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Abstract

In this review article, a broad overview of multiple terahertz- and mm-wave-related
activities in Latin America is presented. Latin America houses two of the largest radio-
telescopes in the world, a synchrotron terahertz beam line, and multiple activities
related to sources, detectors, and instrumentation are underway throughout the region.
Furthermore, we describe applications of terahertz spectroscopy and imaging in mate-
rials inspection, biomedical, industrial, agronomical, and cultural heritage fields,
among others. While we try to include a diverse collection of topics and research
groups, this review is not exhaustive, and there are additional activities that we could
not include.
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1 Introduction

Soon after the invention of ultrafast lasers in the 1980s [1], the technique of terahertz
(THz) time-domain spectroscopy (TDS) was introduced [2], opening the possibility of
exploring the electromagnetic spectral band with frequencies between 0.1 and 10 THz,
or wavelengths between 30 um and 3 mm. In parallel, electronic detectors and sources
began increasing their operational frequencies, and quasi-optical devices such as quan-
tum cascade lasers [3] started lowering their operation frequency, providing a variety
of technologies to access this region of the spectrum [4]. Depending on the specific
application, this region is known as the far infrared, millimeter and submillimeter
waves, or the terahertz band. The 1990s saw the early development of both electronic
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and optical technologies that began filling the void of devices for this band. Since
then, electromagnetic waves in this region have found numerous applications ranging
from the observation of astronomical objects to the study of fundamental interactions
in solids and biological and biochemical systems.

Latin America, the geographical region that spans from the northern border of
Mexico to the southernmost point of Chile, including many of the Caribbean islands,
is composed of 33 independent countries. It is a region of middle economic income
and includes three of the 20 largest economies in the world [5]. These countries are
rich in culture and possess extraordinary natural resources. In terms of education,
the region has evolved dramatically over the last three decades. While investment in
science and technology has marginally improved, the region is still behind in economic
importance, with Brazil being the only country in the region investing above 1% of
its GDP in research and development [6].

Terahertz and millimeter-wave research in the region is perhaps not fully appreci-
ated. Three major research facilities can be easily identified in Latin America, some
of which are funded and supported by broad international collaborations that also
involve institutions outside this geographical region. First, the Atacama Large Millime-
ter/submillimeter Array (ALMA), along with several other important radio telescopes
installed in the northern region of Chile, makes this area one of the largest research
hubs in the field worldwide. Second, the Large Millimeter Telescope (LMT), situ-
ated in central Mexico, stands as a cornerstone of the national scientific infrastructure
and remains the world’s largest single-dish facility specifically optimized for obser-
vations at millimeter wavelengths. Alongside ALMA, these observatories constitute
two of the most significant research infrastructures in the millimeter and submil-
limeter bands globally. Their strategic importance is underscored by their roles as
primary anchors in the Event Horizon Telescope (EHT) collaboration. By leveraging
the LMT’s unique 50-m collecting area and ALMA’s unprecedented interferomet-
ric sensitivity, this global network produced the first-ever images of supermassive
black hole shadows in the M87 galaxy, and at the Galactic Center, Sagittarius A*
[7, 8]. This landmark scientific achievement was internationally recognized with the
2020 Breakthrough Prize in Fundamental Physics [9-11], awarded to the EHT col-
laboration in acknowledgment of its transformative impact on astrophysics. Third,
the SIRIUS synchrotron light source in Campinas, Sdo Paulo, Brazil, includes a
dedicated terahertz beamline. Additionally, the Laboratorio Nacional de Ciencia y
Tecnologia de Terahertz in Mexico, composed of three campuses, offers excellent
device-fabrication laboratories as well as state-of-the-art terahertz spectroscopy and
imaging capabilities. These services, along with terahertz training and event orga-
nization, are intended to support the broader terahertz community in Mexico and
the region.

In the following sections, we present topical reviews of some of the most significant
contributions from the region, divided by the research topics with the largest number of
publications. Of course, this review is not exhaustive, and we encourage authors from
different countries in the region to contact us for future topical reviews or regional
events on the subject.
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For over five decades, millimeter and submillimeter (0.1-10 THz) observations have
opened a unique window onto the universe. The isotropic Cosmic Microwave Back-
ground (CMB), with a temperature of 2.73 Kelvin, dominates the energy density of
the cosmos as relic millimeter-wavelength blackbody radiation from the Big Bang,
encoding the initial conditions of structure formation. Meanwhile, roughly half of the
energy produced by nucleosynthesis in stars throughout cosmic history is absorbed by
dust in interstellar clouds and re-emitted as thermal radiation at terahertz frequencies.
These clouds, which contain significant amounts of cold dust mixed with molecular
and atomic gas, provide a direct probe of obscured star formation and the physical con-
ditions in galaxies at all epochs across cosmic time. Observations at (sub-)millimeter
wavelengths thus enable studies of the formation and evolution of structure ranging
from the primordial universe to the birth of stars and planets within our own Galaxy.

Detecting these faint cosmic signals from the ground is challenging due to atmo-
spheric absorption and the difficulty of measuring high-frequency radio photons.
Addressing these challenges has driven continuous innovation in detector technolo-
gies, improving both sensitivity and mapping capabilities of heterodyne and continuum
instruments. Equally important has been the construction of large single-dish tele-
scopes and interferometric arrays, making it possible to map the CMB and the complex
distributions of dust and gas in the interstellar medium of galaxies with unprecedented
detail.

Latin America has played a central role in these developments. High-altitude sites
(~ 5000 m) on Volcan Sierra Negra in Mexico and the Chajnantor Plateau in Chile
host world-class facilities, including the Large Millimeter Telescope (LMT), the Ata-
cama Large Millimeter/submillimeter Array (ALMA), and a suite of telescopes and
experiments targeting the CMB and its anisotropies. These sites provide the neces-
sary dry, stable conditions essential for observing faint millimeter and submillimeter
signals across the sky.

Regional academic institutions have also contributed directly to telescope and
instrument design, providing technical expertise that has helped establish some of the
most sensitive and capable astronomical research facilities in the field. This section
reviews these developments at terahertz frequencies, highlighting the detector tech-
nologies that underpin modern instruments, the major telescope observatories that
operate in the region, and other future astronomy projects that will further strengthen
the scientific and technological impact of Latin America. Table 1 shows a sum-
mary of the major THz/mm-wavelength instrumentation projects with Latin American
involvement described in this section. While every effort has been made to cover key
developments and groundbreaking technologies, this review is not exhaustive, and the
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Table 1 Summary of major THz/mm-wave astronomical projects and instruments with involvement of the
Latin American scientific community

Project Location Technology Key scientific achievement/objective

AzTEC [12] LMT (Mexico) Bolometers Surveys of obscured star formation at
1.1 mm; achieved background-limited
sensitivity.

RSR [13] LMT (Mexico) Heterodyne Blind searches for molecular/atomic
lines; 36 GHz bandwidth at 3 mm

APEX-SZ [14] APEX (Chile) TES High-sensitivity Sunyaev-Zel’dovich
effect measurements in galaxy clusters

MUSCAT [15-17] LMT (Mexico) LEKIDs First large KID camera at LMT; high-
speed 1.1 mm mapping

TolTEC [18] LMT (Mexico) LEKIDs Simultaneous 3-band (1.1, 1.4, 2.0
mm) imaging with polarization sensi-
tivity

ALMA Band 1 [19] ALMA (Chile) Heterodyne Chilean-produced optics; operation in
35-50 GHz range

ALMA Band 2 [20] ALMA (Chile) Heterodyne Deployment phase; near quantum-
limited performance (67-116 GHz)

ALMA Band 3 [21] ALMA (Chile) Heterodyne Commissioned; imaging of molecular
gas and star formation (84—116 GHz)

LLAMA [22, 23] Argentina Heterodyne Regional ALMA-standard receivers
for VLBI and single-dish observations

ACT/Simons [24, 25] Chile TES/KIDs Groundbreaking CMB mapping, grav-
itational lensing, and inflation signa-
tures

ngVLA [26] USA, Mex, Can Receivers Planned 244-antenna array for black

holes and protoplanetary disks studies

omission of any specific instrument or telescope is not intentional. The field continues
to advance at a rapid pace, with new projects and technologies constantly emerging to
push the boundaries of our understanding of the cosmos.

2.1 Detector Technologies in the THz Band

The detection of faint cosmic signals in the THz and millimeter bands is fundamen-
tally constrained by the low energy of submillimeter photons and the overwhelming
thermal background from the atmosphere and telescope optics. Achieving the sensi-
tivity required to resolve high-redshift star formation and CMB anisotropies requires
instrumentation that operates in a background-limited regime, where the detector’s
internal noise is lower than the statistical fluctuations of the incident photon flux. This
requirement has driven the transition from traditional semiconductor-based bolome-
ters [27] to advanced superconducting architectures, such as transition-edge sensors
(TES) [28, 29] and kinetic inductance detectors (KIDs) [30, 31], which offer superior
scalability, sensitivity, and stability.

These technologies have dramatically improved sensitivity, bandwidth, and
dynamic range, enabling precise measurements of faint signals from a wide range of

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves (2026) 47:27 Page 5 of 61 27

astrophysical phenomena, including star and planet formation in our Galaxy, the struc-
ture and evolution of the interstellar medium, dust-obscured star formation and active
galactic nuclei in nearby and distant galaxies, and the cosmic microwave background.
A significant and growing share of the development, integration, and deployment of
these sophisticated instruments for large-aperture single-dish telescopes and inter-
ferometric platforms comes from the Latin American scientific community. In this
section, we highlight the pivotal involvement of Mexico and Chile as key participants
in advancing next-generation astronomical instrumentation and detector technology.

Advancements in Millimeter-Wavelength Detector Technology in Mexico The Mil-
limeter Wavelength Astronomical Instrumentation Laboratory (Laboratorio de Instru-
mentacién Astronémica de Ondas Milimétricas -LIAOM in Spanish) at the National
Institute of Astrophysics, Optics and Electronics (INAOE) in Mexico has undergone
a significant evolution, establishing a robust foundation for cutting-edge astronom-
ical research. This journey began with the foundational expertise gained from the
deployment of early-generation instruments, such as the AZTEC camera, which uti-
lized semiconductor bolometers and operated at the LMT from 2011 to 2018. This
period was critical for the development of local expertise in millimeter-wave detec-
tors and cryogenic instrumentation. Building upon this experience and the broader
advancements in technologies like TES, the laboratory has consolidated its capabil-
ities by moving toward next-generation devices. The current state of this advanced
instrumentation is exemplified by the Mexico-UK Submillimeter Camera for Astron-
omy (MUSCAT), a collaborative effort featuring a large array of KIDs. This section
briefly describes the laboratory’s role in these detector technologies and other strategic
collaborative efforts.

Semiconductor Bolometers Early large-format millimeter-wave cameras, such as the
AZTEC [12] camera developed by the University of Massachusetts, utilized a 144-
pixel array of semiconductor bolometers as a primary solution for high-sensitivity
continuum imaging at 1.1 mm (~ 273 GHz). The central challenge at these frequencies
is that the energy of an individual photon is extremely small, requiring detectors
capable of converting this energy into a measurable temperature change. To solve this,
bolometers were fabricated on low-stress silicon nitride membranes, an architecture
specifically chosen to minimize heat capacity and provide strong thermal isolation
from the substrate.

Each bolometer included a thermally isolated absorber with a dedicated neutron
transmutation doped (NTD) germanium thermistor, where the thermal link to the sub-
strate was defined by a thin-film gold conductor patterned onto one of the micromesh
support legs. This configuration enabled precise control of the thermal conductance
(G), a critical factor governing time constant and sensitivity. The bolometers operated
at a base temperature of 300 mK, achieved via a three-stage, closed-cycle helium-3
adsorption refrigerator integrated into a 4 K cryogenic environment maintained by a
liquid helium-cooled cryostat. By defining the thermal link via thin-film gold conduc-
tors on micromesh support legs, the system achieved a noise equivalent power (NEP) of
5-7x 10717 W/Hz!/? [12], effectively reaching the background-limited performance
threshold required for deep-field surveys
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AZTEC was first deployed in 2005-2006 at the James Clerk Maxwell Telescope
(JCMT) in Hawaii, later in 2007-2008 at the Atacama Submillimeter Telescope Exper-
iment (ASTE) in Chile, and finally in 2011-2018 at the LMT in Mexico. This early
deployment of AzZTEC on various telescopes, culminating in its installation with the
LMT, established a foundational framework for the development and advancement of
local expertise in millimeter-wave detectors and cryogenic instrumentation at LIAOM
at INAOE in Mexico.

Transition-Edge Sensors To overcome the limitations of semiconductor bolometers in
terms of linearity and stability, TES technology was implemented in instruments such
as SCUBA 2 [32], MBAC [33], and SPT-3G [34], demonstrating the value of this
technology. The TES architecture, featuring an aluminum-titanium (AI-Ti) bilayer,
utilizes electro-thermal feedback to maintain the detector within its sharp supercon-
ducting transition, providing a self-regulating linearity that is optimal for stable THz
observations. Furthermore, the integration of a spiderweb-shaped gold absorber on a
1 um-thick membrane acts as a specialized solution for THz coupling: it maximizes
the cross-section for millimeter-wave absorption while minimizing phonon noise and
the cross-section for cosmic ray interference.

A very successful instrument which used this technology was the APEX-SZ [14]
led by the University of California - Berkeley, that was installed on the 12-m Atacama
Pathfinder Experiment (APEX) telescope located on the Llano de Chajnantor plateau
(~ 5000 m) in the Atacama Desert of northern Chile. This instrument was specifically
designed to perform high-sensitivity measurements of the Sunyaev-Zel’dovich (SZ)
effect in galaxy clusters. The measurement of SZ effect requires high-precision detec-
tion of spectral distortions in the CMB, which demands sensors with high dynamic
range and minimal susceptibility to non-optical noise.

The TES detectors operated at an optimized base temperature of 280 mK and
were tuned for observations centered at 150 GHz, corresponding to the peak spectral
distortion of the cosmic microwave background due to inverse Compton scattering
by hot intracluster gas. The bolometers were fabricated using lithographic processes
conducive to large-scale production, and the readout was implemented via a frequency-
domain multiplexed (FDM) superconducting quantum interference device (SQUID)
system [35, 36]. The architecture was designed to be fully compatible with cryogen-
free cooling systems, utilizing low-vibration pulse-tube coolers to achieve the required
sub-Kelvin temperatures. Compared to earlier semiconductor-based bolometer tech-
nologies, the TES array exhibited superior sensitivity, linearity, and stability under
photon-limited observing conditions.

The detector architecture (Fig. 1) comprised three primary components: a broad-
band electromagnetic absorber, a TES, and superconducting bias leads, all integrated
onto a 1-um-thick low-stress silicon nitride spiderweb membrane to reduce heat
capacity, and it maximizes the cross-section for millimeter-wave absorption while min-
imizing phonon noise and the cross-section for cosmic ray interference. The absorber
was based on a 3-mm-diameter gold spiderweb structure, optimized to provide effi-
cient coupling to incoming millimeter-wavelength radiation while minimizing heat
conduction paths. The TES was fabricated at the center of the absorber and con-
sisted of an aluminum-titanium (Al-Ti) bilayer, with individual layer thicknesses
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Fig. 1 APEX-SZ transition-edge sensor. a Three spiderweb bolometers on a 55-element sub-array. b A
close-up of the center of the spiderweb shows the elements of the bolometer. The dark areas along the
absorber legs and inside the gold ring are regions in which the silicon has been etched away from the
spiderweb. Reproduced under the CC-BY-NC-ND 4.0 license from [14] Copyright ©The Authors

finely tuned to yield a superconducting transition temperature (Tc) of 465 mK. This
architecture utilizes electro-thermal feedback to maintain the detector within its sharp
superconducting transition, providing a self-regulating linearity that is optimal for
stable THz observations. The detectors exhibited a NEP of 8.7x 10~!7 W/Hz!/2 [14],
indicating a photon noise-limited sensitivity suitable for high-resolution cosmological
and astrophysical measurements.

Much like AzTEC, the APEX-SZ project significantly advanced regional scien-
tific capacity. It ensured the active participation of scientists from LIAOM and the
Latin American community, simultaneously enabling the transfer of knowledge and
expertise in advanced THz technologies to local institutions.

Kinetic Inductance Detectors The current frontier in millimeter and submillimeter
astronomy is represented by instruments using KIDs which use large-format focal
plane arrays to increase mapping speeds. This technology is currently employed in
several cutting-edge telescopes across Latin America.

While previous technologies were limited by the complexity of cryogenic wiring
and heat dissipation, KIDs provide a transformative solution to the multiplexing
challenge by leveraging the unique electromagnetic properties of superconducting
materials to form high-Q inductor-capacitor (LC) resonant circuits. KIDs allow
hundreds—and eventually thousands—of pixels to be read out through a single
microwave transmission line. Each resonator is engineered to operate at a distinct
resonance frequency, primarily defined by its fixed capacitance and the kinetic induc-
tance contribution of its superconducting inductor.

Upon absorption of incident photons—typically in the millimeter or submillimeter-
wavelength range—Cooper pairs within the superconducting film are broken, leading
to an increase in quasiparticle density. This perturbation results in a measurable shift in
the kinetic inductance, thereby altering the resonant frequency of the LC circuit. The
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frequency shift is monitored using a cryogenic microwave readout system, enabling
real-time detection of photon events with exceptional sensitivity.

Representative examples of recent advancements in millimeter-wave instrumenta-
tion using KIDs include NIKA-2 [37], BLAST-TNG [38], and TOLTEC [18]. The
fabrication of these compact, low-cost, and less complex detectors, compared to
technologies like TES, has made KIDs a promising option for the current and next
generation of large-scale astronomical cameras. A notable example of the participa-
tion of the Latin American scientific community in KIDs technology is the MUSCAT
instrument [15]. Designed for observations within the 1.1-mm atmospheric transmis-
sion window (~ 270 GHz), this instrument resulted from a collaboration between
LIAOM and Cardiff University. The initiative engaged Mexican researchers, fostered
a Ph.D. dissertation [16], and ultimately enabled the laboratory’s upgrade to sup-
port KIDs technology. The MUSCAT instrument features a 1458-pixel horn-coupled
back-illuminated lumped-element kinetic inductance detector (LEKID) array in which
millimeter photons are absorbed through a high-resistivity silicon substrate to maxi-
mize optical coupling efficiency. The superconducting detector layer—fabricated via
thin-film deposition techniques—integrates an interdigitated capacitor (IDC) and a
lithographically patterned meandered inductor, which acts simultaneously as the pho-
ton absorber and inductive element. The inductive meander is optically coupled to a
feedhorn that supports single-mode propagation, providing well-defined beam patterns
and polarization selectivity. A superconducting coplanar waveguide (CPW) feedline
facilitates the readout of multiple detectors via frequency-division multiplexing, which
ultimately dramatically enhances their scalability for large-format focal plane arrays.
This architecture significantly reduces the thermal load on the cryogenic system,
enabling the deployment of arrays with up to thousands of pixels without compro-
mising the ultra-low-noise performance required for star formation and cosmological
studies (Fig. 2).

The MUSCAT array operates within a cryogenic environment, cooled to an ultra-
low base temperature of 100 mK using a dilution refrigerator to minimize thermal noise
and preserve superconducting behavior [17]. The MUSCAT sensitivity is fundamen-
tally limited by photon shot-noise and quasiparticle generation-recombination (G-R)
noise, with a demonstrated NEP reaching 4x 10~'7 W/Hz!/2 [17] under background-
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Fig.2 Microwave kinetic inductance detector. a Incident photons are absorbed in a superconducting film,
breaking Cooper pairs that generate quasi-particles and causing an inductance increase. This change is
measured in a LC resonant circuit. b This effect will change the amplitude, resonance frequency, and ¢ the
phase, which are proportional to the photon energy
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limited performance conditions. These characteristics highlight the suitability for
MUSCAT to conduct next-generation millimeter-wave cosmology and star formation
studies.

Radio Astronomy Instrumentation in Chile Radio astronomy in Chile has a long
tradition of instrumentation and scientific development. Beginning in 1959, the
MaiptiRadio Observatory served as the hub for local radio astronomical activi-
ties. Early collaborations with the University of Florida produced decametric band
instruments, including the pioneering Maipui-Kentucky trans-hemispheric Very Long
Baseline Interferometry (VLBI) experiment [39]. A major achievement of the 1970s
was the construction of a large metric band radio telescope, used to conduct a 45 MHz
continuum all-sky survey in partnership with Hyogo University [40]. These efforts
not only yielded important scientific results but also trained a generation of electrical
engineers.

The focus shifted to higher frequencies in the 1980s with the operation of the 1.2-
m Southern Millimeter Wave Telescope (SMWT) at Cerro Tololo in collaboration
with Columbia University. The SMWT enabled the first CO (1-0) maps of the south-
ern Galaxy and the Magellanic Clouds [41-44]. Since 2004, the Millimeter Wave
Laboratory (MWL) at the University of Chile in Santiago has been the center of these
activities. The MWL has carried out significant upgrades to the SMWT’s instrumenta-
tion, including enhancements to the local oscillator, atmospheric opacity measurement
systems, and low-noise amplifiers [45—-47]. Relocated to Cerro Calan in 2011 [48, 49],
the SMWT continues to serve as a training platform for students in astronomy and
electrical engineering

Building upon this foundation, the MWL embarked on developing cutting-edge
instrumentation for ALMA. Motivated by the opportunity to extend the receiver
capabilities of the newly operating Atacama Large Millimeter/submillimeter Array
(ALMA), the MWL successfully developed a functional prototype of a state-of-the-
art millimeter-wave receiver between 2008 and 2014 [50, 51]. This achievement led
to the MWL’s inclusion in the international ALMA Band 1 consortium, where it was
entrusted with designing and fabricating the entire optics work package. The success-
ful integration of these Chilean-produced components—specifically the horn antenna
and precision lenses—into ALMA by the end of 2020 marked a significant techno-
logical milestone, demonstrating Chile’s capacity to contribute highly sophisticated
components to world-class observatories.

Concurrently, the MWL leveraged this experience for the Large Latin Ameri-
can Millimeter Array (LLAMA) [22, 23], a joint Argentine-Chilean project. For
LLAMA, the laboratory developed a wide-bandwidth receiver for the 67-116 GHz
band, designed to the ALMA cartridge standard and integrating custom Chilean
optical components with commercial amplification stages. This project, which under-
went extensive electromagnetic modeling and cryogenic testing, further validated the
MWDL’s ability to produce front-line technology [52]. In a continuation of this work,
many of the components developed for LLAMA are now being integrated into a new
receiver for the SMWT.

In parallel, the MWL has pursued a diverse range of developments, including digital
backends [53-56], frequency multipliers [57], dichroics [58], antenna design [59, 60],
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holography [61], and downconverters [62, 63]. More recently, a new research line has
emerged at lower frequencies to study Fast Radio Bursts and other variable phenomena
[64-67].

2.2 Large Millimeter Telescope (LMT)

Over the last 50 years, the field of submillimeter and millimeter astronomy has seen the
construction of increasingly larger single-dish and interferometric telescopes, as well
as the significant contemporary development of more sensitive background-limited
multi-pixel instruments with both spectroscopic and multichromatic imaging capa-
bilities. In addition to the improvements in angular resolution and the introduction
of digital spectrometers offering a wider range of available spectral resolutions, the
technological gains at THz frequencies have also provided many orders of magnitude
increase in telescope mapping speeds, transforming the opportunities for astronomical
observations of our local and distant universe.

In Latin America, the LMT or Gran Telescopio Milimétrico (GTM) represents an
important example of combining these advantages to construct and operate a large
single-dish telescope on a high-altitude site together with the development of larger-
format broadband continuum imaging arrays and multi-beam heterodyne spectral-line
receivers that operate at THz frequencies [13, 68].

The LMT is a long-term binational collaboration between Mexico and the USA,
led by the INAOE and the University of Massachusetts Amherst, respectively. The
operation, maintenance, and development of the LMT have been dominated by fed-
eral funding from the Mexican Secretaria de Ciencia, Humanidades, Tecnologia e
Innovaccién (SECIHTI), and the US National Science Foundation (NSF). In Mexico,
the LMT represents one of the most ambitious, major scientific projects.

The LMT is the world’s largest single-dish radio-telescope designed to operate at
millimeter wavelengths between 4 and 1 mm (70 to 300 GHz). Located on the summit
of volcan Sierra Negra in the Mexican state of Puebla, at an altitude of 4600 m, the 50-m
diameter primary reflector of the LMT offers the opportunity to make extremely sensi-
tive observations with competitive intermediate angular resolutions (5-18 arcseconds
FWHM at 1-4 mm) that are better than those of other single-dish ground-based facili-
ties operating at similar wavelengths, and equal to or exceeding the angular resolution
of space-borne mid-IR and FIR telescopes (e.g., Spitzer, Herschel) that operated at 0.6
to 1.2 THz. Given the high atmospheric transparency at the LMT, with 225 GHz opac-
ities T < 0.06 during the driest winter months, submillimeter observations (350 GHz)
with the LMT are also expected in the future.

The technological development of superconducting detectors based on lumped-
element kinetic induction devices (LEKIDS), and their application in current large-
format millimeter/wavelength continuum arrays, has been described earlier, including
the 1500-pixel MUSCAT camera that operates at 1.1 mm. However, the LMT is cur-
rently commissioning the TolITEC camera [18] with even greater capabilities that
include a total of 7000 polarization-sensitive LEKIDS detectors that can observe
simultaneously in three bands (1.1, 1.4, and 2.0 mm).
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Both instruments are able to conduct targeted deep (confusion-limited) imaging
observations of known individual Galactic and extragalactic sources, or to map small
fields of interest over a few tens of square arcminutes up to areas of 1 sq. degree.
Such observations enable studies of asteroids, comets, planets, known star-formation
regions in the spiral arms of the Milky Way, local and distant galaxies, clusters of
galaxies, active galactic nuclei, and cosmological fields.

Similarly, shallower but much wider-area multi-wavelength continuum surveys with
the LMT, covering tens to hundreds of square degrees, can map star-formation (across a
wide range of protostellar masses) over a significant fraction of the observable Galactic
plane and also create large unbiased cosmological surveys of the high-redshift universe
using dusty star-forming galaxies detected at millimeter wavelengths as tracers of the
early formation of large-scale structure described by filaments, overdensities, and
voids within the cosmic web.

Historically, images and mapping surveys have been the first steps towards new
discoveries in astronomy. However, much of the critical astrophysical information
related to the dynamical properties, physical conditions, and chemical composition
of (proto)planetary and star-formation systems, interstellar clouds, and galaxies is
generated by high spectral-resolution (< 1km/s) observations of multiple atomic and
molecular species, and their isotopes, of these objects and their surroundings.

In order to provide spectroscopic observations in the available atmospheric win-
dows, the LMT has developed both single-pixel and multiple-beam heterodyne
receivers [13]. The majority of these instruments, SEQUOIA, B4R, 1 mm Rx, includ-
ing OMAYA to be delivered in 2026, provide the necessary range of high spectral
resolutions (< 1km/s). In contrast, the Redshift Search Receiver (RSR) offers the
unique capability to conduct low spectral-resolution (> 100km/s) observations instan-
taneously over an ultra-wide bandwidth (~ 36 GHz) in the 3 mm window. Accordingly,
the RSR can make efficient blind searches for molecular and atomic lines, principally
transitions from carbon monoxide, as well as from neutral and ionized carbon, oxygen,
and nitrogen, that are emitted by dusty, optically-obscured, star-forming galaxies in
the early universe. These lines are redshifted to lower observational frequencies as the
universe expands before detection by the RSR.

A significant future improvement in undertaking blind spectroscopic observa-
tions of high-redshift galaxies, with no prior redshift information, will be offered
with the conclusion of the development of FINER, a dual-polarization sideband-
separating superconductor-insulator-superconductor (SIS) heterodyne receiver system
which comprises two frequency bands covering 120-360 GHz and delivers an instan-
taneous on-sky frequency coverage of > 30 GHz with 50 km/s resolution [69].

Finally, the recent opportunity for on-chip spectrometers, again using KIDS
technologies, to make wide-band, moderate-resolution multi-object spectroscopic
observations will play an increasingly important role in the detection of faint, optically
obscured high-redshift galaxies and line-intensity mapping of large-scale structure in
the universe. The LMT is currently commissioning prototype detectors of SuperSpec
[70] which provides moderate resolution (R~ 270 — 290) in the 1 mm atmospheric
window (200-300 GHz) with a lithographically patterned filterbank on a 3.5 cm X
5.5 cm chip. The filterbank is implemented in niobium, fed by a lensed antenna, and
using extremely low-volume (2.6m) titanium nitride LEKIDs as the sensors.
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Fig.3 Large millimeter telescope on volcdn Sierra Negra at 4600 m with Pico de Orizaba in the background.
Credit: Francisco Guasco

The northern equatorial latitude (+19° N) of the LMT provides significant coverage
of both the northern and southern hemispheres, important extragalactic targets and
cosmological fields, a significant fraction of the galactic plane of the Milky Way, and
the Galactic center. The LMT also provides 70% overlap with the sky as seen by
ALMA, ensuring exciting possibilities for the Latin America research communities
to conduct collaborative and complementary projects with both of these world/class
observatories (Fig. 3).

2.3 Atacama Large Millimeter/Submillimeter Array (ALMA)

While single-dish facilities such as the LMT are uniquely powerful for wide-field map-
ping and spectroscopic surveys, they lack the angular resolution required to resolve the
detailed structure of individual sources. Interferometric arrays overcome this limitation
by combining the signals from many antennas distributed over long baselines, achiev-
ing orders of magnitude higher resolution. This capability, together with advances in
detector technology, enables sensitive, high-fidelity imaging on the smallest physical
scales.

The premier interferometric facility in Latin America and the world is ALMA
(Fig. 4). ALMA is operated as a partnership among the European Organisation for
Astronomical Research in the Southern Hemisphere (ESO), the US NSF, and the
National Institutes of Natural Sciences (NINS) of Japan, in cooperation with the
Republic of Chile. Funding is provided by ESO on behalf of its Member States,
by NSF in cooperation with the National Research Council of Canada (NRC) and
the National Science and Technology Council (NSTC) in Taiwan, and by NINS in
cooperation with the Academia Sinica (AS) in Taiwan and the Korea Astronomy and
Space Science Institute (KASI).
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Fig.4 Aerial view of the ALMA array on the Chajnantor Plateau, Chile. Credit: Sergio Otarola — ALMA
(ESO/NAOJ/NRAO)

ALMA’s location on the 5000-m elevation Chajnantor Plateau in northern Chile
is essential to its success: the extremely dry atmosphere and high altitude minimize
absorption by atmospheric water vapor, allowing efficient observations at wavelengths
otherwise inaccessible from the ground. With state-of-the-art receivers, a large col-
lecting area, and an exceptional observing site, ALMA achieves sensitivities that far
surpass those of earlier interferometers.

The array comprises 66 high-precision antennas: 50 12m dishes form the main
array, 12 7m dishes constitute the Atacama Compact Array (ACA), and four 12m
antennas are dedicated to total-power measurements. Depending on configuration,
baselines extend up to 16 km, yielding angular resolutions as fine as 5 milliarcseconds
at the highest frequencies. ALMA covers 35-950 GHz with ten dual-polarization
receiver bands that achieve near quantum-limited performance. Bands 3-10 (84-950
GHz) are fully commissioned, Band 1 (35-50 GHz) recently entered operations, and
Band 2 (67-116 GHz) is in deployment.

ALMA is an extremely flexible instrument with a variety of observing modes to
support a wide range of science. It can obtain continuum observations with up to 8 GHz
of bandwidth per polarization, as well as spectral resolution as fine as 31 kHz (over
narrower bandwidths). Additional modes include full polarization, solar observing,
and a phasing mode that allows the array to operate as a single, ultra-sensitive aperture
for VLBI and pulsar observations.

ALMA has transformed millimeter and submillimeter astronomy by delivering
images of unprecedented sensitivity and resolution across the full range of astrophys-
ical environments. Among the most distant galaxies, ALMA has detected galaxies at
z ~ 14.2 [71, 72], just 300 million years after the Big Bang, providing a direct view
into the earliest stages of cosmic structure. Studies of nearby galaxies have mapped
the physical and chemical conditions of molecular gas across diverse environments,
revealing how star formation proceeds under different galactic conditions [73].

Within the Milky Way, ALMA has exposed the intricate filamentary structure of
molecular clouds [74] and traced the formation of stars within their densest regions
[75]. In nearby star-forming regions, it has revealed concentric rings and fine substruc-
tures in protoplanetary disks [76], tracing the earliest stages of planet formation, while
observations of evolved stars have uncovered complex mass-loss patterns that shape
their eventual fates [77]. It has also advanced astrochemistry by detecting complex
organic molecules in star-forming regions and disks that may represent the precursors
of life [78, 79].
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ALMA also enables studies of rapidly evolving phenomena. The array has observed
transients such as gamma-ray bursts [80], supernovae [81], and tidal disruption events
[82] and has traced the variability of relativistic jets on timescales of days to weeks.

On Solar System scales, ALMA has mapped the atmospheres, surfaces, and thermal
emission of planets, moons, asteroids, and comets, providing unique insights into their
chemical and physical properties [83—86]. Finally, ALMA has enabled unprecedented
observations of the Sun at millimeter wavelengths, revealing chromospheric heating
and dynamic processes with high spatial and temporal resolution [87].

Beyond its standalone capabilities, ALMA is indispensable to global VLBI efforts.
By coherently phasing its 12m array into a single element, ALMA provides a criti-
cal anchor for worldwide VLBI networks operating at millimeter and submillimeter
wavelengths. Along with the LMT and APEX, ALMA’s inclusion in the Event Horizon
Telescope (EHT) was essential to producing the first images of black hole shadows
in M87 [7] and Sgr A* [8]. ALMA and LMT also play leading roles in the Global
mm-VLBI Array (GMVA), enabling detailed studies of relativistic jets, masers, and
the Galactic Center.

Together, these discoveries illustrate the extraordinary breadth of ALMA’s scientific
reach, from the first galaxies to the Sun, and highlight the central role of high-frequency
interferometry in modern astronomy. ALMA is available to the worldwide astronomi-
cal community through regular open proposal calls. All data become publicly available
after the proprietary period via the ALMA Science Archive, fostering broad interna-
tional participation and extensive use of archival observations for new investigations.

ALMA continues to evolve through the Wideband Sensitivity Upgrade (WSU), a
comprehensive program that will initially double and eventually quadruple the instan-
taneous bandwidth while reducing receiver noise. A new correlator and spectrometer
will process this expanded bandwidth at high spectral resolution (~0.1 km/s), enabling
much faster spectral surveys and improved continuum sensitivity. These developments
will accelerate discovery in areas ranging from complex chemistry in protoplanetary
disks to wide-band cosmological redshift searches.

2.4 Cosmic Microwave Background (CMB) Experiments

The high, dry plateaus of northern Chile have become a premier site for CMB observa-
tions. Pioneering work began with the Cosmic Background Imager (CBI; 1999-2008)
[88], a 13-element interferometer that produced the first detailed measurements of the
small-scale CMB power spectrum and helped establish the Chajnantor plateau as an
exceptional site for precision cosmology. Other early efforts included the Mobile
Anisotropy Telescope (MAT/TOCO) [89], which mapped anisotropies in the late
1990s, and the Atacama B-mode Search (ABS; 2012-2014) [90], which targeted the
polarized CMB signature of inflation. Subsequent experiments have expanded both
sensitivity and sky coverage. POLARBEAR [91], deployed on Cerro Toco in 2012,
demonstrated arcminute-scale polarization measurements, while the Cosmology Large
Angular Scale Surveyor (CLASS) [92], operating since 2016, has targeted large-scale
polarization to probe inflation and reionization.
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Another major CMB experiment operating in northern Chile is the Atacama Cos-
mology Telescope (ACT) [24], located on Cerro Toco. ACT surveyed thousands of
square degrees of sky at arcminute resolution, producing some of the most detailed
maps of CMB temperature and polarization to date and providing precise constraints
on cosmological parameters. The experiment also delivered the first high-significance
measurements of CMB gravitational lensing by large-scale structure. A key technolog-
ical advance enabling these results was the adoption of highly sensitive transition-edge
sensor (TES) bolometer arrays, which allowed ACT to measure the tiny temperature
fluctuations of the CMB with unprecedented precision.

The Atacama Pathfinder Experiment (APEX) [93], a 12-m submillimeter telescope
located on the Chajnantor plateau, has also contributed to cosmological studies, partic-
ularly through observations of the Sunyaev-Zel’dovich (SZ) effect in galaxy clusters.
These measurements probe the interaction of CMB photons with hot intracluster gas
and provide valuable information on the distribution of matter in the universe. Although
APEX is primarily designed for submillimeter astrophysics, its instrumentation and
surveys have supported complementary studies relevant to cosmology. The successful
detection of such faint signals relies on advanced detector technologies, including TES
bolometers and kinetic inductance detectors (KIDs).

2.5 Future Facilities

The future of millimeter and submillimeter-wavelength astronomy is very promising,
with several next-generation instruments and telescopes that will revolutionize our
understanding of the cosmos. A few notable examples where the Latin American
community is involved are outlined below.

Engineering and performance upgrades to the LMT will provide increased technical
and scientific capabilities, together with the anticipated opportunities and cost-
effectiveness provided by the technological scalability of KIDs arrays and their readout
systems to develop even larger-format cameras and imaging on-chip spectroscopy
(e.g., SuperSpec and FINER), as well as very sensitive heterodyne instruments such
as OMAYA to be delivered in 2026.

The Simons Observatory (SO) [25] is a major next-generation CMB experiment
located in the Atacama Desert, with the goal of making unprecedentedly sensitive and
precise measurements of the CMB. The observatory consists of multiple telescopes,
including a large-aperture telescope and several smaller ones, which began scientific
observations in 2024. The Simons Observatory’s instrumentation and technologies are
of paramount importance because they are designed to address some of the most fun-
damental questions in modern cosmology such as probing Cosmic Inflation, mapping
Dark Matter and Dark Energy, understanding neutrinos, extragalactic astronomy to
study galaxy clusters through the Sunyaev-Zel’dovich effect, the evolution of distant
galaxies, and the study of transient events in the millimeter-wave sky.

The LLAMA projectis a joint initiative between Argentina and Brazil, located in the
Puna de Atacama, in the Province of Salta, Argentina. LLAMA will be a single-dish
12-m telescope capable of performing observations at millimeter and submillimeter
wavelengths, and it is also intended to be part of the VLBI network and integrated with
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ALMA or APEX, which will allow for a substantial increase in angular resolution,
enabling a new level of detail in observing compact, bright sources. The LLAMA
project is an important step in astronomy in South America, providing new opportu-
nities for regional and international collaborations.

An international consortium led by Cornell University is constructing the 6-m Fred
Young Submillimeter Telescope (FYST) of the Cerro Chajnantor Atacama Telescope
(CCAT) Observatory on Cerro Chajnantor at an altitude of 5600 m. Designed for
wide-field submillimeter surveys, the telescope will support studies of cosmic origins,
cosmology, and the interstellar medium, complementing other major observatories in
the region such as ALMA.

The next-generation Very Large Array (ngVLA) [26] will be an array of 244
antennas operating over the frequency ranges 1.2-50.5 GHz and 70-116 GHz, with
participation from Mexico through the National Autonomous University of Mexico
(UNAM) and INAOE. In parallel, upgrades to the EHT involving the Latin Ameri-
can community are expanding the capabilities of millimeter and submillimeter VLBI.
These facilities will provide unprecedented angular resolution and sensitivity for imag-
ing black hole environments, protoplanetary disks, and distant galaxies.

Exciting possibilities also lie with a current development project (AtLAST [94,
95]) to build a new 50 m single-dish millimeter and submillimeter telescope in Chile
at a high-site above 5000 m close to ALMA. A primary design goal of AtLAST is to
provide a significantly larger telescope field-of-view (> 1 degree diameter) that can
exploit continued detector development at terahertz frequencies over the next decade.
It is expected that AtLAST will accommodate future mega-pixel multi-band cameras
and kilo-pixel imaging high-resolution spectral-line arrays, delivering new insights
into the structure and evolution of the Universe.

The progressive development of millimeter-wave instrumentation in Latin Amer-
ica, particularly in Mexico and Chile, has been profoundly influenced by sustained
international collaborations and strategic technological initiatives. Over the years,
this evolution has encompassed a wide range of innovations, from early bolometric
detectors to the implementation of advanced KIDs and the integration of increas-
ingly sophisticated cryogenic systems. This technological growth has mirrored the
advancement of observational platforms, with telescopes evolving from initial CMB
experiments to the largest millimeter-wavelength telescopes and interferometers on
Earth, many of which are now located in the region. These efforts have not only
strengthened local scientific and engineering capabilities but have also positioned
regional institutions as active contributors to the global landscape of experimental
astrophysics. The cumulative impact of these developments underscores the impor-
tance of long-term partnerships and knowledge exchange in fostering technological
self-reliance and scientific excellence in emerging research communities.

3 Development of Terahertz Sources
by Naser Qm’eshi1 , Raul O. Freitas?, and Elodie ;S'tmpiechonski3

! naser.qureshi @icat.unam.mx
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Over the past two decades, significant advances have been achieved in the gener-
ation of radiation within the gigahertz (GHz) to terahertz (THz) range, an area often
referred to as the “THz gap.” This progress reflects both the global trend toward com-
pact, tunable, and efficient THz systems and the growing regional commitment in Latin
America to strengthen the fundamental and applied aspects of THz science. Nonlinear-
ities in semiconductors, well understood in the visible and near-infrared regimes, have
enabled the development of powerful pulsed sources through nonlinear crystals and
photoelectric devices; however, continuous-wave (CW), compact, and tunable emitters
in the GHz-THz domain remain a technological challenge. Current CW technologies
include electron-beam devices such as gyrotrons, free-electron lasers, and backward
wave oscillators, as well as optically pumped far-infrared gas lasers, quantum cascade
lasers, solid-state oscillators, frequency multipliers, and photomixers. Among these,
solid-state devices such as Schottky diodes, varactors, high-electron-mobility transis-
tors, Gunn diodes, and superlattice electron devices are efficient up to approximately
220 GHz, while InP Gunn diodes can reach near 480 GHz. Quantum cascade lasers
offer highly coherent emission in the 2—4 THz range but generally require cryogenic
cooling. Meanwhile, photomixers and difference-frequency generators extend spec-
tral coverage, albeit with decreasing power, while mid-infrared frequency combs and
semiconductor superlattices continue to promise broader and more efficient access
across the GHz-THz spectrum.

Latin American research groups have strategically focused on complementary
approaches, combining photonic methods with emerging solid-state and plasmonic
technologies, addressing specific THz gap challenges where smaller research teams
can achieve competitive results. In this context, Latin American groups—particularly
those in Mexico, Brazil, and Argentina—have established multidisciplinary pro-
grams combining ultrafast optics, semiconductor physics, and materials engineering
to develop efficient THz emitters and detectors. Over roughly the past 15 years,
significant progress has been recorded across multiple fronts, from semiconductor
superlattices enabling harmonic generation up to 1 THz [96] and nanostructured
devices supporting gigahertz-to-terahertz multiplication, to photonic routes involving
dual frequency-comb spectrometers [97]. Pioneering studies have explored nonlinear
emission in semiconductor microcavities [98], exciton-polariton lasing in the THz
regime [99], and coherent phonon generation in distributed Bragg reflector-based res-
onator structures [100]. More recent advances include graphene plasmonic antennas
and graphene-coated cylinders for plasmon-assisted THz lasing [101, 102], as well as
the observation of sub-diffractional cavity modes of THz phonon polaritons in oxide
nanostructures [103, 104].

Collectively, these developments highlight an increasingly sophisticated regional
expertise that spans electronic, photonic, and hybrid polaritonic THz emitters. Several
research centers—most notably in Mexico, Brazil, and Argentina—now lead coordi-
nated efforts combining theoretical modeling, materials science, and instrumentation.

In order to place regional developments in a proper global perspective, each source
class discussed below is introduced with a brief conceptual description of its operating
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principle and key design constraints, followed by a comparison with leading interna-
tional benchmarks. This structure highlights both the physical mechanisms underlying
THz emission and the specific niches in which Latin American efforts align with, com-
plement, or strategically diverge from the current worldwide state of the art.

The following subsections summarize the main lines of progress in THz source
development across the region, from photonic and electronic schemes to polaritonic
and accelerator-based approaches, illustrating both the scientific depth and growing
interconnection of Latin American THz research.

Figure 5 presents original conceptual schematics summarizing the emission
mechanisms discussed in this section, illustrating the distinct physical mechanisms
underlying photonic, electronic, plasmonic, polaritonic, and accelerator-based emis-
sion.
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Fig. 5 Schematic overview of the principal terahertz source architectures discussed in Sect.3. a Pho-
tonic generation using a femtosecond-driven photoconductive antenna. b Biased semiconductor superlattice
illustrating miniband formation and Wannier-Stark ladder under applied electric field. ¢ Graphene-coated
cylindrical structure supporting tunable plasmon modes. d Phonon-polariton nanophotonic cavity in SnOp
ribbons. e Large-scale accelerator-based sources: synchrotron storage ring for high-brightness broadband
IR-THz generation. f Plasmonic-enhanced photoconductive emitter architecture. g Vacuum electronic
backward-wave oscillator. The schematics are conceptual representations intended to highlight the dis-
tinct physical mechanisms underlying terahertz emission across platforms. d and e were adapted from F.
Feres et al., Nature Communications (2021) [103], licensed under CC BY 4.0
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Table 2 summarizes the main categories of THz sources currently under develop-
ment in Latin America, based on representative experimental and theoretical works
discussed in this section. The works included were selected according to the fol-
lowing criteria: (i) clear demonstration of a distinct THz emission mechanism, (ii)
documented experimental realization or validated theoretical modeling published in
peer-reviewed literature, and (iii) relevance to ongoing or emerging research programs
within the region. The table highlights the diversity of emission mechanisms—ranging
from photonic and electronic schemes to plasmonic, polaritonic, and accelerator-based
systems—alongside their operational frequency ranges and distinctive performance
characteristics. This compilation illustrates both the technological breadth and the
increasing specialization of regional research groups, reflecting the transition from
THz applications toward genuine source innovation. The table is intended to be repre-
sentative rather than exhaustive, and it does not aim to include all existing THz source
activities in Latin America.

3.1 Photonic THz generation

Advances in photonic THz generation have introduced innovative fiber- and comb-
based approaches that enhance tunability, resolution, and efficiency. Ultrafast optoelec-
tronic switching enabled the first photoconductive THz emitters [114], while coherent
electro-optic sampling established the physical detection principle underpinning THz
time-domain spectroscopy [115]. Photonic approaches dominate THz source devel-
opment in Latin America, particularly in Mexico. Research groups at the Universidad
Nacional Auténoma de México (UNAM), the Centro de Investigacién y de Estudios
Avanzados (CINVESTAV), the Centro de Ingenieria y Desarrollo Industrial (CIDESI),
the Instituto Nacional de Astrofisica, ()ptica y Electrénica (INAOE), and the Centro
de Investigaciones en Optica (CIO) have led advances in photonic THz generation.
Their work spans femtosecond laser-driven photoconductive antennas, optical recti-
fication, and difference-frequency generation, producing broadband THz pulses for
spectroscopy, metrology, and biomedical imaging. At CIO and UNAM, the groups of
Enrique Castro-Camus and Naser Qureshi have demonstrated compact photomixing
systems and time-domain THz setups, while at CINVESTAV and CIDESI, Elodie
Strupiechonski’s team has developed hybrid quantum cascade laser-based sources tai-
lored for integrated THz instrumentation. The CIO group has investigated dual-laser
beating and nonlinear crystals for optical-to-THz conversion, with applications in
biophotonics.

In Brazil, a notable all-fiber technique enabled tunable THz emission between
2.2 and 3.8 THz with an output power of 0.5 uW [105]. Complementarily, THz
dual frequency comb spectroscopy has reached unprecedented resolution by using
Mach-Zehnder electro-optic modulators to adaptively tune the effective laser repetition
rate (see conceptual schematics of the emission arm in Fig.5a), improving spectral
resolution from 100 to 5 MHz—a 20-fold improvement over conventional Fourier
transform based methods without bandwidth reduction [97].
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3.2 THz Harmonic Generation from Semiconductor Superlattices

Semiconductor superlattices, originally proposed by Esaki and Tsu (1970) [116],
provide a platform for nonlinear electron transport and Bloch oscillations, whose
theoretical framework is comprehensively described by Wacker (2002) [117]. Collab-
orative work between groups in Colombia, Mexico, and Chile has led to new modes of
THz emission in semiconductor superlattices (see conceptual device’s bands structure
in Fig.5b) [106, 107]. In biased semiconductor superlattices, perpendicular charge
transport is governed by resonant alignment of energy levels across wells, produc-
ing peaks in the current—voltage (I-V) curve associated with negative differential
conductivity. When an external GHz-THz field is applied, photon-assisted tunnel-
ing occurs, generating resonance replicas at bias shifts equal to integer multiples of
the photon energy, in good agreement with theoretical predictions for weakly coupled
semiconductor superlattices. Significant theoretical advances in frequency multipli-
cation within the GHz-THz range were reported by M. F. Pereira et al. [96], who
employed a hybrid nonequilibrium Green’s function combined with a relaxation-rate
model to achieve excellent agreement with experimental data across a broad range of
input frequencies. Their study also identified critical design limitations in superlattice
housings by modeling local electric fields and comparing them with experimentally
measured input powers from a backward-wave oscillator. These efforts provide a theo-
retical and experimental framework for engineering efficient THz harmonic generation
in semiconductor nanostructures.

3.3 Electronic THz Sources

Electronic generation of terahertz radiation builds upon fundamental concepts of nega-
tive differential conductivity and intervalley electron transfer in III-V semiconductors.
The observation of microwave oscillations in GaAs by Gunn [118] demonstrated
that charge transport under high electric fields can produce self-sustained oscillations
without external resonators, establishing the physical basis for solid-state electronic
emitters. The extension of transport engineering into semiconductor superlattices, first
proposed by Esaki and Tsu [116], introduced artificial band structures in which mini-
band formation and Bloch oscillations provide additional nonlinear mechanisms for
high-frequency generation. A comprehensive theoretical treatment of nonlinear trans-
port and domain formation in such systems is provided by Wacker [117], clarifying the
conditions under which coherent oscillatory behavior may extend toward the terahertz
regime.

The realization of direct solid-state emission in the terahertz range was achieved
with the demonstration of the terahertz quantum cascade laser [119], where intersub-
band population inversion in engineered quantum wells enables stimulated emission
at frequencies determined by subband spacing rather than by bulk bandgaps. These
developments collectively illustrate the transition from microwave oscillators toward
engineered semiconductor heterostructures capable of operating intrinsically in the
THz domain.

@ Springer



27  Page22of61 Journal of Infrared, Millimeter, and Terahertz Waves (2026) 47:27

Electronic THz sources form a smaller but rapidly expanding area of research in
Brazil. Groups at the Universidade de Sao Paulo (USP) and the Universidade Estadual
de Campinas (UNICAMP) are developing oscillator and multiplier circuits operating in
the sub-THz and low-THz range. Research by Nussenzveig, Maia, and collaborators
[120] focuses on Gunn and high electron mobility transistor frequency chains and
CMOS-compatible on-chip emitters, bridging the gap between microwave and THz
domains.

In Mexico, a substantial range of advances in electronic sources has been reported.
These activities mark a transition from purely detection-oriented systems toward
true THz source engineering. Incremental advances in the engineering of traditional
antenna-based sources (see conceptual schematics in Fig. 5f) at CIO [109], UNAM
[121], and INAOE [122] have contributed to new time-domain spectrometers and have
also contributed to applications in environmental spectroscopy [123]. Continuous-
wave laser-based THz sources have also been pursued at both INAOE and UNAM,
aiming to realize alternative emitter designs based on difference-frequency gener-
ation [108]. Theoretical studies at the universities of Zacatecas and Morelos have
made progress toward semiconductor heterostructure-based THz emitters, identifying
potential mechanisms for compact solid-state sources [124].

3.4 Graphene and Carbon Nanotubes Plasmonics for THz Emission

Harnessing plasmonics in carbon-based low-dimensional structures has opened
promising pathways for the development of compact and tunable terahertz emitters.
Graphene plasmonics, characterized by extreme field confinement and electrostatic
tunability [125], has emerged as a platform for tunable THz emission and strong
light-matter interaction [126]. In Argentina, the groups of Mauro Cuevas, Ricardo
Depine, and Rail Bustos-Martin have provided pioneering theoretical and experimen-
tal work on graphene- and plasmon-phonon hybrid emitters, many in collaboration
with the Centro Nacional de Pesquisa em Energia e Materiais (CNPEM) and USP in
Brazil. Graphene-based systems leverage surface plasmon modes that can be dynami-
cally tuned via the chemical potential, enabling strong field confinement and efficient
coupling with nearby emitters. Studies have demonstrated dramatic enhancement of
spontaneous and radiative emission—up to four orders of magnitude in radiation effi-
ciency and quantum efficiencies near 0.8—using graphene waveguides and dimer
plasmonic antennas operating between 4 and 15 THz [101, 110]. Furthermore, the-
oretical work on graphene-coated active cylinders revealed tunable lasing conditions
for both radiative and nonradiative plasmon modes, with low population inversion
thresholds (see conceptual example of this class of sources in Fig.5c) [102]. Com-
plementarily, carbon nanotube-based systems offer nanoscale Cherenkov-type THz
lasing mechanisms, where electron beams in single or bundled carbon nanotubes gen-
erate coherent THz radiation [99]. Together, these developments illustrate the growing
potential of carbon-based plasmonics for integrated, tunable, and high-efficiency THz
sources.
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3.5 Polariton-Based THz Sources

Recent progress in polariton-based THz sources has revealed alternative emission
mechanisms through hybrid light-matter excitations. In contrast to nonlinear frequency
conversion, polaritonic systems rely on strong coupling between electromagnetic fields
and collective electronic or lattice excitations, leading to quasi-particles whose disper-
sion is governed by coupled-mode interactions. In two-dimensional materials such as
graphene, collective charge oscillations (plasmons) exhibit extreme field confinement
and electrically tunable dispersion relations [125]. The confinement factor g /ko > 1
and the possibility of electrostatic gating enable emission frequencies determined by
carrier density and geometric design and not by bulk material resonances. Graphene
plasmonics therefore provides a platform for strong light-matter interaction and engi-
neered THz functionality [126].

These concepts have inspired material-engineered THz emitters in which frequency
selectivity arises from cavity or resonator design, hybrid plasmonic-electronic inter-
faces, and nanostructured confinement. At CNPEM and the Universidad Federal de
Minas Gerais (UFMG), experiments on phonon-polariton and plasmonic resonators
have demonstrated coherent THz emission through nanostructured interfaces, advanc-
ing beyond conventional optical rectification into material-engineered polaritonic
sources. Phonon polaritons in oxide nanostructures such as SnO; nanobelts and «-
TeO, nanowires have exhibited sub-diffractional confinement, Fabry-Pérot cavity
effects, and waveguiding behavior across the mid- to far-IR and THz ranges (see
conceptual device in Fig.5d), verified through synchrotron-based nanospectroscopy
and theoretical modeling [103, 104].

In parallel, semiconductor microcavities operating in the strong coupling regime
have been theoretically proposed as stimulated THz emitters, in which the emitted
frequency corresponds to the polariton mode splitting [99]. These results collectively
emphasize the potential of polaritonic coupling and hybrid plasmonic-electronic con-
cepts as future directions for THz emitter miniaturization and tunability.

3.6 Large-Scale Accelerator-Based Sources

Accelerator-based terahertz sources originate from relativistic electron dynamics in
periodic magnetic structures. The theoretical basis of free-electron laser emission was
established by Madey [127], who demonstrated that stimulated emission can occur
when an electron beam traverses an undulator. The resultant electron oscillations
produce coherent radiation at a wavelength determined by beam energy and magnetic
periodicity. Unlike solid-state emitters, the emission frequency in such systems is not
fixed by material band structure, but is tunable via accelerator parameters, enabling
broadband and high-brilliance THz generation.

Brazil currently leads the region in high-brilliance THz sources through the Sir-
ius Synchrotron and associated instrumentation at CNPEM. Work by Santos and
colleagues [112] explores the use of synchrotron radiation for the development of ultra-
sensitive nanoscale infrared and THz spectroscopy. These large-scale infrastructures
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provide capabilities not yet replicated elsewhere in Latin America and are expected
to foster regional collaborations.

Accelerator-based sources, including FELs and synchrotron storage rings, remain
among the most powerful and versatile tools for THz and far-IR science. Synchrotron
radiation provides continuous-wave emission (Fig.5d), broadband spectral cover-
age, and exceptional brightness, enabling experiments otherwise unattainable with
laboratory-scale sources. Such facilities host cutting-edge studies ranging from high-
resolution gas-phase spectroscopy and vibrational microscopy to the emerging field
of spectral nanoscopy, where THz and far-infrared radiation are coupled to scanning
probe techniques for nanoscale materials analysis.

In Brazil, the Sirius synchrotron storage ring (Fig. 6)—one of the most advanced
fourth-generation storage rings worldwide—has been in operation since 2020, incor-
porating diffraction-limited X-ray performance and an exceptionally low emittance
electron beam. Currently operating 13 beamlines, including IMBUIA—the first
infrared station on such a low-emittance accelerator [ 112]—Sirius is rapidly expanding
its capabilities. Responding to the growing needs of the far-infrared and THz commu-
nities, the facility will launch TATU in mid-2026, a dedicated THz nanoscopy beamline
designed to deliver synchrotron-based nanospectroscopy spanning 3—20 THz. Once
commissioned, TATU will provide open access to Latin American researchers, estab-
lishing a regional hub for advanced THz science and fostering collaborations with
leading facilities across the globe. The open-access model democratizes world-class
THz radiation for smaller Latin American institutions, potentially accelerating the
region’s transition from technology users to developers.

In Mexico, smaller-scale efforts are underway to adapt and develop backward wave
oscillator-based sources for environmental and spectroscopic applications [113].

3.7 Regional Outlook and Integration

In summary, Mexico leads in photonic and hybrid THz source development, integrat-
ing optics, materials science, and instrumentation. Brazil is diversifying its activities

Fig. 6 Aerial view of the Sirius synchrotron light source in Campinas, Sao Paulo, Brazil—an open-user
facility that currently operates the infrared IMBUIA beamline [112] and will soon commission the new
THz beamline (TATU), designed to serve the Latin American community with synchrotron-based nanospec-
troscopy in the 3-20 THz range. Courtesy of CNPEM
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with strong efforts in electronic and polaritonic generation, coupled with its mission of
providing high-brightness synchrotron THz radiation for an open-user experimental
station. Argentina contributes substantially to theoretical modeling and 2D-material
emitters, while Chile and Colombia participate mainly through instrumentation and
radioastronomy collaborations. Although the number of laboratories remains limited,
the cumulative output of these groups over the past decade reflects a coherent regional
transition from THz applications toward genuine source technology innovation. The
emergence of multi-institutional collaborations, growing access to advanced infras-
tructure, and the convergence of experimental and theoretical expertise collectively
position Latin America as an increasingly relevant actor in global THz source research.
A strategic focus on niche innovations, signal processing, material-engineered emis-
sion, and hybrid integration has enabled small collaborative teams to achieve an
outsized impact.

The development of THz sources in the region has been informed and influenced
by challenges specific to the region. Budgetary limitations have led to a focus on more
accessible photonic sources by several groups, although a diversity of solid-state and
semiconductor sources have also seen significant advances in the region. Such sources
are expected to progress from theoretical work to practical applications in the near
future.

4 Biological and Medical Applications

by Jimy Oblitas', and Monica Ortiz-Martinez>,?

ljimy.oblitas @upn.edu.pe
2mortiz @cio.mx
3 monica.ortiz@secihti.mx

Terahertz (THz) spectroscopy and imaging have emerged as powerful tools in the
biomedical and medical fields, offering a unique combination of nonionizing radia-
tion, sensitivity to water content, and capacity to resolve molecular-level interactions
[128]. Occupying the electromagnetic spectrum between microwaves and infrared,
THz waves interact strongly with polar molecules, particularly water, making them
ideal for probing hydration states, tissue composition, and biomolecular structure in
a noninvasive manner [129].

Early studies established important experimental and conceptual foundations for
biomedical THz applications. Initial demonstrations showed that THz imaging systems
could achieve high-contrast visualization of biological tissues and resolve structural
features associated with vibrations in water and lipid content [130, 131]. In parallel,
THz spectroscopy emerged as a powerful probe of biomolecular hydration dynam-
ics, enabling direct investigation of solvation layers and collective water motions
surrounding biomolecules [132]. Subsequent studies further highlighted practical con-
siderations in tissue measurements, particularly the strong influence of hydration
on extracted optical properties and the importance of controlled sample prepara-
tion protocols [133]. Complementary analyses later emphasized the role of collective
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water-biomolecule dynamics and reinforced the potential of THz spectroscopy for
monitoring biochemical processes in real time [134].

Building upon these foundational advances, recent years have seen a surge of inter-
est in applying THz technologies across biologycally oriented application domains,
including biotechnology, agriculture, and food science. This expansion is driven by
the increasing demand for nondestructive and real-time monitoring methods. In these
contexts, THz spectroscopy has proven effective in detecting physiological and molec-
ular characteristics such as hydration gradients in plant tissues, the structural behavior
of complex carbohydrates such as fructans, and dynamic changes under drought or
stress conditions [135]. THz imaging, for example, has been employed to reveal the
spatial distribution of water within leaves, helping to explain the remarkable drought
resistance at both tissue and molecular scales [135].

In the medical domain, THz imaging has demonstrated diagnostic potential in
several areas. One particularly compelling application is in the early detection of
diabetic foot syndrome, where THz images can reveal skin dehydration. A recent
investigation based on THz imaging showed that peripheral neuropathy seems to be
causally related to the hydration deficiency in diabetic patients [ 136]. Unlike traditional
diagnostic methods, THz-based moisture mapping offers a quantitative, objective, and
non-contact alternative that could enable earlier intervention and reduce the need for
amputations.

Furthermore, THz biophotonics is increasingly being enhanced by computational
approaches. The integration of machine learning and deep learning with THz data sets
has opened new possibilities for classification, prediction, and automated analysis,
improving diagnostic accuracy and allowing the identification of subtle patterns in
complex biological systems [137].

This section provides an overview of the current landscape of biological and med-
ical applications of THz spectroscopy and imaging, highlighting both progress and
existing gaps to outline a roadmap for broader adoption in diagnostics, physiological
monitoring, and biotechnological innovation.

4.1 Medical Diagnosis and Imaging

In the medical domain, the most substantial advances identified originate from Mexico,
where THz reflection imaging has been developed to quantify plantar skin hydration
as a label-free diagnostic contrast for diabetic foot syndrome (Fig. 7). The approach,
termed Moisture Mapping by Terahertz (MMAT), exploits the strong coupling of THz
waves to water to differentiate healthy from diseased tissue in a non-contact, non-
ionizing manner [136, 138].

Implementation relies on a fiber-laser-driven THz-TDS in reflection geometry
with a collinear photoconductive transceiver mounted on a motorized platform. Each
examination generates a two-dimensional grid of waveforms acquired through a high-
density polyethylene window with scan times under 10 min [136]. Hydration per
pixel is retrieved by fitting the complex transfer function of the reflected pulse to
a multilayer dielectric model, producing quantitative hydration maps. An associate
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Fig. 7 Representative THz hydration maps for a a control subject and b a diabetic subject. Volumetric
water fraction is shown for ¢ the foot-sole average, d the center of the greater toe, and e the heel region.
Reproduced under CC-BY 4.0 from [138]Copyright ©The Authors

red-yellow-green index summarizes the spatial deterioration patterns for clinical inter-
pretation [138].

Clinical validation in Mexico reported diagnostic performance ranging from
approximately 76 — 81% sensitivity and 69 — 78% specificity based on threshold
rules applied to mean hydration and to green-red pixel fractions. Population analyses
showed declining hydration with age in non-diabetic controls, lower baseline hydration
among diabetic participants, and significant associations between reduced hydration,
peripheral neuropathy, and ulcer/amputation history. These findings extend earlier
Mexican proof-of-concept work demonstrating the feasibility of noninvasive plantar
hydration mapping in living subjects and motivating the standardized MMAT protocol.
More generally, operation in the 0.3—1 THz band provides a robust hydration-specific
contrast: small changes in tissue water content produce measurable differences in the
reflected waveform, enabling quantitative and operator-independent assessment.

From a clinical perspective, MMAT provides complementary information to estab-
lished diabetic foot assessment methods such as the Semmes-Weinstein monofilament
(SWM) test and the ankle-brachial index (ABI). The SWM test evaluates loss of
protective sensation but relies on patient perception and examiner technique, introduc-
ing an inherent degree of subjectivity, whereas ABI provides an indirect assessment
of peripheral arterial disease and does not directly probe tissue condition. In con-
trast, MMAT offers a quantitative, non-contact measurement of cutaneous hydration,
a parameter linked to autonomic dysfunction and skin integrity. Published results
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indicate that THz-derived hydration correlates with neuropathy metrics while showing
limited association with ABI, suggesting that MMAT is particularly sensitive to neu-
rogenic alterations relative to vascular changes. Accordingly, MMAT is best viewed as
a complementary tool that may enhance early risk stratification by providing resolved
information on plantar skin condition.

Although MMAT demonstrates promising diagnostic capability, several factors
may influence THz-derived hydration measurements and should be considered when
interpreting results. Skin hydration can be affected by environmental conditions such
as ambient temperature and relative humidity, as well as subject-specific factors.
Published MMAT studies have implemented standardized acquisition protocols and
participant preparation procedures to mitigate variability; however, residual inter-
subject variability and physiological fluctuations cannot be fully excluded. Future
investigations incorporating controlled environmental monitoring, larger groups, and
multi-center validation will be important to quantify the impact of these potential
confounders and to support clinical translation of MMAT-based assessments.

Measurement repeatability is another key consideration for clinical deployment.
Existing studies have employed controlled positioning and standardized acquisition
workflows that are expected to reduce short-term variability; however, comprehensive
intra-session and inter-session repeatability analyses remain limited in the current
literature. Longitudinal studies incorporating repeated measurements across visits,
operators, and clinical settings will be essential to fully characterize reproducibil-
ity, quantify day-to-day variability, and establish the confidence bounds required for
routine clinical implementation.

4.2 Biomolecular and Biophysical Characterization

Work in Latin America has leveraged terahertz time-domain spectroscopy (THz-TDS)
to interrogate collective modes, hydration structure, and solid-state order in biomolec-
ular and bio-derived materials, spanning experimental measurements and theoretical
modeling. In Brazil, THz-TDS has been shown to quantify crystallinity in microcrys-
talline cellulose by exploiting sharp lattice resonances, most prominently a band near
3.03 THz, allowing rapid prediction of the crystallinity index with relative prediction
errors on the order of a few percent; this establishes THz as an ambient, non-ionizing
complement to diffraction for polysaccharide solids [139]. In parallel, high-speed
Asynchronous Optical Sampling THz-TDS combined with Gaussian peak deconvo-
lution enables qualitative discrimination of neat sugars and binary/ternary mixtures
(e.g., glucose, fructose, sucrose, lactose, and sweeteners), resolving partially overlap-
ping absorptions and supporting mixture analysis relevant to food and biochemical
contexts rather than full quantitative compositional analysis [140].

Beyond solids, thin-film aqueous measurements remain central to biomolecular
sensing. A modified attenuated-total-reflection configuration that forms micrometer-
scale water films beneath a top mirror improves signal quality and interpretability
for water-rich samples, pointing towards microfluidic THz assays for biochemical
detection [141]. This type of measurement addresses the strong and rapidly increasing
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absorption of liquid water across the THz band, particularly above ~ 2 —3 THz, while
retaining sensitivity to solute-driven changes in the complex dielectric function.

Linking molecular hydration to tissue-level function, a Mexico-led synthesis
demonstrates that agave fructans exhibit unusually large hydration shells (on the order
of ~ 320 water molecules), while THz imaging of agave leaves reveals a highly
hydrated central core surrounded by less-hydrated outer tissues; together, these obser-
vations argue that fructan-water interactions contribute to drought tolerance from the
molecular up to the tissue scale [135]. This multiscale perspective connects THz spec-
tral markers of solvation with spatially resolved hydration phenotypes in living plant
organs.

The region’s contributions also include physics-guided modeling of biomolecular
collective motions that fall within the GHz-THz band. Elastic network/finite-element
analyses of hen egg-white lysozyme predict families of low-frequency collective
modes that provide a theoretical framework for interpreting THz-sensitive protein
dynamics, even though the study itself is computational rather than spectroscopic
[142]. Such modeling complements experimental efforts by clarifying how structural
connectivity and mass distribution shape spectral features accessible to THz probes.

Finally, dielectric-mixture analyses applied to bio-derived matrices illustrate how
THz measurements translate into quantitative material parameters. While primarily
positioned in agri-food workflows, studies on high-moisture fruit tissues employ
Landau-Lifshitz-Looyenga (LLL) inversions (augmented with volatile-component
terms) to fit effective dielectric functions across hydration states, providing a tem-
plate for quantitative THz retrieval in complex organic systems [143]. Representative
experimental results for [143] are shown in Fig. 8, where the time-domain waveforms,
frequency-domain spectra, and extracted optical constants illustrate the strong sensitiv-
ity of THz transmission to water content. These results highlight how effective-medium
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Fig.8 Representative THz-TDS measurements of Pouteria sapota samples with different water content and
extracted optical constants from [143] under the CC-BY-NC-ND 4.0 license. Copyright ©Revista mexicana
de fisica, 2025
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modeling enables physically interpretable parameter extraction from broadband THz
measurements in food matrices.

Together, these experimental and theoretical efforts from Brazil and Mexico demon-
strate how THz spectroscopy and imaging can read out crystalline order, resolve
solute-water interactions in aqueous environments, and connect collective modes to
biologically relevant structure and function.

4.3 Plant Physiology, Agriculture, and Food Quality

In plant physiology, terahertz methods quantify water dynamics in vivo and map
hydration in thick, heterogeneous tissues. In Mexico, time-resolved THz-TDS on liv-
ing Arabidopsis thaliana retrieves leaf water fraction via effective-medium inversion
and tracks changes under light/dark cycles or abscisic-acid perturbation, demon-
strating label-free physiological monitoring on biologically relevant timescales
[144]. Raster-scanned THz imaging combined with Landau-Lifshitz-Looyenga (LLL)
effective-medium modeling provides pixel-wise water content and three-dimensional
hydration distributions in succulent leaves (e.g., agaves), revealing a hydrated central
core surrounded by less hydrated outer tissues, a phenotype characteristic of drought-
adapted plants [ 145]. It should be noted, however, that the LLL model formally assumes
a randomly mixed and isotropic medium; therefore, in thick and structurally hetero-
geneous lead tissues, it should be interpreted as an effective approximation rather than
a strictly exact physical description.

In agricultural production and postharvest quality control, Latin American groups
demonstrate non-destructive THz analytics across fresh produce and processed foods.
A Peruvian study uses transmission THz-TDS with principal component analysis to
classify blueberry (Biloxi) maturity into four stages labeled by CIE Lab* color and
total anthocyanins, employing a nitrogen-purged bench (TeraPulse 4000) to stabilize
spectral baselines [146]. In Mexico, THz measurements on mamey (Pouteria sapota)
slabs show that transmitted FFT amplitude (& 0.2 — 1.4 THz) increases as moisture
ratio decreases, supporting calibration curves for non-destructive moisture tracking
and enabling retrieval of optical parameters (n, «, €) [147]. Complementarily, LLL
dielectric-mixture inversion augmented with a volatile-components term improves fits
to effective dielectric functions of high moisture mamey pulp across hydration states,
providing a template for quantitative THz metrology in complex organic matrices
[143]. THz pulse attenuation and phase trends also allow thickness/moisture estimation
in dried mango slices, illustrating straightforward quality control in processed products
[148].

Machine learning (ML) pipelines translate THz features into actionable decisions
in agri-food contexts. THz imaging coupled with Random Forest achieves ~ 91.2
% accuracy for coffee bean authentication using datasets on the order of a few hun-
dred samples [149]. Similarly, THz-based maturity classification of blueberries has
employed support vector machine models evaluated using multi-fold cross-validation
schemes, reporting accuracies above 80% under controlled conditions [150]. Broader
reviews and conference studies further highlight the potential of principal component
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analysis, partial least squares, and neural-network-based approaches for tasks such as
adulteration detection and freshness assessment [151].

However, most reported THz-ML studies to date rely on single intuition datasets
and internally validated models, and external testing on independent cohorts remains
limited. Consequently, although the reported performances are encouraging, care-
ful interpretation of generalization capability is warranted. Continued progress will
depend on the availability of larger, standardized datasets and multi-center validation
efforts to support robust real-world deployment.

Collectively, studies from Mexico, Peru, and Brazil trace a practical path from
quantitative water mapping and dielectric modeling to chemometric/machine learning
classification and deployable sensors, positioning THz techniques as robust tools for
plant phenotyping, postharvest grading, and process line quality control.

4.4 Actual Limitations

In Latin America, the implementation of THz spectroscopy remains limited com-
pared to other well-established spectroscopic techniques, such as near-infrared, Fourier
transform infrared, or Raman. This is partly due to the high cost and complexity of
THz instrumentation, the scarcity of specialized training programs, and the lack of
standardized protocols for sample preparation, measurement, and data interpretation.
Moreover, many existing studies rely on proof-of-concept demonstrations, and there
is still a gap between laboratory research and industrial or clinical deployment.

Another critical limitation is the strong absorption of THz radiation by water, which,
while enabling high sensitivity to hydration changes, also restricts penetration depth in
water-rich tissues. This poses challenges for in vivo imaging beyond superficial layers
and limits the range of biological targets that can be effectively probed. The absence
of methodological standards further complicates the comparison and replication of
results across different research groups [137].

Finally, for both biomedical and agroindustrial applications, the interaction between
THz waves and bound versus free water remains insufficiently understood. This dis-
tinction can significantly affect spectra, and without robust models and reference
datasets, interpretation remains challenging. Overcoming these limitations will require
coordinated efforts to improve instrumentation accessibility, expand frequency cover-
age, and develop standardized measurement and analysis protocols.

4.5 Future Perspectives

The future of terahertz spectroscopy and imaging in biomedical and agroindustrial
contexts lies in bridging the gap between proof-of-concept studies and large-scale,
standardized implementation. On the biomedical side, advances in instrumentation,
such as compact, portable THz systems, improved frequency coverage beyond the
current 0.1—4.5 THz range, and higher acquisition speeds, will enable broader clinical
adoption. Integration with machine learning algorithms will further enhance diagnostic
accuracy, enabling automated analysis of hydration patterns, disease markers, and
biomolecular signatures.
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In the agroindustrial sector, THz spectroscopy presents opportunities for monitor-
ing structural and compositional changes in biological matrices over time. Since the
molecular transport of bioactive compounds in these products occurs through water,
and their matrices evolve during storage, THz sensitivity to water-matrix interactions
could become a key tool for assessing product shelf life. Phenomena such as glass
transitions and crystallization, which have a direct impact on product quality, can be
detected with high precision using THz techniques. This opens a new research avenue
for quality control and product development, particularly in high-value commodities
where early detection of structural changes can prevent economic losses.

Moreover, the ability of THz waves to detect crystalline phases in biological and
agroindustrial products creates a novel field for multidisciplinary research, involv-
ing food science, materials science, and biophotonics. Future studies could explore
the combination of THz spectroscopy with complementary modalities, such as near-
infrared, Fourier transform infrared, and hyperspectral imaging, to provide richer
datasets for predictive modeling.

5 Cultural Heritage

by Mariana Alfaro-Gomez', and Montserrat Gomez*
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The analysis of cultural heritage with technological advances is a beautiful example
in which science can be combined with human social expressions. THz spectroscopy
has been shown to be a noninvasive and nondestructive technique for the analysis
and conservation of artwork [152, 153]. This technique has unique characteristics
that help complement the traditional (or more common) analysis performed in art
[154]. Tt allows for the study of paintings and subsurface structures, stratigraphic
analysis, conservation guidance, and identification and authentication of pigments. As
this review is intended to highlight contributions made by the Latin American (LA)
THz community in this area, we will not focus on the basics of how THz spectroscopy
can be used for the analysis of artwork. The reader may refer to previously published
work by recognized experts in the field [154].

The LA scientific community has made interesting contributions to cultural her-
itage using optical and physical techniques. For example, X-ray fluorescence was used
to determine the thickness of gold coatings on pre-Colombian objects by a Brazilian
group [155]. Another example, reported the use of Fourier transformed infrared spec-
troscopy (FTIR) for the characterization of a mask from the Lord of Ucupe’s tomb
in the region of Lambayeque in Peru [156]. FTIR works with far infrared radiation,
where the longer wavelengths partially overlap with the THz band. In this reference, a
blackish adhesive material found in the eyes of the mask was measured using Attenu-
ated Total Reflection-FTIR, along with other techniques. The results offered insights
into the use of materials utilized by the Moche civilization.
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The reported applications of THz time-domain image (TDI) or time-domain spec-
troscopy in LA have been done through collaborations involving multiple institutions
such as Western School of Conservation and Restoration (ECRO, Guadalajara, Méx-
ico), National Institute of Anthropology and History (INAH), College of Michoacan
(ColMich, Michoacén, México), Center for Research in Optics (CIO, Le6én, México),
and Autonomous University of Aguascalientes (UAA). Within this group, scientists
have collaborated with art curators and state organizations to bring the benefits of
THz technology to the preservation and analysis of cultural heritage. The reported
works refer not only to laboratory studies but also to field work. In this review, we
highlight the key contributions and methodologies of the research done in this area. A
summarizing table of the reviewed reports, as well as a short description of their main
contribution, can be found in Table 3.

5.1 Stratigraphic Analysis

THz spectroscopy provides a complementary tool for the non-destructive inspection
of paintings. One of the main advantages of using this technique in cultural her-
itage is its capability to perform noninvasive stratigraphic analysis. THz radiation can
penetrate deeper than infrared wavelengths and detect many materials with high trans-
parency to X-ray radiation. Furthermore, the time-domain analysis allows us to see
underlying structures with depth information by probing subsurface layers. Reflection

Table3 Summary of THz analysis and contributions made by LA community in the cultural heritage field

Reference

Type of THz analysis

Main contribution

Gomez-Sepulveda et al.
(2017) [157]

Reyes-Reyes et al.
(2024) [158]

Koch-Dandolo et al.
(2018) [159]

Koch-Dandolo et al.
(2017) [160]

Lambert et al. (2020)
[161]

Stratigraphy

Stratigraphy and material
analysis

Stratigraphy and structural
analysis

Stratigraphy and structural
analysis

Stratigraphy and structural
analysis

Identification of earlier paint layers and
a hidden date (1816) under the sur-
face; detection of the original eighteenth-
century free-hand sketches

Internal structural analysis identifying up
to six layers; mapping of surface deforma-
tions via ToF; detection of mercury sulfide
(vermilion) using its THz spectral finger-
print

Detection of internal defects like canvas
detachment; localization of hidden orig-
inal paint remains and past restoration
materials (adhesives) to guide interven-
tion

Imaging of paint layers opaque to X-
rays; identification of pentimenti (compo-
sitional changes) and engravings on the
metal support

Cross-sectional images to determine the
state of conservation; identification and
quantification of subsurface air gaps
caused by paint delamination. Outdoor
study
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configuration has been used mainly for the analysis of artwork by LA groups not only
in easel paintings, but also in ornamental structures, icons, and altarpieces [157-159,
161].

The first LA cultural heritage report using THz-TDI was performed by Gomez-
Sepulveda et al [157]. This was an exhaustive study of an Altarpiece, which comprises
eight different paintings from Hermenegildo Bustos, a renowned painter in Mexican
religious art (Fig.9). Four of them were analyzed by THz spectroscopy.

This study was carried out using an adapted Menlo spectrometer and a Picometrix
system within a frequency range from 0.1 to 1 THz. Two of the paintings were analyzed
in a laboratory environment. These paintings were raster scanned to obtain images,
as well as time-of-flight (ToF) data. The underlying layers showed differences with
respect to the superficial visible images. Three pictorial cycles consistent with histor-
ical research were detected and chronologically ordered using ToF information. By
isolating a temporal region, a hidden date could be found. The area of interest was
enhanced with an equalization method and the hidden date was recognized within the
blue square (Fig.9g). This result was cross-checked with X-ray and infrared images,
also shown in Fig.9.

From the underlying layers, the intermediate one could be attributed to another
author dating from 1816. The results suggested that the paintings were intention-
ally modified throughout time, possibly for aesthetic or liturgical reasons. Through

(a) Vis
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X (pixel nr.)

(-au oxid) £

20 40 60 80 100 120
x (pixel nr.)

Fig.9 a Visible, b infrared, ¢ X-ray, and d THz images of one of the studied paintings. e Altarpiece studied
with TDI. Four different paintings were studied by the THz team. f X-ray and g THz image of a hidden date,
the region of interest was isolated by a windowing function in the THz range. Adapted with permission
from [157]. Copyright ©Springer Nature, 2016
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this work, the authors demonstrated the importance of characterizing the pigments to
ensure consistency with the temporal stratigraphy and to better understand previous
restorations. The importance of determining adequate frequency intervals to show bet-
ter contrast was also demonstrated. This study was the first documented application
in this context and showed the capability of THz spectroscopy to reveal hidden layers
and images.

5.2 Structural Analysis

Besides stratigraphic analysis, THz spectroscopy allows the study of hidden subsurface
features such as layer interfaces, internal air gaps, and structural deformations. A
stratified easel painting with a complex structure was studied by Dandolo et al. [159]. In
this study, a heavily retouched and restored painting was analyzed with TDI, providing
information about its structure. The painting presented a lining intervention from a
conservation treatment which gave extremely uneven layers that resulted in a very
challenging multilayer analysis. The authors resolved this challenge by implementing
a signal separation method [162] that worked satisfactorily. Images with a high level
of clarity of single regions could be obtained. This case positioned THz technology
in the Latin American context, as the understanding and visualization of the different
retouching layers allowed restorers to make informed decisions during the critical
cleaning process and the removal of overpaint.

One of the few on-site studies of THz-TDI performed on three-dimensional irreg-
ularly shaped heritage objects was reported in [161]. Interestingly enough, this study
was also performed under uncontrolled climate conditions at a kiosk in Guadalajara,
Mexico. Figure 10 shows the analyzed kiosk and surface, as well as the members of
the group taking measurements.

The study reports measurements of accumulated layers on curved structures using a
hand-held point gauge (API Teragauge). The irregular surfaces were scanned in reflec-
tion mode. In the optimal state, the surfaces should be uniform and smooth; however, air
gaps were detected in deteriorated zones. A deconvolution method was implemented
for the analysis. Separation gaps were about 240 um or more. Regardless of the diffi-
culties due to outdoor conditions and the challenge of performing measurements over
an irregular surface, the spectra obtained were conclusively useful in determining the
deterioration state of the paint layers present on the kiosk. Figure 10d shows a scheme
of the THz hand-held gauge, as well as the deconvolution process (Fig. 10e to g). The
implementation of the THz technique in the study of the Guadalajara Kiosk was of
great significance as multiple layers of painting were applied throughout time as part
of maintenance efforts. The image obtained allowed to identify that this excessive
accumulation of layers posed a risk for the conservation of the kiosk, as they were
delaminated and showing separations between them. The findings of the study were
key to understanding the real state of preservation and to making informed decisions
during the restoration process.

Another recent analysis reported by the LA community in art was the analysis of
a glided wooden artifact [158]. In this work, stratigraphic analysis of an icon with
gold details over a wooden support was reported (Fig. 11). The state of conservation
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Fig. 10 a Guadalajara Kiosk analyzed with THz technology, red arrows point to some of the analyzed
zones. b Example of a scanned area. ¢ Group members taking measurements. d schematics of the API THz
gauge. e to g Deconvolution process with Gaussian filter. Adapted with permission from [161]. Copyright
©Springer Nature, 2019

was observed with this analysis, as restoration areas could be seen as contrasting
reflections with respect to the background. The ToF data of the first reflected echo
provided topographic information and showed an irregular surface due to a convex
shape along the wooden structure. B-scans, which are cross-sectional images created
by graphing time-domain waveforms versus linear position on the painting, revealed
the internal structure of the icon and confirmed the application of gold leaf only in

100 200 300
Pixels

05 1 15 2 25
Frequency [THz|

Fig.11 a Upper, b frontal, and ¢ lower view of the glided wooden artifact analyzed with THz technique by
Castro-Camus Group. d Peak-to-peak THz image, e zones of the artifact where vermillion was detected,
and f to g spectra of the marked zones in e, presenting the characteristic absorption band of the pigment.
Adapted from [158] under the CC-BY 4.0 license. Copyright ©The Authors, 2024
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specific areas. The study of this complex object, which presented not only multiple
painting layers, but also gold leaf over its surface, was successfully carried out with
THz spectroscopy. This research provided a clearer understanding of the sophisticated
craftsmanship technique employed by the artist, in particular the original application
of the gold leaf, and made it possible to distinguish it from later interventions, which
appeared golden to the naked eye, but were not part of the original manufacture.
Thanks to the ability of TDI to reveal the internal structure of the layers, it was
possible to accurately differentiate between authentic elements and those added during
restorations performed in later periods.

The capabilities of TDS for the analysis of metal-based art were tested by Dandolo
et al. in [160]. This is an important feature, given that X-ray analysis does not perform
well on metals. The analysis of the data was done with deconvolution and filtering in
frequency domain techniques. The results presented B- and C-scans and integration
of the electric field amplitude. C-scans specifically show a frontal view of the painting
features. Each pixel of a C-scan presents information about the magnitude of a spe-
cific THz parameter. The signals were studied even with the high reflection of the back
metal surface. Different types of pigments also presented changes in THz reflectiv-
ity, allowing the authors to detect differences not distinguishable under visible light.
Figure 12 shows an image of one of the analyzed metal pieces, as well as the X-ray and

Fig. 12 a Painting over metal analyzed with TDI. b X-ray image of the piece and ¢ to f THz images obtained
with different elements of the THz data. Different features can be observed in each processing. Reproduced
with permission from [160]. Copyright ©Springer Nature, 2017
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THz images at different frequencies. This study represented a significant contribution
to the field of restoration-conservation because until then, it was not possible to assess
the state of conservation of metallic sheet as support for pictorial layers due its high
reflectivity to X-rays. The THz images obtained demonstrated a sufficient sensitivity to
distinguish between areas in good condition and zones with advanced corrosion of the
underlying metal. Moreover, THz images allowed to identify pigments and pictorial
stages that were added during previous interventions, which had likely been applied
with the purpose of hiding or repairing damage caused by such corrosion.

5.3 Material Identification

Besides the analysis of stratigraphy and layers, another important feature of THz-TDS
in cultural heritage is the identification and authentication of pigments. In this matter,
another Latin American contribution was presented by Reyes-Reyes et al. [158]. In this
reference, the identification of mercury sulfide (or vermilion), a red pigment, over the
icon was performed using THz spectroscopy. This pigment presents a characteristic
absorption peak centered at 1.14 THz. An identification algorithm based on the ratio
between the area under the sample spectrum and an interpolation of the spectrum
between 1.0 and 1.27 THz was developed. Given that the signal-to-noise ratio below
1.45 THz hindered the analysis in some areas of the icon, a visual inspection had to be
performed to validate the absorption peak within the noise. The results were validated
with X-ray fluorescence. Some areas with visually red pigments showed inconsistent
results between THz and X-ray fluorescence results. These areas were visually red, as
well as the vermilion areas, which indicated that the analysis helped to differentiate
between visually similar pigments. This may be related to different restorations of the
piece. Figure 11 e to h show the analysis of the vermillion signature on the icon.

5.4 Final Remarks: Impact of THz Technology in Art in Latin America

In the cultural heritage study, terahertz technology is becoming a popular and powerful
tool for non-invasive exploration of artwork, particularly in cases such as paintings on
canvas, metal, wood, and metallic structures. In paintings with multiple interventions,
such as overpainting or previous restorations, the use of THz images has allowed to
reconstruct the stratigraphic sequence of layers, which is essential to understand the
modifications of a piece of art through time and to identify the changes and inter-
ventions made by different artists or restaurateurs. Although THz imaging does not
allow to observe color, particle morphology, or microscopic details, like conventional
stratigraphy, it provides non-invasive information from a complete painting and not
only from a small segment. With this, its potential is highly significant, as it enables a
first non-invasive stratigraphic mapping of the artwork. This facilitates a better under-
standing of its structure prior to any intervention and, if sampling is required, allows
it to be carried out in a much more selective and well-informed manner. In the case
study over metallic sheet, THz technology has not only facilitated the detection of over-
paintings and surface modifications, but also has contributed to identifying corrosion
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processes being active below pictorial layers. This represents a significant diagnostic
capability that other techniques, such as X-ray imaging, cannot provide.

THz imaging has been presented to art conservators and restorers as a key tech-
nique for the study of the craftsmanship of patrimonial objects, making visible the
internal structure of the work without direct interventions. This particular capability
allows the precise evaluation of the conservation state of an artwork, the study of its
material evolution, and even guidance to the restoration process with deeply founded
and localized information. Pigment identification is especially relevant for the authen-
tication and dating of artwork. Although THz spectroscopy does not give definitive
dating or authentication, its data, along with historical records and knowledge of the
time period and artist, can give a trustworthy analysis from the restaurateurs. A rep-
resentative example of this is the vermilion, which was widely used until the early
twentieth century, when it began to be replaced by other pigments, such as cadmium
red. Therefore, detecting one pigment or the other not only allows for a more precise
chronological framing of the creation of the piece, as many pigments were used in
specific historic periods and replaced over time for more modern versions, but also
helps identify later interventions that may have altered or replaced the original paint
layer.

Although the exploration and advancement of the capabilities of this technique are
still needed, its advantages are especially notable in contexts where other techniques,
such as X-ray imaging, do not give effective results given the intrinsic nature of
the materials, or where institutional restrictions do not allow sample taking or direct
contact with the work. Moreover, its application could be extended for the restoration
processes, such as the detection of mural or sculpture fillings, opening new possibilities
for its integration into diagnosis and conservation protocols. Without a doubt, the Latin
American community has contributed, as highlighted in this section, with important
and relevant results in this meaningful THz application.

6 Terahertz Materials Research

by Felix G. G. Hernandez U and Federico Sanjuan 2

Ifelixggh@if.usp.br
%federico.sanjuan @univ-pau.fr

The terahertz spectral window corresponds to photon energies of only a few mil-
lielectronvolts (1 THz ~ 4.14 meV), making it ideally suited for probing low-energy
excitations that are often inaccessible to conventional optical or microwave techniques.
In this regime, THz radiation is particularly sensitive to collective and quasiparticle
phenomena such as optical phonons in crystalline lattices [163, 164], plasmons in
conducting and nanostructured materials [165], magnons and spin excitations [166],
and rotational and vibrational modes in molecular systems and inter- or intraband
transitions in semiconductors.

Among the most versatile techniques in this field is THz-TDS [167], which employs
broadband pulses with phase-sensitive detection of the transmitted or reflected electric
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field. This approach provides direct access to the complex optical response func-
tions of materials—including refractive index, dielectric permittivity, and optical
conductivity—without the need for parametric fitting or Kramers-Kronig transforma-
tions [168]. Its ability to resolve both amplitude and phase enables the unambiguous
determination of intrinsic material parameters, even in systems where electronic, vibra-
tional, and spin-related processes are strongly coupled.

Because THz photons carry low energies, they can probe these processes with-
out causing ionization or structural damage, offering a powerful and non-destructive
means of investigating carrier dynamics, conductivity mechanisms, phase transitions,
and molecular conformational changes. Moreover, the technique is compatible with
extreme experimental conditions such as cryogenic temperatures and high magnetic
fields, enabling the exploration of quantum materials and correlated electron systems
under controlled environments [169].

A broad range of materials has been explored using THz spectroscopy [170], from
conventional semiconductors and insulators to emerging systems such as organic con-
ductors, polymers, biomolecules, metamaterials, graphene, and topological insulators.
Each of these exhibits distinct behavior in the THz range that provides insights into their
microscopic structure and macroscopic functionality. Consequently, THz has become
an essential tool of modern condensed-matter research, underpinning advances in
optoelectronics, quantum technologies, and ultrafast spectroscopy.

From a spectroscopic perspective, the effective probing depth of THz radiation in
dielectric materials such as polymers, ceramics, and semiconductors typically ranges
from several hundred micrometers to a few millimeters, depending on absorption
coefficient and frequency [170]. Conductive or metallic layers strongly attenuate the
electric field, often requiring reflection geometries rather than transmission mea-
surements. The minimum lateral sample dimensions are generally constrained by
the diffraction-limited beam waist (typically a few millimeters in conventional THz-
TDS systems), while sample thickness must be compatible with both penetration
depth and Fabry-Pérot interference considerations. Scattering-type near-field optical
microscopy has been used to overcome the diffraction limit and investigate materials
at the nanoscale [171]. In standard THz-TDS experiments, acquisition times for a sin-
gle spectrum are on the order of seconds, with averaging extending measurements to
several minutes when higher signal-to-noise ratios are required. These practical con-
straints define the accessible material thicknesses and electronic or vibrational features
that can be reliably resolved [172].

This section focuses specifically on the progress achieved in Latin America, high-
lighting the emergence of regional expertise and infrastructure that are driving forward
materials research in the terahertz domain.

6.1 Regional Developments

Across Latin America, from Mexico to Argentina, numerous research groups—
initially rooted in photonics and optical spectroscopy—have since the early 2000s
undertaken investigations in the terahertz domain, particularly for materials-related
applications.
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In Mexico, several groups have made pioneering contributions to terahertz device
development, imaging, and metamaterials, illustrating the early and sustained engage-
ment of the region in THz materials science. Early reports on the creation of polaritonic
metamaterials [173] demonstrated their broad potential for developing optical compo-
nents such as lenses, beam splitters, polarizers, filters, and collimators at the Instituto
de Fisica, Benemérita Universidad Auténoma de Puebla (BUAP).

More recent studies on semi-insulating GaAs substrates have revealed critical
insights into the behavior of photoconductive antennas (PCAs) used in THz-TDS.
Work from the Instituto Nacional de Astrofisica, Optica y Electrénica (INAOE) in
Puebla showed that the parameters of the pump laser strongly affect the electrical
response of photoconductive antennas [122]. In addition, surface modifications and
their influence on THz emission spectra were investigated in collaboration with groups
at the Universidad Nacional Auténoma de México (UNAM) [174].

Beyond device engineering, the Puebla group advanced THz imaging in collab-
oration with the Instituto de Ciencias Aplicadas y Tecnologia (ICAT) at UNAM.
They developed a continuous-wave sub-wavelength THz imaging system that com-
bined solid-immersion microscopy with interferometric detection, achieving spatial
resolution beyond the diffraction limit at 703 GHz using low-cost pyroelectric detec-
tors [175]. They also studied the transmission properties of photonic crystals immersed
in different oils using THz-TDS, demonstrating that the effective refractive index is
highly sensitive to the surrounding dielectric environment [123]. These results high-
light the potential of THz photonic crystals for chemical sensing and for precise control
of optical properties in metamaterial design. Additional research at [CAT-UNAM has
focused on the application of THz spectroscopy for detecting pollutant dyes in aque-
ous environments [176]. Likewise, the Laboratorio Nacional de Ciencia y Tecnologia
de Terahertz at the Centro de Investigaciones en 6ptica (CIO) in Leén has devel-
oped applications of terahertz scattering to study water absorption in porous rock
samples [177].

Significant advances have also been achieved in Chile; the research teams at
the ANID laboratory and the Departments of Physics of the Pontificia Universidad
Catdlica de Chile (UC) and Universidad de Santiago de Chile (USACH) have proposed
metal-organic framework (MOF) crystals as promising candidates for nonlinear THz
photonics [178].

In Argentina, related research has been undertaken at the Centro de Investigaciones
Opticas (CIOp) [179]. New methods have been proposed to determine the optical prop-
erties of materials from a single measurement, eliminating the need for a conventional
reference measurement in THz-TDS [180]. This simplification addresses a key prac-
tical limitation, as performing two separate measurements can be time-consuming or
impractical for industrial applications. This was demonstrated specifically for a pulsed
THz signal. In this case, the average refractive index is obtained through the follow-
ing processing steps: the main pulse and at least one echo are measured in the time
domain. The absolute value of the discrete Fourier transform is then applied, produc-
ing a frequency-domain modulation, whose period depends on the phase shift between
the transmitted and reflected signals. A second discrete Fourier transform (absolute
value) is applied to this modulation, yielding a time signal, where a peak appears at
a delay related to the optical path inside the sample. Assuming a constant refractive
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index and constant incident electromagnetic field magnitude in the frequency domain,
the resulting signal can be expressed as a Dirac delta distribution located at a time shift
proportional to the refractive index. Extensions of this method were later proposed for
birefringent and multilayer materials [181, 182], enabling the determination of refrac-
tive indices and optical-axis orientation in birefringent systems, as well as thickness
and average refractive indices in multilayer dielectrics, all from minimal measure-
ment sets. These approaches significantly streamline industrial THz characterization
workflows.

Signal processing has also been a focus of Argentine research. At the Centro de
Simulacién Computacional (CSC) in Buenos Aires, parametric methods have been
proposed to enhance the extraction of optical parameters from THz time-domain sig-
nals [183]. In particular, the autoregressive (AR) model has been applied to estimate the
THz power spectral density. Compared to conventional fast Fourier transform (FFT)
analysis, AR spectral estimation does not assume signal periodicity and can provide
improved frequency resolution compared to FFT for a given signal length when the
signal is well described by the AR model. The achievable resolution is not determined
solely by signal length, as in the FFT case, but also depends on other factors such as
signal-to-noise ratio and model order selection. Another advantage of the AR model
is that it yields a consistent estimator whose variance decreases with an increasing
number of measurements. The results showed that applying this model to terahertz
signals led to a reduction in spectral variance exceeding 10 dB compared to FFT-based
results, thereby improving the signal-to-noise ratio and frequency resolution without
experimental modification, an advance that enhances the precision and reliability of
THz spectral analysis.

In Brazil, early THz work at the Instituto de Fisica Gleb Wataghin (IFGW) da
Universidade Estadual de Campinas (UNICAMP) focused on terahertz generation
between 2007 and 2008 [184, 185] and on imaging systems using monochromatic
sources in 2013 [186]. Since 2016, this group has developed terahertz dual-frequency
comb spectroscopy, achieving high spectral resolution without compromising band-
width [97], as discussed in the first section of this review. Brazilian groups have
also reported numerous THz-TDS applications. At the IFGW and at the Instituto
de Quimica da UNICAMP, THz-TDS has been extensively used as an analytical
tool [187-192]. Technological developments at IFGW proposed the fabrication of
a plasmon-induced tunable metasurface for multiband superabsorption and terahertz
sensing [193]. The group also investigated the development of optical fibers, for appli-
cations such as terahertz waveguides, that are essential for developing the full potential
of complex terahertz systems [194]. Furthermore, engineering-oriented studies have
explored terahertz imaging for applications such as analyzing dental tissues and detect-
ing structural anomalies at the Universidade Federal de Pernambuco (UFPE) [195].

THz nano-imaging and nanospectroscopy have been established at the Brazilian
Synchrotron in the Centro Nacional de Pesquisa em Energia e Materiais (CNPEM)
in Campinas. Recent facility papers and beamline reports describe nanospectroscopy
stations with broadband coverage from the mid-IR to the far-IR/THz region, validating
this approach for nanoscale THz experiments. Notable results include the demonstra-
tion of sub-diffractional cavity modes and phonon-polaritons in nanobelts [103] and
several studies on hyperbolic phonon-polaritons [196] and nanocavities in anisotropic
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crystals [197, 198], collectively showcasing the leadership in THz nanospectroscopy
of the laboratory in the region.

At the Instituto de Fisica da Universidade de Sao Paulo (USP), recent imple-
mentation of several terahertz-related facilities reflects the global expansion of
terahertz science, driven by technological breakthroughs and increasing interdisci-
plinary demand. THz-TDS forms the basis of the experimental infrastructure at the
Terahertz Science, Technology, and Innovation Research Group (GCTI-THz/USP).
The first setup developed by this group employs a transmission-based THz-TDS sys-
tem using PCAs, achieving an excellent signal-to-noise ratio across 0.1-2 THz. The
setup includes an optical cryostat enabling measurements between 10 and 300 K with
millimeter-scale spatial resolution [199]. Polarization-resolved components allow for
high-precision THz polarimetry [200], as shown in Fig. 13. The group has recently
established a second multi-user facility, extending its spectral range to 0.1-6 THz and
enabling THz imaging in both transmission and reflection geometries. Complemented
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Fig. 13 Example of THz-TDS measurement in clinoclore using the GCTI-THz/USP setup. The system sup-
ports low-temperature measurements (down to 10 K) and high-precision terahertz polarimetry, with spatial
resolution approaching the diffraction limit across 0.1-2 THz. a Time-domain signals for different sample
orientations S (solid) and a reference (dashed). b Extracted refractive index n and extinction coefficient «
for B between 0° and 180°. ¢ Faraday rotation and d ellipticity versus 8 and frequency v. e Polar and f
Cartesian projections of rotation (left) and ellipticity (right) maps, highlighting the polarization-dependent
symmetries. Data in b—d are vertically offset for clarity. Reproduced under the CC-BY-NC-ND 4.0 from
[205]. Copyright ©The Authors
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by a high-energy amplified laser (2 mJ pulses at 1 kHz) for optical pump-THz probe
studies, this system supports time-resolved investigations of ultrafast processes. The
researchers are now integrating a 7 T superconducting magnet operating down to
1.5 K, which will enable exploration of magneto-optical effects, field-induced phase
transitions, and emergent topological phenomena in the THz regime. Implementation
details are documented in recent theses [199-202] and technical reports [203, 204].

Initial studies characterized the terahertz permittivity of epitaxial lead telluride
(PbTe) thin films—thermoelectric materials with complex phonon dynamics [199,
206]. THz-TDS measurements across a broad temperature range provided direct
access to low-frequency optical phonon modes and free-carrier dynamics, reveal-
ing temperature-dependent softening of the transverse optical phonon consistent with
incipient ferroelectricity. Modeling with a Lorentz-Drude approach enabled the extrac-
tion of plasma frequencies, damping constants, and phonon coupling strengths, thereby
disentangling electronic and lattice contributions to the dielectric function and reveal-
ing strong anharmonicity and dynamic lattice instabilities in PbTe thin films.

More recent work has focused on PbTe-SnTe alloys, which exhibit both topological
and structural phase transitions [201, 207]. In Pb(j_x)Sn, Te crystals, substitution of
Pb by Sn induces a continuous evolution from a trivial semiconductor to a topological
crystalline insulator, accompanied by a ferroelectric-like (polar) distortion. THz-TDS
measurements revealed strong coupling between free carriers and soft transverse opti-
cal phonons, with marked changes across composition- and temperature-driven phase
boundaries. This coupling is particularly sensitive to inversion-symmetry breaking,
manifesting as mode splitting and circular dichroism under magnetic fields [163, 164],
as well as the formation of phonon-polaritons in THz resonant cavities [208].

In collaboration with the CNPEM and the Universidade Federal de Lavras (UFLA),
another research focus of the group at USP has been THz polarimetry of layered
minerals exhibiting strong anisotropic interactions. A notable case is clinoclore,
a naturally occurring van der Waals crystal that hosts low-energy shear modes
with remarkable potential for THz polarization control [200, 205]. By employing
polarization-resolved THz-TDS, these vibrational modes were shown to induce dis-
tinct birefringent responses, which were quantitatively modeled using Jones matrix
analysis. These results establish natural layered minerals as versatile model systems
for investigating and engineering THz polarization phenomena.

A researcher from the Instituto Nacional de Telecomunicagdes (Inatel), now
affiliated with the Universidade Federal do ABC (UFABC), has made extensive con-
tributions to establishing 3D printing as a viable route for scalable, low-cost THz
components. In particular, focusing grating couplers [209], prisms with tunable disper-
sion [210], and rectangular waveguides [211] have been fabricated using this approach.
He has also investigated the accurate determination of liquid material parameters using
THz-TDS [212]. In parallel, the USP group developed 3D-printed polymer photonic
crystals functioning as narrowband THz wave plates [202, 213]. Designed for operation
around 0.5 THz, these structures exploit artificial birefringence enabled by subwave-
length geometries, demonstrating additive manufacturing as a viable approach for
polarization control in the sub-terahertz regime.

To provide a structured overview of the chronological evolution and institutional
breadth of terahertz materials research in Latin America, the key milestones discussed
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above are summarized in Table 4. The table highlights the progression from early THz
generation and spectroscopy developments to advanced nanospectroscopy, additive
manufacturing, and quantum materials investigations.

6.2 Conclusions and Outlook

Terahertz research in Latin America has progressed from foundational instrumenta-
tion efforts to sophisticated investigations of materials and light-matter interactions.
Regional groups now operate advanced THz-TDS under extreme conditions and
nano-THz platforms to study phonons, polaritons, and collective excitations in semi-
conductors, quantum materials, layered minerals, and photonic structures.

With expanding facilities and increasing international collaborations, the region
demonstrates growing scientific maturity and global visibility. Continued integration

Table 4 Chronological milestones in terahertz materials research in Latin America

Years Institution Research theme Reference

2007-2008 UNICAMP (Brazil) THz laser sources and genera- [184, 185]
tion

2011-2015 CIOp, CSC (Argentina) THz-TDS methodology and [179-183]
signal processing

2012 BUAP (Mexico) THz polaritonic metamateri- [173]
als

2013-2016 UNICAMP (Brazil) THz imaging and dual- [97, 186]
frequency comb spectroscopy

2017 UFPE (Brazil) THz imaging systems and [195]
engineering applications

2014-2024 UNICAMP (Brazil) Analytical THz spectroscopy [187, 189-192]
(oxides, polymers, sugars,
gases)

2017 CIO (Mexico) THz scattering and porosime- [177]
try

2017-2019 INATEL (Brazil) 3D-printed THz components [209-211]
and waveguides

2020 UNICAMP (Brazil) Graphene metasurfaces and [193, 194]
THz optical fibers

2020-2026 CNPEM (Brazil) THz nanospectroscopy and [104, 196-198]
phonon—polaritons

2021 INAOE, UNAM (Mexico) GaAs-based THz photocon- [122, 174]
ductive devices

2022 BUAP, UNAM (Mexico) THz photonic crystal sensing [123]

2022-2026 USP (Brazil) Magneto-THz infrastructure, [163, 203, 205-
polarimetry, and quantum 207, 213]
materials

UNAM (Mexico) Environmental THz sensing [176]
2025 UC, USACH (Chile) Nonlinear THz photonics [178]
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of materials design, modeling, and experimental innovation will be essential to con-
solidate Latin America’s position in the global THz research landscape.

7 Final Remarks

In this article, we provided an overview of research activities involving terahertz and
millimeter waves in Latin America. We aimed to offer a broad perspective on the
most recurrent topics investigated and published in the region, although an exhaustive
review is beyond the scope of a compact article. The authors of this review encourage
other researchers from the region to get in touch to collaborate, share facilities and
experiences, and perhaps organize a regional meeting in the future. We also sought to
provide perspectives on future research directions that could see significant contribu-
tions from the region.

No doubt, the most productive research topic in Latin America is radio astronomy,
partly due to the presence of multiple radio telescopes in the region, including two of
the largest instruments of this type in the world, and it is foreseeable that this area of
research will remain extremely productive in the future. Furthermore, the rich cultural
heritage of the region calls for much more active involvement of terahertz groups in
artifact inspection and restoration guidance, which can also benefit the conservation
community. Additionally, applications in industrial and agronomical non-destructive
testing represent a clear area of opportunity, as a growing industrial sector increasingly
demands more sophisticated quality-control technologies. Finally, basic research on
sources, detectors, and new materials may also become a major growth area, given
the number of groups now capable of fabricating advanced materials and structures,
as well as a broad theoretical community that can support such research.

We note that, although still modest, the number of groups interested in this field
in Latin America has grown considerably over the last decade and is expected to
accelerate further over the next few years. We look forward to the consolidation of a
strong research community in this part of the world.
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