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Abstract: Recent theoretical and experimental research is triggering interest to technologies based on
radiation in the region from ~0.1 to 20 Terahertz (THz). Today, this region of the electromagnetic (e.m.)
spectrum is a frontier area for research in many disciplines. The technological roadmap of the THz
radiation considers outdoor and indoor communications, security, drug detection, biometrics, food
quality control, agriculture, medicine, semiconductors, and air pollution, and demands high-power
and sub-ps compact sources, modern detectors, and new integrated systems. There are still many
open questions regarding working at THz frequencies and with THz radiation. In particular, we
need to invest in new methodologies and in materials exhibiting the unusual or exotic properties of
THz. This book contains original papers dealing with some emerging THz applications, new devices,
sources and detectors, and materials with advanced properties for applications in biomedicine,
cultural heritage, technology, and space.
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1. Introduction

Photonics is the physical science describing the generation, the detection, the ma-
nipulation, and the application of many different devices of light. Photonics, combined
with micro- and nano-electronics, biotechnology, and/or nanotechnology, is emerging
as a strategic research and technological area as addressed by the United Nations which
celebrated 2015 as the International Year of Light. Hence, the continuous development of
photonic technologies needs a deeper understanding of light–matter interactions, the imple-
mentation of new concepts, and the synthesis of novel materials with tailored properties [1].
Following the development of laser-based Terahertz (THz) time-domain spectroscopy in
the 1980s and 1990s, the field of THz science and technology expanded rapidly and now
involves ‘real world’ applications [2–4]. The new approaches led to multidisciplinary
research, combining photonics modeling with long-term strategic aims towards challeng-
ing applications such as spintronics, bio-photonics, and many unique devices that can be
manufactured with the currently available technologies; others will soon appear, thanks to
emerging technologies.

The spectacular advancements observed in the last decade has led to an increasing
interest in THz technology in the effort to harness the power of thermal radiation in the
region from ~100 GHz to 20 THz (3.3–670 cm−1 wavenumber, 3 mm–15 µm wavelength,
0.4–83 meV photon energy). The interest shares some uniquely attractive characteristics of
the THz radiation with unique application possibilities [2,5].

The THz region of the electromagnetic spectrum is a frontier area for research in
physics, chemistry, biology, materials science, and biomedicine. Indeed, small molecules
rotate at THz frequencies; biologically important collective modes of proteins DNA and
RNA vibrate at THz frequencies; frustrated rotations and collective modes cause polar
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liquids such as water to absorb at THz frequencies; electrons in semiconductors and their
nanostructures resonate at THz frequencies; electrons in highly excited atomic Rydberg
states orbit at THz frequencies; superconducting energy gaps fall at THz frequencies; and
gaseous and solid-state plasmas also oscillate at THz frequencies, therefore this radiation
can be used to study and control an extraordinary vast number of materials, fundamental
systems, and phenomena [2,5–9].

The roadmap for the development of THz technologies [2,10,11] considers applications
in the fields of outdoor and indoor communications, security, drug detection, biometrics,
food quality control, agriculture, medicine, semiconductors, and air pollution. Their
exploitation and realization demand high-power compact THz sources, more sensitive
detectors, and more functional integrated THz systems.

2. Discussion

Sources of high-quality radiation in the THz region of the e.m. spectrum have been
scarce [12], but this “THz gap”, after continuous research efforts, has been filled by a
wide range of new technologies ranging from accelerated relativistic electrons [13,14], to
high-power femtosecond laser-based sources [15] and Quantum Cascade Lasers [16,17].
Thus, THz radiation is now available in both continuous wave (CW) and pulsed form,
down to single-cycles and sub-s duration, with peak powers up to tens of MW; several
THz facilities are distributed worldwide for fundamental experiments, user applications,
and industrial R&D.

The rapid advance of THz technologies in terms of radiation generators, systems,
and scientific or industrial applications has put a particular focus on compact sources
with challenging performances. Free-electron-laser (FEL)-based sources are probably the
best candidates to represent such versatility. There are a number of schemes that have
been investigated over the years to generate coherent radiation from free electrons in
the mm-wave and THz regions of the spectrum. The paper by Doria et al. [18] proposes
new approaches for exploring the limits in the performance of radio frequency-driven
free-electron devices in terms of ultra-short pulse duration, wide bandwidth operation, and
energy recovery for near CW operation. This work demonstrates that a THz FEL is very
powerful and flexible. This is possible by tailoring its spectral features with innovative
design schemes that can be introduced for the realization of a compact FEL source, as
discussed in this contribution.

Considering modern THz sources, TeraFERMI is the THz beamline at the FERMI free-
electron-laser facility in Trieste (Italy). It uses super-radiant Coherent Transition Radiation
emission to produce THz pulses from 10 to 100 µJ intensity over a spectral range, which can
extend up to 12 THz. This facility can be used to perform non-linear, fluence-dependent
THz spectroscopy and THz-pump/IR-probe measurements. Adhlakha et al. [19] describe
in their contribution the optical set-up in use, and discuss the properties of the generated
THz electric field profile. They showed that the THz emission from TeraFERMI is the
combination of two components, and the essential role in the emission properties of this
source played by CSR induced wakefields.

THz radiation is a very appealing band of the electromagnetic spectrum due to its
practical applications. In this context, THz generation and manipulation are an essential
part of the technological development. The demand of THz antennas is still high, as it is
difficult to obtain directive, efficient, planar, low-cost, and easy-to-fabricate THz radiating
systems. Tofani and Fuscaldo, in their contribution [20], focused on different classes
of leaky-wave antennas, based on materials with tunable quasi-optical parameters to
produce patterns with particularly high efficiency, taking into account costs and fabrication
complexity. Design strategies have been also discussed and some examples have been
presented and analyzed.

D’Arco et al., in their contribution [21] measured the complex refraction index of one
HMQ-TMS (2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium 2,4,6-trimethyl benzene-
sulfonate) single crystal from THz to UV, observing a remarkable anisotropy, strongly
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attenuated at long wavelengths. The HMQ-TMS is a recently discovered anisotropic or-
ganic crystal that can be exploited for the production of broadband high-intensity THz
radiation through the optical rectification technique. It plays a central role in THz tech-
nology due to its broad transparency range, large electro-optic coefficient and coherence
length, and excellent crystal properties. The authors extracted both the refraction index
n and the extinction coefficient k between 50 and 35,000 cm−1, and measured the THz
radiation generated by optical rectification at different wavelengths and along the axes.
Data highlighted well the remarkable anisotropic linear and non-linear optical behavior of
these crystals, extending the knowledge of their properties from THz to UV wavelengths
and suggesting applications in THz pump-probe experiments of exotic electronic systems.

The THz electromagnetic characterization of materials is also particularly important
in many applications in accelerator physics. As, in storage rings and linear accelerators of
new generation, very short bunches might be required, extending the exploration of the
beam spectrum far in frequency is required to assess the coating material response up to
hundreds of GHz. The paper of Passarelli et al. [22] describes a time domain method based
on the waveguide spectroscopy to infer the coating properties at very high frequencies. The
approach is extremely useful for the evaluation of the real part of the surface impedance,
currently used for modeling the resistive wall component of the beam impedance in
accelerators. In fact, the emergence of meta-materials opened new opportunities in many
fields including THz. It has been shown that meta-material waveguides can guide a
mode, even when the core diameter is more than 10 times smaller than the operating
wavelength [9,23].

The incredible scientific and technological advances have recently allowed the pro-
duction and the coherent detection of sub-ps pulses of THz radiation, making spectroscopy
and imaging in biomedicine at very long wavelengths now possible [24–27]. THz pulsed
imaging (TPI) was pioneered in the last decade and D’Arco et al., in their manuscript [28],
presented a review of TPI. They discussed the basic principles and performances, and
described state-of-the-art applications on biomedical systems. Concerning the THz radia-
tion properties, they also discussed the major applications of TPI with ex vivo and in vivo
studies and cases of histopathological imaging of cancers. Although THz technology is
rapidly expanding as a medical imaging modality, its use requires more attention, and
extended trials should be carried out to apply TPI systems in clinical fields and hospitals to
transfer this already mature technique for research in a powerful tool for clinical tests [29].

InfraRed synchrotron radiation (IRSR) is a unique broadband light source covering
a spectral region from THz to IR. Its brilliance represents the main advantage for micro-
spectroscopy experiments, perfect to match the demands of extremely small samples that
prevent the use of conventional thermal radiation sources [30]. One of the most promising
applications of IRSR is cultural heritage, where materials to investigate are unique, delicate,
and valuable. A non-destructive approach is mandatory, and extremely small pieces have to
be investigated whenever is required, following the logic of preservation and conservation.
Ikemoto et al. [31] analyzed several samples at the BL43IR beamline at SPring-8, showing
an advantage of more than two orders of magnitude vs. thermal radiation sources and, in
particular, in the low-wavenumber region. Iron oxides in bengala red pigment, biomineral
distribution caused by lichen growing on a stone, adhesives of fibers of a traditional
costume, and organic materials in overglaze layers on ceramics were characterized at
high-spatial resolution.

As outlined above, accelerators show other fantastic properties that can be exploited,
particularly in the THz domain. Coherent synchrotron radiation from an electron storage
ring is observed in the THz spectral range when the bunch length is shortened to the
sub-mm-range. Schade and co-workers, in their contribution [32], showed that increasing
the stored current in the ring causes the bunch to become longitudinally unstable and
modulates the THz emission in the time domain. Their results set the limits for the possible
time resolution of pump-probe experiments with coherent THz synchrotron radiation from
a storage ring. Ultra-short electron bunches, such as those delivered by a high-brightness
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photo-injector, are suitable to produce high peak power THz radiation, both broad and
narrow band, with sub-picosecond down to femtosecond pulse shaping. The features of
this kind of source are extremely appealing for frequency- and time-domain experiments in
a wide variety of fields. The manuscript by Chiadroni et al. [33] will overview the method
of generation and characterization of THz radiation produced by high-brightness electron
beams. This radiation can be produced under different regimes, by a proper control of the
bunch shaping and charge distribution. Different electron longitudinal distribution can be
tailored and manipulated by properly setting the UV photocathode laser and the photo-
injector parameters. Data collected at the SPARC_LAB accelerator at the Frascati National
Laboratory of the INFN, with both ultra-short single bunch and multi-bunches electron
comb beams, provided high energy per pulse and broad and narrow spectral bandwidth
THz radiation, for non-linear and pump-probe experiments in solid-state physics and
materials science.

Correlated with this research, the manuscript by Sakai and co-workers [34] is an
original study that introduces a new technology to measure electron bunch length at high
time resolutions. Using the coherent synchrotron radiation (CSR) emission, they evaluated
the RMS bunch lengths in full-bunch mode and in burst mode. CSR was measured by using
a narrow-band detector at the S-band linear accelerator facility of the Nihon University.
The results can be applied to the precise evaluation of FEL gain vs. charge to develop
high-power terahertz light sources.

The demand of new detectors is emerging, correlated with the emergence of new THz
sources [35]. The realization of emitters and receivers is challenging as THz frequencies are
too high for conventional electronics and the photon energies are too small for classical
optics. At present, there exists a large variety of THz radiation sensors and detectors as
traditional bolometers, and new devices based on different principles and materials. [36]
In his contribution Rezvani et al. presented an innovative photon detector based on the
proximity junction array device (PAD) working at long wavelengths. [37] The PAD has
a relatively high photo-response, even at frequencies below the expected characteristic
frequency, while its superconducting properties such, as the order parameter and the
Josephson characteristic frequency, can be easily modulated via external fields to extend
the detection band. Authors characterized the vortex dynamics of this proximity array
device vs. external parameters, e.g., magnetic and electric fields, showing the occurrence of
the transition from a Mott insulating to a metallic state. Advanced devices such as these
represent promising detectors for new high-sensitivity long-wavelength systems and for
THz imaging applications.

THz imaging is one of the many challenging and stimulating THz applications. Using
the unique characteristics of the FEL, Irizawa et al. [38] successfully performed high-
sensitivity spectral imaging of different materials in the THz and far-infrared (FIR) do-
main. Due to the intensity and directionality of the ISIR source at Osaka, they collected
high-sensitivity transmission imaging of extremely low-transparency materials and three-
dimensional objects in the 3–6 THz range. Using the FEL time structure, fast spectral
imaging was demonstrated on different samples in various forms. Taking advantage of the
available high power, they succeeded in the acquisition of transmission images of “opaque”
solid materials and liquids for the first time in the THz/FIR domain. By accurately iden-
tifying the intrinsic absorption wavelength of organic and inorganic materials, they also
succeeded in the mapping of spatial distribution of individual components. They also
showed, again for the first time, that non-linear phenomenon can be observed by changing
the FEL intensity, pointing out the huge opportunities of these coherent high-power, high
brilliance sources for much interdisciplinary research.

The incredible opportunities offered by intense THz sources is well represented by the
manuscript of Macis et al. [39] which showed the damage induced by an intense coherent
THz beam on copper surfaces. This metallic surface, irradiated by multiple picosecond THz
pulses generated by a FEL, exposed the sample surface to an electric field up to ~4 GV/m.
No damage occurs at normal incidence, while images and spectroscopic analysis of the



Condens. Matter 2021, 6, 23 5 of 7

surface point out a clear dependence on the incidence angle, the electric field intensity, and
polarization of the pulsed THz radiation. The experimental approach they introduced,
with multiple fast irradiations, represents a new powerful technique useful to test the
damage induced by an intense electric gradient on metallic surfaces in a reproducible way.
This work shows for the first time the occurrence of an angular dependent reproducible
damage induced by THz multiple high-intensity pulses on a metallic surface depending on
incidence angle, number of shots, and fluence. The phenomenology behind the observed
behavior can be understood in terms of a fast local temperature increase, which may induce
ablation and melting on the surface. This original work clearly points out the need to
consider electric-related effects, e.g., discharges and/or breakdowns occurring in the air due
to the intense applied electric field [40]. The mechanism behind THz-radiation-induced
morphological change is also unclear in soft materials. Changes in the intermolecular
conformation of bulk materials without damaging the chemical structures have been
already observed in bio-macromolecules. Consequently, the use of THz irradiation may
constitute a new method also applicable to biological science, to design and characterize
new functional materials [41].

3. Conclusions

There is still too much we do not know about working at THz frequencies and with
THz radiation. We should continue to invest in basic science and technology, and to
introduce new computational models for analyzing devices and operation in this energy
range. We also need to invest in new methodologies [9] to better understand material
properties [42–44] and meta-materials [45] at terahertz frequencies, as well as general
terahertz phenomenology. This book deals with emerging applications in THz solid-state
physics and devices such as sources, detectors, advanced materials, and light–matter
interactions with theoretical, methodological, well-established, and validated examples:
spectroscopic characterization of novel materials, imaging applications in biomedicine,
cultural heritage, and earth science [46–49]. It intends to offer results and ideas for a very
vast audience, from basic science to engineering, technology experts, newcomers, and
students. Indeed, the published contributions describe, in our opinion, an up to date and
reliable state-of-art of THz research and, we hope, their reading will help and promote
research on and with THz radiation.
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