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MTSA 2024

6th INTERNATIONAL SYMPOSIUM ON MICROWAVE/THZ SCIENCE AND APPLICATIONS

The maturing field of THz science and technology is becoming increasingly strongly interlinked
with other scientific disciplines — with significant and continued improvements in equipment
and capabilities, THz technology is a research focus in its own right while becoming a mainstay
characterization tool enabling studies across the broader natural sciences, most notably in
physics, chemistry, biology, and medicine.

The symposium provides a forum for exchanging information on the basic science, technology,
and applications in the microwave and terahertz wave region. In addition to covering all aspects
of science and technology in this frequency range, the symposium will also encourage and
highlight the interaction between fundamental science and industrial applications.

This symposium will also emphasize international exchanges for students and young
researchers in this highly interdisciplinary field.

The MTSA 2024 symposium is the 6th version of the MTSA symposium series, with recent past
successful meetings in Okinawa, Japan (2015), Okayama, Japan (2017), and Busan, South
Korea (2019).

Peter Uhd Jepsen Masayoshi Tonouchi
Chair of MTSA 2024 Chair of the International Organizing Committee
Technical University of Denmark Osaka University, Japan
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social sciences.
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PROGRAM

MTSA 2024 - TUESDAY 4. JUNE

8:00-9:00 Registration
9:00-9:15 Opening remarks and welcome
9:15-10:35 TU-1: Relativistic THz and attosecond science

9:15-9:45 TU-1.1: Katsumi Midorikawa - The third generation attosecond light source
TU-1.2: Luc Bergé - Ultrastrong terahertz pulses produced by relativistic laser-matter

9:45-10:10 . .
interactions
10:10-10:35 TU-1.3: Tae Gyu Pak - Multi-millijoule terahertz emission from relativistic plasmas
10:35-11:00 Refreshment break
11:00-12:15 TU-2: THz interactions with nanoscale and molecular systems

TU-2.1: Mike Ruggiero - Jumping Crystals - Terahertz Phonons Dictate Macroscopic

11:00-11:25 Mechanical Dynamics in Organic Materials
11:25-11:50 TU-2.2: Hyeong-Ryeol Park - Terahertz dynamics of two-dimensional water layer within
nanoresonators
11:50-12:15 - o mentation [CANCELLED]
12:15-13:30 Lunch
13:30-15:10 TU-3: Sensing, biological and medical applications
TU-3.1: Fanqi Meng - Interdigitated THz metamaterial sensors and high power THz
13:30-13:55 .
emission from RTD arrays
13:55-14:20 TU-3.2: Toshihiro Kiwa - Toward Terahertz pathology: Detection of cancer cells by a

terahertz chemical microscope
14:20-14:45 TU-3.3: Joo-Hiuk Son - Terahertz demethylation for cancer therapy
14:45-15:10 TU-3.4: Zachary Taylor - THz frequency, Mie scattering of human cornea

15:10-15:45 Refreshment break
15:45-17:50 TU-4: Laser-based THz sources

TU-4.1: Nicholas Matlis - Terahertz-driven accelerators for high-brightness electron- and
15:45-16:10 .

X-ray based instruments

TU-4.2: Clara Saraceno - Advanced 2.1-Apm femtosecond laser technology for improved
16:10-16:35 . .

conversion to the THz region
16:35-17:00 TU-4.3: Yutong Li - Generation and applications of strong terahertz driven by high-

intensity lasers
17:00-17:25 TU-4.4: Stefan Skupin - lonization-Induced THz Emission
TU-4.5: Fabian Rotermund - Recent progress in highly nonlinear organic crystals for THz

17:25-17:50 .

wave generation
18:00-20:00 Welcome reception
20:00-?? Dinner (on your own)
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8:00-8:45
8:45-10:30

8:45-9:15

9:15-9:40

9:40-10:05

10:05-10:30
10:30-10:50
10:50-12:30
10:50-11:15

11:15-11:40

11:40-12:05

12:05-12:30
12:30-13:30
13:30-15:10

13:30-13:55
13:55-14:20
14:20-14:45

14:45-15:10
15:10-15:45
15:45-17:25

15:45-16:10

16:10-16:35

16:35-17:00

17:00-17:25
17:30-19:00
19:00-??

e

S

e

MTSA 2024 - WEDNESDAY 5. JUNE
Registration
WE-1: THz quantum optics and solid-state physics |

WE-1.1: Alfred Leitenstorfer - Time-domain Experiments on Fluctuating Quantities:
Photons and Spins

WE-1.2: Jian Chen - Sensitive Superconducting Quantum Capacitance Detectors at
Terahertz Wavebands

WE-1.3: Krushna Mavani - Terahertz conductivity sense cation disorder in thin films of
half-metallic double perovskites
WE-1.4: Manfred Helm - Driving nanomaterials with a THz free-electron laser
Refreshment break
WE-2: Integrated THz optics
WE-2.1: Cristina Benea-Chelmus - Integrated terahertz devices

WE-2.2: Lauren Gingras - Vectorial nanostructured currents and broadband THz vector
beams from optoelectronic metasurfaces

WE-2.3: Urban Senica - Planarized terahertz quantum cascade laser frequency combs for
coherent integrated photonics
WE-2.4: Jiawen Liu - Silicon-organic integrated photonics for THz sensing
Lunch
WE-3: THz photonic and electronic applications |

WE-3.1: Hiroaki Minamide - All-in-one system of backward terahertz-wave oscillator
mountable on robots

WE-3.2: Tae-In Jeon - New applications of long-distance THz pulse propagation

WE-3.3: Masayoshi Tonouchi - Terahertz Emission Spectroscopy and Imaging as a
Quantitative Analytical Tool

WE-3.4: Wojciech Knap - THz response of GaN/AlGaN 2D plasmonic nanostructures
Refreshment break
WE-4: Solid-state THz physics lI

WE-4.1: Long Cheng - Exciton-polaron transition dynamics in the correlated Van der
Waals material NiPS;

WE-4.2: Peiyan Li - Room temperature ultrafast terahertz spin current generated in a two-
dimensional superlattice (Fe;GeTe,/CrSb);

WE-4.3: Kataryna Friedman - Ultrafast shift current and optical rectification in SnS,
single crystals

WE-4.4: Shriganesh Prabhu - Far-Field and Near Field THz Spectroscopy of Materials
Poster session
Dinner (on your own)
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MTSA 2024 - POSTER SESSION (WEDNESDAY 5. JUNE)

Xue Ding Detection of Lung Cancer Cells by A Voltage-controlled Terahertz Chemical
Microscopy

Mana Murakami Detection of SARS-CoV-2 in A Solution with A Small Volume Using Terahertz
Chemical Microscope

Luwei Zheng Reflective properties of a THz meta-sensor and its bio-sensing application

Yamuna Murtunge Exploring Angle dependent Phonon Modes in Sodium Mesitylene Sulfonate
(SMS) Crystal using Terahertz time-domain Polarimetry (THZ-TDP)

Vincent Goumarre Methods for fast and accurate material properties estimate with terahertz
time-domain spectroscopy in transmission and reflection with optically thick materials
Xuecou Tu Cavity-integrated terahertz detector

Robin Léscher High-repetition-rate accumulation effects in air-plasma THz sources

Samira Mansourzadeh Optical rectification of intense near-infrared pulses at 100 kHz
repetition rate in the organic crystal MNA

Zeliang Zhang THz radiation coherent accumulation along the two-color laser filament in Air
Jie Ji Bound states in continuum in highly symmetric terahertz metasurfaces

Samuel John Far-field and Near-field investigation of Quasi-BIC based THz Metasurface
Jingbo Wu Terahertz electrically addressable metasurfaces based on liquid crystal and phase
change material

Vivek Dwij Breaking of inversion symmetry in NdGaO;

Vivek Dwij Terahertz dynamics in the high Tc multiferroic CuO

Pawel Komorowski Neural network method for the design of terahertz optical components
Norbert Patka THz-TDS detection of defects in ballistic inserts

Yaheng Wang Precision 2D/3D Imaging and PointNet++ Based Object Classification of
Concealed Objects using an FMCW Millimeter-Wave Radar

Yamuna Murtunge Growth, Optical and Terahertz Characterization of Sodium Mesitylene
Sulphonate (SMS) Crystal

Olivér Nagy High-speed Continuous Waveform Acquisition in Terahertz Air Photonics Platform

Deepika Yadav Nonlinear up-conversion detection of sub-terahertz waves via DFG and SFG in
DAST crystal

Yuma Takida Charactering spectral sensitivity of THz photomultiplier tubes by an injection-
seeded THz-wave parametric generator

Alexander Holm Orth Balanced Air-Biased Detection of Terahertz Waveforms

William Carstensen Unravelling topographic contrast from THz-SNOM data of semiconductor
nanowires

Matej Sebek Terahertz-induced hot electron emission
Andreas Steiger How accurate do you know your power at 300 GHz?
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MTSA 2024 - THURSDAY 6. JUNE
8:00-8:45 Registration
8:45-10:25 TH-1: THz near-field science
8:45-9:10 TH-1.1: Frank Hegmann - Advances in ultrafast terahertz scanning tunneling microscopy
9:10-9:35 TH-1.2: Tyler Cocker - Atomic-scale terahertz time-domain spectroscopy
9:35-10:00 TH-1.3: Tom Siday - Subcycle optical spectroscopy at the atomic scale
10:00-10:25 TH-1.4: Tianwu Wang - Terahertz waveform sampling under scanning tunneling microscope
10:25-10:50 Refreshment break
10:50-12:30 TH-2: THz spintronics + advanced materials
10:50-11:15 TH-2.1: Tobias Kampfrath - Terahertz spintronics: insights and applications

TH-2.2: Dhanvir Singh Rana - Terahertz magnon spintronics with non-collinear
antiferromagnets

11:40-12:05 TH-2.3: Petr Kuzel - Terahertz response of 3D graphene aerogels

12:05-12:30 TH-2.4: Bumki Min - Light-matter interactions in photonic temporal crystals
12:30-13:30 Lunch

13:30-15:10 TH-3: THz biomedical applications, metasurfaces and integration
13:30-13:55 TH-3.1: Emma MacPherson - THz in vivo skin sensing - the largest study to date
TH-3.2: Jiaguang Han - Simultaneous Terahertz Emission and Manipulation Based on
Nonlinear Metasurfaces

14:20-14:45 TH-3.3: Weili Zhang - Metasurface based manipulation of terahertz surface waves
14:45-15:10 TH-3.4: Robert Kohlhaas - Towards photonic integrated THz systems on a chip
15:10-15:40 Refreshment break

15:40-17:00 TH-4: Solid-state THz physics IlI

TH-4.1: Keith Nelson - THz field-driven phonons and magnons probed with x-rays and 2D
THz polarimetry

16:10-16:35 TH-4.2: Rebecca Milot - Terahertz Spectroscopy of Layered Metal Halide Perovskites
16:35-17:00 TH-4.3: Lyuba Titova - 2D MXenes: THz spectroscopy and Applications

11:15-11:40

13:55-14:20

15:40-16:10

17:00-18:00 Transit to boat trip (by foot, to Fisketorvet)
18:00-19:15 Sightseeing boat trip through the Copenhagen Canals
19:30-22:30 Symposium dinner (Kayak Bar)

MTSA 2024 - FRIDAY 7. JUNE
8:00-8:45
9:00-10:15 FR-1: THz photonic and electronic applications |
9:00-9:25  FR-1.1: Taiichi Otsuiji - Terahertz plasmonic devices using graphene-based 2D materials
FR-1.2: Adrian Dobrioiu - Terahertz-wave dot projector for 3D imaging using a resonant-
tunneling-diode oscillator
9:50-10:15 FR-1.3: Chiko Otani - Recent progress of terahertz sensing
10:15-10:45 Refreshment break
10:45-12:00 FR-2: THz applications Il
10:45-11:10 FR-2.1:Joachim Jonuscheit - Thickness Measurement in an Industrial Environment
FR-2.2: Agnieszka Siemion - Self-imaging effect at terahertz frequencies with sub-
wavelength resolution

FR-2.3: Simon Jappe Lange - THz innovation lab: Bringing THz technologies from lab to
industry

9:25-9:50

11:10-11:35

11:35-12:00
12:00

\\ CLOSING REMARf‘s -END OF SYMPOSIUM///




MTSA 2024 PARTICIPANTS

Last name Firstname Affiliation Country Email Presentation

Benea- Cristina Ecole Polytechnique Fédérale de Switzerland cristina.benea@epfl.ch WE-2.1

Chelmus Lausanne (EPFL)

Bergé Luc CELIA, CEA and University of France luc.berge@u-bordeaux.fr TU-1.2
Bordeaux

Buchmann Tobias Technical University of Denmark Denmark toobu@dtu.dk

Carstensen William Technical University of Denmark Denmark wvaca@dtu.dk PO-25

Chen Jian Nanjing University China chenj63@nju.edu.cn WE-1.2

Cheng Long Technical University of Denmark Denmark longch@dtu.dk WE-4.1

Cocker Tyler Michigan State University USA cockerty@msu.edu TH-1.2

Ding Xue Okayama University Japan pm7g9k5d@s.okayama-u.ac.jp PO-1

Dobrioiu Adrian Tokyo Institute of Technology Japan dobroiu.a.aa@m.titech.ac.jp FR-1.2

Dwij Vivek Tata Institute of Fundamental India vivekdwij18@gmail.com PO-14, PO-15
Research, Mumbai

Foglia Lorenza Technical University of Denmark Denmark lpifo@dtu.dk

Friedman Kateryna Worchester Polytechnic Institute USA kkushnir@wpi.edu WE-4.3

Gingras Lauren Menlo Systems GmbH Germany L.gingras@menlosystems.com WE-2.2

Goumarre Vincent Aarhus University Denmark vincent.goumarre@ece.au.dk PO-6

Han Jiaguang Tianjin University China jiaghan@tju.edu.cn TH-3.2

Hegmann Frank University of Alberta Canada hegmann@ualberta.ca TH-1.1

Helm Manfred Helmholtz-Zentrum Dresden- Germany M.Helm®@hzdr.de WE-1.4
Rossendorf (HZDR)

Jeon Tae-In Maritime & Ocean University Republic of jeon@kmou.ac.kr WE-3.2

Korea

Jepsen Peter Uhd Technical University of Denmark Denmark puje@dtu.dk

Ji Jie Eindhoven University of Netherlands j.ji@tue.nl PO-11
Technology

John Samuel Tata Institute of Fundamental India sj45599@gmail.com PO-12
Research, Mumbai

Jonuscheit Joachim Fraunhofer ITWM, Kaiserslautern Germany joachim.jonuscheit@itwm.fraunhofer.de FR-2.1

Kampfrath Tobias Freie Universitat Berlin Germany tobias.kampfrath@fu-berlin.de TH-2.1

Kelleher Edmund Technical University of Denmark Denmark edkel@dtu.dk

Kiwa Toshihiro Okayama University Japan kiwva@okayama-u.ac.jp TU-3.2

Knap Wojciech CENTERA, Inst. High Pressure Poland knap.wojciech@gmail.com WE-3.4
Physics, PAS

Kohlhaas Robert Heinrich-Hertz-Institut, Berlin Germany robert.kohlhaas@hhi.fraunhofer.de TH-3.4

Komorowski Pawel Military University of Technology Poland awel.komorowski@wat.edu.pl PO-16

Kuzel Petr Czech Academy of Sciences Czech kuzelp@fzu.cz TH-2.3

Republic
Lange Simon Technical University of Denmark Denmark slla@dtu.dk FR-2.3
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Academy of Sciences
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Nankai University
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The third-generation attosecond light source

Katsumi Midorikawa

RIKEN Center for Advanced Photonics

Since breaking the barrier of 1fs in 2001, attosecond science has progressed rapidly for two decades, supported by advances in
ultrafast laser technology and an understanding of the interaction of strong optical fields with matter. Attosecond pulses allow
us to capture the motion of electrons in a variety of materials and are expected to bring about revolutionary progress in basic
science fields such as physics, chemistry, and biology.

Research on attosecond pulses has changed significantly around 2010. Before 2010, the Ti:S laser was the de facto
standard as the driving light source, so the cutoff energy was limited to about 100 eV and the repetition rate was typically 1
kHzY. After 2010, the mid-infrared (MIR) optical parametric amplifier (OPA) became the mainstream of the driving source?.
Owing to the quadratic dependence of the cutoff energy on the driving wavelength, the harmonic photon energy was extended
to over 300 eV, reaching the water-window spectral region, by using a MIR OPA?. However, the increase in driving wavelength
results in a significant decrease in conversion efficiency due to the combined effects of the electron wave packet spreading and
the increase in the harmonic order. In order to compensate for the low photon flux associated with the low conversion efficiency,
attempts to optimize the waveform of the driving laser pulse® as well as to increase the driving laser energy® and repetition
rate® have been pursued vigorously. In this talk, I will present our efforts over the last decade for the generation of intense

isolated attosecond pulses.
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Petawatt laser sources deliver optical pulses lasting a few tens of femtoseconds with an intensity larger than 102 W/cm?. When
such a light beam interacts with a gas or a solid target, the electrons accelerated by the laser ponderomotive force become
relativistic and acquire high energies, in excess of the GeV. Such laser systems also produce various radiations such as hard X
photons or electron-positron pairs by quantum conversion of gamma photons. If this extreme light makes it possible to generate
radiation in the highest frequency regions of the electromagnetic spectrum, it also fosters, through the production of plasma
waves and particle acceleration, conversion processes towards much lower frequencies belonging to the gigahertz and terahertz
(THz) ranges.

Intense sources of terahertz radiation are drawing growing interest for, e.g., atom probe tomography [1], particle acceleration
or modification of condensed matter properties [2,3]. An ever-increasing number of strong-field applications require driver
pulses that are both high power and spectrally tunable. While intense lasers offer promising prospects for developing compact,
ultrashort THz sources, a current challenge nowadays is to produce broadband THz pulses with mJ-level energies. This is a
nontrivial task as the most widely explored THz generation mechanisms for this purpose, namely optical rectification in
asymmetric or organic crystals [4] or photoionization of gases by two-color, moderate-intensity (~ 10'* Wem™2) femtosecond
laser pulses [5] are to date limited to tens of uJ THz pulse energies and ~1-GVm™' field strengths.

A more auspicious approach is to irradiate gaseous targets at relativistic laser intensities (> 10'® Wem™). In this regime,
coherent transition radiation (CTR) from wakefield-accelerated relativistic electron bunches at the rear plasma boundary can
lead to intense THz emissions, characterized by a few-100-uJ energy yield and > 10-GVm™ field strength [6]. Such a radiation
is coherent because the typical dimensions of the electron bunches (~ a few um) are smaller than the THz radiation wavelengths
(>10-100 um). The THz pulse energy essentially scales as the square number of fast electrons escaping the plasma, which
makes it a potentially very efficient mechanism.

CTR also operates in relativistic laser-solid interactions, whereby, compared to gas targets, it benefits from a stronger
absorption of the laser energy into MeV-range electrons and hence from an increased number of radiating particles. However,
because different acceleration mechanisms are at play, these energetic electrons are generally characterized by a much larger
angular divergence than those generated by laser wakefield in gas plasmas. Yet, owing to its high density (~10'72! cm), the
hot-electron population does not only radiate via CTR when exiting a solid foil. Less energetic electrons actually get reflected
in the strong charge-separation field that they set up in vacuum. This results in an additional coherent, synchrotron-type
radiation of polarity opposite to that of CTR. An additional complication follows from the fraction of fast electrons that are
able to escape the target and thus just emit a single burst of CTR. The sheath electric field induced by the hot electrons on both
sides of the target subsequently sets into motion the surface ions, a process known as target normal sheath acceleration (TNSA)
[7]. Because of their highest charge-to-mass ratio, the protons, generally present as contaminants, react the fastest to that field
over ~1 ps timescales and lead to a dipole-type, low-frequency radiation able to contribute to the THz spectrum (see Figure 1).

A few years ago, experimental measurements [8] reported an efficient production of terawatt (TW)-level, mJ-level THz pulses,
whose spectrum could be manipulated by tuning the laser pulse duration or target size, from high-intensity picosecond laser
irradiating metal foils. More recently, TW joule class THz radiation sources generated from microchannel targets driven by
100s of joule, picosecond lasers were associated to an increased conversion efficiency compared to that reached from planar
foil targets, with laser-to-THz energy conversion up to 0.9% [9].

In the present talk, using high-resolution, two-dimensional particle-in-cell simulations, we numerically investigate the
mechanisms of terahertz emissions in sub-micrometer-thick solid foils driven by ultraintense (~102° Wcm?), ultrashort (30 fs)
laser pulses at normal incidence. The considered range of target thicknesses extends from 0.5 um down to the relativistic
transparency regime (~ 15 nm) that is known to optimize fs laser-driven ion acceleration. By disentangling the fields emitted
by longitudinal and transverse currents, our analysis reveals that, within the first picosecond after the interaction, THz emission
occurs in bursts as a result of coherent transition radiation by the recirculating hot electrons and antenna-type emission by the
shielding electron currents traveling along the fast-expanding target surfaces [10].
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Next, we theoretically focus on the radiation from the energetic electrons exiting the backside of a solid target. Our model takes
account of the coherent transition radiation due to electrons crossing the plasma-vacuum interface as well as of the synchrotron
radiation due to their deflection and deceleration in the sheath field they set up in vacuum. After showing that both mechanisms
tend to largely compensate each other when all the electrons are pulled back into the target, we then demonstrate the sensitivity
of this radiation to a percent-level fraction of escaping electrons. The same sheath field that confines most of the fast electrons
around the target rapidly sets into motion the surface ions. We describe the THz emission from these accelerated ions and their
accompanying hot electrons by means of a plasma expansion model that allows for finite foil size and multidimensional effects.
Under conditions typical of current ultrashort laser-solid experiments, we find that the THz radiation from the expanding plasma
is much less energetic—by one to three orders of magnitude—than that due to the early-time motion of the fast electrons [11].

B - hot electrons
- protons

B - hot electrons

\ ex - protons N ex

Flectric field Electric field

Transition and

synchrotron radiations Plasma expansion radiation

Figure 1: (left) coherent transition and synchrotron radiations created by electrons escaping from and returning to the
plasma, respectively, and (right) TNSA-induced “sheath” — or plasma expansion — radiation.
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Terahertz (THz) waves, with a frequency band lying between the microwave and infrared regions, have attracted a
great deal of interest owing to their applications in spectroscopy, imaging, sensing, communication, astronomical observations,
quantum detection, and more [1]. Particularly, high-energy or high-power THz sources are essential to study strong THz-driven
phenomena such as nonlinear spectroscopy, harmonic generation, molecular alignment, and can even be used for electron
acceleration.

Recently, our research team observed high-peak-power (multi-gigawatt), high-energy (multi-millijoule) THz radiation
from a laser-plasma-based compact electron acceleration scheme, also known as laser wakefield acceleration (LWFA).
Previously, coherent THz emission was observed from LWFA with a 10-terawatt-class laser [2], but until our study, the output
THz energy from LWFA had not exceeded even a microjoule level, and no energy scaling had been studied with more powerful
drivers.

By using a 100-terawatt laser in our experiment, we observed several millijoules of THz waves from LWFA [3]. The
emitted THz radiation is radially polarized and broadband, possibly extending beyond 10 THz. Interestingly, we find that high-
energy electrons do not necessarily generate high-power THz radiation. Instead, electrons with low energy but high charge can
produce strong THz radiation. Furthermore, the THz energy we observed far exceeds, by three orders of magnitude, the energy
expected from the current theory of coherent transition radiation (CTR)—the radiation emitted by a relativistic electron bunch
passing through a plasma-vacuum boundary [2]. To explain these surprising findings, we developed a new coherent radiation
model, in which the electrons accelerated by the laser ponderomotive force and subsequent plasma wakefields emit broadband
radiation continuously along the laser propagation direction, resulting in phase-matched conical THz radiation in the forward
direction [3].

Unlike other laser-plasma sources utilizing solid targets, LWFA-based sources use gases and raise little or no concern
about target debris or target reloading. This makes our source favorable for use in high-repetition-rate operation (>1 kHz). Our
model also predicts that THz energy at the joule level can be produced from petawatt-scale LWFA. We note, however, our
model needs to be examined by more follow-up experiments and analytic/numerical studies, in order to have a full
understanding of THz generation mechanism in LWFA, as well as to optimize the source for future high-power THz
applications.

Laser Gas jet ;W‘,

10
Frequency (THz)

TN

Figure 1: Left: A laser pulse ionizes a gas jet and accelerates plasma electrons via LWFA, simultaneously producing
phase-matched conical THz radiation in the far field. Right top: Discrete THz spectrum and polarization characterized
with metal-mesh bandpass filters and a wire grid polarizer, respectively. Right bottom: Simulated longitudinal electric
field distribution in a laser moving box plotted in a symlog scale. The laser propagates from left to right.
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Jumping Crystals — Terahertz Phonons Dictate Macroscopic Mechanical Dynamics in

Organic Materials
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Figure 1: Optical images of a thermosalient crystal that undergoes a macroscopic shape-shift due to terahertz dynamics.

Over the past two decades, terahertz time-domain spectroscopy has become a valuable technique for the characterization of
solid samples, primarily due to its sensitivity to bulk molecular packing arrangements. This has made terahertz spectroscopy a
powerful tool for studying crystalline polymorphism, and has also aided in structural determination work. This is because of
the extreme and direct sensitivity of terahertz phonons to weak, often non-covalent, interactions in the condensed phase.
Additionally, in recent years, the role that specific terahertz vibrations play in a number of important physical phenomena has
become increasingly apparent, with numerous studies highlighting how terahertz motions are directly responsible for the proper
functioning of materials, ranging from enzymatic catalysis to solid-state phase transformations. In the latter case, there have
been several examples where terahertz phonons have been shown to map out the reaction pathways associated with structural
changes, often induced by external perturbations such as temperature or pressure [1-3]. Recently, a class of compounds that
exhibit macroscopic changes in structure, i.e., the shape and size of micro- and millimeter-sized crystals, have been discovered.
Many of these materials exhibit bulk dynamics, for example crystals that literally ‘jump’ when undergoing a phase
transformation, which has led to suggested uses for such materials in applications such as mechanical actuators. In this work,
we probe the reaction mechanisms in these materials using terahertz spectroscopies, including both terahertz time-domain
spectroscopy and low-frequency Raman spectroscopy. Here, specific terahertz motions are identified that are responsible for
such phenomena, enabling a direct 1-to-1 mapping of critical processes to a low-frequency vibrational resonance. Overall, this
work highlights the powerful role that low-frequency vibrational spectroscopy can play in characterizing and understanding
the structures and properties of advanced organic materials.
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Nanoconfined water is a key system that dictates dynamics of many fundamental phenomena including ion solvation [1],
molecular transport [2], and chemical reactions [3]. Although previous studies have demonstrated that interfacial water is
ordered within a thickness of 1 nm, the control and measurement of its permittivity have been challenging. A breakthrough,
however, has been achieved through the use of van der Waals assemblies of two-dimensional materials and electrostatic force
microscopy (EFM) for the precise measurement of permittivity [4]. Despite extensive research in static permittivity, similar
progresses in its high frequency counterpart have been lacking. A nanogap structure offers a promising solution because it
provides both nanoconfinement and increased sensitivity [5]. By filling nanometer-wide gaps with water molecules, we can
systematically investigate nanoconfined water at different thicknesses, enabled by atomic layer lithography for wafer-scale
fabrication. As a result of this advance, it is possible to study vertically oriented nanometer-thick water layers, shedding light
on long-range hydrogen bond networks that were previously unreachable.
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Figure 1: (A) Terahertz time traces transmitted through nanogap samples with different gap widths, comparing empty
and water-filled gaps, alongside bare silicon substrates with and without a water reservoir. Time traces are offset for
clarity, with magnified traces for 2, 5, and 10 nm gaps to emphasize small-scale fluctuations. Corresponding sample
schematics are depicted in the right panel. (B) Normalized transmitted amplitude spectra of empty and water-filled
nanogaps (orange) for 2, 5, and 10 nm widths. Analytically calculated normalized field spectra (blue dashed lines)
assume bulk-like properties for the gap-filling water.

Optical measurements were conducted on water-filled rectangular loop nanogaps ranging from 2 to 20 nm in gap width.
Throughout this study, we measured the refractive indices of nanoconfined water at frequencies ranging from 0.1 to 1.5
terahertz (THz). This analysis enables insights into the long-range collective dynamics of water molecules. Fig. 1A presents
the time-domain transmission signals of empty and water-filled nanogaps, as well as their respective reference signals. The
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time traces of narrower gaps exhibit longer oscillation periods compared to their 10 nm counterparts, indicating resonances at
lower frequencies due to stronger gap plasmon coupling. Upon filling the gap with water, a notable suppression of tailing
oscillation is observed, attributed to absorption introduced by the water. In Fig. 1B, the corresponding frequency-domain
transmission spectra are shown, obtained by Fourier-transforming the time traces in Fig. 1A. Introducing water into the nanogap
leads to a redshift in all resonant peaks and a decrease in peak amplitude. Notably, the decrease in amplitude is less pronounced
in narrower gaps, contrary to expectations given their larger spectral responses to changes in the dielectric environment near
the gap. This observation is supported by analytically calculated spectra (blue dashed lines) using the coupled-mode method
with the refractive indices of bulk water. These experimental results suggest that gap-filling water exhibits a lower dielectric
permittivity in the THz region when the gap is narrower, consistent with earlier findings in static and infrared regimes [4, 6].
We attempted to quantitatively estimate the complex refractive index of confined water. For 2 nm gap, there is a significant
decrease in the refractive index Meanwhile, the extinction coefficient undergoes a more pronounced change, eventually
reaching zero. As the gap width increases, the complex refractive index recovers its bulk water properties, but this trend is not
well explained by the 3-layer capacitor model, which consists of two interfacial and intermediate water layers proposed in Ref
[4]. We found that intermediate waters were also suppressed by confinement effect, resulting in suppressing the long-range
collective motion of water. Using the vibrational density of state (VDOS) model, the number of P show linear trend with respect
to gap width, suggesting that suppressed degree of freedom by the confinement might be volumetric.

In this work, our findings indicate that, in addition to the well-known interfacial effect, the confinement effect has also
been found to significantly reduce the complex refractive index of nanoconfined water by reducing the vibrational modes of
low energy, even at gap widths as large as ten nanometers. Therefore, our scheme offers a new approach to the study and
utilization of water-mediated processes such as protein folding, lipid rafts, and molecular recognition.

References

[1] M. C. Bellissent-Funel et al., “Water Determines the Structure and Dynamics of Proteins.” Chem. Rev. 116, 7673-7697 (2016).

[2] P. Biswas, D. Sen, M. Prasher, S. K. Sarkar, K. Dasgupta, “Confinement driven anomalous freezing in nano porous spray dried microspheres.”
Nanotechnology 32, 523-534 (2021).

[3] M. Kasuya, D. Kubota, S. Fujii, K. Kurihara, “Nano-confined electrochemical reaction studied by electrochemical surface forces apparatus.” Faraday
Discuss. 233, 206-221 (2022).

[4] L. Fumagalli et al., “Anomalously low dielectric constant of confined water”. Science 360, 1339-1342 (2018).

[5] X. S. Chen et al., “Atomic layer lithography of wafer-scale nanogap arrays for extreme confinement of electromagnetic waves.” Nat. Commun. 4,2361
(2013).

[6] T.H. H. Le, A. Morita, T. Tanaka, “Refractive index of nanoconfined water reveals its anomalous physical properties.” Nanoscale Horiz 5, 1016-1024
(2020).



MTSA 2024 — June 4-7, Copenhagen, Denmark- Paper TU-2.3

Micro-nano scale THz nonlinearity excited by femtosecond laser filamentation

Weiwei Liu, Zeliang Zhang, and Xingyou Li

Institute of Modern optics, Nankai University, Tianjin, 300350 China
liuweiwei@nankai.edu.cn

THz s-SNOM s useful for excitation and characterizing the multiple sample surfaces' transient response and high spatial
resolution features. However, the power of most THz sources is rather weak compared to the infrared and visible sources. In
addition, THz nanotips’ near-field couple and scattering efficiency is not optimistic, since the standard AFM nanotips have a
typical length of ~20 pum, which is subwavelength-scale at THz frequency. Most commercial THz s-SNOM equipment is based
on CW THz source (QCL laser, CO2 laser, free-electron laser) or narrow band THz source (photoconductive antenna) [1]. High
power CW THz source (QCL laser, CO2 laser) has been used to build the THz s-SNOM system, however, the CW THz sources
are not equipped with temporal resolution ability. The photoconductive antenna is an appropriate pulsed THz source with time
resolution ability and its high repetition is very suitable for the demodulation of near-field signals. However, its low pulse
energy can’t support near-field THz nonlinear experiments, as the low THz intensity can’t cause nonlinearity in the materials.

High-power THz radiation generated by two-color femtosecond laser filament has attracted extensive attention due to its
unique advantages, including ultrabroad bandwidth, ultrahigh peak intensity, and ultrashort duration [2]. In this letter, we
precisely control the polarization, peak intensity, and spatiotemporal walk-off between the fundamental wave (FW) and the
second harmonic wave (SH) and modify the filament length to optimal state to produce high-peak-power THz source based on
table femtosecond laser amplifier. This letter introduces these high-power sources (the energy is mainly concentrated around
0.5THz) into the THz s-SNOM system aiming at combining the high-power THz source and the THz s-SNOM system. This
system has high spatial and temporal resolution and the high electric field strength can induce nonlinearity in materials, which
can characterize the nonlinear response of low dimensional materials in the THz band at the nanometer scale
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Figure 1: (a) THz pulse waveform produced by femtosecond laser filamentation and (b) corresponding spectrum. (c) AFM
topography and the s-SNOM image of the Cd3As2 sample (d) with second-harmonic generated.
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In the first part of this abstract, we present a strategy for designing metamaterial sensors in detecting small amounts of
dielectric materials and trace molecules. The amount of frequency shift depends on intrinsic properties (electric field
distribution, Q-factor, and mode volume) of the bare resonator, as well as the overlap volume of its high-electric-field zone(s)
and the analyte [1]. Guided by the simplified dielectric perturbation theory [2], we designed interdigitated electric split-ring
resonators (ID-eSRR) to significantly enhance the detection sensitivity compared to eSRRs without interdigitated fingers [3].
ID-eSRR's fingers redistribute the electric field, creating strongly localized enhancements which boost analyte interaction. The
periodic change of the inherent anti-phase electric field reduces radiation loss, leading to a higher Q-factor. Figure 1 (a) shows
the SEM image of one unit cell of fabricated ID-eSRR and the enlarged finger area. The fabricated ID-eSRR sensors operates
at around 300~GHz. The proof-of-principle experiments were carried out to monitor the thickness of thin SiO; films which
cover the whole surface of metamaterials. Figure 1(b) shows the measured frequency shift for ID-eSRR and eSRR as a function
the thickness of SiO; film. The measurements demonstrate a remarkable 33.5~GHz frequency shift upon depositing a 150~nm
SiO; layer, with a figure of merit (FOM) improvement of over 50 times compared to structures without interdigitated fingers.
This rational design offers a promising avenue for highly sensitive detection of thin films and trace biomolecules.
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Figure 1: (a) SEM image of the fabricated interdigitated electric split-ring-resonator (ID-eSRR) MMs for THz sensing
applications. The finger area is enlarged. (b) Simulated ( red and black solid lines) and measured resonance frequency
shifts (red and black stars) in dependence of the SiOz2 layer thickness.

In the second part of the abstract, I will discuss the high power THz emission from resonant-tunneling-diode (RTD) oscillator
arrays. The RTD oscillators possess the highest oscillation frequency among all electronic THz emitters [4]. This makes RTD
oscillator a prominent candidate for bridging the so-called " THz gap'. However, the emitted power from RTD oscillators remains
limited [5]. Here, we propose a novel linear RTD oscillator arrays to achieve high power coherent emission. In principle, the
proposed linear array can contain a large number of coupled slot antennae. The inset of the Figure 1 (a) shows a sketch of
coupled two RTD oscillators embedded into two slot antennae. The two slot antennae share a common resistor. The proposed
linear RTD-oscillator arrays is capable of supporting coherent emission from both odd and even coupled modes. And both
modes exhibit constructive interference in the far field, enabling high power emission.

Experimental demonstrations of coherent emission from 11-RTD linear arrays are presented. The measured oscillation
frequency as a function of mesa area is shown in Figure 2 (a). The experiments confirm the spectral distribution predicted from
the modeling and simulations. The high-frequency emission corresponds to the even mode and the low-frequency emission
corresponds to the odd mode. The odd mode oscillates at approximately 450 GHz, while the even mode oscillates at around
750 GHz. We can roughly estimate the total emitted power of RTD devices as a function of emission frequency, which is
shown in Figure 2 (b). For the single RTD oscillator, the emission power is in the range of several tens of pW. The emitted




power from the 11-RTD-oscillator array is strongly increased: For the odd mode that oscillates at ~0.45 THz, the power is
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about 400 uW; For the even mode that oscillates at ~0.75 THz, the estimated power is about 1 mW.

Moreover, certain RTD oscillator arrays demonstrate dual-band oscillation under different biases, allowing for controllable
switching between two coupled modes. In addition, during bias sweeping in both directions, a notable hysteresis feature is
observed in the switching bias for the odd and even modes. Our linear RTD oscillator array represents a significant step forward
in the realization of high-power large RTD oscillator arrays at high frequencies, and enables large-scale applications of RTD

devices.
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Figure 2: (a) Measured oscillation frequency of the single RTD devices and RTD oscillator arrays, as a function of mesa
area. The magenta double crosses symbolize the emissions originating from individual RTD oscillators, while the red
triangles denote emissions from RTD oscillator arrays. The inset provides a schematic representation illustrating the
coupling between two RTD oscillators. (b) Estimated output power of single RTD devices and arrays, as a function of
oscillation frequency. The magenta circles represent the emissions from single RTD devices. The blue triangles denote
the emissions from the odd mode oscillation of the arrays. The red stars indicate the emissions from the even mode
oscillation of the arrays.
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Toward Terahertz pathology: Detection of cancer cells by a terahertz chemical microscope
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Pathology generally refers to research of disease using biological study and medical practices. In modern medical diagnosis,
pathology became a key tool for precise diagnosis of disease. Especially, for the diagnosis of cancers, pathologist in hospitals
prepare a test specimen and visually observe the specimen by an optical microscope. So, accuracy of results sometimes depends
on the skills of pathologists. Recently, “liquid biopsy” attracts many medical doctors. The liquid biopsy is a kind of analysis of
tumor in specimen solution, so it doesn’t require sample preparations.

In our group, A terahertz chemical microscope has been developed to measure various chemical reactions in a small volume
of liquid using an electric potential-terahertz transducer made from a semiconductor film on a sapphire substrate. The terahertz
microscope can selectively detect various kinds of materials by forming specific chemical reaction systems on the transducer.
In our group, we have demonstrated detection of e.g., sodium and potassium ions, and histamine using the terahertz chemical
microscope [3]. We also found that a small amount of cancer cells in solutions could be detected by the terahertz chemical
microscopy using a specific aptamer or antibodies™ 3.

In this presentation, demonstration of cancer detections by the terahertz chemical microscopy as well as a concept of a
terahertz pathology, will be presented.
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1 Introduction

Terahertz electromagnetic waves, whose spectrum lies between microwave and infrared regions (0.1-10 THz), have been
utilized for the diagnosis and imaging of cancer [1-3]. In the effort of finding a specific signal in such measurements, a terahertz
resonance fingerprint of cancer has been directly observed at 1.6 THz for several types of cancer [4]. The resonant signal is
believed to originate from the aberrant methylation in DNA which is an epigenetic modification before genetic mutation in the
development of cancer. If it is a resonant feature, this might be controlled or manipulated by using a terahertz radiation at the
frequency.

In the presentation, the details of finding the terahertz resonance of cancer DNA coming from methylation and the
manipulation to demethylation using resonant terahertz radiation will be explained. Also, how the demethylation is related to
cancer treatment will be discussed.

2 Results

DNA methylation plays a role to regulate gene expression. Because abnormal regulation of gene expression can cause
carcinogenesis, DNA methylation is a critical issue in cancer research and treatment. In aqueous solutions, we tracked and
observed the molecular resonance of genomic DNA at 1.6 THz from two controls (293T, M-293T) and five cancer (PC3;
prostate cancer, A431; skin cancer, A549; lung cancer, MCF-7; breast cancer, SNU-1; gastric cancer) cell lines, using freezing
technique and baseline correction [4].

The resonance peak of spectrum presents the existence and quantity of methylation in DNA, but also the target for
manipulation of DNA methylation to control gene expression in cancer DNA by breaking its bond. To break the methylation
bond resonantly, we irradiated a resonant high-power terahertz radiation, which is generated from a LiNbOj3 crystal driven by
1-kHz regenerative Ti:sapphire amplifier and has a limited bandwidth around the resonance frequency of DNA methylation
using a bandpass filter, onto some types of cancer DNA [5].

The DNA from human embryonic kidney cell line (293T) was utilized as a control and a part of it was artificially methylated
to give M-293T by DNA methyltransferase enzyme (DNMT). The M-293T was divided into two and one of them was irradiated
with high-power terahertz radiation. The methylation level of M-293T was high but it was decreased to half close to the level
of 293T after the exposure as shown in Fig. 1 [5].
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Fig. 1. 1.6-THz radiation induces the demthylation of M-293T,
resulting in the decrease of the resonance amplitude to the level of 293T [5].
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To identify the effect in actual cancer DNA, we applied high-power terahertz radiation on some types of blood cancer DNA
to assess the demethylation. The blood cancer DNA experiment was performed in the same method with that of the M-293T.
The degree of DNA methylation was significantly decreased in most of the blood cancer, although the demethylation ratios
varied according to cell line (approximately 10 - 70%) [5]. Skin cancer and breast cancer DNAs were also tested to verify the
demethylation by THz radiation [3].

Without extracting the cancer DNA, the effective demethylation of melanoma cells was achieved using a resonant terahertz
radiation [6]. When exposed to 1.6-THz radiation, the DNA in cancer cells was demethylated, resulting in the downregulation
of specific genes that are involved in cancer pathways as shown in Fig. 2 [7]. The results show that terahertz radiation has the
potential to modify gene expression in living cells for cancer treatment.
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Fig. 2. The number of up- and down-regulated genes in cancer and apoptosis pathways. The red and orange bars
represent up-regulation of pathway in cancer and apoptosis, respectively, while the blue and navy-blue bars show down-
regulation of pathway in cancer and apoptosis, respectively [7].

3 Summary

Our result demonstrates that the molecular resonance of cancer DNA exists in the terahertz region and this can be controlled
by the irradiation of high-power terahertz radiation. This is the first result using an optical technique for manipulating DNA
methylation. The manipulation of methylation in cancer DNA is an important factor in epigenetic cancer therapy because
aberrant DNA methylation can lead to abnormal gene expression. Although there are several chemical inhibitor drugs for DNA
demethylation, which reduce aberrant DNA methylation in cancer cell, they still have a high risk of side effects. Because our
method is a non-invasive, non-ionizing and non-labelling optical technique, and uses specific resonance frequency, it could be
a good solution to achieve a novel cancer therapy with few side effects. This implies that terahertz radiation might be utilized
for the demethylation of cancer DNA leading to cancer therapy.
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THz frequency, Mie scattering of human cornea
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This talk focuses on the THz frequency scattering properties of human cornea and the effects on non-contact THz spectroscopy
of corneal tissue in pursuit of corneal water content quantification. The ratio of corneal radius of curvature to illumination
wavelength indicates a Mie scattering approach. Mie scattering is used to investigate where, with respect to the corneal surface,
should the probing beam waist be placed. We find that focusing the beam waist on the cornea is non-optimal and that the
deviation between Mie scattering results and the planar/plane wave equivalent diverge the most at low frequencies.

The cornea, the transparent front part of the eye, plays a crucial role in vision. Its optical properties are heavily influenced by
its water content, which constitutes approximately 79% of its mass. Current clinical standards to assess corneal water content
are limited to thickness measurements of the central cornea under the assumption that the cornea must expand to make room
for increased water; water content is inferred from thickness and not measured directly. Thickness measurements do not account
for the significant population variation in corneal thickness thus thickness measurements are, at best, a screening tool.

THz imaging and spectroscopy accesses the lossy longitudinal modes of the aqueous corneal shell. The tissue morphology
allows for a small cavity enhancement that is leveraged for dielectric spectroscopy. The relatively simple tissue construction
of cornea supports a straightforward mapping from extracted refractive index to tissue water content via effective media theory.

Typical THz spectroscopy system illuminate the cornea with a Gaussian beam oriented such that the converging beam radius
of curvature is matched to the corneal radius of curvature, and parameter fit to a model that assumes plane wave interaction
with a planar dielectric stack of infinite transverse extent. However, THz back scattering from cornea diverges from these
assumptions and a more sophisticated scattering model is needed.
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Figure 1: (a) Cornea scattering region, (b) stability analysis of the cornea as a spherical cavity. The coupling efficiency
computed by ABCD matrix for beam illumination (c) on the apex, and (d) on the center of the cornea [1].

The canonical loglog scattering plot relating wavelength and particle radius is shown in Figure 1(a). Contour lines for fixed
size parameter (ka = 2mn/A) are superimposed on the plot and delineate approximate regions: “Negligible” (ka<0.002), Rayleigh
(0.002 < ka < 0.2), Mie (0.2 < ka < 2000), and Geometric (ka > 2000). Regions corresponding to the anterior segment (outer
cornea layer) and posterior segment (inner cornea layer) are bounded by the wavelength range corresponding to 100 — 1000
GHz, human cornea RoC of 7 — 8 mm and a central corneal thickness (CCT) range of 0.4 — 0.7 mm. Both segments lie within
the Mie scattering range.

A cavity stability analysis of the cornea is shown in Figure 1(b) where beam walk-off losses are assessed by treating the cornea
as a concentric spherical cavity. Concentric cavities lie directly on the gig> = 1. Moreover, the corneal thickness increases from
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center to periphery which effectively offsets the surface anterior surface, breaks the concentricity, and moves the cavity to the
unstable region.

Stability/instability is further demonstrated by ABCD matrix analysis with results shown in Figure 1(c,d). A Gaussian beam
was launched at the cavity and then the coupling between the initial reflection and multiple round trips were computed. For
Figure 1(c), the beam waist was placed coincident with the corneal apex resulting in approximate plane wave illumination.
Subsequent bounces inside the cornea reduce the radius of curvature matching as the beam diverges within the cornea. This
indicates a lower sensitivity to longitudinal modes. Conversely, when the beam is placed such that the converging radius of
curvature matches the corneal radius of curvature upon incidence, the coupling between initial and multipath beams is high
indicating lower walk-off losses and increase sensitivity to longitudinal modes.

Exploration of these effects is performed with Fourier optics (FO), vector spherical harmonics (VSH), and the T-matrix method
and the results discussed in the presentation.
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In the last decades, X-ray free electron lasers (XFELs) and ultrafast electron diffraction (UED) instruments have emerged
as preeminent tools for decoding the mysteries of molecular and material processes and paving the way for development of
new technologies to address the exponentially-increasing technological demands of society. Guiding this revolution is the idea
of tracking the atomic and electronic structure of matter on atomic spatial and temporal scales during fundamental processes
like chemical reactions in molecules or evolution of collective modes and phase changes in solid-state materials. To observe
these quantum phenomena with sufficient spatial and temporal resolution requires coherent probes of extreme characteristics
including Angstrom-scale wavelengths and femtosecond-scale durations. Until recently, such probes, in the form of either
electrons or X-rays have been produced primarily using large-scale accelerators available at national laboratories. These
accelerators, which have undergone a century of development and painstaking refinement, can now produce ultrabright electron
beams of exquisite performance that have opened the door to the quantum world and are fueling world-wide development of
new XFELs and UED instruments. Nevertheless, hints that the limits of this technology, which is powered by radio-frequency
(RF) electromagnetic waves, are on the horizon is motivating development of alternative “advanced” laser-based accelerator
technologies with novel properties that have potential to extend the performance in one or more aspects.

A key accelerator performance metric is the brightness of the electron bunches. This parameter is strongly affected by the
strength of the initial electric fields experienced during the creation of the beam at the photocathode (i.e., the extraction fields)
as well as of the fields used to accelerate the electrons to their final energy. This dependence is a result of mutual-repulsion of
fermionic electrons via the Coulomb interaction which can be increasingly mitigated via relativistic effects by maximizing the
field strength and hence minimizing the time the electron bunches remain at low energies. The field strength that can be applied
to an accelerator structure, however, is limited by field-induced discharge which dramatically impacts performance and can
destroy the device. The maximum field strength achievable is dependent on the material properties and the surface preparation
as well as the frequency and duration of the applied field which govern the probability of electron emission. The drive to
increase field strengths has therefore sparked development in multiple directions, including extension of conventional
accelerators from RF (1 — 3 GHz) to higher frequencies (10 GHz and above) where the breakdown threshold is higher as well
as exploration of alternate materials to form the accelerating structures like laser-driven plasmas which can sustain enormous
fields and are impervious to destruction.

A new approach that appeared within the last decade and is rapidly gaining visibility is extension of traditional accelerator
concepts to terahertz (THz) frequencies [1]. This approach, pioneered in our group, is expected to enable increases in field
strength by one to two orders of magnitude, with corresponding improvements in the brightness of the electrons and ultimately
the spatiotemporal resolution of the associated instrument. THz-driven accelerators, especially those powered by laser-based
THz sources, present a number of additional advantages. First, like other laser-based accelerator concepts, THz-driven
accelerators benefit from intrinsic synchronization between the laser-derived fields accelerating the electrons and the laser-
derived pump beams used to induce material dynamics. Temporal jitter between the electron (or derived X-ray) probes and the
laser pumps, which remains a limiting factor in the temporal resolution of RF-based devices, is thus to a large degree mitigated.
Second, the shorter wavelengths of THz relative to RF fields combined with the increased field-strengths provide several-
orders-of-magnitude higher field gradients which can be used to perform extreme manipulations of the electron-bunch phase-
space, bringing novel capabilities not only to THz accelerators, but also to THz-enhanced RF accelerators. Finally, the smaller
wavelength of the radiation leads to a corresponding reduction in the dimensions and hence volume of the accelerator structures.
As a result, far less power is required to generate intense fields leading to dramatically reduced heating and the potential for
scaling repetition rates (and hence average flux) to unprecedented levels.
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These benefits, however, do not come without a cost. First, the smaller scale of the electromagnetic waves significantly
increases the difficulty of controlling and maintaining the phase of wave experienced by the electron bunch which is necessary
for reaching high energies. Second, the smaller waves and accelerator dimensions limit the number of electrons that can be
packed into the bunch before Coulomb repulsion deteriorates its quality. Third, the smaller scale of the accelerator presents
significant challenges for manufacturing the required structural features and achieving the required tolerances in terms of
alignment and surface quality. Finally, the difficulty in generating sufficient THz energy strongly limits the electron energies
currently achievable which is currently a primary factor limiting the general acceptance of the technology.

Nevertheless, significant progress has been made with increasingly frequent demonstration of key milestones. Following
proof-of-principle demonstrations of THz-driven electron acceleration in photoguns [2] and LINACs [3], development of
practical, multi-functional THz-driven electron accelerator modules operating at the 100 keV level was achieved [4-6].
Extension of these concepts to relativistic electron beams from conventional accelerators came shortly after, and very recently,
use of THz-driven photogun technology for UED and electron microscopy at low energies (15 — 50 keV) has been
demonstrated [7,8]. In parallel, enormous progress has been made in development of laser-based THz sources using nonlinear
down conversion, both for single-cycle and multicycle THz generation. To continue this rapid pace of progress and bring THz-
driven accelerator technology to a state suitable for mainstream use in ultrafast instrumentation, further development of multiple
technologies is required, including high-quality THz-accelerator structures (Fig. 1a) and high-energy, high repetition-rate THz
sources (Fig. 1b) as well as the lasers that power them. In this talk, I review the work in our group on these three frontiers and
discuss specific technical and physical challenges to be overcome.

Figure 1: THz accelerator technology. a) Partially assembled prototype of a THz photogun mounted in an assembly
station. The red spot is from a HeNe laser used for alignment of the multi-layered structure. Dielectric inserts used to tune
the time of arrival of the THz pulse in each layer are visible on either side of the red spot. b) Photo of a cryostat used for
high energy single-cycle THz generation by nonlinear down conversion of laser light. The prominent green color is
unwanted second harmonic light parasitically generated in the interaction. In the center of the cryostat, a large aperture
(35 mm tall) lithium niobate prism, which is the nonlinear conversion medium, is visible.
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Ultrafast lasers are ubiquitous front-end systems for generating short Terahertz transients and are thus essential tools in
progressing THz science and technology. However, so far, most driving lasers have concentrated on commercially available
technologies, most dominant ones being Ti:Sapphire lasers and Er-doped fiber lasers, with their well-known limitations in
average power. More recently Yb-lasers emitting at around 1030nm with high average power have emerged also as an
alternative for increasing the overall average power of pulsed THz sources.

In this context, many Terahertz generation schemes could greatly benefit from longer driving wavelengths with comparable
performance to the more well-established laser systems. For example, they allow in many ¥® materials to reduce the impact
of multi-photon absorption, as well as enable to reach high conversion efficiencies in two-color plasma sources, thanks to a
stronger ponderomotive force [1][2]. More generally, long-wavelength lasers are also desired for reaching high photon energies
up to soft X-rays in high harmonic generation and for reaching mid-IR light using various nonlinear crystals that are not
transparent at the traditionally used wavelengths. In this goal of improving the performance and coverage of secondary sources,
the 2-3um wavelength region is being currently heavily explored in the laser community.

Traditionally, high-power ultrafast sources in this wavelength region are restricted to complex and inefficient parametric
conversion stages, allowing to reach tens of watts of average power, using pumps with several hundreds of watts based on Yb
systems in most latest state-of-the-art lab developments [3].

A much more elegant and simple approach is to use gain media directly emitting in this wavelength range for high-power
oscillators and amplifiers. As shown in Fig. 1, many advances have been realized in bulk and fiber-based amplifier systems in
this wavelength range. Some remarkable achievements in the wider area of high-power 2 pum ultrafast lasers are the
demonstration of a Tm-fiber based chirped pulse amplifier systems, with an average power of 1060 W at 80-MHz pulse
repetition frequency, corresponding to a pulse energy of 13.2 uJ [4]. Nevertheless, compared with ultrafast lasers in the 1-um
wavelength range, the average power of 2 um ultrafast lasers are at least one order of magnitude lower as show in Fig. 1,
showing large potential for further progress. In particular, very few results have been achieved in this wavelength range with
disk lasers -both oscillators and amplifiers- therefore representing an area of unexplored potential in ultrafast source
development.
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Figure 1: Comparison of state-of-the art of ultrafast lasers at 1pum and 2um, including oscillators and amplifiers

In the context of the different emerging laser technologies for accessing this wavelength region, Holmium lasers are particularly
attractive for power and energy scaling because they operate in a window of atmospheric transmission at 2,1um; furthermore,
Holmium operates as a three-level laser with very comparable thermal advantages to Ytterbium.
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Figure 2: 50 W — 2 pJ thin-disk oscillator based on Ho:YAG emitting at 2.1um, representing the highest power
oscillator so far demonstrated in this wavelength region.

In this presentation, we will discuss the development of high-power 2 pm disk and bulk lasers, based on Holmium-doped
materials and current challenges and application possibilities, with a focus towards THz generation using these sources.

We will present a 50W Holmium femtosecond disk laser oscillator with up to 2uJ pulse energy [5] (Fig.2), as well as a novel
broadband regenerative amplifier based on the new gain material Ho:CALGO, enabling multi-100uJ pulse energy with
femtosecond pulse durations. We will discuss the different THz generation schemes where these novel sources are promising
to enable high average power, high repetition rate THz sources operating with very high conversion efficiency.
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Generation and applications of strong terahertz driven by high-intensity lasers

Yutong Li', and Guogian Liao'
! Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Recently Terahertz (THz) radiation from laser-produced plasmas has attracted much interest since plasmas can work at
arbitrarily high laser intensity. We have systematically studied strong THz radiation from solid targets driven by ultraintense
laser pulses. The experiments were performed with femtosecond and picosecond laser facilities respectively. The energetic
MeV fast electron beams accelerated by the high intensity laser pulses are the origin for the THz radiation. When the forward
electrons reach the target rear surface, THz radiation can be induced due to transition radiation. We have demonstrated the
total energy of THz pulses emitted from the target rear is up to ~200 mJ, giving a peak power upto ~Terawatt, when using
60J ps driving laser beam. Using the femtosecond laser system at the Institute of Physics CAS, a strong terahertz source with
peak power exceeding GW is also generated. We have carried out preliminary experiments on nonlinear interaction between
strong terahertz fields and matter using those strong THz sources, such as the excitation of biological protein dynamics, water
dynamics, and phonons.
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Tonization-Induced THz Emission
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The generation of strong broadband THz fields by two-color laser-induced plasmas has attracted significant attention because
of the high amplitude and broad spectral width of the radiation emitted [1]. The mechanism is based on photocurrents produced
by ionization in an asymmetric driving field consisting of the fundamental pulse and its second harmonic [2]. Thus, THz
emission is inextricably related to ionization, and its properties have recently been suggested to reveal valuable information
about the ionization process itself [3]. Considerable effort has been devoted to optimizing and controlling various characteristics
of the THz radiation produced. In particular, the efficiency of THz generation was shown to be influenced by the relative phases
between harmonics [2]. Other important factors affecting the produced THz radiation are pump wavelengths [4], polarization
of the pulses [5], their durations [6] and, more generally, their wave shapes [7].

(a) time (b) frequency
__ representation representation
[ A, .A—l [ Ay .AZ
J]l : : JI\ A >
-2 -1 0 1 2 frequency
(c) . m
A mixed
z\ .
s representation A,
c Al .
3 ' A o’
c 4 ?
o i
b
(9] i
@ 1
© F
@ ; i
g | |
y— i i -
I T
t, (S} time

Figure 1: Predicting the THz wave shape: (a) Time representation: Uses information on the vector potential A(tn) of the
pump in the vicinity of the ionization event tn and the corresponding ionization step dpn. (b) Frequency representation:
Uses the Fourier components Am and pm of the pump and electron density. (¢) Mixed representation: Uses the Fourier
components Am of the pump, the ionization steps 6pn in the time domain, and its phase information exp(imtao).

We will review the ionization induced THz generation and explain its main characteristics in the local current framework -- the
locally generated THz waveforms in a small space volume. Three equivalent representations are developed, which allow for a
convenient interpretation of difference characteristics, cf. Figure 1. We study the variety of possible THz waveforms, which
can appear in two- and multicolor schemes with arbitrary polarization of the pump pulses, with focus on the polarization state
of such THz radiation. Starting from general principles, we show how the elliptically polarized THz radiation arises, which
degrees of polarization of the THz pulse are possible, and to what extent these can be controlled by the pump configuration.
We illustrate our findings by systematically studying the dependence of the THz waveshape on the pump configuration for a
two-color scheme with controlled polarization and phase difference between the pump frequency components.
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Recent progress in highly nonlinear organic crystals for THz wave generation

Fabian Rotermund
Department of Physics, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Korea

Over the years, considerable advancements have been made in the realm of nonlinear organic crystals, demonstrating their
effectiveness in generating broadband terahertz (THz) waves. This success is mainly attributed to their unique characteristics,
such as large second-order optical nonlinearities and excellent phase matching capabilities. Among the array of existing organic
crystals, organic z-conjugated crystalline materials possessing high optical nonlinearity are widely used in various fields of
optics and photonics applications, including nonlinear optics, electro-optics, and photodetection [1]. The physical and optical
characteristics of these organic z-conjugated crystalline materials are closely related to the molecular ordering of the constituent
r-conjugated molecules and their chemical compositions. Designing organic z-conjugated crystals with desired properties
necessitates simultaneous consideration of the chemical structures of chromophores and their molecular ordering in the
crystalline state. However, predicting such molecular ordering of organic z-conjugated chromophores in the crystalline state
remains a formidable challenge. This complexity arises from the manifold complex intermolecular and intramolecular
interactions exhibited by most organic z-conjugated chromophores, as well as interionic interactions with multiple possible
molecular conformations during self-assembling process in the crystalline state. Tailoring the molecular ordering of
chromophores in the crystalline state to meet specific application requirements remains a pivotal concern in the molecular (and
crystal) engineering of various organic z-conjugated crystalline materials, particularly for designing highly nonlinear organic
crystals. Such crystals must possess a non-centrosymmetric molecular ordering of chromophores to achieve second-order
optical nonlinearity. However, in addition to complex molecular interactions, the introduction of strong polar substituents, such
as electron-donating groups and electron-withdrawing groups, on widely used push—pull z-conjugated chromophores to
increase their molecular nonlinearity also increases their dipole moment.

In this talk, recent advancements and developments of organic nonlinear optical crystals applicable for efficient broadband
THz wave generation are presented. Exemplary applications of newly developed organic crystals in achieving efficient THz
waves, extending up to 10 THz, will be highlighted [2,3]. Additionally, different approaches aimed at suppressing phonon-
mode absorptions, which often induce pronounced modulations in the generated THz spectra in most organic crystals, will be
discussed [4-6].
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Time-domain Experiments on Fluctuating Quantities: Photons and Spins

Alfred Leitenstorfer!

!Department of Physics and Center for Applied Photonics, University of Konstanz, D-78457 Konstanz, Germany

Time-domain terahertz spectroscopy and experiments tracing ultrafast phenomena in general are typically based on the pump-
probe principle: an ultrashort laser pulse termed “pump” initiates a process via some coupling mechanism between light and
matter. A second pulse termed “probe” is derived from the same pulse train and reads out changes of a physical property as a
function of time with respect to the arrival of the pump, as set by an optical delay stage. Typically, the difference between
pump on and off is detected e.g. by a lock-in scheme to optimize the signa-to-noise ratio. In this way, the average change of
the probed parameter is obtained for each time delay. Since some years, experiments are emerging which go beyond this stage
by not only detecting average quantities but also their fluctuations. Initially, we realized that ultrabroadband electro-optic
sampling had become sensitive enough to eventually detect the vacuum noise of the mid-infrared radiation field. The principle
of these experiments was as follows: First, the signals from an electro-optic detector system were taken without a coherent
input and these readouts were stored in a histogram. In a second stage, the probe pulse was stretched in time such that the
detection bandwidth collapsed, leaving no more sensitivity to the vacuum noise but keeping the trivial fluctuations due to the
shot-noise of probe photons identical. It turned out that the histogram in this second state became narrower by a few percent as
compared to the first one which contained also the vacuum signals [1]. Alternatively, the transverse cross section of the space-
time volume probed was varied by translating the electro-optic crystal through the confocal region of the probe beam. As in
the first case, the result was close to the one predicted by the first quantum theory of electro-optic sampling which was based
on a first-order perturbative approach to field quantization of the nonlinear process with paraxial mode functions [2]. In this
study, great care had to be taken such that the mechanical translation of optical components to stretch the probe volume
longitudinally or in the transvers direction did not influence the flux of probe photons e.g. due to imperfections of optical
surfaces. Consequently, it became highly desirable to modulate the quantum vacuum by some nonlinear process and detect the
resulting deviations from the level of vacuum noise all-optically. To this end, we were aiming to produce mid-infrared squeezed
states as a signal for electro-optic detector. By comparing the noise level of this input with the one due to bare vacuum noise
as a function of time delay, a temporal pattern should emerge with alternating regions of excess noise and reduced fluctuations.
We readily found such signatures [3] which seemed consistent with theoretical predictions [2].

In parallel, Jerome Faist’s team at ETH Zurich implemented a scheme where two readout pulses for electro-optic sampling are
time delayed with respect to each other and adjusted such that they probe transversely separated spatial regions in a detector
crystal which are close enough to belong to the same terahertz transverse mode. This feature is enabled by the large difference
in wavelength between the 800 nm probe beam and the detected frequency interval around 1 THz. Initially sensing thermal
fluctuations, they succeeded to detect correlations due to vacuum fluctuations when cooling down the entire setup to a
temperature of 4 K [4]. Amazingly, the experiment demonstrated that it is possible to e.g. characterize the spectral response of
an electro-optic setup solely with this vacuum input. When trying to extend our squeezing measurements [2] by exploiting a
more powerful pump source for modulating the quantum vacuum [5], we were able to reproduce the initial results.
Unfortunately, we also obtained signatures at higher intensities that were no longer compatible with the original interpretation
[2] of a cascaded process where first a coherent field transient is generated by optical rectification and subsequently squeezes
the quantum vacuum in the same second-order nonlinear crystal. It turned out that the coherent amplitude detected in parallel
in these experiments was the source for severe artefacts: When a slight deviation from a quarter-wave phase shift in the
ellipsometer of the electro-optic setup occurs due to e.g. focusing onto the detector diodes with curved metallic mirrors [6],
some implicit signal emerges due to the Hilbert transform of the coherent input transient which is of opposite sign in the upper
and lower spectral parts of the probe [6]. Due to this sign flip, this signal does not leave a trace in the coherent amplitude but
it alters the noise readout because of the presence of some anti-correlated amplitude fluctuations in the extreme spectral regions
of the probe [7]. In this way, the noise deviations detected in Ref. 2 exceeded the ones we now estimate due to real squeezing
effects by about two orders of magnitude.

The measures required to eventually reach a reliable technology based on generation and detection of nonclassical states of
mid-infrared light in the time domain is as follows: Most importantly, e.g. a squeezed vacuum with large temporal deviations
from zero-point fluctuations has to be generated and any co-propagating coherent field amplitudes have to be suppressed as
much as possible. We intend to meet these requirements by pumping a spontaneous parametric downconverter that squeezes
the vacuum in a polarization direction perpendicular to the coherent and intense excitation beam which is derived from a
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degenerate optical parametric oscillator pumped synchronously with a phase-stable input [8]. In parallel, modelocked
oscillators with few-kHz optical linewidths of their femtosecond frequency comb are to be deployed [9], enabling a strong
reduction of the anti-correlated amplitude noise in the ultrabroadband spectra of the few-femtosecond probe.

The theoretical studies of quantum aspects of electro-optic sampling carried out during the last years strongly support the claim
that a time-domain quantum technology based on this method may eventually be established. For example, a subcycle
description of squeezing was based on a time-flow approach [10]. The relevance of quantum contributions to the classical limit
of the optical nonlinearity was studied in detail [11] and the role of back-action in the electro-optic detection process was
clarified [12]. As soon as all obstacles are overcome, fascinating prospects emerge for experiments studying quantum
electrodynamics in accelerated frames [13] and analogues of cosmological phenomena in curved spacetime [14].
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Figure 1: Femtosecond noise correlations during a spin-reorientation transition in antiferromagnetic Smo.7Ero.3FeQOs.
Measurement (right) and atomistic simulation (center) of correlations in Faraday rotation amplitude as a function of time
delay and at different temperatures. Right: Amplitude of magnetic fluctuations versus temperature over the phase transition
in experiment (top) and theory (bottom).

Finally, another area of exciting applications for statistical readout of ultrafast experiments emerges in condensed-matter
physics: harnessing an extension of the methodology from Ref. 4 and the Faraday effect, we managed to detect the correlations
of spin fluctuations close to the reorientation phase transition in an orthoferrite by a time-domain approach with femtosecond
resolution [15]. Fourier transform of those data not only yields temperature-dependent frequencies of magnon modes known
from pump-probe and other spectroscopies but also phenomena like discrete jumps between degenerate energetic minima of
the spin system that are inaccessible to conventional approaches (see Fig. 1).
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Sensitive Superconducting Quantum Capacitance Detectors
at Terahertz Wavebands
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IResearch Institute of Superconductor Electronics (RISE), School of Electronic Science and Engineering, Nanjing University, Nanjing, 210023, China

2Purple Mountain Laboratories, Nanjing 211111, China

* Email: chenj63@nju.edu.cn

Superconducting quantum capacitance detectors (QCDs) are ultra-sensitive direct detectors at terahertz (THz) wavebands. [1]
A QCD contains a superconducting RF resonator, a single cooper pair box (SCB) called a charge qubit, and a THz absorber,
see Figure 1. The THz absorber will absorb THz photons and generate lots of quasiparticles. Then the quasiparticles will tunnel
into the island of SCB under a suitable DC bias voltage. This event will change the capacitance of the SCB, which we call
quantum capacitance. Further, this change will shift the resonator’s resonant frequency and can be read out by a homodyne
detection. QCDs can be integrated to large-scale imaging chips because their signals can be read out by one transmission line.
Meanwhile, QCDs have very high sensitivity. The reported noise equivalent power (NEP) of QCDs can reach 102 W/Hz"?,
making them one of the most sensitive THz detectors. Because of the ultra-high sensitivity and the ability to integrate at a large
scale, QCDs are expected to be used in the next generation of space telescopes and so on.
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Figure 1: Schematic of QCD. A QCD is composed of an RF
resonator (purple solid line), an SCB (brown solid line) containing
a small Josephson junction and a capacitor, and a THz absorber
(black grid). The green dash rectangle surrounds the
superconducting electrode (also called “island”). The Blue part is
the RF readout transmission line with DC bias part.

We have designed and fabricated QCDs and characterized them with a homemade system. The system contains a homemade
blackbody at low temperature as a weak THz radiation source, a stack of filters to get a narrow band of radiation around 1.6
THz, and a set of shields to shield stray radiation, see Figure 2(d). QCDs are placed in a dilution refrigerator (cryostat) and
work down to 20 mK. The homemade blackbody’s radiation power is controlled by a computer and its temperature can vary
from 3.5 K to 40 K. We designed and fabricated a lumped RF resonator composed of an interdigitated capacitor and a double
helix inductor, see Figure 2(a). The resonator is fabricated by tantalum (Ta) film with 200 nm thickness. The intrinsic quality
factor (Qi) is more than 3x10° mostly. The SCB is fabricated by aluminum (Al) with the double-angle evaporation process.
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The Josephson junction is very small which is 100 nm x 100 nm in size. To couple the THz radiation, we designed a mental
grid THz absorber whose absorbance is close to the intrinsic value of 50%. Under the above preparation condition, we have
observed the periotic response of the QCD at the bath temperature of 20 mK, which agrees with the expected SCB signal
controlled by the bias voltage. We also observed the amplitude decrease with the blackbody’s radiation power increase. This is
the response of the QCD to THz radiation. For limited sensitivity detection, the detector’s NEP should be lower than the photon
background NEP, which is about 5x10°'® W/Hz!"? for 1.6 THz.[2] Our fabricated QCD’s NEP is better than 10-'8 W/Hz!? .
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Figure 2: Photos of the QCD and the characterization system. (a) are QCD’s SEM pictures. The
enlarged images (b) and (c) are the SCB and the THz absorber, respectively. The size of
Josephson junction is about 100 nm % 100 nm. (d) is the schematic of the dilution refrigerator
and homemade system.

THz single photon detection (SPD) is very difficult, because of the lower photon energy and the lack of THz single photon
radiation source. For a higher counting rate, the detector’s NEP should be better than 102° W/Hz!"? . [2] However, QCD’s ultra-
high sensitivity is good enough to achieve THz SPD. In the future, we will continue to raise the Qi of the resonator and optimize
the SCB’s quality to improve the sensitivity of the detector and achieve THz SPD. We will also try to fabricate a larger-scale
QCD chip to implement THz multiplex imaging and so on.
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Terahertz conductivity sense cation disorder in
thin films of half-metallic double perovskites
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ABSTRACT

Double perovskites with the chemical stoichiometry of A;BB'O¢ (A= Ca, Sr, and Ba; B = Fe, B’ = Mo), tend to
show half-metallic character with two conducting channels (spin-up and spin-down) for the charge transport. This class of
materials have gained attention owing to the high Curie temperature (T¢), 100% spin polarization and large
magnetoresistance at room temperature, which help in realizing spintronic applications at room temperature and above [1]. In
AFeMoQOg4 compounds, a high T¢ of 360 K, 415 K, and 380 K for A= Ca, Sr, and Ba, respectively, makes this class of

materials more promising vis-a-vis mixed-valent manganites, with lower T and smaller spin polarization in comparison.
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Figure 1: Drude model fit to real and imaginary room temperature THz conductivity of (a) Ca,FeMoOg / LaAlO; [111]
thin film and (b) Ca,FeMoOg / LaAlO; [100] thin film.

Despite promising attributes of AFeMoO4 compounds for applications in the area of spintronics, the anti-site
disorder which arises due to interchange of ions with similar size at B and B’ sites, creates a large hindrance in realizing the
applications [2,3]. This anti-site disorder generally builds up when thin films are deposited. To overcome this problem,
various methods are adopted by researchers [2]. In this direction, we have performed a comparative experimental
investigations on two sets of films deposited on [100] and [111] oriented single crystal substrates in order to see whether
[111] orientation in combination of compressive strain help order cations in this system, as predicted by theoretical studies
[4]. For this study, we characterized the films for structural, electrical and magnetic properties, in addition to the temperature
dependent terahertz (THz) time-domain spectroscopy. The spectroscopic data were collected at different constant
temperatures in the range of 5K to 300K. We find that terahertz conductivity of double perovskite thin films is highly

sensitive to the anti-site disorder. The frequency dependent THz conductivity of [111]-oriented films fit to Drude model
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whereas that of [001] oriented film fit to Drude-Smith model, at all the temperatures. Our results, in combination to THz
spectroscopy, clearly show that Ca,FeMoOg films deposited on LaAlO; [111] substrates have better cation ordering, which

further results into enhanced magnetization and half-metallic character.
*Corresponding author: krushna@iiti.ac.in
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Driving nanomaterials with a THz free-electron laser

Manfred Helm!'?

!Helmholtz-Zentrum Dresden-Rossendorf (HZDR), 01328 Dresden, Germany
’TU Dresden, 01062 Dresden, Germany

Long-wavelength free-electrons lasers are unique sources of intense, narrowband THz radiation [1]. I will discuss here time-
resolved experiments, where intense THz radiation strongly drives and excites charge carriers in two different types of
nanomaterials.

In the first experiment a single GaAs/InGaAs core-shell nanowire with a strained GaAs core [2] and a highly doped InGaAs
shell is excited with 12-THz radiation near the tip of a Neaspec scattering scanning near-field microscope (s-SNOM).
Subsequently the spectrally resolved mid-infrared response (20-60 THz) is probed using a difference-frequency mixing source.
Resulting from this intraband pumping we observe a red shift of the nanowire plasma resonance [3] both in amplitude and
phase spectra, which is ascribed to a heating of the electron distribution in the nonparabolic band and to electron transfer into
the side valleys, resulting in an increase of the average effective mass.

In the second experiment we excite a single 2D layer of MoSe, with THz radiation of photon energy in the vicinity of the trion
binding energy (here 26 meV). A trion is an exciton that binds a second electron; it is known, even from the hydrogen atom,
that its binding energy is roughly an order of magnitude smaller than the exciton binding energy. Subsequently the time-
resolved photoluminescence is monitored to observe exciton and trion populations for different excitation photon energies. We
clearly identify the resonant ionization of the trion and its conversion to an exciton [4].

Acknowledgement: This work was performed in collaboration with T. Venanzi (Univ. Rome), A. Luferau, X. Sun, A. Pashkin,
E. Dimakis, S. Winnerl (all HZDR), M. Obst, F. G. Kaps, S. C. Kehr, L. M. Eng, M. Cuccu, A. Chernikov (all TU Dresden).
hBN samples were provided by T. Taniguchi and K. Watanabe (NIMS, Tsukuba, Japan).
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Terahertz photonics on-chip

Ileana-Cristina Benea-Chelmus

'Hybrid Photonics Laboratory, EPFL, Switzerland

Integrated photonics is becoming increasingly appealing to miniaturize and custom-tailor terahertz sources and detectors[1].
They provide ways to custom-tailor the geometry of waveguides, and with it the dispersion, routing and confimenet of both
optical and terahertz signals on-chip. These benefits can be exploited to increase the sensitivity [2,3], the signal-to-noise ratio
or the spectral selectivity of such devices [4,5], bringing advantages over bulk crystals.

In this talk, I will discuss our recent efforts to develop hybrid optical-terahertz circuits from two different material platforms,
hybrid silicon-organic, and thin film lithium niobate. I will show how structures such as terahertz waveguides and cavities can
be explored together with optical waveguides to increase the efficiency of nonlinear mixing between telecom beams and
terahertz waves and hence realize more power-efficient terahertz devices.

=

A

Figure 1: Co-integrated terahertz and optical waveguides used for broadband terahertz generation from a miniaturized

chip.
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Vectorial nanostructured currents and broadband THz
vector beams from optoelectronic metasurfaces
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Our understanding of current control, although crucial for numerous scientific breakthroughs and technological leaps, faces
significant challenges at the frontiers of miniaturization and ultrafast dynamics — namely, the nanoscale and femtosecond
regimes. Here, we present a novel class of optoelectronic metasurfaces possessing a mechanism where localized, directional
charge flows are induced by gold nanoantennas into an underlying graphene layer. These effects culminate in measurable
millimeter-scale currents, as evidenced by the broadband patterned terahertz (THz) vector field emission [1] imaged in the far
field.

Precisely controlling the patterns of terahertz (THz) currents and the light they emit across space still remains a significant
challenge. While promising ideas have emerged from other fields, such as using patterned resonator metasurfaces, which
showed success in generating tailored THz radiation [2], few have enabled a truly arbitrary control of ultrafast currents leading
to broadband patterned THz emission [3-5]. We introduce a new type of surface that combines sub-wavelength-scale
nanoplasmonic structures with optoelectronic properties of 2D materials. This enables control over electrical currents triggered
by pulsed light and the over the THz light these emit, with precise tailoring over spatial polarization distribution. This opens
doors for various applications, including light detection, manipulating magnetism at the nanoscale, and information processing.
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Figure 1: SEM images of a uniformly oriented (a) metasurface resonant at 800 nm; scale bars, 500 nm. Insets: simulated
resonant plasmonic-field enhancements for parallel and perpendicular incident linear polarization angles (black double
arrows), with the calculated net current direction (blue single arrows). (b) Measured x (red) and y (blue, net = 0)
components of the radiated THz field (solid lines with data markers) and photocurrent (dashed lines) for the metasurface
with respect to the incident linear polarization angle. Calculated linear responses (solid fills) are shown for comparison,
with + and — signs indicating lobe polarity. Reproduced from [1] with the authors’ permission.

Figure 1 a) showcases SEM images of optoelectronic metasurface (left side) alongside the associated simulated plasmonic field
enhancement (plotted in blue, right insets). The metasurfaces consist of tear-dropped gold nanostructures arranged on
monoatomic graphene, deposited on an inert quartz substrate. A femtosecond laser centered at 800 nm excites the gold
nanoantennas resonantly to drive a net non-zero current enabled by the symmetry-breaking of the individual nanoantennas. The
underlying graphene acts as the channel for the ultrafast current without the need for an external bias voltage. The particular
structures showed in Fig. 1a) is arranged in a linear array and emits a linearly polarized beam, with preferential alignment of
the polarization parallel to the lattice, as showed in Fig. 1b). The insets in Fig. 1 a) show the simulated plasmonic field
enhancement factor (E/Eo) for an exciting field polarization parallel and perpendicular to the elongated nanoantenna axis. The
sample configuration is elegantly simple and reaches up to 4 THz in emitted bandwidth and a generation efficiency comparable
to that of a 1 mm-thick ZnTe crystal (not shown here), greatly improving on current schemes which generally rely on bulky
multi-stage solutions or which only produce narrowband patterned THz light [6].

The current generated by the nanoantenna can also be engineered to create complex patterns of current flow, even at the
nanoscale. To see this effect on a larger scale, azimuthal patterns were engineered and resulting polarization pattern of the
terahertz (THz) light emitted were measured. SEM images of the sample are shown in Fig. 2 a) where the gold nanoantennas
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can be seen arranged in a circular fashion and where in the experiment, the entire sample (1 mm in diameter) is uniformly
excited by femtosecond NIR pulsed. As expected, the measured electric field distribution data at the peak-THz time-slice shows
a flip in polarization when observing opposite sides of the beam (Fig. 2 b), along with a dark region in the center where the
currents cancel each other out. The experimentally measured polarization-sensitive maps (upper panels) are in good agreement
with expected ideal Hermite—Gaussian modes (lower panels) for both polarization stages (Ex and Ey). Minor discrepancies are
attributed to slight misalignment of the sample and imaging optics. When combined and overlayed, the x- and y-polarization
maps show the recorded azimuthal vector field (Fig. 3.c) again with a dark region at the center where the currents cancel out,
as predicted by the sample design. The overlayed arrows show the amplitude of the local generated electric field.

Peak THz field (a.u.)

THz field magnitude (a.u.)

Figure 2: (a) SEM image of the central region of a azimuthal vector metasurface, with arrows illustrating the expected
radial photocurrent on circularly polarized excitation. Scale bar, 1 um. (b) Measured (top) versus ideal (bottom) Hermite—
Gaussian modes for the x and y field components of the radial THz vector beam. Arrows in the bottom plots indicate the
THz field polarity at peak E-field time-slice. (c) Far-field spatial map of the radial THz vector field, showing the total
measured THz field magnitude (colour map and length of white arrows) and direction (direction of white arrows) at the
pulse peak. Reproduced from [1] with the authors® permission.

The far field images were recorded using a fiber-coupled antenna detector mounted on imaging stages scanning across the
beam powered by a commercial THz spectrometer from Menlo Systems. A common 100 MHz erbium-doped fiber oscillator
seeds a pump arm and a detection arm containing a 1560 nm amplifier and fiber-coupled photoconductive antenna. The pump
arm features a newly developed linear amplifier with 100 fs pulses at 780 nm producing 1 mW of average power to illuminate
the samples, also at a 100 MHz repetition rate. The samples are illuminated with circularly polarized light in order to resonantly
excite all possible orientations of the nanoantenna array.

The observation of the Hermite-Gaussian modes confirmed the presence of the vector currents generated. This not only proves
the existence of these complex current patterns but also demonstrates a new method for directly creating specific types of
terahertz light waves. This new approach unlocks exciting possibilities for exploring and understanding the unique properties
of terahertz light (THz). It allows the investigation of a much wider range of factors that influence THz physics such as control
experiments requiring illumination with ultrafast pulses with exotic polarization states.
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Planarized terahertz quantum cascade laser frequency combs
for coherent integrated photonics
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Terahertz quantum cascade lasers (THz QCLs) [1, 2] are chip-scale sources of THz radiation, which can operate as broadband
frequency combs [3] within the frequency region between 1-5 THz, useful for spectroscopy applications. Recently, we have
developed a high-performance platform for integrated THz photonics based on planarized double metal waveguide THz QCLs
[4]. Embedding the active region waveguide within a low-loss polymer (BCB) enables the fabrication of an extended top
metallization and placing the bonding wires over the passive area, which improves the radio-frequency (RF), dispersion, and
thermal properties of the laser devices. Moreover, it enables a monolithic integration of various active and passive components
on the same photonic chip. Leveraging on this new platform, we have demonstrated several novel devices and functionalities.

One major drawback of double metal waveguide THz QCLs has been their low output powers and divergent far-field
patterns, a consequence of the optical mode confinement to subwavelength dimensions. We implemented an inverse design
approach to optimize the shape of the front laser facet to controllably reduce the reflectivity [5]. The optical mode is then
coupled via a passive waveguide to a broadband surface-emitting antenna, as illustrated in Fig. 1. Compared to a reference
device with a cleaved end facet, the slope efficiency (output power) is increased by a factor of seven, while the far-field
produces a narrow beam with a measured full-width half-maximum (FWHM) beam divergence of (17.0° x 18.5°).
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Figure 1: lllustration of a planarized waveguide (top left), where an active double metal waveguide is embedded in a low-
loss polymer (BCB). In this specific device, the usual cleaved front facet is replaced by an inverse-designed facet reflector
(the inset shows an SEM image of a fabricated facet designed for a reflectivity of R = 10%, before the planarization process
step). The optical mode is then coupled via a passive waveguide into a broadband surface-emitting patch array antenna,
significantly improving both the slope efficiency/output power (by a factor of seven) as well as the far-field pattern (the
broadband simulation result is superimposed on top of the antenna).
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To improve the frequency comb performance, we also developed several optimized active waveguide geometries.
Using a tapered waveguide (consisting of wide and narrow sections with a width ratio of 4:1), a strong field enhancement
results in effectively increased optical nonlinearities, generating frequency-modulated (FM) combs [6]. These feature flatter
emission spectra (useful for spectroscopy) and quasi-constant output intensities with a linear frequency chirp (useful for
external pulse compression). In Fig. 2, we compare the SWIFT spectroscopy measurement [3] and mean-field theory [7] results
of such a device, showing excellent agreement. Additionally, we developed an integrated double-chirped reflector to
compensate for the chromatic dispersion of the laser cavity and were able to broaden the measured comb emission spectrum
bandwidths to more than 1 THz. Finally, with high-power RF modulation of the laser waveguide, the formation of mode-locked
short pulses and of several novel exotic states were observed, potentially useful for applications.
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Figure 2: Measurement (SWIFT spectroscopy) and simulation (mean-field theory) results of a tapered active waveguide
cavity. Due to strong field enhancement effects, self-starting frequency-modulated (FM) combs are generated. These
feature flatter intensity spectra and a quasi-constant output intensity with a linear frequency chirp.
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Silicon-organic integrated photonics for THz sensing
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Silicon-organic hybrid integrated photonic circuits have recently shown unprecedented capabilities for the on-chip electro-optic
(EO) detection and generation of terahertz (THz) waves [1,2]. In this work, we propose integrated photonic chips for the sensing
and manipulation of THz signals. We anticipate the implementation of THz-optic frequency conversion [3,4], which also
empowers the fast, sensitive and chip-scale THz sensors that currently remain technically challenging and hinder applications
such as wireless communications, light detection and ranging systems. Our methods involve cavity electro-optics, combining
optical ring resonators and THz LC circuits for the optimization of the nonlinear interaction between THz fields and an on-chip
near-infrared probe beam on a nonlinear optical material on a silicon-on-insulator (SOI) platform.
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Figure 1. (a) Conception of THz-optic frequency conversion using cavity electro-optics. (b) An example of realistic design
that combines an optical ring resonator and a THz LC resonator to confine simultaneously two different frequency onto
x? polymers for wave mixing. (c) and (d): simulations of silicon-organic hybrid system that enables efficient nonlinear
process. (c) simulations of optical field. (d) simulations of THz field.

The ultimate goal of this research is to create a quantum photonic chip with unparalleled frequency conversion efficiency reach
the quantum limit. To achieve this, we seamlessly integrate sub-THz superconducting circuits onto the photonic chip to mitigate
losses, a significant limitation for high-frequency devices. This combination results in a quantum chip that can function as a
single photon sensor or transceiver, serving as a fundamental building block for future quantum technology in the sub-THz
domain.
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Mutual photon-conversion in backward OPO configuration between THz wave and near-
infrared light
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The development of technologies in the sub-THz electromagnetic wave range is increasingly active, such as carrier frequencies
for next-generation ultrahigh-speed wireless communication platforms (Beyond 5G/6G) and non-destructive tools for remote
sensing. In addition, the development of various devices that generate, detect, and control sub-THz waves is becoming
increasingly competitive worldwide because of the enormous social and economic value of standardized and patented
technologies, such as connection to optical fiber networks. In such a background, methods to convert THz wave and near-
infrared light efficiently and mutually are an extremely important research subject.

We have been developed highly bright sub-THz wave generation [1] and ultra-sensitive detection of sub-THz waves by using
frequency up-conversion [2-5] based on nonlinear photonics technology under the backward optical parametric photon-
conversion [6] we first demonstrated [7-9]. In the experiment, two PPLN crystals with polarization reversal period of 53 um
and slant angle of 67 degrees were used for sub-THz waves generation and up-conversion detection, respectively. The pulse
energy of generated sub-THz waves with frequency of 308 GHz was evaluated by using a calibrated detector firstly. After that,
1-mm-thick glass plates were inserted step by step in front of the second PPLN crystal for up-conversion to attenuate the sub-
THz pulse energy. The up-converted light from sub-THz to near infrared via backward parametric process is detected by an
avalanche photodiode. The results show the intensity of the frequency up-converted light increases in proportional to incident
sub-THz-wave pulse energy. As the input energy of the sub-THz-wave decrease, the up-converted light intensity also decreases.
When the incident pulse energy of the sub-THz waves down to 50 atto-Joule (1078 J) level, the up-converted light intensity
finally reaches a noise level. Currently, detectable limit is restricted by idler light generated in the second PPLN crystal.
Reducing the pumping light power may improve the detectable limit.

In this talk, we will report on high-efficiency sub-THz-wave oscillation by original backward optical parametric photon-
conversion using slant-stripe-type PPLN crystals, and the development of optical elements necessary for miniaturization to
make it a ubiquitous THz-wave source, such as the source mounted on robots. We also report on the detection of extremely
weak sub-THz waves with pulse energies on the order of tens of attojoules by frequency up-conversion technology as a mutual
photon conversion between THz wave and near-infrared light.
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Abstract

This study presents a novel approach for terahertz (THz) gas spectroscopy using a newly developed multipass cell setup with
an extended pulse propagation length of 51 meters. By utilizing this setup, we investigate the transition characteristics of low-
concentration N>O gas, which is crucial for understanding its behavior in atmospheric conditions. The measured THz pulses
and corresponding spectra inside the multipass gas cell are analyzed, comparing scenarios with and without N,O gas. Despite
the low gas pressure, small resonances are observed in the spectrum, attributed to water vapor in the cell. Our findings
demonstrate the capability to accurately measure trace amounts of N2O gas using this setup, validating its efficacy for THz
time-domain spectroscopy (THz-TDS). This approach opens up new possibilities for applications in environmental monitoring,
industrial safety, and medical diagnostics while also enabling real-time studies of gas dynamics and chemical reactions in
various fields.

Introduction

Terahertz (THZz) spectroscopy has emerged as a powerful technique for studying molecular structures and dynamics due to its
sensitivity to molecular vibrations and rotational transitions. In particular, THz time-domain spectroscopy (THz-TDS) offers
high-resolution spectral measurements and has been widely used in various fields, including gas spectroscopy. However,
traditional THz-TDS setups often face challenges in detecting gases at low concentrations, limiting their applicability in
atmospheric studies and environmental monitoring.

To address this limitation, we developed a new multipass cell setup with an extended THz pulse propagation length of 51
meters. This setup allows for enhanced sensitivity in detecting trace amounts of gases by facilitating multiple reflections of the
THz beam within the cell. Here, we focus on investigating the transition characteristics of low-concentration N.O gas, which
exhibits very low absorption coefficients at atmospheric pressure.

Result and conclusions

THz spectroscopy has emerged as a powerful tool for gas-sensing applications due to its unique ability to detect molecular
resonances with high sensitivity and specificity [1-5]. THz pulses were generated using a mode-locked Ti-Sapphire laser to
drive an optoelectronic source chip. Certain gases exhibit very low absorption coefficients, prompting previous THz gas
spectroscopy studies to utilize high-concentration and high-pressure N.O gas to enhance sensitivity [3, 4]. However, at
atmospheric pressure, most gases exist at extremely low concentrations. To examine the transition characteristics of low-
concentration N2O gas, a gas cell with an extended propagation length within limited space is crucial.

Recently, we developed a new multipass cell setup with a 51 m THz pulse propagation length, consisting of two mirror sets
facilitating multiple reflections of the THz beam. The incident THz beam follows a zigzag path, reflecting 23 times between
the mirror columns before moving to another pair of mirror sets nearby. There are a total of 6 sets of mirror columns. Using the
multipass cell setup with an 51 m THz pulse propagation length, we measured THz pulses for low-concentration N2O gas. The
resulting absorption lines and transition frequencies agreed with the HITRAN database, validating the efficacy of the developed
multipass gas cell for THz-TDS.

Figure 1 illustrates the measured THz pulses and corresponding spectra of beam propagation inside the 51m-long multipass
gas cell, comparing scenarios with and without N»O gas. The blue curve represents the reference THz pulse without N.O gas
(vacuum) at a pressure of -0.100 bar, while the brown curve depicts the sample THz pulse with N20 gas at only -0.999 bar
pressure. The blue and brown curves in the lower figure show the amplitude spectrum of the measured reference pulse for N20
gas and the amplitude spectrum for N»O gas in the gas cell, respectively. Although the gas pressure is very low, small resonances
appear in the spectrum. The relatively strong resonances are due to water vapor in the cell; even though the pressure is only -
1.00 bar, the water vapor cannot be completely removed. Based on these findings, we demonstrate the capability to measure
even trace amounts of N,O gas using a long-path multipass gas cell for THz pulse propagation. This indicates the potential for
a wide range of applications, including environmental monitoring, industrial safety, and medical diagnostics. Furthermore, the
enhanced sensitivity achieved with this setup opens up possibilities for studying gas dynamics and chemical reactions in real
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time, paving the way for advancements in various fields such as atmospheric science, chemical engineering, and biomedical
research.
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Fig. 1 (Upper) Measured sample THz pulse of beam propagation inside the 51m-long multipass gas cell, comparing pulse
shape with N2O gas at a pressure of -0.999 bar and without N>O gas (vacuum: -0.100 bar). (Lower) Corresponding spectra of the
measured THz pulses.
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Terahertz Emission Spectroscopy and Imaging as a Quantitative Analytical Tool

Masayoshi Tonouchi

Osaka University

Terahertz emission spectroscopy (TES) has been used for many years to explore photocarrier dynamics in various electronic
materials[1]. Although TES utilizes the same system for THz time-domain spectroscopy (THz-TDS), they provide completely
different information on material properties. THz-TDS has established itself as a tool to estimate the refractive index of
materials, whereas TES discusses the THz excitation mechanism upon femtosecond laser illumination from various materials
phenomenologically, which is now recognized as a powerful tool to explain the ultrafast photocarrier dynamics [2-6]. However,
this “phenomenological” feature has conversely hindered the widespread use of TES. For the market development of TES, it
should evolve into a versatile tool by providing the quantitative parameters of the materials. Thus, recently, we have focused
on this point. We have proven that one can extract the various parameters of semiconductors from the TES data, which extends
the market into semiconductor R&D. Examples are the parameter extraction for Si-wafer, p-n junctions, MOS, wide bandgap
semiconductors, and so on[7-12]. Figure 1 shows the schematics for photoresponse near the surface of a semiconductor. By
simplifying the emission mechanism[7], one can estimate its surface potential from the emission data in a wafer scale
noncontactly and non-destructively. This analysis is sensitive enough to assess the potential change due to the surface dipole
formation during surface treatment with BHF. In the presentation, we introduce such performance as a quantitative analytical
tool. M.T. acknowledges support in part by JSPS KAKENHI Grant No. JP23H00184.
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Figure 1: (a) Photo excitation followed by the carrier displacement to generate THz waves. (b) BHF etching modifies the
strength of the surface dipoles at the Si surface bonded with oxygen, fluorine, and hydrogen.
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Abstract — We summarize recent experimental and theoretical efforts towards understanding if and how GaN based plasmonic
nanostructures oscillating at THz frequencies can be electrically driven towards regime of amplification and generation.

I. INTRODUCTION

The first demonstration of THz amplification by graphene nanostructures achieved by RIEC- Sendai- Tohoku University
team'? raised many fundamental questions like : i) is the graphene really necessary ii) can one scale results obtained on sub-
wavelength (um scale) graphene flakes up to practical size ( mm scale) THz amplifier devices. In this work we present recent
results on GaN/AIGaN based plasmonic structures obtained in CENTERA LAB -Warsaw, showing that in moderate cryogenic
conditions (temperatures ~80K) in many aspects (i.e. carrier density , mobility and optical phonon energy) these structures
mimic graphene nanostructures used in the first amplification experiments. The results allow us to identify main
challenges/difficulties on the way towards realistic (practical size) plasmonic amplifiers of THz radiation,34°.

Il. PLASMONIC CRYSTALS VERSUS MULTI CAVITY THZ RESONATORS

Recently we have presented an extensive study of resonant two-dimensional (2D) plasmon excitations in grating-gated
quantum well heterostructures, which enable an electrical control of periodic charge carrier density profile 3. Our study
revealed that main terahertz (THz) plasmonic resonances in these structures can be explained only within the framework of the
plasmonic crystal model. We identified two different plasmonic crystal phases that can be switched on and off by application
of the grating gate potential.

However, in the pioneer work on THz amplification by graphene grating gates the plasma resonances could be fully
interpreted as a sum of individual cavity ( grating gate fingers) resonances.

We show that these two observations are not contradictory. In fact with increase of the distance between the grating gate
fingers the plasmonic crystal approximation tends to its limit in which the grating gate structures respond to external radiation
as an ensemble of independent resonators.

3
N
- -
=
o2
-
()]
-
o
4
e 1

-6 -3 0 3
Gate Voltage (V)

Figure 1: Example of THz plasmonic crystal modes absorption in grating gate GaN/AlGaN based 2D nanostructure. The
change of the phase (phase transition) close to gate voltage swing Vg=0 is clearly seen — after Ref.3.
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I1l. ELECTRICALLY DRIVEN EXPERIMENTS AND MODULATION OF ROOM TEMPERATURE THERMAL RADIATION

We show that terahertz plasmons in AlGaN/GaN grating-gate structures efficiently modulate the reflection of room
temperature thermal radiation, leading to spectra that are in agreement with the measurements of plasmon absorption using
high-power external sources °. For typical samples of a few square millimeters in size, the reflected radiation intensity is
relatively weak, and measurements need the use of gate voltage plasmon modulation and lock-in detection techniques. We
show that unintentional use of lock-in techniques may lead to artifacts and demonstrate what kind of special precautions need
to be taken into account. We show that drain voltage modulation also leads to modulation of the reflected thermal radiation by
plasmons. These results are of key importance for the research on new resonant plasmon-based terahertz amplifiers and sources
because of the always present superposition of electrically excited terahertz emission and background radiation reflected from
the structures.

IVV. CONCLUSIONS

Although we study a specific case of plasmons in AlIGaN/GaN grating-gate structures, our results have a general character
and are applicable to any other semiconductor-based plasmonic crystal structures. Our work represents a crucial step towards
a deeper understanding of THz plasma physics and the development of all-electrically tunable devices for THz optoelectronics.

ACKNOWLEDGMENTS Presented Research was partially funded by the European Union (ERC TERAPLASM #101053716).
Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European
Union or the European Research Council Executive Agency. Neither the European Union nor the granting authority can be
held responsible for them. The work was also supported by the “International Research Agendas” Program of the Foundation
for Polish Science co-financed by the European Union under the European Regional Development Fund (Grant No.
MAB/2018/9) for CENTERA.

References

[1] Room Temperature Amplification of Terahertz Radiation by Grating-Gate Graphene Structures S. Boubanga-Tombet, W. Knap, D.
Yadav, A. Satou, D. B. But, V. V. Popov, I. V. Gorbenko, V. Kachorovskii, and T. Otsuji Phys. PhysRevX.10.031004 (2020); Published:
6 July https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.031004

[2] Graphene-based plasmonic metamaterial for terahertz laser transistors T. Otsuji, S. A. Boubanga-Tombet, A. Satou, D. Yadav, H.
Fukidome, T. Watanabe, T. Suemitsu, A. A. Dubinov, V. V. Popov, W. Knap, V. Kachorovskii, K. Narahara, M. Ryzhii, V. Mitin, M.
S. Shur and V. Ryzhii Nanophotonics, vol. 11, no. 9, 2022, Published 2 February 2022.

[3] Electrical Tuning of Terahertz Plasmonic Crystal Phases

P. Sai, V. V. Korotyeyev, M. Dub, M. Stowikowski, M. Filipiak, D. B. But, Yu. Ivonyak, M. Sakowicz, Yu. M. Lyaschuk, S. M. Kukhtaruk,
G. Cywinski and W. Knap

Phys. Rev. X 13, 041003, Published : 04 October 2023

https://doi.org/10.1103/PhysRevX.13.041003

[4] THz Properties of Grating-Gate Plasmonic Crystals

P. Sai, M. Dub, V. Korotyeyev, S. Kukhtaruk, G. Cywinski, and W. Knap

Lithuanian Journal of Physics Vol. 63, No. 4, pp. 251-263 (2023), Published : 15 December 2023
https://doi.org/10.3952/physics.2023.63.4.7

[5] Plasmons in AlGaN/GaN grating-gate structure probing with 300 K background illumination.

M. Dub, D. B. But, P. Sai, Yu. Ivonyak, M. Stowikowski, M. Filipiak, G. Cywinski, W. Knap and S. Rumyantsev
AIP Advances 13, 095017 (2023), Published online: 19 September 2023
https://pubs.aip.org/aip/adv/article/13/9/095017/2911692/Plasmons-in-AlGaN-GaN-grating-gate-structure

Funded by European Re:
the European Union



https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.031004
https://doi.org/10.1103/PhysRevX.13.041003
https://doi.org/10.3952/physics.2023.63.4.7
https://pubs.aip.org/aip/adv/article/13/9/095017/2911692/Plasmons-in-AlGaN-GaN-grating-gate-structur
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NiPS;, a typical van der Waals transition metal phosphorous trisulfide material, has attracted significant interest due to its
strongly correlated electrons and unconventional phenomena. These characteristics make it a promising platform for
investigating the unique interaction among multiple degrees of freedom in condensed systems. Recent discoveries of spin-
orbit-entangled excitons arising from Zhang-Rice states and exciton-driven transient antiferromagnetic metallic states have
revealed the microscopic properties and collective behavior of electrons coupling with spin, orbital, and magnon, enhancing
the optical manipulation of coherent many-body interactions [1-2].

Moreover, as a negative charge transfer insulator, localized electrons in NiPS; dominate intricate interactions with their
surrounding environment. Interactions between electrons and ionic vibrations (lattice distortion) yield exotic composite
quasiparticles. Utilizing an optical-pump air-plasma-based terahertz probe (OPTP) system with a frequency range covering
optical phonon modes (shown in Figure 1a) and temporal resolution of a few tens of femtoseconds, we aim to monitor in real-
time the formation and dissociation of these quasiparticles.

As shown in Figure 1b, after photon excitation into a non-equilibrium state, the THz response of NiPS;3 exhibits extraordinary
behavior. After the initial sharp rise due to charge transfer transition, we observe a rapid decline on a remarkable timescale of
~110 fs, one order of magnitude faster than previous reports. Subsequently, the THz response becomes negative and enters a
~30 ps relaxation process. Combining the specific response of the materials to auxiliary evidence, we attribute the initial ~110
fs drops to conventional exciton formation. Notably, the negative responses and subsequent slow relaxation are linked to
exciton-phonon interactions, paralleling conventional excitonic behavior.
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Figure 1: (a) THz waveforms transmitted through free-space (cyan) and NiPS3 sample (red). The inset shows the
corresponding spectra. (b) The transient THz wave reflection curves at 75K (black), 188 K (cyan), and 300 K (red) are
shown as dotted points. The curves of 75 K and 188 K are vertically shifted for clarity. The solid curves correspond to the

exponential fitting for the fast and slow dynamics. The inset illustrates the temperature dependence of the slow process
time constants.

In this study, we explore well-known excitonic features and uncover a new aspect: the coexistence of self-trapped excitonic-
polaron dynamics in NiPSs. This novel perspective opens new avenues for exploring complex many-body behavior in
condensed systems, a crucial step towards understanding the optoelectronic properties of materials and unlocking their potential
in various applications.
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Future information technologies, such as high-speed data recording, quantum computation, or spintronics, call for ultrafast
control of spins. Terahertz (THz) electromagnetic radiation can couple spin dynamics on their intrinsic energy scale of magnetic
excitations and offer response rates scaling up to terabits per second, which stimulates new concepts for THz spintronics. These
concepts require the generation and detection of spin currents on the picosecond timescale to become practical. A feasible
scheme is spintronic THz emission, where spin currents are generated in a ferromagnet after femtosecond laser excitation and
then converted into charge currents. This process can be controlled by customizing magnetic fields, structural and applying
nonlinear electric fields, etc., which are quantitatively analyzed by recording the electric field waveform of emitted THz
radiation following the decaying charge current. This way is efficiently and widely employed in THz spintronics, and further
development greatly relies on exploring novel two-dimensional (2D) magnetic materials and structures.

FesGeTe; (FGT), a van der Waals (vdW) layered ferromagnetic metal, exhibits the most stable and controllable magnetism
among the recently observed intrinsic 2D magnets, making it the chosen material for this study. However, to use FGT for
exploring 2D THz spintronic applications at room temperature, key challenges consist of two parts: (1) the generation of
ultrafast spin currents, which currently only occur in materials with room temperature magnetic ordering!!l; (2) sensitively
detecting ultrafast spin currents in atomically thin 2D magnetic materials.

In this work, we eliminate these two limitations and experimentally demonstrate the optically triggered ultrafast THz spin
currents at room temperature without external magnets in a 2D ferromagnetic/antiferromagnetic superlattice (FesGeTe,/CrSb)s
(abbreviated as (FGTCS)3) I*1, whose exhibits a Curie temperature of 206 K. As depicted in Fig. 1A, we excited the (FGT/CS);
superlattice with femtosecond optical pulses and measured the emitted THz radiation. The photoconductive antenna is utilized
to solely capture vertically polarized THz waves. The corresponding THz temporal waveform is illuminated in Fig. 1B, where
the pump fluence is 3.75x105 mJ/cm?. To investigate the origin of this THz emission from the (FGT/CS); superlattice, samples
of FGT-only film (10 nm) and CrSb (CS)-only film (4 nm) are also measured under identical conditions. The time-domain THz
emission signal of the superlattice sample is approximately 10 times stronger than that of the CS-only film. Meanwhile, the
THz signal from the FGT film is barely detectable. The corresponding Fourier transformation results are shown in Fig. 1B.
These results indicate that the predominant THz emission from the superlattice is not the consequence of CS-only or FGT-only
films.

To further explore the radiation mechanism, we examined the dependence of the emitted signal on the sample azimuth angle
0 and the laser polarization a in (FGT/CS)3 superlattice. Figure 1C shows the detected THz electric-field peak amplitude as a
function of the 0, which can be fitted well by a sinusoidal function with a period of 360°. Here, the laser polarization a is fixed
along the y-axis (a = 0°) and only vertically polarized THz can be collected by the photoconductive antenna. The THz electric-
field peak reaches its maximum value at § = 60° and its minimum value at = 240°. The laser polarization dependence is
illustrated in Fig. 1D, where 0 is fixed at 60°. When the polarization of the laser o is varied from 0° to 180°, the correlation
between the THz electric field and the laser polarization angle demonstrates a cosine oscillation with a small amplitude, in
addition to a significant nonzero offset. The fitting curve is based on the cosine function which corresponds well with the
experimental data. The small amplitude polarization-dependent contribution is convergent with the total radiation of CS-only
films. Notably, from Fig. 1C and 1D, we obtain the variation of laser-polarization-independent THz radiation part with
increasing sample azimuth from 0° to 360°, which exhibits twofold rotational symmetry (Fig. 1E) and is only slightly less than
that of total THz radiation. These outcomes indicate that the most of THz emission in (FGT/CS)s superlattice can be attributed
to the external-magnetic-field-free spin-to-charge conversion!?l. We also flipped the sample 180° left and right, showing the
electric field of THz radiation to reversed, while the polarity remains unchanged when flipping up and down (Fig.1F-G), which
is also corresponded to the spintronic THz emission.
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In conclusion, we report experimental observations of ultrafast spin currents in the vdW superlattice (FGT/CS)3, which
highlights THz emission spectroscopy as a powerful tool for characterizing ultrafast spin dynamics. This advance creates
unique opportunities not only in the burgeoning field of 2D spintronic devices but also for other spin systems with atomic scale.
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Figure 1: (A). Temporal THz waveforms of the THz emission from (FGT/CS)s superlattice, CS, and FGT at room
temperature. (B) Corresponding Fourier-transformed spectra of (B). (C) Radiated THz amplitudes as a function of the
sample azimuth. (D) Dependence of laser-dependent components on laser polarization. (E) The laser-polarization-
independent component shows twofold rotational symmetry. (F) Schematic diagrams of sample flip experiments. (G) The
transient THz waveforms from the superlattice were measured by flipping 180° in both left-right and up-down directions.
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Single-crystal tin disulfide (SnSy) is a van der Waals 2D layered semiconductor with the band gap of ~ 2.3 eV, high carrier
mobility on the order of ~ 800 cm?/V s [1], and good environmental stability. It is a promising material for applications in
electrochemical sensors, photodetectors, photovoltaics, electrocatalysis, and electrochemical energy storage, as well as in solar
energy conversion applications. We have investigated 2" order optical nonlinear properties of single crystalline SnS; that give
rise to emission of THz pulses in response to below- and above-gap optical excitation at normal incidence, as shown in Fig.1(a).
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Figure 1. (a) Emitted THz pulses from single crystal SnS, upon photoexcitation with 400 or 800 nm. Insert shows structure of the single crystal and geometry
of the experiment. (b) Structural model of stacking faults with P3m1 symmetry. (Sn: grey spheres; S: yellow spheres), (c) Shift-current tensor components for
4H SnS; (space group 156; P3m1) calculated using density functional theory. A top view of the basal plane and the choice of Cartesian axes is indicated in the
inset. Only those tensor components that contribute to the in-plane shift current (Jy, Jy) are displayed here.

The SnS, multilayers can exist in different polytypes, characterized by distinct stacking sequences [2]. The most common
polytypes are 2H and 4H in the Ramsdell notation. The former is characterized by P3m1 space group which preserves inversion
symmetry of the monolayer and thus cannot exhibit 2" order nonlinearities. The latter is non-centrosymmetric and
characterized by the P6;mc space group. However, its symmetry allows only out-of-plane responses that are not detectable at
the normal incidence. We have carried out THz emission spectroscopy measurements on the 2H SnS2 single crystal and
observed emission of THz emission by both optical rectification excited by below band gap (800 nm; 1.55 eV) pulses as well
as by the shift current, excited by above gap (400 nm; 3.1 eV) pulses. As expected, the shift current is a much stronger effect
compared to the rectification current [3].

We argue that the underlying symmetry breaking arises due to the presence of stacking faults that are known to be ubiquitous
in SnS; as well as other transition-metal dichalcogenides single crystals. We present a possible structural model of a stacking
fault with symmetry properties consistent with our experimental observations. Structural model of stacking faults is shown in
Fig.1(b).
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Multilayer SnS, crystals (1-10 mm wide and several micrometers thick) for this study were grown using two-zone chemical
vapor transport. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to confirm the synthesis of
phase-pure SnS,. Additionally, single crystal diffraction identified the crystals as the 2H phase (space group P3m1). Peak
broadening was noticed, beyond instrumental linewidth broadening, in the powder XRD which is consistent with defects such
as stacking faults [4,5]. Brillouin scattering spectra were performed to show spectral rotation symmetry which is consistent
with a hexagonal phase of SnS; and identify a set of strong peaks that likely originate from the significant reflections resulting
from defects and stacking faults, thus confirming the presence of the stacking fault disorder.

We have investigated 2™ order nonlinear properties of SnS; using THz

) emission spectroscopy (TES) and first principles density functional

5 051 G g o™ 10" theory (DFT). We find that photoexcitation with above band gap (400

g Al P10 nm, 3.1 eV) and belove band gap (800 nm, 1.55 eV) results in THz

3 %] ™ o emission, as shown in the Fig. 1, despite being forbidden by the

% s _2"'13 centrosymmetry of the phase of this crystal, which is 2H SnS,, P3m1.

L : : . Bsliling In a non-centrosymmetric material above bandgap photoexcitation can

2 0 2 4 6 lead to the generation of ultrafast photocurrents such as shift current.

Figure 2. Dependence of THz emission from SnS, Shift curreqt is spatial shift of the cgntgr of charge during exmtatlo.n [2].
crystal following optical excitation with 400 nm, The bandwidth of the observed emission extends to ~ 3 THz, which is
220 pd/iem2 pulses, linearly polarized along THz independent of the excitation fluence and is limited by the bandwidth of
detection direction  (f....... = 0°). on samole the 1 mm thick ZnTe detector crystal. We attribute below bandgap

photoexcitation to optical rectification in SnS; and above bandgap to the shift current. For this we have investigated the
symmetry and excitation fluence-dependent properties of THz generation. The emitted THz pulses reverses polarity every 60°
as shown in Fig. 2 for both 400 nm and 800 nm. As a result, the waveform shape, including polarity, is fully reproduced every
120°. We also find that the emission depends on the linear polarization of the excitation. We find that the polarity of emission
changes when the polarization of the excitation is rotated by 90°. DFT calculations of the three tensor components, o,.,,
0yxx aNd 0., as a function of excitation energy for the P3m1 phase stacking-fault model show that tensor components satisfy
the expected relation oy, = 0y, = —0y,,, Fig. 1 (c). These results are qualitatively consistent with the underlying space-
group symmetries of the stacking-fault model.

We have shown that the symmetry properties of this emission are consistent with that of a P3m1 phase, and the underlying
symmetry breaking arises due to the presence of stacking faults that are known to be common in SnS; single crystals. These
results suggest that SnS2 is a promising source material for THz photonics. This work also highlights the application of THz
emission spectroscopy as a sensitive tool for investigating electronic properties, ultrafast photocurrents as well as the symmetry
properties of materials.
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Abstract:

Terahertz (THz) spectroscopy offers large opportunities in the ultrafast study of materials of various kinds. There are no high
power sources or sensitive detectors of THz. Either they are expensive or difficult to fabricate. Using Laser driven THz sour ces
and detectors, we can form THz time domain spectroscopy (TDS). We have used several different designs to fabricate high
power THz sources and detectors. We will describe some of these in the talk.

We have developed several Terahertz (THz) spectroscopic techniques to study different materials from single crystals to
metamaterials. We studied THz optical properties of Vanadium doped [100] B-Ga,Os using THz-TDS. B-Ga,Os is a very
popular material with a lot of applications in power electronics etc. The V-doped B-Ga,Os crystal shows strong birefringence
in the 0.2-2.4 THz range. We measured phase retardation over the whole THz range by developing THz Time-Domain
Polarimetry (THz-TDP) technique. It is observed that the V-doped B-Ga,Os; crystal behaves both as a quarter waveplate (QWP)
at 0.38, 1.08, 1.71, 2.28 THz, and a half wave-plate (HWP) at 0.74 and 1.94 THz, respectively. We have also studied
Metamaterials of different types for different applications. Polarization dependent transmission through an array of
subwavelength apertures can have potential application in the channel multiplexing for wireless communication. Specifically,
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Fig.1 (a) Simulated and (e) Measured Z-component of Terahertz near Electric field at 0.273 THz

in the sub-Tera-Hertz frequency range (~0.09-0.3 THz), such metasurfaces can be deployed as Intelligent Transmitting Surface
(ITS) for 6th Generation (6G) short-range communication. We studied THz transmission through such surfaces. We developed
a Near Field Scanning THz Microscope for this purpose. Several interesting Metamaterials were studied using this unique THz
Microscope of its kind. In Fig.1 We have shown one such scan for the periodic aperture Meta-surface.
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Detection of Lung Cancer Cells by A Voltage-controlled Terahertz Chemical Microscopy
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Since 1981, cancer has been the first largest mortality rate in Japan and reaches nearly 30 percent of all deaths.
Cancer genome analysis has recently attracted attention for personalized cancer treatment and provide the best
treatment for patients through precise analysis of the genome. In this treatment, the accuracy of cancer genome
analysis depends on evaluation of the ratio of cancer cells in a specimen tissue. Conventionally, specimen tissues
were fixed by a formalin-fixed paraffin-embedded (FFPE), and the ratio of cancer cells and normal cells were
visually evaluated using a microscope. However, this fixing protocol takes at least two days, and visual evaluation
depends on the pathologists' skill. So far, we have developed a terahertz microscope and successfully detected
cancer cells in solutions [1]. Recently, we have proposed a new method to improve the sensitivity of lung cancer
cell detection by applying voltage to the sensing plate [2].

A terahertz chemical microscope (TCM) is one of an excellent option to detect antigens in a very small volume
of solutions [3-5]. The TCM used a sensing plate, as shown in Figure 1(a), which consist of SiO2 film and Si film
on a sapphire substrate. When the femtosecond laser irradiates the sensing plate from the substrate side, THz pulses
are generated and radiated to free space by a surface field effect of the Si film. Generally, an antibodies are
immobilized on the surface of the sensing plate to detect a specific antigen. Because the surface field changes by
change of the chemical potentials of the surface of the sensing plate due to the conjugation of antigens and
immobilized antibodies, the amplitude of the THz pulses are also change. Thus, the TCM can detect the conjugation
by measuring the amplitude of the radiated THz pulses. In this study, biotin-labeled cytokeratin AE1/AE3 (Protein
A or G purified, Novus Biologicals, Briarwood Avenue, Centennial, CO, USA) was used as an antibody that
immobilized on the sensing plate using avidin-biotin reaction. After that, lung cancer cells(PC9) reacted with
immobilized antibodies. PC9 can be detected by detecting changes in terahertz wave intensity before and after the
reaction. However, since the terahertz wave intensity is proportional to the square root of the chemical potentials,
the chemical potentials on the surface of the sensing plate is too high and the terahertz amplitude intensity will reach
saturation. Therefore, in this study, as shown in Figure 1(b) we attempted to control the region of terahertz radiation
intensity saturates by applying an offset voltage to the Si layer of the sensing plate to optimize the free space before
the reaction of biologically relevant substances.

Cancer Cell Solution

S$i0, (Several nm) 0V~5V
Si (500 nm)
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10mm

Femtosecond laser Terahertz wave

(@) (b)

Figure 1(a) Physical picture of the sensing plate
(b) Conceptual picture of sensing plate voltage application circuit
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Figure 2 (a) shows the change in amplitude of THz pulses as a function of the of concertation of lung cancer cells
(PC9) before and after the reaction with cytokeratin AE1/AE3 antibody (purified protein A or G, Novus Biologicals,
Briarwood Avenue, Centennial, CO, USA) at different offset voltages. Figure 2 (b) shows the sensitivity of the
sensors obtained by liner-fit of the plots shown in Fig.2(a). The sensitivity was 0.705 £ 0.07217 mV/dec. and 2.025
+0.04907 mV/dec. for applied voltages of 0 V and 2 V, respectively. The results show that the applied voltage can
change the sensitivity of the detection of cancer cells.
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Figure 2(a) The THz amplitude changes as a function of the log number of PC9 cells at 0V,2V offset voltages.
(b) is the slope of the linear fit of 0V and 2V.
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1. Introduction

The novel coronavirus infection (COVID-19), which has been a global pandemic since it was first confirmed in China
in December 2019, was moved to Category 5 infectious diseases in May 2023, but it remains a threat to the elderly and people
with underlying diseases. New variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continue to emerge,
and epidemic strains continue to replace them one after another around the world. Currently, polymerase linkage (PCR) tests
and antigen tests are mainly used to diagnose SARS-CoV-2. PCR testing is a test method that amplifies and detects RNA gene
sequences specific to SARS-CoV-2, and it is highly sensitive and suitable for definitive diagnosis, but its disadvantages include
long testing time, the need for specialized equipment and specialized personnel, and high cost. On the other hand, the antigen
test is a test method that detects the nucleocapsid protein (N protein) of SARS-CoV-2 and can be tested in about 15~30 minutes,
but if the amount of antigen contained in the sample is small, it may be a false negative. That is, it is less sensitive than the
PCR test, so it can be used for screening but not for definitive diagnosis.[1]

Therefore, in order to realize a simple and highly sensitive test, we are investigating a method to detect the N protein
of SARS-CoV-2 using a terahertz chemical microscope (TCM). When we use TCM, measurement with a small sample volume
can be performed in 15 minutes, and quantitative evaluation of terahertz wave intensity is possible. Therefore, it is expected
that TCM will be used to establish a new virus testing method that is simpler to pre-treat than PCR testing and more sensitive
than antigen testing.

In a previous study, the concentration of N protein was measured, and it was confirmed that the concentration of N
protein depends on the intensity of terahertz waves. However, the amount of antigen detected by TCM was higher than the
minimum detectable amount of antigen in antigen test kits actually used as a diagnostic tool for COVID-19. Therefore, by
utilizing the feature of TCM that it is possible to measure very small amounts and reducing the amount of solution to be
measured, it was confirmed that the intensity of the terahertz wave does not depend on the amount of solution, and the
usefulness of TCM in the detection of very small amounts of N proteins was demonstrated.

2. Experiment

Configuration diagram of TCM is showed in Figure 1. The laser is divided into probe beam and pump beam by a beam
splitter. Pump beam irradiates the sensing plate and is used to generate terahertz wave. And probe beam enters the
photoconductive antenna and is used to detect terahertz wave. The THz radiating element used in TCM is called a sensing plate
(SP), and TCM is a system that measures the surface potential of the SP as the amplitude of the THz wave emitted from the SP
[2-4]. As showed in Figure 2, the SP consists of a Si layer and a SiO; layer formed on a sapphire substrate. When a femtosecond
laser is irradiated on the sapphire substrate side of the SP, THz waves are generated inside the Si layer, and THz waves
proportional to the depletion layer electric field strength of the Si layer are emitted from the sapphire substrate side. In this
study, we demonstrated that a small amount of N protein can be detected by preparing 0.5, 1, and 2 ul sample wells on the SP.
First, avidin D (Vector Laboratories, Inc., Newark, CA, USA) was immobilized in the SP. Next, a 50 pg/ml biotinylated anti-
SARS-CoV-2 N protein aptamer (purity>95%, RayBiotech life, inc., Norcross, U.S.A.) immobilized by using the strong
binding of avidin and biotin was used. Subsequently, SARS-CoV-2 nucleocapsid protein (N protein) with a C-terminal His-
tag, derived from transfected human HEK293 cells (purity > 90%, RayBiotech life, inc., Norcross, U.S.A.) was conjugated.
The concentration was increased to 1, 10, and 100 ng/ml on the same SP and the reaction was performed for 2.5 hours.
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Figure 1: Configuration diagram of TCM. Figure 2: Configuration diagram of the sensing plate.

3. Result

Figure 1 shows the change in THz wave amplitude intensity before and after the reaction between N protein and aptamer as a
function of N protein concentration. The change in THz amplitude intensity decreased as the concentration of N protein
increased. In addition, the sensitivity was almost the same regardless of the sample size. In this study, we were able to detect
0.1 pg of N protein by using TCM. According to these results, it is expected to establish a highly sensitive and rapid diagnostic
method for COVID-19 using TCM.
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Figure 3: THz wave amplitude intensity change as a function of the concentration of N protein at 0.5, 1, and 2 ul of sample
volume, respectively.
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Reflective properties of a THz meta-sensor and its bio-sensing application
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Terahertz (THz) technology has emerged as a significant sensing tool spanning diverse fields such as non-invasive/non-
destructive detection, biology, and material science [1]. THz metamaterials are recognized as pivotal tools for manipulating
THz waves due to their exceptional performance. Despite of numerous studies utilizing far-field THz wave excitation, reports
on the near-field excitation and coupling of meta-atoms are scarce [2]. In biosensing applications utilizing THz waves,
challenges arise from the diffraction limits and strong absorption effects in polar solvents, posing obstacles to achieving both
trace and highly sensitive measurements. To overcome these hurdles, we have designed a series of meta-sensors employing a
developed point THz source locally generated through optical rectification during femtosecond (fs) pulse laser irradiation on a
nonlinear optical crystal, coupled with a few arrays of meta-atoms (fundamental units of metamaterials). This approach
facilitates the understanding of the near-field coupling effect between meta-atoms and THz measurements of various solutions
at the attomole and picoliter scale [3-5]. The present study explores the reflective properties of the meta-atoms and the potential
application of this meta-sensor in blood analysis, specifically focusing on assessing its feasibility for measuring blood glucose
levels (BGL) in minute quantities.
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Figure 1: (a) Schematic of(tr)1e experimental setup around the sample. (b) The geometrical parameter(s a)md configurations of the designed
meta-atoms.
Figure 1(a) depicts the schematic drawing of the experimental setup around the sample[6]. A few arrays of meta-atom structures
of double-gap split ring resonators (SRRs) were fabricated on the surface of a 500-um-thick GaAs substrate. The near-field
THz pulses are locally generated at the fs laser focusing irradiation spot with beam waist of ~20um (¢rrz= @pump). Only the
centre meta-atom is excited directly and the neighbouring meta-atoms are excited consequently through the electric-field
coupling effect. Figure 1(b) demonstrates the geometrical parameters and configurations of the designed meta-atoms. The size
of the meta-atom is 84um x 84um with linewidth of 10pum and two gaps of 20um. The meta-atoms are arranged in arrays of 3

x3, 5x5 with period of 120um and 180um.
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Figure 2: (a) Number dependence and (b) Period dependence of the designed meta-atoms.
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Figure 2(a) presents the analysis of the number dependence of the designed meta-atom structures with a fixed period of 100pum.
Remarkable LC resonances are clearly observed in both two cases as denoted by the red and bule arrows. As the array number
increases from 3x3 to 5x5, a shift in resonance frequency towards the lower frequency region is noted, attributed to the coupling
of an increasing number of meta-atoms. In figure 2(b), the period dependence is illustrated, which represents another significant
parameter vitally affecting the coupling effect between meta-atoms. The array number is fixed at 3x3, and the period of meta-
atoms increases from 120um to 180um. Analogously, resonance frequency shift to lower frequency is observed. Whether to
alter the array number or the period of the meta-atoms, the coupling state between meta-atoms changes, resulting in resonance
frequency shift in the spectra. In other word, we can modulate the resonance peak of the meta-atoms by adjusting its arraying
number and period, which is highly favourable to the practical application of the meta-atom-based THz sensor chips.
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Figure 3: Sensing performance evaluation. (a) The reflectance spectra of the meta-sensor with and without blood sample. (b) Plots of the
resonance frequency shifts as a function of the blood glucose level (BGL), measured at each measurement.

To evaluate the sensing performance of the designed meta-sensor, human blood samples were used as our test samples. Figure
3(a) shows one of the measured THz reflectance spectra obtained when several hundred nanoliters of sample was deposited
with a microsyringe onto the 5x5 arrays of meta-sensors with a period of 120um. The meta-sensor area is approximately 500um
x 500um, which is smaller than the wavelength of the generated THz waves. A remarkable LC resonance was observed at
approximately 0.35 THz at the empty sensor and was shifted to approximately 0.24 THz after deposition of the blood sample
with BGL of 217mg/dL. Figure 3(b) shows the plots of the resonance frequency shifts as a function of the BGL measured at
each measurement, which are measured by a commercial glucose meter. In this measurement, the fasting BGL was measured
in advance, and the postprandial BGL was measured five times at one-hour intervals. The resonance frequency shifted to a
higher value with an increase in the BGL. These results suggest that our developed meta-sensor enables highly sensitive BGL
testing using extremely small amounts. In the future, we will further improve sensitivity by optimizing the meta-atom design
and discuss the possibility of non-invasive BGL testing.

This work is supported by JSPS KAKENHI JP20H00247, JP20K20536, JP21H01392, Fusion Oriented REsearch for disruptive
Science and Technology JPMJFR2029, and China Scholarship Council (Grant No. 202206170007)
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Abstract:

We employed sodium mesitylene sulfonate crystal to investigate angle-dependent phonon resonance in THz time-domain
to repetition pattern after 180° rotations. Our experimental
linear response when varying the angle from 10° to 360° in

polarimetry. This crystal possesses a C2 space group, leading

observations revealed intriguing behaviour: We observed a non-
0.182mm thick crystal. specifically, at 50° and 230°, dip resonance occurred, while at 140° and 320°, no phonon resonance

was observed. Our findings offer valuable insights into the phononic properties of this crystal as angle varies.
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Figure 1: Transmittance THz spectrum of the SMS crystal at room temperature. Transmission shows minima at two angles

for specific frequencies. (b) THz Pulse transmission through
angles.
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Methods for fast and accurate material properties estimate with terahertz time-domain
spectroscopy in transmission and reflection with optically thick materials
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Terahertz time-domain spectroscopy is commonly used for extraction of material parameters [1]. Precise estimates of the
dielectric properties of the material can be done by using the Fabry-Perot effect and iterative methods [2]. In this study, we
developed transmission and reflection spectroscopy methods to compute the refractive index, absorption coefficient and
thickness of a sample precisely without proceeding to an iterative correction of the dielectric properties.
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Figure 1: Propagation of the terahertz waves in the sample for (a) the transmission geometry, (b) the reflection geometry, and
(c) in the layer of air between the sample and the mirror. The terms E If,’r are the amplitudes of the measured electric fields.

The propagation of the terahertz waves in the transmission geometry is schematized in Figure 1(a). The model for the transfer
function, including the Fabry-Perot effect, is given by [3]:

Lyl
T;s Tsta e e’ ¢

HY(w) =

wl . wl’
1— Rgaze_ZKTe_zmT
where TY, T, and R, are the Fresnel coefficients at normal incidence for the interface between the sample (s) and the air (a),
w is the angular frequency, and [ is the sample thickness. When the phase of the transfer function is unwrapped, the following
relation can be found:

wl wl wl wl wl
tHY (w)=(n-1) — + atan2 [R§a2e_2KT sin (Zn ?) ,1—Rt,%e™C cos (Zn ?)]

This equation is very similar to the case where only E§ is considered [3], with an additional term atan2 corresponding to the
Fabry-Perot effect. The phase depends both on the refractive index n and the extinction coefficient k. However, from the
modulus of the transfer function, the extinction coefficient can be expressed as a function of the refractive index:
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Inserting this expression in the phase equation, the refractive index can be deduced by using Dekker’s method [4]. The thickness
of the sample is estimated by minimizing the total variation as done in Ref. [2].

11 Reflection

The reflection experiment used in this study is a sample lying on a mirror, as depicted in Figure 1(b). This experimental setup
induces a thin layer of air d between the sample and the mirror (see Figure 1(c)).
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The reflection transfer function is defined as the spectrum with the sample divided by the spectrum without the sample:
2 KO nsinZe wl
T TS Hgpe “cose ¢ e—zl( n2—sin 9—6059)7
Hiepo(w) = e
1 - HgnRamRiqe c05¢ e

—2j( n2-sin? G%l+cos GwTd)

The angles 8 and ¢ are the incident and transmitted angle while Ty , Ts, and R, are the Fresnel coefficients for the air/sample
interface, R,,,, = —1 is the air/mirror reflection and H,, is a correction coefficient taking into account the multiple reflections
at the sample/mirror interface with a thickness d. To extract the transfer function, the signal EJ has been removed. Similarly
to the case of the transmission geometry, the extinction coefficient can be expressed as a function of the refractive index by
using the modulus of the transfer function:
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Using the unwrapped phase of the transfer function, the following function can be defined:
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This can once again be done by Dekker’s method, since this is only a function of the refractive index. One of the challenges in
the reflection geometry is that there are now two thicknesses to estimate: [ and d. The amount [ + d can easily be deduced by
the total variation technique while d is deduced by fitting a function without inflection.

IIT Results

The method presented is applied to the same silicon wafer in transmission and in reflection. The results are presented below.
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Figure 2: Refractive index (left) and thickness (right) of the silicon wafer as measured by the transmission and
reflection THz spectroscopy.

The results obtained for the transmission and reflection geometry are consistent and match with other methods [2]. A strength
of this result is to improve the computation time compared to Dorney et al.’s method (around 3 minutes for transmission). In
the reflection geometry, the layer of air under the sample is essential to have a good estimate of the refractive index.
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Cavity-integrated terahertz detector
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Efficiently fabricating a cavity that can achieve strong interactions between terahertz waves and matter would allow researchers
to exploit the intrinsic properties due to the long wavelength in the terahertz waveband. This paper presents a terahertz detector
embedded in a Tamm cavity with an extremely narrow response bandwidth and an adjustable resonant frequency. A new record
has been reached: a Q value of 1017 and a bandwidth of only 469 MHz for terahertz direct detection. The hybrid Tamm-cavity
detector is formed by embedding a substrate with an NbsNg microbolometer detector between an Si/air distributed Bragg
reflector (DBR) and a metal reflector. The hybrid Tamm cavity exhibits a higher quality factor than conventional pure Tamm
cavity and also enables very strong light-matter interaction by the detector with an extremely confined photonic mode
compared to a Fabry—Pérot (FP) resonator detector at terahertz frequencies. The resonant frequency can then be controlled by
adjusting the thickness of the substrate layer. The detector and DBR are fabricated separately, and a large pixel-array detector
can be realized by a very simple assembly process. This versatile cavity structure can be used as a platform for preparing high-
performance terahertz devices and is a breakthrough in the study of the strong interactions between terahertz waves and matter.
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Figure 1: (a) The scheme of a pure Tamm cavity with a 3-pair DBR. (b) Reflection spectrum of (a). The insets are the
electrical distribution of leaky Tamm mode at 0.36 THz and Tamm mode at 0.65 THz.
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Figure 2: (a) Side view of Si/air DBR layers assembled onto the detector chip after being bonded together with a photoresist.
(b) Package for a hybrid Tamm-cavity detector on a printed circuit board. (c) NbsN¢ microbolometer terahertz detector.
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High-repetition-rate accumulation effects in air-plasma THz sources
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Air-based two-color filament plasmas are popular sources of ultra-broadband THz radiation for a wide range of applications,
including linear and non-linear spectroscopy, plasma diagnostics and material identification [1]. This method of THz generation
relies on laser-induced plasma channels, yielding low-frequency contributions from the plasma and high-frequency
contributions by four-wave mixing [2]. One major drawback of these sources is the inherent requirement for high driving peak
power, required to reach a large ionization fraction. As such, THz-air-plasma sources realized so far have mostly been based
on mJ-pulse-energy Ti:Sapphire regenerative amplifier systems, typically running at a repetition rate of 1 kHz or less. The
increasing availability of short-pulse high-average-power Ytterbium-based laser systems opens the door for air-photonics THz-
source development at high repetition rates of 10s to 100s of kHz [3], and beyond towards the MHz range. These developments
are promising to significantly reduce the typically long measurement times, which are particularly severe with ultra-broad
bandwidths due to the low sensitivity of suitable broadband detection methods. However, the effect of higher repetition rates
on the THz conversion efficiency is not well understood. In [4], experiments showed that the THz-pulse-energy decreased by
50 % while increasing the laser repetition rate from 6 Hz to 6 kHz. Recently, we demonstrated that cumulative hydrodynamic
effects occur at laser repetition rates exceeding 10 kHz, affecting the air dynamics in high-average-power laser-induced filament
plasmas [5], showing an increasingly pronounced stationary gas-density depletion at repetition rates of 40 kHz and 100 kHz,
which is expected to significantly affect THz generation.
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Figure 1: (a) Experimental setup showing the temporal multi-pass cell pulse compression, the hydrodynamics characterization based on
folded-wavefront interferometry, and the air-photonics THz generation with electro-optic sampling (EOS). FS: fused silica, GDD: group-
delay dispersion, CAM: CMOS camera, BBO: -barium borate, TFP: thin-film polarizer, Ge: germanium window, GaP: gallium phosphide
(500 pm). Raw image of the density hole at (b) At=0 ps, and (c) At=2 ps, f rep=100 kHz. The images show the typical bending of the
interference fringes and the laser-induced air-pressure wave circularly propagating from the plasma channel. (d) 30-waveform averaged
electric field of the THz-pulses measured via EOS, exemplarily at a laser repetition rate of 100 kHz.

In this work, we present the first steps in our detailed study of time-resolved gas-density depletion from a two-color plasma
and investigate its influence on the generated THz-average- power, and spectrum. We believe this fundamental work will have
a significant impact on the THz-spectroscopy community, enabling average power scaling of broadband THz-waveforms and
ultimately allowing accelerating measurement times by several orders of magnitude.

The experimental setup is shown in Fig. 1a. We use a commercial 300-uJ, 220-fs, 1036-nm laser at repetition rates up to
100 kHz, temporally compressed by a home-built multi-pass cell compressor to reach a peak power of approximately 7 GW.
In this way, we exceed the critical peak power for self-focusing in air (P..~ 6 GW), allowing for a short filament plasma to
form. We performed two experiments at four repetition rates: THz generation and characterization, and time-resolved
hydrodynamics. In both experiments, we generated a two-color plasma channel by focusing the 3-mm diameter pump beam
with a 100-mm focal length lens through a 100-pum thick p-barium borate (BBO) crystal for second-harmonic generation.

For the THz generation, an output coupler with 1% transmission splits the beam into pump and probe arms, and a 4-f imaging
of the THz radiation is performed via gold-coated off-axis parabolic mirrors (OAP). A Ge window is used for the filtering of
the residual 1036-nm and 518-nm pump radiation. The THz radiation is focused into a 500-um thick GaP crystal for EOS of
the THz waveforms. For characterization of the hydrodynamics, we used a ns-pulsed 450-nm diode laser for probing, which is
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triggered by a digital delay generator referenced to the pump laser. The probe beam is collinearly counter-propagating through
the plasma channel and experiencing a phase shift, corresponding to a local change of the air refractive index. By f-2f imaging
of the probe through a folded-wavefront interferometer, the interference-fringe-encoded phase-shift can be recorded by a
camera [5,6], exemplarily shown in Figures 1b, and 1c.

In Fig. 1d, we present the measured electric field and spectrum for a laser repetition rate of 100 kHz. We reached a maximum
dynamic range of 40 dB and a bandwidth of up to 6 THz by averaging over 30 electric-field waveforms. The influence of water
vapor absorption is visible in both the electric field and the spectrum, as the measurements were performed in ambient air. The
total bandwidth detected by our setup was mainly limited by the 500-um thick GaP crystal in the EOS and absorption of the
Ge wafer. Based on our probe-delay scan frequency of 0.5 Hz, the results in Fig. 2 were achieved within a timeframe of 30 s.

For all repetition rates, the time-resolved characterization of the hydrodynamics shows the typical radially localized and
axially extended heating of the air for probe delays of a few ps [6]. At repetition rates above 10 kHz, a residual gas density
depression can be seen at all probe delays before and after the arrival of the succeeding pulse, confirming previous results with
continuous-wave probing [5]. However, this implies that each pump pulse, when considering high-repetition-rate filamentation,
encounters a channel of depressed gas density. The measured power and conversion efficiency as a function of repetition rate
at constant pulse energy are presented in Fig. 2a, and 2b. We measured an unexpected increase in conversion efficiency at
increased laser repetition rate. We believe this is due to the decreased turbulences when a stationary density depletion is reached
at higher repetition rates.

In the near future, the THz generation and detection schemes can be significantly improved to increase the THz average
power and measurable bandwidth. For example, improved polarization management of the pump beam by separate control of
the fundamental and second-harmonic wavelengths is expected to enhance the THz generation efficiency; furthermore, ABCD-
type detection techniques will allow us to measure the full bandwidth of the generated transients [1], and thus fully characterize
the source and repetition rate dependences. To the best of our knowledge, we demonstrate the first experiments for correlating
local laser-induced hydrodynamics with THz-generation from two-color filament plasmas driven at high repetition rates up to
100 kHz. With improved polarization management of the pump and THz beam, higher THz average powers, and an increased
conversion efficiency is expected. Broadband gas-based THz-detection schemes will be utilized to extend our investigations
toward the high-frequency components above 10 THz. Our work forms the basis for high-repetition-rate air-photonics THz-
spectroscopy with short measurement runtimes.
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Figure 2: Measured THz average power (a) and optical-to-optical efficiency (b) for measurements at repetition rates of 1 kHz, 10 kHz,
50 kHz, and 100 kHz. The error bars indicate the standard deviation after 2 min measurement. (c) 30-waveform averaged spectrum of the
THz-pulses measured via EOS, exemplarily at a laser repetition rate of 100 kHz.

To the best of our knowledge, we demonstrate the first experiments for correlating local laser-induced hydrodynamics with
THz-generation from two-color filament plasmas driven at high repetition rates up to 100 kHz. With improved polarization
management of the pump and THz beam, higher THz average powers, and an increased conversion efficiency is expected.
Broadband gas-based THz-detection schemes will be utilized to extend our investigations toward the high-frequency
components above 10 THz. Our work forms the basis for high-repetition-rate air-photonics THz-spectroscopy with short
measurement runtimes.
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Optical rectification of intense near-infrared pulses at 100 kHz repetition rate
in the organic crystal MNA
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Abstract: We report on high power and broadband THz generation using the organic crystal MNA (2-amino-5-
nitrotoluene) by optical rectification of intense, 1036 nm pulses from a commercial Yb-based amplifier. The THz source
reaches high average power of 9.2 mW at a repetition rate of 100 kHz and an ultra-broad bandwidth of >10 THz. We
explore in detail the interaction of the pulses and the crystal to explain the observed trends in the generated THz pulses.

Optical rectification (OR) in organic crystals is now a commonly used technique to generate high power, broadband THz
radiation with a high optical-to-THz conversion efficiency. Compared to inorganic materials such as gallium phosphide or
lithium niobate, organic crystals exhibit collinear phase matching over a much broader THz bandwidth [1]. The organic crystal
MNA has been previously identified as an excellent candidate for nonlinear applications, however, until recently could not be
produced in significantly large sizes for power and energy scaling [2]. In this context, 1030 nm lasers have recently shown
great potential for generation of high power and broad bandwidth THz radiation in other organic crystals (for example BNA
and HMQ-TMS) at high repetition rates [3], however MNA has remained widely unexplored at this wavelength.

Here, we demonstrate a high average power and high bandwidth THz source based on OR in MNA, driven by an Yb-based
laser. Our THz source reaches 9.2 mW of THz average power with a broad bandwidth >10 THz and a corresponding conversion
efficiency of 0.27%. To the best of our knowledge, this is the highest average power achieved so far using any organic crystal,
and shows remarkable broad bandwidth for the available average power. Additionally, we present an exploration of the
nonlinear effects resulting from the interaction of the intense 1030 nm pulses in the crystal showing that a strong blue-shift and
spectral broadening. This exploration and detailed understanding on the nonlinear THz generation process will be critical in
taking these results to even higher average powers and high bandwidth in the near future.
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Figure 1. Full experimental setup of the pump laser, MPC and THz-TDS. TFP: thin film polarizer.

The experimental setup is shown in Figure 1. The laser system is an industrial, Yb-based amplifier system providing up to
400 uJ pulse energy, but 70 pJ only is used in the current experiment. A home-built, Herriott-type multi-pass cell (MPC)
compressor is used to compress the pulse duration down to 50 fs. After the MPC, the laser beam splits in two parts: 99% is
used to generate THz radiation. The MNA crystal available at the time of the experiment has a thickness of 1 mm and is directly
fused on a sapphire substrate for improved thermal dissipation. The crystal is mounted in such a way that the pump passes
through the sapphire before reaching the MNA crystal. The collimated pump beam has a 1/e? diameter of 2.2 mm at the position
of the MNA. The beam diameter is optimized to get the highest THz power for the available pump pulse energy. The generated
THz radiation is collimated and refocused using two off-axis parabolic mirrors (OAP). In order to reduce the thermal load on
MNA, an optical chopper is placed before the crystal. The remaining 1% of the total laser beam is used to probe the THz
radiation in an electro-optic sampling (EOS) setup.

Figure 2a) shows the THz power versus pump power on the crystal measured by a calibrated THz power meter placed in the
focus of the second OAP. The crystal is pumped without any irreversible damage up to 3.4 W of laser average power after
chopper with chopping frequency of 18 Hz, which results in a maximum THz average power of 9.2 mW. The corresponding
conversion efficiency is shown in the right axis which has the value of 0.27% at the maximum THz power of 9.2 mW.

In order to detect the THz electric field using the EOS setup, the THz power meter is replaced with a 0.65 mm thick MNA
crystal. Figure 2b) shows the THz trace in time domain, which is averaged over 78 traces and recorded in 78s. The
corresponding power spectrum, on the logarithmic scale, is obtained by Fourier transformation from the measured THz trace
and is shown in Figure 2c). The spectrum has a wide bandwidth which spans more than 10 THz with a dynamic range of 60 dB.
The dips present in the spectrum are due to phase matching due to the rather long crystal available at the time of the experiments.
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In future experiments, thinner crystals will be tested to reach a smoother spectral response.
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Figure 2. THz characterization: a) THz average power. b) THz trace in time domain ¢) Corresponding THz spectrum.

In order to understand the limitations observed, the pump laser spectrum is measured before and after the MNA generation
crystal. In Figure 3a), the shaded area shows the spectrum of the pump laser before propagation through the crystal. The spectra
after the crystal propagation are shown in different colors for different pump pulse energy. An energy-dependent blue-shift is
revealed in the spectra after the crystal propagation. This could be explained by sum frequency generation (SFG) of the THz
photons and pump photons. The SFG process could have a detrimental effect on the optical-to-THz conversion efficiency, since
some THz photons are consumed for the blue-shift [4]. However, further investigation is needed to understand the nonlinear
effects at play, which we are currently carrying out together with numerical simulations.

Furthermore, we use the obtained spectra to calculate the transmission of the pump beam through the crystal at different pump
energies shown in Figure 3b). The transmission reduces by 18% when the pump pulse energy increases from 12 pJ to 64 pJ,
indicating a strong influence of nonlinear absorption, which is known to limit the conversion efficiency. In future experiments,
the influence of temperature on linear and nonlinear absorption will be studied in more detail to disentangle the relevant effects.
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Figure 3. Pump laser characterization. a) spectrum before and after crystal for different pulse energies. The spectra before
the crystal did not change, only the grey area is shown as a representative spectrum. b) Dividing the spectra before and
after crystal results in a monotonic decreasing transmission of MNA vs. pump pulse energy.

In conclusion, the demonstrated THz source has a high average power of 9.2 mW and a broad bandwidth spanning >10 THz at
a high repetition rate of 100 kHz. To gain further insight into the THz generation process, detailed of the interaction of the laser
pulses with the crystal are presented. In future studies, we will compliment this investigation with temperature-resolved studies
and numerical simulations. Furthermore, we will explore the influence of the crystal thickness on the generated bandwidth and
efficiency. In the long term, we believe even higher bandwidth and average power should be feasible in optimal conditions.
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Abstract:

Terahertz (THz) radiation generated by the two-color femtosecond laser filamentation is a promising high-intensity THz
source. The filament's intrinsic characteristics, especially the filament length, determine the THz radiation strength. However,
a detailed analysis of the quantitative relationship and physical mechanism between the laser filament length and the THz
radiation intensity under high peak power driving laser is still lacking. This paper investigates the effect of filament length on
the THz radiation by modulating the basic characteristics of the two-color laser field and changing the focal length to control
the laser filament length. Experiment results show that the long filament length is beneficial for improving THz radiation
intensity. The theoretical simulation indicates that THz radiation generated by the long filament arises from the coherent
accumulation of THz wave at each cross-section along the filament. This result suggests that extending the filament length is
an effective scheme to enhance the intensity of THz radiation generated by long two-color femtosecond laser filament.

Introduction

It has been demonstrated experimentally that the THz conversion efficiency of the two-color femtosecond laser filament is
determined by multiple laser parameters, including the two-color laser peak power, polarization, and spatiotemporal walk-off
[1,2]. The polarization of the FW and SH determine the two-color laser electric field intensity and THz conversion efficiency
obtains maximum when the polarization of FW and SH is parallel. During the generation of the two-color laser in B-BBO, the
Poynting vector direction of the FW and SH in the B-BBO has a spatial walk-off and the group velocity of the FW and SH in
the B-BBO has a temporal walk-off. The spatiotemporal walk-off effect also influences the THz conversion efficiency [2]. The
above analysis mainly describes the basic characteristics of the two-color laser field [3—6] and its impact on THz radiation, but
does not pay attention to the relationship between the intrinsic properties of the filament and THz radiation intensity. As the
cause of THz radiation, the intrinsic properties of two-color laser filaments greatly affect the conversion efficiency of THz
radiation. The laser filament can be seen as a gain channel for THz generation and the modulation of the filament characteristics
(especially the filament length) can further improve the THz conversion efficiency.

We have further controlled the polarization and compensated the time delay of FW and SH pulses through double
wavelength waveplate (DWP) and a-BBO crystal to precisely study the influence of the filament length on THz radiation to
quantitatively study the relationship between the THz radiation and the filament length, filament diameter, and electron density.

Experiment setup

We controlled the polarization and compensated the time delay of FW and SH pulses through double wavelength waveplate
(DWP) and a-BBO crystal in Fig.1 (a) to quantitatively study the relationship between the THz radiation and the filament
length, filament diameter, and electron density. Fig.1(b) and (c) show the experiment setup of the side fluorescence imaging
and the time-resolved shadowgraphs, respectively. In this letter, polarization status and spatiotemporal walk-off have been
adjusted to the optimal status. The peak power of the driving laser exceeds the critical power needed for self-focusing in air
which means that the filament produced by all focal length reach a saturation of the peak intensity inside the filament.
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Fig.1 Schematic diagram of the experiment. (a) The spatiotemporal walk-off compensating by a-BBO and polarization modulation by double wavelength
waveplate (DWP). Experiment Setup of the side fluorescence imaging (b) and time-resolved shadowgraphs (c).
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Result and discussion

Three kinds of lenses (f = 300mm, 400mm, and 500mm) were used to produce different filament lengths to further explain
the principles of filament length modulation. As shown in Fig.2 (a), (b) and (c), the diameter of the filament gradually increases
while the electron density inside the filament gradually decreases. The difference is that the filament length is significantly
extended. By characterizing the plasma density, filament diameter, and filament length and precisely calculating the THz
radiation along the whole filament length (Fig.2 (d)), we can conclude that the filament length is the core parameter that
influences the THz radiation intensity. When the filament length is lengthened, the THz signal increases obviously. The
simulation curve shows a good coincidence with the measured THz signal in the experiment. The coherent emission of the THz
wave from the whole filament in the far field can be shown as,

E

THz
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Erxn. and J(t) are the THz wave electric field and the net photocurrent intensity at Z; inside the filament. @(Z;) = ®(Zy)+

kra-n(z)dz is the THz wave phase. 1) and 7 are the start and end time of ionization process. zg and z are the start and end position
of the filament.
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Fig.2 The two-color filament evolution as the focal length changed. (a) and (b) are the filament diameter and length, respectively. (c) Plasma density inside
the filament under focal length modulation. (d) Comparison of the experiment and simulation result of the THz energy.

For the photocurrent model, THz radiation intensity gradually decreases with the focal length extension. The reason is that
decreasing of the peak power density inside the filament because the long focal length leads to a larger filament diameter. This
phenomenon can also lead to a decrease in the electron density inside the filament. The decreasing of the two-color peak power
density and the electron density both lead to the attenuation of the THz radiation from the filament. However, this conclusion
is contrary to our experimental results (Fig.2). The reason is due to the photocurrent model only calculates the transient current
produced at the cross-section of the focal position. This limitation results in the photocurrent model not being able to describe
the effect of the filament length on THz radiation. The physic model in this letter can support the experimental results, where
the THz radiation from the total two-color laser filament is considered as a THz signal accumulation from each filament cross-
section. This practical THz modulation mechanism can be used for promising THz sources.
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Bound states in the continuums (BICs) in optical resonant systems have attracted a great deal of attention because of their
unique characteristics, such as infinite Q values. By building highly symmetric structures or tuning parameters in the resonant
system, BICs can be formed within the continuum of radiating electromagnetic modes without any loss [1]. In this study, we
describe symmetry-protected BICs in THz metasurfaces with a unit cell comprised of two detuned metallic rods. Theoretical
findings support the notion that these BICs, supported by the lattice structure, are invariant even when slight adjustments are
made to the lattice parameters [2]. However, the degree of this resilience can fluctuate depending on the distinctive
characteristics and symmetries of the system.

Given their infinite radiative lifetime, detecting symmetry-protected BICs through normal-incident far-field measurements
is impossible. Direct observation of BICs is only possible with near-field optical techniques [3]. Consequently, accessing BICs
from the far field necessitates disrupting the lattice symmetry, causing the transformation of BICs into quasi-BICs with a finite
radiative lifetime that resembles leaky or sub-radiant modes. From Figure 1(a-b), it can be observed that as the absolute value
of asymmetry degree || (defined by the difference in length between the two rods of the dimer) increases, the low-resonance
frequency mode broadens due to radiation leakage by coupling to the continuum. This resonance is still much narrower than
the high-frequency mode due to their different origin; namely, the out-of-phase oscillation of free electrons in the rods for the
low-frequency resonance and the in-phase oscillation for the high-frequency resonance.

To investigate the robustness of the BIC mode with the lateral separation and shift displacement between the rods, Figure
1(c) shows the extracted resonance frequencies by fitting the simulated transmission spectra with the temporal coupled-mode
theory [4]. When the lateral separation between the two rods is reduced, leading to a strong near-field coupling between the
two rods, the low-frequency resonance shifts and the mode can be effectively tuned. When the lateral distance between the two
rods is sufficiently large, the two resonances become insensitive to the shift displacement. This observation highlights that in
highly symmetric THz metasurfaces, BIC modes are quite robust to the lattice parameters when near-field interactions can be
neglected. This work provides valuable insights for applications of THz metasurfaces with the requirement of narrow
resonances in tunable devices, including filters, sensors, and resonance-enhanced THz spectroscopy.
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Figure 1 (a) Optical images of THz metasurface supporting a BIC mode and a quasi-BIC mode, and description of the unit cell parameters.
(b) Transition from a BIC to a quasi-BIC mode as a function of the asymmetry degree of the metasurface, given by the normalized
difference between the lengths of the rods, and for a lateral separation between rods of d = 80 um. (c) Investigation of the resonances
shift of the THz metasurface when the lateral separation and shift displacement between the rods are varied.
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Recent advancements in the field of optics and photonics have significantly propelled towards high quality (high Q-factor)
electromagnetic resonances. These investigations are inspired by the versatility of such resonances in not only fundamental
studies such as nonlinear optics and strong light matter interactions, but also in practical applications like sensing, optical
switching, etc. [1-6]. Managing losses is critical in metamaterials to achieve a narrow spectral response. Losses can be
categorized into non-radiative and radiative losses, and minimizing them involves careful material selection and design
optimization. In the THz frequency range, Drude metals exhibit high conductivity, resulting in lower non-radiative losses
compared to optical communication or visible bands [7]. Consequently, minimizing losses in metallic metamaterials in the THz
frequency range primarily revolves around tackling radiative losses. Recently, the phenomenon of Bound States in the
Continuum (BICs) has gained significant attention for high radiative Q-factor resonators. These BICs possess the theoretical
notion of zero radiative loss, which prevents them from interacting with their surroundings and cannot be excited from far-
fields. To access these modes from far-field, radiation channels must be opened by introducing parametric asymmetry. The
resulting sharp resonances accessed in this manner are referred to as Quasi-BICs [8,9]. These quasi-BICs can be extensively
tuned to obtain the desired Q-factor by varying the introduced asymmetry.
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Figure 1: Microscope image and experimental transmission spectrum of metasurfaces with (a) symmetric structure, (b)
asymmetric structure (with asymmetry parameter 8 = 20.5%) and (c) asymmetric structure (with asymmetry parameter &
= 29.4%). Experimental and simulated abs(E:) field distributions of metasurface (with asymmetry parameter 6 = 29.4%)
at frequencies (d) 0.71THz and (e) 0.92THz.
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We designed a ring-shaped metamolecule system (fig. 1 (b, c)) in which we selectively break the symmetry of only half the
resonators in the metamolecule through radial perturbation. In contrast to traditional methods that uniformly disturb symmetry
across all resonators to induce a quasi-BIC mode [10,11], selective symmetry breaking reduces radiative losses and boosts the
Q-factor of quasi-BIC modes. We studied the far-field response of the metasurface using a conventional THz-TDS system. The
emergence of quasi-BIC modes by symmetry breaking was investigated by measuring the far-field transmission spectrum of
metasurfaces with symmetric and asymmetric structures (fig. 1 (a, b, c)). We also experimentally investigated the near-field
distribution of the electric field of the metasurface (fig. 1 (d, e)) using a nearfield THz time domain microscopy setup. With
the corroboration of simulation and the experimental results we validated the presence of the high-Q BIC mode using this
symmetry breaking technique. This work has the potential to pave the way for the creation of innovative THz devices with
promising applications in sensing, filtering, and non-linearity.
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The burgeoning field of electrically addressable terahertz (THz) metasurfaces shows good application prospects in
beamforming, compressive imaging, and adaptive optics. For example, In the landscape of 6G communication, terahertz (THz)
technology stands poised to revolutionize data transmission with unprecedented speeds, and the effective beamforming
techniques are imperative to compensate for the significant path loss as shown in Fig. 1a. In this paper, we present the recent
development of a THz electrically addressable metasurface based on liquid crystal and phase change material (PCM).

Leveraging the electro-optic effect and birefringence of liquid crystals, we have developed a variety of THz electrically
addressable metasurfaces with amplitude and phase modulation capabilities[1-3]. The metasurface antenna with pixelated phase
modulators enables dynamic beam steering by altering the coding sequences on each pixel. Initially, the 1D THz beam
deflection was realized using a metasurface antenna consisting of 24 elements[1]. We introduce a THz metasurface featuring
a crosshar structure, effectively scaling the array to exceed 3000 elements, as displayed in Fig. 1b[3]. The coding pattern on
this electrically addressable device is derived through the modulo-addition operation of coding sequences on the top and bottom

layers. Through experimental validation, we demonstrate the capability of the metasurface to actively deflect beams in the
upper half-space.

(@)
THz wave 'S

Figure 1: THz electrically addressable metasurface. (a) THz electrically addressable metasurface for beam steering. (b)
Diagram of electrically addressable metasurface based on liquid crystal [3]. (c)Diagram of electrically addressable

metasurface based on VO2[5].

Vanadium dioxide (VO) is a popular choice of PCM. Upon transitioning, its conductivity experiences a remarkable shift
of over five orders of magnitude, rendering it a good choice for reconfigurable and programmable devices operating at THz
frequencies. We recently developed a pixelated metasurface with memory, comprising 8 x8 pixels[4]. Thermal crosstalk, a key
challenge for such metasurface, is effectively mitigated in our design, enabling modulation speeds up to 1 kHz. Memory
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function is achieved via hysteresis in the phase transition. Diverse spatial patterns with varying greyscales are attainable using
different current pulses. Furthermore, we have developed an integrated self-adaptive metasurface (SAM) endowed with THz
wave detection and modulation capabilities as shown in Fig. 1c[5]. Through applying different coding sequences, the
metasurface demonstrates the capacity to deflect THz beams. Furthermore, we have established a software-defined sensing-
reaction system for intelligent THz beam steering. Utilizing the proposed system, the SAM exhibits self-adaptive behavior,
autonomously adjusting the deflection angle of THz beams in direct response to the strength change of the detected signal.

The electrically addressable metasurfaces based on PCM and liquid crystal provide a powerful and intelligent platform
for manipulating THz waves, especially in active beamforming. The advancement of THz electrically addressable metasurfaces,
characterized by high efficiency, high speed, and intelligence, carries noteworthy implications for their application in THz
communication, radar, and imaging.
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Symmetry breaking plays a vital role in dictating the fascinating physical properties of materials which governs phenomenon
of high temperature superconductivity, ferroelectricity, magnetism etc. For instant, emergence of ferromagnetism is linked to
time reversal symmetry breaking on the other hand spatial symmetry breaking gives rise to ferroelectricity. Strain engineering
of these technologically important materials is a new avenue to control these crystal symmetry aspects as the exotic properties
in the thin films are governed by their crystal symmetry. In these contexts, the crystal structure and the thermal stability of the
substrate material for the thin film deposition over the entire operating temperature is extremely important for their applications.
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Figure 1: (a) Schematics of the Pbnm and Pbn2: crystal structure for NdGaOs. Comparison of the (b) Raman and (c)
optical conductivity spectrum calculated from the IR reflectivity at 10 K and 300 K. Star represent the new peaks in low
temperature Raman and optical conductivity spectra, respectively. Terahertz Transmission amplitude for 40 K and 300 K
for d) Eth: | | c-axis and €) Ethz | |b-axis in (100) NGO crystal.

NdGaOs (NGO) is one of such commonly used substrate material for thin film deposition of multiferroic, superconductors,
magnetic and optoelectronic devices etc. [1-5]. NGO crystallizes in an orthorhombic crystal with distorted oxygen octahedra,
however, the exact crystal symmetry and thermal evolution remain debatable between Pbnm and Pbn2; crystal structure (fig.
1(a)). Here, we resolve the ambiguity in the crystal structure of NGO using THz, IR and Raman spectroscopy supported by
theoretical calculations. We conclusively show the temperature driven phase transition in NGO from centrosymmetric Pbnm
crystal structure to non-centrosymmetric Pbn2; crystal structure across 200 K. The mutual exclusion of IR and Raman phonon
indicates the centrosymmetric Pbnm crystal structure of NGO at the room temperature (Fig. 1 (b,c)). On cooling down to 10
K, the Raman and optical conductivity spectrum showed emergence of new peaks indicating structure phase transition (Fig.
1(b,c)). We noted that some of a Raman active peak are simultaneously present in IR spectrum and vice versa i.e. at low
temperature Raman and IR phonons are no longer mutually exclusive. This conclusively confirms breaking of the inversion
symmetry in the NGO at low temperatures.

The inversion symmetry breaking in classical ferroelectrics such as BaTiOs, PbTiOz and quantum paraelectric including
SrTiOs, KTaOs etc. is usually driven by the zone centre (q=0) soft mode driven [7,8]. On the contrary, geometrical ferroelectric
shows g0 lattice instability [9]. We utilized temperature dependent polarized THz spectroscopy to identify the soft phonon
related to phase transition in NGO. Terahertz transmission response is presented in fig. 1(d) for Erw, | | (001) c-axis and fig.
1 (e) Ernz | | 010) b-axis at 40 K and 300K. It can be noted that the THz transmission spectrum does not show any signature of
the zone centre soft phonon across the phase transition temperature. Absence of zone center soft phonon indicates
unconventional nature of the symmetry breaking. The absence of the zone center lattice instability in THz spectrum is found
to be consistent with our theoretical calculations [6]. To elucidate the lattice distortion, temperature dependent polarized Raman
spectrum were examined in detailed. The intensity of the phonon modes related to octahedral distortion were found to modulate
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across the phase transition for Etn, | (010) axis in Raman spectrum indicating ionic displacement along b-axis in the low
temperature phase of the NGO responsible for symmetry breaking.
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Competing magnetic interaction leads to an exotic ground state and thus, has become the playground of modern research. For
example, spiral magnetic ordering from the spin frustration can induce a multiferroic ground state. The spin origin of the
ferroelectricity provides a strong coupling between magnetism and ferroelectric ordering pivotal for future advanced
applications where the magnetization of the material can be controlled with electric fields. However, most of such multiferroic
states are limited to low temperatures below 60 K [1-4]. In this context, CuO is a unique material exhibiting two magnetic
transitions from paramagnetic to an incommensurate antiferromagnetic state below 230 K and to a commensurate
antiferromagnetic state below 213 K respectively [1,2,4]. The incommensurate antiferromagnetic state is characterized by a
spin spiral with a modulation vector along (0.006, 0, 0.017) which results in spin-induced ferroelectricity [4]. Recent Raman
and IR spectroscopic investigation revealed the signature of strong spin-phonon coupling in this ferroelectric state indicating
possible electric field control of the magnetic state [3,4]. Furthermore, external pressure or strain has been found to induce a
multiferroic state at room temperature which makes the CuO extremely important for understanding high T¢ multiferroicity

[5].

In this context, we have tried to examine the Terahertz response across the ferroelectric temperature window of 213-230 K in
polycrystalline CuO using Terahertz time-domain spectroscopy (THz-TDS). Figure 1 (a) shows the Terahertz Time-domain
spectrum collected on the polycrystalline CuO pallet. As such multiferroic state is usually characterized by quasiparticle
excitations in the terahertz range. Thus, we attempted to examine the Terahertz absorption across these transition temperatures
to interrelate the Terahertz response with the multiferroic in the CuO.
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Figure 1: (a) Temperature variation in the Terahertz TDS spectrum of CuO (b) THz absorption spectrum as dou (T-T202 k)
across 202-240 K. (c) Quantified variation in the intensity of the THz absorption as do. (T-T202 k) at 0.75 THz. The arrow
and line are guide to eyes.

We examined the da (T-T202 k) in the temperature window of 202-240 K. Due to the polycrystalline nature of the CuO, we
could not find direct signature of such quasiparticles. However, detailed examinations revealed strong modulation in the
intensity in the 0.2-1 THz region for the absorption spectrum (Figure 1 (b) marked by the arrow) while intensity variation for
high frequency (>1 THz) range was not significant. Earlier THz investigations suggested the existence of an electromagnon at
0.7 THz in the multiferroic temperature range of 213-230 K. We attribute the modulation in the intensity at the low-frequency
region to the electromagnon and associated lattice modulation due to ferroelectric polarization in the multiferroic temperature
window.
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Neural network method for the design of terahertz optical components
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The fast development of terahertz (THz) physics and its applications encourages the search for efficient methods of shaping
and transmitting the THz beams. One of the solutions is to use diffractive optical elements (DOEs), which are thin, lightweight,
and can form almost an arbitrary wavefront. Moreover, DOEs for the THz spectral range can often be easily and cost-effectively
manufactured by means of additive manufacturing. The 3D printing delivers sufficient resolution for the accurate representation
of the details of the DOEs designed for the sub-THz frequencies. At the same time, some of the polymer filaments exhibit
outstanding optical properties in this range, allowing for the manufacturing of transparent structures.

Neural networks (NNs) have found numerous applications in the last few years, revolutionizing many crucial aspects of industry
and everyday life. One of the unique proposals is to apply NNs to the process of designing and optimization of DOEs.
A specific NN can emulate the propagation of radiation in free space and its interaction with an optical component, introducing
the spatial distribution of the phase delay into the wavefront. In this work, a dedicated NN has been implemented and used for
the design of various DOEs operating in the THz spectral range. The proposed NN utilizes the convolution approach to radiation
propagation and optimizes the phase map of a DOE through the backpropagation of error using adaptive moment estimation
[1]. The scheme presenting the layers of the NN and the dataflow within it is shown in Fig. 1a.
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Figure 1: (a) The scheme of the proposed neural network. The blue nodes denote the input layer, where the propagation parameters are
defined. The orange node is the trainable layer describing the phase delay matrix of the designed element. The purple nodes are the
calculation layers, realizing the propagation of radiation at a given distance. In the output layer (yellow node), the obtained optical field
distribution is assembled, which is subsequently used to calculate the output intensity distribution and an error function (green nodes).
(b) The phase map (top left), manufactured element (top right), simulated and experimental results (bottom).

The proposed algorithm has been used to optimize phase maps of DOEs, operating at a frequency of 140 GHz and redirecting
the radiation into several focal spots. Fig. 1b shows the optimized phase map of the two-focal-spot DOE, the corresponding 3D
printed structure, as well as the simulated and experimentally obtained intensity distributions. It should be noted that the
obtained phase map is very unintuitive, which manifests in fast varying, unrepetitive phase values. Nevertheless, it allowed for
the redirection of the incoming radiation into two spatially separated focal spots. The NN-based DOE optimization algorithm
has successfully passed the initial experimental verification. In the future, it can be extended to more complex optical
components optimized for various illumination conditions or radiation wavelengths. Such solutions are infeasible by means of
traditional DOE design methods and thus constitute an interesting niche for NN-aided algorithms.
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Ballistic inserts constitute a vital component of individual protective equipment utilized by military personnel and law
enforcement entities. Over time, these inserts may manifest defects, delaminations, or moisture incursion, thereby
compromising their efficacy. Consequently, it is imperative to subject them to rigorous testing to ascertain their continued
operational integrity. The ballistic inserts under examination were manufactured as 25 x 30 cm plates contoured to conform to
a segment of a circle with a radius of 40 cm (Figure 1). These plates comprised a 12 mm layer of high molecular weight
polyethylene (UHMWPE), coupled with square ceramic plates measuring 10 mm in thickness and 50 mm in side length. The
ceramic plates were composed of either aluminium oxide (Al,O3) or silicon carbide (SiC).

To assess the capability for defect detection within the samples, specific defects were intentionally induced in the Al,O3-based
sample: two 2 mm diameter holes drilled from the side into the UHMWPE layer and delamination at the interface between the
UHMWPE and AlLO; layers (see Figure 1b). Similarly, in the SiC-based sample, a delamination defect was introduced,
extending halfway through the depth of the UHMWPE layer.

Ceramics |

UHMWPE

Ceramics

/
Outer cover

Figurel: Ballistic insert: photo (a), PE and ceramic layer after removing the covers (b) and construction scheme (c).

For the time-domain spectroscopy (TDS) measurements, we utilized a reflection imaging scanner employing electronically
controlled optical sampling (ECOPS) technology, specifically the TDS Toptica TeraFlash smart system equipped with a
reflection THz head [1] (Figure 2a). This system facilitated the generation and detection of approximately 800 linearly polarized
terahertz pulses per second, with a beam focal size of approximately 0.9 mm. The reflection THz head, comprising four off-
axis parabolic mirrors, directed the THz radiation onto the sample surface at an incident angle of 8 degrees. To eliminate
potential interference from water vapor, the head was purged with dry air. A part of the typical 400-ps long 10 times-averaged
terahertz waveform, with a main pulse of 0.35 ps long (FWHM)), reflected from a gold-plated flat reference mirror, is presented
in Figure 2b. The spectrum of the THz pulse with a dynamic range of 35 dB and a 2.5 THz spectrum range is shown in the
nset.

The mechanical configuration of the XY scanner comprised three motorized linear stages, each with a travel range of 750 mm,
a maximum speed of 700 mm/s, a maximum thrust of 200 N, and a repeatability of 8 um. Movement of the THz head was
achieved point by point via a slow y-axis stage traversing over the aluminum breadboard. The aluminum breadboard, measuring
600 x 600 mm was uniformly displaced by two x-axis stages perpendicular to the y-axis stage's movement direction. Setup for
insert was a kind of extension for XY scanner (Figure 1). Its base was an aluminum plate measuring 60 by 60 cm placed on an
optical table on four posts above the XY scanner. Two goniometric rails were mounted on the plate, the curvature of which
corresponded to the curvature of the ballistic insert (40 cm). A pusher attached to the breadboard of XY scanner moved the
insert along the rails, maintaining the perpendicularity of the surface and the scanning THz beam, as well as a constant distance
between the head and the insert. The lowest point of the insert was located exactly on the focal point of the head. The rail
elements were made by 3D printing from PLA material. The sample was measured with a pixel size of 1 x 1 mm?. The scanning
time of one insert was approximately 17 minutes.
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Figure 2: Scanner for testing ballistic inserts (a). Part of the 400-ps long THz waveform and its power spectrum in inset (b).

Figures 3 and 4 depict the C-scan in a a peak to peak in the slice mode, presenting detected defects in the samples based on
Al,Os and SiC, respectively. In the Al,Os-based sample, both holes and delaminations are observable. Additionally, at the
interface between UHMWPE and Al,O3, a distinct pattern of the Al,Os blocks is evident, alongside an area exhibiting increased
reflection, possibly indicative of the presence of an air gap. This anomaly, not introduced deliberately, may signify a genuine
defect. In the SiC-based sample, both the delamination and the pattern of the SiC blocks are readily discernible. The presented
findings prove, that the THz-TDS technique can be used for non-destructive analysis of the ballistics inserts.

Figure 3: Defects detected in the sample based on Al2O3: holes (a), delamination in the UHMWPE (b), and regular pattern
of Al203 blocks and the delamination at the interface between UHMWPE and Al2Os (¢).

Figure 4: Sample based on SiC: delamination in the UHMWPE (b), regular pattern of SiC blocks at the interface between
UHMWPE and SiC (b).

References

[1] N. Patka, M. Maciejewski, K. Kaminski, M. Piszczek, P. Zagrajek, E. Czerwinska, M. Walczakowski, K. Dragan, P. Synaszko, W. Swiderski, ,,Fast
THz-TDS reflection imaging with ECOPS—point-by-point versus line-by-line scanning”, Sensors, 22 (2022)



N

MTSA 2024 — June 4-7, Copenhagen, Denmark- Paper PO-18

Precision 2D/3D Imaging and PointNet++ Based Object Classification of Concealed Objects
using an FMCW Millimeter-Wave Radar

Yaheng Wang, Jie Su, Hironaru Murakami and Masayoshi Tonouchi

Institute of Laser Engineering, Osaka University, Osaka, Japan

Millimeter waves (MMWSs), electromagnetic waves with a frequency range between 30-300 GHz, have garnered considerable
attention in scientific research due to their characteristics such as high penetration, harmlessness to the human body, and robust
weather resistance. These advantages have driven the development of various applications, including automotive radar [1],
non-destructive testing [2], and hazardous material detection for security screening [3]. In these domains, the integration of
artificial intelligence (Al) technology has emerged as a crucial breakthrough, enabling the automatic classification of objects
in the point cloud obtained by MMW imaging. However, the deep learning research on object classification using the MMW
point clouds is relatively limited at present. This limitation mainly stems from the low accuracy of the point cloud obtained
after MMW imaging data processing, which is unable to accurately reconstruct the contours of objects with the required
accuracy [4]. Consequently, the accuracy of deep learning in this case is comparatively lower. Therefore, the objective of this
study is to develop a data processing technique that can accurately obtain high-precision three-dimensional (3D) information
on concealed objects obtained by MMW imaging. Meanwhile, combine the deep learning techniques to achieve automatic
object classification by observing the features of concealed objects in MMW imaging.

This study utilized a multiple-input multiple-output synthetic aperture radar (MIMO-SAR) technology employing a frequency-
modulated continuous wave (FMCW) millimeter-wave MIMO radar for 2D and 3D imaging. The IWR1443 module was
mounted on a 2-axis mechanical stage for X-Z scanning, with a chirp signal duration of 40 ps in the 77-81 GHz [5]. Analyzing
IF signals from transmitted and received chirps produced Range FFT spectra, offering distance and reflection intensity
information based on frequency. For 2D reconstruction, we utilized cross-sectional imaging at a specific distance. In 3D
imaging, a three-step noise reduction method was developed: clustering data for similarity, monolayering the point cloud, and
applying 3D averaging to the monolayered data.

To assess the MMW imaging system's performance and data processing algorithm accuracy, Fig.1 (a) shows a wrench and
hammer enclosed in a cardboard box as imaging samples. The wrench and hammer were approximately Y=23545 mm and
Y=32045 mm from the MMW module. A 23 mm open space between the wrench jaws was confirmed through 2D cross-
sectional images at Y=237 mm (Fig. 1 (b)). The calculated distance between points A and B was 23.5 mm, slightly exceeding
the actual 23 mm measured with calipers, indicating a measurement accuracy in the X-Z plane of less than 1 mm with our
MIMO-SAR imaging. The front view of the 3D point clouds after extracted peak intensity, as shown in Fig.1 (c), and Fig. 1(d)
showcased the accurate reconstruction of the wrench and hammer in 3D space, demonstrating effective noise elimination with
our developed data processing techniques. Furthermore, we conducted object scanning from four distinct directions at 90-
degree intervals. The acquired data was reconstructed, and results from each direction were stitched, creating a side view (Fig.
1 (e)). The determined wrench thickness of 15.84 mm closely matches the actual 15 mm, indicating the employed data
processing algorithm achieves a distance resolution accuracy of less than 1 mm in the processed 3D point cloud.
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Figure 1: (a) Invisible wrench and hammer packed in a cardboard box. (b) 2D cross-sectional images at Y= 237 mm. (c)
3D point cloud image after extracted peak intensity. (d) Reconstructed 3D point cloud image in one direction. (e)
Reconstructed 3D point cloud image in four directions.
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With the successful acquisition of high-precision data using MMW radar, object classification using deep learning becomes
feasible. To effectively classify high-precision MMW point clouds, we employ PointNet++, a deep learning method proposed
by Qi and colleagues at Stanford University in 2017 [6]. Despite the disordered and disconnected properties of point clouds,
the PointNet++ method can simplify and extract complex point cloud features. Due to insufficient samples, five categories of
objects downloaded from the Internet were used as a training set, and a test set was obtained by scanning five categories of real
objects with the MMW imaging system and reconstructing the 3D point cloud data as described above, the results and sample
volume are represented in Fig. 2(a). However, to prepare a more flexible training set that contains both richly shaped samples
and the special point cloud characteristics acquired by MMW system, point cloud data from the original test set were rotated,
mirrored, shifted, scaled, and added as homomorphic data to the original training set. After 300 epochs of training with 8192
sampling points, the accuracy rate of the training set reaches 99.8% and the accuracy rate of the test set is 99.6%, as shown in
Fig. 2(b). To evaluate the training results of the neural network, the point cloud test set of 59 samples after scaling, mirroring,
and shifting is used as the input for the evaluation set with 100% accuracy. Finally, Fig. 2(c) shows an application example
where the trained object classification model is applied to the MMW point cloud data of the previously mentioned four-side
scanning concealed objects. The classification results of the concealed objects are shown under the box, and the concealed
objects are all correctly classified, which verifies the effectiveness of the method in practical applications.
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Figure 2: (a) Schematics of the training and test datasets. (b) Accuracy over epochs. (c) Classification results of concealed
objects.

In summary, this study established a MIMO-SAR FMCW MMW radar imaging system and developed a technique for precise
2D and 3D reconstruction using observed point cloud data. By successfully mitigating noise in smooth surface 3D point cloud
data, we achieved a measurement accuracy of less than 1 mm. The acquired high-precision data facilitated the application of
deep learning for object classification. Utilizing PointNet++ for point cloud classification, our model demonstrated an accuracy
of 99.8% on the training set and 99.6% on the test set. When applied to real-world scenarios, the trained model accurately
classified concealed objects in four-sided scans, confirming its practical efficacy.
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Abstract:
We successfully grown the high-quality Sodium Mesitylene Sulfonate (SMS) single crystal using slow

evaporation method at room temperature. The crystal has been analyzed using single crystal XRD and
it belongs to the monoclinic structure with C2 space group suggesting data repeated after 180° rotation,
the lattice parameters are a=8.6926A> b= 7.3679 A® ¢=16.4519 A°and the angle o=y=90°, p=103.79°.
Functional groups and molecular analysis were identified using Fourier infrared and NMR
spectroscopy. We report the optical properties using terahertz time-domain spectroscopy (THz TDS) in
the range of 0.2-2.5THz. Electronic calculations were performed in the DFT framework in Vienna Ab
initio Simulation Package (VASP).
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High-speed Continuous Waveform Acquisition in Terahertz Air Photonics Platform

Olivér Nagy, Alexander Holm Ohrt, E. J. R. Kelleher, Peter Uhd Jepsen, and Binbin Zhou
Department of Electrical and Photonics Engineering, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark

The terahertz (THz) air photonics platform enables ultra-broadband THz wave generation and detection, offering significant
advantages for spectroscopic studies across various material systems. However, the relatively low operational repetition rate
(typically 1 kHz) and the signal processing requirements of the standard air-biased coherent detection (ABCD) [1] technique
result in a relatively long waveform acquisition time. This abstract presents our recent advancements in high-speed waveform
acquisition for this ultra-broadband THz platform. By utilizing an analogue-to-digital (A/D) converter combined with
continuous delay line scanning, we demonstrate sub-second ultra-broadband waveform acquisition.
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Figure 1: (a) Stage is controlled step-by-step, during THz waveform acquisition (top) and ideal stage speed characteristics
(bottom), where the red and blue lines mark the acceleration and deceleration periods, respectively. (b) Digitizing the
integrated avalanche photodiode (APD) output and utilizing a balanced terahertz field induced second harmonic (TFISH)
signal allows a continuously moving stage to be synchronized with an A/D converter (top), total time cut down by n — 1
times the sum of a single acceleration and deceleration period and the time for data acquisition (bottom) (¢) THz waveform
(and intensity spectrum) acquired within ~0.5 seconds.
Fig. la illustrates the procedure for acquiring a series of data points on a THz waveform. A stage controlling the delay between
the optical probe delay and the THz signal is configured in a step-acquire mode, where between two steps, a set of incoming
signal pulses is either averaged or lowpass-filtered together. The bias modulation scheme of conventional ABCD detection
requires two consecutive pulses for a data point extracted from a differential signal. In this scenario, the total acquisition speed
depends on the time required for the stage to move between two positions and the time constant for the acquisition. Having a
reliable laser source, the former can be reduced significantly. However, the fastest achievable speed will always be
fundamentally limited by the mechanical speed and precision of the translation stage. We propose a new approach (Fig. 1b) in
which we simplify the detection pipeline, replacing the lock-in amplifier with a low-cost, off-the-shelf (A/D) converter and
reconfigure the ABCD with polarization-resolved detection to acquire the differential signal from a single probe pulse (balanced
ABCD detection) [2]. Detection of the THz field (t) with a single probe pulse instead of two consecutive pulses is vital for fast
acquisition with a continuously scanning translation stage. Careful synchronization between the sampling rate of the A/D

converter then enables sub-second acquisition of a full THz waveform (Fig. 1c).

" " Appl. Phys. Lett. 92, 011131
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Nonlinear up-conversion detection of sub-terahertz waves via DFG and SFG in DAST
crystal

Deepika Yadav', Yuma Takida!, Kunio Ishida? and Hiroaki Minamide!
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Exploring beyond conventional applications, the THz band has proven instrumental in delving into the intricacies of advanced
2D structures and quantum materials [1,2], astronomical applications [3], and medical imaging [4]. However, the widespread
adoption of sub-THz technology continues to encounter obstacles, primarily stemming from the absence of compact and highly
sensitive detectors capable of operating at room temperature. THz frequency up-conversion detection utilizing organic
nonlinear crystals such as DAST (4-dimethylamino-N’-methyl-4’-stilbazolium tosylate) [5,6] and OH1 [7] has been utilized in
prior studies and has showcased exceptional detection sensitivity at room temperature, surpassing that of a 4K bolometer by
three orders of magnitude. Earlier studies on THz detection using organic crystals predominantly focused on operating
frequencies exceeding 1 THz. Conversely, for frequencies below 1 THz, research leaned towards the electro-optic effect, which
often requires expensive femtosecond lasers [8]. Moreover, the detection of sub-THz waves employing inorganic crystals like
KTP [9] and MgO: LiNbOs3 [10,11] has demonstrated remarkable sensitivities. However, the need for precise optical alignment,
owing to angle-dependent non-collinear phase matching geometries, poses a constraint on its straightforward usability.
Leveraging the simplified optical alignment facilitated by collinear phase matching in organic nonlinear crystals, in this work,
we investigate their efficacy at sub-THz frequencies. Utilizing a near-infrared (NIR) pump beam (1.064 um, 0.46 ns, 100 Hz),
we effectively convert 0.46 THz radiation into the NIR range through both sum frequency generation (SFG) and difference
frequency generation (DFG) mechanisms in the DAST crystal.
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Figure 1: (a) Schematic of the experimental setup, (b) spectrum measurements showing up-converted signal in the presence
of THz wave (pink ink), and absence of THz wave (purple ink).

The schematic of the experimental setup is shown in Fig. 1(a). We used a passive Q-switched microchip Nd:YAG laser along
with a two-stage Nd: Y AG optical amplifier as a single longitudinal mode pump source. The measured spectral width (FWHM)
of the amplified laser beam was 0.005 nm, which corresponds to the wavelength resolution limit of our optical spectrum
analyzer (Yokogawa AQ6380). The pump beam is split into two beams using a polarizing beam splitter, one for the THz
generation and the other for detection. THz-waves were generated by using injection-seeded backward THz-wave parametric
oscillation (BW-TPO) in slant-stripe type periodically poled lithium niobate (PPLN) crystal, where a pump photon is down-
converted into a pair of THz signal and NIR idler photons as per the energy conservation guided by quasi-collinear phase-
matching scheme [12,13]. Sub-THz photons emitted as a backward wave from the PPLN are reflected using a thin lithium
niobate (LN) substrate placed in front of the PPLN and are then focused onto the DAST crystal using a pair of Tsurupica lenses
and one more thin LN substrate. The collimated pump beam of size 840 x 720 pm at FWHM is overlapped with the incoming
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THz photons at the DAST crystal of thickness 680 um. To segregate the upconverted photons from the intense pump beam,
we employed two Raman filters and a blazed diffraction grating.

When the NIR pump and THz photons coincide on the DAST crystal, and their temporal timing is synchronized, along with
the polarizations of both the THz and pump beams aligning parallel to the crystal's optical axis to fulfill the collinear phase
matching requirement, the THz frequency is converted to the NIR region. This conversion enables the concurrent detection of
DFG and SFG signals. The spectral measurements depicted in Fig. 1 (b) were obtained at a pump energy of 100 puJ and THz
energy of 16 nJ using a real-time spectrum analyzer (Shimadzu SPG-V500). The measured wavelength of the up-converted
SFG signal is Asrg=1.0625 um, and the DFG signal is Aprg= 1.0659 um as shown in pink color. When the injection of sub-
THz photons into the DAST crystal is obstructed by a metal plate, the generation of the up-converted signal ceases, resulting
in the absence of both DFG and SFG signals, as depicted by the purple color in Fig. 1 (b). Also, the upconverted signal intensity
goes down as we decrease the number of THz photons (not shown here), confirming the signal is generated by the frequency
up-conversion of THz photons. Current efforts are centred on isolating the collinear up-converted signal from the intense pump
beam by employing blazed diffraction gratings, to confirm the detection sensitivity using an avalanche photodiode (APD).

In conclusion, our study showcases the conversion of the BW-TPO signal at 0.46 THz to the NIR range using the SFG and
DFG processes using a lab-grown organic nonlinear DAST crystal. These results underscore the potential of organic crystals
for compact and sensitive room-temperature THz detection, particularly at sub-THz frequencies, and extend the application of
organic nonlinear crystals in THz technologies.

ACKNOWLEDGMENTS

This work was supported (in part) by Innovative Science and Technology Initiative for Security, ATLA, Japan (Grant No.
JPJ004596). The authors acknowledge Ms. M. Saito and Dr. N. Yaekashiwa of RIKEN for growing DAST crystals, Prof. H.
Ito of RIKEN/Tohoku University, and Prof. M. Kumano of Tohoku University for valuable discussions.

References

1] F. Xiaojian, L. Yujie, C. Qi et al., “Front. Phys., 10, (2022).

J.E. Lee, J. Choi, T. S. Jung et al., Nat. Commun. 14,2737 (2023).

K. I. Rudakov, A. V. Khudchenko, L. V. Filippenko et al., Appl. Sci., 11(21), 10087 (2021).
Roh, S-H Lee, J. Kwa et al., Sensors and Actuators B: Chemical, 352, 1, 130993 (2022).
Minamide, J. Zhang, R. Guo et al., Appl. Phys. Lett. 97, 121106 (2010).

Qi, S. Fan, T. Notake et al., Opt. Lett., 39, No.5, 1294 -1297 (2014).

Guo, S. Fan, X. Yin et al., Opt. Express, 31, No. 23, 38970-6 (2023).

U. Puc, T. Bach, P. Giinter et al., Adv. Photonics Res. 2, 2000098 (2021).

Y. Wang, C. Hu, C. Yan et al., Opt. Lett., 47, No.22, 5853- 5856 (2022).

] H. Sakai, K. Kawase and K. Murate, Opt. Lett., 45, No.14, 3905-3908 (2020).

11Y. Takida, K. Nawata, S. Suzuki et al., Opt. Express. 25 (5), 5389 (2017).

12] K. Nawata, Y. Tokizane, Y. Takida et al., Sci. Rep., 9, 726 (2019).

13]Y. Takida, K. Nawata and H. Minamide, APL Photonics, 5, 061301 (2020).

[
(2]
(3]
[4]1Y.
[5]H.
[6] F.
[71Q.
(8]
[]
[10
1
[
[



—_—

X

MTSA 2024 — June 4-7, Copenhagen, Denmark- Paper PO-23

Characterizing spectral sensitivity of THz photomultiplier tubes by
an injection-seeded THz-wave parametric generator
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A THz photomultiplier tube (THz-PMT), which utilizes a resonant metasurface antenna to convert THz waves into
electrons, is attracting attention as a new THz-wave detector [1]. Since its working principle is based on THz-driven field
electron emission in a metasurface antenna, THz-PMT exhibits a fast pulse response time of a few nanosecond and nonlinear
input-output characteristics according to the Fowler-Nordheim relation with respect to the electric field strength of the incident
THz wave. Therefore, since it is possible to emphasize and detect minuscule changes in the electric field strength of incident
THz waves, it is expected to be applied to various applications of high-sensitive THz-wave spectroscopy [2].

In this study, we perform the characterization of the spectral sensitivity of THz-PMTs by using a high-peak-power,
narrowband, frequency-tunable THz-wave source of injection-seeded THz-wave parametric generator (is-TPG).

Fig. 1(a) shows a schematic of the experimental setup for the characterization of the spectral sensitivity of THz-PMT with
the is-TPG source. The is-TPG is capable of producing high-peak-power, narrowband THz-wave pulses with continuous and
wide frequency tunability [3]. In this study, the frequency range from 0.60 to 1.50 THz was used to match the frequency
response of the THz-PMT. The THz-wave frequency linewidth of the is-TPG was measured to be less than 4 GHz. The
repetition rate of the is-TPG source is given by the repetition rate of the pump laser at 200 Hz. The gain medium of the is-TPG
was a MgO-doped congruent lithium niobate (MgO:LN) crystal with a single Si prism coupler attached on the side surface of
the MgO:LN crystal. Thin-film attenuators with a fixed transmittance and a pair of two wire-grid polarizers were used for
coarse and fine adjustment, respectively, of THz-wave E-field strength applied to THz-PMT.

Fig. 1(b) shows the estimated temporal electric-field waveform of the multi-cycle THz-wave pulse from the is-TPG source
at 1.05 THz. The peak electric-field strength of 9.3 kV/cm was calculated by measuring pulse energy, beam size, and pulse
width using a calibrated pyroelectric detector, THz-wave imager, and up-conversion-based cross-correlation technique [3],
respectively.
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Fig. 1. (@) Schematic experimental setup for characterization of spectral sensitivity of THz-PMT with is-TPG
source. (b) Estimated temporal electric-field waveform of the multi-cycle THz-wave pulse from is-TPG
source at 1.05 THz.

Fig. 2(a) shows the measured THz-PMT signal amplitude as a function of THz-wave frequency. The metasurface antenna
and substrate of the THz-PMT device used in this study were double split-ring resonator (DSRR) and high-resistivity silicon,
respectively. Although sharp dips due to absorption lines of atmospheric water vapor were observed as shown by the dashed
vertical lines in Fig. 2(a), the measured THz-PMT signal amplitude was affected by frequency-dependent antenna resonance
and etalon effect within the silicon substrate, resulting in a complex spectral sensitivity characteristic.

Fig. 2(b) shows the input-output characteristics measured at three different frequencies of 0.80, 1.05, and 1.30 THz. These
three frequencies were selected because the signal amplitude of the THz-PMT showed local maximum values at these
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Fig. 2. (a) Measured THz-PMT signal amplitude as a function of THz-wave frequency. Absorption lines of
atmospheric water vapor are indicated by vertical dashed lines. (b) Measured input-output characteristics of
THz-PMT for three different frequencies.

frequencies. The detection threshold of the THz-PMT is frequency-dependent due to the resonant characteristics of the DSRR
metasurface antenna, and measured as 1.3, 1.6, and 3.0 kVV/cm at 0.80, 1.05, and 1.30 THz, respectively. Note that the measured
input-output characteristics are described well by the Fowler-Nordheim relation.

In summary, we have been working on the characterization of the spectral sensitivity of the THz-PMT detector by using a
frequency-tunable is-TPG source. Our results show that the THz-PMT with the DSRR antenna shows a complex spectral
sensitivity with nonlinear input-output characteristics owing to the metasurface antenna resonance and the interference effect
within the substrate. We believe that the combination of THz-PMT detector and is-TPG source will open new THz-wave
applications, especially in industrial fields.
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Balanced Air-Static-Biased Detection of Ultrabroadband Terahertz Waveforms
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We present a novel balanced air-biased coherent detection (ABCD) scheme for ultrabroadband terahertz (THz) waveform
measurements. By rotating the bias electrodes by 90° relative to the conventional setup, the balanced detection scheme enables
coherent detection at the full repetition rate of the laser system without requiring a lock-in amplifier or bias modulation using
a signal generator. Due to its ability to reject shot-to-shot noise, as demonstrated in Fig. 1(b), the balanced detection scheme
achieves a twofold increase in dynamic range (DR) and a fourfold increase in signal-to-noise ratio (SNR) compared to
conventional ABCD. The balanced scheme allows for sub-second waveform acquisition with a continuously moving delay
stage, demonstrated by acquiring 200 waveforms in just 100 seconds, shown in Fig. 1(e).

ABCD is a powerful tool for coherent ultrabroadband THz waveform detection [1], and in combination with two-color air-
plasma THz generation, it allows for transient THz spectroscopy across an ultrabroad frequency range, enabling, for instance,
the measurement of the ultrafast photocarrier dynamics in photovoltaic thin films [2]. The improvement in performance offered
by the balanced ABCD scheme, as demonstrated in Fig. 1(c) and (d), makes it an ideal candidate for implementation in 2D
ultrabroadband THz spectroscopy where signal quality and acquisition speed are of crucial importance. We find that
conventional ABCD struggles with coherence in rapid acquisition settings with a continuously moving stage, resulting in
unusably noisy waveforms with spectral artifacts. A schematic of the polarization state of the THz field Ery,, optical probe
field E,,, and bias field E};4, is shown in Fig. 1(a). We measure along two channels, A and B, that are orthogonal to each other
but rotated 45° relative to the coordinate system in Fig. 1(a). The differential signal between the two channels yields a coherent
measurement while common noise between the channels is canceled out. Balanced ABCD has been implemented before [3];
however, it still required lock-in amplification and bias modulation with signal generators. Our implementation is simpler, both
optically and electronically, while delivering superior performance.
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Figure 1: (a) Schematic of the polarization of the interacting fields in the balanced ABCD scheme. (b) Example of photodetector signals from
waveform measurements in conventional and balanced ABCD, illustrating the noise-rejecting nature of the balanced scheme. (c) THz
waveforms with different acquisition times using conventional and balanced ABCD. (d) Spectra of waveforms in (c). Shaded regions show
the noise floor. (e) 2D map of 200 waveforms acquired in 100 seconds using balanced ABCD with a continuously moving delay stage.

In conclusion, our balanced ABCD scheme represents a significant advancement in the field of ultrabroadband THz waveform
detection. It offers enhanced dynamic range and signal-to-noise ratio, simplifies the experimental setup, and enables faster data
acquisition. These benefits make it a valuable tool for a wide range of applications in THz spectroscopy and beyond.
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Unravelling Topographic Contrast from THz-SNOM Data of Semiconductor Nanowires
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Nanoelectronics technology has become increasingly miniaturized, necessitating fabrication techniques for producing large
quantities of sub-micron structures at high speeds. These structures require nanoscale characterization to ensure quality [1].
Terahertz (THz) scattering-type scanning near-field optical microscopy (THz-SNOM) can probe material properties far below
the diffraction limit of the corresponding free-space THz light, providing information on variations in conductivity and
permittivity at spatial resolutions on the nanoscale [2]. However, non-flat structures with topographic features with dimensions
on the order of the scanning probe tip can cause variations in the SNOM signal unrelated to contrast induced by changes to the
local material properties. Furthermore, widely used models for the interpretation of SNOM data are optimized for extended
layered material stacks, where structural variations exist only in the out-of-plane direction. This abstract explores
topography-induced artifacts in THz-SNOM data of semiconducting nanowires and suggests strategies to mitigate them to
reveal local variations in contrast dominated by the material properties.

THz-SNOM is a modified tapping-mode AFM illuminated by a pulsed THz light source. The strength of the scattered
signal detected as a function probe-sample height depends on the interaction between the tip and its dielectric environment.

The recorded signal is demodulated at the tip tapping frequency and normalized by the demodulated signal on the substrate:
n; = ST 1 §5UP where 1); is the contrast of the i-th demodulation order, generally proportional to the sample's conductivity.

The sample is a semiconductor nanowire, with a triangular cross section (as shown schematically in Figure 1.a). For reference
an identical sample with an Au layer of 20 nm on top was considered. The semiconductor nanowire was expected to have
higher conductivity than the substrate, while the Au coated sample should have uniform conductivity in the plane.

Initial scans show lower signals on the wires than the substrate due to topography. The 2D maps of the demodulated
signals (1,73, 14, and n5) are shown in Fig. 1(b). Figures 1(c) and 1(d) show the average of the contrast along the length of
the wire for the two samples as well as the order-normalized contrast. [3] The topographically induced artefacts are caused by
both changing interaction between the tip and the substrate, as well as the mechanical changes in the AFM which occur on
slopes and changing interaction area with the tip [4].
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Figure 1: a) Shows schematic of a slice of the semiconductor nanowire including the tip of the SNOM which is
modulated vertically. b) shows a 1x6 micron scan of a nanowire resolved at four demodulated orders normalized by
the substrate. c¢) shows the average contrast along the wire for the demodulated signal as well as the average of the
order-normalized contrast. d) shows the same type of results as c) but for an identical measurement of the Au coated
wire.
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Figure 2: a) Shows the InAs order-normalized contrast divided by the order-normalized contrast on the Au coated wire. The
black dashed line is a guide to the eye for contrast 1. The three upper dashed lines indicate the order-normalized values
calculated using FDM of the InAs, InGaAs, GaAs stack. b) shows the topography of the wire measured by AFM with the colour
scale being the average order-normalized map of InAs divided by the average line correction of the Au coated wire.

Most artifacts occur due to the wire's slope or proximity, but at the wire's apex, the topography's derivative is zero.
Comparing the semiconductor nanowire signal to the Au-coated wire signal—representing a pure topographic signal—can
reveal material properties. Note that different tips used for comparison introduce varying topographic artifacts on the slope of
the wire, though qualitatively similar. The comparison is performed by dividing the order-normalized contrasts of the

semiconductor sample and the topographic sample, essentially scaling the values by the topographic impact: {;; =

17{]’-“45 / nf‘}” . The resulting values are shown in Fig. 2(a). The overall signal varies across the wire, due to the different tip

impacts, but is constant near the top for any selection of orders. The correction can be done for a combination of the order-
normalized values and used to correct a combination of the maps. This is shown in Figure 2(b), revealing a lower scattering
from the substrate, sloped areas expressing the residual topographic artefacts, and a high signal on the crest of the wire,
demonstrating a clear longitudinal variation of signal, which we attribute to local changes in the material properties. Calculation
of the magnitude of the expected scattering signal using the extended finite dipole model (FDM) for a layered system provides
an estimate of the expected contrast, which we find to be in good agreement with our experimental results. Ultimately this
procedure could be applied to relate measured contrast to nanoscale variations in carrier concentration. We believe our work
lays the foundation for the development of methods to unravel the material properties of topographically non-trivial nanoscale
structures characterised using THz-SNOM.
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Terahertz-induced hot electron emission

Matej Sebek!, Tobias O. Buchman', Simon Jappe Lange!, Peter Uhd Jepsen'
!Department of Electrical and Photonics Engineering, Technical University of Denmark, Orsteds Plads 343, DK-2800 Kongens Lyngby, Denmark.

A strong terahertz (THz) field can induce electron emission via tunneling, opening new possibilities for advanced applications
such as photomultiplier tubes (PMTs) [1], sensitive spectroscopy [2,3], and sub-nanometer thin film sensing [4]. This study
focuses on the critical role of electronic temperature in these emissions. Our findings highlight the necessity of incorporating
electronic temperature in understanding and predicting THz-induced electron emission phenomena.

Figure 1 illustrates the interaction of the THz beam with ultrathin gold films and the resulting electron emission mechanisms.
In these films, THz-induced electron emission includes both thermionic-like and field-like thermal-assisted field emission
processes. When THz pulses interact with the films, the film thickness significantly influences the emission intensity and energy
distribution. Notably, the 2 nm gold films exhibit a high-energy tail in the electron energy spectrum due to the higher electronic
temperature achieved under THz excitation. This effect, analyzed using the Murphy-Good equation, highlights the impact of
electronic temperature on emission probabilities. As the film thickness decreases, surface scattering increases, enhancing
electron emission due to higher localized temperatures.

Graphene also exhibits significant electron emission responses to THz radiation. Upon excitation with ultrafast THz pulses,
graphene undergoes a process where electron-electron scattering rapidly increases electronic temperature. This elevated
temperature facilitates the emission of hot electrons from the material. The experimental results show that the electron emission
is a field-driven process and significantly enhanced by the increased electronic temperature, making graphene a highly effective
emitter under THz excitation. This dual influence of field and temperature underscores the complex dynamics of electron
emission in graphene and highlights its potential for advanced THz applications.

a) b)
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Figure 1: Schematic and physical principle of THz-induced electron emission in ultrathin gold films. (a) THz beam
interaction with a gold film on a CuO seed layer. (c) Change in Fermi-Dirac distribution with electronic temperature,
leading to electron emission.

In conclusion, the study demonstrates that electronic temperature plays an important role in the THz-induced electron emission
from both ultrathin gold films and graphene. Significant advancements can be made in THz technology and its applications by
understanding and integrating these effects into emission models.
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How accurate do you know your power at 300 GHz?
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IPTB Physikalisch-Technische Bundesanstalt, 10587 Berlin, Germany
2 SLT Sensor- und Lasertechnik GmbH, 15745 Wildau, Germany
SLytid SAS, 75013 Paris, France

Abstract

So far, there is no metrology institute worldwide that can measure the power of a waveguide source in the WR-3 band with
frequencies from 220 GHz to 330 GHz traceable to the International System of Units SI. PTB, Germany's national metrology
institute, has dedicated itself to this task in a Franco-German research project. The result is a new type of windowless detector
that can measure the radiation emitted by an antenna directly behind its output (see figure 1). The calibration of the spectral
power responsivity of each specimen will be possible as soon as the uncertainty budget is set up at PTB.

W -

Figure 1: Photo of the prototype of SLT's new detector (1), which is mounted directly in front of
the output of a 300 GHz antenna. For precise positioning, the detector has an attachment adapted
to the antenna, into which the antenna is inserted (2). Lytid's frequency doubler stages for
generating the 300 GHz from 150 GHz (3) and this from 75 GHz (4) are located at the waveguide
input of the antenna. A waveguide-based power attenuator (5) can adjust the output power of an
electronic source with a micrometer screw. The pyroelectric signal of the detector is amplified
with an adapted current-to-voltage amplifier (6).

Problem

Power measurements in a rectangular hollow waveguide become increasingly difficult as the frequency increases because the
dimensions of the waveguides become smaller and smaller. In the WR-3 band, which is important for upcoming 6G wireless
communications, the transverse dimension is only three hundredths of an inch, which corresponds to less than 0.8 mm in metric
units. These sub-millimeter dimensions hamper the installation of the complex sensor element, which comprises of a non-
reflective absorber, a thermometer, and an electrical heater, inside the waveguide.

Solution

For this reason, we decided in our R&D cooperation project to determine the power directly at the output of an antenna. No
imaging optics (mirror) are then necessary. The diverging emitted beam just behind the antenna is still small enough to capture
the entire beam profile with the aperture of a large-area pyroelectric detector from SLT [1]. However, the specially coated thin-
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film absorbers of these pyroelectric detectors reflect 25 % of the incident power. If the reflection falls back into the antenna,
not only is the measurement result distorted by interference (keyword: standing waves), but there is also a risk of destroying
the frequency doublers of the electronic source or even the source itself. The solution is to tilt the detector by 45° from its
normal position. The reflection is then at 90° to the beam axis. An absorber foam (ECCOSORB® AN-72) placed outside the
divergent beam absorbs this reflection analogous to the absorption of the 25 % transmission behind the detector foil.

In addition, we had to clarify whether the placement of the conductive coated detector foil in the near field changes the emission
of the antenna. For this purpose, the beam profile in the inclined detector plane was recorded point by point at PTB using 2D
scanning. The measured distribution was compared with 3D simulations carried out by Lytid SAS of the radiated electric field
of the antenna with and without the attached detector foil. The comparison showed good agreement between simulation and
measurement. The result is that our detector layout does not noticeably change the antenna radiation and the antenna divergence
is small enough to capture the entire beam profile even at 45° inclination with a detector of 30 mm diameter. A prototype of
such a detector is the result of our R&D cooperation project (see figure 1) and was presented to an international audience of
experts for the first time at the 11" Workshop on Terahertz Technology and Applications in Kaiserslautern on March 12, 2024.

All these outstanding properties create the prerequisites for determining the uncertainty budget of such a detector for its spectral
power responsivity at 300 GHz when calibrated with PTB's THz laser [2]. SLT will then be able to offer each new detector
worldwide with an individual calibration certificate, as it is the case up to now for their free-space detectors. The specification
of the measurement uncertainty ensures that a user can trust their own measurement with such a detector. This will make a vital
contribution to closing the global metrological gap before new high-tech developments at 6G frequencies are launched on the
market.
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Advances in ultrafast terahertz scanning tunneling microscopy

Frank A. Hegmann
Department of Physics, University of Alberta, Edmonton, Alberta T6G 2E1, Canada

The ability to directly probe ultrafast phenomena on the nanoscale is essential to our understanding of excitation dynamics in
materials and in the development of new device technologies. However, achieving this capability has been challenging and is
the focus of research in many labs around the world. Terahertz scanning tunneling microscopy, or THz-STM, is a powerful
new technique that enables direct imaging of sub-picosecond dynamics in materials down to the atomic scale. In this technique,
picosecond-duration THz pulses are antenna-coupled to the sharp metal tip of an STM, and the resulting field enhancement at
the junction produces sub-picosecond transient tunnel currents that can be used to probe ultrafast dynamics on the nanoscale
[1-36].

THz-STM was first demonstrated by Cocker et al. [1], showing the photoexcitation dynamics in a single InAs nanodot with
simultaneous 0.5 ps time resolution and 2 nm spatial resolution under ambient conditions. Operation in ultrahigh vacuum allows
for THz-pulse-induced tunnel currents confined to single atoms, as reported for THz-STM of silicon surfaces [2] and single
pentacene molecules [3]. THz-STM has recently been used to study metal surfaces [4], graphene nanoribbons [5], 2H-MoTe2
and BixSe; [6], Ceo films [7], applying localized forces to single molecules [8], inducing luminescence in materials [9], probing
the dynamics of single vacancies in WSe; [10], and THz wave rectification and molecular coherent oscillations [11,12]. Much
work has focused on characterizing the near-field waveform [13-21], coherent control of tunnel currents [2,6,16,17,22],
modeling the THz-STM signal [2,4,19], increasing bandwidth [18] and efficiency [23], increasing the THz pulse source
repetition rate [23,24], studying thermal and nonthermal tunneling effects [25,26], and achieving attosecond time resolution
[27,28]. There have also been several THz-STM review articles [29-36].

This talk will discuss how THz-STM works and how it can provide new insight into ultrafast nanoscale dynamics of materials
and devices. Recent advances, current challenges, and future directions will also be discussed.

Funding support from NSERC, CFI, Alberta Innovates, and ATUMS is acknowledged.
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Atomic-scale terahertz time-domain spectroscopy
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Terahertz time-domain spectroscopy (THz-TDS) is one of the central technologies of THz science. By measuring the
oscillating THz electric field after it has interacted with a sample and comparing it to a reference field, the complex dielectric
function at THz frequencies may be determined. Based on the same concept, in THz scattering-type scanning near-field optical
microscopy (s-SNOM), THz pulses focused onto a scanning probe tip may be used to spatially map the local complex dielectric
function on the 10-100 nm scale [1]. However, many open questions in surface science require these properties to be determined
at yet smaller length scales. For example, THz-TDS of individual atomic sites would allow the role of defects, dopants, and
interfaces on charge transport to be studied in unprecedented detail.

Here, we introduce an experimental method for atomic-scale THz-TDS in a THz scanning tunneling microscope (THz-
STM) junction. Using our technique, we demonstrate atomically resolved THz-TDS of a silicon-doped GaAs(110) sample,
revealing a resonator defect with the hallmarks of the elusive DX center [2].

Fig. 1a shows a schematic of the THz-STM setup. A strong-field THz pulse is coupled to the STM tip and acts as an ultrafast
bias voltage in the tip-sample junction, inducing a current pulse with a rectified component that is measured electronically [3].
To perform atomic-scale THz-TDS, we use this induced current pulse to sample a second, weaker THz pulse through a cross-
correlation (THz-CC) measurement that captures the near-field waveform. In Fig. 1b, a THz-CC waveform is recorded on an
Au(111) surface, which is used as a reference sample because of its flat spectral response. The spectrum of the near-field
waveform is displayed in the inset. Fig. 1c shows an STM topography image of our GaAs(110) sample surface; the atomic
rows are visible, as are multiple types of atomic defects (e.g., gallium vacancies and silicon substitutional dopants). The inset
of Fig. 1c¢ shows a high-resolution THz-STM image of the blue square region, where a particular defect exhibits a strong THz-
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Figure 1: | Terahertz time domain spectroscopy of a GaAs(110) surface on the atomic scale. a, Schematic of atomic-scale THz-TDS based
on THz-STM, where a strong-field THz pulse induces a tunnel current that samples the oscillating field of a weak-field THz pulse in the
tunnel junction through a cross-correlation (THz-CC) measurement. b, THz-CC waveforms measured on a reference Au(111) sample. Inset:
Amplitude spectrum of the near-field waveform on Au(111). ¢, STM topography image of the GaAs(110) surface, with atomic rows and
multiple types of defects visible. Inset: THz-STM image of a small region of the STM image (blue square), which contains a strong and
highly localized THz-STM signal. d,e, THz-CC waveforms measured on the GaAs(110) surface 200 pm away from the bright defect (d),
which is indicated by a green circle in the inset of ¢, and on the prominent THz-STM feature, which is associated with a DX center (e). Insets
show the normalized spectrum of the respective near-field waveform. f, Amplitude spectra of d and e divided by the gold reference spectrum
(inset of b).
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STM signal. Near-field waveforms were measured 200 pm away from the defect (Fig. 1d; green circle in Fig. 1c) and in the
center of the bright feature in the THz-STM scan (Fig le). In Fig. 1f, we divide the amplitude spectra of the GaAs(110) near-
field waveforms (insets in Fig. 1d and e) by the Au(111) reference spectrum (inset of Fig 1b). The distinct responses for the
two sample locations are due to dielectric contrast. Spectroscopically, the most prominent contrast occurs at 0.96 THz, where
the defect exhibits a strong resonance that is absent at the location 200 pm away. From this signature resonance and other STM
characteristics (not shown), we identify the defect as a silicon-vacancy complex stabilized in a DX center configuration and
the resonance as the vibrational motion of the silicon dopant atom. Although DX centers are of significant interest in
semiconductor research due to their prominent role in carrier scattering [4], this is the first time one has been observed directly.

With atomic-scale THz-TDS we can now study open questions that previously could not be addressed experimentally, such
as the simultaneous spatial and spectral description of defect complexes in semiconductors. As a next step, we envision that
THz-TDS within a THz-STM junction will enable time-resolved THz spectroscopy of the transient THz dielectric response on
the atomic scale.
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Subcycle optical spectroscopy at the atomic scale

Tom Siday

School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom

Measuring the interaction of light and matter over the shortest possible length- and timescales has been a long-sought goal in
condensed matter physics. By exploiting evanescent fields confined to miniscule objects, near-field microscopy can access
ultrafast light-matter interaction on nanometer length scales [1]. Yet, the spatial resolution accessible to near-field microscopy
is strictly limited by the size of the probe apex (~10 nm). Tantalizing glimpses into even smaller spatial scales became possible
with the advent of lightwave-driven scanning tunnelling microscopy (LW-STM) [2],[3]. However, by sampling only the time-
integrated electronic response using rectified currents, the rapid motion of electrons within a single cycle of light remains out
of reach. Here, we demonstrate a fundamentally new paradigm for optical microscopy (Fig. 1a), which exploits atomic
nonlinearities within optical near-fields to achieve atomic-scale spatial resolution and subcycle time resolution [4].

To explore the role of atomic protrusions in near-field microscopy, we use qPlus atomic force microscopy sensors
under ultra-high vacuum and cryogenic conditions. We illuminate the tip apex with strong, phase-locked terahertz (THz) pulses,
and detect scattered light with electro-optical sampling (EOS). For tip-sample separations larger than ~1 nm, we observe a
conventional near-field response (Fig. 1b, blue lines). Intriguingly, when the tip-sample separation reaches the atomic scale,
the signal dramatically increases, accruing a phase delay Ag. This emergent signal decays at the same rate as the time-integrated
tunnelling currents (J},,) in LW-STM (Fig. le), confirming its origin: electromagnetic radiation emitted by tunnelling currents
flowing in response to the THz electric field (Fig. 1c,d). We confirm this using ab initio quantum simulations, and demonstrate
how near-field optical tunnelling emission (NOTE) can image single packing defects on the surface of Au(111) (Fig. 1f).
Finally, we sample the real-time quantum flow of electrons traversing a WSe; trilayer, without requiring any a priori
assumptions on tunnelling (Fig. 1g). The subcycle optical sampling at the heart of NOTE provides experimental access to
atomic-scale electron dynamics in a broad range of quantum materials — even insulators. This widely tuneable all-optical
approach opens the door to strong-field control over light-matter interaction on atomic length scales.
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Fig. 1. NOTE microscopy. (a) A THz light pulse (Ej;gn) is coupled to a tungsten tip tapping near the surface of Au(111), with scattered near-
fields (E5¢3%) detected using EOS. (b) Scattered THz transients (E5@%) for increasing tip-sample separation Az (tip tapping amplitude
A =25 nm). For minimal Az, the transient transforms, accruing a phase shift Ap, and a dramatic amplitude increase relative to the conventional
near fields. (c) Formation of a mesoscopic near-field dipole pnr at the tip apex, driven by Elight at time #1 where Elight is maximal, causing a
tunnelling current /v to flow. (d) At time #2, pnr=0 as Elignt crosses zero, but the tunnelling current induced NOTE dipole piw is at a maximum.
(e) Peak of the NOTE signal £5°#¢ for 4 = 200 pm, alongside the time-integrated lightwave tunnelling current (J;,,) measured for increasing
Az. (f) Quasi-constant height LW-STM and NOTE line scan measured across a single packing defect on the surface of Au(111). (g) Real-
time ultrafast tunnelling currents sampled on trilayer WSez, showing pnr at the tip apex (blue), the NOTE dipole piw (purple) and the retrieved
ultrafast tunnelling currents (red).
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Terahertz waveform sampling under scanning tunneling microscope
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Terahertz (THz) wave is between microwave and far-infrared, THz spectroscopy has become a novel method to study physics,
material science, biomedical science, et al. Due to the diffraction limit, the spatial resolution of THz imaging in far field is
normally limited to be hundreds of micrometers. THz scanning tunneling microscope (THz-STM) has been developed as a
novel technique, combining both sub-picosecond temporal resolution and atomic spatial resolution. With a scanning metal tip,
the resolution can be down to sub-nanometer scale. In the talk, I will present our recent progress on high spatial and temporal
THz scanning tunneling microscope, including how to control THz Carrier-Envelope Phase to coherently control the tunneling

electrons [1] and sampling THz waveform under the metal tip [2]. In addition, [ will introduce ultrafast laser-based THz research
systems in our new lab.
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Figure 1: (a) THz waveform sampling under metal tip of scanning tunnelling microscope. (b) THz time-domain waveforms
with different Carrier-Envelope Phase controlled by a metamaterial device.
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Terahertz spin-orbitronics: insights and applications

Tobias Kampfrath!?

Department of Physics, Freie Universitit Berlin, Germany, *Fritz Haber Institute of the Max Planck Society, Berlin, Germany

Sub-picosecond electromagnetic pulses covering the range ~1-30 THz have been shown to be capable of probing and even
controlling numerous low-energy excitations of condensed matter, for example, phonons, excitons and Cooper pairs. Recent
work has shown that ultrabroadband terahertz (THz) radiation is also a very useful and versatile tool in the fields of spintronics
and ultrafast magnetism. The insights obtained are relevant not only for a better understanding of fundamental processes
involving electron spins, but also for applications in THz photonics.

As a first example, we consider THz spin transport. To launch it, we excite a ferromagnetic-metal thin film FM such as Fe or
Co (magnetization M) by a femtosecond optical pulse (Fig. 1). As a result of its increased electron temperature, FM exhibits a
transient excess of magnetization that is released by spin-angular-momentum transfer to the crystal lattice or by a spin current
Js into an adjacent metal layer HM [1]. To measure jg, we use heavy metals such as Pt (platinum) for HM because they exhibit
a large inverse spin Hall effect and, thus, convert js into an in-plane charge current j (Fig. 1). The j., in turn, acts as a source
of an electromagnetic pulse with frequencies reaching the THz range [2]. Interesting applications such as terahertz spin-
conductance spectroscopy [3], spin-charge-conversion spectroscopy [4] and the generation of ultrashort terahertz
electromagnetic pulses [5] with fields exceeding 1 MV/cm [6] emerge.

This principle can be transferred from the spin S to the so far highly unexplored orbital angular momentum L of electrons. We
obtain new insights into orbitronic phenomena on their natural time scales, for example, time-domain signatures of giant
propagation lengths of orbital currents in W (tungsten) [7].

In the second example, THz pulses are not used as a probe but as a stimulus of ultrafast spin dynamics. This approach is
reciprocal to the scheme of Fig. 1. By applying an intense THz electric field to the antiferromagnetic metal Mn,Au, we exert
so-called Néel spin-orbit torques on the spins [8]. We observe spin deflections by as much as 30° relative to the equilibrium
direction. Therefore, ultrafast switching of antiferromagnetic order by THz electric fields is in close reach.

With regard to THz photonics, the Zeeman torque of THz magnetic fields on spins can be used for THz-field detection with a
straightforward response function. In a ferromagnetic Fe layer of 8 nm thickness, such Zeeman-torque sampling can be used
to reliably detect THz pulses with a bandwidth 0.1-11 THz and peak fields >0.1 MV/cm. Static calibration even provides access
to the absolute transient THz field strength [9].

Pump M THz
Je

Js 1\ u b
FM HM

Figure 1: Schematic of spintronic THz emission induced by excitation with a femtosecond pump pulse.
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Terahertz magnon spintronics with non-collinear antiferromagnets

Dhanvir Singh Rana
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Abstract

The terahertz (THz) spectrum (0.1-10 THz) offers promising opportunities in the development of next-generation
data processing and quantum memory technologies. These aspirations are driven by simultaneous developments in
the THz spectrum and, the area of spintronics, magnonics, caloritronic, and many more [1]. In magnetic systems,
magnons-the quanta of spin waves-in a spin ordered state envisage the prospects of non-Boolean-based spin wave
computation, magnon logic gates, and so on [1]. However, magnonics has been widely explored in ferromagnets
resulting in gigahertz magnons. However, the area of magnonic can be extended to ultra-low dissipation and ultrafast
THz region as the antiferromagnets have
magnons in this region. This offers THz
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phonons, photons, polaritons, and many
more. Recently, for the first time, magnons sum and difference generation was demonstrated in YFeOs, thus, raising
the importance of algebraic operations of different THz frequency magnons [2, 3]. This study necessitates the
exploration of antiferromagnets possessing closely spaced magnons in terahertz region (0.1-2 THz) for their potential
in THz magnon algebraic logic operations [3]. Such control over spin-waves/magnon can be contemplated in
magnetoelectric/multiferroic systems, in which the spin and electric orders are entangled, resulting in electric as well
as magnetic control of magnons.

In this work, I’ll present our recent work in exploration of a variety of non-collinear magnets for magnon and
magnon-phonon excitation modes in the THz spectral region, considering two examples. First, I’ll show that A4B2Oy
(A=Co and B=Nb, Ta) family of non-collinear magnetoelectric antiferromagnetic [4, 5] exhibit ) a multitude of low-
energy antiferromagnetic resonances comprised of magnons, phonons, and hybridized spin-phonon coupled modes
and i) the notion of beyond conventional magnon, that is, electromagnon. The second example is based on RCrOs
(R=rare-earth) orthochromates in which weak magnetic moment is accompanied by sub-THz magnon modes along
with complex crystal-field excitations
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Terahertz response of 3D graphene aerogels
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Graphene has emerged as an outstanding two-dimensional (2D) material due to its unique optical and
electronic properties such as high electron mobility, charge-density tunability, highly nonlinear terahertz
response etc. In recent years, thanks to the development of graphene synthesis, 3D graphene networks
assembled in free-standing covalently cross-linked graphene aerogel (GA) structures that maintain the
characteristic properties of single-layer/multilayer graphene have been realized. Compared with
traditional 2D graphenes, GAs provide high porosity and large effective surface area (Fig. 1a) and they
are also lightweight (p ~ 6 mg/cm?3), elastic, and mechanically robust, making them promising for
various applications, e.g., strain and pressure sensing [1].

In the first part of this talk we will present and discuss a systematic study of steady-state THz conductivity
and permittivity in GA (in the range 0.15-10 THz) and of its ultrafast response to the optical excitation.
The experiments reveal an interplay between the Drude and hopping conductivity (Fig. 1b), which is
significantly different from the transport observed in 2D graphene layers. The hopping process controls
the transport in defect-rich parts of the 3D graphene networks; conversely, the parts with low defect
concentration are dominated by the Drude band-like conductivity. An interplay between the two
mechanisms can be tuned by the annealing temperature of the structures [2].

This technological process can be also used for tuning the optical properties of 3D graphene in the THz
range. Indeed, the refractive index of the foam-like structure of GAs is close to unity and ensures a very
low impedance mismatch with the surrounding air for freely propagating THz radiation. The annealing
process then allows one to switch the material optical properties in an ultrabroadband THz range (Fig. 1c)
from a stealth element (low temperature annealing, R < 1%), to THz absorber (annealing at medium
temperature, A > 85%) and to a shielding element (high temperature annealing, T < 0.1%) [3].

Finally, the talk will discuss the modulation of the THz opto-electronic properties of 3D graphene by an
applied static and/or dynamical strain (straintronics, Figs. 1a,d). It has been previously shown that 3D
graphene is able to sustain reversible elastic deformation exceeding ~ 90% without structural failure [4].
Below a certain linear strain threshold (y; =® 50%) the THz conductivity and permittivity are simply
proportional to the graphene filling fraction and, thus, the conductivity mechanisms and current pathways
remain the same within this deformation regime. As the strain increases above y; a nonlinear regime is set
up associated with structural changes in the sample confirmed by SEM pictures. In this regime, the pores
in the 3D graphene deform significantly and new conductive channels progressively appear due to the
pore buckling; the multiplication of electrical conducting paths drives the sample into a superlinear
straintronic regime where defect-rich parts are bypassed by newly created channels with band-like
conductivity. The interaction of THz radiation with the sample under the strain can be also modulated
dynamically at kHz frequencies by an application of suitable piezo-elements [5].
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Figure 1: (a) Scanning electron micrographs of a 3D graphene sample: unstrained (y = 0%) and submitted to y = 60%
and 80% strain. (b) Hopping (040p) and Drude (opryge) contributions to the THz conductivity as a function of the
annealing temperature (without strain). (c) THz properties of variously annealed samples with three different thicknesses:
reflectivity of a non-annealed sample, absorptivity of a sample annealed at 750 °C and transmissivity of a sample annealed
at 1300°C. (d) Scheme of a straintronic device in an unstrained and strained state.
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Light-matter interactions in photonic temporal crystals
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Over the last few decades, the prominent strategies for controlling spontaneous emission has been the use of resonant or space-
periodic photonic structures. This approach, initially articulated by Purcell and later expanded upon by Yablonovitch in the
context of photonic crystals, leverages the spatial surroundings to modify the spontaneous emission rate of atoms or quantum
emitters. However, the rise of time-varying photonics has compelled a reevaluation of the spontaneous emission process within
dynamically changing environments, especially concerning photonic temporal crystals where optical properties undergo time-
periodic modulation.

In this talk, I will show that the application of classical light-matter interaction theory with Floquet analysis yields a
substantially enhanced spontaneous emission rate at the edges of momentum gaps within photonic temporal crystals. This
finding contrasts significantly with the recent prediction and is attributed to time-periodicity-induced loss and gain mechanisms,
as well as the non-orthogonality of photonic Floquet eigenstates that are inherent to photonic temporal crystals. Intriguingly,
our findings also suggest that photonic temporal crystals enable the spontaneous transition of an atom or a quantum emitter
from its ground state to an excited state, accompanied by the concurrent emission of a photon. This process, which does not
occur in equilibrium, represents a novel aspect of time-varying media that has not been previously addressed.
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Terahertz in vivo skin sensing - the largest study to date abstract
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We have recently reported on over 300 participant measurements in the largest in vivo terahertz (THz) study of human skin to
date [1]. The study was conducted in a non-laboratory environment at Warwick university. Ethical approval for the study was
given by the Biomedical Scientific Ethics Committee, BSREC, (REG0O-2018-2273 AMO03) prior to the study. The forearm of
volunteers was measured as depicted in Figure 1a, using a handheld THz scanner. The volar part of the forearm was chosen
for measurements as it is generally not hairy, is easy to access and offers a relatively uniform area to measure. The THz scanner
was developed by using 3D printing to build a compact and flexible holder for the Menlo TeraSmart emitter and detector and
customized optics. Human skin is comprised of several layers, the main ones being the epidermis and the dermis. The stratum
corneum (SC) is the outer most layer of the epidermis and is dryer than the skin beneath it. We know from Raman studies that
there is a water concentration gradient across the SC [2]. In our recent work [1,3] we have used stratified medium theory to
model the skin and extract the SC thickness and hydration. Our experimental findings match well with the theory.
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Figure 1: (a) Photograph of a volunteer being measured on the volar forearm using the handheld THz scanner. The screen
in the background displays the real time THz impulse function. (b) A schematic diagram of the key layers of the skin. (c)
A diagram to illustrate how water accumulates in the stratum corneum (SC) when the quartz window of the probe contacts
the skin.

As illustrated in Figure 1c, when the quartz window of the THz probe contacts the skin, it stops water from perfusing out of
the SC, and as such, water accumulates in the SC during the measurement. This change due to occlusion is noticeable and can
be nicely monitored in 60seconds — Fig. 2a illustrates how the THz response is affected by this process. The impulse functions
plotted show that the peak-to-peak (P2P) decreases with duration of the occlusion process. Thus, the blue impulse function
represents more hydrated skin than the pink/red impulse function. Similarly, from our simulations (detailed in [1]) we predicted
that the occlusion curve would shift vertically down if the SC became thinner, and we verified this experimentally by measuring
the skin before and after tape stripping — see Fig.2b. Tape stripping is when a piece of sticky tape is applied to the skin and then
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removed — when the tape is removed it takes with it some of the outermost skin cells too. In this invited talk, I will explain
these findings in detail and also discuss other results and future work.
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Figure 2: (a) impulse functions reflected off the volar forearm during 60 seconds of occlusion. Blue represents more hydrated
skin. (b) The peak to peak (P2P) response of the skin during a 60 second measurement before and after tape stripping.
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Ultrafast terahertz (THz) generation stands at the forefront of THz science and applications. A prime illustration of this is THz
time-domain spectroscopy technology, widely utilized in material exploration, non-destructive inspection, and spectral
imaging, among other fields. Currently, various methods for ultrafast THz generation exist, including photoconductive
antennas, nonlinear crystals, air plasma, and ferromagnetic films. Despite their efficacy in producing broadband THz waves,
they often lack sufficient control over the generated waves. Additional external manipulation devices are necessary to regulate
THz propagation behavior, inevitably resulting in insertion loss and bandwidth limitations.

Recent advancements in nonlinear metasurfaces offer a promising solution to this challenge. Analogous to conventional linear
metasurfaces, they comprise artificial subwavelength structures. It has been demonstrated that leveraging resonating structures
in the infrared range, the internal difference frequency generation (DFG) effect under femtosecond laser pump can yield
broadband THz waves with high efficiency [1]. It is foreseeable that by leveraging the customizable nature of these structures,
the DFG process can be tailored, enabling simultaneous control over the propagation properties of the generated THz waves,
including phase, amplitude, and wavefront. Since modulation occurs during the generation process, it naturally circumvents
THz insertion loss and is applicable to all generated THz frequencies, rendering the overall generation and manipulation system
more compact.

In this talk, we will showcase several of our recent studies on the manipulation of THz generation using nanofilm and nonlinear
metasurfaces.

In 2021, our experimental investigation unveiled the capacity of an ultrathin ITO film to generate broadband THz waves via
Difference Frequency Generation (DFG) when subjected to an oblique pump from a femtosecond laser containing a p-polarized
component [2]. Notably, the peak generation of THz waves occurred when the central wavelength of the pump beam aligned
with the epsilon-near-zero (ENZ) wavelength of the ITO film. This phenomenon can be attributed to the ENZ property, which
induces a substantial field enhancement effect within the ITO film. Leveraging the nonlinear polarization characteristics of the
ITO film in THz generation, we proceeded to develop several devices capable of manipulating the wavefront of the generated
THz waves.

Among these innovations, we introduced a THz cylindrical Bessel beam generator by coating the ITO film at an axial angle
under circularly polarized pump [3]. Additionally, we crafted three focusing THz vortex beam generators with varying
topological charges through the patterning of ITO films utilizing the Fresnel zone plate method [4]. Furthermore, we devised
generators capable of simultaneously producing multiple vortex beams in specific diffraction orders by employing binary optics
methods in the patterning of ITO films [5]. Moreover, our exploration extended to investigating the THz generation effect
through four-wave mixing processes in ITO films under two-color pump conditions, revealing precise control over the
amplitude and polarization angle of the generated THz waves at the femtosecond level [6].

In the pursuit of enhancing THz generation efficiency and expanding control capabilities, we integrated plasmonic metasurface
structures onto the ITO film. Initial experiments focused on designing nano split-ring resonators (SRRs) resonating around the
ENZ wavelength of the ITO film. Results demonstrated a remarkable enhancement in THz generation efficiency, outperforming
both bare plasmonic metasurfaces and ITO films [7]. This enhancement can be attributed to the dual field enhancement effects
stemming from plasmonic resonance and the ENZ effect, offering a promising platform for nonlinear metasurface design.

Further investigations revealed intriguing phenomena regarding the phase control of THz generation. For instance, under
circularly polarized pump, the rotation angle (0) of an SRR led to the generation of left-handed circularly polarized (LCP) and
right-handed circularly polarized (RCP) THz waves, with phases equal to 6 and —0, respectively. This phenomenon represents
a nonlinear version of the Pancharatnam-Berry (PB) phase for DFG processes. Exploiting this phase control scheme, we
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developed innovative devices, including an angle-dependent circularly polarized THz generator and a vortex beam generator,
capitalizing on the manipulation of SRRs to achieve specific phase distributions and polarization states [7].

In addition, by introducing the coupling effect of the classic electromagnetically induced transparency into the structure design,
we obtained additional controlling degrees of freedom [8]. The structures were composed by bar resonator (BR) and SRR
which functioned as bright and dark modes, respectively. According to the nonlinear selection rule by the structure symmetry,
only the SRR could generate THz waves. Two nonlinear metasurface designs were demonstrated. One was composed of one
BR and two SRRs in a symmetric geometry, we found that by controlling the coupling between the BR and SRRs through
changing their relative position, the resonating strength of the SRRs could be maniplated, so as to the amplitude of the generated
THz waves. The other was composed of one BR and one SRR in a chiral symmetry, we found that it could show nonlinear
circular dichroism effect through designing the interference between the coupling excitation and direction excitation routes to
the SRR, where the relative THz generation amplitude under LCP and RCP pumps can be controlled. Furthermore, using the
special designs with near unit and opposite nonlinear circular dichroisms and leveraging the nonlinear PB phase and
multiplexing methods, we demonstrated a device that could generate vortex beams of different topological charges under LCP
and RCP pumps.

All aforementioned devices operate in a broadband manner, with the generated THz waves exhibiting properties aligned with
our intended functionalities. Our proposed approach harnessing nonlinear effects in indium tin oxide (ITO) film and
metasurfaces presents a novel avenue for controlling both THz generation and manipulation. Such capabilities hold promise
for diverse applications in future THz communications, imaging, and spectroscopy.
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Metasurface based Terahertz Surface Wave Devices
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Abstract text and images — Terahertz science and technology promise many cutting-edge applications. Terahertz surface waves
that propagate at metal-dielectric interfaces deliver a potentially effective way to develop integrated terahertz devices and
systems. Previous concerns regarding terahertz surface waves have been based on their highly delocalized feature. However,
recent advances in plasmonics indicate that the confinement of terahertz surface waves, as well as their propagating behaviors,
can be engineered by designing the surface environments, shapes, structures, materials, etc., enabling a unique and fascinating
regime of plasmonic waves (see Fig. 1)!. In particular, the development of meta-optics has rapidly revolutionized the design
concept of traditional optical devices, fostering metasurface-based innovative plasmonic devices. Herein, we present our recent
progress in metasurface-based terahertz surface wave devices, including gradient index devices®, functional couplers?,
plasmonic vortex generators®, and on-chip demultiplexers®”.
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Figure 1: Simulation results of various terahertz surface waves using a commercial eigenmode solver'.
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Towards photonic integrated THz systems on a chip
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Over the past decade or so, the spectral bandwidth and dynamic range of commercially available terahertz (THz) spectrometers
have markedly improved [1], [2], [3]. Despite these advancements, the high cost of these sophisticated measurement
instruments remains a significant barrier, limiting their adoption primarily to applications where they confer substantial
benefits, such as significant cost reductions or novel measurement capabilities. A notable example where THz technology is
gaining traction is in the automotive industry, specifically for quality control through thickness measurements in the painting
process [4], [S]. The large-scale production of automobiles justifies the investment in high-quality, albeit expensive, systems.
Nevertheless, the prohibitive cost of THz systems still hinders their adoption in numerous cost-sensitive applications.

A particularly promising avenue for broadening the accessibility of THz technology is through photonic integration technology,
which offers a pathway to develop extremely compact and cost-effective THz systems. In this contribution, we present the
latest advancements in the development of photonic integrated THz systems. This includes an overview of system design
considerations, details of the microtechnological processes involved, and empirical results from both individual components
and a fully integrated continuous wave (cw) THz system.

Photonic integrated cw-THz systems rely on photomixing within ultrafast optoelectronic components to generate and detect
THz radiation. This process involves the superposition of two single-frequency lasers to create an optical beat note, the
frequency of which equals the difference between the frequencies of the two lasers. This optical beat note is subsequently
transformed into the THz-domain by a photodiode. In the configuration of a homodyne spectrometer, the same optical beat
note is used to excite a photoconductive receiver. This receiver mixes the incoming THz signal with the modulated
photoconductance, resulting in a detectable receiver current. Furthermore, the phase of the THz signal can be modulated by
modulating the phase of one of the laser lines. Through this modulation, both the amplitude and phase of the THz signal can
be recovered, enabling a coherent measurement [6], [7].

Here, we present a dual laser source-PIC as optical backend within a terahertz spectroscopy setup. Figure 1 shows a micrograph
of this fabricated PIC. Our proposed PIC contains two widely tunable sampled grating DBR lasers in combination with a
waveguide network that allows for signal superposition, phase modulation and optical amplification. Thus, all optical signal
generation and processing for the spectrometer is combined within a single InP-based chip on an area of 10 x 3 mm?.
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Figure 1: Micrograph of the photonic integrated cw-THz spectrometer fabricated at Fraunhofer HHI with two SG-DBR
laser sources, a waveguide network for optical superposition, two phase modulators (PMs) and optical semiconductor
amplifiers (SOAs) for signal processing.

The individual lasers are designed for a tuning range of approx. 20 nm within the C-band. By introducing an offset in the center
wavelength between the two lasers, we are able to extend the combined tuning range to approximately 40 nm, which
corresponds to nearly 5 THz of available tuning bandwidth for cw-THz generation. Figure 2 a) presents the frequency map of
laser SG-DBR-2 when front and rear heater are adjusted. As depicted, the laser exhibits eight distinct frequency bands where
it operates in single-mode. Additionally, fine-tuning of the laser frequency is possible by adjusting the phase section.
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The device was packaged into a prototype housing that allows optical coupling with polarization maintaining fibers, electrical
connection to all active elements via external connectors as well as a temperature control of the whole device. Figure 2 b)
compares the measured THz spectra of our novel PIC-based THz system with a state-of-the-art laboratory setup employing
external cavity lasers. For these measurements, state-of-the-art cw-THz antennas based on a PIN-photodiode emitter and an
iron doped indium gallium arsenide (InGaAs:Fe) photomixer as receiver were used. As shown, the PIC-based spectrometer
achieves >90 dB dynamic range around 100 GHz and a record spectral bandwidth of 4 THz.
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Figure 2: a) Frequency map of the SG-DBR-2 laser when tuning the front and rear heater sections. b) THz spectra as
recorded with the PIC-spectrometer and a lab-system with external cavity lasers (ECL). For the PIC-spectrometer a record
spectral bandwidth of 4 THz is achieved.

A previous study demonstrated a photonic integrated circuit (PIC) backend integrating two distributed feedback lasers,
achieving a tuning bandwidth of 570 GHz within the terahertz spectrum [8]. In contrast, the current work employs sampled
grating distributed Bragg reflector lasers, which enhance the tuning bandwidth by over eightfold to nearly 5 THz, encapsulating
the entire spectral range accessible to state-of-the-art continuous-wave cw-THz antennas [9]. Previous experiments with a
similar PIC have shown that equal THz output power can be expected from the single PIC laser source compared to commercial
external cavity lasers [10]. This paper thus presents the first demonstration of coherent terahertz measurements powered by a
single PIC-backend with an expansive tuning bandwidth of 5 THz. Consequently, these findings represent a significant
advancement towards the development of compact and scalable THz systems, poised to facilitate cost-sensitive industrial
applications of THz spectroscopy.
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THz field-driven phonons and magnons probed with x-rays and 2D THz polarimetry

Keith A. Nelson
Department of Chemistry, MIT

THz electric and magnetic field components have been used to drive nonlinear responses in a wide variety of systems. Here
we report recent measurements in which THz-driven phonon responses were probed by femtosecond time-resolved x-ray
diffuse scattering and THz-driven magnon responses were probed by polarimetric 2D THz.
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Figure 1: (a) THz alternate-polarity excitation of SrTiO3 using two LiNbOs crystals with opposite c-axis orientations. (b)
(3,3,3) Bragg diffraction peak and off-Bragg region of interest. (¢) Time-resolved x-ray scattering from region of interest
shows soft optical phonon and transverse acoustic modes in signals that are inverted with opposite THz field polarities.

In earlier results [1], we reported the use of a single-cycle THz field to drive SrTiO; (STO) from its low-temperature quantum
paraelectric (QPE) phase into a transient ferroelectric configuration. XFEL measurements have revealed that the THz-driven
response was highly nonuniform in character even though the THz driving field was essentially uniform spatially. The time-
dependent lattice motion is observed in diffuse x-ray scattering at wavevectors that are distinct from the primary Bragg peaks.
(See Fig. 1.) The time-dependence reveals soft optical phonon and transverse acoustic phonon displacements, and the signals
induced by THz fields of opposite polarity are inverted. The heterogeneous responses result from pre-existing polar nanoregions
in the STO QPE phase. The mesoscale responses, which could not be inferred from optical measurements, highlight the value
of x-ray probes of photoinduced collective dynamics, especially in quantum phases which often include nanoscale features.

In 2D THz spectroscopy measurements, nonlinear magnonic responses of canted antiferromagnetic materials have been
characterized [2,3]. In the first measurements of this kind [4], a single 2D THz spectrum took several days to collect as the time
between two THz excitation pulses and the time of electro-optic (EO) measurement of the coherent signal field both were
scanned. The use of single-shot EO measurements leaves only one time delay to be scanned, reducing the data acquisition time
from days to minutes. This makes systematic variation of key experimental parameters possible on practical time scales. In
some measurements, the crystalline orientation was varied with respect to the incident THz polarization direction in 5-degree
steps, covering the complete 360-degrees with two different signal polarizations for a total of 144 2D spectra, in addition to
spectra recorded as a function of THz field strength, temperature, and other parameters. The results have revealed the full set
of second-order couplings between ferromagnetic and antiferromagnetic magnon modes in YFeOs. Magnon 2-quantum
coherences with sum and difference frequencies (including second harmonic and rectified signals), magnon up-conversion, and
magnon parametric amplification have all been observed. Higher-order signals and couplings have been observed as well.
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Charge-Carrier Dynamics in Metal Halide Perovskite Heterostructures
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Metal halide perovskites have attracted much attention for use in optoelectronic applications, particularly solar cells. However,
the standard materials used in many devices (typically 3D materials such as formamidinium lead triiodide, FAPbI3) are unstable
under ambient conditions due to their sensitivity to a number of environmental factors including humidity and light. To address
stability issues, layered or quasi-2D halide perovskites are incorporated into 3D perovskite thin films as either a mixture or a
capping layer, thus forming complex heterostructures. A commonly used material is phenylethylammonium lead iodide
(PEA,Pbl4), which adopts a Ruddlesden-Popper where a layer of corner-sharing lead iodide octahedra is separated by a bilayer
PEA cations. However, materials such as PEAPDI, typically have exciton binding energies of 100s of meV and can thus greatly
alter optoelectronic properties due to a large population of excitons present at ambient temperatures.

For heterostructures, understanding charge transport can be challenging using just one spectroscopic technique because
multiple materials, phases, and photoexcited species can coexist. To untangle the contributions from all of these different
species, we have used a combination of visible transient absorption spectroscopy (TAS) and optical pump/THz probe
spectroscopy (OPTP).? With this combination of techniques, we have evaluated various lead-based 3D perovskite thin films
which have been treated with PEA salts purported to preferentially form PEAPbI, layers at the surface of the films, thus forming
RP/3D heterostructures.> However, TAS measurements show spectroscopic signatures of other Ruddlesden-Popper phases
(PEA2Aq-1Bn X3n+1, where A is a smaller organic cation and n is the number of lead-iodide octahedra in a layer) , as the various
RP phases in PEAPbI4 are well separated spectrally at visible frequencies (Figure 1A). TAS thus provides a sensitive method
to distinguish these phases when they are not apparent in absorption or photoluminescence measurements. However, exciton
and free- carrier effects can be more difficult to distinguish due to overlapping spectral features. OPTP is sensitive only to
mobile free charge carriers and can be used to evaluate the charge-carrier mobility and separate excitonic effects when
compared to TAS data.® In addition to finding that the charge-carrier dynamics are sensitive to the film preparation method,
we distinguish bulk and surface passivation effects (Figure 1B,C) and query charge transfer between RP and 3D species.
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Figure 1: (A) Heatmaps showing the transient absorption spectra measured upon front excitation of a thin film of MAPDbI; treated
with a solution with a PEA concentration of 40 mM (denoted PEA-40). The spectra were obtained by exciting from the front (PEA-
treated side) and with excitation at 410 nm at a fluence of ~200 uJ cm™. A logarithmic timescale is used with excitation occurring
at time zero. The GSB features present in the films with thicker RP capping layers are indicated with dashed lines. Normalised OPTP
transients for (b) MAPI and (c¢) PEA-40 with excitation at a fluence of 27 uJ cm™ at both 410 nm and 700 nm. Due to the short
penetration depth, excitation at 410 nm targets carrier dynamics at the surface.
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2D MXenes: THz spectroscopy and Applications

Lyubov Titova'
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MZXenes are 2D transition metal carbides and nitrides, with a general formula M, +,X,T,, where M is a metal, X is carbon or
nitrogen, n = 1-4, and T denotes surface terminations such as —OH, —O, and/or —F. Metallic-like conductivity, flexibility, high
optical damage threshold and ease of processing owing to their hydrophilicity, make MXenes candidates for a host of electronic
and optical applications. We use ultrafast THz spectroscopy to investigate the intrinsic and photoexcited charge carrier
dynamics in MXenes of different chemistries: Ti3CyTx, M02Ti,C3Tx, and NboCTy (Figure 1). While all studied MXenes are
metallic in nature, we find that electronic and optical properties of MXenes can be engineered by choices of the transition
metals and their order as well as by controlling the intercalants in the interlayer gaps [1-3]: while the MXenes with relatively
low (~ 10%° ¢cm) carrier density such as Mo, Ti>C3Tx, and NboCTy exhibit a transient increase in photoconductivity following
excitation with 800 nm pulses, the conductivity of MXene with the highest (> 102! cm™) carrier density (Ti;C,T) is suppressed
in response to photoexcitation. We discuss the origin of such divergent behavior.
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Figure 1: Transient photoconductivity of (a) Ti3C2Tx, (b) M02Ti2C3Tx, and (c) Nb2CTs, following photoexcitation with
800 nm (1.55eV) optical pulses, measured using time-resolved THz spectroscopy.

Furthermore, we demonstrate that MXenes with high free carrier density show promise as polarizers and tunable
electromagnetic interference shields in the THz range [4,5], as well as the photothermal energy conversion devices [2].
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Terahertz (THz) electromagnetic waves are still under-explored frequency range often referred to as the THz gap [1]. Using
Graphene Dirac plasmons (GDPs), quanta of collective charge density waves of graphene Dirac fermions (GDFs), has the
potential to bridge the THz technological gap [2-4]. This paper reviews recent advances in the research and development of
THz plasmonic devices using graphene-based 2D materials.

Graphene, a monoatomic layer of carbon with a honeycomb lattice structure, has exceptional carrier transport, photonic, and
plasmonic properties. Its gapless, linear, and symmetric energy band structure enables extremely strong light-matter interaction
[2]. Both electrons and holes in graphene lose their effective mass and behave as back-scattering-free relativistic particles called
graphene Dirac fermions (GDFs) [2]. GDPs exhibit unique properties such as extremely low decay rates, extremely high
viscosity, and extremely high nonlinearities [3, 4]. As a result, the quantum efficiency of linear and nonlinear interactions
between photons and electrons in graphene can be dramatically enhanced via excitation of the GDPs, leading to highly efficient
coherent oscillations and amplification of THz electromagnetic waves, fast and sensitive detection of THz radiation, and
enabling ultra-broadband frequency conversion of interacting light waves, THz waves, and microwaves [5,6].

One of the key advantages of the GDPs is its extremely low damping rate in high-quality graphene approaching 10'' s'! even
at room temperature because of weak scattering dominated only by the optical phonons [7]. This makes promising the
realization of resonant THz detection and plasmon instability-driven THz luminescence. Due to a strong nonlinearity and low
attenuation of GDPs, GDP rectification of a graphene-channel field effect transistor (GFET) resulted in a resonant THz
detection with higher harmonics observed from low temperatures up to room temperature [8].

Frequent electron-to-electron scattering in graphene due to many-body Coulomb interactions results in highly viscous
electronic liquid-like behavior [9]. The viscosity of the electronic fluid in graphene strongly depends on temperature and
electron sheet density and could exceed 0.1 m?%/s, which is much higher than the viscosity of honey.

The temperature dependence of the resistivity change in the GDF at different densities has been measured by injecting current
in the diagonal direction into a single-layer graphene Hall bar and observing the voltage response in the opposite diagonal
direction. The hydrodynamic modeling of GDPs shows that the extremely high viscosity of GDFs results in Eddy currents in
the GDF flow causing the generation of a backward wave flow in the opposite direction of the potential gradient. [10] If an
appropriate resonator structure is provided, the negative conductivity related to this effect can support self-oscillations in the
THz band. However, the negative conductivity disappears at temperatures above 200 K due to decoherence caused by acoustic
phonon scattering [10].

DC current could excite resonant plasmons in a confined two-dimensional electron system. The system could become unstable
due to plasmon generation when the electron drift velocity exceeds a certain critical value causing self-excited oscillations at
THz frequencies at plasmon resonances. [11] This phenomenon is called plasmon instability and is caused by the conversion
of the DC energy of electrons into plasmon energy near the resonance frequencies [11]. There are several different mechanisms
to promote plasmon instability including the Dyakonov-Shur (D-S) instability (Doppler shift type) [11], Ryzhii-Satou-Shur (R-
S-S) instability (electron velocity modulation type), and the plasmonic boom instability [12]. These instability mechanisms are
expected to become the operating principles for the realization of coherent THz radiation devices [6,12].

The authors succeeded in room-temperature amplification of stimulated emission of THz radiation in a current-driven
asymmetric dual-grating-gate graphene-channel field-effect transistor (ADGG-GFET) structure by promoting the GDP
instability [13]. The maximal amplification gain of 9% was obtained from monolayer graphene, which is four times larger than
the quantum mechanical limit of 2.3% when THz photons interact directly with electrons without GDPs [13]. We expect that
room-temperature high-intensity graphene laser transistors can be realized by incorporating a seed section that emits
spontaneous THz radiation by current-injection pumping [14] and a gain section that induces and amplifies that spontaneous
THz radiation emission by the GDP instability [12].
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The authors have recently predicted a new type of GDP instability called “Coulomb-drag instability” in which the injection of
ballistic GDFs from the source end to the channel mediates the drag motion in the quasi-equilibrated highly dense electronic
fluid in the gated region. Under a pertinent drain bias, this effect leads to the inverted potential in the drain-side ungated region
resulting in a gigantic negative dynamic resonant conductivity in the THz frequency range [15,16]. This new instability
mechanism is expected to enable the development of room-temperature high-intensity THz laser transistors.

A fast and sensitive THz detector device based on the hydrodynamic nonlinear rectification action of GDP in the GFET channel
is promising as a receiver front-end device for 6G/7G THz wireless communications. The authors have fabricated a prototype
Asymmetric Dual Grating Gate GFET (ADGG-GFET) demonstrating a 10-ps class fast photoresponse with a rather high
responsivity of 0.3 mA/W, and an equivalent noise power of 166 nW/+/Hz at room temperature [17]. The ADGG-GFET
structure also enables photothermoelectric THz detection with a fast response speed comparable to plasmonic detection [17].

By utilizing the high carrier-mobility graphene and band engineering through hetero stacking with other 2D materials, such as
h-BN insulator and semiconductor transition metal chalcogenides, high-performance THz functional devices have been
demonstrated [18-20]. The authors have recently proposed new high-speed bolometric THz detectors and intense THz
oscillators by van der Waals hetero stacking of graphene with black phosphorus (b-P) and b-Asi.«Px (b-AsP). The bandgap
energy of these materials is well aligned to the graphene Dirac point and is a number-of-layer-dependent tunable [21-23]. GDFs
become hot by absorbing the THz radiation and escape into the cool reservoir of a metal electrode over the graphene-b-AsP
barrier modulating the graphene conductivity. This works as a new type of fast-response bolometric THz detector. Its
experimental verification is undergoing.

In conclusion, THz plasmonic devices using graphene-based 2D materials have promise to bridge the THz technological gap,
which is important for a sustainable, resilient, future smart society.

The authors thank V. Mitin, W. Knap, S. Boubanga-Tombet, H. Fukidome, T. Suemitsu, D. Yadav, C. Tang, T.T. Lin, K.
Tamura for their contributions. The devices were fabricated in the Nano-Spin Facility, RIEC, Tohoku University. This work
was supported by JSPS KAKENHI # 21H04546 and #21H01380, Japan, and NICT #JPJ012368C01301, Japan.
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Terahertz-wave dot projector for 3D imaging
using a resonant-tunneling-diode oscillator
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Summary. We report on the principle of a THz-wave 3D imaging system based on a dot projector and the initial experimental
results. The 3D measurement technique is based on a geometrical principle: small dots are projected onto the target using a
diffraction grating and an image of these dots is acquired form a different angle; the position of each dot in the image depends
on the local depth of the target, which allows a 3D reconstruction of the target. The THz-wave source used in the experiments
is a high-power resonant-tunneling-diode (RTD) oscillator array. In the current state, we were able to confirm that one dot’s
position can be measured and the distance to the target can be calculated. The next step will be to perform the measurement for
a larger number of dots.

Introduction. The RTD is a two-terminal semiconductor heterostructure typically composed of a quantum well sandwiched
between two barriers. The -V characteristic of the RTD includes a range of negative differential conductance (NDC), where
the current decreases with increasing voltage. With a resonant circuit built around the RTD, by applying a bias voltage inside
the NDC range, the circuit starts oscillating at a frequency determined by the inductances and capacitances in the circuit. By
integrating an antenna in the circuit, the oscillation can be radiated into the free space as a terahertz wave. The advantages of
RTD oscillators as THz sources are multiple: room-temperature operation, efficient conversion from DC to radiated power,
small footprint, easy modulation in amplitude, tunability of the oscillation frequency, etc. RTD oscillators can also be used as
THz-wave detectors. Increasingly higher output powers have been reported for single elements [1] as well as arrays [2],
suggesting that RTD-based sources are ready for real-world applications. In our laboratory, besides fabricating our own RTD
devices with various structures and functionalities, we actively pursue the development of applications for these devices, by
investigating a number of techniques in radar [3], imaging [4], and communications. The research reported here is part of that
effort.

Principle. The 3D technique presented here is inspired by the one used in smartphones for 3D face recognition and consists in
projecting an array of THz dots on the target and recording an image of those dots from a different angle. The lateral position
of each dot in the image depends on the axial distance to the target. For the configuration shown in Figure 1(a), if the surface
of the target is farther away, the dot appears shifted more to the right. By measuring the shift of each dot in the image, the depth
of the target at that point can be calculated; it is then possible to calculate the 3D shape of the whole target.
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Figure 1: (a) Principle of measurement. Red dots and lines are for the case of a flat target. (b) Schematic of the experimental setup.

Figure 1(b) shows the experimental setup. The dot projector consists of an on-off modulated RTD source, a collimating lens, a
diffraction grating, and a focusing lens. The diffraction grating is designed to split the incoming parallel beam into an array of
parallel beams. The focusing lens projects those beams as dots on the target, which in turn scatters the incoming radiation.

For the imaging system we built a beam scanning setup based on two mirrors mounted on motorized rotation stages. A lens
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collects the beam reflected by the two mirrors and focuses it onto the terahertz detector, a waveguide-type Fermi-level-managed
barrier diode (FMBD) equipped with a horn antenna. The detected signal is amplified and sent to a lock-in amplifier
synchronized with the on-off signal that controls the RTD emission. The output of the lock-in amplifier is digitized and received
by a computer, which also controls the rotation of the two mirrors, using a LabVIEW program.

Results. At the current stage in the experiments, we have designed the diffraction grating and had it manufactured, we have
checked that it produces an array of dots, and we have built the experimental setup and confirmed that the relationship between
the target distance and the dot position, for the case of a single dot, is what can be expected from geometry derivations.

The diffraction grating was designed to generate a square array of 13x13 dots. The spacing between the dots was set at 20 mm
for a focusing lens with a focal distance of 400 mm. This rather large spacing was set so as to obtain a clear separation between
dots, whose diameter was calculated to produce a diffraction-limited spot size of about 7 mm. With a THz camera and a
different setup, we were checked that the diffraction grating produces the array of dots as designed, with roughly equal
intensities, although the camera lens only allowed us to view the central part of the diffraction pattern.

Without inserting the diffraction grating in the dot projector, only the central dot is obtained. We confirmed that this single
strong dot projected onto a flat target is visible in the image, where its position was measured using a Gaussian fitting procedure.
We then moved the flat target over a 60 mm range and found out that the dot moved as expected. Figure 2 shows an example
of results. The dot position was found to be affected by an error of about 0.45 pixels (standard deviation); when the dot position
is converted into target distance, the error of measuring that distance turns out to be around 3.6 mm (standard deviation).
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Figure 2: Experimental results. (a) Recorded image of one dot; in this particular image the center of the dot is
approximately at x = 13.5 px. (b) The relationship between target distance z and dot position x, for two series of
measurements (red and blue points), compared with theoretical results (solid black line).

Currently we are at the stage of switching from one dot to the full 13x13 array, by inserting the diffraction grating into the dot
projector. However, when dividing the available power into this many dots, about half of the dots are obscured by noise. To
overcome this limitation, we are considering several solutions, such as using a sensitive THz camera or replacing direct
detection with heterodyne detection.
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In this presentation, I will present a few topics related to terahertz (THz) sensing. The first one is related to the development
of THz absorber made by metal-plated Spirulina microcoils. Spirulina is a type of algae with a spiral shape, with a length of
40-300 pm and a helical inner diameter of 25-35 pm. Iyoda, Kamata et al. have applied 0.3 pm-thick metal plating to this and
shown that it worked as a sort of functional material in the THz region [1]. Moreover, we have revealed its temporal response
by THz-TDS and shown that it absorbed a broadband THz radiation and reemitted a part of the energy by axial and dipole
mode radiation [2]. Here, I will present that it works as a phase-randomizing absorber with low reflection when we make it by
including many microcoils in collaboration with PANAC Co. Ltd. In fact, the reflected temporal profiles by a single input pulse
showed the combination of small multiple pulses. Moreover, the reflection signal was about about one order smaller than that
of Eccosorb® (AN-72) that is a de facto standard absorber in THz region. These results suggest that this microcoil absorber can
be a good absorber with phase-randomizing functionality and a good for future THz high-speed wireless telecommunication.

The 2nd topic is the further development of a walk-through body scanner. We have developed the imaging system by
combining THz-band FMCW radar and a polygon mirror, and successfully visualized concealed objects of pedestrians at real
walking speed [3]. However, for practical use, it is also necessary to enable measurement of the front and back using multiple
units. In this presentation, we will show the simultaneous imaging of the front and back with the same optical unit using a
double-path optical system. The system has two optical paths coaxialized by a beam splitter (Figure 1), and when a pedestrian
passes through these optical paths, both the front and the back can be measured. Figure 2 shows the imaging results when the
pedestrian held a toy gun in a bag underneath his clothes at the front and the back, respectively, showing that the simultaneous
imaging has been achieved.
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Figure 1. Schematic of 2 beam terahertz body scanner. Figure 2. Images of toy guns at 1 and 2™ paths.
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Terahertz measurement technology enables non-contact and non-destructive coating thickness measurement using time-of-
flight analysis. Terahertz technology has proven in numerous laboratory tests that it is a suitable technique for measuring
coatings in the technically interesting thickness range of 10 - 3,000 um [1]. In this presentation, various applications in the
industrial environment will be presented:

End-of-line control of car coating

The car bodies are coated in multiple layers for protection or finishing. A measuring system is required here that can determine
the individual layer thicknesses within a multi-layer system. For integration into the production process, it must be demonstrated
that the sensor can be positioned using a robot. Furthermore, there are always position tolerances in the continuous production
process, so the sample is not always in the same position for measurement. Due to the large number of machines in a production
hall, there are always vibrations that interfere with the measuring process. A measuring system must be able to deal with these
disturbance variables. Its suitability for use has been successfully demonstrated in several field tests in production facilities in
the automotive industry.

Wall thickness measurement of tubes after extrusion

To minimize the amount of material used in the production of tubes, the wall thickness of tubes must be measured and controlled
early on in the process, ideally directly after the extruder. The established ultrasonic measurement technology cannot be used
as the tubes are still warm and the speed of sound is highly temperature-dependent. Each temperature change automatically
leads to incorrect measurements. In the terahertz range, the material parameters are largely temperature-independent, and
therefore the wall thickness can be measured at an early stage.

Inline-coating measurement of battery foils

The established terahertz TDS technology is used to test the coating of cathode foil in the battery manufacturing process. The
newly developed photonic FMCW radar enables coating thickness measurement on the cathode and anode foil for the first
time. In addition to this property, this measurement technology is scalable, which makes its use significantly more economical.
Systems with 8 parallel measuring channels have already been realized.
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Terahertz (THz) radiation exhibits unique properties in comparison to long-utilized microwave radiation or visible light.
Therefore, various diffractive effects described and observed for the optical range of radiation are nontrivial to be transferred
and demonstrated in THz and sub-THz wavelengths. One such effect is self-imaging or the Talbot effect [1]. It manifests in the
presence of the self-images of the periodical object behind it. They are formed at Talbot distances and look like the input object.
Moreover, the fractional Talbot effect can also be observed at closer distances, forming with basic images a light field
distribution named Talbot carpet. In the case of THz radiation, the period of the mask is often in the order of the wavelength,
which brings us almost to an approach where one should use the effective refractive index. Next, the diameter of the illuminating
beam allows to cover a very limited number of full periods within the working aperture of the THz optical system, which means
that we have a quasi-periodic object (small number of repetitions), which affects the self-imaging phenomenon [2]. Moreover,
sub-wavelength probing is necessary to image the fast-changing patterns (in relation to the wavelength). Here, an alternative
method using a dielectric waveguide to achieve better sampling resolution was proposed. It allowed for detailed scanning of
terahertz light field distributions after passing the sample. As a waveguide, a filament from cyclic olefin copolymer (COC) was
chosen as one of the most transparent 3D printing materials in the THz range.

In this work, the self-imaging phenomenon has been demonstrated at sub-THz frequencies (here 100 GHz). The opaque masks
with transparent square holes distributed in a rectangular matrix have been fabricated using 3D printing. The masks have been
illuminated with a divergent Gaussian-like beam, and the space close behind the masks has been probed with a 1.75 mm

polymer waveguide to achieve high-resolution scanning. The comparison of simulated and experimental results is shown in
Fig. 1.
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Figure 1: Intensity distributions corresponding to Talbot carpets and their cross-sections at half-Talbot distance. a) The
simulated xz intensity distribution observed behind the quasi-periodic structure having 6 mm period illuminated with
Gaussian type beam. White dotted lines indicate the distance corresponding to the quarter-, half-, and full-Talbot distance.
b) The experimental intensity pattern registered after the periodic object in the form of Talbot carpet. White dotted lines
indicate the distance of performing xy scan in the experimental evaluation. c) The simulated xy light field distribution
corresponding to half-Talbot distance. d) The experimental intensity pattern recorded at the distance corresponding to
half-Talbot distance. The scans were performed with the waveguide method behind the d = 6 mm mask. The colorbar at
top right represents the intensity scale for the experimental data, numerical simulations were normalized (which is denoted
with white “N” letter in the intensity distributions).
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As can be seen in Fig. 1, the details of the Talbot-like carpet are very prominent and stay in accordance with simulation results.
The proposed scanning method allowed to register the intensity pattern at very close distances behind the periodic mask. It is
crucial because a very near field can be observed, which will help to develop a proper theoretical description -- discussing the
self-imaging properties in the zone where distances are close to the wavelength.

This work served two purposes. Firstly, it successfully demonstrated the Talbot effect in sub-THz frequencies. Secondly, the
sub-wavelength THz scanning system has been implemented, allowing for the probing of the THz radiation patterns with a
resolution better than the dimensions of the detector’s aperture.

The research was partially funded by the OPUS-18 program (2019/35/B/ST7/03909) by National Science Centre, Poland.
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Abstract— We present, for the first time, the THz Innovation
Lab at DTU Electro and describe its role in bringing terahertz
(THz) technologies and applications from academia to industry.
One case story describes the invention and commercialization of
the THz photomultiplier tube, while two other case stories describe
the emergence of new THz companies in Denmark as the basis for
a future Danish THz ecosystem. Our aim is to inspire researchers
to translate THz technologies and applications into society, to
accelerate the widespread adoption of THz technology.

I. INTRODUCTION

The historic “THz gap” is a concept defined to underline the
difficulty in creating technologies that can generate and detect
electromagnetic radiation at 0.3 to 10 THz in frequency. This
has led to only a few commercial THz system offerings, which
in turn has led to only a few industrial applications of THz.
We, the authors, fundamentally believe that THz has a
significantly larger potential to drive positive change for
industry and society in general compared to what has been
demonstrated to date. We also believe that we can make a
large contribution to the widespread adoption of THz
technologies in society if we let industrial problems guide the
development of new THz technologies at research institutions.
To test this hypothesis, we established the THz Innovation
Lab at DTU Electro. The work began in 2016, although the lab
was only officially named in 2023. In this paper, we present in
an anecdotal fashion how we have developed a new class of
THz detectors and brought them to market thanks to an
international collaboration. We also present how we spun out
the two first THz companies in Denmark as the basis for a
national THz ecosystem. Our aim is to inspire researchers to
pursue different commercialization avenues and hereby
increase the widespread adoption of THz technologies.

Il. LABORATORY SETUP

At the time of writing, the THz Innovation Lab at DTU
Electro hosts 10 researchers, the same number of students, and
3 start-up companies. The objective of the lab is to circumvent
the traditional challenge encountered in academia, where
technical solutions are often devised without a comprehensive
understanding of the magnitude of the problem from a societal
perspective. Such situations often amount to nothing because
the solution proposed by research is too far from being
practically or financially applicable to any known problems.
This happens even though the solution might be technically far
superior to any existing solutions in the commercial market.
On the contrary, in a context where a problem precedes the

search for a solution, the specifications for the desired solution
are typically predefined, enabling an assessment of its
suitability prior to its implementation. This gives researchers a
fair chance to propose solutions that are in fact practically and
financially applicable within a reasonable time frame, thus
allowing the further development of a particular solution.
Therefore, the THz Innovation Lab builds upon a growing
network of companies willing to share their problems.
Researchers and students in the THz Innovation Lab can
therefore work in synergy with the industry to apply and
further develop THz technologies for real world problems
while also actively pursuing commercialization of these
technologies.

I11. LEARNINGS

We will now present three examples of how the THz
Innovation Lab has participated in novel technology
development with concrete industrial applications. The first
example is the creation of the THz photomultiplier tube (THz-
PMT), shown in Fig. 1. This device consists of a regular PMT
for visible light detection, where the photocathode has been
altered to be sensitive to infrared and THz radiation using a
metasurface. The details about the THz-PMT technology can
be found elsewhere [1], but the key questions in the context of
this paper are: Why is it practically and financially relevant to
develop and market the THz-PMT by the Japanese company
Hamamatsu Photonics (HPK), together with DTU Electro?
Here are few of many reasons.

Fig. 1. Image of a THz-PMT, which is a modification of a normal PMT for
visible light detection.

PMTs are mostly handmade and therefore straight-forward
to customize in production. This has led to more than 100
varieties of PMTs being produced and sold by HPK, for
various specialized purposes. Creating a new class of PMTSs,
wherein a metasurface replaces the conventional
photocathode, seamlessly integrates with the current
production framework. This does not entail significant capital
investments, aligning with the existing production
methodology.



MTSA 2024 — June 4-7, Copenhagen, Denmark- Paper FR-2.3

Moreover, HPK holds a dominant position in the PMT
market, which means that the company can afford long
product lifecycles without being overtaken by competitors.
This in turn leads to an ability to fund early product
development with long development timelines, such as the
metasurface development for this new class of PMTSs. Being
invested so early in the development process allows HPK to
patent the core functionalities, which subsequently allows
academic collaborators like DTU Electro to publish the
scientific results instead of keeping them as trade secrets.

The second example is the creation of the Danish THz
company called GLAZE Technologies. The company was in
the making for over 5 years in the THz Innovation Lab before
it was publicly founded on January 1%, 2023. The company
brings a compact and mechanically robust THz spectroscopy
platform to market. The architecture of the platform is Cross-
Correlation Spectroscopy (THz-CCS) and the details about the
technology can be found elsewhere [2]. A THz-CCS system is
shown in Fig. 2A. Let us look at why it is practically and
financially relevant to bring a new THz spectroscopy
technology like this to market.

Ice glazing thickness
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Fig. 2. A) Image of a THz-CCS device aimed at industrial applications. B)
Map of the glaze layer thickness on a frozen shrimp.

The THz Innovation Lab started to bring in industrial
problems in 2016, with the first problem being: When
industrially harvesting cold water shrimps, they are promptly
frozen to prolong their shelf life for consumption. In this
process, a layer of ice coverage (called the “glaze”) is added
around each shrimp. If the glaze layer is too thin, the shrimp’s
shelf life is reduced. On the other end, if the layer is too thick,
colors and nutrients from the shrimp diffuse into the glaze,
which impairs the appearance and nutritional value of the
shrimp. Yet, it was not possible in a production setting to
determine the thickness of the glaze layer. This was solved in
the THz Innovation Lab using THz-TDS in a simple time-of-
flight setup, and the result is shown in Fig. 2B. In the end
however, the solution never made it to a shrimp production
line because a THz-TDS system itself was not practical to use
under wet and cold conditions.

The situation did, however, form the basis of further
technological development. In the THz Innovation Lab, we
applied for a patent on the methodology of measuring the
thickness of ice covering frozen foods. With this application,
we raised soft funding to build an alternative THz technology
to THz-TDS. In particular, we re-created and improved the
THz-CCS concept [3] from Morikawa et. al.. In parallel, we
found other industry applications with similar system
requirements, which we used as story lines when applying for
further soft fundings to develop both the THz-CCS system and
the applications themselves.

We encountered problems in different industries, including
the measurement of road stripe thicknesses, measuring the
thickness of eggshells during production, and inspecting
underwater coatings on freight vessels, all reducing to a
common problem of determining thicknesses of layers in
stratified media; always in collaboration with companies that
brough in the actual problems. We also partnered with several
other institutes at the university to create student projects to
contribute to the THz-CCS development in cross-disciplinary
ways.

The traction increased so much that we could pull in several
senior project leads from large companies, pro bono, to help
and advise on how to manage all the activities. When GLAZE
Technologies finally spun out, the THz-CCS system was
already at a technology readiness level 7 for a list of
applications and therefore ready to sell before any investments
were made in the company.

Our third example builds on the second: Given that you
have a new THz technology ready for the market, who will
have a unique advantage of using it? In the THz Innovation
Lab, we were aware of this challenge. We therefore decided to
pursue the technologically challenging application of using
THz radiation to measure blood glucose in humans non-
invasively.

The story was clear: The THz-CCS solution is in principle a
good candidate for a system architecture that can be scaled to
chip size and thus be part of a wearable device, which can
become a medical device. By raising funding on this story, we
initially started measuring samples of water and sugar using
the THz-CCS system. All collected spectroscopic data was
analyzed using machine learning models, guided by physical
insights. In parallel, we were able to attract top industry talent
in machine learning and diabetes to work on the project pro
bono for several years, alongside our researchers. After two
years, the challenging application of using THz for blood
glucose monitoring in vivo turned out to be extremely
promising and a new company was formed: GLAZE Life
Sciences. The company has today raised private capital and
makes up a crucial part of bringing THz technology to wider
adoption in the future.

IV. SUMMARY

To further the widespread adoption of THz technology in
society, it is necessary to develop both new technologies and
applications that match actual problems for companies. In the
THz Innovation Lab, we have been successful in creating one
new commercial THz detector and two new THz companies in
Denmark using this problem-driven approach. We aim to
establish an entire THz ecosystem of academia and THz
industry in Denmark over the coming years. We also believe
that our approach will make a significant contribution to the
further advancement of THz science overall.
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