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Preface to "THz: Research Frontiers for New Sources,
Imaging and Other Advanced Technologies”

Terahertz (THz = 10'? Hz) radiation, alternatively referred to as T rays, is the electromagnetic
radiation lying between the microwave and infrared portions of the spectrum. There is no standard
definition for the THz band, but it has most often come to refer to the region of the electromagnetic
spectrum from 0.1 to 20 THz (3-600 cm~?, 3 mm-15 ym wavelength, 0.3-80 meV). The lack of readily
available THz sources and detectors has led to the relatively unexplored region of the electromagnetic
spectrum between microwaves and infrared being termed the “THz gap”.

This is a frontier area for research in Physics, Chemistry, Biology, Materials Science and
Bio-Medicine. Indeed, THz radiation can be used to investigate and characterize small molecules
rotating at THz frequencies, while biologically-important collective modes of proteins DNA and RNA
vibrate at THz frequencies, frustrated rotations and collective modes causing polar liquids such as
water absorb at THz frequencies and gaseous and solid-state plasmas oscillate at THz frequencies.
Also electrons in semiconductors and their nanostructures resonate at THz frequencies; electrons in
highly-excited atomic Rydberg states orbit at THz frequencies and superconducting energy gaps fall
at THz frequencies.

The publication of this volume has been made possible thanks to the support of the Italian
Ministry of Foreign Affairs and International Cooperation in the framework of the Bilateral

Cooperation Agreement between Italy and Japan (Major relevance Project N. PGR00728).

Stefano Lupi, Akinori Irizawa, Augusto Marcelli
Editors
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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.

Keywords: THz; FEL; coherent synchrotron radiation; waveguides; THz detector; THz imaging

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 ! wavenumber, 3 mm~-15 um 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

Condens. Matter 2021, 6, 23. https:/ /doi.org/10.3390/ condmat6030023 https:/ /www.mdpi.com/journal/condensedmatter
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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 pJ 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~—!, 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 TPL 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
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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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Abstract: HMQ-TMS (2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium 2,4,6-
trimethylbenzenesulfonate) is a recently discovered anisotropic organic crystal that can be
exploited for the production of broadband high-intensity terahertz (THz) radiation through the
optical rectification (OR) technique. HMQ-TMS plays a central role in THz technology due to its
broad transparency range, large electro-optic coefficient and coherence length, and excellent crystal
properties. However, its anisotropic optical properties have not been deeply researched yet. Here,
from polarized reflectance and transmittance measurements along the x; and x3 axes of a HMQ-TMS
single-crystal, we extract both the refraction index # and the extinction coefficient k between 50 and
35,000 cm~!. We further measure the THz radiation generated by optical rectification at different
infrared (IR) wavelengths and along the two xq and x3 axes. These data highlight the remarkable
anisotropic linear and nonlinear optical behavior of HMQ-TMS crystals, expanding the knowledge of
its properties and applications from the THz to the UV region.

Keywords: terahertz; THz spectroscopy; optical indices; nonlinear effects; optical rectification;
organic crystals; HMQ-TMS

1. Introduction

THz radiation (1 THz~33 cm ™! or 4 meV photon energy) has gained over the years a considerable
interest due to its broad variety of applications. Starting from fundamental scientific investigations,
where THz can be used as a resonant probe for the plethora of excitations in condensed matter
physics [1-3], its applications reach also to various industrial and biomedical activities [4-7],
security applications [8-10], and particle-accelerator physics [11,12]. Following the growing interest,
a rapid development of both THz generators and detectors has been made possible thanks to
novel technologies that have become available in these last two decades, such as quantum cascade
lasers, photoconductive antennas, Gunn lasers, and sources based on nonlinear optical (NLO) effects.
The latter realm has been the starting point for the production of single cycle, high-intensity THz
signals comparable to those obtained from free-electron facilities [13,14]. The process of difference
frequency generation [15,16] or optical rectification (OR) [15,17-22] still holds the greatest interest
due to its capabilities of reaching electric field magnitudes up to tens of MV /cm providing a broad
THz spectral range going from nearly 0.1 THz up to 15 THz [1,23]. Due to these properties, novel
NLO materials have been highly investigated in terms of THz transparency and linear and nonlinear
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optical responses. As already highlighted in literature, the production of THz radiation through OR
process is highly dependent on the material properties, like the microscopic optical response functions
of the crystal [15,24]. The real and imaginary parts of the refractive index, both in the optical and THz
emission regions, give information about the phase matching condition and the absorption effects
inside the crystal. Therefore, the knowledge of those optical parameters is of great importance in order
to optimize the OR process and the emitted THz spectrum. Moreover, many efforts are also required
in order to optimize future growth processes of new THz crystals [25,26].

Among the many materials already discovered, like inorganic NLO crystals such as ZnTe and
GaP [27], organic NLO crystals offer the best platform, mainly due to their strong nonlinear
optical response arising from the molecules hyperpolarizability and orientation inside the
crystal [15]. Organic crystals like DAST, DSTMS, OH1 [28-30], 2-(4-hydroxy-3-methoxystyryl)-1-
methylquinolinium 2,4,6-trimethylbenzenesulfonate (HMQ-TMS) [31] and BNA [32], are
already widely used for THz photonics. Here, HMQ-TMS is an organic molecular crystal
built upon HMQ (2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium) cations and TMS (2,4,6-
trimethylbenzenesulfonate) counter anions. HMQ-TMS shows a polar axis oriented along the x3
direction, as shown in Figure 1. Although the electromagnetic properties of HMQ-TMS have been
partially studied [31,33,34], a complete investigation of its anisotropic optical properties is still missing.
In recent works, Brunner et al. [33] estimated the crystal optical group index, with light polarized along
the polar axis, through retardation of laser pulses [35], covering a range from 600 to 2000 nm. In addition,
the absorption coefficient a3 were also extracted from transmission measurements in the same spectral
range and between 0.3 and 1.5 THz through THz time-domain spectroscopy. The same optical
parameters have also been estimated for a broader THz spectral range (1.2-12 THz) in Reference [34].
In this paper, we extract from polarized reflectance and transmittance measurements, from THz to
ultraviolet (UV), both the real (refraction index 71) and the imaginary part (extinction coefficient k) of the
complex refractive index #i = n — ik, along the x; and x3 (polar) axes of a HMQ-TMS single-crystal.
We further measure the THz radiation generated by optical rectification at different infrared (IR)
pumping wavelengths and along the two x1 and x3 axes. These data highlight the remarkable anisotropic
linear and nonlinear optical behavior of HMQ-TMS crystal, as predicted from the crystallographic
theory.

Figure 1. (a) Chemical structure of HMQ-TMS system. (b) Orientation inside the 2-(4-hydroxy-3-
methoxystyryl)-1-methylquinolinium 2,4,6-trimethylbenzenesulfonate (HMQ-TMS) crystal of the HMQ
and TMS molecular groups projected on the crystallographic b-axis. A massive hyperpolarizability
is associated to the HMQ chromophores, which are aligned along the polar axis x3 in such a way to
define the maximum possible value of the order parameter (cos® §) [15].

2. Experimental Methods

2.1. Linear Response Study

The Reflectance (R) and transmittance (T) at room temperature of a HMQ-TMS single crystal have
been measured, from THz to UV (50-35,000 cm 1), along the x3 and x; axes. The crystal is characterised
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by a thickness of 190 um (as measured by a micrometer) and lateral dimensions of 4 mm x 2.5 mm.
The face of incidence coincides with the crystallographic ac-plane, parallel to the radiation polarization.
THz and Mid-Infrared (MIR) regions have been investigated at the SISSI Infrared beamline in Elettra
Synchrotron (Trieste) through a Bruker Vertex 70V Michelson interferometer [36-38]. The region
going from NIR to UV has been studied at the Physics Department of the University of Rome “La
Sapienza” through a JASCO V-770 spectrometer. A calibrated gold (aluminium) mirror in the THz/MIR
(NIR/UV) has been used as a reference in reflectance experiments. The linear complex refractive index
as a function of frequency, n(w) — ik(w) (here w is a wavenumber), has been obtained from T(w)
and R(w) data by deriving the exact analytical solution to the inverse problem for a slab under the
approximation k2 < n(no absorption at interfaces). The two indices can be expressed as [39]:

_ 1+Rp(R,T) 4Rp(R,T) 1)? Re(R,T)T 1z
MR Tw) = TR ) { 1 —EF(R,T)]Z - (m) in’ {R CReR, T)” @
1 Rp(R,T)T
kR, T,w) = 5—In [R—FT(RT)] , )

where d is the slab thickness and the single interface reflectance R takes the form

_ 24T (1-R)*— {2+ 1>~ (1 -R)*? —4R(2 - R)}V/?

Re 2(2—R)

This method, based on both R and T, is independent from any major approximation. It is thus expected
to be very precise in the determination of 7 and k values across the broad spectroscopic range.

2.2. Ir Pumping Scheme

In order to study the THz emission from the HMQ-TMS crystal, an optical apparatus has been
developed based on a collinear optical parametric amplifier (OPA) from Light Conversion®, which
permits the production of femtosecond pulses at tunable IR wavelengths, going from 1200 nm up to
1600 nm. The system is shown in Figure 2. A femtosecond high-intensity pulse at 780 nm pumps the
OPA, while a minor intensity is used for detection of the THz signal through the electro-optic effect
in a GaP 0.2 mm thick crystal. The signal emitted from the OPA is then used in order to pump the
HMQ-TMS crystal at varying wavelengths. At constant fluence (4 mJ/cm?), the wavelength range
spans from 1300 nm to 1600 nm, and four different values have been compared for the THz generation:
1300, 1400, 1500 and 1600 nm, as suggested by previous literature [34].
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Probe
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4 THzFllter
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Figure 2. Infrared (IR) pumping scheme for THz generation in a HMQ-TMS crystal. An initial 40 fs
pulse at 780 nm, generated from a Ti:Sapphire laser (COHERENT® Legend Elite), is injected into
the optical parametric amplifier (OPA) for the generation of IR femtosecond and high-fluence pulses.
The residual pump is sent to the electro-optical detection system after passing through a delay stage
and a series of optical elements. A GaP crystal is used for the detection.

3. Results

3.1. Linear Optical Parameters

In Figure 3, R(w) and T (w) measurements for the HMQ-TMS crystal are reported between 50 and
35,000 cm ™. The blue (red) solid-lines concern R data, while blue (red) dashed-lines refer to T data
with light polarization along the x; and x3 axes, respectively. From the T measurements, one can notice
a broad transparent spectral region extending from the mid-IR to the VIS region (5000-20,000 cm~ 1)
for both axes, with a plateau at 83% along x; and up to 80% along x3, respectively. This sligthly higher
absorption is attributed to the major alignment of both HMQ cations and TMS anions along the x3
axis (see Figure 1) [31]. The first electronic transition is approximately located around 20,000 cm ™~
and corresponds to a strong reduction of transmittance along both axes, with a relatively low cut-off
wavelength < 580 nm, in accordance with the estimation of Brunner et al. [33]. This electronic transition
is related to the HMQ cations, which exhibit (in a methanol solution) an absorption maximum around
439 nm (nearly 22,000 cm 1) [31], mapping a smaller modulation of the reflectance (Figure 3) along
the x1 axis. In the inset of Figure 3, a magnified plot of T (R) curves in the THz/MIR region is shown.
Here, minima (maxima) correspond to both intra- and intermolecular (phonon) absorptions extending
to the MIR region (see Figure 3).

In order to extract the real and imaginary parts of the refraction index from R and T data, the
partial transparency of the HMQ-TMS single crystal in the MIR and VIS spectral region (see Figure 3)
should be taken into account. Indeed, this transparency does not allow the use of Kramers-Kronig
transformations. However, the complementary T and R data allow the derivation of an analytical
method (see Equations (1) and (2) which considers Fresnel losses due to multiple reflections at the
crystal surfaces [39]. The extracted optical parameters have been double-checked by using the RefFit
constrained fitting program for a thin slab [40]. In Figure 4, the real (1) part of refraction index along x;
(blue curves) and x3 (red curves) axes are shown. For both axes, n is nearly constant from MIR to red,
showing an average value of 1.6 (2.0) for the x; (x3) axis. A strong modulation of # can be observed
between 20,000 and 25,000 cm ™!, in correspondence to the electronic insulating gap. In the spectral
range (5000-16,000 cm 1), and along the x3 axis, the refractive index behaves accordingly to already
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published data [33]. Moreover, the inset of the same figure shows # in the THz/MIR spectral region,
which behavior is in accordance with previous works [34].
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Figure 3. Polarized T and R data of HMQ-TMS single crystal at room temperature along the x; and
x3 axis, in the 50-35,000 cm ! spectral region. T (R) data with light polarization along x; and x3 are
represented by dashed (solid) blue and red lines, respectively. In the inset, R and T data are plotted in
the THz/MIR region.
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Figure 4. Real part of refraction index (1) of the HMQ-TMS crystal at room temperature. Solid-blue
(red) line corresponds to the value along the x; (x3) axis. In the inset, n is plotted in the THz/MIR
spectral range. The strong variation of 7 around 20,000 cm ™~ is generated by an electronic transition of
the HMQ cations.

3.2. Spectral Analysis

The absorption coefficients, along both x; and x3 axes, are calculated through the extinction
coefficient k as & = 47twk (w is a wavenumber). They are reported in the spectral range 400-4000 cm ™,
where most of the vibrational excitations of HMQ and TMS chemical groups fall (see Figure 5a,b).
Differently to the electronic transitions that show a remarkable anisotropy (see Figure 4), the two
vibrational spectra have several peaks in common. A small anisotropy can be observed only below

1000 cm !, where ring-structure bending and lattice modes are located, and can be attributed to
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molecules orientation. In order to assign those peaks, one can observe that aromatic rings in the
HMOQ-TMS structure (see Figure 1) show several C-H and C=C-C vibrational modes. Specifically,
the bending modes of quinolinium ring are present below 650 cm~!. C-H out-of-plane and in-plane
bending vibrations occur in the regions 670-900 cm ! and 950~1225 cm ™!, respectively [41]. Along
axis x1, the band at 528 cm~! is identified with the C-N-C and C-C-N in-plane bending modes.
For axis x3, in the region 450-600 cm L, two shoulders are distinguished at 470 and 609 cm !, and
assigned to the symmetric and asymmetric bending vibrations of the -5O3 group [42—44]. The peaks
at about 1030 cm !, 1140 em ! and 1350 cm ! can be assigned to the symmetric and asymmetric
SO; stretching, respectively [41]. Between 12601340 cm ™!, three weak shoulders can be associated
to aromatic primary amine C-N stretching. The peaks at 1530 and 1590 cm ™! can be attributed to
the vibrations of aromatic rings, while the absorptions around 1390, 1430 and 1480 cm ! are due to
trimethyl CHj. The shoulder at 2652 cm ™! is related to the stretching vibration of C-CHj, located in
the trimethylbenzenesulfonate. The methylamino N-CHj vibrational band is located at 2760 cm ™.
Above 2800 cm™!, the C-H bonds vibrate with the methyl C-H symmetric and asymmetric stretching
at 2860 and 2960 cm ™!, respectively, and the methyl ether O-CH; and C-H stretching corresponding to
the band at 2815 cm 1.
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Figure 5. Absorption coefficients of HMQ-TMS crystal at room temperature in the vibrational
spectral region 400-4000 em~! along the polar x3 (a) and x; (b) axes. The shaded area pictorially
assigns the absorption peaks (or vibrational regions) to specific vibrational modes of HMQ and TMS
chemical groups. (The labels are: 6 — bending vibration, v — stretching vibration, as — asymmetric,

s — symmetric, ring — quinolinium ring).

The narrow peak at 3000 cm ™! and the shoulder around 3010 cm ! are attributed to C-H bonds
around the aromatic rings [41]. The region between 3020-3230 cm 1, related to aromatic C-H stretching
and hydroxyl group vibrations, shows a very strong absorption that is nearly saturated. The small
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shoulder, located at 3250 cm™!, can be attributed to O-H vibrational bonds. These general assignments
are reported in Figure 5a,b.

3.3. Thz Generation

For completeness, the nonlinear properties in terms of THz generation vs. different pumping
wavelengths, along the xq and x3 axes, have also been measured. Referring to the scheme of Figure 2,
and varying the timing overlap between the THz pulse and the 780 nm probe in a GaP detection crystal,
it is possible to scan the THz electric field magnitude in order to compute the spectral amplitude.
The amplitudes along the x3 axis (coinciding with the maximum generation efficiency) at a fluence
of 4mJ/cm?, and at different IR pumping wavelengths (1300, 1400, 1500 and 1600 nm), are shown in
Figure 6a. The comparable magnitudes of the field vs. the pumping wavelength suggest a nearly flat
THz efficiency of the HMQ-TMs crystal in the whole infrared range.
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Figure 6. (a) Spectral amplitude of the THz field generated by a HMQ-TMS single crystal pumped
by a fs optical pulse at different IR wavelengths (1300, 1400, 1500 and 1600 nm). A broad frequency
THz generation is visible from 0.5 up to 6 THz, with a further contribution around 7 THz. Minima
in the spectra are mainly due to the water vapour absorption. (b) Spectral amplitude of the THz
field generated along the x; axis. The intensity and spectral bandwidth are strongly reduced in
comparison to the x3 axis. Red-dashed lines in (a) and (b) represent the noise level in our experiment.
(c) Peak-to-peak THz field magnitude vs the angle between the x3 axis and the pumping polarization.
The THz field value strongly decreases for an increasing angle, indicating a strong reduction of the
THz emission efficiency for a pump polarization along the x; axis.

The anisotropic THz emission properties of HMQ-TMS have been studied by varying the crystal
orientation with respect to the linearly polarized pump. In particular, both the incidence OPA
polarization and the GaP detection crystal orientation have been kept fixed while the crystal has
been rotated. Although we cannot exclude that some THz intensity might come from orientation
misalignment and polarization losses, a small THz emission can be observed along x; centered around
2 THz (Figure 6b) for a pumping wavelength at 1500 nm (similar data have been obtained at the
other wavelengths). More specifically, the THz magnitude vs. the crystal orientation (Figure 6¢)
progressively decreases when the pumping polarization approaches x;.

4. Conclusions

In this paper, we have measured the complex refraction index of a HMQ-TMS single crystal from
terahertz to ultraviolet, both along the polar x3 axis and the orthogonal x; axis on the crystallographic
ac-plane. In the visible-ultraviolet region, we observe a remarkable anisotropy which is strongly
attenuated in the infrared and terahertz range. The precise extraction of both the refractive indices
and the absorption coefficients proposes an inverse problem approach for the THz generation study.
Therefore, we have also measured the terahertz emission spectra along the same axes when pumping
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in the infrared through a fs-amplifier laser. As expected from theoretical grounds, the THz emission
shows a huge intensity reduction when the pumping polarization is parallel to the x; axis. These data
expand our knowledge of the HMQ-TMS optical properties across the broad spectral range from THz
to UV, allowing a better understanding of its possible applications in THz pump-probe experiments of
exotic electronic systems [45,46].
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Abstract: Using the unique characteristics of the free-electron-laser (FEL), we successfully performed
high-sensitivity spectral imaging of different materials in the terahertz (THz) and far-infrared (FIR)
domain. THz imaging at various wavelengths was achieved using in situ spectroscopy by means of
this wavelength tunable and monochromatic source. In particular, owing to its large intensity and
directionality, we could collect high-sensitivity transmission imaging of extremely low-transparency
materials and three-dimensional objects in the 3-6 THz range. By accurately identifying the intrinsic
absorption wavelength of organic and inorganic materials, we succeeded in the mapping of spatial
distribution of individual components. This simple imaging technique using a focusing optics and a
raster scan modality has made it possible to set up and carry out fast spectral imaging experiments
on different materials in this radiation facility.

Keywords: THz; far infrared; FEL; spectroscopy; imaging

1. Introduction

Terahertz (THz)-wave and/or far-infrared photons represent radiation located in the frequency
region, which is well known as the “terahertz-gap”. This region is a frequency domain that is
still particularly interesting in the field of radiation generation and detection technology. In terms
of applicability, conventional light sources based on the blackbody emission and well-established
spectrometers or interferometers are rather common tools. On the other hand, far-infrared radiation
emitted by synchrotron radiation (SR) and free-electron-laser (FEL) sources is powerful for spectroscopy
and microspectroscopy. Thanks to the high brilliance and focusing properties, these light sources

Condens. Matter 2020, 5, 38; doi:10.3390/condmat5020038 19 www.mdpi.com/journal/condensedmatter
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important results have been obtained with experiments performed with these non-thermal radiation
sources. Pump-probe experiments using intense and coherent photon sources to investigate non-linear
materials properties can be realized only by using high-intensity FELs. In the recent years, we have
performed various linear and non-linear experiments using the terahertz-free-electron-laser (THz-FEL)
in the Institute of Scientific and Industrial Research (ISIR) of Osaka University [1-4].

Regarding the electromagnetic waves, THz and far-infrared (FIR) radiation falling in the “terahertz
gap” share both the behavior of high-frequency radio waves and low-energy photons. For this reason,
in different areas such as physics, chemistry, engineering, and bio-medicine, this radiation can be
described by different units such as frequency, wavenumber, wavelength, and energy. Their mutual
relationship is shown in Equation (1) with the reference to approximately 3 THz, where only the
wavelength is inversely proportional to the others:

3THz =100 cm™! = 100 um = 12.4 meV )

The terahertz band is conventionally understood as ranging from approximately 0.3 to 3 THz
around 1 THz within the International Telecommunication Union (ITU) designated band of frequencies.
In addition to the light sources having characteristics of intensity, stability, monochromaticity,
or broadbandness, detectors with high sensitivity, high-speed response, and wide (linear) dynamic
range are under development. Besides far-infrared photons emitted from a black body in accordance
with Planck’s law, various other light sources exist, e.g., synchrotron radiation light sources, vacuum
tubes including gyrotrons, gas, and solid-state lasers, superconducting devices, non-linear optical
devices, and FELs, which are mainly described in this contribution.

The ISIR THz-FEL is a monochromatic, wavelength-tunable and highly coherent pulsed light
source with megawatt-class peak intensity. For the first time in the 1970s and in the early phase,
FELs produced radiation in the mid-infrared region [5]. The emission wavelength was continuously
reduced down to the X-ray range with the goal of studying nano- and sub-nano-size objects and reach
the pico- and sub-picosecond time resolution in different research areas [6,7]. On the other hand,
although infrared FELs are relatively compact, the operation and the maintenance of these linear
accelerators requite important human and/or economic supports from universities and institutions.
Mainly for this reason, some FEL facilities in the infrared region were discontinued in the past. However,
since the last decade, long wavelengths FELs are again attracting attention as high-intensity coherent
radiation sources. Indeed, the increasing number of studies using infrared FEL radiation from the
operational facilities is triggering the constructions of new infrared FELs and the plan of new IR and
THz beamlines worldwide [8-12].

2. Characteristics of the ISIR THz-FEL

The FEL installed at the quantum beam science research facility in ISIR of the Osaka University
can produce high-intensity pulsed light in the THz and FIR domains. The accelerator facility was
established in 1957, and after almost 40 years, in 1978, the L-band electron linear accelerator was
installed. After the first successful FEL oscillation [13], several upgrades have been realized. The details
of the continuous improvement of the electron gun and the accelerator are summarized in Refs. [14-18].
In this contribution, we describe the experimental layout designed and assembled in ISIR and some
recent experimental results obtained using this layout. The ISIR THz-FEL can be also used as a pump
source thanks to the high intensity and time characteristics or as a probe source if combined with the
irradiation of an external laser. In the next section, we will focus on microscopy and spectral-imaging
experiments performed with the ISIR THz-FEL as the probe source and will discuss the typical FEL
parameters we used for the experiments discussed below.

Figure 1 shows the pulsed time structure of the ISIR THz-FEL radiation reflecting the structure
of an electron-bunch train. The FEL pulse train has a two-level structure. The first level is the
micro-pulse, and the set of micro-pulses forms the macro-pulse. The long-time structure contains
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several macro-pulses emitted in sequence every 200 ms (5 Hz repetition). Each macro-pulse contains
approximately 100 micro-pulses. The interval among micro-pulses depends on the FEL oscillation
mode, i.e., 9.2 ns or 37 ns (= 9.2 ns X 4). The emission is due to ISIR THz-FEL's pre-bunching system,
which aims to increase the charge of the electron bunches. The time interval is 12 or 48 times longer
than the length of 0.77 ns associated with the RF frequency of 1.3 GHz of the Klystron’s. The 9.2 ns
interval is associated with the 108 MHz operation of the sub-harmonic buncher, while the 37 ns interval
is due to the 27 MHz grid pulser installed on the thermal cathode electron gun.

~60 cycles (@ 3 THz)

(—}%

9.2ns

LR VA

= L

micro ; 37ns
pUISQS (9.2nsx4)

macro

l l 5 Hz
pulses Time

Figure 1. Time structure of the pulsed Institute of Scientific and Industrial Research (ISIR)
terahertz-free-electron-laser (THz-FEL). The pulse structure is approximately 4 s in the macro-pulse
and approximately 20 ps in the micro-pulse, respectively.

In the spectroscopy experiments using the FEL as the radiation probe, a stable intensity mode
with the micro-pulse interval of 9.2 ns (108 MHz mode) has been usually employed. For irradiation
experiments on materials and for non-linear response experiments, the mode with the 37 ns interval
(27 MHz mode) has been selected.

In this mode, the light intensity per micro-pulse was greatly increased and used as the pump
source. In both modes, beam conditions are searched for the best monochromaticity and stability,
and the irradiation energy is up to 10 mJ/macro-pulse in the 27 MHz mode and up to 1 mJ/macro-pulse
in the 108 MHz mode. Figure 2 shows the typical wavelength dispersions of the THz-FEL in the
(a) 108 MHz mode and the (b) 27 MHz mode. Although the monochromaticity differs much depending
on the beam parameters and the FEL mode, the bandwidth is approximately 3% at the 108 MHz mode
and approximately 10% at the 27 MHz mode under the best monochromaticity conditions. Actually,
deep care must be taken when one adjusts the beam condition to make the energy maximized in
the 27 MHz mode, because it often shows a wideband wavelength spectrum that can no longer be
considered monochromatic (Appendix A).
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Figure 2. FEL spectra for different undulator gap values and modes. (a) Spectrum at variable gaps in
the range of 30-37 mm at 108 MHz (monochromatic condition); (b) Spectrum at variable gaps in the
range of 32-37 mm at 27 MHz (monochromatic condition).

3. Spectral Imaging Using THz-FEL

So far, THz imaging using various light sources and detectors has been performed, and technologies
have been developed as in other wavelength regions [19-24]. Among them, time domain spectroscopy
(TDS), quantum cascade laser (QCL), and terahertz parametric generator (TPG) using LiNbO;
non-linear optical crystals have been employed for the imaging at laboratory level below the 3 THz
frequency domain. Moreover, the near field method has enabled the possibility of reaching a spatial
resolution below the diffraction limit. However, THz/FIR radiation may not compete with X-rays in
terms of transmittance and spatial resolution. That is, the most important motivation for imaging
at the THz/FIR domain should be the observation of materials that have a characteristic response
in this wavelength range. From this point of view, only a few imaging experiments at arbitrary
monochromatic wavelengths, which can be called spectral imaging, are so far reported in the region
below 3 THz [25,26]. In other words, conventional THz imaging has been hardly performed by
probing the precise wavelength dependence of different materials characterized by specific absorptions,
and most researchers have performed imaging by selecting an example that matches the wavelength
maximum of each light source.

In the following, we will describe the status of spectroscopy for imaging using long wavelength
radiation sources. Such a radiation, when emitted from a storage ring (SR), is competitive because
of the brilliance, which is much higher than any standard laboratory light source based on thermal
radiation. In this respect, SR is highly effective for any spectroscopic measurement of small areas
using condensing optics, e.g., for microspectroscopy [27-29]. However, even in the case of SR sources,
the total photon number is not enough for many experiments, especially in the far-infrared region.
In general, it is necessary to accumulate spectra for several tens of seconds to several minutes using a
Fourier transform infrared (FT-IR) spectrometer even for a single acquisition. Furthermore, it is well
known that diffraction grating type spectrometers are more demanding in terms of photon numbers.
Therefore, an impractical long-time integration is frequently required in 2D scan spectral imaging.
For example, a scan of 50 x 50 points would require approximately 7 h, even if a FT-IR instrument takes
only 10 s to measure each point. In contrast, THz-FEL is a quasi-monochromatic light source, and it is
several orders of magnitude more intense than SR infrared radiation for both total photon number and
illuminance. Thus, the spectral imaging using FEL is certainly realistic even when monochromatized
through a diffraction grating-type spectrometer. We will present and discuss high-sensitive spectral
imaging experiments performed with arbitrary monochromatic wavelengths in the range of 50-100 um,
i.e., the frequency range of 3-6 THz.
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3.1. Optical Scheme and Beam Profile

For spectral imaging, the quasi-monochromatic FEL emission, as shown in Figure 2a, must be
further monochromatized. Figure 3 shows the layout of the monochromator, the focusing optics, and the
sample stage system to be really employed. FEL radiation transferred through the vacuum tube is first
monochromatized by the diffraction grating in the monochromator and propagates from vacuum to
atmosphere, as a parallel beam through a diamond window. The monochromatic FEL radiation is focused
at the sample position by the lens and refocused on the detector in the transmission arrangement, or in
the alternative reflection layout. The lens used is an F = 1.97 (effective aperture ® = 25.4 mm, focal length
f = 50 mm) Tsurupica lens, and the detector used is a COHERENT Energy Max energy sensor calibrated in
the THz region. The measurement sample stage is a SIGMAKOKI motorized x-y stage that allows a raster
scan in the x-y plane simultaneously with the pulse timing of the FEL.

After monochromator As generated
FEL spectrum FEL spectrum
diamond

window

<
<

THz FEL

detector lens

transmitting 2 sample
alignment y z
grating
xy-plane - ¥
raster detector
seanhing reflecting vacuum
. alignment
Top view Monochromator

Figure 3. Schematic layout of the monochromator, the focusing optics, and the sample stage system
installed downstream the FEL. The blue layout is for transmission imaging, while the red layout refers
to reflection imaging.

Figure 4 shows (a) (left hand) the beam profiles of the THz-FEL taken by an uncooled THz imager
(NEC Corporation, IR/V-T0831) [30] just after the vacuum window and (right hand) the focal point
condensed by the Tsurupica lens and (b) the intensity profiles by a knife-edge scan near the focal point.
The parallel beam of the THz-FEL obtained through a 1-inch diameter diamond vacuum window is
focused to an area of approximately 350 um in 20 at the focal point. The beam profiles observed by
the THz imager (Figure 4a), measured with a knife-edge scan (Figure 4b), show an almost Gaussian
distribution in both parallel areas just after the vacuum window and the focal point. The beam profile
distribution near the focal point was probed by a knife-edge scan at several points in the z-axis direction
(optical axis direction). As a result, the Rayleigh length was estimated to be approximately 3.5 mm.
As a consequence, we expect that a clear transmitting image can be obtained up to a thickness of the
sample of approximately 7 mm or less.
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In the spectral-imaging experiment, the sample is placed at the FEL focal position. A He-Ne
laser, which go through the same FEL optics, is used as a guide to set the sample at the FEL focal spot.
In our layout, the FEL radiation after monochromatization by the diffraction grating spectrometer is
collected by the lens, and the raster scan of the sample is automated by the stage to obtain a 2D image.
The spatial resolution is determined by the degree of FEL focusing and by the step of the translation
stage that moves the sample during the scan. In order to ensure that the sample is irradiated with the
FEL pulse at each observation point, the stage is moved stepwise at 5 Hz, which is synchronized with
the timing system of the linear accelerator [31]. The intensity of the monochromatized FEL radiation
is sufficient for transmission and reflection experiments using one macro-pulse per point. When a
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raster scan of the sample is performed on an area of 2 cm X 2 cm with a scanning step A = 500 um, i.e.,
1600 points at 5 Hz, a 2D spectral image can be collected within approximately 6 min.

Figures 5-8 show the results of spectral images collected on pellets, 3D samples made by composite
materials, opaque objects, and biological systems. Versatility and short time acquisitions represent
the really unique capabilities of this layout. The time required for a single 2D image ranges from 5
to 60 min depending on the sample size and the raster-scan step. The relevance of this experiment
resides in the observation of clear changes in the images using high-wavelength resolution. These were
the experiments performed for the first time in the THz/FIR domain with such resolution and the
first successful imaging of almost opaque objects at these wavelengths. We also successfully collected
images showing non-linear behavior due to the high FEL intensity.
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Figure 5. (a) Comparison of transmittance spectra of polytetrafluoroethylene (PTFE) and polypropylene
(PP) by in situ observation; (b) 2D images of PTFE and PP pellets collected in transmission at Arpy, = 50 pum.
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Figure 6. (a) Comparison of transmittance spectra of Cu,O and CuO by in situ observation; (b) 2D
images of CupO and CuO pellets collected in transmission at several THz wavelengths.

3.2.1. Pellets

Figures 5 and 6 compare the spectral imaging of pellet samples collected in transmission. Figure 5a
compares the infrared spectra of the Teflon (polytetrafluoroethylene, PTFE) and of the polypropylene
(PP). PP has no intrinsic absorption in the THz/FIR region and is highly transparent. Therefore, as it
can be seen in the figure, PP shows only a flat spectrum. On the other hand, PTFE shows a spectrum
with an intense absorption peak around 50 um. Both pellets are made from 100% pure powders of each
material using a compression mold. Figure 5b shows the images of these pellets at the wavelength
of the absorption peak in PTFE. The upper part is a visible image of the two pellets that can be
hardly distinguishable, while collecting images at the absorption wavelength, a clear difference can be
observed with a clear contrast. Next, imaging was performed on diluted pellets of CuO and Cu,O
powder. With each powder, we made pellets at the dilution of 5% by weight together with PP powders.
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Figure 6a shows the infrared spectra of CuO and Cu,0, respectively. CuO shows absorption
peaks at the wavelengths of 61.5 um and 67 um while CuyO shows an absorption peak at 68 pm.
Figure 6b shows the images at the three absorption wavelengths and at 70 pm that are not absorbed
by both CuO and Cu,O. It takes 6 min to collect each image. In panel 6(b), it can be seen that the
image contrast changes with respect to the wavelength. In particular, the contrast between the images
of CuO and Cu,O0 is clearly reversed with just a difference of 1 pum going from 67 um up to 68 um,
clearly demonstrating the effectiveness of the monochromatic FEL for long-wavelength high-resolution
spectral imaging.

3.2.2. Composite Materials with A Fine Structure

In Figure 7a, transmission imaging of an oily marker having a pen tip of 0.5 mm was performed
while keeping the lid so that the pen tip would not dry. The lid is almost transparent, and the metal part
and the liquid reservoir inside can be observed as opaque parts. The outer diameter is approximately
1 cm at the maximum. A clear image is obtained with a large depth of focus, which is expected from
the Rayleigh length estimated at the focal point.
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i mage mage 5
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Inside Imaging

area Front side

sessvsvsTovsnnss

imaging size:

P - 1 picture:
imaging size: = 21%24 mm =
15x35mm [ step:03mm MM
_ 7 minutes
step: 0.5 mm
(@) (b)
Water
Peanuts
- thickness:
~10 mm

| waterfilled half in soy sauce bottle

Inside

(0 (d)

Figure 7. Comparison of 2D images of (a) a marker; (b) a mahjong tile; (c) a peanut (two nuts in a shell);
(d) water collected in transmission at Argy, approximately 90 pm.
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3.2.3. Opaque Systems

Particularly important applications of spectral images refer to hard and soft opaque objects or
liquid substances. Mahjong tiles are made of lumps of urea resin and hardly transmit THz/FIR radiation.
However, when transmission imaging was performed using FEL with a high-intensity monochromatic
beam, we succeeded in observing the engraved character on the surface from behind, as shown in
Figure 7b. Since the character is observed from behind, the left and right of the image is reversed.
The contrast observed is due to the difference in the reflection and the scattering contributions of the
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FEL radiation between the flat part of the tile surface and the regions of the engraved text. There are
several successful examples of THz transmission images of nuts at 0.1 THz (Ary, = 3000 um) [32].
However, as far as we know, Figure 7c is the first in situ observation of dried peanut without peeling at
approximately 3 THz (Atpy, approximately 100 um). The outer shell is shown with the orange color,
while the two nuts touching each other can be recognized as dark areas in Figure 7c. Between the two
nuts inside the shell, the lower nut seems to be drier and the internal embryo is seen through. Since the
image including the outer shell is collected at the maximum FEL intensity, the detector was saturated in
vacant space outside of the shell, causing a noise pattern due to the incorrect acquisition of the signal.
THz can be used also to collect images of liquids such as water. As an example, an image shown
in Figure 7d was taken of a container filled with approximately 1 cm thickness of water. FEL radiation
penetrates where the thickness of water is reduced: the neck and edge of the container, and the edge
of water surface raised by surface tension. At the neck position with a red cap, the water thickness
is approximately 2-3 mm and, to the best of our knowledge, in Figure 7d, we show the first THz
transmission image of pure water. Since the image was obtained with a step scan over a wide area
with a space resolution of 0.3 mm, it took one hour to collect this high-spatial resolution transmission
image. The noise pattern near the edge of container was caused by the same reason of Figure 7c.

3.2.4. Leaves

THz images of leaves showing water distribution are already available in other studies. AtISIR,
we tried to investigate their wavelength dependence and time dependence. The wavelength selected
for imaging lies in a region where there is no absorption by atmospheric water vapor. At variegation
spots highlighted by a dark color in the visible image shown in Figure 8a, the FEL radiation is well
transmitted through leaf at any wavelength, even in fresh conditions. It is important to emphasize here,
from these experimental results and those of another leaf in Figure 8b, that moisture and nutrients are
not homogeneously distributed in leaves.

The image collected at 103 um is the first image of the present measurement, but it is also measured
with the highest transmission compared to the images collected at 89 pm and 83 pm. We would like to
point out that the difference between these three images at different wavelengths is not merely due
to the amount of the water content through the evaporation occurring with time, but it is due to the
different absorbance versus wavelength. The reproducibility of the image at 103 um was confirmed by
measuring it twice, at the beginning and at the end of the experimental series after 30 min.

In order to evaluate how much water remains in a leaf after being detached, several images of a
leaf hanged in air for 10 h were collected at several wavelengths, as shown in Figure 8b. Since this
measurement is not time-sensitive, four different wavelengths were selected for imaging. Two images
at 103 pm, taken twice with different FEL power, are also shown for reference.

Comparisons of the different images in Figure 8b pointed out that at the wavelength of 67 pum,
there is still a large absorption in the whole leaf area, while at 103 um, FEL radiation is almost completely
transmitted through, making the pattern of the vein unrecognizable. The strong wavelength dependence
in the dried leaf suggests that the decrease of the transmittance in these THz images of leaves is not
only due to water, but also due to other substances present in the veins, such as nutrients. Therefore,
we assume that water in leaves was almost evaporated after approximately 10 h, while nutrients still
remained in the leaf veins, as we can understand from the observed large wavelength dependence.
In the freshly detached leaf showed in Figure 8a, nutrients and moisture were homogeneously
distributed throughout all veins of the leaf. However, in the leaf that was hanged and dried in air
shown in Figure 8b, it is presumed that only the nutrients were concentrated in the lower part of the leaf
during water evaporation. In addition, when the power of the FEL is changed as the intensity is halved
at the wavelength of 103 um, the vein pattern comes to be exposed again. One possibility resides in
the nutrients in the veins remaining after water evaporation showing non-linear transmittance with
respect to FEL intensity. The component analysis and the survey of the distribution of nutrients in
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leaves are indispensable for future biological science researches. The observed non-linear response can
be the first case in THz imaging and could provide very useful information for future studies.
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Figure 8. (a) shows a comparison of 2D images of a fresh leaf collected in transmission at different THz

wavelengths. (b). Comparison of 2D images of a dried leaf collected in transmission at different THz
wavelengths and different FEL powers.
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4. Conclusions

We performed unique spectral-imaging experiments in the THz/FIR range using a grating-type
spectrometer, a focusing optics, and a sample stage synchronized with the time structure of the high
power ISIR THz-FEL at Osaka University. Successful different images with high wavelength resolution
of AX =1 pm have been obtained by tuning the gap of the undulator and the spectrometer. Moreover,
thanks to the FEL time structure, fast spectral imaging was also feasible on different samples in various
forms. Taking advantage of the high power of the FEL source, for the first time in the THz/FIR
domain, we succeeded in the acquisition of transmission images of “opaque” solid materials and
liquids. The versatile image acquisition system with raster scanning allowed monitoring changes
in the composition of leaves. We also showed for the first time that non-linear phenomenon can be
observed in images on changing the FEL intensity.

These results clearly point out the huge opportunities of these coherent high-power, high brilliance
sources and the potential of scientific and technological researches in the THz/FIR domain and its
interdisciplinary nature. The introduction of new sources, new detectors, control systems, and more
advanced analysis techniques will be in great demand in the coming years.
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Appendix A

The emission characteristics of the ISIR THz-FEL may change greatly depending on the beam
setting. When measuring the wavelength spectrum, the bandwidth, the peak intensity, and the total
energy have to be changed. As described in the text, when the total energy is set to the maximum at
27 MHz, the bandwidth significantly increases and shows a complex spectral shape (Figure A1).
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Figure Al. Comparison of two FEL spectra in the 27 MHz mode for the 33 mm (red) and the 37 mm
(black) gap (wideband condition).
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In this condition, the area of the spectrum, that is proportional to the total energy, increases about
three times (approximately 30 mJ/macro-pulse) [33] or more in this wideband scenario if compared
with the monochromatic setup (approximately 10 mJ/macro-pulse). However, the maximum intensity
at the central wavelength does not increase, as shown in Figure A2. Therefore, such beam conditioning
has no advantage for spectral imaging when the FEL is monochromatized by a diffraction grating.
At variance, it is detrimental, since it is characterized by higher beam instability. Meanwhile, the pulse
width estimated from the autocorrelation of the pulsed FEL is shortened from approximately 20 ps to
about several ps by adjusting to the wideband condition, as shown in Figure A3. It must be always
clarified whether a short pulse or a monochromatic beam is required for the THz radiation in each
experiment, and then it sets the FEL with the necessary parameters.
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Figure A2. Comparison of two FEL spectra in the wideband (black) and monochromatic (purple)
condition in the 27 MHz mode and the undulator gap sets to 37 mm.
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Figure A3. The interference waveform of the pulsed FEL by autocorrelation.
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Abstract: This study presents a novel technology to measure electron bunch length with a high
time resolution by measuring coherent synchrotron radiation using a narrow-band detector at
Laboratory for Electron Beam Research and Application (LEBRA)—an S-band linear accelerator
facility for free-electron lasers. The form factor was observed to decrease exponentially with
charge—in concordance with the relationship between the intensity of the coherent synchrotron
radiation and the magnitude of electron bunch charge—in the region in which the effect of
electron bunch charge on bunch length is negligible. The calculated root-mean-square bunch
length was observed to agree well with the value determined from the spectral shape obtained.
The aforementioned results are expected to be useful in real-time observation of small changes in
electron bunches in advanced accelerators.

Keywords: coherent synchrotron radiation; bunch length; FEL; linac; terahertz

1. Introduction

The recent development of compact light sources in the terahertz band has led to the frontier
research field of terahertz wave spectroscopy. Several vibration modes exist in the terahertz region
characteristic of molecules, and measurement of terahertz wave spectra is widely used to identify
materials. A major advantage of a terahertz light source using an accelerator is its high peak power,
leading to the development of various light sources such as free-electron lasers (FELs) and coherent
radiation [1,2]. With the development of accelerator technology, various techniques have been
developed to produce short-pulse electron bunches. Consequently, active research and development
of terahertz light sources using accelerators have been conducted [3-11]. In particular, at Nihon
University, various types of terahertz light sources have been developed over the past decade. At the
straight sections of FELs, coherent synchrotron radiation (CSR) and coherent edge radiation (CER)
have been developed and implemented, and the produced light has been transmitted to laboratories
through FEL beamlines. As these terahertz light sources can be used simultaneously with infrared
FELs, they are used for experiments including those involving biologic tissue imaging. Further, at the
straight sections of parametric X-ray radiation (PXR), coherent transition radiation (CTR) with a power
output of one millijoule per macro-pulse has been developed and implemented, which can be used in
laboratories via PXR beamlines. Additionally, prospective application of CTR in product management
of tablets is being researched.
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A terahertz light source produced in an accelerator also serves as an excellent tool for evaluation
of the accelerator. In advanced accelerators like X-ray FELs, the size of an electron bunch is comparable
to that of the wavelength of terahertz light. Therefore, it is possible to measure the shape of a
bunch by measuring the spectrum of coherent radiation produced by that electron bunch [12-16].
To date, streak cameras and RF deflectors are the only tools that have been developed to measure
bunch shapes. However, the time resolution of conventional streak cameras is insufficient to measure
sub-ps bunch lengths. Further, electron bunches are often distorted by conventional RF deflectors,
making it impossible to non-destructively measure the states of electron bunches prior to FEL oscillation.
Additionally, in the case of electron beams with high repetition frequency, such as X-ray FELs using
superconducting linear accelerators that are currently under development, it is difficult to measure the
bunch length for each micro-pulse via the existing methods.

Given these circumstances, we conducted measurements of bunch length using CSR that was
capable of non-destructively observing electron beams. As the lightsource, we utilized the CSR source in
the terahertz band that had been developed at the LEBRA accelerator facility at Nihon University [17-21].
Such bunch length measurements obtained using coherent radiation produced by electron bunches
have also been studied and used in several accelerator facilities [12-16]. However, unlike other studies,
we succeeded in measuring the root-mean-square (RMS) bunch length with high precision by strictly
considering the detector’s characteristic sensitivity during the observation of the coherent radiation.
In the present study, we first outline the CSR light source from Nihon University that was used.
Following this, we discuss the proposed measurement technology that is capable of detecting small
changes in bunch length using the narrow-band characteristic of the detector. On the basis of the
results obtained, we conclude that a correlation exists between electron bunch charge and bunch length
for high-charge bunches.

2. Coherent Synchrotron Radiation Source at LEBRA

The LEBRA Linac at Nihon University consists of a DC electron gun of 100 kV, one buncher,
three S-Band 4 m acceleration tubes and two high-frequency source klystrons, as depicted in Figure 1.
Its operating acceleration frequency is 2856 MHz, the acceleration energy is 40-100 MeV, the repetition
rate is 2-10 Hz and the macro-pulse width of the associated beam is 5-20 ps. Besides the normal
full-bunch mode operation, the electron gun system is capable of operating in a high-charge burst
mode at intervals of 1/64 or 1/128 using a high-speed grid pulser of 600 ps full width at half maximum
(FWHM). During full-bunch mode operation, bunches are aligned to produce a peak current of 200 mA
and bunch intervals of 350 ps (Figure 2a). During burst-mode operation, it is possible to produce one
(single-bunch mode) or two micro-pulses (two-bunch mode) within an interval of 600 ps at a peak
current of about 2 A, depending on the operation acceleration frequency and high-speed grid pulse
timing (Figures 2b and 3) [19-22]. The experiments conducted in this study carry out the burst-mode
operation in two-bunch mode.
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Figure 1. Layout of the LEBRA linac at Nihon University.
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Figure 2. Pattern diagrams of full-bunch mode and burst-mode.
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Figure 3. High-speed grid pulse timing of burst-mode operations for single and two-bunch modes.

The electron beam produced by the electron gun is accelerated by the linear accelerator, and then
transmitted to the FEL 2.4-m undulator after being bent by 90° using two 45-degree bending magnets.
The electron beam is bent by a 45-degree bending magnet after passing through the undulator, and then
it loses its energy due to the beam dump. When the electron beam passes through the two bending
magnets, its bunch length w observed to shorten from 3 ps to less than 1 ps due to pulse compression.
The bunch length of the electron beam is monitored using the CSR generated at the entrance of the
downstream bending magnet during the compression process. The design bunch length is observed to
be about 2 ps [23]. The CSR passes through a straight pipe with a diameter of 20 mm and is ejected
from the vacuum chamber through a quartz window. Then, the CSR is reflected by a plane mirror
towards a detector set that is at a distance of 1.3-1.5 m from the source point. A schematic of the CSR
light source is presented in

For the detection of CSR, the D-band diode detector (Millitech, Inc. USA, DXP-06) with a square
antenna and an aperture of H17 mm X V11 mm was used. This detector is a commercially available
Schottky barrier zero bias diode type, which is characterized by small, robust and thermally stable [24].
Its sensitivity to CW light source was determined to be approximately 5 mV/10 uW, and the linearity
was calibrated by varying the thickness of the BK7 plate. The relative sensitivity spectrum B(f)
of a D-band diode detector with a pyramidal horn antenna was measured using a terahertz wave
beamline in the L-band linac at the Institute for Integrated Radiation and Nuclear Science at Kyoto
University [25]. As depicted in Figure 5, the diode detector used exhibited a sensitivity in the range
of 0.08-0.17 THz, making it appropriate for use in spectroscopy measurements. The output of the
D-band diode detector was measured using an oscilloscope located at an approximate distance of
30 m in the laboratory. The rise time of the measurement system was observed to be approximately
1.3 ns, making it difficult to distinguish the micro-pulses from each other during operation in the
full-bunch mode. However, during operation in the burst mode, the time change of the THz wave
could be measured because the interval time of the micro-pulse was sufficiently wider than that in the
full-bunch mode. The results also confirmed that the CSR beam reflected in the vacuum chamber of
the bending magnet was emitted into the atmosphere through a vacuum window [17]. The frequency
of the obtained CSR was measured to be between approximately 0.1 to 0.2 THz and its power per
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macro-pulse was measured to be approximately 0.4 uJ in this frequency region. The absorption
at the quartz window during CSR extraction was ascertained to be negligible at frequencies below
0.2 THz [26,27]. Further, based on the HITRAN database (high resolution transmission molecular
absorption database) [28], the influence of the air absorption was expected to be negligible in the
frequency range between 0.1 and 0.2 THz. Figure 4.
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Figure 4. Outline of CSR measurement equipment at LEBRA.
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Figure 5. Measurement results of sensitivity characteristics for the D-band diode detector.
3. Bunch Length Measurement of CSR Power with Narrow-Band Detector

Assuming that there are N electrons in a bunch, the intensity spectrum of the CSR is given by the
following equation using the intensity spectrum I¢(f) of the CSR generated by one electron [29].

I(f) = NIe(f) + N(N - 1)F(f)Le(f), 1)

where F(f) denotes the form factor and f denotes a frequency of the CSR. The form factor is a
dimensionless number, not exceeding 1, defined by the following equation:

F(f) = | f sz(z)exp(—i2"f Z)

2

, @

c
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where S(z) denotes a normalized electron density function. If the number of electrons is sufficiently
large and 1/N << F(f), then Equation (1) can be approximated by the following equation:

I(f) = N°F(f)Le(f) €)

If the bunch shape is known, F(f) can be calculated as a function of the bunch length. A method
of evaluation of the bunch length of an electron beam by measuring the powers of associated wake
fields or the transition radiation at multiple frequencies has been developed based on a simple
method of measurement of bunch length [15,16]. Although this technique is easily affected by the
bunch shape, it can be applied in the real-time measurement of the bunch length. Due to this
advantage, we evaluated the bunch lengths corresponding to the observations of the CSR at LEBRA
via this measurement technique. Based on previous measurements, it was known beforehand that the
distribution of the electron bunch shapes corresponding to LEBRA was very close to a Gaussian one [23].
Therefore, as radiation intensity is a function of wavelength, the contributions of the wavelengths to
bunch length are observed to gradually accumulate during the measurement of the intensity using the
detector. Although the sensitivity range of the D-band diode detector is relatively narrow, we used
the band-pass filter with a transmission center frequency of 0.09 THz to further narrow it down.
Figure 6 depicts the transmission characteristic T(f) of the band-pass filter over an extended range
of frequencies. As is evident, it was only possible to extract the component of CSR corresponding to
0.08-0.10 THz by combining the D-band diode detector and a band-pass filter. As mentioned above,
the diode detector can, in principle, measure the bunch length per micro-pulse of the electron beam
because of its extremely short response time (about 1.3 ns).
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Figure 6. Measurements of the transmission characteristics corresponding to the band-pass filter.

The intensity of the CSR measured using the diode detector is given by

fr
Popr = ff dAfNB(F)F()Le(f), @

where f1, and f1; denote the lower and upper limits of transmission frequency corresponding to the
band-pass filter, respectively. In this case, if the width of B(f) is sufficiently narrow compared to the
variation in F(f)Ic(f), the intensity of the CSR can be approximately expressed by

Pppr = N”B(fo)E(fo)I(fo)Af, ®)

where f. denotes the frequency at which the measured CSR intensity is the maximum and Af denotes
the full width at half maximum of B(f). The bar above each symbol indicates its average value within
the band of B(f). In the case in which the bandwidth of the diode detector is constant, the values of
B and I, are also constant. Therefore, the value obtained by dividing Pgpr by N2, that is, the value
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obtained by dividing the CSR intensity by the square of the charge, is equal to the variation in F with
respect to the magnitude of the charge.

In the case in which the electron-bunch charge is low, as in the case of the full-bunch mode, it is
expected that the bunch length will not change even if the magnitude of charge is varied. During curve
fitting using the square of the magnitude of the charge in the region in which the electron bunch charge
is less than 30 ps in the full-bunch mode, the fitting coefficient of determination, R?, was ascertained to
be 0.9999, as depicted in Figure 7. This demonstrates very close agreement.
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Figure 7. Relation between electron charge and radiation intensity.

The datum at 32 pC was observed to deviate from this fitting curve by more than one standard
deviation, leading to the expectation that the value of F is prone to change in the region above 30 pC.
We further measured the relationship between the magnitude of the charge and the CSR intensity Pgpg
during burst mode corresponding to large magnitudes of charge. Charge saturation was observed at
around 0.65 nC/2 bunches, as depicted in Figure 8. In other words, the CSR power is not proportional
to the square of the charge in the burst mode where the amount of charge per micro-pulse is high.
This can be attributed to the increase in bunch length due to a space-charge effect as the electron-bunch
charge increases. The bunch lengthening caused by the space-charge effect is often observed for short
electron bunches whose bunch lengths are less than 1 ps [30].
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Figure 8. Relationship between the magnitude of electron charge and CSR intensity Pgpp during
burst mode.
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According to the literature, when the magnitude of electron bunch charge exceeds a threshold, g,
the bunch length ¢ increases following the equation [30]:

9~ qth
qth

2 2 2
g *Uth"'gth(

) , 4> G, (6)

where oy, denotes the bunch length at the threshold magnitude of the electron bunch charge. If the
distribution of electron bunches is Gaussian, as is the case with LEBRA at Nihon University,
the relationship between the form factor F at a certain wavelength and the bunch length is
expressed by [6].

262
4n* f 02). o

F(f,0) = exp(— 3
By substituting Equation (6) into Equation (7), the mean form factor over the band range of the diode
detector, when g >> gy, can be expressed by
_ B 472 252 n
F(fe,0) = F(fe, ath)exp[—%(i) ] 8)
c th
During the performance of measurement in the region where the magnitude of the electron bunch
charge exceeds the threshold charge amount, the argument of the exponential function of Equation (8)
can be calculated. The charge dependence of the form factor then becomes possible to be evaluated.
Hence, based on Figure 8, the dependences of the horizontal and vertical polarization components
of Pgpp/q® on g were investigated. As depicted in Figure 9, assuming 1 = 2/3, the value of Pgpg/q”> was
observed to decrease exponentially.
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Figure 9. Dependence of Pppp/q?> on ¢?° corresponding to the horizontal and vertical
polarization components.

During curve fitting using Equation (8), n = 0.64 + 0.04 was obtained for the horizontal polarization
component and 7 = 0.68 + 0.02 was obtained for the vertical component. This elucidated the following
approximate relationship between bunch length and magnitude of charge:

oo q%. ©)

The difficulty in accurately measuring the value of radiation intensity makes it difficult to evaluate
the form factor based solely on the measurement of radiation intensity. Generally, RMS bunch length is
evaluated by measuring the spectra of coherent radiation and conducting curve fitting for the spectra
based on Equations (1) and (7). For LEBRA, during preliminary measurement using the spectrum,
the RMS bunch length was observed to be 1.9 ps in the full-bunch mode during which the magnitude of
the electron-bunch charge was observed to be 30 pC or less. Further, the bunch length was ascertained
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to be 2.9 and 3.1 ps corresponding to charge magnitudes of 0.49 nC/2 bunches and 0.60 nC/2 bunches
in burst mode, respectively. If the standard value of RMS bunch length (i.e., the bunch length at a
certain electron-bunch charge magnitude) is known in advance, the RMS bunch length at other charge
amounts can be estimated using Equation (8). Figure 10 depicts the RMS bunch length evaluated for the
data of vertical polarization with smaller errors than those presented in Figure 9, using g = 0.49 nC/2
bunches at the bunch length of 2.9 ps. As we have indicated above, the accuracy of the data used in the
evaluation is n = 0.68 + 0.02. As depicted in Figure 10, the bunch length corresponding to the charge of
about 0.62 nC/2 bunches was 3.1 ps. This verifies that the value is consistent with the bunch length
corresponding to the charge of about 0.60 nC/2 bunches evaluated using the spectra.
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Figure 10. RMS bunch length evaluated for vertical polarization data in Figure 9.

Generally, the band region of a diode detector is sufficiently narrow compared to the variation in
F(f)Ie(f). However, as depicted in Figure 11, when the diode detector used in LEBRA was evaluated,
B(f)F(f)I.(f) was observed to attain its maximum value at approximately 0.1 THz, and the FWHM
was measured to be approximately 23 GHz, i.e., the peak positions and the spectrum shapes are
nearly unchanged. As a result, it did not differ much corresponding to bunch lengths in the range of
2.6-3.3 ps. Therefore, it was deemed appropriate to use Equation (8) during the form factor evaluation
corresponding to this measurement. Additionally, the data presented in Figure 11 suggests that
variations in the bunch length could be measured with high sensitivity by using a narrow-band diode
detector corresponding to each bunch length.
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Figure 11. Relation between frequency and B(f)F(f)I(f).
4. Conclusions

In this study, we evaluated RMS bunch lengths in full-bunch mode and in burst mode using the
CSR at LEBRA at Nihon University. Corresponding to regions in which CSR intensity was observed
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to not be proportional to the square of the magnitude of the electron bunch charge, the form factor
was observed to decrease exponentially with the charge magnitude. Further, using the fact that the
form factor was observed to decrease exponentially with the square of the bunch length, we performed
precise evaluations of the variations in bunch length. In this method, the commercially available
product-based detector can be used to easily evaluate the change in bunch length for each micro-pulse.
Currently, the development of self-amplified spontaneous emission X-ray FELs are being actively
promoted. Further, the development of X-ray FEL oscillators using energy-recovery linacs are also
under popular consideration. Our results are expected to be applicable to the precise evaluation of FEL
gain with respect to changes in the magnitude of the charge.

At LEBRA at Nihon University, the development of high-power terahertz light sources using
various coherent radiations is currently being carried out. For CER light sources in the straight section
of FEL beamlines, it is possible to observe CER simultaneously with FELs by inserting a hole-coupled
mirror that separates CER and FELs. In the future, we plan to elucidate the effect of FELs on the
electron bunch by using the bunch length measurement method proposed in this study.
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Abstract: We present here an innovative photon detector based on the proximity junction array device
(PAD) working at long wavelengths. We show that the vortex dynamics in PAD undergoes a transition
from a Mott insulator to a vortex metal state by application of an external magnetic field. The PAD
also evidences a Josephson I-V characteristic with the external field dependent tunneling current. At
high applied currents, we observe a dissipative regime in which the vortex dynamics is dominated by
the quasi-particle contribution from the normal metal. 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 modulated via external
fields to widen the detection band. This device represents a promising and reliable candidate for new
high-sensitivity long-wavelength detectors.

Keywords: niobium; proximity effects; superconductivity; detectors; terahertz; Vortex dynamics

1. Introduction

Long-wavelength radiation has recently become one of the most significant regions of the
electromagnetic spectrum in terms of multi-disciplinary use not only in basic science research, but
also in different technologies [1-3]. This wavelength range A = 250-2500 um (energy range 0.5-4
meV) allows the investigation of many fundamental physical phenomena, e.g., phonon and plasmon
dynamics, elementary particle physics and probably in the near future even the cold dark matter
[4-9]. Furthermore, with its high transmission through a wide range of non-conducting materials,
long-wavelength radiation and in particular terahertz (THz) radiation holds a significant potential in
many applications such as non-destructive imaging, security screening and material characterizations.
However, in comparison with adjacent energy ranges, e.g., IR and UV, in this wavelength domain
the instrumentation and in particular the detectors are still limited, expensive or difficult to use. For
instance semiconducting bolometers are widely used as cryogenic and non-cryogenic THz detectors
[10], but their sensitivity to temperature and mechanical fluctuations and their limitations in the
high frequency band operation, renders its use mainly confined to laboratories. Recent studies have
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shown that also superconducting devices can be employed for long wavelengths and in particular
for THz generation and detection [11-14]. These devices exhibit extreme low noise compared to
their semiconducting counterparts, while having response time orders of magnitude lower and
a higher frequency range of operation. However, the frequency range of the operation is set by
the superconducting gap of the material (usually in the range 300 GHz to 1 THz in conventional
superconductors and up to 30 THz in cuprates). Furthermore, there are studies showing the possibility
to control semiconducting and superconducting properties in materials with physico-chemical
treatments [15,16] and systems with low dimensionality [17-20]. Meanwhile, in recent years several
distinctive mechanisms are being explored as new detection methods in this energy domain such as
tunnel junctions, high gap superconducting junctions, transition edge sensors, bi-crystal junctions, etc.
[21-23].

In this work we present and characterize a novel device based on the superconducting proximity
junction array that can be used for detection of photons at long wavelengths. The superconducting
characteristics of this device based on non-localized vortex dynamics will be discussed. The effect of
the quasi-particle currents and the subsequent limitations of this detector will be also reviewed. The
response of the device in the radio-frequency domain well below the expected characteristic frequency
of the proximity junctions will be presented and further advancements based on non-equilibrium
phenomena due to the external perturbations will be discussed. The proposed device represents a step
forward toward the design of a robust, low-noise, broadband, high-sensitivity, and long-wavelength
radiation detector operating in a wide energy range covering the THz domain.

2. Experiment

The device we designed and realized consists of an array of about 90000 Nb superconducting
islands regularly deposited on a non-superconducting substrate of 80 x 80 um? in size and with a
period of ~270 nm, with an island diameter of ~220 nm and a thickness of 45 nm (see Figure 1).
Standard photo-lithographic tools have been employed to obtain a 40 nm thick Au template on the
non-superconducting Si/SiO, substrate (1 x 1 cm?). The template consists of a central square of
82 x 82 um?, with the corners connected to four terminals used for electric measurements. The size of
these terminals is 200 x 200 #m?, large enough for micro bonding. The Nb pattern is then created on
top of the central Au square employing electron beam lithography and DC sputtering. To ensure a
uniform current injection inside the array, two 45 nm Nb bus bars were deposited along two opposite
sides of the array. The IV measurements were carried out in a shielded cryostat at 4.2 K. A current
bias was applied using the signal generator at 107 Hz. Two measurements mode were used. In one
the I-V curves were measured amplifying the output voltage via a low-noise amplifier and digitized
by the National instruments sampling card (USB-6363). In the second mode, the voltage sinusoidal
waveform was measured via a lock-in amplifier locked to the applied current signal, resulting in the
direct measurement of the dynamic resistance. The magnetic field was applied by placing a solenoid
around the sample with the field perpendicular to the plane of the device. The current through the
solenoid increased in a step-wise fashion and separate I-V traces were recorded at each field step.

For the radio-frequency response of the device, a custom-made diamagnetic dipole antenna with
length L = A/2, centered at 8 GHz was inserted inside the cryostat in front of the magnetic coils and
the device. The highest transmission line (resonant frequency) using a vector analyzer connected
to the antenna was found at f = 7.78 GHz at which the measurements were done. The response
measurements were carried out via a continuous measurement of the electrical response of the device
with and without the radio-frequency (RF) signal.
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Figure 1. The sample positioning within the cryostat between the magnetic coils. The device was
mounted on a PCB (green) connected to the electrical measurement apparatus. The enlarged images of
the PCB and the mounted PADs show the presence of the uniform injecting Nb stripes while the SEM
images show the Nb islands of the device.

3. Results and Discussion

The transition behavior of the PAD was investigated while cooling to the liquid helium
temperature and is shown in Figure 2. The experimental curve points out a percolative transition
around the critical temperature T,. It occurs via a multistage coherence development by decreasing the
temperature. At T > Ty, grains of each islands are in an incoherent non-superconducting phase (i.e.,
the normal state). As they are poly-crystalline islands, initially (T < T;) a coherent phase is established
within island grains, after which the system resistance decreases. Lowering the temperature, the
intra-island phase coherence continuously strengthens, and the resistance of the system similarly
decreases rather than steeply dropping at T;. Within this temperature domain the normal-metal
coherence length increases until it becomes comparable to the spacing among islands. Then, inter-island
phase coherence begins to emerge and finally, reaching T, the system undergoes the transition to
a fully superconducting state [24-26]. In our device we could observe a high temperature limit Ty
between 15-8 K with T¢ = 7.5 K and a low fully coherent limit at T, = 4.2 K.

The dynamics resistance measurement of the device was performed at 4.2 K in the fully
intra-islands coherent phase as a function of the applied magnetics and of the electric field (see
Figure 3). The dynamic resistance exhibits a clear evolution from the minima to maxima at the specific
applied magnetic fields (frustration fields). The conversion occurs specifically at integer and fractional
frustration fields f being the B/ By with By = 27.8 mT, the ratio of the magnetic quantum flux on the
area of the junction (®y/a?). The presence of minima in the dynamic resistance (and its analogous
counterpart in the resistance) and singularities in the magnetization, reflects the modulation of the
ground state energy due to the formation of a periodic vortex pattern, which have been previously
observed [27]. However, in our experiment the conversion from minima to maxima in the dynamic
resistance increasing the electric field intensity is the direct consequence of the phase transformation
from a vortex Mott insulator into a metallic state, a mechanism previously observed in similar systems
[28]. These results indicate the possibility to tune the vortex dynamic and to modulate the energy
states with an external fields and with an enhanced response at integer and half-integer frustration
factors (f =1/2and f = 1) [29].
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Figure 2. Percolative superconducting transition of the Nb islands on the Au layer. The island transition
occurs at T1 while the transition of the film is at T,. Above Ty, the Nb islands behave as normal metals
and the arrows indicate the coherence in grains and islands. Below T; grains start to become coherent
throughout each island and at T;, Cooper pairs start to diffuse from Nb into Au, and the resistance
decreases. Gradually the coherence length of the film becomes comparable to the spacing among
islands, and the entire system crosses toward a global phase coherence. As the temperature decreases
(Ty), the film undergoes a transition to a superconducting state. (Inset): The schematics of the islands
on the gold surface deposited on the silicon substrate.
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Figure 3. (a) Representative dV/dI versus magnetic field curves at different bias currents. At low
current bias, dV/dI minima at different B values indicate the formation of the vortex Mott insulator.
Increasing the current, minima reverse into maxima according to an insulator-to-metal transition. The
transitions are most pronounced at integer and half-integer frustration factors (f = 1/2 and f = 1); (b)
dynamic resistance as a function of applied current and magnetic field and (c) evolution of the dynamic
resistance as a function of the applied magnetic field at high applied currents; inset) the layout of the
junctions formed via Nb islands and the Au normal layer.

The intensity increase at the integer transition points continues with the increase of the applied
electric field up to a critical point of the applied current of I = 2.4 mA at which it is severely hindered.
In this region the maxima is smeared by the increase of the applied current reaching lower values if
compared with the lower applied current, while the maximum also shifts toward a lower frustration
value. This behavior corresponds to the emergence of a dissipative regime in which the singularities
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tends to be wiped out. However, since the resistance of our device shows pronounced dips even at
large currents (not shown), indicating strong pinning, neither the minima-to-maxima transitions nor
the dissipative behavior can be correlated with a vortex depinning or to the overcome of the critical
current [29,30]. Consequently, it can be deduced that at such high current values, the metallic state
features are reduced by the contribution of the quasi-particles current, occurring in the normal-metal
layer [31].

The I-V measurement of the proximity junction arrays exhibits the typical Josephson behavior (see
Figure 4) with the maximum tunneling current (i.e., scape current) I; = 1.2 mA, over which the increase
of current is accompanied by the increase of the array’s potential. Above the tunneling current, the
device shows a shunted behavior that might be due to either the resistive component of the device
or to pairs hopping between the potential wells in a medium electric field range in which the field is
not sufficient to force the junctions to the normal state. In the measurement range carried out in our
experiment we did not observe the transition to the resistive normal state. Hence, the absolute value of
the critical current (I¢), being relatively higher than the I;, could not be calculated. The application of
the external magnetic field significantly modifies the I-V characteristics of the junction array, towards
the hindrance of the junction properties (i.e., lower I;) due to the superimposition of the screening
current generated at the edges of the superconducting contacts, to the vortex current.

On the other hand, the I-V measurements at different applied magnetic fields (see Figure 4)
gradually tend to exhibit a S shape behavior. This may indicate a super-relativistic motion
of non-localized vortices, in which they can overcome the characteristic electromagnetic wave
velocity [32]. This motion should be accompanied by Cherenkov radiation of Josephson plasma
waves with a dispersion relation of the eigenmodes given by w2, = wf, + 2 k? using the Sine-Gordon
equations where ¢, are the characteristic velocities [32-34]. However, in this type of proximity array
the Cherenkov oscillations induced by moving fluxons are damped by the increased quasi-particle
conductance. As a consequence, the decay length of the oscillating tail associated with the fluxon
decreases and the resonances on the fluxon step disappear, in agreement with the observed S shape
behavior. The observation of the resonance steps can appear either increasing the magnetic field (below
H¢) or by decreasing the measurement temperature to values well below T5.
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Figure 4. (a) I-V curves measured with and without the applied external magnetic field of B = 27.6 mT;
(b) Andreev spectra obtained from the numerical derivative of the I-V curves. The reflection peaks
observable at zero field are shifted towards the higher potentials; (c) I-V response of the PAD at 7.78
GHz. The red rectangular range above I; is expanded in the plot. The lower inset schematically shows
the expected formation of the Shapiro steps and the voltage response of the device.
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The representative of the Andreev spectra (shown in Figure 4b) of our device was achieved by
the numerical derivative of the I-V curves. The reflection peaks at zero field spectra are clearly visible.
From them, the gap of the PAD is A ~1.3 meV. At the magnetic field corresponding to the frustration
f =1, the gap peculiarities in the spectra are not only shifted towards lower energies as is expected in
the classical case, but they move in the inverse direction and the intensity increases. This anomalous
behavior implies that in the non-localized vortex state a triplet Cooper pairing may occur, with the total
spin moment of the superconducting configuration S = 1. In this case, in agreement with the observed
vortex dynamics reported in Figure 3, a moderate magnetic field can contribute to the stabilization or
even to the enhancement of the superconducting state [35] and hence to the superconducting order
parameter.

The response of the device to a radio-frequency (RF) signal was measured in a non-bolometric
regime in absence of applied magnetic field (f = 0). The response of the device to the signals with
frequency lower than that of characteristic frequency (RF signal in our case) can be characterized as a
perturbation to the system at non-equilibrium that results in the hindrance of the scape current (I;)
and the increase of the scape rate. This modulation directly corresponds to the RF intensity power
and frequency [36]. However, the response of the device at frequencies close to the characteristic
frequency (THz, in our case), should result in formation of the Shapiro steps, corresponding to the
incident frequency [37].

The RF frequency was set to 7.78 GHz, the resonance frequency of the dipole antenna, though
far lower than the expected characteristic frequency of the device calculated using the I; and the
measured normal resistance of the device. The characteristic frequency was calculated considering the
tunneling current maximum (I;) and the normal resistance of the device (R, = 1.1Q) as w. = I;R;;/ Pp
in which ®j = /2e is the magnetic flux quantum with the value of w, = 300 GHz [38]. Based on the
sample dimensions and the distance from the RF source, the overall RF power collected by the sample
was estimated to be of the order of 1 x 10° times the incident power sent to the antenna. The I-V
characteristic of the device was measured with and without the RF signal superimposition and it is
shown in Figure 4c. The reduction of the I;, indicating the increase of the escaping rate is clearly visible.
Though, as discussed above, because of the difference between the RF frequency and the characteristic
frequency and the low RF power, the formation of Shapiro steps could not be observed. Nonetheless,
the I; contraction, usually associated with the scape rate, can marks the relative response of the device
(see Figure 4c-inset).

From the I-V characteristics and the power coupled into the junction we were able to estimate the
device voltage sensitivity. Considering the dynamic resistance of the R; = dV/dI ~ 0.9 Q) (either via
the direct ac dynamic resistance, comparable to the numerically derived dc resistance) at the device
operation point, slightly above the tunneling current limit I;, we calculated the voltage modulation
amplitude, AV = R Al where Al is the induced current change at the operation point. Accordingly,
the voltage sensitivity 7 = AV/P,¢ of a non-magnetically modulated device was calculated to be of
the order of 5 ~ 7000 VW~! [39], which is relatively high compared with the semiconductor detector
counterpart, with sensitivities of the order of 7 ~ 3000 VW~ [40]. However, considering the possible
impedance mismatch between the antenna and the junction, further reflections could be present and
an optimized signal-coupling could increase the precision of the measurements. Since the dynamic
resistance of the device is subject to the modulation via the external magnetic field, it is expected that
at a certain operation bias, the device response can be significantly enhanced with the application
of the magnetic field [41]. Furthermore, because of its characteristic device frequency, an enhanced
response in the THz domain is expected.

4. Conclusions

In this report, we present a proximity junction arrays device (PAD), as a novel long-wavelength
radiation detector. We characterized the vortex dynamics of this proximity array device (PAD) vs.
external parameters, e.g., magnetic and electric field, showing the occurrence of the transition from a
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Mott insulating to a metallic state. We also demonstrated that the application of the magnetic field
can modulate and significantly enhance the superconducting order parameter. The device shows a
shunted collective Josephson characteristics with the characteristic frequency of w = 300 GHz. The
application of the magnetic field also introduces a superimposition of the screening current to the
tunneling current, which determines its reduction. The response of the device was experimentally
measured at the frequency of f = 7.78 GHz immersed in liquid He at the temperature of T = 4.2 K. As
a detector, this device shows a relatively high voltage sensitivity of 7000 VW1, in absence of magnetic
field modulations. Our results suggest that photo-response and voltage sensitivity of the proximity
junctions array, can be additionally enhanced via external parameters, i.e., geometry and magnetic
field at specific operation bias.
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Abstract: Infrared synchrotron radiation (IR-SR) is a broad-band light source. Its brilliance is the main
advantage for microspectroscopy experiments, when the limited size of the sample often prevents the
use of conventional thermal radiation sources. Cultural heritage materials are delicate and valuable;
therefore, nondestructive experiments are usually preferred. Nevertheless, sometimes, small pieces
can be acquired in the process of preservation and conservation. These samples are analyzed
by various experimental techniques and give information about the original material and current
condition. In this paper, four attempts to analyze cultural heritage materials are introduced. All these
experiments are performed at the microspectroscopy station of IR beamline BL43IR in SPring-8.

Keywords: infrared analysis; microspectroscopy; cultural heritage; synchrotron radiation

1. Introduction

Recently, many infrared (IR) beamlines have been in operation in synchrotron facilities around
the world. The IR synchrotron radiation (SR) is emitted from a bending magnet, and it covers a broad
spectral range, from near-IR to THz waves. Owing to the high brilliance of the IR-SR, broad-band
microspectroscopy is the most frequently used technique at the IR beamlines, and scientific studies in
various fields have been conducted. In particular, the low-wavenumber region is important, because
commercial IR microspectroscopy equipment covers down to about 700 cm~! and does not cover the
lower range in many cases.

IR-SR has been applied to many fields of study, such as physics, chemistry, biology and others.
Cultural heritage is one of the important fields among them. The materials are unique because they
differ depending on the fabricated age, place, creator, material and storage conditions. Therefore, a
nondestructive measurement is required in many cases. Nevertheless, sometimes, small pieces can
be obtained from the cultural heritage for the investigation or in the process of preservation and
conservation. The pieces are analyzed by many experimental techniques, to characterize the materials
and investigate the conditions. IR analysis is often used for the analysis both in the mid-IR and THz
region, using conventional source [1-6]. IR-SR provides high spatial resolutions, especially in the
mid-IR region, which has played critical roles for the analysis of small fragments of cultural heritage
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materials [7-9]. IR-SR is a broad band light source. The low-wavenumber region is also important,
since an absorption band of a metal complex is often observed and gives valuable information.

In this paper, the properties of infrared beamline BL43IR in SPring-8 are described in Section 2.
In Section 3, four attempts to analyze cultural heritage materials at BL43IR are presented.

2. Infrared Beamline BL43IR at SPring-8

One of the most commonly used IR broad-band light sources for spectroscopy is a thermal
radiation source, such as a globar lamp. IR-SR is another broad-band source for spectroscopy, with a
high-brilliance feature. Figure 1 shows the brilliance of IR-SR estimated using BL43IR parameters,
and that of the thermal radiation calculated using Planck’s formula at 1500 °C. The definition of
brilliance is the number of photons emitted from electrons in a storage ring per second, per angular
divergence of the photons, per cross-sectional area of the beam and per bandwidth of 0.1% of the
central photon energy. In Figure 1, the brilliance of IR-SR is shown to be more than two orders
higher than that of the thermal radiation in the whole spectral range, from near-IR to THz waves [10].
Various kinds of IR sources, other than IR-SR and the thermal radiation source, have been developed
recently. The IR free electron laser is one of the high-power sources, and it is often used as an excitation
source [11]. Recently, broad-band IR lasers have become popular, such as quantum cascade lasers and
IR fiber lasers. They have strong power, and the bandwidth is large enough to be used as sources
of spectroscopy [12]. The spectral range, however, is still limited in the mid-IR region. The lowest
wavenumber is about 1000 cm™!. In the THz region, time-domain spectroscopy (TDS) is often used.
The highest wavenumber of TDS is about 200 cm~!, and there is a gap between the broad-band IR laser.
The IR-SR is an important source that covers the gap and also has a high-brilliance feature.
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Figure 1. Brilliance of IR-SR and thermal radiation sources.

The light at BL43IR covers 100 to 10,000 cm ™!, which includes part of THz waves. The lowest
wavenumber is limited by the structure of the beam extraction port of BL43IR [13]. Commercial IR
microspectroscopy equipment covers down to about 700 cm ™! in many cases. We describe wavenumber
region between 700 and 100 cm~! as low-wavenumber region in this paper. There are three microscope
stations; a long-working-distance microscope station, a magneto-optical microscope station and a
high-spatial-resolution microscope station [14]. The first and second stations use the same Fourier
transform infrared (FTIR) spectrometer, Bruker IFS 120, and the microscopes are custom made by
Bunko-Keiki. The working distance of the first station’s microscope is as long as 50 mm. Attachments
that need a long working distance, such as a diamond anvil cell for high-pressure experiments,
are used at this station. The microscope at the second station is assembled in a superconducting
magnet. The maximum magnetic field is + 14 T. Low-dimensional materials, as well as materials that
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undergo a phase transition in a magnetic field, are investigated at this station. The importance of the
low-wavenumber region for physical research is that the electronic state close to the Fermi level of
metallic materials, as well as low-energy-gap materials, can be investigated [15,16]. The magnifications
of the objective mirrors in the first and second microscopes are 10 and 8, respectively. The FTIR
spectrometer and the microscope at the third station are Bruker VERTEX70 and HYPERION2000 with
objective mirror magnifications of 15x and 36X, respectively. All the cultural heritage experiments in
this paper were performed at the third station. The beamsplitter in VERTEX70 was KBr and the detector
was HYPERION2000 equipped with HgCdTe (MCT) for the mid-IR experiments. For experiments in
the low-wavenumber-region, the beamsplitter was Si, and the detector was a Si bolometer.

3. Cultural Heritage Experiments

Many kinds of cultural heritage experiments have been conducted at BL43IR. Among them,
four attempts are introduced in this section.

3.1. Iron Oxide in Bengala Pigment

This study was conducted by Dr. Manako Tanaka. Bengala is a kind of red pigment that has
been used for arts, crafts and buildings since ancient times. The main components are iron oxides that
show different colors, depending on chemical composition: the red «-Fe;O3, blown y-Fe,O3 and black
Fe304. There are two shapes of bengala: pipe-shaped and non-pipe-shaped [17]. The former has been
mainly found from Jomon and Kofun period archaeological sites in Japan. The pipe-shaped bengala
consists of small particles, and the size of the pipe is about 1 pm in diameter and 10-20 m in length.
They are considered to be derived from the iron-oxidizing bacterium, Leptothrix ochracea, but details
of raw materials and making methods have not been revealed. In this study, the effectiveness of
spectra in low-wavenumber region at BL43IR was investigated, to identify the kinds of iron oxide
included in pipe-shaped bengala. Spectroscopy in this region is a powerful tool for analyzing metal
oxide materials. In this study, powder samples of x-Fe;O3 (Nilaco Corp., Tokyo, Japan), y-Fe;O3 (JFE
Chemical Corporation, Tokyo, Japan) and Fe3O, (Rare Metallic Co. LTD., Tokyo, Japan) were used
as standard iron oxides. Note that «- and 'y-Fe;O3 are called hematite, and the crystal structures are
rhombohedral and cubic, respectively. Fe;Oy is called magnetite, and it has a cubic inverse spinel
structure. The quality of the IR spectrum strongly depends on the external form of the sample. A flat
and uniform shape is suitable, and IR-SR is advantageous because the small sample size, which is
about 200 um in diameter, is enough to be measured even in the low-wavenumber region. Moreover,
because our final target is minute pipe-shaped bengala sample excavated from an archaeological site,
microspectroscopy is indispensable. The powder iron oxide samples were pressed gently, using a hand
press (Diamond EX'Press, S.T. Japan, Tokyo, Japan), to form a flat and uniform sample. Figure 2a—c
shows absorption spectra of x-Fe;O3, Fe30,4 and y-Fe; O3, respectively. The wavenumber resolution
was 4 cm™!, and the number of scans was 256. In the shaded area, there is absorption from the
beamsplitter of the FTIR spectrometer. Optical densities are shown by the bars in Figure 2. Fe-O
stretching modes are observed at 302, 450 and 530 cm~!in (a), 360 and 567cm™! in (b), and 384
and 557 cm~! in (c). These three iron oxides can be clearly identified from the absorption spectra.
The low-wavenumber-region spectroscopy with IR-SR at BL43IR is expected to be a powerful tool for
the analysis of pipe-shaped bengala samples.
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Figure 2. THz absorption spectra of (a) x-Fe,O3, (b) Fe304 and (c) y-Fe;O3.
3.2. Biomineral Distribution Generated by a Lichen Growing on a Stone Cultural Heritage

This attempt is to analyze biominerals generated by a lichen growing on a stone cultural heritage.
This study was conducted by Dr. Emi Kawasaki. In order to evaluate the risk of stone heritage
deterioration, the distribution of biomineral components at the interface between stone and lichen is
analyzed. Lichen samples were collected from the Bayon temple in the Angkor archaeological complex
in Cambodia. In this study, two kinds of lichen are used, Althoniales sp. (International Nucleotide
Sequence Databases (INSD): AB764061) and Lepraria sp. (INSD: AB764076) [18]. The forms of Althoniales
sp. and Lepraria sp. are crustose and granular, respectively, and the microscope photographs are shown
in Figure 3. The tip of a needle indicates the algal layer in Althoniales sp. and the medulla in Lepraria sp.
The illustration in Figure 3 shows the structure of lichen on stone. The algal layer was wrapped in
fungal hyphae. The surface and interface between lichen and stone correspond to the top and bottom
of the sample, respectively. The lichens were cut in the direction perpendicular to the interface, and
a small sample was collected from the cut surface, using a manipulator needle or a knife. The size
of the collected sample was as small as about 50 pm to identify each layer, and microspectroscopy
using IR-SR played a critical role in this study. The pieces were made thin and flat, using a hand press
(Diamond EX'Press, S.T. Japan, Tokyo, Japan). Sample preparation is an important process in the study
of cultural heritage materials. Handling a small piece using a micro-sampling manipulator is a typical
technique. The thin, flat shape is also important for the reason explained in Section 3.1.

pper cortex

surface >

interface >
stone

Althoniales sp. Lepraria sp.

Figure 3. Schematic illustration of the structure of lichen on stone (top). Microscope photographs of
Althoniales sp. and Lepraria sp. (bottom).

Figure 4a,b shows the absorption spectra of Althoniales sp. and Lepraria sp. The samples are set
on a diamond substrate. The wavenumber resolution was 4 cm~!, and the number of scans was 64.
An aperture with the size of 10 x 10 um? was used in the HYPERION 2000 microscope. Calcium
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oxalate is one of the typical biomineral components, and it is known to exhibit infrared absorption
at about 1610 and 1315 cm™! [19]. These peaks are observed in the medulla and are shown by the
arrows in Figure 4a. In Figure 4b, the peaks are observed at the interface. The result indicates that the
distribution of the biomineral component differs depending on the kind of lichen. Calcium oxalate also
has a strong band at 274 cm™?, in the low-wavenumber region [20]. Further revelations are expected
from the results of low-wavenumber-region experiments.
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Figure 4. Absorption spectra of (a) Althoniales sp. and (b) Lepraria sp.

3.3. Adhesives on Fiber of Traditional Snow Festival Costume in Niino

This study was conducted by Mr. Toshiro Semba. There is a project to restore a traditional costume
worn in the snow festival in Niino, Nagano prefecture. The festival has a history of more than 500 years.
The material is known to be made of Wisteria floribunda fibers. When the fibers are observed under an
optical microscope, adhesives can be seen on them. The aim of this study is to determine the adhesive
materials. There are several possible candidates, with lacquer being one of them. The other candidates
are the materials used when the Wisteria floribunda fibers were colored, such as suou (a kind of dye
made from Casaplania sappan) and soy bean. Figure 5 shows the mid-IR absorption spectra. The sample
image under the HYPERION 2000 microscope is shown in the inset. The bar in the image corresponds
to 300 pm. Only a small piece of sample was obtained from the costume, and microspectroscopy by
IR-SR was indispensable. The measurement position was specified by the microscope. Spectra for
adhesives at two different positions are shown by curves a and b. Curves c to f show the absorption
spectra of lacquer, suou, Wisteria floribunda and soy bean. The bar in the image corresponds to 200 pm.
The wavenumber resolution was 4 cm ™, and the number of scans was 500. An aperture with the size
of 10 X 10 um? was used in the HYPERION 2000 microscope.

From Figure 5, the absorption spectra of the adhesives are seen to be different depending on the
position. This means that the adhesives are composed of multiple substances. Some of the absorption
peaks in Figure 5 can be assigned as follows. The peak at about 3300-3400 cm™! corresponds to
OH, double bands at 2926 and 2847 cm™! correspond to CH; and CH, symmetric stretching modes,
and the bands at 1660 and 1546 cm™! correspond to amide I and II. For the assignments of other
absorption bands, composition analysis may be useful. The lower wavenumber region experiments
are also expected to yield information because the main components, such as protein and textile fibers,
sometimes have peaks in that region [21]. The overall shape of spectrum a is similar to curve f of soy
bean, and curve b is similar to the lacquer curve ¢, although there are some differences. Comparing
spectra b and ¢, we see that the double band at about 2800 cm~! is small in ¢ and broad in b. The band
at 2600 cm™! in c splits in b. Spectra a and f are similar, but the band at 1740 cm™! in f is not present in
a. One possible reason for the differences may be the deterioration of samples a and b.
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Figure 5. Absorption spectra of the adhesives and the candidate materials. Spectra of a and b are of
adhesive samples. Spectra c to f show those of lacquer, suou (a kind of dye), Wisteria floribunda fibers
and soy bean. Inset is the sample image under HYPERION 2000 microscope.

3.4. Organic Materials in Overglaze Layers on Ceramics

Dr. Tomohiro Higuchi conducted a study to analyze organic residuals in the overglaze layer of
Japanese ceramics. When a Japanese ceramic is painted with overglaze, some kind of glue is used
before it is fired at a high temperature [22]. After firing, a small amount of organic materials has been
found to remain in the overglaze layer. The residual is thought to originate from the glue [23]. It is also
predicted that the organic materials form compounds with metallic elements included in glass frit.
These remains are expected to be observed in mid-IR and the low-wavenumber region. The final
purpose of this study is to identify the glue from the residual organic materials observed in the fired
ceramics. Information about the kind of glue is expected to provide knowledge about the place where
the ceramic vessels were made. In this study, simulated samples were prepared, to observe the change
in the state of the glue during the firing process. Two kinds of commonly used glue, nikawa (Kissho,
granular animal glue) and funori (Isekyu, red seaweed glue) were used. They were dissolved in water
at 10% m/m and 2% m/m, in mass concentration, and 1 mL of solution was mixed with 1 g of colored
overglaze that contains Pb-included frits and iron oxides. The mixed colored overglaze was applied to
a CaF; substrate. Absorption spectra of the sample were measured during heating to 600 °C, on a
temperature-controlled stage (LINKAM 10036L). The heating rate was 100 °C/h, and the atmosphere
was air. The wavenumber resolution was 4 cm™!, and the number of scans was 64. Figure 6a,b shows
the absorption spectra of the nikawa- and funori-containing samples, respectively. The observed
temperatures were room temperature, 200, 240, 300 and 600 °C in Figure 6a; and room temperature,
200, 230, 350 and 600 °C in Figure 6b. The optical densities (OD) are shown in the figures by the bars.
The ODs are different between Figure 6a,b because the sample thicknesses where the spectra were
measured were different. Ata high temperature, such as 600 °C, the thermal radiation from the sample
reaches the detector and increases the background noise. The spectrum at 600 °C in Figure 6b was
measured under such conditions.
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Figure 6. Absorption spectra from samples containing (a) nikawa and (b) funori.

The absorption spectrum observed at room temperature (RT) in Figure 6a has bands at 3300,
2900 and 1800-1500 cm ™. These bands are assigned to a protein included in nikawa. The structures
at 1800-1500 cm™! are amide I and IT bands. The RT spectrum in Figure 6b has absorption bands
at 3300, 2900 and 1750-1400 cm™!, and they are assigned to a polysaccharide included in funori.
In Figure 6a, the shape of the bands observed at RT does not change much, and only the intensities
decrease up to 300 °C. At 600 °C, there is no obvious band. In Figure 6b, the absorption band
intensity decreases and vanishes once at 230 °C. At 600 °C, a different absorption band appears at
2100-1000 cm™~!. From Figure 6, the temperature dependence is found to differ depending on the
kind of glue. The original organic component of the glue may be burned out at between 200 and
300 °C. Then, in the sample of Figure 6b, the transformed organic materials appear on the substrate
at 600 °C, but not in the case of Figure 6a. In the overglaze material, metal elements were included,
and the IR experiments in the low-wavenumber region are expected to yield information about the
metal composition.

4. Summary

IR-SR has two important features, a high brilliance and a broad-band coverage. The brilliance was
calculated by using the parameters of infrared beamline BL43IR in SPring-8 and was shown to be more
than two orders of magnitude higher than that of a thermal radiation source. Compared with other IR
light sources, low-wavenumber region between 700 and 200 cm™! is a valuable region for IR-SR. BL43IR
is dedicated to IR microspectroscopy and has three stations with different characteristics. Four attempts
to analyze cultural heritage materials were introduced: iron oxides in bengala red pigment, biomineral
distribution caused by lichen growing on a stone cultural heritage, adhesives of fibers of a traditional
snow festival costume and organic materials in overglaze layers on ceramics. All these experiments
were performed at the high-spatial-resolution microspectroscopy station, at BL43IR. In the analysis of
cultural heritage materials, IR-SR can play an important role, especially in the low-wavenumber region.
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Abstract: Coherent synchrotron radiation from an electron storage ring is observed in the THz
spectral range when the bunch length is shortened down to the sub-mm-range. With increasing
stored current, the bunch becomes longitudinally unstable and modulates the THz emission in the
time domain. These micro-instabilities are investigated at the electron storage ring BESSY II by means
of cross-correlation of the THz fields from successive bunches. The investigations allow deriving
the longitudinal length scale of the micro bunch fluctuations and show that it grows faster than
the current-dependent bunch length. Our findings will help to set the limits for the possible time
resolution for pump-probe experiments achieved with coherent THz synchrotron radiation from a
storage ring.

Keywords: THz; coherent synchrotron radiation; low alpha; cross-correlation; pump-probe

1. Introduction

Coherent synchrotron radiation (CSR) emission from a relativistic electron bunch in a storage ring
is a natural process of collective in-phase emission of all electrons and occurs for wavelengths A longer
than the electron bunch length [1]. The total power P(A) emitted by N electrons can be calculated from
the power p(A) emitted by one electron [2]:

P(A) = [N+ N(N-1) f(1)]p(2), ©)
where f(A) is the form factor given by the square of the Fourier transform of the normalized longitudinal
electron distribution 7(z) of the bunch:

o0 2

f(A) = fez’”%n(z) dz| . )

oo

Since the propagation of long wavelengths radiation is suppressed by the wave-guiding properties
of the finite dimensions of the metallic walls of the vacuum chambers [3], bunch lengths have to be
shortened below the cut-off wavelength in order to become detectable at the end of a beamline. This
becomes valid for most of the electron storage rings for sub-mm bunches in the THz spectral range.
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The longitudinal bunch length of the electrons in a storage ring can be controlled by the momentum
compaction factor a—the ratio between the deviation of an electron from the reference orbit and its
momentum deviation—and the temporal gradient of the rf (radiofrequency) cavity voltage. Short
bunch lengths emitting coherently in the THz spectral range are obtained by reducing the momentum
compaction factor from the value normally applied by tuning the storage ring optics [4] into the
so-called “low @” mode. Such shorter bunches cause a coherent enhancement for a given number
of electrons in the bunch which can be expressed by the amplification factor AF, the ratio between
the coherent and incoherent emission spectrum, e.g., of the spectrum from the short electron bunch
and from the bunch of nominal length. The longitudinal electron distribution in a storage ring in
equilibrium can be treated as Gaussian for low bunch charges. For a Gaussian electron distribution,
the coherent enhancement factor becomes Gaussian itself with the mean o as the rms (root mean square)
bunch length [2] having a maximum of N for infinite wavelength for a large ensemble of electrons:

4moz )2

AF(A) = Ne (53

©)

Typically, 107-10° electrons per bunch are stored. According to Equation (1) the total power
emitted from the bunch would then be proportional to the square of these values yielding an increase
of seven to nine orders of magnitude compared to the incoherent bunch emission. Such an enormous
power increase influences the electron bunch and produces bunch instabilities. The own CSR field of the
bunch and its space charges on the conductive chamber walls affect the bunch shape in such a way that
the bunch becomes longer and distorted from the Gaussian form. These longitudinal distortions contain
higher Fourier frequency components responsible for a broader CSR power spectrum. Numerical
calculations show a steepening of the leading edge of the bunch due to its own CSR wake field [5].
Further, the electron distribution becomes unstable above a certain stored charge threshold and initial
small density perturbations can then cause micro-bunching due to the intense wake field finally
emitting stochastically THz bursts [6,7]. All these longitudinal density fluctuations in a scale shorter
than the nominal bunch length are associated with a coherent increase of emitted THz power at higher
photon energies than expected for the nominal Gaussian bunch shape.

More than fifteen years have passed since it was proven that CSR is a suitable source for
diffraction-limited Fourier transform spectroscopy [8] and the first successful scientific experiment
using THz radiation from short electron bunches was performed [9]. The low a technology is now
becoming available at several storage rings worldwide (e.g., [10-15]) and this powerful broadband
source allows for many scientific experiments [16] including THz- electron paramagnetic resonance
(EPR) [17] and high-resolution spectroscopy with THz frequency combs [18]. Currently, storage rings
offer to users the low & mode at reduced currents stored. However, strong longitudinal bunch focusing
by superconducting rf cavities in a storage ring will extent the bursting threshold to higher currents
and shortens CSR pulses to a couple of THz [19] making this short-bunch scheme not only more
attractive to far infrared/THz but also for time-resolved X-ray experiments [20].

Even though a significant progress has been achieved over the last years of offering short-bunch
operation, a consistent picture of bunch deformation and bunch instabilities in low a operational mode
of an electron storage ring is still under discussion. Especially, the transition from stable CSR emission
via quasi harmonic micro-bunching to the chaotic bursting is very different among the various storage
ring facilities and call for sophisticated diagnostics. The electron bunch spatio-temporal dynamics
have been studied by the experimentally obtained spectral content of THz pulses in comparison with
numerical simulations [21-23]. A straightforward approach to study the emitted CSR pulses is not
available due to the lack of suitable THz recording electronics, but the quasi-direct observation of
sub-picosecond microstructures within an electron bunch became recently possible by a time-stretching
scheme [24-26].

This paper reports on cross-correlation measurements from subsequent bunches emitting THz
pulses at the storage ring BESSY II. By applying a simple model for the projection of the longitudinal
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phase space quantitative information on the dynamics of bunch instabilities, which are derived and
compared to experimental findings.

2. Experimental Section

The measurements presented were conducted at the IRIS beamline [27] at the electron storage ring
BESSY II during several dedicated low « shifts. The beamline accepts THz and infrared dipole radiation
60 mrad horizontally and 40 mrad vertically from the storage ring. The fundamental rf of BESSY Il is
500 MHz with a harmonic number of 400 in a circumference of 240 m. Thus, the revolution frequency
is 1.25 MHz with a minimum bunch spacing of 2 ns. A train of 350 consecutive bunches build up the
fill pattern. For our investigation, the storage ring operated with a low-a-optics and a synchrotron
frequency of f; = 1.75 kHz providing an rms bunch length of 1 mm in the limit of zero current [28]. The
same synchrotron frequency is applied for normal low « operation. This operational mode is offered to
the storage ring users for pump-probe and THz spectroscopic experiments two times a year.

The IRIS beamline is equipped with a commercial Fourier transform (FT) vacuum spectrometer
which operates down to 2 cm™! and which utilizes several bolometers as detectors suitable for diverse
applications. The spectra shown in this study were obtained by a 1.6 K Si composite bolometer. The
bolometer has a response time of about 2 ms and a high-frequency cut-off at about 2 THz.

A free optical port of the beamline, only separated from the vacuum of the beamline to the ambient
by a Picarin™ window, delivers a quasi-collimated beam. This beam feeds a home-built Martin—-Puplett
type interferometer (MPI) [29]. The MPI allows for the measurement of the auto and cross-correlation
function of the CRS. While for the auto-correlation mode of the MPI the two mirror arms are set to
equal lengths for the cross-correlation mode one mirror arm length is extended by 0.3 m in order to set
the delay to the temporal distance between two bunches of 2 ns.

The correlation function measured was a mean correlation over the integration time of the
detection and which was much longer than the revolution time of the storage ring. In the case of the
auto-correlation the mean of all individual bunch correlations was measured. The cross-correlation
yields the mean correlation of the fields from all pairs of successive bunches. In this context, it should
be mentioned that the inverse Fourier transformation of the auto-correlation function results in the
spectrum of the CRS emission.

In this study, we performed cross-correlation measurements for bunch charges between 5 and
50 pC with the MPI schematically shown in Figure 1. A mechanical chopper (65 Hz) modulated the
THz radiation. The aforementioned 1.6 K Si composite bolometer was used as a detector and a lock-in
amplifier recovered the modulated THz signal. A room-temperature band-pass filter was placed in
front of the bolometer to produce a transform-limited Gaussian pulse. The filter was chosen so that the
center frequency is in the range of maximum of the recorded CSR spectrum.

For time-domain analyses the power of the CSR and incoherent infrared synchrotron radiation
were recorded by directly focusing the collimated beam from the optical port into an appropriate
detector. A magnetically enhanced 4.2 K InSb hot-electron bolometer was used for the THz range. The
detector has a response time of 2 us (-3 dB) and is sensitive between 0.06 and 1.5 THz. In addition,
a mercury-cadmium-telluride (MCT) detector was employed. The MCT detector has a response time
of 5 us and is sensitive down to 650 cm™! (about 20 THz) and therefore only recording the incoherent
spectral part of the synchrotron radiation. A fast Fourier transform (FFT) spectrum analyzer provided
the time-domain power spectra of the signal from both detectors.
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Figure 1. Optical scheme of the Martin—Puplett type interferometer (MPI) for cross-correlation
measurement of subsequent bunches. The collimated coherent synchrotron radiation (CSR) comes from
the exit port of the beamline and is modulated by a chopper before entering the MPI. The radiation
is split into the two arms by the beamsplitter and is reflected back from the rooftop mirrors via the
beamsplitter to the exit of the interferometer. Both beams pass a band-pass filter before being focused
and recombined at the Si-detector.

3. Results and Discussion

3.1. Coherent Synchrotron Emission

Figure 2 shows the coherent enhancement above the bursting threshold for a 46 pC bunch (3 x 10%
electrons) and a synchrotron frequency of f; = 1.75 kHz measured with the vacuum FT spectrometer.
Assuming a Gaussian bunch form, the experimental data fit neither the number of electrons nor the
nominal rms bunch length of 1 mm. A pure Gaussian electron distribution with the above parameters
would produce a spectral power. Below 60 GHz the finite dimensions of the dipole chamber of a
free height of 35 mm at BESSY II almost shield the radiation. Additional diffraction losses from the
beamline limit a realistic detection of the CSR even below 0.1 THz. Figure 2 cartoons this spectral
region as well. If one uses the Equations (1) and (2) with the nominal rms bunch length to describe
the CSR process, bunch shapes different from Gaussian have to be assumed (e.g., saw tooth shape).
Such bunch shapes would contain higher frequency components explaining the broad experimentally
observed amplification factor. However, the measured coherent enhancement fits perfectly a Gaussian
over four orders of magnitudes indicating that the CSR is emitted from a longitudinal micro bunch
structure with an rms micro bunch length of 0.17 mm. Moreover, only less than 0.1%o of the electrons
from the nominal bunch charge are involved in the detected coherent process.

Below a charge threshold of about 30 pC, the bunch distortion is stable in time and so the CSR
power does. Above this threshold, the bunch distortion becomes longitudinally unstable and modulates
the THz emission in the time-domain. Figure 3 shows the power spectrum of the temporal behavior of
the CSR for two different bunch charges, below and above the threshold. The synchrotron frequency f;
is clearly seen in the power spectra for the coherent and incoherent part of the synchrotron radiation.
For the coherent radiation below the bursting threshold, a longitudinal instability develops in a very
regular repetition of a fundamental frequency f at about 3.75 kHz. This frequency is about twice the
synchrotron frequency f;. As it is also observed at other storage ring facilities [24,30], the fundamental
frequency of instability shifts to higher frequencies and gains in strength with increasing bunch charge
and even mix with different other modes. A higher bunch charge produces saw-tooth type instability
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and the duration of a saw-tooth determines the side-band structure. A further increase of bunch charge
leads to a turbulent longitudinal bunch distortion causing CSR bursts emitting randomly shown in
Figure 3 for the CSR power spectrum for a bunch charge of 46 pC. A more detailed picture of the
temporal structure of CSR bursts at BESSY II is published elsewhere [31,32].

Frequency (THz)
0.0 0.5 1.0
T T
10° —"'.. ——  Measurement .
'.' f,=1.75kHz, N = 3-10
2 . - Gaussian fit

6, =1.00mm, N =310°
fit

10° (B 6, =0.17 mm, N = 1.3-10"

Amplification Factor

0 10 20 30

Wavenumbers (cm")

Figure 2. Measured amplification factor for the nominal BESSY low o operation at 1.75 kHz synchrotron
frequency (red curve) and the corresponding Gaussian fit (dashed green curve). The dotted blue curve
shows the expected amplification factor assuming a Gaussian bunch of 46 pC (3 x 10° electrons) with
nominal rms bunch length of 1 mm. The yellow-shaded region below 5 cm™ indicates the cut-off for
CSR propagation.

@ mid-IR signal below bursting
@ THz signal below bursting
@ THz signal above bursting

Power Spectrum (dB)

0 1 2 3 4 5

Frequency (kHz)

Figure 3. Power spectrum for the time-domain of the integral emitted power for a bunch charge of
26 pC below the bursting threshold (green and blue curve) and for 46 pC well above the bursting
threshold (red curve). The green curve was taken with a mercury-cadmium-telluride (MCT) detector
only recording the incoherent synchrotron radiation while the blue and red curve were obtained from
an InSb-bolometer with an entrance filter only passing through radiation below 100 1.5 THz.
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The existence of two thresholds in the electron bunch spatio-temporal dynamics while increasing
the total charge of the bunch has been pointed out in [21]. The first threshold found indicates the
presence of micro-structures drifting in the bunch profile and is signaled by the appearance of a
resonance in the power spectral density at high frequencies (above 30 kHz) which is outside the range
of our measurement. The second threshold indicates that the micro-structures are strong enough to
persist after about half a revolution period of the electron bunch in the longitudinal phase space. Itis
linked with the appearance of another resonance in the power spectral density at about twice the f;,
in perfect agreement with our observation. An analytical link between the structure of the longitudinal
phase space of the electrons and the frequencies seen in the power spectrum of the CSR emission
during instabilities is derived in [33].

3.2. Cross-Correlation of Subsequent Bunches

Next, we like to draw a simple picture of the mechanism of the longitudinal instability by
assuming a longitudinal oscillation with frequency f; of the emitting micro bunch. Despite this scheme
is extremely simple, it reproduces well the mechanism described in [21], where the longitudinal phase
space of the electron bunch, after the first threshold, presents some sub-structures that evolve in
time with a rotating movement due to the synchrotron rotation. Those sub-structures translate into a
micro-bunching in the associated bunch profile. Each micro-bunch oscillates harmonically in a region
whose length depends on how long the sub-structure persists in the bunch.

In contrast to established temporal approaches we follow a statistical approach to describe the
bunch dynamics. Our simple model assumes that the micro bunch has an oscillating phase against the
nominal bunch position and tries to describe the amplitude of this phase oscillation in respect to the
bunch charge.

The oscillating phase shift 7 () of the individual micro bunch in time units can be expressed by

©() = To(g) cos(2n f; 1), @

with 7, as the maximum oscillation phase which is a function of the bunch charge g. With the
assumption that the instability is a single bunch effect each micro bunch behaves independently and
experiences all possible phase shifts over the integration time of the detector. Therefore, a measured
cross-correlation of CSR pulses from pairs of successive micro-bunches can mathematically be treated
as the auto-correlation of the mean from all CSR pulses. The mean electrical field of the pulse is given
by the convolution integral of the single CSR pulse shape with the probability P(z, dt) = p(t) dt that
the individual pulse shift can be found in the interval [7, T + d7]:

jaz]

E(t) = E(t) ® P(x(t),d7) = fE(é)-P(’r(t—E),d’[) de. ®)

In analogy to the harmonic oscillator model (e.g., [34]) we assume that the probability density
function p(7) is proportional to the time dt in which the CSR pulse phase changes by dt and can be
written in its normalized form to:

1 1
p(t) = — T, < T < T, (6)
T, 2
1-(%)

To

In Figure 4 the probability density function multiplied by the maximum of the oscillating phase is
presented. It is obvious, that the turning points at +7, yield the highest probability for the phase shift.
The inset of this figure shows a cartoon of the longitudinal projection of the resulting mean pulse trace
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under investigation. As stated above the theoretical cross-correlation of the successive CSR pulses can
be obtained by the correlation of the mean CSR pulse from Equation (5):

EW0+E0 - [ B@)-Eir o ?

7,P(7)

Figure 4. Probability density function for the normalized phase shift 7/7,. Dashed lines indicate the
turning points of the sinusoidal oscillation. The inset shows schematically the longitudinal projection
of the trail of mean bunches in the storage ring with a nominal bunch separation of 2 ns. 27, translates
into a characteristic length where the micro-bunch is found in the longitudinal phase space over time.

The experimental cross-correlation was measured utilizing the Martin-Puplett interferometer as
shown in Figure 1 with a nominal optical pass difference between the two interferometer arms equal
to the distance between subsequent bunches in the bunch trail. For experimental and mathematical
simplicity, we restrict our consideration not to the entire CSR spectrum of the micro bunch but to a
limited bandwidth achieved by passing the radiation through a band-pass filter.

Figure 5 shows the power spectrum of the electrical field of the new created CSR pulse when
passing the filter and which is according to the Wiener-Khinchin theorem [35] the squared Fourier
transform of the measured field auto-correlation. A Gaussian fit to the spectrum yields an rms spectral
width of 8.5 GHz (0.29 cm™") and a center frequency of 0.22 THz (7.4 cm™). These values are then
used to construct an analytical transform-limited Gaussian pulse E(f) by using the time-bandwidth
product [36]. Figure 5 also shows this pulse with a rms temporal width for the Gaussian envelope of
9.4 ps.

The amplitude of the cross-correlation as the function of the time delay between the two
spectrometer arms is exemplarily shown in Figure 5. For the calculation 7, was set to zero and the result
compares well with the measured cross-correlation for a pulse emitted from a bunch below the bursting
threshold. Note that the experimentally obtained cross-correlation function is superimposed by a
constant dc voltage signal. This dc component corresponds to the mean of the power of the two pulses
(e.g., [37]) and therefore is used for power normalization of the experimental cross-correlation function.

From both the theoretical and measured cross-correlation functions, shown in Figure 6, a contrast
calculates as the difference between the maximum and the minimum of the modulation amplitudes.
This contrast, shown in Figure 7, is independent of the bunch charge in the stable mode below
28.6 pC (vertical dashed line in Figure 7) where no oscillating instabilities appear. Above that charge,
instabilities start to appear in the nominal bunch and the contrast drops rapidly to zero and develops
with further increasing charge into an expiring oscillation. The oscillation period in the contrast
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function relates to the center frequency and the shape of the band path filter applied. In order to fit the
theoretical contrast given as a function of the phase shift amplitude to the ring current (and accordingly
to bunch charge units), distinctive data points were chosen from the theoretical and measured contrast
to scale the abscissa. The inset of Figure 7 shows the polynomial fit function to this scaling procedure.
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Figure 5. (a) measured transmittance of the band-pass filter (blue) and the corresponding Gaussian
fit (red) with a center at 7.4 cm~! and an rms spectral width of 0.29 cm™. (b) temporal structure of a
constructed Fourier-transform limited pulse when passed through the band-pass filter with the fitted
characteristics shown in (a).

The theoretical contrast as a function of ring current describes remarkably well the measured
data as shown in Figure 7. This holds, even the experimental data were obtained at several temporal
experiment shifts over one year of observation at the storage ring and proofs the stability and
reproducibility of the BESSY II ring and the low « set up offered to THz users. Note, that for a given
center frequency of the band-pass filter the relation between the contrast of the cross-correlation
function and the phase shift of the pulse is completely determined and the only assumption made is
that the micro pulse is oscillating in longitudinal direction. With the scaling relation shown in Figure 7
one has a ruler in hands to measure the longitudinal phase shift amplitude of the micro-bunch directly
from the ring current stored. It is obvious that the model discussed above is not only valid for one
oscillating micro bunch but also applies to higher instability modes where more than one micro bunch
is involved. The projection of higher azimuthal modes, for example quadrupole or sextupole modes,
are very similar to two or three harmonically oscillating micro-bunches also described by Equation (6).

In [28] an empirical relation is given to describe the measured rms length of the nominal bunch at
BESSY II for low « operation and different synchrotron frequencies as a function of the bunch charge.
Here, the nominal lengths were measured by means of a streak camera for bunches longer than 1.5 ps.
As an example, this empirical relation results an rms length of about 3.9 ps for a bunch of 28.6 pC and a
synchrotron frequency of 1.75 kHz just when the oscillating instability becomes observable by our
measurements. As introduced before, 27, describes a longitudinal region in the nominal bunch profile
of the oscillating instability whose length depends on how long the sub-structure persists in the bunch.
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Figure 6. Comparison between the measured cross-correlation (lower red curve) of a CSR pulse from
a bunch of 20 pC (below bursting threshold) and the calculated cross-correlation (blue curve above,
normalized and dc component removed) using the transform-limited pulse in Figure 5. While the

overall envelope of the measured cross-correlation agrees very well with the calculated one additional

side wings appear caused by the asymmetric filter edges.
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Figure 7. Theoretical (red curve) and measured contrast (different markers and colors represent the

different experimental runs) of the cross-correlation as a function of the ring current stored. The abscissa
for the theoretical contrast is scaled according to the fit for the phase shift amplitude shown in the inset

(blue curve).

Figure 8 shows this characteristic length for given bunch charges in units of the rms length of the
nominal bunch taken from [28]. The characteristic micro bunch length increases stronger than the
nominal bunch length. It reaches about the 2.5-fold of the nominal rms length for the limit of the highest
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bunch charge analyzed by the cross-correlation method proposed. Further higher bunch charges define
the limit of our model when the bunch instabilities become chaotic and a cross-correlation signal is not
anymore detectable.
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-
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0.0 1 1 1 I 1 1 1
0

27, (ps)

Figure 8. The characteristic length of the oscillating micro bunch for the corresponding bunch charges
(red marks) given in rms units of the current-dependent nominal bunch length. The blue curve is a fit
to guide the eyes.

4. Summary

A simple model is given which provides a tool for studying longitudinal bunch instabilities
observed in the coherent emission from short electron bunches. The model is based on the
cross-correlation of successive transform-limited Gaussian THz pulse. Such pulses are produced by
passing the CSR through a narrow band-pass filter. The model describes the oscillating CSR instability
in the THz spectral range by means of oscillating micro bunches and it is justified by the theory
described in [21]. These micro bunches are built up by a very small fraction of electrons from the
nominal bunch.

The cross-correlation of the THz fields from two successive bunches allows the evaluation of
the oscillation phase of the micro bunches in respect to the nominal bunch position. As the result,
the measured oscillation phase increases faster than the nominal bunch length with increasing bunch
charge in the bunch charge region investigated. These investigations provide not only a picture on
the longitudinal phase space but might also be of interest to define the limits of time resolution for
pump-probe experiments with THz coherent synchrotron radiation at a storage ring.
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Abstract: In this work, we show the damage induced by an intense coherent terahertz (THz) beam on
copper surfaces. The metallic surface was irradiated by multiple picosecond THz pulses generated
by the Free Electron Laser (FEL) at the ISIR facility of the Osaka University, reaching an electric field
on the sample surface up to ~4 GV/m. No damage occurs at normal incidence, while images and
spectroscopic analysis of the surface point out a clear dependence of the damage on the incidence
angle, the electric field intensity, and polarization of the pulsed THz radiation. Ab initio analysis
shows that the damage at high incidence angles could be related to the increase of the absorbance,
i.e., to the increase of the temperature around or above 1000 °C. The experimental approach we
introduced with multiple fast irradiations represents a new powerful technique useful to test, in a
reproducible way, the damage induced by an intense electric gradient on copper and other metallic
surfaces in view of future THz-based compact particle accelerators.

Keywords: THz; FEL; copper; damage; surface

1. Introduction

The damage induced by a strong EM field on metallic surfaces is a widely studied topic [1-3],
where the aim is to understand the response of a material under strong applied electrical forces and the
damage generated on the irradiated area. Experiments with intense electromagnetic radiation in the
IR-UV range have been performed since the availability of high-intensity lasers [4,5]. Reflection and
absorption processes of a high-intensity optical laser pulse by an extremely smooth metal surface have
already been studied [5-8]. In particular, laser-induced damaged morphologies and their cumulative
effects given by single pulses have already been highlighted [9].

The THz electromagnetic spectral range, typically referred to frequencies between 100 GHz
and 10 THz, is fundamental for the spectroscopic analysis of many condensed matter
systems [10-16], low dimensional semiconductors and superconducting materials with different
electronic properties [17-20]. This frequency range is, in fact, resonant with molecular and phonon
excitations and with free electrons in metals [21].

Despite its importance, the latest improvements in THz generation and detection have been
hindered by the lack of suitable high-intensity sources. Recent developments have seen the appearance

Condens. Matter 2020, 5, 16; doi:10.3390/condmat5010016 75 www.mdpi.com/journal/condensedmatter
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of optical techniques based on non-linear effects, like the optical rectification process in organic
and inorganic crystals [22,23]. One of the most efficient ways to generate high-intensity THz
pulses is based on relativistic electrons both in a Free Electron Laser (FEL) and a Linac, where
the synchrotron radiation emission from the accelerated electron beam is coherent and (as for FELs)
nearly monochromatic [13,14,24,25].

High-intensity THz radiation is also useful for producing a high-gradient electric field for particle
acceleration [26]. The investigation of the behaviour of metallic cavities [27] under the application of a
high-intensity THz field represents an important issue in the development of compact accelerators [22]
and to test protective coatings designed to reduce the damaging processes [28,29]. Copper, in particular,
represents a strategic material to study under high-gradient electric fields, due to its extensive use in
many accelerating components subjected to high electric fields.

Recently Agranat et al. [9] investigated the damage induced on thin metallic films by a high-fluence
pulsed THz radiation, while no irradiation studies have been performed on thick metallic samples yet.
Here, we highlight the experimental results obtained by illuminating the surface of smooth copper
thick samples with intense THz pulses generated at ISIR-FEL, a facility of the Osaka University [25],
reaching an electric field on the sample surface up to ~4 GV/m. Using multiple THz pulses, at the
fluence below the single-pulse damage threshold, we show evidence of angular dependent damage
of copper substrates. We analyze the damage through chemical analysis of the surface by Raman
spectroscopy. We used a simple heat model coupled with Fresnel equations to explain the damaging
mechanism taking into account the change of the surface reflectance vs. the incidence radiation angle.

2. Material and Methods

The THz-FEL at the quantum beam research facility of the Institute of Scientific and Industrial
Research (ISIR) at the Osaka University allows the emission of nearly monochromatic coherent radiation
through the acceleration of an electron beam by a LINAC up to 15 MeV. Electrons injected in the
undulator emit horizontally polarized synchrotron radiation [25,30]. The optical system described
in [25,31] allows the extraction of the coherent THz beam and its transport to the experimental hutch.
Finally, the collimated beam is focused on the sample’s surface through a parabolic mirror (Figure 1)

sets at a distance of 5 cm.
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Figure 1. (a) The spectrum of the FEL emission for an undulator gap of 37 mm, (b) layout and time

structure of the THz pulses, (c) photo of the sample holder and of the parabolic mirror used to focus
the radiation.

Knife-edge scanning measurements reveal the Gaussian profile of the beam at the focal point.
The circular spot has a radius of ~130 pm, close to the diffraction limit [31]. Actually, the time structure
of the THz beam is related to the electron beam structure of the LINAC. By fixing the undulator
gap at 37 mm, the narrow-band THz emission is centered at ~4.3 THz. With a 5 Hz repetition rate,
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the time structure composed by a sequence of 4 ps pulses is exploited. At the repetition rate of
27 MHz, each macro-pulse 20 ps long is composed of 108 micro-pulses. Figure 1a shows the typical
frequency dispersion of this THz-FEL in the 27 MHz mode, reaching ~3% bandwidth at the best
monochromaticity conditions.

As measured by the calibrated energy meter (Multipurpose Energy Max Sensor J-25MB-LE form
Coherent®) the FEL provides THz-pulse energy of 4 + 0.1 mJ on the sample surface. Considering an
area with the size of the focus spot (130 pm Gaussian radius), the fluence of the pulse on the sample
surface is 12,7 J/em?. At the focal point, a peak magnitude of 3.7 GV/m for the THz electric field has

been evaluated using the equation:
Ethz = VZo Itn, ¢y

where the micro-pulse intensity Ity is
Wrhz
T mr?

@

Itp, =

with Wy, the micro pulse energy, 7 the micro-pulse time duration, and r the beam Gaussian
waist. In our experiment, irradiations have been carried out on 5 mm thick oxygen-free and high
thermal conductivity (OFHC) copper samples, polished down to a nominal roughness (rms) <5 nm.
Each irradiation, composed of 5000 pulses with the total fluence of 635 J/em?2, has been delivered in
~15 min. The visible damage on the copper surface has been evaluated with a combined optical and
chemical analysis. Images have been collected at different magnifications with a scanning electron
microscope “Nanoimages MINI-SEM SNE-3200M”, while Raman maps have been collected using the
JASCO N5100 Optical and Raman microscope.

3. Results and Discussions

The irradiations have been performed at different angles of incidence, rotating the copper sample
from the normal incidence position (0°) up to 60°. As shown in Figure 2a, the rotation axis of the
sample is perpendicular to the horizontal plane, i.e., normal to the polarization plane of the electric
field. During the irradiations, breakdowns phenomena occur in air near the sample surface (Figure 2b).

a)

——

E.F. polarization

Figure 2. (a) Layout of the experimental irradiation at the incidence angle 6. The linear polarized
radiation hits the copper surface oriented at the selected angle. (b) Image of a spark (bright spot) near
the bottom edge occurring on the copper surface irradiated at the incidence angle of 40°.

Figure 3 shows the optical images of the surface damage. In this figure, four optical images taken
at different angles after exposition with 5000 pulses are highlighted. At normal incidence, no damage
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is detectable, while increasing the incidence angle a pattern with evident surface changes appears.
This suggests that different phenomena may occur during the irradiation. At this frequency regime,
during irradiation, both thermo-mechanical stress and strains are expected to contribute to the surface
damage [9]. Using the Raman microscope, we were able to analyze and compare different areas in the
damaged regions (see Figure 4). The measurements were performed with a red laser (738 nm) using a
spot of ~1 um (100x magnification).

Figure 3. Comparison among optical images of the irradiated copper surface taken at different angles
of incidence.

f) —— center

corona

Intensity (arb. units)

T T T T
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Figure 4. (a) 5X magnified image of the damaged region irradiated at 40° after 5000 shots. A central
opaque area, an intermediate lighter area, and a dark corona can be recognized. The two squares
highlight the 20X magnified region of the corona (black, panel b) and the central area (red, panel d).
The brown corona is due to the oxidation of the copper surface (100X magnification in panel c). A 100x
magnification of the central area is highlighted in (panel e). (f) Comparison of the Raman spectra
collected in the two magnified areas showing the copper oxides vibrational peaks (mainly CuO and
CuyO3) in the corona and a small presence of oxides in the central region.

Looking at Figure 4a, two sub-regions in the damaged area can be distinguished: the center,
where the THz electric field reaches its maximum intensity and the corona, with an outer diameter
of ~500 um. The analysis of the optical images and the comparison of the different Raman spectra
(Figure 4f) suggest that the surface in the corona region contains copper oxides (mainly CuyO3 and
CuO) [32,33], while the center is almost metallic with a weak contribution of copper oxides [32].

In experiments where coherent radiation interacts with a solid system, the fluence shows a
threshold value for the generation of plasma on the surface that depends on the wavelength [34].
The measured plasma generation threshold for copper is <2 J/em? at 1 um, decreasing at longer
wavelengths [34]. At this fluence, the irradiation is expected to produce plasma plumes, possibly
containing electrons, ions, atoms, molecules, and micro-sized particles, whose dynamics contribute to
shaping the damaged pattern [34]. The lack of copper oxide in the central region could be associated
with the ablation mechanism induced by the intense THz radiation beam, which continuously removes,
at each pulse, part of the oxide layer present on top of the surface.

The spatial distribution of copper oxides is shown in Figure 5. This map describes the copper
surface irradiated at 40° and has been obtained collecting a grid of 200 x 200 Raman spectra with a
5 um spot. It allows to reconstruct the spatial distribution of the copper oxides by integrating, in each
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of the 40000 Raman spectra, the region from 350 to 800 cm™!, which is associated with CuO and
CupO [32]. As already shown in Figure 4f, the corona has the highest concentration of oxides, while in
the central region, they are negligible. A further investigation of the pattern has been obtained through
SEM microscopy. Three magnified SEM images of the copper surface are shown in Figure 6 at 40°
of incidence. The image on the left shows the two regions: The corona well separated by the dark
external copper surface.

o

0

Figure 5. Raman map of the copper oxide contributions related to the copper surface exposed at 40°,
and obtained integrating the range 350-800 cm™. The color bar on the right gives the intensity of the
integrated Raman signal.

Figure 6. Comparison of SEM images of the irradiated copper surface at the angle of incidence of 40°.
By increasing the magnification (from left to right), it is possible to recognize in the central area (a),
where the highest damage occurs, the presence of hundreds of copper tips (b). Their presence (see
magnified tips in (c)) suggests that in this region, it is possible to reach temperatures comparable to
higher than the Cu melting point (~1085 °C).

The most intriguing result of the irradiation we performed with ISIR appears in the center of the
pattern, where small structures emerge. Their shape and appearance are highlighted in panel c of
Figure 6. In order to generate such microstructures, the central area should be exposed to extreme heat
with a possible melting of the upper layers in order to form upward pillars. Similar processes might
also emerge from surface instabilities on a rigid substrate, leading to self-organization phenomena
and the formation of well-organized nano-micro patterns such as the pillar-like structures shown in
Figure 6c [35].

Irradiations have also been performed with a lower number of pulses, resulting in different
damaging behaviors. For instance, with an irradiation of 500 pulses no damage could have been
resolved on the copper surface at all incidence angles. The result suggests the occurrence of a cumulative
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thermal effect, most likely a positive feedback process where the growing temperature modifies the
absorption efficiency of the surface. Therefore, the rise of the surface temperature is expected for longer
exposition times with stronger damage. A similar build-up effect has also been observed in the optical
range, as suggested in [36], where a similar behavior of the copper reflectance has been observed when
copper was irradiated by multiple intense optical pulses.

Regarding the observed angular dependence, a similar process has been described in the optical
range by Miyasaka et al. [37]. Increasing the incidence angle, he revealed for a p-polarized high-intensity
pulsed laser, a further increase in the absorbance of the copper surface. This latter phenomenon can be
modeled through the well-known complex Fresnel equations. The reflected incident radiation with
p-polarized light has to take into account the complex form:

2
—ﬁcuz Ccos 91' - ﬂﬁc,ﬁ - Sin2 9,’ _

R,,(G) = ney = ney +ikey 3)

T1u? cos 0; + Jnc,? —sin? 6;

where 7, is the complex copper refractive index at ~4 THz [38] and 6; is the incidence angle. From this
equation, we may obtain the absorbed fluence F,s by the copper surface as a function of the incidence
angle. The incidence fluence can be written as

F= Emicru CA = 7-“’2 (4)

A7 cos 0;

where E,ic, is the energy of a single micro-pulse and A the angle-dependent irradiated area. Indeed,
when the beam hits the surface, the irradiated area widens with the angle 0; > 0. As a consequence, the
fluence absorbed by the surface is

Epicro €OS 0;
Faps = (1_RP(9))'F = (1 _RP(Q)).% ®)
which gives an increase in the temperature:
Faps
— __abs 6
pCéeff ( )

where p = 8.96 g/em? is the copper density at room temperature (RT), C = 0.385 J/g °C the specific heat
capacity at RT and 6¢ = §;°- cos 0; is the penetration depth of the radiation in bulk copper. The latter
depends on the angle [39], and 6¢°~40 nm is the penetration depth at normal incidence in this frequency
domain [40]. We obtain the equation:

ATp = (1- Rp(e)).% = (1-Ry(0))-ATy @)
The non-homogenous distribution of the radiation inside the spot determines a gradient in the
temperature distribution going from the center to the corona region. Figure 7a shows the angular
dependence of the absorbed fluence F,,; (Equation (5), black), the penetration depth (red), and the
temperature increase at the center of the spot (Equation (7), blue). Figure 7b describes the AT vs. the
radial distance from the center, for different incidence angles (Equation (7)). If we consider the center
of the spot, at angles higher than 20°, the temperature increases more than the melting point of copper
(~1085 °C), while at 60° the temperature increases above 1800 °C.
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Figure 7. (a) Angular dependence of the absorbed fluence F,p,¢ (black), penetration depth (red line),
and the temperature increase at the center of the spot. (b) AT as a function of the distance from the
center of the spot at different incidence angles.

4. Conclusions

In this work, we showed for the first time the occurrence of an angular dependent reproducible
damage induced by THz multiple high-intensity pulses on metallic copper surfaces. We showed that
the damage increases for increasing incidence angles with multiple shots (>10%) and the fluence of
12.7 J/em? per pulse. We estimated the increase of the temperature of the copper surface with a simple
model that reasonably matches the experimental results. It suggests that the increase in absorption
at high incidence angles may cause damage and oxidation. The model showed that for incidence
angles >20°, the final temperature can be higher than the melting temperature of copper. The observed
damage is in agreement with previous reports in the optical frequency range, described in terms of
higher absorbance, increased angle of incidence [36], and multiple shots irradiation [37].

The phenomenology behind the damaging effects can be explained in terms of a fast local
temperature increase. It may induce ablation and copper melting on the surface. However, such a
description does not consider electric-related effects, e.g., discharges and/or breakdowns occurring
in air due to pulses (Figure 2). The breakdown phenomenon occurring at the copper surface is
due to the strong electric field applied (estimated ~4 GV/m) in the central region. Actually, pillars
formed in the central region could be related to surface instabilities due to both thermal and electric
phenomena. In fact, tips could be generated by the coalescence of the melted copper in the central
region, or generated during the strong electric field, during which tips act as point-like structures
capable of enhancing local electric fields [41].

This work also points out the possibility to use multiple fast irradiations and high-fluence THz
radiation to test in a controlled way the damage induced to small areas of a metallic surface by strong
electric fields, i.e., in the range of 4 GV/m. The results also point out the need to characterize better the
observed damage patterns and their dynamics following multiple irradiation procedures. This original
approach represents an innovative method to test in a reliable and controlled way the damage induced
on a smooth surface. The method offers many potential applications in different technologies and
studies, e.g., the construction of accelerating cavities and RF devices.
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Abstract: The electromagnetic characterisation of different materials for the inner wall coating of
beam pipes is a long-standing problem in accelerator physics, regardless the purpose they are used for,
since their presence may affect in an unpredictable way the beam coupling impedance and therefore
the machine performance. Moreover, in particle accelerators and storage rings of new generation very
short bunches might be required, extending far in frequency the exploration of the beam spectrum and
rendering therefore more and more important to assess the coating material response up to hundreds
of GHz. This paper describes a time domain method based on THz waveguide spectroscopy to infer
the coating properties at very high frequencies. The technique has been tested on Non Evaporable
Getter thick films deposited by DC magnetron sputtering on copper plates.

Keywords: THz; waveguide spectroscopy; coating materials; particle accelerators

1. Introduction

An important step towards the development of a new generation of accelerators and light sources
is the special treatment of the vacuum chamber surface, in order to avoid electron cloud (e-cloud)
effects that may degrade the machine performance and limit its maximum luminosity.

The e-cloud mechanism starts when the synchrotron radiation, emitted by the beam, creates a
large number of photoelectrons at the accelerator wall surface. These primary electrons may cause
secondary emission or be elastically reflected [1]. If the value of secondary electron yield (SEY) of
the surface material is larger than unity, the number of electrons starts growing exponentially and
may lead to beam instabilities and other detrimental side effects [2,3]. It is therefore important to keep
the value of SEY as low as possible. Moreover, materials with low photoemission would make not
necessary any surface conditioning or in situ heating of the beampipe, which translates in a reduction
of machine dead time between experiments.

Reduction of the SEY value in specific sections of the accelerator is therefore mandatory, and an
extensive search for the best possible candidates for the pipe internal coating has been extensively
carried out in the last years. Amongst other materials, amorphous carbon (a-C) have been thoroughly
tested [4] and used [5] at different CERN facilities [6] with very effective results. Another interesting
class of materials is non-evaporable getter (NEG) alloys [7], that can be deposited on the inner wall
of a vacuum chamber in large accelerators, transforming it from a source of gas into an effective
pump. In addition to pumping, NEG films lead to reduced induced gas desorption and secondary
electron yields. However, the use of a coating material in an accelerator, being it for the SEY
reduction or for the vacuum improvement or both, unavoidably changes the overall surface impedance,
possibly producing as adverse effect beam instability because of its electromagnetic interaction with
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the surroundings. Therefore, before its insertion in the beam pipe, an accurate electromagnetic
characterization is required, for building a reliable impedance model and pinpointing possible
problems and performance limitations in modern particle accelerators and storage rings [8].

In the last years, the mitigation properties of coatings have been rarely tested under an
electromagnetic field and in the microwave region only [9]. Since beam spectrum may extend up to
the very high frequency regime, depending on the bunch length, it might be important to perform an
in-depth evaluation of the resistive wall impedance up to millimeter waves and beyond.

Recently, the impedance of NEG films has been measured in frequency domain in the sub-THz
range, directly depositing 1-2 pum of the material on the lateral walls of a calibrated waveguide [10,11].
This method can be easily extended to the characterisation of other coating in thin film form,
however has its own drawbacks, specifically local in-homogeneity with blistering and peel-off,
constraints in sample dimensions, and impossibility to re-use the test system (the waveguide) for
further measurements.

An alternative approach is time domain waveguide spectroscopy [12], which has been widely
used in the past to obtain high resolution absorption spectra of molecular solids [12], or for the
characterisation of thin samples [13,14]. This is done by usually resorting to metallic waveguides since,
depending on the design, they can provide a long interaction length and a very high confinement of
the electromagnetic field [15], resulting in a significant sensitivity enhancement. Besides that, the use
of calibrated devices makes possible the development of characterisation techniques that are both
precise and reliable.

With this aim, we have developed a tailored waveguide with integrated pyramidal horn antennas
and a removable part where the coating is deposited, which can be placed with ease in the optical path
of a THz spectrometer. The design allows us to measure in a simple way large area coating deposited
on metallic plates as in the case of accelerators, where averaged quantities are needed. This technique
has been successfully used to characterize NEG samples deposited on both sides of thin copper slabs
inserted in a circular waveguide [16]. In the case of amorphous carbon however, because of the high
temperature growth and the demanding sample thickness requirement, two side deposition is not a
feasible approach, because the slab will experience mechanical stress followed by sample peel-off.

Moreover, the transition from the horns to the waveguide, because of the different transverse
sections, makes the performance of this device very sensitive to mechanical imperfections and
deformations. We designed therefore a modified square waveguide where the transition from antenna
to the device is ideally removed, since the horn inner aperture and the waveguide transverse section
fully overlap. This results in an increased robustness and a better efficiency of the waveguide in the
collection of the THz signal. A major drawback is the reduction by more than 50% in cross section when
compared with the circular waveguide, and as a consequence a strong decrease of signal transmitted
through the device.

Here we present a detailed description of the high resolution waveguide spectroscopy setup and
the analytical method developed for the extraction of the sample electromagnetic properties. In order
to validate the technique, we measured the sub-THz response of two coating NEG layers about
4 pm thick deposited using DC magnetron sputtering on both sides of copper plates, and evaluate
their conductivity.

2. Materials and Methods

2.1. The Device under Test

Ti-Zr-V NEG coatings are grown at the CERN deposition facilities [4] on both sides of copper
plates by using a DC magnetron sputtering technique with Krypton as process gas at a working
pressure of 7 x 10~* mbar (see Figure 1a). An alloyed disc cathode with 33.3% atomic nominal
relative composition of Titanium, Zirconium and Vanadium is placed at a distance of 200 mm from
the substrate. The applied tension and current are 294 V and 750 mA respectively, for a total power
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of 220 W. The complete deposition, giving on average 4 um thickness, lasts about two days at a growth
rate of 1.4 nm/s. During the process, in order to prevent thermal induced deformations the plate
is held in an aluminum frame, that in turn is placed on a rotating axis to ensure a homogeneous
deposition on both sides of the slab (see Figure 1b). Local composition and thickness of the coating
have been checked using X-ray fluorescence (XRF) measurements along the median line of the slab
(the waveguide longitudinal axis), showing that samples keep the target composition within 10% and
a uniform profile £2% with an average surface roughness of 0.2 um [10,17].

Coating system

Rotating axis
Plate

Process gas

Shield
| |
(a) (b)
Figure 1. Non-evaporable getter (NEG) deposition setup. (a) Drawing of the system; (b) detail of

the copper slab placed in the aluminum frame. The four holes shown in the picture are used for the
alignment in the waveguide during THz measurements.

For the spectroscopy measurements, we use a gold plated brass device (shown in Figure 2)
consisting in a parallelepiped of 16 x 12 x 140 mm® machined in two identical pieces. A diagonal
waveguide is formed by milling a square cross-section channel, rotated by 45° and 62 mm long, in both
halves. Two symmetrical pyramidal horn antennas are embedded in both sides of the structure in
order to enhance the electromagnetic signal collection and radiation. Moreover, their inner aperture
coincides with the waveguide section, ensuring a smooth transition to the waveguide itself without
abrupt changes in the device impedance [18]. Disassembling the device, the thin copper slab with the
NEG material deposited on both sides can be easily inserted for the sample characterization. The slab
has the same length as the device (140 mm) and thickness 0.050 mm.

(@) (b)

Figure 2. Sketch of the device used for the spectroscopy measurements, consisting in a diagonal section
waveguide ending with two pyramidal horn antennas. (a) Front view of the assembled device; (b) open
view of the waveguide and the embedded antennas. The overall size of the device is 16 x 12 x 140 mm?.

The dimensions and the material used for the waveguide fabrication are reported in Table 1.
For the pyramidal horns, maximum and minimum apertures along their length are indicated.
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Table 1. Technical specifications of device under test.

Material Brass (Au Plated)
Waveguide Diagonal
Length [mm] 62

Side [mm] 1.1
Transition Pyramidal
Length [mm] 39

Side [mm] 6— 1.1
Total Length [mm] 140

These dimensions have been chosen in order to have a single mode propagation inside the
diagonal waveguide and in the two pyramidal transitions. Due to the central slab inserted along
the longitudinal direction, the first mode that can propagate through the structure is the sum of
the TE;y and TE( . The second allowed mode, given the boundary conditions and the waveguide
symmetry, is the sum of TE; ; and TE; ; [19]. For an internal side of the diagonal waveguide of 1.1 mm,
the usable frequency window for a single mode propagation ranges from 135 GHz to 300 GHz.

2.2. Sub-THz System

Sub-THz measurements are carried out using a time domain spectrometer (TDS) operating in
transmission mode. The setup is based on a commercial THz-TDS system (TERA K15 by Menlo
Systems) customized for the waveguide characterization. The system is driven by a femtosecond
fiber laser @1560 nm with an optical power <100 mW and a pulse duration <90 fs. Fiber-coupled
photoconductive antenna modules are utilized for both electric field signal emission and detection.
A fast opto-mechanical line with a maximum scanning range of approximately 300 ps is used to control
the time delay between the pump and the probe beam.

TPX (polymethylpentene) lenses are used to collimate the short (1-2 ps) linearly polarized pulse
on the waveguide, producing a Gaussian-like beam with a waist of approximately 8 mm in diameter
and a quasi-plane wave phase front. This is a standard configuration commonly used to perform
transmission measurements on a number of different materials [20]. A sketch of the optical setup is
shown in Figure 3.

5cm

Figure 3. Side view of the opto-mechanical setup utilized for the measurements: (1) emitter, (2) detector,
(3) TPX collimating lenses, (4) micrometric alignment system, (5) waveguide with embedded antennas.

For an accurate control of the optical coupling between the free space signal and the input
and output horn antennas, the lower part of the waveguide is fixed on a kinematic mount with a
micrometric goniometer. Coated slabs are inserted and replaced by removing the upper part only.

The electric field signal as a function of time is recorded for each sample by averaging
1000 pulses for an overall acquisition time of 10 min, in order to minimize the signal-to-noise ratio.
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Frequency dependent transmission curves are obtained through the application of a standard FFT
algorithm. In the experiment, the frequency resolution is set to about 8 GHz, determined by the
scanning range of the delay line.

2.3. The Analytical Method

The conductivity value of the coated material is obtained from the comparison between the signal
amplitude transmitted through the waveguide with the coated slab and the one obtained with an
uncoated slab used as a reference.

The attenuation both in the diagonal waveguide Agjag and in the pyramidal transitions Apyr,
considering the propagation of the sum of two modes TE; g and TE 1, is [21,22]:

[ |Inx (Hyg+Hoy)|*dl
Re(Z10) [0* + Re(Zo,) o |

1
Adiag = Apyr = ~Re(Zs)

5 M

where Z; ; is the 7, j mode impedance and [; ; is the relevant excitation current. The field components
used in Equation (1) are:

V2 s

me = ILOT Ccos <;x> 2)
V2 bis

Hym = 11,07 cos (5y> , 3)

where 7 is the side of the diagonal waveguide. In case of coating material, the expression of Zg is:

Zew + jzcoat tan(kcoatd)

Zs =27 - ,
s coat Zecoat + ]Zcu tan(kcoatd)

*)

where d is the coating thickness. When d = 0 there is no coating and Zs = Z.,. The characteristic
impedance in the Leontovich approximation for a metallic case (¢’ > ¢’) is [21]:

z= (4,2 =14 5)

where 1 is the total permeability, w = 271f, and ¢ the material conductivity.
The propagation constant under the same condition is

k=(-j)y =12 ©)

where ¢ is the skin-depth defined as
2
5= /@ )

The total attenuation on both sides of the slab in the diagonal waveguide is:

Re (ZS ) kzdiag Zk%diag
Adiog = V2 aZoko T k%diag ' ©

where [, is the length of the waveguide, and

K2 2

T
ktdiag =7 k 0 ktdiag

Zdiag
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We evaluate the relative attenuation in the diagonal waveguide as:

_ t

RAdiag - Agi(i):g - Ellilag' ©)

Differently from the contribution in the diagonal section, the attenuation on the slab given by the

symmetric input and output transitions is not constant, since the antenna aperture changes along the
horn length. The total attenuation in the single pyramidal transition is:

2
\f ( )kZPYf( z) 14 Zktpyr(z)] dz

Ay = z)Zoko K2, (2)
1 (%%)2—1\/1—(H@>2+1
10
e

3 L ’ L ’
o kOB b
where -
Kty (z) = @? Kz (z) = k% - k%py,(z)
and

—b
Iy
expresses how the side of the horn changes along the transition. /; is the longitudinal length of the
transition, B and b are the side dimension at the entrance and exit of the pyramidal horn transition
respectively. Since the transitions are connected to the diagonal waveguide, then b = a.

The relative attenuation in the pyramidal transition is:

c(z) =b+zb :b+zB

RApys = A — A%, an

The total relative attenuation is given by the formula:
RATotal = RAdiag +2 RApyrr (12)
resorting to Equations (9) and (11).

3. Results and Discussion

The electromagnetic characterization of the NEG coatings in the sub-THz region is realized
performing time domain (TD) measurements of the electromagnetic wave propagating inside the
specifically designed waveguide with a thin central copper slab, where the material under test is
deposited on both sides. The THz beam is polarized with its electric field parallel to the waveguide
slab. The use of a device having a square cross section marks an improvement in terms of beam
collection efficiency with respect to previous measurements [16]. However, compared to the free space
signal, the transmitted electric field is in the order of 10% only. Figure 4 shows the difference in the
signal transmitted in air and in the squared waveguide, without and with slab.
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THz field [arb. units]

02 s . . . . .
0 10 20 30 40 50 60

Time [ps]
Figure 4. THz time domain averaged signal propagating in air (dashed line), through the
waveguide without (orange, continuous line) and with copper (black, continuous line) or NEG coated
(green, continuous line) slab.

The TD curves show that the presence of the NEG layer clearly introduces not only a strong
attenuation of the signal but also a significant dispersion. When the THz signal passes through
the device, the ps-scale input pulse with respect to the case of free space transmission is strongly
reshaped by the reflections inside the waveguide and broadened to more than 50 ps. The stretching
of the transmitted signal, compared with the free space input pulse, is due to the strongly dispersive
character of the waveguide, that acts as a delay line [23]. After the main burst, at around 120 ps
interference features (not shown) appear, due to round-trip reflections inside the waveguide, that have
been removed in the subsequent frequency analysis.

In frequency domain, the amplitude spectra are obtained using FFT (Fast Fourier Transform)
analysis and are presented in Figure 5 for both samples in comparison with the bare copper slab,
with the waveguide without the slab, and with air only.

Data are shown up to the frequency where single mode propagation in the waveguide holds.
This ensures that there is no interference from higher order modes, which can produce a modification
of the field distribution, as discussed in detail in Section 2.3. The cut-off frequency of the first mode
propagating inside the waveguide (approximately 150 GHz) can be clearly seen.

In the graph, the NEG coated samples (red and green dots) behave in a similar way, with a
marked difference in amplitude (between 4 and 6 dB on average) with respect to copper (black dots)
and slightly increasing at higher frequencies. Changing the design of the waveguide from circular to
square therefore does imply a better sensitivity to the coating material properties, since the weight of
the slab losses relatively to the overall waveguide losses increases, but this is done at the expense of a
reduction in the amplitude of the collected signal, raising noise and data fluctuations.

From the comparison with the uncoated slab, the (relative) attenuation given by the losses
produced in the device through its overall length (horn antennas and waveguide) by the coating
material can be evaluated.
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Figure 5. Frequency spectrum showing the averaged amplitude transmission data in air
(dashed line-to-point curve), through the waveguide without (orange line-to-point curve) and with
copper (black line-to-point curve) or 3.8 um and 4.3 um NEG coated (red and green line-to-point curves
respectively) slabs.

In Figure 6, the measured relative attenuation due to both the 3.8 um and 4.3 um NEG coatings
with respect to the copper reference are shown (red and green dots respectively). Data below 200 GHz
have been discarded to avoid artifacts in the spectrum due to group and phase velocity dispersion,
especially pronounced near the cut off frequency. Therefore, results are presented in the range
200-300 GHz.

—06__ =77x10°S/m
coat

7 : : :
R ® NEG3.8um

_ 5
° O = 4.2x10° S/m

6 ] ® NEG4.3pm
M

Attenuation [dB]

0.2 0.22 0.24 0.26 0.28 0.3

Frequency [THz]
Figure 6. Experimental relative attenuation as a function of frequency on the NEG coated slab of 3.8 um
and 4.3 um (red and green dots respectively) and best fit curves (blue and magenta lines respectively).

The conductivity value 0coat Of the coating material is obtained resorting on the analytical tool
detailed in Section 2.3. From the best fit of the analytical formula, we yield 0coat = (7.7 £1.1) X 10°S/m
for the 3.8 pm sample, and 0coat = (4.2 £0.5) X 10° S/m for the 4.3 um sample. Magenta and
blue continuous lines in Figure 6 show the analytically evaluated attenuation for the two estimated
conductivities, taken from Equation (12) in Section 2. For both curves the 95% confidence interval
on the attenuation due to the conductivity evaluation uncertainties is also displayed as shaded area.
The difference observed between the two samples might be an indication of an increased disorder,
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that translates in poorer transport properties and therefore lower conductivity, caused by the
larger thickness.

Resorting on [24], we can also evaluate the effect of sample roughness on the NEG conductivity.
Using the average roughness value for our samples (0.2 um), we estimate a maximum conductivity
reduction of the order of 8%, that lies within the measurement error band in our frequency range.

Results agree fairly well both with previous data obtained on different NEG samples using the
circular waveguide [16] and DC (direct current) conductivity values extracted using the frequency
domain approach [10]. Nevertheless, differently to these latter measurements, a TD method allows to
evaluate the electromagnetic properties of coatings in a reliable and simple way exploiting tailored
(and reusable) waveguides. The knowledge of 0os+ under operating conditions (coating deposited on
a metallic slab) is extremely useful for the evaluation of the real part of the surface impedance as a
function of frequency, that is currently used for modeling the resistive wall component of the beam
impedance in modern accelerators.
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Abstract: TeraFERMI is the THz beamline at the FERMI free-electron-laser facility in Trieste (Italy). It uses
superradiant Coherent Transition Radiation emission to produce THz pulses of 10 to 100 pJ intensity
over a spectral range which can extend up to 12 THz. TeraFERMI can be used to perform non-linear,
fluence-dependent THz spectroscopy and THz-pump/IR-probe measurements. We describe in this paper
the optical set-up based on electro-optic-sampling, which is presently in use in our facility and discuss the
properties of a representative THz electric field profile measured from our source. The measured electric
field profile can be understood as the superimposed emission from two electron bunches of different
length, as predicted by electron beam dynamics simulations.

Keywords: THz spectroscopy; free-electron-lasers; nonlinear optics

1. Introduction

The interest in high power pulsed THz sources has seen a steady increase during the last decade.
This is due to the great potential which is offered by THz control of matter [1,2]. THz light can indeed be
used to tune and modify material’s properties in several ways, from the strong acceleration of free charge
carriers, to anharmonic lattice distortion and even to ultrafast magnetic switching since magnetic fields in
the Tesla range can be accompanying strong THz pulses.

While synchrotrons have always represented a significant source of high brightness THz light for
spectroscopy, their use in non-linear THz studies is limited by their relatively low electric fields (<kV/cm).
On the other hand, single pass accelerators can store high charge in sub-ps bunches. For this reason, their
use for THz control of matter is becoming widespread [3-9].

TeraFERMI is the THz facility based on the FERMI free-electron-laser (FEL) located in Trieste (Italy).
The electron bunches that are used by the FERMI free-electron-laser to produce UV and soft X-ray
radiation [10] are further exploited by TeraFERMI [11] in order to produce THz waves. The THz pulses
emitted by TeraFERMI are coherent due to the so-called superradiance phenomenon. This occurs when
the separation between the radiation-emitting electrons is shorter than the wavelength of the light.

In the first part of this paper we will review the basic characteristics and figures of merit of the
TeraFERMI source, while on the second part we will mainly describe the electro-optic-sampling (EOS)

Condens. Matter 2020, 5, 8; d0i:10.3390/condmat5010008 www.mdpi.com/journal/condensedmatter

95



Condens. Matter 2020, 5, 8

based experimental set-up that we are routinely exploiting for nonlinear THz spectroscopies at TeraFERMI.
In the third section we discuss a typical electro-optic sampling profile measured at TeraFERMI. Interestingly,
the measured electric field profile is compatible with the emission from a 100 fs-long current spike in
the bunch head of the ps-long entire electron bunch, as previously predicted by electron beam dynamics
simulations [12]. The presence of this current spike is due to Coherent Synchrotron Radiation (CSR)
wakefields in the dump line and is the origin of the multi-THz emission at TeraFERMI even in the absence
of a sub-ps compression of the total electron bunch.

2. The TeraFERMI Beamline

The FERMI FEL operates alternatively with two different FEL lines called FEL1 and FEL2, operating
between 20-100 nm and 4-20 nm respectively. After the FEL process, both electron lines are merging into
one unique beamline before the electron dump. The TeraFERMI source intercepts the electrons at this
position, thus allowing operation simultaneously with both FERMI FELs. The THz photons emitted by
a Coherent Transition Radiation (CTR) source (see Section 2.1) are propagated along the THz beamline
into the FERMI experimental hall, where the THz light is delivered to a dedicated laboratory.

The THz pulses from TeraFERMI are then used to induce non-linear changes in matter. To probe the
effects of the THz pulse we use either the same THz photons emitted by TeraFERMI or another probe
synchronized to the FERMI master-clock. At present the laboratory is equipped with a femtosecond
infrared fiber laser (MENLO C-Fiber 780), which can be operated either on the fundamental at 1560 nm or
on its second harmonic at 780 nm. As we will see in the following, the laser can also be used to perform
electro-optic sampling measurements thereby probing the time-resolved evolution of the THz electric
fields, as well as their spectral content.

2.1. Source

Coherent Transition Radiation is the phenomenon occurring when a relativistic electron crosses the
boundary between two media of different refractive index. The emitted THz light is particularly bright and
displays cylindrical symmetry and radial polarization. Its energy distribution as a function of frequency
(w) and emission angle (f) can be described by the Ginzburg-Frank formula [13]:

a2u e B2sin®6
dwdQ  4mdeqc (1 — B2cos?6)?’

)

where B is the relativistic factor v/c. To get an estimate of the emitted intensity one should multiply the
Ginzburg-Frank equation (or its generalized version for the near-field case [14]) by the so-called coherence
enhancement factor:

N[+ N| /fmp(t)exp(—iwt)dﬂz]. )

The TeraFERMI source consists in a 1um-thick Al membrane of 38 mm diameter, oriented at 45° with
respect to the electron beam. A wedged diamond window with 20 mm clear aperture is located 80 mm far
from the source. The Ginzburg Frank equation allows estimating typical TeraFERMI emission energies
ranging from 30 to 100 uJ per pulse, in good agreement with experimental findings [12]. A pictorial view
of the TeraFERMI CTR extraction scheme is illustrated in Figure 1.
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Figure 1. Schematics of the TeraFERMI Coherent Transition Radiation (CTR) extraction. The Al membrane
intercepts the electron beam at a 45° angle, shortly before the electron beam dump. A diamond window
separates the ultra-high vacuum of the electron chamber with respect to the low-vacuum of the TeraFERMI
beamline transport system (see Section 2.2). A fluorescent Yttrium Aluminium Garnet (YAG) screen can also
be inserted instead of the CTR source (forming a 90° angle with respect to the Al CTR screen). This allows
to image the electron beam profile through an additional viewport located opposite with respect to the
diamond window.

Under the present (~1 GeV) energy conditions, the intensity emitted by CTR is comparable to the
one that would be obtained through CSR (see Figure 2 in Reference [11]). The main difference between
the two types of emission resides in the polarization properties (linear for CSR, radial for CTR) and in
the spatial profile. CSR originates from an extended source in the horizontal direction, which may give
rise to optical aberrations, unless the vertical and horizontal source emissions are independently focused,
by an optimized set of conical and cylindrical mirrors [15]. On the other hand the cylindrical symmetry of
CTR radiation can be more easily transported with a simple set of toroidal mirrors (see next Section).

2.2. Transport System

The THz beam emitted at the TeraFERMI source needs to be transported along a distance of about 30 m,
to reach the dedicated THz laboratory located in the FERMI experimental hall. In order to transport a THz
beam over such a considerable length, the beam can not be propagated as a collimated beam but needs to
be continuously refocused by a set of 6 toroidal mirrors [16]. The entire beamline, which is separated from
the source by an initial diamond window (see Section 2.1), is kept under low vacuum conditions in order
to avoid water vapour absorptions. The final window of the beamline is interchangeable so that one can
choose the more suitable material (z-cut quartz, sapphire, TPX, etc.) according to the requirements of the
experiment. Above 0.3 THz the losses along transport can be totally ascribed to the transmission of the
two optical windows. When the TPX window is mounted, the overall beamline transmission is of about
55-60%, which roughly corresponds to the product of the 70% transmission of the initial diamond window
and that of the final TPX window (90-95%).

Once reaching the optical table the beam is further refocused through a series of parabolic mirrors
finally allowing to steer the THz beam at sample position with the best possible focusing properties.
The beam size at focus is 800 um diameter FWHM, as measured by a pyroelectric camera (Pyrocam IITHR).
This focus was characterised in ambient humidity conditions, when the frequency content at the camera is
almost completely restricted below 1 THz.

97



Condens. Matter 2020, 5, 8

By inserting a microbolometric camera (i25 TZcam) slightly out of focus it is possible to characterize
the typical doughnut shape expected from a CTR source. The left/right asymmetry (see Figure 2), which is
also expected from the THzTransport [14] simulation [16], is due to the combination of the 45° orientation
of the source radiator and of the 90° off-axis arrangement of the various optical components.

Figure 2. (a) Simulated beam profile at 1 THz, at focus position. (b) Measured beam profile with a
microbolometric camera. The typical CTR doughnut shape and the left/right asymmetry is in good
agreement with the simulation. In order to achieve the proper spatial resolution needed to visualize the
doughnut shape the measurement was performed out of focus, with a larger beam, so that the present
comparison is only qualitative. The measurement in (b) can not be used to estimate the real beam dimension
which was previously measured with the Pyrocam IITHR THz camera (see text).

2.3. Beamline Performance

The overall TeraFERMI performances, were are already summarized in Reference [17].
During standard user operation conditions the beamline produces THz pulses whose energy ranges
from 15 to 60 uJ per pulse, with a bunch charge of ~700 pC and a bunch length of about 1 ps, as measured
at the end of the LINAC. This results in energies at sample up to 35 uJ per pulse. The optical spectrum,
as measured by a Michelson interferometer, extends up to 4 THz. However, upon optimization of the
electron beam compression specific for TeraFERMI, energies at source up to 100 pJ and a spectral extent up
to 12 THz were measured [17]. Two characteristic spectra illustrating the performances under standard
and THz beamline-dedicated machine conditions are shown in Figure 3.

a)

Standard operation

b)

Intensity (arb. units)

Dedicated shifts

3
Frequency (THz)

Figure 3. Characteristic TeraFERMI spectra, as measured with a Michelson interferometer in (a) standard
operation conditions and (b) dedicated shifts. Figure adapted from Reference [17].
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2.4. Optical Scheme

The full optical scheme for transmission spectroscopy experiments is depicted in Figure 4. The THz
pulse is first polarized and attenuated by a series of three polyethylene grating polarizers. The first and
third polarizers select the polarization required for the experiment under study, while the role of the
second polarizer is to act as an attenuator, to allow studying the material’s fluence dependence.

N l 1560/780 nm
Polarizers EOS , Fiber laser oscillator
crystal

Balanced
I r-l Detector

-

EOS
crystal

Balanced
Detector

Figure 4. Schematics of the THz and optical beam paths. The three initial polarizers are used to set the
polarization and attenuate the beam according to experimental requirements. The beam undergoes a series
of expansions and recollimations in order to decrease its final size at sample position. Both THz and laser
paths are splitted in two to allow for the simultaneous measurement of a reference spectrum.

After being transmitted by the sample the beam is first re-collimated and then focused by a slotted
parabolic mirror on the electro-optic sampling crystal. At this point the THz pulse interacts with an
optical pulse coming from an infrared fs laser synchronized to the free-electron-laser, as discussed in the
next Section.

The main concept underlying EOS is that the THz electric field of the pulse under investigation
induces a birefringence in the EOS crystal through the Pockels effect [18]. Thus, if the incoming laser pulse
displays circular polarization, which can easily be achieved through a A /4 waveplate, after the interaction
with a crystal (in our case, a 1 mm thick ZnTe crystal) in presence of THz fields, the polarization will be
turned into elliptical. This polarization change can be probed with a Wollaston prism (spatially separating
the two orthogonal polarization components) and a balanced detector. Under appropriate approximations,
the measured difference signal will then be proportional to the incoming THz field.

In order to allow measuring an online reference of the THz emission spectrum for the source, it is
possible to split the THz beam as shown in Figure 4, with the help of a pellicle beam splitter. The infrared
laser beam is also being splitted in two different components, one of which is delayed by a suitable amount
in order to perform EOS on the reference channel.
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3. The TeraFERMI Electro-Optic Sampling Set-Up

3.1. Laser Synchronization

In order to perform electro-optic sampling measurements (but also to provide time-resolved THz
pump-IR probe information), TeraFERMI has been equipped with a commercial mode-locked fiber laser
with ultrashort pulses (<100 fs FWHM) and two output wavelength, 780 nm and 1560 nm. A tight
synchronization is required to perform time resolved experiments with FERMI THz light. To this purpose
the highest performance time reference (LINK) is provided to the beamline optical table, for example,
a stabilized optical pulsed signal from the Optical Master Oscillator (OMO) of FERML.

A Phase Locked Loop (PLL) is used to stabilize the laser phase with respect to the reference. Two error
signals feed the loop, one coming from an RF unit (TMU-RF) and one coming from a Balanced Optical
Cross-Correlator (BOCC). The RF phase error signal is used for a first, rough synchronization thus making
it possible to find the optical phase error signal, with a duration in the order of 1 ps (<0.1% of the pulse
period). The optical signal is then used to achieve the final synchronization with few fs RMS jitter in the
10 Hz-10 MHz range.

Inside the BOCC setup we have installed a delay line to provide 6 ns delay (the period of the LINK
pulses) with steps of 5 fs. This device is inside the synchronization loop because both the wavelengths of
the pump probe laser are derived from the same oscillator, so that when the translation stage is moved the
loop corrects the movement by acting on the piezoelectric motor inside the cavity. As a result, the phase
of the 1560 nm and 780 nm signals are shifted exactly by the same delay imposed by the delay line.
This technique is used to avoid perturbations due to moving elements on the optical path of the beam
towards the sample.

The optimization of the LINK dispersion allows to obtain a single clean pulse to be used in the Sum
Frequency Generation (SFG) process together with the 1550 nm pump-probe laser pulses inside the BOCC.
To this purpose we have developed an optical scheme to measure trough cross-correlation the shape of the
LINK pulses. This scheme will be used as BOCC for the synchronization of the laser.

3.2. Fast Pulse Detection System

Because of the mismatch between the 78.895 MHz repetition rate of the laser and the 50 Hz repetition
rate of the FERMI facility, the detection system employed at TeraFERMI should be able to detect separately
all the pulses from the infrared laser. To this aim we are employing a balanced photodetector with fast
monitor output up to 350 MHz. The reading of the detector is then performed with the help of a 12 bit,
1 GHz digital oscilloscope. The sampling rate of 10 GS/s allows probing the signal from the photodetector
with a 100 ps resolution.

At the maximum sampling rate the oscilloscope acquires the detector signal over a time range of 50 ns.
This means that, due to the 78.895 MHz rep rate, we can continuously monitor the signal coming from
4 consecutive laser pulses. Obviously, only one out of the 4 pulses which are present on the oscilloscope’s
display can be affected by THz light. This means that the remaining three can be used for laser diagnostics.
Their signal can be averaged and subtracted to the one which is affected by THz light. In this way we
can cancel the residual signal due to laser beam fluctuations and non-perfect balancing between the two
detector’s channels.
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4. Electro-Optic Sampling Results

Measured Electric Field and Spectrum

An example of EOS measurement during standard beamtime operations is shown in Figure 5.
This profile was obtained by scanning the infrared laser with respect to the THz beam at 100 fs steps.
For each position of the scanning delay line we have averaged over 10 shots. However, even with a lower
(down to 1) number of averages the electric field profile can be clearly reconstructed, thus showing
that jitter between THz and laser is not exceeding our step size. We will come back to this point in the
following paragraph.
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Figure 5. (a) Representative electro-optic-sampling (EOS) measurement, acquired by averaging 10 shots
for each position of the delay line. (b) Intensity time profile obtained by evaluating the square of the EOS
profile shown in (a). The red curve is a Gaussian fit to the main peak. (c) Intensity spectrum obtained by
calculating the magnitude squared of the Fourier Transform of the spectrum in (a).The arrow indicates the
dip in the spectrum at about 1 THz which may result from the interference of a long wavelength (~0.9 THz)
and shorter wavelength (~2 THz) components.

Interestingly, the full energy profile (see Figure 5b) has a duration of about 2 ps, with a main sharp
peak containing 60% of the energy of the full pulse. This THz peak is the proof of the presence of a complex
electron bunch profile, compatible with the formation of a strong current spike due to the presence of
Coherent Synchrotron Radiation (CSR) wakefields, as predicted in Reference [12]. The measured THz peak
can be fitted with a gaussian profile, corresponding to a Atpwpgy = 112 fs FWHM.

The power spectrum related to this electric field shape is reported in Figure 5c¢, in a logarithmic scale.
The spectrum extends up to about 4.5 THz, which roughly corresponds to the maximum detectable signal
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in a ZnTe EOS crystal, due to the presence of an optical phonon centered at 5.3 THz [18]. The spectrum
shows a pronounced dip at about 1 THz.
The electric field intensity can be determined by employing the standard relationship [19]:

P[W]

E[MV /cm] = 0.39 o fn T

©)

The total intensity measured at focus with a calibrated pyroelectric detector in that configuration was
I = 4.8 pJ. We can then calculate the peak pulse power as P = 0.58 x I/ Atpygp = 25 MW. By inserting this
value in Equation (3), together with the proper r; for the measured spatial pulse profile (400 um FWHM),
we end up with an estimate of the THz electric field at 1.65 MV /cm. However it is important to keep
in mind that the focus, as measured with the Pyrocam ITHR was characterised in atmospheric humidity
conditions, when the presence of spectral components above 1 THz is almost totally absent due to water
vapor absorptions. If we assume that the size of the focus scales linearly with the wavelength of the
radiation, according to diffraction laws, the spatial profile of the spectral components between 1 and 4 THz
may present a radius down to about 100-150 um FWHM. According to Equation (3), this would imply
reaching electric field values as high as 4.5-6 THz. This estimate clearly requires further investigations,
for instance by characterising the beam profile under appropriate N2-purging conditions.

The knowledge of the field shape and value is of the highest importance for the interpretation of
non-linear phenomena such as saturable absorption or harmonic generation, which depend directly on
the electric field, through appropriate scaling laws. Also in pump-probe experiments, the knowledge of
the exact shape of the field is important to precisely single out the rise-time and relaxation phenomena
occurring as a consequence of the THz excitation.

To achieve a better understanding of the peculiar spectrum and electric field profile of TeraFERMI,
we consider two THz single-cycle pulses centered at 0.9 and 2 THz, as depicted in red and blue respectively
in Figure 6a. These two pulses mimic the expected composite shape of the bunch profile, being made up of
a ~100 fs high current spike superimposed on a ps-long electron bunch. With a suitable, phenomenological,
choice of the relative time delay and phase, the sum of the two pulses yields the electric field profile of
Figure 6b, which roughly reminds the EOS result already shown in Figure 5a and reproduced for clarity
in Figure 6d. Interestingly the Fourier Transform of this composite pulse displays a remarkable dip at
about 1 THz, in agreement with the experimental data, which is due to the interference of the electric fields
from the two pulses at distinct frequencies. It is worth emphasizing that the presence of the short current
spike is crucial, since it allows extending the TeraFERMI emission in the multi-THz range even when the
compression of the electron bunch in the LINAC is not optimized for THz emission, as it is normally the
case in parasitic mode operation.

Different machine conditions and in particular different LINAC settings can change the overall bunch
compression and the electron energy spread at the entrance of the FEL. This will affect both the duration
of the overall electron bunch and the duration and intensity of the current peak. While this can create
a different balance in the spectrum between lower and higher frequency components, the presence of a dip
at about 1 THz in the TeraFERMI spectra is very common, during normal user operation, thus underlining
the validity of the two-component scenario. An EOS characterization of the TeraFERMI emission under
optimized conditions would also be of high interest, to provide a better understanding of the spectral
structures observed in Figure 3b) with the Michelson interferometer but is unfortunately still missing.
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Figure 6. (a) Simulated THz waveforms centered at 0.9 (red) and 2 THz (blue), with a Gaussian envelope
of width 1 ps and 200 fs respectively. (b) Simulated THz waveform resulting from the sum of the two
previous contributions (c) Intensity spectrum of the 0.9 THz and 2 THz pulses separately and of the sum
pulse black. An interference is clearly seen in the black spectra slightly above 1 THz. (d) Experimentally
measured EOS profile (same as in Figure 5a). (e) Experimental spectrum (same as in Figure 5c).

The measured electric field profile as shown above is affected by many broadening effects which are
hampering the detection of high frequency components. In particular the laser pulse duration (90 fs RMS)
and the jitter in the electron bunch arrival time (<65 fs) are both affecting the measured electric field
line-shape. This effect can be mimicked in terms of Gaussian convolutions of the measured electric
field profiles. To better quantify the phenomenon we have modelled the electric field shape in terms of
discontinuous flat lines, such as their Gaussian convolution provides an electric field profile similar to the
one we measured (see Figure 7). The spectrum associated with the modelled electric field provides a much
more enhanced signal from 1 to 3 THz. Even though this is obviously an oversimplified model, it may give
an idea of the amount of light produced from our source which could still go undetected by our set-up.

Besides the Gaussian broadening effects discussed above other limiting factors could be the velocity
mismatch between the THz and optical pulses in the 1 mm thick ZnTe crystal [18] and the already
mentioned absorption from ZnTe itself due to the presence of its 5.3 THz optical phonon.
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Figure 7. (a) Experimental EOS profile (black). Model electric field in the form of broken flat lines (red).
Convolution of the model field with a 90 fs Gaussian function (green) (b) Intensity spectra calculated from
the experimental EOS profile (black), from the broken line (red) and from its Gaussian convolution (green).
The components at higher frequencies (i.e., from 1 to 4 THz) are clearly suppressed due to the Gaussian
convolution which is mimicking the effects of the laser broadening.

5. Conclusions

We have reviewed in this paper the properties of the TeraFERMI beamline for THz non-linear and
pump-probe studies. In particular we have presented the set-up presently in use for electro-optic-sampling
measurements. This allowed characterizing in detail the THz electric field emission from TeraFERMI,
which is a crucial information for the interpretation of non-linear THz spectroscopy and pump-probe
dynamics. We have found that the usual THz emission from TeraFERMI is the combination of two main
components originating by the THz emission from the ps-long electron bunch profile summed to the one
from a ~100 fs long high current spike. This finding is in agreement with previous electron beam dynamics
studies [12], pointing to the essential role played by CSR induced wakefields in the high frequency emission
properties of TeraFERMI.
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Abbreviations

The following abbreviations are used in this manuscript:

FEL

EOS
CSR
CTR
YAG

Free Electron Laser

Electro Optic Sampling
Coherent Synchrotron Radiation
Coherent Transition Radiation
Yttrium Aluminium Garnet

OMO  Optical Master Oscillator

PLL

Phase Locked Loop

BOCC  Balanced Optical Cross-Correlator

SFG

Sum Frequency Generation
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Abstract: The rapid advance of terahertz technologies in terms of radiation generators, systems, and
scientific or industrial applications has put a particular focus on compact sources with challenging
performances in terms of generated power (peak and/or average), radiation time structure, and
frequency band tunability. Free electron laser (FEL)-based sources are probably the best candidates to
express such a 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 terahertz regions of the spectrum,
covering a wide frequency range from approximately 100 GHz to 10 THz. This paper proposes
novel schemes for exploring the limits in the performance of radio frequency-driven free-electron
devices in terms of ultrashort pulse duration, wide bandwidth operation, and energy recovery for
near continuous wave (CW) operation. The aim of the present work is to demonstrate the feasibility
of an FEL achieving performance comparable to a conventional photoconductive THz source, which
is commonly used for time-domain spectroscopy (TDS), in terms of bandwidth and pulse duration.
We will also demonstrate that a THz FEL could be very powerful and flexible in terms of tailoring its
spectral features.

Keywords: terahertz; free electron laser; energy recovery

1. Introduction

Time domain-based terahertz (THz) sources have gained more and more attention during the
past 15 or 20 years [1], and these systems are now commercially available, reliable, and easy to use.
Such THz sources are mainly divided in two categories that are both characterized by broadband
emission. The first is the Auston switch, which is named after the American researcher that initiated
this research field [2]; the device is made up by a coplanar strip antenna deposited on a nonabsorbing
photo-conducting substrate. The circuit, biased by an appropriate voltage, can be closed by a focalized
powerful short infrared laser pulse on a gap of few microns. The transient current gives rise to a
time-dependent electric field, and the consequent polarization vector follows the envelope of the
laser pulse. The most important drawback of the Auston switch is its limited bandwidth and the
frequency dispersion that results in a rapid lengthening of this pulse before the launching in the
vacuum. The limit bandwidth for these devices is of the order of 1 THz. To overcome this limitation,
a different approach has been developed. The idea is to use an electro-optic device realized with a
nonabsorbing material [3]. The interaction mechanism is now a nonlinear second-order process: the
rapidly oscillating electric field of the laser pulse excites in the medium a polarization vector which
is proportional to the modulus of the electric field itself. This polarization vector is the source for a
Hertzian vector potential that generates a radiation field. This is a rectification process because the
rapid oscillation of the electric field of the laser pulse is averaged in the frequency domain and only
the envelope of this pulse remains. Being the medium weakly absorbing, the polarization vector can
be very fast in following the laser profile; this means that there are a few limits in the bandwidth
of the THz pulse that can be generated with such devices. The main drawback is that, since this is

Condens. Matter 2019, 4, 90; doi:10.3390/condmat4040090 107 www.mdpi.com/journal/condensedmatter



Condens. Matter 2019, 4, 90

a second-order process, the intensities of the THz radiation are reduced with respect to the Auston
switch, but high intensities can be achieved by the more powerful short-pulse infrared laser source
now available also commercially. A complementary and alternative approach, based on free electron
devices, is discussed in the present paper.

2. The Free Electron Laser

In order to understand how a free electron laser can perform in a way similar to the time-domain
THz sources, let us recall the main elements constituting a free electron laser (FEL). An FEL uses an
electron beam generated by a particle accelerator that, due to the interaction with an external element,
can emit radiation. To be more explicit, the electrons—which have several MeV of energy, properly
aligned, and focused by steering coils and quadrupoles—are transported into the interaction region
that in “conventional” FELs it constituted by a permanent magnet device called a magnetic undulator.
Here, the electron kinetic energy is transformed in a radiation field by means of the synchrotron
emission mechanisms, which can be considered a spontaneous emission process. With the addition of
an optical cavity, the radiation is stored into a volume; therefore, the emission mechanism becomes
stimulated by the simultaneous presence of the electrons, the magnetic field, and the stored radiation.

A= 2/1—,“2(1 +K?) Resonance Condition
n o ﬁ Efficiency , @

G %g(@) Gain

Relevant FEL relations are reported in Equation (1) indicating that the resonant wavelength is
inversely proportional to the second power of the electron energy (expressed by the relativistic factor
y) and directly proportional to the undulator period A, and the magnetic field strength contained in
the undulator parameter K. The efficiency is inversely proportional to the number of the undulator
period N, and lastly, the gain is proportional to the electron beam current I and to the undulator length
at the third power, but also inversely proportional to the electron energy at the fifth power. Moreover,
the gain is proportional the function g(6) of the detuning parameter 6 = 2nN(w — wp)/wo (Where wy is
the spontaneously emitted frequency). It is important to point out that the synchrotron emission is not
the exclusive emission mechanism for free electron devices, but is the one for which the interaction
between the particle and field is more effective.

Therefore, it is possible to analyze the characteristics that an FEL should satisfy if designed to
operate in the THz region. First of all, looking at the first part of Equation (1), the electron beam energy
can be quite low, with respect to the visible and UV operations, and this allows the design of a compact
FEL layout with small particle accelerators. A broadband emission that is typical of the conventional
solid-state THz sources can be obtained by means of short interaction regions, which clearly add
compactness to the overall device. This can be acceptable because the high gain is ensured by the low
energy beam (see the third part of Equation (1)). To maintain the bandwidth as broad as possible,
we must avoid the use of an optical cavity, which certainly reduces the frequency components, and
obtain emission in a single electron passage. The lack of the optical cavity allows a straight-line e-beam
propagation. In order to extract as much power as possible in a single-pass device, we have to work in
the coherent spontaneous emission regime and super-radiant regime.

3. Coherence and Order in FELs

The previous section discussed the necessity of exploiting all the coherent mechanisms in order
to avoid the use of an optical cavity for a THz FEL. The first degree of coherence is obtained when
the electron bunch length is comparable to the wavelength of the radiation to be generated by the
device. This mechanism was firstly proposed by Schwinger for the analysis of synchrotron radiation [4]
and by V.L.Ginzburg to explain strong radiation emissions from astronomic objects [5]. From the
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classical electromagnetic theory, it can be demonstrated [6] that the emission into a solid angle d() in
the frequency interval dw is

iwlt ([)] ’
nx(nxﬁ) < idt| .

dl - quZ 00
Tod0 = [N+N(N—1)f(w)}4n2c

@

The function f(w) in Equation (2) describes the coherence of the emitted radiation; its values
range from 0 to 1. The limit f(w) = 0 indicates an incoherent emission from the bunch that means
that the power emitted by N particles is just the sum of N individual contributions. The upper limit
f(w) =1 represents the total coherence, when the power emitted by N charged particles is given by
N? times the emission of the single particle. This result is fully equivalent to the emission of a single
particle having a charge Q = Ng, because looking at Equation (2), power is proportional to Q? = N242.
In order to establish a suitable value for f{w), we can observe from Equation (2) that coherent effects
dominate when N<<N2f(w), which implies f(w)N>>1; for the typical case of an S-band radio-frequency
(RF) accelerator, the number of electrons in a single bunch is about N~108; therefore, a suitable value
range for the f(w) function that guarantees high coherence in the emission starts from f(w)>>~10"%.
This implies that the wavelength of the radiation generated should be longer than a fraction of the
bunch length in order to have a coherent enhancement of the emission. Considering again an S-band
accelerator, for which the bunch length is of the order of few millimeters, the result is that coherent
emission dominates in the THz or at longer wavelengths.

A second degree of coherence can be exploited taking into account the relationship among all the
electron bunches. In fact, an RF accelerator generates a train of pulses, and if the correlation among all
the consecutive pulses is good, the radiation will be emitted at discrete frequencies that are harmonics
of the RF [7]. This can be easily seen by making a Fourier expansion of the current, as shown in
Equation (3)

Z JTrrexp(—iwit) ; w; = ZRTL 3)
; RF
where Tgr is the RF period and [ is the harmonic number. The spectral width of the single harmonic is
related to the overall length of the bunch train, the so-called macropulse, as well as to the amplitude
and phase stability of the bunches over the macropulse. Each harmonic component of the current acts
as an isolated source that couples with the electric field of the radiation, which is expanded over the
free space, or guiding structure modes E, [7]

_ L (7 7 3
Ay = Zﬁgvfjﬂ E)d’x, 4)

where f, is the group velocity of the radiation pulse and Z; is the vacuum impedance. The radiated
power is calculated by means of the flux of the Poynting vector: Py, = ¢/ (2Z0)|A1,0,n|2.

A further degree of coherence can be added if we treat the bunch as a collection of N particles
distributed in the longitudinal phase space [8]. Each electron carries its own energy y; and a proper
position or phase ¢; equal to the RF times the time #; along the bunch. Using the previous expression
(4), the total radiated power can be calculated summing over the particle distribution

7 sin(6;;/2)
Ay — -T2 8 KLy z sin(6/2)
Bs Trr VT = B2y 6,2

(zlfﬂwj).g,:(ﬂ_z_n_k ) 5
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where X is the radiation mode size and k ,, is the transverse mode momentum. From Equation (5),
we see quite explicitly that the presence of a phase factor gives rise to an interference mechanism; the

contributions to the total power, given by the sum over all electrons, indicated by the index “j”, may
result in constructive or destructive interference. To maximize the power extraction, by means of the
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Poynting theorem, it is possible to minimize the negative interference. This goal can be achieved when
the phase term in Equation (5) is overall constant with respect to the single electron emission and will
only depend by the harmonic number [ influence. In conclusion, the ideal phase-matching distribution,
which maximizes the power extraction by means of the minimization of the destructive interference, is
obtained by putting the phase term equal to a constant ¢; that depends only by the harmonic number.
The ideal distribution for the electrons, in the longitudinal phase space, is therefore as follows:

(@ + lll’) =¢ (6)
2 -

When the electrons in a bunch are distributed in the longitudinal phase space as in Equation (6),
the radiation emission due to each particle is added in phase, as indicated by Equation (5), maximizing
the power extraction during the interaction process. A different way to understand the meaning of the
ideal energy-phase correlation curve is that, during the passage of the electrons inside the magnetic
undulator, the combined ballistic and oscillating motion is such that the maximum bunching (and
consequently, the maximum energy spread and the minimum temporal width) is obtained when the
bunch reaches the center of the interaction region. So, the ideal phase-matching curve is the one for
which the distribution realizes the best bunching at the undulator center [8] (see Figure 1).

Frame =200
Frame=1. Frame = 100.
5 o 5
<3
v y v
48 4,
4.6 4.6
/4.4 44
42 42 42
-10 -5 0 5 10 -10 -5 0 5 10
v v -10 -5 0 5 10
(b) !
() (©)

Figure 1. Electron distribution in the longitudinal phase space while traveling along the magnetic
undulator. Frame = 1 (a) represents the undulator entrance; Frame = 100 (b) represents the undulator
center; and Frame = 200 (c) represents the undulator end.

In the ENEA Research Centre in Frascati, two FEL compact devices have been realized [9,10],
in order to test the three described mechanisms for the generation of coherent radiation from free
electrons. In particular, the FEL-CATS (Compact Advanced THz Source) [10] has been realized to test
the energy-phase correlation mechanism for the emission of coherent radiation, up to saturation levels,
without the use of any optical cavities. This FEL present an element called a phase-matching device
(PMD) that is capable of manipulating the electron beam in the phase space. The PMD is an RF device
located downstream of the Linac accelerator (2.3 MeV) in which the RF field amplitude and phase,
relative to the Linac, can be controlled. This control allows the reference electron passing through the
center of the PMD with a phase close to zero. The result is that the higher energy electrons, arriving
first at the PMD, are decelerated, while the lower energy electrons are accelerated and emerge first
from the PMD. This is exactly the required rotation of the electron distribution in the phase space.
The FEL-CATS operates from 450 to 800 um (corresponding to frequencies from 0.4 to 0.7 THz).

4. The Two-Frequency Cavity

In order to realize FEL sources generating radiation in the THz range with better performance
than FEL-CATS, it is necessary to increase the electron energy (see Equation (1)) and to shorten the
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bunch duration (see Equation (2)). The PMD realized in ENEA for the FEL-CATS experiment is no
longer adequate for such a task. A possible solution to this problem is the use of a two-frequency
RF device [11,12]. In fact, such cavities offer appealing possibilities to control the bunch length of
an electron beam generated by an RF accelerator. The use of a double-frequency cavity requires the
second frequency to be a harmonic of the fundamental one, in order to be resonant. The electrons
passing through the cavity will see a field that is the result of the sum of the two field components: the
fundamental and its harmonic.

V(§) = Volsin(¢ + ¢s) + ksin(ng + ¢u)] @)

There are some design parameters that can be set, such as the harmonic number 7 and the relative
amplitude ratio k that contributes to the bunch length, but the most relevant is the relative phase
(ps-¢@n) between the fundamental and the harmonic. These parameters establish the slope of the total
field in the cavity right where the electron bunch passes. Two different regimes can be in principle
realized: one in which the particles gather with respect to the reference electron, and a second in which
one can realize a pulse lengthening, whose spread can help dampen coherent instabilities that often
cut down the bunch lifetime in recirculated accelerators. In Figure 2, the behavior of the total field
in the two-frequency cavity is reported, as indicated by Equation (7), together with the fundamental
frequency field and the harmonic frequency field.

1 ] Fundamental Frequency Field

1 Harmonic Frequency Field (n=3)

0.5-

_05 .

Two Frequency Field

n o 3rm
4 2 4

Figure 2. Electric potential in a two-frequency cavity as a function of the phase ¢ for the fundamental
frequency, the third harmonic, and the resultant field given by Equation (7).

The figure reports the ideal conditions to obtain the best bunching close to the reference electron,
for a third harmonic field (# = 3) and a relative amplitude between the fundamental and harmonic
of k = 0.6; the phases for the two fields are ¢s = 0 and ¢, = 7. In this case, the total field results in a
slope around the reference particle, whose steepness can be controlled by the amplitude of the third
harmonic. This is the required solution for the bunching of the electrons up to the ideal phase-matching
distribution reported in Equation (6).
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From the calculation of the separatrix of the electron distribution in the longitudinal phase space,
it can be demonstrated [11] that the bunch profile is given by the following expression.

Ig,m) = Aexp{m[ws(‘f’ + s) — cos Pps + P sin g — {(cos(ng) — 1)]} ~
~ Aexp[—(1 - co};ﬁ)%]

The final expression is obtained by a Taylor expansion of the trigonometric functions around the
bunch center; the profile, therefore, results in a more simple Gaussian form. With the parameters used
for the evaluation of Figure 2 in terms of phase difference and amplitude ratio, we display in Figure 3
the bunch profile for the fundamental harmonic only and for the simultaneous presence of the third or
fifth harmonics. It is clear that the higher the harmonics content, the shorter the bunch will be at the
cavity exit, due to the increased steepness of the resultant field around the reference electron.

®)

Figure 3. Longitudinal electron bunch profile expressed in terms of the phase ¢, for the fundamental
frequency and for the third and fifth added harmonics.

5. FEL as a THz Radiator

In order to design an FEL operating at THz frequencies, simulation software that is capable of
evaluating several of the characteristics of FEL sources has been developed. This code makes use of the
electric field generated inside the double-frequency cavity, which is used as a phase-matching device,
as described in the previous paragraph. The simulation considers an FEL device based on the main
parameters reported in Table 1. The electrons generated and accelerated by a Linac are injected into
the two-frequency cavity that is fed with the fundamental (3 GHz) and fifth harmonic and that is set,
according to Table 1, in order to distribute the electrons according to Equation (6).

The simulation reported in Figure 4 shows the electron distribution in the longitudinal phase
space at the cavity exit. During the transport toward the magnetic undulator, the particles continue to
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bunch due to ballistic effects; therefore, the peak current continues to increase. We have previously seen
that the electron should enter the wiggler with the ideal distribution in the phase space to reduce the
negative interference in order to enhance the extraction efficiency during its passage in the interaction
region. To do so, a variable free propagation space may be considered a further optimization tool.

Table 1. Main parameters of the free electron laser (FEL) simulation.

Parameter Definition Parameter Value
Electron Energy E=75[MeV](y =15)
Average Current (over the Macropulse) Lyy =560 [mA]
Peak Current (over the Microbunch after the I, =77 [A]
Two-Frequency Cavity) P
Microbunch Duration T = 700 [fs]
Radio Frequency (RF) vgr = 3 [GHz]
Harmonic Number n=>5
Harmonic Relative Amplitude k=-0.6
Phase of the Fundamental (RF) 0s=0
Phase of the Harmonic 0,=n
Undulator Period Au =2.5[cm]
Undulator Parameter K=145
Number of Undulator Periods N=5
Waveguide Vertical Gap b =0.154 [cm]

194

0 02 04 06 08 1 12
4

Figure 4. Electron distribution, in the longitudinal phase space, at the two-frequency cavity exit.

To clearly understand the effects of the drift space, we have analyzed the modification of the output
power spectrum, averaged over the macropulse, during the propagation in a drift space, between
the end of the two-frequency cavity and the undulator entrance, over a range of 36 cm. Analyzing
Figure 5 (column (a)), we can observe that degradation occurs starting from about 7-8 cm from the
cavity exit, and that at the end of the drift, it is quite significant. This phenomenon can also be observed
by analyzing the single radiation peak pulse and the associated electric field burst; a reduction in the
power of about 50%, in the worst situation, is expected (see Figure 5 column (b)). An optimization
can be performed acting on the parameters of the two-frequency cavity, such as the voltage on the
fundamental and its harmonic, or their relative phase, in order to reduce the rotation in the phase
space and let the ballistic propagation complete such rotation and realize the ideal phase-matching

113



Condens. Matter 2019, 4, 90

distribution. After the proper optimization, we obtain a spectrum that ranges from 0.5 to 1.5 THz with
an integrated power over the macropulse duration and over the total spectral bandwidth, of about
90 kW (see Figure 6). It is very important to stress that with this device, due to the RF properties
of the accelerator, which are expressed also by Equations (3)—(5), it is possible to isolate the single
harmonic with an interferometer, for instance, still having an average power for the single frequency of
the order of hundreds of watts. This is not possible with conventional THz sources. Moreover, another
interesting result is that the single frequency, being a harmonic of the RF, has a temporal structure
equal to that of the RF macropulse. In addition, we have to refer to the RF macropulse for its temporal
coherence, which for conventional magnetrons and klystrons is usually quite good. On the other hand,
if we look at the whole bandwidth, the temporal structure is the well-known train of microbunches
separated by the RF period.
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Figure 5. Simulation of the effect of a drift space in the terahertz (THz)-FEL emission. The three rows
refer to three cases: Fr = 2 denotes 0 cm of drift space; Fr = 25 indicates 18 cm of drift space, and Fr = 39
represents 36 cm of drift space. Column (a) reports the radiation power spectrum; column (b) indicates
the radiation peak power time profile, and column (c) shows the peak electric field as a function of time.
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Figure 6. Simulation of the optimized radiation power spectrum emitted as a comb of frequencies
related to the harmonics of the fundamental RF (vgr = 3 GHz).
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In conclusion, an FEL THz radiator can operate as a natural “frequency-comb” emitter or a
single-frequency emitter; therefore, it can be considered as a convenient, flexible, and powerful source
for the generation of coherent radiation in the THz spectral region.

6. Energy Recovery

Another way to improve the performances of broadband THz FELs is related to their
efficiency. One of the problems suffered by RF accelerator-based FELs, both normal conducting and
superconducting, is their relatively low overall efficiency. Considering the basic generation mechanism,
the power extraction from the electron beam in favor of the radiation never exceeds 1/2N, where N is
the number of periods of the undulator for the low-gain regime, and p is the Pierce parameter for the
high-gain regime (see [6,13]). In both cases, the best expected efficiency is of the order of few percent.
A possibility to increase the efficiency of an FEL is to design a scheme for recovering the electron
beam kinetic energy remaining after the undulator interaction. The energy recovered can be used to
accelerate a new bunch of electrons, thus lowering the accelerator radio-frequency power requirements.
The possibility of managing a lower RF power, and at the same time an exhausted electron beam of
low energy, is very useful when designing both the thermal load of the device and the beam dump
for the electron exhausting. Generally speaking, there are two possibilities for energy recovery (ER).
One is to recycle the electron beam after the undulator interaction. The second possibility is to recover
only the energy of the electrons before the beam dumps.

This second technique is particularly useful when the accelerator is designed to be a superconductor
due to the reduced losses related to the shunt impedance. This is a relevant point because it allows
presenting some interesting solutions. Any RF cavity exhibits power loss related to the ohmic dissipation
through the shunt impedance. Considering standard cavity geometry, it can be demonstrated [14] that
the shunt impedance per unit length times the cell dimension over the Q factor of the cavity is of the
order of 150 Ohm ((rs/Q) - d ~ 150 ohm). This leads us to a simplified but reasonable expression for the
power loss as a function of frequency and surface resistance, which is again related to the frequency
and conductivity of the material:

Tic 1 VZRSurf . v

Pros = 0 T1500mm G 7 Rowf =5 ©)
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Here, V is the accelerating voltage, L is the accelerator length, Rgyy is the surface resistance, G is a
factor, expressed in ohm, that depends on the RF cavity geometry, v and w are the frequency and the
pulsation, respectively, and o is the conductivity of the metal with which the Linac is realized.

Let us first analyze the case of a copper Linac operating in a normal conducting regime (o = 5.8 x
107 ohm~'m™!) at room temperature, and the cavities’ geometry for which G = 280 ohm; the results are
reported in Table 2 for two different operating RF frequencies.

Table 2. Linac power losses, at room temperature, for two radio frequency (RF) values.

Casel: v=3GHz L=1m  V=75MV  Rg,r=143x10"2ohm Pross = 0.96 MW
Case2: v=8GHz L=1m  V=75MV  Rgur=233x10"2ohm PLoss = 0.58 MW

For Case 1, at 3 GHz, we have about 1 MW of power loss, due to ohmic losses across the structure,
before any power could be delivered for the acceleration of the beam. With the same parameters, but
at 8 GHz of RF (Case 2), we get about one-half of the previous value. This means that if we want to
accelerate a beam to a certain energy value, we first need to spend such an amount of power to charge
the structure; the rest of the power of the RF source is delivered to the e-beam. The power loss scales
with the inverse of the square root of the frequency.

If a Linac based on superconducting material, as niobium, is considered, we know that the two
models, the Bardeen-Cooper—Schrieffer (BCS) theory and the two-fluid model [15], are well established
and report the same results up to frequencies of about 10 GHz. The surface resistance is now expressed
by the following relation:

2
Rsup = A%e_aT + Ryes- (10)

From the experimental data and simulations reported in [15], the A and « parameters can be
deduced, and therefore the surface resistance for the two RF regimes can be deduced as well. The power
loss formal expression is the same with the only difference that the surface resistance increases more
rapidly with the frequency; consequently, the power losses increase with the frequency as well. Table 3
reports the power loss data for the superconducting Linac, with the same gradient, at 4.2 K.

Table 3. Linac power losses, at liquid helium temperature, for two RF values.

Case 1: v=3GHz L=1m V=75MV Reupp =250 x 107% ohm Pross =166 W
Case 2: v=8GHz L=1m V =75MV Reup=175x 107° ohm Pposs =445 W

The values reported are greatly reduced with respect to the normal conducting operation. By the
RF source point of view, this amount of loss is negligible; all the RF power would be delivered to the
beam in this case. The only problem is that this power must be thermodynamically managed at 4.2 K.

A third alternative is the use of normal-conducting metals, such as copper, at cryogenic
temperatures. In fact, at low temperatures, the mean free path of electrons in metals increases;
consequently, the electrons will not experience a constant electric field in a coherence length, but rather
a variable one. These and other complex effects associated with the frequency, going under the name
of an anomalous skin effect [16]. The result is that the classic ohm law, as we know it, is no longer
valid, and the current must be calculated over the actual electron path. A simulation for a Linac with
the previously reported values in Table 2 is displayed in Figure 7 for three frequencies.
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Figure 7. Linac power loss behavior as a function of temperature and frequencies as follows from the
anomalous skin effect theory.

The power losses decrease with the temperature, as expected, but again, higher frequencies exhibit
lower losses. At liquid nitrogen temperatures, the power losses amount to about one-third with respect
to the room temperature case. This is a quite good improvement for any energy recovery regime.

Once the amount of ohmic losses on the RF cavities that we have to deal with (both for the Linac
and for the two-frequency cavity used as PMD) is clear, it is possible to face the problem about which
kind of ER schemes might be appropriate for an FEL operating in the THz range. The most used is the
so-called “same-cell” scheme in which a single RF structure acts as an accelerator in a first passage and
a decelerator in a second passage. This scheme is usually the most favored choice due to economical
reasons; in fact, the costs of the RF structure, especially if realized with superconductors, are quite
high, and any saving in the RF power should not relapse on the RF structures (see Figure 8a).
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Figure 8. Energy recovery schemes suitable for THz-FELs. (a) “Same-cell” scheme. (b) Alternative

“same-cell” scheme. (c) Two-cavity scheme with Bridge Couplers. (d) Two-cavity scheme with PMDs.

An alternative to the same-cell scheme is the one reported in Figure 8b; in this variant, the electrons,
after the Linac, follow a symmetric path where the magnetic undulator for the FEL radiation generation
is placed in one of the two branches.
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A second ER geometry is obtained when the beam, after the FEL interaction, is directed through
a different decelerating structure. Generally, this second RF structure is similar to the accelerating
Linac to which it must be strongly coupled in order to efficiently transfer the RF energy (see Figure 8
(c)). The “different-structure” scheme appears to be expensive because of the use of a second Linac
structure. However, due to what has been discussed in the previous sections, THz generation, by
means of free electron devices, requires low energy electron beams; therefore, the costs of the RF
structures can still be affordable. For this reason, this scheme is under investigation at Frascati for
the FEL-CATS. Moreover, this second scheme offers us the possibility of coupling the power of the
exhausted beam directly into the two-frequency RF cavity: the PMD (see Figure 8d). This is a very
interesting opportunity because the electrons, after the passage into the cavity and into the undulator,
carry a memory of such an interaction by means of the shape of the current. Furthermore, by the use of
the presented model of harmonic expansion (see Equations (3)—(5)), the shape of the field generated
inside the PMD will be better tailored for the enhancement of the efficiency in the radiation generation
mechanism. A semianalytical and numerical model is under study.

7. Conclusions

Innovative design schemes for the realization of a compact FEL source for operation in the THz
spectral region have been discussed in this work. The proposed device, unlike conventional FELs, is
not tuned by varying the electron energy or the undulator gap; instead, it is designed to emit several
frequencies, which are the harmonics of the accelerator RE, within a broad spectral band. These
characteristics are obtained through working on the coherent properties of the electron beam generated
in a RF accelerator together with a proper manipulation of the electron distribution. The goal is
to get the ideal energy-phase correlation that allows saturation-level emission without the use of
an optical cavity. The features obtained are unique: the presence of the RF harmonics, which are
spectrally very narrow, and that can be easily extracted make this device suitable for any spectroscopic
application that requires a high spectral power density. A significant example is the diagnostic of
magnetically confined plasma. Moreover, the presence of many narrow spectral components (related
to the fundamental RF that can be as stable as 1 part over 10°) allows creating a combination of them
in a frequency “comb” that finds many applications in metrology (optical clock) in spectral phase
interferometry and spectroscopy. A wide variety of features in a single device represent uniqueness in
the laser source scenario.
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Abstract: Ultra-short electron bunches, such as those delivered by a high-brightness 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
in the THz range of the electromagnetic spectrum are extremely appealing for frequency- and
time-domain experiments in a wide variety of fields. The present manuscript will overview the
method of generation and characterization of THz radiation produced by high-brightness electron
beams, as those available at the SPARC_LAB test facility.

Keywords: THz source; high-brightness electron beams; laser comb technique

1. Introduction

Terahertz (THz) science [1,2] is recently arousing interest worldwide for its impact in scientific
research and technological progress because of the unique characteristics of this radiation. Indeed,
THz radiation is non-ionizing, it penetrates in most insulating materials, e.g., plastic, ceramics, paper,
and it is reflected by metals; moreover, it is absorbed by polar liquids, showing absorption spectra
peculiar of the physical process. As a matter of fact, powerful THz sources are highly demanded,
since they can provide efficient tools to investigate matter in the non-linear regime. Moreover,
both biomedical and security applications can profit from the development of innovative THz sources,
detection devices and characterization techniques.

THz radiation lies between the photonics and electronics bands of the electromagnetic spectrum.
Effectively, this frequency region extends from 300 GHz up to 30 THz, corresponding to energies,
in the meV range, of great interest for many physical, chemical and biological processes. Furthermore,
molecular spectroscopy and imaging [3] can take advantage of a high peak power, tunable and
narrow-band THz radiation.

Unlike conventional THz sources, such as those based on diodes, a new generation of sources,
based on particle accelerators, allows a raising of the power, both average and peak, by many orders of
magnitude. In particular, linac-based coherent THz radiation from relativistic high-brightness electron
beams is a cutting-edge source [4-6] providing an efficient tool to investigate matter in the non-linear
regime. Indeed, if the electron bunch longitudinal structure does not change during the emission
process, the THz radiation is characterized by pulses whose temporal shape resembles the electron
bunch one and with associated peak electric fields greater than 1-10 MV /cm [7].
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The great advantage of a linac-based THz source lies in its versatility; indeed, the electron beam
longitudinal distribution can be properly shaped to generate tunable, few-cycle and multi-cycle,
coherent THz radiation with both broad and narrow spectral bandwidth. In particular, to enable
the generation of narrow-band THz radiation, different approaches that foresee the longitudinal
manipulation of the electron beam are currently used: temporal shaping of the photocathode drive laser
pulse [8-11], mask insertion in a high dispersion, low beta function region of a beamline dogleg [12],
transverse-to-longitudinal phase space exchange technique [13] to turn transverse modulation from
a multi-slit into a longitudinal one, and magnetic undulator radiation [14-19]. Here, we report on the
first approach, being the one developed and fully studied at the SPARC_LAB test facility [20].

2. Materials and Methods

The key for high efficiency in a beam-based radiation source is to exploit the coherence
enhancement effect boosted by tailoring the electron beam profile. For instance, coherent radiation in
the THz range can be generated through ultra-short, i.e., sub-ps, relativistic electron bunches hitting
a metal target as Transition Radiation (TR) [21]. Indeed, when a charged particle crosses the interface
between two different refraction index media, TR is emitted both in forward and backward direction.
The radiation results from the prompt change of the boundary conditions for the electromagnetic
(EM) field carried by the particle in the first and second media. When a charged particle goes through
a slit, opened in a metal target, only part of the particle field interacts with the screen, and the emitted
radiation is called Diffraction Radiation (DR). Since the particle goes through the aperture without
interacting with the screen, the emission process is not intercepting and non-invasive for the particle
itself. Coherent Diffraction Radiation (CDR) is particularly appealing as non-disruptive longitudinal
diagnostics [22].

When a bunch of N charged particles is considered, TR (DR) emission comes from each particle
with the same intensity, but the position of each particle in the bunch has an impact on the emission,
contributing with a phase term. Therefore, two regimes can be identified depending on the bunch
length, 0, with respect to the emission wavelength, A: at A < 03, each particle behaves independently
from each other, resulting in incoherent emission, proportional to the number of electrons in the bunch,
Nj; at A >> 03, all electrons emit in phase and the amplitudes add constructively, resulting in coherent
emission, proportional to N2. Therefore, the total emitted energy can be written as

du B d Usp

dr — dA

[N+N(N=D[FA)P]. @)

F(A) is the longitudinal bunch form factor, defined as F(A) = [%_S(z)e 2™%/Adz, with S(z) =
J Ssp(7) dxdy the longitudinal charge distribution, i.e., the projection of the three-dimensional
normalized particle density distribution onto the z axis. The bunch longitudinal form factor sets
the emission regime: at wavelengths longer than the bunch length, F(A) — 1 and the spectrum
is dominated by coherent emission, which extends to THz frequencies for sub-ps electron beams,
with a huge intensity gain with respect to most existing THz sources thanks to the N? dependency.

2.1. Broad Band Radiation

Short, i.e., sub-ps, electron bunches drive the generation of high peak power radiation in the
THz range. In linac-based facilities short electron bunches are typically produced by either magnetic
or radio-frequency (RF) compression techniques. Magnetic compression, performed at high energy
to overcome space charge effects, foresees a bunch with a time-energy correlation (or chirp) moving
along an energy-dependent path length, represented by a dispersive, non-isochronous beam transport
section. As alternative at lower energies, in the few MeV range, the RF compression scheme, known as
velocity bunching [23] (VB), exploits the interaction with the electromagnetic fields of an accelerating
cavity. A time-velocity correlation (or chirp) is provided to the electron bunch, inducing a longitudinal
phase space rotation in the traveling RF wave potential due to the fact that electrons in the bunch tail are
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faster than those in the bunch head. Since the beam is slightly relativistic, being slower than the phase
velocity of the RF wave, when injected at the zero crossing field phase, it slips back to phases where the
field is accelerating and, simultaneously, it is chirped and compressed. Therefore, compression
and acceleration take place at the same time within the same accelerating section. Beyond the
longitudinal dimension, the electron beam longitudinal shape also plays a significant role in the
spectral content of the emission. In particular, asymmetric current profiles, caused by both longitudinal
and transverse distortions of the phase space, and typical of compression techniques, promote emission
at higher THz frequencies. Indeed, Figure 1 shows the longitudinal form factor as function of the
frequency for four different beam longitudinal distributions, with the same RMS pulse duration (inset):
Gaussian (black line), uniform (red line), triangular (blue line), and real measured one (green asterisks).
The triangular-like longitudinal distribution results as the most efficient one to generate THz radiation,
thanks to the steep rising edge, which is also shown in the longitudinally compressed beams (see green
asterisks curve in the inset of Figure 1).
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Figure 1. Longitudinal bunch profile (inset) and corresponding form factors for three different particle
distribution with the same RMS pulse duration, i.e., 260 fs.

2.2. Narrow-Band and Tunable Radiation

One of the methods used to produce narrow-band and tunable THz radiation is based on the
generation of Coherent Transition Radiation (CTR) from a train of sub-ps electron bunches hitting
a metal target [10,24].

The generation of a train of sub-picosecond electron bunches with picosecond spacing has been
conceived and demonstrated at the SPARC_LAB test facility [25], applying the VB compression
technique to a longitudinally modulated electron bunch as generated by a train of UV laser pulses
hitting the photocathode, the so-called comb laser beam [26].

One way to generate comb laser pulses relies on birefringent crystals: an input laser pulse is
decomposed into two orthogonally polarized pulses with a time separation proportional to the crystal
length. A multi-peak laser profile is produced by stacking more birefringent crystals in the laser beam
path. The so-generated comb laser pulse, illuminating a metallic photocathode in a RF gun, produces a
train of short electron bunches thanks to the prompt temporal response of the metal, which allows for
transverse and longitudinal shaping of the electron beam through laser manipulation. Downstream
the photo-injector, the beam acquires an energy modulation because of the space charge forces and,
if injected in a RF-compressor operating in the over-compression regime, the energy modulation
turns back into density modulation. The train parameters, i.e., bunch charge, length, and time
separation, can be fully controlled by properly adjust both laser and linac settings [27]. A train of sub-ps
relativistic electron bunches intercepting an aluminum screen, emits CTR. Since the CTR emission
is a surface phenomenon, it happens with femtosecond timescale and the electron bunch structure
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does not change during the emission process; in addition, no interaction occurs between particles and
radiation, resulting in a radiation pulse structure that resembles the multi-bunch longitudinal one
with a spike-like spectrum at the frequency of the bunch distance and higher harmonics, as depicted
in Figure 2.
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Figure 2. Left: 4-bunches comb beam with different time separation (blue solid line, 1 ps; red dashed
line, 0.7 ps). Right: Corresponding form factors highlighting the tunability of the narrow-band
THz source.

Decreasing the sub-pulse length, the single pulse spectrum becomes larger and more harmonics
of the sub-pulse repetition frequency appears in the comb spectrum, with the advantage that the
energy at single frequency is the same as all the charge would be condensed in a single micro-pulse.
In addition, the central THz frequency, and its harmonics, can be tuned by changing the micro-bunches
time separation.

2.3. Experimental Layout

CTR is generated, at the SPARC_LARB test facility, by highly relativistic electron beams hitting
a 40 x 40 mm, aluminum coated silicon screen (380 um thick with 40 nm coating). A proper optical
system is needed to extract the CTR and transport it down to the detection apparatus and, eventually,
to the sample. A sketch of the experimental layout, with light optics showing the radiation path,
is depicted in Figure 3. Radiation is extracted from the vacuum pipe through a crystalline diamond
window (700 pum thick, 0.3 deg wedge, 40 mm clear aperture), and collected by aluminum coated
parabolic mirrors.

Michelson interferometer
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e
b

mirror \ /
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Figure 3. Experimental layout.
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The coherent THz source is currently characterized by measuring the radiation spectrum in air
(or dry air environment, i.e., 12% of relative humidity at 297 K) both through a set of discrete band-pass
THz filters and an interferometer. The dry air system, a Kaeser Membrane Module dryer (FE-6D
D-pack) working with compressed air, contributes to reduce water absorption in the Perspex box
embedding the experimental apparatus (overall volume of about 200 litres), allowing measurement of
radiation from very low charge bunches, of the order of 10 pC, needed for the production of ultra-short,
fs-scale, electron bunches.

A two-beam interferometer is usually used for frequency domain measurements. For ps and
sub-ps electron bunches a Martin-Puplett interferometer (MPI) [28] is preferred because of the beam
splitter properties. Indeed, despite a Michelson interferometer, the beam splitter is a wire grid whose
reflectivity coefficients depend on wires diameter and spacing. Furthermore, it splits polarizations,
thus measuring the intensity of both polarizations: the difference interferogram can be normalized to
the sum. Correlated fluctuations due to electron beam current instabilities are then canceled. The main
limitation is however due to the high-frequency suppression introduced by the spacing between wires,
which prevents the measurement of ultra-short bunches. Therefore, for bunches whose duration is from
a few hundreds of fs down to a few tens of fs, the most suitable choice is a Michelson interferometer,
which allows the covering of a wide spectral range, from 0.5 to 30 THz, by properly changing the
thickness of the beam splitter from 24 um down to 3.5 um.

The autocorrelation measurements reported here have been performed using a Michelson
interferometer with an additional detector (reference detector in Figure 3), which collects the radiation
after a silicon beam splitter, placed before the Michelson interferometer box. The intensity measured
by the measurement detector is normalized to the one measured by the reference detector, contributing
to an increase of the signal to noise ratio; as a matter of fact this upgrade to the conventional
Michelson interferometer allows the cancelation of correlated fluctuations due to electron beam
current instabilities as in the two-beam MPL

3. Results and Discussion

The versatility of linac-based THz sources stands in the possibility to tune the THz spectral content
by properly setting the photo-injector regime and the UV photocathode laser longitudinal distribution
for either narrow or broad band THz emission. In case of a longitudinally modulated electron beam,
whose current profile and longitudinal phase space are shown in Figure 4 (left and right, respectively),
the measured interferogram (Figure 5, left) presents the peculiar multi-peaks pattern, in particular
(2n — 1) peaks, with n = 5 the number of bunches in the train. At zero optical path difference each
sub-pulse within the two comb-like beamlet completely overlaps, resulting in the central maximum in
the interferogram. As the path difference increases, the interferogram intensity decreases until four
of the five pulses overlap, corresponding to the first side maxima. Further increasing the distance,
the interferogram intensity keeps on decreasing resulting in the farther side maxima.

The spectrum corresponding to the autocorrelation function of the radiation produced by the
5 bunches beam is shown in Figure 5 (right). The main peak is at 0.65 THz corresponding to a 1.54 ps
time separation between two of the five bunches, with a bandwidth (BW) of around 30%, whereas
commercial THz filters have around 15-20% BW. Since the single bunch length in the train is of the
order of 100 fs and less, a second and third harmonics arouse at around 1.25 THz and 1.95 THz.
The peak at around 1 THz corresponds to the 0.8-0.9 ps distance of two of the four bunches, as shown
in the electron beam current profile and longitudinal phase space.

Therefore, paying careful attention to a regular stacking of similar electron bunches, produces
the suppression of all the frequencies apart the one corresponding to the succession itself, reaching
in intensity at most the value of the single sub-pulse case. It is worth clarifying that to obtain the
same radiation intensity at this frequency, in the case of a single bunch all the electrons N must be
concentrated in the single bunch itself, with the drawback that space charge usually prevents to collect
high charge in <100 fs. The width of this line depends on the number of pulses that constitutes the
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comb. Therefore the radiation produced by a longitudinally modulated beam (comb beam) is emitted
at the frequency of comb and higher harmonics depending on the sub-bunch length, and the intensity
at those frequencies is as if all electrons N would be concentrated in the single bunch whose duration
is of the order of 100 fs or less. The transform limit is not violated, since the overall bandwidth is wide
due to the fact that not only the fundamental frequency is populated, but also the higher harmonics.
In addition, the shorter the pulse, the wider is the THz spectrum, because more harmonics show
up. As a matter of fact, the photons of the total bandwidth are distributed differently, based on the
temporal structure of the bunch, as its Fourier transform shows (Figure 5, right). Therefore the total
peak power must be evaluated assuming that all the charge is collected in the micro-bunch duration,
since it is the duration of the single micro-bunch in the train that sets the extension of the spectrum,
thus the number of harmonics. Therefore, the term narrow for the frequency bandwidth of radiation
from a train of micro-bunches refers to the bandwidth of each line of the frequency spectrum, which is
naturally filtered from both the number and duration of bunches in the train.
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Figure 4. Electron beam longitudinal profile (left) and longitudinal phase space of a 5-bunches ramp
train (right).
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Figure 5. Autocorrelation function (left) and relative spectrum (right) of a 5-pulses generated radiation.

The spectral properties of the THz radiation, as generated by a single sub-ps electron bunch can
be also investigated sampling the signal by means of commercial band-pass THz filters [29]. Highly
intense and broadband CTR has been produced, for instance, by a 110 MeV, 500 pC, 180 fs RMS beam

impinging on an aluminum coated silicon screen, and its spectrum measured up to 5 THz, as shown
in Figure 6.
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Figure 6. Measured CTR spectrum sampled with THz band-pass filters center at 0.3-0.5-1-3-5 THz [11].

The drop below 0.3 THz in Figure 6 is due to the effect of the screen finite size with respect to
the source size [30], being of the order of yA /27t (y the Lorentz factor and A the emitted wavelength),
combined with the fall of responsivity of the pyroelectric detector. On the other hand, the longitudinal
extension of the bunch limits the generation above 5 THz. The integrated energy per pulse reaches up
to 35 u] as measured by a pyroelectric detector, whose responsivity and absorption curves have been
provided by manufacturers. The pyrodetector is a 5 mm diameter THz-I-BNC GENTEC-EO, operating
in the spectral range 0.1-30 THz, with responsivity ~140 kV/W and a Noise Equivalent Power at
20 Hz ~ 4 x 10710 W/Hz%5.

The main figures of merit of the SPARC_LAB THz source for a single bunch to generate broadband
THz radiation and five-ramp comb train to generate a narrow-band THz radiation are reported in
Table 1 [11].

Table 1. SPARC_LAB THz sources: radiation and electron beam parameters for a single bunch
and a ramped five-bunch train (0;(D1) = 88 fs, 0y(D2) = 127 fs, 03(D3) = 151 fs, 03(D4) = 165 fs,
o (W) =100 fs).

THz Radiation Parameters Electron Beam Parameters
. Ramped . Ramped
Single Bunch Comb Single Bunch Comb
Energy per pulse (1) 35t ~1 Charge (pC) 500 220
Peak power (MW) ~80 %t ~3 Energy (MeV) 121 110
Electric field (MV /cm) >1t - RMS Bunch duration (fs) 180 tt
Bandwidth * (THz) Av ~2 0.25 Rep. Rate (Hz) 10 10
RMS Pulse duration ty, (ps) ~0.18 ~1.23 ** Comb distance (ps) - 1.3

* Systematic uncertainty due to missing detector calibration below 0.61 THz; * the RMS duration, o3, for each
bunch in the train is reported in the table caption; * Defined as the FWHM; ** From measured results the
time-bandwidth product is Av t, = 0.72.

Linac-based THz sources are characterized by pulse energies reaching the multi-hundreds uJ
regime [31] by increasing the charge, thanks to the N? dependence, and /or properly shaping the bunch
longitudinal profile. In addition, taking profit of the beam longitudinal manipulation, the spectral
bandwidth can be either tunable narrow or broad, making it extremely versatile. Finally, the repetition
rate can span from a few Hz up to GHz, depending on the accelerator repetition rate, paving the
way to an average power of the order of 10 W [16]. On the other hand, laser-driven THz sources,
in particular those based on Optical Rectification [32] with organic crystals, have demonstrated to
achieve hundred uJ pulses in tight focus resulting in electric and magnetic field larger than 10 MV/cm
and 3 Tesla, over a broad 0.1-8 THz frequency range [33].

Compared to other linac-based sources [16], and based on the measured parameters, listed in
Table 1, the SPARC_LAB THz radiation is strongly competitive and extremely suitable for investigating
non-linear THz spectroscopy and for testing novel detectors and materials. Indeed, thanks to MV /cm
electric fields, which can excite fundamental quantum statuses of a given system, it allows for
non-linear optic experiments [34].
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4. Conclusions

In photo-injector-based facilities, THz radiation can be produced under different regimes,
by a proper control of the bunch shaping and charge distribution. Indeed, taking profit of
the prompt photoemission of electrons at the metal cathode, different electron longitudinal
distribution can be tailored and manipulated by properly setting the UV photocathode laser and
the photo-injector parameters.

In particular, the present manuscript reports the most valuable results obtained at SPARC_LAB
with both ultra-short single bunch and multi-bunches electron comb beams to provide high energy
per pulse and broad and narrow spectral bandwidth THz radiation, respectively for non-linear and
pump-probe experiments in solid-state physics and material science.
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Abstract: Recent advances in technology have allowed the production and the coherent detection of
sub-ps pulses of terahertz (THz) radiation. Therefore, the potentialities of this technique have been
readily recognized for THz spectroscopy and imaging in biomedicine. In particular, THz pulsed
imaging (TPI) has rapidly increased its applications in the last decade. In this paper, we present a short
review of TPI, discussing its basic principles and performances, and its state-of-the-art applications
on biomedical systems.
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1. Introduction

The increasing request for diagnosis techniques in the biomedical area, able to provide
morphological, chemical and/or functional information for early, noninvasive and label-free detection,
has led to hard cooperation in different scientific fields. Driven by technological advances,
a plethora of new modern diagnostics systems is investigated and validated, as complementary
biomedical techniques to the conventional ones, covering various scales, from macromolecules to
tissues/organs. Among them, worthy of special mention are: infrared (IR) imaging [1,2], scanning
near-field microscopy [3,4], photoacoustic microscopy [5], ultrasonic imaging [6], optical coherence
tomography [7,8], digital holography microscopy [9-11], Raman scattering microscopy [12], Coherent
Raman Scattering (CRS) spectroscopic imaging [13-23], two-photon fluorescence (TPF) [19,24] and
second-harmonic generation (SHG) imaging [25-27], and super-resolved imaging techniques [28-31].

Many efforts were done in THz technology, improving THz sources and detectors’
responses [32-38], and ensuring devices’ flexibility and portability, in recent decades. This has
stimulated a wide diffusion of THz systems for spectroscopic and imaging purposes, applicable in
various science fields like biology and medicine [39-44], gas sensing [45], chemical analysis [46,47],
new materials characterization in low-frequency range and non-destructive evaluation of composite
materials and constructions [48,49], astronomy [50], microelectronics and security [51-53], agri-food
industry [54], art conservation [55], etc. Thus, alongside these techniques, TPI has been developed and
applied in the field of biomedicine.

THz radiation has a variety of properties that make this spectral region a viable spectroscopic
imaging technique. Firstof all, (i) THz radiation has low photon energy (4 meV at 1 THz), coinciding with
the energy levels related to rotational and vibrational molecule modes and intermolecular vibrations,
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such as hydrogen bonds. These low-frequency motions allow the identification of biomolecules,
characterizing their spectral features in THz region [56,57]. (ii) In addition, the low photon energy is
insufficient to cause atoms ionization. (iii) For this reason, it is suitable and attractive for noninvasive
biomedical imaging, has a great potentiality and could be applied in vivo real-time studies without
causing biological ionizing damage, unlike X- and y-rays [42,43]. Whereas extremely low frequency
electromagnetic fields have been long studied in relation to their possible human health effects,
the biological effects of radiofrequency and THz signals have come under scrutiny. In particular,
the effects of THz radiation are of interest because of the expanding THz technologies in biomedical
applications. The prevailing view is that THz radiation, if thermal effects are not considered, does not
damage directly the DNA, but it could act as a co-inductor for non-thermal effects [58]. Recent
studies show evidence of potential thermal and non-thermal effects induced by exposure to THz
radiation [59,60]. The biological response to this stimulus is due to different parameters: the physical
settings of the THz radiation (frequency, mean and peak power, radiation intensity, continuous or
pulsed radiation, the degree of coherence, etc.,); the physical and biological properties of the irradiated
biological object (refractive index, absorption features, type of cells, tissues, organs) and the design
of the exposure [60]. (iv) In addition, THz radiation is very sensitive to polar molecules, like water.
(v) That is why the strong absorption, due to water molecules (220 cm™! for pure water at 1 THz
and room temperature) [43], limits THz penetrability into the fresh tissues from tens to hundreds
microns [42] and the capability of diagnostic only for superficial layers in vivo. (vi) The high sensitivity
of water content can be used like an endogenous marker for the differentiation between fresh healthy
and pathological tissues [42,43]. (vii) In particular, the time-domain spectroscopy (TDS) and imaging
are insensitive to the thermal background and show high signal-to-noise ratio (SNR) [61]. (viii) TPI
coherent detection ensures the record of temporal profile of the THz electric field; so, both the THz
amplitude and phase can be estimated. From these, the broadband absorption coefficient and refractive
index of a medium are determined, without using Kramers—-Kronig relations [57,61]. The absorption is
generally due to the chemical constituents of the material; thus, its spectral signatures are measured,
providing useful information. As consequence, TPI has the potential to realize images with both
morphological and functional information, in this frequency range. For all these reasons, THz radiation
is considered very important and deserves special attention.

In this review, we introduce TPI, discussing its basic principles and performances, and the
state-of-the-art applications on biomedical systems.

The review is organized as follows: in the first section, we outline the main features of pulsed
THz systems and their key role in THz imaging setups, showing the equipment needed and some
application ideas. Later, in the following section, after summarizing the main properties of the THz
contrast image, we also focus on TPI challenges and relevant results achieved in the biomedical field.

2. THz Pulsed System/Imaging

Over the past two decades, THz generation and detection technology has considerably advanced,
and several devices are commercially available now [33-37,62,63]. Their development has led to various
spectroscopic and imaging techniques in the THz spectral window. According to THz sources used,
the systems are divided into two general categories: the continuous wave (CW) systems, which produce
a single or several discrete frequencies, and pulsed systems, characterized by a broadband frequency
output, introduced for the first time as potential imaging tool in 1995 by Hu and Nuss [64]. All of them
feature a large variety of properties, as well as, frequencies, power and sensitivity. In this paragraph,
we briefly discuss the most common TPI systems that are the aim of our review, with a strong emphasis
on THz pulsed sources and detectors.

2.1. Generation and Detection of THz Pulsed Radiation

In TPI systems, a broadband frequency emission, from tens or hundreds of GHz up to several
THz, is obtained. Currently, various modalities can be listed for generating and detecting pulsed
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THz radiation [65,66]: biased photoconductive antennas (PCAs) [67-69], optical rectification (OR)
in nonlinear optical (NLO) crystals [70-72], THz production by plasma in air [73-75] and carrier
tunneling in coupled double quantum well structures [76-78]. They exhibit different physical properties
concerning powers, used materials, covered spectral range, SNR and dynamic range (DR). Among them,
the most established approaches, based on PCAs and on OR, require pumping made by expensive
infrared femtosecond lasers, often emitting in the near-infrared (NIR) region. For the first mentioned,
a pulsed laser beam illuminates PCA gap, made of high resistive semiconductor thin film with two
electrical contact pads. Thus, in the presence of the applied bias voltage and laser beam, photocurrent
is generated and the static bias field accelerates the free carriers producing broadband frequency THz
waves into the free space.

OR ensures the THz broadband generation through NLO centrosymmetric crystals [70-72],
extended from 0.1 THz and beyond 40 THz [57,79,80], such as organic NLO crystals.
4-N,N-dimethylamino -4’-N’-methy] -stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS) [81-84]
and 4-N,N-dimethylamino-4’-N’-methyl-stilbazolium tosylate (DAST) show efficient generation from
0.3 to >16 THz in the phase-matching condition between 720 nm and 1650 nm. The NLO materials need
to have high second-order NLO susceptibility, high transparency at both pump and THz frequency,
and high optical damage threshold, in order to satisfy the phase-matching condition between the
fundamental optical pump and generated THz waves [85,86]. When intense NIR laser beams propagate
through some crystals, second order nonlinear effects occur, developing a DC or low frequency
polarization [38]. This leads to the radiation of an electromagnetic single-cycle pulse with a wide
frequency spectrum, ranging roughly from zero frequency to some maximum value [38].

Another way to produce THz radiation is by charges acceleration. As consequence, the charges
radiate electromagnetic waves, that under particular conditions, lie in the THz region of the
electromagnetic spectrum. The processes can be done either within semiconductors, in vacuum
or in air [87-90]: via electrons acceleration by the intense laser pulse [87,88], by an applied bias voltage
across an air gap, similarly to PCA, or by nonlinear four-wave mixing of the fundamental and the
second harmonic frequencies of the laser beam, in air or in various gases [89,90].

Besides OR, photoconduction or photocurrent, surge is another primary mechanism for THz
generation from semiconductor materials [57,59]. When semiconductor quantum wells (QWs) are
under a bias, the mechanism for THz generation is attributed to the creation of polarized electron-hole
pairs [91-93].

In its turn, two schemes are ideal to THz pulse detection, based on incoherent and coherent
techniques. In terms of incoherent techniques, power-to-signal transducers, suitable for incoming
energy measurements, are used. For coherent ones instead, the detectors give information concerning
the power, frequency spectral range and phase of the incoming electrical signals [57]. Among THz
incoherent detectors commercially available, we can mention bolometers [94]; Golay-cells, providing
stable performances and high sensitivity; and pyroelectric detectors [95] and thermopiles with low
sensitivity. Commercial bolometers, resistive temperature sensors, widely used in THz spectral
region, are cryogenic ones. The cooling of the devices ensures high sensitivity, with noise equivalent
powers (NEPs) ranging from 10712 W/Hz!?2 to 107 W/Hz2. Golay-cell detectors [96] measure
the thermal energy of THz propagating through a window [61]. Their spectral performances are
strongly dependent on the material used for the window. In the case of diamond and crystal quartz
windows, the spectral range covers from millimeters-wave to visible frequencies [61], while for HDPE
(High-Density Polyethylene) window the spectral range is upper bounded at ~20 THz. Power DR can
vary from hundreds nW up to 1 mW, with power DR from hundreds nW up to 1 mW. These devices can
reach excellent NEPs at room temperature—around ~10710 W/Hz!"/2 [61]. Instead, pyroelectric devices
show lower sensitivity (NEPs ~1079-10~1" W/Hz!/2) compared to bolometers and Golay performances.
Table 1 summarizes some performances of the most used incoherent THz detectors.
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Table 1. Main incoherent detectors suitable for THz spectral range with their performances:noise
equivalent powers NEPs, THz coverage and detector bandwidth, linked to the detector response time
(the higher the bandwidth, the faster the response time). Bolometer, Golay cell and Pyroelectric are pure
incoherent detectors, while Schottky diode is used both for coherent and incoherent measurements.

Detector NEP (W/ Hz!2) THz Coverage (THz) Bandwidth (Hz)
Cryogenic Bolometer 10~14-10712 0.1-30 102-10°
0.01-201
-10 102
Golay cell 10 0.01-700 2 10-10
Pyroelectric 10710-107 0.1-10 10-108
Schottky diode 107141011 0.1-2 102-10°

! High-Density Polyethylene (HDPE) window; > Diamond window.

THz cameras were the object of intense research activities in recent years. Actually, various THz
cameras, based either on cooled and uncooled bolometers or semiconductor devices, are commercially
available. Among the THz thermal cameras, the Golay cells are slow detectors and are difficult to
integrate into array detectors. Consequently, the imaging scheme for them is a single-pixel detector [97].
The pyroelectric cameras, like the Pyrocam series sold by Ophir Optics, can operate with pulsed and
CW sources, as well as thermopile cameras [98,99]. Generally, they are widely commercially available,
and their low sensitivity makes them less attractive for THz imaging. The microbolometric cameras
are arrays of bolometers; because of the relatively higher sensitivity they are considered the prime
candidates for THz imaging. When cooled at cryogenic temperatures, they can achieve NEPs around
1071 W/Hz'2. With proper design modifications, microbolometric cameras at room temperature also
achieve high enough sensitivity.

Many such imaging techniques cannot be realized with existing THz cameras, but require
a coherent detection scheme. Among commercial coherent or heterodyne detectors, largely used,
we mention: Schottkly diodes [100,101], PCAs and NLO crystals or via electro-optical (EO) effect
in nonlinear crystals [70-72]. Schottkly diodes [100,101] show limited spectral bandwidth around
1-2 THz and NEPs up to 107 W/Hz!2, and actually they are the object of research. PCAs (frequency
range limited <10 THz and NEPs around 10-12 W/Hz1/2) can detect a THz electric field profile with
a coherent detection scheme. The probe beam, derived from the same laser used to generate the
THz radiation, irradiates receiver PCA, which has no external bias voltage. The laser pulses gate the
detector acting as a photocurrent switch by generating charge carriers. The incoming THz radiation,
on the receiver, induces the bias voltage, thus the photocarriers are accelerated [67,69]. The transient
current is measured by a low-current amplifier and a lock-in technique, that are referenced against
a modulation placed on the PCA emitter bias voltage.

In EO rectification NLO crystals, instead, the THz field induces birefringence in them; at a given
instant, the polarization state of the probe laser pulse changes proportionally to the THz field
amplitude [25,102]. Then, a balanced photodiode is used for measuring these changes in birefringence,
reconstructing the THz pulse. In recent years, great interest in THz sensors and cameras is focused
on the development of devices with high sensitivity, which operate at room temperature and fast
operation speed [103], such as optoelectronic sensors and detectors [104-107].

2.2. TPI Equipment

The switch from the spectroscopy system to the imaging one is based on the possibility to collect
spectroscopic information on large sample areas. For this purpose, the point-by-point signal collection
requires a mechanism for scanning: moving the beam or the sample holder. The first case is realized
with a beam motion or oscillating objective; using for example, galvo-mirrors and/or piezoelectric
rotator or stages. In the second case, the lateral translation of the specimen stage is combined with
a stationary illumination; for this purpose, a 3D linear translation stage is used, allowing sample holder
motion along the THz beam (1D motion) and perpendicularly to it (2D motion).
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The acquisition speed is one of the most critical challenges when using THz radiation for biomedical
imaging, and it requires more attention for the implementation of clinical devices. The imaging speed
depends on the specific image scheme chosen: using a point source and detector, the acquisition is slow,
due to the point-by-point sample scanning. Although, the two-dimensional galvo-scanner, combined
with a fast detector or sophisticated signal processing techniques [108-110], improves the scanning
speed and the acquisition on a large field of view.

The object surface is illuminated by the THz beam, and it is sampled on a discrete grid, scanned
in continuous or pixel-by-pixel raster modes. The information collected in each pixel is digitalized,
transferred to PC from a data acquisition card (DAQ) and quantized in a finite number of bits for pre-
and post-image processing.

2.2.1. TPI Far-Field Systems

A typical pulsed THz wave generation and detection system is a pump-probe setup. It can be
considered as an extended THz time-domain spectroscopy (THz-TDS) method. The basic idea of
THz-TDS and TPI systems is illustrated in Figure 1a.
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Figure 1. This is an example of TPI system switched by PCAs. (a) The schematic layout of
common TPI system based on photoconductive switches. Here, Fs laser stands for femtosecond
laser, BS for beamsplitter, DL is the delay line, LS are lenses, LIA, DAQ and PC stand for lock-in
amplifier, data acquisition card and desktop computer, respectively. (b) The schematic layout of two
potential sample orientation: transmission and reflection modes. The standard transmission imaging
configuration involves the specimen placed between THz low-absorption material plates or standing
in free space. The generated THz signal travels at a normal incidence to the sample surface and the
transmitted one is received on the other side of the sample. Instead, for reflection mode, the THz signal
illuminates one sample surface and it is reflected by the same surface.

TPI system, shown in Figure 1a, is powered by a femtosecond laser. A beamsplitter splits the
initial laser beam into two parts: the pump and the probe beams. The pump beam is modulated
via an optical or mechanical chopper or by modulating the THz emitter bias voltage, and then is
focused on the THz emitter. The generated THz radiation is then collimated and focused onto a target
sample. When a THz pulse illuminates a target, a train of THz pulses will be reflected from the various
interfaces or transmitted. The transmitted (Figure 1b) and/or the reflected (Figure 1b) electric fields
are, then, recollimated and refocused onto THz detector using THz transparent lenses or parabolic
mirrors. The electrical signal is filtered and detected by lock-in amplifier detection. The analog output
of the lock-in amplifier is collected and digitalized by a dedicated DAQ. A delay line is used in order
to temporally sample the THz electric field. Thus, for each individual pulse in the detected signal,
the amplitude and phase are different and are measured too.
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If the pump and probe optical paths are equal, the THz electric field is measured at one fixed
instant in time. In order to sample the whole THz pulse, a delay line is introduced in the optical
scheme, to delay pump and probe beams. Generally, this can be performed using a mechanical
translation stage, that moves at fixed steps; but rapid-scanning delay lines can also be used to speed
the acquisition [111,112].

For example, we reported our home-made TPI system based on THz-TDS (see Figure 2a). It was
implemented in transmission configuration.

It generates broadband THz radiation (0.1-3.5 THz) via photoconductive switches, used both
for THz emission and detection. We use a mode-locked ultrafast laser (FemtoFiber NIRpro, Toptica),
at780 nm with a 100 fs temporal pulse width and a repetition rate of 80 MHz to illuminate twin G10620-11
Hamamatsu PCAs. The femtosecond laser is split into two beams by a 50:50 beamsplitter—each
beam has 15 mW average power. Dielectric mirrors deflect the beams towards emitter and detector
PCAs. TPX lenses are used to collimate and focalize THz radiation. The object is aligned in the focus
of the THz beam, perpendicularly to the propagating THz radiation. The point-by-point spectral
signal collection is obtained by scanning a large area of the object with 3D axes stage (Thorlabs).
After transmission through the sample, THz pulses are collimated and refocused on the THz-detector
PCA by TPX lenses. Simultaneously, the probe beam is used to gate the THz-detector PCA. The THz
electric field as a function of time is measured with a delay line [112]. The output signal from
the THz-detector, extracted by a lock-in amplifier (Stanford, SR830), is transferred to a National
Instrument acquisition card (NI 6361-BNC connector) allowing the data collection. Our system exhibits
performances comparable with the commercial systems, and being a home-made spectrometer, it can
switch on the other two spectroscopic configurations using metallic flip mirrors, inserted in the THz
collimated region. We can select between THz-TDS refection spectroscopy and attenuated total
reflection (ATR) spectroscopy, see Figure 2a.

In Figure 2b, the temporal electric field profile, in free-space, as a function of time, is reported
with relative power spectrum, for the scheme in transmission.
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Figure 2. (a) Schematic layout of our TPI system. In the scheme, Fs laser stands for femtosecond laser,
BS for beamsplitter, DL for delay line, LS is referred to lenses, THz det. and THz emit. are THz detector
and THz emitter respectively. With two metal flip mirrors, introduced in the collimated THz beam
region, one can select the scheme for THz spectroscopic imaging in transmission (B) or reflection (C)
or ATR (A) spectroscopy. (b) The temporal electric field profile, in free-space, as a function of time,
is reported with relative power spectrum.
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2.2.2. TPI Near-Field Systems

The major limitation of THz far-field imaging systems is due to the problem of the
diffraction-limited spatial resolution central to THz wavelengths, compared, for example, to visible
radiation [113,114]. The optical resolution R in the object plane is generally defined by the Rayleigh
criterion [115-118], described as:

_ 0614 A
T NA T 2NA

at the wavelength A and numerical aperture NA. The minimal resolvable feature corresponds to the
minimum size, in the object plane, of the smallest object that the optical system can resolve: as the
resolution is directly proportional to the wavelength and inversely proportional to the numerical
aperture of the optical components, at 1 THz the resolution turns out to be around 0.5 mm [113].
In fact, 1 THz corresponds to 0.3 mm and one must consider the loss of resolution caused mostly by
lenses on the beam path. For this reason, effective and wide spreading of THz images in biomedical
research and diagnostics is difficult. The wavelength-limited resolution is caused by diffraction of
propagating waves, so this problem can be overcome by collecting THz pulses in near-field (NF),
namely at a distance with the sample comparable to the wavelength. In this way, evanescent waves,
that propagate only very close to the sample and then rapidly decay, can be detected. That is the reason
why THz detector must be placed in proximity of the sample. Several techniques have been explored
to enable sub-wavelength THz imaging [37,114,119,120]. With this purpose, detectors and sources of
different shapes can be used; in particular, Hunsche et al. [121] proposed and demonstrated, for the
first time, a method deriving from the confocal microscopy. It uses pinholes that act as spatial filter,
reducing the THz beam size to sub-wavelength dimensions and blocking outside the cone of light.
This results in increased lateral and depth resolutions [122,123]. However, the aperture introduces
an immense loss of THz light intensity at deep sub-wavelength resolutions (<A/10) [124], caused by
the low frequency cut-off [125] and optical coupling loss. Following, it is possible to place a small
detector or emitter directly behind the aperture [126-128]. The approaches without apertures, instead,
are better set to achieve deep sub-wavelength resolutions, because the low-frequency cut-off is avoided.
The sharp metallic tips for local field enhancement, tip apex, small detectors and/or sources elements
with sub-wavelength dimensions are placed in proximity of the sample surface or in direct-contact.
In this way, high resolutions are achieved (even A/100), with the only limitations imposed by the tip
diameter [129]. This means that NF resolution is not limited by diffraction so that, in this way it
becomes independent of the wavelength.

The direct-contact approach, instead, is generally employed with EO sampling using THz-TDS.
The sample could be then in contact with the detection crystal, leading to a direct measurement of
the THz electric field in NF region. In [130], the deposition of various metal structures onto a gallium
phosphite (GaP) crystal can improve the resolution by imaging at 20 um.

3. Basics of THz Imaging

TPI can be viewed as an extension of the THz-TDS method. The classic way to obtain THz imaging
from THz-TDS is illustrated above. In order to image the objects, a 2D point-by-point raster scanning
of them, combined with a coherent detection, is performed; and the individual temporal profiles are
recorded for each point-pixel. The raw one-dimensional time or extracted frequency data are converted
into physical values [57,61,64,131,132]. The normalization is chosen to enhance the image contrast,
and it can be summarized in the diagram (Figure 3).

137



Condens. Matter 2020, 5,25

Time domain
o Electric field amplitude at fixed time: Ey,, (o)
o Normalized amplitude of the main peak: max{|E, (t)|}/max{|Eq(t)[}

o Time delay of the main peak with respect to the reference: t(max{|Ex,y(t)|}) — t(max{|Eo()]})

Frequency domain

o Spectral amplitude at fixed frequency: Exy(vo)

o Phase: ¢y (Vo)

Figure 3. Schematic summary concerning the image contrast in THz-TDS imaging.

In time domain, when there is interaction with the sample, the THz pulse can be attenuated,
delayed or broadened, compared to the reference without the sample, generally measured in air.
The electric field amplitude, at a fixed time, represents a contrast modality to normalize the image.
In addition, the normalized amplitude of the main peak, as the ratio between maxima of the sample
and reference electric fields, provides image information regarding the absorption, reflection or
scattering losses in the object. Finally, the knowledge of time delay of the main peak with respect to
the reference allows mapping the optical path changes, providing material/thickness contrast [133].
For example, the time-of-flight (TOF) technique permits to estimate the depth information about target
internal dielectric profiles. A THz pulse is launched to the sample and the reflected echo is measured
in amplitude or/and phase. The TOF information of the echo pulse indicates the presence of the
boundaries, or inner structures along the THz propagation path, which extracts the one-dimensional
depth profile. Thus, by performing a 2D scan, a 3D image of the object can be visualized, viewing into
a layered structure or inside the optically opaque materials. 3D imaging potentiality is suitable for the
implementation of various imaging techniques, largely used in biomedical contexts. Applying the
Fourier transform on the temporal electric pulse, one gets the amplitude and phase of the spectrum.
The first gives a general indication of the losses; the second one is related to the refractive index. Fixing
the frequency, one can visualize the object in the frequency domain, the amplitude and the phase
images [134]. This offers more contrast, because of the sufficiently different refractive indexes of the
materials than the losses, which provide a meaningful contrast.

Summarizing, the THz-TDS measurements allow the extraction of both amplitude and phase
of THz waveform. The complex refractive index and absorption coefficient can be obtained using
the Fresnel coefficients [135,136], and from them the complex permittivity [137,138]. The knowledge
of sample spectral behavior ensures to extract information concerning its morphological structure
and the optical properties: the variation of refractive indexes could differentiate tissues, and could
be related to the pathological status. Moreover, many materials are relatively transparent to THz
radiation, and are used in the development of 3D THz imaging modalities that constitute an active
research field [107,139]. Tomographic slices are employed for object/tissue 2D or 3D reconstructions,
in order to obtain their internal properties and features [111]. The method tried a natural extension for
the object rotation towards THz computer tomography (CT) [140,141]. In addition to THz CT, there are
several other tomographic techniques based on THz radiation, including THz interaction tomography,
THz tomosynthesis, time-of-flight pulsed imaging and 3D THz holography [139].

4. THz Pulsed Imaging: Uses, Advantages and Challenges for Biomedical Applications

As briefly discussed in the introduction and in the previous paragraph, the unique spectral
features of THz radiation make this technology particularly interesting in the biomedical field—for
ex vivo and in vivo experiments and/or analyses. During the past decades, systematic spectroscopic
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investigations carried out in the THz frequency region on biological targets, as biomacromolecule,
cells and tissues, demonstrated differences in their optical properties. In the last five years only, the rate
of imaging experiments in the THz domain is increasing.

An unavoidable issue, when talking about THz imaging, is water: THz is particularly sensitive to
water content, exhibiting a strong absorption [142] and consequently limiting THz penetration depth.

In fact, the strong absorption of water limits the penetration depth in fresh tissues between tens
and hundreds of microns. For example, into the human skin THz waves can penetrate only a few
hundred microns [143]. In vivo clinical measurements, it limits the probing on superficial layers
of the target and the reflection mode becomes the suitable choice [144,145]. The limitation could
be overcome in the case of ex vivo examinations, where histopathological evaluations are required.
Researchers overcome these limitations using thin and/or fixed samples and appropriate geometry.
The transmitted TPI is performed on thin prepared tissues, suitable for in vitro, and reflected TPI
allows the investigation of surface features, reliable in vivo and ex vivo imaging.

However, difficulties in extrapolating measurements on tissue to ex vivo include, for example,
saline uptake from the sample storage environment, changes in hydration level during the measurement,
temperature- and humidity-dependent and scattering effects. Considering that, the human body
contains a large amount of water (~60%) and THz is heavily absorbed by water [142], fresh tissue can
vastly alter THz spectroscopy measurements. As fresh tissue dehydrates when left exposed to the
air, many contrast features are reduced during the data acquisition. Therefore, for biomedical studies,
sample conservation is crucial.

Several research groups have investigated excised and fixed tissues considering numerous
approaches; among them are dehydration [146,147], alcohol perfused [36], formalin fixed [148-150],
gelatin embedding [151,152], lyophilized [153], freezing [154,155] and fixation in paraffin emulsion
and embedding [156].

Formalin fixing, in order to preserve and fix excised tissues, is a common histopathological routine
for diagnosis. The formalin reduces the sample variation due to the dehydration process [149,154]—the
tissues” water content is replaced by formalin.

In addition, lyophilization could represent an interesting alternative to fresh tissue for THz
spectroscopic measurements [153]; its pros are fast and effective water removal, and structural
preservation. The problems with handling fresh tissue, such as time variability in the THz bandwidth,
dynamic range and sample thickness, are therefore overcome [153]. Several studies proposed the
freezing of biological sample, as an alternative technique to increase the penetration depth of THz waves
in the tissues, as the absorption coefficient of ice is one order of magnitude lower than the absorption
coefficient of water [143]. The discussed technique has a limitation in clinical use; the process of
freezing might cause necrosis. Some suggestions are proposed by using a penetration-enhancing agent
(PEA) to increase the THz radiation delivery depth. The treatment with PEAs, that are cost-effective
and easy-to-find, biocompatible and nontoxic to the human body, could also ensure long preservation
time for ex vivo tissues and the application in vivo. Oh et al. [157] used glycerol as PEA, easily absorbed
by human skin and tissue and with an absorption coefficient much lower than that of water in the THz
spectral region. They treated abdominal mouse skin with glycerol and demonstrated the enhancement
of penetration depth with the reconstruction of a metal blade hidden under the tissue by the second
pulse reflection of it [157].

Various alternative approaches are suggested. Oleic acid is proposed by Wang et al. [158] for
trapping moisture inside thin tissue slices, in transmission acquisition mode. They realized a sandwich
configuration, by placing a frozen layer of oleic acid above and below the frozen tissue sample,
between tsurpica windows and waited for complete thawing, before starting the measurements at
room temperature. Oleic acid is highly transparent to THz radiation and its refractive index matched
tsurpica. The oleic acid layers were used to keep up the tissue hydration, showing good performances
for 70 min. Fan et al. [151] used gelatin embedding for porcine skin slices reflection measurements.
By looking at the THz image data and computing the optical parameters of the gelatin-embedded
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sample, they found a successful method to preserve the sample for at least 35 h, both for imaging and
spectroscopy purposes.

Since the first demonstration of THz imaging [64], TPI and spectroscopy show their ability to
differentiate human tissues [141,159], with clear differences between the tissue properties, in particular
regarding absorption coefficients [160]. Fatty tissue consists of mainly hydrocarbon chains, largely
nonpolar molecules, thus its absorption coefficient and refractive index are much smaller than the ones
of muscle, kidney and/or liver tissues [141].

Concerning the optical characterization at the low frequency region, many spectroscopic works
are present in the literature [161-167]. One significant work about the ability in distinguishing and
classifying the THz response of different types of tissues is Ref. [131], which is mentioned for the
chirped probe pulse technique. It offers a significant improvement concerning the slow acquisition
time, and it could have great potential in imaging acquisition.

In addition, the high sensitivity of THz waves to water content in the tissues becomes the key
contrast factor in many biomedical applications [168,169]; the water content evaluation allows label-free
differentiation for various types of tissues as an endogenous marker, distinguishing between healthy
and pathological tissues [152,168], see Figure 4.
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Figure 4. Refractive index n and absorption coefficient « in THz spectral region, observed by Gavdush
et al. [152], and H&E-stained histology of gelatin-embedded ex vivo human tissues: intact tissue,
gliomas of grade I to IV, and edema. (a)—(c) grade I; (d)—(f) grade II; (g)—(i) grade III; and (j)—(1) grade
IV. The THz optical properties of gliomas are compared with equal data for the intact and edematous
tissues, averages within the entire set of brain tissues specimens [152].

In the case of cancer, the contrast between healthy and malign tissue is originated from the
structural variation and different water content [170]. In fact, the presence of cancer induces, in many
cases, increased blood supply to the affected tissues and a local increase in tissue water content,
which suggests water contrast for THz cancer imaging [171]. As a result, it involves a higher refractive
index and absorption coefficient [39,169,172]. As proof, Figure 5 shows refractive indexes and
absorption coefficients of normal and cancer regions of a fresh rat brain tissue sample, as a function of
frequency [39].
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Figure 5. Optical characterization of a fresh rat brain tissue sample [39]. (a) Refractive index and (b)
Absorption coefficient (em™1) of normal and tumor regions, from 0.8 to 1.5 THz. Both refractive index
and absorption coefficient in the tumor region are higher than in normal tissue due to the higher water
content in cancer tissue.

TPI has been successfully applied to liver [164,173,174], colon [165,175,176], intestine [161],
brain [39,156,177], skin [178], ovarian [167], oral [154] and breast cancers [132,163,179].

For instance, a particular attention deserves the oral-, gastric- and intestinal- neoplasia, because
an early/rapid diagnosis is required. However, it may be quite difficult due to oral-gastric-intestinal
apparatus anatomy. Sim et al. [154] used a TPI reflection system in the frequency range of 0.2-1.2 THz
to assess oral carcinoma. Seven oral tissues from four patients were analyzed, and then the authors
compared the optical, frozen and room temperature THz, histopathological images. They found that
THz images at —20 °C showed better contrast between healthy and cancer regions compared to the
room temperature ones (20 °C). Additionally, frozen temperature images demonstrated better area
correlation than the histopathological images [154]. The recent and detailed review of Danciu et
al. [180] takes an overview of diagnostics methods and current available data on THz-based detection
for digestive cancers. Some current in vitro and ex vivo progress is highlighted for identifying specific
digestive neoplasia [180].

Instead, TPI has revealed the contrast between normal and neoplastic tissue regions [159,181].
One of the first applications on human ex vivo wet tissue involved imaging in excised basal
cell carcinoma [182]; the regions had recognition of healthy skin and basal cell carcinoma (BBC),
both in vitro [96] or in vivo and ex vivo [183,184].

According to Wallace et al. [184], TPI could differentiate between basal cell carcinoma (BCC)
and normal tissue both in vivo and ex vivo, and it is under test whether TPI can facilitate the tumor
margins delineation, prior to surgery. The BCC’s areas have different THz properties compared to
healthy tissue. The general clinical image does not identify the skin cancer distribution with accuracy
in depth, under the skin surface. However, THz images, as shown in [184], clearly display the cancer
distribution on the skin and also the extent of the neoplasm invasion into the skin, with a depth of
250 pm.

Comparing ex vivo and in vivo images of the same tumors, similar contrast levels can be found,
however tissue deformation and shrinkage after excision leads to an exact match in the contrast
pattern. Nevertheless, the contrast level, present in the THz images, was enough to map diseased
tissue margins, when compared to histology. Reese et al. [185], using THz pulsed imaging for studying
freshly excised colon cancer, have differentiated normal and diseased colon tissues, with a good
contrast for their recognition. Moreover, Wahaia et al. [186] measured colon tissue samples both fixed
in formalin and embedded in paraffin. In the first case, water is still present, and in the second one,
it is eliminated. They still obtained good image contrast between healthy and cancerous regions.
As a result, water is not the only factor contributing to the contrast between the two different tissue
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areas. Thus, the tumor boundaries in THz images can be recognized, and these are in accordance with
the visible images, indicating that the THz imaging technique could be useful for diagnosing cancers.
Potentially, this technique could be employed as a complementary label-free technique, allowing
surgeons to determine tumor margins in real time.

While different kinds of cancer can be differentiated from healthy tissue according to the high
sensitivity of THz radiation to water content, the strong potential of TPI in cancer assessment is not
limited to fresh tissues, as it has been efficiently demonstrated for discrimination of pathological and
healthy dehydrated tissue as well [132,174,177].

Afterwards, TPI has been used to identify tumor borders on excised breast carcinoma [187].
While THz imaging has proven potential contrast between breast cancer and healthy tissue, both in
fresh and formalin-fixed, paraffin-embedded (FFPE) tumors [154,179,188,189], all published works
were performed on flat sections of the tumor. The application of THz imaging to a three-dimensional
sample can be exploited to produce cross section images by in-depth scanning, without slicing the
tumor. Bowman et al. [190], in their work, illustrated the powerful THz pulsed imaging applications to
two different carcinoma samples: infiltrating ductal carcinoma and lobular carcinoma, both embedded
in paraffin blocks. THz pulsed images showed clear definition of the cancer boundaries in the
block. The results were correlated in 3D with histopathology sections sliced throughout the blocks.
THz images highlighted the cancer regions only when there were interfaces inside the tissue, thus near
to the sample surface. In all the histopathology images, instead, the infiltrating ductal carcinoma and
lobular carcinoma were clearly visible, at any section. Furthermore, the THz 3D block images could be
sectioned into planar (x-y, x-z, and y-z) images in order to produce in-plane and in-depth tissue images,
thus successfully identifying cancer regions, without slicing the tissue. These results demonstrate the
effectiveness of THz pulsed imaging for tumor edge identification, when diseased tissue is near the
surgical excision.

Reid et al. [176] conducted a study on normal, tumor and dysplastic freshly excised colon samples
from 30 patients, using a conventional THz-TDS system, in reflection mode. The study showed
a sensitivity of 82% and a specificity of 77% in discriminating between normal and pathological tissues,
while a sensitivity of 89% and a specificity of 71% in differentiating normal and dysplastic samples [176].
Another study [191], using diverse intelligent analysis methods (neural networks, decision trees,
and support vector machines) re-evaluated the data provided by [191]. This method increased the
sensitivity to 90%—-100% and the specificity to 86%-90%, improving the overall diagnosis precision.

With the aim of reducing patient re-operation rates and improving the ability of resection margin
in breast conserving surgery, Santaolalla et al. [192] applied a multivariate Bayesian classifier to the
samples waveform produced by TPI probe system. They can discriminate tumor from benign breast
tissue, obtaining a sensitivity of 96% and a specificity of 95%.

Nowadays, in vivo THz detection investigates mostly superficial normal and diseased tissues,
close to the epithelial layer (i.e., breast, skin). Observing the significant contrast in THz dielectric
permittivity responses of healthy skin, dysplastic and non-dysplastic skin nevi, Zaytsev et al. [193,194]
distinguished the precursor of melanoma, with a non-invasive in vivo analysis, proving the efficiency
of THz pulsed radiation in the early diagnosis of the melanomas.

To facilitate the use of TPI to scan tumor resection margins intraoperatively, Teraview Ltd.
(Cambridge, UK) has proposed and developed a handheld probe system [195]. TPI handheld probe
measures tissue sample positioned in histology cassette, in reflection mode. The TPI handheld probe
ensures to discriminate benign from malignant breast tissue in an ex vivo setting. The purpose of
the THz device is to give valid support for rapid histopathological evaluation of excised tissues in
surgery [195].

Despite this, in the last ten years, researchers began to extend THz applications to inner tissues,
organs or hollow cavities of the human body. The request is for endoscopic access, achievable using
highly bendable waveguides with low transmission loss [196-198]. In 2009, Ji et al. [199] fabricated
and developed a miniaturized fiber-coupled THz endoscope apparatus. It emits and collects THz
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radiation using an optical fiber linked to a femtosecond laser. The measurement is performed close
to the reflective surface of a profound tissue or an organ [199]. The researchers tested the device
by looking at THz reflections from mouth, tongue and palm skin tissues and demonstrated that the
moisture of internal organs is a significant confounding issue. Some years later, an innovative THz
prototype, with single-channel detection based on flexible metal-coated THz waveguides [197,198]
and a specific polarization exposure method, was integrated into a commercial optical endoscope
and demonstrated its potentiality, successfully differentiating between normal and cancer colonic
tissues [175]. This also makes it a suitable tool for investigating the water content and hydration profile
of the skin. By using some basic image processing techniques like intensity windowing, histogram
manipulation, edge detection and region growing [200-202], the discrimination of healthy and cancer
regions by THz images can be considerably improved.

The same group also developed THz otoscope that enables the detection of otitis media [203],
a disease that causes fluid and purulence in the posterior part of the tympanic membrane within
the middle ear. The THz otoscope is able to measure the change in water content on the tympanic
membrane; therefore, it is applicable as a medical device for otitis media diagnosis [203].

In [204] and in Figure 6, an imaging device was proposed as a potential tool for the detection of
deterioration in the feet of diabetic patients. Assuming that dehydration of the feet skin of diabetics,
owing to peripheral vascular disease, is a central element of their deterioration process, they take
advantage of THz pulsed imaging in order to obtain a promising diagnostic tool. The results are
encouraging and provide key elements that will allow the design of a clinical trial in the future.
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Figure 6. Platform for early screening of diabetic foot syndrome [204]. (a) THz setup design. It consists
of an elevated surface where two high-density polyethylene windows are used to place the patient’s
feet. A chair is also provided in order to maintain the patient’s position and avoid motion of the feet
during the diagnostic image acquisition. The space under the patient sitting area is used to place the
THz-TDS spectrometer and a raster scanning system [204]. (b) Photograph of the assembled setup
during the testing. (c) Schematic layout of the raster-scanning imaging system, placed on the platform
under the windows as indicated in (a).

Concerning brain tumors, Ji et al. in Figure 7 and in [205] demonstrated the effectiveness of THz
reflectometry imaging (TRI) in distinguishing cancer and normal regions within a brain tissue section.

143



Condens. Matter 2020, 5,25

Relatively high intensity regions (depicted in red) are spatially well correlated to the tumor areas found
with green fluorescent protein (GFP) and Hematoxylin and eosin (H&E) techniques.

a b White c
light

Figure 7. Brain tumor discrimination with different imaging techniques [205]. (a) MRI (magnetic
resonance imaging). (b) White light imaging. (c) GFP (green fluorescent protein) imaging. (d) H&E
(Hematoxylin and eosin) stained imaging. (e) OCT (optical coherence tomography) imaging. (f) THz
reflectometry imaging (TRI). (g) 5-ALA-induced ppIX fluorescence imaging. TRI images show red
regions (relatively high intensity) that are in agreement with tumor regions images obtained with GFP
and H&E modalities, while in white light images, cancer regions are not identified.

Yamaguchi et al. [39], instead, take advantage of different optical properties (like refractive indexes
and absorption coefficients) in normal and tumor regions to produce a THz image of a fresh rat brain
tissue sample, see Figure 8.
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Figure 8. Brain tumor images of rat fresh tissue using different techniques: (a) THz spectroscopy and
(b) HE-stained (hematoxylin and eosin) image of the same tissue section [39]. The THz image has been
realized by computing a Tumor probability, where zero value corresponds to healthy tissue, based on
the different refractive indexes of tumor and normal tissue regions. The red area in (a) shows the tumor
region and is well in agreement with the dark purple area in HE-stained image (b).

Figure 8a shows the THz image based on the refractive index information (expressed as tumor
probability), that results higher in the tumor than in the normal region (see also Figure 5). The red area
locates the diseased tissue with great accordance to the HE-stained (hematoxylin and eosin) image of
the same tissue section, where a darker purple region is visible (Figure 8b) [39].

Table 2 summarizes the main kind of tumor studied with TPI, with their relative references.
Most works are ex vivo, while some papers for skin cancer are available in vivo and in vitro too.

Table 2. Different kind of tumors investigated with TPI and their references.

Tumor Sample Status References
Liver Ex vivo [173,174]
Brain-cervical Ex vivo [39,156,157,177,205,206]
Breast Ex vivo [132,163,172,179,181,187-190,192,195]
Oral-gastric-intestinal Ex vivo [154,161,162,164-166,176,180,185,186,207-210]
Ex vivo
Skin In vivo [159,182-184,193,194]
In vitro
Ovarian Ex vivo [167]

Additionally, THz radiation is [211] a non-ionizing one, such that it is biologically safe for in vivo
applications [212]. Moreover, the limited penetration depth of THz radiation has focused medical
imaging research into the dentistry area [213]. TPI has been found to be an interesting technique for
dental tissue (enamel, dentine and pulp) discrimination because refractive index differences enable the
three tissue regions to be identified [66,148,214-217]. TPI is not the only possible technique for dental
disease monitoring [218]: (i) visual caries examination, for example, loss of enamel translucency in the
region between the contacting proximal surfaces of two adjacent teeth, (i) X-ray imaging, (iii) electrical
impedance measurements, (iv) ultrasound and (v) fluorescence-based methods [218,219] can also
be adopted. However, many disadvantages can be assessed to some of these techniques: (i) is not
possible at early detection stages, (i) and (ii) are difficult for posterior teeth, (ii) is potentially harmful
for patients” health because it uses ionizing radiation. For these reasons, additional strategies for dental
health monitoring, with a particular emphasis on diagnosis at an earlier stage of formation and the use
of non-ionizing radiations, are widely requested [218].
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Arnone et al. used TPI in order to distinguish different animal and human tissues, in particular
enamel, dentine and pulp, in human teeth. They realized two different kind of images with the
same data set: TOF and absorption images. Being enamel ~99% mineral and dentine ~70% mineral,
they show different refractive indexes, that result in different THz TOFs. The produced TOF image
shows enamel only and enamel and dentine regions. In the absorption image, instead, the inner pulp
region of tooth is visible, because it shows a strong absorption, thanks to the additional material in that
tooth area [214]. Zinov’eva et al. [215] did some transmission images of human permanent molar tooth
slices, at different THz frequencies, ranging from 0.2 to 1.5 THz. The teeth used in the experiments
were processed to produce artificial lesions by chemical demineralization. The images clearly resolved
enamel and dentine areas. In addition, demineralized tooth regions have shown an increase of THz
transmission signal in comparison with healthy tooth tissue. This difference can be used to trace
demineralization development in dental tissues [215]. Artificial demineralization detection has been
the first step towards dental caries detection because caries regions are the result of mineral loss from
enamel, causing a change in enamel refractive indexes and absorption coefficients. These changes can
be exploited to identify lesions not visible to the naked eye. Early detection is important because initial
stages of demineralization are reversible [66,148]. Crawley et al. [148] calculated enamel, dentine and
caries absorption coefficients and refractive indexes in the range between 0.3 and 2.0 THz, in THz
transmission geometry. Like [214], they produced a THz absorption map in a 210 pm thick tooth
slice and a TOF image, but with more accurate spatial resolution. Caries are correctly detected by the
absorption image because average absorption coefficient of carious enamel is typically 35% larger than
the one associated with healthy enamel, in that frequency range, using TPL. Enamel and dentine are
precisely identified using TOF data because they are related to different refractive indexes. In reflection
geometry, instead, some images have been created by plotting the change in THz pulse height at
a specific time delay after reflection from the sample surface. In these images, both caries are detected,
and dentine and enamel are differentiated. Moreover, they investigated a hypomineralization region of
a 200 um thick tooth slice and demonstrated that TPI images can distinguish hypomineralization from
enamel caries (demineralization) [216]. Finally, they demonstrated that even a TPI image of a tooth
hemisection (much thicker with respect to previous slices) can discriminate caries inside it.

A 3D study of dental tissue has been reported in [217]. The enamel-dentine junction in 12 human
incisor teeth has been detected in 91% of the cases. A series of ~100 um deep steps were chemically
produced in order to alter enamel thickness. They were imaged and the authors demonstrated that they
accurately and reliably make direct measurements of enamel thickness; this is necessary for monitoring
enamel erosion, a common dental disorder.

Finally, in order to verify TPI validity and effectiveness in dental caries detection, Kamburoglu et
al. [218] compared TPI (static images and movie video) with common radiological techniques: intraoral
photostimulable phosphor late (PSP) and cone beam CT (CBCT) for the detection of dental caries
ex vivo [218-220]. They demonstrated that TPI shows good performances for caries identification,
compared to the most used techniques, see Figure 9.
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Figure 9. Tooth caries identification with different imaging techniques [218]. (a) White light image.
(b) THz static image at 0.35 THz. (c) THz image from video movie. (d) CBCT (cone beam CT) image.
(e) PSP (photostimulable phosphor late) image. Red arrows indicate dental caries in tooth tissue.

The five images are in agreement in identifying caries regions.

5. Conclusions

In summary, the rapid THz technological advances have led THz radiation to emerge as a promising
and useful tool in medicine. We have outlined the detection techniques of THz pulsed radiation and
biomedical applications, based on the use of TPI systems.

In this perspective, we have summarized the prominent advantages in the use of THz radiation,
with particular attention to THz pulsed radiation. Briefly, we have illustrated THz pulsed sources,
and subsequently incoherent and coherent detectors, that are commercially available and/or of interest
for technological research. The common schematic layouts for reflection and transmission imaging
modes are discussed too.

Concerning the THz radiation properties, we have discussed the major application of TPI
in the field of biomedicine, reporting many examples of ex vivo and in vivo studies, including
cases of histopathological imaging of cancers, which are suitable targets. The enhancement of the
sensing capabilities and penetration depth within tissues, in medical applications, were addressed.
This represents a delicate point to question, and in particular the use of PEAs should require more
attention, and many extended trials should be carried out to allow the application of TPI systems in
clinical fields and hospitals.

Although THz technology is rapidly increasing as a medical imaging modality, and THz imaging
applications in biomedical fields have drawn extensive interest, the technologies are maturing and the
principles have been demonstrated in order to direct efforts towards the realization that THz clinical
applications are viable in the real world.
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Abstract: Terahertz (THz) radiation is a very appealing band of the electromagnetic spectrum due
to its practical applications. In this context, the THz generation and manipulation is an essential
part of the technological development. The demand of THz antennas is still high because it is
already difficult to obtain directive, efficient, planar, low-cost, and easy-to-fabricate THz radiating
systems. In this regard, Fabry-Perot cavity leaky-wave antennas are gaining increasing attention
at THz, due to their very interesting radiating features: the combination of planar designs with
metamaterials and metasurfaces could offer a promising platform for future THz manipulation
technologies. In this short review, we focus on different classes of leaky-wave antennas, based on
materials with tunable quasi-optical parameters. The possibility of producing directive patterns with
particularly good efficiencies, as well as the capability of dynamically reconfiguring their radiating
features, are discussed by taking into account the risk of increasing costs and fabrication complexity.

Keywords: terahertz; leaky-wave antennas; metasurface; liquid crystals; graphene

1. Introduction

The terahertz (THz) band conventionally occupies the region of the electromagnetic spectrum
between the high-frequency limit of the microwaves, often indicated as 300 GHz, and the low-frequency
edge of the infrared frequency range, usually fixed at 10 THz. This corresponds to wavelengths
in the range between 300 um to 1 mm. Historically, THz detection was conceived for interstellar
dust sensing between 100 GHz and 3 THz. Nowadays, several applications have been exploited,
such as molecular spectroscopy and high-resolution imaging [1], non-destructive testing [2], security
screening [3], explosives and drug detection [4], monitoring of water content in human tissues [5],
and high data-rate communications [6,7]. Moreover, THz communications are gaining an increasing
interest, connected to the possibility to have access to Tbps wireless links [8]. In this context, there is a
request to develop antennas, which (i) could be fabricated with low-cost materials, (ii) are light and
simple to integrate, and (iii) may exhibit reconfigurable properties.

Among the class of planar antennas, leaky-wave antennas (LWAs) are promising devices at
THz frequencies. LWAs are travelling-wave antennas and they are well-known radiating systems at
microwaves from decades. In LWAs, radiation phenomena are interpreted as an energy leakage of a
wave that propagates in a partially open structure. The wave propagating in a LWA progressively loses
its energy due to both the (undesirable) losses in the medium and the radiation losses [9]. Because of
such energy outflow, leaky waves are described by a generally complex propagation wavenumber.

The main advantages of LWAs are the simple fabrication and design as well as the ubiquity of
leaky-wave phenomena from microwaves (i.e., the historical starting point of the leaky-wave theory),
to nano-optics (thanks to the current developments in metasurfaces and nanostructured materials).
For this reason, they are perfectly suitable for being scaled at THz frequencies.
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This review aims to analyze and describe the design of novel reconfigurable Fabry-Perot cavity
leaky-wave antennas (FPC-LWAs) layouts for THz applications, focusing on the fabrication constraints
that could have an impact on the FPC-LWA layout in the THz range. After introducing in Section 2
the theoretical background of the leaky waves and the leaky-wave antennas, in Sections 3 and 4, we
focus on two complementary approaches for the design of tunable THz FPC-LWAs by means of an
electro-optical control. In Section 5, we present and discuss the strategies for a wide reconfigurability
of the THz radiation pattern by means of two-dimensional (2D) materials with tunable quasi-optical
parameters. Conclusions are drawn in Section 6.

2. Leaky-Wave Antennas

LWAs are travelling wave antennas in which the propagating modes responsible for the radiation
(i.e., the leaky waves) are characterized by a generally complex propagation wavenumber k, = 8, — ja,,
where B, is the phase constant and a; is the attenuation constant. Moreover, in order to effectively
radiate [10,11], the leaky wave propagating in the structure has to be a fast wave, i.e., characterized by
|B2| < kg where kg is the free-space wavenumber. Therefore, the operation of a LWA is quite different
from a slow-wave or a surface-wave type of antenna, for which radiation mainly takes place at
discontinuities (e.g., at the edge of the structure) [12]. In the absence of ohmic losses, a. takes into
account only power losses due to radiation and it is called “leakage constant”: it represents the rate of
decreasing of the aperture field due to the leakage mechanism of radiation.

LWAs can be divided into several categories, according to their geometrical structure and their
principle of operation [13]. A rigorous description goes beyond the aim of this work and can be found
in [14]. A first distinction can be made between one-dimensional (1D) and two-dimensional (2D) LWAs,
that differ from each other for the nature of the leaky waves propagating in the structure. In the former
case, leaky waves propagate along a longitudinal direction with a planar wavefront; in the latter case,
leaky waves radially propagate with a cylindrical wavefront. This important distinction considerably
affects the radiation features: a 1D LWA usually produces fan beams, while a 2D LWA mainly radiates
pencil beams or fully conical beams.

Then, LWAs can also be divided, according to their structure, in uniform, quasi-uniform and
periodic antennas. This distinction can affect the antenna scanning characteristics. In fact, a uniform
LWA usually scans inside the forward spatial quadrant by varying the operating frequency, while a
periodic LWA can scan the radiation beam in both forward and backward quadrants. However, some
exceptions could exist.

2.1. Fabry-Perot Cavity Leaky-Wave Antennas

FPC-LWAs as those discussed here are 2D quasi-uniform LWAs and can be considered as
partially-open and partially-guiding structures that support the radial propagation of cylindrical leaky
waves [15]. The working principle of these structures is based on the occurrence of a gain-enhancement
and was originally formulated, according to a ray-optics modeling, as a phenomenon of multiple beam
interference [16]. However, the radiation properties of the FPC-LWAs can also be addressed under the
frame of leaky-wave theory [13].

An FPC is able to radiate when the fundamental leaky modes supported by the cavity are excited
by the antenna feed. Interestingly, if a horizontal electric or magnetic dipole is selected as excitation for
the FPC-LWA, the antenna radiates a directive pencil beam at broadside at its frequency of operation.

For frequencies close to the operating frequency, an FPC-LWA emits a conical beam that has the
cone axis along the vertical x-axis (see Figure 1a) [13,17,18].

An FPC-LWA layout consists of a grounded dielectric slab (GDS) covered with a partially reflecting
sheet (PRS) [19]. The PRS can assume several shapes, e.g., a distributed Bragg reflector, a simple
dielectric layer with a refractive index higher than the substrate, or a metasurface. In any case, the
antenna design process is the same, thanks to the leaky-wave approach.
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Figure 1. (a) an example of FPC-LWA fed by an HMD (horizontal magnetic dipole) oriented along
the y-axis [15]; (b) terminated equivalent network representing a waveguide cross-section [13]. An
FPC-LWA is constituted by a dielectric substrate with a metallization (i.e., a mirror) on the bottom
(grounded dielectric slab, GDS) and a PRS (partially reflective surface) on top. A slot for antenna
excitation is etched on the metalized side of the substrate. Note that a back-illuminated quasi-resonant
slot can be modeled as an equivalent horizontal magnetic dipole (HMD).

2.2. Antenna Parameters and Main Rules for FPC-LWA Design

The radiation properties of an FPC-LWA depend on the source type. FPC-LWAs for THz radiation
are usually fed by a horizontal magnetic dipole (HMD) because, differently from a vertical dipole, it
allows for emitting THz radiation in the broadside direction. An HMD is able to excite the pair of
fundamental TE and TM leaky modes, both characterized by a complex propagation wavenumber, as
already discussed in Section 1.

The setting of a proper design of the FPC-LWAs, i.e., a design in which some assumptions are
satisfied [17], is important for describing radiation as caused only by the fundamental leaky modes.
When these two conditions are met (i.e., an HDM is selected as a feed and the FPC-LWA is designed
according to the design rules in [20]), the TM leaky mode affects radiation in the antenna E-plane, while
the TE leaky mode is responsible for the radiation pattern in the antenna H-plane. In the condition of
broadside radiation, nearly the same attenuation and phase constant values characterize the TE and
TM leaky modes: the FPC-LWA radiates an omnidirectional pencil beam.

The pointing angles QOTE and QEM of the beam are measured from the vertical axis (x-axis of
Figure 1) and their expression is [20].

TE,TM \2 TE,TM \2
QEE’TM = arcsin \/ (ﬁz ) - (az ) (1)

ko ko

Equation (1) also defines two regimes of radiation: if f, < a;, the FPC-LWA emits radiation at
broadside; if f; > a;, the FPC-LWA emits a conical beam. When f, = a,, the radiation emitted at
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broadside reaches its maximum value. Such condition is usually set as the operative one and it is the
starting point in the FPC-LWA design process. The antenna beamwidth in the E- and H-plane is [15].

TE T™M
AQTE = 2% sec QgE , AO™ — 2% sec QgM for B, > a,
™
ko

oTE . )
AOTE =22, AO™ =22

for B, = a,

It is important to point out that the beamwidths and the pointing angles are different on the E-
and H-planes when the wavenumber of the TM and TE mode differs, i.e., when the scanning angle
increases. For this reason, in several applications in which the pointing angle changes, it could be
important to select an antenna PRS that shows the same behavior for both TM and TE polarizations.
In this way, the antenna is able to emit an almost circular conical beam when B, > a.

In the leaky-wave theory [13], a leaky-wave antenna is interpreted as a radiating version of
a parallel plate waveguide (PPW), due to the presence of a PRS that allows a radiation leakage.
In fact, a grounded dielectric slab covered by a PRS (instead of a reflecting surface) supports a pair of
fundamental TE-TM leaky modes (instead of the fundamental TE-TM PPW guided modes), that can
eventually radiate if properly excited. Two key geometrical parameters in the design of a FPC-LWA [17]
are the lateral size of the antenna (i.e., with respect to the axis reported in Figure 1a, the antenna
dimensions along the y- and z-axis) and the substrate thickness. The antenna efficiency, i.e., the ratio
between the radiated and the incoming power, is related to the lateral size of an FPC-LWA. In order to
avoid pattern deterioration due to diffraction effects from edges, the lateral size of the antenna (i.e.,
lateral truncation) should be set so as the travelling cylindrical modes have radiated at least 90% of the
input power before they reach the lateral truncation [21].

Under the condition of broadside radiation and of antenna of infinite lateral extent (i.e., radiation
efficiency >90% by design), for the TE and TM fundamental leaky modes, the thickness of the antenna
substrate is given by a simple formula [15].

h= Ao/ (2ns) 3)

where 75 is the antenna substrate refractive index at the design frequency, i.e., the frequency at which

Bz = as.
2.3. Techniques for the Analysis of FPC-LWA Features

Two standard methods are usually employed for the analysis of complex structures: the mode
matching technique [22] and the transverse resonance technique [23]. The mode matching technique
is a time-consuming technique, especially if the domain of interest is composed by more than one
medium. In the situation in which only the determination of the eigenvalues is of interest, the
transverse resonance technique represents an appropriate tool [23]. In fact, the eigenvalues of a
waveguide problem correspond to pole singularities of a suitable characteristic Green’s function in
the complex plane of the propagation wavenumber. This Green’s function can be identified as the
voltage (or current) on a transmission line along one of the transverse direction of the waveguide axial
direction [24,25]. The pole singularities correspond to the transverse equivalent network (TEN) model
resonances and are usually computed using analytical methods.

A general form of terminated TEN is given in Figure 1b. The transverse wavenumber k¢
that corresponds to source-free fields in the waveguide can be derived from the solution of the
resonance equation:

- - - -
Z(ke) = Z(ke) + Z(ke) or Y(ke) = Y (ke) + Y (ke) 4)

- = «

.
where Z, Y, Z, and Y are the impedances or admittances from the left and the right of an arbitrary
reference plane. A closed-form analytical solution to this resonance equation does not generally exist,
except for very simple canonical examples, such as the parallel-plate waveguide [23,26].
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In the simple situation in which the leaky wave can be seen as a perturbation of a mode in a closed
waveguide [25], the transverse wavenumber can be considered as:
ke = kio + Akt 5)

where ki is the wavenumber of the unperturbed mode and Ak is the perturbation. If the cross-section is
homogeneous, the resonance equation can be written in terms of normalized impedances (admittances),
expanded in the point k; = k:

dz’ (k
Z,(kto) + (%) Akt ~0 (6)
t Jk=kg
Aktz—& or Aktz—& 7)

(dZ'<kt> ) (dmt) )
ke ke=kio dke ke=kio

where Z' = Z/Zj is the normalized impedance, and Y’ = Y /Y| is the normalized admittance.

2.4. Fabry-Perot Cavity Leaky Wave Antennas at THz Frequencies

Leaky-wave phenomena occur at any frequency range. For this reason, LWAs working at
THz frequencies are feasible and some examples of devices are already present in the scientific
literature [15,27-44]. In this section, only LWAs working in the frequency band between 300 GHz
and 3 THz are discussed. The choice of this specific frequency band is linked to a technological
challenge that characterizes the so-called “terahertz gap” [45]. In fact, even if the border between
millimeters waves and far-IR has not been delimited yet, below 0.3 THz, facilities developed for the
millimeter waves are available, while, above 3 THz, the mechanisms connected to the description of
far-IR radiation are predominant.

The most studied THz LWA is a leaky waveguide coupled with a hemispherical silicon lens.
It is able to operate at a fixed value of frequency [27,28] or in a frequency band of 0.2 THz [29] until
1.4 THz [30-32] wide. When the device works at a single frequency, it can show a very high directivity
(i-e., the power density emitted by the antenna versus the power density emitted by an ideal isotropic
radiator, when they radiate the same total power); for example [27], of 42.1 dB. Lens-like LWAs able to
operate in a frequency band wider than 1 THz can be employed for practical applications, such as
THz detectors. However, independently from the operating frequencies of the antenna, the radiation
efficiency is always below 75%, due to losses introduced by the coupling with a silicon lens.

With respect to FPC-LWAs, the maximum radiated power at broadside is connected to the
resonance condition of the multiple reflections. For this reason, FPC-LWAs usually work around a
narrow band centered at the resonance frequency of the FPC. The PRS can assume several forms.
In [33-35], the performances of FPC-LWAs with different metasurface geometries are compared.
A metasurface is, in general, a metallic patterned surface, in which the geometrical elements composing
the pattern have dimensions deeply below the operative wavelength [46]. It means that this surface
can be considered as a homogeneous surface with properties depending on the specific geometrical
pattern chosen for the metasurface synthesis. Even if several geometries have been investigated in
the THz range as PRS for FPC-LWAs, none of them has been fully characterized yet. However, they
show advantages common to many LWAs, such as the suitability to miniaturization and integration on
complex devices or the scalability at every THz frequency value of operation. The radiation efficiencies,
computed for the structures presented in [33-35], do not go beyond the 75%, but the high number
of degrees of freedom in the metasurfaces design may allow for higher values. In this context, a
fishnet metasurface has been recently introduced as a spatially nondispersive PRS with a design able
to synthetize surfaces that allow for directivities ranging from 15 to 30 dB [36-38].

An interesting opportunity offered by FPC-LWAs is the possibility to develop THz antennas with
a reconfigurable pointing angle at a fixed frequency. The only two ways, currently present in literature
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in the frequency band of interest, to steer the beam is the use of a graphene sheet as a PRS [39-41] or
the integration in the LWA layout of one or more liquid crystal (LC) layers [15,42]. An alternative way
to steer the beam is to change the operating frequency. An example is presented in [43,44], where a
microstrip LWA with periodic elements is investigated as a THz radar and shows a beam steering over
an angular range of 38°, with a very narrow radiated beam. However, this kind of device has a limited
application as radar to a short range object detection [43].

Other forms of FPC-LWAs working in the THz range will be widely analyzed in the following
sections, where FPC-LWA structures implementing strategies for reconfiguring the emitted beam
pointing angle will be described in terms of design and numerical investigation.

3. Fabry-Perot Cavity Leaky Wave Antennas Based on Tunable Metamaterials

In this section, we start our analysis about the design possibilities offered by different tunable
materials by introducing an FPC-LWA structure made with a GDS covered by a metamaterial.
The metamaterials are artificial materials obtained from the combination of different materials, present
in nature, with spacing and geometrical features below the wavelength dimension. The metamaterial
of Figure 2a consists of a multilayered structure in which layers of material with high refractive index
are interleaved with LC layers. Because of both the ordinary and the extraordinary refractive index of
the LC has a value lower than the other material constituting the multilayer, the PRS can be considered
as a distributed Bragg reflector.

B PEC 0 air i
Zeonor B NLC [ |
[}

B Alumina (Al,05)
O HMD Source

. O

“ee

hy = (2p-1)hc/4 [ RREN |
h, = 2n-1)hyp /4 B koY, B
hy = Mhgy/2 I] Ket, Y1 I]
Z
Ground plane
(a) (b)
Figure 2. (a) cross-section and (b) equivalent network of a multilayer FPC-LWA with nematic LC cells

(NLC) [42].
3.1. Liquid Crystals for THz Antenna Design

Liquid crystals are materials that exhibit a solid crystalline phase, a liquid phase and intermediate
phases in which they flow like a liquid, but show a preferred orientation. These intermediate phases
are called mesophases. It is possible to distinguish several mesophases by changing temperature,
concentration, constituents, substituents, or other LCs or environmental properties [47]. Materials
constituted by molecules with an anisotropic shape could reveal mesophases. For this reason, it is
common to refer to LCs as rod-like molecules [48]. Thermotropic are the most extensively studied LCs.
They exhibit different mesophases as temperature increases. When the thermotropic LC is in a nematic
phase, its rod molecules have a random position. The nematic phase could remind a liquid; however,
LC molecules are aligned in the same direction defined by a unit vector called director.

When an external perturbation field is applied on LCs in nematic phase, they are subjected to
deformation, as a solid. However, in a solid, the stress produces a translational displacement of
molecules while, in LCs, molecules rotate in direction of the force without any displacement in their
centre of gravity. In general, in nematic LCs subjected to an external electric field, the director vector
experiments a torque force. LCs respond to this external force with a reorientation of their long axis,
which is influenced by several factors.
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Thermotropic nematic LC layers are usually employed in a confined geometry, called “cell”, i.e., a
cavity in which the top and bottom walls are covered with thin layers of polymeric material, typically
a polyimide or polyamide. In free space optics, the edges are usually neglected as these lie outside
the useable area of the device. This thin layer undergoes a mechanical [49] or optical [50] process
able to align the polymer chains in a same direction (planar homogeneous alignment). When the
nematic LC is in contact with this layer, it is energetically favourable that the LC director has the
same direction of polymer chains. In this way, the first layer of rods is considered as anchored to the
cell walls. The second layer follows the alignment pattern of the first layer, but experiments a lower
anchoring, and so on. When LC molecules are strongly anchored to a boundary, surface interactions
are not considered in the evaluation of rod molecules motion in nematic LCs due to external field
interactions [47].

Moreover, the electronic response of LCs to an external electric field is characterized by its dielectric
constants (or refractive indices), as well as electrical conductivities. These physical parameters are
dependent on the direction of the external field and to its frequency: the dielectric permittivity is a
tensor and its elements are, in general, complex numbers. Rod-like molecules are usually uniaxial LCs
and the permittivity tensor is:

B &1 0 0
e=¢l 0 e O (8)
0 0 €

and similarly for the conductivity tensor. In Equation (8), the dielectric permittivity is considered as the
product of the vacuum permittivity ¢y and the extraordinary relative permittivity ¢, of the LC, when
the director is parallel to the applied field, and it is the product of the vacuum permittivity ¢y and the
ordinary relative permittivity ¢, of the LC, when the director is perpendicular to the applied field.
Pure organic LCs are highly purified nonconductive materials (i.e., o = 0), though they may become
conductive by adding ions and impurities. Electrical conductivity influences director orientation,
chemical degradation and LC lifetime.

Regarding dielectric permittivity, in most cases, ¢ > ¢, due to molecular structure and constituents.
This condition is called positive anisotropy, i.e., Ae = (é‘” —¢ J_) /Seq > 0, where Seq is the order parameter
under equilibrium condition. In general, the elements in dielectric permittivity tensor are frequency
dispersive and some LCs could change their anisotropy from negative to positive by increasing external
field frequency [47].

When an external electric field E is applied, if its strength is more than a critical value Ef, called
Freedericksz transition [51], the LC director rotates by an angle 6 with respect to its rest position, trying
to align itself with the field direction:

1 1
i/ K \2 K \2
Er=7{5c) orVe= () ©)

where d is the distance between the electrodes which apply the field, and K is a local field factor. K
takes into account the Frank elastic constants describing LC director deformation: the splay modulus
k11, the twist modulus kyp, and the bend modulus k33 [48]. Under the condition of strong anchoring, if
the external field induces a reorientation of the director from parallel to perpendicular with respect to
electrodes plane:

1
K=k + Z(k33 - 2kp) (10)

The rod molecules reorientation determines a change in a LC dielectric permittivity as well as in
its refractive index. In fact, as discussed above, in the absence of external fields, LC permittivity is
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expressed by Equation (8). For values of applied voltage higher than the Freedericksz transition, it
becomes [47]:

_ €l 0 0
e=¢| 0 € O (11)
0 0 &

In the application of Figure 2, we consider the nematic LC mixture 1825 [52,53] due to its high
birefringence and moderate losses in the THz frequency range. The selected LC has an ordinary
and extraordinary permittivity equal to ¢, = 2.3 and ¢ = 2.42 at 1 THz, Frank elastic constants
k11 =125 pN, kpp = 7.4 pN, k33 = 32.1 pN, and viscosity y = 311.55 mPa-s [52,53]. As every uniaxial
LC, the 1825 mixture has a permittivity that, for V = 0, can be described by Equation (8) and, for V
> Vg, is represented by Equation (11). For intermediate state, i.e., for 0 < V < VF, the permittivity
tensor is no longer represented by a diagonal matrix. However, if the LC director is aligned along the
z-axis, and a low driving voltage is applied, the LC molecules tilt in the xz-plane exhibiting a negligible
rotation over both the yz- and the xy-plane [15,42]. With this approximation, the LC can still be locally
modelled as a uniaxial crystal. The permittivity tensor can be generically expressed as:

(V) 0 0
aV)=| 0 &) 0 (12)
0 0 e(V)

where ¢ = pe,(V). The assumption of uniaxial LC is important in the design of an FPC-LWA because
it allows for modeling the antenna by means of a simple TEN. In the following, we will consider
only the two limiting cases V = 0 and V > V§, while the value of the permittivity in the LC layer is
considered as a medium value in the selected direction (i.e., it takes into account the local variations
due to the anchoring effect).

3.2. Design of the Fabry-Perot Cavity Leaky-Wave Antenna with Liquid Crystals

The innovative elements of the FPC-LWA in Figure 2 are its capability of changing its equivalent
impedance by applying an external bias voltage to the LC cells. The change in impedance corresponds
to a variation in the FPC-LWA pointing angle at the operative frequency. The FPC-LWA’s multilayer is
a stack of alumina layers (¢, 4; = 9, tan6 = 0.01, at 1 THz) and LC cells. The multilayer is placed over
a GDS made with Zeonex E48R (¢,,7, = 2.3, tan 6 = 0.006, at 1 THz, Zeon Corporation, Tokyo, Japan),
a cyclic olefin copolymer with a permittivity matched with the ordinary permittivity of the selected LC
mixture. In this way, it is possible to enhance the resonance condition of the FPC [54]. The thickness of
the layers in the stack is fixed at odd multiples of a quarter wavelength in the corresponding media.
This choice guarantees that the FPC-LWA is able to radiate a narrow beam at broadside, i.e., the antenna
is highly directive at broadside.

The equivalent circuit model of the multilayer FPC-LWA with LCs is reported in Figure 2b.
The TEN takes into account the LC anisotropy and is the starting point of the dispersion analysis.
When no voltage is applied to the LC layers, the LC molecules are oriented along the z-axis and
&2(V =0) = ¢ (compare Equation (8)). When a voltage V > Vp is applied to the LCs, the rod-like
molecules reorient their principal axis parallel to the external E-field and ex(V > Vi) = ¢ (compare
Equation (11)). With regard to the transverse transmission line model (Figure 2b), the characteristic
admittances, Y3, and the normal wavenumbers, k,3, of the LC layers for both transverse-electric (TE)
and transverse-magnetic (TM) polarizations (with respect to the xz-plane) are functions of the bias
voltage. Their expressions are given by:

weoe; (V)

YIF = B ang vV =
wlo Ky

(13)
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(Vv
KE = 2o, Rand kM= [V vy _je (14)
ex(V)

where kj is the vacuum wavenumber, k, and k, is are the wavenumbers in x- and z-directions,
respectively, ¢ is the vacuum dielectric permittivity, and p is the vacuum permeability. However, the
selected LC mixture is uniaxial and ¢, does not depend on the applied voltage: only the fundamental
TM leaky mode is affected by the external bias and, thus, the TE leaky mode is not of interest in this
investigation. It also allows for showing the LWA radiation features only in the E-plane (i.e., the
xz-plane), that is the plane affected by the TM leaky mode [17].
The dispersion equation relates the frequency and the complex longitudinal wavenumber k..
The dispersion equation can be obtained by applying the transverse resonance technique to the
transverse equivalent network of Figure 2b. Equation (4) evaluated at the cross-section correspondent
tox = hy is
Yini — YoM cot(kyoho) = 0 (15)

where the input admittance of the i-th layer can be written as [42]

Yini41 cos(kyihi) + Y™ sin(ky i)
YM cos(ky,ifti) + jYin,it1 sin(ky i)

Yini = Y™ (16)

where Y;rM is the characteristic admittance of the i-th layer, k, ; is the transverse wavenumber of the
i-th layer, and h; can be considered as the i-th layer thickness.

We can consider a multilayer FPC-LWA layout working at fo = 1 THz, as a case of study able
to underline the excellent reconfigurable properties of the proposed structure [42]. The number of
layers that constitutes the stack is fixed at 5, i.e., three alumina layers of thickness equal to 75 um
and two LC cells 100 um thick. Dispersion curves computed between 0.8 and 1.2 THz by means of
leaky-wave theory [55,56] are presented in Figure 3a. They are a family of curves obtained gradually
changing the voltage between zero (red curve) and the threshold voltage V. > Vg (blue curve). From a
numerical viewpoint, the voltage changing corresponds to a dielectric permittivity commutation as
reported in Equation (12), where ex(V = 0) = ¢, &y (V =10) = ¢1, &,(V =0) = €1, ex(V = Vp) = €1,
ey(V =Vp) = ¢,,and &,(V = V§) = ¢). Intermediate results can be obtained for intermediate values
of voltage, i.e., intermediate values of dielectric permittivity in the x- and z-directions. For the proposed
LC cell thickness, values below 20 V are sufficient to cover almost the complete switching range,
as can be derived from LC dynamic complex numerical models that take into account molecules’
orientation states at intermediate voltage values [57]. For simplifying the analysis, it is assumed that
LC relative permittivity linearly varies with the applied voltage. For this reason, the unbiased and
biased states are always correctly predicted. Conversely, the dynamic variation of f, = f./ky and
&, = a;/kg, corresponding to voltage values between 0 and 20 V, could change if the permittivity
tensor is computed for the intermediate biasing states.

The frequency at which the splitting condition f3, = @ is achieved can be considered as the
operating frequency. For this case of study, the operative frequency is fixed by the value obtained
when the voltage is equal to Vo (blue curve), which corresponds to the design frequency. In fact, once
the operating frequency is fixed, it is possible to change the value of the normalized phase constant ﬁz
by simply decreasing the external voltage. On the contrary, the value of the normalized attenuation
constant 4, remains almost the same, such that ﬁz > &,. This would allow the steering of the THz
beam with a quasi-constant beamwidth (because it is proportional to &, that does not change with the
voltage) at a fixed frequency.
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Figure 3. (a) dispersion curves of the fundamental TM mode computed by means of leaky-wave
theory [55,56]; (b) radiation patterns predicted by leaky-wave theory (dashed lines) or by means of
full-wave simulations with CST (solid lines) [55,56,58].

The radiation patterns, computed by means of both leaky-wave theory and full-wave
simulations [58], are reported in Figure 3b and confirm the results achieved from the dispersion
analysis. The antenna excitation is modelled with an HMD placed on the ground plane. HMD source
can be used to model a slot etched in the ground plane and back-illuminated by a coherent THz source,
such as QCLs or photomixers. For deriving radiating patterns, two methods are used: (i) taking into
account only the contribution of the relevant leaky mode (dash line) and (ii) computing them by means
of full-wave simulations (solid line). Radiation pattern for the unbiasing state (blue lines) shows a
very good agreement between LWA theory and simulations. However, in the biased state (red lines),
the LWA theory does not provide an accurate evaluation. This is probably because a higher-order
leaky-wave mode could be present, increasing the sidelobe level. Full-wave simulations, however,
correctly predicts this effect. In fact, the thickness of the LC layers extends the range of tunability, but
degrades the radiation patterns. In [42], some solutions that take into account different number of
layers and different thickness of the layers are introduced and discussed.

4. Liquid Crystal Cell as a Grounded Dielectric Slab

An alternative strategy that can be employed for steering the beam emitted by an FPC-LWA
consists in substituting the GDS with a slab of anisotropic material, i.e., with a layer of LC. In fact,
an external voltage on the LC cell is able to tune the values of the nematic LC’s permittivity tensor,
dynamically affecting the propagation properties of the modes supported by the grounded anisotropic
dielectric slab (GADS). The starting point in the design of FPC-LWAs with an anisotropic substrate is
to carry out a comprehensive analysis of the modal spectrum supported by a GADS. It constitutes a
solid background for optimizing the performances of the GADS when it is covered by a PRS, i.e., when
the radiation is enabled [59].

4.1. The Grounded Anisotropic Dielectric Slab Model

The analysis of both the leaky and the surface waves excited by an HMD and supported by the
GADS is performed in the frequency range between 0.25 and 2 THz. As in the previous section, two
limiting cases are numerically studied: the LCs are unbiased (V = 0) and a bias voltage that fully
reorients the LC molecules is applied (V > V). Again, the LC mixture 1825 is selected (1, = 1.554 —
j0.018 and 1 = 1.941 — j0.022 at 1 THz, where n, = /e, and . = VE))- According to Equation (3) and
considering a design frequency of 1 THz, the LC slab thickness is 96.5 um. In this way, the LC layer
is an FPC at 1 THz and the TE mode always experiments the FPC at 1 THz, even if the LC is biased.
Figure 4 depicts the model employed in the study of the GADS complex mode spectra. The model
consists of an air region, the LC slab and a ground considered as a perfect electric conductor (PEC).
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The electrodes for the LC biasing are neglected as a first approximation because they do not remarkably
affect the modal analysis.

e
B pec kxo Z, kxo2 = kOE - kzz
€y
. 0-
t| g =
N o k, Z k2= k2,2 k2
Ground plane -t
s T
(a (b)

Figure 4. (a) cross-section of the model of the GADS and (b) its equivalent circuit network [59].

The modal analysis of the GADS can be carried out by means of the TRT applied to the equivalent
network of the structure, as described in Section 2.3. However, the simple TEN model of Figure 4a is a
good approximation of more rigorous models developed in literature [60,61] when the LCs are uniaxial
and their ¢ and ¢, differ less than 50%. The characteristic admittances and the normal wavenumbers
of the LC layer for both the TE and the TM polarizations (with respect to the xz-plane) are the same as
in Equations (13) and (14). The selected LC mixture is uniaxial and ¢, does not depend on the applied
voltage. Equation (4) evaluated at x = 0 gives the following dispersion equation for the TM mode of
the GADS:

JY™ cot(kyoho) = YoM (17)

where Yo™ is the TM characteristic admittance in the air.

4.2. Modal Spectra of Grounded Isotropic and Anisotropic Dielectric Slab

The modal analysis involves two structures: the GDS and the GADS. In the GDS, the permittivity
has an isotropic value and it is equal to either ¢, = ¢, or ¢, = ¢|; in the GADS, the permittivity is
the tensor of Equation (12). The complex mode spectra resulting from the dispersion analysis are
presented in Figure 5 and are slightly different between the GDS and GADS, confirming the importance
to modeling the permittivity of the substrate as a tensor. The normalized phase constant of the
surface-wave modes (SW) does not show significant variations between the GDS and the GADS models.
The leaky-wave modes (LW) are characterized by values of the normalized attenuation constant that
never decrease below 0.75. For this reason, the LW cannot represent a contribution to the radiation
and the grounded slabs need to be covered by a PRS for working as antennas. This aspect will be
investigated in the future. However, the normalized phase constant (related to the FPC-LWA pointing
angle, as expressed in Equation (1)) of the LW shows a significant variation due to the birefringence
of the selected LC mixture. This suggests that the GADS once equipped of a PRS may represent an
interesting solution for performing the beam steering of the THz radiation.

The analysis presented in Figure 5 is a preliminary numerical study that may constitute
a solid background for the experimental implementation of LC-substrate FPC-LWAs with THz
beam-steering capabilities.
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Figure 5. (a) normalized phase constant and (b) normalized attenuation constant spectra of the TM
modes of a GDS (black and gray lines) and a GADS (red and blue lines) obtained by changing the
values in the LC permittivity tensor. Proper modes are depicted in solid lines, physical and nonphysical
improper complex modes are represented in dotted and dashed lines, respectively [59].

5. Graphene Fabry-Perot Cavity Leaky Wave Antennas for THz Beam Steering

In the previous examples, we have seen how it is possible to enhance beam-steering capabilities at
fixed frequency in FPC-LWAs by exploiting the tunable features of liquid crystals. However, in such
LC-based devices, the beam can only be steered along a principal plane, namely the E-plane, since
only TM leaky modes are affected by the axis re-orientation of the LC permittivity sensor. In order to
fully switch from a pencil beam to a conical beam, both TM and TE leaky modes need to be affected by
the application of a bias voltage. Remarkably, graphene-based FPC-LWAs have recently been shown
to effectively provide for such radiating features [62-64]. Indeed, one of the most intriguing features
exhibited by graphene (the two-dimensional version of graphite) is the electrical field-effect, i.e., the
capability to change its surface conductivity (which completely describes its electrical properties, being
graphene a 2Dmaterial) through the application of a bias voltage [65]. In particular, in the THz range,
graphene exhibits moderate ohmic losses and a wide variation of reflectivity as the bias is raised
from zero (very low reflectivity) to tens of Volts (moderate/high reflectivity) [66]. Interestingly, in the
low THz range and for fast waves (as radiating leaky waves), graphene exhibits the same surface
conductivity for both TM and TE polarization [67]. As a consequence, when a bias voltage is applied to
graphene, both TM and TE leaky modes are affected, and to the radiating features along the principal E-
and H-plane, respectively [63,68-70]. Two relatively simple realizations of graphene-based FPC-LWAs
are the graphene planar waveguide (GPW) [68] and the graphene substrate superstrate (GSS) [69].

5.1. Graphene Planar Waveguide

A GPW is the simplest configuration of graphene-based FPC-LWAs. In practice, the PRS is
represented by a uniform graphene sheet that is placed above a A/2 thick grounded dielectric slab
(usually silicon oxide), fed through a sub-resonant slot etched in the ground-plane and back-illuminated
by a THz source (as depicted in Figure 1). The graphene sheet can be biased by placing a thin layer
of a low-loss THz conductive polymer beneath the graphene sheet and contacting the layers with
two electrodes (see Figure 6a). The greatest the bias voltage, the highest would be the reflectivity of
the graphene sheet [68]. However, the value of the maximum bias voltage depends on the voltage
breakdown of the dielectric filling the gap between graphene sheet and the conductive polymer (see
Section IV in [63] for an in-depth discussion). For antenna applications, a value of bias voltage that raises
the chemical potential of graphene up to 1 eV is considered a good trade-off (an approximate relation
between the chemical potential and the bias voltage can be found e.g., in [40,66,68]). In particular,
in the case of the GPW studied in [68], when the graphene chemical potential is raised to 1 eV, the
GPW radiates a pencil beam at broadside. By progressively lowering the bias, the beam evolves in a
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conical beam reaching a maximum angle that is dictated by both the graphene quality and the substrate
material (see Figure 6b—c). In this regard, we should mention that graphene quality considerably
affects the antenna radiating features, and very high quality graphene flakes are needed to achieve
a satisfactory performance with a GPW. However, even using high-quality graphene, a GPW is not
capable of radiating highly-directive beams. This limitation is due to the both the non-negligible ohmic
losses of graphene and the moderate values of its reflectivity. Therefore, in order to improve directivity
in graphene-based FPC-LWAs, a PRS with a higher reflectivity is needed. This idea is realized in the
GSS [69].

W High-breakdown dielectric
W Graphene sheet

Ground plane (PEC)

(a) ®) ©

Figure 6. (a) a sketch of the GPW described in 5.1 [55]. In (b,c), the evolution from a pencil beam to a
conical beam as the chemical potential is lowered from 1 eV to 0.5 eV, respectively [70]. The radiation
patterns are obtained through CST full-wave simulations [58].

5.2. Graphene Substrate Superstrate

In a GSS, a A/4 thick superstrate layer of a high refractive index material (e.g., Hafnium Oxide) is
placed on top of the low-refractive index dielectric substrate, whereas the graphene sheet is lowered
down to an optimal position between the ground plane and the substrate-superstrate interface (see
Figure 7a). Such an optimal position can be retrieved from semi-analytical approaches

Ground plane (PEC)

(@ ®) ©

Figure 7. (a) a sketch of the GSS described in 5.2 [55]. In (b) and (c), the evolution from a pencil beam to
a conical beam as the chemical potential is lowered from 1 eV to 0.3 eV, respectively [70]. The radiation
patterns are obtained through CST full-wave simulations [58].

where the objective function is represented by the search of a position that maximizes directivity
at broadside [69]. The result is a position in a middle-of-the-way between the substrate—superstrate
interface (Where the interaction between graphene and the tangential electric modal field is expected
to be minimum) and the middle of the substrate (where the interaction between graphene and the
tangential electric modal field is expected to be maximum). The reason for this result lies in the
graphene electrical properties: the optimal position has to counterbalance the benefits of graphene
tenability and reflectivity with the drawbacks of graphene ohmic losses, whose effects are more
prominent in the points of maximum interaction with the electric field (see the relevant discussion
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in [63]). As a result, the GSS exhibits a higher directivity and a slightly reduced rate of reconfigurability
with respect to the GPW (see Figure 7b—c). Nevertheless, the GSS offers more degrees of freedom to
design FPC-LWAs with certain radiating features. In both cases, the quality of graphene plays a crucial
role, and this aspect is still hindering a first experimental validation of these concepts.

6. Conclusions

Leaky-wave antennas are fast traveling-wave antennas, in which radiation occurs thanks to a
power leakage during the wave propagation. They are antennas characterized by a high directivity and
by the possibility to be employed as radiating systems at microwaves as well as at optical frequencies.
For these reasons, LWAs seem to be particularly suitable for being integrated in THz systems. Among
the several existing LWAs typologies, FPC-LWAs are attractive structures because they allow for
tuning the radiating features by applying an external voltage. In this review, some strategies for
implementing a reconfiguration of the emitting radiation have been discussed and some examples
have been analyzed.
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