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Abstract - Vortex Bessel beams with topological charges | = +1
and | = +£2 were generated with diffractive optical elements in the
THz range using monochromatic and tunable radiation of the
Novosibirsk free electron laser. Diffractive and interference
techniques were applied to study the main characteristics of the
vortex beams, i.e. topological charge and pitch-factor. Analytical
studies, simulations and experimental results are given.

I. INTRODUCTION

N owadays beams with orbital angular
momentum (OAM) or vortex beams are actively

investigated in the THz range [1-3]. Using the radiation
of the Novosibirsk free electron laser we were able to generate
Bessel beams with OAM at 2.13 THz [4]. Silicon binary spiral
phase axicons are used for generating vortex beams with
topological charges | = +1 and | = +2. The main characteristics
of vortex beams are the topological charge (the number of
times that the phase of the beam passes through the interval
[0, 2%]) and the pitch-factor (distance of a full turn of the
wavefront). In this paper we show diffractive and interference
techniques to study these properties.

Il. RESULTS

To visualize the topological charge, we used two methods:
diffraction patterns obtained from Young’s double-slit
experiment and by interference in a Mach-Zehnder
interferometer. For Young’s experiment, the phase change
along the slits from 0 to 2=l leads to a dogleg-like diffraction
pattern (Fig 1a), which can be described by the equation
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where a is the half distance between the slits (2.25 mm), and z
is the propagation distance which is equal to 140 mm (Fig. 1).
Experimental patterns were obtained by a microbolometer
array with size 16.32x12.24 mm?, all simulated images have
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Fig. 1 Simulated diffraction patterns of vortex beams in a double-slit
experiment. The color shows phase changes from 0 (blue) to 27 (red). Arrows
correspond to the shift value.

the same size. The order of diffraction maxima shift is equal to
the value of topological charge, and the direction of fringe
shift corresponds to the sign of the helicity.

Another method to determine the topological charge is to
look at the interference between a vortex beam (azimuthally
changing phase profile) and a plane wave (constant
phase) (Fig. 2). The in-line interference pattern is formed as a
constructive and destructive interference along concentric
rings. The phase shift of adjacent rings in the interference
pattern equals m, according to the distribution of the Bessel
function (Fig. 2 left). It can also be seen that, with increasing
propagation length, the wavefront becomes spherical
(concentric rings become spirals). Since at such a short
distance the wavefront of the Gaussian beam remains
practically flat, the spiral diffraction patterns observed in the
second column of Fig. 2 indicate the appearance of an
additional divergence of Bessel beams. This is due to the
peculiarity of Bessel beam propagation. The propagation
distance is limited by an intersection of conically converging
plane waves (diffraction on an axicon). A Bessel beam,
formed within the intersection zone, maintains its cross-
section within a certain distance. The so-called non-diffractive
propagation distance znon-git depends on axicon radius r and
diffraction angle 9:

Fig. 2. Experimental (top and middle rows) and simulated (bottom row)
in-line and off-axis interference of vortex beams with a Gaussian beam (plane
wave) at 140 and 250 mm. All images are 16.32x12.24 mm. Red dotted
circular lines correspond to rings of input Bessel beams.
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In our case, the non-diffractive propagation length is
about 250 mm (radii of axicons charges | ==1 and | =+2 is
equal to r=30 mm).

In the case of an off-axis interference, the pattern shows a fork
dislocation (Fig. 2, the right column). The magnitude of this
dislocation is proportional to the topological charge.

The pitch-factors were determined by diffraction on a
half-plane (Fig. 3). Simulated diffraction patterns show the
rotation of diffraction maxima of each Bessel ring. It follows
from the figure that the total rotation distance for | = +1 of the
first ring is zpicnsim= 252 mm from the surface of the axicon,
which corresponds to 1.19x10° turns per second. The second
ring pitch factor is 2042 mm, which corresponds to 0.15x10°
turns per second. It can be seen in Fig. 3 (the right column)
that the inner ring rotates more rapidly than the outer one for
the vortex Bessel beam.

Analytically the pitch factor can be calculated by the
equation (3zecp cromno Obl COCTATHCS HA OPHUTUHATBHYIO
CTaThIO — CChUTKA ecTh B PRA)

Znon—diff =

27k p?
Zpitchcalc = f ) (3)
where p is radius of the ring. It is worth mentioning that the
pitch-factor only takes into account the absolute value of a
topological charge, and hence is equal for | ==+1.
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Fig. 3. Simulated diffraction pattern of a vortex beam with | = +1 after a half-
plane at 20, and 60 mm behind the plane. Dotted curves show the angle of the
beam rotation and the distance (left). The dependence of the rotation angle of
diffraction maximum of first (a;) and second (a,) rings from distance behind
the plane (right).

Tab. 1. Parameters of vortex Bessel beams with topological
charges 1 and 2

=1, =1, 1=2, 1=2,
1% ring 2" ring 1% ring 2" ring
o) 0.9 mm 2.8 mm 1.9 mm 4 mm
Zpitehcale . 227 mm  2195mm 505 mm 2240 mm

In the case of Bessel beams formed by binary phase
axicons with identical periods (3to mpunimumuaneHo!), which
(whose ucronb3yeTcst TOIBKO C ONYIIEBICHHBIMH OOBEKTAMH)
electric field can be described by
E(r,p,z) = E,J, (xr)exp[i(k,z—1¢)], rings diameters are not

a function of the wavelength and are determined by the
topological charge only.

I1l. SUMMARY

Vortex Bessel beams with orbital angular momentum
were generated by silicon binary phase axicons using
monochromatic radiation of Novosibirsk FEL. Several
diffractive and interferometric techniques were applied for a
detailed study of wavefront and topological charge of these
beams. The magnitude of the topological charge can be
measured inYoung’s double-slit experiment and by off-axis
interference in a Mach-Zehnder interferometer. In-line
interference shows the phase distribution of vortex beam as
well as the absolute value of the topological charge. The
rotation of the beam was demonstrated in the half-plane
diffraction simulation. The methods used to study Bessel
beams in the terahertz range can be applied to study vortex
beams in other spectral ranges.
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A two-phonon scheme of generating terahertz (THz)
photons by gold nanobars (GNBs) is considered. By
choosing the dimensions of GNBs, one can provide
conditions for conversion of energy of longitudinal
phonons into that of THz photons. The prospects of
designing the GNBs-based sources of soft THz radia-
tion (with frequencies 0.14; 0.24; 0.41 and 0.70 THz)
with large beam cross-section ( ~ 40 cm in diameter)
are estimated. These sources could be used for detec-
tion of hidden objects under the clothing to provide
security in public spaces.

The choice of soft THz frequency range is sug-
gested by weak absorption of this radiation by water
vapor present in the air, and by its efficient penetra-
tion through clothing tissues, thus enabling a good
spatial resolution. A sufficiently large concentration
of longitudinal phonons within this frequency range,
available in GNBs (as well as in bulk gold), seems
advantageous for efficient excitation of Fermi elec-
trons, with the subsequent emission of THz photons.

In the present contribution, a novel design for a
soft THz radiation source is proposed, based on GNBs
being irradiated with microwaves. In order to increase
the THz yield, the population of longitudinal phonons
is enhanced by microwave irradiation (heating) of
GNBs. The use of a large area covered by GNBs
densely placed on the substrate, or in the volume of an
appropriate matrix, would straightforwardly produce a
spatially broad beam of THz radiation.

The physical mechanism of THz generation is
that a Fermi electron is excited in the course of ab-
sorption of a longitudinal phonon, whereupon the
electron relaxes via releasing a softer longitudinal
phonon, simultaneously emitting a THz photon. Ref-
erence values of the energy difference between the
absorbed and the released phonons could be around
0.58/0.99/1.70 / 2.90 meV (based on the features of
the density of vibration modes in gold), that would
correspond to photon emission at 0.14 / 0.24 / 0.41 /
0.70 THz, correspondingly.

The optimal size of GNBs is estimated as 5.3 nm
x 5.3 nm x 1.318 um (see Fig. 1). This choice is fixed
by the condition that the relaxation of the excited
electron via releasing a longitudinal phonon be
blocked, by force of conservation laws for electron /
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Fig. 1. THz radiation sources in the form of a matrix trans-
parent in THz wavelength range with embedded GNBs
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Fig. 2. A possible realization of the GNBs-based soft
THz radiation source, front view
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Fig. 3. The same as Fig. 2 in the top view, and the
scheme of screening concealed items on the body

phonon / photon momenta and energies. If fixed on
top of, or within, the substrate layer transparent in the
THz range, the GNBs can be exposed to microwave
radiation of, say, standard frequency of 2.45 GHz
used in microwave oven. The possible setup is de-
picted in Fig. 2 (front view) and Fig. 3 (top view). An
outer box 1 contains the metal camera 2 within which
a substrate 3 with deposited GNBs 4 is placed. A
source of electromagnetic radiation (e.g., a magne-
tron) 5 opens into a waveguide 6. The resonance filter
7 which covers the opening 8 in the box the frequency
band of radiation leaving the device. The lens system
9 placed outside the box focuses the THz beam on the
inspected object 10.
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Additive manufacturing (AM) is an essential tool
to make 3D objects having very complex shapes and
geometries, unachievable with standard
manufacturing approaches. Meanwhile, quality
controls of such objects become challenging for both
industrials and applications in laboratories due to both
their complexity and the materials they are made of.
Consequently, we demonstrate that terahertz (THz)
imaging and THz tomography can be considered as
efficient methods for such object inspection in routine
applications.  Thus, this paper proposes an
experimental study of 3D polymer objects obtained by
AM techniques. This approach allows us to
characterize defects and to control dimensions by
volumetric measurements on 3D data reconstructed
by tomography.

Additive manufacturing (AM) methods provide very
sophisticated and complex geometries objects without
almost material waste. Moreover, these techniques are
now appropriate to numbers of materials, including
numerous plastics, ceramics, and even metals.
However, new defects may occur in the final device
with these new techniques so that material quality has
to be assessed. Chiefly, physical phenomena related to
additive manufacturing processes are complex,
including melting, solidification and vaporization,
heat and mass transfer. However, every time a new
technology emerges, it creates a need for control
tools. For example, it is necessary to verify that high-
tech components have no defects in order to ensure
that they will not become weaker with use.
Dimensional measurements of inner structures can
also be of paramount importance. Since the position
taken by AM in several critical industry sectors (such
as aeronautics, aerospace and medical) to produce
high-tech parts, it is obvious that both quality control
and certification of these parts have to be considered.
For example, this principle of fabrication can
introduce more defects caused by the bad fusion of a
layer and perceived as porosity. The only way to
probe and measure complex and/or inner structures
manufactured by AM without any damage is to use
volumetric ~ Non-Destructive ~ Testing  (NDT)
techniques. Among these techniques, the only one
which both enables defect detection and provides a
3D visualization of inner structures (allowing
dimensional measurements) is tomography. In this
paper, we demonstrate that TeraHertz (THz)

tomography could be an efficient alternative to X-Ray
for NDT of AM objects.
Experimental tomography setups:

Continuous wave (CW) THz imaging can be used
to obtain 3D reconstruction of an object [1]
Tomography algorithm requires that the object under
investigation is measured at different viewing angles
for obtaining a set of 2D radiographs. In this study,
we experiment two setups for measuring such an
object acquisition. Both consist of an electronical
emitter and receiver equipped with
polytetrafluoroethylene (PTFE) lenses to focus the
THz radiation on one spot-point of the sample. The
object is mounted on a rotational stage to rotate the
object which is itself mounted on a pair of horizontal /
vertical translation stages. Basically, translating the
object relatively to the THz focused beam aims at
measuring a 2D radiograph by raster-scanning while
iterating this process by moving the rotational stage
leads to the acquisition of different angle radiograph
views. In all our experiments, the raster-scanning is
performed according to the sample dimensions such
that it is always included in the radiograph field of
view, and 36 radiographs, from angle 0 to 175° with a
5° step, are measured. The first scanner consists of a
Gunn Diode emitting 12 mW at 287 GHz and a
Schottky diode as receiver. The THz beam is
modulated at 1 kHz by a mechanical chopper. The
signal is rectified by the ultrafast Schottky diode, and
measured by a lock-in amplifier. The lenses used to
focus the THz beam have a focal length of 50 mm and
a diameter of 50.8 mm, which leads to a waist of
approx. 2 mm at Full-Width Half-Maximum
(FWHM). The second scanner is based on a chirped
signal centered at a certain frequency, which is
generated by up-converting a fixed frequency signal.
Via a ramp generator and a voltage-controlled
oscillator, a signal with swept frequency is generated
at approximately 13-18 GHz with a sweep period of
240 ps. A Schottky mixer is employed as heterodyne
detector. The lenses used to focus the THz beam have
a 200 mm focal length and a diameter of 50.8 mm. 3D
tomographic reconstructions from acquired THz
radiographs are performed using the Ordered Subsets
Convex algorithm (OSC) [2] adapted to THz
radiation. We chose this algorithm for its very good
results in reconstruction quality with terahertz
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waves.is legible. Color figures will be reproduced in
black and white.

Samples:

The materials available for 3D printing are numerous
and depend on targeted solicitations. There is now a
wide variety of material types that are provided in
different states (powder, filament, pellets, granules,
resin, etc) for many types of printing procedures.
Specific materials are also developed for particular
systems performing dedicated applications (examples
would be the dental, automotive, medical sectors, etc).
For example, Nylon, or any Polyamide in general, are
commonly provided in powder form with the sintering
process or in filament form with the fused deposition
modelling process. It is sufficient strong, flexible and
durable plastic material that has proved reliable for
3D printing. Acrylonitrile Butadiene Styrene (ABS) is
another common plastic used for 3D printing, and is
widely used on the entry-level FDM 3D printers in
filament form. Polyether ether ketone (PEEK), which
is a semi-crystalline thermoplastic with excellent
mechanical and chemical resistance properties that are
retained to high temperatures. PEEK is considered as
an advanced biomaterial used in medical implants.
Each material were measured by time domain
terahertz spectroscopy to extract their dielectric
properties.[3]

Results

Considering spectroscopic analysis, we have
imaged in 3D the objects made in thermoplastic
materials using the CW-THz scanner with the 287
GHz source. Thanks to an advanced processing
sequence [9], going from the 3D tomographic
reconstruction to the automated segmentation and
meshing of volumes of interest (VOI) we are able to
measure the dimensions, analysis the surface,

determine the volume morphology and compare the
volume with the CAD model developed for 3D
printing.
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Fig.1 acquisition (set of 36 radiographs) at 287GHz with an
angular step of 5°. Down left 3D reconstruction of the
object by tomography using the OSC-THz algorithm. Down
right Original sample with its dimensions.

For example, Fig.1 shows lumbar interbody 3D
reconstruction using the CW scanner equipped with a
287 GHz source. After acquisition of the radiographs
of the different samples represented in Fig3. a ,
tomographic reconstructions are performed in fig3.b .
The reconstructed data obtained under different
orthoslices  reconstructed from the different
projections. This rendering allows one to visualize,
analyze and measure the sample on surface and in
depth.  Then  visualisation and dimensional
measurements can be achieved separately for each
Volume Of Interest (VOI), which is particularly
useful to analyze correctly the inner structure of an
object. We accomplish this analysis by showing how
3D segmentation and 3D rendering [4] can be used as
a qualitative and quantitative analysis for inspection

Conclusion

We will demonstrate that several AM objects
made of polymers and ceramics could be inspected by
THz-TDS and/or 3D THz tomography. Preliminary
spectral analysis of the materials used for 3D printing
helps at determining the parameters to be applied for
efficient 3D tomography. Moreover, for some
samples having very specific shapes, time-of-flight
THz imaging can be an alternative approach to
tomography for 3D inspection. Achieving such NDT
requires advanced image processing sequence and
algorithms for reconstructing and analysis relevant
data extracted from the acquisition. As an example of
analysis tools, we have shown that surface and
volume analysis can be performed and 3D rendered
object dimensions can be compared with original
CAD dimensions. Moreover, efficient defect
detections can be carried out. Thus, THz imaging is
an alternate and complementary technique to the well-
known X-Ray tomography which is costly for routine
controls.
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Terahertz imaging systems are of particular inter-
est for solving problems related to remote examina-
tion of individuals in conditions of dense passenger
traffic. The development of compact non-invasive
remote detection systems for the detection of hidden
explosives is of paramount importance in connection
with the increased likelihood of terrorist attacks with
their use. In the general case, it is possible to distin-
guish three most common scenarios for the inspection

of individuals (Fig.1).
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Fig. 1. Possible scenarios for remote screening: a) examina-
tion of separately standing persons at a great distance; b)
screening of a moving object in conditions of mass passen-
ger traffic simultaneously from the front/side; c) overall
(360°) control.

In general, the concept of construction of inspec-
tion systems includes the technique of active for-
mation of spectral images. At the same time, it im-
plies the presence of at least three information chan-
nels in different frequency ranges: VIS, MIR and
THz. The use of terahertz radiation is due to its ability
to penetrate through opaque non-conductive materi-
als, which makes it possible to detect hidden explo-
sives. At the same time, the registration of the radia-
tion scattered by the object in the mid-IR range allows
not only to increase the probability of detection of
explosives, but also to solve the problem associated
with the identification of persons representing a po-
tential terrorist threat, for example, previously had
contact with explosives.

The aim of this work is to substantiate the possi-
bility of constructing a terahertz channel of inspection
systems based on quantum-cascade lasers for the con-
sidered scenarios, due to the innovative technological
solutions in the creation of quantum-cascade lasers
and advances in the analysis and construction of mul-
ti/hyperspectral images.

The active method of forming spectral images in
the terahertz spectral range is quite simple. A smooth-
ly (or discretely) tunable laser source with a narrow
lasing band (or several sources with a fixed wave-
length) affects the inspection object that may contain
hidden explosives or their tracks. In this case, the la-
ser tuning region includes the absorption bands of the
materials to be detected. The response of the target to

the laser action in the form of diffuse scat-
tered/reflected radiation is detected by means of a
photodetector device, which can be a special camera,
the sensitive element of which is a multi-element ar-
ray or a single-element receiver (if the scanning facili-
ty is capable of scanning). When the wavelength of
the laser varies, the ratio between the absorbed and
scattered/reflected object is changed by the energy of
the laser radiation. For example, increasing the ab-
sorption in the target leads to a decrease in the intensi-
ty of the scattered light reaching the matrix photode-
tector device (FPA). This, in turn, leads to a noticea-
ble contrast between the individual parts of the ob-
served scene, for example, between explosive or nar-
cotic substances, clothing and the human body. The
thus created hyper/multispectral cube contains a spa-
tially resolved signal as a function of the wavelength
of the scattered radiation, which is of particular im-
portance for identifying the object [1, 2]. At the same
time, in the THz range, the necessary contrast in the
formation of a monochrome image of objects made of
conductive materials (metal) is achieved due to the
difference in the reflection coefficients.

As possible options for constructing active imag-
ing systems, two basic schemes are usually consid-
ered, as shown in Fig. 2.

Y,

Fig. 2. The main variants laser imaging systems.

In a system of the first type (Fig. 2a), the illumi-
nation source has a narrow directivity pattern, and the
simultaneous optical receiver is wide, i.e. Q) << Q.
The image is formed as a result of sequential scanning
of the subject area within the field of view. The re-
ceiver registers a continuous signal, modulated in
intensity according to the spatial distribution of the
reflection/scattering coefficient. From this signal, the
video signal following on the monitor is subsequently
formed. The size of the element of spatial decomposi-
tion of the formed image is determined by the angular
divergence of the probing radiation 2a,, and the view-


mailto:lskvortsov@gmail.com

ing angle is determined by the angle of view of the
receiving system, equal to 2o = 2arctg (dred/2f,,),
where d, is the linear size of the photodetector's area;
fups - the focal length of the objective lens of the re-
ceiving optical system.

In a system of the second type (Fig. 2b), the illu-
mination source has a wide radiation pattern that il-
luminates the entire field of view by area A, and the
receiver is narrow, i.e. ; >> Q... In such laser imag-
ing systems, there is no scanning, and as a photode-
tector a matrix Focal Plane Arrays (FPA) is used,
which directly converts the two-dimensional optical
signal into a video signal.

In the table are presented the comparative charac-
teristics of the considered laser imaging systems.

Laser Imaging System Comparative characteristics

FPA receiver; laser irradiat-
ing the entire FOV

High speed, high power
laser radiation

Single-element detector;
scanning of the laser beam
within the inspection area

Low speed; lower laser
radiation power

As an example, we give the results of calculating
the limiting distance standoff of the laser imaging
system used for remote screening in conditions of
mass passenger traffic (Fig. 1b).

The basic relationship for calculating the laser ra-
diation power required to provide the detection range
L can be represented as:

_ aL? 2al ,2fd
PL N Rec HD?ecTﬂzPe ¢ ’ ’ (l)
where P, - power of scattered/reflected radiation,
which falls on the sensitive area of the photodetector;
7, and T, are the transmittance coefficients of the
transmitting and receiving optical systems; Dy - lens
diameter of the receiving optical system; o is the coef-
ficient of atmospheric absorption at the wavelength of
the laser radiation; B is the absorption coefficient of
the barrier material (clothing) behind which the ex-
plosive is hidden; p is the reflection coefficient of the
target; n = Psan /Po IS @ coefficient equal to the ratio
of the radiation power scattered / reflected by the in-
spection object Py to the total radiation power of the
laser Py in the object location plane.
To calculate the laser radiation power needed to pro-
vide the maximum detection range of L.y, it is neces-
sary to substitute P in the formula (1) in the form:
Prec = NPrec/pix. Here Prec/pix = NEP = Fyy is the mini-
mum signal that can be detected (the sensitivity
threshold of the radiation receiver at the wavelength
of the laser), determined by the power equivalent to
the noise of the detector (noise equivalent power).

First, we present the results of calculations for a
single-element receiver when scanning an inspected
object. For numerical calculations, we assume that the
area of the field of view in both cases is A =50 cm x
50 cm; the necessary spatial resolution provided by
the instantaneous field of view of a single-element
detector (the diameter of the laser beam on the target)
is d = 1 cm; the efficiency of the optical system is

T1 X Tz = 0.8; threshold sensitivity of the detector
(Golay cell) at the investigated wavelengths of laser

radiation NEP = 1.4 x 10" W; diameter of the objec-
tive lens Dy, = 10 cm; the reflection coefficient from
the target surface is ~ 107 [3]. We make an estimate
for two cases: in the area of the micro-window of at-
mospheric transparency, i.e. in the frequency range
3.72 ... 3.74 THz (o = 0.25 m™) and outside this win-
dow at a frequency of 3.66 THz (a = 5.2 m™). In this
case, as an obstacle, let us consider an ordinary wool-
en sweater of thickness d = 0.6 cm, the loss in which
is 5.4 dB/mm (B = 6.22 cm-1) [4]. The results of cal-
culations for distances of interest for inspection in
conditions of dense passenger traffic are shown in
Fig. 3. It should be noted that modern optical-
mechanical systems of two-coordinate scanning (gal-
vo scanners) provide a field of view of 25 x 20 de-
grees, the time of frame formation is ~ 1 s and less.
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Fig. 3. Dependence of the minimum laser radiation power
required to detect TNT at various distances from the en-
trance window of the receiving channel L., within the
micro-window of the atmospheric transparency (curve 1)
and outside it (curve 2) at a radiation frequency of 3.66 THz
(P =1atm, T =210 °C, RH = 30%) in the presence of in
both cases obstructions in the form of a wool sweater with a
thickness d = 0,6 cm, the loss in which is 5,4 dB/mm.

An estimate of the minimum radiation power re-
quired to detect a latent explosive using an uncooled
bolometric chamber (Figure 2b) at a distance of 50 cm
under the same conditions as mentioned above (Fig-
ure 3) yields a P, value of 3 W. In this case, one
frame is formed within 0.02 seconds.

Thus, the choice of the scheme for building laser
imaging systems for their use in standoff security sys-
tems is largely determined by the specific operational
task and the capabilities of the existing element base.
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One of the chalenges of modern civilization now
is the various manifestations of terrorist activity. It is
therefore necessary to create different methods of
remote diagnostics of dangerous items and sub-
stances. One of directions of development of diagnos-
tic methods introduced in recent decades is methods
based on the use of Terahertz (THz) radiation.

THz radiation is defined as el ectromagnetic radia-
tion in the range from 300 GHz to 10 THz (or 30 um
to 1 mm), is of great interest to create diagnostic,
measuring and ingpection systems. This interest de-
termines firstly by the fact that in recent years, started
an intensive devel opment of components for the gen-
eration and detection of THz radiation, and secondly,
the specific features of the radiation. Among the im-
portant properties of this radiation should be noted his
non-invasive and non-ionizing nature that allows the
use of THz radiation in tasks related to human Diag-
nogtics. In addition, this radiation weakly attenuated
by most materials, so such objects, such as cloth, dry
wood, paper, plagics are transparent to THz range.

Most often, the diagnostic is to irradiate the THz
object of interest by probe beam and then analyze the
tranamitted, reflected or scattered radiation.

In the present work describes a study, based on
anaysis of the scattered radiation.

Experimental setup and samples

As the object of the study, tissue samples were se-
lected with TNT traces on their surfaces or that con-
tain athin metal wire. Such objects simulate a clothes
whose surface is contaminated with a hazardous sub-
stance or contains € ements of e ectronic devices con-
trolling the explosive device (current leads, antenna
elementsand so on).

Studies performed with the setup, the simplified
diagram is shown in Fig.1. Our experimental setup
detailed description can be found in [1]. Radiation
with a frequency of 3 THz focused on the surface of
the object along normal to its surface. The scattered
radiation was collected by a system of parabolic mir-
rors and detected. Recorded radiation scattered at an
angle of approximately 60 degrees from the normal,
or 120 degrees from the direction of incidence of the
probe beam. This angle allows the detector to avoid
specular component of the radiation.

Samples were flaps of cotton fabric. "Contamina
tion" of the sample was carried out by applying TNT
solution in acetone to the tissue. Then the sample was
dried and weighed.

The sample Ct14 had a surface contamination
density of about 3 mg/cm?.

The sample Ct50 had a surface contamination
density of 10 mg/cm?.

THz beam Detector
Scattering @
& % Scattering
180
270 90
0

Fig. 1. Scattering experiment schematic

Since no uniform contamination was achieved in
the preparation of samples, the above figures only
approximately characterize the degree of contamina-
tion in the analyzed sample area.

Cm78 sample consisted of a piece of cloth of the
same, in which a copper wire of 78 mkm was intro-
duced.

In addition to the samples described above, sam-
ples were studied that were copper wires 240 and 78
mkm in diameter. With their help it was conducted an
adjustment of the measuring circuit.

Experimental results

Table shows some of the results of the measure-
ments represent the values of ambient signal from
different samples. For ease of comparison values of
the scattering signal, it was normalized to the value of
the scattering signa of pure textiles.

Table . Relative magnitude of scattering for different

samples
Sample | Copper | Copper | Ct14 | Ct50 | Textile | Cm78
wire wire
f78 f240
mkm mkm
Scat- 54 18.3 0.8 0.17- | 1 1.75
tering 0.58
signal
value

The signal value for sample Ct50 shows a spread
due to strong heterogeneity of pollution, as when dry-
ing solution came the transfer of a substance to the
periphery of the sample. So most likely score pollu-
tion concentration overstated
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As can be seen from the table, tissue contamina-
tion leads to suppression of scattering signal in our
choice of angle observation from 20% up to 5 times.
The magnitude of the suppression is determined by
the concentration of the substance in the area under
study

The presence of thin conductor reliably detected
in tissue. The copper wire with a diameter of 78 mkm
sewn into the fabric leads to an increase in the scat-
tered sgna by afactor of 1.8.

The scattered signal from a single conductor ex-
ceeds the signa from the surface of the cotton fabric
from 5 to 20 times, depending on the size of the con-
ductor

The figure 2 shows the result of yet another ex-
periment. Here, the sample Cm78 moved along the
surface plane, simulating the scanning process of the
sample. The width of the curvein Fig. 2isoneand a
half times smaller than the THz size of the spot on the
surface. The "pedestal” of the chart is determined by
the scattering from the tissue itsdlf. A dlight decrease
in the magnitude of the signal at the positions 5 and 6
mm is caused by the destructive interference of the
radiation scattered by the tissue and the conductor.

0.6

0.4

U, mV

0.0

50 55 6.0 6.5
X, mm
Fig. 2. The result of the movement of Cm78 sample

across the probing beam. Detection of hidden wire.

Scattering numerical estimation

A numerical estimate of the scattering was carried
out on the simplest modd object-an infinite cylinder
covered by alayer of an absorbing didectric [2].. This
model most closely describes the textile, which is a
set of threads.

In our model for base cylinder, we used parame-
ters of PET (also known as Lavsan) and cotton (see
Fig. 3 and 4). The diameter of the threads equals to
100 microns. As a coating, TNT layers of different
thicknesses were considered: 0.1, 1 and 10 pm.

Figures 3 and 4 show fragments of the scattering
indicatrix for model objects. The angle of 180 degrees
corresponds to the direction of backscattering of the
incident radiation. On the graphs given, the value of
the scattering signal is normalized to the value for the
uncoated strand.

Given charts show that the nature of the scattering
can vary significantly with increasing thickness of a
polluted layer. Strong pollution (layer 10 mkm) leads
to the Suppression of scattering that qualitatively cor-
responds to experiment. Under certain conditions
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(1 mkm) scattering may even increase. A small con-
tamination (layer 100 nm) changes the magnitude of
the signal isless than 10%.

100 mkm PET thread

— 10 mkm layer
0.1 mkm layer
—— 1 mkm layer

Scattering signal change

T
150 180

Scattering angle, deg
Fig. 3. The change of the scattering indicatrix with the

variation in the thickness of the polluting layer on PET
thread

100 mkm cotton thread

0.1 mkm layer
1 mkm layer
—— 10 mkm layer

Scattering signal change

T 1
150 180

Scattering angle, deg
Fig. 4. The change of the scattering indicatrix with the

variation in the thickness of the polluting layer on cotton
thread

Conclusion

The possibility of detecting current-carrying ele-
ments or traces of explosives on the surface of the
object by analyzing scattered THz radiation is investi-
gated.

Experimenta results and preliminary calculations
have shown that the backscattering patterns for textile
fibers differ significantly, depending on their material
and the presence of contamination on them. This
opens up the possibility of developing terahertz-
imaging systems in thefield of security.
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Expedition and equipment

This paper deals with the actual results of astrocli-
mate investigations in mm-waveband on Svalbard ar-
chipelago. The investigations have begun in June 2018
and are still ongoing. We use the dual-wave radio-
metric system operating by atmospheric-dip method to
estimate an optical depth in 2mm and 3mm atmos-
pheric windows [1]. It has been installed on the polar
station of Polar Geophysical Institute near Barentsburg
town, Svalbard. (78° 5'42.22"N; 14°12'35.98"E) Re-
mote control system allows to collect data via Internet.

It is also equipped with a makeshift meteostation
and anti-icing heater, which is applied in autonomous
field experiment for the first time. The meteostation
provides a brightness temperature measurement of the
sky by IR sensor, apart from typical meteo-data (eg.
temperature, pressure, humidity). It allows to define a
cloudiness by empiric methodic. Cloudiness calcula-
tion methodic is based on work [2,3]. The essence of
methodic is to define the difference between real air
temperature and brightness temperature by IR-sensor
MLX90614. The more this difference is, the less
clouds are in air and vice versa; the difference more
than 20K corresponds a clear sky conditions, while the
difference less than 5K means overcast weather.

As is known, the atmospheric-dip method can’t be
used in overcast conditions. The new data processing
method, which is firstly applied in 2018 [4], allows to
save some part of data, measured in overcast condi-
tions. Resulting optical depth includes absorption in
stratus clouds as well. Picture 1 shows 5-day record of
optical depth t (Nep) vs temperature difference dT (K).
Increasing difference dT between physical air temper-
ature and IR brightness temperature means more clear
sky conditions in July 16. This is also accompanied by
decreasing mm-wave Optical depth values.

July 2018 (@Svalbard

10y 40

s ss Opt.depth 3mm
o s s Opt. depth 2mm
dT Infrared

Opt. Depth {log), Nep
dT brightess

day of July
Fig. 1. MM-wave optical depth (log scale) vs temperature
difference by IR sensor.

Optical depth and PWV

One of the most important result is an optical depth
statistic, which is measured by our “MIAP-2" setup. A
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cumulative distribution shown below are representing
the month-averaged optical depth values. We can char-
acterize the astroclimate on Svalbard as poor for mm-
wave observations in Summer period.

cumulative distribution of opt. depth

cumulative distribuiion of opt. depth
100y

3mm

100

20

60

of¢lear time

40

o of elear tine

%

mma June
s July
August

- June
20 e July
August

04

ols
[ 02 02 0.3

opt. depth on 2mm band, Nep opt. depth on 3mm band, Nep

Fig. 2. Cumulative distribution of Optical depth in 2mm and
3mm atmospheric windows in Summer.

Such high values of optical depth are mostly due
to high air humidity values and cloudiness. It is usually
correlated in time (see pic.3).

July 2018 @Svalbard

10,

e ® @ Opt.depth 3mm
@ o o Opt. depth 2mm
Abs. Humidity, g/m3

Opt. Depth (log), Nep
Humidity, g/m3

day of July
Fig. 3. MM-wave optical depth (log scale) vs Absolute hu-
midity.

Since 2012 we have provided s several expeditions
on astroclimate research, so now we can compare these
places by month-median values (see pic. 4). Current
Svalbard measurements are not promising, but the full-
year result remains to be seen.
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—w— Kara-Dag 2mm 2017
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=
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=

3mm Opt. Depth, Nep
El
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Fig. 4. MM-wave optical depth (log scale) in different places
over the Eastern Hemisphere measured by MIAP-2 setup.

Knowing the Optical depth, it is easy to calculate
the PWV (mm) [1,4]. The PWV values obtained below
(Fig.5) includes a condensed water as well as water va-
por by MIAP-2, but not for measurements in [5]. The



data given in [5] obtained by Bouger method. It means
that precipitable water is measured only in sunny days,
and thus, it has a few statistics. It is the reason why
these values are about 80% higher than presented in

[5].

18 T T
164 5,0
14+ F
£ 1 ™
E 12 £
- 45 £
2 10 -2
o o
84 -a-PWV by MIAP-2 Radiometer
6: -o- PWV by [5] 4.0
-0- R, g/mm3
4 T T T
Jun Jul Aug

Fig. 5. Precipitable water vapor and relative humidity on
Svalbard in Summer.

Using the data obtained by MLX90614 IR sensor
in meteostation, it is possible to calculate the cloudi-
ness statistics. The reference points of temperature dif-
ference were chosen as: <18K for Overcast, from 18 to
27K — Cloudy and upper than 27 - for Clear sky condi-
tions. The obtained results are generally consistent
with meteorological observations [6].

[1Clear Sky
100+ [ Cloudy

Il Overcast
80
60
40+
20
0-

Jun

Aug

Fig. 6. Cloud statistics by IR sensor.
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In conclusion we have to characterize Svalbard as
non-suitable for mm-wave radioastronomy at least in
summer period. The winter period approaching soon
and inspires a hope to be much better due to low tem-
peratures. Another important result is a good reliability
of equipment: it routinely works for 3 months without
any assistance. The makeshift Arduino-based mete-
ostation gives a satisfying result. We will continue
measurements in Barentsburg till June 2019 to close
the year-cycle.
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Terahertz (THz) radiation offers significant scien-
tific and technological applications in many fields [1];
among them: security systems [2,3], medical diagno-
sis [4-7], non-destructive sensing of materials [8], etc.
Nevertheless, the use of THz technologies in these
demanding applications is limited by the absence of
commercially-available THz waveguides and endo-
scopic systems, which are capable for the THz wave
delivery to hardly acceptable objects with small dis-
persion and loss.

Recently, several types of THz waveguide have
been developed relying on various physical principles.
The oldest THz waveguides are based on the hollow-
core metal or metal-dielectric tubes [9]. Such wave-
guides are characterized by relatively low propagation
losses, but also feature significant dispersions. In turn,
the THz waveguides based on plasmonic structures
[10], such as single or dual metal wires, metal plates
and ribbons, are convenient in manufacturing and
characterized with small dispersion, low propagation
and bending losses; however, they are plagued by low
coupling efficiency and handling problem, which pre-
vent a practical implementation of these waveguides.
Significant progress in the THz waveguiding is asso-
ciated with numerous developments of flexible poly-
mer microstructured waveguide with different cross-
section geometry. These waveguides realize either the
anti-resonant reflecting optical waveguiding (AR-
ROW) principle [11], or the Bragg guidance by a pho-
tonic crystal (PC) cross-section [12,13]. In such
waveguides, the dispersion could be managed and the
loses could be minimized by optimizing the geometry
of a waveguide cross-section; however, such wave-
guide remain very sensitive to external perturbations
and bending and, thus, are not capable for operation at
high temperatures and pressures, since most of the
polymers possess relatively low melting temperature
and radiation resistance.

An alternative approach would be to use the THz
waveguide and fibers, based on the crystalline materi-
al, which physical and mechanical characteristics are
mainly independent from temperatures/pressures en-
vironments and from measurement conditions. In or-
der to answer the challenging problem posed by the
THz waveguiding, in our research work, we devel-
oped several types of THz waveguides based on the
sapphire shaped crystal. These waveguide combines
unique physical properties of sapphire (it is transpar-
ent in a broad range of electromagnetic spectrum,
spanning the ultraviolet, visible and infrared bands; it
has high hardness, melting point, thermal conductivi-
ty, chemical resistance, tensile strength and thermal
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shock resistance) and advantages of the edge-defined
film-fed growth (EFG) technique (it yields fabrication
of the sapphire shaped crystals with a pre-determined
cross-section geometry, and an impressive volumetric
and surface quality of the shaped crystal) [14-16]. We
designed and fabricated two microstructured hollow-
core sapphire THz waveguides with different cross-
section geometries see Fig. 1. [17,18]. We have com-
bined numerical analysis, using Lumerical mode solu-
tion, and experimental studies, using the transmission-
mode THz time-domain spectroscopy, in order to
demonstrate that both of the developed waveguides
demonstrate advanced optical performance.

The first sapphire THz waveguide (see Fig. 1 (a))
possesses 7 hollow channels in its cross-section — i.e.
1 core channel and 6 cladding channels [17]. The di-
ameter of each channel is 2.5 mm, while the outer
diameter of the waveguide is 12.0 mm. These hollow
channels form a hexagonal lattice in the waveguide
cross-section with the period of 3.0 mm. Owing to
rather low number of the cladding channels in the
waveguide  cross-section, it  realizes  mainly
the ARROW principle of electromagnetic waveguid-
ance. It yields guidance of THz radiation in a multi-
mode regime with a small dispersion in the frequency
range of 1.00 to 1.55 THz and the lowest propagation
loss of 2.0 dB/m at 1.45 THz.

The second sapphire THz waveguide (see
Fig 1 (b)) possesses the outer diameter of 24.0 mm
and much more delicate PC cross-section [18]. This
waveguide contains a large hollow core with the di-
ameter of 7.15 mm, as well as 30 channels of the PC
cladding, featuring the diameters of 1.6 mm and form-
ing a hexagonal PC lattice with the period of 2.8 mm.
For this shaped crystal, we observed an efficient THz
waveguidance with a small dispersion in the frequen-
cy range of 0.65-1.2 THz and the lowest propagation
loss of 0.01-0.03 dB/cm around 1.2 THz. We should
mention that the THz radiation propagates throw this
waveguide in an effectively two-mode regime; thus,
leading to the intermodal interference phenomenon. In
Ref. [18], we proposed an analytic model describing
this two-mode guidance based on a coherent superpo-
sition of the amplitude of the two interfering waves
featuring distinct amplitudes and phases. This two-
mode guidance can be useful in the intrawaveguide
interferometric sensing.

Finally, In Ref. [18], we demonstrated an oppor-
tunity for using the two-mode sapphire waveguide
from Fig. 1 (b) in a high-temperature THz intrawave-
guide interferometry of sodium nitrite (NaNO2) film
melts. In our experiment, the sapphire waveguide was
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used simultaneously as a cuvette for analyte and as a
THz waveguide. During the THz wave propagation
throw this waveguide, the effect of intermodal beating
occurs. The interference pattern behind the output end
of the waveguide forms both in the frequency domain
and the spatial domain. This interference pattern
strongly depends on the refractive index of the analyte
placed in the waveguide hollow core. In this way, we
can register the phase transitions of the NaNO, by
measuring the interference pattern at different temper-
atures in the range of 170 to 300°C. The sharpest
change in the interference pattern corresponds to the
melting temperature of NaNO, film. The detailed de-
scription of this experiment is presented in Ref. [18].

Figure 1. Cross-sections of two EFG-grown micro-
structured sapphire THz waveguides: (a) an ARROW multi-
mode waveguide with 7 hollow channels [13];
(b) an effectively-two-mode PC waveguide with 31 hollow
channels [14].

This work was supported by the Russian Founda-
tion for Basic Research (RFBR), Projects # 17-08-
00803 and 17-38-80057.
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The need to increase a rate of long-distance space
links, in particular, supposed to be developed for
communication with the Martian and longer space
missions, as well as the space observatory Millimet-
ron, leads to the development of a subterahertz fre-
quency band for this purpose [1]. However, it is
known that the terahertz waveband has a noticeable
level of absorption in the atmosphere, which appre-
ciably reduces the effect of increasing the channel
capacity due to the expansion of the transmission
band and the working frequency. Now the main long-
distance space communication stations in Russia
working in the centimeter range are located in Us-
suriysk, Evpatoria, Kalyazin and Bear Lake, while the
altitude above the sea level is very small and the ab-
sorption of mm and sub-mm waves is significant. As-
tronomical observations on sub THz waves are usual-
ly carried out in high-altitude conditions (over 2500
m), which significantly reduces the effect of the at-
mosphere on the propagation of these waves. The
purpose of this work was to investigate the depend-
ence of the capacity of long-range space communica-
tion channels on sub-THz waves from the location of
the ground-based communication antenna. To com-
pare the existing sites used for space communications
now and prospective ones located in the mountains.
Our purpose is to estimate a THz-data link with the
best cooled receiver in the "Earth-Space™ configura-
tion.

The main parameter influencing the estimation is
the data link availability in a specific region and
amount of transmitted-received information through-
out a year. The location of some stations is shown in
Table 1.

Table 1
. Geographic coor- Altitude
Object name di above sea
inates
level, m
Suffa Radio Observa- o
tory on the Suffa 2?;0;;?]:31 2335
plateau, Uzbekistan.
East Center for Deep
Space Communica- 44°00'58"N 93
tions, Galenki (Us- 131°45"25"E
suriysk), Russia.
Center for Distant
Space Communica- 45°1120.7"N 15
tion (YYevpatoria, 33°11'14.5"E
Crimea)

When calculating the capacity of the channel,
they relied on the method described in [2] with the
only difference that the attenuation of the atmosphere
decreased with altitude.

At the initial stage, the program reads from the
file the altitude profiles of pressure, temperature and
humidity obtained by meteorological observations.
These data are available at all major weather stations
and are posted on the Internet two or four times a day
[3]. Tabular data from the file is subjected to piece-
wise linear interpolation, are given in mutual corre-
spondence of dimensions, and the measurement limits
are limited by the altitude of the weather station above
sea level h_min and the altitude of the probe h_max
(usually 20-30km). The main stage of the program is
integration of attenuation coefficients in oxygen and
water vapor in height at a given frequency:

h_max

Taxygen(f) = f onygen(f'P(h); W (h), T (h))dh

h_min

water () = [

h_min

h_max

Awater (f, P(R), W(R), T (h))dh

where: zogen integral attenuation in oxygen at
the zenith, Np zwaer — integral attenuation in water
vapor at the zenith, Np h_min « h_max — range of
probe height, km Aoygen — Stationary absorption in
oxygen, Np/km Awaer — absorption in stationary condi-
tions in water vapor, Np/km f — frequency, GHz P(h)
— altitude pressure profile, mbar W(h) — altitude hu-
midity profile, g/m® T(h) — altitude profile of tempera-
ture, K h — height, km.

The result is a spectrum of integral attenuation in
the atmosphere. Substituting the center frequencies,
the integral weakening of the corresponding transpar-
ency windows is calculated. The functions Aoxygen
(f, P, W, T) and Awater (f, P, W, T) are internal func-
tions of the MPM Liebe basic program and determine
the linear absorption (He / km) under steady-state
conditions, i.e. on a horizontal track. By integrating
them with the corresponding profiles, we obtain an
integral attenuation on the vertical path (He). The
total absorption is the arithmetic sum of the absorp-
tions in oxygen and in water vapor, and the conver-
sion of the quantities in neperes into decibels is car-
ried out by multiplying by a constant of 8.68.

Changing the height h_min in the integrals, we
calculate the integral attenuation from the correspond-
ing height, i.e. if the ground station were located at an
altitude h_min taking into account the current atmos-
pheric profile.



3 mm

725

~

)

s
L

723 1

Capacity, GBps

722 A
—— Evpatoria
Suffa

—— Ussuriysk
721 4 Y

2 4 6 8 10 12
Month

Fig. 1. Estimated THz-link budget for 3mm wave length
during a year with cryogenically cooled receiver

Figure 1 showing the variation of the channel ca-
pacity for 3mm wavelengths. The calculation was
carried out for the following parameters: the width of
the window-band is 50GHz, the physical temperature
of the receiver is 4K, the equivalent receiver noise
temperature is 100K [4], the direction of transmission
is zenith.

The total amount of information available for
transmission for the year will be: Evpatoria
22502*10%bytes, Ussuriysk 22514.670*10%hytes,
Suffa 22545 10%bytes. Expectedly there is a failure in
the summer months due to increased humidity, but it
is not dramatic in comparison to the three locations.
In the annual cycle, the difference is also less than
1%. Certainly when the space port of the channel is
located far from the zenith affect of the atmosphere
increase. For shorter SubTHz atmospheric windows
of transparency (2, 1.3 and 0.8 mm) too. The work
was supported by the IAP RAS state program (project
No. 0035-2014-0021)
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Currently, the THz radiation is actively applied
for solving security and anti-terrorism problems [1],
[2]. In most THz TDS setups, the substance identifi-
cation occurs based on comparison of the absorption
frequencies of a substance under investigation with a
set of known absorption frequencies from a database
(we call it as the standard THz TDS method). Howev-
er, this technology has certain limitations.

It is well-known that surface roughness can lead
to scattering and modulating of the spectrum, which
complicates the identification [3], [4]. To overcome
this problem, in [3] it was shown that by summing
and averaging multiple measurements over a sample
area the scattering effect can be effectively decreased.
In [4] the authors proposed for the same purpose to
increase the number of viewing angles. However, they
can reliably identify only one absorption frequency
with maximal spectral amplitude.

Unlike the methods mentioned above, in the dis-
cussed method we use only one THz signal reflected
from the substance with inhomogeneous surface but
measured in the long time interval duration 180-200
ps. This duration allows registering not only the main
reflected THz pulse, but also several sub-pulses fol-
lowing it, which are due to the reflectance from the
inner surfaces of the sample. These sub-pulses also
contain information about spectral characteristics of
the substance and can be used for the identification. In
addition, we do not apply averaging of measurements
over viewing angles and the sample area in order to
reduce the scattering effects.

As an example of identification, we use the THz
signal duration 180 ps reflected from the PWM C4
explosive (90 % RDX, 10 % plasticizer) with a rough
surface grit 40 (signal PWM_40 for brevity). The sig-
nal contains the pronounced main pulse reflected from
the outer surface of the sample, the first sub-pulse
reflected from the inner surface, and the sub-pulses
with significantly less amplitude due to multiple re-
flections from the inner surfaces. The Fourier spec-
trum of the PWM_40 main pulse is shown in Fig. 1
(a) together with that of the smooth PWM for compar-
ison.

The spectral properties of the PWM_40 main
pulse are distorted by the influence of the inhomoge-
neous surface (a) so that the standard THz TDS meth-
od is inefficient for identification. In the PWM_40
spectrum (a) there is a single minimum at the fre-
quency v=0.88 THz in the frequency range v=[0, 1.8]
THz, which is close to RDX absorption frequency
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v=0.82 THz. In the frequency range v=[1.8, 4.0] THz
there are minima at the frequencies v=1.92, 2.24, 3.0
THz , which are close or equal to the RDX absorption
frequencies v=1.95, 2.19, 3.0 THz [2].

0.015

Main pulse

Main pulse
smooth PWM
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o
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2
S
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v=0.92

0.0
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v(TH2)
Fig. 1. Fourier spectrum of the main pulse of the PWM_40
and smooth PWM signals in the frequency ranges v=[0.0,
2.5] THz (a), [1.8, 4.2] THz (b), spectrum of the PWM_40
first sub-pulse in the frequency range v=[0.8, 4.2] THz (c).

The spectrum of the PWM_40 first sub-pulse
contains minima at the frequencies v=0.92, 1.92, 2.2.
3.0 THz (c), that are close to the absorption frequen-
cies of explosive RDX v=0.82, 1.95, 2.19, 3.0 THz
([2]). And the spectrum of the remote part of the
PWM_40 signal corresponding to the time interval
t=[70, 170] ps, contains minima at the frequencies v =
0.9, 1.96, 2.2, 3.01 THz, which are close to RDX ab-
sorption frequencies mentioned above (not shown).
Therefore, the sub-pulses also contain information
about the substance spectral properties and can be
used for identification.

In the current report, the identification is based on
the method of spectral dynamics analysis (SDA-
method) together with several integral correlation
criteria (ICC) [5]. We compare the dynamics of spec-
tral intensity of a substance under analysis with the
corresponding dynamics of a standard substance from
database at chosen frequencies. To increase the relia-
bility and effectiveness of the identification, we pro-
pose to use several ICC’s simultaneously in different
time intervals, which contain both the main pulse of the
reflected THz signal and the following sub-pulses.

In Fig. 2 the evolution of the ICC CW1,; [5] is
calculated for the frequencies v=0.82 THz (a), (c) and



v =3.0 THz (b), (d) in the time intervals, which con-
tain the main pulse (a), (b) and the first sub-pulse (c),
(d) of the PWM_40 signal. In all cases (a)-(d) the fre-
quencies v=0.82, 3.0 THz are detected as RDX ab-
sorption frequencies. The same result is valid for the
time interval t=[70, 170] ps, containing two other sub-

pulses with less amplitude. The ICC vap [5] con-
firms these results.
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Fig. 2. ICC CWlp'P(tn) detecting frequencies v=0.82 THz

(@), (c), 3.0 THz (b), (d) in the time intervals t=[0, 30] ps
(a), (b), [40, 70] ps (c), (d).

Another promising approach for the substance de-
tection and identification is related to the frequency
up-conversion based on a broadband THz pulse. The
THz pulse induces high energy level excitation of
molecules due to essential non-stationary medium
response. This leads to the substance emission at fre-
quencies, which are absent in the incident pulse spec-
trum. Earlier the frequency up-conversion and the
appearance of the doubled current frequency in the
THz signals transmitted through or reflected from the
medium without and with covering were demonstrat-
ed using a mathematical modelling in [6]. The math-
ematical model is based on the 1D Maxwell-Bloch
equations and density matrix formalism. In the current
report, we investigate the possible manifestation of
the frequency-up conversion in the THz signal
PWM_40 reflected from the substance with a rough
surface.

Note that the spectra of the PWM_40 main pulse
Fig. 1 (b) and the first sub-pulse Fig. 1 (c) contain
minima at the frequency v= 3.88 THz, which is close
to the doubled frequency v=1.92-2 THz. The same is
observed in the PWM_40 spectrum corresponding to
the time interval t=[70, 170] ps.

In Fig. 3 the evolution of the ICC CW1,_ , cal-
culated for the frequency pair v=(3.88, 1.92) THz is
shown in the time intervals containing the PWM_40
main pulse (a) and the first sub-pulse (b). In both cas-
es, the frequency v = 3.88 THz is detected as the dou-
bled RDX frequency in the reflected signal PWM_40.

The ICC vap [5] also confirms these results.
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Fig. 3.1CC CW1 , calculated for the PWM_40 signal at

the doubled frequency v=3.88 THz and the standard signal
RDX_Air at the frequency v=1.92 THz in the time intervals
t=[0,25] ps (a), [40, 65] ps (b).

We propose an effective time-dependent THz
spectroscopy method, which allows detecting and
identifying a substance with inhomogeneous surface
using only one long-duration reflected THz signal
without averaging of the measured THz signals over
the viewing angles and scanning over the surface area.
For successful analysis and identification, the regis-
tered THz signal must contain both the main reflected
THz pulse and several sub-pulses. This feature of the
method significantly increases the signal processing
speed and allows us to use it in real time.

The possibility for the substance detection and
identification using the doubled current frequency is
shown with the help of the SDA-method and integral
correlation criteria. This result is important for prac-
tice, because the frequencies belonging to the high
frequency range can be used for the substance detec-
tion and identification even in the case when the low-
er substance absorption frequencies are suppressed by
covering or noise influence.

The THz signals reflected from the PWM C4
sample were measured in the Military University of
Technology (Warsaw, Poland); THz signal transmit-
ted through the RDX sample - in the Center for Te-
rahertz Research, Rensselaer Polytechnic Institute
(NY, USA).
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The report describes results of preliminary exper-
iments on using low THz range gyrotron (263 GHz)
with medium output power (up to 1 kW in CW mode)
as a modulated radiation source for data transmission.
It was demonstrated up to 1.5 Mbit/s data rate. Esti-
mates show that at relatively low costs it is possible to
build a gyrotron-based system with a speed of about
1 Gbit/s.

The scientific community is actively discussing
the possibility of promotion of data transmission sys-
tems in the subterahertz and terahertz frequency range
[1—5]. Data transmission in these bands is attractive
for a number of reasons including noise immunity and
the complexity of signal interception. It should be
taken into account that communication links at such
high frequencies suffer from attenuation due to polar
molecules (mainly H.O and Oy) in the atmosphere in
addition to the large free-space loss. A suitable trans-
mission window of atmospheric transparency can be
found at 200 — 300 GHz [6]. Another complication in
the implementation of low THz communication sys-
tems is the lack of sufficiently powerful radiation
sources with flexible capabilities to control the output
radiation parameters in these ranges. The experiments
described below demonstrate the possibility of using a
subterahertz gyrotron for the data transmission.

There are various methods of control of the out-
put power and frequency of electron devices. One of
the most used approaches for the gyrotrons is the var-
iation of the potential of one of the electrodes of the
magnetron-injection gun (MIG). The most economi-
cal way to quickly control the output parameters is to
change the voltage at the isolated anode. This fact is
caused by small capacity of anode relative to other
electrodes and low anode current, so there is no need
in complex and expensive power supplies. The
change of anode voltage does not alter the electron
energy, but only its pitch-factor (ratio of it orbital to
longitudinal velocity). Such change of pitch-factor
leads to change of the electron beam complex suscep-
tibility and, hence the change of the interaction condi-
tion and, finally, frequency and amplitude of the os-
cillations. To control the gyrotrons output parameters
the fast anode voltage control unit was developed that
allows gyrotron anode voltage to be modulated in
range of 1 kV with slopes better than 1 kV/us. The
active element of the control unit is the tetrode; the
voltage drop is proportional to the external control
signal. It was demonstrated up to 200 kHz modulation
frequency bandwidth in recent experiments.

In the latest experiments performed in the Insti-
tute of Applied Physics of the Russian Academy of
Sciences (IAP RAS), the gyrotron with an output fre-
quency f ~ 0.26 THz was equipped with the PLL sys-

19

tem for its frequency stabilization, which was imple-
mented on the basis of the fast variation of the anode
potential. Such an approach made it possible to
demonstrate the width Af of a gyrotron radiation spec-
trum of about 1 Hz, which corresponds to the relative
value of Af/f ~ 3.101[7]. The created control system
was then used for the experiments described below
demonstrating the principle possibility of using a low-
er terahertz range gyrotron for the information trans-
mission.

This paper reports on experiments in which it was
first realized the transmission of an AM modulated
radio signal for several meters using a 263 GHz gyro-
tron [8] radiation with up to 1 KW power as a carrier.

2 mdistance >
dummy load

> Q)

amplifier

THz gyrotron

Oscilloscape

Fig. 1. Diagram of the experimental setup

An ultrafast terahertz (50 GHz — 0.7 THz) detec-
tor developed by TeraSense company [9] was used as
a radiation receiver and for detecting the AM signal.
The detector was installed almost on the path of the
gyrotron radiation beam propagation at a distance of
several meters from the output vacuum window. The
voltage at the anode of the gyrotron was recorded
with a NorthStar PVM-5 [10] fast high-voltage probe.
Demonstration experiments were carried out at the
gyrotron output power level of about 50 W, which in
no way limits their generality. Similarly, the parame-
ters of this gyrotron can be controlled at any output
power level up to 1 kW.

An audio recorder that provides a level of a mod-
ulation signal in the 0 — 10 V range was used in the
first experiment. At the same time, the terahertz detec-
tor signal was applied to both an oscilloscope and an
audio frequency amplifier, followed by output to a
loudspeaker. Successful analog transmission of sever-
al audio recordings was demonstrated. Fig. 2 shows
examples of oscillograms of the corresponding sound
signals.
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Fig. 2. Top — oscillogramms of the detector signal (1), an-
ode voltage (2), modulation signal of the audio recorder (3);
bottom — pseudo-random bit sequence: control (modulating)
signal of 33521B generator (1), terahertz detector signal (2).

One can see in Fig. 2 (top) that for some values of
the amplitude of the carrier signal the oscilloscope
trace obtained from the terahertz detector is distorted
with respect to the modulating signal. This is due to
the nonlinearity of the slope of the regulating element
used in the anode voltage control unit (this effect is
especially noticeable near the 0 V control signal) and
can in principle be compensated by the choice of a
suitable control signal bias.

In the second experiment, the arbitrary waveform
generator Agilent 33521B has been used as a source
of the control (modulating) signal. It was demonstrat-
ed the transmission of a digital signal - a pseudo-
random bit sequence (an example of an oscillogram is
shown in Fig. 2). In this case, just as in the previous
experiment, simple amplitude modulation of the sig-
nal was used. Up to a data rate of about 1.5 Mbit/s,
the logical levels of the received (detected) signal
were resolvable.

The authors believe that the achieved data trans-
fer rate is far from the principal limit and can be in-
creased by decreasing the time constant of the anode
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power circuit, applying more complex methods for
gyrotron output parameters control, using advanced
digital signal modulation schemes, increasing the
power in the data transmission channel. Simple esti-
mates using the Shannon-Hartley theorem show that it
is possible to achieve at least 1 Ghps of channel ca-
pacity (under practically the same experimental condi-
tions) by increasing bandwidth of the channel with an
improved anode power supply. It is clear that one of
the next steps should be a study of the transmission
system with respect to various modulation schemes
and different symbol rates.

The work was partially supported by the Russian
Federation President Grant No. MK-3452.2017.8.
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