x,z) = Dpru(x,z)

yLu(x,z) = —In (8)

Let S be the projection of V on the XOZ plane, then the sets Y; = {yr(x,z)| (x,z) € S}
and Yy = {yu(x,z)| (x,z) € S} the digital radiographic images of TO in the DEM. These
images are fed to the input of the material identification block.

3.1.2. Material Recognition Criteria by Level Lines Method
Recognition Parameter in the DEM Implementation by the Level Lines Method

The recognition parameter in the considered DEM implementation is the ratio Q of
the TO thickness in the EAN yy for a higher maximum bremsstrahlung energy Ep to the
TO thickness in the MFP y; for a lower maximum bremsstrahlung energy E;

Q(x,z) = ¥HE2), ©)

Recognition Calibration in the DEM Implementation by the Level Lines Method

Recognition calibration in the DEM implementation by the level lines method is
necessary to correctly assign the TO material or its structural fragment to one or another
class of recognizable materials.

Let there be ng classes of material recognition by the dual-energy method. Each j-th
recognition class is associated with some material with an effective atomic number Zeff
j. However, in accordance with (3), the chemical formula of the substance Chem can be
associated with the main material of the class.

Recognition calibration is reduced to determining the level lines Qc;(yL), j = 1.. .ng.
For this purpose, an image of TO consisting of fragments whose effective atomic number
of materials and their mass thicknesses overlap the zones of consumer interest is formed.
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Here, the mass thickness of the TO (fragment) is understood as the product of its material
density by the thickness. The table of functions Qc;(y.) is the result of processing the images
of the corresponding fragments of the test object for each line of level j. Approximations
of functions Qc;(yL) by polynomials with powers from 2 to 4 are introduced to simplify
the algorithm of assigning the material of the studied fragment to the class with the
corresponding level line.

Material Recognition Criteria by Level Line Method

The criterion of material recognition by the level lines method means some rule of
attributing the current value of the pair (y1.(x,z), Q(x,z)) to one or another level line.

It seems most logical to refer the pair (v (x,z), Q(x, z)) to the nearest level line. In this
case, the corresponding rule is formulated as follows: material at a point with coordinates
(x, y), values y1.(x,z), and Q(x, z) belongs to the jo-th class if

1Q(x,2) — Qejy (yrL(x,y))| = minj j—1_o [Q(x, y) — Qcj(yr(x,y))]. (10)

The number of recognition classes is limited, so checking (10) is not time-consuming.
If necessary, the material recognition model based on the level lines method is supple-
mented by noise in the initial radiographic images, described, for example, in [8].

3.2. Estimation of the Effective Atomic Number by the Dual High-Energy Method

The most important recognition parameter is the effective atomic number of the
material Zg of the test object. This parameter is estimated using the same initial data y.
and yy as in the level lines method.

There are two approaches to estimating EAN using the dual (multi-energy)
method [13,29,35,41-45]. The first one is based on the MAC representation of gamma
rays by the sum of MAC of two competing processes (the photoelectric effect with the
Compton effect in the low-energy range of gamma rays and the Compton effect with the
effect of pair production in the high-energy range of gamma rays) (Alvarez-Makovsky
method). The second approach is based on a simultaneous evaluation of the EAN and
the mass thicknesses. The second approach implicitly considers all the properties of the
interactions of photons with matter and does not require precise information about the
shape of the energy spectrum, the energy dependences of the MAC for the photoelectric
effect, the Compton effect, and the effect of pair-birth production. If there are rationally
formed test objects consisting of fragments of different mass thicknesses of materials with
different EAN values, the second approach allows estimating mass thicknesses and effective
numbers of TO materials with high accuracy.

Let us dwell on the monoenergetic implementation of DEM. The inclusion of this
subsection pursues two specific goals: the first is to find an effective (highly accurate and
high-performance) algorithm for estimating the effective atomic number of a material using
the levels lines method; the second is to evaluate the ultimate capabilities of DEM based
on high-energy monoenergetic gamma ray sources in relation to estimating the effective
atomic number of a material. The ultimate capabilities of DEMs include the accuracy of
Z estimation and the range of Z.s variation for which the effective atomic number is
estimated with high accuracy.

3.2.1. Monoenergetic Implementations of DEMs

The specificity of monoenergetic DEM realizations consists of the proximity of the PR
Q to the MAC for energies Ey and Ef,
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Q(x,z) = Y2 %2 (11)

From the analysis of (11), it follows the independence of Q from the mass thickness of
the TO and the dependence on the EAN of the TO material Z

yu(x,z) mH(Zeff(er))
yi(x,z) - mL(ngf(x,z)).

Q(Zegs(x,2)) = (12)

If the discrete function Q(Z) is monotone on Z in the range of interest of the consumer,
for example, from 3 to 82, then the continuous monotone function Q*(Z), interpolating
(approximating) Q(Z), has the inverse function Q+ L

The formula for estimating Z is

Zorr(x,2) = *_1<yH(x,z)>. 13
eff ( ) Q L ( X, Z) ( )

To verify the monotonicity of the discrete function Q(Z), the values of Q in the range
Z from 3 to 82 were calculated. The results of the calculations are shown in Figure 1.
Analyzing the results of the function Q(Z) calculations, we see that the studied function is
monotonic on the interval 3 < Z < 75.

Q 0.95

0.9

0.85

0.8

0.75

0.7

0.65

0.6

055 1 1 1 1 1 1 1
3 13 23 33 43 53 63 73 83

Z

Figure 1. Dependence Q(Z) for the monoenergetic DEM realization (E; = 2 MeV, Ey = 5 MeV):
e—calculation; ——approximation (14).

The derivative of the discrete function Q(Z) is positive on the interval 3 < Z <75

and decreases to zero as Z increases. The function —In(Q(Z)) was approximated by a

third-degree polynomial. The general form of the function Q*(Z), which approximates
Q(Z), has the form

Q*(2) = exp(fAZ‘o’ _BZ>-CZ - D). (14)

The approximation parameters A = 1.00963 x 10~7, B = 0.00006, C = —0.01152, and
D =0.56175 were found by the least squares method (14) for E; =2 MeV, Ey =5 MeV.
Figure 1 shows the approximation of Q(Z) by the function Q*(Z) (14).
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The data presented in Figure 1 indicate that starting from a certain value of Z, the
function Q(Z) becomes flat. This factor leads to an increase in the error in estimating the
atomic number Z based on the experimentally measured value of Q and to insufficient
quality of recognition of materials with Z exceeding a certain level, for example, Z = 56.

Figure 2 illustrates the quality of estimating the effective atomic number Z4 using
Formulas (13) and (14).

From the analysis of the data of Figure 2, we can conclude about the hypothetical
possibility of estimation of EAN by the high mono-energy dual-energy method in the range
of Z, changes from 3 to 73 with an absolute error not greater than 0.35, and for the interval
3 < Z < 68 the error will not exceed 0.1.

Z=Z g

0.3

01 ¢

00 t °° oo S g . °® .

-02

_03 1 1 1 1 1 1 1
3 13 23 33 43 53 63 73

z

Figure 2. The dependence of the absolute estimate Z for the monoenergetic DEM realization (E, =2
MeV, Ey =5 MeV): o — dependence Z — Z,H(Z).

3.2.2. Non-Monoenergetic DEM Implementation

A specific feature of the use of non-monoenergetic DEM implementations for estimat-
ing EAH is the hardening of the bremsstrahlung spectrum with an increase in the mass
thickness of the TO at a fixed value of the EAH or an increase in the EAH at a fixed mass
thickness of the TO.

It is possible to simultaneously estimate the mass thickness of the TO and EAN of its
material. For this, the system of two nonlinear equations is solved

Fr ((pH)gff/ Zeff) =y(x,2)

. (15)
FH((pH)gff/ Zeff) =yu(x,z)

where Fp ((PH)eff' Zeff), Fy ((PH)eff' Zeff) are the DEM calibration functions for the
maximum energies of the bremsstrahlung E; and Ep.
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Work [35] notes that continuity and monotonicity of calibration functions Fy, ( (pH), ffr Lef f>

and Fy ((pH )e £fr Le ff> also require a significant difference in the determinant of the Jacobi
matrix (Jacobian) from zero with respect to the system (15). If the above condition is
satisfied, the solution of the system (15) is found by the inversion of its matrix

(OH)erp(xy)\ _ pa[yr(x2) ) (16)
Zeff(%,) yu(x,z)
where F~1 is the two-dimensional inversion of the vector-function F((pH ) effr Zeff> =
Fr ((pH)effr Zeff)
Fy ((pH)eff/ Zeff)

It should be noted that the area of correct recognition of TO materials M, defined by
the expression

M = { ((0H)esp Zess) | (PH)min < (PH)ory < (0H)maxs Zanin < Zegy < Zaan p, - (17)

depends on the degree of hardness of the energy spectrum of the bremsstrahlung source,
i.e., on the proximity of the bremsstrahlung behind the filter to the monoenergetic radiation.

A test object of fragments with mass thicknesses from 5 g/cm? to 125 g/cm? in
increments of 5 g/cm? and EAN of materials from 3 to 75 in increments of 3 was used for
calibration. Table 3 shows the dependencies of the estimates for the mass thickness variation
range pH from 10 g/cm? to 115 g/cm? in steps of 7 g/cm? and for the Z variation range
from 4 to 64 in steps of 4. Such EAN and mass thickness ranges were deliberately chosen
to estimate the quality of interpolation of the corresponding calibration functions. RSE
from CdWO, with a thickness of h; = 35 mm, an iron filter with a thickness of /iy = 30 mm,
kapc =20, E; =5 MeV, Ey =9 MeV. The noise was neglected in the calculations.

Table 3. Dependences of estimates Z (16) on the mass thickness pH and atomic number Z, values
marked in bold red significantly differ from those in true ones (6Z,¢¢ > 7 %).

pH, g/cm?

z 10 17 24 31 38 45 52 59 66 73 80 87 94 101 108 115
4 3.9 39 39 39 3.9 39 39 39 3.9 39 39 39 3.9 39 3.9 39
8 8 8 8 8 8 8 8 8 8 8.1 8.1 8.1 8.1 8.1 8.1 8.1
12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24
28 28 28 28 28 28 28 28 28 28 28 28 28 28 28 28 28
32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32
36 36 36 36 36 36 36 36 36 36 36 36 36 36 36 36 36
40 40 40.1 401 40 40 40 40 40 40 40 40 40 40 40 40 40
44 44 44 44 44 44 44 44 44 44 44 44 44 44 44 44 44
48 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48 48
52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52
56 688 559 56 56 56 56 56 56 56 56 56 56 56 56 56 56
60 68.8 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60
64 68.8 64 64 64 64 64 64 64 64 64 64 64 64 64 64 64
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From the analysis of the results shown in Table 3, we can conclude that the recognition
of materials with low mass thicknesses is slightly incorrect for materials with an EAN value
of 56 or more, despite the use of a 30 mm thick iron filter. Obviously, this is related to the
range of monotonicity of the function Q(Z). The mentioned moment is veiled and manifests
itself directly when solving the system (16). Due to the importance of this point, we will
consider it in detail in the Discussion section.

Overall, the noted conclusion corresponds to the results of [5,6].

4. Results

The materials from Table 1 were selected to evaluate the possibility of increasing the
classes of material recognition by the high-energy DEM based on the level lines method.
The studies were conducted by modeling based on the above mathematical models for a
hypothetical monoenergetic DEM implementation and a realistic DEM implementation
based on high-energy bremsstrahlung sources.

4.1. A Hypothetical Monoenergetic Realization of the Dual-Energy Method

It was noted in [5] that the conditions for the formation of initial images in the dual-
energy methods are ideal if the following assumptions are met:

- energy spectra of radiation f(E, Er), f(E, Ey) are described by é-functions;
- the detectors are total absorption detectors, i.e., e(Ep ) ~ 1 and E;,(Er g) = E;
- the number of photons incident on the detector surface for the maximum energies Ey

and Ep is large; i.e.,, Ny — co and N1y — oo;

- the ADC bit depth is high, i.e., kapc — oo.

In most cases, the hypothetical monoenergetic DEM realization does not imply the
existence of real gamma-ray energy lines. The necessity for modeling the hypothetical
sources of gamma radiation is determined by eliminating the beam hardening effect, which
is typical for high-energy DEM implementations when using bremsstrahlung sources.

Obviously, Formula (9) for the above idealized conditions will look like

(f ) m(En, A(x,y,2),p(x,y,2))p(x,y,z)dy
L(x,z

[ m(EL, A(x,y,2),p(x,y,2)p(x,y,z)dy
L(x,z)

Qlx,z) = (18)

Recall that the material of the TO fragments is recognized correctly in the case of their
spatial separation. In this case, expression (18) is transformed as follows

Q(x,2) = m(En, A(x,y,2),p(x,y,2)) /m(EL, A(x,,2), p(%, Y, 2)). (19)

Table 4 shows the values of recognition parameters calculated by the formulas Q—(3),
(19), Zeg—(13), and (14) for materials from Table 1, supplemented with data for polyvinyl
chloride and polyvinylidene fluoride.

From the data analysis in Table 4, we can conclude that water and borax can act as
the material associated with the class of explosives. The proximity of sugar to the class
of explosives should also be noted in terms of the analyzed recognition parameters. The
differences between the maximum and minimum Z4 values for the analyzed explosives
are practically independent of the pairs of gamma radiation energies E; and Ep.
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Table 4. Values of recognition parameters for materials from Table 1.

Er =1MeV, Ep =2MeV, Er =2MeV, Er =3 MeV, Ep =4 MeV,

Material Epg =4 MeV Eg =5MeV Ep =6 MeV Ep =6 MeV Eg =7 MeV
Q Zeﬁ Q Zeﬂ Q Zeﬁ Q Zeff Q Zeﬁ
Polyethylene 0.474 4.397 0.601 471 0.545 4.607 0.683 4.57 0.747 4.394
Carbon (graphite) 0.479 5.741 0.61 5.99 0.556 5.9 0.693 5.86 0.759 5.726
Sugar 0.48 6.099 0.612 6.34 0.559 6.245 0.696 6.208 0.762 6.091
Water 0.481 6.333 0.613 6.57 0.561 6.47 0.698 6.435 0.764 6.329
Trinitrotoluene 0.482 6.563 0.615 6.78 0.562 6.692 0.7 6.656 0.766 6.553
RDX 0.482 6.593 0.615 6.8 0.563 6.72 0.7 6.684 0.766 6.583
C4 0.483 6.728 0.616 6.93 0.564 6.849 0.701 6.814 0.767 6.718
Pentrite 0.483 6.892 0.617 7.1 0.565 7.009 0.702 6.973 0.769 6.882
Borax 0.484 7.096 0.618 7.31 0.567 7.215 0.704 7.175 0.771 7.096
Polyvinylchloride 0.499 11.28 0.645 11.38 0.6 11.32 0.737 11.29 0.806 11.27
Polyvinylidene fluoride 0.484 7.167 0.619 7.4 0.567 7.307 0.705 7.263 0.771 7.175
Fluoropolymer 0.487 8.084 0.625 8.3 0.575 8.204 0.712 8.158 0.779 8.096
Albite 0.497 10.63 0.641 10.71 0.595 10.64 0.732 10.62 0.8 10.6
Quartz 0.497 10.75 0.641 10.81 0.596 10.75 0.732 10.74 0.801 10.7
Aluminum 0.505 12.99 0.656 13.05 0.614 12.99 0.75 12.95 0.82 13.01
Dolomite 0.497 10.79 0.642 10.87 0.596 10.81 0.733 10.78 0.801 10.75
Calcite 0.504 12.52 0.653 12.56 0.61 12.52 0.746 12.48 0.815 12.47
Fluorite 0.512 14.81 0.667 14.83 0.629 14.79 0.764 14.76 0.833 14.77
Rutile 0.517 16.12 0.676 16.11 0.639 16.04 0.773 16.01 0.843 16.04
Pyrite 0.533 20.57 0.703 20.45 0.674 20.45 0.806 20.46 0.876 20.52
Iron 0.552 26.21 0.738 26 0.717 26.02 0.844 26.07 0.913 26.13
Tin 0.614 49.74 0.863 50 0.871 50.08 0.972 50.21 1.026 50.39
Tantalum 0.612 48.41 0.925 73.06 0.949 7217 1.032 71.83 1.074 70.76

4.2. Material Recognition Using the High-Energy Dual-Energy Method

Works [5,12,14,15,29] note the existence of ranges of variations in the thicknesses of TO
fragments in the MFP for lower E; bremsstrahlung energy or their mass thicknesses, which
correct material recognition is problematic. This problem is manifested in the proximity of
the average values of the PR Q for two or more classes in a certain subrange of the area of
consumer interest in relation to the TO thicknesses in MFP (mass thicknesses). The use of
preliminary filtering of bremsstrahlung significantly increases the thicknesses range of the
correct recognition of materials [5].

Detection of large explosive traps [44,45] and their correct recognition is one of the
main purposes of inspection control in relation to anti-terrorist activities, security of trans-
port, transport facilities, and highways.

The consumer is interested in the thickness range of fragments from explosives H, for
which the fragment’s material, according to one or another recognition parameter, correctly
belongs to the class of heavy organic materials.

As an example, consider the thickness range of trinitrotoluene (TNT) Hyyt fragments
from 100 mm to 300 mm. Since the TO density pryr is equal to 1.65 g/cm?, we study the
range of changes in the mass thicknesses of TO pH from 16.5 g/cm? to 49.5 g/cm?.

As an example, let us choose a HEIS with the following structural elements: RSE
made of cadmium tungstate (CdWOy) with a density of p; =791 g/ cm? and a thickness
of hy = 35 mm; pre-filter made of iron (Fe) /iy = 30 mm thick; bremsstrahlung source with
maximum bremsstrahlung energies E;, =5 MeV and Ex = 9 MeV; digital detector with ADC
bit depth kspc = 24 and matching ratio of the ranges of change in analog and digital signals
Capc =0.8.
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4.2.1. An Example of Calculating the Material Recognition Parameter by the Level
Lines Method

Table 5 shows the results of calculations of the material recognition parameter Q for
the DEM implementation by the level lines method for the above-described HEIS.

Table 5. Recognition parameters Q for fragments of the mass thickness pH, explosives are highlighted

in red.
pH, g/cm?
Material

16.5 24.75 33 41.25 49.5
Polyethylene 0.7772 0.7753 0.7737 0.7723 0.7712
Graphite 0.7818 0.7803 0.7789 0.7783 0.7772
Sugar 0.7829 0.7813 0.7802 0.779 0.7785
Water 0.7834 0.782 0.7811 0.7798 0.7794
Trinitrotoluene 0.7844 0.7829 0.782 0.781 0.7805
RDX 0.7846 0.7831 0.7821 0.7812 0.7803
C-4 0.7847 0.7835 0.7827 0.7819 0.7812
Pentrite 0.7854 0.784 0.7832 0.7825 0.7818
Borax 0.7859 0.7848 0.7839 0.783 0.7824
Polyvinylchloride 0.7986 0.7985 0.7982 0.7985 0.7988
Polyvinylidene fluoride 0.7865 0.7852 0.7843 0.7834 0.7828
Fluoropolymer 0.789 0.7884 0.7877 0.787 0.7868
Albite 0.7967 0.7964 0.796 0.796 0.7961
Quartz 0.797 0.7966 0.7963 0.7966 0.7963
Aluminum 0.8039 0.8041 0.8039 0.8046 0.8048
Dolomite 0.7973 0.7968 0.7965 0.7965 0.7968
Calcite 0.8021 0.8021 0.8024 0.8025 0.8032
Fluorite 0.809 0.8095 0.8099 0.8108 0.8112
Rutile 0.8126 0.8133 0.8143 0.8152 0.8158

Pyrite 0.8251 0.8266 0.8281 0.8296 0.831
Iron 0.8395 0.842 0.8445 0.8466 0.8485

Tin 0.881 0.8882 0.8942 0.8989 0.903
Tantalum 0.8877 0.9015 0.9114 0.9193 0.9257

For light and heavy organic materials, as well as light inorganic materials, there is a
fairly significant decrease in the value of the PR Q with an increasing mass thickness of TO
fragments. The Q values for all analyzed explosives are close to each other. From the data
obtained, it can be concluded that it is possible to distinguish the class of heavy organic
materials (typical representatives—water, polyvinylidene fluoride, or borax) from light
organic materials (polyethylene) and from light inorganic materials (fluoropolymer) by
parameter Q.

4.2.2. An Example of Calculating the Effective Atomic Number

Table 6 shows the results of calculating the effective atomic number for the conditions
of the example noted above. The data given in Table 5 differ significantly from the data in
Table 1 due to the high-energy DEM implementation. Nevertheless, an analysis of the table
allows us to confirm that it is possible to increase the number of material recognition classes
by introducing a class of heavy organic materials with a range of Z4 from 6.47 (water) to
7.27 (borax).
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Table 6. Calculation of the effective atomic number for materials from Table 1, explosives are
highlighted in red.

pH, g/cm?
Material
16.5 24.75 33 41.25 49.5
Polyethylene 4.715 4.89 4.75 4.68 4715
Graphite 5.87 5.94 6.01 6.01 5.94
Sugar 6.395 6.29 6.325 6.22 6.36
Water 6.535 6.605 6.5 6.5 6.57
Trinitrotoluene 6.745 6.71 6.78 6.815 6.78
RDX 6.815 6.78 6.745 6.815 6.78
C+4 6.92 6.955 6.99 6.99 6.99
Pentrite 7.27 7.235 7.235 7.06 7.06
Borax 7.41 7.34 7.305 7.27 7.235
Polyvinylchloride 11.4 11.23 11.26 11.3 11.33
Polyvinylidene fluoride 7.375 741 7.34 7.375 7.34
Fluoropolymer 8.25 8.15 8.18 8.285 8.25
Albite 10.67 10.67 10.67 10.77 10.63
Quartz 10.95 10.74 10.74 10.84 10.7
Aluminum 12.94 12.94 12.98 12.98 12.98
Dolomite 10.91 10.88 10.84 10.81 10.81
Calcite 12.73 12.59 12.52 12.45 12.42
Fluorite 14.87 14.8 14.73 14.66 14.87
Rutile 15.99 15.85 16.02 15.92 16.02
Pyrite 204 204 20.33 20.47 20.36
Iron 26.17 26.03 26. 25.93 26.07
Tin 49.83 50.01 50.11 499 49.97
Tantalum 72.93 68.70 72.65 72.97 72.76

5. Simulation

The mathematical model described in the first section is implemented in the MathCad
system for mathematical calculations. A library [40] of gamma-ray attenuation data is used
to create the primary DEM images.

Recall that the purpose of the simulation was to evaluate the possibility of detecting
and correcting the detection of solid materials that are close in effective atomic number
to explosives.

Table 7 shows an extended classification of materials in relation to the considered
problem, indicating the typical representative of the class, the corresponding range of
changes in the effective atomic number, the materials of the class, and the selected color in
the additive color model RGB. The proposed palette is generally close to the palette of [3].
The proposed palette is generally close to that of [3]. The red color corresponds to the class
of heavy organic materials, as this color traditionally indicates increased danger.

Table 7. Extended classification of materials by the dual-energy method.

Zyy Class of Materials Material Color RGB
2.1-6.1 Light organic materials Polyethylene (0, 255, 255)
6.1-7.8 Heavy organic materials Explosives . (255, 0,0)
7.8-10.5 Heavy plastics, light metal oxides, and salts Fluoropolymer (255, 0, 255)
10.5-15 Light metals Aluminum (0,255, 0)

15-22 Heavy inorganic materials Calcium oxide (255, 255, 0)
22-30 Heavy metals Steel . (0,0, 255)
30-57 Metals with a high atomic number Tin - (255, 0, 255)

57+ Non-transparent materials Tantalum (128, 128, 128)
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According to the data given above, a virtual test object consisting of fragments with
mass thickness from pH from (oH),,;;;, = 15 g/ cm? (100 mm TNT) to (0H)ax = 99 g/ cm?
(600 mm TNT) was formed in 7 g/ cm? increments. We used the set of fragment materials
from Table 7, supplemented with explosives from Table 1, water, and borax. The frag-
ments in the test object are grouped into a matrix, each row of which is associated with
one material.

The following sequence of materials is considered: polyethylene; water; trinitrotoluene;
RDX; C-4; pentrite; borax; fluoropolymer, aluminum; calcium oxide; iron; tin; tantalum.
The choice of this set of materials is due to their relative availability. The simulation was
performed on a Tomsk Polytechnic University digital simulator (TPU) [46] for a pair of
maximum energies of the bremsstrahlung radiation E; = 5 MeV and Ey = 9 MeV with
an increased ADC bit depth kapc = 24. The simulation of the recognition of materials
of TO fragments was performed [6,29,47], taking into account the partial alignment of
the ranges of variation in analog signals for lower and higher maximum energies of the
bremsstrahlung radiation, as well as the partial agreement of the ranges of variation in
analog and digital signals. The value of the parameter N;;, which determines the noise
level of the recognition parameters, ranged from 5 x 10° to 2 x 10°. The approach based on
analog integration of several radiation pulses was used to align the ranges of variation in
analog signals for E; =5 MeV and Eg =9 MeV and match the ranges of variation in analog
and digital signals.

Figure 3 shows images of the EAN distribution for the TO described above, supple-
mented with fragments from the explosive materials indicated in Table 1. The visualization
of EAN was made considering the mass thicknesses of the fragments of the test object. The
smaller the mass thickness of the fragment, the brighter its image.

From the analysis of the obtained data, we can conclude that it is possible to isolate
fragments from the class of heavy organic materials (explosives and their simulants) in the
range of 100 mm thickness from TNT. A sufficient level of radiation transparency of the
fragment of the explosive of interest and a sufficient level of the parameter Ny determine
the upper limit.

No=5x10° No=1.25x10%

Figure 3. Cont.
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No=

5x10° No=2x10°
Figure 3. Images of the EAN distribution, taking into account the mass thickness of the fragments.

6. Discussion
6.1. General Recommendations

In previous papers, the authors [3,8,10] noted that the probability of correct recognition
increases with the rational choice of the following parameters: the pair of maximum X-ray
radiation energies E;, Ey; the resolution of the ADC kapc; and the number of photons
falling on the frontal surfaces of the RSE detectors Nj, g and Ny ¢. Of course, it is necessary
to comply with all the requirements for all kinds of calibrations characteristic of a HEIS
with dual or multi-energy material recognition function [1,5,11].

It should be noted that the quality of material recognition significantly depends on the
accuracy of the solution of the system (15). Non-monotonicity of the dependences y; and yy
on the atomic number Z leads to a significant dependence of the accuracy and uniqueness of
the solution (15) on the initial approximation, which limits the use of MathCad built-in tools
for solving systems of equations. In [5], an approach based on the system’s transformation
(15), which practically eliminates the ambiguity of the EAN estimation and significantly
increases the accuracy of this estimate, was applied. Let us elaborate on this approach.

6.2. Increasing the Accuracy of Effective Atomic Number Estimation

Itis known [2,5,8,14] that in certain ranges of variation Zg, the recognition parameter Q
is a smooth function of Z,4. This is due to the presence of such a range for the monoenergetic
DEM realization, see Figure 1.

The system of nonlinear Equation (15) can be transformed into the following system

Fo (yf Zeff) =Q

(20)

Fon ((PH>effr Zeff) =YL
where Fg (y Zes f> oH ((pH )e £fr Le ff> are special DEM calibration functions formed from
the initial calibration data for the maximum bremsstrahlung energies E; and Ep. Here, the
subscript Q is associated with the transformation of functions from system (15) to (9), and
the subscript pH indicates the greater significance of the corresponding function on the pH.
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It follows from the first equation of the system (20) that its solution with respect to Z4

exists only in the monotonicity section of the function F (y, Z, ff) . Otherwise, the decision
(20) relative to Z.g will be ambiguous.

We describe the process of special calibration.

Let there be discrete sets of mass thicknesses pH = {(0H);, i = 1...ip} and effective
atomic numbers Z = {ZJ», j=1...jo}. These sets correspond to the matrix pHZ = {((oH);, Zj),
i=1...ip,j =1...jo}. As a result of experimental measurements and subsequent calibrations,
the matrices yc 1 and yc g are formed.

A special calibration algorithm.

1. In accordance with Formula (9), the calibration matrix of the recognition parameter
Qc is constructed.

2. In the monotonically increasing section along Z, there is a two-dimensional continu-
ous function Fg (]/, Zys f) interpolating (approximating) the discrete dependence described
by the set of matrices Q¢ and ycr. The first argument in the function is the thickness
of the attenuating object in mean path lengths for X-rays with the maximum energy E;,
and the second argument is the EAN value. Polynomials can be used as an interpolating
function [48].

3. For the above section of a monotonous increase in Z, there is a two-dimensional
function F,y <(PH)eff' Zeff> .

The specifics of the solution to system (20) is that the first equation of the system
turns into an equation with one unknown and has a pronounced geometric interpretation.
Nevertheless, taking into account the described conditions and restrictions, the solution
regarding Z,g is unambiguous, and the accuracy is determined primarily by measurement
noise, the quality of the primary calibrations, the degree of collimation of radiation, and
the number of breakdown points by the EAN of materials and the mass thickness of TO
fragments for DEM calibration.

The second equation of the system (2), after the substitution of the Z, value
obtained from the first equation, also becomes one-dimensional and is easily solved
relatively (0H), -

The models under consideration make it possible to obtain a fairly accurate estimate
of the mass thickness of the TO fragments, and the integration over the area of the fragment
makes it possible to estimate its mass. Simultaneous recognition of explosives with the
estimation of their mass and combined with other methods [49] will significantly increase
the level of transport security and reduce the associated risks.

6.3. Comparison with Related Works

The studies presented in the paper are a natural continuation and development of
the series of articles [5,8,10,29,35,43] devoted to mathematical and simulation modeling of
various DEM implementations. In this work, the mathematical and simulation models of
DEM implementations were refined both in terms of level line parameters and in terms of
effective atomic numbers. The refinement was reduced to introducing a highly accurate
and highly productive algorithm for estimating the effective atomic number of a material
using the level line method into the mathematical model, to developing an approach to
determining the ultimate capabilities of high-energy DEMs, which made it possible to carry
out a cycle of the necessary computational experiments and, based on the analysis of their
results, draw a conclusion about the fundamental possibility of reliably distinguishing
the class of heavy organic materials from light organic materials and from light inorganic
materials using the recognition parameters Q and Zeﬂ. The available [5,8,10,29,35,43] re-
sults of experimental estimates of the recognition parameters (Q and Z,f) are less accurate
compared to those noted above. Over the last decade, the main direction of HEIS develop-
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ment with the dual-energy material recognition function has been to increase inspection
performance, which has held back research in other areas, such as more accurate Zeﬂr esti-
mation, expansion of the ranges of mass thicknesses of the OC, an increase in the number
of classes of reliably recognized materials, etc. It should be noted that in recent years, the
interest of scientists and practitioners in mathematical modeling of the analyzed systems
has grown significantly, which is certainly associated with the urgent need to improve the
accuracy of estimating the effective atomic numbers of OC materials and increasing the
number of material recognition classes when inspecting cargo using the high-energy X-ray
dual-energy method. Among the latest works devoted to the above-mentioned topics,
one can note [50]; however, the accuracy of Z.g estimation leaves much to be desired, the
error is up to several units of EAN, which is significantly worse than in the presented
work. The reason for the high error in the EAN estimation, in our opinion, is the use
of the Alvarez-Makovsky method in the mathematical model, which is characterized by
noticeable systematic biases in the Z. estimates. The theoretical model for estimating
Zf from [4] also uses the Alvarez-Makovsky method; visually, fragments from materials
similar to those considered in this work are well-recognized, but there are no data on Z.
The approach used in [27] is close to the model described above. The experimental data on
the Q parameter are close to those given above, but the experiments and calculations were
carried out in [27] only for four classes of recognizable materials.

7. Conclusions

Issues related to increasing the number of material recognition classes by the dual
high-energy method by introducing a class of heavy organic materials, which includes
basic explosives, are considered. A mathematical model of material recognition by the
dual-energy method based on the parameters of level lines and effective atomic numbers
was proposed. Estimates of the parameters of the level lines and effective atomic numbers
of explosives and their physical counterparts for monoenergetic and classical high-energy
implementations of the dual-energy method were made. The use of a simulation model to
demonstrate the ability to detect and correctly identify explosives and their physical coun-
terparts using the dual high-energy method is illustrated. An algorithmic methodological
approach is proposed to improve the accuracy of the effective number estimation. It was
proved theoretically and by simulation that it is possible to distinguish materials from the
following classes of materials: light organics (typical representative—polyethylene); heavy
organics (explosives), light minerals and heavy plastics (fluoropolymers); light metals
(aluminum, Z = 13), heavy minerals (calcium oxide, Z = 19); metals (iron, Z = 26); heavy
metals (tin, Z = 50); and radiation insensitive metals (Z > 57).

The dual-energy method improves the detection of explosives in transport and trans-
ported cargo by introducing a special class of recognizable materials, called the class of
heavy organic materials, strictly taking into account all the physical laws of interaction of
high-energy bremsstrahlung with matter, rational selection of technical parameters of the
corresponding inspection control systems, ensuring high-quality calibrations at all stages
of the formation and processing of DEM images.

In the future, we plan to implement a number of research topics related to the substan-
tiation of the possibility of increasing the efficiency of high-energy, dual- and multi-energy
methods, as well as spectral methods for the correct (separate) recognition of organic and
inorganic materials based on the assessment of their effective atomic numbers.
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