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Relativistic electron beams are used successfully
to generate electromagnetic waves. Both narrow-band
and short-pulse THz generators of such type are de-
scribed with examples of the free electron lasers
(FELs) and prebunched-beam devices.

FELs (see, e.g., [1]) convert the power of relativ-
istic electron beams to narrow-band radiation. The
main component of an FEL is a special spatially peri-
odic magnetic system, called undulator (see, e.g., [2]).
The undulator magnetic field curves electron trajecto-
ries; therefore, electrons emit narrow-band electro-
magnetic radiation in free space. The scheme of the
FEL amplifier is shown in Fig. 1.
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Fig. 1. The scheme of FEL amplifier: 1 — incoming electron
beam, 2 — undulator, 3 — used electron beam, 4 — incoming
electromagnetic wave, 5 — amplified electromagnetic wave

FELs use a phenomenon of the stimulated undu-
lator radiation. i. e. bunching of electrons by an exter-
nal electromagnetic wave and an increase of the wave
field amplitude by addition of the field emitted by the
bunched electron beam. On the other hand, FEL can
be considered as travelling wave tube. Then undulator
is necessary to provide (i) interaction of electrons
with transverse electromagnetic wave and (ii) fast
space harmonic of transverse electron current.

The particular problem of terahertz FELSs is large
diffraction divergence of the amplified wave. It re-
quire either large aperture of undulator, or the use of
waveguide inside undulator. The first solution leads to
the increase of the undulator period and correspond-
ing increase of the electron energy. Moreover, big
diameter of radiation beam leads to lower amplitude
of electromagnetic field (at fixed power) and lower
amplification. The second option is suffers from sig-
nificant power losses. Therefore, it requires high
enough FEL gain. For high average power FEL, the
sufficient waveguide cooling has to be provided.

Another issue of FELs is the way to vary the radi-
ation wavelength. The wavelength of the undulator
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depends on the undulator period Ay, the electron ener-

gy ymc? and the undulator parameter K =
eBLu/(2nmc?) (c is the velocity of light, e and m are

the charge and the mass of electron, correspondingly),
which is proportional to the amplitude B of magnetic
field. The most straightforward way is to vary the
electron energy. However, in fact, it is rather compli-
cated, as require changing many parameters of an
electron accelerator, which is typically optimized for
some particular energy. The variation of the magnetic
field amplitude is the most common now. It is
achieved by variation of current in the coils of elec-
tromagnetic undulators or by variation of the gap be-
tween upper and lower parts of permanent magnet
undulators. The drawback of the field amplitude vari-
ation is that at shortest wavelength of the tunability
range the undulator performance is far from the opti-
mal one. Indeed, for such a low field amplitude, one
can build an undulator with shorter period and larger
pole numbers at the same length. Last decade we de-
veloped the third option — the variation of the undula-
tor period [3, 4]. Variable period permanent magnet
undulators were built and tested successfully [5, 6].
Next year we plan to install the variable period undu-
lator to Novosibirsk FEL facility (see [7, 8]). It will
replace one of the old electromagnetic undulators
there.

For some applications, short high-field pulses are
required. Contemporary accelerator technology pro-
vides very short electron bunches. The common way
to do it is the use of radiofrequency (RF) electron
guns with photocathodes (see, e.g., [9]). Using com-
mercial lasers one can obtain few-picosecond electron
bunches with electric charge Q of about 1 nC and
normalized emittance of about 1 micron. The bunch
charge is limited by Coulomb repulsion of electrons
inside the RF gun. After acceleration, the bunch can
be compressed to sub-picosecond duration T. Then
the energy of the field around the bunch, which can be
converted to the electromagnetic pulse energy, W ~
Q?(cT) may reach 1 mJ. One of the possible radiators
in this case is transition radiation, when the bunch
passes through a conducting foil. The efficiency of
such radiator may be enhanced using many foils and
combining signals from them. The example of such a
device, the multifoil radiator [10], is shown in Fig. 2.
Short electron bunch passes through the conical foil
stack along the cone axis z. After the bunch has
passed through the gap between two of the foil disks,
the induced electromagnetic wave propagates radially
outward. As the pulses reach the foil boundaries, they
merge and form the conical radially polarized wave.
One can also say that this radiator is the Cherenkov
one with strongly anisotropic media. The device was
tested [11] with the short bunch from laser plasma
wakefield accelerator.



Fig. 2. The scheme of the conical multifoil radiator
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Three-dimensional topological insulators (TI) be-
long to a fascinating class of quantum matter and dis-
play fundamentally different electron energy spectrum
at the surface and in the bulk. The bulk energy spec-
trum of a Tl is typical for a semiconductor, whereas
spin-polarized gapless electron states with the linear
dispersion relation exist on the Tl surface. Theoretical
prediction of topological surface electron states and
their further observation by angle resolved photoe-
mission spectroscopy for narrow-gap Bi,Ses semicon-
ductors initiated extensive studies of electron
transport aimed at revealing the topological electron
states. On the other hand, ARPES does not provide
direct information on the surface conductivity, and the
main interest to topological surface states was stimu-
lated by hopes to use the electron transport via these
states. This electron transport is topologically protect-
ed against backscattering, and the carrier effective
masses are very small due to the Dirac energy spec-
trum of the TI states. In most of the cases, however,
this surface electron transport is shunted by conduc-
tivity via the bulk of a sample since most of the topo-
logical insulators are narrow-gap semiconductors with
the Fermi level lying on the background of either
conduction or valence band. The second approach that
is applied in this paper uses optical excitation of sur-
face electron states. It turns out that this approach is
not very sensitive to the bulk conductivity and pro-
vides therefore valuable information on features of
conducting surface states.

The second methodological aspect used in our
experimental approach is the following. Comparison
of experimental data corresponding to the topological
and trivial phases is expected to be very helpful in
extraction of transport features of TI. Therefore mate-
rials that manifest a transition from the topological to
the trivial phase are of a special interest. Mixed (Bii-
«Iny)2Ses crystals are a brilliant example of such mate-
rials, for which this kind of transitions has been ob-
served in the range of compositions x ~0.03 — 0.07

according to different dataset available.

(BirxIny)2Ses (0 <x<0.18) single crystals were
grown by the Bridgman method. The alloy composi-
tion x was determined by the XRD and X-ray fluores-
cence analysis. Photoluminescence spectra of the
samples were taken to define the energy spectrum
parameters. The PL spectra show that the bandgap
decreases with increasing temperature for samples
with the inverse energy spectrum, and it rises for di-
rect spectrum samples. It has been determined that in
the range of (Bii-xInx)2Ses solid solutions, the bandgap
varies with the rate of dEg/dx =41 meV/mol.%, and
the gapless state corresponds to x ~ 0.06.

The Hall effect measurements reveal that all sam-
ples are highly degenerate semiconductors with the
free electron concentration ~ 10%° ¢cm and mobility
varying in the range ~ 102 — 10° cm?Vv-s. We have
studied the photoelectromagnetic (PEM) effect under
the action of terahertz laser radiation. This effect man-
ifests itself as a voltage drop across the sample in the
direction perpendicular to the magnetic field applied
in-plane of a sample, and the incident radiation is
normal to the sample surface. The PEM effect was
studied at temperatures 4.2 K— 20 K in magnetic
fields up to 3 T using laser pulses at the wavelengths
of 90, 148 and 280 um. The peak power of the inci-
dent radiation was up to 10 kW and varied by cali-
brated attenuators.

The PEM effect was observed in all the samples
at T<14 K, at all laser wavelengths employed. The
PEM effect signal repeats the temporal shape of a
laser pulse. In all samples studied, the peak PEM ef-
fect voltage (the PEM effect amplitude, Upewm) linearly
depends on the magnetic field in low fields
B <~ 15T, after which the Upem value saturates. The
PEM effect sign corresponds to the net electron flux
directed from the sample surface to its bulk. Since the
energy of the terahertz radiation quanta is about
10 meV which is much less than the Fermi energy in
the samples studied (~ 130 meV), photogeneration of
extra free charge carriers is impossible. The net elec-
tron flux from the sample surface results from a gra-
dient in electron mobility between the sample surface
and its bulk and is an evidence of enhanced mobility
values of the surface electrons both in the topological
and trivial phases. The close PEM amplitude mean-
ings observed for samples with different bulk mobility
magnitudes demonstrate that PEM effect turns out to
be insensitive not only to the bulk carrier concentra-
tion but to the bulk mobility as well.

The samples with x=0 and x =0.12 which are
characterized by close energy gaps and free electron
concentrations, but possess either inverse, or direct
energy spectrum were chosen for the detailed study of
the PEM effect. Upem depends almost linearly on P
for a given value of 1 both for x =0 and x = 0.12. At
the same time, in the sample with x =0.12 being in
the trivial phase, the PEM effect amplitude practically
does not depend on the wavelength of the incident
radiation, whereas it does depend on A for the sample
with x =0 being in Tl phase. On the contrary, the
Upem Vvalue calculated as a function of the number of
incident radiation quanta N = PA/hc does not depend
on the laser wavelength for the sample with x = 0 and
does depend on it for sample with x = 0.12.

Such a behavior may arise from fundamentally
different relaxation processes features for non-


mailto:khokhlov@mig.phys.msu.ru

equilibrium carriers in Tl and TS. If the excited elec-
trons first thermalize in the surface area and after-
wards the diffusion process begins, giving rise to the
PEM effect signal, the net diffusive electron flux is
defined by the electron temperature gradient between
the surface layer and the bulk which is governed by
the radiation power absorbed. In case of electron gas
thermalization time enhanced the diffusion of un-
thermalized electrons from the surface turns out to be
a limiting process which leads to the PEM effect de-
fined by the incident photon density. It can be sup-
posed that in Tl thermalization time of the non-
equilibrium carriers may be enhanced due to strong
damping of interaction between spin-polarized elec-
trons in the topological layer.

Another example of a system that undergoes a
transition from the topological phase to the trivial one
upon change in the composition are mercury cadmium
telluride HgixCdxTe solid solutions. At x <~0.16
these semiconductors demonstrate an inverted band
structure ordering which corresponds to the topologi-
cal phase. The conduction band and the heavy hole
subband touch each other providing a gapless state in
the whole composition range 0 < x <0.16. The posi-
tive energy gap opens, and the trivial state is realized
at x > 0.16. In contrast to the most of 3D topological
phases, the free carrier concentration in HgixCdxTe
topological phase is low enough to observe the photo-
conductivity effect in the terahertz spectral range.

In this work, we present our experimental results
on the photoconductivity excited by terahertz laser
pulses in Hg1.xCdxTe epitaxial films in a close vicinity
to the band inversion point. We demonstrate that, for
the topological phase, the photoresponse is an uneven
function of the magnetic field applied. This behavior
is atypical for the conductivity and photoconductivity
which normally do not depend on the magnetic field
polarity.

Hg:1xCdxTe films of ~5 um thickness were de-
posited on a semi-insulating GaAs (013) substrate
with ZnTe and CdTe buffer layers by the molecular
beam epitaxy. The free electron concentration deter-
mined from Hall measurements is ~ 3-10*cm™ at

T = 4.2 K. The photoconductivity measurements were
performed for the Hall bar samples with x<0.16
(topological phase, inverted band structure), and
X >0.16 (trivial phase, normal band structure) in the
Faraday geometry at T = 4.2 K. The photoexcitation
was carried out using pulsed laser radiation with a
wavelength varying from 90 to 496 um. Duration of
laser pulses was about 100 ns. Magnetic field applied
wasupto4T.

We have observed the positive and the negative
photoconductivity effects in the absence of the mag-
netic field in the samples with the inverted and the
direct energy spectrum, respectively. The negative
photoresponse is related to the electron gas heating,
while the positive photoconductivity is due to the in-
terband transitions.

It has been found that the photoresponse in the
samples being in the topological phase strongly de-
pends on the combination of both the magnetic field
polarity and the potential probe position. For a given
pair of the potential probes, the photoconductivity in
weak magnetic fields B < 1 T is featured by the posi-
tive contribution which is absolutely suppressed for
the opposite magnetic field direction, as well as for
the mirror-like potential probes across the sample.
The negative photoconductivity prevails in strong
magnetic fields B > ~1 T. The asymmetric photore-
sponse in magnetic field may be due to the spin-
related features of the carriers in topological phase.

The photoresponse practically does not depend on
the magnetic field and is insensitive to the magnetic
field polarity and the probe position for samples being
in the trivial phase.

Normally, the conductivity and photoconductivity
do not depend on the magnetic field polarity. We sug-
gest that the effect is due to the diffusion of photoex-
cited electrons from the bulk to the topological layer
at the interface between the trivial buffer and the
topological film. Linking of the spin direction to the
momentum direction plays a crucial role in the mech-
anism of the effect appearance that is suggested.
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Water is essential for most life processes and
the most biological and chemical processes occur in
an aqueous environment. It is believed that water
strongly influence the structure and function of bio-
molecules as an active partner. Water molecules in
liquid state has a very complex structure which is
connected by hydrogen bonds with surrounding mole-
cules. Typically, liquid water forms four hydrogen
bonds which form tetrahedral structure of water mole-
cules. This water structure constantly fluctuates via
breaking and forming of hydrogen bonds. Therefore,
the structure and dynamical properties of liquid water
have long been a subject of many researchers in the
environment of various biomedical systems such as
biomolecules, ion solution and skin. Various experi-
mental and theoretical study were used to understand
detailed structure and dynamic properties of water
molecule. In this presentation, the hydration dynamics
investigated in the biomedical systems including
membrane hydration, ion hydration and skin hydra-
tion using terahertz waves will be presented.

The properties of interlamellar water are critically
important to the structure and function of biological
membranes. The most relevant interactions include
weak hydrogen bonds among water molecules and
between water and the polar or ionic groups of the
biomolecule, long-range Coulomb forces, and
hydrophobic forces. Various experimental techniques
have been used to study the properties of hydrating
membranes, including neutron scattering [1,2], nucle-
ar magnetic resonance (NMR) spectroscopy [3,4],
infrared spectroscopy [5], ultrafast vibrational spec-
troscopy [6], and terahertz spectroscopy [7]. Dielec-
tric spectroscopy used in this study is an important
tool to obtain information of intermolecular dynamics
of water molecules in fluctuating hydrogen bond net-
work. Debye describes the dielectric constant of water
in GHz region in terms of dielectric relaxation due to
the diffusive rotational motion of water molecule.
Recently, dielectric response in THz region has not
been described as a single mode of Debye relaxation
but as with another relaxation mode in the THz do-
main with faster timescale. Especially the nanocon-
fined water inside MLV draws a great attention as a
platform to investigate the various aspects of the hy-
dration dynamics in such an extreme situation where
specific interface and confinement need to be taken
into a consideration. Nanoscopically encapsulated
environment can be seen in various biological com-
plexes. The concerns in this study is to understand the
hydration dynamics in this nanoscopically confined
environment. Broadband GHz-THz dielectric relaxa-

tion spectroscopy is employed to observe the various
modes inside MLV. The dynamic light scattering and
X-ray technique are used to estimate the size and in-
ter-lamillar spacing in MLV. The hydration dynamics
influenced by the interface and nanoscopically con-
fined situation is discriminated using the broadband
dielectric relaxation spectroscopy. This work can be a
basis for nanofluidics and water transport in
nanostructures. However, molecular level understand-
ing is still unclear. The molecular dynamics simula-
tion work is underway.
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Effect of ion on water structure is conceived as ion-
specific, classified as structure making ion and struc-
ture breaking ion. Macroscopic properties of water
such as viscosity is related with effect of ion on water
structure. Generally, multiply charged small ion has
strong ability to water structure making and monova-
lent large ion behave as structure breakers. These ion-
specific trends can also be found in Hofmeister series
which is related with effect of ion on aggregation of
proteins. Also ion affects dynamic properties of water
in aqueous solution. Previous spectroscopic experi-
ment results[8] show that ion makes waters which is
slowly reorienting compare to the pure water. THz-
dielectric relaxation spectroscopy and IR spectrosco-
py observed “slow-water” molecule increases for var-
ious salt solution. In this experiment, combined THz-
dielectric spectroscopy and fs IR spectroscopy have
shown effect of ion on water dynamics is well beyond
first hydration shell and caused by cooperative inter-
action with cation and the anion. From the viewpoint
of fast relaxation mode, THz dielectric relxation spec-
troscopy found that fast relaxation mode changes in
different salt solutions. In these studies, fast relaxation
mode is connected previously suggested model that
fast water mode comes from fast reorienting water
molecule which have no H-bond with surrounding



water molecules. it is shown that dissolved ion weak-
ens the hydrogen bonding network of water in ionic
solution and this results in fast relaxation increases in
various salt solution. The fast relaxation mode change
was ion specific. In the case of structure breaking ion,
the fast relaxation mode was larger than that of the
other ions. In case of strong structure making ion, the
fast relaxation mode tended to decrease rather than
pure water. In spite of recent experimental results,
there is still lack of molecular level understanding
how the fast water mode changes by adding ion in
aqueous solution.[9] Therefore, main goal of this
study is to explain how and where the fast reorienting
water formed in salt solution and confirm the previ-
ously suggested models for fast water mode (water
molecules with one H-bond or water molecules with
no H-bond) by connecting dielectric relaxation spec-
troscopy and MD simulation of salt solution. In the
MD simulation, we categorize different water mole-
cule kind by using distance criteria between cation
and water oxygen (anion and water hydrogen). Previ-
ous studies propose effect of ion on reorientation dy-
namics of water molecule as cation interact with water
molecule and affect the reorientation dynamics of
water dipole moment and anion affect the reorienta-
tion dynamics of OH arms of water. Therefore, we
can separate water molecules which is locked both
axis (dipole/OH arms) by cation and anion and water
molecules surrounding this “locked” domains using
above classification. We show that water molecules in
locked domains show slow reorientation dynamics
compare to the pure water as suggested in previous
study and water molecules surrounding this locked
domain has less H-bond structure because structure
breaking effect due to ion, thus showing fast reorien-
tation motion compare to the pure water. Also we
present evidence of this “surrounding domain” water
really contributes to fast relaxation mode by compar-
ing fraction of water molecule showing fast relaxation
mode from experiment and fraction of “surrounding
domain” in the simulation. This two fraction shows
highly correlated dependence on salt concentration in
different kind of aqueous solution of MgCI2 and CsCl
(Strong structure maker/breaker).

The hydration dynamics in human skin is studied to
understand the friction mechanism. we assayed the
coefficient of kinetic friction in case of ‘normal’ and
‘wet’ fingertips. Normal load of each test was
monitored to maintained around 1.0 N same as
measurement of the hydration level. Interestingly,
coefficient of Kinetic friction shows highest value at
steady-state of hydration value. These results suggest
that the hydration level of fingertip converges to an
important value of C, that maximizes grip friction.
Various experimental techniques are employed to
elucidate the mechanism. [10]
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Acoustic wave is one of the most natural tools for
communication and imaging. It is used for clinical
imaging, to noninvasively probe physical structures
under the surface as well as thermal dynamics of
objects. However, considering the bandwidth (GHz)
of current ultrasonic technologies, the electrically
generated acoustic wave has a pulse duration much
longer than 1 ns and a wavelength longer than 10 um,
which is far from adequate for molecular-level
imaging, not to mention the femtosecond dynamics of
many interacted molecules, including liquid water.
Besides, it is believed that a wave-particle transition
of THz acoustic waves must come into play when
they are interacting with thermal phonons in all kinds
of materials, including thin films, bulk materials, and
nanostructures. To resolve the mysterious thermal
dynamics in amorphous materials as well as the
energy (heat) transport and dissipation from solids
into liquids, an ultra-broadband THz acoustic source
is thus urgently needed.

In this presentation, | would like to present the re-
sult of a new research direction: femtosecond acous-
tics and terahertz ultrasonics. The physical principle
to convert a femtosecond optical pulse into a femto-
second acoustic pulse will be introduced. With a short
pulse width, the spectral bandwidth can thus exceed
THz. Combined with the ultraslow sound velocity, the
application of this new tool is two folds. One is for
THz phonon spectroscopy, which is critical to resolve
the heat transport mysteries. The other is for in situ
noninvasive sub-surface atomic level resolution imag-
ing, which was not possible before. Examples will be
given in this presentation.

Since it’s proposed by H. Maris 30 years ago,
“picosecond ultrasonic” has been developed as a
complete technique able to study various acoustic
phenomena and parameters from  thickness
measurements [1] to hypersound attenuation [2,3].
Based on the use of an ultrafast laser, this technique
allows the generation and detection of coherent
acoustic phonons (CAP) in the sub-THz range. Even
though picosecond ultrasonic has been developed for
more than 30 years, its frequency range can only
reach 400GHz, which is still far from THz. In 1999,
by femtosecond laser excitation of piezoelectric
semiconductor quantum wells, we discovered a
simple way to generate giant coherent acoustic
phonons (acoustic waves) with a frequency over 2
THz [4]. This piezoelectric nano-layer based
technique was later-on termed ‘nano-ultrasonics,”
with a focus to emphasize its capability to provide
nano-meter spatial resolution ultrasonic images [5].
After over one decade’s study, we have made this
technique a powerful tool to image and characterize
nanoscale materials and interfaces. In recent years,
this method has not only been successfully applied to

characterize the dngstrom-level surface and interface
roughness [6], but also the acoustic attenuation up to
650 GHz in amorphous SiO; and more recently we
showed the possibility to measure the acoustic
attenuation spectrum in ice up to 1 THz, thus
providing critical thermal dynamics parameters [7].

During my presentation, | will show the effort of
the current program to not only continuously apply
the THz acoustic spectroscopy 1). for the
investigation of the Boson peak issue in amorphous
solids and 2). of the collisionless decay of the
coherent phonons in crystals, but also 3). to work on
the atomic resolution imaging in solid-liquid water
interface.

Amorphous material systems have impacted
human lives in numerous aspects. Glasses, polymers,
and even bio-tissues are significant matters made with
amorphous structures. Despite the long appearance,
the physical natures of the amorphous material system
are still far from well understood. Unlike crystalline
solids, amorphous materials exhibit a number of
anomalous thermal properties. These anomalies were
first discovered half a century ago by Berman, who
noticed the unexpected instance of the thermal
conductivity «(T) anomaly for vitreous silica (v-SiO>).
He measured the thermal conductivities of several v-
SiO; samples in the temperature range between 2.2
and 90K and found the plateau behavior of thermal
conductivities at around 10K, corresponding to a
phonon peak frequency of ~1THz, with a magnitude
several orders smaller. Since then, several other
techniques, such as Raman scattering, inelastic
neutron scattering, and X-ray scattering, had been
carried out to explore this anomalous thermal
phenomenon. Although many had witnessed the
anomaly, none of them were able to provide a
comprehensive understanding of its origin.

In crystals, the low-frequency density of states
(DOS), g(w), follows the so-called Debye model well;
that is, by simply considering possible modes of
sound waves which match the boundary conditions,
one obtains the square frequency dependence of the
DOS, ¢g(w)cw?. In contrast, amorphous material
systems show an excess contribution to the DOS at
the THz frequency regime (or at ~5meV energy level
appeared in inelastic scattering spectra), which in turn
results in a decreased thermal conductivity or an
increased specific heat, as evidenced by previous
vitreous silica experimental results. The excess in
DOS is usually identified as a peak in a reduced DOS
representation, g(w)/w’*vs . At the time of its
discovery, little was known about this feature except
for its bosonic character. Therefore, it became known
as the “boson peak” (BP). The physical origin as well
as dynamics of the Boson Peak remained puzzling
and controversial due to the fact that no acoustic
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attenuation spectral measurement in this frequency
range can be directly performed in amorphous
materials to verify the correctness of different
theoretical models.

In contrast to amorphous solids, in past decades,
hypersound wave propagation in crystalline solids
have drawn much attention in a wide variety of
scientific studies focusing on topics such as the
spontaneous decay of longitudinal acoustic phonons,
picosecond ultrasonics, nanoultrasonics, and the
development of acoustic phonon lasers. In the
frequency range of 0.4-3THz, coherent acoustic
phonons (or hypersound waves) in crystal are
physically modeled to be attenuated due to collisions
with thermal phonons. However, different theories
were debated with no experimental proof to
distinguish  their  correctness and appropriate
frequency ranges.

In  crystalline dielectrics, this hypersound
propagation loss can arise from both extrinsic and
intrinsic mechanisms. The extrinsic mechanisms are
commonly dominated by phonon-scattering processes
at lattice imperfections. When these extrinsic
mechanisms are absent, the acoustic loss will
ultimately be determined by intrinsic anharmonic
decay. Based on low frequency data, the mostly
accepted picture is as follow. In most solids, thermal
phonons have a lifetime, t, on the order of picosecond
to femtosecond. When the angular frequency, o, of
the acoustic waves is small compared to the thermal
phonon lifetime with wz<<1 (usually in the sub-THz
range), the propagation of acoustic waves will drive
the thermal phonons out of equilibrium, and causing
the interaction and resulting in the acoustic wave
attenuation. Due to the fact that the acoustic waves are
with a wavelength much longer than most room-
temperature thermal phonons, the propagating
coherent phonons will be scattered by all different
thermal phonons and the momentum conservation is
not a concern, due to the large uncertainty. This
model well describes all lower-frequency (below
400GHz) measurement on different solids.

However it has been long debated and postulated
that, when wr>>1 (usually above THz at room
temperature), acoustic waves have to be considered as
coherent phonons and the attenuation of coherent
phonons due to their interaction with thermal phonons
will be limited due to specific selection rules for
energy and momentum conservation. That is to say
that, only selected thermal phonons with specific
momentums and energies involve in this “3-phonon
interaction” process, thus making THz acoustic wave
attenuation “saturated.” In the transition range
between these two regimes, wr>>1, the acoustic
frequency will be around THz for room temperature
crystals.

In this frequency range, the coherent acoustic
phonon attenuation processes have never been
explored and have been under debate for almost four
decades due to the lack of reliable THz acoustic
transducers. Applying our developed THz nano-
ultrasound technique and studying the frequency
dependent behavior of coherent acoustic phonons in

this ambiguous transition range is therefore crucial
since it will bring critical understanding for thermal
properties in solids.

For nanoimaging with a femtosecond acoustic
pulse, one can take advantage of the ultraslow sound
velocity, which is usually on the order of 3000 m/s
and the ultrahigh temporal resolution which is usually
on the order of 100 fs. It can be noted that within 100
fs, a femtosecond acoustic pulse travels only a
distance of 3 angstroms, assuming a 3000 m/s velocity.
Femtosecond time-resolved sound propagation
imaging can thus provide a spatial resolution down to
1.5 angstroms assuming an acoustic round trip path.
To study the performance of femtosecond acoustics
applied on in situ monitoring a chemical reaction at a
solid/liquid interface, the well-known anode-oxidation
process occurring during the GaN-based photo-
electro-chemical (PEC) water splitting was taken as
our model. As a result, sub-atomic resolution imaging
was observed in situ noninvasively [8].

This project is sponsored by Ministry of Science
and Technology of Taiwan under 106-2112-M-002 -
004 -MY3 and National Taiwan University under
107L880404.
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Now it is widely known postulate that all the ma-
jor discoveries in recent years occur at the junction of
different sciences. In this regard, one of the most im-
portant innovative areas uniting physics, biology and
medicine is the use of microwave technologies. In this
regard, the purpose of this work was to clarify the
practical possibilities of diagnostic and therapeutic
microwave technologies.

Microwave technology in medical imaging

Medical visualization is currently one of the most
dynamically developing areas of medical science.
Analysis of the literature on the methodology of mi-
crowave imaging, implemented in Biomedicine, al-
lows us to identify two main sensing techniques that
differ in the estimated parameters: microwave ther-
mometry (passive) and near-field resonance tomogra-
phy.

In the framework of microwave thermometry (ra-
diometry), the volume dynamics of the subsurface
temperature distribution is recorded by the trapping
device. At the same time, it is known that in a number
of pathological conditions (for example, in on-
comammology) there is a significant local hyperther-
mia, which will be detected by a microwave sensor.

On the contrary, in recent decades actively devel-
oped by resonant near-field microwave imaging, al-
lowing you to visualize the structure of biological
tissues on the basis of spatial distribution their elec-
trodynamic characteristics - dielectric constant (g) and
conductivity (o) [Fig. 1], characterizing the type and
structural features of the biological object. The possi-
bility of using this type of tomography for diagnostic
purposes is due to the fact that the formation of patho-
logical changes in biological tissues is a distinct
change in their electrodynamic characteristics.
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Fig. 1. Scheme of the stud of dieectric characteristics
of the object

Near-field resonance microwave diagnostics is
based on the measurement of electrodynamic charac-
teristics of biological tissues. Work in this direction
with biomedical positions are relatively recent, but the
physical principles underlying near-field microwave

tomography, studied much more fully. Thus, the fun-
damental basis of the method is the measurement of
impedances located on the surface of the bio-object of
a system of electrically small antennas with different
scales of localization of the probing electric field. The
spatial distribution of dielectric permittivity and elec-
trical conductivity of tissues is restored by the values
of impedances (active and reactive resistance) of an-
tennas on the basis of a special mathematical appa-
ratus.

Measuring the impedance of antennas is imple-
mented in a special resonant sensor. The sensor is a
microwave resonator in the form of a transmission
line segment (coaxial, two-wire or strip) [1]. At one
end of this segment there is a probing near-field an-
tenna (measuring capacitance), at the opposite end
there is a magnetic frame. Excitation of the resonator
and reception of its response is carried out by means
of magnetic coupling loops located near the magnetic
frame of the resonator. All elements of the resonance
system, except for the measuring capacitance, are
located in a metal cylindrical body. Own resonant
frequency of the sensor, as a rule, is in the range of
600-800 MHz, the characteristic quality factor — 150.

The scheme illustrating deep sounding of biologi-
cal tissue within the near-field microwave tomogra-
phy is presented in Fig. 2. Near-field antenna is locat-
ed on the surface of the object under study, its quasi-
static electric field penetrates into the medium to a
depth determined by the design of the antenna and the
size of its aperture (D). The depth of penetration of
the electric field into the medium will increase with
increasing aperture D.
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Fig. 2. Scheme of a deep sensing of inhomogeneous
media by the method of resonance near-field micro-
wave tomography

The study of heterogeneous biological media is
carried out as follows. First, the measurements are

carried out by the sensor with the lowest Dy value

and, accordingly, with the lowest sounding depth hl,
the measurement results reflect the integral properties
of the medium in the surface layer. For sensor with

sensing h, depth [ integral properties of the medium
in the near-surface layer of greater thickness, etc.
Knowing the responses of measuring systems with



different sensing depths, it is possible to restore the
deep structure of the inhomogeneous medium.

Have presently developed near-field diagnostic
systems key value "the size of the aperture of the
probe (D) / wavelength of the probing microwave
signal (A)" comes to the level of 10-°-106 that in com-
parison with the wave techniques gives the opportuni-
ty to examine the condition and structural features of
the tissue on their electro-dynamic properties with
subwavelength spatial resolution (much smaller than
the wavelength ).

Thus, near-field resonance microwave sensing,
thanks to its physical principles, makes it possible to
vary the depth and surface area of the study of biolog-
ical objects, using electrodynamic characteristics of
the medium - its dielectric permeability and conduc-
tivity — as diagnostic criteria.

Microwave technologies for treatment

Plasma medicine is one of the most modern syn-
thetic scientific directions, born at the junction of
plasma and Biomedicine physics, dealing with fun-
damental and applied issues of interaction between
plasma and living matter. In this case, the greatest
attention of researchers attracts the field of plasma
medicine associated with the disclosure of biological
and sanogenetic effects of cold plasma. Currently, the
cold plasma is usually understood as ionized gas of
different composition, cooled to a temperature compa-
rable to the physiological (30-40 C). In recent decades
for this factor a number of effects is potentially useful
for medical purposes have been demonstrated exper-
imentally and clinically. Among them, the most well
studied and described antibacterial activity associated
with the direct damaging effect of cold plasma on the
cell wall of microorganisms. On the other hand, with
a more thorough analysis of even this aspect of the
problem, it reveals numerous poorly studied issues,
including the effectiveness of the action, the absence
of damage to the own tissues of the macroorganism,
etc.

Special interest, in our opinion, have a bioregula-
tory properties of cold plasma in relation to functional
and metabolic parameters of living systems. Thus, the
pro-regenerative activity of the factor [6, 14], its abil-
ity to inhibit tumor growth [4, 10], etc. that was
demonstrated earlier. Undoubtedly, the given empiri-
cal facts require multistage verification, but the very
presence of such data testifies to the presence of sec-
ondary, indirect biological effects in cold plasma,
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which makes it possible to consider it as a potential
bioregulator.

In our previous studies, is performing both in
vitro and in vivo, the existence of secondary bioregu-
latory properties in cold plasma was shown and veri-
fied. In particular, even a short-term treatment (1-3
min.) of blood samples by the flow of helium cold
plasma led to the formation of the biosystem response
(by metabolic and physico-chemical criteria), and it is
important to emphasize the dose dependence of the
detected shifts [2, 3]. It should also be noted that the
nature of the changes significantly differed from the
"pattern” of the response to a similar effect of non-
ionized helium flow from the same source [3]. Inter-
estingly, the reaction of blood isolated from the body
as a simple model biosystem as a whole was co-
directed to shifts of the same blood parameters of rats
exposed to short-term (1-2 min.) exposure to cold
plasma on the pre-epilated areas of the back. As in the
case of in vitro experiments, in this case shown mod-
erate antioxidant activity of the factor, its positive
effect on the intermediate link in the energy exchange
etc. in addition, it was demonstrated modulating effect
on the parameters of systemic and local hemodynam-
ics.

Thus, plasma biomedicine is a promising, dynam-
ically developing direction, integrating biophysical
and biomedical approaches and capable of forming
fundamentally new medical technologies, potentially
useful for the correction of various diseases, patholog-
ical conditions, injuries and burns.
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The first quantum cascade laser (QCL) was real-
ized in the mid-infrared at Bell Laboratories in
1994 [1], bringing to life a concept that was devel-
oped already in the early seventies [2]. Even though
from the very beginning it was argued that this device
could be best operated in the THz (far-infrared) range
of the electromagnetic spectrum, it was only in 2002
that the first working THz QCL was demonstrated [3].
Soon afterwards, the progress was very rapid; in the
space of 2-3 years operating temperatures were raised
to > 160 K, single-mode DFB devices were produced,
applications as local oscillators in heterodyne trans-
ceivers were implemented, frequency coverage was
extended to the whole 1-5 THz region. In the last few
years, technological advancement has continued to
improve performances, albeit at a much slower pace.
The maximum operating temperature has now reached
close to 200 K [4] (225 K in magnetic field [5]) and
about 1 W peak output power has been demonstrat-
ed [6].

Several beam engineering techniques have also
been implemented, with the scope of enhancing spec-
tral purity, improving beam quality and achieving
vertical emission [7]. In parallel, various approaches
have been devised that allow frequency tunability of
the emitted light [8], with the most efficient schemes
achieving a tuning range of almost 10% of the central
emission frequency.

For metrological applications, however, very high
accuracy in the determination of the THz QCL fre-
quency is needed, which can be obtained by phase-
locking THz QCLs to ultra-stable microwave refer-
ences, or directly to a free-space THz comb [9]. Fur-
thermore, active mode locking of THz QCLs has been
demonstrated by modulation of the drive current at
the cavity round-trip frequency [10], and, more re-
cently, even the generation of frequency combs direct-
ly from THz QCLs has been achieved by employing
dispersion compensated waveguides and an intrinsic

%3 non-linearity [11].

This talk will review the long road trodden by
THz QCLs from their origins to the latest break-
throughs, and discuss present strengths and weakness-
es in view of their use both for scientific purposes and
widespread industrial applications.

In particular it will focus on the very relevant
goal of combining low divergence regular beam pro-
files and single mode, vertical emission with a low
device power consumption. This is a crucial require-
ment in order to keep cooling equipment (with the
ensuing costs and encumbrance) to a minimum. In
this direction, different approaches to miniaturization
will be discussed, either making use of resonator de-
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signs mixing photonic and electronic concepts [12] or
the exploitation of novel 2D materials.

Furthermore, it will examine new application ide-
as and configurations, ranging from microscopy with
a self-detection scheme [13], to direct implementation
in the field, for instance in monitoring water content
of living plants [14].

References

1. J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L.
Hutchinson, and A. Y. Cho, Quantum Cascade Laser // Sci-
ence 264, 553 (1994).

2. R. Kazarinov and R. Suris, Possibility of the amplifi-
cation of electromagnetic waves in a semiconductor with a
superlattice // Soviet Physics - Semiconductors 5, 707
(1971).

3. R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E.
H. Linfield, A. G. Davies, D. A. Ritchie, R. C. lotti, and F.
Rossi, Terahertz semiconductor heterostructure laser // Na-
ture 417, 156 (2002).

4. S. Fathololoumi, et al., Terahertz quantum cascade
lasers operating up to ~200 K with optimized oscillator
strength and improved injection tunneling // Opt. Express
20, 3331 (2012).

5. A. Wade, et al, Magnetic-field-assisted terahertz
quantum cascade laser operating up to 225 K // Nature Pho-
ton. 3, 41 (2009).

6. L. Li, et al., Terahertz quantum cascade lasers with
>1 W output powers // Electron. Lett. 50, 309 (2014).

7. L. Mahler and A. Tredicucci, Photonic engineering
of surface-emitting terahertz quantum cascade lasers // La-
ser & Photon. Rev. 5, 647 (2011).

8. M. S. Vitiello and A. Tredicucci, Tunable Emission
in THz Quantum Cascade Lasers // IEEE Trans. THz Sci.
Techn. 1, 76 (2011).

9. L. Consolino, et al., Phase-locking to a free-space te-
rahertz comb for metrological-grade terahertz lasers // Na-
ture Comm. 3, 1040 (2012).

10. S. Barbieri et al., Coherent sampling of active
mode-locked terahertz quantum cascade lasers and frequen-
cy synthesis // Nature Photon. 5, 306 (2011).

11. D. Burghoff et al., Terahertz laser frequency combs
// Nature Photon. 8, 462 (2014).

12. L. Masini, et al., Continuous-wave laser operation
of a dipole antenna terahertz microresonator // Light: Sci. &
Appl. 6, €17054 (2017).

13. M. C. Giordano, et al., Phase-resolved terahertz
self-detection near-field microscopy // Opt. Express 26,
18423 (2018).

14. L. Baldacci, et al, Non-invasive absolute
measurement of leaf water content using terahertz quantum
cascade lasers // Plant Methods 13, 51 (2017).



Extreme THz fields from near and mid-infrared laser filaments

Stelios Tzortzakis

Science Program, Texas A&M University at Qatar, P.O. Box 23874, Doha, Qatar
Institute of Electronic Structure and Laser, FORTH, P.O. Box 1527, 71110, Heraklion, Greece
Department of Materials Science and Technology, University of Crete, P.O. Box 2208, 71003, Heraklion, Greece

The nonlinear propagation of ultrashort laser pulses in the form of solitons, filaments and
light bullets is an exciting research field [1]. Beyond the basic studies on the complex spatio-
temporal phenomena involved, the field is driven significantly by its numerous applications,
like for example in materials engineering [2], remote spectroscopy [3], but also for their use
as powerful secondary sources across the electromagnetic spectrum [4].

Here we discuss our recent advances in developing intense THz secondary sources using
tailored laser filaments [5]. We also demonstrate that one may obtain powerful THz radiation
using unconventional media, like liquids, where the medium presents strong linear absorption
[6]. The mechanism responsible for this counterintuitive result is a phase locked second
harmonic component in the filament that results in strong transient electron currents that
radiate intense THz fields. Finally, we will also be discussing the way in achieving extreme
THz electric and magnetic fields, in excess of GVV/cm and KT strengths respectively, using
intense two-color mid-infrared filaments [7].
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Abstract—Automotive radars operate mainly in 77 GHz
and 79 GHz frequency bands as 24 GHz radars are phas-
ing out. These radars are integrated into bumpers of the
car or mounted behind so called design emblems. These
plastic materials need to be RF transparent to let the
signals from the radar sensors pass without distortion.
However, due to different paintings and coatings of
bumpers low RF transparency and non-homogeneity can
cause radars to malfunction and lower the radar per-
formance. Testing the RF performance of materials re-
quires typically a network analyzer and takes a long
time. This paper presents a new measurement method to
test and verify radome materials within seconds.

Index Terms—automotive radar, 77/79 GHz, ra-
dome, bumper, integration

I. INTRODUCTION

Advanced driver assistant systems (ADAS) in
cars assist the driver and increase road safety. Key
enabling technologies in this area, other than camera
and Lidar sensors, are automotive radar sensors.
These radars are covered by a masking known as a
radome, which is constructed from a transparent RF
material. Radomes can be an emblem or a car bumper
with integrated radar units. Although an emblem may
be underestimated as a simple plastic cover, it is actu-
ally a sophisticated element that often negatively im-
pacts radar detection performance and accuracy. Em-
blems and car bumpers need to satisfy the require-
ments of optical appearance which is usually a con-
flicting requirement to the RF performance needed for
76 GHz to 81 GHz operation. This paper explains a
novel radome measurement method and discusses the
radomes influence on the accuracy of the angle of
detection achieved with advanced radars.

Il. RADOME INFLUENCES

The accuracy of a radar depends on many factors,
such as hardware components, software processing
and the radar echo signal itself. Parameters of signal
echoes with lower signal to noise ratio (SNR) can be
measured less accurately than signals with high SNR.
In addition, effects such as multipath propagation and
distortion due to radomes greatly impact measurement
accuracy. Inaccuracies in the azimuth measurement
cause the target to appear misplaced. An angular
measurement error of only one degree at the radar
sensor, for example, would cause a target in the 100
m range to appear to be misplaced by 1.75 m in azi-
muth, Fig. 1. It would be interpreted as being located
in the neighboring lane. In practice, angular accuracy
for such far distances must be significantly less than 1
for reliable operation. Inhomogeneous material dis-
torts the wavefront, which results in less accurate an-
gular measurements. The radar sensor calibration is
no longer sufficient since the calibrated radar can be
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mounted behind any indeterminate radome from a
different manufacturer.

Echo

Angu\ar measurement error

="

Fig. 1. Wrong azimuth angle measurement due to
inhomogeneity of the radome.

of 12in 100 m range: 1.75 m

For a modern radar sensor with an antenna array
receiver frontend, the azimuth (and sometimes also
the elevation angle) is estimated using phase and am-
plitude relations based on digital beamforming on the
receive side. To get the best azimuth measurement
accuracy, every radar sensor needs to be calibrated
which is done in production without the radome or
bumper part. The car manufacturer integrates this
calibrated radar sensor into the car, often behind an
emblem or the bumper. The radomes transmission
loss increases the two-way attenuation of the radar
signal, which influences the maximum detection
range of the radar. The power level of a transmitted
radar signal is reduced by the range R to the target
and by R4 on the way back. For a 77 GHz radar sys-
tem with 3 W output power, 25 dBi antenna gain, a
target with 10 sqm radar cross-section and a minimum
detectable signal of 90 dBm, the maximum range of
this configuration would be 109.4 m according to the
range equation. If the radome has 3 dB two-way at-
tenuation, the maximum range of the same radar
measuring the same target would decrease to 92.1 m.
That is approximately 16% less range.

However, it is not only material attenuation that
has a great impact. The material reflectivity and ho-
mogeneity also play an important role. Reflections
and RF mismatch of the material cause direct signal
reflections in close range to the radar. The signals are
received and downconverted in the receiver chain,
reducing the radars detection sensitivity. Many car
manufacturers try to mitigate this effect by tilting the
radomes (not only for design reasons) in order to re-
flect the transmitted radar somewhere other than di-
rectly back into the receiver frontend. This solution,
of course, has plenty of mechanical limitations, not to
mention the expected loss of RF energy due to these
parasitic reflections.

For a modern radar sensor with an antenna array
receiver frontend, the azimuth (and sometimes also
the elevation angle) is estimated using phase and am-
plitude relations based on digital beamforming on the



receive side. To get the best azimuth measurement
accuracy, every radar sensor needs to be calibrated
which is done in production without the radome or
bumper part. The car manufacturer integrates this
calibrated radar sensor into the car, often behind an
emblem or the bumper. The radomes transmission
loss increases the two-way attenuation of the radar
signal, which influences the maximum detection
range of the radar. The power level of a transmitted
radar signal is reduced by the range R to the target
and by R4 on the way back. For a 77 GHz radar sys-
tem with 3 W output power, 25 dBi antenna gain, a
target with 10 sqm radar cross-section and a minimum
detectable signal of 90 dBm, the maximum range of
this configuration would be 109.4 m according to the
range equation. If the radome has 3 dB two-way at-
tenuation, the maximum range of the same radar
measuring the same target would decrease to 92.1 m.
That is approximately 16% less range.

However, it is not only material attenuation that
has a great impact. The material reflectivity and ho-
mogeneity also play an important role. Reflections
and RF mismatch of the material cause direct signal
reflections in close range to the radar. The signals are
received and downconverted in the receiver chain,
reducing the radars detection sensitivity. Many car
manufacturers try to mitigate this effect by tilting the
radomes (not only for design reasons) in order to re-
flect the transmitted radar somewhere other than di-
rectly back into the receiver frontend. This solution,
of course, has plenty of mechanical limitations, not to
mention the expected loss of RF energy due to these
parasitic reflections.

I1l. TODAY’S MATERIAL CHAR-
ACTERIZATION PROCEDURE

Today there exist different measurement proce-
dures for characterization of materials. Commonly a
vector network analyzer (VNA) is calibrated at the
connector calibration plane and the material under test
(MUT) is placed in a measurement fixture / sample
holder. A two-port network analyzer measures the S-
parameters of the MUT (e.g. radome) mounted in the
measurement fixture [1], Fig. 2. The incident, reflect-
ed and transmitted signals are processed by the net-
work analyser and the S-parameters are converted by
a selected conversion technique (e.g. NRW, NIST
iterative, New noniterative, SCL) to the dielectric
properties or and ur. For example, the Nicholson-
Ross-Weir (NRW) method provides a direct calcula-
tion of both the permittivity and permeability from the
S-parameters. It is the most commonly used method
for performing such conversion by using all four S-
parameters of the material under test.

These methods provide permittivity and permea-
bility parameters for the material, but do not resolve
the measurements in azimuth and elevation. The pa-
rameters are valid for the area which the transmitting
and receiving antenna cover. In case these parameters
should be measured over the entire surface of the ma-
terial, the antennas have to be moved precisely in az-
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imuth (x-direction) and elevation (y-direction) dimen-
sions and S-parameters have to be recorded per posi-
tion. This measurement method takes several minutes.
The advantage on the other hand are dielectric param-
eters which can also be used in simulation tools or
further evaluation. However, these tests are not prac-
tical for quick overview or even production measure-
ments.

Alternatively a radar can be mounted behind the
material and the impact on the measurement results
against reference targets can be measured Fig. 3.
Therefore several corner reflectors are mounted in
front of the radar and the positions are measured
without the radome cover present. Comparing now
the deviation of these positions without and with ra-
dome present one can draw conclusions on the impact
of the material. However, this is rather a pass or fail
test without having deeper knowledge of the material
itself. Also this test is highly radar dependend and
tests only the impact on certain azimuth / elevation
angles while considering the radome to be homogene-
ous.

IV. NOVEL
TECHNIQUE

MEASUREMENT

Instead of testing transparent 77/79 GHz ra-
dar material with a golden device or a two-
port network analyser, a proposed

) '
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|
MUT

—— Sample holder

Fig. 2. Today’s measurement technique using a VNA
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crease the performance of the radar and can even in-
terfere with the received signals. Areas with high re-
flectivity can have various causes, such as material
defects, air gaps, undesired interaction between sever-
al layers of materials, excessive amount of certain
materials or foreign objects. The measurement meth-
od achieves a spatially resolved reflectivity measure-
ment result for a MUT by linking the information
collected by the distributed, coherent transmit and
receive antennas. The receive signals are gated and
processed for all receive antennas, which results in a
high-resolution 3D radar image. The resulting milli-

Fig. 3.Today’s measurement technique using a radar and referenc meterwave image enables intuitive as well as quanti-

reflectors

novel measurement method combines a transmission
measurement with three-dimensional, high-resolution
radar imaging in the frequency band used later by the
radar itself. This is done using the R&S QAR system
(Fig. 4). A multi-antenna array consisting of several
hundreds of transmit and receive antennas operating
from 75 GHz to 82 GHz is used. This measurement
system can measure the range, azimuth and elevation
with millimeter resolution. It operates at the same
frequency band as an automotive radar and therefore
sees what an automotive radar would see (if it also
had hundreds of transmit and receive antennas).
Thanks to the large aperture, the resolution of the test
system is much higher than automotive radars and it
can visualize the measurement as an image.

The material under test (e.g. radome) is placed in
front the

high resolution
imaging system

tr?smitter

radome
under test

N

Fig. 4. Novel measurement technique using a multistatic
array radar

test system, which performs a two-stage measure-
ment. First, a reflectivity measurement determines the
amount of energy that is being reflected by the ra-
dome material under test (MUT). This is the energy
that does not pass through the radome and contributes
to performance degradation. Reflected signals de-
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tative evaluation of the MUTS reflection behavior. For
illustration purposes, we manufactured radome mate-
rial where the R&S logo was milled with different
thickness, as shown in Fig.5.

oS4

Fig. 5. Rohde & Schwarz embleme camera picture

A. Reflectivity Measurement

Compared to the network analyzer S-parameter
measurement and calculation of dielectric properties,
this method does a high resolution mm-wave picture
from the material under test (basically the multistatc
array it is also a network analyser, but just with 1500
RF ports, which measurement responses are treated
differently). However, from the mmwave picture not
the dielectric properties are calculated, but the mean
reflectivity value per pixel and transmission loss of
the material. These are different parameters, but result
in the same conclusion - which is - decide if the mate-
rial ”passed” or "failed” the test to decide if it can be
used with a radar or not. In addition a high resolution
picture and transmission loss curve allow debugging.

The high-resolution radar image in Fig. 6 visual-
izes what an automotive radar sensor would perceive
when covered by this radome if it would have super
high resolution in azimuth and elevation (called pixel
here). The color scale describes the reflectivity. The
dark color indicates minimal reflectivity and bright-
ness indicates high reflectivity. Metal, which cannot
be penetrated by automotive radar signals, would ap-
pear white (e.g. screws in the four corners). It can be
seen that the radome image indicates high reflectivity
and inhomogeneity on the R&S logo. The increased
thickness of 0.5 mm in the R&S logo area is therefore
sufficient to cause major disturbances in radar per-
formance on the street. In this example, calculating
the features mean reflectivity and standard deviation



in the middle area, where the radar sensor is usually
mounted, yields:

Reflectivity measurement:
* mean reflectiviy: -11 dB
« standard deviation: -17.7 dB.

In many practical cases, this reflection is too high
to maintain acceptable radar operation. In practice, the
expected reflectivity depends on the sensitivity of the
radar unit and the maximum detection distance to be
covered.

Fig. 6. Rohde & Schwarz embleme mm-wave picture

high
reflectivity

low
reflectivity

B. Transmission Measurement

In a second stage, the frequency matching and at-
tenuation of the radome material is measured. A
transmitter module is located behind the MUT on the
MUT table. The transmitter uses a frequency sweep to
cover a selected frequency span. This allows exact
evaluation of the MUT’s transmission frequency re-
sponse. The frequency response delivers detailed in-
formation about the RF matching of the MUT at the
exact frequency band intended for radar operation. It
is therefore independent of the actual signal waveform
utilized by the radar unit, which facilitates the testa-
bility and optimization of the radome itself. The
measured one-way attenuation versus frequency of the
radome is shown on the right side in Fig. 7. Since
automotive radars operate in the 76 GHz to 81 GHz
band, attenuation should be kept low across this band.
Depending on the thickness of the material, its air
gaps and RF matching, a good radome should main-
tain a low attenuation at the desired frequencies.

Transmission measurement:
» attenuation 76-77 GHz: 0.8 dB
« attenuation 79-81 GHz: 0.6 dB.
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Fig. 7. Rohde & Schwarz embleme transmission measure-
ment

A more sophisticated example for commercial ra-
domes with a 3D design typically results in a trans-
mission measurement as shown in Fig. 8. Drawn from
the transmission measurement this radome would
have various performance issues:

+ like the frequency matching is incorrectly
placed around 71 GHz instead of 76 GHz often
caused by increased thickness of some radome layers.

* significant increase in the standing wave ratio
within the 79 GHz band, which identifies high reflec-
tions at the radome boundaries and therefore a strong
interference phenomenon

+ overall one-way attenuation is high, which re-
sults in a significant reduction in the detection range.

V. SUMMARY

Radars are common in all newer series cars. Inte-
gration behind bumpers and emblems makes them
also attractive for car designers. Without high-quality
radomes, objects with low

not matched to
strong standing 76 or 79 GHz

lower loss at Wavyes
71 GHz
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Fig. 8. Commercial embleme transmission measurement

radar cross-sections, such as pedestrians, would most
likely go undetected and may even appear under a
false azimuth angle. Even larger objects at far dis-
tances could be wrongly identified and measured at a
different position when the radar signal becomes too
distorted due to inhomogeneous material. This paper
presented a novel measurement method that can be
applied for any kind of automotive radomes, such as
the ones used in emblems, bumpers or front grills that
cover automotive radar sensors operating in the 75
GHz to 82 GHz band. Based on a massive multistatic



array technique, this method measures and calculates
the mean reflectivity and standard deviation of a de-
fined area (homogeneity) and the transmission loss
over the complete frequency range within a few sec-
onds.
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