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Welcome to the 4th edition of the Teradays! 
 
The electromagnetic spectral region between 0.1 and 10 THz is rapidly 
becoming a frontier for both fundamental research and transformative 
applications. 
Teradays 2026 aims to bring together scientists and industry to discuss the 
latest advances in this rich spectral band. The conference will focus on the 
role of millimeter and sub-millimeter waves in telecommunications, on THz 
technology (sources, detectors, and components), THz spectroscopy and 
materials science, and THz imaging, with an emphasis on bridging academic 
research and industrial development. The program includes invited and 
contributed oral presentations, networking opportunities, and a social 
dinner. 
 
This 4th edition is held on January 29–30, 2026, in Milan, at the Politecnico 
di Milano, in collaboration with the Institute of Photonics and 
Nanotechnologies of the National Research Council (CNR-IFN) and the 
National Institute for Nuclear Physics (INFN). 
 

The organizing committee thanks the sponsors who supported the event. 
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Scientific program 

 

Thursday 29 January 

08:45 – 09:15  Registrations 

09:15 – 09:30  Welcome (INF and Department Director) 
 

I Section: THz Technologies  
Chair G. Galzerano 

09:30 – 10:00  Martin Kock (Invited): Devices to guide and manipulate THz 
waves 

10:00 – 10:20  Andrea Perucchi: Advanced Nonlinear THz Spectroscopies 
at the TeraFERMI Beamline 

10:20 – 10:40  Lorenzo Mosesso: Design and Optimization of the THz/IR 
Beamline SISSI 2.0 at the Elettra Synchrotron Facility 

10:40 – 11:00 Ilaria Balossino: Advancing SABINA: Installation, 
Commissioning Plan, and Early THz Diagnostics 

11:00 – 11:20     CoƯee Beak 

II Section: THz Spectroscopy  
Chair: E. Cinquanta 

11:20 – 11:40  Zahra Mazaheri: Terahertz ATR Spectroscopy to Sense 
Acetone in Water: Toward Biomarker and Contaminant 
Monitoring 

11:40 – 12:00 Walter Fuscaldo: Electromagnetic Modeling for Material and 
Metasurface Characterization through Terahertz Time-
Domain 

12:00 – 12:20 Camilla Merola: More than meets the eye: depth-resolved 
THz chemical mapping of multilayered samples 

12:20 – 12:40  Riccardo Piccoli: Self-Referenced THz Time-Domain 
Spectroscopy for Reflection Measurements 

12:40 – 13:00  Gian Paolo Papari: Enhanced THz Permeability in Non-
Magnetic Drude Conductors 
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13:00 – 14:30     Lunch 

III Section: THz Generation 
Chair: S. Lupi 

14:30 – 15:00  Giacomo Scalari (Invited): On-chip Coherent THz 
photonics with frequency combs 

15:00 – 15:20  Domenico Paparo: Production and Modulation of Fully 
Circular Ultrabroadband THz Radiation Using Two-Color 
Plasma Generation 

15:20 – 15:40 Luca Carletti: THz Generation via LSPhP-Enhanced Optical 
Rectification in LiNbO₃ Metasurfaces 

15:40 – 16:00 Dario Giannotti: Generation of Few-Cycle THz Pulses in 
DSTMS Driven by an 8.3-MHz Amplified Mamyshev 
Oscillator 

16:00 – 16:20     CoƯee Beak 

IV Section: THz Materials  
Chair: F. Canella 

16:20 – 16:40  Michele Celebrano: THz Field Induced Second Harmonic 
Generation in Epsilon Near Zero Indium Tin Oxide Thin Films 

16:40 – 17:00  Paola Di Pietro: Terahertz driven nanosecond dynamics of 
oxygen defect state in anatase TiO 

17:00 – 17:20  Luciana Di Gaspare: SiGe on Si material platform for THz 
applications 

17:20 – 17:40 Can Koral: Dielectric Relaxation Dynamics in Silver 
Nanoparticle-Doped Chitosan Films 

17:40 – 18:00  Giulia Folpini: Doping density and carrier-phonon coupling 
in tin based perovskites 

18:00 – 18:30  Sponsor Talk by Bruker Italia 
 

         19:30                           Social Dinner (La Dogana del Buongusto) 
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Friday 30 January 

V Section: THz Imaging  
Chair A. Andreone 

09:00 – 09:30  Romain Peretti (Invited): Λ-photonic for Terahertz Light -
Matter interactions enhancement: from broadband 
concentration to near-field imaging 

09:30 – 09:50 Fulvia Gennari: Crack Detection in Pompeii wall paintings 
using Terahertz Imaging 

09:50 – 10:10 Alessandra Toncelli: Probing Ozone Exposure EƯects on 
DiƯerent plant species with THz Imaging 

10:10 – 10:30  Valentina Di Sarno: Terahertz Spectroscopic Imaging and 
Unsupervised Analysis for Multidomain Non-Destructive 
Diagnostics 

10:30 – 10:50  Mauro Missori: Recent Advances in Terahertz Spectroscopy 
and Imaging for Materials and Cultural Heritage Studies 

10: 50 – 11:20     CoƯee break  

VI Section: THz for ICT  
Chair D. Giannotti 

11:20 – 11:40  Alessia Sorgi: Demonstration of a Transportable QCL-Based 
Free-Space link for Reliable THz Communications 

11:40 – 12:00 Junaid Yaseen: Tailoring sub-THz Beams by Liquid Crystal 
Assisted Reconfigurable Intelligent Surfaces 

12:00 – 12:20  Alessandra Contestabile: Photonics at Space–Time 
Interfaces for Advanced THz-Wave Manipulations 

12:20 – 12:40  Guido Gentili: Modeling of electromagnetic wave 
propagation in semimetals 

12:40 – 13:00  Unai Arregui-Leon: Nonlinear phonon-polaritonic flat-optics 
for temporal edge detection in the THz 

13:00 – 14:20      Lunch 
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VII Section: THz Spectroscopy 
Chair: G. Galzerano 

14:20 – 14:40  Umar Farooq: Temperature-dependent birefringence 
behavior of NdGaO probed by terahertz spectroscopy 

14:40 – 15:10  Marco Ballabio: Unveiling the Semiconducting Properties in 
Four DiƯerent Metal Triphenylenehexathiol-based Metal-
Organic Frameworks 

15:10 – 15:30  Salvatore Macis: Transient Terahertz Polaron Conductivity of 
Magnetite 

15:20 – 15:40  Candida MoƯa: Advancing atmospheric pollution 
monitoring with airborne THz spectrometer 

15:40 – 16:00  Federico Grandi: Lattice dynamics and carrier transport in 
HgPSe 
 

16:00 – 17:00       Closing Remarks and Visit to the Polytechnic and  
                            INF-CNR laboratories 

  



Invited Speakers 
 
Prof. Dr. Giacomo Scalari (ETH Zürich, Institute for Quantum Electronics – 
Switzerland) 

Giacomo Scalari is an Adjunct Professor and Senior 
Scientist at ETH Zürich’s Institute for Quantum 
Electronics, active in the Quantum Opto-Electronics 
group. He earned his Physics diploma from the 
University of Pisa (1999) and completed a PhD in 
2005 on magneto-spectroscopy and the 
development of terahertz quantum cascade lasers 
(THz QCLs). He joined ETH Zürich in 2007 and 
became a permanent senior scientist in 2011. His 

research spans THz QCLs (including frequency combs), ultrastrong light–
matter coupling in the THz, and THz superconducting metamaterials. 

 

 

 

Prof. Dr. Romain Peretti (IEMN–CNRS, Université de Lille – France) 

Romain Peretti is a CNRS research fellow (chargé de 
recherche) at the IEMN laboratory (CNRS / Université 
de Lille / UPHF). He specializes in terahertz 
biophotonics, developing THz tools and measurement 
techniques for applications in biology and medicine. 
His work investigates how THz electromagnetic waves 
interact with biologically relevant molecules in solid, 
liquid, and gas phases, with a strong emphasis on THz 
spectroscopy approaches to protein structure and 
dynamics and on exploring THz-based diagnostic 
perspectives. 



Prof. Dr. Martin Koch (Philipps-Universität Marburg, Department of Physics 
Germany) 

 Martin Koch is Professor of Physics at Philipps-
Universität Marburg, where he leads research in 
semiconductor photonics and terahertz science. His 
interests include THz systems and applications, 
ultrafast/semiconductor spectroscopy, and related 
photonic technologies. He serves as Editor-in-Chief 
of the Journal of Infrared, Millimeter, and Terahertz 
Waves and has received several distinctions, 
including the Kaiser-Friedrich Research Prize (2003), 

the IPB Patent Award (2009), and the IRMMW-THz Society Exceptional Service 
Award (2019). 
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Devices to guide and manipulate THz waves 
 

Martin Koch 
Department of physics and Materials Science Center, Philipps-Universität Marburg, Renthof 5, 35032 

Marburg, German, ymartin.koch@physik.uni-marburg.de 

 
Abstract: In this presentation, we will discuss a whole range of quasi-optical 
components that have been developed over the last 15 years by the Marburg 
Semiconductor Photonics Group. 

 
 

Spectroscopy using terahertz waves and THz communication technology have developed 
significantly in recent decades. Considerable progress has been made. This applies in 
particular to the development of powerful THz sources and THz detectors. Since THz 
radiation can be regarded as long-waved light, THz systems also require a whole range 
of quasi-optical components. This includes lenses, prisms, diffraction gratings, polarizers, 
and so on. These components are commercially available in the optical spectral range 
from many companies. In the THz range, they had to be or still have to be developed. 
Over the past 15 years, the working group in Marburg has presented several such 
components that can be used to guide or manipulate THz beams. In the talk we will 
present several of these components.  
 
First, we will discuss low-cost THz lenses and transmission blaze gratings. These devices 
can be easily produced by compression molding [1,2]. Alternatively, these optical 
components can also be fabricated by 3D printing [3,4]. As 3D printing is a very powerful 
technique it also allows for the fabrication of waveguides or even couplers for THz 
frequencies [5,6]. Moreover, we will present a prism. Nearly all dielectric materials do not 
show dispersion in the THz range. Hence, the concept for prisms, which is based on the 
dispersion of glass in the visible spectral range, cannot be used for THz frequencies. We 
therefore use a different physical principle: our prisms are based the well known 
waveguide dispersion [7]. Often, one wants to manipulate the state of the polarization of 
THz waves. Wave plates are ideal components for this purpose. We will present a wave 
plate easily made of a stack of ordinary white copy paper [8]. The working mechanism of 
this component is form birefringence. Its design frequency can be adjusted by varying the 
thickness of paper stripes. Of course, there are alternative ways to produce components 
based on form birefringence, for example waveplates can be fabricated out of fused silica 
using a process known as selective laser-induced etching [9]. Finally, we present a THz 
lens with a variable focus containing a terahertz-transparent liquid [10]. By injecting and 
draining an oil, which is transparent at THz frequencies into the lens one can vary the lens 
curvature. This in turn leads to a shorter or longer focal length.  
 
Contacts: 

Martin Koch (martin.koch@uni-marburg.de) 
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Advanced Nonlinear THz Spectroscopies at the 

TeraFERMI Beamline 
 

Andrea Perucchi 
Elettra - Sincrotrone Trieste S.C.p.A., S.S. 14 km 163.5 in AREA Science Park, 34012 Trieste, Italy 

 
 

Abstract: TeraFERMI is a THz beamline delivering high fields for nonlinear 
spectroscopy. We review existing set-ups and introduce new single-shot 
diagnostics enabling pulse-resolved studies. 

 
 

TeraFERMI is the dedicated THz beamline of the FERMI Free-Electron-Laser facility [1], 
delivering broadband ultrashort pulses with peak electric fields exceeding 5 MV/cm and 
magnetic fields in the Tesla range. These extreme field strengths enable access to 
nonlinear THz spectroscopy and a wide variety of strong-field pump–probe experiments. 
The beamline supports multiple experimental configurations, including fluence-
dependent THz spectroscopy [2,3], THz-pump/THz-probe, and THz-pump/IR-probe [4] 
schemes. More recently, its capabilities have been expanded to include THz-
pump/SHG-probe and THz-pump/supercontinuum-probe methodologies, further 
broadening the range of accessible light–matter interaction regimes. 

Current developments at TeraFERMI focus on the implementation of single-shot 
spectroscopy techniques. This diagnostic approach retrieves THz electric-field 
waveforms on a single-pulse basis by exploiting polarization diversity in electro-optic 
crystals [5]. An earlier prototype of this instrument was successfully tested at 
TeraFERMI [6]; it is now being deployed as a permanent installation, enabling real-time 
monitoring and analysis of THz waveforms. Single-shot detection is especially 
advantageous for investigating nonlinear processes such as THz harmonics generation, 
where FEL-based THz sources exhibit significant shot-to-shot variations in pulse energy 
and spectral content. Conventional averaging can obscure essential non-perturbative 
features, whereas single-shot measurements provide a statistical ensemble from which 
scaling laws, fluctuation-driven behavior, and strong-field responses can be extracted 
more efficiently.These advances position TeraFERMI as a versatile platform for 
exploring emergent regimes of ultrafast, non-perturbative THz light–matter interactions 
in quantum materials. 
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Fig.1 | Overview of the TeraFERMI laboratory 

 
Contacts: 
Andrea Perucchi (andrea.perucchi@elettra.eu) 
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Design and Optimization of the THz/IR Beamline 
SISSI 2.0 at the Elettra Synchrotron Facility 

 
Lorenzo Mosesso1, Giovanni Birarda2, Salvatore Macis1, Michele Zacchigna2,3, 

Lisa Vaccari2, Stefano Lupi1,3 
1Department of Physics, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy 

2Elettra - Sincrotrone Trieste S.C.p.A, S.S. 14 km163.5 in AREA Science Park, 34012 Trieste, Italy 
3CNR–IOM, Area Science Park, Basovizza, Ed. MM, Strada Statale 14 Km 163,5, 

Trieste, I-34149, Italy 

 
Abstract: The optical layout of the future THz/IR beamline SISSI 2.0 at the 
upgraded Elettra 2.0 is presented. The design of the optics has been developed 
through numerical simulations to characterize the synchrotron radiation emitted 
by the new Diffraction Limited Storage Ring 

 
 

Synchrotrons are storage rings designed to produce high-brightness radiation over a 
broad frequency range from the Infrared (IR) to the X-rays. In the third generation of these 
machines, the introduction of Insertion Devices (IDs), alongside with the more 
conventional bending magnets, have ensured the possibility of generating radiation with 
extraordinary properties, providing access to a great variety of experimental techniques 
and paving the way for new science and technological innovations. Elettra is one of the 
first European third-generation light sources in the soft X-ray, featuring a 259.2 m storage 
ring, operation energies of 2 and 2.4 GeV, and 28 beamlines available to external users. 
A major upgrade is currently underway at the facility for the realization of the new 
Diffraction-Limited Storage Ring (DLSR) Elettra 2.0. This upgrade is intended to reduce 
the horizontal emittance of the particle beam by an order of magnitude, reaching the 
amazing target of 212 pm·rad, which will allow to deliver radiation with improved 
brightness and with an almost full degree of transverse coherence up to 0.5 keV. The 
main work on the structure consists in the upgrade of the magnetic optics, which will be 
replaced with a new modified multi-bend achromat lattice type with reverse bends and 
longitudinal gradient dipoles named S6BA-E (symmetric six bend achromat enhanced), 
without changing the basic features of the accelerator [1,2]. 
This upgrade will involve all the beamlines and specifically SISSI (Synchrotron Infrared 
Source for Spectroscopy and Imaging), which is dedicated to the collection of 
Terahertz/Infrared (THz/IR) radiation emitted by magnetic dipoles from a wide vertical 
angle, difficult to achieve in DLSR accelerators. In the early 2000, SISSI has been planned 
and developed through the collaboration between the Department of Physics of Sapienza, 
IOM-CNR Institute and Elettra Synchrotron. Nowadays, through the same collaboration, 
the SISSI 2.0 project is devoted to the design and commissioning of an upgraded 
beamline which is intended to transport the THz/IR radiation emitted from the new source 
up to a laboratory dedicated to optical and IR micro-spectroscopy experiments. The future 
beamline, which is presented in Fig.1 is based, in its preliminary version, on three main 
sections dedicated respectively to the following tasks: 

• Aberration correction and beam focalization 

• Beam reshaping and beam collimation 



 

TeraDays Milano 2026, 29-30 January - Politecnico di Milano 

 

• Beam-spot size reduction through a telescope  
To achieve these goals, the beamline is equipped with a sophisticated sequence of twelve 
mirrors, including non-conventional optical components such as a conical mirror. This 
optical layout has been specifically designed to deliver optimal beam characteristics at 
the experimental hall, enabling the ambitious scientific program envisioned for SISSI 2.0. 
In particular, it will support advanced IR sub-diffraction nano-spectroscopy experiments 
with improved signal-to-noise ratio and enhanced long-term stability. 

Figure 1 | SISSI 2.0 beamline design 

 

 
Contacts: 

Lorenzo Mosesso  (lorenzo.mosesso@uniroma1.it) 
Stefano Lupi (stefano.lupi@roma1.infn.it) 
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Advancing SABINA: Installation, Commissioning 
Plan, and Early THz Diagnostics 

 
Lucia Sabbatini1, Ilaria Balossino1, Luca Giannessi1, Stefano Lupi2, Mario Del 
Franco1, Giampiero Di Pirro1, Enrico Di Pasquale1, Andrea Liedl1, Alessandro 
Vannozzi1, Maria Pia Anania1, Giulio De Bernardis1, Angelo Stella1, Salvatore 

Macis2, Lorenzo Mosesso2, Anna Giribono1, Michele Opromolla1, Gilles Jacopo 
Silvi1, Amirhossein Hosseinnezhad1, Cristina Vaccarezza1, Massimo Ferrario1, 

Alberto Petralia3, Federico Nguyen3, Michele Arturo Caponero3, Andrea Polimadei3 

 
1) INFN Laboratori Nazionali di Frascati, Via Enrico Fermi 54 (già 40) - 00044 Frascati (Roma) 

2) Sapienza Università di Roma - Piazzale Aldo Moro 5, 00185 Roma 
3) ENEA - Centro Ricerche Frascati, Via Enrico Fermi, 45 00044 Frascati (Roma) 

 
 

Abstract: SABINA addresses the challenge of delivering high-intensity, tunable-
polarization THz/MIR FEL radiation. The beamline and APPLE-X undulators are 
installed and characterized. In 2026, commissioning will validate beam transport, 
assess undulator performance, and enable first THz measurements for simulation 
benchmarking and optimization. 
 

 
SABINA (Source of Advanced Beam Imaging for Novel Applications) [1] is the new THz 
and MIR Free-Electron Laser currently under installation at the SPARC_LAB facility of 
INFN-LNF [2].  
The facility is designed to generate high-intensity, short-pulse radiation with tunable 
polarization in the THz and MIR spectral ranges. The electron beam provided by 
SPARC_LAB, operating in the 30–100 MeV energy range, will drive a Self-Amplified 
Spontaneous Emission (SASE) process across up to three APPLE-X undulators [3], 
delivering quasi-monochromatic radiation in the spectral range from 3 to 30 THz with 
milliJoule-level energies and picosecond pulse durations. 
The project is finally transitioning from concept to reality: the full electron beam line - 
including the dogleg transport system and the APPLE-X undulator chain - is now 
installed and undergoing final technical validation.  
In recent months, significant effort has been devoted to instrumenting the electron beam 
line and designing the radiation transport line. The undulators have been precisely 
mechanically aligned, magnetically characterized [4], and integrated into the control 
system through coordinated operations among experts in several fields. This ensures 
the flexibility required for variable-polarization operation for an efficient user facility. 
SABINA is therefore entering a decisive phase, moving from construction to beam 
commissioning. The first electron beam on the SABINA’s line is scheduled for the early 
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months of 2026 and will proceed through a stepwise program. The initial stage will 
concentrate on driving the beam through the full dogleg to verify optics, stability, and 
transport efficiency. Moreover, a thorough performance analysis of the undulators will 
be performed to match the simulations with the real conditions and at different beam 
energies.  
In parallel, a temporary diagnostic station for the first detection of THz radiation will be 
installed downstream of the undulators. This temporary setup will enable early photon-
beam characterization while the permanent photon-transport line to the future user area 
is in installation phase. 
The contribution will present the status of SABINA, detailing the implemented beamline, 
the progress on the undulator system, the planned commissioning strategy, and the 
expected timeline for the 2026 experimental campaign. Preliminary planning for the first 
THz measurements - targeted to benchmark simulations and guide final optimization - 
will also be discussed. 

 
Contacts: 

Lucia SABBATINI (lucia.sabbatini@lnf.infn.it) 

Ilaria BALOSSINO (ilaria.balossino@lnf.infn.it) 
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Terahertz ATR Spectroscopy to Sense Acetone in Water: Toward 

Biomarker and Contaminant Monitoring 

Zahra Mazaheri 1,2 ,*, Anagha Ramankandath 1 , Junaid Yaseen1, Gian 

Paolo Papari1, Can Koral3, and Antonello Andreone1, 2 

 
3Physics Department, University of Naples “Federico II”, 80126, Napoli, Italy; 

4National Institute for Nuclear Physics, Naples Unit, 80126, Napoli, Italy 
3Department of Health Sciences, University of Basilicata, 85100, Potenza, Italy; 

 
In this study, Attenuated Total Reflection (ATR) is combined with the Terahertz 
Time-Domain Spectroscopy (TDS) technique to provide a reliable method for 
measuring volatile organic compounds (VOCs). Acetone in water solution over the 
full concentration range (0-100%) was investigated. The complex function of the 
compound for different molar fractions was studied as a function of frequency and 
the intermolecular dynamics of the aqueous binary mixture analyzed using a 
double Cole-Cole (DCC) model. 
 
 Acetone, the smallest ketone, has high environmental and biomedical impacts, as it is 
highly used in laboratories and industries, as well as being a metabolic byproduct in 
humans [1].  Therefore, detection of acetone and understanding its dynamics with the 
environment is essential. Acetone is only a hydrogen-bond acceptor (aprotic molecule) 
that, can disrupt the existing O–H network of water, which leads to a sudden change in 
the dielectric response of pure water, even in small amounts. The terahertz (THz) band, 
which is highly sensitive to molecular relaxation and hydrogen-bond dynamics, makes 
spectroscopic techniques a powerful detection tool for such dynamics [3]. Using an ATR 
optomechanical design, with a sealed pool for the liquids as a sample holder at the top of 
a highly resistivity silicon, provides an opportunity to measure highly volatile compounds 
like acetone with high accuracy. 
This study aims to investigate the intermolecular dynamics of the acetone aqueous 
solutions with different concentrations using THZZ-ATR method. Measurements are 
carried out by using s-polarized THz pulses incident above the critical angle to the ATR 
prism at room temperature (T~25oC). The evanescent field interaction with the mixtures 
is probed, and real (ε₁(ω)) and imaginary (ε₂(ω)) parts of the dielectric response are 
retrieved at a frequency range of 0.2 to 1.6 THz. The experimentally achieved data were 
then fitted to the double Cole-Cole model (Eq. 1), showing a good agreement between 
model and experiment. Samples with different molar fractions (XM%) were prepared in 
sealed conditions at room temperature to avoid acetone evaporation.  
The double Cole-Cole model of dielectric response is [2]  
 

𝜺̃ (𝝎) = 𝜺∞ +
𝚫𝛆𝟏

𝟏+(𝒊𝝎𝝉𝟏)𝟏−𝜶𝟏
+

𝚫𝛆𝟐

𝟏+(𝒊𝝎𝝉𝟐)𝟏−𝜶𝟐
,         (1) 

 
where 𝜺∞ is the high-frequency permittivity, 𝚫𝛆𝟏(𝟐) is the dielectric strength, 𝝎 is the 

angular frequency, and 𝟎 ≤ 𝜶𝟏 (𝟐) ≤ 𝟏 is the Cole-Cole broadening parameter. 
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Fig. 1 shows ε₁(ω) and ε₂(ω) of the mixtures, both the experimental data and the output 
of the fitting model at a fixed frequency (f = 0.6 THz) as a function of molar concentration. 
A sudden drop in both ε₁(ω) and ε₂(ω) is observed by adding only a small amount of 
acetone (XM ≈ 0.8%), showing that ATR-THz spectroscopy is capable to detect subtle 
disruptions of the hydrogen-bond network due to the presence of an aprotic molecule.  As 
the concentration changes, the dynamics of the mixture varies and can be described  
differentiating three regions: (i) water-rich region (0-25% XM), where the acetone is 
introduced into the existing water network in small amounts and its aprotic nature leads 

to a sudden disruption of the existing O-H bonds [4]; (ii) intermediate region (25-60% XM), 
in which acetone and water molecules interact via O-H band formation. Each acetone 
molecule can accept up to two O-H bonds from water molecules via its carbonyl oxygens. 
A milder dielectric response reduction is observed in this region by increasing the acetone 
concentration; (iii) the acetone-rich region (60-100% XM), where the water molecules 
become the guest and water clusters are not present anymore. Here new O-H bonds are 
not forming anymore due to the aprotic nature of acetone, and the added acetone 
molecules interact through dipole-dipole interaction only [8]. In this region, we do not 
observe a noticeable change in the dielectric response of the mixtures as the 
concentration varies. 
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Figure 1. The comparison between the DCC model (full points) and the experimental data 
(open points) of the real (ε1) and imaginary (ε2) parts of the dielectric response of the water-

acetone mixture as a function of concentration at 0.6 THz. 
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Abstract: The increasing demand for components for terahertz (THz) applications 
calls for accurate and effective methods for their electromagnetic modeling. In this 
contribution, we show our recent progress in the development of a general 
protocol for the characterization of materials and metasurfaces through THz time-
domain spectroscopy in reflection mode. A vast measurements campaign is 
offered as a validation tool for the proposed method.  
 

The characterization of the electromagnetic (EM) properties of materials is one of the 
fundamental applications of spectroscopic techniques, especially at terahertz (THz) 
frequencies where little information is available when compared to microwave or optical 
frequency ranges.  

In the last few decades, THz spectroscopy benefited from the exceptional progress made 
in the realization of efficient THz sources and detectors, which allowed for the 
development of commercial setups based on either continuous-wave sources, i.e., 
frequency-domain spectrometers (FDS), or pulsed-wave sources, i.e., time-domain 
spectrometers (TDS).  

When the frequency resolution is not a concern, TDS systems are typically preferred to 
FDS as they give access to the temporal and spectral response of the device under test 
(DUT) in a shorter measurement time. TDS techniques are typically divided into two 
categories, depending on whether the setup is mounted in transmission (THz-TDS-T) or 
reflection mode (THz-TDS-R). The former is usually preferred when transparent or weakly 
conductive and low-loss samples are investigated, whereas the latter is typically 
employed for characterizing highly absorbing or reflective samples.  

Different THz-TDS-R methods have been proposed in the literature to characterize the 
EM properties of the DUT. In this contribution, we discuss the recent progress we made 
in the EM modeling of a conventional THz-TDS-R setup for the characterization of both 
materials and metasurfaces. As a significant difference with respect to previous 
approaches, we capture the entire free-space THz path with an EM model which 
rigorously accounts for all wave interactions between the THz waves and the complex 
media under analysis. In this approach, (among other features) we are also able to 
accurately characterize the Fabry–Perot-like resonances that manifest in the amplitude 
reflection spectrum and exploit them for an accurate characterization of the EM properties 
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of the DUT. This technique comes in stark contrast with previous approaches that typically 
avoid Fabry–Perot resonances, e.g., by time gating the reflected pulse to isolate the 
contribution of a given layer. 

More specifically, we here show that the EM model can reproduce with remarkable 
accuracy the measured reflection spectrum in cases as diverse as: i) the study of the 
complex refraction index of dielectric materials [1] (including dielectric foams that require 
to account for the phase of the reflection spectrum [2]), ii) the sheet resistance of thin 
conducting films [3], iii) the sheet reactance of deeply subwavelength metasurfaces [4], 
and iv) the complex surface conductivity of Drude-like two-dimensional materials (such as 
graphene) [5]. 

In all these cases, we show that a theoretical reflection coefficient can easily be derived 
from the abovementioned EM model and used along with the measured reflection 
coefficient to define a Euclidian norm over the frequency range of interest where the 
physical parameters that describe the DUT are fitt to minimize a suitably defined objective 
function. 

For each case study, we give proper emphasis to the physical mechanisms observed in 
the reflection spectrum, thoroughly discussing, e.g., the Salisbury screen condition in 
resistive films, the appearance of leaky, plasmonic, and dipole resonances in 
metasurfaces, and the red/blue-shift of resonances in purely inductive/capacitive 
metasurfaces. Future perspectives on this research are finally provided. 
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Abstract: A novel depth-resolved THz multispectral mapping method for 
uncovering hidden layers in artworks is presented. Exploiting spectral fingerprints 
related to chemical specificity of each pigment we successfully deciphered 
concealed text in multilayered mock-ups, resulting in better resolution compared 
to conventional temporal domain analysis. 

 
Non-invasive imaging through thin stratified layers represents a significant analytical 
challenge in Cultural Heritage conservation as well as in many fields of material sciences. 
Well-established methodologies for this purpose, such as NIR, SORS or XRF analysis, 
usually face important limitations regarding this matter. They are typically hindered by 
scarce elemental contrast between different layers, fluorescence hindrance, or 
overlapping spectral signatures. At the same time, it is renowned that the terahertz 
spectral region offers a unique frontier for overcoming these hurdles: instrumentation 
operating in this range is considered almost unrivalled when it comes to depth-resolved 
non-invasive analysis of multilayered structures, thanks to its ability to penetrate non-
conductive materials. Terahertz Time-Domain Spectroscopy (THz-TDS), in particular, has 
been conventionally exploited for stratigraphic reconstruction using time-of-flight analysis 
of the reflected echoes [1]. However, standard time-domain imaging often lacks chemical 
specificity, especially when refractive index contrasts are low. Our work, leveraging the 
interesting capability of THz radiation, presents a novel methodology based on THz 
reflection spectroscopy and evaluates data in the frequency domain. This is achieved 
thanks to a specifically designed algorithm that deciphers concealed images and 
separates pigment layers within stratified pictorial materials based on their specific 
vibrational modes. 

 
Fig.1 | Graphical representation of the study’s objective (right) and schematic workflow of the 

presented approach (left) 
 

Concerning experimental details, in this study we utilized a fiber-based femtosecond laser 

system operating in the 0.1–6 THz range. Measurements were conducted in reflection 

geometry, equipping the instrument with a supplementary reflection module (incident 

beam angle of approximately 8°) and using a mechanical X-Y raster scanner with a spatial 



TeraDays Milano 2026, 29-30 January - Politecnico di Milano 

 

step of 1 mm, consistent with the beam spot size measured at the focal plane (𝜎 ≈

500 µ𝑚). The subjects of this study were pictorial mock-ups prepared using historical red 

and yellow pigments such as cinnabar (𝐻𝑔𝑆), orpiment (𝐴𝑠2𝑆3), and realgar (𝐴𝑠4𝑆4), bound 

with gum Arabic on paper to paint variously arranged letters. Lastly, one mock-up featured 

a peculiar multilayered structure designed to test depth-resolved imaging, where a hidden 

letter ("Z" in orpiment) was obscured by a cinnabar layer beneath a visible letter ("C" in 

realgar). Prior characterization of pure pigment pellets in transmission (0.5–3 THz) 

established a reference database, retrieving refractive indices and absorption spectra, 

including previously experimentally unreported peaks for realgar. The crucial objective 

was to move beyond standard time-domain echo detection to reach chemical specificity. 

Therefore, we developed a custom frequency-domain reconstruction algorithm that 

integrates spectral intensity (𝐿𝑠𝑖𝑔𝑛𝑎𝑙) within a narrow bandwidth (𝑣0 ± 0.02 THz) around 

unique resonances. This strategy allowed for the selective identification of materials even 

when optically hidden: our frequency-domain analysis successfully revealed the 

concealed text "Z", a feature that was essentially indistinguishable using standard time-

domain maximum/minimum amplitude mapping. The resulting high-contrast chemical 

maps demonstrated a pixel recognition discrepancy of approximately 13%. This deviation 

is primarily observed near structural boundaries (i.e., borders between the letter and the 

background), where the finite beam waist size limits spatial resolution. These artifacts, 

however, were refined through visual inspection of the spectral data. 

Finally, sparse deconvolution resolved temporally overlapping echoes. Combining this 

with measured refractive indices granted for a precise thickness quantification (down to 

~50 µm), validated against cross-sectional optical microscopy: minor discrepancies can 

be attributed to the inherent variability of handmade specimens.  

From what is exposed above, this work sets THz multispectral imaging as a crucial tool 

for unravelling hidden layers in Cultural Heritage artefacts. By shifting the focus from time-

domain to frequency-domain spectral fingerprints, we demonstrate the ability to 

chemically differentiate and spatially reconstruct hidden layers with high specificity, 

bridging the gap between fundamental spectroscopy and diagnostic applications [2]. 
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