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Abstract Currently, artillery shells and grenades that are introduced into the market are based
on melt-castable insensitive high explosives (IHEs), which do not explode while they run a
risk of impact, heat or shrapnel. Particles of explosives (such as hexogen, nitroguanidine and
nitrotriazolone) are suspended in different proportions in a matrix of 2.4-dinitroanisole. In this
paper, we investigated samples of commonly used IHEs: PAX-41, IMX-104 and IMX-101,
whose internal structures were determined by a scanning electron microscope. Terahertz time
domain spectroscopy was applied in both transmission and reflection configurations. At first,
the complex refraction indices of four pure constituents creating IHEs were determined and
became the basis of further calculations. Next, the experimentally determined transmission and
reflection spectra of IHEs and pure constituents were compared with theoretical consider-
ations. The influence of the grain size of constituent material and scattering on the reflection
spectra was analysed, and good agreement between the experimental and theoretical data was
achieved.

Keywords Timedomain spectroscopy.Transmission .Reflectance . Insensitivehighexplosives

1 Introduction

Melt-castable explosive materials are used to manufacture artillery shells. Until now, pure
explosives, e.g. 1,3,5-trinitro-1,3,5-triazacyclohexane (known as RDX), have been mixed with
2,4,6-trinitrotoluene (TNT) and melted by the application of heat. Then, they were poured into
a shell, wherein they slowly cooled down to form an explosive charge. The shell-filling
process is easy and comparatively cheap and has good performance. However, classical
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materials manufactured on the basis of TNT may easily detonate because of impact with
shrapnel, falling or temperature escalation. Bearing in mind numerous cases of accidental
human victims over the last several years, mixtures based on TNT are replaced by insensitive
high explosives with 2.4-dinitroanisole (DNAN) as the melting ingredient. Recently, the US
Army introduced a family of melt-castable DNAN-based explosives containing mainly mix-
tures of RDX, 1-nitroguanidine (NQ) and 3-nitro-1,2,4-triazole-5-one (NTO) [1–4]. Trace
amounts of N-methyl-p-nitroaniline (MNA) are included in some formulations to aid in the
processing. IMX-101 (mixture of DNAN, NTO and NQ) replaces TNT as the main filler
explosive in artillery projectiles. IMX-104 (mixture of DNAN, NTO and RDX) is qualified as
a replacement for Composition B in mortars. PAX-41 containing DNAN and RDX is tested for
spider grenades [1–4].

More and more growing threats caused by the use of explosive materials are forcing
constant development of novel and modern methods for their detection [5]. One of the driving
forces behind the development of the terahertz technique (the spectral range from 0.1 to
10 THz) is the fact that many commonly used explosive materials (such as RDX, PETN,
HMX, TNTand NQ) have unique spectral features in this range of radiation [6–19]. Moreover,
non-polar dielectric materials (such as clothes, paper and plastics) are relatively transparent in
the range up to about 3 THz [6, 9], which raises hope of efficient identification of explosive
materials remaining under cover or being inside packaging [6, 12]. Spectral examinations are
mostly carried out by means of time domain spectroscopy (TDS) [6–11, 13, 17–19], Fourier
spectrometry [10] and the use of a tunable source and broadband detector [12]. Most of the
mentioned explosive materials have been thoroughly investigated in transmission [6–8, 13, 16]
and in reflection configurations [7, 13]. Experiments have been carried out in different
temperatures [14]; also, solid-state density functional theory calculations have been performed
[15]. Methods for identifying explosive materials by means of their spectra are constantly
being developed [16–19]. RDX is the most widely investigated material due to the fact that it is
a constituent of many commonly used plastic materials (such as C-4 and Semtex) and melt-
castable materials (like Composition B). RDX has a very clear absorption peak over relatively
low frequencies—about 0.82 THz. This peak is crucial for its identification and is accompa-
nied by a few other less clear peaks over higher frequencies [6–8, 10, 11, 13]. NQ has been
quite well described in the literature as well—it has strong absorption peaks at 1.43, 2.38 and
2.76 THz [6]. In contrast, DNAN has only been briefly characterized [20]. Terahertz investi-
gations of NTO and IHEs were not found at all in the literature.

First, it should be noted that sample preparation is a very important factor in obtaining
reliable spectra in the terahertz range. The commonly used transmission configuration [6–8,
13, 16] gives clearly visible absorption peaks that may later be used as the basis for the
identification of explosive materials. With regard to quite big attenuation (∼100–300 cm−1) [6],
practical applications are limited to rare situations such as measurements of the thin layer of the
powder placed in the envelope. For this reason, all samples prepared to transmission mea-
surements are in the form of pressed pellets consisting of material with good transmission in
the terahertz range (such as polyethylene) with suspended explosive material particles with a
concentration of 5–20 %, which allows for proper determination of absorption characteristics
[6] but ensures sufficient transparency. In real applications, only reflection configuration can
be applied because terahertz radiation cannot transmit through targets thicker than a few
millimetres. Samples for reflection measurements are mostly manufactured in the form of
pressed pellets but consisting of pure explosive material powder, sometimes with a few per
cent addition of desynthesizer [7]. The interaction of the terahertz wave with the surface of the
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sample depends on its morphology. Specular reflection takes place when the sample has a flat
and smooth surface. If the particle size of the solid material is comparable to the terahertz
wavelength, the scattering may cause a significant change in the obtained spectrum [21]. First,
we manufactured pressed pellets of considered explosive materials. To approach the most
realistic conditions, we also prepared melt-castable samples, where the solubility of materials
in DNAN and grain sizes of particles were analysed.

Here, we investigated three prospective IHEs, PAX-41, IMX-104 and IMX-101, by means
of a terahertz TDS system both in transmission and reflection configurations. Samples were
prepared as pressed pellets and melt-castable discs. Their surface morphology and grain sizes
were determined by means of a scanning electron microscope (SEM). For terahertz measure-
ments, the TDS method was used due to its sensitivity and high measurement dynamics. First,
the complex transmission characteristics of four materials (RDX, NQ, NTO and DNAN) were
determined to provide the exact data for further calculations. Next, the transmission charac-
teristics of pellets manufactured from IHEs and the reflection characteristics of pellets from
pure materials and discs made from IHEs were measured. The results of IHE measurements,
both in transmission and reflection configurations, maintain good agreement with theoretical
calculations. Images from SEM investigations help to draw conclusions about the phenomena
taking place during the reflection.

2 Sample Preparation and Characterization

Although the literature concerning IHEs is quite impressive, the details of their manufacturing
process are not available due to the sensitive character of such data and patent claims. Because
of this, samples were prepared based on the literature [1–3] as well as on our experience. Three
types of samples were prepared: pressed pellets for transmission (denoted by the suffix p) and
reflection (denoted by the suffix P) measurements and melt-castable discs (denoted by the
suffix C) for reflection measurements (Table 1, Fig. 1).

For transmission configuration, the explosive materials were ground using a mortar and
pestle to reduce the particle size below 50 μm, which suppresses scattering losses [6, 20]. Due
to the high attenuation of pure explosives, we mixed them with fine polyethylene (PE) powder
(used as a matrix), which is highly transparent in the terahertz range [6]. The mixing ratio was
5 % weight of a material to total weight of mixed samples. Afterwards, the resultant fine
powder was pressed into a pellet directly using a hydraulic press. As a result, we obtained the
13-mm-diameter pellets listed in Table 1 (numbers 2–8), which consisted of 20 mg of
explosive material and 360 mg of PE (Fig. 1a). As a reference, a 360-mg pellet pressed from
pure polyethylene was prepared (number 1). Although the powders were thoroughly mixed,
the low concentration of the constituent materials in the sample (e.g. 1.25 % RDX in IMX-
104) can result in fluctuations in their distribution, which may later lead to disturbances of the
obtained terahertz spectra. For reflection investigation, fine powders of pure explosives and
IHE materials (numbers 9–15) were pressed into pellets with a weight of about 5 g, thickness
of 5 mm and diameter of 30 mm (Fig. 1b). Macroscopically, surfaces of the samples were flat
and smooth. However, SEM investigations (by Quanta 3D FEG) revealed that the surfaces
were slightly rough and consisted of grains of crystals with dimensions below 100 μm and flat
surfaces (Fig. 2a–c). In all reflection measurements, a gold mirror was used as a reference.

The melt-castable samples were prepared as 30–40-mm-diameter discs with one flat and
smooth surface, which suppresses surface-dependent scatterings and allows the interaction of
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the radiation with the material to be focused upon (Fig. 1c). The powders of RDX, NQ and
NTO (synthesized at the Military University of Technology according to the original proce-
dures) were sieved by using a vibratory sieve shaker AS 200 control (Retsch), in order to
obtain the desired grain diameters. Cast samples were prepared by using laboratory-scale melt-
pour apparatus equipped with a thermocycler and heated pot. DNANwas heated in the pot to a
temperature of 110 °C until it was totally melted. Next, a mechanical stirrer was started up and
solid ingredients were added in small portions. The mixture was stirred for 15 min until the
composition was homogenous. The casting was realized by tilting the melting pot, and the
composition was poured into a rubber mould placed on glass. After solidification, the cast disc
was recovered and tested using the methods described below. The mixture of DNAN and RDX
was studied more deeply to enable understanding of solubility-related phenomena. Since the
solubility of RDX in DNAN is about 10 % (at 100 °C), we manufactured the D90R10 sample
(number 16), which consisted of 90 % of DNAN and 10 % of RDX. Next, we prepared three
samples with various mean grain sizes of RDX particles (below 100, 200–250 and 300–
350 μm) to study the influence of solubility and scattering. They are called PAX-41_100,
PAX-41_200 and PAX-41_300, respectively (numbers 17–19). The sample of IMX-104
(IMX-101) consisted of mixed powders of RDX and NTO (NQ and NTO) with a particle

Table 1 Samples prepared for measurements

Type Name Ingredients Composition
[%]

Particle size
[μm]a

Form

1 Transmission PE PE 100 <50 13-mm pellet

2 RDX_p PE/RDX 95/5 <50 13-mm pellet

3 NQ_p PE/NQ 95/5 <50 13-mm pellet

4 NTO_p PE/NTO 95/5 <50 13-mm pellet

5 DNAN_p PE/DNAN 95/5 <50 13-mm pellet

6 PAX-41_p PE/DNAN/RDX 95/0.05x
(60/40)

<50 13-mm pellet

7 IMX-104_p PE/DNAN/NTO/RDX 95/0.05x
(35/40/25)

<50 13-mm pellet

8 IMX-101_p PE/DNAN/NTO/NQ 95/0.05x
(44/20/36)

<50 13-mm pellet

9 Reflection RDX_P RDX 100 <100 30-mm pellet

10 NQ_P NQ 100 <100 30-mm pellet

11 NTO_P NTO 100 <100 30-mm pellet

12 DNAN_P DNAN 100 <50 30-mm pellet

13 PAX-41_P DNAN/RDX 60/40 <50/<100 30-mm pellet

14 IMX-104_P DNAN/NTO/RDX 35/40/25 <50/<150/<150 30-mm pellet

15 IMX-101_P DNAN/NTO/NQ 44/20/36 50/150/150 30-mm pellet

16 D90R10 DNAN/RDX 90/10 <50/<100 Cast

17 PAX-41_100 DNAN/RDX 60/40 <50/<100 Cast

18 PAX-41_200 DNAN/RDX 60/40 <50/200–250 Cast

19 PAX-41_300 DNAN/RDX 60/40 <50/300–350 Cast

20 IMX-104_C DNAN/NTO/RDX 35/40/25 <50/<150/<150 Cast

21 IMX-101_C DNAN/NTO/NQ 44/20/36 <50/<150/<150 Cast

a Before melting
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grain size below 150 μm (numbers 20–21). The solubility of NQ and NTO in DNAN is about
1 % at 100 °C.

Fig. 2 SEM images of the surfaces of the samples and of their internal structures

Fig. 1 Photographs of the samples: 13-mm pellet for transmission (a), 30-mm pellet for reflection (b), and melt-
castable disc for reflection (c)
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Both the internal structure of the cast disc (revealed from small broken-off pieces) and its
surface were imaged using an SEM microscope. The surfaces of the manufactured samples
were flat and macroscopically smooth (Fig. 2d–f, k) due to the fact that smooth and flat glass
was used in pouring compositions into rubber moulds. Small scratches, holes and micro-cracks
that were caused by the solidification process had dimensions up to 10 μm and are not
significant from the point of view of terahertz radiation.

The D90R10 sample should consist of totally molten RDX. But during cooling down, a part
of RDX is recrystallized to the form of crystalline grains smaller than 20 μm. The exact
efficiency of recrystallization and the size of those grains are not known to the authors.
Assuming that 50 % of RDX will transform into a crystalline form, the D90R10 sample will
consist of 95 % of solid solution of RDX in DNAN and 5 % of small grains. Figure 2l shows
the homogenous structure of the D90R10 sample. In samples from the PAX-41 group, small
RDX crystals are totally dissolved while bigger crystals have a reduced size. After cooling
down and recrystallization, the samples consist of around 63 % of solid solution of RDX in
DNAN and also of small grains of RDX and partially melted original grains. For the PAX-
41_100 sample, the characteristic polyhedral RDX crystals (with dimensions of 10–80 μm) are
clearly seen (Fig. 2g). For the PAX-41_300 sample (Fig. 2j), a large central crystallite (around
250 μm) is shown together with a number of smaller crystallites with sizes of 20–100 μm.

The IMX-101_C sample consists of around 37 % of solid solution of RDX in DNAN, less
than 20 % of RDX crystals of different sizes, but all smaller than 150 μm, and around 40 % of
oblong cuboid NTO crystals of diverse sizes up to 150 μm. Figure 2h shows a cross section of
the sample, where the surface of the sample can be clearly seen and cuboid NTO crystallites
located on the surface are visible together with holes after RDX crystallites. The IMX-101_C
sample consists of dominant needle-shaped grains of NQ and cuboid NTO crystallites
suspended in a solid solution of DNAN (Fig. 2i). The sizes of the NQ and NTO crystals are
below 150 μm.

3 Experimental and Data Analysis

In the range of terahertz radiation, time domain spectroscopy is the most commonly applied
method and has already been thoroughly described [6–11, 13, 17–19]. Here, we carried out an
experiment using a TPS 3000 (TeraView) spectrometer, which is a commercially available
TDS set-up ready to operate in transmission and reflection configurations. In transmission, the
pellets were located in the focus of the optical system. The reflection set-up had an incident
angle of α=22° (Fig. 3) and was an extension of the transmission arrangement created by
adding flat and off-axis parabolic mirrors with 50-mm focal lengths. In reflection, the sample
was located on a stage and moved manually in X-Y directions to measure 20 different points
on the sample. The surface of all samples and the gold mirror were positioned exactly in the
focus of the optical system with an error of about 10 μm, which was controlled by the
micrometer screw (in the Z direction). This condition is crucial for appropriate determination
of the reflection spectrum; however, a misplacement phase error correction was also developed
[22]. In the transmission (reflection) set-up, we also determined beam diameters using the
knife-edge method [23]; these are equal to about 1.9, 0.9 and 0.5 mm (1, 0.7 and 0.4 mm) at
frequencies of 0.5, 1 and 2 THz, respectively.

The TDS system used a pulse lasting about 0.4 ps (which is full width at half-maximum
value). This signal has a 0.1–3-THz useful spectral range (Fig. 3). Each 40-ps-long waveform
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was measured with a resolution of 2048 points and averaged 3000 times. Then, Blackman-
Harris third-order filtering was applied to apodize the time signal, which smoothed the
spectrum. Therefore, 3 min was enough for a single measurement. In Fig. 3, the power
spectrum of the pulses and the noise levels are shown for transmission and reflection
configurations. Such spectra are available when the influence of water vapour is minimized
by purging the chamber with dry air. To assess system performance, the signal-to-noise ratio
and dynamic range were determined in the frequency domain according to the algorithm
presented in [24] (Fig. 3).

The main advantage of the transmission TDS technique is that one can easily determine the
complex refractive index (N= n+ i ·κ) of a measured material [6]. The power absorption
coefficient (α) can be calculated as

α ¼ 4πνκ
c

ð1Þ

where c is the speed of light, ν is the frequency and κ is the extinction coefficient. The
presented method requires precise determination of the thicknesses of the reference (PE) and
the sample (with explosive) pellets.

Assuming that the s-polarized beam incidents from the air on the sample, its complex
amplitude reflection coefficient (~r) can be calculated from the Fresnel formula as

~r ¼ r⋅exp Δφð Þ ¼
cosα−N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1− 1=N sinα
� �2

q

cosαþ N
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1− 1=N sinα
� �2

q ð2Þ

where r is the amplitude reflection coefficient andΔϕ is the reflectance phase. The reflectance
R is related to the amplitude reflection coefficient by R= r2. The reflectance spectrum (R)
mimics the refractive index (n) variations, while the reflectance phase (Δϕ) represents the
absorption features similarly to the extinction coefficient (κ) in transmission [7].

For unary pellets with small-size particles (samples 9–12), we used the N index directly
taken from transmission measurements (Fig. 4). The interaction between the terahertz waves
and the multi-component samples (26–27), which are a dielectric mixture, can be quantita-
tively described using the effective medium theory (EMT) [25, 26]. Although EMT assumes
that the particle size is much smaller than the wavelength of the electromagnetic radiation, we
proved that the experimental results are also consistent with the theory for the particles equal to

Fig. 3 The power spectrum of the
pulses and the noise levels in
transmission and reflection
configurations. SNR and DR
denote the signal-to-noise ratio and
the dynamic range, respectively.
The inset shows a schematic dia-
gram of the reflection
configuration
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or slightly smaller than the wavelength. EMT considers that the wave is averaged over the
volume of the sample and experiences an effective refractive index Neff. Due to the variety of
sizes, shapes and orientations of RDX, NTO and NQ particles diluted in the DNAN (which is a
uniform matrix), we calculated Neff as the average refractive index of the constituent materials
(Figs. 5, 6, 7, 8 and 9), taking into account their volumetric composition. The correlation
coefficient (C) was used as a parameter, which quantitatively describes the agreement between
experimental and theoretical data and is included in Figs. 5, 6, 7, 8, 9 and 10.

4 Transmission Results and Discussion

Complex spectra of the RDX_p, NQ_p, NTO_p and DNAN_p samples (Fig. 4) reveal the
absorption peaks which are connected with slopes of the refractive index characteristics. In the
case of RDX and NQ, the positions of peaks agree well with the literature [6–8, 10, 11, 13].
Some discrepancies can be attributed to the different manufacturer of materials and fluctua-
tions in their density inside the sample. NTO shows two distinctive absorption peaks at 1.54
and 2.75 THz, while DNAN has a broad and flat peak at 2.14 THz.

Figure 5 plots the spectra of the PAX-41_p, IMX-104_p and IMX-101_p samples directly
measured in the TDS set-up and calculated based on the spectra of their constituents (Fig. 4)
and their concentration (Table 1). The good agreement between the measurement and the
calculation proved that the features appearing in the absorption and the refractive index
characteristics can be understood from the sum of the constituents. Slightly shifted features
of RDX (at 0.82 and 1.58 THz) and DNAN (at 2.2 THz) are observed for PAX-41, because it
consisted of approximately equal amounts of constituent materials. In the case of IMX-104, the

Fig. 4 The absorption coefficients and the refractive indices of the RDX_p and NQ_p (a, c) and NTO_p and
DNAN_p (b, d) samples
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feature at 0.82 THz can be attributed to RDX, the one at 1.55 THz to RDX or NTO and the one
at 2.12 THz to DNAN. For IMX-101, high NQ peaks dominate over DNAN and NTO. Some
observed discrepancies were due to the local fluctuations in the concentration and thickness of
material both in the case of samples with pure explosives (Fig. 4) and IHEs (Fig. 5).

5 Reflection Results and Discussion

Figure 6 shows the complex reflection spectra (the reflectance R and the phaseΔϕ) of 30-mm-
diameter pellets: RDX_P, NQ_P, NTO_P and DNAN_P. The spectra were directly measured in

Fig. 5 The absorption coefficients and refractive indices (measured and calculated from constituents) of PAX-41
(a, b), IMX-104 (c, d) and IMX-101 (e, f)
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the TDS set-up and calculated for comparison based on Eq. 2 and the measured absorption
spectra (Fig. 4). As expected, the reflectance characteristic mimics the refractive index
variations, while the reflectance phase is similar to the absorption characteristic. The RDX
characteristic has an amplitude decrease (slope) of about 7 % centred at 0.87 THz. For NQ, we
can see three distinctive features in the reflectance phase at 1.46, 2.52 and 2.98 THz that
correspond to the amplitude slopes of 10, 20 and 7 % in the reflectance characteristic,
respectively. The NTO spectrum contains a feature whose amplitude slope is about 1.5 % at
1.5 THz, while DNAN has a 2 % decrease centred at 2.2 THz.

The measured reflectance and phase characteristics are shifted towards higher frequencies
in comparison with the calculated spectra. The phase spectrum of RDX (Fig. 6c) has a

Fig. 6 The reflectance spectra of the NQ_P and RDX_P (a, c) and NTO_P and DNAN_P (b, d) samples

Fig. 7 The reflectance spectra of 30-mm pellets: PAX-41_P (a), IMX-104_P (b) and IMX-101_P (c)
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declining character, due to the slightly different position of the sample and the mirror surfaces
(misalignment error).

The reflectance of the 30-mm-diameter pellets of IHE samples (numbers 13–15) depended
on the point of measurement on the sample. Figure 7 presents only the best characteristics
obtained for each sample. The number of points with the appropriate spectrum was equal to
about 90, 40 and 50 % for PAX_41_P, IMX-104_P and IMX-101_P, respectively. For PAX-
41_P (Fig. 7a), the RDX features at 0.82, 1.38 and 1.56 THz are clearly visible for two
different measurement points. Scattering of the terahertz beam at the RDX particles is
noticeable at higher frequencies, and the feature of DNAN at 2.15 THz is ambiguous.
Probably, due to local fluctuation of constituent distribution, in the case of the IMX-104_P

Fig. 8 The reflection spectrum of the D90R10 sample

Fig. 9 The reflection spectra of PAX-41—calculated and measured at two points for samples with three grain
sizes (100, 200 and 300 μm diameter)
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sample, which had a lower concentration of RDX (25 %) in comparison to PAX-41_P (40 %),
the feature of RDX at 0.82 THz has a higher reflectance slope with an amplitude equal to about
3 % (Fig. 7b) in comparison to PAX-41_P (2.5 %). The features of NTO at 1.58 THz and RDX
at 1.93 THz are not always present. Three NQ-related features in the reflectance spectrum of
IMX-101_P are clearly visible at 1.45, 2.45 and 2.94 THz (Fig. 7c). The calculated spectra
(black curves) agree well with the experiment up to about 1.5–2 THz. At higher frequencies,
both the local fluctuation in constituent distribution and the scattering modified the experi-
mental characteristics.

The exemplary reflection spectrum of the melt-castable D90R10 sample (Fig. 8) revealed a
1.5 % RDX-origin slope in reflectance at 0.81 THz conjugated with the peak of the reflectance
phase (Δϕ). The feature at 2.25 THz can be attributed to both DNAN and RDX. A similar
result could be obtained at almost every point of the sample, because it was uniform, since
RDX was totally dissolved in DNAN. The proposed effective medium theory is consistent
with the experiment. Since this sample consisted of 95 % of homogenous solid solution of
RDX in DNAN and 5 % of small (below 10 μm) recrystallized RDX grains, its surface and
volume (Fig. 2k, l) were uniform for the terahertz radiation with a beam diameter of about 0.5–
1 mm and wavelength in the range 100–1000 μm. Some discrepancies at higher frequencies
are probably the result of the scattering phenomenon.

Surfaces of the cast samples from the PAX-41 family with different grain sizes (100, 200
and 300 μm) were smooth and uniform. They consisted mainly of the homogenous solid
solution of RDX in DNAN (Fig. 2d). However, the reflectance depended on the measurement
point on the sample—in some of them, the RDX features at 0.82 THz (both the slope in the
reflection curve and the peak in the phase characteristic) were deformed and in a few of them
not visible at all (Fig. 9). Although the concentration of the RDX in DNAN was constant and

Fig. 10 The reflection spectra of IMX-104_C (a) and IMX-104_C (b)—calculated and measured at two points
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equal to 40 %, the number of points without the appropriate spectrum were equal to about
10 % for PAX-41_100 and 20 % for both PAX-41_200 and PAX-41_300.

For PAX_100, smaller particles of RDX were probably more uniformly packed in the
sample and the scattering was also lower. Figure 9 presents reflectance curves of the PAX-41
family measured at two selected points with the highest slope of RDX at 0.82 THz. For 100
and 200 μm grain sizes (Fig. 10a, b), the amplitude of the RDX slope at 0.82 THz is two times
bigger than the EMT-based calculations, which may be attributed to the local concentration of
RDX grains. For PAX-41_300 with higher grain size, the scattering increased, which resulted
in a smaller amplitude of the slope at 0.82 THz, while the average reflectance remained
constant and equal to about 0.09 (Fig. 9). The feature of DNAN at about 2.1–2.2 THz is not
visible. At higher frequencies, the scattering suppresses the expected features for all cases.

The surface of the melt-castable disc, as in the PAX-41 case, was smooth and uniform and
consisted mainly of the solid solution of RDX in DNAN (Fig. 2e). Moreover, the cross section
of the IMX-104_C (Fig. 2h) presents a solid solution of RDX in DNAN and less than 150-μm-
size particles of RDX (polyhedral) and NTO (rectangular). Since the IMX-104_C sample
consists of 40 % of NTO and 25 % of RDX, the feature of RDX at 0.82 THz has a smaller
reflectance slope than PAX-41 with an amplitude equal to about 1.2 %. However, features of
NTO at 1.56 THz and DNAN at about 2.23 THz can be seen (Fig. 10a). Although the visibility
of the features is rather small, the number of points with the appropriate spectrum is equal to
about 90 %. The calculated spectrum agrees well with the experiment, but the amplitude of the
RDX slope at 0.82 THz is smaller than expected, while the NTO-related amplitude at
1.56 THz is bigger, which probably resulted from fluctuation in the concentration of constit-
uent grains.

As expected, the reflection spectrum of the IMX-101_C sample is dominated by NQ
features, which are visible at 1.42, 2.37 and 2.79 THz (Fig. 10b). Due to the high scattering
at higher frequencies, the feature at 2.79 THz is not always present. However, the melting
process broke up some of the larger needle-shape NQ grains into smaller ones (Fig. 2i) and we
think that the surface layer of the sample consisted mainly of a mixture of melted DNAN with
fine NQ grains, which justifies the very good visibility of the NQ features even at higher
frequencies. At 1.42 and 2.37 THz, the reflectance slope has an amplitude equal to about 1 and
5 %, respectively. The features of NTO at 1.54 THz and DNAN at about 2.1 THz are not
visible. Probably due to clustering of the NQ grains, the number of points with an appropriate
spectrum is about 40 %. The EMT-based calculated spectrum is in line with the experiment.

6 Summary and Conclusions

The examination of explosive materials by means of terahertz transmission and reflection
spectroscopy is very promising. In the transmission configuration, the absorption peaks are
connected with the slopes of the refractive index (Fig. 4) as was proven for two well-known
and popular explosives (RDX and NQ) and two materials seldom investigated in the terahertz
domain (NTO and DNAN). Two unique absorption peaks at 1.54 and 2.75 THz can be
observed for NTO, while DNAN is characterized only by one flat and relatively broad peak
at 2.14 THz. Next, the transmission spectra of all IHEs were calculated with the use of
characteristics of constituent materials and remained in good agreement with experimental
measurements. This means that all peaks observed in the absorption characteristics have their
corresponding slope on the refractive index curve, and moreover, all these features are directly
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connected with features of all constituents (Fig. 5). Of course, by comparing pure explosive
materials and IHEs, some discrepancies can be distinguished and it is presumed that they result
from local fluctuations in the concentration and thickness of materials.

The second method of terahertz examination of IHEs referred to the reflection spectra
measurements. As before, we determined the characteristics of pure explosive materials
(Fig. 6), but in comparison with the calculated spectra, their reflectance curves and phase
characteristics were shifted towards higher frequencies. Summarizing, we can see that the
reflectance characteristic corresponds to the refractive index variations and the reflectance
phase to the absorption characteristic. Here, even a small misalignment of the sample surface
or the reference mirror could cause some deviations from proper characteristics. The accept-
able misalignment error is 10 μm.

Finally, the reflectance characteristics of IHE pellets were compared to the EMT-based
calculations (Fig. 7). We think that the main role in the reflection measurements plays the
surface-related scattering and not uniform surface distribution of the grains (Fig. 2a–c), which
led to the proper reflectance characteristics being observed not at all measuring points. The
surfaces of the IHE melt-castable discs were flat and uniform, and the terahertz radiation
interacted with grains of RDX, NTO and NQ buried in the surface layer of the sample. In the
case of RDX-based materials (PAX-41 and IMX-104), the solid solution of RDX in DNAN
created the matrix, which enabled easier interaction with the particles. In the case of discs, we
should also consider melt-related phenomena such as local concentration of the particles,
clustering, breaking up of the particles and scattering at higher frequencies. The proposed
effective medium theory offers a simple yet qualitatively correct description of the reflection
from the complicated granular media. Better understanding of the related phenomena also
requires consideration of the influence of the size of the terahertz beam. For 0.8 THz (RDX
peak), the 1/e beam diameter is about 2 mm, while for 2.5 THz (NQ peak), it is below 0.5 mm.
This factor can also explain the lower hit ratio of PAX-101 than for RDX-based IHEs.

The correlation coefficient between the measured and the theoretically calculated spectra
has very high value for the transmission configuration. In all transmission cases, C is larger
than 0.8 (Fig. 5) which is the sufficient confirmation of adequate choosing the EMT analysis
method. For reflection measurements in most of the considered cases, the value of the
correlation coefficient is high, but there are also some cases when it drops to small values
(like for example in Figs. 6c and 7c), which results from the fact that the range 0.1–3 THz was
used for correlation calculations. However, for both these cases, the similarity of the spectra is
clearly seen, as well as the location of absorption peaks. For frequencies higher than 2 THz,
often there are significant distortions of the spectrum which introduce a lower correlation
value. Moreover, limiting the spectral range to 2 THz would mean that some distinctive
spectral features would not be taken into account, which additionally depreciates the reliability
of performed calculations. To compare such spectra, a more intelligent method as the principle
component analysis can be used.

To sum up, we presented a comprehensive analysis of three melt-castable explosive
materials and their constituents both in transmission and reflection. We proved that based on
the refraction index of four constituent materials (DNAN, RDX, NTO and NQ) and EMT, we
can calculate the reflection spectra of the IHEs with good agreement. In reflection, thanks to
SEM images of the samples (pressed pellets and melt-castable discs), we explained the
modifications of their reflectivity. In our opinion, grain-related scattering and clustering of
particles must be considered. The presented analysis reveals that terahertz spectroscopy can be
applied for reflection identification of IHEs. However, due to the inhomogeneity of the
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samples, measurement at a few (or even at a dozen) points must be considered to obtain
reliable results. Moreover, since IHE materials are insensitive to compression, one can also
measure their spectra by using an attenuated total reflection technique [27], in which sample
preparation is easier than with pressed pellets.

In the future, the terahertz radiation can be used as a safe, fast and non-destructive method
for quality control and examination of explosives. This radiation is absolutely non-ionizing
and there is no risk of accidental initiation of the explosive being under tests. The results
obtained by using the TDS method without doubt encourage further development of terahertz
examination techniques and applying them to non-destructive analysis of explosives having a
similar qualitative composition as the materials described in this paper. Moreover, this method
allows for the detection of explosives containing relative compounds. Thus, the next step is to
move from DNAN evaluation to analysis of trinitroanisole (TNAN), which can also be used as
the melting ingredient.
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