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reason for this interest relies on the fact 
that THz radiation can couple resonantly 
to numerous fundamental motions of ions, 
electrons, and electron spins in all phases 
of matter. For example, in solids, the THz 
range overlaps with the frequency of lattice 
vibrations (phonons), the collision rates of 
conduction electrons, the binding energy 
of bound electron–hole pairs (excitons), 
and the precession frequency of spin waves 
(magnons). Consequently, THz radiation, 

both continuous-wave and pulsed, has been used for characteri-
zation of and gaining insight into elementary processes in com-
plex materials. The majority of these studies used relatively weak 
THz fields and, thus, probed the linear response of the material, 
without inducing notable material modifications.

Only recently, however, completely new avenues in THz 
science were opened up by triggering nonlinear THz responses 
of materials.[3–13] Instead of using weak fields to primarily 
observe selected THz modes such as phonons or magnons, 
strong fields allow one to actively drive them to unprecedentedly 
large amplitudes, potentially thereby resulting in novel states 
of matter.[6,8,11] For example, simulations suggest that exciting 
matter with intense THz transients may lead to massive modi-
fications of electrically[14] or magnetically[15] ordered domains 
and enable the acceleration of free ions to ≈1 MeV,[16] and 
postacceleration to 50–100 MeV energies.[17] Remarkable 
experimental results such as switching of magnetic order,[18,19] 
parametric amplification of optical phonons,[20] novel insights 
into spin-lattice coupling,[21,22] and acceleration of free electrons 
in a THz linear accelerator[23] were achieved only recently.

This progress has been made possible by the development 
of laser-driven table-top THz sources routinely providing pulses 
with unprecedented energies and peak electric and magnetic 
field strengths throughout the entire THz spectral range. Dif-
ferent laser-based THz pulse generation techniques can be used 
to access different parts of the spectral range extending from 
0.1 to 10 THz. Some of the recently developed technologies 
enable the generation of radiation with even larger bandwidth 
or tuning range up to 100 THz and beyond, which lead to an 
extension of what is called the THz spectral range. An overview 
of the approximate spectral coverage and the achieved highest 
pulse energies and peak electric-field strengths of various laser-
driven technologies is given in Figure 1.

1.1. Scope

In this work, the basic principles of femtosecond-laser-driven 
intense pulsed THz sources and their recent development are 
reviewed. These sources are capable of delivering peak electric 
field strengths on the MV cm−1 scale. Corresponding typical 
THz pulse energies are on the µJ-to-mJ level, depending on 
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1. Introduction

Over the past decades, electromagnetic radiation in the terahertz 
(THz) frequency range from ≈1 to ≈30 THz (1 THz = 1012  Hz) 
has been attracting a constantly increasing interest as a powerful 
probe in spectroscopy, materials science, and imaging.[1,2] A major 
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frequency. In Section  2, THz sources based on optical rectifi-
cation (OR) are discussed. The emphasis in this Review is on 
approaches using tilted pump intensity fronts, because the 
efficient lithium-niobate-based tilted-pulse-front technique 
has found a very widespread use in nonlinear THz spectros-
copy today and, because exciting new perspectives have been 
opened up by recent progress. Section 3 deals with solid-state 
THz sources relying on photocurrents driven by absorbed 
optical light, with emphasis on the newly emerging spintronic 
THz emitters (STEs). In Section 4, THz sources based on laser-
filament-induced plasmas are considered, emphasizing the per-
spectives of infrared driver pulses. Finally, in Section 5, selected 
application examples from nonlinear THz spectroscopy and 
control of materials by intense THz pulses are briefly discussed.

1.2. Basic Principles of Laser-Based Generation  
of THz Radiation

To generate an electromagnetic wave with frequency Ω/2π, an 
electrical source current distribution THzj  oscillating at the same 
frequency is required. A fundamental example is a Hertzian 
dipole whose temporally oscillating current density is spatially 
localized in a subwavelength volume (Figure 2a). In a homog-
enous medium, the Hertzian dipole is known to emit an elec-
tromagnetic wave which features the typical spherical phase 
fronts (Figure 2a) and dipolar directional characteristics in the 
far-field.[24]

Oscillating, and more generally, time-dependent currents can 
be generated, e.g., by the flow of quasi-free electrons in metals 
and semiconductors, the displacement of the charge density of 
bound electrons in insulators and the vibrations of lattice ions. 
One often writes the current density jTHz  =  ∂PTHz/∂t as time-
derivative of the so-called polarization PTHz, which can, up to a 
certain extent,[25] be interpreted as the induced dipole moment 
per volume.

As optical radiation has frequencies on the order of sev-
eral 100 THz, it only generates a THz-frequency polarization 
or current if a nonlinear response is involved.[26] In the sim-
plest case, this induced polarization or current scales with the 
square of the driving optical field. Important examples are OR 
(in optically transparent media) or photocurrents (involving 
single-photon absorption of light). In electric-dipole approxima-
tion, such a quadratic optical response is restricted to materials 
and structures lacking inversion symmetry.

Note that the driving optical field is often spatially extended, 
resulting in a possibly complex spatiotemporal distribution of 
jTHz. To obtain a sizeable field amplitude in a beam-like output, 
the spherical waves emitted from all locations of jTHz need to 
superimpose constructively in a particular direction.[24] This 
phase matching condition is not easy to fulfil, e.g., in the case 
of OR in bulk crystals (see Section 2), because optical and THz 
waves usually have different propagation velocities in materials.

An illustrative example is that of a focused optical pulse 
propagating through the nonlinear optical material LiNbO3 
(Figure  2b; see also Section  2.2). At each position along its 
path, the optical pulse creates, through OR, a local polariza-
tion oscillating at frequency Ω/2π. Note that this situation of a 
moving Hertzian dipole (Figure 2b) is more complex than that 
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of a single Hertzian dipole at rest (Figure 2a), since the moving 
dipole generates not just one but a whole series of temporally 
and spatially shifted spherical waves along its path. Because in 
LiNbO3 the THz phase velocity is lower than the group velocity 
of the optical pulse, the spherical waves starting from each 
point of the optical path superimpose constructively only on 
the surface of a cone.[4,27,28] This situation is disadvantageous 
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for most applications and makes it plausible that for laterally 
extended beams, constructive superposition (phase matching) 
is only obtained for appropriately tailored spatio-temporal 
distributions of the optical pulse (see Section 2.1).

The above considerations show that efficient generation 
of THz radiation requires media or structures with strong 
nonlinear optical response and the possibility of phase 
matching, ideally over large optical and THz bandwidths.

It is worth mentioning that Wynne and Carey gave an inte-
grated 1D description of THz generation driven by a laser pulse 
travelling through the medium and inducing a polarization 
oscillating at THz frequencies.[29] This description is valid for 
various mechanisms, such as OR, microscopic currents from 
photoinduced charge transfer in aligned molecules, and current 
surge (photoconductive antennas). In the simplest case of an 
instantaneously responding medium, vanishing dispersion in 
the THz range, and perfect phase matching, the electric field 
of the THz pulse is shaped, for an extended source, according 
to the time derivative of the intensity envelope of the optical 
pulse. Remarkably, the generated THz pulses exhibit a fixed 
carrier-envelope phase and, for Gaussian-like pump envelopes, 
single-cycle-type waveforms. These features are essential for 
many field-driven applications.

2. THz Sources based on OR

The generation of THz radiation in electro-optical materials was 
investigated as early as 1971.[30,31] Generation of nearly single-
cycle THz pulses by OR was first demonstrated by Auston et al. 
in 1984.[28]

OR, a second-order nonlinear optical process, is a special 
case of difference-frequency generation (DFG)[26] and can be 
driven by a femtosecond optical pulse. Spectral components 
with angular frequencies ω and ω + Ω from the optical pulse 
are mixed by DFG, thereby generating a new spectral compo-
nent with angular frequency Ω in the THz range (Figure  3). 
Thus, OR can be described as intrapulse DFG, as opposed to 
interpulse DFG with two input pulses of possibly different 
carrier frequencies. Phenomenologically, the nonlinear polari-
zation induced by the pump pulse can be calculated as[26,32]

P d E E∫ε ω ω ω( )( ) ( )Ω = + Ω
∞

2 * dNL 0 eff
0

	 (1)

where 0ε  is the permittivity of free space, E(ω) is the one-sided 
(ω > 0) Fourier-component of the pump pulse at optical angular 
frequency ω, and Ω is the difference frequency. The effective 
second-order nonlinear coefficient of the medium deff is, in gen-
eral, dependent on the frequencies ω and Ω.[26] Typical optical 
pump pulse durations used for OR range from about 30 fs to 
1.5  ps. Therefore, the generated difference-frequency spectral 
components lie in the THz range. According to Equation  (1), 
a narrowband pump pulse generates low THz frequencies, 
whereas a broadband pulse can generate a broad THz spectrum 
containing also higher THz frequencies. Note that the complex 
conjugate E* in Equation  (1) makes the resulting polarization 
independent of the carrier-envelope phase of the driving optical 
field, resulting in a carrier-envelope phase stable THz pulse, as 
already mentioned above.

The build-up of the THz field over macroscopic distances 
in the medium is described by the inhomogenous wave 
equation.[26] Besides the nonlinear polarization, this process is 
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Figure 1.  Approximate spectral coverage and some of the highest reported experimental values of a) THz pulse energy and b) peak electric field 
strength for various types of laser-driven pulsed THz sources. The spectral coverage refers to the width at 10% of the peak amplitude. The short 
vertical lines indicate the approximate frequencies of the spectral peaks. OR: optical rectification, LN: LiNbO3, DFG: difference-frequency generation, 
CG: contact grating.
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also influenced by the dispersion of the medium. The efficiency 
of OR is highest when the phase-matching condition Δk = 0 is 
fulfilled between the pump and the THz fields,[26,32,33] where,

kk kk kk kk kk
kk

0

ω ω
ω

( )( ) ( ) ( )∆ = Ω + − + Ω ≈ Ω − ∂
∂

⋅ Ω
ω

	 (2)

The second, approximate equality holds if Ω ≪ ω, which is 
usually valid for THz generation by OR. For collinear phase 
matching, Equation (2) gives Δk =  |Δk| = [n(Ω) − ng(ω0)] · Ω/c, 
where ω0 is the pump central (carrier) frequency, c is the speed 
of light in vacuum, and n and ng are the refractive and group 
indices, respectively. Thus, in the case of phase-matched propa-
gation, the phase velocity v  = c/n of the generated THz radi-
ation equals the group velocity vg  = c/ng of the optical pump 
pulse, and the velocity-matching condition

g 0v v ω( )( )Ω = 	 (3)

holds. Materials suitable for OR are semiconductors such as 
CdTe, GaAs, GaP, GaSe, or ZnTe, ferroelectric materials such 
as lithium niobate (LiNbO3) or lithium tantalate (LiTaO3), and 
organic materials such as 4-N,N-dimethylamino-4′-N′-methyl stil-
bazolium tosylate (DAST), 2-[3-(4-hydroxystyryl)-5.5-dimethylcy-
clohex-2-enylidene]malononitrile (OH1), 4-N, N-dimethylamino-
4′-N′-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate 
(DSTMS), or 2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium 
2,4,6-trimethylbenzenesulfonate (HMQ-TMS) (see Section 2.4).  
A detailed comparison of their properties can be found in 
Refs. [4,34–38]. For the selection of a suitable material, it is 

instructive to consider the expression for the THz generation 
efficiency in the case of phase matching[33]
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Here, L is the material length and I is the pump intensity. Obvi-
ously, a large effective nonlinear coefficient deff and a small 
THz absorption coefficient α(Ω) are advantageous for a high 
efficiency. The scaling of η with the square of the THz fre-
quency implies significantly higher efficiencies at higher THz 
frequencies and makes it challenging to achieve comparable 
values at low THz frequencies.

In a realistic model of intense THz sources, effects other 
than OR have to be taken into account. It is important to 
consider linear absorption in the THz range, determined by 
the complex dielectric function of the material. Absorption 
of pump light, especially multiphoton absorption (MPA), can 
cause an increased carrier concentration and absorption in 
the THz range.[37,39] In the case of very strong THz fields, it is 
important to take into account the influence of the generated 
THz pulse on the optical pump pulse, which is caused by their 
nonlinear interaction (such as sum- and difference-frequency 
generation between optical and THz fields).[40–42] At high pump 
intensities, additional nonlinear effects may occur, for instance 
self-phase modulation, second- and third-harmonic generation, 
or stimulated Raman scattering. In noncollinear geometries, 
spatio-temporal coupling can lead to additional complexity.

Below, an important phase-matching method, the tilted-
pulse-front technique, is discussed first (Section  2.1). It is 
followed by the discussion of THz generation by OR in lithium 
niobate (Section 2.2), semiconductor (Section 2.3), and organic 
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Figure 3.  Schematic representation of optical and THz spectra in case of 
OR. Each pair of optical frequency components (upper panel) generates 
a THz spectral component at their difference frequency (lower panel).

Figure 2.  General idea of laser-based THz-pulse generation. a) A local-
ized current density oscillating at a THz frequency (Hertzian dipole) 
emits an electromagnetic wave with spherical phase fronts. b) A focused 
laser pulse propagates through the transparent nonlinear optical crystal 
LiNbO3. The elementary spherical THz waves superimpose constructively 
on the surface of a cone.
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crystals (Section  2.4), outlining specific features and state-of-
the-art THz pulse parameters.

2.1. Tilted-Pulse-Front Pumping

The phase-matching condition, given by Equation  (3), can be 
fulfilled in some cases, e.g., in GaSe, by utilizing the natural 
birefringence of the nonlinear material. Other semiconduc-
tors, such as ZnTe, GaP, or GaAs, are optically isotropic. Thus, 
collinear phase matching is possible only in specific cases, at 
particular pump and THz frequencies. A prominent example is 
ZnTe pumped at a wavelength of 0.8 µm to generate radiation 
around 1 THz frequency. At other wavelengths or in other mate-
rials, a specific noncollinear geometry, called tilted-pulse-front 
pumping (TPFP), may be used for phase matching.

The TPFP technique was proposed by Hebling et  al. to 
enable efficient THz pulse generation in lithium niobate,[43] 
a material with high effective nonlinear coefficient but lack 
of collinear phase matching possibility for OR. Recently, it 
has also been applied to semiconductors.[39,44–46] TPFP is of 
great practical importance, as it is scalable to high THz pulse 
energies by simply increasing the pumped area. It enables 
broadband (achromatic) phase matching for OR in a noncol-
linear geometry involving pump angular dispersion using 
pump pulses with tilted intensity front.[4,43,47]

The scheme of TPFP is shown in Figure 4a. The pump pulse 
propagates with a tilted intensity front inside the nonlinear 
medium. The tilt angle of the pulse front with respect to the 
phase fronts is γ. The THz radiation is generated by the induced 
polarization along the tilted pulse front. Therefore, according to 
Huygens’ principle, the THz radiation propagates perpendicu-
larly to the pump pulse front. A strong THz field can build up 
if the source (the induced polarization along the pump pulse 
front), moving with the optical group velocity vg(ω0), remains in 
phase with the THz field, propagating with the phase velocity 
v(Ω). According to Figure  4a, this condition is fulfilled at the 
pulse-front tilt (PFT) angle γ satisfying the following more gen-
eral form of the velocity matching condition of Equation (3)

cosg 0v v ω γ( )( )Ω = ⋅ 	 (5)

This equation states that the projected pump group velocity 
needs to match the THz phase velocity. As the pump pulse 
propagates, it slides along the THz phase front. Obviously, 
Equation  (5) can only be fulfilled in materials where the THz 
phase velocity is smaller than or equal to the pump group 
velocity.

The TPFP scheme can alternatively be described with wave vec-
tors as noncollinear vector phase matching (Figure 4b). The PFT 
is linked to angular dispersion according to the relation[43,47,48]

tan
g

n

n
γ λ ε

λ
= −

∂
∂

	 (6)

The propagation angles ε(ω) with respect to the beam 
propagation direction z are typically small and for the 
z-projection of the wave vectors in case of phase matching 
( )cos ( ) ( ) ( / )|0 0 0k k k kγ ω ω ωΩ ≈ + Ω − ≈ Ω ∂ ∂ ω  is a good approxi-

mation. By using the definitions of the wave vector and the 
phase and group velocities, one can easily obtain from this 
relation the velocity-matching condition of Equation (5).

The angular dispersion, present in TPFP schemes, con-
tributes to the group-velocity dispersion,[47] in addition to the 
contribution from material dispersion. The group-velocity 
dispersion parameter can be written as[48,49]
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where the first and second terms originate from angular dis-
persion and material dispersion, respectively. For a large PFT 
angle, the former can dominate over the latter, thereby signifi-
cantly enhancing the variation of the pump pulse duration with 
propagation distance.[50] The influence of group-velocity dis-
persion, originating from angular dispersion, on THz genera-
tion will be discussed below for lithium niobate (Section 2.2).

2.2. Lithium Niobate

2.2.1. Basic Properties

Lithium niobate (LiNbO3, LN) is one of the most widely used 
materials in intense THz sources nowadays. Its properties, 
relevant for THz generation by OR, can be found in  
Refs. [4,34–37,51,52]. The most important features can be 
summarized as follows:

•	 LN has a high effective nonlinear coefficient of 
deff  =  d33  =  168  pm  V−1. This value is higher than typical  
values for semiconductors, which range from about 25 to 
80  pm V−1, but smaller than that of organic materials. In  
order to utilize d33, both the pump and the THz wave should 
be polarized along the dielectric Z axis of LN.

Adv. Optical Mater. 2020, 8, 1900681

Figure 4.  a) Scheme of TPFP with pump pulse front (thick red solid line) and THz phase front (thick gray dashed line). b) Noncollinear phase matching 
in TPFP. Reproduced with permission.[4] Copyright 2011, IOP Publishing.
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•	 The THz absorption coefficient is relatively high (17 cm−1 at 
1 THz) at room temperature, but can be significantly reduced 
(below 5 cm−1) by cooling the crystal to cryogenic tempera-
tures.[51] Phonon absorption limits the useful THz spectral 
range to the low-frequency part (up to about 4.5 THz[35]) of 
the THz spectrum.

•	 Although LN is optically anisotropic, utilizing birefringence 
for phase matching by angle tuning in OR is not possible 
below the transverse-optical phonon frequency, due to the 
strong contribution of the lattice vibration to the dielectric 
function.[35] Owing to the very different optical group and 
THz phase velocities, a large PFT angle γ of about 63° is 
required for phase matching.

•	 LN is available in congruent (cLN) and stoichiometric (sLN) 
forms, where somewhat higher THz generation efficiencies 
were achieved with the latter. Both types are available in large 
sizes up to several cm. To prevent photorefractive damage, 
the strong photorefractive effect can be significantly reduced 
by doping with MgO. The optimal doping concentration was 
found to be about 0.7% for sLN and 6% for cLN.[53]

•	 LN can be pumped at high intensities (≈100 GW cm−2) 
owing to its high damage threshold. MPA of the pump usu-
ally plays a minor role as the material is an insulator with a 
large bandgap of 3.8 eV. At the typical pump wavelengths of 
0.8 and 1.03 µm, the lowest-order effective MPA process is 
three-photon absorption (3PA) and four-photon absorption 
(4PA), respectively.

2.2.2. THz Generation in Lithium Niobate

THz generation from LN was demonstrated as early as 
1971.[31] The efficiency was extremely low due to a lack of 
phase matching. Introduction of the TPFP technique[43] ena-
bled more efficient THz pulse generation from this material 
(see empty symbols in Figure  5) and an increase of the THz 
pulse energy by several orders of magnitude.[54,55] The poten-
tial of the technique for high-energy THz pulse generation was 
demonstrated in subsequent experiments, where 10 μJ[56] and  
50 µJ[57] pulse energies were reported with efficiencies of about 
5 × 10−4. Peak electric-field strengths of up to 4 MV cm−1 were 
reported.[58–60] In these experiments, short pump pulses were 
used, with pulse durations of about 100 fs or less.

With this progress, however, some limitations became 
also apparent. As mentioned above, a straightforward way to 
increase the THz pulse energy in TPFP is to increase the spot 
size and the pump energy. Conventional pulse-front-tilting 

setups consist of a diffraction grating, which creates the PFT, 
and imaging optics (usually a lens or a telescope), which 
restores the short pulse duration and eliminates the spatial 
dispersion of the spectral components inside the nonlinear 
crystal (Figure  6). Imaging errors can lead to spatial distor-
tions of the THz beam[37] and a reduced THz yield in case of 
large pump beams.[61] Optimization of the imaging system can 
reduce such distortions,[37,61] which played a role in increasing 
the THz pulse energy further,[62,63] but the useful beam size still 
remained limited to about 1 cm.

A further significant increase in efficiency and THz pulse 
energy became possible by optimizing the Fourier-limited pump 
pulse duration τ0.[37,64] As mentioned above (Section 2.1), PFT is 
linked to angular dispersion and group-velocity dispersion. As 
a large PFT angle of about 63° is needed for phase matching 
in LN, the corresponding group-velocity dispersion dominates 
over that from material dispersion and causes a variation of the 
pump pulse duration within the nonlinear medium.[64] Figure 7a 
shows this variation for different values of τ0 and 0.8 µm pump 
wavelength. The pulse duration changes rapidly for a pulse with 
short τ0, but it changes much less for long τ0 (Figure  7a). OR 
is most efficient in the crystal region where the pump pulse 
duration is the shortest (closest to its Fourier limit) and, con-
sequently, the pump intensity is the highest. The position of 

Adv. Optical Mater. 2020, 8, 1900681

Figure 5.  Measured scaling of the THz pulse energy with the pump pulse 
energy in LN using TPFP with short (about 100 fs) and long (0.5–1.5 ps) 
pump pulses. Red (blue) symbols: room (cryogenic) crystal temperature. 
The dashed gray lines indicate the 0.1% and the 1% levels of pump-to-
THz energy conversion efficiency.

Figure 6.  Typical setups for high-energy THz pulse generation by TPFP in LN using a) a telescope and b) lens for PFT. The focal regions of the lenses 
are located in vacuum to avoid nonlinear effects in air. For cryogenic cooling, the LN crystal is also held in vacuum.
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this region within the crystal can be adjusted by the prechirp 
of the pulse. The length of this region is characterized by the 
dispersion length 2Ld, where the pump pulse duration does not 
exceed 2 0τ . The THz field can build up over the corresponding 

effective interaction length Leff (Figure 7b). Outside this region, 
absorption dominates, and the THz pulse gets attenuated. For 
short pulses, the interaction length is very short and the max-
imum efficiency remains very small. Longer pulses are, there-
fore, more advantageous. On the other hand, the maximum 
efficiency decreases for very long pulses, resulting in an 
optimum pump pulse duration with highest efficiency.

Figure 8a shows the calculated dependence of the maximum 
efficiency as function of the Fourier-limited pump pulse dura-
tion for LN pumped at 1 µm wavelength. The highest efficiency 
is predicted for longer pulses of about 500 fs Fourier-limited  
pulse duration, while the conventionally used ≈100 fs pulses 
give 6 × smaller efficiency. The advantage of longer pump 
pulse duration was first demonstrated in a pilot experi-
ment with 1.3 ps pump pulses, resulting in the generation of  
125 µJ THz pulses with 0.25% efficiency,[62] 2.5 × higher both 
in energy and efficiency than reported previously with shorter 
pulses (Refs. [57] and, [58] respectively). Later, by using a nearly 
optimal pulse duration of 780 fs, an efficiency as high as 0.77% 
was demonstrated, and THz pulses with the so far highest 
energy from LN of more than 0.4 mJ were generated.[63] Fur-
ther improvement can be achieved with cooling of the crystal 
to cryogenic temperatures (Figure  8a), thereby reducing its 
absorption in the THz range. With a cooled source, as high 
as 3.8% conversion efficiency was reported at a small pump 
energy of 1.2  mJ by using close-to-optimal pump pulse dura-
tion.[65] Such a high efficiency could not yet be demonstrated at 
higher energies. It can be expected that in the near future THz 
pulses with multi-mJ energy will become available from cooled 
LN sources based on TPFP.

Utilizing longer pump pulses implies a shift of the generated 
THz spectrum toward lower frequencies (Figure 8b). While for 
τ0  =  100 fs, the peak of the THz spectrum is at 1.1  THz, for 
500 fs it is at about 0.4 THz. For spectroscopy or resonant con-
trol of matter, the shift of the spectrum to lower frequencies 
is often disadvantageous. However, for manipulation and accel-
eration of charged particles, this frequency range is optimal 
(see also Section  5). Pulses suitable for the acceleration of 
proton[17,63] or electron[23] bunches have already been demon-
strated experimentally.
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Figure 7.  a) Calculated variation of the pump pulse duration inside the 
LN crystal for three different values of the Fourier-limited pulse duration 
and 0.8 μm pump wavelength. b) The corresponding accumulated THz 
generation efficiencies. Reproduced with permission.[37] Copyright 2010, 
The Optical Society of America.

Figure 8.  a) Calculated THz generation efficiency and b) the frequency of the maximum spectral intensity as functions of the Fourier-limited pump pulse 
duration in LN pumped at 1 µm wavelength. Results are shown for three different crystal temperatures. Reproduced with permission.[64] Copyright 2011, 
The Optical Society of America.
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2.2.3. Limitations and Their Solutions

Table  1 summarizes various effects limiting the efficiency 
of THz generation and the achievable field strength in TPFP 
schemes. Possible solutions for reducing or eliminating such 
limiting effects are also given in Table 1. In case of LN, the use 
of longer Fourier-limited pump pulses and cryogenic cooling 
of the crystal were discussed above. Walk-off between pump 
and THz imposes a geometric limit for the interaction length, 
which depends on the pump beam size. Therefore, large inter-
action lengths, enabled by long pump pulses and the reduced 
absorption coefficient at low temperature, can only be utilized 
with a sufficiently large pump beam size and pump energy. It 
shall be noted that semiconductor nonlinear materials require 
advantageously smaller PFT angles (see Section 2.3).

Sum- and difference-frequency mixing of the pump and 
an intense THz field can lead to a significant spectral broad-
ening of the pump. For short crystals, this effect can favorably 
result in increased THz bandwidth and, consequently, a 

higher peak electric field.[41] For longer crystals, typically 
used in high-energy THz sources, the consequence of the 
THz-induced spectral broadening of the pump can be a sig-
nificantly reduced efficiency,[42] as shown in Figure  9a. A 
broadening of the pump spectrum causes the decrease of 
the (Fourier-limited) pump pulse duration, which leads to 
reduced dispersion and effective interaction lengths,[66] as 
shown in Figure  9b for the dispersion length Ld (see also 
Figure 7). It can also lead to intensity-dependent distortions 
of the THz beam.[66]

A compact TPFP THz source was proposed by using a con-
tact grating (CG).[61] This approach offers a new perspective 
for scalable and efficient THz pulse generation. Because no 
imaging optics are needed for PFT, it is free of the associated 
distortions. The implementation is challenging in the case of 
LN, owing to its large optical refractive index and the required 
large PFT angle. To improve the efficiency of coupling, the 
pump light into the nonlinear medium, a refractive-index-
matching liquid (Figure  10a),[67] or a Ta2O5–Al2O3 multilayer 

Adv. Optical Mater. 2020, 8, 1900681

Table 1.  Limiting effects and possible solutions for THz generation by the TPFP technique.

Limiting effect Possible solution

Variation of pump pulse duration inside the nonlinear medium due to pulse-front tilt •  Longer Fourier-limited pump pulses

•  Materials requiring smaller pulse-front tilt

Absorption at THz frequencies:

•  Linear absorption determined by the complex dielectric function

•  Free-carrier absorption caused by multiphoton absorption at the pump wavelength

•  Cool the crystal to reduce linear absorption

•  Use longer pump wavelength to suppress low-order multiphoton absorption

Nonuniform interaction length in a prism-shaped nonlinear crystal •  Materials requiring smaller pulse-front tilt

•  Nonlinear echelon slab (NLES, see Section 2.2.4)

Walk-off between pump and THz due to the noncollinear geometry •  Large pump beam and energy

•  Materials requiring smaller pulse-front tilt

Imaging errors for large pump spot sizes •  Optimized imaging system

•  Hybrid system (imaging + contact grating)

•  Contact grating (imaging-free)

•  Nonlinear echelon slab without imaging

Figure 9.  a) Calculated THz generation efficiency as a function of the THz propagation distance in LN for 500 fs pulses. Limitations of the conversion 
efficiency caused by various nonlinear effects are compared. AD: angular dispersion, GVD: group velocity dispersion, SPM: self-phase modulation. 
Reproduced with permission.[42] Copyright 2014, The Optical Society of America. b) Calculated pump pulse duration as function of the THz propagation 
coordinate in LN for 200 fs pulses at various pump fluence levels. Reproduced under the terms of the Creative Commons Attribution 3.0 License.[66] 
Copyright 2015, IOP Publishing.
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formed on the LN substrate (Figure  10b)[68] was proposed. In 
the latter case, the grating was fabricated on the outermost 
layer. The multilayer was designed such to satisfy conditions 
for a Fabry–Perot resonator for the diffracted light. With this 
device, a THz output of 0.41 µJ was demonstrated using 2.7 mJ 
of near-infrared pump light.

Recently, the combination of a conventional TPFP setup 
using imaging and a CG was proposed,[69] in which imaging 
distortions can be significantly reduced and less stringent 
requirements on the grating profile have to be fulfilled. Even 
though in such hybrid setups, a prism-shaped LN crystal 
needs to be used with ≈30° wedge angle, this angle is suffi-
ciently small to significantly reduce transverse nonuniformity 
across beams as large as 1 cm. It is expected that LN hybrid CG 
schemes are scalable to high THz pulse energies beyond 1 mJ.

2.2.4. Novel Scalable Concepts

In the conventional source geometry, the prism-shaped 
LN  crystal has a large wedge angle equal to the PFT (63°). In 
the hybrid CG scheme, the wedge angle still amounts to about 

30°. Consequently, the pump propagation length becomes 
nonuniform across the beam, leading to a spatially varying inter-
action length for THz generation. This effect can cause lateral 
waveform nonuniformity (Figure 11b), which is especially prob-
lematic in extremely high-energy THz sources, where a pump 
beam diameter larger than 1  cm is needed. The THz beam 
quality and, consequently, focusability can suffer from such 
effects, thereby seriously limiting the achievable field strength.

A plane-parallel contact-grating THz source with uniform 
interaction length could be successfully demonstrated in 
ZnTe[45] (see also Section 2.3), but the realization of a practical 
(hybrid) contact-grating source in LN so far turned out to be 
very challenging. Recently, a modified hybrid approach was 
proposed to provide uniform interaction length across large 
pump and THz beams.[70] A proof-of-principle experimental 
demonstration has also been carried out.[71] In this setup, the 
nonlinear medium is a plane-parallel LN slab with an echelon 
structure on its input surface (Figure 11a). Inside the LN slab, 
a segmented tilted pulse front is formed with an average tilt 
angle as required by phase matching. It has also been shown 
that the imaging can be omitted, resulting in even more robust 
and compact setups.[71,72] We note that a reflective echelon has 
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Figure 10.  Contact-grating setups for TPFP in LN using a) a refractive-index-matching liquid (RIML), and b) a multilayer structure satisfying conditions 
for a Fabry–Perot resonator. The thick red lines indicate the pump pulse front. a) Adapted with permission.[67] Copyright 2012, Springer Nature.  
b) Reproduced with permission.[68] Copyright 2014, The Optical Society of America.

Figure 11.  a) Scheme of TPFP THz source based on an LN nonlinear echelon slab. Calculated THz-pulse waveforms at different positions across the 
THz beam for an b) LN prism and c) a plane-parallel LN slab. The lateral position in the input pump beam is labeled by r, where r = 0 corresponds to 
the beam center. L(r) is the corresponding material length along the THz propagation direction. Reproduced with permission.[71] Copyright 2019, The 
Optical Society of America.
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been used earlier for tilting the average pump pulse front for 
efficient THz generation in LN, but this approach still requires 
the use of a prism-shaped LN crystal with the same wedge 
angle as in the conventional setup.[73]

A comparison of the output THz waveforms in a conven-
tional prism-shaped LN crystal and those in a plane-parallel 
LN slab with an echelon clearly illustrates the importance of a 
uniform interaction length across the pump and THz beams. 
Whereas the waveform strongly varies across the beam in the 
former case (Figure 11b), it can be almost perfectly uniform in 
the latter case (Figure  11c). This uniformity is essential for a 
straightforward scalability to extremely high THz pulse energies 
by simply increasing the pump spot size and energy, as well as 
to produce the highest possible THz peak field strengths by the 
excellent focusability. This new technology opens up the way to 
the construction of efficient sources of extremely high-energy 
THz pulses with excellent focusability for extremely high field 
strengths in the 5–50 MV cm−1 range.

Finally, we mention that significant recent work has been 
devoted to the efficient generation of narrowband multicycle 
THz pulses. By using periodically poled LN, THz pulses with 
0.361 THz frequency, less than 1% relative bandwidth, and 
as high as 0.6 mJ energy have been reported.[74] Applications 
involving selective excitation of states for spectroscopy and con-
trol of materials, as well as efficient THz-driven particle accel-
erators can benefit from this exciting development.

2.3. Semiconductor Nonlinear Materials

Semiconductors are among the most frequently used nonlinear 
optical materials for OR, DFG, and optical parametric ampli-
fication (OPA). Semiconductors are also applied as detectors 
in electric-field waveform measurement of broadband THz 
pulses, using (unbiased) photoconductive antennas or electro-
optic sampling.[12]

THz pulse energies on the order of 1 µJ were demonstrated 
both with OR[44,75] and OPA.[76] Multicycle THz pulses at multi-10 
THz frequencies were generated with energies up to 19  µJ by 
DFG.[77] Recent developments indicate that OR will expectedly be 
scalable to substantially higher, mJ-level energies.[45,46] For this 
reason, OR in semiconductors is discussed here in more detail.

2.3.1. Basic Properties

Important properties of semiconductors relevant for THz 
generation by OR were compiled in refs. [4,34–37,52]. In brief, 
the main features are:
•	 Semiconductors possess nonlinear coefficients smaller than 

that of LN and organic crystals, typically falling into the range 
of 25–80 pm V−1.

•	 The linear absorption coefficient of many semiconductors in 
the THz range is smaller than that of LN or organic crystals, 
which can partially compensate for their smaller nonlinearity.  
Semiconductors with higher phonon frequency can enable 
the generation of higher THz frequencies, such as GaP up to 
about 7 THz.[35,78]

•	 Many semiconductors (e.g., CdTe, GaAs, GaP, ZnTe) are 
optically isotropic. In some cases, collinear phase matching 

for OR is fulfilled at a specific pump wavelength. Notable 
examples are ZnTe pumped around 0.8 µm, GaP pumped 
around 1 µm, or GaAs pumped around 1.5 µm, where com-
mercially available Ti:sapphire, Yb-doped, or Er-doped pump 
lasers can be used. At longer pump wavelengths, TPFP has 
to be used for phase matching.[37,39] Phase matching utiliz-
ing birefringence can be accomplished in GaSe above the 
Reststrahlen band.

•	 At common pump wavelengths used for collinear phase 
matching, semiconductors exhibit two-photon absorption 
(2PA), which leads to a serious limitation of the achievable 
THz generation efficiency. A solution can be to use longer 
pump wavelengths, where only higher-order multiphoton 
absorption (MPA) is effective. The issue of MPA is discussed 
below in more detail.

2.3.2. Free-Carrier Absorption

The bandgap of the most relevant semiconductors is much 
smaller than that of LN (3.8  eV). For example, in ZnTe it is 
2.26  eV. At the typical pump wavelength of 0.8  µm (1.55  eV 
photon energy), this feature results in strong 2PA already at 
moderately high pump intensities. The consequence is a tran-
siently increased free-carrier concentration. The density of free 
carriers nfc, generated by the pump pulse, can be calculated 
as[37,39]
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Here τ is the pump pulse duration, I is the time-averaged pump 
intensity, λ0 = 2πc/ω0 is the central wavelength of the pump, α 
is the linear absorption coefficient, β2, β3, and β3 are the two-, 
three-, and four-photon absorption coefficients, respectively. 
The increased free-carrier concentration results in increased 
absorption at THz frequencies, thereby limiting the THz 
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Figure 12.  Linear absorption coefficient α originating from the imaginary 
part of the complex dielectric constant (black solid curve) and FCA coef-
ficients αfc in ZnTe, at various pump intensity levels (dashed curves), as 
functions of the THz frequency. The FCA coefficients were calculated with 
β2 = 4.2 cm GW-1, 0.8 μm pump wavelength, and 100 fs pulse duration.
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generation efficiency. The free-carrier absorption (FCA) coef-
ficient, αfc(Ω), can be calculated with the Drude-model[37,79] as
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Here, ε∞ is the high-frequency dielectric constant, τsc is the 
electron scattering time, /( )p

2 2
fc 0 effe n mω ε ε= ∞  is the plasma 

frequency, and e and meff are the electron charge and effective 
mass, respectively. For example, in ZnTe pumped at 0.8  µm, 
FCA due to 2PA becomes comparable to the linear absorption 
at 1 THz already below 1 GW cm−2 pump intensity (Figure 12).

The limitation imposed by FCA on the useful pump 
intensity and on the achievable THz generation efficiency is 
a serious restriction for high-energy THz pulse generation. 
To avoid such saturation effects, the use of large-area emitter 
crystals was proposed.[80] By using a Ti:sapphire laser source 
with 30 fs pulse duration and a 75 mm diameter, 0.5 mm thick 
ZnTe crystal wafer, the generation of 1.5 µJ single-cycle THz 
pulses with a spectral range extending to 3 THz was demon-
strated.[75] The energy conversion efficiency was 3.1 × 10−5, 
strongly limited by FCA caused by 2PA.

For Yb-doped laser-technology, GaP, an indirect bandgap 
semiconductor, can be a more suitable choice for THz gen-
eration. It is collinearly phase-matched around the 1  µm 
wavelength.[81] At such a pump wavelength, only indirect 2PA 
and direct 3PA are possible, which have smaller absorption 
coefficients than that of direct 2PA.[39] This property and the 
smaller phonon absorption in the low-frequency THz range 
can compensate for the relatively small nonlinear coefficient 
of GaP. Nevertheless, the demonstrated efficiencies remained 
very small in comparison to LN.[39] Consequently, semiconduc-
tors were long considered to be unsuitable for high-energy THz 
pulse generation.

2.3.3. Novel Concepts for Infrared Pumping

More recently, however, semiconductors were reconsidered 
for high-energy THz pulse generation, when prospects of 
pumping at longer infrared wavelengths were investigated.[37] 

This approach enables the elimination of low-order MPA at the 
pump wavelength and the associated FCA at THz frequencies. 
For example, in the case of ZnTe, the cut-off wavelength for 
2PA (3PA, etc.) is at 1.10 µm (1.65 µm, etc.). At longer pump 
wavelengths, only 3PA (4PA, etc.) and higher-order MPA are 
effective, thereby enabling a higher pump intensity to be effi-
ciently used for THz generation. We note that the saturation 
of FCA, caused by 2PA, was recently observed in ZnTe at high 
pump fluences.[82] This finding indicates that saturation of 
MPA may contribute to the further improvement of the THz 
yield in semiconductor THz sources.

At longer pump wavelengths, where the optical group 
velocity is larger than the THz phase velocity, TPFP has to be 
used for phase matching in most cases. An important advan-
tage of semiconductors over LN is the much smaller PFT 
angle required for phase matching. It is typically below 30°, 
in contrast to LN, where it is about 63° (Figure  13). We note 
that in the case of birefringent materials, such as GaSe, phase 
matching by angle tuning is possible for THz generation at 
higher frequencies above the transverse-optical phonon reso-
nance (see Section 2.3.4).

THz pulses with 0.6 µJ energy were recently generated 
with 5 × 10−4 efficiency from a GaAs TPFP source pumped at 
1.8 µm, above the cut-off wavelength for 2PA.[44] This efficiency 
is more than one order-of-magnitude higher than that achieved 
previously with 0.8 µm pumped ZnTe.[75] The reason is the 
elimination of 2PA by the sufficiently long pump wavelength in 
case of GaAs. More recently, a comparative study in ZnTe dem-
onstrated a 3.5-fold increase of the THz generation efficiency 
when pumped at 1.7 µm, rather than at 1.45 µm.[46] The pump 
wavelengths of 1.45 and 1.7  µm are sufficiently long to sup-
press 2PA and 3PA, respectively, and the 3PA coefficient has an 
expected minimum around 1.45 µm. Up to 14 µJ THz energy 
with the spectral peak around 0.7 THz was demonstrated with 
an extremely high efficiency of up to 0.7% in a ZnTe prism 
pumped at 1.7  µm, above the cut-off for 3PA.[46] Such a high 
efficiency is comparable to that achieved with LN at high pulse 
energies[63] and clearly shows the potential of semiconductors 
for high-energy THz pulse generation.

A further increase in THz energy and field strength can be 
expected from increasing the source size and the pump energy. 
A promising possibility is offered by utilizing the CG technique 
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Figure 13.  a) Schematic electronic band structure of a direct-bandgap semiconductor with the schemes of MPA of various orders. b) PFT angle versus 
pump wavelength for phase matching at 1 THz in LN and selected semiconductors. The symbols indicate the cut-off wavelengths for MPA of various 
orders. In case of GaP, the direct bandgap is considered. Adapted with permission.[46] Copyright 2016, The Optical Society of America.
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(Figure  14).[45,61,83] Owing to the small PFT angles required 
for phase matching (Figure  13b), semiconductors are particu-
larly suitable for this compact and monolithic technology. The 
first demonstration of this technique with a ZnTe CG pumped 
above the cut-off for 3PA[45] resulted in 3% THz generation 
efficiency, two orders of magnitude higher than the previously 
reported highest value for ZnTe.[75] The THz pulse energy was  
3.9 µJ. The efficiency can be increased further by increasing 
the crystal length. These results support the expectation that 
THz pulses with 1 mJ energy can be generated with less than 
200 mJ pump energy from a (possibly segmented) CG source 
of about 5 cm diameter. This new THz source, in combination 
with efficient infrared pump sources in the 1.7 to 2.5 µm wave-
length range based, e.g., on Ho- or Cr-based laser technology,[84] 
opens up new perspectives for THz high-field applications.[85] 
For example, it can become a key technology for compact THz-
driven particle accelerators.[17,23]

Certain applications, such as the resonant excitation of mate-
rials in (nonlinear) THz spectroscopy or THz-driven electron 
acceleration in waveguide, resonator, and dielectric grating 
structures require multicycle THz pulses. Whereas laser-driven 
THz sources typically deliver single-cycle or nearly-single-cycle 
waveforms, the generation of multicycle THz waveforms can 
be difficult. In the case of phase-matched OR, the THz wave-
form is determined by the intensity shape of the pump pulse.[29] 
Thus, one of the main technical challenges is to create suitably 
shaped intensity-modulated pump pulses, ideally with a versatile 

shaping capability. Recently, Tóth et  al. have proposed an effi-
cient method to generate high-energy infrared pump pulses with 
a constant intensity-modulation period suitable for multicycle 
THz pulse generation.[86] This source of flexibly shapeable pump 
pulses is ideally suited to drive a multicycle THz source based on 
GaP, ZnTe, or GaAs nonlinear materials.[78] GaP can offer a rela-
tively broad tuning range up to about 7 THz (Figure 15). A high 
efficiency of >3% is predicted, and the pulse energy can easily be 
increased by using a large nonlinear-optical crystal.

2.3.4. Generation of Higher THz Frequencies

Contrary to the low-frequency part of the THz spectrum, the 
potential of semiconductors was recognized earlier for high-field 
THz pulse generation in the high-frequency part of the THz 
spectrum. Generation of pulses tunable over the entire high-fre-
quency THz (mid-infrared) range from 15 to 75 THz (between 
20 and 4 µm wavelengths) was demonstrated by DFG in GaSe.[87] 
The near-infrared signal and idler pulses from an optical para-
metric generator were used for DFG. Phase  matching was 
accomplished by angle tuning, utilizing the birefringence of 
GaSe. Carrier-envelope-phase-stable mid-infrared pulses were 
generated in a related scheme in GaSe, based on type-II DFG 
between the signal pulses from two OPAs, derived from the 
same white-light seed.[77] Multi-cycle pulses tunable from 10 to 
70 THz and focused electric field strengths up to 100 MV cm−1 
were demonstrated with this technique (Figure 16). Using type-I 
OPA in GaSe, phase matching with larger bandwidth could be 
achieved, and single-cycle pulses, centered at 25 THz, with up 
to 10 MV cm−1 field strength were generated.[76] The high THz 
frequency was essential in reaching such high field strengths, 
because the conversion efficiency (Equation (4)), the diffraction-
limited focal spot size, and the pulse duration scale favorably 
with increasing frequency.
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Figure 14.  a) Scheme of a semiconductor CG THz source with collinear 
geometry. b) Scanning electron microscope image of a cleaved CG test 
sample showing the binary line profile required for high diffraction effi-
ciency. Reproduced with permission.[45] Copyright 2016, The Optical 
Society of America.

Figure  15.  Calculated maximum achievable THz generation efficiency 
for the respective optimal pump intensities as function of the THz fre-
quency, for three-, five-, and ten-cycle THz pulse generation. The GaP 
crystal length was 5  mm in all cases. Reproduced with permission.[78] 
Copyright 2018, IOP Publishing.
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2.4. Organic Nonlinear Materials

Recently, organic crystals have gained increasing attention for the 
generation of intense THz pulses by OR. Organic THz emitters 
such as DAST,[88–92] DSTMS,[92,93] OH1,[92,94] HMQ-TMS[38] can 
provide high optical-to-THz conversion efficiencies at room tem-
perature and octave-spanning, or even multi-octave THz spectra. 
They have the largest nonlinear coefficients among materials 
used for OR. In case of DAST, e.g., it is deff = 615 pm V−1.[36,95] 
Organic crystals are best suited for accessing intervals, separated 
by phonon resonances, in the mid-frequency (1–20 THz) part of 
the THz range.[90,96]

For phase-matched OR, organic crystals typically require 
infrared pump wavelengths in the 1.2–1.6  µm spectral range 
(Figure  17), where a collinear geometry can be used for THz 
generation. Phase matching at the 0.8 µm wavelength of 
Ti:sapphire lasers is usually possible only at low frequencies 
below 1 THz. Organic crystals typically have several phonon 
absorption bands in the mid-frequency THz spectral range. 
The associated anomalous dispersion of the THz refractive 
index can enable simultaneous phase matching in different 

THz spectral bands, which are separated by absorption bands. 
The complicated phase-matching behavior is illustrated in 
Figure  17a, showing the coherence length for OR in HMQ-
TMS.[96] Consequently, the spectral intensity (Figure  17b) and 
phase structure of the generated THz pulses becomes complex, 
often leading to multicycle waveforms. Variation of the pump 
wavelength was utilized for controlling the spectral coverage of 
the generated THz pulses (Figure 17b).[96]

Owing to the collinear phase matching geometry, the gen-
erated THz radiation is naturally collimated, enabling a good 
focusability of the beam for achieving high field strengths. 
High-power single-cycle THz pulses at a central frequency 
of 2.1 THz with 1 MV cm−1 electric and 0.3 T magnetic field 
strengths in focus were demonstrated by OR in DAST pumped 
with 1 mJ signal pulses of an infrared OPA.[91] The pump-to-
THz conversion efficiency was as high as 2%.

White-light-seeded OPAs are unfavorable as pump source for 
THz generation because of their low optical-to-optical conver-
sion efficiency, the often irregular beam profile containing hot 
spots, and the large shot-to-shot energy fluctuation. These fea-
tures limit the maximum usable pump fluence and can result 
in unstable THz emission.[92,97] As an alternative, Cr:forsterite 
lasers, operating around 1.25  µm wavelength, enable efficient 
direct pumping of organic crystals. Larger than 10 MV cm−1 
electric and 3 T magnetic field strengths were achieved with up 
to 3% efficiency by using such a laser to pump different organic 
crystals.[92]

Possible limitations of the available crystal size can be 
overcome by using partitioned crystals.[89,97] High-field THz 
transients were reported with as high as 0.9 mJ energy, produced 
in a 400 mm2 partitioned DSTMS crystal by OR of 30 mJ laser 
pulses, delivered by a Cr:forsterite laser.[93] The frequency range 
covered was between 0.1 and 5 THz. The peak THz electric 
and magnetic field was 42 MV cm−1 and 14 T, respectively. The 
conversion efficiency was as high as 3%. By optimizing the THz 
wavefront curvature for diffraction-limited focusing as high 
as 80 MV cm−1 (27 T) focused peak electric (magnetic) field 
has been reported from DSTMS for the moderate THz pulse 
energy of 109 µJ in the 0.1–5 THz spectral range.[98] These 
results clearly demonstrate the potential of organic-crystal THz 
sources for strong-field science.
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Figure 16.  a) Waveforms and b) amplitude spectra of high-frequency THz 
pulses generated by DFG in GaSe of 140  µm length (solid lines) and 
AgGaS2 of 800 µm length (dashed line). Reproduced with permission.[77] 
Copyright 2008, The Optical Society of America.

Figure 17.  a) Coherence length Lc = π/Δk for HMQ-TMS as a function of optical pump wavelength and THz frequency. b) Experimentally recorded 
THz spectra for various pump wavelengths. Reproduced under the terms of the Creative Commons Attribution 4.0 License.[96] Copyright 2015, 
Springer Nature.
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3. Solid-State Photocurrent THz Emitters

3.1. Semiconductor Photoconductive Antennas

In the previous sections, the generation of the THz polarization or, 
equivalently, THz charge current arose from OR because the inci-
dent photon energy was below the electronic band gap of the insu-
lator or semiconductor used. For above-band-gap excitation, the 
response is usually dominated by the generation of charge carriers 
and a photocurrent with a temporally step-like onset. However, the 
photocurrent decays on a time scale that is typically substantially 
longer than the sub-100 fs duration of the driving optical pulse. 
Consequently, its bandwidth is smaller than that of the induced 
nonlinear polarization in case of OR,[99] which approximately lasts 
as long as the driving optical pulse is present in the material.

3.1.1. Basic Concept

Currently, the most efficient photocurrent emitters for 
strong-field applications based on semiconductors are 
large-area photoconductive antennas.[12,100–102] As sche-
matically shown in Figure 18a, in these devices, an external 
bias voltage breaks the in-plane inversion symmetry and 
accelerates the optically generated carriers. The resulting 
macroscopic in-plane current leads to the emission of THz 
radiation into the far-field. Note that in this process, the 
energy of the THz pulse derives from the bias field rather 
than from the driving laser pulse.

Large-area photoconductive emitters were demonstrated as 
early as 1993.[100,101] Using GaAs, a bias field of 10.7  kV cm−1 
over an antenna gap of 3.5  cm and optical pulses with 120 fs 
duration and 770  nm center wavelength, THz pulses with an 
energy of up to 0.8 µJ and a field of ≈150 kV cm−1 have been 
reported.[100]

3.1.2. Recent Developments

The bias field of large-area photoconductive antennas leads to 
a large thermal load due to Ohmic losses of the photocurrent 
within the material (Joule heating), dielectric breakdown, and 

material degradation. To mitigate these issues, semiconductors 
with large electronic bandgap, high thermal conductivity, and 
high carrier mobility should be used.[12,102] Along these lines, 
ZnSe[102] and, in particular, 6H-SiC[103] were recently shown to 
be promising materials. In addition, to reduce the bias voltage 
while maintaining a bias field on the order of 10  kV cm−1 
over a length of ≈1  cm, multiple electrode pairs with smaller 
cathode–anode distance rather than one pair are used (see 
Figure 18b).[102,104] To prevent destructive superposition of THz 
waves from regions with opposite bias, every other gap is either 
blocked by a shadow mask[104] or its emission is phase-shifted by 
180° using a phase mask.[102]

Using this strategy and a ZnSe interdigitated 12.2 cm2 large-
area photoconductive antenna with a phase mask and 2.5 mJ, 
400 nm laser pulses, THz pulses with an energy of 8.3 µJ and 
peak electric field of 331  kV cm−1 in the focus were demon-
strated.[102] Figure  18c displays an example waveform from a 
ZnSe emitter with shadow mask, while Figure 18d shows that 
the spectrum covers the range from < 0.05 to 1 THz.

We finally note that large-area photoconductive emitters 
have small-area counterparts with lateral dimensions on the 
order of 100  µm. They are driven by laser oscillators and 
deliver accordingly smaller THz fields, which are routinely 
applied in linear spectroscopy.[105] Recently, the incorpora-
tion of plasmonic nanostructures into the electrodes was 
reported to lead to an enhanced generation of photocarriers 
close to the metal contacts, resulting in a 50 times higher 
emitted THz power output as compared to standard elec-
trodes.[106] Transferring this approach to photoconductive 
emitters with ≈1  cm lateral dimensions is highly prom-
ising, but not straightforward with current nanostructuring 
technology.

3.2. Spintronic THz Emitters

Semiconductors and insulators are currently the most fre-
quently used base materials of solid-sate THz sources, both 
in terms of OR and photocurrents. Since most semiconduc-
tors used are polar (such as ZnTe,[75] GaP,[81] GaSe,[77] GaAs,[44] 
or organic materials[91]) and strongly attenuate THz radiation 
around optical phonon resonances, emission is reduced in the 
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Figure 18.  a) Schematic principle of large-area photoconductive emitters. b) Photoconductive emitter with multiple electrodes to reduce the required 
bias voltage and a mask to prevent destructive interference of emission from gaps of opposite bias. c) THz electric field and d) resulting amplitude 
spectrum from a large-area ZnSe photoconductive emitter. c,d) Adapted with permission.[102] Copyright 2016, The Optical Society of America.
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so-called Reststrahlen band located typically between 1 and 
15 THz. This constraint is generally absent in metals as they 
exhibit a featureless THz refractive index.[107] Several works 
have demonstrated THz emitters based on metal structures 
and with a bandwidth of up to 3 THz.[108–110] However, the THz 
field amplitudes obtained so far[108] suggest that scaled versions 
are not expected to straightforwardly deliver field strengths suit-
able for strong-field applications.

We note that all emitter concepts summarized up to this point 
take advantage exclusively of the charge of the electron. Remark-
ably, new schemes for the generation of photocurrents become 
available when the spin of the electron is taken into account, 
too. Recent implementations of this approach are so-called spin-
tronic THz emitters (STEs) which rely on the conversion of an 
ultrafast spin photocurrent into a transverse charge current.

3.2.1. Basic Concept

As seen in Figure 19, the basic STE is a bilayer made of a ferro-
magnetic (F) and a nonmagnetic (N) metal thin-film. An optical 
femtosecond pump pulse, incident through the optically trans-
parent substrate, generates a distribution of nonequilibrium elec-
trons in the metal stack. As the transport properties of the majority 
and minority spins in the F layer differ distinctly, spin transport 
from the F into the adjacent N layer is launched.[111] When the N 
layer is made of a heavy metal, spin-orbit coupling can induce sub-
stantial spin-dependent deflection of the electrons. This inverse 
spin Hall effect transforms the out-of-plane spin current into the 
desired sub-picosecond in-plane charge current that gives rise to 
the emission of a THz electromagnetic pulse (Figure 19).

The STE concept was recently demonstrated in a number 
of works (see, e.g., refs. [112–114]). The dependence of the 
THz amplitude on the N-film thickness indicates that the THz 
photocurrent flows in a very thin sheet of typically ≈1 to 3 nm 
thickness close to the F/N interface.[112,115] In a first optimiza-

tion procedure,[112] the emitted THz amplitude was increased 
substantially by resorting to very thin films (to increase the 
excitation density and sheet resistance of the metal), by taking 
heavy metals such as Pt and W for the N layer (to maximize 
spin-to-charge-current conversion) and by using W|F|Pt trilayers 
rather than bilayers (to take advantage of not only forward- but 
also backward-running spin-polarized electrons).

The optimized emitter, a W(2  nm)|Co40Fe40B20(1.8  nm)|Pt- 
(2 nm) trilayer on a glass substrate, was excited by laser pulses 
(energy of 2.5 nJ, duration of 10 fs, center wavelength of 800 nm, 
repetition rate of 80  MHz) from a Ti:sapphire laser oscillator. 
The emitted THz pulses gaplessly covered the range from 1 to 
30 THz (at 10% of the amplitude maximum) and had peak field 
substantially exceeding that of reference emitters such as a 
1 mm thick (110)-cut ZnTe crystal.[112] Therefore, the STE is par-
ticularly interesting for broadband linear spectroscopy,[112,116,117] 
in particular in the difficult-to-reach range from 5 to 15 THz.

3.2.2. Large-Area Spintronic THz Emitters

It has to be emphasized that fabrication of the spintronic 
trilayer is inexpensive and straightforward, without involving 
any lithography steps. Therefore, this emitter concept is 
easily scalable, making it interesting as a THz source for 
broadband nonlinear THz spectroscopy. For a first dem-
onstration of this idea, the authors of ref. [118] grew 
W(1.8  nm)|Co40Fe40B20(2  nm)|Pt(1.8  nm) trilayers on a glass 
substrate with a diameter of 7.5  cm. The emitter costs of 
≈20 EUR were dominated by the substrate price, two orders 
of magnitude less than the current price of (110)-cut ZnTe 
windows of comparable diameter. To excite the large-scale 
STE, intense laser pulses (energy of 5.5 mJ, duration of 40 fs, 
center wavelength of 800 nm, repetition rate of 1 kHz) from 
an amplified Ti:sapphire laser system were directed onto the 
STE as a collimated beam (diameter of 4.8  cm). For electro-
optic detection, the emitted THz beam was focused onto a 
ZnTe(110) crystal (thickness of 10 µm).[119,120]

The key result of this study[118] is shown in Figure 20a. The 
transient focal THz electric field was a single-cycle waveform, 
reached a peak value of approximately 300  kV cm−1 and had 
a duration of 230 fs (full-width at half-maximum of the field 
envelope, see Figure  20a), consistent with a measured pulse 
energy of 5 nJ.[118] Note that the THz field spectrum was gap-
less and spanned the entire range from 0.1 to 10 THz with 
respect to 10% of the peak spectral amplitude (Figure  20b). 
The spectral phase was flat and varied by less than 2π/10 
(standard deviation), suggesting the THz pulse was nearly 
bandwidth-limited.

The measured field amplitude of ≈300 kV cm−1 is already 
sufficient to drive quite a number of nonlinear processes, for 
instance strong-field phenomena such as field ionization of 
impurities and excitons in semiconductors.[8] As a proof of 
principle, the authors of ref. [118] used the STE-generated 
THz pulses (Figure 20) to induce and measure the THz Kerr 
effect in diamond. The peak amplitude of this first large-
area STE was still lower than that produced by mature THz 
emitters such as those based on LiNbO3 under similar excita-
tion conditions. Nevertheless and compared to other emitter 
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Figure 19.  Principle of an STE. The emitter is a stack of a ferromagnetic 
(F) and a nonmagnetic (N) metal thin film. Excitation with a femtosecond 
pump pulse triggers spin transport from the F into the N layer where the 
out-of-plane spin current is converted into an ultrafast in-plane charge 
current (vertical red arrow). The charge current gives rise to the emission 
of a THz electromagnetic pulse. The F layer has homogenous magnetiza-
tion M as set by an external magnetic field. Adapted with permission.[112] 
Copyright 2016, Springer Nature.
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concepts, large-area metallic STEs have unique features 
with significant potential for applications in nonlinear THz 
spectroscopy:

•	 The emission spectrum of the large-area STE is broad and 
gapless (Figure 20b) and approximately comparable to that of 
plasma sources. The range from 5 to 10 THz is highly inter-
esting for driving resonances of donors in semiconductors[121] 
and the hydrogen-bond network of water.[122] By shortening 
the pump-pulse width from 40 to 10 fs, a spectrum covering 
the full interval from 1 to 30 THz can be expected.[112]

•	 STE operation is independent of the pump wavelength,[123,124] 
most likely because the primary function of the pump pulse 
is heating of the electron subsystem. Therefore, large-scale 
STEs can be driven by any high-power laser, independent of 
its output wavelength.

•	 As the metal stack of the STE is much thinner than all wave-
lengths involved, no phase-matching issues arise. The thin 
metal also eases removal of excess heat by the substrate.

•	 STEs can straightforwardly be used in transmission mode. 
Because the emitter is thin and relies on a second-order 

nonlinear optical process, the Gaussian profile of the pump 
beam is preserved and permits tight focusing.

•	 Metal thin-film stacks such as the STE are well established, 
simple, and cheap to fabricate.

•	 The polarity and the azimuth of the polarization plane of the 
linearly polarized emitted THz wave can easily be set by the 
STE’s magnetization, which, in turn, can be modulated by an 
external magnetic field. A completely new and rich parameter 
space opens up when one takes the step from a homogenous 
in-plane magnetization of the F layer (Figure 19) to a spatially 
varying magnetization (Figure 21a).

To demonstrate the last feature, Hibberd et al.[114] recently 
applied a patterned external magnetic field to a large-area 
STE (Figure  21a) to generate a quadrupole-like THz beam 
profile (Figure  21b). In the center of the beam focus, the 
measured transverse THz-field component exhibited a node 
(Figure  21c) whereas its longitudinal component featured 
a maximum. A longitudinal field with a peak strength of 
approximately 18  kV  cm−1 was generated[114] (Figure  21d), 
thus demonstrating the potential of STEs for spatiotempo-
rally tailored THz fields.

Adv. Optical Mater. 2020, 8, 1900681

Figure 20.  Performance of a large-area STE made of a W(1.8 nm)|Co40Fe40B20(2 nm)|Pt(1.8 nm) trilayer on glass (diameter 7.5 cm). a) Transient electric 
field in the focus of the THz beam along with the field envelope for mJ-class pump pulse (energy of 5.5 mJ, duration of 40 fs, center wavelength of 
800 nm, repetition rate of 1 kHz, beam diameter of 4.8 cm). b) Spectral amplitude and phase versus frequency as obtained from the field shown in 
panel (a). Reproduced with permission.[118] Copyright 2017, AIP Publishing.

Figure 21.  THz polarization control through tailored STE magnetization patterns. a) An inhomogenous magnetic field induces an inhomogenous 
magnetization distribution and, thus, b) a THz near-field whose shape depends on the magnetization pattern. c) Amplitude spectrum of the transverse 
field component in the focus of the THz beam as obtained from a large-area STE with the external magnetic-field distribution shown in panel (a). The 
spectrum was measured as a function of the radial position and displays a minimum in the beam center. d) Measured longitudinal transient THz field 
in the focus center. Reproduced with permission.[114] Copyright 2019, AIP Publishing.
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We finally mention that the development of strong-field 
STEs is only at the beginning. Numerous improvements can be 
anticipated, e.g., enhanced pump absorption,[124] optimization 
of F[125–127] and N materials, better heat dissipation by the sub-
strate, shorter pump pulses,[112] and antenna structures.[128] 
These options suggest that it should be possible to enter the 
MV cm−1 realm soon. Thus, STEs bear considerable potential 
for applications in nonlinear THz spectroscopy.

4. THz Sources based on Laser-Filament-Induced 
Plasmas

Photocurrents can not only be induced in solids, as discussed 
above, but also in gases, thereby enabling the generation of 
THz radiation using optically excited gases. Indeed, the first 
coherent THz radiation from a laser-induced gas plasma was 
observed by Hamster et  al. in 1993.[129] The radiation was 
driven by ponderomotively induced currents in the plasma, 
generated using a terawatt laser system. THz pulses generated 
by a small-scale kHz-repetition-rate regenerative amplifier were 
demonstrated from the current surge following photoionization 
of air with an applied DC bias field of about 10 kV cm−1.[130] A 
significant improvement in efficiency was achieved by mixing 
femtosecond pulses with their second harmonic (SH) within 
the gas plasma,[131] while more recently a three-color approach 
was shown to improve further the efficiency.[132]

A simple schematic of the principle is shown in Figure 22. 
The intense laser pulses produce long plasma strings at the 
trail of the nonlinear propagation (filamentation), while the 
combination of the fundamental with the SH (and eventually 
higher harmonics) results in strong net electron currents that 
radiate intense THz fields, typically on a conical emission pat-
tern, as will be discussed below.

Originally, as the mechanism of THz generation in plasma 
driven by a two-color (fundamental and SH) laser field, four-
wave frequency mixing (four-wave rectification, FWR) was 
proposed.[131] Whereas the measured dependence of the THz 
signal on the relative phase between the fundamental and 
SH was found to be consistent with an FWR model[131,133,134] 
(up to a constant phase[135]), the dependence on fundamental 
intensity was deviating.[131,136] An intensity threshold for THz 
generation was also observed, proving that generation of 

plasma is required and the cubic nonlinearity of air is insuf-
ficient to explain the measurements.[133,134] The measured 
strength of the THz field was about four orders of magni-
tude larger than predicted by FWR using χ(3), the third-order  
nonlinear susceptibility of air,[134] indicating a larger optical 
nonlinearity for the plasma.

For a more microscopic description, a semi-classical tran-
sient photocurrent model was developed by Kim et  al.[135] 
According to this model, bound electrons undergo tunnel ioni-
zation and subsequent coherent motion driven by the two-color 
laser field

cos cos 2L 2E t E t E tω ϕ ω ϕ ϑ( ) ( )( ) = + + + + ω ω 	 (10)

Here, Eω and E2ω are the fundamental and SH field amplitudes, 
and ϑ is the relative phase between the two fields. Tunnel 
ionization is a highly nonlinear process and mainly occurs 
around the peak of the combined field. The drift velocity of 
each electron is determined by the phase ϕ of the field at the 
instant of ionization. A macroscopic transverse plasma cur-
rent, oscillating at optical frequencies, is generated in this way. 
The current contains a nonzero quasi-DC component, which is 
maximal for ϑ = π/2 , giving rise to THz emission.

The presence of a plasma current was experimentally con-
firmed by placing a single-loop wire around the plasma filament 
(B-dot probe) and measuring the voltage induced by the mag-
netic field of the current[137] (Figure 23). An even more detailed 
picture of the THz generation process was given by a two-step 
model.[138] The first step, treated quantum-mechanically by 
solving the time-dependent Schrödinger equation, is tunnel 
ionization and the acceleration of the ionized wavepackets by 
the two-color laser field. The second step, treated analytically, 
describes Bremsstrahlung as a second source of THz radia-
tion originating from the scattering of the ionized electrons off 
the neighboring atoms. A detailed analysis of the role of FWR 
and photocurrents in the generation of THz waves was dis-
cussed,[139] showing that although both contributions exist, the 
plasma one dominates under the filamentation conditions.

A typical experimental realization of two-color-pumped 
THz generation in gas plasmas is shown in Figure 23a, which 
also includes a B-dot probe. A femtosecond laser pulse with 
mJ-level pulse energy, corresponding to powers above the crit-
ical level (about 5 GW in air[140]), is focused into a gas target 
to form a plasma. The SH is generated in a nonlinear crystal, 
placed between the lens and the focus. As discussed above, 
the THz generation process is sensitive to the relative phase ϑ 
between the fundamental and the SH fields. The latter can be 
adjusted by, e.g., translating the SH generation crystal, utilizing 
the dispersion of the gas. The THz field polarity can also be 
controlled (inverted) by changing ϑ by π.[134] The relative direc-
tions of fundamental and SH electric field polarizations can 
be controlled by a dual-band waveplate (Figure  23a), possibly 
complemented by an additional birefringent plate (not shown 
in Figure  23a) to compensate accumulated fundamental–SH 
time delay.[141] The maximum THz signal was found for par-
allel polarizations of the fundamental and SH.[134] Ambient 
air, nitrogen, or noble gases can be used as the gas target for 
plasma generation. THz generation in gas plasmas has the 
advantage that the pump intensity is not limited by the damage 
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Figure 22.  Schematic of the principle of two-color filament-induced THz 
generation. Intense two-color femtosecond laser pulses generate long 
plasma strings and strong net electron currents (sensitive to the phase 
between the harmonics) that radiate intense THz fields, typically on a 
conical emission pattern.
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threshold of the generating medium. A higher THz generation 
efficiency can be achieved with noble gases of higher tunnel 
ionization rate.[137,142] A systematic study of the THz pulse 
energy and spectrum for varied pump energy and pressure 

of different gas targets is presented in ref. [142]. Examples of 
measured waveforms and spectra are shown in Figure 24.

The THz radiation generated from laser plasma typically has 
a broad spectrum, extending from below 1 THz up to about 
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Figure 23.  a) Scheme of a two-color laser plasma THz source with a B-dot probe for measuring the transient photocurrent. b) Measured correlation 
between B-dot and pyroelectric signals as the polarization and intensity of the SH field are varied by rotating the SH-generation crystal as shown in the 
top left inset in (a). c) B-dot probe voltage signal as a function of SH generation crystal position, demonstrating the dependence of the plasma current 
on the phase ϑ. Adapted with permission.[137] Copyright 2008, Springer Nature.

Figure 24.  a) Waveforms and b) spectra of THz radiation from air plasma for different gas pressures. Reproduced with permission.[142] Copyright 2010, 
The Optical Society of America.
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40 THz (see, e.g., ref. [142]), or even beyond 100 THz.[143] By 
focusing a hollow-fiber compressed 10 fs pulse and its SH in 
air, extremely broad spectra extending up to as high as 200 THz 
were reported.[144] The bandwidth is limited only by the pulse 
duration, but not by phonon absorption such as in the case of 
OR in solids. Pump-to-THz conversion efficiencies up to about 
1.5 × 10−4 were reported.[136,137,142] The highest THz pulse ener-
gies reported so far, when using 0.8 µm laser filaments, were 
in the few-µJ range.[145] However, because of the extremely 
broad THz spectra, peak field strengths up to 8 MV cm−1 were 
reported even for moderate pulse energies.[146]

An interesting way for increasing the optical-to-THz conver-
sion efficiency was suggested using longer pump wavelengths 
for filamentation.[147] An increase in efficiency by a factor of 30 
was demonstrated when pumping at 1.85 µm, as compared to 
the common 0.8 µm pumping.[147] Yet, at longer wavelengths, 
and at the limit of 2 µm (available at that time), a drop in the 
efficiency was observed,[147] discouraging further studies in 
the following years in this direction. Recently though, a new 
impetus in the development of powerful mid-infrared laser 
sources led to new THz studies using longer wavelength drivers. 
A breakthrough theoretical prediction appeared,[148] suggesting 
that using a pump laser system at 3.9  µm and its SH, THz 
conversion efficiency of about 7% can be achieved, more than 
two orders of magnitude larger compared to 0.8 µm. The pro-
jected multi-millijoule THz pulse energies and the short pulse 
durations lead to focused electric and magnetic field strengths 
in the GV cm−1 and the hundreds-of-tesla regime, respectively 
(Figure 25), opening the way to extreme nonlinear THz science. 
The first experimental demonstration of such high conversion 
efficiency was reported recently.[149] A theoretical parametric 
study as a function of the driving laser wavelength, from the 
near to the far infrared,[150] as well as an experimental one up 
to 2.6  µm,[151] confirms that the use of long wavelength short 
pulses, above critical power, results in energetic THz pulses. The 
increased efficiency can be understood as the result of stronger 
photocurrents from the bigger ponderomotive forces and the 
contribution of the filament-induced multiple harmonics.[148]

The THz radiation generated by a two-color plasma fila-
ment has a conical emission pattern, a feature characteristic 

especially for long filaments. The reason is off-axis phase 
matching.[152] In the forward (on-axis) direction the effective 
length for THz generation is limited to Leff = (λp/2)/(nω − n2ω) 
≈ 22  mm  in ambient air, over which the polarity of the THz 
pulse remains unchanged. This length corresponds to a fun-
damental-to-SH relative phase shift of ϑ(Leff) −  ϑ0  =  π. Here, 
nω and n2ω are the refractive indices of the plasma filament at 
the fundamental and SH frequencies, respectively. At off-axis 
angles, phase matching over much larger distances can be 
fulfilled, resulting in the conical emission pattern with typical 
opening angles in the range of 2° to 10°.[145,152,153]

The conical emission can be a drawback in some applica-
tions, especially when the cone angle is big. It has been shown 
though[150] that the THz conical emission angle reduces with 
increase of the driving laser wavelength, making the THz 
radiation better directed and easier to collect. Another way to 
circumvent this problem and/or the limitation set by group 
velocity dispersion, is the use of plasma sheets, created using 
cylindrical lenses, instead of filaments.[145]

Beyond the gas laser-plasma sources, THz laser-plasma 
approaches from liquids and solids have also been proposed 
with exciting properties. Although most liquids, like water, 
strongly absorb THz radiation, demonstrations of using these 
as sources have been performed. One way is to limit the 
propagation effects by confining the liquid in space, like in 
the case of water films[154] or water lines.[155] These approaches 
offer conversion efficiencies that are significantly higher than 
single-color laser-plasmas in gases, but do not perform better 
than two-color ones in gases, especially since the obtained 
THz bandwidths are much narrower and, thus, the pulse 
durations are much longer. The other way that has been pro-
posed is long single-color filamentation in water cells.[156] 
THz pulse energies up to 80 µJ were obtained when pumping 
with about 30 mJ at 0.8 µm, while the THz pulse bandwidths 
reached 100 THz. The mechanism that leads to these intense 
THz fields are strong photocurrents that are created during 
the nonlinear propagation, because of an in-phase SH com-
ponent from the supercontinuum that is produced along the 
propagation.[156]

Finally, a more exotic laser-plasma technique for THz gen-
eration in a laser-driven ion accelerator using solid targets has 
been reported. THz pulses with 460 µJ energy were reported 
by irradiating thin metal foil targets with 600 mJ laser pulses 
focused to intensities up to 5 × 1019 W cm−2.[157] Generation of 
THz radiation was explained by the presence of transient cur-
rents at the target rear surface. Recently, using 60 J of laser 
energy, tens-of-mJ THz pulse energies could be achieved from 
a similar source.[158] The strong THz emission is attributed to 
coherent transition radiation, induced by the laser-accelerated 
energetic electron bunch escaping the target.

The extremely broad bandwidth of THz pulses from plasma 
generated by two-color laser fields requires broadband detec-
tion techniques. Common electro-optic crystals are not always 
suitable because their transfer function can exhibit significant 
variations in amplitude and phase, in particular around the 
Reststrahlen band.[119] An alternative is THz air-biased coherent 
detection: SH generation of the fundamental laser field by four-
wave frequency mixing in the gas, involving the THz field and 
an AC bias, can be used to measure the temporal dependence 
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Figure  25.  a) THz pulse energy WTHz, b) THz conversion efficiency QTHz,  
c) estimated peak electric THzE  field, and d) magnetic field THzB  of focused THz 
pulses as functions of the input energy W of 3.9 µm two-color laser pulses. 
Reproduced with permission.[148] Copyright 2018, American Physical Society.
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of the THz electric field.[4,138] The broadband detection of THz 
waves in gases has even been extended to THz remote sensing 
by coherently manipulating the (UV) fluorescence emission 
from an asymmetrically ionized gas plasma,[159] or even through 
the THz enhancement of acoustic waves.[160]

5. Emerging Applications

Intense THz pulses can drive selected degrees of freedom in 
matter into regimes far beyond the small-perturbation limit. 
This feature has enabled new applications that can roughly 
be classified in terms of nonlinear spectroscopy (providing 
insights into the nature of the driven mode) and materials con-
trol (driving the system into a target state). The response of 
the system is usually probed by a time-delayed probe pulse of 
suitable photon energy. These ideas are briefly outlined in the 
following. It should be emphasized that the overview provided 
here is very brief and, thus, certainly incomplete, highlighting 
only a few illustrative examples. More detailed reviews on 
nonlinear light-matter interaction at THz frequencies can be 
found, e.g., in refs. [3–6,8–13].

5.1. Nonlinear THz Spectroscopy

5.1.1. Properties of Driven Modes

THz radiation enables resonant excitation of fundamental 
motions such as phonons, electron intraband transport, 
and magnons. Driving these modes to large amplitudes can 
enable new insights into their properties. For instance, excita-
tion of infrared-optical phonons with intense THz pulses and 
tracing the anharmonic response[161] allowed one to recon-
struct the atomic-scale potential the ions are moving in.[162,163] 
Even if the phonon of interest is infrared-inactive yet Raman-
active does THz radiation provide new means of phonon exci-
tation by a Raman-type sum-frequency process.[164] Here, two 
frequencies of the incident THz pulse induce a force on the 
lattice oscillating at the sum frequency, rather than the dif-
ference frequency that occurs in standard Raman-type exci-
tations. By using intense THz pulses centered at 20 THz, 
Raman-active zone-center optical phonons of diamond at 
a frequency of 40 THz were successfully excited and phase-
coherently controlled.[164] This process can also be considered 
as 2PA by an optical transition between two adjacent vibra-
tional levels.

In polar solvents, an incident THz field can directly couple to 
reorientational molecular motions through the permanent mole-
cular dipole moments. Accordingly, it was shown that intense 
THz pulses align solvent molecules more efficiently than optical 
fields do.[165,166] By comparing optically driven with THz-driven 
alignment, it was determined whether or whether not rotational 
molecular degrees of freedom make a dominant contribution to 
the dielectric function of polar solvents such as methanol.[167]

Strong THz fields are ideally suited to drive nonlinear elec-
tron transport in solids, which often results in the reemission 
of radiation with new frequencies[168] such as higher harmonics, 
e.g., in semiconductors,[169] graphene,[170] and superconduc-

tors.[171,172] Analysis of the reemitted THz field often allows 
one to reconstruct the dynamics of the THz-induced current, 
thereby providing important information on the mechanism 
from which it arises.[168,169]

Finally, by using intense THz magnetic and electric fields, 
nonlinear magnetic responses of magnetically ordered solids 
were observed, thereby providing insights into the underlying 
effective spin Hamiltonian,[173] the relative impact of electric 
and magnetic field component of the THz pulse,[174] and the 
magnetooptic probing mechanism.[175]

5.1.2. Interaction between Modes

Generally, nonlinear THz spectroscopy allows one to probe 
the interaction of the driven mode with other modes of the 
system. An implementation of this approach is 2D THz spec-
troscopy[8,10,11,176] in which the sample response to two intense 
THz pulses as a function of the delay between these pulses is 
measured. Examples include magnon–magnon interactions,[177] 
electron–phonon coupling in semiconductors[178,179] and super-
conductors,[11] and the coupling of collective nuclear modes of 
solvents such as water.[122,180]

In particular, to reveal interactions between the crystal 
lattice and spins in magnetically ordered solids, one can 
make use of the generic pump-probe scheme shown in 
Figure 26.[21,22] An intense THz pump pulse is used to reso-
nantly excite optical phonons. The impact on the spin sub-
system is monitored by measuring the transient Faraday 
effect, potentially over multiple time scales from femtosec-
onds to milliseconds.[22] By applying this scheme to the rare-
earth orthoferrite ErFeO3, a new coupling channel through 
anharmonic phonon coupling was discovered.[21] In the model 
insulating ferrimagnet YIG, the equilibration of crystal lattice 
and spins was revealed and shown to proceed on distinctly dif-
ferent time scales as fast as 1 ps (in terms of energy exchange) 
and as slow as 100  ns (in terms of angular-momentum  
exchange).[22]

Adv. Optical Mater. 2020, 8, 1900681

Figure 26.  Schematic of a mode-specific THz-pump optical-probe 
experiment. A THz pump pulse selectively excites a resonant mode 
(here an optical phonon). Subsequently, the resulting dynamics of other 
degrees of freedom (here the subsystem of electron spins) are probed 
by a suitable (here magnetooptic) probe pulse. Reproduced with per-
mission.[22] Copyright 2018, The Author(s). Some rights reserved; exclu-
sive licensee AAAS. Distributed under CC BY-NC 4.0.
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5.2. THz Materials Control

5.2.1. Condensed Matter

Intense THz pulses have been shown to be highly promising 
stimuli to switch materials between macroscopic states, e.g., 
VO2

[181] or the manganite Pr0.7Ca0.3MnO3
[182] from an insu-

lating to a conductive phase or the direction of ordered spins 
in antiferromagnets.[18,19] A particularly interesting case of 
switching occurs when the new phase is a “hidden state,” i.e., 
a metastable and, thus, transient state of matter. Examples 
of such states include transient ferroelectric order in a para-
electric,[183,184] transient superconductivity-like states in super-
conductors in the normal-conductor phase,[185] and the heating 
of the spin system of a ferrimagnet without changing its total 
magnetization (see also Figure 26).[22]

5.2.2. Free Charged Particles

Another remarkable example of THz control over matter, 
the efficient manipulation of free charged particles and their 
(relativistic) beams requires THz field strengths on the order 
of 1–10  MV cm−1, in some cases even 100 MV cm−1. The 
enhancement of attosecond-pulse generation by manipu-
lating laser-ionized electron trajectories in high-harmonic 
generation in gases has been studied theoretically.[186,187] 
THz-field-induced electron emission has been shown from 
flat metal surface[188] and metal nanostructures.[189–191] Elec-
tron acceleration, undulation, deflection, and spatial as well 
as temporal focusing with THz fields has been proposed.[192] 
Focused beams of counterpropagating THz pulse pairs have 
been proposed both for acceleration and longitudinal bunch 
compression.[193] In the first proof-of-principle experiment of 
THz-driven electron acceleration, 7 keV energy gain was dem-
onstrated in a mm-sized dielectric-loaded cylindrical metallic 
waveguide, driven by 10 µJ THz pulses.[23] In segmented THz 
electron accelerator and manipulator (STEAM) structures 
(Figure 27a),[194] acceleration with 70  keV energy gain,[195] 

bunch compression to 100 fs,[194,195] as well as deflection and 
focusing have been achieved.[194]

Using THz radiation for acceleration can be superior to 
conventional microwave-based technologies in several ways. 
First, THz pulses can be generated with significantly smaller 
temporal jitter to the electron bunch to be manipulated, or to 
other ultrashort optical pulses to be used in pump-probe experi-
ments. Second, the higher frequencies and shorter pulses in 
the THz range are beneficial for a higher maximum accelera-
tion gradient, which is limited by field-induced breakdown and 
scales with the sixth power of the field duration (see ref. [194]. 
and references therein). For example, by using THz pulses with 
mJ-scale energy, GeV m−1 accelerating gradient and electron 
energies on the 10 MeV scale can be expected.[23] Third, electron 
bunches as short as a few fs, or even sub-fs, can be produced by 
THz compression and acceleration.[194]

GeV m−1 accelerating gradients can be achieved by wakefield 
acceleration in a laser plasma driven by TW–PW scale lasers, 
but this technique is susceptible to instabilities. Direct accel-
eration by intense optical fields is also possible. However, due 
to the short optical wavelength, it is challenging to achieve a 
sufficiently precise synchronization of the electron bunch to the 
laser field, the bunch charge is limited, and structure manufac-
turing is difficult.

The generation of ultrashort electron bunches with large (pC) 
charge requires very large electric field strengths to reduce the 
space-charge effects in the initial acceleration stage. Recently, 
a THz-driven electron gun was demonstrated with promising 
scaling potential.[196,197] For initial acceleration stages, schemes 
supporting sub-luminal THz propagation can be also advanta-
geous.[198] Expectedly, table-top THz-driven electron sources 
with relativistic energies and high charge density will soon 
become available for important applications, such as ultrafast 
electron microscopy and diffraction.[199]

Postacceleration of laser-generated proton beams has also 
been proposed.[17] It utilizes the evanescent field of THz 
pulses in the vacuum gap between a pair of dielectric crystals 
(Figure  27b). Laser-driven accelerators typically produce ion 
beams with up to a few tens of MeV energies per nucleon and 

Figure 27.  a) Concept of a segmented THz electron accelerator and manipulator (STEAM) for producing tailored ultrashort electron bunches. Repro-
duced with permission.[195] Copyright 2019, The Optical Society of America. b) Scheme of the evanescent-wave postaccelerator for laser-generated 
proton beams. Reproduced under the terms of the Creative Commons Attribution 3.0 License.[17] Copyright 2014, American Physical Society.
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extremely broad energy spectra. It is predicted that the energy 
of a laser-generated proton bunch can be increased from 40 to 
56 MeV in five subsequent THz-driven postaccelerator stages, 
and its initial broad energy distribution can be significantly 
reduced. For this application, THz pulses in the 0.1 to 0.5 THz 
frequency range and with a peak electric field on the MV cm−1 
level are particularly suitable,[17] similar to those reported in 
ref. [63]. These features hold promise for compact ion accel-
erators, suitable even for hadron therapy. Another recent pro-
posal is a THz-driven ion source from a near-critical-density 
hydrogen plasma.[16]

6. Conclusion

There has been a rapid progress in the last decade in the tech-
nologies of generating intense ultrashort THz pulses in all 
parts of the THz spectrum (0.1 to ≈100 THz). An overview of 
femtosecond-laser-based technologies has been given. In terms 
of OR, the emphasis was on lithium niobate, semiconductors, 
and organic crystals. Tilted-pulse-front pumping, in combina-
tion with novel easily scalable concepts such as the nonlinear 
echelon slab or the CG, will enable to reach unprecedented THz 
pulse energies and field strengths on the multi-10  MV  cm−1 
scale. DFG and OPA are already delivering such extremely high 
fields at higher THz frequencies.

Solid-state photocurrent emitters have been discussed, 
where photoconductive antennas and STEs have recently dem-
onstrated potential for generating intense THz fields and flex-
ible polarization engineering capabilities in the latter case. 
THz sources based on (two-color) laser-filamentation-induced 
plasmas can cover an extremely broad spectral range and show 
exciting perspective for increasing the field strength by using 
longer infrared pump wavelengths.

Further progress in all of these technologies can be expected 
in the near future, pushing the limits of achievable THz pulse 
energies, peak electric, and magnetic field strengths to the 
extremely strong-field and even to the relativistic regime. THz 
pulses with MV cm−1-scale field strength have been extensively 
used recently for nonlinear THz spectroscopy. Cutting-edge 
THz sources are now enabling new classes of applications: 
nonlinear THz spectroscopy and THz strong-field control over 
matter such as the efficient manipulation and acceleration of 
charged particles. THz-driven compact particle accelerators are 
expected to revolutionize accelerator technology and its applica-
tions in materials science, biology, and medicine.
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