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a b s t r a c t

Terahertz (THz) light has proven to be a fine tool to probe and control quasi-particles and
collective excitations in solids, to drive phase transitions and associated changes in ma-
terial properties, and to study rotations and vibrations in molecular systems. In contrast
to visible light, which usually carries excessive photon energy for collective excitations
in condensed matter systems, THz light allows for direct coupling to low-energy (meV
scale) excitations of interest. The development of light sources of strong-field few-cycle
THz pulses in the 2000s opened the door to controlled manipulation of reactions and
processes. Such THz pulses can drive new dynamic states of matter, in which materials
exhibit properties entirely different from that of the equilibrium. In this review, we first
systematically analyze known studies on matter manipulation with strong-field few-
cycle THz light and outline some anticipated new results. We focus on how properties
of materials can be manipulated by driving the dynamics of different excitations and
how molecules and particles can be controlled in useful ways by extreme THz light.
Around 200 studies are examined, most of which were done during the last five years.
Secondly, we discuss available and proposed sources of strong-field few-cycle THz pulses
and their state-of-the-art operation parameters. Finally, we review current approaches
to guiding, focusing, reshaping and diagnostics of THz pulses.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Terahertz (THz) radiation is all around us. For example, this page emits blackbody radiation mainly in the THz region
(defined here from 0.3 THz to 30 THz). However, this THz radiation or THz radiation from traditional microwave sources is
usually too weak to have any measurable impact on the properties of the materials that are studied with it. The situation
drastically changed at the beginning of the 2000s: the technique of optical rectification with phase matching in crystals
lacking inversion symmetry such as lithium niobate was developed [1,2]. This technological breakthrough enabled the
development of table-top sources of single-cycle THz pulses with field strengths exceeding 1 MV/cm. Such a field strength
is comparable with the intrinsic field strength in a wide range of strongly correlated materials and, therefore, it became
possible to engineer new dynamic states of materials by modifying their intrinsic fields, see Section 2. Prominent examples
include a THz field-induced ferroelectric phase in paraelectric materials, THz excitation of a transient Josephson plasma
wave in a superconducting cuprate at a temperature significantly above the critical temperature of the sample, nonlinear
harmonic generation in graphene to mention a few.
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Fig. 1. (a) Fundamental excitations in solids and molecular systems in the THz region. (b) Examples of applications of strong-field THz light. Specific
data points are taken from the following references: electronic motion (purple) [4–8], phonons (blue) [9,10], superconducting gap (SC, light green) [11],
molecular rotation (yellow) [12], intermolecular H-bond (orange) [13], frustrated vibrations (red) [14], collective spin excitations (light blue) [15].

The aim of this review is threefold: (i) to survey recent studies dealing with the transformation, control and engineering
of the properties of various materials with strong-field few-cycle THz light, Section 2; (ii) to introduce the operation
principles for sources of strong-field few-cycle THz light and to survey the state-of-the-art performance of such sources,
Section 3; (iii) to outline techniques for guiding, diagnosing and recomposing THz pulses, Section 4.

We have reviewed around 200 studies on the interaction of strong-field THz pulses with various materials. Most of the
reviewed studies have been performed during the last 5 years. Clearly the field is very dynamic and the previous excellent
review [3] does not reflect the diversity of new research directions. This has motivated the current review.

In general, THz radiation is an efficient tool to investigate a multitude of low-energy excitations existing in the
THz region. Important examples are resonances of phonons, plasmons, spins, intersubband transitions, excitons, macro-
molecular vibrations and molecular rotations. Here: (i) phonons and plasmons are collective lattice and electron vibrations,
respectively; (ii) subbands are electronic energy bands formed in quantum wells, in which the electrons are confined in
two directions; and (iii) excitons are bound electron–hole pairs. THz radiation is also a fine tool: the energy of THz photons
matches the fine energy structure of the mentioned resonances. This is highly advantageous in comparison with optical
photons, which often contain excessive energy relative to the type of low-energy resonances given above and, therefore,
provides a blunt tool. The extra energy from the optical photons is, for example, distributed as phonon excitations or hot
electron distributions, which result in less control and unwanted temperature increase. THz radiation, on the other hand,
allows one to specifically target the excitation of interest and thus opens the door to controlled manipulation of reactions
and processes, as well as properties of matter.

Resonant excitation of the phonon modes using strong-field THz pulses can lead to a distortion of the lattice structure.
This provides the possibility for control of the lattice geometry, which changes the material properties, such as the
magnetic order, the superconductive character or the ferroelectric polarization, as discussed in Section 2.1. Moreover,
collective spin excitations are created and manipulated with the strong magnetic fields of intense single-cycle THz waves,
see Section 2.3, which will have important implications for the development of, e.g., new data storage and processing
devices based on spin orientation. Collective electron motions driven by strong THz fields can influence atoms and
molecules adsorbed to surfaces to a degree where the control of catalytic processes is possible. These THz waves are
also useful for the direct manipulation of atomic and molecular systems that lead to rotational and vibrational control,
Section 2.4.

In addition to the collective excitations described above, several other systems can be driven by strong-field few-
cycle THz pulses. The characteristic energy regions of various THz excitations and related examples of strong-field THz
applications are presented in Fig. 1a and 1b, respectively. In some cases the control is exerted non-resonantly by the strong
THz field, which is commonly exploited in charge-carrier dynamics research, Section 2.2. For example, the acceleration
by THz electric fields promotes valence electrons to the conduction band, so-called impact-ionization, which leads to
increased conductivity in semi-conductors. At sufficiently high fields the electrons may even be driven from the valence
band to the conduction band on a neighboring site in a tunneling process. Moreover, the THz field has been demonstrated
to ionize excitons by dragging the electron from the hole, and even to generate harmonic frequencies of radiation by
recolliding the exciton-electron with the hole. THz radiation also strongly interacts with Dirac electrons in graphene
leading to a variety of nonlinear effects useful for practical applications.

The dynamics of THz excitations typically occurs on the picosecond (ps) timescale and can efficiently be studied
using THz pump–probe schemes. These measurements require intense pulses short enough to provide sufficient temporal
resolution and consequently strong-field single-cycle THz waves are suitable. Such THz pulses may be used both as the
pump to drive the system, and as the probe, or in combination with, e.g., optical pulses. Moreover, the broad bandwidth
of the single-cycle transient (∼100%) is beneficial for probing as it allows monitoring the pump-induced effects in a large
spectral region.
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High-brightness electron beams are an essential ingredient of state-of-the-art X-ray free-electron lasers and ultrafast
electron diffractometers. Recently, it has been shown that the required high-brightness beams can be generated and
accelerated by compact THz-driven electron guns and linear accelerators. Currently, the charge of beams produced with
THz technology is low but photonic electron guns and accelerators have a large potential and are an active area of research,
Section 2.5. In addition, strong-field THz pulses allow the temporal characterization of femtosecond (fs) and attosecond
pulses from free-electron lasers and high-harmonic generation sources.

Nonlinear THz experiments performed in recent years have been made possible by strong fields available with modern
THz technology. Since the technology is still under development, Section 3 of the review is devoted to sources of strong-
field THz pulses. The main class of such sources makes use of optical rectification of intense laser pulses in nonlinear
media, see Section 3.1.1. In this method, an optical pulse with sub-100 fs duration illuminates a crystal lacking inversion
symmetry that favors the accumulation of non-zero nonlinear net polarization. This polarization propagates at the speed
of the driving laser pulse and is a source of Cherenkov radiation at lower frequencies lying below the infrared lattice
vibrations [16,17]. However, since the driving laser pulse propagates faster than the generated THz pulse, a phase
mismatch occurs. This mismatch limits efficient interaction to distances over which the acquired phase shift is less than
2π . By tilting the wavefront of the driving laser, the phase velocity of the generated pulse is made equal to that of
the driving pulse [1]. The interaction region then extends across the whole crystal thus enabling a huge increase in the
generated field [2].

Generation of intense THz pulses in gaseous and solid media based on femtosecond-laser-induced plasma formation,
discussed in Section 3.2, is a new, very promising approach. The THz pulse energy of several hundreds of µJ has
experimentally been demonstrated in solid foils using the mechanism of sheath radiation. In this approach, upon the
illumination of a thin metal foil by an intense femtosecond laser pulse, hot electrons are ‘‘blown’’ away from the foil
leaving behind a strong electrostatic potential. This potential ionizes atoms and the dynamics of an induced plasma leads
to strong THz transients. Theoretical modeling shows that the field strength of 100 MV/cm (V/Å) is within reach.

Another class of THz sources that has demonstrated record high fields of several tens of MV/cm is based on transition
radiation from relativistic electron bunches passing through a metallic foil, Section 3.3.1 (throughout the text, we use the
term ‘‘bunch’’ to emphasize beams of short duration whereas the ‘‘beam’’ is used as a generic term for the particle distribution).
As the bunch approaches and impinges on the foil, its field re-organizes from the Coulomb field in free-space to the field
in the foil, which is compatible with the properties of that medium and the induced polarization. During this process of
re-organization some field is shaken off in the form of a single-cycle electromagnetic wave. The cutoff frequency of the
emitted field is usually limited by the inverse bunch duration. The emitted energy scales logarithmically with the bunch’s
kinetic energy so that GeV electron bunches are needed to produce 10 MV/cm THz pulses. Therefore, the availability of
ultrahigh-field THz sources based on transition radiation is very limited. Only a few national laboratories in the world
operate such sources, see Fig. 2. The situation may, however, change with the development of multifoil radiators of
coherent transition radiation [18], see Section 3.3.2. Moreover, by using transition radiation from plasmonic surfaces,
it is possible to create wavefronts with any desired shape and topological charge [19].

Electron bunches provided by an accelerator can radiate in an external magnetic field (synchrotron radiation,
Section 3.4). If the electron bunch follows a sinusoidal path in a periodic magnetic device (undulator), the emitted power
increases as the number of periods, but the number of oscillation cycles increases as well [20]. In Fig. 2, the small
bandwidth of the undulator source is due to multiple undulator periods (nine), so the pulse is multi-cycle.

A new class of strong-field single-cycle sources based on undulator radiation from specially prepared trains of electron
bunches has recently been proposed and studied theoretically [21–23]. The key idea is to enable constructive interference
between broadband light waveforms emitted by different bunches only at one position of the resulting wavepacket. A
prepared train of bunches introduces a phase-locking condition, so that the emitted pulse shortens in a way similar to
mode locking in cavity lasers (Sections 3.4 and 3.5).

An efficient use of THz pulses in experiments requires adequate THz transportation and diagnostics, which is discussed
in Sections 4.1 and 4.2, respectively. Moreover, the control and guiding of THz fields in two-dimensional materials has
received considerable attention in the field of plasmonics as a new path towards constructing small-scale photonic devices.
The interaction of THz transients with collective electrons on the surface or in thin layers of a metal can form surface
plasmon polaritons, which exhibit a reduced wavelength compared with the exciting light and can be confined to nano-
scale dimensions. In Section 4.3 we emphasize graphene, which possesses exotic electronic and mechanical properties. It
supports graphene plasmon polaritons (GPs) that can be confined to extremely small dimensions and can be controlled
by electrostatic fields. Hence, the manipulation of GPs holds great potential for future THz applications.

2. Science applications of strong-field THz light

2.1. Coherent phonon dynamics

Coherent lattice excitation by short light pulses is a promising route towards ultrafast control of phase transitions
and associated changes in material properties. In this section we will describe the concepts and potential of nonlinear
THz lattice excitations. Applications of the obtained lattice control are discussed with emphasis on effects emergent
in superconducting materials in the presence of strong-field THz radiation and polarization switching in ferroelectric
materials.
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Fig. 2. Sources of strong-field THz radiation. The demonstrated record parameters in the parameter space of field strength vs. frequency are shown
by ellipses. The maximum hue shows the central frequency of the source, while the FWHM bandwidth is given by the width of the corresponding
ellipse. Note that the central frequency is not necessarily at the center of the characteristic source bandwidth. The inverse bandwidth determines
the minimum possible pulse duration. The height of the ellipses has no special meaning. Data points are taken from the following Refs.: dual-color-
laser-excited air plasma [24], tilted pulse front [25], optical rectification in GaSe [26], in an organic crystal [27,28], transition radiation at LCLS [29],
at FACET [30], undulator at FLASH [31–33]. Although the latter is not a single-cycle source, it provides strong THz fields and gives a hint about
future undulator-based single-cycle sources (see Section 3.4 and [20]).

2.1.1. Nonlinear lattice excitations
The control of coherent lattice vibrations (i.e., phonons) is crucial to promote and tune several properties of matter.

As will be shown later, the control of phonon frequencies and amplitudes allows the tuning of structural distortions,
the switching of ferroelectric and ferroelastic properties and in some cases, of a local magnetic field. Traditionally,
coherent lattice excitation by short light pulses has been obtained by optical femtosecond pulses in Raman scattering
techniques [34–36], where the coherent phonon modes are excited by scattering of the radiation via an intermediate
electronic energy level. Such experiments are, however, associated with uncontrolled excitation of additional channels,
e.g., electronic level excitation above the energy gap, that interfere with the measurement and may lead to sample damage.
Moreover, the Raman tensor (R) weights the scattering efficiency so that only modes with appreciable R value (i.e., even
symmetry) can be excited. On the other hand, infrared (IR)-active phonons (i.e., odd symmetry) can be excited directly by
means of a resonant THz field. Note that historically, the low-frequency phonon modes are referred to as the IR modes
whereas the actual frequency of the mode is often in the THz region.

Up to now, Raman scattering and THz absorption of photons by the crystal lattice have been considered complementary
techniques to excite all the vibrational symmetries. At the same time, with the higher THz fields of 1 MV/cm accessible
today, new attractive excitation mechanisms (sum-frequency [37] and non-linear modes coupling [38,39]) have been
exploited in order to drive even symmetry modes. In this sense, strong THz radiation is nowadays able to drive phonon
modes of odd and even symmetries. In the first direct comparison between the impulsive stimulated Raman scattering
(ISRS) and THz absorption approaches, it was suggested that the issues related to the nonlinear processes induced by high
optical fluences in the Raman experiments can efficiently be avoided using resonant THz excitation of the lattice [40]. A
comparison with linear lattice excitations and molecular systems is given in a recent perspective article [41]. Moreover, it
has recently been calculated [42] that the THz efficiency in exciting Raman active modes is up to one order of magnitude
higher with respect to the well-known scattering process.

In the light of the experimental evidences in the last five years, three ways exist to efficiently drive a Raman-active
mode by means of a strong THz field, two of them including nonlinear lattice excitations. First, the THz sum-frequency
excitation (THz-SFE) mechanism is able to drive lattice vibrations with an efficiency proportional to the square of the
field intensity. This is a two-photon absorption mechanism for which two frequencies, within a broad THz pulse, sum up
to transfer the combined energy of the photons to one Raman active vibrational state. The THz-SFE was experimentally
demonstrated in 2017 in a diamond crystal [37], where an intense THz pulse with a central frequency of 20 THz is found
to coherently drive the Raman-active F2g mode at a frequency of 40 THz.

Second, a THz-resonant IR-active mode can be driven to the anharmonic regime and, consequently, be non-linearly
coupled to higher frequency modes. This anharmonic process is able to transfer vibrational energy from a lower
frequency IR mode to a higher frequency IR, Raman-active or silent coherent vibration. For example, THz-driven phonon
upconversion was demonstrated in the prototypical transition metal oxide strontium titanate [43]. In this case, the lowest
optical soft phonon mode, tunable between 1.5 and 2.5 THz by varying the sample temperature, was excited by a single-
cycle pulse centered at 0.75 THz and with its spectrum extending to 2.5 THz. The transformation of the excited phonon
mode into higher frequency modes at 5.15 and 7.6 THz (silent) was observed by monitoring the atomic displacements
using X-ray diffraction with femtosecond resolution. The model is that of a driven anharmonic oscillator with coordinate
QIR, frequency ωIR and damping γIR which couples to another, higher frequency oscillator with coordinate Q , frequency
ω and damping γ . The equations of motion read

Q̈IR + 2γIRQ̇IR + (ω2
IR + k1Q 2

IR)QIR = Z∗

IRETHz, (1)

Q̈ + γ Q̇ + ω2Q = Z∗

2 ETHz − a21Q 3
IR. (2)
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Fig. 3. (a) Nonlinear phononics enables a transient displacement of the crystal potential-energy minimum along a Raman-mode coordinate QR via
anharmonic coupling to the driven IR-active mode, QIR . (b) Illustrates the displacement of QR (blue) induced by the THz electric field f (t) (orange)
that drives the IR-active mode (red).
Source: Adopted from Ref. [38].

Here ETHz is the driving THz field, Z∗ is the mode effective charge (equals zero for Raman active) and k1 and a12 are the
anharmonic phonon contribution and the phonon–phonon coupling constant, respectively. Eq. (1) describes the motion
of a driven oscillator with a frequency that increases with the square of the mode amplitude. Eq. (2) describes the motion
of a harmonic oscillator with two driving forces (i.e., the THz electric field and the IR phonon mode). The key point is the
term containing the third power of QIR, which effectively extends the bandwidth of the driving THz field to overlap with
the higher frequency Q mode, thus resulting in a more efficient energy transfer.

Third, the ionic Raman scattering (IRS), proposed in Refs. [44–46], uses an excited IR-active phononic state as an
intermediate scattering level, instead of an electronic state as in conventional Raman scattering. The lattice potential
including the anharmonic coupling to the Raman normal mode with coordinate QR can, to the lowest order, be expressed
as [38,39]

1
2
ω2

IRQ
2
IR +

1
2
ω2

RQ
2
R − a12QIRQ 2

R − a21Q 2
IRQR, (3)

where aij are the anharmonic coupling constants. For a centrosymmetric crystal a12 is zero and a21 is nonzero for
Raman-active modes. The equations of motion for the IR and Raman modes then become

Q̈IR + 2γIRQ̇R + (ω2
IRa21QR)QIR = Z∗

IRETHz, (4)

Q̈R + 2γRQ̇R + ω2
RQR = a21Q 2

IR, (5)

where ETHz describes the driving THz field and γIR and γR are the damping constants of the IR and Raman modes,
respectively. The a21Q 2

IR term represents a constant force on the Raman mode that displaces the potential energy curve
along QR and thus invokes a changed lattice structure that survives within the duration of the IR-mode as shown in Fig. 3.
The IRS mechanism was experimentally demonstrated on La0.7Sr0.3MnO3 by Först et al. in 2011, who labeled it nonlinear
phononics [47].

The transient modification of the lattice structure by nonlinear phononics can be exploited for material control in
several ways [38], e.g., by driving insulator–metal transitions [48–50], melting of magnetic [51] and orbital order [51,52],
inducing superconductive characteristics [39]. Ultimately, a recent study [53–55] demonstrated that intense THz fields
may enable control of ferroelectric polarizability by driving the lattice configuration energy state over the ferroelectric
potential barrier (see Section 2.1.3).

Additional control via nonlinear phononics has been reported in a theoretical study [56] by simultaneous excitation
of two IR-active modes with coordinates QIR1 and QIR2 . This excitation scheme introduces the cubic coupling term of the
form QIR1QIR2QR in the potential energy surface, which anharmonically couples the two IR modes to the Raman mode.
This way one may obtain control over the direction of the transient distortion by changing the orientation of the light
polarization, as was demonstrated using the ErFeO3 model system.

The ionic Raman scattering process exploited for nonlinear phononics as described above activates a lower frequency
Raman mode via difference-frequency components of the phonon fields of the excited higher-frequency IR mode. These
schemes can, analogous to traditional photonic Raman scattering, be extended to sum-frequency generation, which allows
for the coherent excitation of higher frequency Raman modes via the cubic Q 2

IRQR-type coupling term [42]. Such a process
was recently experimentally observed in Bi2Se3 [57], where the Raman mode at the second harmonic of the resonantly
driven dipole active mode at 2.05 THz was coherently excited. Moreover, Melnikov et al. interpreted the coherent Raman
oscillations at 1 THz and 2.25 THz as activated by four-phonon interactions via the quartic Q 2

IRQR1QR2 and Q 2
IRQ

2
R2
-type

coupling terms, respectively.
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The excitation of coherent Raman modes via quartic anharmonic coupling terms is expected to be useful for lattice
control since it permits coupling to Raman modes that are forbidden by cubic coupling. It has also been suggested to drive
dynamical symmetry breaking in specific crystal structures [50]. Driving an IR-active phonon mode with frequency ωIR
to sufficiently high amplitude is important for excitation of otherwise inaccessible Raman modes. In addition, it provides
access to the higher order harmonic contribution and thus enables detailed investigation of the anharmonic shape of the
lattice potential energy surface. The slice of the lattice potential energy surface along the excited QIR coordinate can be
written as

1
2
ω2

IRQ
2
IR + a3Q 3

IR + a4Q 4
IR... (6)

In this expression the first term represents the potential energy of the harmonic oscillator with frequency ωIR and the
remaining terms are the higher order harmonic components, where ai are material-specific constants. The couplings to
other modes have been neglected here. The availability of field strengths near 1 MV/cm has enabled the exploitation of the
lowest order phonon nonlinearities [47] corresponding to the cubic terms. Recently, an order of magnitude higher field
(20 MV/cm at 17.5 THz) was used to excite up to the 5th harmonic of the A1 mode in the ferroelectric lithium niobate
(LiNbO3) [58]. Such studies allow the reconstruction of the potential energy surface of specific phonon modes and provide
a benchmark for computational studies.

Phonon modes play one of the key roles in the collective structural transformation both in classical and in quantum
phase transitions. By means of direct excitation of collective lattice oscillations (i.e., soft phonons) in the nonlinear regime
and their coupling to additional other modes, it is possible to change the equilibrium symmetries in the system. In June
2019 two similar studies [59,60] experimentally demonstrated a THz field-induced ferroelectric (FE) phase in the well-
known quantum paraelectric strontium titanate. The idea of Nelson et al. [59] and Nova et al. [60] was to induce strong
lattice deformations by means of strong mid-infrared optical pulses resonant with a FE lattice vibration. With a strong
enough electric field, the excited vibration enters into a nonlinear regime which overcomes the quantum fluctuation, thus
resulting in a metastable FE phase. These are important and rare examples of light-induced phase transition above the
transition temperature, i.e., in the presence of fluctuating order.

We note that the coupling of the excited lattice mode and the electronic structure has been suggested as an alternative
path towards nonlinear phonon control of materials [61]. The experimentally observed charge-order melting in the
doped manganite Pr0.5Ca0.5MnO3 induced by 17.5 THz pulses displayed a nonlinear fluence dependence, inconsistent with
nonlinear-phononics type anharmonic coupling to Raman modes. Instead, the calculations identified a highly nonlinear
coupling between the driven IR mode and the electronic degrees of freedom that modified the electronic structure.

Nonlinear phononics can also be applied to drive coherent oscillations of the macroscopic magnetic moment in a
magnetic material. An important example is given by the experimental study in [62], where the nonlinear mixing of
simultaneously excited perpendicular lattice modes drives rotation as well as displacements of the atoms in the lattice.
This induced lattice rotation creates an effective local magnetic field up to 36 mT resulting in the excitation of a spin
precession in the orthoferrite ErFeO3.

Finally, we briefly review topological materials as new quantum materials in which only topology is responsible for
unusual transport properties. Topological insulators are insulating in the bulk and conducting at the surface, topological
semimetals are semimetal in the bulk and the valence and conduction bands touch near the Fermi level. Depending on
whether the bands are doubly degenerate or nondegenerate, a topological material is called a topological Dirac semimetal
or a topological Weyl semimetal [63]. The latter displays extremely high magnetoresistance and mobility of massless
charge carriers, which is indicative of the Weyl fermion properties. The topological properties of topological semimetals
can be manipulated through atomic-scale lattice distortions. The generation of interlayer strain by means of THz light
excitation of lattice displacements alters considerably the electronic structure, but leads to less lattice damage than
uniaxial straining. A THz field-driven charge-current mechanism in a Weyl semimetal (i.e., tungsten ditelluride) has
recently been proposed [64] to explain the experimental evidence of an orthorhombic-to-monoclinic and centrosymmetric
phase induced by strong THz pulses. It is worth to note that the possibility of an ultrafast manipulation of the topological
properties of such materials opens the possibility to develop a topological switch in the THz frequency range.

2.1.2. Towards THz-induced superconductivity

Conventional superconductors
Conventional superconductors (SCs) are described by the BCS theory (Bardeen–Cooper–Schrieffer), which suggests that

an attraction between electrons mediated by electron–phonon coupling overcomes the electron–electron repulsion and
forms Cooper pairs. These opposite-spin electron pairs avoid interaction with the lattice and are thus allowed to move
through the material without energy losses. The density of Cooper pairs is proportional to the magnitude of a gap in the
electron energy spectrum, characteristic of the superconducting state, the so-called superconducting gap, ∆SC. The gap is
a measure of the binding strength between the paired electrons. At sufficiently low temperatures the Cooper pairs can be
sustained due to a low risk of thermally induced pair-breaking and consequently a superconducting state can emerge.

The recent availability of intense THz sources has triggered investigations of the superconducting order-parameter
dynamics in conventional SCs. Such collective modes can be created from a broken phase symmetry in the SC, sponta-
neously, or induced by an external stimuli. In particular, the Higgs mode, which represents the amplitude contribution
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Fig. 4. Characteristic energies of collective excitations in a model system of an unconventional SC with strong electron–phonon coupling. ωH is the
frequency of the Higgs mode, which equals 2∆SC as predicted in the absence of any interaction to other modes. ωXX is the frequency of a coherent
oscillation in response to phonon displacement. For a pure coherent phonon mode ωXX = 2ωr is expected, where ωr is the renormalized phonon
frequency. However, below Tc , ωXX > 2ωr , indicating that ωXX is not a pure phonon mode. Moreover, ωXX = ωH2 , which suggests that the new mode
with frequency ωH2 emerging from the calculations is a new collective mode that is intertwined with the coherent phonon mode.
Source: Adopted from Ref. [71].

to the complex order parameter in condensed matter physics, was quite recently observed experimentally in a BCS
superconductor using intense THz pulses in a THz-pump THz-probe scheme [65,66]. The single-cycle THz pulse enabled
an excitation, resonant with the superconducting gap, sufficiently short compared to the response time of the BCS state,
which is proportional to the inverse of the gap. At the same time, the thermal excitation of the lattice that leads to
Cooper-pair breaking using optical pulses could be reduced. Consequently, it was possible to induce a coherent correlation
between different quasi-particle states that generated oscillations of the superconducting order parameter indicative of
the Higgs mode.

The superconducting order-parameter dynamics has been studied theoretically by purely electronic models [65,67–69]
and by including a strong electron–phonon coupling [70,71]. Specifically, it is desired to investigate the interplay between
the phonon dynamics and the Higgs mode, and what types of collective excitations can exist in systems characterized by
strong electron–phonon coupling. By including nonequilibrium phonon dynamics in their simulations, Murakami et al.
showed that the Higgs mode excitation involved another amplitude mode, denoted as H2, associated with coherent
phonon motions intertwined with the SC order parameter. The frequency dependence as a function of temperature of
this H2 amplitude mode is shown in Fig. 4. The H2 mode originates from a two phonon mode (simultaneous excitation of
two phonons) and it couples to the Higgs mode in the strong electron–phonon coupling regime. The coupling between
the Higgs mode and the H2 mode pushes the energy of the Higgs mode slightly below the quasi-particle continuum,
making the Higgs mode longer lived. The experimental study of the predicted coherent phonon dynamics and its effect
on the superconducting parameters require intense laser pulses in the THz spectral region that trigger these collective
excitations. Lattice-deformation created by nonlinear phononics is a suitable tool for initiating this dynamics. Moreover, it
has been demonstrated theoretically that the energy relaxation provided by the strong electron–phonon coupling permits
a fast enhancement of superconductivity that is reachable with pump–probe experiments initiated by the THz lattice
distortions [70]. Thus, the path is open towards ultrafast THz-enhanced superconductivity.

Cuprates
In some high-temperature superconducting cuprates, a connection between one-dimensional modulations of charge

and spin, and superconductivity exists [72–74]. At specific doping levels where these stripe orders appear, a significant
reduction of the superconducting transition temperature, Tc , is observed. By applying intense 20 THz pulses to striped
materials, superconducting-like signatures were first demonstrated in 2011 [75] at a temperature of 10 K, just above
the Tc . The radiation was made resonant with Cu–O vibrations of La1.675Eu0.2Sr0.125CuO4 (LESCO1/8), which perturbed
the lattice structure that supported the stripe structure. Fig. 5a displays the measurement of the reflectance spectrum
(normalized to the spectrum before the pump pulse) at a time delay of 5 ps after the pump pulse. The appearance of a
plasma edge, the drop in reflectivity at ∼60 cm−1 (1.8 THz), is related to the formation of a Josephson plasma resonance
along the c-axis. Fig. 5b shows that the temporal evolution of the imaginary conductivity σ2 increases rapidly at low
frequency. It has been suggested that these evidences may be consistent with a superconductive phase, however further
experiments are needed to support this claim.

Recently, superconducting-like features were also demonstrated far above Tc for the bilayer cuprate YBa2Cu3O6.5+x
[76,77]. In this case, the 20 THz pulses were tuned to the coherent excitation of apical oxygen distortions. By comparing
parameters such as the THz reflectance and complex conductivity, strong similarities between the light-generated
and the equilibrium (below-Tc) properties were found. For example, a photo-induced plasma-edge very close to the
equilibrium Josephson plasma resonance and a photo-induced change in imaginary conductivity, σ2( ω), was observed,
which corresponded to that generated from a decrease of temperature below Tc . The Josephson resonance signature could
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Fig. 5. (a) Transient reflectance of the stripe-ordered cuprate LESCO1/8 . The drop of reflectivity at ∼60 cm −1 reveals the appearance of a Josephson
plasma resonance in the c-axis THz optical properties upon 20 THz excitation. (b) Temporal evolution of the imaginary conductivity σ2 as a function
of frequency. A 1/ω frequency dependence appears on a <2 ps timescale. Both these characteristics are also found in cuprate SCs.
Source: Adopted from Ref. [75].

Fig. 6. Transient lattice structure of YBa2Cu3O6.5 upon 20 THz excitation resonant with apical oxygen (oxygen between the bi-layers) distortions at
above Tc . (a) shows the simultaneous increase and decrease of the intra-bilayer and inter-bilayer distances, respectively. (b) illustrates the increase
in Cu–O buckling.
Source: Adopted from Ref. [9].

be detected at temperatures up to 300 K. Other signatures of superconductivity, besides the Josephsons plasma, have yet to
be observed in the ultrafast regime, but they are being attempted. Using femtosecond X-ray diffraction, the behavior of the
lattice structure was investigated for this exotic state. These studies revealed that the nonlinear excitation of the crystal
lattice structure creates a displaced lattice geometry (Fig. 6) which cause drastic changes in the electronic structure that
may favor superconductivity [9]. The destabilization of the charge-density wave order was also proposed to be a possible
contributing factor.

It has been suggested that strong THz pulses are experimental probes for otherwise silent electronic order due to the
power of nonlinear response of revealing silent symmetries (silent to the linear response). This is important for clarifying
the role of various types of electronic order for unconventional superconductivity in the cuprates. The hypothesis that
superfluid stripes exist in the superconductive phase is an example of such electronic order. This is not easy to validate
experimentally because the stripe alignment causes interlayer superconducting tunneling to vanish on average, thus
showing no signature in the linear optical response. However, with the high THz field accessible today, one can potentially
observe such signatures in the nonlinear optical response in which the average assumes a non-zero value. In a recent work,
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a giant Terahertz third harmonic, characteristic of nonlinear Josephson tunneling, was observed in La1.885Ba0.115CuO6.5 [78].
This result underlines the power of nonlinear terahertz optics for further understanding of unconventional SCs.

Organic systems
The study of photo-induced superconductivity has also been extended to non-cuprate materials, where in contrast

to cuprates, any enhancement of superconductivity is not related to melting of an ordered state. Experiments on the
intercalated fullerene superconductor K3C60 using 20–50 THz pulses with fields of 1.5 MV/cm [79] at a temperature up
to 100 K, revealed a gapped real conductivity and a divergent imaginary conductivity appearing 1 ps after the excitation
pulse. These studies were later complemented by investigations of the pressure dependence of these features [80]. It was
suggested that the coherent excitation of the lattice may enhance superconductivity far above Tc and, thus, it may promote
superconductivity in a more general way than previously assumed. In particular, specific nonlinear phonon modes excited
in this study lead to stronger electron–phonon coupling that could favor superconductivity. A recent theoretical study [81]
of nonequilibrium superconductivity in light-driven electron–phonon systems with lattice nonlinearities also reported
significantly enhanced electron–phonon coupling. Another theoretical study [82] of the light-induced nonequilibrium state
of phonons in strongly driven electron–phonon systems demonstrated signatures of superconductivity that appeared at
higher temperatures compared with equilibrium.

An alternative mechanism leading to the detected optical response in alkali-fullerides A3C60, different from that based
on phonon excitation as discussed above, has been proposed recently [83]. It is motivated by the observed overlap of
the pumping frequencies that induce such a response, with the previously unexplained 100 meV wide mid-infrared
absorption peak in alkali fullerides. In Ref. [83] this absorption peak is argued to represent triplet exciton creation. By
exciting quasiparticles (i.e., not Cooper-paired electrons) into these long-lived exciton states, the laser pulse cools down
the quasiparticles system to a reduced effective temperature, which permits the superconducting-like optical response to
exist above Tc .

Finally, we emphasize that the observed features induced by intense THz excitation in fullerenes and cuprates are not
necessarily signatures of a superconducting phase. For example, it has been suggested [84] that the THz pulse may induce
collective oscillations of entropy and electric charge that strongly couple with the probe radiation, leading to the same
behavior of the reflectivity curves as the one observed experimentally in [79].

2.1.3. Ultrafast control of ferroelectric polarization
Ferroelectric materials exhibit permanent electric dipole moments that can be reversed by an electric field, thus

allowing control of the electric polarization. The strong research interest in ferroelectrics is connected with their elec-
tromechanical and electro-optic applications in a broad range of devices such as transducers, actuators, motors, sensors,
and non-volatile memories [85–91]. Manipulation of the ferroelectric polarization on a sub-nanosecond timescale has
been demonstrated using short electric-field pulses [92]. However, higher switching speeds reaching the sub-picosecond
temporal domain would have a tremendous impact on the development of, e.g., non-volatile memory devices.

In order to enable sub-picosecond switching of the ferroelectric polarization, lattice excitation by short light pulses
has been investigated. Such studies have been carried out using optical pulses that excite lattice vibrations via impulsive
stimulated Raman scattering [36,40,93] or using strong THz fields that directly drive the lattice [40,94]. Although no direct
evidence of polarization switching was reported from these experiments, Chen et al. [94] observed signs of large amplitude
polarization rotation, while Dastrup et al. [40] demonstrated driving LiNbO3 lattice vibrations into the anharmonic regime
using THz fields on the order of 1 MV/cm, which is a promising step towards the goal of polarization switching.

In a theoretical study, Qi et al. [53] reported the possibility of controlled polarization switching by inducing large-
amplitude coherent lattice vibrations in the PbTiO3 using a series of temporally shaped THz fields. Ferroelectric polariza-
tion switching in perovskite materials is associated with the excitation of the so-called soft phonon mode shown in Fig. 7a,
which was recently confirmed to be driven by single-cycle THz pulses in experiments on SrTiO3 [95]. In the simulations
by Qi et al. polarization reversal was achieved within 15 ps by driving these soft modes using seven half-cycle THz waves
(blue dashed line in Fig. 7c) with a lobe of 150 fs, 3 MV/cm peak field strength and polarized in the z-direction. In order to
suppress further polarization switching back to the original orientation, an out-of-phase wave was added that trapped the
system in the desired polarization state. The polarization dynamics is shown as the green solid line in Fig. 7c. Moreover,
Qi et al. further demonstrated that a more efficient polarization control could be accomplished with x-polarized pulses
that allow passing through or near saddle points on the potential energy surface (see Fig. 7b). The polarization dynamics
using four x-polarized pulses of 1 MV/cm peak field strength is shown in Fig. 7d.

The required polarization-switching field of the ferroelectric Ba0.8Sr0.2Tio3 thin film has been calculated to be 0.2
MV/cm [96]. The timescale for the polarization rotation is limited by the nucleation time, during which an oppositely
polarized domain is formed that initiates the switching in the ferroelectric material. Minimum nucleation times are
typically on the order of 0.1 ps [97] and for the Ba0.8Sr0.2Tio3 it was predicted to be 0.47 ps [96]. Using a single-cycle THz
pulse with a peak field strength of 0.3 MV/cm and with a frequency between roughly 1 and 2 THz matching a range of
phonon excitations, ultrafast polarization control was recently investigated in a Ba0.8Sr0.2Tio3 thin film [10]. The induced
polarization change was probed by recording the second-harmonic-generation (SHG) signal of a time-delayed optical
pulse sensitive to the polarization rotation. Fig. 8 shows the THz pump waveform (Fig. 8a) and the SHG signal induced in
the Ba0.8Sr0.2Tio3 film (Fig. 8b), and in two centrosymmetric materials [Fig. 8b, SrTiO3 (red) and Si (blue)] for reference,
which display a two-orders-of-magnitude lower response. The strong modulation of the SHG signal is interpreted as
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Fig. 7. (a) The soft phonon mode of PbTiO3 , indicated by the arrows, is driven by several half-cycle THz fields between two stable polarization
configurations (b). The polarization reversal can be obtained either by a sequence of z-polarized or x-polarized THz pulses (blue dashed lines in (c)
and (d), respectively). The green line is the z-polarization.
Source: Adopted from Ref. [53].

Fig. 8. (a) Time-trace of the electric field of the single-cycle THz pump pulse. The transient SHG signal reflecting a THz-induced polarization change
in a Ba0.8Sr0.2Tio3 thin film (b) and in SrTiO3 (red line) and Si (blue line) (c).
Source: Adopted from Ref. [10].
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switching of the out-of-plane polarization into the plane, in parts of the film. The observed switching occurred on a
similar (sub-picosecond) timescale and field as predicted by theory [96].

In the above examples, ferroelectric polarization switching was obtained using strong THz fields that directly drive
the crystal vibrations. An alternative route towards ferroelectric polarization switching is provided by the excitation of
higher frequency modes that activate the low-frequency modes via anharmonic coupling as described in Section 2.1.1.
This method was proposed by A. Subedi in 2015 [54], who suggested that this could be a general technique for ultrafast
switching of the polarization in perovskite transition-metal oxide ferroelectrics. Later, this approach was applied to
LiNbO3, where ultrafast transient polarization reversal was demonstrated using ∼20 THz pulses [55]. Insufficient fluence
(95 mJ/cm) was explained as a likely cause of the partial, 40%, polarization change. Moreover, the polarization was only
maintained during ∼200 fs before returning to the initial state. A possible remedy discussed in the paper [55] was the
use of additional pulses that excite supplementary modes in order to provide further relaxation channels that could lead
to stabilization of the polarization state.

2.2. Charge-carrier dynamics

Charge-carrier dynamics is central to high-speed electronics, optoelectronics, and fundamental solid-state physics.
Using intense single-cycle THz pulses, it is possible to drive nonlinear responses of materials, and to study them with
sub-picosecond temporal resolution, which allows for a deeper understanding of charge-carrier dynamics and enables
new technological solutions. In particular, by obtaining control of the charge carriers via the strong electric field of the
THz pulse, the conductivity and optical properties of materials can be manipulated. Semiconductors have been immensely
important for the development of electronics and optoelectronics and significant further progress is expected by nonlinear
THz studies. More recently, the field of Mottronics, which exploits electronic phase transitions in a class of correlated-
electron materials called Mott insulators, has emerged as a promising path towards faster and more efficient electronics.
Furthermore, various two-dimensional (2D) structures, in particular graphene, which displays exotic electronic properties,
has been increasingly used in research on THz applications. In this section these types of materials will be discussed with
respect to the control of charge-carrier dynamics induced by strong THz fields.

2.2.1. Semiconductors

Low-dimensional structures
One strong reason for the usefulness of semiconductors is that specific resonances between energy levels can be

designed, thanks to the ability to engineer semiconductor quantum wells, wires and dots, where the particles are confined
to two, one or zero dimensions, respectively. In these structures, energy-level splittings are often in the THz range.
The high degree of control over the energy levels, by structure design or external stimuli, make such semiconductor
nanostructures suitable for experiments that can lead to advanced applications of quantum optics, coherent control
and high-field physics. We start by briefly discussing a few examples of how the special characteristics inherent to
semiconductor confinement in different dimensions are exploited in research aiming for control of charge carriers and
their dynamics using strong THz fields.

Quantum confinement of semiconductors permits highly tunable control of its optical properties by light, which is
attractive for optoelectronic applications. The quantum dot represents the ultimate confinement in zero dimensions.
Tunability can be achieved by the Stark shift created with a strong electric field that modulates the energy levels of
the quantum dot’s electrons and holes. For example, instantaneous control of the optical absorption in semiconductor
quantum dots has been achieved with THz peak-fields of 220 kV/cm [98]. More recently the field dependent frequency
shift of exciton luminescence was demonstrated by a significant modulation of the semiconductor quantum-dot band-
gap, induced by a THz single-cycle wave of MV/cm-scale peak field [99], (Fig. 9a). Pein et al. also found indications of
charge-carrier transport between quantum dots. A field driven transfer of valence band electrons to the conduction band
of a neighboring quantum dot was observed as illustrated in Fig. 9b, thus enabling the generation of bound electron–hole
pairs (excitons) even in the absence of an external charge source.

Semiconducting carbon nanotubes present exciting opportunities for fundamental physics studies and for applications
in THz devices as they can be used to generate, modulate, polarize and detect THz radiation [100]. The one-dimensional
structure creates a strong Coulomb interaction between electrons. In single-walled carbon nanotubes (SWNT) this
interaction leads to a large exciton binding energy of hundreds of meV, which makes SWNTs stable at room temperature.
Consequently, they are suitable for investigating, e.g., the nonlinear THz response associated with exciton ionization
dynamics [101].

Engineered semiconductor quantum wells can be utilized for the construction of THz and far-infrared optoelectronic
devices such as detectors [102] and lasers [103] based on intersubband transitions (transitions between states created by
the confinement of the quantum wells). Using single-cycle THz pulses with a peak field of 20 kV/cm, efficient electron
transfer between subbands has been demonstrated [104]. Such controlled preparation of a system in a specific state
is essential in quantum optics and can be exploited for e.g., THz amplification or Q-switching. The 2D-confinement of
electrons and holes also enhances the Coulomb interaction and the formation of excitons. Thus, semiconductor quantum
wells, and lower-dimensional structures, are often used in dynamical studies of exciton systems, which is described next.
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Fig. 9. (a) Illustration of band-gap reduction in a semiconductor quantum dot by a THz pulse, which permits the absorption of an optical photon.
(b) shows the THz-field induced voltage drop between the quantum dots that can lead to electron transfer from the valence band to the conduction
band of a neighboring quantum dot and thus exciton formation.
Source: Adopted from Ref. [99].

Fig. 10. Schematic of exciton energy levels and associated excitations. The red arrow represents exciton formation by IR excitation, the blue straight
and curved arrows illustrate resonant excitation between exciton levels and field ionization to the continuum, respectively.
Source: Adopted from Ref. [113].

Excitons
Many THz studies of charge-carrier processes in semiconductors involve the exciton [6,99,101,105–113]. Excitons

can be formed by optical excitation of an electron from the highest filled valence band to the empty conduction band,
separated by a band-gap of approximately 1 eV. The Coulomb attraction between the created excited electron and the
depleted state, the hole, may result in a bound hydrogen-like state. These excitons have an energy structure similar to
the hydrogen atom, although the binding energy is scaled down by a factor of 1000 and lies in the THz spectral range,
see Fig. 10. Hence, similar interactions with intense light pulses as for the atom, and their effects, can be explored.

High-order-sideband generation (HSG) has been observed from recollisions between exciton electrons and holes [109].
The mechanism is similar to high-order harmonic generation in which an intense field removes an electron from the
atom or molecule and induces large-amplitude oscillations where the repeated collisions with the charged core result in
emission of high-harmonic radiation. The highest-order harmonic is determined by the maximum energy gained by the
electron, Emax ≈ IP + 3.2UP, where IP is the ionization potential and UP = e2F 2/16π2mef 2 is the ponderomotive energy.
The latter is the average classical kinetic quiver energy of the electron (mass me, elementary charge e) induced by the
electric field with field strength F and frequency f . Thus, by using low frequency (THz) fields to drive the excitons and
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Fig. 11. Measured intensity spectrum (red) of high-order sidebands from WSe2 driven by a phase-locked THz transient featuring a center frequency
of 23 THz and an external peak field strength of ETHz = 17 MVcm−1 (see inset) under resonant optical excitation at a frequency of 392 THz (labeled
by 0, 0th order has been multiplied by a factor of 10−3; other numerals denote the order of sidebands). The black dashed curve shows the calculated
intensity spectrum in arbitrary units.
Source: Adopted from Ref. [6].

cause recollisions between optically excited electron–hole pairs, it was predicted that HSG could be achieved at much
lower field strengths (kV/cm to MV/cm) compared with the corresponding high-order harmonic generation in atoms and
molecules [114,115]. This was experimentally confirmed by observing sidebands of a near-infrared laser, which was used
to create the excitons that were driven by the THz field, up to the eighteenth order [109]. It shows that recollisions in
excitons can be studied at intensities well below the damage threshold of the semiconductor while using quasi-continuous
wave sources. HSG may provide a new nonlinear spectroscopy tool for investigating the structure of optical excitations
in condensed matter. Furthermore, the new mechanism for ultrafast wavelength conversion has potential applications in
terabit-rate optical communications. More recently, HSG has been generated with fields in the 10–100 MV/cm region and
with driving frequencies in the 20–30 THz range [6,116]. Radiation that covers the full THz-to-visible spectral range was
produced (Fig. 11), which promises a new route towards creating sub-femtosecond light pulses.

Strong THz fields have been employed to demonstrate many other phenomena in exciton systems. THz fields on the 10
kV/cm scale have been shown to shift excitonic absorption resonances by the Stark effect [117], or by the dynamical Franz–
Keldysh effect [105,112], which modifies the spectrum through induced motions of the electrons and holes. Moreover,
CEP-stable THz pulses have been employed to create sub-cycle modulations in optical absorption [111]. Fields in the 10
kV/cm range are also sufficient to ionize excitons and THz-pump optical-probe experiments using single-cycle THz pulses
at such field strengths have demonstrated the exciton-ionization features in the optical spectra [108]. Recently the THz-
induced motion of the exciton associated with its internal transitions and tunnel ionization were revealed by observing the
time-resolved emission from the perturbed interband polarization [113]. At THz peak fields in the MV/cm range exciton
generation through Zener tunneling (ZT) and impact ionization (IMI) can be studied [107], which is discussed more in the
next section.

Carrier multiplication
The understanding of photo-induced carrier concentrations in semiconductors, and their dynamics, is essential for

technological advances such as the design of new solar cells [118,119], photon detectors [120] and electroluminescent
emitters [121,122]. The strong fields exceeding 1 MV/cm available with present THz light sources open new research
possibilities in this area. A key process in this context is the generation of multiple electron–hole pairs, so-called carrier
multiplication (CM) [123], which has been addressed in several studies using such intense THz pulses. Strong electric
fields have been suggested to drive CM by two main nonlinear mechanisms mentioned earlier, ZT and IMI. In ZT, the
energy band levels are shifted on atomic length scales by the field, which enables interband tunneling from a valence
band to an energetically degenerate conduction band on a next-neighboring unit cell [124], similarly as illustrated in
Fig. 9b. IMI entails promotion of valence band electrons to the conduction band by collisions with energetic electrons.
Such energetic electrons may be obtained by acceleration in strong THz fields. While ZT and IMI are examples of interband
scattering processes, there may be additional contributions to the conductivity changes from intraband processes that do
not influence the carrier concentration. One prominent example is intervalley scattering (IVS) [125,126], in which the
scattering of conduction band electrons into side valleys in k-space, where the carrier mobility is different, influences the
conductivity.

Field-induced nonlinear behavior in semiconductors is often studied using metamaterials that enhance the incoming
THz field. The nonlinear response of GaAs in the 0.2–1.6 THz range was demonstrated by Fan et al. [4] using split
ring resonators (SRRs), see Fig. 12d inset. Moreover, Fan et al. observed IVS in n-doped GaAs for the weaker incident
fields below 160 kV/cm, while at higher incident fields, corresponding to approximately 0.64–1.6 MV/cm in the SRR-
gap, an increased conductivity was observed and interpreted as carrier generation by IMI. Fig. 12 shows the drop in
transmission (a) with increasing fields, associated with the drop in mobility (c), caused by IVS. The increasing transmission
and conductivity with field strengths at higher incident fields, associated with IMI, is demonstrated in Fig. 12b and
d. Measurements were also performed on semi-insulating GaAs, which has a significantly lower carrier concentration,
that suppresses intraband processes and makes IMI more difficult. Also, an increased conductivity was observed at
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Fig. 12. (a) and (b) Experimental electric field transmission as a function of frequency for various incident peak electric fields. (c) Simulated
transmission of the SRR array on doped GaAs film for different electron mobilities at a constant carrier density of 1 × 1016 cm3 . In these simulations
the mobility of the carriers throughout the film is changed. µ is the electron mobility. (d) Simulated transmission on doped GaAs for various in-gap
conductivities. In these simulations the mobility is constant and the carrier density is modified according to IMI simulations. The inset in (d) shows
the simulated on-resonance field enhancement, highlighting that the largest enhancement occurs within the SRR gaps.
Source: Adopted from Ref. [4].

incident fields above 160 kV/cm, which was attributed to IMI. At the maximum in-gap field of 2.8 MV/cm an increase in
carrier concentration by ten orders of magnitude was demonstrated. Although IMI was considered the main contribution,
calculations suggested that the increase in carrier concentration by ZT is only one order of magnitude lower and may
also play a role. Similar experimental studies on undoped GaAs have proposed both IMI [127] and ZT [5] as the dominant
mechanism using maximum THz fields exceeding 10 MV/cm. However, measurements carried out with sub-1 MV/cm THz
fields [25] ruled out ZT as a contributing factor due to the small amount of electron–hole pairs created by such low fields.

In addition to studies of charge-carrier dynamics using metamaterials to obtain strong E-fields, recent experiments [8]
have been carried out using THz single-cycle waves with 25 MV/cm peak field produced by optical rectification in
Diethylaminosulfur trifluoride (DAST) [128–130]. These studies explored the highly nonlinear optical responses appearing
above 10 MV/cm fields in the electro-optic crystal GaP. Spectral broadening reaching 500% of a 50 fs near infrared pulse,
as well as optical transmission change and conductivity increase caused by ZT and IMI were observed. This experimental
scheme offers the advantage compared with investigations using THz metamaterials, which are characterized by a
resonant temporal response, that it more directly measures the optical and electronic dynamics.

Access to short, intense THz pulses have provided new ways to address IMI dynamics in a larger range of initial carrier
concentrations and with electric fields in the MV/cm region. Previous investigations have been limited to sub-MV/cm
field strengths and high initial carrier concentrations to avoid excessive heating of the sample and electron avalanches
that may damage the sample [131]. Using single-cycle THz pulses the heating effects can be reduced while permitting a
high field and thus low initial carrier concentrations. In a recent pump–probe experiment, a 400-nm pre-pump induced
a controlled initial carrier concentration in silicon and an 800-nm probe pulse monitored the IMI dynamics initiated by
the single-cycle THz pump pulse. The THz wave was enhanced by antennas to a maximum peak field of 3.6 MV/cm [132].
It showed that a single electron can generate over 108 electrons by CM processes.

In order to further develop THz electronics it is crucial to understand the frequency dependence of the semiconductor
response to an electric field [133]. In this respect it is important to determine the critical electric field at which CM leads
to a strongly enhanced conductivity [134] as a function of THz frequency. Such an investigation was recently performed
on semi-insulating GaAs [135] and revealed an increase in the critical field from 0.4 to 2.3 MV/cm by increasing the
frequency from 0.7 to 1.5 THz.

2.2.2. Mott insulators
An alternative path towards controlling the conductivity, different from the direct manipulation of charge in semicon-

ductors, is provided by correlated-electron materials. In these systems the interaction between electrons is non-negligible
and may severely influence the character of the material. This makes them sensitive to phase transitions triggered by
external stimuli, such as light, pressure, temperature, mechanical strain, electric or magnetic fields [136–138].

Mott insulators are a special class of correlated-electron materials that can be exploited for efficient switching between
the insulating and conducting phase. It has the conventional band structure of a conductor when electron correlations
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Fig. 13. Optical density (OD) spectrum of a thin κ-Br crystal on a diamond substrate at 10 K (blue solid line) and 293 K (black solid line). The red
line shows the Fourier power spectrum of the electric-field waveform of the THz pulse used for excitation in the THz-induced experiments. The
complete transparency to the THz pulse makes the material a suitable choice for electric-field-induced carrier generation by ZT. The inset shows a
schematic of κ-Br on a diamond substrate.
Source: Adopted from Ref. [144].

are neglected, but the strong Coulomb repulsion between electrons impedes their flow by fixing them to one crystal site,
which opens up an insulating gap, the Mott gap. Transitions between the insulating and conducting phase in these systems,
Mott transitions, are dominantly driven by electron-correlation effects, as opposed to, e.g., large energy-dissipative
structural changes. Such transitions are central in the new field of Mottronics that promises the development of new
so-called Mott transistors where the ON/OFF switching is based on Mott transitions [139]. This opens the door to higher
switching speeds and downsized electronic devices compared with existing semiconductor based electronics [140,141].

Mott transitions have been intensely studied in correlated-electron systems based on organic compounds [142–144]
and transition-metal oxides [139,145–152]. Mott transitions in organic correlated-electron systems driven by strong THz
fields were highlighted in a recent review by Miyamoto et al. [144]. We will give a brief summary of their work in the
next section and then we will focus on the extensively studied but heavily debated transition-metal oxide VO2.

Organic Mott insulators
Organic molecular compounds display rich physics caused by electron correlations and has been used as a playground

for many-body physics. Miyamoto et al. [144] discussed the THz-induced Mott transition studies performed on the organic
molecular compound κ-type ET-salt, κ-(ET)2X. When this crystal is placed on a diamond substrate and cooled down to
10 K it becomes a Mott insulator, which has been verified by THz optical density (OD) measurements. The OD-spectra
display OD = 0 below 30 meV at 10 K (blue line in Fig. 13) while it is positive at 293 K (black line in Fig. 13), revealing
that a Mott gap of 30 meV is open at 10 K. The Mott transition depends on the temperature decrease and the strain
created by the diamond substrate on the κ-(ET)2X crystal with decreasing temperature. By preparing the κ-(ET)2X crystal
on diamond in the insulating state at 10 K, Miyamoto et al. showed that the THz-induced absorption changes 1ODTHz
using 180 kV/cm peak THz-fields corresponded to the differential absorption spectrum between the metal phase and the
Mott insulator phase in the 0.1–0.8 eV spectral region. This demonstrated that a Mott transition can be induced by the THz
field. The mechanism for the transition was suggested to be field-induced quantum tunneling from the lower to the higher
Hubbard bands, which are separated by the Mott gap, i.e., a similar process to the ZT observed in band insulators. This
creates holon and doublon pairs, which means that the electrons go from being distributed on one site each to populating
sites with zero (holons) or two (doublons) electrons. Hence, localized electrons become mobile and the material becomes
metallic.

Time-resolved THz studies were performed in order to explore the dynamical aspects of charge-carrier generation in
the THz-induced Mott transition. The measured dynamics, which is shown in Fig. 14 together with the profile of the
THz pulse, revealed a slower rise time of the induced absorption change 1ODTHz(t) for lower compared with higher
THz excitation fields. The absorption change is an indication of increased metallization. Hence, it was interpreted as a
manifestation of the delay in the collapse of the Mott band-gap, i.e., when the produced amount of carriers is enough
to melt the electron localization, for the lower fields. The characteristic time for the band-gap collapse obtained from
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Fig. 14. Time-evolution (bottom) of the absorption change 1ODTHz(t) measured at 0.124 eV induced by a THz pulse with the profile shown at the
top of the figure. The dynamics reveals a fast initial rise, which can be interpreted as increased metallization. The rise time is slower for weaker
peak fields of the THz pulse, indicative of a delay in the collapse of the Mott band-gap. At longer timescales the 1ODTHz(t) signals decrease with a
fast decay up to 5 ps and slower decay up to 100 ps.
Source: Adopted from Ref. [144].

the low-field (45 kV/cm) data was 0.13 ps. The time-resolved measurements also revealed an oscillatory structure in
the 1ODTHz(t) signal that was attributed to coherent molecular motions. Hence, electron-lattice interactions cannot be
neglected in κ-type ET compounds.

Vanadium dioxide — VO2
Correlated-oxides have been extensively studied with the aim of understanding the insulator–metal-transition (IMT)

mechanism in these materials [146]. VO2 is a prototypical system for correlated-electron IMT which was the first to be
investigated using a THz field to trigger the phase transition [148]. It has the unique property that the insulator–metal
phase transition occurs close to room temperature (340 K) and is interesting from a technological perspective, because
it displays a five-orders-of-magnitude conductivity-jump (in single-crystals) between the two phases [146] and can be
tuned via epitaxial strain (in thin films) [153]. However, the exact mechanism for the IMT in VO2 is under debate. It is
understood that the phase transition involves both electron–electron and electron-lattice interactions but the question is
which drives the other. Experiments using strong single-cycle THz fields up to 3.3 MV/cm have shown that the IMT is
associated with acceleration of electrons by the field that heats the lattice through electron-lattice interactions and thus
increases the temperature above the critical temperature for the IMT to occur [148]. Using higher fields from multi-cycle
THz pulses reaching 15 MV/cm and centered at approximately 20 THz, Mayer et al. demonstrated that carriers were
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Fig. 15. (a) Electronic dynamics in a VO2 thin film undergoing an IMT induced by an ultrafast THz pulse with different field strengths. It shows the
difference between the transmission spectra recorded 13 and 37 degrees below TIMT , thus highlighting the processes triggered by electron tunneling,
which are most efficient at temperatures closer to TIMT . The step-like drop in transmission observed in (a) is attributed to electron tunneling, and
the subsequent exponential decay is attributed to slower metallization dynamics. (b) demonstrates the distinct field-strength dependence of the
electron-tunneling process (red) and the metallization dynamics (blue) by plotting the amplitude of their respective features. The latter reveals
a threshold onset at 1 MV/cm associated with an absorbed energy density sufficient to initiate lattice dynamics. (c) and (d) show the structural
dynamics of the VO2 crystal film undergoing an IMT induced by the ultrafast THz electric-field pulse with 1 MV/cm peak electric field. The longterm
structural changes begin at ∼30 ps.
Source: Adopted from Ref. [152].

generated by field-induced tunneling and that the IMT proceeded non-thermally [7]. Complementary studies with single-
cycle THz waves at similar field strength would be beneficial in order to clarify any effects associated with the employed
multi-cycle excitation.

Although there is still some controversy regarding the exact mechanism for the VO2 IMT, there has been several, both
theoretical and experimental studies, demonstrating that the metallic phase can be produced without large structural
changes, i.e., through a Mott transition [150–152]. For example, a recent theoretical study [150] considered the purely
electronic component of the IMT in VO2 by keeping the lattice fixed. Najera et al. were able to explain several experimental
features within their model and to conclude that the Mott mechanism dominates the temperature driven IMT. Moreover,
experimental attempts to separate the electronic and structural processes in the IMT of VO2 has revealed that a purely
electronic phase transition precedes the thermally driven IMT [149]. Furthermore, VO2 thin films in heterostructures
containing oxygen-deficient VO2 layers were shown to exhibit isostructural IMT [154].

In particular, experiments using THz fields exceeding 1 MV/cm to trigger IMT have demonstrated that the electronic
phase transition occurs simultaneously with the exciting THz pulse, induced by Zener-type electron tunneling, and are
accompanied by a slower structural change [152]. Fig. 15a shows the initial electronic dynamics as the difference between
the transmission spectra at the temperatures (TIMT − 13) and (TIMT − 37), where TIMT is the phase-transition temperature.
This highlights the processes triggered by electron tunneling since they are more efficient at temperatures closer to TIMT.
The electron tunneling process that initiates the IMT is assisted by Wannier–Stark-like band renormalization that is less
temperature sensitive and the spectral subtraction removes this contribution. The rapid drop in transmission is a signature
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of an ultrafast nonthermal field-induced tunneling and is followed by the slower metallization dynamics characterized by
an exponential decay. The distinct field-dependence of the amplitudes shown in Fig. 15b demonstrates the different origin
of the two processes. While the electron tunneling displays an exponential behavior starting at low field strengths, the
exponential-decay amplitude shows a threshold behavior at 1 MV/cm. At this threshold a sufficiently efficient tunneling
process is initiated that leads to band-gap collapse and increased temperature as the field-accelerated electrons collide
with the lattice. The increased temperature then initiates the lattice transformation from the monoclinic to the rutile
phase. The lattice dynamics associated with this transition is shown in Fig. 15c and d. The first ∼30 ps display a constant
X-ray diffraction signal for the rutile peak, while the monoclinic peak increases, thus suggesting the temporary formation
of a new monoclinic phase with a higher structure factor. After that, the expected simultaneous decay of the monoclinic
phase and growth of the rutile phase is observed.

Further studies are needed that target in particular the initial few-picosecond structural dynamics. However, results in
Ref. [152] show that intense THz pulses can drive IMT in VO2 by efficient electron tunneling and that the electronic
and structural dynamics can occur on different timescales. It opens the door to efficient conductivity switching in
correlated-electron systems.

2.2.3. 2D materials
Emerging 2D materials ranging from insulators and semiconductors to semimetals have recently shown a strong

potential in photonic technologies, particularly in the THz frequency range [155]. 2D materials arise from layered van der
Waals (vdW) crystals, where atoms are strongly bonded within the single crystal plane and weakly interact (due to vdW
forces) with those from the planes above and below. The weak vdW forces enable the extraction of single or a few layers of
atoms and allow transferring these 2D layers to the top of bulk (3D) media (exfoliation). Moreover, the individual atomic
layers of different crystal lattices can also be glued together (‘‘lego concept’’) [156] opening up exciting opportunities for
designing various physical properties of the resulting vertical heterostructures on demand. Additionally, 2D materials
and their heterostructures possess high confinement of the electronic states out of plane. This superior confinement
leads to unique quantum effects not accessible with their original 3D counterparts (such as photoluminescence [157],
quantum Hall effect [158] or superconductivity [159], to mention a few). Most importantly, 2D materials support a variety
of polaritons, electromagnetic fields coupled to oscillating dipole-carrying excitations, and, thus, can strongly interact with
light in a wide range of the electromagnetic spectrum, including THz [160,161].

A well-known example of 2D materials, which has found a significant use for THz applications, is graphene, presenting
a single atomic layer of graphite with a thickness of 0.34 nm (see Fig. 16a). Graphene is formed by a honeycomb lattice of
carbon atoms in which electrons have a linear dispersion, and behave as massless Dirac fermions, obeying the relativistic
Dirac equation [162]. Unlike metals, having abundance of free charges, graphene is a semimetal and allows controlling
its carrier concentration via chemical doping, gating, or THz radiation [163–166]. The latter makes possible tuning of
graphene’s optical response on a picosecond timescale.

Graphene and 2D materials show a strong nonlinear response to an incident electromagnetic wave [167,168]. This
response can be attributed to the nonlinear optical susceptibility, χeff, which is usually represented as a series in powers
of the electric field with the coefficients χ

(n)
eff . Importantly, for 2D materials with the centrosymmetry of their crystal lattice

(such as graphene) in a symmetric dielectric surrounding (e.g., for free-standing monolayers, see Fig. 16a) the even powers
of the electric field (n = 2, 4, . . .) do not appear in this series, so that related nonlinear effects are forbidden. In this case
only the odd powers of the electric field (n = 1, 3, . . .) play a role. Particularly, the dominating third-order susceptibility,
χ

(3)
eff , enables third-harmonic generation (THG), four-wave mixing (FWM), optical Kerr effect and saturable absorption. As

an example, Fig. 17 shows the nonlinear transmittance of THz radiation as a function of THz fluence for different Fermi
levels. As observed in earlier works [169,170], the THz-induced transparency occurs on a sub-picosecond timescale. It is
explained by the formation of a nonequilibrium distribution of carriers that has an increased momentum scattering rate
and a correspondingly decreased carrier mobility.

To realize even-order nonlinear effects in graphene, a centrosymmetry breaking is required. To this end, a graphene
monolayer can be placed on a substrate [171] (see Fig. 16b). Alternatively, the symmetry can be broken by the edges of
the 2D layers, by natural curvature fluctuations and by the application of static electric fields [172]. Any of the above
symmetry-breaking realizations can enable the even-order nonlinear effects. The latter are typically dominated by the
second-order susceptibility, χ

(2)
eff , and thus include second harmonic generation (SHG), sum and difference frequency

generation (SFG and DFG, respectively), optical rectification, and the Pockels effect. Importantly, in the DFG process one of
the incoming signals can be amplified, potentially enabling realization of 2D optical parametric oscillators for producing
broad THz wavelength-tunable coherent light sources.

Nonlinear effects in graphene, governed by the hot Dirac fermion dynamics, have attracted a considerable interest.
Graphene in the nonlinear regime can enable novel compact and ultrathin THz technologies, allowing for active tuning via
the applied voltage [174,175]. Among the most remarkable nonlinear phenomena demonstrated in graphene, we would
like to mention: high-harmonic generation [176] (in particular, up to the seventh order at room temperature [177]),
dynamic Hall effect [178], all-optical wide-band nonlinear modulator [179], second-order nonlinear photon-drag cur-
rents [180,181], DFG (generation of a broadband gate-tunable THz plasmonic signal from pump and probe signals in
telecom range) [182] and SHG [183]. We would also like to highlight that the light intensity required for nonlinear THz
effects in graphene can be reached by exploiting localized plasmon polaritons in doped graphene nanostructures [184,185].
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Fig. 16. Schematic illustration of nonlinear optical effects in graphene. (a) A sheet of free-standing graphene possesses centrosymmetry which
prohibits even-order nonlinear effects. (b) The substrate breaks the 2D centrosymmetry of graphene so that even-order nonlinear effects become
allowed.

Fig. 17. Experimental measurements of the power transmittance of strong-field THz radiation vs. THz fluence for different Fermi levels of graphene.
The fluence of 100 J/cm2 corresponds to a peak electric field of around 300 kV/cm. The range of the variation of the Fermi energy and the
corresponding color coding are depicted in the inset.
Source: Adopted from Ref. [173].

Moreover, since plasmons in graphene can provide strong and inhomogeneous (varying along graphene) electromagnetic
fields, their excitation can enable contributions analogous to those due to the magnetic dipole and electric quadrupole
effects in centrosymmetric atoms or molecules, allowing for the second order nonlinearities (impeded for graphene in a
symmetric dielectric environment, as detailed above), according to the theory [186,187].

Nonlinear harmonic generation in graphene is worth an additional discussion in view of very large values of graphene’s
nonlinear susceptibility in the THz region [177,188]. For any material to demonstrate an appreciable nonlinear response,
the driving field must be comparable to the intrinsic field of that material. For conventional 3D materials, the intrinsic
field is usually determined by the energy of the chemical bond and typically on the order of V/Å (100 MV/cm). In
contrast, for graphene in the THz region the characteristic field that determines the onset of nonlinear effects is given
by Ei = (hω/e)

√
πnc and is on the order of 10 kV/cm [189]. Here, ω is the frequency of interest and nc is the density

of charge carriers. The physical origin of the strongly nonlinear response of graphene to the THz field is the nonlinear
intraband THz conductivity of graphene electrons. Though efficient harmonic generation in graphene at THz frequencies
was predicted more than a decade ago [189], the experimental demonstration was reported only recently [177]. Fig. 18
shows the generation of terahertz harmonics up to the seventh order in single-layer graphene under normal ambient
conditions. The nonlinear susceptibility of graphene is shown to exceed that of typical solids by many orders of magnitude
(e.g., six orders of magnitude for χ

(3)
eff ). Hefez et al. explained such a strong nonlinear optical response by the collective

thermal response of graphene’s background Dirac electrons to the driving terahertz field.
Another set of interesting optical effects in the THz frequency range takes place under the application of a perpendicular

static magnetic field to graphene. Due to the cyclotron resonance in the classical regime and the inter-Landau-level
transitions in the quantum regime, graphene can show giant Faraday rotation (up to several degrees) [190] and the
magnetic circular dichroism. Moreover, in graphene both the Faraday rotation and the magnetic circular dichroism can
be modulated in intensity, tuned in frequency and, importantly, inverted by the electrostatic doping (at a fixed magnetic
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Fig. 18. The amplitude of high-order harmonics vs. the driving THz field strength. For the third (red), fifth (green) and seventh (blue) harmonics,
the fundamental field frequency was 0.68 THz, 0.37 THz, and 0.3 THz, respectively. The dots stand for experimental data whereas the solid lines
represented theoretical results. The dashes lines are low-field asymptotes in the form of power functions of corresponding odd orders.
Source: Adopted from Ref. [177].

field) [191]. In addition, in a patterned array of graphene (e.g., arrays of disks or antidots), strong magneto-plasmonic
resonances can emerge [191,192], potentially allowing one to exploit graphene for magneto-optical THz applications.

2.3. Spin dynamics

Intense THz pulses permit control of the spin dynamics, and thus the transient magnetic properties, of certain materials.
Such control is crucial for the development of, e.g., magnetic storage and data processing devices. In this section, different
interactions between intense THz pulses and various magnetically ordered materials are discussed, as well as their
scientific applications.

2.3.1. THz interactions with magnetically ordered materials
The interaction between magnetically ordered materials and intense broadband THz pulses can involve different

mechanisms, leading to net effects on the material that can result in complex spin dynamics. However, this complex
dynamics can often be analyzed and modeled based on a few fundamental interactions, which in turn can be singled
out by their symmetry or by their relative magnitude and relevance in different classes of materials. Those fundamental
interactions can be broadly classified in three main types. First, the direct action of the THz magnetic field on the magnetic
moments in the material. Second, the direct coupling of the THz electric field to the electronic or lattice structure, which
in turn affects the spin order. Third, the indirect coupling of the electromagnetic radiation in the form of heat deposited
in the material. We will look at them in some details in the following paragraphs.

The first fundamental interaction to be considered is the direct coupling between the spins in the samples and the
magnetic field component of the broadband THz pulse. This interaction is described by the Landau–Lifshitz–Gilbert (LLG)
equation [193,194]

dM
dt

= γM × Heff −
α

Ms
M ×

dM
dt

, (7)

where γ is the gyromagnetic ratio, M is the magnetization of the sample with saturation magnetization Ms, Heff is
the effective magnetic field acting on the magnetization (including the magnetic component of the THz pulse), and α

the dimensionless Gilbert damping parameter. This equation correctly describes both resonant as well as non-resonant
dynamics in the THz range, provided the sample thickness is much smaller than the wavelength of the THz radiation.
Otherwise, one has to solve Eq. (7) together with the Maxwell equations to account for the propagation of the radiation
in the material. The former is typically the case of antiferromagnets, and the LLG describes the motion of the net
magnetization M = S1 + S2 emerging due to the canting of neighboring spins S1 and S2 during precession. The latter
is commonly observed in ferromagnets, whose magnetic resonances are in the gigahertz range. We will discuss some
of these cases in detail below. In the case of resonant dynamics at THz frequencies, collective spin excitations may also
couple with the light, forming hybrid polariton modes. In this case, the phenomenon requires a more complex description
[195], beyond the scope of this review.

The second mechanism with which THz radiation can interact with magnetically ordered samples is the coupling
of the spins to the electric field of the radiation, via indirect interaction with an excitation which is electric-dipole
active. The details of this indirect interaction can be quite complex and include several different effects, but the basic
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idea is that the THz electric fields affect either the electronic or the lattice structures, coupled to the magnetic order. A
notable case is the one of multiferroics, i.e., materials where both ferroelectric and magnetic orders coexist, and where
so-called ‘‘electromagnons’’, i.e., spin excitations that are electric-dipole active, can be found. In all these different cases,
the requirement for the electric field to be of importance is the sample being an insulator. In the case of a conductor,
the electric field is efficiently screened at the surface of the sample, hence it has no importance for the spin dynamics.
This is strictly correct for typical electric field magnitudes achievable on table-top sources (∼100 MV/m), which are still
small perturbations compared to the typical interatomic fields (∼1 V/Å or 10 GV/m). When THz electric field strengths
comparable to the interatomic fields are generated at linear accelerators, changes to the magnetic anisotropy can be
observed even in metallic samples [196].

While the two mechanisms just described are proportional to the magnetic or electric fields magnitude, the third
and last type of interaction discussed here is proportional to the square of the magnetic field, i.e., to the intensity of the
radiation deposited in the material. This interaction is particularly prominent in metallic samples, even at moderate THz
field strengths. As stated in the previous paragraph, the electric field is effectively screened at the surface of a conductor,
within one atomic layer and on a timescales of femtoseconds, dictated by the Fermi velocities (∼ 1 nm/fs) [197]. The
magnetic field, however, penetrates the material up to a distance given by the skin depth δ =

√
2ρ/µ0ω, where ρ is the

resistivity of the material.1 In a typical conductor, the skin depth is on the order of 100 nm–1 µm at 1 THz. We assumed
here µr = 1, which in the THz range is a realistic estimate, even for magnetic materials. For thin film samples, this is
equivalent to a transient, but constant in magnitude magnetic field present in the material. The effect of such a transient
magnetic field is to generate screening eddy currents. These currents can reach densities of 1010–1011 A/m2 in thin films,
and in magnetic materials they are necessarily spin-polarized. As we will discuss below, the generation of such large
spin-polarized currents can affect magnetic order as well.

2.3.2. Resonant coherent spin control with magnetic fields
One of the very first experiments combining intense THz radiation and magnetism was the study of the 1 THz magnon

in NiO [15]. This material is a natural occurring antiferromagnet with a Néel temperature of approximately 500 K, where
the superexchange interaction promotes antiparallel alignment of the Ni spins along different crystal planes. In Ref. [15],
a single-cycle THz field with amplitude of 0.3 MV/cm (0.1 T) was sent through a 45 µm thick NiO single crystal and the
spin dynamics was probed with the time-resolved Faraday effect at near-infrared wavelengths. The measured dynamics is
shown in Fig. 19, with the temporal curves of the pump field and the Faraday rotation of the polarization in the main plot,
and the corresponding frequency spectra in the inset. The energy of the spin system can be modeled with the Hamiltonian

H = −JS1 · S2 + D ·
(
S21 + S22

)
+ γHTHz(t) · (S1 + S2), (8)

where J < 0 is the exchange constant, D includes the magnitude and the direction of the magnetic anisotropy with
respect to the lattice structure, and HTHz(t) is the time-varying THz magnetic field. The first term of Eq. (8) describes the
exchange interaction between nearest-neighboring spins; the second term is proportional to the strength and direction
of the spin–orbit coupling; finally, the last term measures the strength of the Zeeman interaction.

This Hamiltonian allows one to compute the effective field as Heff = −δH/δM, which is then used to calculate the
magnetization dynamics with Eq. (7). The last term of Eq. (8) suggests that coherent control of the spin-order is possible
with THz magnetic fields, where amplification or suppression of the spin excitation is realized depending on the relative
phase of the THz magnetic field, as directly demonstrated in Ref. [15]. Another signature of the magnetic nature of the
excitation was recently found measuring the frequency dependence of the resonance on magnetic fields up to 10 T, driven
with multi-cycle intense THz fields [198,199].

By increasing the THz magnetic field amplitude, the second harmonic of the frequency of the 1-THz magnon was also
observed [200]. This effect arises from quadratic, rather than linear, coupling of the spin precession to the magneto-optic
probe (i.e., magnetic linear birefringence rather than Faraday effect).

Similar coherent magnetization dynamics occurs in the ferrimagnetic orthoferrite DyFeO3, where both ferromagnetic-
like and antiferromagnetic-like excitations at around 0.5 THz have been observed [201]. The same types of excitations
are present also in ferrimagnetic YFeO3, where two-dimensional magnetic resonance spectroscopy has recently been
implemented [202], and high-order magnon modes clearly detected.

Very recently, control of the antiferromagnetic vector using THz pulses has been demonstrated also in CuMnAs thin
films [203]. While obtaining time-resolved data in thin antiferromagnetic films is still challenging, there is clearly an
opportunity for intense THz fields to realize ultrafast control of magnetic state in antiferromagnets [204,205].

2.3.3. Resonant coherent spin control with electric fields
Coherent control of the spin order is also possible using the electric field component of THz radiation. This has been

achieved in three ways: (a) via the control of the electronic band structure, by modulation of the exchange and spin–orbit

1 See Jackson, chapter 8 [197]. Some unclear and incorrect statements are still found in the literature, which we hope this review will help
clear out. The simplest argument on why only a small fraction of the electric field can penetrate into the sample is the conservation of energy:
ϵ0|E0|2 = ϵrϵ0|Ec |2 , where E0 is the electric field in vacuum and Ec is the electric field in the conductor with relative permittivity ϵr being 104–105

in a conductor.
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Fig. 19. Top panel: Schematic of the lattice and spin structure of NiO, and of the experimental geometry used to detect the Faraday rotation angle
θF . Bottom panel: Temporal profile of the THz magnetic field; (bottom) Faraday rotation proportional to the amplitude of the 1 THz magnon excited
in NiO. Inset: Fourier transform of the traces in the main panel.
Source: Adapted from Ref. [15].

interactions; (b) by direct coupling to magnetic excitations which are electrically-dipole active, so-called electromagnons;
(c) by resonant excitation of phonons which can modulate the exchange interaction. In all these three cases, the materials
are insulating.

Control of the electronic band structure was recently demonstrated in the antiferromagnet TmFeO3, where intense THz
electric fields were used to control the magnetic anisotropy of the Fe ions by resonantly pumping an electronic orbital
transition [206]. It was shown that this mechanism triggers coherent spin dynamics of much larger amplitude than the
one which can be excited by direct coupling with the magnetic field component of the THz radiation.

During the preparation of this review, a new paper on the resonant control of spins using electric fields was
published [207]. The authors used custom-made antennas to enhance the terahertz electric field in the near-field to modify
the magnetic anisotropy in the antiferromagnetic orthoferrite TmFeO3. In turn, the sudden change of anisotropy induces
a spin motion of ballistic character which switches the magnetic order on a picosecond timescale.

The coupling to resonant magnetic excitations was instead demonstrated in TbMnO3 [208], a system with cycloidal
spin order with an associated electromagnon at around 1.5 THz. When resonantly pumped with an intense THz pulse,
this electromagnon caused the spin cycloid to twist by a few degrees, demonstrating direct control of the magnetic order
via electric fields. In order to probe such an effect, femtosecond resonant magnetic scattering techniques at free-electron
lasers were used.
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Fig. 20. Dynamics of the magnetization in a metallic CoFeB thin film following excitation with a single-cycle THz field. While the THz pulse is
present in the sample, the response reverses its sign upon reversal of the THz magnetic field direction (filled and empty symbols). When the THz
pulse leaves the sample, the material is demagnetized, independently of the THz magnetic field direction.
Source: Adapted from Ref. [211].

In addition to driving magnons, THz radiation can also resonantly excite optical phonons, as discussed in Section 2.1. In
combination with a magneto-optical probe pulse, one can therefore study the coupling between crystal lattice and spins.
Using this approach, two experiments have recently been performed. In one case, the excitation of two phonon modes
with orthogonal polarizations, results in a circularly polarized ionic motion [62]. The induced rotating charge creates
an effective magnetic field which drive the spins in the rare-earth orthoferrite ErFeO3. This magnetic field couples then
efficiently with the magnon excitation at around 0.75 THz, also present in this material.

In a second work, the equilibration of lattice and spins in yttrium iron garnet Y3Fe5O12 (YIG) was probed [209].
Then, it was found that magnetic order reduces on distinct timescales of 1 ps and 100 ns. On the 1-ps scale, spins and
phonons reach quasi-equilibrium in terms of energy through phonon-modulated exchange interaction, resulting in a novel
constrained state of increased temperature yet unchanged total magnetization. Only on the much slower 100-ns scale, the
excess of spin angular momentum is released to the crystal lattice, leading to full equilibrium between spins and lattice.

2.3.4. Resonant and non-resonant spin dynamics in conducting ferromagnets
In metallic systems, THz induced magnetization dynamics is a rather new approach to understand and explore new

aspects of ultrafast magnetism. In addition to a M × HTHz torque acting coherently on the magnetization [210], there are
also conduction electrons that are set in motion generating the current necessary to screen the THz magnetic field. This
current is spin-polarized due to the different scattering probability for spin-up and spin-down electrons in a ferromagnet.
For large enough THz fields, the induced current density can reach levels comparable to those necessary to observe spin
torque dynamics, i.e., 1010

− 1011 A/m2. In this regime, the spin-dependent electronic scattering causes enough spin-flips
to lead to an effective demagnetization in the material on the same timescales of the electron–electron scattering, i.e.,
few tens of femtoseconds [211]. This is much faster than the typical timescales (hundreds of femtoseconds) of ultrafast
demagnetization induced not with THz but with near-infrared radiation. The signature of such fast timescales is in the
temporal shape of the THz field imprinted in the demagnetization response. The reason for this effect is believed to be
due to the enhanced Eliot–Yafet mechanism at lattice defects.

Originally observed in Ref. [211] and shown in Fig. 20, this combination of coherent and dissipative response has now
been reproduced in different studies [212–214]. It has also been shown that for a given THz field amplitude, materials
with perpendicular magnetic anisotropy seem to demagnetize to a much greater extent [213]. It was noted that this could
be consistent with the mechanism of defect-driven spin-polarized scattering, where the many interfaces in the multilayer
films, typically used to induce strong magnetic anisotropy, act as extended defects, where spin-flips are occurring with
high probability.

Finally, it is worth mentioning that the first experiments involving strong THz fields to control metallic ferromagnetic
samples were performed several years ago and described in Refs. [196,215,216]. In those studies, the THz magnetic fields
were generated via coherent transition radiation (CTR) from a ∼30 GeV electron bunch and on the order of 1–10 T,
causing the magnetization to fully reverse. This is believed to be the fastest possible mechanism (about 1 ps) to achieve
magnetization reversal, but it is lacking direct experimental confirmation, as the CTR experiments did not allow for the
implementation of time-resolved capabilities. A pioneering study using photo-conductive switches and the time-resolved
Kerr effect was able to observe the dynamic in Fe microstructures under a 0.6 T sub-terahertz field [217]. The development
of table-top THz-generation techniques, together with the use of metamaterials, is expected to lead to the realization of
THz magnetic fields comparable to those achieved by CTR. This would in turn open up for pump–probe experiments where
the reversal time can be measured directly [213,218].
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Fig. 21. One of the lowest energy conformers that can be assumed for penta-alanine in the gas phase. The red dotted lines depict intramolecular
hydrogen bonds involved in stabilization of the folded penta-Ala structure. The green arrows in plots (a), (b), and (c) show the displacement of
atoms associated with excitation of normal modes at 51.5 THz, 2.85 THz, and 3.04 THz, respectively. The molecular structure as well as harmonic
normal modes have been obtained with density functional theory calculations. The gray ellipse in plot (b) shows the hydrogen bond participating
in the formation of the intramolecular C10 ring.

2.4. Controlling molecular dynamics with short intense THz pulses

In this section the control of the rotational and vibrational dynamics of molecular ensembles and individual molecules
by short intense THz pulses is discussed. Such control enables more efficient interrogation of molecules, e.g., by rotational
alignment in the gas phase, and ultimately steering of chemistry in liquids and on surfaces.

2.4.1. THz interaction with molecules
Molecules can respond to the THz radiation in different ways. For molecules in the gas phase, rotational degrees of

freedom can be excited upon absorbing THz photons [219,220]. For molecules in liquids, however, molecular rotations
are limited by the surrounding species resulting in librational motions. In relatively large molecules, THz photons excite
delocalized vibrational modes and, in what follows, this is elaborated in more detail. Generally, the number of vibrational
modes in a nonlinear molecule is given as 3N-6, where N is the number of atoms, i.e., the number of modes grows with
complexity of the molecule. Vibrational modes with relatively large frequencies (≈40–120 THz, the so called mid-infrared
(mid-IR) modes) are local and are associated with stretching of chemical bonds. For example, mid-IR spectroscopy of
peptides and proteins typically explore characteristic vibrational modes of peptide links, –CO-NH-. One of these modes is
amide I and it corresponds to stretching of the C=O bond located on –CO-NH-. Fig. 21a exemplifies the amide I vibration
for penta-alanine (Ala–Ala–Ala–Ala–Ala). In contrast to the mid-IR modes, the THz vibrational modes are delocalized,
implying that they spread over large parts or an entire molecule (Fig. 21b and c). In addition to delocalized intramolecular
vibrations, THz photons can also resonantly excite nuclear motions of weak intermolecular and intramolecular bonds such
as hydrogen bonding. Such non-covalent bonds play a significant role in, e.g., stabilization of folded structures of proteins,
bonding of two DNA strands, interaction of macromolecules with ambient molecules etc. As an example, Fig. 21b presents
2.85 THz vibrational mode of penta-alanine associated with stretching of the hydrogen bond emphasized in the figure with
the gray dashed oval. This hydrogen bond forms the intramolecular ring comprising 10 atoms (C10), which is commonly
present in β-turns of proteins [221].

2.4.2. Testing Fröhlich hypothesis
THz vibrations are inherently involved in functioning of biological systems. This is rationalized by the fact that THz

modes are readily excited at the room temperature. Pump (THz)-probe spectroscopy with short intense THz pulses
provides a mean to study evolution of these modes in time as well as to investigate how they dissipate through
interconversion to other modes. Also, short intense THz pulses can potentially be used to test Fröhlich hypothesis as was
proposed by Weightman [222]. Half a century ago Fröhlich speculated that there are extended THz vibrational modes in
biological systems such that the energy supplied to the system through the excitation of these modes is not completely
thermalized [223]. Although this hypothesis still remains controversial, some supportive experimental evidences have
already been reported [224].

2.4.3. THz Kerr effect
The Kerr optical effect implies that the material becomes birefringent upon irradiation with intense optical pulses. This

effect is nonlinear and its magnitude (i.e., the difference in indices of refraction in parallel and perpendicular directions
with respect to the light polarization) scales with the square of the electric field of the optical pulse. The THz Kerr effect
was demonstrated for the first time by Hoffmann et al. in 2009 [225] using an EOS setup as described in Section 4.2. Their
experimental studies were performed in a pump–probe fashion, in which a single-cycle THz pulse induced birefringence
in several different liquid samples. The birefringence was probed by 800 nm light pulses with 100 fs duration. The
time-dependent signals associated with the THz Kerr effect were observed to have a fast and slow component which
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Fig. 22. Illustration of the molecular alignment, induced by an optical pulse, and orientation, produced by a THz pulse. In the latter case the molecules
have the same up/down direction.
Source: Adapted from Ref. [238].

corresponded to an electronic and nuclear response, respectively. The slow component was observed for polar molecules
and was attributed to the molecular orientation dynamics. This observation implies that short intense THz pulses can be
used to control molecular orientation which was employed in subsequent studies both in the liquid [13,225–227] and gas
phases [219,220,228].

2.4.4. Rotational alignment and orientation
The random orientation of molecules, such as in a gas-phase sample, leads to unwanted averaging of experimental

signals over all molecular orientations. However, intense laser pulses permit alignment of molecules (Fig. 22) using
the fact that the interaction between the electric field and the molecule depends on their relative angle. The angular
preparation of the molecules can be exploited in several types of experiments including high-harmonic generation [229–
232], photoelectron angular distribution measurements [233,234], ultrafast X-ray diffraction [235,236] and strong-field
ionization angular dependence studies [237].

For molecular studies it is essential to generate alignment in a field-free environment, i.e., after the duration of the
laser pulse. This can be accomplished by creating periodic occurrences of aligned molecules via the formation of coherent
rotational motions, i.e., rotational wavepackets. The rotational wavepackets can be created by coupling different rotational
states using short intense laser pulses. Such, so-called impulsive, or nonadiabatic, alignment, has been successfully
employed with optical lasers via Raman excitation of molecules [239–241].

Molecular orientation presents another degree of control, in which, contrary to alignment, the molecules have the same
up/down direction, as illustrated in Fig. 22. Such molecular orientation has been achieved using DC fields and intense
optical pulses but is associated with challenges due to the non field-free environment using static fields, and low degree
of orientation as well as undesired excitations, of the target molecule using optical pulses.

Intense short THz pulses offer a promising opportunity for enhanced control of the orientation and alignment through
the strong electric field that, in a classical description, creates a torque on the molecules, which induces coherent rotational
motion. In a quantum mechanical description, the adjacent rotational states are coupled by the THz field and with a
broad-band single-cycle pulse coherences can be created at many rotational frequencies.

Gas phase
The first experimental demonstration of rotational alignment in the gas phase was performed in a carbonyl sulfide

(OCS) sample using moderate field strengths of tens of kV/cm [219]. Both rotational orientation and alignment was
achieved as shown in Fig. 23a and b, respectively. Fig. 23a displays the emission produced when the coherently rotating
molecules radiate in phase, which is associated with a net orientation, while Fig. 23b shows the measured birefringence
in the gas sample that results from the alignment. The periodic signal is pronounced already in this experiment and
a significantly increased effect could be expected using higher fields above 1 MV/cm [219]. Moreover, the use of two
time-delayed single-cycle THz pulses has been shown to induce larger rotational coherences as well as further control of
their magnitudes and relative phases [220]. An important difference compared with optical excitation is that THz induced
orientation and alignment is phase sensitive as shown in Fig. 23c and d.

Simulations applied to hydrogen bromide (HBr) have suggested that high degrees of molecular orientation can be
achieved using single-cycle THz pulses of 1 MV/cm electric field strength combined with femtosecond optical pulses [12].
The ensemble average of cos θ , where θ is the angle between the laboratory-fixed and the molecular axes, was estimated
to be ⟨cos θ⟩ ∼ 0.84, compared with a value of 0.74 previously obtained in non field-free conditions [242]. There is a
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Fig. 23. The time-resolved orientation of OCS molecules is probed by the THz induced free-induction-decay emission (a) measured by EOS. The
alignment is probed by the induced birefringence (b) monitored by a variably delayed optical probe pulse. (c) Simulations showing the orientation
⟨cos θ⟩, where θ is the angle between the laboratory-fixed and the molecular axes, and the alignment ⟨cos2 θ⟩ (d). The inset shows the THz pulse
envelope (black dotted curve) and the field phase shifted by 90 deg (blue dashed and red solid curves), which results in phase shifted orientation
and alignment profiles. (e) Normalized rotational level contribution to the coherent signal in (b) which was measured at 300 K. The calculated
thermal rotational distribution is depicted by the dashed curve.
Source: Adopted from Ref. [219].

demand for intense half-cycle THz pulses for further development in this research area as they have been proposed to be
very useful for creating rotational orientation [243–248].

The progress in THz rotational control and insight into the nonlinear THz interactions associated with molecular
orientation [219,220,249] has driven the development of 2D THz rotational spectroscopy [250]. Lu et al. [250] have
demonstrated ultrafast 2D THz spectroscopy applied to a gas-phase sample using two single-cycle THz pulses delayed
by t1. The generated signal was detected via EOS (Section 4.2) using an optical pulse delayed by t2 with respect to the
second THz pulse. A 2D frequency plot could be obtained by Fourier transforming t1 and t2, in which the off-diagonal
peaks provide information about the coupling between states. Such 2D THz experiments are powerful tools for the study
of rotational dynamics as they permit control of the rotational motions via the two time-delayed pump pulses and have
the capacity to elucidate rotational coherence dynamics with subpicosecond temporal resolution.

The extension of the successfully used 2D IR spectroscopy [251], which permits studies of, e.g., coupled molecular
motions in biological systems [252], into the THz spectral region has been difficult because of the many existing degrees of
freedom, including gas rotational modes, and the demand for intense THz pulses. The 2D IR experiments typically employ
three IR input pulses that are delayed with respect to each other. Hybrid schemes, such as the one used in Ref. [250]
have also been developed that employ both THz and optical pulses. However, by including a third THz pulse delayed with
respect to the others in the experiments reported in Ref. [250], it would be possible to extract more information, such
as rotational energy transfer and relaxation pathways. However, the restricted intensity of THz pulses has limited such
experiments to solids [253].

Liquid phase
The rotational dynamics in liquids is influenced by the intermolecular interactions that lead to, e.g., hindered molecular

rotations, so-called librations, and reorientational motions of the molecules as they adjust to the new environment created
by excitations. Such dynamics proceeds on the timescale corresponding to THz frequencies and can strongly influence
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chemical reactions. Recent advances in developing intense THz sources have now enabled the study of nonlinear rotational
effects in liquids [13,225–227].

In a recent study [226] Kerr-effect measurements were conducted in order to investigate the transient birefringence
induced in different liquids by optical vs. THz excitation. These experiments demonstrated that the transient birefringence
is enhanced by more than an order of magnitude using THz excitation, compared with optical one, in highly polar liquids.
In addition a resonant effect was observed for the THz pulses. These effects were explained by efficient coupling of the
intense THz pulses to the librational modes, which led to reorientational motion. The observations suggest that efficient
alignment in liquids and even coherent control of reactions are within reach.

Molecular alignment has also been achieved using multiple THz pulses [254]. By varying the timing between two
THz transients, the orientational alignment of the molecules in the liquid could be controlled. These measurements were
performed with 2D THz–THz–Raman (TTR) spectroscopy in which two carrier-envelope-phase stable THz pump pulses
are used in combination with a weak NIR Raman probe pulse. This method is sensitive to the birefringence of the liquid
and also to the couplings between different molecular vibrational modes.

Recently, orientation of liquid water molecules was demonstrated using single-cycle THz pulses (0.25 THz) of 510
kV/cm electric field strength and was probed by the optical Kerr effect. Though, the observed dynamics could not fully
be reproduced by the modeling of the dynamics [227]. Water is a unique liquid of fundamental importance for, e.g.,
biological systems. Useful parameters required for accurate simulations of water dynamics, such as the polarizability
of water molecules, are not known, but could be obtained with THz experiments [228]. However, alignment of water
molecules in the liquid phase is difficult because of rigid hydrogen-bonded structure and the fast energy dissipation
into the water network. Efficient alignment requires exciting hindered librational motions of the water molecules in the
hydrogen-bonded network that move on timescales that match the reorientations of the surrounding water. In a recent
experiment, water alignment was demonstrated by resonant excitation of librational modes using THz-pump THz-probe
experiments at 11.7 THz and 7.8 THz [13]. The rotational dynamics revealed a significantly enhanced water molecular
alignment compared with the above described measurements using single-cycle pulses [227]. Specifically, the strong-
field THz excitation generated significant alignment at 11.7 THz excitation but not at 7.8 THz. It was explained by the
matching of the 11.7 THz driving field with the natural system fluctuations that resulted in efficient water alignment.
This experimental result agreed well with simulations that showed a significant pump frequency dependence displaying
a signal peak at around 12 THz using a THz field of 5 MV/cm.

2.4.5. Excitation of molecular vibrations

Single molecules
Scanning tunneling microscopy (STM) employs quantum tunneling to investigate surfaces at the atomic resolution. In

this method, a tip biased with a DC voltage scans the surface. Cocker et al. [255] have developed the THz-STM approach
in which a short THz pulse substituted the DC bias. The authors investigated single pentacene molecules absorbed on
NaCl monolayer. In particular they observed a sharper contrast of the highest occupied molecular orbital (HOMO) lobes
in THz-STM images compared to those acquired using the DC bias. Introducing a second THz pulse with a certain delay
with respect to the first one made it possible to investigate ultrafast dynamics of individual pentacene molecules on
the scale of a single molecular orbital. It was observed that upon removing an electron from the HOMO orbital by the
first THz pulse, an oscillatory motion of a pentacene molecule was excited, which was probed by the second pulse. This
oscillatory motion was attributed to the van der Waals interaction between the molecule and substrate. The introduction
of the THz-STM technique opens the door to a new class of ultrafast dynamics experiments in which molecular motion
is probed on the femtosecond timescale at the level of a single electronic orbital.

A complementary approach for single-molecule THz spectroscopy was demonstrated for C60 by using the single
molecular transistor geometry, in which an investigated molecule is captured in a sub-nanometer gap between a source
and a drain of the transistor [256]. Upon irradiation with a THz single-cycle pulse, center-of-mass oscillations of the C60
molecule are excited. Such oscillations facilitate tunneling (THz-induced vibron-assisted tunneling) between the source
and the molecule, and subsequently between the molecule and the drain. THz spectra are obtained from interferograms
of photocurrent induced by two THz pulses delayed in time with respect to each other.

Liquid phase
Thermally activated motions in liquids include intermolecular and intramolecular vibrations. Recently the first co-

herent excitation of intramolecular vibrational modes via nonlinear THz interaction in a liquid was reported [257]. The
coherent excitation was accomplished using a two-photon interaction of one THz pulse and a Raman interaction from a
continuously delayed 800 nm pulse. Similarly to the studies by Hoffmann et al. in Ref. [225], the measurements using THz
Kerr effect spectroscopy revealed rotational dynamics, but also intramolecular vibrations could be observed as oscillations
superimposed on the rotational signal. Although this was not a 2D experiment, because the signal was only measured
with respect to the delay between the THz pump and the 800 nm probe, it opened the door to multidimensional THz
spectroscopy of vibrational motions in the condensed phase. Since then 2D TTR spectroscopy has been exploited to
measure the anharmonic coupling between vibrational states, revealed by off-diagonal peaks in the 2D spectra, for various
liquids [254,258]. This type of 2D THz experiments opens the possibility to control vibrational populations as well as
coherences between the vibrational states. Hence, it provides the first step towards control of liquid phase chemistry
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Fig. 24. Illustration of the manipulation of atoms on a surface using different orientations of the polarization of a half-cycle THz pulse.
Source: Adopted from Ref. [261].

with light. Furthermore, 2D THz spectroscopy may reveal couplings between intermolecular modes and permit separation
of the homogeneous and inhomogeneous line broadening, which would enhance the spectral resolution of the typically
blurred 1D THz spectra. The possibilities offered by vibrational 2D THz spectroscopy applied to liquids are elaborated in
more detail in a recent perspective article [259].

2.4.6. Adsorbed molecules
Surface chemistry and catalytic reactions are suitable targets for THz studies because many surface vibrations exist

at these frequencies, such as phonons, collective electron motions and frustrated vibrations of molecules bound to
the surface. The high-field quasi-half-cycle (quasi-unipolar) THz pulses with electric fields on the order of 10 MV/cm,
corresponding to the Coulomb force between the electron and nuclei, provide a handle to manipulate adsorbed atoms
and molecules by initiating a coherent motion. Calculations have shown that electric field strengths in the 10 MV/cm
range can displace a water-molecule layer on Au by 0.5 Å [260]. Moreover, by using quasi-half-cycle pulses with field
strengths comparable to the internal molecular electric field and with duration comparable to the vibrational period, it
is possible to drag the nuclei along a desired direction by orienting the polarization of the THz pulse as illustrated in
Fig. 24. This has been suggested as a path towards efficient reaction control at surfaces [261]. The direct coupling to the
vibrations of the adsorbed molecules by the THz pulse provides a crucial advantage compared with previous attempts at
controlling femtochemistry on metal surfaces using ultrashort optical pulses. The latter method relies on indirect coupling
to the molecules via excitation of phonons and hot electrons, and thus allows little control of the reaction pathway. In
contrast, the use of THz pulses permits targeting specifically the motion of the adsorbed molecules.

THz-induced control of CO oxidation on Ru(0001) has been demonstrated [14] using the strong quasi-half-cycle fields
of THz transients generated by coherent transition radiation (CTR) from an ultrashort relativistic electron bunch at the
Linac Coherent Light Source (see Section 3.3.1 for CTR principles). The experiments were carried out using THz pulses with
10 MV/cm peak field centered at 10 THz. The CTR-produced THz pulses are radially polarized and have both longitudinal
and transversal electric field components at the focus. The electric-field components perpendicular to the surface move
the surface conduction electrons closer to, or away from, the adsorbed atoms and molecules, which provides a handle to
control the adsorbates. In the Ref. [14] it was suggested that the THz-induced CO oxidation was driven by Ru–O vibrational
excitation caused by the transfer of electrons to the non-bonding Ru–O orbitals when the electron density is polarized
to the surface. This increases the translational energy of the O atoms and enhances the probability to react with CO and
form CO2.

2.5. THz manipulation of electron beams

Charged particle accelerators have found wide applications in industry and research. They are used for driving
photon sources such as free-electron lasers (FEL) and synchrotrons, for proton and ion treatment of cancer, for food
sterilization and quality control in industry. Conventional accelerator technology uses radio frequency (RF) fields to
accelerate charged particles. In linear electron accelerators, conventional 2.856 GHz accelerating structures are limited
to the maximum accelerating field of about 50 MV/m. This results in km-long accelerators for the production of multi-
GeV beams needed for, for example, X-ray sources. At the same time, by employing electromagnetic fields of higher
frequencies the breakdown threshold of accelerating structures can be increased [262]. An increase in the accelerating
field correspondingly implies a more compact accelerator. Acceleration, formation and diagnostics of electron beams with
strong-field THz transients is a dynamic and very promising field of research started in the late 2000s. In this section, we
summarize key achievements in this field.

In the linear accelerator, the bunch of electrons gains energy from an external electromagnetic wave in a accelerating
structure maintaining synchronism (constant phase relation) between the bunch and the wave. It is an attractive option
to use optical laser fields and dielectric accelerating structures to reach accelerating fields of hundreds of MV/m [263].
However, to obtain high-quality beams, all particles in the bunch must experience almost the same phase and amplitude
of the accelerating field. With an optical or IR laser, this means a femtosecond-scale time bucket to be populated with
particles. Such a short bunch duration strongly limits the bunch charge because of Coulomb repulsion. Therefore, in
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dielectric laser accelerators the bunch charge that can properly be accelerated does not exceed 1 pC [263]. For competitive
FEL operation tens of pC of charge in the driving bunch are needed. In addition, a sub-femtosecond scale synchronization
is needed for acceleration by IR fields. In contrast to optical or IR fields, acceleration by THz fields is a viable option. Recent
studies on the bunch formation show that with RF technology it is possible to generate and compress several MeV, 30–50
pC bunches down to the 50 fs level [264,265]. Then, such bunches can further be accelerated, for example, within one
bucket of a 1-THz field.

For acceleration, strong-field high-pulse-energy THz radiation is needed: (i) the stronger the field, the higher the
electron energy gain; (ii) the higher the THz pulse energy, the longer interaction is sustained before the THz pulse is
depleted. Since only one cycle of the field is used for acceleration, a few-cycle THz wave is more suitable for acceleration
than a multi-cycle wave having the same pulse energy.

For efficient acceleration, the beam and the accelerating field must be synchronized to preserve a constant phase
shift between the two. The synchronization can be achieved by using: (i) a waveguiding structure which slows down
the wave [266,267], (ii) a slow ponderomotive wave produced by a THz wave and an undulator field [268], or (iii) a
longitudinally polarized photon beam propagating at a subluminal velocity in free space [269].

In the Ref. [266], a THz pulse from a laser-based source is first converted into a radially polarized one (using a
segmented waveplate), which is further focused into an accelerating structure (3 mm long). The latter is a dielectric
capillary with a metal outer boundary serving as a circular THz waveguide. The dielectric allows for matching of the
group and phase velocity of the THz pulse with the injected particle bunch. With a 10 µJ initial THz pulse, the on-axis
electric field within the structure turned out to be 10 MV/m. The injected electron bunch experienced an accelerating
gradient of about 2.3 MeV/m. Although modest at the proof-of-principle stage, this acceleration method is scalable and
flexible. In contrast with laser-driven plasma wakefield acceleration, it preserves the high brightness of the particle beam
provided by a photoinjector. Moreover, it paves the way towards all-optical acceleration and manipulation of particle
beams.

Direct manipulation of electron beams with THz pulses was also demonstrated through the inverse free-electron laser
mechanism [268,270]. To this end, electrons are overlapped with a THz field within an undulator. The THz field and a static,
periodic (along the interaction direction) magnetic field of the undulator form a slow ponderomotive wave synchronous
with the beam. To counteract the diffraction of the THz field along the undulator and preserve an efficient energy transfer
from the THz field to the beam, a waveguide is inserted (curved parallel plates). Changing the separation between these
plates allows one to control the resonant electron energy within the undulator. The direction of the energy transfer
between the THz wave and the beam depends on the relative phase between the two. By changing the relative phase,
the compression and decompression of short (compared to THz period) 4–9 MeV electron bunch were demonstrated
experimentally Ref. [268]. The 150-keV energy modulation of long bunches was also achieved. Thanks to the waveguide,
the inverse free-electron laser interaction was sustained for up to 30 cm. In the same manner, bunch acceleration can
be performed. With a modest 1 µJ THz pulse, the gradient reached 0.25 MeV/m. With state-of-the-art THz sources, see
Section 3, this value can clearly be increased.

While the approaches demonstrated in [266,268] use well-known methods in accelerator physics adapted to the THz
range, a new type of the accelerating structure was introduced in [267]. It can both accelerate and streak electrons
depending on the phasing of driving THz fields. Two THz pulses are injected from the sides to an accelerating structure,
see Fig. 25. Depending on the relative phase between the pulses, two regimes are possible: (i) the acceleration and
compression regime by the combined electric field (magnetic fields cancel each other), and (ii) the deflection and streaking
regime by the combined magnetic field (electric fields are mutually cancelled). In the streaking regime, the electrons of the
beam acquire different transverse momenta depending on the arrival time to the THz-wave-beam interaction region. Then,
the electron distribution projected, for example, onto a yttrium aluminium garnet (YAG) screen gives the information
about the temporal profile of the electron beam. The demonstrated accelerating field is 70 MV/m whereas the streaking
resolution is 10 fs. It is interesting to note that a very similar setup was proposed in [18], see Section 3.3.2, but for THz
generation by electron beams instead of THz acceleration.

The production of high-quality electron bunches for ultrafast applications with single-cycle THz fields is a new pivotal
direction of research in accelerator technology. The Ref. [271] reports a THz-driven electron gun, shown in Fig. 26, with
an accelerating gradient of over 300 MV/m in a micrometer-scale waveguide. This accelerating gradient is record high
compared to state-of-the-art RF guns, which achieve 200 MV/m gradient [265]. The demonstrated bunch charge of 32 fC
is too low for driving light sources but sufficient for ultrafast electron diffraction [272–274]. In the experiment, a THz
pulse with a pulse energy of 35 µJ and a center frequency of 0.5 THz is focused into a waveguide. Thanks to focusing, the
accelerating field reaches 350 MV/m in the gun. However, the final beam energy (around 0.4 keV) is low because of a short
interaction region. The absolute energy spread of the electrons in the THz gun is comparable with that of state-of-the-art
conventional RF guns.

2.6. Conclusions

Research exploiting the recently developed THz technology, producing ultrashort THz pulses with field strengths
exceeding 1 MV/cm, shows a tremendous impact on a variety of scientific areas.

The strong-field THz transients now available have enabled the investigation and control of nonlinear lattice responses
that influence the material properties. For example, using field strengths of ∼1 MV/cm, IR active modes can be driven
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Fig. 25. A pre-accelerated, 55 keV electron beam traverses a set of parallel-plate waveguides stacked together. The waveguides form a three-cell
accelerating structure with a π phase shift between the cells such that the beam experiences the same accelerating phase as it propagates through
the structure. The structure is powered symmetrically from the sides by two THz pulses and depending on the phase between the pulses, the
resulting field is completely dominated by either an electric or a magnetic component.
Source: Adopted from [267].

into the anharmonic regime, which permits coherent excitation of Raman active modes via anharmonic coupling.
The associated nonlinear coupling terms result in a displaced potential energy curve and a transient lattice structure
modification that can be exploited for material control. Such nonlinear lattice excitations have produced signatures that
may indicate induced transient superconductivity in cuprates and organic systems, which could provide further clues
to the underlying mechanisms behind the transition to this important state. Nonlinear lattice excitations have also
enabled initial demonstrations of sub-picosecond polarization switching in ferroelectric materials with applications in,
e.g., non-volatile memory device technology.

The strong THz electric fields also enable control of the material properties by direct manipulation of charges in
semiconductors, or by influencing the interactions between electrons in correlated electron systems, such as Mott
insulators. For example, electric fields in the 1 MV/cm range have improved our understanding of carrier multiplication
(CM) leading to increased conductivity in semiconductors, which is a key process in many technological applications,
including solar cells. In particular, such THz fields have enabled experiments that shed more light on the impact ionization
(IMI) and Zener tunneling (ZT) contribution to CM and provided new ways to study their dynamics at a larger range
of initial carrier concentrations. Furthermore, extreme spectral broadening of optical pulses and semiconductor optical
transmission modifications has been achieved via IMI and ZT induced by THz pulses with 25 MV/cm electric field strength.

The mechanism of THz-induced insulator–metal transitions (IMT) driven by electron correlation effects, so-called
Mott transitions, has been clarified using THz fields exceeding 1 MV/cm. The importance of field-induced tunneling for
generating carriers that initiate the process has been demonstrated. The IMT mechanism of VO2 has been heavily debated
but recent experiments using strong-field THz pulses suggest that the phase transition is driven by electron tunneling
and that the electronic dynamics can occur on a faster timescale than the lattice dynamics.

THz-driven nonlinear effects in graphene have recently attracted much attention in view of very large values of
graphene’s nonlinear susceptibility in the THz region. In contrast to conventional 3D materials, graphene manifests
a nonlinear behavior in the THz range already for moderate fields on the order of 10 kV/cm. A variety of THz-
driven nonlinear effects in graphene have been demonstrated: high-harmonic generation, dynamic Hall effect, all-optical
wide-band nonlinear modulation, second-order nonlinear photon-drag currents.

Coherent magnetization dynamics has been triggered by intense THz pulses, both via the magnetic and electric fields.
Using single-cycle THz pulses the control of magnons in antiferromagnetic NiO has been achieved via interaction of the
0.1 T (300 kV/cm) magnetic field with the spins. Even stronger fields of 1–10 T generated by coherent transition radiation
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Fig. 26. All-optical THz gun (a). Figure (b) shows the concept of the gun. A single-cycle THz pulse is first produced via optical rectification in a
lithium niobate crystal, and then focused into a parallel-plate waveguide with tapered input. The waveguide supports dispersion-free TEM modes
and focuses the THz pulse. The inset (c) presents a schematic of the acceleration region. An external UV pulse illuminates a thin copper foil that is
used as a cathode for photo-emission of electrons. The illumination is from the back side. The emitted electrons are accelerated by the THz pulse
and extracted through a narrow slit in the waveguide wall.
Source: Adopted from [271].

(CTR) from a 30 GeV electron bunch have shown magnetization reversal on an ultrafast timescale, estimated as 1 ps, in
metallic ferromagnetic samples. Time resolved studies are, however, required to confirm the exact switching time. Intense
THz pulses have also provided essential knowledge about demagnetization dynamics in metallic ferromagnets.

Field-free molecular alignment and orientation is desirable in a broad class of experiments including ultrafast X-ray
diffraction and has been demonstrated for gas-phase molecules using single-cycle THz transients with moderate field
strengths of ∼50 kV/cm at the sample. Further control of such periodic orientation is expected with schemes involving a
combination of 1 MV/cm THz waves and femtosecond optical pulses. In addition, alignment, as well as vibrational control
of molecules in the liquid phase has been obtained, which opens the possibility of steering chemical reactions in solution.
Moreover, by exciting the Ru–O vibrations on a Ru surface using single-cycle THz pulses with a 10 MV/cm peak field
centered at 10 THz, CO oxidation has been achieved. Such pulses were generated via CTR at the high-energy linac at LCLS.
The high electric field of the THz pulse offers the possibility of manipulation and high-gradient acceleration of electron
bunches, with implications for the development of compact linear accelerators and ultrafast electron diffractometers. In
particular, an all-optical THz-driven electron gun with an accelerating gradient of over 300 MV/m has been reported.
This development is a decisive step towards the realization of single-shot electron diffraction on a 10-fs scale needed for
studying the dynamics of strongly correlated materials.

In addition to the manipulation of matter by strong THz fields, many studies require picosecond, or sub-picosecond,
time resolution in order to follow the fast dynamics initiated by the intense THz pulse. Such studies benefit from the
short pulse duration offered by single-cycle or few-cycle THz transients. Several recent experiments have exploited
the short and intense THz pulses in nonlinear pump–probe measurements. Pump–probe experiments carried out with
a single-cycle THz pump pulse combined with either THz or optical probe pulses have addressed the dynamics of,
e.g., exciton ionization, carrier multiplication, superconductive-order-parameter oscillations, ferroelectric polarization
switching, magnon excitations, and molecular alignment and orientation. Moreover, X-ray pulses have been useful for
resolving the structural dynamics initiated by the THz pulse. This has, for example, enabled the separation of the timescales
associated with lattice and electronic dynamics in Mott insulators and has provided insight into the mechanism of phase
transitions into superconducting-like states.

Desired THz pulse properties for future applications will be discussed in Section 5.
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3. Generation of strong-field THz light

3.1. Optical rectification

Though optical rectification was predicted in 1962, the generation of single-cycle THz pulses was demonstrated only in
1985. Then, it took another two decades to develop THz sources delivering single-cycle pulses with MV/cm field strength.
Nowadays, THz generation through optical rectification is an established technology and contemporary research efforts
are mainly focused on extending the frequency range and increasing the conversion efficiency of rectification.

3.1.1. Basics of optical rectification and phase matching
Optical rectification (OR) is a nonlinear optical phenomenon. If an electromagnetic field with high electric field strength

interacts with matter, the response of the matter (its electric polarization P) is usually not proportional to the electric
field E, instead the polarization vector can be described as

P = ϵ0(χ (1)E + χ (2)EE + χ (3)EEE + χ (4)EEE + · · ·). (9)

Here ϵ0 is the vacuum permittivity, and χ (n) is the nth-order susceptibility tensor of the material. The first term in Eq. (9)
is responsible for the difference of the light velocity inside the matter from that in vacuum. The second term can be the
source of radiation having a different frequency from that of the driving electric field. If the driving field contains at least
two frequency components, sum-frequency and difference-frequency generation can occur.

For the special case of illumination of a nonlinear crystal with a high-intensity, ultrashort pump laser pulse having a
broad spectrum, the frequency components matching the difference between the frequency components of the ultrashort
pulse are generated. If the frequency dependence of χ (2) is negligible, these new frequency components result in a single-
cycle electromagnetic pulse with a temporal shape equal to the derivative of the temporal shape of the pump laser pulse
intensity [275]. This is the OR process. If the duration of the pump laser pulse is in the range of hundred femtoseconds, the
oscillation period of the produced single-cycle pulse is also in the sub-picosecond range. Correspondingly, its spectrum
has a maximum in the THz frequency range, and the width of the spectrum is larger than the mean frequency. To sum
up, OR of (typically near-infrared (NIR)) ultrashort laser pulses in a nonlinear optical crystal can result in single-cycle THz
pulses.

OR, as every nonlinear optical frequency conversion process, can be effective only if the phase-matching condition is
fulfilled. This means that the THz wavelets generated at different points of the nonlinear crystal along the propagation
path must arrive to the exit surface of the crystal with the same phase, thus yielding constructive interference among the
wavelets. For OR the phase-matching condition can be expressed as a velocity-matching condition according to [276]

v
gr
NIR = vTHz, (10)

where vNIR is the group velocity of the NIR laser pulse and vTHz is the phase velocity of the THz pulse.
Let us assume that the velocity matching condition is fulfilled and the absorption coefficient both in the NIR and THz

range is small compared to L−1, where L is the length of a nonlinear crystal illuminated by NIR laser pulses of intensity I .
Then the intensity conversion efficiency (from the NIR pulse to the THz one) of the OR process can be approximated by
a formula describing the difference frequency generation process [277]:

ηTHz =
2ω2d2effL

2I
ϵ0n2

NIRnTHzc3
(11)

Here ω is the (main) angular frequency of the generated THz pulse, deff is the effective nonlinear optical coefficient, c is
the velocity of light in vacuum, and nNIR and nTHz are the indices of refraction in the NIR and THz range, respectively.
The effective nonlinear coefficient, deff, depends on the polarization of both the NIR laser pulse and the generated THz
radiation, and can be calculated from the nonlinear optical tensor, d, having half the values of the corresponding elements
of the 2nd order susceptibility tensor [278]. From Eq. (11), the relation for the peak electric field of the generated THz
pulse follows:

ETHz ∼ ωdeffLI. (12)

According to Eq. (11), the THz generation efficiency of OR is proportional to the square of both the frequency of the
generated THz radiation and the nonlinear optical coefficient, and is proportional to the intensity of the laser pulse. Since
the frequency of the THz radiation is small (about two orders of magnitude smaller than the frequency of the visible or
NIR light), it is indispensable to use nonlinear optical crystals having high deff, and to apply a high laser intensity, for
obtaining efficient OR. The applicable laser intensity is usually limited by multiphoton absorption.

Note that, because of the phonon resonances between the NIR and THz ranges, the value of deff for THz OR is not equal
to the value for sum-frequency generation of NIR pulses, when all involved frequencies are above the phonon resonances.
For semiconductors deff is somewhat smaller in the THz range than in the NIR range whereas for ferroelectric crystals
(lithium niobate LiNbO3 (LN), lithium titanate LiTiO3 (LT)) the situation is opposite. The dij elements of the nonlinear
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Fig. 27. The working principle (a), and the typical setup of a TPFP LN THz source (b).
Source: Adopted from Ref. [1].

optical tensor, or the χ
(2)
ij elements of the 2nd order susceptibility tensor (both applicable to the OR process) can be

calculated from the corresponding elements of the (clamped) r electro-optic tensor according to [277,279]

dij = χ
(2)
ij /2 = −

n4rji
4

. (13)

It is also important to notice that for some materials (e.g., for ferroelectric crystals), the αTHz absorption coefficient in the
THz range can be a few times larger than 10 cm−1, limiting the usable crystal length L, see Eqs. (11) and (12). In this case,
another expression has to be applied instead of Eq. (11), [277].

In what follows, typical setups for OR and the results obtained with them will be presented separately for three
different types of nonlinear crystals: ferroelectric crystals, semiconductors, and organic crystals.

3.1.2. Optical rectification in ferroelectric crystals
Since the nonlinear susceptibility of the ferroelectric crystals (e.g., LiNbO3 (LN), LiTiO3 (LT)) has a large contribution

from phonon resonances at about 10 THz, it is much higher for the OR process than for other frequency conversion
processes (e.g., the second harmonic generation) involving photons only in the visible or near infrared range. Because of
this large nonlinearity (see Table 1), ferroelectric crystals are very promising for OR. At the same time, since their linear
susceptibility also has large contribution from the phonon resonances, their index of refraction in the THz range is much
higher than their group index in the visible or NIR range. Hence, velocity matching using birefringence or dispersion in
the visible or NIR range is not possible for ferroelectric crystals.

In 2002, the so-called tilted-pulse-front-pumping (TPFP) technique was suggested to achieve velocity matching [1].
Its working principle is the following (see Fig. 27a): when a plane intensity front of the pump laser pulse generates THz
radiation, this radiation propagates perpendicularly to the intensity front. If the intensity front is tilted (compared to the
phase front), meaning it is not perpendicular to the propagation direction of the pump pulse, then the velocity matching
condition is

v
gr
NIR = vTHz cos(γ ) (14)

instead of Eq. (10), where γ is the tilt angle of the intensity front. By choosing γ appropriately, velocity matching can be
achieved for

vTHz > v
gr
NIR. (15)

A typical setup for OR using TPFP is shown in Fig. 27b. It consists of a femtosecond laser, an optical grating for introducing
the tilting, a nonlinear crystal (typically LN), and an imaging optics to image the pump pulse spot on the grating into the
nonlinear crystal. In order to enable both the perpendicular entrance of the pump into the LN crystal and the perpendicular
exit of the THz pulse from the crystal, the LN has a wedge angle equal to the γ tilt angle.

It has been proved only recently that TPFP in LN crystals is a very efficient single-cycle THz source in the 0.2–2 THz
range. Pumping with only a few mJ Ti:sapphire laser pulses resulted in THz pulses with an energy exceeding 2 µJ [277].
Using an off-axis paraboloidal mirror pair for focusing, a peak electric field strength of more than 1.2 MV/cm was
achieved [25]. The THz pulse energy and field strength achieved were sufficient to induce nonlinear effects when being
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Table 1
Relevant parameters of a few nonlinear crystals most frequently used for OR. r is the electro-optic coefficient, deff is the effective nonlinear optical
coefficient, ngr

NIR is the group index of refraction at the pumping wavelength λ given in the curly brackets, nTHz is the phase index of refraction on
the THz range, αTHz is the absorption coefficient in the THz range, β , γ , and δ are the two-, three- and four photon absorption coefficients at the
pumping wavelength, respectively.

r
(pm/V)

deff
(pm/V)

ngr
NIR

(λ)
nTHz αTHz

(1/cm)
β

(cm/ GW)
γ

(cm3/ GW2)
106

× δ

(cm5/ GW3)

ZnTe 4.04 68.5 3.24
(800)

3.17 1.3 4.2 30

2.98
(1030)

2.79
(1700)

GaAs 1.43 65.6 3.99
(800)

3.59 0.5

3.5
(1800)

3.43
(2300)

GaP 0.93 24.8 3.56
(800)

3.34 0.2 0.04 30

3.32
(1030)

3.12
(1700)

GaSe 1.7 86 0.5

sLN 30.9 168 2.25
(800)

4.96 17 0.01

sLN
(100 K)

30.9 168 2.25
(800)

4.76 4.8

sLT
(100 K)

2.22
(800)

5.7

DAST 77 615 3.39 2.58 0.7

DSTMS 214 2.22

applied to different materials in pump–probe experiments [3]. Higher pump energies of the driving laser produced a THz
pulse energy of 0.43 mJ [280] and by cooling the LN crystal more than 3% energy conversion efficiency was achieved [281].
The highest reported electric field achieved with this technique is 4 MV/cm at 0.3 THz frequency [282].

Despite these impressive results it became evident that the large required tilt angle severely limits, in a few different
ways, further increase of the THz pulse energy and electric field in the TPFP LN THz source. The main limitations are the
following: (1) Every beam with a tilted intensity front contains an angular dispersion, [283]:

tan γ = λ
dθ
dλ

. (16)

Furthermore, group velocity dispersion, proportional to the square of the angular dispersion, appears. Because of group
velocity dispersion, the pulse duration of an ultrashort pulse having a large tilted intensity front evolves very fast during
propagation. This results in a short effective THz generation length, limiting the efficiency. (2) The angular dispersion
together with imaging errors creates significantly different pulse durations at the edges of the pump spot in the image
plane compared with the pulse duration at the center. This pulse duration discrepancy results in reduced efficiency and
low quality of the THz beam. (3) The large wedge angle leads to a large path length difference for the pump and THz pulses
on the face opposite to the face, through which the crystal is pumped. Consequently, the THz pulse shape generated is
strongly dependent on the transversal position with respect to the propagation axis, thus resulting in decreased efficiency
and low THz beam quality.

The 1st type of limitation can be mitigated in two different ways: (i) using pump pulses with narrower spectrum
(shorter Fourier-transform-limited pulses) [284], and (ii) using nonlinear crystals, which need smaller tilt angles [285,286].

Both the 2nd and 3rd types of the tilted front limitation could be eliminated by using a contact grating on the input
face of a plane-parallel nonlinear crystal for tilting the intensity front, instead of using the external grating imaging
system [287]. Although such a LN THz source was realized, its efficiency was low because of technical reasons originating
from the large required tilt angle/groove density [288,289]. At the same time, the contact grating technique was very
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Fig. 28. Hybrid TPFP LN setup consisting of a transmission grating (wide black dashed line) for creating a pre-tilt of the pump intensity front and a
plane-parallel LN slab (marked in gray) with an echelon structure on its input face. The solid dark blue line shows the intensity front of the pump
pulse whereas the resulting THz pulse is shown in red. The whole interaction region of length L is effectively used for coherent THz generation..
Source: Adopted from Ref. [293].

effective for a semiconductor nonlinear optical material [286]. Hopefully, by improving the technique of producing high
groove density relief gratings on the surface of LN, the contact grating technique will be made effective for LN and LT
materials too.

Decreasing the required groove density is possible using the so-called hybrid TPFP LN setup [290], in which the
necessary tilt of the intensity front is created in two steps. First, about half of the tilt angle is generated by a conventional
grating-imaging optics setup. Second, the remaining part of the required tilt is introduced via diffraction of the pump
beam on the (reduced groove density) contact grating created on the input face of the LN crystal. Thanks to the smaller
tilt angle introduced in the first step, the 2nd type of the tilted front limitation is also very much relaxed compared to
the conventional setup. Although in this setup a LN prism has to be used, its wedge angle is only about 30 ◦, thus relaxing
also the 3rd type of the limitation significantly.

Very recently another type of the hybrid TPFP LN setup has been suggested [291]. It uses a plane-parallel LN slab
with an echelon grating structure on its input face, see Fig. 28 (note that in this setup the position and purpose of the
echelon grating is different from the one used in the work of Ofori-Okai [292]). Here a pre-tilt angle (γ0 in air) equal to the
required final tilt angle inside the LN crystal (γ = 63 ◦) is introduced via diffraction of the pump beam on a transmission
grating. When the pump laser pulse enters the crystal through the echelon grating structure, the (average) tilt angle of
the intensity front turns out to be equal to the required tilt angle inside the LN crystal.

Note that contrary to the original suggestion [291], a single transmission grating is enough to introduce the necessary
pre-tilt and thus any imaging can be omitted [294]. Hence, the setup avoids imaging errors, and the pump beam spot size
as well as the generated THz energy are scalable.

3.1.3. Optical rectification in semiconductor crystals
Semiconductors were among the first crystals used for THz pulse generation by OR [295]. Although many semi-

conductors are suitable for efficient THz generation, ZnTe became the most frequently used one for high-energy THz
pulse generation thanks to its rather large nonlinear optical coefficient (see Table 1). What is even more important, for
this material the velocity matching condition (Eq. (10)) is fulfilled for the wavelength (≈810 nm) of the widely-used
Ti:sapphire ultrashort-pulse laser. The upscaling of the generated THz energy up to 1.5 µJ was possible just by increasing
the pump pulse energy and the pump spot size [296,297]. Focusing of the THz beam (around 30 mm FWHM diameter)
from a large-aperture ZnTe single crystal wafer resulted in more than 200 kV/cm field strength [297]. However, the energy
conversion efficiency from the pump laser pulse to the THz one was only 3 × 10−5. It was recognized that two-photon
absorption (2PA) and the THz absorption of the free carriers generated by the 2PA limit the efficiency.

2PA can be eliminated by using longer wavelength pump sources [298]. Pumping of GaAs with 1.8 µm pump pulses
resulted in 5 × 10−4 efficiency [299]. The investigation of the generated THz pulse energy as a function of the pump
intensity by pumping ZnTe, GaP and LN crystals with 1.03 µm wavelength pulses of an Yb laser clearly demonstrated (see
Fig. 29) the efficiency limiting effect of not only the 2PA, but also the three-photon absorption (3PA), (even four-photon
absorption (4PA) in the case of LN) [300]. Table 1 shows some 2PA, 3PA, and 4PA coefficients.

Of course, not only 2PA, but also 3PA and 4PA, can be eliminated by using long enough pump wavelengths. However, for
longer wavelengths the index of refraction is smaller, and typically a longer wavelength results in a higher pump pulse
velocity than the THz phase velocity such that Eq. (10) is not fulfilled. In such a situation the TPFP velocity matching
technique can be used. This technique was applied in setups using GaAs [299], and very recently, using ZnTe [285] for OR.
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Fig. 29. Measured (squares) saturation of THz pulse generation by OR in GaP (a) and LN (b). The fitting curves were obtained by taking into account
2PA and 3PA for GaP and 2PA, 3PA, and 4PA for LN.
Source: Adopted from Ref. [300].

Fig. 30. Scheme of the contact grating ZnTe TPFP THz source.
Source: Adopted from Ref. [285].

In the latter case, 1.7 µm pump pulses were used in order to eliminate both 2PA and 3PA, and as high as 0.7% conversion
efficiency was achieved.

The TPFP technique applied to long wavelength pumping of semiconductors in order to achieve velocity matching,
requires only 30 degrees or less tilting angle [285]. This moderate tilting can be realized using the so-called contact
grating technique (see previous subsection) [287]. The experimental setup in this case is very simple (see Fig. 30): the
pump beam enters perpendicularly to the surface of the plane-parallel ZnTe crystal, and the generated THz pulse leaves
the crystal collinearly with the pump beam [286]. In this setup the diffraction of the pump beam into the +/−1 order
creates the tilt of the pump intensity fronts in the diffracted beams with opposite signs, merging the two pulse fronts
into a single strip parallel to the output surface of the crystal (see Fig. 30a) [301]. (The intensity fronts are parallel to
the surfaces of the crystal for both orders.) Even with an imperfect contact grating structure, this setup resulted in 0.3%
conversion efficiency [286], and further increase of the efficiency is predicted for optimized conditions (crystal thickness,
pump pulse duration) [302].

Among different semiconductors having nonlinear optical response, GaSe is the one that allowed the generation of
near single-cycle THz pulses with the highest focused electric field [26]. The reported peak field strength was 12 MV/cm,
that is 60 times larger than that obtained using ZnTe [297]. In the case of GaSe, optical parametric amplification (OPA)
was actually used instead of OR for THz generation. However, neither the different frequency conversion processes, nor
the different nonlinear optical materials used explain this huge contrast in the achieved peak electric field. Instead, the
separation in frequency between the generated THz pulses (<2 THz for ZnTe and 22 THz for GaSe) is the main reason.
According to Eq. (12), for the same nonlinear optical coefficients (ZnTe and GaSe have similar deff values, see Table 1)
and the same pump intensities, the peak field strength at the output surface on the nonlinear crystal will be proportional
to the central frequency of the generated THz pulse. Using focusing optics with the same numerical aperture a further
increase, proportional to the frequency ratio is expected for the focused field.
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3.1.4. Optical rectification in organic crystals
Using 10 nJ pump pulses from a Ti:sapphire laser, THz pulse generation by OR from an organic nonlinear optical crystal

DAST was demonstrated as early as 1992 [303], but the detected focused THz field was only 2 V/cm. Using 50 µJ energy
pump pulses at 1.5 µm resulted in a 20 kV/cm focused THz field [304]. In that paper some important properties of DAST
were reported, such as nonlinear coefficients for different polarizations, THz absorption resonances and 2PA coefficients
at 1.3 µm. This value is advantageously small: β = 0.7 cm/GW.

It was also demonstrated that other organic crystals such as OH1 and DSTMS are excellent materials for THz generation
by OR. For example, by pumping OH1 at a 1.35 µm wavelength an almost linear increase in conversion efficiency up to
1.75% was achieved for pump peak intensities up to 110 GW/cm2 [305]. Using pulses of up to 35 mJ energy from a
Cr:forsterite laser working at 1.25 µm wavelength, more than 1%, 2%, and 3% conversion efficiency was demonstrated
for DSTMS, DAST and OH1 nonlinear crystals, respectively [130]. Focusing the generated THz pulses, peak electric fields
between 6 and 18 MV/cm were achieved. The corresponding magnetic field reached 5 T.

The process of growing of the mentioned organic nonlinear crystals limits their size to about 1 cm × 1 cm × 1 mm. At
the same time, the small thickness is compensated by the huge nonlinear optical coefficient of these crystals (see Table 1).
The limitation on the usable pump spot size from the small transversal size of the crystals can be eliminated by using
partitioned crystals [306] assembled as a mosaic of crystal pieces on the surface of a substrate. Using this technique, THz
pulse energies as high as 0.9 mJ were generated [27]. This is the highest THz pulse energy generated up to now.

Organic crystals are also suitable for generating ultra-broadband THz pulses. Pumping DSTMS with 25-fs-long
Ti:sapphire laser pulses, THz pulses with 22 THz FWHM spectral width were generated. The temporal shape of the THz
pulses consists of the dominant (energy wise) part that is approximately one and a half cycles long and contains a leading
peak having an amplitude of 0.8 MV/cm and 40 fs duration, followed by a ringing for a few picoseconds.

3.2. Plasma-based THz generation

A promising alternative for THz pulse generation is based on femtosecond-laser-induced plasma formation in a gaseous
medium. THz generation in plasmas has the advantage that the applicable pump intensity is not limited by damage
threshold and high frequency generation is not limited by phonon resonances.

3.2.1. THz generation in air-plasma
Intense THz pulses have been generated in photo-induced plasma using femtosecond laser pulses with intensities

exceeding the ionization threshold of gas molecules. In the first experiment, demonstrated by Hamster et al. [307], TW
120 fs optical pulses were focused both on gas and solid targets. For the former, the ponderomotive force of the laser
pulses, originating from the gradient of the laser intensity, led to strong separation of electrons and ions. When the
laser pulse duration was close to the inverse plasma frequency, the ponderomotive charge separation resonantly excited
plasma waves. Correspondingly, the resulting plasma density oscillations were accompanied by strong broadband THz
radiation. Moreover, at the highest plasma densities an additional peak in the radiation spectrum with the frequency
completely different from the bulk plasma frequency was observed. The proposed explanation was the nonlinear current
at the frequencies corresponding to the sum and difference of the carrier frequency and bandwidth of the laser pulses.

Using external DC bias in the focal point of the intense laser pulse, the energy of the THz pulse can be increased by
one order of magnitude. The bias creates a transversal polarization and accelerates the electrons, which enhances the THz
field. The first demonstration of the DC-bias method was carried out by Löffler et al. [308].

To increase THz pulse energy further, the nonlinear interaction of the fundamental (ω) and the second harmonic (2ω)
in a laser generated plasma was proposed by Cook et al. [309] in 2000. In the setup, a thin β-barium borate (BBO) crystal
was placed after the focusing lens in the path of the Ti:Sapphire (800 nm) fundamental beam to generate the second
harmonic. The ω and 2ω waves combined created a plasma at the focus. The process of THz generation was described by
four-wave-mixing (FWM) (a third-order nonlinear process), where the polarization in the THz range is as follows [310]:

P(ωTHz) = ϵ0χ
(3)(ωTHz, 2ω − ωTHz, −ω, −ω)E(2ω − ωTHz)E∗(ω)E∗(ω). (17)

However, the third-order nonlinearity resulting from either bound electrons or free electrons in the plasma turned out to
be too small to explain the observed THz field strength [311]. Kim et al. [311] developed a transient photocurrent model
to explain the third-order nonlinearity, where the motion of the electrons produced a DC electron current. The resulting
electric field of the fundamental and the second harmonic can be expressed as:

Eω+2ω = Eω cos(ωt + φ) + E2ω cos[(ωt + φ) + θ ], (18)

where Eω and E2ω are the corresponding amplitudes, and θ is the relative phase between the fields [311]. Fig. 31a shows
the electric fields and the drift velocity of the electrons for θ = 0 (even function symmetry) and for θ = π/2. The
ionization occurs near the peak of the laser field and, in the case of θ = 0, the velocity of the electrons is cancelled for
the electrons, which are born at the opposite laser field slopes (Fig. 31a dashed area) [311]. For θ = π/2, a time-varying
electron current density is created, which produces THz radiation [311]. The generated transient current is given by the
superposition of elementary currents produced by the electrons born at different times t ′:

J⊥(t) =

∫ t

t0

qeve(t, t ′)Ne(t ′)dt ′, (19)
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Fig. 31. (a) Drift electron velocity (solid line) vs. φ in the laser field (dashed line) for θ = 0 and θ = π/2 in the photocurrent model [311]. (b)
Setup for THz generation using a long two-color filament in the off-axis phase matching method. The cone-shaped THz radiation is produced by
interference between the waves emitted from the local sources along the filament [314].
Source: Adopted from Refs. [311,314].

where ve(t, t ′) is the electron’s velocity and Ne(t ′) is the electron density. The power of the produced THz pulse is
proportional to dJ/dt [311]. Many later experiments showed that the photocurrent and the amplitude of the THz pulses
are very sensitive to the relative phase θ (the plasma interaction length is typically limited to 10 mm). In 2008, by using
this technique, Kim et al. [312] demonstrated a coherent broadband THz source with 5 µJ energy and more than 10−4

conversion efficiency.
Further improvement of the THz pulse generation is possible with longitudinal extension of the plasma. Filamentation

appears spontaneously when an intense laser pulse is focused on, and launched through, a transparent medium with a
critical power higher than Pcr = 3.72λ2/8πn0n2, where n0 and n2 are the index of refraction and optical Kerr constant at
the laser frequency (for air Pcr ≈ 5 GW), respectively. Long scale plasma filaments can occur due to the balancing between
self-focusing caused by modification of the index of refraction by the Kerr effect and the ionization-induced defocusing.
The intensity of the self-guided pulse is increased adequately in the paraxial region and maintained for a long distance
of some cm. The first single-color (more than 10 cm long) filament experiment on THz generation was demonstrated in
air with femtosecond pulses by D’Amice et al. [313] in 2007. The THz radiation is emitted in a very narrow cone in the
forward direction and the angle of the most intense radiation can be described with θmax =

√
λ/L, where λ is the radiation

wavelength and L is the length of the medium.
In the case of two-color filaments, the relative phase (θ ) between the fundamental and the second harmonic wave

varies along the plasma interaction region. Therefore, the amplitude and the polarity of the THz radiation generated at
different points also change, which is predicted to create negligible THz energy gain in the longitudinal direction. At the
same time, phase matching can be satisfied in the off-axis instead of the on-axis direction, which was explained by the
interference effect (see Fig. 31b). You et al. [314] carried out experiments using the off-axis phase matching method for
short filaments (<7 cm) and Oh et al. [315] extended the study for longer filaments and TW-level lasers, for which efficient
broadband THz pulse generation is possible.

The relative phase between the fundamental and the second harmonics can be described as θ = ω(nω − n2ω)l/c + θ0,
where nω and n2ω are the indices of refraction of the plasma filament at ω and 2ω, respectively, l is the filament length
and θ0 is the relative phase at the beginning of the filament. Because of plasma dispersion, θ changes along the filament
from 0 to π over a dephasing length ld = (λ/2)(nω − n2ω)−1, where λ = 2πc/ω is the wavelength. For instance, using a
Ti:sapphire laser and ∼ 1019 cm−3 electron density air, the dephasing length is just ld ≈ 22 mm, which limits the filament
length to a few cm. However, You et al. [314] showed that efficient THz generation by constructive interference can be
possible in the off-axis direction when cos(θ ) = 1−λTHz/2ld (see Fig. 31b). The far-field THz radiation has a conical shape
due to the off-axis interference. The total THz electric field can be estimated as the sum of contributions from the local,
nonlinear polarization along the filament. Using a 2 TW Ti:sapphire laser and a ∼15 cm long filament, a THz pulse energy
of ∼7 µJ was measured [315]. THz emission from two-color laser-induced plasma was also studied using the noble gases
neon, argon, krypton and xenon [316]. The dependence of the spectrum and the energy of the THz pulses were measured
as a function of gas type, gas pressure and the input pulse energy up to 6 mJ using a Ti:sapphire laser [316].

Gorodetsky et al. [317] extended the theoretical model of THz radiation from two-color laser-induced plasma filaments.
The model uses relativistic plasma densities and includes broadband THz pulses. According to their calculations, the THz
far-field has a donut like shape, which shows very good agreement with the experiments. Their result shows that the
angle of the emission decreases with a reduced electron density and increases with the filament length [317]. The THz
radiation can be increased with the extension of the filament length.

Recent studies showed that increasing the pump wavelength can enhance the THz pulse energy and the conversion
efficiency for single-cycle THz field generation by two-color laser induced ionization. In 2013 Clerici et al. [318]
experimentally investigated the dependence of the THz field on the wavelength of the fundamental laser (λ), where the
wavelength was varied from 800 nm to 2020 nm. The experimental setup is shown in Fig. 32a in which the wavelength-
tuneable pulses from the optical parametric amplifier are focused together with the second harmonic. The generated THz
pulses are collected by parabolic mirrors and focused to the air-biased-coherent-detection (ABCD) setup [318]. Instead of
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Fig. 32. The scheme of the experimental setup using a two-color laser induced plasma source (a). The normalized THz electric field distributions
acquired by the ABCD detection scheme at 1850, 1450, and 800 nm pump wavelengths (b).
Source: Adopted from Ref. [318].

the λ2 theoretical and numerical prediction, the THz pulse energy turned out to be proportional to λ4.6 in the investigated
region. It was also demonstrated that one order of magnitude higher conversion efficiency can be achieved with a 1800 nm
pump pulse compared with a 800 nm pump pulse. The peak electric field of the observed THz pulses exceeded 4.4 MV/cm,
as calculated from the energy (630 nJ), beam profile (∼85 µm) and temporal electric field distribution of the THz pulse.
The normalized electric field distributions of measured THz pulses at 1850 nm, 1450 nm and 800 nm are shown in Fig. 32b.

Recently, THz generation was studied numerically by Fedorov et al. [319] using the two-color filamentation technique
with mid-infrared 3.9 µm laser pulses in air. It was predicted that the conversion efficiency could be two orders of
magnitude higher than in the case of 800 nm and could exceed the one percent level. Furthermore, the energy of the THz
pulses could reach the mJ level and the electric field strength could go beyond the GV/cm level [319].

Also recently, through numerical simulations the investigation of the two-color filamentation by femtosecond pulses
in air was extended from 800 nm to 10.6 µm by Nguyen et al. [320] using a three-dimensional unidirectional solver. In
their calculation, the effects of the ambient conditions (temperature and humidity) and the influence of the many-body
Coulomb ionization were outlined. It turned out that two-color CO2 laser filaments can produce a THz conversion efficiency
exceeding the one percent level at moderate laser intensities (<1015 W/cm2) and the THz pulses can reach the mJ energy
scale [320].

3.2.2. THz generation in solid foils
THz pulse generation is also possible in plasmas, which are produced at the surface of solids by high-power lasers

with intensities exceeding 1018 W/cm2. Such a process induced by laser pulse interaction with a metal foil (5 µm thick
titanium) target was observed by Sagisaka et al. [321] in 2008. An antenna mechanism model was proposed, where the
THz radiation is generated at the front surface of the metal foil by electrons moving along the target surface and producing
a time-dependent electric current [321]. According to their calculations, the total energy of the THz pulse can be estimated
as

ETHz =
B2

4π
4πr3

3
,

where B is the generated magnetic field and r is the electron displacement. Li et al. [322] has reported THz pulses with
50 µJ energy from the front surface of a solid target in 2011.

THz pulse generation was also observed in the vicinity of the rear side of the metal foil and the first intense THz pulse
generation was demonstrated by Gopal et al. in 2013. For sub-joule incident laser pulse energies from a Ti–Sapphire laser,
460 µJ [323] and 700 µJ [324] THz pulse energies were measured.

A recent publication by Herzer et al. [325] has extended the investigation of the THz generation at the rear side of the
metal foil. The dependence of the THz pulse energy on the pump pulse duration, energy, target material and thickness
was examined. In general, upon illumination of the foil by intense laser pulses, two processes can lead to coherent THz
radiation: transition radiation and sheath radiation [325]. First, transition radiation is generated due to the hot electrons,
which exit the rear surface (see Section 3.3.1 for more details on transition radiation). Then, sheath radiation is generated
due to the transient dynamics of the plasma sheath [325]. The physical picture of sheath radiation in some more detail is
as follows: due to the interaction of laser pulses with the metal foil, hot electrons are first generated and accelerated. Then,
they propagate through the foil and leave the rear surface [325]. This process creates a strong quasi-static electric field
(referred to as the sheath field) due to the charge separation. Furthermore, the sheath field ionizes neutral atoms on the
rear surface, and accelerates them in the forward direction. The ion acceleration process (knows as sheath acceleration)
leads to the emission of very broadband transient THz radiation. The coherence, energy and the spectra of the generated
radiation depend on the dynamics and the temporal characteristics of the ion bunch [325].

The schematic view of the experiment, where both processes were measured, is shown in Fig. 33a [325]. The two
different radiation processes occur at different radiation angles (in Fig. 33a transition radiation, displayed in red, has
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Fig. 33. (a) Schematic of the experimental setup for THz generation in a solid foil. Red and blue lines indicate the sheath radiation and transition
radiation paths. (b) EO measurements of the THz radiation generated by sheath are shown.
Source: Adopted from Ref. [325].

a 41 ◦ radiation angle while that of sheath radiation, displayed in blue, is defined between 90 − 22.9 ◦ and 90 + 37.5 ◦)
and the radiation is radially polarized in both cases. Using a 30 fs, 1 J pump laser pulse, 712 µJ and 40 µJ pulse energies
were measured for the sheath and transition radiation cases, respectively. The temporal shape of the electric field of
sheath is shown in Fig. 33b and it demonstrates the peak electric field exceeding 3 MV/cm. According to the theoretical
prediction, it could go beyond 100 MV/cm [325].

3.3. Radiation from charged particles passing through discontinuities

THz light sources based on transition radiation from ultrarelativistic electron bunches have demonstrated the highest
field strength (around 50 MV/cm) compared to any other THz technology with the cutoff frequency up to 30 THz. In
Section 3.3.1, we consider the underlying physical principles of such sources and some recent experimental results.
Novel ideas on how to improve the efficiency and control the emission pattern of transition radiation-based sources
are presented in Section 3.3.2.

3.3.1. Transition radiation
A charged particle moving with a constant velocity along a straight line in free space does not radiate. The situation,

however, changes if the moving charge traverses an interface, for example, between free space and a medium while
continuing its uniform motion. The electromagnetic fields of the charge in free space and the medium are different due
to the presence of polarization in the medium. Therefore, the Coulomb field of the charge in vacuum has to reorganize its
structure as the charge passes through the interface. During this reorganization process some part of the Coulomb field
bounded to the charge is released in the form of radiation known as transition radiation [326]. In this picture, the charge
is assumed to be in subluminal uniform motion in the medium and, therefore, no Cherenkov radiation is present.

The simplest and widely used configuration for the production of transition radiation is that of a uniformly moving
charge crossing an interface between vacuum and a metal. This situation is schematically depicted in Fig. 34a. The charge
moves at speed v in the free half-space (z < 0) perpendicularly towards the metal occupying another half of the half-space
(z > 0). It induces an image charge on the metal surface. For a perfect metal, the field distribution is equivalent to that
of the original charge, plus the field distribution of an oppositely charged image source on the other side of the interface,
Fig. 34a.

The configuration of the moving charge and its image can be thought of as an electric dipole with a moment
p = 2evt U(z − vt), where U is the Heaviside unit-step function. At the time t = 0, the moving charge impinges on the
metal surface at z = 0 and abruptly disappears as its field becomes screened. This abrupt change results in a non-zero
value of the second time derivate of the dipole momentum: p̈ = 2ev δ(z − vt) giving rise to a spherical wave diverging
from the point where the electron disappeared (recall that for dipole radiation E ∝ p̈):

Eθ = Bφ =
e

2πε0c2
δ

(
t −

r
c

) β sin θ

r
. (20)

Here, r , θ and φ are the spherical coordinates and θ = 0 corresponds to the positive direction along the z-axis. For
convenience, the particle velocity v is normalized to the speed of light c , β = v/c. Qualitatively, the field distribution can
be understood by considering the fields produced by the charge as it instantly stops. This situation is depicted in Fig. 34b,
which shows a snapshot of the electric field distribution. In the vicinity of the charge, the electric field is a Coulomb field
of the charge at rest. In the far zone, the electric field is a Coulomb field of the uniformly moving charge. An abrupt change
in the charge velocity requires the electric field lines to reorganize. As a result, an azimuthal component of the electric
field appears. It decays as 1/r corresponding to a propagating wave [327].
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Fig. 34. (a) Electric field lines (blue) of a uniformly moving (from left to right) charge and its image in the metal (shaded rectangle). (b) Electric
field lines (blue) of the charge (black) that was in a uniform motion along the straight line (yellow) at 30% of the speed of light and, then, abruptly
stopped. An instant change in the velocity gave rise to a spherical wave with the electric field lines being orthogonal to the Coulomb field lines of
the charge at rest..

The Fourier component Eθ (ω) of Eq. (20) propagates in the radial direction and has an amplitude proportional to
exp(iωr/c). In this model of transition radiation, the white spectrum reflects the assumption of a perfect conductor and,
correspondingly, of instantaneous screening of the charge (delta function factor in Eq. (20)) as it impinges on the metal
surface. This assumption is a good approximation for most of the metals in the THz frequency range and up to the visible
spectral region. At shorter wavelengths, for instance ultraviolet and soft X-ray regions, metals become transparent to
electromagnetic radiation. Hence, the upper boundary of the spectral range of transition radiation extends to roughly the
plasma frequency. The relativistic correction factor modifies the Fourier component Eθ (ω) to read

Eθ (ω) =
e

4π2ε0c
β sin θ

1 − β2 cos2 θ

ei(ω/c)r

r
. (21)

Already from the elementary picture of transition radiation, Eqs. (20)–(21), we can draw a few conclusions: (i) the
electric field distribution has a donut shape and vanishes on the axis of the effective dipole, (ii) the spectral bandwidth
of the emitted field depends on how quickly the charge becomes screened in the medium, (iii) the field strength depends
on the charge velocity, and (iv) for relativistic motion, the donut shape field distribution becomes skewed towards the
direction of charge motion, resembling a butterfly.

The spectral energy emitted per unit solid angle and per electron is given by the Ginzburg–Frank formula

d2WGF

dωdΩ
=

e
4π2ε0c

β2 sin θ2

(1 − β2 cos2 θ )2
(22)

This formula holds in the far-field zone for normal incidence of the charge and an infinitely large screen. The angular
distribution has its maximum at the angle θ ≈ 1/γ . Integration over the solid angle gives the spectral energy per electron

dWGF

dω
=

e2

4π2ε0c

(1 + β2

2β
ln

1 + β

1 − β
− 1

)
(23)

and for relativistic motion γ = (1 − β2)−1/2
≫ 1 it takes on the limiting form

dWGF

dω
≈

e2

2π2ε0c
ln γ . (24)

Alternatively, the efficiency of the generation of transition radiation per electron can conveniently be written in terms
of the number of emitted photons. Consider a frequency band from ω to ω + dω and introduce the number of emitted
photons in the band nω . By definition, the spectral energy density is dW/dω = nωh̄. Then, Eq. (24) yields

nω =
2α
π

ln γ , (25)

where α = e2/(4πε0h̄c) ≈ 1/137 is the fine constant. For mid-relativistic beams with, for example, γ ∼ 10, one photon
in the frequency band from ω to ω + dω is emitted per approximately one hundred counts of the charge impingement
on the interface. For an electron bunch composed of N electrons, dW/dω and correspondingly nω must additionally be
multiplied by N2. This is the regime of coherent transition radiation (CTR).

The physical mechanism of transition radiation is based on the acceleration of charges in a medium in response to the
Coulomb field of the uniformly moving charge. Hence, there is no appreciable radiation from the moving charge unless it
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is sufficiently close to the medium and its field is in phase with the excited field. The length needed to form the emission
is known as the formation length [328]. The phase of the driving field is simply determined by the phase of the moving
Coulomb field, i.e., (ω/v)z. The phase of the on-axis transition radiation is (ω/c)z. The formation length is defined by the
condition that the interference term between the two fields becomes small, ω(1/v − 1/c)z ≫ 2π , i.e., two fields become
uncorrelated. The minus sign corresponds to the co-propagating fields, i.e., the charge and transition radiation move in
the same direction. The formation length Lf is defined as the phase difference of 2π , which yields

Lf =
λ

1 − β
≈ 2γ 2λ. (26)

This can also be interpreted as the distance over which the radiation field slips ahead of the electron by one radiation
wavelength. For a charged particle with an energy of a few GeV, the formation length of THz radiation in the forward
direction is huge: on the order of 100 m. Therefore, the backward transition radiation is used in practical setups. In this
case, Lf ≈ λ and a detector or focusing mirror can be placed closely to the emitting area.

In the transverse direction, the Coulomb field of the moving charge extends to distances in the order of γ v/ω [328]. This
scale, γ v/ω, is known as the transverse coherence length L⊥. For ultra-relativistic particles, L⊥ is some tens of centimeters
at THz frequencies. The physical meaning of L⊥ is the minimum radius of the emitting screen required to provide efficient
scattering of the incident Coulomb field of the moving charge off the screen in order to produce appreciable transition
radiation at frequency ω. If the screen radius a is smaller than γ λ, then the spectral energy per unit solid angle (22) is
reduced and takes on the form [329]

d2Wdisk

dωdΩ
=

d2WGF

dωdΩ

[
1 − J1

(2πa sin θ

λ

)]2
. (27)

For an electron bunch of finite duration, the waves emitted by individual electrons are phase shifted with respect
to each other. The phase shift depends on the electron position in the bunch and, correspondingly, the time instant the
electron impinges on the screen. In order for the coherent superposition of the waves to occur, the rms phase shift should
be much smaller than the wavelength. The effect of the finite bunch duration is taken into account by the form-factor
F (ω) = (1/e)

∫
I(s) exp(−iωs/v)ds, where I(s) is the electron current profile with s being the coordinate along the bunch.

Then, the spectral energy dWGF/dω renormalizes by the factor N2
|F (ω)|2 giving the relative reduction compared to the

case of a point-like source containing N electrons. For relativistic bunches, the impact of finite transverse extent of the
bunch can be disregarded because of a large transverse coherence length.

The record-high THz field of 44 MV/cm (0.44 V/Å) was achieved in a coherent transition radiation source using 14 GeV
electron bunches from the Linac Coherent Light Source (LCLS) at Standford [29]. The corresponding magnetic field is
around 14 T. The electric, and correspondingly magnetic, field has a clear dominant peak that is useful for symmetry
breaking in experiments or for studying nonlinear processes having a threshold. The schematic of the radiation source
is depicted in Fig. 35. It uses electron bunches impinging on a 10-µm-thick Be foil at 45 degrees. Fig. 36a shows the
temporal profile of the electric field reconstructed from autocorrelation measurement results using the Kramers–Kronig
relation. The electron bunches are as short as 70 fs FWHM and carry the charge up to 350 pC. The total energy emitted
in the forward direction reaches 1 mJ and the spectral energy spans a wide spectrum from 3 to 30 THz peaking at
10 THz. The dependence of the emitted energy vs. the bunch duration for different bunch charges is presented in Fig. 36b.
Similar, though slightly less outstanding, parameters of THz sources based on coherent transition radiation have been
demonstrated at the Facility for Advanced Accelerator Experimental Tests also located at Standford [29] and at the free-
electron laser Freie-Elektronen-Laser in Hamburg (FLASH). Another Ref. [330] reports a compact THz source with a field
strength of 10 kV/cm employing 3 MeV, 1 ps, 60 pC electron bunches. Using a train of electron bunches with 100 pC
charge at 120 MeV beam energy, a narrowband (less than 10%) CTR signal with a peak field up to 1 MV/cm was observed
in Ref. [331].

EOS applied at FLASH allowed for direct determination of the temporal profile of the THz electric field below 10 THz,
Fig. 37. Note that for experiments requiring frequency resolution, a bandpass filter can be applied as demonstrated also in
Fig. 37. In EOS measurements, a femtosecond laser is synchronized to the electron bunch with a synchronization accuracy
of better than 100 fs. The THz field induces birefringence in a crystal used for sampling. This birefringence, linear with the
applied field, is probed via a change in the optical polarization of the femtosecond laser pulse. The delay between the THz
pump pulse and the femtosecond laser pulse probe is changed in steps of 33 fs. The measurement reveals the fine structure
of the THz pulse: the central dominant peak is accompanied by two peaks with the amplitudes being approximately
half of the maximum. This profile is a typical manifestation of the dispersion effect of spatially confined light in free
space [332]. Because of transverse confinement the longitudinal wavenumber is a nonlinear function of frequency. Hence,
a transversely-confined pulse exhibits dispersion even in free space and corresponding temporal reshaping, see a related
demonstration of the reshaping in Fig. 4 of Ref. [333].

3.3.2. Diffraction radiation
In general, transition radiation occurs each time a charge in uniform motion passes through an inhomogeneous medium

or next to any discontinuity in the medium. The interface between two semi-infinite homogeneous media discussed
in Section 3.3.1 is a particular case of the discontinuity between the two media. Another simple example is transition
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Fig. 35. Schematic of a setup used for the generation, guiding and focusing of coherent transition radiation. The inset shows schematically the
emission pattern from an electron bunch impinging at 45 deg. on a thin metal foil. Two off-axis parabolic mirrors are used to transport and focus
the radiation.
Source: Adapted from [29].

Fig. 36. (a) Reconstructed THz field profile at the focus. (b) Emitted energy of the THz pulse measured at the focus (left) and estimated through
the electron-beam energy loss (right).
Source: Adopted from Ref. [29].

Fig. 37. Experimental results on single-cycle coherent THz transition radiation demonstrated at the free-electron laser Freie-Elektronen-Laser in
Hamburg (FLASH). THz pulses with energies up to 100 µJ are generated from 500 MeV electron bunches. Adopted from Ref. [334]. (a) Field strength
of the single-cycle pulse in the time domain and the corresponding spectral amplitude depicted in the inset. (b): Generation of multicycle THz pulses
from the single-cycle transition radiation by using a bandpass filter with a center frequency at 2 THz and 0.5 THz bandwidth.

radiation due to a charge passing through a round aperture in a flat screen. In this case, diffraction plays a role and
the produced radiation is referred to as diffraction radiation [335,336]. By employing specially designed finite-size
discontinuities such as apertures, zone-plates and gratings, it is possible to control the angular distribution and the spectrum
of produced diffraction radiation [337].
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Fig. 38. Concept and measurement results of a holographic electron-driven light source, adopted from Ref. [19]. (a) An electron normally incident
on a planar metallic interface produces donut-shaped transition radiation diverging in the radial direction from the impingement point, see Eq. (20).
This radiation originates from the induced polarization in the metal, which at optical frequencies is represented by SPPs, see Section 4.3. SPPs are
schematically depicted by colored circles on the interface. The red and blue colors correspond to peaks and troughs of the electric field distribution.
(b) By controlling the excitation of SPPs and, hence, controlling the polarization in the metal, a collimated oblique plane wave is generated as the
electron impinges on the interface. This is realized by using the holographic principle: in simulations, the field of a desired output wavefront is
superimposed with the field of SPPs shown in (a) to produce a holographic interference pattern. Then, this pattern is created on the metallic surface
by ion beam milling on an optically thick gold film, (e). (c) and (d) Experimental measurements of the radiation intensity from a non-structured
and structured film. (e) The image of the nanostructured film obtained with electron scanning microscopy.

Li et al. [19] have introduced a flexible method of generating light beams with potentially any desired wavefront shape
and topological charge using diffraction radiation from a holographic plasmonic metasurface, Fig. 38. Though this method
was experimentally demonstrated in the optical region, it can potentially be extended to the THz region by using suitable
materials supporting THz surface plasmon polaritons (SPPs) such as graphene (for SPPs see Section 4.3). The field strength
delivered by such a source can be high for high-charge ultrarelativistic bunches.

Though THz sources based on coherent transition radiation have demonstrated the world record-high peak fields, there
is a deficiency that limit their wide use: the emitted energy depends logarithmically on the electron energy and multi-GeV
bunches are needed to produce sub-mJ pulses. In order to overcome this limitation, a multifoil radiator was proposed [18].
The radiator comprises a stack of thin conducting disks with successively decreasing radii, forming a truncated cone along
the z-axis, Fig. 39. A short electron bunch passes through the radiator along the symmetry axis. In each gap between two
adjacent disks, the electron bunch generates a wave propagating radially outwards with the field distribution in the form
of a ring. The superposition of waves from different gaps yields a wave with the conical wavefront and the resulting
field distribution resembles the wide part of the funnel. For a cylindrical electron bunch, the thickness of this ‘‘funnel’’ is
determined by the bunch duration. The emitted field is essentially quasi-half-cycle as in the case of traditional transition
radiation. For certain angles of the cone forming the radiator, the waves are emitted to free space with little reflection.

The total radiated energy is estimated as

W ≈ M
gQ 2

8πε0d2
, (28)

where M is the number of gaps, g is the gap length, Q is the bunch charge, d =
√
l2 + a2 + g2/12 with l and a being the

electron bunch length and radius, respectively. The average electric field is Ez ≈ Q/(8πε0d2). For a mid-relativistic bunch
of, for example, 10 MeV, with a charge of 0.5 nC and with a moderate emittance of 0.5 mm mrad, the field strength and
emitted energy can reach about 1 MV/cm and 1 mJ, respectively [18].
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Fig. 39. A cylindrical electron bunch (red) passes through a set of thin disks (blue) and generates a wave with the cylindrical wavefront (yellow).

Fig. 40. The origin of synchrotron radiation. (a) A resting particle (electron) with electric field lines. (b) The same particle moves along the dashed
line with a relativistic factor γ . (c) The particle enters a transverse magnetic field B to be deflected. The resulting electric field distortion causes
emission of SR photons.

The first experimental results on a multifoil radiator [338] demonstrated more than an order of magnitude enhance-
ment in emitted energy compared to the single disk case. Moreover, a multifoil radiator with a linear field polarization has
been designed and tested experimentally. This development opens the door for a compact and efficient THz source that
can be used at many accelerator laboratories. In addition, a multifoil THz radiator can be combined with an intrinsically
synchronized X-ray source based on bremsstrahlung for THz pump/X-ray probe experiments as proposed in [339].

In passing, we note that several THz sources making use of electron bunches passing through discontinuities are
available for user operation [31]. For instance, the user facility TeraFERMI, producing strong-field CTR, has recently became
operational [340]. A THz source using edge radiation (form of synchrotron radiation from a short magnet) is also available
for user operation at FLASH [341]. A diffraction radiation THz source is open for users at the Terahertz facility at ELBE
(TELBE) [33].

3.4. Synchrotron and free-electron laser radiation

3.4.1. Coherent synchrotron radiation
Synchrotron radiation (SR) is the type of radiation emitted by relativistic charged particles in an external magnetic field.

The origin of SR lies in classical electrodynamics: whenever a charged particle is accelerated, the surrounding electric
field distribution is distorted. Then, a fraction of the field detaches from the particle and constitutes a waveform of
separate photons (see Fig. 40). SR was first observed in 1947 in the first synchrotron built by General Electric (a circular
accelerator with phase-stabilized radio-frequency accelerating field, where electrons at relativistic energies are steered
into a circle by external magnetic fields). At that time, it was named ‘‘Schwinger radiation", but by the 1970s the term
‘‘synchrotron radiation’’ became dominant [342]. An example of natural occurrence of SR is the Crab Nebula [343], the
first astronomical object identified with a historical supernova explosion, which was noted by Chinese astronomers in
1054. SR has proven to be the most intense and flexible mechanism of light generation, giving access to virtually any
wavelength of electromagnetic radiation. At THz frequencies, SR is especially important, since it is difficult to cover this
region of the spectrum with laser-based sources.

Consider a charged particle with the Lorentz factor γ (operating machines are usually driven by electron beams). The
particle’s propagation axis introduces a preferential direction. In the instantaneous rest frame of the particle, the Coulomb
field is spherically symmetric. However, in the laboratory frame, the electric field along the propagation axis is suppressed
by a factor of γ 2, whereas the transverse electric field is multiplied by γ . The electric field lines are then concentrated in
the plane perpendicular to the propagation direction with an opening angle proportional to 1/γ (see Fig. 40). Thus, the
electric field of a charge moving with a relativistic velocity has a disk-like shape. When the particle enters an external
magnetic field B, it is deflected due to the Lorentz force and drags its electric field to follow. To catch up, a fraction of this
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disk-like field at some distance R outwards from the particle trajectory has to move faster than the speed of light. Since
such superluminal motion is forbidden, this field fraction simply detaches and propagates along the instantaneous axis.
Another way to qualitatively describe SR is to think of it as of the inelastic scattering of charged particles on the magnetic
field photons. The quantitative description of SR is formulated in terms of Liénard–Wiechert potentials and is presented
in numerous textbooks [328,344].

Physical properties of synchrotron radiation include [345]:

• Narrowly focused radiation pattern. The light emanates forward from the source particle into a cone with an opening
angle ∝ 1/γ . In a uniform magnetic field, the radiation cone is directed along the instantaneous axis at the moment
of emission. In a periodic magnetic field (a wiggler or an undulator), it coincides with the non-deflected beam path.

• Widely tunable spectral distribution. Uniform magnetic fields and wigglers produce smooth continuous spectra
characterized by a critical wavelength λc ∝ 1/(γ 2B). In an undulator, there is constructive interference be-
tween photons emitted at different positions of the source particle. Therefore, the emitted spectrum consists of
quasi-monochromatic peaks at

λ =
λu

2nγ 2

(
1 +

K2

2
+ γ 2θ2

)
, K =

eB0λu

2πmc
, (29)

where λu is the undulator period and K is the undulator parameter (or deflection parameter) with e and m being
the charge and mass of the particle respectively, B0 being the amplitude of the magnetic field and c being the speed
of light. The harmonic number is given by n and θ stands for the angle between the undulator axis and the direction
to the observer.

• High photon flux. The energy loss experienced by the emitting particle is proportional to γ 3B. If the magnetic field
is periodic, the proportionality is γ 2B2L, where B2 is the square-average field and L is the length of the wiggler or
the undulator. Thus, particles with higher energy in a stronger magnetic field emit more light. Photon flux is the
number of photons emitted per second into a solid angle element within 0.1% of the bandwidth. Using an undulator
additionally increases the flux due to coherence and smaller bandwidth. A coherent SR-based light source attains
the highest X-ray photon flux in the observable universe [346].

• Polarization control. SR polarization follows the oscillation plane of source particles. If the magnetic field is uniform,
the emitted light is linearly polarized and has ellipticity out of the particle trajectory plane. In periodic fields, elliptic-
ities cancel out, giving linear polarization in the desired plane. If the source particles follow a helical trajectory, their
oscillation plane rotates and gives rise to circular polarization components. Using helical magnetic field arrangements
(e.g., APPLE-II/III and Delta undulators) allows for producing linear, circular or elliptical polarization [347–349].

• Tunable time structure. In a uniform field, source particles emit a ‘‘sweeping searchlight’’ pattern. Thus, at a fixed
point, an observer would see a flash of light as long as it takes for the particle bunch to pass by the aperture for SR
extraction (typically, sub-nanosecond to picosecond duration). A wiggler produces longer pulses. As a side note, in
an undulator, it is possible to arrange interference in such a way that the emitted pulse duration would decrease
significantly, down to attoseconds (1 as = 10−18 s) in proposed free-electron lasers [20].

Coherent synchrotron radiation from a bending magnet is a simple and robust way of generating quasi-half-cycle THz
radiation, see Fig. 41a. Temporal coherence takes place if the particle bunch length is much smaller than the radiation
wavelength, which is attainable for THz frequencies (see Fig. 46). Then, the whole bunch radiates like a single particle.
Many existing linear electron accelerators produce picosecond or sub-picosecond electron bunches that are efficient
sources of THz SR. One of the first clear experimental demonstrations of coherent SR in the sub-THz region was performed
in 1989 with the Tohoku 300 MeV linear accelerator (Japan) [350]. In 2002, at the Jefferson lab (US) a dedicated high-
intensity SR-based THz source was built using 500-fs electron bunches from the energy recovery linac [351]. The central
frequency in the experiment was 0.6 THz with a FWHM bandwidth of about 0.5 THz. Field strength measurements were
not available but an order-of-magnitude estimate is about 0.1 MV/cm. Another early example was shown in the BESSY
II storage ring (Germany) [352,353] with comparable parameters. Nowadays, THz beamlines making use of coherent
synchrotron radiation are available for users at several synchrotron facilities [354–356], see also the review [31] and
the references therein.

3.4.2. Coherent undulator radiation and free-electron lasers
In order to increase the pulse energy of SR, an electron bunch is usually steered through a periodic magnetic field

which causes periodic deflections of the bunch trajectory. The emitted energy becomes N times larger compared to that
from a bending magnet, where N is the number of oscillations performed by the bunch. See an example of the electric field
distribution from an oscillating and moving forward electron in Fig. 41b. A simple but rigorous description of coherent
undulator radiation can be found in Ref. [20]. Note that the electron bunch duration must be much smaller than the period
of the radiation field for coherence to take place. Such coherent undulator radiation is often referred to as super-radiant
radiation. For short bunches and a periodic undulator, the emitted pulse energy reads as [20]:

Er ≈
Q 2
b λuN
4ε0Sb

K2/2
1 + K2/2

. (30)
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Fig. 41. (a) Electric field lines (blue) from an electron (red dot) moving along a curved path (black) in a bending magnet. The generated waveform
shown next to the observer eye is quasi-half-cycle. Note that the field integral is zero [357], i.e.,

∫
E(t)dt = 0. (b) The electric field lines and

waveform (sinusoidal) for harmonic oscillations in an undulator.

Fig. 42. Dependence of the waveform generated in a single-period undulator on the undulator parameter. The normalized vector potential of the
undulator field is A = (z/σu) exp[−z2/2σ 2

u ] with σu being the characteristic space scale.
Source: Adopted from [333].

Here, Qb is the bunch charge, λu and K are the undulator period and undulator parameter, respectively, Sb = πr2b is the
transverse bunch area with rb being the bunch radius. The maximum Er is obtained when K ≫ 1.

Electron bunches used for X-ray free-electron lasers are well suited for the production of strong-field THz pulses by
means of coherent undulator radiation. At the FLASH facility in Germany, 1 GeV sub-100 fs electron bunches generate THz
pulses with a field strength of around 5 MV/cm in a dedicated undulator, see Fig. 2 and Refs. [31–33]. One limitation of
this type of sources for certain applications is the narrow bandwidth of THz pulses because they contain multiple cycles,
typically around 10. Recall that the relative bandwidth is inversely proportional to the number of undulator periods,
i.e., 1/N . In addition, the field changes sinusoidally and thus has no preferential direction, which is needed for surface
chemistry applications, Section 2.4.

Preparing an electron bunch shorter than the radiation wavelength is a technical challenge, and many undulator-
based THz sources use long electron bunches and rely on the FEL lasing. The process starts from incoherent spontaneous
undulator radiation. Then, the light emitted by the tail of the particle bunch propagates through the bunch (photons
travel faster than electrons) and affects the particles ahead of the tail. This impact is known as the ponderomotive force.
This force gradually organizes particles of the bunch into disk-shaped microbunches separated by the resonant undulator
wavelength, see Eq. (29). Hence, different parts of the source bunch become phase locked and radiate coherently. Coherent
light gives stronger ponderomotive effect, thus increasing microbunching further and forming a feedback loop, which
results in exponential power growth. This process is usually referred to as free-electron laser (FEL) amplification [358,359].
To enhance the FEL process further, mirrors are used to form the FEL-oscillator.

Several dedicated user facilities based on THz FEL-oscillators are currently operational: FLARE [360] at Radboud
University, the Netherlands; CLIO [361] at University of Paris, France; FELBE [362] at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR), Germany. A super-radiant THz undulator source is available at HZDR [31,33]. In addition, more than
a dozen of research THz and IR FELs are operated worldwide.

The generation of single-cycle or even quasi-half-cycle pulses with undulators has recently become an active field of
research, see the recent review [20] and references therein. The simplest approach makes use of a short electron bunch
and a single-period undulator, which naturally gives a radiation pulse composed of one oscillation cycle of the field [363].
The shape of the generated waveform can be controlled by the undulator field profile and undulator parameter [333], see
an example in Fig. 42. The emitted pulse energy in this approach is, however, low and the field is correspondingly weak.

In order to generate strong-field single-cycle pulses, a scheme has been proposed that uses a prebunched beam and
a tapered undulator [21–23]. In a tapered undulator, the undulator magnetic field profile is position-dependent, i.e.,
K = f (z) is a function of z. Hence, the radiation wavelength, see Eq. (29), also changes along the undulator, and the
emitted waveform is intrinsically chirped. From signal theory, it is known that if the bandwidth of a chirped signal equals
that of the desired single-cycle or quasi-half-cycle signal, then the chirped signal can be converted to the desired one
by adjusting the phase between the harmonics. Fig. 43 shows a chirped multicycle waveform and quasi-half-cycle one
having exactly the same spectral bandwidth but different phase relations between the Fourier components.
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Fig. 43. Schematic illustration of the Fourier decompositions (a) and (c) of the quasi-half-cycle (b) and frequency-chirped (d) pulses, respectively.
The quasi-half-cycle pulse is formed by the superposition of in-phase sinusoidal components, whereas the frequency-chirped pulse is composed of
the sinusoidals with a nonlinear phase shift in between them. The Fourier amplitudes are not to scale.
Source: Adopted from [23].

Fig. 44. Matching of the current pattern (b) with chirped undulator radiation. The undulator (c) with a constant period λu has a strong inverse taper
(K increases with z). The instantaneous radiation wavelength λ1 given by Eq. (29) changes along the undulator giving rise to a chirped undulator
waveform. The radiation wavelength is the shortest (within the emitted waveform) at the undulator entrance and the longest at its exit. Each
microbunch of the beam (a) as it passes through the radiator generates a chirped waveform containing a spectrum of resonant wavelengths and
their harmonics. If one injects a sequence of microbunches (a) separated by these wavelengths, the phase locking condition between different modes
is fulfilled. Then, the interference between the radiation from different microbunches forms an isolated single-cycle pulse.

In order to satisfy the phase lock condition for coherence, the injected sequence of microbunches must follow a
specific pattern that matches the tapering profile of the undulator. As derived in Refs. [21,23], this pattern consists of
thin microbunches along the z-axis separated by the instantaneous (local) resonant wavelength Eq. (29) for each period
of the undulator (Fig. 44). The whole process can be viewed as FEL amplification with a chirp of the electron beam. In a
sense, it is similar to the chirped pulse amplification (CPA) technique [364], which was awarded the Nobel Prize in 2018.

Fig. 45, panels a and b, shows the electric field distribution in the frequency-space and time-space domains produced
by a single short bunch in a tapered undulator. The same type of distributions for the field produced by a prebunched
beam are depicted in the panels c and d. Note that the spectra produced by the single bunch and prebunched beam are
approximately the same. Some differences in the spectra are unavoidable because an infinite number of the bunches
in the prebunched beam are needed to completely ‘‘synchronize’’ the infinite number of the Fourier components. The
simulations [23] show that quasi-half-cycle THz pulses from tapered undulators can reach a field strength of around
10 MV/cm with focusing. At the same time, the technology of prebunched beam generation is still developed insufficiently.
In the next section, we discuss the current status of the generation of electron bunches for THz light sources.
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Fig. 45. (a) Density plot of the electric field generated by a single bunch as a function of frequency and normalized radial distance; (b) the same
field but as a function of time and radial distance; (c) total electric field generated by a prebunched beam as a function of frequency and normalized
radial distance; (d) the same field but as a function of time and radial distance. The insets show the on-axis electric fields for the single bunch and
the prebunched beam.

3.5. Formation of electron beams for THz light sources

3.5.1. Requirements on beam quality
When considering an electron beam as a radiation source, the cornerstone notion is the beam brightness. It can broadly

be defined as the number of particles per unit volume of the total phase space [365]. Thus, there are two ways to achieve
high brightness: either have more electrons or a smaller phase space volume. Let us focus on the latter. The total phase
space of a beam is six-dimensional and accounts for positions and momenta of each particle, namely, (x, x′, y, y′, z, z ′).
Correspondingly, the phase volume is the integral that envelops all particles which are considered to be part of the beam.
To simplify the picture, the total phase space is usually split into transverse (x, x′, y, y′) and longitudinal (z, z ′) parts
because the beam propagation axis gives a preferential direction. In circular accelerators, the revolution plane allows for
splitting the transverse phase space further, into horizontal and vertical. The chosen phase space volume (divided by π )
is typically referred to as the emittance.

The transverse emittance mainly defines transverse characteristics of the emitted light wave, such as the initial waist
and divergence. For having spatially coherent radiation from the beam, the transverse beam emittance must be smaller
than the diffraction limit, ϵ < λ/(4π ), where λ is the wavelength, at which the radiation is observed. On the other
hand, the longitudinal emittance (and, consequently, brightness) is the key parameter for attaining longitudinally coherent
emission. The more ’’coherent’’ electrons the beam contains, the higher the intensity of emitted light. Let us focus on the
longitudinal motion further.

The longitudinal emittance is composed of the electron bunch duration and energy spread. The first condition on
coherence demands the bunch duration to be much smaller than the characteristic period of radiation, σt ≪ T . For
example, a Gaussian bunch of rms duration σt has a form-factor |F (ω)|2 = e−ω2σ2

t , ω = 2π/T , which decreases rapidly
with increasing frequency. This implies a dramatic decrease in radiated intensity once the condition is violated and
coherence is lost, as illustrated in Fig. 46. When the condition is met, the entire bunch emits light coherently, as a single
particle (also known as super-radiance).

The second component of the longitudinal emittance is the energy spread, which governs the gradual elongation of an
electron bunch as it propagates. The corresponding condition for attaining coherence reads σδ/γ

2
≪ λ/L, where σδ is the

relative energy spread, γ is the Lorentz-factor of the electron bunch, and L is the radiation formation length. For transition
radiation, L ≈ λ (Section 3.3.1), while for synchrotron radiation, L ∝ r0/γ , with r0 being the trajectory curvature radius.
For undulator radiation, the formation length can be taken as the physical undulator length, i.e., on the order of one meter
for a THz undulator. This results in stringent demands on the beam energy spread for a THz source based on coherent
undulator radiation.

Energy spread is often classified as correlated or uncorrelated. The former implies that some spread was deliberately
introduced at an earlier stage to manipulate the beam. There are methods to mitigate the correlated energy spread, e.g.,
Ref. [367]. On the contrary, uncorrelated energy spread originates from the very source of particles and depends on the
method of extraction. A non-zero uncorrelated energy spread can also be understood as a finite temperature of the beam.
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Fig. 46. Calculated spectra of coherent synchrotron radiation emitted by Gaussian bunches of 10, 1 and 0.1 ps rms duration. For shorter durations,
the cut-off frequency extends further towards higher values. The green curve corresponds to a bunch with a sub-picosecond sub-structure (envelope
rms duration of 8.4 ps). Fractions of this sub-structured bunch emit coherently as long as the sub-structure (e.g., a spike of a comb beam) is much
shorter than the period. According to the Ref. [366], for all cases, the bunch charge was 418 pC and the spectra were normalized to the maximum
of incoherent radiation.
Source: Figure adopted from [366].

3.5.2. Generation of bunches and comb beams
There are three main types of electron emission implemented in particle accelerators: field emission, thermionic

emission and photoemission. High-field emitters are essentially diodes, where the cathode is razor- or needle-shaped to
enhance the local electric field. While field emitters used in electron microscopes have demonstrated record low emittance
for low-charge beams, control of the temporal beam profile is complicated and such emitters are not used in precision
light sources. Thermionic emission is assisted by heating the cathode, so that the electrons inside can have energies above
the Fermi level. Photoemission relies on photoeffect: photons of the driving laser beam provide the energy required for
electrons to leave the cathode material. The photoinjector is the main source of high-brightness beams for free-electron
lasers.

Regardless of the emission type, extracted electrons are to be accelerated immediately after they leave the cathode.
Otherwise, the nonrelativistic beam is subject to space-charge forces, which cause degradation of emittance. For that
reason, electron sources are usually integrated into an RF gun with a final energy of about 5 MeV. It is worth mentioning
laser-driven plasma wakefield accelerators as an alternative, such as the self-injecting ‘‘bubble’’ regime [368], although
the energy spread remains a challenge yet.

Let us focus on photoinjectors. Being the state-of-the-art sources, they are associated with high accelerating gradients
(100-MV/m scale), high bunch charge (nC scale), small bunch duration (picosecond scale), low transverse emittance
(≲1 mm mrad), small energy spread (≲0.1% relative) and high repetition rates (MHz scale) [33]. A photoinjector typically
consists of a photocathode gun and a booster cavity. The photocathode is the key component, and the choice of material
for it is crucial, see Ref. [369] and references therein. Periphery includes RF power supply, emittance compensation coils,
vacuum system and the driving laser. The latter is usually ultraviolet (frequency-tripled Ti:sapphire), so that the photons
carry energy above the work function of the cathode’s material.

In simple terms, a photoinjector is a device for conversion of high-precision laser pulses into high-precision electron
bunches. One important feature of this conversion is that the current profile of an electron bunch emerging from the
cathode to some extent reproduces the intensity profile of the driving laser pulse (Fig. 47). Thus, by shaping the laser
pulse, one can create a specific distribution of electrons. For THz light generation, comb beams are most appropriate
since the space-charge effect is mitigated. A comb laser pulse can be created by time delay and recombination [331],
or with birefringent crystals [370,371]. Then, a comb electron beam emerges. Comb beams with a separation between
current spikes on the order of the THz period are already used to emit THz light through coherent transition radiation
(Section 3.3) [331,371,372] and are proposed for undulators [373,374]. To generate a chirped comb beam, such as the
current pattern in Fig. 44, it is required to make a comb laser pulse with uneven separations. The general approach is the
same as for evenly spaced beams. Particularly, it is demonstrated using three α-BBO birefringent crystals with an output
of eight bunches within the chirped comb electron beam [374].

One of imperfections in the photons-to-electrons conversion process is space-charge fields present between the
electrons of the extracted bunch. Usually, these fields distort the phase space portrait of the bunch as it propagates and
increase the emittance. However, it turns out that in this case, space-charge forces can recover the comb structure after
1/2 of the plasma oscillation period [370].
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Fig. 47. (a) Geometry of a photoinjector. The photocathode is located in the 1.6-cell S-band (2.856 GHz) accelerating structure. The electric field
distribution within the structure is shown by red arrows. In the fractional cell, the RF field distribution on the cathode is optimal for maximum
brightness. The following full-size cell accelerates the extracted electrons to a relativistic energy to prevent the emittance degradation. Magnets
of the emittance compensation line are shown in blue. (b) Temporal profile of the driving laser pulse, incident on the cathode. (c) Corresponding
simulated temporal profile of the extracted electron bunch (comb beam).

3.5.3. Acceleration and compression of beams
Downstream, the high-brightness electron bunch is to be accelerated. For undulator-based THz light sources, typical

required electron energies lie in the range of 10–40 MeV. These energies can be reached with well-developed RF
technology within a rather moderate size of the machine (10–20 meters long). For ultraintense transition radiation,
GeV-scale beams are needed, and the accelerators are correspondingly longer. Acceleration of particles with RF fields
is formulated in numerous textbooks, e.g., [345]. The general principle of operation is almost identical to modulation,
which is described below, except that the electron bunch gains energy as the whole.

For coherent radiation, the electron bunch must be kept well compressed over the radiation formation length. The com-
pression process, also known as bunching, can be done in a drift space (ballistic bunching), within a dedicated accelerating
section (velocity bunching) or with a deflective chicane (magnetic bunching), that gives additional tunability [375].

Consider the longitudinal phase space of the electron bunch (z, E). To start the compression, the electron bunch must
acquire a negative energy chirp. In other words, particles in the tail have to move faster than the equilibrium particle
(Fig. 48a, shaded area, higher energy), whereas particles in the head have to move slower (non-shaded area, lower energy).
To apply the chirp, or to modulate the bunch, it is overlapped with an external electric field provided by an RF bunching
cavity or modulating laser (orange diagonal line in Fig. 48a). The overlap means that the reference particle experiences
zero electric field and remains unperturbed (as opposed to acceleration, when it gains energy). Particles in the head
(non-shadowed area, dashed curve in Fig. 48a) are out of phase with the external field and lose energy. On the contrary,
particles in the tail gain energy. Thus, the phase space portrait of the bunch during the energy modulation transits from
the dashed curve to the solid red curve filled with particles in Fig. 48a. In general, the modulation depends on the applied
electric field and is characterized by induced energy spread (also called the modulation depth).

After the modulation, the electron bunch propagates in the bunching section. Its phase space portrait rotates clockwise,
which results in a gradual increase of the instantaneous current (Fig. 48). The bunch is said to be fully compressed when its
phase space portrait is closest to the example in Fig. 48c and the current is maximized. In such a state, the bunch is ideal for
coherent emission. In practice, nonlinearity of the longitudinal phase space limits the achievable compression. To improve
the focus, one can use a higher-harmonic field cavity [376] or other methods, e.g., in Ref. [377]. The particles, however,
still have the energy chirp from modulation. As they propagate further, the compression degrades, the current decreases
and the bunch is said to be overcompressed. Thus, the compression is to be matched with the radiation formation length.

For a sequence of bunches, such as the comb beam (Fig. 47c), the modulated phase space portrait is sinusoidal (zoomed-
out Fig. 48a). Each peak of the comb corresponds to a compressed bunch current (Fig. 48f), formed at crests of linear
parts of the sine function. Similarly, for a chirped comb beam, such as the one needed for the scheme in Fig. 44, the
modulated phase space portrait is a chirped sine function. A simple example of such curve is given in Fig. 49. A linear chirp
implies a linear dependence of frequency on a longitudinal coordinate. Thus, bunches at different positions experience
different slopes of the modulating field. At the same time, crest positions, where bunching occurs, vary inversely, following
wavelengths, as required to match the undulator in Fig. 44. As mentioned above, such phase space portraits can be created
in the photoinjector [374] with the comb recovered after a drift [370].

In some cases, e.g., for transition radiation (Section 3.3.1), the electron beam must be accelerated to higher energies.
Standard acceleration methods do not preserve the sophisticated comb structure, and it has to be imprinted afterwards, to
the full-energy beam. The same applies, if, for any reason, modulation at the cathode is not an option. To create the chirped
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Fig. 48. A simplified example of bunch compression (2000 particles). (a)–(c) Phase space portraits of (a) the bunch entering the compression drift
after interaction with the modulating electric field (orange line), the dashed curve corresponds to non-modulated, original phase portrait, (b) the
modulated bunch in an intermediate position, (c) the fully compressed bunch, suitable for super-radiant emission. Particles in shaded regions move
faster than the non-perturbed reference particle in the center. Particles in non-shaded regions move slower than the reference particle. (d)–(f)
Corresponding histograms, which are proportional to the instantaneous electric current of the bunch.

Fig. 49. (a) An example of a chirped longitudinal phase space (measurement results). The inset (b) shows the waveform of the THz pulse used for
broadband modulation via inverse FEL process.
Source: Adopted from Ref. [268].

comb bunch pattern shown in Fig. 44 from an arbitrary bunch, one can use the inverse free-electron laser mechanism.
The initial bunch with no features in the phase space portrait (dashed ellipse in Fig. 48a) is injected for modulation
into a tapered undulator. Inside, it interacts with the modulating field of a co-propagating broadband THz laser pulse.
Each period of the undulator–modulator enables resonant interaction of the light pulse with electrons only at specified
wavelengths [Eq. (29)]. As the resonant wavelength monotonically changes along the trajectory, the electrons interact
with different spectral components of the light pulse, thus undergoing broadband modulation. The result of this process
is a chirped phase space portrait, e.g., in Fig. 49.

At THz frequencies, broadband modulation implies additional challenges, such as insufficient modulation depth even
with a rather complex laser setup. Another limitation may arise from significant diffraction of the modulating pulse
over the interaction region. Both effects can be mitigated with a waveguide inside the undulator–modulator, e.g., curved
parallel-plate wave guide (CPPWG) [268]. It increases the effective interaction region to a meter-scale and provides the
required modulation depth.

To sum up, there is a variety of mature techniques for preparation of electron beams for super-radiant THz sources. At
the same time, new methods of beam formation are being developed in order to improve the beam quality, acceleration
efficiency, and accelerator compactness.

3.5.4. THz diagnostics of beams
Few-cycle THz pulses can serve not only for electron beam formation but also for diagnostics of ultrashort beams [267,

378,379]. Particularly, such THz pulses can be used to determine the arrival time and temporal profile of the electron



54 P. Salén, M. Basini, S. Bonetti et al. / Physics Reports 836–837 (2019) 1–74

beam. A conventional tool for this purpose is a transversely deflecting RF cavity [380,381], whose electric field imprints a
transverse momentum onto the beam. Because of the relative phase between the field and the electrons, the momentum
changes along the beam such that the beam rotates in the phase space upon its further propagation. Then, an image of an
energy dispersed beam on a YAG screen gives the information about the longitudinal phase-space of the beam. However,
it is not always possible to use the conventional transversely deflecting RF cavity for various reasons, including space and
cost limitations. A THz pulse, having a higher frequency than the RF field, provides a sharper deflection, as required for
ultrashort electron beams.

In free space, the interaction of a laser pulse and a beam is inefficient because the magnetic force counteracts the
electric one. Hence, for having enhanced beam deflection, the THz pulse and electrons are overlapped in a resonator [378]
or a waveguiding structure [379]. For instance, in Ref. [378], the interaction region is inside of a narrow slit made in a
metallic foil. The slit enhances the near electric field of the pulse and makes it dominant over the magnetic field in the
resulting deflection. A measurement of the beam arrival time with 1.5 fs (rms) accuracy was demonstrated. However,
only low-charge beams can be characterized because of the narrow gap of the slit. In their next work [379], Zhao
et al. developed a streaking device based on the extended beam-THz field interaction in a dielectric waveguide. A large
dynamic range of streaking was achieved while keeping high temporal resolution: as the beam underwent a nearly 50-fold
compression, the beam profile was captured with a resolution of a few tens of femtoseconds and 3 fs rms arrival time
accuracy. In Ref. [267], as discussed earlier, 10 fs streaking resolution was reached using the magnetic field instead of the
electric one.

Beams of femtosecond-scale duration are used as a probe in ultrafast electron diffraction (UED) experiments [272,382–
385]. The common approach to bunch compression is to use strong RF bunching [386]. There is, however, a payback:
RF-buncher phase jitter introduces electron beam energy jitter, which results in the jitter of the arrival time. To account
for it, a THz-based deflector is a fine tool. Refs. [387,388] report femtosecond precision for the bunch duration and sub-
femtosecond precision for arrival time. As shown in Ref. [379], controlling the THz pulse polarization significantly increases
the dynamic range of such measurements while keeping high resolution. Although the THz field strength implemented so
far is modest (sub-MV/cm), scaling it up would only provide better resolution. With such precision, the UED technology
becomes even more attractive for applications.

As a side point, UED experiments often rely on electron beams with kinetic energy of several MeVs (mega-electron-
volts, mildly relativistic beam). Characterizing electron bunches of few-MeV energy in the time domain with femtosecond
resolution is an achievement by itself, because it is not straightforward to implement well-developed techniques for
non-relativistic (keV) or ultra-relativistic (GeV) beams to the intermediate energy range [378].

These methods of electron beam diagnostics are essentially variants of the technique known as streaking, which is
used to indirectly characterize ultrashort particle and light beams in the time domain. Depending on the object studied,
the timescale varies from few picoseconds [389] down to the attosecond regime (1 as = 10−18 s) [390,391]. For light
beams, an intermediate stage of conversion into photoelectron wavepacket is required, which is usually done with a gas
target.

Using a THz pulse as the streaking field, one can characterize a femtosecond-scale light pulse [392,393], such as the
output of currently operating X-ray free-electron lasers (FELs) [394–398]. Today’s X-ray FELs typically operate in the
regime of self-amplified spontaneous emission (SASE) [399]. SASE starts from a stochastic process, which results in jitter
of the arrival time of the generated X-ray pulse. It is of utmost importance for user stations to analyze the temporal
structure of each arriving pulse and correlate it with an optical pump laser or another reference. This problem is very
similar to the arrival time jitter of a UED beamline, and it can be solved in a similar manner by THz streaking. Within a
THz pulse, the time window for overlap is as long as 100 fs, which is enough to cover the arrival time jitter. The required
THz pulse can be generated in a dedicated undulator, as at FLASH [395,400] (see Section 3.4), or via optical rectification,
as, for example, at SACLA [398,401] (see Section 3.1.1). The latter was reported to have few-femtosecond resolution in
good agreement with the values measured through X-ray-induced transient reflectivity (or transmission) change of a
membrane [402–406]. Thus, THz streaking may be used as a complement in order to improve the temporal resolution of
pump–probe experiments at X-ray FELs. Demonstrated setups utilize THz pulses with field strength on the order of 100
kV/cm. Delivering fields above 1 MV/cm would significantly increase streaking efficiency and the resolution.

Finally, THz streaking can be employed to directly probe electron dynamics in molecules. In attosecond streaking [390,
391], the key role is played by photoelectrons born through single-photon absorption. However, once a molecule is
pumped by an XUV/X-ray pulse into a highly excited state, there are other ways for it to relax on a longer timescale.
One prominent example is the study of autoionization dynamics of molecular oxygen [407–409]. After single-photon
absorption, there is still extra energy in the molecule, which may be released through emission of a secondary electron
by autoionization. Recording the spectrum of secondary electrons requires a longer period of the streaking field, namely,
in the infrared or THz frequency range. The spectrum of autoionization electrons allows one to calculate the lifetime of
the corresponding highly excited energy state of the molecule.

In passing, THz-based techniques for acceleration, manipulation and diagnostics of electron beams, although still in
infancy and demanding further studies, are promising.

3.6. THz spintronic emitters

It is worth mentioning that very recently, a novel method to generate broadband terahertz radiation has been
discovered, and implemented in the so-called THz spintronic emitters [410–415]. The fundamental mechanism is a spin-
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Fig. 50. The layout of the beam line optics of a CTR THz pulse source at PAL [416]. Top: Intensity distributions (0.5 THz) at the positions of the
F1-F5 mirrors. Middle: Locations of the optics through the system. Bottom: Beam radii estimated along the beam propagation (a). Schematic layout
of the λ3 focusing of the THz pulses of an organic crystal OR source.
Source: Adopted from Ref. [129].

to-charge conversion due to different microscopic effects (e.g., spin Hall, Rashba), all localized either to the interface or
within a few nm thick active material. Since these emitters rely on charge transport in metallic samples, they can emit
terahertz radiation of much broader bandwidth (up to 30 THz), as they are not affected by the typical phonon absorption
problems in nonlinear bulk crystals.

Since the nanometer-confinement of charge transport is fundamental for the spintronic emitters to function, and since
THz radiation would also be absorbed by thick metallic layers, the scaling of the emitters has only be attempted in the
lateral directions. In a recent work, an emitter of 7.5 cm in diameter was pumped with an amplified laser system, and
terahertz fields of up to 0.3 MV/cm were successfully generated [414]. These fields are large enough to start being of
interest for the study of nonlinear dynamics, and it is reasonable to expect that future works will use the spintronic
emitters to this purpose. The challenge and opportunity are in the unique combination of low-pulse energy (5 nJ) and
high bandwidth (30 THz), which allows for much tighter focusing of the radiation compared to conventional emitters. The
low-pulse energy could be an advantage in minimizing thermal effects and increase the relative weight of the coherent
response.

Since no work has been published yet which uses the spintronic emitters for driving nonlinear dynamics, which is the
focus of this Review, we will not discuss them in greater detail. However, it is possible that these emitters will become
a complementary source to the ones described here in a near future.

4. Control, guiding and diagnostics of THz light

4.1. Transportation and focusing

Similarly to optical setups, lenses and mirrors can be used in order to control the propagation and the waist of the THz
beam. A careful planning of the THz transport lines is especially important when the THz source and the experimental area
are separated by a long distance (over 10 m) or when the practical application (e.g., electron manipulation) is sensitive
to the beam waist.

Femtosecond THz pulse transportation over a long distance was demonstrated experimentally at the Pohang Accel-
erator Laboratory (PAL), where the spectral range of the radiation was varied from 0.2 to 3 THz [416]. The THz pulses
were generated by CTR (Section 3.3.1). Minimal intensity loss requires careful examination with respect to the potentially
large diffraction associated with the long wavelength of the THz radiation [416]. The calculation of the transportation was
carried out using the THz Transport code developed by B. Schmidt (DESY) and the result of the simulation is shown in
Fig. 50a. The radius of the radiation is 1 mm at the source and the variation of the radii along the beam propagation is
shown in Fig. 50a, bottom panel. Five off-axis elliptic or parabolic mirrors (F1-F5, see Fig. 50a, middle panel) were used
to collimate or focus the beam (the radius of the optical elements are 50 mm or 75 mm). The last mirror (F5) was used
to tightly focus the beam to the experimental area. The transmittance of the transport depends on the THz frequency: at
frequencies above 1 THz the transmittance is 80% and at 0.2 THz it is just 20% due to the diffraction loss on the finite size
optical elements [416]. The result suggests that the energy of the THz pulse is ∼10 µJ at the experimental area, i.e., 11 m
from the THz source.

Recently, Hauri et al. [129] reported on the ultimate confinement of THz pulses generated by OR in organic crystals
(DSTMS and OH1) in a λ3 volume. The schematic view of the setup is shown in Fig. 50b. The THz pulses were generated
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Fig. 51. A typical EOS setup.
Source: Adopted from
Ref. [420].

in the DSTMS/OH1 crystal, which was adjusted along with the first optics stage for optimum focusing. The unavoidable
distortion of the generated THz wavefront was pre-compensated by controlling the pump-pulse wavefront using a
reflective telescope. In the third stage, the process is combined with fast expansion of the THz beam in order to smear
out the high-frequency intensity modulations and minimize the effect of the natural divergence [129].

The results showed the spot size to be four times smaller using the λ3 focusing regime than what was previously
achieved and that using this method, diffraction limited focusing is feasible. The method leads to extremely intense THz
radiation of 11 GW/cm2 and a field strength of 83 MV/cm [129].

4.2. Diagnostics

For matter manipulation, typical levels of THz pulse energy and average power are µJ and mW, respectively. Convenient
commercial devices exist for energy measurements of such pulses, for example pyroelectric detectors. For measuring
the spatial intensity distribution in the THz range, there are commercially available pyroelectric and micro-bolometric
cameras. In this short subsection, we will deal only with waveform measurement techniques for THz pulses. It is
important, since the direct measurement of the electric field of a THz pulse is simple, in contrast with visible or NIR
light, and gives more information than measuring the temporal intensity profile.

The most important THz waveform detection techniques are sampling by unbiased photoconductive switches [417],
EOS [418], and THz air breakdown coherent detection (THz-ABCD) [419]. These techniques are based on inverse processes
of the ones used for THz generation in biased photoconductive switches, in OR sources, and in two-color-laser-pumped
plasma, respectively. Among these, EOS is used most often, especially in pump–probe experiments and dynamic matter
manipulation.

A typical EOS setup is shown in Fig. 51. The driving ultrashort laser pulse is divided into two parts. The stronger part is
used for THz pulse generation. The strong-field THz pulse, after the interaction with the investigated or controlled matter,
arrives into the electro-optic crystal (ZnTe in the figure). After traversing a delay line (not shown in the figure), linearly
polarized weaker part of the laser pulse (the probe) also arrives into the electro-optic crystal. In the presence of the THz
field, index of refraction of the nonlinear crystal is temporarily different for two induced polarizations of the material.
Consequently, polarization components of the probe pulse acquire different phase shifts while passing through the electro-
optic crystal. Using the λ/4-plate, and setting the polarizer beam splitter (PBS) and the detector-pair appropriately, the
difference signal of the detector-pair will be zero in the case of zero THz field (balanced detection), and will be proportional
to the THz field. The λ/4-plate ensures a linear relation between the intensity difference δI measured by the detector-
pair and the electric field ETHz of the THz pulse. Assuming a zincblende-type electro-optic crystal, same THz and probe
polarizations and same THz phase velocity and probe group velocity, the relation reads [420]

δI = Ipωn3ETHzr41L/c. (31)

Here Ip is the intensity of the probe, ω is the angular frequency of the probe, n is the index of refraction, r41 is the
electro-optic coefficient, L is the length of the crystal and c is the speed of light. Changing the delay between the THz and
the probe pulse, the temporal shape of the THz electric field can be measured. Using 1 kHz, or a higher repetition-rate
laser, a signal-to-noise-ratio (SNR) exceeding 104 can be achieved with this EOS method. Note that Eq. (31) can be applied
only if the THz pulse phase velocity is equal to the pump group velocity and dispersion of the electro-optic coefficient
together with THz absorption can be neglected.

EOS measurements can also be used for characterizing ultra-broadband THz pulses that have significant spectral
content at higher frequencies than the phonon resonance of electro-optic crystals (e.g., 5.3 THz for ZnTe). In this case,
frequency dependence of the electro-optic coefficient cannot be neglected. However, the THz waveform can be found
from the measured EOS signal using the response function of the EOS setup [421,422], which can be calculated from
properties of the electro-optic material.

Potential and accuracy of the EOS technique are exemplified by direct sampling of the electric-field vacuum fluctua-
tions [423]. Moreover, EOS can be used for THz time-domain spectroscopic imaging [424]. Finally, different setups, based
on EOS can be used for single-shot measurements of the THz wave shape, although at significantly reduced SNR [425–427].



P. Salén, M. Basini, S. Bonetti et al. / Physics Reports 836–837 (2019) 1–74 57

4.3. Controllable guiding and nanoscale confinement with graphene plasmons

Guiding and manipulation of THz waves with conventional materials (such as, e.g., dielectric lenses or metallic
waveguides, discussed above) do not allow for active control of fields (tuning of the wavelength, confinement length
etc.). Conventional materials neither provide an appreciable reduction in the wavelength, so that THz waves cannot be
compressed to small (sub-diffraction) volumes, and thus cannot provide substantial field enhancement. Graphene has
recently emerged as a promising alternative to metals and dielectrics. Charge carriers in graphene have high mobility,
which together with its flexibility, environmental stability and a sensitivity to electrostatic fields makes graphene very
appealing for photonics and optoelectronics (e.g., solar cells, light-emitting devices, high-speed THz broad-band room-
temperature photodetectors and ultrafast lasers) [428,429]. Some of the particularly interesting THz graphene applications
(e.g., ‘‘flatland optics’’: atomically-thick waveguides, resonators or modulators) are related to the intrinsic graphene
plasmon polaritons [430,431]. The latter are also very attractive for fundamental studies of light–matter interaction in 2D
materials, such as non-equilibrium photo-induced plasmons (with femtosecond activation) [432] or probing of nonlocal
optical conductivity [433] among others.

In this section, we exemplify the fundamentals of THz optics with graphene. In particular, we discuss in detail the
dispersion relation and extreme field confinement of THz graphene plasmon polaritons (GPs).

GPs are confined electromagnetic fields coupled to charge-carrier (Dirac electrons or holes) oscillations in graphene.
GPs exist in the energy range of 0.4–250 meV, thus covering the frequency range from the mid-IR to THz, see also Fig. 1.
GPs have extremely short wavelengths, λp (down to two orders of magnitude smaller than the wavelength of light in free
space, λp ≪ λ0), and therefore large confinement of their electromagnetic fields. Most importantly, the wavelength of
GPs is tunable via changing the chemical potential, EF , by external gate voltage, see Fig. 52c.

The dispersion of GPs in graphene on dielectric substrates (as well as free-standing graphene, see Fig. 52a) presents a
square-root dependency of frequency ω upon wavevector k as ω ∝

√
k, analogously to plasmon polaritons in 2D electron

gases. The dispersion of GPs (red curves in Fig. 52d) is well separated from the line representing light, ω = kc (not shown,
since it is virtually indistinguishable from the vertical axis), so that GPs have photon momenta significantly larger than
those corresponding to the free-space photons.

The GPs can be described within classical electromagnetic theory. In this case graphene is assumed to be an
infinitesimally thin conducting sheet with 2D complex-valued conductivity σ , which fully dictates the properties of
the GPs. In the THz frequency range, the electronic contribution to the graphene conductivity is dominated by the
intraband electron–photon scattering processes, so that σ has the classical Drude form (neglecting the temperature
contribution) [431,434]

σ =
ie2|EF |

π h̄2(ω + iτ−1)
, (32)

with EF and τ being the chemical potential (proportional to the square root of the concentration of the Dirac charge
carriers) and relaxation time of the charge carriers (proportional to the transport mobility), respectively. While the
real part of the complex conductivity, Re(σ ), characterizes the energy loss in the system, its imaginary part, Im(σ ),
characterizes the phase shift between the electric field and the induced current (‘‘inertness’’ of the charge carriers to
respond to changing electric field).

The dependence of GPs wavevector kp upon frequency ω reads as [435]

kp(ω) =
ω

c

√
1 −

( c
2πσ

)2
. (33)

For large values of kp, according to the Drude model given by Eq. (32), the dispersion relation of GPs becomes

kp(ω) =
h̄
2e2

h̄ω(ω + i/τ )
|EF |

. (34)

Thus, the real part of the GP momentum decreases with EF and is quadratic in ω, i.e., Re(kp) ∝ ω2/|EF |. The dispersion
curves of GPs in free-standing graphene are shown in Fig. 52d by the red curves, for two different chemical potentials. The
strong dependency of the GP wavelengths upon the chemical potential gives high tunability of GPs, which is important
in many THz opto-electronic applications (such as photodetection, sensing and signal processing for communications)
requiring an active control over the THz electromagnetic fields on the subwavelength scale [430,431,436]. The large
momenta (short wavelengths) of GPs, as well as their strong confinement to the graphene sheet, can be seen in Fig. 52e,
where the GP electric field snapshot is shown together with the wavelength in free space at a frequency of 5 THz. Notice
that the strong confinement of the electromagnetic field to graphene gives the enhancement of the field strength and can
lead to appreciable nonlinearities [182,188,437,438].

The intensity of blue and red fringes in the electric field snapshot (Fig. 52e) decreases from left to right due to the finite
amplitude propagation length of GPs, Lp = 1/Im(kp). The propagation length Lp and the figure of merit (FOM = Lp/λp)
of GPs is particularly important for the applications requiring the THz transport along graphene (e.g., photonic circuits or
communication technologies). Due to the small wavelength of the GPs, the absolute values of Lp are not large, being
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Fig. 52. Conventional and acoustic GPs. (a, b) Schematics of the free-standing graphene and graphene on top of metal gate, respectively. (c) Schematics
of the electron dispersion near the Dirac point. The gray color represents the filling of the Dirac cone with the charge carriers at two doping levels.
(d) Dispersion relation of conventional GPs (red curves) and AGPs (blue and green curves) for two values of the Fermi level. The dispersion of the
AGPs is shown for two spacers, d = 20 nm (blue curves) and d = 5 nm (green curves). The dashed black curve represents the slope given by the
Fermi velocity in graphene. The hatched region corresponds to Landau damping (due to the intraband electronic excitations). In (d, e) the relaxation
time is assumed to be τ = 0.5 ps.

substantially limited by the transport mobility. In contrast, the FOM can potentially reach large values, so that GPs
can propagate along the distance of many GP wavelengths. For instance, for the transport mobility on the order of
10000 cm2((V·s)), typical for graphene grown by chemical vapor deposition (CVD), FOM reaches the values on the order
of 10. In the graphene encapsulated between h-BN layers, the mobility can be an order of magnitude larger and so the
values of FOM [439].

A completely different regime of GPs can be found in graphene separated from a metal pad by a thin spacer, d
(Fig. 52b). Such a configuration is typical in the graphene samples with gating. Being virtually perfectly conducting at
THz frequencies, the metal acts as a ‘‘mirror’’ for the GPs and the latter strongly hybridize into the screened acoustic-like
mode [440], analogous to the acoustic GPs in double-layer graphene [182,441,442]. The dispersion of acoustic GPs (AGPs)
for the graphene above the metal in free space, in neglect of the absorption, reads

kp(ω) =
ω

c

√
h̄2c2

4de2EF
. (35)

It is radically different from that of conventional GPs (given by Eq. (34)), as the momentum scales linearly with the
frequency, kp(ω) ∝ ω. Additionally, apart from the different dependence upon the chemical potential (the momenta of GP
and AGPs differ by a factor of

√
EF ), kp of AGPs increases with decreasing d. This is illustrated in Fig. 52d by the dispersion

curves for AGPs for two chemical potentials and two graphene-metal separations (blue and green curves). As the result of
the increasing kp, the closer graphene is placed to the metal, the higher is the AGP confinement. The immense confinement
of the AGPs is shown in Fig. 52e for d = 20 nm. Particularly, zooming in the gap region, one can see that the THz field
is completely squeezed and channeled inside the nanometric gap. Such enormous compression of the electromagnetic
waves can lead to strong quantum nonlocalities [433], including nonlocal response of the metal below graphene [443].
Strikingly, with the decrease of both d and EF , the dispersion curves of AGPs approach the region of the Landau damping
(shown in Fig. 52d by the hatched area), restricted by the condition k = ωvF (black dashed line). In this regime the THz
AGPs are slowed down to the Fermi velocity of electrons, vF , giving rise to various many-body electronic effects [433].

Importantly, thanks to this very strong spatial confinement, THz plasmon polaritons in graphene (as well as in other
2D materials) can produce ultrahigh fields. The field enhancement can be estimated from the energy conservation as
E2
0λ

2
0 ∼ E2

pλpd, where E0 and λ0 are the field amplitude and wavelength in free space, respectively, and Ep and λp are
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Fig. 53. Excitation of GPs by an incident THz wave. (a) Launching of propagating GPs via metallic dipolar rod antenna. (b) Excitation of GPs
Fabry–Perot modes in a nanoresonator (with the size matching a half-wavelength of GPs).

the corresponding quantities for GP. For the parameters in Fig. 52e, the field enhancement factor is around 400 so that
moderate amplitude (kV/cm) THz fields can be brought to the MV/cm scale. This immediately suggests an interesting
direction of future research: the coherent local control of spins in oxides Section 2.3.3 with strong fields of GPs. Such an
approach is an attractive way towards nanoscale ultrafast magnetic switches driven by strong-field few-cycle THz pulses.

At the same time, due to the high confinement of both AGPs and conventional GPs, and as a consequence, the momen-
tum mismatch with the free-space photons, their optical excitation via far-field radiation suffers severe complications.
The momentum mismatch can be overcome by the use of metallic optical antennas [444] (see Fig. 53a), gratings [445],
resonators [446] (for instance, ribbons or disks supporting ‘‘bright’’ Fabry–Perot-like modes, as shown in Fig. 53b), tips
of the near-field microscopes [439,440] or free electrons [447]. Optical antennas are particularly interesting for the
excitation of the propagating GPs. Apart of being straightforwardly integrable with graphene samples and providing high
GP launching efficiency, they allow for the controllable shaping of the GPs wavefronts [444]. In contrast, in graphene
resonators the excited GP modes present highly-localized standing waves. Graphene resonators can potentially be used
for studying nonlocal effects in materials using strong-field THz radiation.

5. Summary and outlook

The recent availability of intense THz pulses with electric field strength above 1 MV/cm has opened the door to
previously inaccessible nonlinear studies. These new possibilities have enabled a better understanding of several physical
and chemical processes in solids, liquids and molecules as well as the manipulation of their properties. In this review, we
have described studies using the latest THz technology with respect to a broad range of research topics.

Looking to the future, it is clear that further development of THz light sources will have a strong impact by providing
the tool that enables presently unfeasible experiments. One important parameter is the THz field strength. For example,
the studies of coherent control of spin order via the electric field have been restricted to insulating materials because of
the efficient screening of the electric field at the surface of a conductor. However, with THz electric fields comparable to
the typical interatomic field strength of 100 MV/cm, it will be possible to extend such studies to conductors. THz field
enhancement with graphene plasmon polaritons is a promising method for reaching high fields, though no experimental
demonstration has been done yet. Furthermore, the availability of ultrashort THz transients with strong magnetic fields
in the 1–10 T (3–30 MV/cm) range is demanded in order to initiate magnetization reversal in metallic ferromagnetic
samples, and to measure the timescale of this process via pump–probe experiments.

It is also necessary to produce strong-field THz waves in the entire THz spectral region. As illustrated in Fig. 1a, there are
important THz excitations across the whole frequency range. For example, a multitude of phonon modes can be excited
nonlinearly by intense THz pulses with varying spectral content, which will be useful for the control of ferroelectric
polarization and superconductive phase transitions. A strong effort towards the realization of half-cycle THz pulses with
high fields is required. Such pulses have been predicted to facilitate efficient control of molecules adsorbed to surfaces,
ferroelectric polarization and molecular orientation. Moreover, for this type of pulses it will be essential to access a large
spectral range.

A highly beneficial feature of novel THz light sources will be the ability to reach the 5–15 THz spectral region. In this
frequency range, present laser-based THz sources, relying on optical rectification, normally do not operate because of
absorption in crystals, while the broad bandwidth of THz pulses generated in plasma results in a limited field amplitude
per frequency unit. Although methods using the difference frequency generation can achieve electric fields in the 1 MV/cm
range with frequencies between 4 and 18 THz, the generated pulse energy of 2 µJ has been restricted to a 1 kHz repetition
rate [448]. Moreover, ultrashort few-cycle transients cannot be produced, only narrowband, multi-cycle, pulses. At the
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same time, conventional designs of accelerator-based sources struggle with the need for unrealistically short electron
bunches necessary for super-radiant amplification at frequencies above 5 THz. Note that the two examples of experiments
performed using strong THz fields in the 5–15 THz range presented in Fig. 1b, were carried out using accelerator-based
THz sources. However, one of them used the large scale accelerator at LCLS for generating CTR and the other one employed
the oscillator-based FEL at FELIX, which produces multi-cycle THz pulses. Also note that the transition radiation sources
at FACET and LCLS, see Fig. 2, are closed down. Access to intense few-cycle or half-cycle pulses in the 5–15 THz frequency
window creates the opportunity to investigate unexplored processes by new excitation and probing possibilities. However,
the development of corresponding THz sources is clearly needed.

A general limitation of laser-based THz sources is the repetition rate, which typically does not exceed 10 kHz. This
factor will limit, for example, the efficiency of THz pump/X-ray probe experiments at MHz-repetition rate FELs driven by
superconducting accelerators. Moreover, the variable repetition rate is essential for matching the requirements of different
types of studies. For example, pump–probe measurements typically request repetition rates of 1–10 kHz and a reduced
repetition frequency is sometimes desired in condensed phase experiments in order to limit the temperature increase.
In contrast, the large average power that can be generated with a high repetition rate is specifically required in gas-
phase experiments because of the low concentration of particles. Although experiments in condensed phase environments
sometimes demand a limited average power of the THz radiation, there are ways to overcome this problem, such as using
rotating samples, liquid jets, and cooling of the sample. The high average power made available by a superconducting
linear accelerator will, thus, be a general asset in many experiments because of the significantly reduced measurement
time.

While the technology of THz detection is well established for strong-field (high-power) THz radiation, the development
of high-sensitivity THz detectors will be beneficial for studies of nonlinear THz effects characterized by weak intensities.
One can mention graphene as one of several very promising materials for new THz detectors [429]. Apart from
graphene’s broadband absorption spectrum and unique optoelectronic characteristics, THz graphene-based photodetectors
have demonstrated high sensitivity (with a noise-equivalent power of a few tens of pW/

√
Hz at room temperature),

appreciable response time (below 30 ns) and a high dynamic range [449,450]. On top of that, graphene possesses
complementary metal-oxide-semiconductor (CMOS) integrability and therefore is compatible with the silicon-based
platform for electronics and photonics.

To summarize, fundamental THz research will benefit from the further development of the technology for THz
light generation. Such advances are desired with respect to both laser- and accelerator-based sources since they are
complementary. While the compactness of laser-based sources is highly attractive, the accelerator-based THz sources
have the advantage of being more flexible concerning wavelength tunability and repetition rate, and can achieve higher
average powers.
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