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Abstract: We review a framework for the prediction of explosive molecular
spectra, namely, for the common explosives found in improvised explosive
devices, e.g., S-HMX. Through the wuse of excitation by incident
electromagnetic waves in the THz frequency range, molecular signatures of
these explosives may be detected, identified and perhaps neutralised remotely.
A central component of this framework is an S-matrix representation of
multilayered composite materials. The individual molecules are first simulated
using first-principles density functional theory (DFT). An effective electric
permittivity function is then constructed, which yields reflectivity and
transmissivity functions of frequency and of angle of incident radiation. The
input for this component would be a parameterised analytic-function
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representation of the electric permittivity as a function of frequency, which is
provided by another component model of the framework. The permittivity
function is constructed by fitting response spectra calculated using DFT, and
parameters are adjusted according to additional information available, e.g.,
from experimentally-measured spectra or theory-based assumptions concerning
spectral features. Finally, a prototype simulation is described that considers the
response characteristics for THz excitation of typical high explosives.

Keywords: terahertz spectroscopy; high explosives; density functional theory;
improvised explosive devices.
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1 Introduction

Terahertz spectroscopy has been investigated for the past decade as a means for
explosives detection. Although barriers like water vapour and clothing can attenuate
some amount of the THz radiation meant to probe the explosives, it is hoped that some
portion of the absorption spectra signal could properly indicate that an explosive is
present.

Recently, it has been questioned whether this method is even possible at all (Kemp,
2011). Although electromagnetic radiation in the 30 GHz — 3 THz range can penetrate
many common materials and at the same time probe the chemical structure of several
explosives, the question remains: is there any reason to believe that a sensitive device or
technician could distinguish HMX from even milk chocolate? This example is no mere



Construction of permittivity functions for high-explosives using DFT 27

hyperbole; it turns out that the spectra of these two substances are quite similar. How is it
possible, then, to distinguish two spectroscopically-similar materials that are embedded
within (say) a layered matrix of one another? The question boils down to the
non-uniqueness of various signatures associated with the dielectric response of composite
materials.

Here we address how one would setup a framework for a range of detector
configurations that could address the issue of non-uniqueness. The model representing
the central component of this framework, to which the outputs of all the other
components are inputs, is that of an S-matrix representation of multilayered composites.
Each layer of the system is characterised by an average thickness and effective electric
permittivity function (Jaruwatanadilok et al., 2006). The outputs are the reflectivity and
transmissivity as a function of frequency and angle of the incident electromagnetic wave.
Another component, which provides input to the S-matrix, is that of a parameterised
analytic-function representing the electric permittivity as a function of frequency for each
layer. This function is constructed by fitting response spectra calculated using density
functional theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965; Jones and
Gunnarson, 1989). Parameters other than those provided by DFT are adjusted according
to additional information that may be available, e.g., from experimentally-measured
spectra or theory. The two-component model, which provides input to the parameterised
permittivity function, represents the molecular structure of the explosive, as understood
from a detailed DFT calculation and any other parametric representation, e.g., based on
experimental measurements.

The majority of what follows is a review of work presented in various publications
(Shabaev et al., 2010, 2011a, 2011b, 2011c), but an updated treatment is given to the
general simulation framework, namely, a prototype simulation is described that considers
response characteristics for THz excitation of the high explosive f~-HMX. This prototype
simulation includes a procedure for calculating response spectra using DFT as input to
the S-matrix model. For this purpose, the DFT software NRLMOL was adopted
(Pederson and Jackson, 1990; Jackson and Pederson, 1990; Briley et al., 1998; Porezag
and Pederson, 1996; Porezag and Pederson, 1999; Pederson et al., 2000; Jackson et al.,
1997).

It is important to note that the numerical-simulation framework to be presented is
structured for two major purposes, which are complementary. One purpose, which relates
directly to practical application, is the simulation of various possible scenarios for the
detection of IEDs corresponding to the presence of various types of intermediate material
layers between the explosive and detector. The other purpose, which relates indirectly to
practical application, but is yet extremely important for the interpretation and design of
detection strategies, is the quantitative analysis of absolute bounds, or rather, the inherent
limitation on levels of detection associated with various types of detection strategies. It is
this final aspect, related to the recent work in Kemp (2011) on the distinguishability of
spectra, that we feel is best addressed by the S-matrix formalism of composite materials.

2 Literature review — DFT-calculated THz spectra for explosives

Over the past two years, the present authors have built a database of ab initio DFT results
for THz spectra of the common explosive molecules. These are meant for use in a larger
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project on calculating the dielectric response of layered composite materials. However,
our efforts were preceded by a number of works using similar methods that helped to
guide our investigations.

Since many DFT methods exist it is difficult to make ‘apples-to-apples’ comparisons,
hence the need for systematic studies of the common explosives. The first group to
calculate the THz spectra and molecular properties of various explosives with modern
DFT methods was that of T.M. Korter at Syracuse University (Allis et al., 2006a, 2006b,
2008). This was not the earliest work on the subject but is rather cited as the most similar
in method to our approach. Earlier work exists on many individual molecular explosives
properties and their structure, e.g., for HMX (HéuBler et al., 2002; Hooper et al., 2009),
for PETN (Burnett et al., 2010) and for RDX (Rice and Chabalowski, 1997). These
papers all use DFT methods; however since methods used for exchange and correlation
vary, not all are precisely comparable, especially for works prior to ca. 2005. For that
reason, the data in Allis et al. (2006a, 2006b, 2008) are our primary reference.

Our own group, which was formed as collaboration between the US Naval Research
Laboratory and the US Naval Academy, along with George Mason University and Hunter
College, has published five papers so far. For f-HMX, the data first reported in Shabaev
et al. (2011b) in Applied Spectroscopy, is summarised here. However, the information in
that work is updated in the present work with a new prototype simulation. For an
estimation of ground-state properties and dielectric response of another high explosive
PETN, see Shabaev et al. (2011c¢) in Proceedings of SPIE. For a comparison of the THz
dielectric properties of RDX and TNT for the design of detectors, see Shabaev et al.
(2011a) in Journal of Materials Engineering and Performance. For ‘apples-to-apples’
comparison of the dielectric response of HMX, PETN, RDX and TNT at THz
frequencies, see Huang et al. (2012a) in Journal of Materials Engineering and
Performance. For the THz dielectric properties of clusters representing crystals of PETN
and TNT, see Huang et al. (2012b) in Journal of Materials Engineering and
Performance.

The comparison of many methods for obtaining spectra, both experimentally and
computationally determined, is important in the light of the commentary in Kemp (2011)
regarding the distinguishability of various explosives’ spectroscopic signatures from
ordinary, everyday materials. The success of the proposed methods to probe matter with
THz radiation will only be achieved by extreme accuracy in both the models for response
and absorption, and the detector’s sensitivity in many environments.

3 General simulation framework

A schematic representation of the general framework for numerical simulation of IED
response is shown in Figure 1. It should be emphasised that this represents an initial
construction, and that the general framework shown in Figure 1 is subject to subsequent
refinement and modifications with respect to the paths of input and output from the
different model components comprising the framework. The conventional approach,
which is to use a database of dielectric response functions associated with different types
of materials, is a subset of the paths shown in Figure 1 without the theoretical input. In
addition, it should be noted that this simulation framework assumes that data generated
from DFT is of comparable accuracy to data obtained from experimental (laboratory
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measurement) for the purpose of constructing permittivity function for use in S-matrix
based simulations.

Figure 1 General framework for numerical simulation of IED detection
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4 Description of component models

4.1 S-matrix representation of layered composite system

The central component of the general simulation framework, to which the outputs of all
the other component models are inputs, is that of an S-matrix representation of
multilayered composites, where each layer of the system is characterised by an average
thickness and effective electric permittivity function (Landau et al., 1984; Roeser and
Mazur, 2005). The outputs of this central component are the reflectivity and
transmissivity as a function of frequency, angle ¢, and polarisation of the incident
electromagnetic wave. The formulation of the S-matrix representation is defined by the
following system of equations.
The reflectivity R and transmissivity T functions are given by

RzﬁandeL (1

St St

respectively, where the S-matrix elements S;; are define by the matrix relation
Sll S12 m
= = T ][] [[nimen ] 2
I: :' (SZI SzzJ 1;1[[ J:I I: m(n+1):' ®

where [M;] = [I_1][L;] and m is the total number of layers. The matrix [I] is defined by
the matrix relation
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Yoy = ShSa —6’aS/, and tap = Zé‘bSa (4)
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for a p-polarised incident wave, and
Tab :Maﬂd tab :L (5)
0 +Sh pSy + €25
for an s-polarised incident wave, where equation (5)
S, = (8, — &,5in% $)V% and S}, = (&5 — &, sin? @)/? (6)

and &, and g, are the permittivity functions for layers ‘a’ and ‘b’, respectively. The matrix
[L;] is defined by the matrix relation

X2 0
[L/'] :( (j) l/X}/ZJ’ (7
where
X =exp|2xi dj Di(¢) :LL S:=(¢; —&osin? p)!2 ®)
! D) )|’ ws;

and v = 1/4 where A is the wave length, & and ., are the permittivity functions for layers
" and ¢j-I’, respectively. The quantity d; is the thickness of layer j. The layer indexing
used in equations (1) through (8) is defined with reference to Figure 2. A computer
program for numerical implementation of equations (1) through (8) is given in Shabaev
et al. (2010).

Figure 2 Schematic representation of layer indexing used in equations (1) through (8)
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4.2 Dielectric permittivity functions

The set of permittivity functions that are associated with the different layers comprising
the layered composite system represent the primary input to the S-matrix model
component. These functions are to be constructed in principle for a given material
according to a ‘best fit’ of available information associated with the electromagnetic
response of that material. For a given material this information consists of data obtained
from both experimental measurements, e.g., reflectivity and absorption measurements,
and numerical simulations based on basic principles, e.g., DFT calculations. It is
important to note that the best fit to the electromagnetic response of a given material will
depend on the specific response signature characteristics of that material. Accordingly,
from the perspective of numerical simulation, a best fit can be in the form of a tabulated
functional dependence, as well as parametric representations using analytical functions.

There are specific materials that are typically present in the ambient environment
associated with IED detection as well as the detection of other types of materials, e.g.,
water and water vapour. Accordingly, the electromagnetic response characteristics of
these materials have been experimentally investigated by many groups and the results are
available. It follows that the permittivity functions of these materials should represent a
permanent ‘data base’ component of the general simulation framework. Examples of the
measurement of absorption coefficients of selected explosives that are covered by
different types of materials (plastic, cotton, leather and water) are given in Chen et al.
(2007).

4.3 Density functional theory

The application of DFT and related methodologies for the determination of
electromagnetic response characteristics is important for the analysis of parameter
sensitivity. That is to say, many characteristics of the electromagnetic response of a given
material may not be detectable, or in general, not relevant for detection. Accordingly,
sensitivity analyses concerning the electromagnetic response of layered composite
systems can adopt the results of simulations using DFT, and related methodologies, to
provide realistic limits on detectability that are independent of a specific system design
for IED detection. In addition, analyses of parameter sensitivity based on atomistic
response characteristics of a given material, obtained by DFT, provide for constraints on
the fitting of experimental measurements for the construction of permittivity functions. It
follows that, within the context of parameter sensitivity analysis, data obtained by means
of DFT represents a useful complement to data that has been obtained by means of
experimental measurements.

The NRLMOL software can be used to compute an approximation of the IR
absorption spectrum of a molecule (Pederson and Jackson, 1990; Jackson and Pederson,
1990; Briley et al., 1998; Porezag and Pederson, 1996, 1999; Pederson et al., 2000;
Jackson et al., 1997). NRLMOL uses DFT to compute the ground state electronic
structure in the Born-Oppenheimer approximation using Kohn-Sham DFT (Kohn and
Sham, 1965). NRLMOL uses a Gaussian orbital basis to describe the electronic
wavefunctions and density, with numerical integration that is nearly exact to machine
precision. For a given set of nuclear positions, the calculation directly gives the electronic
charge density of the molecule, the total energy E, and the forces on each atom.
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where 7, is the a Cartesian component of the position of atom i, and F} is the
corresponding force. The dipole moment of the molecule is easily computed from the
combined (nuclear and electronic) charge density.

To compute the minimum energy atomic configuration, NRLMOL uses the
conjugate-gradient algorithm (Hager and Zhang, 2006). The vibrational spectrum
depends on the atomic mass matrix M,z = 6;0,pm; Where m; is the mass of atom i, and
on the energy second derivative matrix

O%E

Dja i3 = R Py 10
” ﬁro’,ﬁré (19)

through the eigenproblem
Z(Diajﬂ_gnMiajﬂ)X_gnﬁ) =0. (lla)

JB
The generalised eigenvalues g, are the squares of the angular vibration frequencies
@, = 2mcv,, and the eigenvectors X)) give the corresponding atomic displacements:

Arjg =) 04 XY, (11b)

where Q, is the normal mode coordinate. The eigenvectors are normalised according to
the condition

z X MiajpX Y = . (11c)
ia,jp

NRLMOL computes the energy second derivatives equation (10) by finite differences,
computing the forces for displacement perturbations of each atom along each Cartesian
direction. The first derivatives of the dipole moment with respect to atomic positions
au/ or}, are also computed at the same time. Each vibrational eigenmode leads to one
peak in the absorption spectrum, at a frequency equal to the mode’s eigen frequency. It is
significant to note, however, that the finite-difference energy second derivatives represent
an approximation of the exact second derivatives and a correction that reduces the
associated error of this approximation is obtained by directly recomputing the second
derivatives of the energy with respect to the eigenvectors displacements.

The absorption intensity corresponding to a particular eigenmode for a single
molecule is given by

2

, (12)

T

du
" 3e

dOn

I

where c is the speed of light in a vacuum, and

du O (n)
2N Iy 13
0, Z PRt (13)
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The intensity equation (12) must then be multiplied by the number density of molecules
to give an absorption strength. It follows that the absorption spectrum calculated by
NRLMOL is a sum of delta functions whose positions and magnitudes correspond to the
vibrational frequencies and absorption intensities, respectively. In principle, however,
these spectral components must be broadened and shifted to account for an harmonic
effects, such as finite mode lifetimes and inter-mode couplings.

4.4 Experimental measurements

The information that is adopted for the construction of permittivity functions is obtained
primarily from experimental measurements of electromagnetic response characteristics.
Some major issues associated with these constructions are that such experimental
measurements typically involve bulk material response characteristics as well as
measurement errors due to sample surface preparations and artefacts due to ambient
environmental influences. These issues are significant in that the permittivity functions
adopted as input are typically assumed as being associated with ‘pure’ materials as well
as representative of response characteristics on a small scale that may be typical of
thin-film type layers. As in the case of response characteristics that are determined via
atomistic calculations, certain response features associated with response characteristics
determined by experimental measurement may not be relevant for the simulation of IED
detection. That is to say, certain features such as the locations and amplitudes of response
spectra may be essential for inclusion into model representations, while only a reasonable
estimate of the widths may be necessary. It follows that a sensitivity analysis for
parameterisations of experimental measurements is as relevant as those associated with
theoretical predictions. Such a sensitivity analysis is another application that is achievable
in principle using the simulation framework presented here.

5 Prototype analysis (THz excitation)

Presented in this section are prototype simulations for demonstrating some aspects of the
relationship between the various model components that comprise the general simulation
framework. For this simulation, the response of a layer of f/HMX to THz excitation is
considered (Hooper et al., 2009; HauBler et al., 2002; Allis, et al., 2006a, 2006b).

The general approach of constructing permittivity functions according to the best fit
of available data for given material corresponding to many different types of
experimental measurements is not unprecedented and has been typically the dominant
approach, e.g., the permittivity function of water. The general simulation framework
presented here considers an extension of this approach in that calculations of
electromagnetic response based on DFT are also adopted as data for the construction of
permittivity functions. The inclusion of this type of information is essential for accessing
what spectral response features at the molecular level are actually detectable with respect
to a given set of detection parameters. Accordingly, permittivity functions having been
constructed using DFT calculations provide a quantitative correlation between
macroscopic material response and molecular structure. Within this context, it is not
important that the permittivity function be quantitatively accurate for the purpose of
being adopted as input for system simulation. Rather, it is important that the permittivity
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function be qualitatively accurate in terms of specific dielectric response features for the
purpose of sensitivity analysis, which is relevant for the assessment of absolute
detectability of different types of molecular structure with respect to a given set of
detection parameters. That is to say, permittivity functions that have been determined
using DFT can provide a mechanistic interpretation of material response to
electromagnetic excitation that could establish the applicability of a given detection
methodology for detection of specific molecular characteristics. Within the context of
practical application, permittivity functions having been constructed according to the best
fit of available data would be ‘correlated’ with those obtained using DFT for the proper
interpretation of permittivity-function features. Subsequent to establishment of good
correlation between DFT and experiment, DFT calculations can be adopted as constraints
for the purpose of constructing permittivity functions, whose features are consistent with
molecular level response, for adjustment relative to specific sets of either experimental
data or additional molecular level information.

The construction of permittivity functions using DFT calculations involves, however,
an aspect that requires serious consideration. This aspect concerns the fact that a specific
parametric-function representation must be adopted. This significant aspect of
constructing permittivity functions using DFT, and related methodologies, is indicated
explicitly in Figure 1. Accordingly, any parametric representation, i.e., parameterisation,
adopted for permittivity-function construction must be physically consistent with specific
molecular response characteristics, while limiting the inclusion of feature characteristics
that tend to mask response signatures that may be potentially detectable.

In principle, parameterisations are of two classes. One class consists of
parameterisations that are directly related to molecular response characteristics. This
class of parameterisations would include spectral scaling and width coefficients. The
other class consists of parameterisations that are purely phenomenological and are
structured for optimal and convenient best fits to experimental measurements. A
sufficiently general parameterisation of permittivity functions is given by Drude-Lorentz
approximation (Roeser and Mazur, 2005)

N

eW)='W)+ig"(V)=&w + ZL, (14)

—~ (Vio =V*) =iV

where v, is the frequency, v,, and y, are the spectral scaling and width of a resonance
contributing to the permittivity function. The permittivity &, is a constant since the
dielectric response at high frequencies is substantially detuned from the probe frequency.
The real g(v) and imaginary &(v) parts of the permittivity function can be written
separately as

N
n, ( no n, n
£ (V)= e+ Z(VVPV2)2+ ()= Z(V V§)72+yv (15)

n=l1

With respect to practical application, the absorption coefficient a and index of refraction
n,, given by

172
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respectively, provide direct relationships between calculated quantities obtained by DFT
and ‘conveniently measurable’ quantities a and #,.

At this stage it is instructive to present a prototype calculation demonstrating analysis,
e.g., interpretation, of permittivity-function features using DFT calculations. Consistent
with the prototype simulation presented above, a permittivity function is constructed
using DFT calculations for f~HMX response to THz excitation. Figure 3 (inset) shows a
general description of the geometry of the f~-HMX molecule. The molecular structure
was generated by the DFT software NRLMOL for the calculation of a permittivity
function using DFT.

In the harmonic approximation, each vibrational-mode frequency corresponds to an
oscillator which can be represented by a series of energy levels Acv,(k + 1/2) numbered
by £=0,1,2... with an equal spacing of /cv, on the scale of several THz. Each vibrational
frequency is surrounded by a very dense spectrum of rotational modes with the separation
between them orders of magnitude lower than a typical frequency of molecular
vibrations. The rotational frequencies are on the scale of GHz frequencies, which are not
resolved if the THz probe has a relatively broad linewidth.

Figure 3 Real (solid) and imaginary (dashed) parts of permittivity function of S~-HMX molecules
with 7, =3 cm™ and p=2.5 x 10" cm™ for frequencies within THz range (see online
version for colours)
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Notes: Inset: molecular structure of S~-HMX used for DFT calculations of spectral
response

The Drude-Lorentz permittivity function provides an adequate approximation for
relatively low concentrations of molecules represented by oscillators that independently
scatter THz waves. The resonance frequencies and spectral scalings are acquired from the
vibrational analysis supplied by NRLMOL. The frequencies are given by the solutions of
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equation (11) where v,y = v, and the scalings are estimated from the vibrational intensities
1, according to

) 3

Vip = P ——1n, a7

wec
where p is the number of molecules per unit volume. Figure 3 shows the absorption
coefficient and index of refraction corresponding to the density p = 2.5 x 10" cm™, and
all width parameters 7, = 3 cm ', as defined according to the parameterised permittivity
functions given by equations (14) and (15). This density is that of a highly dilute system
of molecules within an inert environment, i.e., two orders of magnitude less than that
characteristic of a solid. This type of dilute system of explosive molecules would be
associated, in principle, with detection scenarios considering vapours that could be
released from bulk systems within a bounded region.

Proceeding with our prototypes analysis, a permittivity function is constructed using
the DFT calculations of NRLMOL and the parametric-function representation defined by
equations (14) and (15). Accordingly, shown in Figure 3 are the real and imaginary parts
of a permittivity function corresponding to the electromagnetic response of SfHMX
molecules to excitation within the THz range of frequencies where the widths of the
molecular resonances and the density of molecules are chosen at the following values:
y,=3cm ' and p=2.5x10" cm™.

As indicated previously, the parameterisations applied to DFT calculations will in
general consist of two classes of parameterisations, i.e., one consistent with basic theory
and the other consistent with optimal and convenient best fitting of experimental
measurements. Accordingly, one class of parameterisation defines a problem requiring
further analysis in terms of basic theory (Wilson et al., 1955; Rice and Chabalowski,
1997; Allis and Korter, 2006), while the other class defines a problem requiring analysis
in terms of inverse-problem and parameter-optimisation methodologies (Lambrakos et
al., 2001). In principle, the absorption coefficients represent two types of information for
input into the simulation framework. The absorption coefficient shown in Figure 4,
contains detailed information concerning the enumeration of modes, as well as molecular
level response structure obtained by DFT (using NRLMOL). Figure 4 shows a
parametric-function fit, using equations (16), to an absorption coefficient for a relatively
low density of f~-HMX molecules. This function, however, which is the result of a
‘computational experiment’, is characterised by errors associated with numerical artefacts
and assumptions concerning bulk structure and micro-to-macro scaling. Accordingly, we
note that DFT calculations provide a quantitative initial estimate of molecular response to
electromagnetic excitation, which is adaptable to convenient parameterisation for
subsequent adjustment with respect to additional information (see Figure 1). The
experimentally measured absorption coefficient shown in Hooper et al. (2009) presents
another example of a dielectric response function of fHMX that contains information
concerning the bulk response of the material where molecules form a high-density
crystal. This function, however, which is the result of a ‘laboratory experiment’, is
characterised by errors associated with sample preparation, measurement environment,
(e.g., ambient atmosphere and surface contaminants) and resolution characteristic of the
detector system.

Shown in Figure 5 are reflectivity functions corresponding to S-polarisation of the
incident wave. For this calculation, the layered system consists of a layer of f/HMX
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molecules uniformly distributed upon a gold substrate, which is represented by the
permittivity function equation (14) for a single term, where &, = 1, a zero frequency value
vo =0, and a width y due to the finite conductivity of gold. The scaling factor vy, = 7.27
x 10* em™ and width y% = 2.17 x 10* cm ' can be obtained from fits to experimental data
[see Ordal et al. (1983) and Linden et al. (2004)]. In the THz range, the gold substrate
acts as a non-selective mirror, since its permittivity, although varying with frequency,
remains large in both real and imaginary parts. It is important to note, however, that for
this calculation the layer of f~-HMX is of sufficient thickness that contributions due to the
substrate can be neglected (see Figure 2). A low transmission through an optically dense
absorbing layer reduces the output below the level of delectability. To be noted is that the
amplitude of the reflected wave depends on the difference between the permittivity
functions of the two adjacent materials forming the interface, and therefore the detection
method can be based on measurement of reflected fields in cases where the transmissivity
is relatively low (Federici et al., 2005).

Figure 4 Absorption coefficient (upper) and index of refraction (lower) for f/~HMX molecules
calculated by DFT for THz range of frequencies corresponding to adjustable parameters
y,=3cm ' and p=2.5x10" cm™
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For the optically thick layer of molecules, the reflectivity varies rapidly near the
resonances. These sharp features appear in the form of peaks (Figure 5a) or rapidly
varying non-monotonic trends (Figure 5b), depending on the high frequency permittivity
&, within the range of detection frequencies, where it is assumed that only fHMX
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molecules provide the electromagnetic resonances in this system. The reflectivity
functions shown in Figure 5 can provide, in principle, a starting point for studies
concerning absolute bounds on the detectability of S/~-HMX molecules under different
environmental conditions (i.e., surface layers and ambient environment) and detection
scenarios.

An example of the analysis of bounds on detectability is as follows. This analysis
considers a detection scenario that includes the use of a gold substrate in combination
with relatively thin layers of AHMX. This hypothetical detection scenario is
characteristic of those that would be associated with fibre-optics or waveguide type
detection systems. The relatively small thickness of the layers relative to the wavelengths
of the incident electromagnetic field makes useful the application of signature
enhancement operations, i.e., bin averaging of spectral features. These operations are
necessary in that the response of the modelled layer system includes oscillatory structure
that is associated with the ideal nature of the interfaces between the layer of f/~HMX and
its environment.

Figure 5 Reflectivity function R, of air—f-HMX (200 cm) — gold system for optically thick
(200 cm) layer of f-HMX molecules for &, = 1 (upper) and with &, = 1.2 (lower)
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The effect of scattering at the fHMX — gold interface is illustrated by Figure 6. The
absorption and scattering are rapidly varying functions near the frequencies of molecular
resonances. The scattering at the interface with the ambient layer provides detectable
features in the reflectivity of an optically dense absorbing layer. For a layer with a
relatively low optical density, the absorption is substantially higher only near the
resonances where the reflectivity is suppressed compared to a high reflectivity of the
interface at the gold substrate. The molecular resonances appear in the form of dips of the
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reflectivity function. The reflectivity depends exponentially on the absorption, which
changes with frequency according to Figure 3. For a 10 cm layer of f~HMX molecules,
this results in orders of magnitude variations in reflectivity with the frequency.

Figure 6 Reflectivity function R, for a 10 cm thick layer of f#-HMX molecules (7, =3 cm™" and
p=2.5%10" cm™) below an ambient air environment and above a gold substrate:
(a) &, =1, (b) &, = 1.2 (hypothesised value) with frequency binning (bin size =
2.4 cm™) for smoothing of rapid oscillations (inset) due to multiple reflections at
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In the range of high transparency between the resonances, the wave can experience
multiple reflections from two interfaces on both sides of the layer containing the f/~-HMX
molecules. Far away from the resonances, the reflectivity depends on the difference
between the high frequency permittivity &, of the S-HMX layer and the permittivity
function of the adjacent material, i.e., the gold or air. The reflection from the gold
interface is always strong due to the very large permittivity of the metal. The reflection
from the air interface substantially varies with &,. For ¢, = 1 (e.g., air), the reflection
between the molecular resonances is negligible. Interestingly, for medium having
&, = 1.2, for example, the reflection between the resonant peaks is relatively strong owing
to oscillations due to multiple reflections. The oscillations are obscured by variation of
the frequency or the incident angle. Figure 6b shows the reflectivity after bin averaging,
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where bins are of size 2.4 cm™'. The reflectivity without binning is shown in the inset. In
this detection scenario the detectability of a specific signature feature associated with the
THz response spectrum of f~-HMX is examined. This feature is associated with a window
of relative transparency S-HMX within the range of wavenumbers 75-140 cm™ and
225-300 cm'. The transparency is low outside of this range, where the reflectivity is
determined by the scattering at the air-f~-HMX interface and the spectra shown in
Figure 6a and Figure 6b are those corresponding to the optically thick layer shown in
Figure 5.

As the optical thickness decreases, the signature of the molecular resonances becomes
more developed in the reflectivity spectrum of the air-fHMX — gold system. Fora 1 cm
thick layer, the spectrum is shown in Figure 7. In this scenario, the detectability primarily
depends on the absorption near the resonances, which determine the contrast of the
molecular response in the reflectivity function. Obviously, in the limit of small optical
thickness, the molecular signatures become less pronounced since the dips near the
resonances flatten and the reflectivity approaches 1 for all frequencies. Accordingly the
spectrum shown in Figure 7 is typical of one corresponding to a relatively optimal layer
thickness for high sensitivity with respect to detection of absorption signatures.

Figure 7 Reflectivity function R, for a 1 cm thick layer of £HMX molecules (3, =3 cm™ and
p=2.5x10"cm™, g, = 1) below an ambient air environment and above a gold
substrate
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6 Conclusions

The most significant challenges to explosives-detection will continue to be:
1 de-convolving the explosive response spectra from the surrounding materials
2 penetrating very absorptive media, such as water.

This work addresses the first of these challenges, although it remains necessary to
establish correlation with response properties on the molecular level. We have
constructed two types of permittivity functions. One type, whose purpose is the
simulation of detection scenarios, represents the best fit to available data, which could
include both experimental measurements and calculations based on theory. The other
type, obtained using DFT, is that of a reasonably optimal parametric representation of
molecular-level response characteristics. By careful examination of many more materials
under THz irradiation, it is hoped that by using our methodology it will be possible to
distinguish the subtle signatures of explosives, even in highly complex chemical
environments.
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