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STANDOFF DETECTION OF HIDDEN EXPLOSIVES AND COLD
AND FIRE ARMS BY TERAHERTZ TIME-DOMAIN SPECTROSCOPY
AND ACTIVE SPECTRAL IMAGING (REVIEW)

L. A. Skvortsov UDC 53.043;53.06

Terahertz time-domain spectroscopy and standoff spectral imaging for detection of explosives and cold and fire arms
hidden, for example, under clothing, were reviewed. Special attention was paid to different schemes for practical
implementation of these methods. Progress in this direction and existing problems and the prospects for their solution
were discussed. Issues related to sources and receivers of terahertz radiation were briefly discussed. It was noted
that interest in quantum-cascade lasers as compact sources of terahertz radiation and the potential of using them at
room temperature were increasing.

Keywords: terahertz time-domain spectroscopy, active spectral imaging, explosives, standoff detection, quantum-
cascade laser.

Introduction. The terahertz (THz) range of electromagnetic radiation is definitely of interest for applications such
as high-frequency communications, ecological monitoring, quality control of medicines and foods, biological and medical
diagnostics, and discovery of new directions, e.g., coherent THz-tomography and THz-ranging. The unique properties of THz
frequencies acquire special significance for security problems, i.e., the detection of hidden explosives, narcotics, and cold
and fire arms.

An analysis of laser methods for remote detection of traces of explosives [1-3] on surfaces would be incomplete
without a discussion of time-domain THz-spectroscopy and active spectral imaging, the recent rapid development of
which is related to the use of lasers. In particular, the significant number of articles and reviews, including those of Russian
researchers, provides evidence of this [4-24]. Two different approaches to remote detection of explosives are known. The
first is called standoff detection in the foreign literature. For this, inspectors and equipment are located at a safe distance
from the inspection site (10—100 m). This detection method should be differentiated from the other type of remote explosives
detection, so-called remote detection, where only the inspector is located at a safe distance. In the latter instance, a robotic
platform with equipment is situated close to the suspect object. As a rule, contact-free detection is used in both methods.

The present review was limited to a discussion of only those issues that are directly related to the application of laser
remote probing for counter-terrorism purposes, in particular, for detecting explosives and cold and fire arms hidden under a
masking material. It is noteworthy that standoff applications [1] address not the detection of trace quantities of substances
but the detection of mass explosives and devices in addition to cold and fire arms, e.g., those hidden under clothing or in
bags or baggage. Special attention was paid to the application of THz quantum-cascade lasers (THz QCL) to solve the
aforementioned problems, the progress achieved, and, in our opinion, the problems and prospects of solving them. Other
laser methods for generating THz-radiation were briefly discussed. These were reviewed rather thoroughly in several reviews
and articles [4—22]. The results obtained by the various methods were compared. Thus, laser methods for detecting traces
of explosives and THz-spectroscopy and active imaging that are aimed mainly at the detection of hidden mass explosives
and cold and fire arms are not only not competitive but, on the other hand, complementary in resolving essentially a single
problem related to the security from and the prediction of terrorist activity.

It is commonly accepted that the THz-range covers frequencies from 300 GHz to 10 THz (I mm to 30 um in
wavelengths) [5]. This is a significant range of electromagnetic radiation between the microwave and IR ranges (Fig. 1).
The following properties of THz-radiation must first be noted [5, 7]. It is non-invasive and is not ionizing radiation. It
does not present a hazard to human health at moderate intensities. It is scattered less than visible or IR radiation because
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Fig. 2. Partial image of a knife in an opaque plastic package: usual digital photograph
(dashed line, irradiated region) (a); single frame with image of knife blade obtained using
a microbolometric camera with irradiation by a quantum-cascade laser at 2.7 THz (b);
image of knife obtained by averaging 50 frames (c¢); image processed using the MATLAB
program [23] (d).

it has a longer wavelength (1/7»4). Therefore, objects such as dry cloth, wood, paper, and plastics are transparent in the THz-
range (with the exception of metals and substances consisting of polar molecules, e.g., HyO). The spectral properties (radiation
absorption and reflection coefficients, dielectric permittivity, etc.) of various solids including explosives have characteristic
features (fingerprints) in the THz- range. This enables these substances to be identified. Polycrystalline substances exhibit
such features, as a rule, because of characteristic resonant vibrational frequencies of the crystal lattice (phonon modes).
Both the shape and composition of an investigated object can be determined by identifying substances using spectral data in
combination with THz-range spectral imaging.

The aforementioned properties of THz-radiation are especially important for security because people and baggage
in airports, at checkpoints, etc. can be inspected in order to detect items hidden, e.g., under clothing with spatial resolution
sufficient to identify them (~1 mm) and without health effects on the people being inspected. The same can be said of the
application of this radiation to expose terrorists in large crowds. Figure 2 shows that THz-radiation is reflected well by metals
due to their high conductivity, which provides a high-contrast image for detecting cold or fire arms hidden under clothing. It
is shown below that an image of RDX (cyclotrimethylenetrinitramine), which is known as hexogen or cyclonite, and several
plastic compounds based on it can be produced in high contrast if the object is irradiated at resonant frequency 0.82 THz.
However, the contrast in this instance is achieved because of strong absorption at the resonant frequency in these objects.
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Fig. 3. Transmission of atmosphere in the THz region 0.3—4.0 THz (transmission at 0.3 THz
is taken as unity) as a function of relative humidity measured at 5% (upper curve) up to 58%
(lower curve) [24].

Semtex

PE4

L

0 1 2 3 Frequency, THz

Fig. 4. Absorption spectra of several explosives (TNT = trinitrotoluene or trotyl; HMX =
cyclotetramethylenetetranitramine or octogen; PETN = pentaerythritol tetranitrate or TEN)
and their components (spectra are shifted vertically for clarity) [5].

Propagation of THz-Radiation in the Atmosphere. The effect of the atmosphere on standoff measurements is of
fundamental significance. Figure 3 shows experimental measurements of the transmission of the atmosphere in the frequency
range 300 GHz to 4 THz. Many absorption lines from various gaseous air components, in particular, water vapor, are found
in the THz-range. Namely its effect limits significantly the capabilities of THz-spectroscopy for standoff measurements,
including the highly variable line intensities for water-vapor absorption because of varying humidity. However, several
windows in which the signal-to-noise ratio (SNR) can reach 50 dB and greater exist at distances up to several tens of meters,
which are interesting for active standoff detection. This means that the atmosphere in these windows at moderate humidity
and at relatively small distances (50—-100 m) can be considered transparent enough for detecting hidden objects. Figure 3
shows that at least five different transmission windows in the range 1.4—4 THz exist in the atmosphere. These windows are
centered around the frequencies 1.488, 1.979, 2.11, 2.52, and 3.42 THz. The windows at 2.11, 2.52, and 3.42 THz are well
suited for existing THz-QCL (even experimental ones). Figure 4 shows that resonances of most explosives are located outside
these windows so that their detection at long distances is hindered by atmospheric humidity >52%. However, RDX and
plastic compounds based on it (Semtex, PE4, etc.) could be successfully detected at significant distances using radiation with
frequencies near 0.9, 1.488, and 1.979 THz.
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Fig. 5. Absorption spectra of materials: used to package and sew clothing (cotton, 1; silk,
2; wool, 3; leather, 4; nylon, 5; polyester, 6; polyester/cotton, 7) (a); capable of interfering
with explosives identification (milk chocolate, 1; vitamins, 2; granulated sugar, 3; powdered
sugar, 4) [5].

Fabrication of THz-QCL emitting at longer wavelengths and including the ranges 1.6—1.8 THz [25] and 1.2-1.6
THz [26] was reported. The windows near 2.11, 2.2, and 3.42 THz were entirely acceptable for standoff measurements up to
relative humidity of 52%. However, problems with making standoff measurements could arise at higher humidities. Figure
3 also shows that the windows near 1.488 and 1.3 THZ present the best conditions for standoff detection. Windows at longer
wavelengths of the THz-range are even more attractive for standoff applications. However, they are now accessible for QCL
only in the presence of a magnetic field [27].

Spectral Features for Detecting Explosives in the THz-Range. Many substances exhibit rather pronounced
spectral features in the submillimeter wavelength range of 0.1-1 mm (from 300 GHz to 3 THz) although they are less than
in the mid-IR range [1-3]. Explosives are polycrystalline in the solid state. Therefore, intermolecular and crystal-lattice
vibrations are the basic contributors to the spectral features of explosives (resonances) in the THz-range [28]. THz-spectra
for the absorption of several materials have been reported [28-31].

Both transmission and reflectance (total or diffuse) spectra of THz-radiation can be measured. A geometry allowing
THz-radiation diffuse reflectance spectra of an object to be measured is the main version used for standoff detection. Thus,
the emitter and receiver are located on the same side of the target. This is especially important for bulky objects in which
absorption of the radiation would be significant. Spectra of explosives obtained in various geometries and for various objects
and frequency ranges were reported [32—41]. The absolute absorption cross sections of several explosives (TNT, RDX, HMX,
and PETN) at resonant frequencies were published [42].

Figure 4 shows absorption spectra of several explosives and their components [5]. It can be seen that they all exhibit
features specific to each material. For example, explosives based on RDX (PE4, Semtex) have near 820 GHz a distinct peak
(resonance) that enables these substances to be identified. However, features in the absorption (reflectance) spectrum are a
necessary but not sufficient condition for identifying an unknown substance. It is important that spectra of other materials that
are non-hazardous and have similar features can be distinguished from spectra of explosives. This condition is fulfilled in the
THz-range for practically all non-explosive materials that are routinely encountered (Fig. 5a) [5, 43—45]. However, materials
that interfere with explosives detection exhibit spectral features that differ considerably from those of explosives (Fig. 5b).
This means that their effects are easily removed. This distinguishes favorably the THz-range from the mid-IR range, in which
the situation is more complicated [1]. The range up to 6 THz or even 10 THz is characterized by a large number of spectral
features for explosives [7, 34, 46]. However, as noted earlier, humid air is opaque for radiation in the range >2-3 THz [47].
Therefore, the comparatively narrow portion (0.3-3 THz, 0.1-1 mm) of the THz-spectrum, the so-called submillimeter range,
is considered the best for standoff applications.
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Fig. 6. Absorption coefficient (solid line) and refractive index (dashed line) as functions
of THz frequency for Semtex-H obtained using transmission spectroscopy (a) and calculated
spectral dependence of reflection coefficient (b) [5].

As a rule, standoff detection of objects in the THz-range records back-scattered radiation. However, the spectral
dependences of the absorption coefficient a(w) and refractive index n(w) are usually measured in transmission mode.
Figure 6a shows them for Semtex-H as an example. The refractive index n(w) and absorption coefficient o(w) in the THz-range
are calculated using the measured amplitudes and phases of radiation passing through the sample and the expressions [20]:

(o) =2 —Re[ln E"((D)]+ln 4n(©) L (1)
d Ey(w) (n(w)-1)
. c E (o)
n(w)=1+ pw Im[ln —Eo (m)] . 2)

Here, Ey(®) and E(®) are the radiation electric field strengths before and after transmission through the sample;
d, the sample thickness; o, the radiation frequency; and ¢, the speed of light. It is noteworthy that knowledge of the functions
shown in Fig. 6 provides a basis for converting the measured transmission spectra into reflectance spectra [20, 30]. In fact,
the n(w) value determined from the transmission spectroscopic data enabled reflectance coefficient R(w) to be determined

approximately using the formula [20]:

R(®) z(”("’)‘lj , 3)

n(w)+1

where n(w) is the spectral component of the substance refractive index. Figure 6b shows the spectral dependence of the
reflectance coefficient for Semtex-H that was calculated using Eq. (3).

Figure 7 shows the measured and calculated spectral reflectance functions of Semtex-H [5, 20]. It can be seen that the
curves agreed well. The characteristic features of the calculated reflectance coefficient function obtained from transmission
data were also observed for the measured Semtex-H reflectance as a function of frequency. According to the researchers
[7, 20, 30, 45], the results of the spectral studies indicated that hidden substances and items could be detected using standoff
searches that recorded their diffuse-scattered radiation and that they could be identified using time-domain THz-spectroscopy.
According to the researchers [5, 7, 30, 45], the previous spectral results suggested that hidden substances and items could be
detected by recording their diffuse-scattered radiation and that they could be identified using time-domain THz-spectroscopy.
However, it is noteworthy that measurements of the spectral characteristics did not take into account that scattering of the
radiation at medium non-uniformities contributed greatly to the overall spectral attenuation coefficient of the material for
THz-radiation. Scattering is complicated depending on the medium structure and distorts significantly the recorded spectral
characteristics of the object if the sizes of the non-uniformities in the material are comparable to the radiation wavelength.
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Fig. 7. Measured (solid curve) and calculated (dashed curve) spectral dependence of
Semtex-H reflectance [5].

The search for and identification of explosives from their THz-spectral characteristics could be hindered because the
substance itself and the packing materials are scatterers. The search for hidden arms using THz-imaging systems could also
be complicated by scattering from clothing. Scattering by fibers of such materials can substantially reduce the image contrast
of a hidden object. Obviously, scattering of THz-radiation in various media must be investigated during the development of
THz-systems for the search for and identification of hidden items.

Experimental and theoretical studies of THz-radiation scattering by clothing and packing materials have not yet been
conducted. The experimental measurement of scattering characteristics causes difficulties because specialized expensive
devices must be developed. One possible way to study THz-radiation scattering in packing materials is mathematical
modeling [4].

Principal Types of THz-Radiation Sources and Receivers. Until recently, the THz-range was a poorly studied
region of the electromagnetic spectrum (THz-gap). The main reason for this was the lack of compact and rather powerful
(>100 mW average power) solid-state sources of coherent THz-radiation and sensitive receivers for recording it. As noted,
the THz-range is located between the microwave and IR ranges of the electromagnetic spectrum, for each of which well-
developed semiconducting radiation sources are available. However, the construction principles of these devices are
completely different. Microwave electronic devices (e.g., UHF transistors and Hann diodes) are based on electron transport
by charge carriers. Therefore, the upper operating frequency of classical electronic devices depends on the time of flight
of a charge carrier between the electrodes and a time constant determined by the parasitic device RC-parameters. The
power level of classical microwave devices decreases with emission frequency as 1/f 4 and even faster when the frequency
is>1 THz [24]. The last condition limits in principle the application of such devices to standoff and other important applications
that require mastery of the THz-range.

Devices operating in the visible and IR ranges (lasers) are based on quantum-mechanical principles, i.e., transitions
between active energy levels and stimulated emission effects. A required condition for laser operation is the population
inversion of the energy levels. The mean thermal excitation energy (~kT") has a defining influence on this. Thus, the low energy
of THz-radiation quanta (a frequency of 1 THz corresponds to 7=47.6 K or 4.14 meV) is comparable to the thermal excitation
of ~kT, which equilibrates the populations in the inversion medium. This limits the application of optical technologies in this
spectral range. It also makes the use of photonics principles problematic for fabricating solid-state (semiconducting) THz-
systems that operate at room temperature. A problem just as serious arises in fabricating a THz-radiation quantum detector
operating at room temperature and is related to the environmental thermal background that limits significantly the detector
threshold characteristics.

Relaxation of the population inversion as a result of thermal excitation is less effective in other THz-radiation
sources. These include molecular gas lasers (MeOH) with optical pumping by a CO,-laser or electronic-vacuum devices that
use the movement of electrons in electric and magnetic fields (reverse wave lamps and gyrotrons). They require high-voltage
power sources, have large footprints, do not exhibit the required spectral and power characteristics, and cannot be smoothly
tuned in the THz-range. Also, unique devices such as free-electron lasers or synchrotrons are based on charge transfer and
can supply rather powerful THz-radiation. However, they are very expensive and massive so that they cannot be used to solve
the aforementioned problems.

The problem of practical implementation of the unique capabilities of the THz-range was solved relatively
recently and was possible owing to the fabrication of THz-sources based on the action of laser radiation on a substance
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(optical-terahertz transformation) [5-9, 14, 20]. Methods based on the transformation of energy from the optical range into
the THz-range (during generation) and back (during detection) were developed during the last decade. Such transformation
is effected in general in two ways. These are optically induced linear charge-carrier generation processes in photoconductive
semiconductors that are accompanied by subsequent emission of THz-radiation by accelerated charges and nonlinear optical
parametric frequency shift processes [48—53]. The first group of devices, semiconducting photoconductive antennae, which
we will examine separately, are used most often. With respect to the second group of devices, THz-radiation in nonlinear-
optical crystals is generated mainly by optical rectification of ultra-short femtosecond laser pulses. THz-radiation can be
produced during propagation of a femtosecond pulse through a nonlinear crystal of a given symmetry and composition as
a result of coherent beating of the pulse frequency components. Some of the best results in this respect were obtained by
pumping lithium niobate (LiNbO3) crystals with Ti:Sa femtosecond laser pulses with a beveled intensity front. For this,
the optical-terahertz conversion coefficient reached the record value of 10~ for a laser repetition rate of 100 Hz, which
corresponded to a THz-pulse energy of 30 pJ [53]. Highly sensitive systems for THz-radiation detection for this instance use
most often a dynamic Pockels electro-optic effect. The incident THz-pulse changes the crystal refractive index because of the
electro-optic effect. The change of refractive index is detected because the optical detecting radiation changes polarization
as it passes through the crystal with a time delay relative to the THz-radiation [5-8, 20, 54]. Nonlinear crystals of GaAs
(LT-GaAs), DAST (dimethylaminosulfur tetrafluoride), GaP, ZnTe, CdTe, and LiNbO3 are used for both generation and
detection [7, 12, 13, 15, 55-58] because they have low absorbance and high nonlinear susceptibility in the THz-range.
The best optical-terahertz energy transformation efficiencies that have been achieved today are low and have approximately
the same value of ~0.1% [6, 59]. On one hand, this is the main reason for their limited application and, on the other, for the
search for new coherent THz-radiation sources.

In addition to laser detection methods [60, 61], a large variety of THz-detectors includes Schottky diodes operating at
room temperature, bolometers based on Bi or Te compounds, and Golay cells (opto-acoustic transformers). Cooled bolometers
based on a Ge—Si system and composite bolometers based on a superconductor:insulator:normal metal tunneling transition
were demonstrated. Their noise-equivalent power (NEP) was from 3107 to 10718 v-HZ 12 [24]. A superconducting hot-
electron bolometer for the far-IR range 30-300 um with a NbTiN transition-edge sensor (TES) fabricated on a sapphire
substrate was reported [62]. The superconducting bolometer reached NEP sensitivity level 3 107" w-HZ 2 , which was close
to its value for an ideal photon detector (NEP = 10720 W-Hzﬁl/z). The noise was limited to unremoved schrot noise due to
background cosmic microwave radiation. Nevertheless, the researchers hoped to improve the results by decreasing the sensor
physical dimensions.

Quantum-cascade lasers (QCL) represent a new class of promising THz-radiation sources [63—92]. Rapid depletion
of the final states of emitting inter-level transitions in the active quantum well is required to operate this type of lasers. The
characteristic time of non-radiative transitions to the ground level should be greater than the ground state depletion time in
order to create a population inversion during operation in the THz-range. The characteristic inter-level transition times and
the ground-state depletion time in AMBY semiconductor heterostructures are determined by scattering of "hot" electrons at
longitudinal optical (LO) phonons (phonon channel of carrier cooling) [27]. Bartel et al. fabricated one of the first THz-QCL
based on AlGaAs/GaAs heterostructures in which the ground level was depleted by LO-phonons [92]. The THz-QCL was
constructed of many waveguides extracting the THz-radiation from the multi-layered crystal active region because of its
strong absorption in it [27].

Modern THz-QCL can operate in the frequency range 1-5 THz. Their radiation power in CW mode reaches
>100 mW at cryogenic temperatures [27]. It is noteworthy that the output power of a QCL depends strongly on the pump
current. Figure 8 shows the output power as a function of current for a QCL with a highly reflective rear-face coating.
It can be seen that the peak QCL power in pulsed mode exceeded the symbolic value of 1 W at 10 K for emission frequency
3.4 THz [66]. Furthermore, the laser radiation became multi-modal and its spectrum broadened and shifted to higher
frequencies as the current density increased.

The THz-QCL generation line width with distributed feedback (DFB) was only several tens of kHz. This made
them ideal devices for use as local generators for heterodyne detection. It is important that local generators be tunable over
frequency. Various methods are known for tuning THz-QCL frequency. Most systems use an external cavity with a diffraction
grating for this [27, 89, 90]. However, the tuning range is less than ~10% of the central frequency.

It is now experimentally demonstrated [75] that inter-level and inter-subband elastic scattering (at dopants and
ruffled heterojunctions) is significantly suppressed in a quantized magnetic field because of the large distances between
Landau levels. Generation at 3 and 1 THz at 225 and 215 K in magnetic fields of 19.3 and 31 T was produced [75]. Also, a

731



Current, A

0 + 8 12 16

1.60 % Iy ,.m' 'p ' ; : : 1.2

1.52 % Iy, ﬂ , ] >

136 Iy M 108 §

112 % Iy, A . g

102 % Jp )l H04 é.
28 32 36 4. / 4 °

Frequency, THz /;; 0
0 200 400 600 800

Current density, A/cm?

Fig. 8. Output power as a function of current for QCL with a highly reflective coating on
the rear face; in the inset, spectral composition of laser radiation as a function of current

density [66].
a b
320 3201 B
E I ._ /"/
E 240 [ 240
2 g -—n"
% 160 _—- 160
= 80} / 80
o £ g - ®~ First demonstration ™~ First demonstration
) 0 L L L 1 i L Il 0 1 1 1

2002 2004 2006 2008 1994 1995 1996 Year
Fig. 9. Plots of yearly change of maximum operating temperature 7,y (K) starting with

the first demonstration of a QCL: THz frequency range (a) and mid-IR range (b).

record range of frequency change 0.68-3.38 THz was obtained for one laser. This corresponded to a maximum generation
wavelength of 0.44 mm and justified the ability to use low-frequency atmospheric windows for THz-QCL.

The most important requirement for any semiconducting device is operation at room temperature. Until recently, this
was unattainable for THz-QCL using traditional generation inversion diagrams in resonant-tunneling structures with quantum
wells. Figure 9 shows a diagram illustrating the change of maximum operating temperature 7y, over years starting from the
first demonstration of a QCL. It can be seen that use of the traditional technology based on GaAs/AlGaAs heterostructures led
to only a slow increase of operating temperature. Nevertheless, the slow increase of operating temperature suggests that the
THz-QCL operating temperature will approach 250 K in the near future due to construction improvements based on compact
thermoelectric coolers [77, 83].

However, not only in our opinion but in that of others [27, 74], fundamental changes in the traditional approach
are needed in order to reach ambient operating temperatures. An alternative resolution of the situation involves developing
generation diagrams without inversion and not creating a population inversion of closely spaced inter-band levels. The THz-
radiation in them is created by the quadratic nonlinearity of the semiconducting structure owing to separation of the frequency
difference oy, = ®; — ®, upon mixing the two fields at frequencies o; and w, [73].

A similar nonlinear optical coupling that was insensitive to temperature and could be produced in several
semiconducting crystals with strong nonlinear second-order susceptibility X(Z) was examined [91] and led to difference
frequency generation (DFG). THz-generation at room temperature with resonant amplification of DFG in the QCL active
region in the mid-IR range was demonstrated [67]. The emission power was insignificant at ~0.3 uW. However, according to
the researchers, the THZ-radiation power drop that was observed with increasing temperature was entirely due to a decrease
of the pumping power in the mid-IR range whereas the efficiency of the DFG-transformation itself remained constant as the
temperature rose. According to the researchers [27, 74, 91], many possibilities exist for improving the DFG-transformation
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efficiency. Therefore, milliwatt THz-radiation powers at room temperature should be achieved in the near future. Figure 10
shows a schematic of a THz-radiation source operating on the DFG principle.

Several publications confirmed this [68—71]. Thus, room-temperature THz-sources based on Cerenkov phase-
matched DFG in dual-wavelength mid-IR QCL were reported [71]. Giant optical nonlinearities originating from inter-
subband transitions provided an optical THz-conversion efficiency with non-collinear phase synchronism of ~70 uW/Wz,
which was an order of magnitude greater than previously obtained values. Moreover, a THz-QCL that was also based on
Cerenkov phase-matched DFG for a dual-wavelength mid-IR QCL was developed [72]. However, fundamental changes
were made in the laser construction that resulted in the emission power of a single-mode laser operating at room temperature
at 3.5 THz being 0.215 mW. The researchers intend to tune a CW laser to the range 1-4.6 THz in the near future [72].

Methods for generating THz-radiation in the atmosphere are being actively developed [93-97]. Several reasons are
responsible for this interest. First, devices for transforming laser radiation into THz-radiation are not required. THz-radiation
is generated in the atmosphere as a result of laser breakdown of air by the simultaneous action of the principal Ti:Sa laser
radiation and its second harmonic, i.e., during generation of a plasma, the formation threshold of which for air is much greater
than its value for photoconductive structures. Generation of THz-radiation by the combined pulses of fundamental and
doubled frequencies was explained basically as the result of four-wave nonlinear optical rectification (a special case of four-
wave coupling for which a quasi-constant field, the null harmonic, was generated). However, it was discovered subsequently
that this phenomenon had a somewhat different physical mechanism. Without going into the details, we note that ionization
played a key role in the generation of the THz-radiation [94, 97]. The limitation on the intensity of the laser radiation for the
examined method was in fact lifted. Second, an important advantage of this method was the ability to generate and detect
a broad and continuous spectrum of THz-radiation. Finally, THz-radiation can be generated in the immediate vicinity of
a studied object for remote detection. This should increase the detection distance because the influence of absorbing water
vapor is sharply decreased.

Nevertheless, several drawbacks typical of this method must be noted. The presence of plasma emission in the
atmosphere deprives the method of a stealth factor, which can be unacceptable for several long-distance detection problems.
The method is sensitive to external interferences such as atmospheric chemical pollution that can scatter the air breakdown
thresholds and, correspondingly, the intensity of the generated THz-radiation. However, in our opinion, the main drawback of
this method is the high-intensity laser radiation that is a definite hazard to people. The probability of damaging an object always
exists, especially at large distances from it, because of the proximity of the breakdown site to its surface. It is improbable
that this explosives detection method will be used in the presence of people and several other objects, the damage of which is
unacceptable. However, problems in which objects can be damaged during inspection do exist.

The method under discussion has much in common with the remote filament-induced breakdown spectroscopy
(R-FIBS) technology that was reported earlier [3] and is based on application of so-called filamentation, where a laser
beam is divided into several plasma threads upon focusing a femtosecond pulse in the atmosphere. It was shown [97] that
plasma threads created in the laser-radiation channel are also sources of THz-radiation. With respect to the application of
this technology to the remote detection of explosives, only a few studies were reported [93, 95]. Thus, the ability to detect
explosives at a distance of ~17 m was demonstrated [93]. However, it would be premature to consider practical use of this
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technology for standoff detection of explosives because the method is in the initial development stage. Figure 11 shows a
diagram of a typical experimental set up for generating and detecting THz-radiation in the atmosphere.

In conclusion, Table 1 compares characteristics of the principal methods for generating THz-radiation. The data
(without the QCL) were borrowed partially from the literature [8]. It was noted earlier that a THz-QCL with a broad smooth
tuning range and a long-wavelength limit of 0.44 mm could be fabricated in a magnetic field. Therefore, it can be concluded
based on the data in Table 1 and the development schedules of each method and the prospects for their further development
that an effective solid-state THz-radiation source operating at room temperature and having a CW power generation mode of
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several milliwatts will most probably be created from a THz-QCL in the near future. It will also have relatively high power,
compactness, smooth emission frequency tuning, and low power consumption.

Time-Domain THz-Spectroscopy and Active Spectral Imaging. Most THz-radiation applications can be
divided into two groups, i.e., THz-spectroscopy itself and active THz-imaging [5, 7, 8, 12, 15]. Time-domain spectroscopic
measurements (different scientific schools call it pulsed, variable, time-resolved spectroscopy, etc.) are made for pulsed
THz-radiation. A principal feature of time-domain spectroscopy (TDS) is that the wave-field amplitude is measured directly
as a function of time. This enables the characteristics of the examined substances to be obtained in the frequency range of the
pulse spectrum [98—119]. Thus, the coherent nature of the generation and detection using a photoconductive antenna enables
both the real and imaginary parts of the dielectric permittivity of an inspected object to be determined over a broad frequency
range with a high signal-to-noise ratio. This method was called THz TDS or time-domain THz-spectroscopy in the foreign
literature because the spectrum is obtained by recording the pulse wave shape [5, 7, 20].

Time-domain THz-spectroscopy. This method is based on the generation and detection of coherent THz-radiation
using short femtosecond pulses (10—100 fs) from, as a rule, a single Ti:Sa laser. The laser radiation is divided into two beams,
one of which excites ultra-short (1-10 ps) THz-pulses in a photoconductive antenna. The other is used to create a time strobe
in the photodetector, the signal from which displays the electric-field profile of the THz-radiation (Fig. 12). Typical pulse
lengths used in TDS are shown.

A photoconductive antenna is a plate of semiconductor (e.g., GaAs) onto which two parallel metal electrodes are
placed, usually at a distance of 50-200 pum (Fig. 13). The antenna is used as a generator when a constant potential is applied
to the metal electrodes. Charge carriers are generated in the semiconductor when a femtosecond laser pulse impinges on
the plate. Also, a surface electric current /(¢) arises and generates an electromagnetic THz-pulse according to the Maxwell
equation E(f) ~ 0I/0t. Its spectrum is determined by the Fourier transform of its temporal shape (Fig. 14). Thus, the photo-
semiconductor surface can be viewed as a dynamic antenna emitting pulses of broad-band electromagnetic radiation hundreds
of femtoseconds in length. The semiconducting antenna parameters enable broad-band THz-pulses with a central frequency
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Fig. 14. Typical temporal shape of THz-pulse (photoconductive antenna of GaAs) (a); THz-
pulse spectrum obtained using the Fourier transformation of its temporal shape (b) [120].

of 1-2 THz to be obtained [5, 98]. Semiconducting crystals of GaAs (LT-GaAs) [7, 116—-125], InAs [117, 118, 126, 127], and
InP [54, 117, 118, 122] are used most often as semiconducting antennae for generating THz-radiation.

The antenna is used as a THz-radiation detector if there is no potential between the electrodes. For this, charges
formed in the semiconductor by the probe laser pulse migrate through the action of the THz-pulse field incident on
the antenna with a time delay relative to the laser pulse. In this instance, the measured current passing between the electrodes
is proportional to the THz-pulse electric field strength. If the time delay between pulses is varied, then the THz-pulse
field strength as a function of time can be measured. Such detection is time-domain THz-spectroscopy. It allows not only
the amplitude of the radiation passing through or reflected from the sample to be detected but also its phase. Thus, time-
domain THz-spectroscopy, in contrast with traditional methods, enables all optical characteristics of an object (real and
imaginary parts of the complex refractive index) to be determined from a single measurement without invoking the Kramers—
Kronig equation.

Active spectral THz-imaging. THz-radiation lies in the mid-IR range [2] and can be used for active spectral imaging
of an inspected object (THz-imaging). THz-imaging is a promising technology for standoff detection and identification
of chemicals [8, 27]. The general concept developed before [20, 128—130] for pulsed spectral imaging based on pulsed
THz-spectroscopy is rather simple.

Broad-band THz-radiation is focused on the studied target region. Characteristic absorption bands of the studied
materials fall in the range of the THz-radiation. In turn, the target response to the action is recorded as diffusely scattered
radiation using a detector, the field of view of which scans the irradiated region, e.g., using a system of mirrors. The object
image formed with pulsed irradiation by broad-band THz-radiation has significant features compared with the analogous
process, e.g., in the mid-IR range. This is due to the fact that each image point (pixel) from pulsed THz-irradiation contains
information about the complete temporal shape of the pulses, i.e., about their amplitude and phase at any time point. In
essence, this means that three coordinates, two spatial and one temporal, must be scanned in order to form the object image in
the THz-range. Therefore, on one hand, pulsed imaging is much more informative than CW but, on the other, it takes longer
to perform (about several minutes). Therefore, it is not applicable for real-time investigations. However, the measurement
procedure is greatly simplified for the detection of objects for which knowledge of the spectrum is not required (e.g., cold or
fire arms hidden under clothing). In this instance, reflected THz-radiation can be recorded using a broad-band source with
a fixed time delay, e.g., at the wave front peak. This increases significantly the inspection throughput [5, 7, 8].

THz-QCL of sufficient power with a narrow emission line that operate in CW generation mode can be used for
continuous imaging. A single THz-source is adequate for obtaining a monochromatic image, e.g., for forming an image of
a strongly reflecting object (metal). If the studied object has features in the absorption spectrum, then the selectivity of the
continuous imaging can be significantly increased by using several THz-QCL with frequencies falling in the characteristic
absorption bands of the material. The procedure for forming a multi-spectral image is analogous to that examined for the
mid-IR range [2].

Detection of Explosives Using THz-TDS and Active Imaging. As noted above, explosives are detected remotely in
practice using two methods. These are remote detection where an operator controls remotely an inspection system installed on a
mobile robotic platform and standoff detection where an operator and the inspection system are located at a safe distance from
the inspected object.
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As a rule, the standoff detection system is more preferred because in this instance the possibility of losing expensive
equipment is avoided. The fabrication of full-value standoff detection systems is a complicated problem that has not yet been solved.
A number of serious unresolved issues apply to the THz-range as compared with the mid-IR range. First is the greater
attenuation of the radiation in the atmosphere, a typical value of which is 50 dB-km ! at 0.8 THz (this parameter only
increases at higher frequencies) under normal conditions [5], and losses of radiation upon passage through masking material.
Second is a problem related to the creation of powerful, compact, and room-temperature tuned THz-radiation sources. Third
is the development of sensitive receivers and detection schemes. Finally, issues on the improvement of recognition algorithms
of chemicals in multi-component media and the development of image processing methods remain unresolved.

Despite these problems, more and more studies focused on the application of THz TDS and active imaging to
standoff detection of explosives are appearing [20, 131-141]. In the latter instance, not only spectral information about the
studied substance but also its spatial relationship to the object can be obtained. For this, explosives are detected by creating
an image at a frequency corresponding to its spectral feature. Thus, even explosive mixtures were identified according to their
chemical and spatial distributions and the quantitative contents of the individual components in the target [140]. However,
it is obvious that the probability of identification increases considerably if a source with a tunable emission frequency or a
source with several emission lines that fall in the absorption band characteristic of the studied substance is available [1, 2].

The present review is limited to those studies in which various approaches to solving the issues that in our opinion
are most promising for practical implementation are developed. Furthermore, as far as we know, these studies were the first
(or one of the first) for each of the approaches and are currently the most developed for creating compact THz devices for
standoff detection.

Detection using THz TDS. The possibility of using THz TDS for remote detection and identification of explosives in
real-time mode under normal climatic conditions was examined [20]. Figure 15 shows a diagram of the used THz standoff
system. It can be seen that it was a measuring system with a photoconducting dynamic antenna and a homodyne detection
signal. The laser radiation source was a Ti:Sa laser with Age, = 800 nm, average radiation power 800 mW, pulse length 80 fs,
and repetition rate 80 MHz. The laser beam was split into two parts using a light-splitting plate. One of them was the pump
beam (20%) that acted on the photoconductive antenna that generated the THz-radiation; the other, a probe beam (80%)
that detected the THz-radiation reflected from the object. The probe-beam channel contained a line with a constant delay
of 1000 mm and one with a 15-Hz variable delay that formed the time strobe (both lines contained angle mirror reflectors).
Hyperhemispherical lenses of high-ohmic Si were situated on the photoconductor surfaces in order to increase the THz-
radiation collection efficiency [20, 141]. Two off-axis parabolic lenses with diaphragm number /1 and gold-coated operating
surfaces were used in the measurement system in order to collimate and focus the THz-radiation.
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Fig. 17. Measured (solid line) and calculated (dashed line) reflectance spectra obtained at
a distance of 1 m from two different explosives samples: Semtex-H (a) and SX2 (b) [20].

A mirror reflecting the THz-radiation was placed at the focus of the measurement system in order to demonstrate
the fast-acting system and determine the dynamic range and frequency spectrum generated by the dynamic photoconducting
antenna. Figure 16 shows the spectral dependence of the THz-radiation power reflected from the mirror. It can be seen that the
measurement system dynamic range at a distance of 1 m from the object was >60 dB. The spectral band of the generated THz-
pulse was in the range 0.1-3.0 THz. The time during which the THz-radiation spectrum was formed in the fast-acting systems
was 1/15 s (system time constant). The sharp features of the spectrum that were related to absorption of THz-radiation by the
atmosphere at a distance of 2.4 m (optical path length) were interesting. These could be removed by using a special algorithm.
It can be seen that rather narrow and numerous transmission windows through which a signal could pass practically without
attenuation were present in the water-vapor absorption band.

Figure 17 shows standoff reflectance spectra from two different explosives samples (Semtex-H and SX2) that were
obtained at a distance of 1 m during 1/15 s. The absolute values of the reflectance from the samples were found by normalizing
the measured function to previously obtained values of reflectance from the mirror. Good agreement with the calculated
values can be seen. In both instances, spectral features at 0.8, 1.05, and 1.4 THz (the frequencies are the same because both
samples contained RDX as the main component) appeared. The data were processed in 1/15 s and used an algorithm that
removed the effect of water vapor.

Clothing plays a decisive role in concealing explosives or fire arms. Therefore, masking of explosives using it was
studied. The studies consisted of finding the minimum number of clothing layers under which the presence of explosives
could not be determined. The clothing layers were ordinary shirts fabricated from typical cotton/polyester blends. Figure 18
illustrates the masking effect associated with the number of clothing layers. It can be seen that the reflectance decreased
rapidly with increasing radiation frequency. This was a direct consequence of the exponential increase of absorption with
increasing number of clothing layers (cloth thickness). The clothing suppressed the high-frequency portion of the spectrum,
i.e., acted as a filter for low frequencies. The observed pattern could be corrected by taking the derivative of the normalized
reflected radiation power over frequency, in other words, by examining the differential reflectance spectrum, which is shown
in Fig. 18b. In this instance, the spectral features of SX2 are clearly visible at all characteristic frequencies up to four clothing

layers. However, the spectral features of the explosives are difficult to identify even through two clothing layers using the
ordinary spectrum (Fig. 18a).
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Fig. 19. Measured (solid curve) and calculated (dashed curve) reflectance spectra of d-tartaric
acid at a standoff distance of 1 m [20].

As noted several times, the most common types of explosives have characteristic spectral features in the THz-range.
Also, relatively few hazardless materials have their own characteristic fingerprints in this spectral range. As an example, let
us examine d-tartaric acid, which has characteristic features in the examined frequency range (Fig. 19). Measurements were
made at a distance of 1 m under normal atmospheric conditions. The reflectance measurements over the whole spectral range
were processed using a fast-acting algorithm that removed the effect of water. Data obtained by transmission spectroscopy
were used to compare the calculated reflectance spectra of d-tartaric acid with the experimental results. It was interesting to
compare Figs. 19 and 6. It can be seen that the calculations agreed well with the experimental results. Although the shape of
the d-tartaric acid reflectance spectrum was similar to that of RDX the central frequency and the magnitude of the reflectance
were different, which demonstrated that their spectral difference could be used, i.e., the method enabled explosives to be
identified in the presence of interferences. The effect of possible interferences on the detection of RDX, PETN, HMX, TNT,
SX2, and Semtex-H was discussed before [142]. Those results confirmed that materials encountered on a daily basis did not
exhibit pronounced spectral features in the THz-range where they appeared in the studied explosives and; therefore, did not
prevent explosives from being detected.

Reflectance spectra of RDX situated under masking layers of various materials (paper, polyethylene, leather,
polyester) were measured at a distance of 0.5 m [143]. Problems associated with recording signals at frequencies >1 THz
arose because of absorption by water vapor. The RDX peak at 0.82 THz appeared rather clearly despite the presence of
masking materials that distorted the reflectance spectrum.

The distance of standoff detection of explosives was studied [144]. The researchers observed at a distance of
30 m and a THz TDS frequency of 0.82 THz a slightly broadened but clearly distinguishable peak characteristic of the RDX
absorption spectrum. Despite the successful use of pulsed laser generation to obtain broad-band THz-radiation, several factors
limited the potential of this direction [7], among which the main one was the rather low energy transformation efficiency of
the optical pulse into THz-wave energy (~0.1%) [7, 103].
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(PCA) and comparing with library absorption spectra of known materials (b) [130].

Detection using active imaging systems based on THz QCL. The combination of image-formation and THz-
spectroscopy methods is an effective means for inspecting objects for hidden explosives and cold arms. THz TDS was used
for personal inspection [141]. The detected object was a small item in the form of sticks of the plastic explosive SX2 attached
to the human body and hidden beneath several layers of leather clothing. The explosive was observed as a non-uniformity on
the skin of the test subject that was due to differences in the reflectance of human skin and the object surface. The explosive
was not identified in the study. Thus, the need to develop procedures and algorithms for solving this problem was noted.

The ability to detect and distinguish explosives from interferences during imaging in the THz-range was first
demonstrated by Shen et al. [145], where the reflectance spectrum of THz-radiation from granules of lactose, sucrose, and
RDX was studied (Fig. 20a). Significant contrast was observed between images of objects that was related to differences in
absorption spectra of the studied substances in this range. The absorption spectrum of each image pixel was analyzed using
principal component analysis (PCA) in order to identify the substances. Then, they were compared with available library
spectra. Figure 20b shows a portion of the image processing that enabled the identification of RDX particles (bright pixels)
to be demonstrated.

Another example of a THz-imaging system was examined theoretically [24]. THz-imaging (0.3—10 THz) is known
to be based on the existence in this frequency range of characteristic features in absorption spectra of explosives. Radiation
sources of rather high power are needed in order to perform it in real time. Furthermore, THz-imaging systems should be
located at distances of 10-25 m from the inspected object in order to ensure safe working conditions. This requirement
limits the choice of available THz frequencies to narrow bands of atmospheric transparency. These bands (Fig. 3) occupy
an interval of several hundred gigahertz, outside of which absorption by water vapor that, as a rule, exceeds 10 dB/m has
an effect. Increasing the THz-radiation power led only to a logarithmic increase of the detection distance because of the
exponential growth of absorption losses. Therefore, the choice of THz-radiation frequency within these windows is of
fundamental significance for standoff applications. This factor makes THz QCL the most suitable radiation source because
it has a very narrow generation line and high emission power (~500 mW in pulsed mode and ~130 mW in CW mode)
[27, 146]. Furthermore, the operating principle of QCL based on intra-band transitions presupposes that any frequencies in
the range 1-5 THz can be produced for the appropriate engineering designs (Table 1). The last condition should be expected
to enable the operation of THz-radiation sources to be optimized by taking into account atmospheric transmission bands and
the spectral features of the examined explosives. Three basic types of THz-imaging systems, the parameters of which are
compared in Table 2, were examined as possible versions [24, 147].
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Table 2. Possible Versions of THz Imaging Systems and Their Principal Characteristics

THz-imaging system Principal characteristics

Single-element detector; scanning mirror; heterodyne detection High sensitivity; slow response rate; complicated set up
Single-element detector, scanning mirror; without heterodyne Relatively low sensitivity; slow response rate; simple set up
detection

Matrix (FPA) detector; one laser irradiating the whole studied | Relatively low sensitivity, rapid response rate; simple set up
region

Video signal

Beam Objective
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Reflected beam from the first pixel

= |

Irradiating beam Target
Sensor antenna -
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Generator

Device for controlling
and synchronizing lasers

Fig. 21. Diagram of system for imaging standoff detection of explosives in the terahertz
range using quantum-cascade lasers and heterodyne detection [24].

The system sensitivity in combination with the principal elements used in it that operate at room temperature are
important for a standoff imaging system. Of the three possible versions shown in Table 2, the researchers chose the first, i.e.,
with heterodyne detection, by considering that room-temperature THz QCL will emerge and room-temperature detectors
based on Schottky diodes will be available [24]. It is noteworthy that Schottky diodes, which have a broad transformation
band and can operate over a broad temperature range, require ~1 mW of heterodyne power. Such a power level is difficult
to produce in compact solid-state sources currently available except for THz QCL. Heterodyne detection using THz QCL
was first demonstrated experimentally in 2005 [60]. However, the researchers did not consider the rapid response time of the
system that is important for remote inspection in selecting a promising imaging system. In this respect, the third version given
in Table 2 had indisputable advantages. Perhaps for this reason, the researchers considered the third version that enabled
operation in real time to be promising [147-150].

Let us analyze briefly the first of these studies [24]. The most optimistic data for remote detection, to which we will
refer later, should be obtained in this study by taking into account the highest sensitivity of the examined system and the
choice of radiation-source frequency falling in the atmosphere transmission window. A portable imaging system including
two independent THz QCL, the principal parameters of which were studied theoretically taking into account quenching of
the THz-radiation in the atmosphere, the sizes of the emitting and receiving antennae, the laser power, and the radiation
detector sensitivity, was proposed in it. The atmosphere window in the range 1.5 THz that is today most promising for
measurements using a QCL was examined. The parameters of imaging standoff systems based on ultrasensitive heterodyne
detection were analyzed in detail. A THz QCL was used as the pump laser and the probe laser. Calculations were performed
for laser emission power 10 mW. However, as noted above, such lasers may have in the future a power level of ~100 mW for
the proposed system (Fig. 21).
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A portable standoff system with a heterodyne detector that uses a THz QCL seems to be the most sensitive of known
systems for standoff detection of weapons and explosives hidden under clothing. However, as shown before [24], even this
system that is calculated for an emission frequency of 1.5 THz and has spatial resolution of 1 X 1 cm (pixel size on the target)
at a distance of 50 m does not provide sufficient sensitivity at normal humidity.

Two versions combined for improved sensitivity were examined realistically for elevated humidities, i.e., by
decreasing the resolution or distance. Thus, decreasing the image resolution from 1x1 cm to 10 X 10 cm provided acceptable
sensitivity at target distances up to 50 m whereas retaining a pixel size of 1 X 1 cm enabled sufficient sensitivity to be attained
at a distance of ~10 m (Fig. 22). Intermediate combinations of resolution/distance could also provide the required system
sensitivity. However, higher resolution than 1 X 1 cm were required to detect hidden weapons.

Figure 22 shows that a buffer of ~10 dB existed for reliable signal recording at 60% humidity at a distance to the
target of 10 m, receiver noise of ~10 dB, and clothing losses of ~20 dB. Figure 23 shows the optimum antenna sizes for the
receiver and emitter as functions of the distance to the target in the examined scenario. The results provided an idea of the
dimensions of the THz-imaging system with heterodyne detection together with the sensitivity (detection distance). This was
important for determining possible applications of it.

An alternative device configuration for THz-imaging standoff detection of explosives using a QCL and matrix focal-
plane array (FPA) receiver for producing an image over a broad field of view and in real time was described [148]. The
researchers developed subsequently this idea by attempting to create a full-value standoff device for THz-imaging based on
a THz QCL and an FPA receiver [148—151].

The ability to produce an image of an object that was opaque in visible light (maple leaf seed) and was situated at a
distance of ~25 m from the radiation source using a system in which THz-radiation passing through the object was recorded
was demonstrated [147].
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Thus, a critical parameter for such distances was the THz QCL wavelength. Therefore, a QCL emitting at ~4.9 THz,
which falls in one of the windows of atmospheric transmission with comparatively low losses (0.51 dB/m), was developed.
Without going into the QCL design details [148], we note only that the population inversion in the active medium arose
because the lower working level was depleted as a result of resonant emission of an optical phonon. The peak laser emission
power was 17.5 mW with pulse length 13.5 ms and population coefficient (a quantity inverse to the pulse length) 27%. The
QCL operating temperature of 30 K was maintained by placing it in a cryostatic cooler (closed-cycle cryogenic refrigerator
using pulse tubes). The image was recorded using a room-temperature bolometric camera (320 x 240, NEP ~ 3.2:1071°
W-Hz 2 at 4.3 THz) and subtracting the constant background. Figure 24 shows various configurations of the experimental
set up for recording the object. The signal-to-noise ratio measured at a distance of 25 m was 2.5 for one frame and 10 for
averaging over 20 frames (recording rate 20 frames/s).

One of the most important imaging parameters, the image formation time, was addressed before [149-152]. The
overwhelming majority of THz images until now were obtained by scanning the object using a focused beam of THz-
radiation (TDS pulsed imaging). Naturally, the information collection time was highly limited by the mechanical scanning
rate. The whole object image could be obtained in several minutes if the mechanical scanning rate upper limit was taken as
~100 pixels/s.
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Fig. 26. Script written in pencil on the inside of a security envelope: in the visible spectral
range (a); in the THz-range obtained for transmission in one frame (1/20 s) (b); in the
THz-range obtained for reflection by averaging 20 frames over 1 s (c); visible thumb
print (d); image of thumb print obtained in THz-range using reflectance averaged over 1 s
(20 frames) (e) [149].

The unique properties of THz QCL radiation in combination with matrix FPA-receivers can be used to obtain object
images in real time [150]. THz-imaging using a CW THz QCL and a room-temperature matrix bolometric radiation receiver
was demonstrated for the first time in 2006 [149]. Figure 25 shows a diagram of the experimental set up. The THz QCL was
cooled to ~30 K using a pulsed-tube closed cycle cryogenic refrigerator. The radiation power was ~50 mW. The studies used
both transmission and reflectance modes. A differential scheme for subtracting the background radiation from the recorded
signal and decreasing the flicker noise (1//') was developed. Figure 26 shows images obtained in real time (1/20 s). Images
in the THz-range of several written symbols within a security envelope that were obtained in transmission and reflectance
modes are clearly visible. These images could not be obtained in other spectral ranges. X-rays did not provide the required
contrast. Millimeter waves did not give adequate spatial resolution. IR radiation was strongly scattered and/or absorbed in
the material fibers.

The availability of a coherent tuned source with a narrow generation band plays a decisive role in applications
involving the detection and identification of explosives where narrow spectral lines characteristic of the studied substance
must be recorded. The examined system with additional THz QCL can produce multi-spectral images of objects in real time.
The emergence of THz QCL tuned over a broad spectral range enables colored spectral images to be formed. This increases
considerably the information about the object and increases the probability that it will be identified.

It can now be considered established that THz-imaging has great potential and high efficiency for detecting and
identifying hidden explosive devices and cold and fire arms. However, issues with the background spectral noise, the effect of
material concealment (presence in them of multiple reflections and strong absorption), similarity of spectra in the THz-range,
effect of atmospheric humidity, etc. remain unresolved. Much research, including the development of calculation methods,
must be performed in order to resolve them.

Conclusions. The unique property of THz-radiation related to its penetration through clothing, paper, wood,
plastics, ceramics, and other materials presents broad possibilities for applying the technology to THz spectroscopy to
provide security, especially for exposing terrorists in large crowds. A decisive factor is the harmless interaction of this
radiation with biological objects.

THz QCL are currently the brightest solid-state sources of CW radiation that operate above liquid N, temperature.
A literature review left no doubt that the appearance of tuned THz QCL that operate at room temperature should be expected
in the near future. One promising approach for solving the problem is DFG. However, as already noted, construction designs
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and active materials different in principle from existing ones must be used for this. This has already been confirmed. Thus,
the use of non-traditional designs led to the creation of THz QCL with unique parameters compared with all other type of
solid-state THz sources. The laser operates in CW mode at room temperature with emission power in one mode of 0.2 mW.
The researchers suggested that the operating range will span 1-4.6 THz in the near future.

It seems justified to propose that standoff devices for detecting explosives will in the future be combined systems based
on the use of orthogonal technologies. Modern technologies enable THz spectroscopy to be combined with IR spectroscopy
in a single portable device. This expands considerably the applications and gives the device new functional capabilities. Such
systems may play the decisive role in standoff applications.

An analysis of the research results showed only the possibility in principle for THz-imaging of hidden explosives
and cold and fire arms. Much research should still be performed in order to improve the detection technology and to develop
methods for analyzing the spectral data and processing the images. The main problem to be solved before the THz technology
for detecting hidden explosives can be deployed in the field is related to the creation of a compact tunable room-temperature
THz emitter of sufficient power.
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