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Abstract

This article reviews recent developments in theldfief terahertz
technology. A historical perspective and futurentt® along with unique
features of THz systems are presented. Existinigniques for the generation
and detection of terahertz radiation are brieflscdesed and classified.
Numerous examples that illustrate many excitingeptial uses for this
emerging technology are described, including bidosdmaging, security and
defence, quality control, and technical diagnostigplications. Lastly, the
physical limitations of terahertz imaging and thetgmtial of use in hybrid
imaging systems are discussed.

Introduction

Presently, Non-Destructive Testing (NDT) methods esmmonly used in
industry to evaluate the properties of materiatsngonents, and systems. The
increase in safety requirements and quality assaratemands in various
industrial branches has led to the developmentmfraber of various inspection



82 PROBLEMY EKSPLOATACJI — MAINTENANCE PROBLEMS 1-2016

methods. A large part of existing techniques isebasn the analysis of
electromagnetic radiation interaction with mat@ifferent spectral bands of the
electromagnetic spectrum, ranging from gamma raysadio waves, are used
for quantitative and qualitative analysis in NDTpapations. However, one part
of the electromagnetic spectrum, which is placedwéen infrared and
microwaves regions (Fig.1), for many years had ieathunexplored. Until the
late 1980s this area was often called the Teral@@atz, which was caused by
the difficulties involved in developing suitablenspact sources and detectors.
The terahertz region ranges from frequencies otitbd to 10 THz, which is
an area of convergence between the electronias diedl the photonics field in
the electromagnetic spectrum.
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Fig. 1. Electromagnetic spectrum wavebands

THz radiation is characterized by the followingaquné features:
» It can penetrate through a wide variety of dieleatraterials, such as fabric,
paper, plastic, leather, and wood.
e Itis non-ionizing and has minimal effects on theran body.
* It has very large absorption due to water.
» Metals highly reflect terahertz radiation.

These particular properties of THz waves make theitable for a growing
number of potential applications including biomediémaging, security and
defence, industrial quality assurance systems tectthical diagnostic systems.
In 2004, MIT Technology Review selected THz as afel0 emerging
technologies that will change the world. Accordiogrecent forecasts, in near
future, THz technology will reach a level of devaleent that will enable
implementation in on-line industrial inspection tgyas (Fig. 2). Furthermore, it
is predicted that the terahertz technology markitgnow from $127 million in
2016 to $570 million in 2021[2]. For these reasanhs worth being aware of
the potential advantages and limitations of terahe¥chnology that will be
discussed later in this article.
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Fig. 2. THz technology and market trends [1]

1. Terahertz instrumentation and methods

The technology of generating and detecting THz atéwih has been
constantly evolving in recent decades. A numberapproaches have been
developed in parallel to fill the terahertz gap.n&mlly, THz methods can be
divided into active and passive. Active solutiorsn cbe either pulsed or
continuous-wave (CW). Table 1 shows a comparisornvarfous detection
schemes used in nondestructive analysis techn¢Bgy

Table 1. Detection schemes of THz non-destructnadyais [3]

Mode Imaging parameter 2D/3D Main methods
Passive Power 2D THz camera
2D QCL with THz camera
Power Mapping by QCL with detector
3D CT by QCL with detector
. Mapping by TDS
Active .
. 2D Mapping by FTIR
transmission | Spectroscopy Mapping by tuneable terahertz light source
3D CT by TDS
2D Mapping TDS
Phase 3D CT by TDS
Power 2D QCL with THz camera
Mapping by QCL with detector
. Spectroscopy 2D Mapping by TDS
Active .
reflection Mapping by FTIR

Differential time 1D (depth)Mapping by tuneable terahertz light source TQF

3D Mapping TOF
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According to type of source used, THz systems cardibided into [4]
vacuum electronic, solid-state electronic, lasansl mechanical excitation. The
choice of a terahertz source is determined by ype f required imaging
technique. Low-power sources complicate detectifien necessitating the use
of more demanding detection devices like cryogdlyicaoled sensors. From
the practical point of view, it is important to lavare that, approaching the
middle of the range of terahertz (1 THz), outputvpp falls for most devices
(Fig. 3). At present, a number of THz wave generatechniques are already
commercially available including the following: agally pumped terahertz
lasers, Quantum cascade lasers, time-domain systemtes, THz IMPATT
diodes, and Backward-wave oscillators.
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Fig. 3. Output power from THz sources [5]

All radiation detection systems in THz spectralges can be divided into
two groups: incoherent detection systems (broadbartl coherent detection
systems (narrowband). In broadband detection, titetectors based on thermal
absorption are commonly used. Most of these deateatequire cooling to
reduce thermal background. The most common systasbolometers and
pyroelectric infrared detectors [6]. In narrowbasignal detection systems,
methods based on photoconductive sampling and sfsraee electro-optic
sampling are often used [7]. Difficulties in thevdkpment of high-power
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radiation sources and the noise caused by the #hdsackground radiation
require the use of highly sensitive methods of cteda of terahertz radiation.
Continuous developments have led to enormous psedgnethis area. In the case
of bolometers, sensitivity has been doubled everyedrs in the past few
decades. Simultaneously, the size of pixel arragoinstantly enlarged [8] from
number of approximately one hundred pixels in y2a00 to QVGA size
(320x240 pixel) in 2014 [9].

2. Applications of terahertz imaging

Advances of terahertz sources and detection teghsi@re opening up
opportunities for a wide range of applications.tlis section, selected THz
applications from different research areas aregnmtesl.

The previously described properties of terahertiation, such as very low
photon energy, sensitivity to water, and charastierispectral signatures for
many substances make THz imaging suitable for nbémyedical applications.
The non-ionizing character of THz radiation makesess harmful to living
tissue than X-ray. This unique feature is especialteresting for medical
applications including cancer diagnosis [10]. dstbeen proved that terahertz
imaging can be used as an alternative to othernditiz technologies for
imaging the structure of teeth and the identifimatiof dental caries [11].
Another interesting application is wound assessmehich can range from the
severity of burns to cuts. The advantage of tetalradiation in this particular
case is that it can image skin through wound dngsdi12].

High water absorption of THz radiation makes iteayvaluable tool for
plant scientists for the inspection of the watanteat in vegetative tissues [13].
Several research groups are currently working erdgwvelopment of innovative
methods for continuous monitoring of irrigationptants [14]. The interaction
of THz radiation with molecules of water is als@dsn Time-Domain-Systems
to determine the level of water in lubricant oilgjich is one of the important
factors for the wearing processes. [15] Many chammisubstances have
characteristic spectral fingerprints in the teréheraveband, which can be used
for the identification (Fig. 4) and detection ofwemted contamination during
drug production in the pharmaceutical industry [16]

In the field of defence and security, teraherthietogy is also a subject of
much ongoing research. It has been shown that Pdetoscopy can be used
for the detection of explosive materials, whileategrtz imaging has great
potential for the detection of concealed weapoi$ § an alternative to x-ray
and non-imaging microwave and millimetre-wave syst¢18].
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Fig. 4. Terahertz technology used for identificataf chemical samples [16]

Non-destructive THz imaging is highly promising fioreeting the current
demands in the areas of quality control and techmi@gnostic applications. Its
core uses are seen in the plastic and paper inesisiost polymeric materials
are transparent for THz radiation. Therefore, itp@ssible, for example, to
examine the quality of welded joints in plastic J[18orting and separation of
the collected plastic is required to achieve higlaliy recycling. Black items
cannot be effectively separated by classical optssmsors due to limited
reflection. Terahertz technology can enhance ctuwptical sorting equipment
by identifying the different plastic resins effegly and sorting black plastic
resins [20].

Another application that has great potential isittgpection of composites.
THz images can be used for identifying areas dédbht fibre filling content in
polypropylene specimens [21] or the evaluation haf structural integrity of
wind turbines [22]. Wood polymer composites, whimte sensitive to water
absorption, can be examined by THz spectroscopwdnitor the increase in
water content within the material by measuringdbereasing THz transmission
[21]. In a similar way, paper humidity and thickaesan be determined [23].

Due to the transparent properties of cardboard f@adtic in the THz
waveband, the detection of foreign objects insidekpging meant to exclude
human error or defective items inside the packagebe performed. Terahertz
systems can also be used to solve one of the mysiriant problems in the
food industry, which is the detection of potentidiiarmful contaminants such
as pieces of plastic, wood, glass, stone, or mietahs been showed that, by use
of THz technology, metallic and non-metallic madési can be detected in
chocolate bars with a spatial resolution of lessith mm (Fig. 5).
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Fig. 5. THz image of chocolate bar with differenhtaminants [24]

Maintenance and inspection of aging infrastructulige oil and gas
pipelines is an important issue. Conducted reselaashshown that, by the use
of terahertz systems, it is possible to detectasion spots on the surface of
pipelines beneath many insulation materials (minsoml, urethane foam) [25].

It was also found that it is feasible to identifufts under corrosion protection
coatings using THz Time-Domain-Spectroscopy [26&rde area terahertz
imaging was also used for the identification ofrain the external tank of the
space shuttle. It was determined that terahertzegu|0.3 THz) can penetrate as
much of 20 cm of foam and enable imaging with arkdtresolution of less than
2 mm and a depth resolution of <100 microns [27].

3. Limitations of terahertz imaging systems

Although there has been enormous progress in thstremtion of sources
and detectors of terahertz radiation, there areynzmpects to be taken into
account when considering the possibility of impletmgy this technology in
commercial applications. First of all, detectingateertz signals is difficult,
because blackbody radiation at room temperaturestrisng at terahertz
frequencies. To improve the signal to noise rateahertz images can be
created by mechanical scanning an object pixel kglpwith the use of
a coherent source. However, this solution may Ipdiegbonly for static objects.
To overcome this issue, an imaging array can bd.udds results in a trade-off
between the signal-to-noise ratio and the sizé®frea being imaged, since the
energy of the pulse is being spread over an arfragtectors. The big concern
for THz imaging is atmospheric transmission. Thmeadpheric attenuation of
the THz domain is much more severe than in therapectral regions, such as
infrared and visible-light regions [28]. This rerps that THz imaging should be
short-range when compared to imaging in the othmtalities. Another problem
is the selection of appropriate optics in imagiggtems. Generally, lenses are
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not used so widely in the terahertz regime becafséack of convenient
materials and anti-reflection coatings functionirayer wide range of
frequencies [29]. Difficulties in the constructioof advanced lenses are
associated with one of the most important limitasi@f THz systems, which is
the measurement resolution.

a)

Fig. 6. THz image a) at 0.3 THz b) at 1THz [25]

Despite the increasing number of pixels in camefady solutions are as
limited by diffraction phenomenon as are any otimeaging systems. An
absolute upper performance limit controlled by ldes of physics is controlled
by the sensor size working f-number of the lens thedvavelength of light that
passes through the lens [30]. In the diffractionied case, frequency
determines resolution (Fig. 6).

4. Concept of use of THz imaging in hybrid visionystems

Hybrid imaging is an emerging direction in Non-Destive Evaluation and
Structure Health Monitoring [31]. There are manyamples showing that
a combination of an simultaneous image analysisvofor more spectral bands
allows the efficiency of vision inspection to beleased [32, 33]. However, due
to early stage of the development of terahertz ouththere are not many
hybrid systems in which this technology is applidvertheless, considering
the fact that even THz images with low pixel resiolu still provide valuable
information, there are attempts to combine therh wie high-resolution images
from a visible spectral band for concealed-objextedtion in security systems
[34]. On similar principles, measuring systems tandeveloped for gauging
elements placed in a material that is transpam@niHz radiation and opaque
for VIS (visible-light) radiation. In many indusali applications, there is a need
for measuring the correctness of the relative osiof objects embedded in
another material. In the presented simulated stgnavo elements (A and B)
with high absorption to THz radiation (Fig. 7a) gskced in a transparent
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material for this spectral band (e.g., plastic)ingsonly the terahertz camera
image would result in a low accuracy of externahelsion measurements of
the inspected object due to limited resolution ankdw signal to noise ratio.
The use of an additional high-resolution VIS camana backlighting setups
facilitates high accuracy external edge detectimr. many cases, the proposed
method could replace hybrid systems that employay-radiation for the
screening of materials. Nevertheless, such tecksiqwould require the
development of special algorithms for image fusiand sophisticated
calibration methods.

a) ‘
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Fig. 7. The concept of hybrid vision system comsgsbf (a) Terahertz camera and (b) Visible-
light camera

Summary

The technological race has caused enormous progressh the generation
and detection techniques of terahertz waves. THiesys are beginning to
slowly move from research laboratories into indastapplications. Presently,
complete integrated systems are available to nperex THz users.
Nevertheless, effective implementation of terahesystems requires a full
understanding of the inspection process, physicagigrties of the object being
tested, and imaging techniques. The unique chaistits of terahertz radiation,
such as high absorption by water and the refldgtivhetals may be
unacceptable limitation in some cases and an adgarih other cases. It is also
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important to consider whether the THz system wéllused for measurement or
for interpretation of the specific features of iesfed objects. At the stage of
development, it is crucial to take into account thigysical limitations of
terahertz imaging systems. The measuring resolofidine detection system and
output power of the selected source can vary sagmifly, depending on the
applied THz frequency range. However, for minimigithe impact of the
resolution limitation of terahertz images, in socases, a hybrid vision system
with a visible-light camera can be applied.

Scientific work executed within the Strategic Paogme ‘nnovative
Systems of Technical Support for Sustainable Dpusdot of the Country’s
Economy within Innovative Economy Operational Programme.
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Zasady, techniki oraz zalety i ograniczenia obrazoania terahercowego

Stowa kluczowe

Obrazowanie terahercowe, badanie nienigzezobrazowanie hybrydowe.

Streszczenie

W artykule przedstawiony zostat pgstw dziedzinie technologii teraher-
cowej. Zaprezentowano rys historyczny, przewidywaeady w rozwoju oraz
unikalne cechy systemow terahercowych. Omowiondaos sklasyfikowane
aktualnie istnigjce techniki generowania i detekcji promienioward@eaherco-
wego. Zaprezentowano liczne przyktady zastosowsore ilustruj duzy zakres
mozliwych aplikacji tej szybko rozwijajcej sk technologii, zaréwno w aplika-
cjach biomedycznych, bezpieésdwa i obrony, kontroli jakii oraz diagno-
styki technicznej. W ostatniej ¢xi artykutu przedstawione zostaly fizykalne
ograniczenia obrazowania terahercowego oraz pakrmcgzastosowania w hy-
brydowych systemach wizyjnych.



