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The terahertz band of the electromagnetic spectrum was the least
explored region of the spectrum prior to the introduction of the
technique known as time-domain spectroscopy (TDS) in the late
1980s. Since its introduction, terahertz TDS has enabled the study
of aplethora of physical, chemical and biological phenomena; from
excitons and Cooper pairsinsolids to the hydration dynamics of
biomolecules. Terahertz techniques can be used to non-destructively
analyse samples from diverse fields, such as art conservation and
industrial quality control, whereas terahertzimaging canactasa
sensitive hydration probe in biological tissue and other materials.
This article focuses on TDS, a unique hybrid between microwave and
optical technologies. By measuring the time-dependent electric field
waveform, rather than the intensity of the electromagnetic wave, one
directly accesses the spectral amplitude and phase of the electric
field. Asaresult, both the refractive index and absorption coefficient
(or the complex dielectric function) of asample can be measured
simultaneously. The technique is based on the generation and
detection of single-cycle pulses of radiation, enabling measurements
with sub-picosecond time resolution. This Primer summarizes the
basics of such systems and gives afew illustrative application examples.
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Introduction

The terahertz band of the electromagnetic spectrum spans from
~100 GHz (3 mmwavelength) to~10 THz (30 um) (see Fig.1). Historically,
thisband was hard to access. For lower frequencies, powerful emission
and sensitive detection can be achieved by using electronic circuits
to produce oscillatory currents that generate electromagnetic radia-
tion, or by using electromagnetic waves to drive a current that can be
detected also with electronic circuits. Thisis the principle behind radio
and television transmitters and receivers, microwave ovens and most
telecommunication systems. Higher frequencies such asinfrared, vis-
ible, ultraviolet, X-radiation and gamma-radiation canbe produced by
photon emission from relaxation between energy levels of quantum
systems, such as molecules, atoms and atomic nuclei. High-frequency
detection canalso be achieved with quantum systems, such as semicon-
ductors, that change their conductivity when excited by incoming radia-
tion. The terahertz band falls between these two regimes of familiar
technologies'. Yet, itis difficult to scale techniques from either of these
realmsinto the terahertz range. Conventional electronic components
cannot oscillate fast enough to produce significant amounts of power
above -300 GHz or detect high frequencies with reasonable sensitivity.
This meansitis challengingto use electronic technology for terahertz
systems. Similarly, quantum systems present fundamental detection
problems. Terahertz photons have small energies that are comparable
with, or below, the thermal energy at room temperature. As a result,
the signal is buried in an overwhelming noise background. The first,
and now most widespread, technique that finally allowed the terahertz
band to be accessed with extraordinary signal-to-noise performance
is terahertz time-domain spectroscopy (TDS).

Prior to the development of terahertz TDS, the most common
method for broadband access to this spectral range used a thermal
blackbody — such as a glowing hot piece of metal — as the radiation
source, for either direct spectroscopy or Fourier transform spectros-
copy. Even when heated to well above 1,000 °C, these sources do not
produce muchradiation at frequencies below afew terahertz, making
the measurements challenging. This situation beganto change withthe
first demonstration of terahertz TDS**, which relies on femtosecond
laser pulses exciting a device that emits electromagnetic transients
containing frequency components between100 GHz and several tera-
hertz. Areceiver detects these transients and is gated by the same laser.
The next key advance was the idea of using terahertz TDS to obtain
two-dimensional images of objects’. In the simplest scheme, samples
areraster-scanned through the focus and images are formed one pixel
atatime. Muchresearch has been devoted to exploring otherimaging
configurations and improving the performance of imaging systems®.

A coarse schematic of a time-domain spectrometer, highlight-
ing the main components, is shown in Fig. 2. Optical pulses emitted
from a femtosecond laser excite the terahertz emitter. The emitted
terahertz pulses then propagatein air, through a spectrometer which
could containasample tobeinvestigated. A second beam path for the
optical pulsesis introduced via a beam splitter. The pulses following
thissecond path gate aterahertz detector, timedtoarrive at the same
moment when the terahertz pulse arrives. The terahertz pulse has
duration of about 1 picosecond, typically about a factor of 10 longer
thanthe optical pulse. Asaresult, the detector samples only ashort por-
tion of the terahertz waveform. In order to measure the full terahertz
waveform, the arrival time of the optical gating pulse needs to be varied,
relative to the arrival time of the terahertz pulse, using an optical delay
line. The acquired signal, measured as a function of this time delay, can
thenbeinterpreted as being directly proportional to the time-domain

electric field of the terahertz pulse; that is, the TDS nomenclature
refers to the waveform being measured as a function of time. This
time-domain measurement can be numerically processed via Fourier
transform to obtain the spectral or frequency-domain information.

The earliest systems used photoconductive antennas as emitters
and detectors. Subsequently, many types of terahertz emitters were
demonstrated. Terahertz emission canbe used to study asampleinthe
beam path or toinvestigate ultrafast physical processesin the emitter
induced by optical excitation’. Several other schemes for coherent
terahertz pulse detection — whichis sensitive to the electric field, not
merely the intensity — have also been demonstrated, with advantages
and disadvantages for each. Antenna materials have been developed
for compatibility with femtosecond fibre lasers, allowing the use of
fibre-coupled antenna modules®. This enables free positioning and
movement of terahertzantennas, providing enormous additional flex-
ibility to TDS systems. Recently, robotic arm-based terahertz systems
were demonstrated to investigate extended objects with arbitrary
shapes®'. Using such systems, tomographic information about the
internal structure of samples can be acquired.

Terahertz TDS is now awidely used technique for studying the die-
lectric properties of samplesinthe lower terahertzrange (0.1-3 THz).
This encompasses various materials, including gases, liquids, liquid
crystals and many types of solids, from semiconductors and super-
conductors to molecular crystals and more". This Primer focuses on
the most commontechniques for generating and detecting terahertz
pulses with femtosecond lasers, the basis of several commercial TDS
systems. Giventherapid growthinthefield, this Primer cannot review
everything. Instead, afew example terahertz spectroscopicinvestiga-
tions and imaging applications are discussed to show the potential and
versatility of the method.

Experimentation

Accessing the terahertz portion of the spectrum was historically dif-
ficult. This situation began to change with the introduction of terahertz
TDS. Thelack of broadly available techniques to access this band gave
rise to the now obsolete terminology of the terahertz gap. A small but
very active community has advanced the method, which cannot be
considered afully optical or fully electronic spectroscopic technique.
Inoptics, the primary variable measured s theirradiance, or luminous
intensity. Inthe optical range, electromagnetic waves have frequencies
inthe order of hundreds of terahertz, meaning the electric and mag-
netic fields oscillate too fast for any detector to directly resolve
thetime-dependent electric field waveform. Therefore, normally, the
irradiance — the time average of the squared electric field amplitude — is
measured. Asaresult, atypical measurementincludes noinformation
about the phase of the electric field. In the electronic region,
corresponding to the radiofrequency and microwave bands with
frequencies below~100 GHz, antennas are used to couple electromag-
netic waves to electrical circuits. This produces an oscillating current
proportional totheelectricfield. Atypical measurement accesses both
theelectric field amplitude and direction, preserving phase informa-
tion. Terahertz TDS is a hybrid technique because it incorporates
antenna structures into optically triggered semiconductor devices.
Ultrafast laser pulses offer the possibility to produce and measure
transients of electromagnetic radiation so short that they contain only
one cycle of electromagnetic oscillation. This burst of radiation has
spectral components spanning, typically, from 100 GHz to 3 THz
(roughly 3-100 cm™), but bandwidths up to several tens of terahertz
canbeachieved. As the time-dependent waveform of the electric field

Nature Reviews Methods Primers | (2023) 3:48



Primer

Electronic technology
|

Photonic technology
|

Radiofrequencies

Microwaves

Terahertz | Infrared Visible UV X-rays Gamma rays

Frequency (Hz) I I I I I I I I I I I
10 10° 100 10° 100 107 100 100 10° 10% 102

Energy (eV) T T T T \ \ \ \ \ \ I

107 10 10° 10° 104 107 100 102 10¢ 10° 100
Wavelength (nm) \ \ \ \ \ \ \ \ \ \ \
10% 107 100 10° 10° 10¢ 107 100 107 10+ 10°

Wavenumber (cm-) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

107 10° 10 107 10° 102 10¢ 10° 10° 100 107

Fig.1| The electromagnetic spectrum highlighting the terahertzband. Names of the bands of each part of the spectrum (top), and various scales with different
physical quantities that characterize the frequency of the radiation (bottom) as a reference.

E(t)is directly measured, this technique allows direct determination
ofboththerefractiveindex and the absorption coefficient of materials.

The typical terahertz TDS system has four basic building blocks,
asshown in Fig. 2: an ultrafast laser producing a train of femtosecond
pulses, a terahertz emitter, a terahertz detector and a delay line. The
ultrafast source was traditionally a Ti:sapphire mode-locked laser cen-
tred near 800 nm, whichis still the case for many home-built systems.
However, Ti:sapphire lasers have been gradually replaced, particularly
in commercial TDS systems, by more robust and economical rare-
earth-doped fibrelasers with wavelengths centred between1,000 nm
and 1,600 nm. These ultrafast lasers provide pulses of near-infrared
light with durations typically of 100 fs or less. In the TDS system,
abeam splitter is used to separate this train of pulses into two beams.
Oneis directed to a delay line, typically a pair of mirrors mounted on
amotorized platform, to vary the path length and control the time
takentoreachthe emitter. The emitter converts the optical pulse into
anelectromagnetic transient, usually one or afew cycles of the electric
field. Meanwhile, the second laser pulseis directed to the detector. The
detector produces asignal proportional to the instantaneous electric
field of the terahertz pulse, which occurs the instant it is gated by the
second laser pulse. By moving the delay line and changing the arrival
time of the terahertz transient relative to the second (gate) pulse, the
electric field of the terahertz waveform can be mapped one pointata
time. This point by point assembly of the full time-domain waveform
is known as a sampling measurement. The two most common detec-
tion schemes are photoconductive sampling and electro-optic sam-
pling. Inboth cases, signals are typically small and a lock-in amplifier
is often used to isolate these signals from background noise. Several
commercial systems are available based on fibre lasers, where both
the emitter and the detector are fibre-coupled and the delay line is
completely enclosed. Fibre coupling enables easy transportation and
reconfiguration of the systemand offers significantimprovementsin
robustness and ease of use. An outline of the typical data acquisition
processis givenin Supplementary Box 1.

Mechanical delay lines, as shownin Fig. 2, are common. However,
the high-mass components of the delay lines are inertial and cannot
be moved arbitrarily fast. As a result, they only allow relatively slow
sampling of the terahertz waveform. Typical commercial systems
can scan a delay window of 100 ps at a rate of 50 Hz. In some cases,

faster data acquisition is desired. Faster measurement methods that
do not require heavy mechanical components have been developed.
Asynchronous optical sampling'>" and electrically controlled optical
sampling'" use two lasers with slightly different pulse repetition rates.
Arelated technique is optical scanning by cavity tuning'®, which uses
onlyonelaser.

The schematic drawing in Fig. 2 shows terahertz transmitters
and receivers, between which a sample is placed. This path usually
contains optical components suitable for terahertz frequencies (not
shown in Fig. 2). For example, off-axis parabolic mirrors or lenses —
typically made of a plastic such as polyethylene, TPX or Teflon — are
often used. The frequency spectrum of broadband terahertz pulses
covers at least one order of magnitude, often close to two. Owing to
the diffraction limit, the high-frequency components within these
pulses can be focused tighter than the low-frequency components,
an effect that must be considered in terahertz imaging systems. The
dimensions of the optical components are often only one or two orders
of magnitude above the wavelength of the radiation, particularly for
lower frequency components in the terahertz pulse. As a result, dif-
fraction becomes important, and therefore these systems operate in
aquasi-optics regime rather than the regime of conventional optics”.
Ray-tracing programs, often used to design optical systems, do not
always provide accurate results in these cases.

Aterahertz TDS system can also be configured to record the meas-
ured signal in reflection. The emitter and the detector are placed at
equal angles withrespect to the normal to the sample surface. Param-
eters involved in transmission also play a role in reflection, butin a
different manner, meaning signal analysis is performed differently.
Areflection geometry is preferred for materials that are too reflective
orlossy to permit transmission, such as highly conductive materials or
polar liquids. For a sample with multiple layers, short pulses can be
exploited to obtain information on the layer thickness by measuring
therelative delay of the reflections from eachinterface’. Tomographic
images can be obtained if the interfaces between layers are approxi-
mately parallel and the layers are sufficiently transparent and also
thickenough so that sequential reflections do not overlap temporally.

Anotherimportant variation of the TDS technique is optical-pump
terahertz-probe spectroscopy”. This approach uses an additional
beam splitter to separate a fraction of the near-infrared laser pulse
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Fig. 2| Simplified terahertz time-domain spectrometer. a, Three-dimensional
representation of a terahertz time-domain spectrometer. b, Two main types of
emitters. A photoconductive antenna — a piece of insulating semiconductor
under bias through two contacts (gold) — emits radiation through the sudden
separation of electrons and holes after ultrafast photoexcitation. Optical
rectification occurs when an ultrafast pulse propagates through a material with
non-zero second-order optical response (NL X-tal). ¢, Two waveforms: areference
inthe absence of asample; and one propagated through asample, represented by
ayellow slab. The amplitude of the sample waveform decreases with respect to the
reference due to absorption, scattering and reflections at the sample interfaces.
The waveformis delayed and changes shape due to the greater, frequency-
dependent refractive index of the sample compared with the reference. d, The two
most common detection methods. Using a photoconductive antenna, where an

ultrafast laser pulse increases the conductivity — at the same time, a terahertz
pulsearrives, producing a current between the electrodes proportional to the
instantaneous electric field. When the two pulses are delayed with respect to
the other, the current follows the time-dependent shape of the terahertz pulse.
Electro-optic sampling, where an electro-optic material (EO X-tal) changes its
birefringence proportionally to the instantaneous electric field of the terahertz
transient. This birefringence modifies the polarization of the ultrafast pulse.

A quarter-waveplate (1/4) is used to convert the linearly polarized light into
circularly polarized light, before a Wollaston prism separates the beaminto a
horizontally and vertically polarized beam. The instantaneous electric field of
the terahertz transient causes a disbalance of the intensities between the two
beams, which are detected by a pair of photodiodes. By delaying the two pulses
itis possible to map out the waveform of the terahertz transient.

intoathird beam. The extrabeam, called the pump, excites the sample
beforetheterahertz-probe pulse arrives, enabling the terahertz dielec-
tric properties of a photo-excited sample to be measured. By varying
thetime delay between the optical-pump pulse and the terahertz-probe
pulse, thetemporal variation of these properties following optical exci-
tation can be mapped out. With this technique it is possible to monitor
the evolution of, for example, photo-induced conductivity inasample,
with picosecond resolution. This powerful tool has been used toreveal
the ultrafast optoelectronic properties of many different materials® >,

The sample excitation wavelength can be chosen by using an optical
parametric amplifier, a second harmonic-generation crystal or other
non-linear optical processes when needed. A detailed description of
the optical-pump terahertz-probe technique can be found elsewhere?.

Terahertz generation

Photoconductive emitters. A photoconductive emitter, also known
asan Auston switch, consists of a pair of metallic electrodes, which form
an antenna with a gap, on a highly resistive semiconductor substrate.
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Common substrate materials used for excitation at 800 nm include
semi-insulating GaAs, low temperature-grown GaAs, ion-implanted
GaAs or InP%. For excitation by fibre lasers, multilayer InGaAs hetero-
structures® and doped InGaAs layers are often used**®. A large DC
electricfield, typically >1 kV cm™, isapplied across the gap between the
two metal electrodes. The high resistivity of the substrate means that
only asmalldark currentisinduced. If an ultrashort (<1 ps) laser pulse
isused to generate free charges (photo-carriers) by optical absorption
inthe gap between the electrodes, these charges will accelerate in the
applied DCfield. This rapidly varying current J leads to the formation
of atime-dependent dipole, which gives rise to aburst of electromag-
netic radiation®, Ey,,,, in accordance with Maxwell’s equations that
state accelerating charges produce radiation according to:

Yy_o
Enyy< 5, = at(neu) M

where nis the charge carrier density, eis the electron charge and v is
the charge velocity. As n(¢) and v(t) both vary on the timescale of the
laser pulse, this derivative produces a pulse of radiation with aduration
<1psand containingabroad distribution of frequencies around1 THz.
Most of the energy in this burst of radiation propagatesinto the semi-
conductor substrate®® and can be efficiently coupled out of the back
side of the semiconductor wafer into free space using a substrate lens®.

Opticalrectification. Optical rectification can occur in materials with
non-zero bulksecond-order dielectric susceptibility***. When amono-
chromatic wave of frequency w, amplitude E, and electric field
E = E cos(wt) travels through the material, a second-order dielectric
polarization is generated, P® = y®F2cos*(wt), where x@ is the
second-order suscepztibility of the material. This can be rewritten as
PP=x@E3/2-xPE cos(2wt)/2. The first term, a zero-frequency
polarization P =y ?EZ/2,is of interest here. If an ultrashort laser pulse
with a Gaussian temporal profile is used instead of a monochromatic
wave, this zero-frequency polarization term can be rewritten as
P, =x @ E2e™ /772, where tis proportional to the duration of the pulse.
This polarization, which changesintime, produces an electromagnetic
pulse Eyy,, < d>P/dt? co-propagating with the Gaussian optical pulse.
Unlike the photoconductive method, this is not purely a surface
effect; efficient production of radiation using optical rectification
requires an extended propagation range inside the non-linear medium.
Thisimplies that phase matchingis needed to ensure the velocities of
the incident optical radiation and the produced terahertz radiation
are sufficiently similar. If not, the two radiation fields will become
increasingly out of phase as they propagate. A thinner crystal offers
improved phase matching and broader terahertzbandwidth, but lower
emitted terahertz power. Phase matching considerations add complex-
ity to the analysis but offer the advantage that this method can be used
to produce terahertz pulses with much larger bandwidth than those

produced by photoconductive antennas®-*,

Terahertz detection

Photoconductive receivers. A photoconductive receiver is similar
toaphotoconductive emitter. It consists of a pair of metallic contacts
with a gap between them, deposited on a semiconducting material.
This is typically low temperature-grown GaAs — appropriate for gat-
ing at 800 nm — or a heterostructure of InGaAs layers, for gating with
wavelengths above 1,000 nm. To use photoconductive detectors for
time-domain electric field measurements, the carrier lifetime in the

photoconductive material should be as short as possible. Ashort carrier
lifetimeis not arequirement for photoconductive emitters because the
currenttransientis dominated by injectionand acceleration of mobile
carriers, rather than removal. An ultrashort laser pulse synchronized
with terahertz transients is focused on the gap between the two con-
tacts. Thelaser pulseis absorbed, rapidly changing the conductivity of
the semiconductor due to photocarrier generationin the gap region.
These charge carriers can be accelerated by the electric field of the
incoming terahertz pulse to produce a measurable current between
the two contacts:

HeRTA

hcW Ji:O ETHz(t)(D(t_ T)dt (2)

()=

where tistherelative delay between the terahertzand the optical pulse;
pis the mobility in the semiconductor; e is the electron charge; P is
the optical power incident on the receiver; T, is the Fresnel transmis-
sion coefficient; A is the central wavelength of the laser; his Planck’s
constant; ¢ is the speed of light; W is the laser beam width; and
®(t) <H(t)e™'* where Hisastep function and 7, is the carrier life-
time®. When the carrier lifetime in the material is short, the current
only lasts forabrieftime, typically afew hundred femtoseconds. In this
case, @ (t) canbe approximated by a Dirac delta function. The current
isthen proportional to theinstantaneous value of the terahertz electric
field when the ultrafast pulse was absorbed®. By varying the delay
betweenthelaser pulse and the terahertz pulse, the terahertz electric
field can be determined step by step in asampling measurement.

Electro-optic sampling. Electro-optic sampling relies on the Pockels
effect,anon-linear process where alinear, near-instantaneous change
inthe refractive index of a crystalline material is induced by the tera-
hertzelectricfield. Asaresult, a birefringenceisinducedinthe crystal.
Propagating an ultrashort optical pulse collinearly with the terahertz
pulse enables the birefringence to be characterized, by measuring the
polarization state of the optical pulse. Typically,a Wollaston prism and
a pair of balanced photodiodes are used to measure the polarization
change. AA/4 waveplate converts thelinearly polarized incident wave
into circular polarization, balancing the photodiodes in the absence
ofanapplied terahertzelectric field for sensitive differential measure-
ment. As the laser pulse is much shorter than the terahertz pulse, the
laser pulse’s polarization change acts asadirect probe of one temporal
pointintheterahertzelectric field waveform. Varying the delay of the
laser pulse with respect to the terahertz pulse, the temporal profile of
theterahertzelectricfield canbe reconstructed step by step. The most
widely used crystal for terahertz electro-optic sampling is ZnTe, as it
offers excellent phase matching between an 800 nm optical pulse and
abroadband terahertz pulse. Other materials, such as GaP and GaSe,
have also been used. A disadvantage of this approach is that it is not
easilyimplemented in a fibre-coupled package, which does not allow
theterahertzand optical pulsesto co-propagate throughthe non-linear
crystal. The presence of lattice vibrations, phonons, in electro-optic
crystals can lead to limitations on the usable bandwidth, both in the
emission and the detection processes.

Sample preparation

In the basic system set-up depicted in Fig. 2, the sample is meas-
ured in a transmission geometry. The measured signal is determined
by absorption as the pulse propagates, losses by Fresnel reflection as
the pulse enters and leaves the sample, scattering produced by sample
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inhomogeneities, retardation caused by the material’s refractive index
and multiple internal reflections within the sample. Transmission meas-
urements are ideal to study samples with low or moderate losses from
absorption or scattering because highly reflective or lossy samples
allow no measurable signal to be detected. Examples include glasses,
lightly doped semiconductors, polymers, gases, non-polar liquids or
thin hydrated samples. As arule of thumb, the sample should ideally
have flat and parallel faces to avoid deviation of the terahertz beam
path. It should be thick compared with the terahertz pulse duration
multiplied by the speed of light, but not so thick as to produce opti-
cal aberrations that alter the alignment®. In other words, the sample
should be thincompared with the confocal parameter of the terahertz
beam. These issues do not arise if the terahertz beam is collimated.

The cross-sectional area of the sample surface should be large
compared with the terahertz beam cross-section, which is typically
ontheorder of 1 mm for afocused beam. Rigid materials can often be
cut to comply with these geometrical characteristics. However, when
the samples are gases or liquids, they must be contained in a cuvette
or gas cell with parallel windows of well-characterized, terahertz-
transparent materials that also comply with the geometrical con-
straints. Typical window materials are low-loss polymers, z-cut quartz
or high-resistivity silicon.

Depending onthe experimental aims, it is often desirable to main-
tain the terahertz radiation path in an environment without water
vapour. Typically, all components between the emitter and the detector
areenclosedinachamber that can be purged withdry air or nitrogen, or
where avacuum pump canremove the air completely. This eliminates
absorption caused by rotational modes of water molecules in the gas
phase, which otherwise superimpose onthe measured spectrabutare
not associated with the sample. However, purging is not always possi-
ble. Biological or valuable samples, such as artwork, cannot always be
subjected to purged conditions. In such cases, the contribution of
water vapour can be numerically removed from the signals. Sometimes,
spectrally narrow absorption features will not affect the desired infor-
mationinthesignal.Inaddition, some spectrometers canincorporate
a cryostat or oven to control the temperature of the material under
study, or a flow cell for liquid samples. In the transmission geometry,
the sampleis usually mounted at normalincidence with respect to the
propagation direction of the terahertz radiation. This prevents signal
losses caused by lateral shift of the terahertzbeam, which occurs due
to refraction in the sample. Sample holders should have clear aper-
tures that are larger than the terahertz beam spot, usually of at least
several millimetres. This avoids artefacts in the waveforms caused by
diffraction or shadowing of the signal due to the mount. If the sample
is too small, and a small aperture is needed, this must be considered
by acquiring a reference waveform with the aperture mounted in the
exact same position, but in the absence of sample. The aperture can
sometimes behave as awaveguide, and therefore the attenuation of the
terahertzsignal may contain contributions fromthe sample absorption
and the impedance mismatch between free space and the aperture.
Both contributions can change in the reference measurement.

Safety and ethical considerations

Thenumber of biological and medical applications for terahertzscience
isincreasing. Ethical considerations for any study involving animal or
humansubjects are set by the standard practices in those fields, relating
to handling of animals, informed consent and approval of studies by
relevant committees. In this context, it is worth noting that terahertz
radiation is non-ionizing. Also, typical average powers available in

terahertz TDS spectrometers are in the microwatt range, whichis lower
than the thermal terahertz radiation emitted by aroom-temperature
blackbody source. The dominantinteraction betweenterahertz radia-
tionand biological tissue isabsorption of the radiation by liquid water.
This can lead to heating if the power is sufficiently high. However, at
microwatt power levels, heating effects are completely negligible in
macroscopic samples. As a result, there is no reason to believe that
exposure toradiation produced by aterahertz TDS spectrometer could
cause any biological effect®*®. The number of studies on humans is
still relatively limited, but no evidence of any effect from terahertz
radiation within the TDS scheme has been reported. However, some
time-domain spectrometers are based on amplified laser systems at
kilohertz pulse repetition rates, which are designed to produce much
higher peak electric fields, although with lower average power™.
These large-peak fields are high enough to induce non-linear effects
in materials, and could therefore cause damage in biological systems
via non-thermal mechanisms*,

Results
Atypical time-domain waveform recorded with a transmission tera-
hertz TDS set-up is shown in Fig. 3a. The recorded signal prior to the
main terahertz pulse is expected to be zero because at these delay
values the generated terahertzradiation has not yet reached the detec-
tor. The recorded signal reflects the noise level of the measurement
system, including DC offset that may arise from bias offsetsin electrical
amplifiers. As a result, acommon first step in signal processing is to
offset-correct the original measured signal by subtracting the average
value of the signal at early time delays. In Fig. 3a, this procedure has
beenimplemented by averaging the first 5 ps of the waveform, which
isearlier than the mainterahertz pulse located at approximately 10 ps.
In contrast to the signal preceding the terahertz pulse, the part of the
waveform following the terahertz pulse does not need to be zero. This
signal corresponds to the emitted terahertzradiationandits interaction
with objects in the beam path between the emitter and the detector,
for example terahertz lenses, a sample or the surrounding air. These
interactions can distort the initially few-cycle transient, resulting in
extended signals that can last for many picoseconds after the main
pulse. This part of the waveform carries valuable information about
these interactions. As an illustration, the waveform shown in Fig. 3a
was recorded inambient conditions of humidity and temperature. The
signal oscillations after the terahertz pulse reflect the interaction of
the terahertz radiation with water vapour in the beam path.
CorrectingaDC offsetis only the first stepin processing raw data.
For example, it is often desirable to window the measured signals. In
effect, windowing of the terahertz waveform is unavoidable, as every
recorded waveform samples afinite time window. This corresponds to
aninfinite-duration signal multiplied by arectangular window function
of duration equal to the measurement window. A rectangular window
canintroduce undesirable artefacts in the Fourier domain, particularly
if the signal is not zero at the window edges. It is thus often useful to
introduce a window function to ensure that the signal goes smoothly
to zero at both ends. A Hann window is plotted in Fig. 3a, scaled with
the maximum value of the offset-corrected waveform. The signal is
windowed by multiplication with the non-scaled window function to
guarantee a smooth and continuous reduction of the signal values
to zero at the edge of the window. Windowing can also reduce spec-
tral leakage, and the selection of the window function can influence
the dynamic range of the measurement, as well as properties of the
observed absorption features in the frequency domain®.
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Fig. 3| Terahertz time-domain signal processing I: basic processing steps.
a, Terahertz waveform recorded with a terahertz time-domain spectroscopy
(TDS) system based on photoconductive antennas and afemtosecond laser.

b, Normalized amplitude obtained by performing fast Fourier transform

of the offset-corrected, windowed and zero-padded waveform. Dotted line
indicates the noise floor estimated as the root mean square value of the signal
at frequencies above 6 THz. Background measurement corresponds to the
measurement performed while blocking the terahertz beam with a metal object.
Inset: signal-to-noise ratio (SNR) calculated from ten repeated measurements.
Measurements were performed at ambient humidity and temperature without
asamplein the terahertz beam path. ¢,d, Effect of windowing and zero padding
on the frequency-domain data. Dark blue curves correspond to the spectrum
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shownin panel b; the offset-corrected, windowed and zero-padded signal. Dashed
linesindicate the noise floor. Insets: narrow part of the spectrum centred around
1.7 THz, where aspectral feature can be observed. This feature is due to interaction
ofthe terahertz radiation with water vapour in the ambient air. ¢, Effect of the
Hann window on the obtained spectrum. Applying the Hann window to the
offset-corrected signal before zero padding (dark blue curve) resultsinalower
noise floor compared with only zero padding of the offset-corrected signal

(red curve). Inset: effect of windowing on the shape of the spectral feature — the
apparent frequency resolution of the two signals does not differ. d, Effect of zero
padding the signal after applying the Hann window on the obtained spectrum.
Zero padding does not substantially alter the overall spectrum; however, it results
inanapparently greater frequency resolution (inset).

After offset correctionand windowing, adiscrete Fourier transfor-
mation algorithm transforms the signalinto the frequency domain.Ina
Fourier-transformed signal, the spacing between adjacent points
inthefrequency domainis given by the inverse of the total duration of
the temporalsignal. This sets the spectral resolution of ameasurement
made with atime-domain spectrometer. Forinstance, the waveformin
Fig.3 extends over atemporal window of about 33 ps, giving a spectral
resolutionof 30 GHz. An additional step, known as zero padding, is often
used at thisstage. Zero paddingis an extension of the measured signal by
adding zeros before and/or after the recorded signal to increase the total
length of the signalin the time domain. This can be useful when signals
of different lengths are analysed and compared. Converting a zero-
paddedsignalintothe frequency domainviaaFourier transformation

resultsin an apparently higher frequency resolution because the tem-
poral window is longer. However, this does not improve the actual
spectral resolution of the measurement. The apparent improvement
can be understood as an interpolation of the data in the frequency
domain*%. An example of how windowing and zero padding can affect
the frequency-domainsignalis depicted in Fig. 3c,d. Without applying
anappropriate window function, zero padding can lead to discontinuity
inthe signal and artefactsin the frequency-domain data.

The transformed, offset-corrected, windowed and zero-padded
time-domain signal is plotted in Fig. 3b on a semi-log scale in terms
of the normalized electric field amplitude with respect to the fre-
quency. Inthisexample, the greatest signal amplitude canbe observed
between 0.3 and 0.6 THz. This is followed at higher frequencies by a
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veryrapid decrease of the signal amplitude. At a certain point, thisrapid
decrease exhibits a sudden change in slope, where the signal flattens
and becomes nearly constant. Thisis the frequency at which the signal
has reached the noise floor of the measurement. In the example in
Fig.3b, at frequencies exceeding 5 THz, only noise is detected. This can
be verified by blocking the terahertzbeam path with an opaque object
and recording a background signal (Fig. 3b, blue curve). The usable
range is the frequency range where the signal exceeds the noise floor,
typically from few hundred gigahertz up to several terahertz. A com-
monly reported property of a terahertz TDS system is its dynamic
range, defined as the ratio between the signal and noise level, which
describes the maximum detectable signal change*. Often, only the
peak dynamic range is reported, although this quantity is frequency-
dependent. In the signal shown in Fig. 3b, the peak dynamic range
exceeds four orders of magnitude in terms of electric field ampli-
tude. This corresponds to eight orders of magnitude, or 80 dB, in
theintensity. As the noise flooris roughly frequency-independent, the
dynamicrange canbe estimated from a single measurement. Another
important property is the signal-to-noise ratio (SNR), whichis related
tothesmallest detectable change in the measured signal. Theinsetin
Fig. 3b shows the SNR of the system, which was calculated from a set
of repeated measurements as the average amplitude divided by the
standard deviation of the amplitude. The SNRis frequency-dependent,
with ashape resembling the signal amplitude.

Anotherimportant example of time-domain windowing can arise
inthesituation where the terahertzbeam encounters a flat solid slab of
material. This could be a planar sample under study, or the windows
ofacell containing a fluid sample. Insuchsituations, the time-domain
waveform may appear to contain one or more copies of the initial
single-cycle transient. These can arise from multiple reflections
betweenthetwo flat parallel surfaces. Anexampleisillustrated in Fig. 4.
The sample waveform in Fig. 4a (yellow curve) exhibits two smaller
replicas of theinitial transient, at delays of roughly 34.5 psand 46.4 ps,

peakandthefirstreplica,indicated by Atin Fig.4a, is the two-way travel
time for radiation between the two reflecting surfaces. A Fourier trans-
form of the waveform exhibits a modulation superimposed on the
initial broadband pulse spectrum, with periodicity Av=1/At (see
Fig.4b). These features canappear to indicate the presence of absorp-
tion resonances in the material but instead are a manifestation of
the Fabry-Perot effect. In many cases, it is desirable to eliminate them
fromsubsequent spectral analysis. One appropriate method foraccom-
plishing this is to use a windowing procedure. By defining a window
function that zeros out the replicas in the time-domain waveform, the
periodic modulation of the resulting Fourier spectrum s largely sup-
pressed (Fig.4b, blue curve). These time-domain features may also be
exploited, rather than eliminated, as discussed elsewhere** ¢,

A typical experiment consists of at least two time-domain wave-
form measurements: one with the sample presentin the beam path and
asecond, called the reference, with the sample removed. Comparing
these two measured signals enables spectroscopic information to
be extracted. Typically, this comparison isimplemented in the fre-
quency domain to extractasample’s frequency-dependent dielectric
parameters over the spectral range covered by the terahertz pulse.
The propagation of an electromagnetic wave from the transmitter
tothereceiverisdescribed by afrequency-dependent transfer function:

Ep(w) = Er(w)H(w) 3

where Er(w) is the electric field produced by the transmitter, Ep(w) is
the electric field arriving at the detector and H(w) is a linear transfer
function that incorporates all intervening propagation effects. This
expression can be rewritten for the two situations, sample and
reference:

Epef(w) = Er(w)Ho(w)

following the main transient at 22.6 ps. The delay between the main Esamp(@) = Er(w)Hs(w) 4)
a b
80 7
800
60 —
£ 2 600
c o
=} =)
g 40— g
s s
() ()
S g 400+
TEl 20 —g Ay
< £ -
/ N\ At 200
o
T T T T 0 T T T S—
0] 10 20 30 40 50 05 10 15 20
Time (ps) Frequency (THz)
‘ ——— Reference Sample —— Hann window

Fig. 4 | Terahertz time-domain signal processing II: eliminating multiple
reflections. a,b, Terahertz processing in the time domain (panel a)

and the resulting changes in the frequency domain (panel b). Blue line in
panel b corresponds to the windowed time-domain data that exclude the

Fabry-Perot contribution by eliminating the two replica pulses. At, temporal
separation between the initial transmitted pulse and the first replica pulse;
Av, frequency separation between the oscillations caused by the presence

of replica pulses.
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where Hy(w) and Hy(w) describe the transfer functions connecting the
transmitter to the detector when asampleis presentin the beam path
and whenitis not, respectively. By taking the ratio of these two meas-
ured electricfields, ESamp(w)/ERef(w),the transmitted field Fr(w)(which
cannot be measured) is eliminated from the analysis. An analytical
expressionis needed for the two transfer functions, which depends on
the sample material properties, such as the complex dielectric
function e(w).

Asanillustration, asample consisting of asolid homogeneous slab
of material with thickness L and smooth parallel surfaces oriented
perpendicular to the propagation direction is considered. In the
analytic expressions for Hy(w) and Hg(w), the effects of propagation
outsidelength L canbeignored asthey are identical for both measure-
ments and cancel outin theratio procedure. Thus, the reference meas-
urement transfer function Hy(w) is the electromagnetic propagator
foralength L of empty space:

HO((A)) — e*iwL/c (5)

For the sample measurement, ignoring multiple reflectionsin the
slab — such as those in the sample waveform in Fig. 4a — the transfer
function Hg(w)is:

Hy(w) = Tyy(w)e ¥ @t/2gmn@sL/e, (4) (6)

where T;,(w) and T,,(w) are the Fresnel transmission coefficients for
the front and back surfaces, assumed to be real numbers — a good
approximation for aweakly absorbing medium; a(w)is the absorption
coefficient of the material; and n(w)is its refractive index. The ratio of
the two experimentally measured quantities:

A[ESamp(w)J = eiln)-To/c

ERef((l))
Esam )
ERTI(,S;) = Tp(w) Ty(w)e a(w)L/2 (7)

can be used to obtain the material properties. This description of
the simplest possible spectroscopic measurement can be adjusted
for various different measurement configurations or situations,
including sample measurements in areflection configuration, rather
than transmission®. In reflection measurements, a key experimental
challengeisto acquire areference measurement where the sample is
replaced by a flat metal reflector located at the same position. Typi-
cally, the change in phase due to reflection is small compared with, for
example, the phase acquired by transmitting through aslab —evena
small phase shift from a positioning error of the reference reflector
canlead tonotableerrorsinthe extracted material parameters*®. An
alternative approachis to use arelatively thick transparent window
as a superstrate and simultaneously measure reflection from the
air-window interface and the time-delayed window-sample interface
inthe same waveform. If the dielectric properties of the window mate-
rial are well known, the first reflected terahertz pulse can be used as
areference for determining the material properties that give rise to
the second pulse***°. This method is particularly useful in measure-
ments of liquids™, where the second window-sample interface can be
confirmed as spatially homogeneous. Reflection measurements are
particularly advantageous if high absorption in the sample rapidly

Glossary

Birefringence
Electromagnetic radiation propagates
in materials at a speed that is usually

lower than the speed of light in vacuum,

measured by the refractive index of
the material. Some materials show
not only one but two different speeds
that depend on the polarization

of the light. These materials are said
to be birefringent. Birefringence is
the difference of the two refractive
indices.

Electromagnetic transients
Short pulses of electromagnetic
radiation that contain only one or just
very few cycles of oscillation.

Fabry-Perot effect

The interference effect of multiple
reflections of a wave that appears
ina layer of material.

Fourier transform

A mathematical operation that acts

on afunction f of a variable, such as time,
and that finds its components F as a
function of another variable, in this case
the frequency. It is an operation that
calculates how much of each frequency
(the amplitude of the spectrum) is
present in the original function f, and
the relative delay of each frequency
(the phase spectrum).

Windowing

An operation applied on a function f of
a variable x that multiplies it by another
function W also of the variable x. Usually
the window function is 1at certain

value of x, typically corresponding to
the maximum of f. The window either
tends to zero at the ends of the domain
or goes to zero within a smaller interval
and remains at zero from those points

onwards.

attenuates any transmitted radiation to below the noise floor of the
measurement®. In addition to transmission and reflection, other
configurations have been implemented, including attenuated total
internal reflection®**, ellipsometry*, microfluidic platforms*® and
waveguide-based approaches®’.

Applications

Adetailed review of all applicationsis beyond the scope of this Primer;
however, this section gives an overview of some areas where tera-
hertz TDS has become a valuable tool. The first area is spectroscopy
of materials. Terahertz TDS provides access to a range of the spec-
trum that is otherwise challenging to measure using other spectro-
scopictechniques. Therotational modes of polar moleculesinthe gas
phase, which occurintheterahertzrange, have been studied for many
years®®*’ due, in part, to their relevance in astrophysics. Terahertz
TDS has been used to demonstrate that many fundamental aspects
of condensed-phase materials can be understood by measuring their
dielectric properties in the terahertz range. For instance, although
localized bond vibrations typically oscillate at much higher frequen-
cies, the modes associated with collective molecular vibrations often
fallinthe terahertzrange. These modes are associated with long-range
crystalline orderinmolecular solids and typically possess bothinter-
molecular and intramolecular character®. These modes are often
uniquely associated with a specific crystal structure and molecular
conformation. As aresult, they canberegarded as afingerprint spec-
trum for a given solid, analogous to fingerprint spectra of individual
bonds in the infrared regime used to identify materials. Such modes
have been studied extensively for many molecular crystals®** and
can be assigned using advanced density functional theory simula-
tions to accurately account for weaker dispersion forces that define
the potential energy surfaces®>*®. These measurements give valuable
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insightsinto the connection between terahertz vibrational modes and
macroscopic properties, such as thermodynamic quantities®. For
example, terahertz vibrational modes of molecular solids can play a
pivotal role in phase transitions®®; macroscopic properties, such as
thermoelasticity®; or conductivity in disordered materials™.

Free charge carriersinsolids give rise to conductivity and enable
electronic device operation. To discuss the spectroscopic properties
of mobile charges, a classical model such as Drude theory is used asa
starting point. Drude theory describes aresonant responsein the limit
where the resonance frequency is zero. This description often works
well to describe mobile charges in the terahertz range and is widely
used to understand charge transport in semiconductors”’% Such a
simple descriptionisinadequate for describing more subtle effects, for
example correlations between electrons and holes, which cause exci-
tonic effects that can be particularly pronounced in nanostructured
materials, such as quantum wells”>”* or quantum dots”.

The strong absorption of liquid water in the terahertz range means
that terahertz spectroscopy offers unique possibilities for probing
aqueous systems. Despite decades of study, questions remain about
the dynamics of water molecules in the liquid phase. Understanding
liquid wateris relevant to many biological processes, as the dynamics of
solvated molecules canbe strongly influenced by coupling to the dense
spectrum of vibrational modes of the solvent”™. Terahertz spectroscopy
provides important contributions’”’®, as the most relevant modes
oftenfallinthe terahertzregime. New techniques, such as polarization
varying anisotropy terahertz microscopy, offer exciting insights into
proteinintramolecular vibrations”.

Akey application of terahertz technology is inimaging. For tera-
hertz TDS, it is possible to obtain a full time-domain waveform and a
complete broadband terahertz spectrum at each pixel of an image.
Thisisaccomplished by raster scanning the sample through the focus of
theterahertzbeam. Although this processis too slow for many applica-
tions, it has the advantage of providing a full multispectral data set for
sample characterization. When forming an image, any spectroscopic
features can be exploited asa contrast mechanismto investigate sam-
ple properties. For instance, ameasurement of polarization-resolved
Drude conductivity can highlight inhomogeneities in the doping of
semiconductor wafers®. Vibrational features can be used for material
identificationinimages and for chemical mapping®'. In heterogeneous
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Fig. 5| Terahertz birefringence of aliquid crystal. a,b, Refractive index with
birefringence (panela) and absorption coefficient (panel b) of PCH5 for ordinary
and extraordinary polarization at T=30 °C. n., n,represent the refractive indices

(uy) @ousbuliyaig

biological systems, terahertz measurements can probe hydration in
corneal tissue®” or assess the progress of diabetic foot disease®.

Terahertz spectroscopy can be used in a diverse range of experi-
ments. For example, it can be used to study liquid crystals, which must
be contained in a cuvette for the measurement. Multiple reflections
may occur, within the cuvette windows and between the front and
rear windows. All reflections can lead to time-delayed signals in the
terahertz waveform, confounding extraction of material parameters.
Fortunately, obtaining accurateinformation about the terahertz dielec-
tric properties of the cuvette materials makesit possible to deconvolve
these effects®* and derive accurate anisotropic material properties.
Figure 5illustrates an example for the liquid crystal PCHS, showing
the significant birefringence and diattenuation across the terahertz
spectral range®.

Another example is a structure with many alternating layers of
two transparent materials, each with a thickness on the order of the
terahertzwavelength. Insuch asystem, multiplereflectionsareinduced
intentionally to form, for example, aband of frequencies in which the
structure exhibits high reflectivity, such as a Bragg mirror. Figure 6
shows the measured and predicted reflection spectra of this type of
structure, where the alternating layers are composed of polypropyl-
ene and polyvinylidene fluoride, two polymers with high terahertz
transparency. These multilayer structures act as efficient dielectric
mirrors near 0.2 THz, for both incident polarizations and over awide
range of incident angles®®.

Medical applications of terahertz radiation have attracted inten-
sive investigation. As noted above, time-domain systems typically
operate in the sub-milliwatt range. The non-ionizing character of
this radiation makes it inherently safe for in vivo spectroscopy and
imaging. The strong attenuation of terahertz waves by water means
it cannot replace X-rays for imaging internal structures, but other
aspects have been explored. For example, terahertz radiation can
be used to distinguish healthy and cancerous tissues®, although the
mechanism behind this contrast is still debated. The presence of
water canalso be an advantage when water-content variationsactasa
marker foramedical condition. This occursindiabetic foot syndrome,
a consequence of diabetes mellitus. Many patients with diabetes
develop this condition, as elevated blood glucose levels deteriorate
the vasculature and nerves in the lower limbs. The combination of
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and a,and a, the absorption coefficients for ordinary and extraordinary
polarization. Birefringence Anshown as a dashed line. Reprinted fromref. 85,
Springer Nature Limited.
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Fig. 6 | Intensity reflection spectrum of aone-

dimensional photonic crystal composed of five layers.
a, p-Polarized incident waves. b, s-Polarized incident
waves. Solid blue and dashed red lines correspond to

the measurement and simulations results, respectively.

Adapted with permission from ref. 86, AIP.
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these two conditions causes dehydration of the skin, which makes
it more fragile and prone to produce wounds. Sensation becomes
compromised and there is a poor immunological response in the
area. Thiscanresultininfected ulcers, where the infection cannot be
controlled and requires partial or total amputation of the limb. As skin
hydration is affected by this condition, it is an area where terahertz
waves can be used. Inarecent proof-of-concept study, asmall popu-
lation of individuals with diabetes and individuals without diabetes
wereimaged with terahertz radiation to compare the foot skin water
content of the two groups®. In a second study, 98 individuals without
diabetes and 80 individuals with diabetes were imaged®. A statisti-
cally significant difference was found between feet hydration levels
of patients with diabetes with existing feet complications and those
without, as shownin Fig. 7a,b.

Reproducibility and data deposition

Itis not yet general practice to make raw or processed terahertz TDS
data publicly available. Therefore, there are no standards for dep-
osition or commonly used repositories. As a result, it is difficult to
assess the measurement reproducibility of terahertz TDS. In 2016,
astudy compared the refractive index and the absorption coefficient
determined by terahertz TDS for a set of standard materials®. The
measurements were performed by different laboratories worldwide,
using different terahertz TDS systems. The study revealed variation
between results, highlighting the need for a standardized measure-
ment technique®*®°. Frequency calibration and ensuring a linear detec-
tor response with respect to the terahertz electric field can be useful
steps to ensure correct performance of the system*>*°, Potential arte-
facts can be avoided and systematic errors can be reduced. Further-
more, correct modelling of how terahertz radiation interacts with the
sampleand correct data processing, for example phase retrieval®, are
essential to ensure correctresults. Performing proper uncertainty anal-
ysis, including random and systematic uncertainty contributions®*,
is useful when comparing results obtained in different laboratories

employing different systems. Assessment of measurement repeat-
ability can also be a valuable measure to compare results obtained
with a single system®**°. Measurement repetition is especially useful
when samples are investigated in reflection to determine the largest
detectable absorption coefficient®’. Simple measurement repeti-
tion can result in false identification of broad absorption features
in the extracted absorption coefficient if the dynamic range of the
spectrometer is unknowingly exceeded™.

Limitations and optimizations

Terahertz TDS is a useful method to investigate samples in the tera-
hertz range. Typical terahertz TDS systems cover a frequency range
from roughly 100 GHz to several terahertz, which corresponds to a
wavelength from 3 mm to about a hundred microns. Samples several
millimetres in size can be investigated in the far field by focusing the
terahertz beam onto the sample. When imaging a sample by raster
scanning, the lateral resolution is limited by the focus size, which
is dependent on the wavelength, and is in the order of hundreds of
microns’. This limits the generation of microscopicimages at terahertz
frequencies. One unique approachis toform an emissionimage, based
on the terahertz pulse emitted from an illuminated spot. The posi-
tion of the laser is scanned across the material surface, producing an
emission image. The image resolution is determined by the optical
spot size, typically a few micrometres, rather than by the terahertz
wavelength®®. Alternatively, studying samples or sample features much
smaller than the wavelength requires near-field techniques. A power-
ful approach is to combine a terahertz spectrometer with an atomic
force microscope, aninstrument that positions asharp conductive tip
close to the surface of asample. When the terahertz beam is focused
around thetip, the scattered radiation containsinformationabout the
dielectric properties of the sample region directly below the tip”*®. By
scanning the tip across the sample surface, terahertz images can be
formed with tip size-limited spatial resolution, comparable with the
resolution of conventional atomic force microscope images”. This can
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Fig.7| Terahertzimaging for the study of diabetic
foot syndrome. a,b, Hydration images of a patient
with diabetes with no complications (panela) and a
patient with diabetes with complications (panel b).
Anulcer, covered by a patch (red arrow), is noticeable
on the right metatarsal area of the patient with
diabetes with complications, which, in turn, presents
lower hydration along the foot sole compared with
the patient with diabetes with no complications.

¢, Terahertz time-domain imaging set-up for feet.
Adapted fromref. 83, Springer Nature Limited.

provide resolution below 100 nm, roughly 1,000 times smaller than
theterahertzwavelength. There are several other techniques, including
terahertz-assisted scanning tunnelling microscopy, which can provide
atomic-scale spatial resolution in combination with sub-picosecond
temporal resolution'®®.

For tomographicinvestigations, depth resolutionisanimportant
property, alongside lateral resolution. The simplest experimental
approachrelies ondirectly identifying reflected terahertz pulses from
interfaces that comprise the sample structure. The depthresolutionis
limited by the temporal width of the terahertz pulses. The resolution
can be improved by using systems that cover a broader part of the
terahertz spectrum, resulting in shorter pulses in the time domain.
The depthresolution canbe furtherimproved with advanced decon-
volutionalgorithms'. Appropriate modelling and fitting to measured
frequency and time-domain data enabled the thickness of paint layers
tobe determined during drying with an error of afew micrometres'.
As these measurements are conducted in the far field, the lateral
resolutionis wavelength limited. Imaging is performed by moving the
sample with respect to the focus of the terahertz beam. For flat sam-
ples, this is achieved by mounting either the sample or the terahertz
system — emitter, detector and terahertz optical components — on
X-Ytranslationstages. For objects with three-dimensional curvature,
there are additional strategies. One option is to incorporate a third
stage for acquisition of multiple X-Yimages at different sample angles
to reconstruct three-dimensional axial tomographic images'*.
Asecond optionisto use numerical reconstruction procedures, such
asthose usedinseismicimaging, to formimages from measurements
atmultiple receiver locations'®. A third option is to use arobotic arm
that can automatically adjust the transmitter angle in response to
the local angle of the sample’s top surface, based on optical image
processing®'®,

Whensamples areinvestigated inalaboratory environment, meas-
urements canbe performed under controlled conditions, forexample
under a nitrogen atmosphere, to avoid interaction of terahertz radia-
tion with water vapour, which affects the measured terahertz signal
(seeFig.3). Whenlarger objects are investigated, particularly if on-site
investigationis needed or potential onlineindustrial applications are
considered, controlling the climate conditions is often not feasible. In
such cases, numerical algorithms can be used to eliminate the effect
of water vapour on the measured signal'®“', Observing absorption
properties of gaseous water was one of the first terahertz spectroscopic
measurements witha terahertz TDS system'°®. Investigating gases with
terahertz TDS systems can be challenging due to the limited frequency
resolution. The frequency resolution is fundamentally limited by the
length of the recorded waveformin the time domain, whichis limited

by thelength of the delay line. Often, this spectral resolution is not high
enoughtoresolvetheline shape of absorptionlinesin gaseous samples.
Acquiring longer waveforms requires longer acquisition times. Alterna-
tive approaches can be used, such as asynchronous optical sampling'”’
toreplace the delay line and rapidly acquire long waveforms. However,
actual improvements to the frequency resolution can be less than
expected according to the Fourier theorem due to increased noise
being sampled when longer waveforms are recorded**'*s,

Outlook

Terahertz TDS s stillamethod mostly used by specialists. Operation of
theinstrumentand interpretation of measurement dataoftenrequire
trained personnel. Although these systems have been deployed in
industrial settings'*’, for more widespread adoption the operation
of terahertz systems must become easier, so they can be operated by
non-technically trained individuals. An example is the examination of
cultural artefacts. In this context, it is important to examine objects
for cavities and delamination before conservation'. These structures
can lead to additional features in the reflected terahertz waveforms.
For this type of application, a handheld device should be developed™.
Ahandheld spectrometer shouldinterpret the measured terahertz data
with suitable software, possibly incorporating artificial intelligence.
The operator would only be informed that the artefactis consolidated
or that there may be a cavity at a measurement point. This vision may
become areality soon.

It can also be expected that more terahertz TDS systems will be
manufactured in the future. This should have a favourable effect on
their price. The technology should also become more compact. It is
possible that fibre lasers may one day be replaced by semiconductor
lasers, and the laser source, terahertz emitter and terahertz detector
may be monolithically fabricated on a single chip. There are already
efforts for photomixing terahertz systems in this direction.

This Primer aimed to give a clear introduction to terahertz TDS,
an increasingly widespread measurement technique. The applica-
tion fields are now so diverse that they cannot all be discussed in one
article.Sinceit was first demonstrated in the late 1980s, measurement
technology has developed considerably. In particular, the use of fibre
lasers and fibre-coupled antenna modules has dramatically improved
the flexibility and versatility. Today, terahertz systems can be used
notonly in research laboratories but also in industrial environments.
However, they are not yet commonplace and remain unfamiliar to most.
Although stillnot yet well known, the terahertz range is poised to have
asignificantimpact on science and society.
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