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1. Introduction

Theterahertz (THz) frequency rangeis usually defined as spanning two decadesfrom 0.1to 10 THz or 3
to 300 cm™. Also known as the far-infrared range, this part of the electromagnetic spectrum contains
spectroscopic signatures for amultitude of physical phenomena, from small molecule rotational
transitions used in astronomy [1] to the bandgap of superconductors[2]. This spectral region has received
increased attention during the last two decades and alarge amount of work has been published since then.
However, the exploration of physical phenomena occurring in the THz region begun more than 110 years
ago, starting with the discovery of reststrahlen bands in ionic salts by Rubens [3]. These studies resulted
in improvements in measuring blackbody radiation and contributed directly to the formulation of Planck’s
law. An interesting historical overview of scientific investigations of the far infrared spectral region

conducted in the last century can be found in Refs. [3, 4].

Spectroscopic work in the THz range has long been hindered by both the lack of strong sources and
efficient detectors. Sandwiched between the readily accessible microwave frequency range (<100 GHz)

and the traditional infrared (IR) frequency range (>10 THz), the THz spectral region haslong been



described asthe “THz-gap” . Although alimited number of strong sources like gaslasers[5] have been
available since the 1970’ s, this gap has only truly begun to close during the last two decades. Today a
large variety of choices of tunable THz radiation sources are available such as Schottky diode mixerg[6],
guantum cascade lasers[7, 8], backward wave oscillators[9], p-germanium lasers[10, 11] aswell as
other interesting techniques [ 12] exist. Some very high average power continuous wave (cw) sources like
nanosecond gas lasers [13] and free-electron lasers [ 14] have even enabled first studies of nonlinear

effectsin the THz range [15].

An important class of THz sources relies on the frequency conversion of femtosecond lasersto deliver
coherent few-cycle THz pulses, enabling time-domain spectroscopy (TDS). While THz generation by
nonlinear optical frequency conversion of picosecond pul ses has been demonstrated already in the early
1970's[16], the fidld of THz TDS has undergone rapid technological development more recently with the
widespread availability of femtosecond lasers, most notably the Ti:sapphire solid state laser. The use of
femtosecond lasers enabled higher THz frequencies and conversion efficiencies previously unattainable
from optically driven THz sources. Two main methods of generating ultrafast el ectromagnetic pul ses with
picosecond duration using femtosecond oscillators were established early on and are still the most widely
used techniques. photoconductive switches[17, 18] and optical rectification [19]. Subsequently these
techniques were adapted for amplified femtosecond laser systems for the generation of high intensity THz

pulses which will be discussed in this review paper.

THz-TDS has the unique ability to characterize the complete electric field of a THz pulse to yield full
phase and amplitude information, an advantage over typical detectorsthat measure only intensity. The
complex dielectric function of a sample in the beam path can thus be determined directly [18] without

having to rely on Kramers-Kronig relations.



Ultrashort, near-single-cycle THz pulses can also be used to study dynamical processes by time-resolved
pump-probe techniques. Here, asample is excited by afemtosecond optical or near-IR pump pulse [20],
causing changesin properties like the optica conductivity. A time-delayed THz pulseisthen used as
versatile probe in a broad range of THz frequencies. Because the complete THz field transmitted through
or reflected from the sample can be measured directly, the real and imaginary parts of the optical
conductivity can be determined and time resol ution on the tens-of-femtoseconds scal e can be achieved

[21].

Conversely, strong THz fields can be used to excite samples that have resonances or other spectral
featuresin the far-IR range. Promising results of nonlinear THz spectroscopy using single-cycle pulses
exceeding field strengths of 100 kV/cm have recently been reported. Examples include acceleration of
carriers such as free éectrons in semiconductors[22, 23], and alignment of the induced dipole moment of
nonpolar molecules [24]. The temporal profile of the electric fidld of the THz pulse can also be tailored to

allow resonant pumping of collective excitations like phonons [25] or excitons [26].

Thisreview provides an overview of various methods suitable for generating single- or few-cycle
coherent THz pulses using ultrashort optical laser pulses. Recent technical developments in the generation
of high intensity pulses that enabled the study of nonlinear phenomenain the THz range will be
presented. Readersinterested in the generation and detection of low energy, high repetition rate THz

pulses and applications of quasi-static THz TDS are directed to Refs. [27-29].

The first sections of this review will discuss various techniques for ultrashort THz pulse generation. We
will first discuss Tz pulse generation using photoconductive switches. Historically, this method was the
first one to achieve single-cycle THz pulses with puJ-level pulse energies from an amplified femtosecond
laser source [30]. An overview over broadband THz generation using gas plasmaswill be given in
Section 3. Methods based on nonlinear optica techniques like optical rectification and difference
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frequency generation will be detailed in Section 4. The recently developed method of tilting the intensity
front of an optical pulsein order to optimize conversion efficiency through noncollinear optical
rectification will aso be discussed in this section. Finally, in Section 5 various applications of high field

strength THz pulses in nonlinear THz spectroscopic experiments will be discussed.

2. THz pulse generation by photoconductive switches

2.1.Concept of photoconductive switches

The use of photoconductive switchesis probably the most widely used method for the generation and
detection of THz pulsesin TDS. This technique was first introduced by Auston in the early 1980's[17].
Here, a biased semiconductor device, known as the Auston switch, is el ectrically shortened by a
femtosecond laser pulse. Photoconductive switches consist of a semiconductor material with a short
carrier lifetime (usualy GaAs or silicon on sapphire, SoS) and an € ectrode structure composed of either
gold or auminum, with a gap on the order of 10 um (see Figure 1a). The electrodes are typically biased
with avoltage of 10to 50 V, resulting in an electric field of afew kV/cm across the switch. When the
laser pulse hits the biased gap of the semiconductor, free carriers are created, and are accelerated by the
biasfield. The rapid change in polarization p induced by the ultrafast acceleration of the carriers
generates a sub-picosecond, single-cycle coherent el ectromagnetic pulse with afield strength of

E.,, 0d*P/dt* . This pulse propagates partially along the electrodes and is partially emitted into free
space. The polarization ratio, defined asthe ratio of THz field polarized in the direction of the biasfield

relative to that perpendicular to the bias fidld, is usually better than 100:1.
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Figure 1. Scheme (a) and equivalent circuit (b) of a photoconductive switch.

The energy of the THz pulse stems from the rel ease of the energy stored in the biased photoconductive
switch, which can be viewed as aloaded capacitor with capacitance C in parallel with atime-varying
resistivity R(t) (Figure 1b). The off-state of the photoconductive switch is characterized by high resistivity
on the order of afew MQ. Free carriers are liberated in the semiconductor at the gap between the metal
electrodes by optical excitation with a short laser pulse. Thisingtantly transforms the switch into its on-
state as the resistance drops by several orders of magnitude. For typical dimensions of a GaAs-based
switch, the gap capacitance can be estimated as C=¢ €,A/d, where A isthe area of the photoconductive gap
and d the penetration depth for 800 nm light, usually a few micrometers and ¢ the diel ectric constant of
GaAs. The resulting capacitance is on the order of 10 to 100 fF. Thislow capacitance together with the
low resistance of around 50 Q across the switch in its on-state result in circuit response times RC on the
order of a picosecond, leading to the emission of THz radiation by the antenna. The order of magnitude of
the emitted THz pulse energy can be estimated from the electrostatic energy stored in the switch. This
stored energy is the total amount of energy available for distribution between carrier kinetic energy and
radiative energy, thereby placing an upper limit for the energy of the generated THz pulse. For a
capacitance of 5 fF and a bias voltage of 50 V we obtain a stored energy of Egereq =(1/2)CV?=10 pJ. Based

on power measurements with bolometer or calibrated pyroel ectric detectors, the typical THz pulse
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energies generated from photoconductive antennas are on the order of 1-10 fJ, thus only 0.1% of the

stored capacitive energy is converted into free-space radiation.

2.2.Material considerations

The frequency response and conversion efficiency in THz generation with photoconductive switches
depends crucially on the femtosecond pulse duration as well as on the choice of materials. The THz pulse
radiated into free space is proportional to the second derivative of the transient current inside the switch.
Therisetime of this current is determined by the electric bias field applied to the switch, the pulse
duration of the femtosecond laser and the carrier risetime intrinsic to the material. Obvioudly, the
semiconducting material must be chosen so that the band gap is smaller than the photon energy of the
laser. The material of choice for Ti:Sapphire based femtosecond lasers at 800 nm (1.55 eV) is gallium
arsenide (GaAs) with aband gap of 1.42 eV. This materia has afast carrier rise time and a high mobhility,

making it an excellent materia for high efficiency photoconductive switches.

With better access to molecular beam epitaxy (MBE) facilities, LT-grown GaAs today is acommon
materia for emitters as well as detectors. In the MBE growth process GaAs is deposited by molecular
beam epitaxy at deliberately low temperature in order to cause an excess of arsenic in the material. By
annealing the material, arsenic clusters are formed [31]which act as efficient traps for photo-induced
carriers. Carrier lifetimes shorter than 500 fs can be achieved with this method [32-34]Similarly short
carrier lifetimes can also be achieved with erbium nano islands embedded in GaAs [35]. Generally, there
is atrade-off between optimally short carrier lifetimes and increased parasitic dark current leading to
premature breakdown of the material. Very short carrier lifetimes are mostly important for the frequency
response of THz detectors, for emitters the THz frequency spectrum is determined mostly by the laser
pulse duration and the material absorption. The overall conversion efficiency of emitters fabricated from
LT-GaAs and compensated semiinsulating GaAs with nanosecond carrier lifetimeis comparable [36].
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Historically the first material used was Silicon on Sapphire (SoS) [37]. This material consists of a few-
micrometer layer of amorphous silicon deposited on a sapphire substrate. The response of the material can
be improved by radiation damaging through O* ions and is still widely used for THz detectors. The main
advantages of SoS over other semiconductors like GaAs isthe optically transparency and high dark

resistivity.

Recently, new THz emitters have been devel oped that are able to work with femtosecond fiber lasers at
1.5 micron wavelength [38]. The emitters are based on photoconductive switches fabricated from low-

temperature-grown InGaAs/InAlAs multi-layer structures.

In addition, the available THz bandwidth is further limited in photoconductive switches by THz
absorption and dispersion in the substrate. Thisistypically dominated by the phonon resonances of the
semiconductor material for example by the TO phonon resonance at 7.56 THz of GaAs. By utilizing the
part of the THz pulse that is radiated into free space on the same side of the antenna substrate as the
incident laser pulse this problem can be partially mitigated since propagation through the substrateis

eliminated [39].

2.3.Antenna geometry

Several emitter antenna geometries other than the Auston switch have been eval uated, including the bow-
tie antenna, interdigitated structures, spiral antennas and other more sophisticated designs derived from
microwave theory [40]. Surprisingly, the simple diding contact structure shown in Figure 1a has been
demonstrated to generate THz pulses with broad spectra up to 5 THz and relatively high field strengths.
The THz field can be enhanced by focusing the femtosecond laser close to the anode of the

photoconductive switch structure, taking advantage of the locally trap-enhanced field at the anode [41].
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For generation of cw THz radiation through photomixing of two cw diode lasers at slightly different
wavelength [42] spira antennas are preferable. For further information regarding antenna structures,

readers are referred to the reviews by Sakai and Mittleman [40, 29]

2.4.High field pulses using large area emitters

Using the miniaturized photoconductive switches described in the preceding section, with femtosecond
oscillators (<5 nJ/ pulse), fJ THz pulse energies, and field strengths in the range of 10 to 100 V/cm, can

be achieved. The use of an amplified femtosecond laser system alows the same generation principle
described earlier to be scaled up through enlarging the photoconductive antenna gap to a dimension on the
order of 1 cm and increasing the bias voltage to several kV. In an early demonstration of this technique,
You et a have achieved 0.8 uJ THz pulse energies at 10 Hz repetition rate using semi-insulating GaAs
wafers with silver paint electrodes and pul sed bias voltages applied by a spark plug [30]. The maximum
THz energies were achieved with an external bias field of 10.7 kV/cm and laser fluencies of 0.1 m¥cn.
A quadratic dependence of the THz output power on the applied bias field and strong saturation at laser
fluencies larger than 50 pJcm? were observed [43] and described by modeling for different materials. The
resulting strong THz fields have been applied to achieve field ionization of Rydberg atoms [44].

However, the high voltages and the associated thermal load at higher repetition rates have prevented this
method from finding more widespread usage. Further, large-aperture THz emitters typically exhibit THz
spectra centered at relatively low frequencies. Thisisusually attributed to alower acceleration field and

the large distance between the electrodes.
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Figure 2 (a) Schematics of the THz emitting M SM. 1: interdigitated finger electrodes, 2: SI GaAs substrate, 3:
opaque metallization shadowing one electric field direction. The electricfield direction isindicated by arrows
[45]. (b) peak THZz electric field as a function of excitation fluence on the photoconductor for different

acceleration fields at 250 kHz repetition rate [46].

To circumvent the problem of alarge thermal load, Dreyhaupt et al. have developed large area
interdigitated metal -semiconductor-metal (M SM) structures[45, 47]. Here, metal el ectrodes with 5 um
width and spacing are fabricated on a semi-insulating GaAs substrate with a 1 um thickness SisN,
insulation layer (Figure 2). A further metallization layer covers every other finger electrode spacing in
order to prevent destructive interference of the generated THz field. These structures can be operated with
an external bias voltage of lessthan 50V and can achieve THz to optical pulse energy ratios of up to
5x10™ using nJ pulses from a femtosecond oscillator. This method can be scaled up further using
amplified laser systemswith larger aperture antennas with an active area up to 10x10 mm?. Using pump

pulse energies of 4 uJ, THz electric fields up to 36 kV/cm at repetition rates of 250 kHz can be obtained
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46] In these experiments very high THz to optical pulse energy ratios of 2x10° were achieved at a
[46] p y hig ptical p ay

fluence of 20 pJem? and bias voltage in the sample of 100 kV/cm.

In conclusion, photoconductive switches can be used for highly efficient THz generation since the energy
of the THz pulse stems from the applied bias field. This compares favorably to optical rectification for
small pump pulse energies [48]. Strong saturation however limits scaling with increasing laser pulse
energy. For high repetition rate, low pulse-power laser systems they provide an effective source for THz

single cycle pulses with frequency bandwidth of lessthan 5 THz.
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3. Terahertz generation and detection in gas plasmas

A promising technique to obtain single-cycle THz pulses with high field strengths using femtosecond
lasersis the generation of THz pulses by nonlinear processes in gas plasmas. THz generation in plasmas
has the advantages that there is no damage threshold for the emitter since the gastarget is continuously
replenishable and that the avail able bandwidth of the THz pulsesis essentially limited only by the
duration of the pump laser pulse since no material absorption like optical phonons need to be considered.
Conversely, THz pulses can also be detected in gases using THz-induced second harmonic generation of
fluorescence. In this section we will briefly discuss plasma-based THz generation and detection methods
with emphasis on recent developments. More in-depth reviews of these topics can be found in Refs [49,

50].

3.1.Terahertz generation in gas plasmas

When afemtosecond laser pulse isfocused in gas, a plasma is generated when athreshold intensity on the
order of TW/cm? is exceeded. This plasma emits a broad continuum of coherent and incoherent radiation.
Using laser plasmas to generate coherent far-infrared radiation at THz frequencies was first proposed and
demonstrated by Hamster et al. [51] in 1993 with TW-level lasers. A significant improvement in
efficiency over this approach was achieved in 2000 by Cook and coworkers [52] through mixing of
femtosecond pul ses with center frequency o with their second harmonic at 2w within the gas plasma,
yielding generation efficiency increased by orders of magnitude. In 2007, Kim et a. [53] reported on
pump-to-THz conversion efficiencies exceeding 1x10™ and pulse energiesup to 5 pJ. The generation of
ultrabroadband THz pulses containing frequencies up to 100 THz has been demonstrated very recently by

Thomson by using 19 fs laser pulses [54] and carefully optimized BBO crystal angles..
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In the most common experimental realization (Figure 3), a 800-nm femtosecond laser pulse generated by
an amplified Ti:sapphire laser with a pulse energy of 0.5 mJ or more is focused by a spherical lensinto a
gas target to form a plasma. Before the focus, a second harmonic generation (SHG) crystal, typically beta
barium borate, (B-BBO), isinserted to produce 400 nm wavelength light. Both the fundamenta and the
second harmonic wavelengths are mixed in the plasma. The THz generation process is sensitive to the
relative phase between the fundamental and the second harmonic fields. This can be adjusted either by
translating the SHG crystal utilizing the dispersion of the gas or by using a phase shifting glass plate. In
case of the frequently used type | SHG the polarization of the 400 nm light is mostly perpendicular to that
of the fundamental. The relative electric field polarization directions can be controlled by a dual-band
waveplate inserted between the SHG crystal and the focus to set them, e.g., parallel [55]. The
accumulated temporal retardation of the SHG pulse with respect to the fundamental pulse due to material

dispersion can be (pre)compensated by a birefringent plate such as a-BBO or calcite.

Ad plasma

<>

- ot+t2m l
THz

lens SHG dual-band low-pass
crystal waveplate filter

Figure 3. Scheme of the experimental realization of the two-color THz generation in plasma gas tar gets. A
indicatestherelative phase between the fundamental and its second har monic, which can be varied e.g. by

trandating the SHG crystal.
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Asthe gastarget for plasma generation ambient air, nitrogen or some type of noble gasis usually used.
Although it is convenient to use air, the absorption of water vapour reduces the THz yield. By using noble
gases with higher tunnel ionization rates (Kr or Xe), the THz generation efficiency can be significantly
improved [53]. The pressure of the target gas also strongly influences the THz generation efficiency. With
low pump pulse energies (850 pJ) after alinear increase in THz emission up to 0.1 bar, arelatively
constant signal was measured in the pressure range of 0.1-2 bar [49]. On further increasing the pressure,
the signal drops rapidly due to collision of accelerated electrons with molecules. In contrast to this, at
multi-mJ pump energies saturation was observed a higher pump fluences [53]. A systematic study of the
THz output energy and spectral content for varied pump energy (up to 6 mJ) and pressure of different gas
targets has recently been reported.[56]. They observed a significant two-color phasing effect for all gases,

and saturation only for the heavier gases (Kr and Xe).

3.2.Mechanism of THz generation

To describe the rather complex phenomenon of THz generation in plasma driven by a two-color laser
field, first a perturbative model based on four-wave frequency mixing, athird-order nonlinear optical
process, was proposed by Cook et al [52]. However, the third order nonlinearity resulting from either
bound el ectrons or free electrons in the plasma due to ponderomotive or thermal effectsistoo small to
explain the observed THz field strengths [57]. Further, the existence of an intensity threshold for THz
generation was observed. In order to account for these effects a semiclassica transient photocurrent
model was used later [58, 59, 56], where the THz radiation is described as aresult of the unidirectiona
motion of eectrons (giving a current surge) during tunneling ionization by the symmetry-broken two-
color laser field. In the strong external electric field of the focused femtosecond laser pulse applied to the

atom, the atomic Coulomb potentia is distorted and thereis a finite probability that the electron will
13



tunnel through the potential barrier. The resulting free electrons and the positively charged ionsform a

plasma. The free eectrons are then further accelerated by the applied field emitting THz radiation.

Recently, atwo-step model has been developed [50, 60], which provides an even more detailed insight
into the THz generation process. Thefirst step, treated fully quantum mechanically by numerically
solving the time-dependent Schrddinger equation, is asymmetric gas ionization by the two-color laser
field (Figure 4). The second step, treated ana ytically, describes the interaction of theionized electron
wavepackets with the surrounding medium. Scattering of the ionized electrons by the atoms of the
medium disrupts their original trgjectories, which resultsin a coherent bremsstrahlung echo at THz
frequencies. Generdly, thefull treatment of spatio-temporal propagation in the plasmais quite complex
and needs to take into account effects such as plasma-induced phase modulation and defocusing [61]. For
a complete description of THz generation in gas plasmas highly sophisticated simulationswill be

required.

14



0.1

005}
=
&
=)
S 0
5
S
ks
S 005~ ¢=5m/12
—¢=231/12
—¢=11m/12
~0.1 : : : ‘ ‘
0 10 20 30 40 50

Time (fs)

Figure 4:Time dependent polarization for Ar atoms subjected to 800 nm + 400 nm optical pulseswith various
values of theréative phase @ between the two components. Asymmetric polarization occursfor values of @

closetointeger multiplesof 1t After Ref. [50], used with author’s per mission.

3.3.Detection of THz waves in gases

The nonlinear interaction between alaser field with frequency wand aTHz field in gas can lead to the
generation of the second harmonic of the laser field at 2cwfrequency. Unlike THz generation in gases, this
process can be well described by a four-wave mixing model [50]. Asshown in Refs. [62, 63] generation
of the second-harmonic field by the four-wave mixing process can be used to measure the temporal
dependence of the THz electric field. In the detection stage (Figure 5) both the THz and the probe beam
with frequency ware focused between two needle or plate shaped el ectrodes having a small separation of
the order of 1 mm [63]. Theintensity is kept just below the plasma formation threshold. A low-frequency
AC biasfield with peak electric field strength on the order of 10 kV/cm is applied to the electrodes

synchronized to the laser pulse train. Therole of the AC bias field isto introduce a cross-term in the
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second harmonic signal 1,,, [ (,((3)1 w)z E,cEqy, » Which is modulated by the same AC frequency. This

resultsin a heterodyne process that allows only this coherent cross-term to be detected through lock-in
amplification at the AC frequency. By changing the delay between the optical pulse and the THz pulse the
temporal shape of the THz field can be recorded. With this detection technique THz TDS has been
demonstrated covering the frequency range from 0.3 to 15 THz [63] and even higher bandwidths can be
reached with shorter laser pulses. Absorption gapsin the detectabl e spectra between 5 and 10 THz caused
by phonon resonances in materials commonly used for electro-optic sampling are circumvented by the use
of thistechnique. The detection of THz waves in gases has recently been extended to THz remote sensing
by coherently manipulating the (UV) fluorescence emission from an asymmetrically ionized gas plasma

[64].
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Figure 5. Schematic diagram of the experimental setup for coherent THz generation and detection in plasmas

(from [63], used with permission)

In conclusion, generation and detection of THz pulsesin gas plasmasis a rapidly devel oping technique

for ultrafast spectroscopy covering the entire THz range well into the mid-infrared. Because phase
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mismatch due to phonon absorption present in e ectro-optic crystals can be circumvented by detection in
gases, the undistorted shape of the THz pul se generated in the plasma can be measured, preserving the

full bandwidth over an extremely large spectral range.

4. THz pulse generation by optical rectification

Ancther widely used method for ultrashort THz pulse generation is optical rectification of femtosecond
laser pulses. Optical rectification (OR) was first demonstrated in KDP and K* DP crystals in 1962 by Bass
et a. [65] using 100-ns pulses from aruby laser at 694 nm. Far-infrared generation using OR of
picosecond pulsesin LiNbOs has been predicted [16] and demonstrated [66] as early as 1971. Free-space
radiation with a bandwidth of 1 THz by OR of colliding-pulse mode-locked (CPM) dye laser pulses was

generated and detected in the time domain by Hu et al. [67].

4.1.Theory and materials

OR is asecond-order nonlinear optical process, which is based on difference-frequency generation (DFG)
between the spectral components of a single femtosecond pump pulse (intrapul se DFG). The nonlinear

polarization induced by the pump pulse can be calculated as [68]

Py (Q) = 50)((2) E(w"' Q)ED(w)dw, 1)

oO—38

where &, isthe permittivity of free space, )((2) is the second-order nonlinear susceptibility of the
medium, E(a)) isthe one-sided (« > 0) Fourier-component of the pump pulse, « isthe optica

frequency, and Q isthe THz frequency. According to Eq. (1), a narrowband pump pulse generates only
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low THz frequencies, while a broadband optical pulse can generate a broad THz spectrum containing also

higher THz frequencies.

Besides the nonlinear polarization, the buildup of the THz field over macroscopic distancesin the
medium is also influenced by the dispersion of the medium. The efficiency of OR is highest when the

phase matching condition [69]
Ak(Q)=k(Q) +k(w)-k(w+Q)=0 @)

isfulfilled. Since Q <<« for OR, theterm k(w+ Q) -k (w) can be approximated by ok/af,, [,

which gives Ak = [n(Q)— n, (a)o )JQ / cin the case of collinear THz generation. Here «, isthe mean
pump frequency, c isthe speed of light in vacuum, n and n, arethe refractive index and the group

index, respectively. Thus, phase matching can also be formulated as matching the v(Q) phase velocity of

the generated THz radiation to the group velocity v, (wo) of the optical pump pulse:

v(Q) = vy (). ©)

In case of velocity matching and negligible dispersion in the THz range the output is asingle THz pulse
with its electric field shaped as the time derivative of the optical pump pulse envelope[70]. For Gaussian-

like pump pulse envel opes this means that single-cycle THz pulses can be generated.

For phase matched conditions, the efficiency of DFG by long plane wave pulses in the absence of pump
absorption or depletion, taking into account THz absorption can be described by [69]

242 12 H 2
_ 2072 L | texpl-ar, /2] sinh’[ar,,L/4] 4

™ EO“I%IIR nTHZC [aTHz L/4]2
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where dg; is the effective nonlinear coefficient, L isthe material length, | isthe pump pulse intensity, amy;
is the absorption coefficient in the material at THz frequencies, nyrand nry, are the refractive indices at
the pump and THz frequencies, respectively. Eq. (4) can be used to compare the suitability of different

nonlinear optical crystals for OR by defining afigure of merit (FOM) defined as [71].

2

2
FOM,, = Jar b (59)
nNIRnTHZ
2
FOM , =— 40 (5b)
RN A7

Here Egn 5aisvalid for negligible THz absorption in the generation crystal and Eqn 5bis valid in the
case of significant absorption. The most relevant parameters of materials frequently used for OR are
shown in Table 1. As can be seen in the Table, at room temperature DAST [72] an organic material, has
the highest FOM value. An increase the damage threshold of DAST to a va ue of 2.8 GW/cm? through
annealing was recently reported [ 73], however its use for high-energy THz pulse generation yet needs to
be demonstrated. We note that there are also other promising organic materials with very large effective
nonlinearities, such as BNA [74] or OH1 [75]. CdTe has the third highest FOM va ue at room
temperature, but it is strongly absorbing at 800 nm, the wavelength of Ti:sapphire lasers which are the
most widely used pump sources for THz generation. The most commonly used materia for OR isZnTe,
which has the fourth highest FOM value. Its main advantage is that vel ocity matching is approximately
fulfilled in collinear geometry for Ti:sapphire pumping and far-infrared radiation of afew THz frequency.
However, ZnTe has strong two-photon absorption at 800 nm, which leads to the generation of free
carriersand, in turn, to increased THz absorption (see also Sec. 4.3). Hence, the useful pump intensity is
limited, which is a serious restriction in high-energy THz pulse generation [76]. The situation is similar
with GaP, another semiconductor materia frequently used for OR with considerably smaller FOM value.
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Velocity matching is approximately fulfilled in collinear geometry for about 1 um pump wavelength,
suitable to be pumped by compact Y b-based solid-state laser sources, but two-photon absorption limits

the usable pump intensity.

est nfrssm aq., FOM
Material soonm | M

(pm/V) em™) | (pmPcmv?)
CdTe 81.8 3.24 281 4.8 11.0
GaAs 65.6 4.18 3.59 3.56 0.5 421
GaP 24.8 3.67 3.34 3.16 0.2 0.72
ZnTe 68.5 3.13 3.17 2.81 13 7.27
GaSe 28.0 3.13 3.27 2.82 0.5 1.18
sLN 168 2.25 4.96 218 17 18.2
sLN, 100K 4.8 48.6
DAST 615 3.39 2.58 2.25 50 415

Table 1. (after [71]) Properties of afew materials suitable for OR. Except for DAST, the THz index nyy;,
and absorption coefficient ary, are given for 1 THz. For DAST these values are given for 0.8 THz. All

values are for room temperature except those for stochiometric LiNbO; (SLN) at 100 K.

GaSe has a moderate FOM value, but it has the advantage that velocity matching is possible based on

birefringence, in contrast to the other semiconductorsin Table 1. Difference frequency generation in
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GaSe between two near-infrared pul ses generated by the signal and idler of an optical parametric
amplifier (OPA) yields tunable pulses covering the entire mid-infrared from 4 umto 20 um [77, 78]. This
principle can be modified to generate carrier-envel ope phase stable mid-IR pulses by using the signal
pulses from two OPAs derived from the same white light seed. Recently, focused eectric field strengths
as high as 100 MV/cm were demonstrated around 50 THz frequency . It should be noted that the
obtainable field strengths scale strongly with the THz frequency (see Eq. (4)), hence, in reaching such
high field strengths the high THz frequency (corresponding to 6 um wavelength) was essential. Besides
theincreased conversion efficiency for shorter THz wavelengths (Eqn. 4) akey issueisthat the reachable
focus diameter scales linearly with wavelength, resulting in linear scaling of the electric field with
wavelength. These intense mid-IR pulses can be further stabilized for long-term drift [79] and used for

pump-probe measurements sensitive to the absolute optical phase.

Recently, stochiometric LiNbO; (sLN) became a widely used material for OR. In LN, THz

el ectromagnetic waves are strongly coupled to highly polar, “soft” optic phonons associated with
ferroelectric phase transition, yielding mixed phonon-polariton modes [80]. The polarizabilities of these
modes give rise to many of the favorable nonlinear optical properties of lithium niobate (LN). Besides its
large effective nonlinearity resulting in the second highest FOM value in Table 1, LN has a bandgap
much larger than that of semiconductors alowing only three-photon absorption to be effective at 800 nm
pumping. Thisallows for high pump intensities, essential for high-energy THz pulse generation. As can
be seenin Table 1, the THz refractive index for LN is significantly larger than the optical group index,
and therefore no collinear velocity matching is possible. Quasi-phase matching in periodically poled LN
can be used to enhance conversion efficiency, resulting in multi-cycle THz pulses[81, 68] with afixed

number of cycles. In bulk LN, generation of single cycle THz pulses with high conversion efficiency can
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be achieved by the tilted-pul se-front pumping technique with noncollinear velocity matching described in

the following section.

4.2 Velocity matching by tilting the pump pulse front

Tilted-pulse-front pumping (TPFP) was proposed and demonstrated by Hebling et al. in 2002 for efficient
phase-matched THz pulse generationin LN [82]. In this technique, the THz radiation generated by the
tilted pulse front of the pump propagates perpendicularly to this front (Figure 6) with the THz phase
velocity v(Q) , according to Huygens' principle. Thisleads to a non-collinear propagation geometry,
where the angle between the propagation directions of the THz radiation and the pump pulseis equa to
thetilt angle yof the pump pulse front relative to the pump phase fronts (which is perpendicular to the
pump propagation direction). The THz wave propagates with a fixed phase relative to the pump pulse

front if the following velocity matching condition is fulfilled:
Vy(ap)cosy = v(Q). (6)

In the case of LN where v, (wo)z V(Q), or equivalently ng (wo)s n(Q), Eq. (6) can be fulfilled by

choosing an appropriate pulse front tilt angle . We note that the vel ocity-matching condition given by
Eqg. (6) isequivaent to anon-collinear phase-matching condition according to Eq. (2) [71]. To show this

one needs to take into account the relation [83, 84]
tan y = |n(ap)/ny (e Ja (de/de), ()

which links pulse-front tilt and angular dispersion (dg/da))|% . Here ¢ isthe angle of deviation between an

incoming and outgoing ray introduced by a dispersive element such as a prism or a grating.
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pump

Figure 6 Veocity matching using TPFP. Thethick red/solid lineindicates the pump pulse front, the thick
grey/dashed lineindicatesthe THz phasefront. The arrows indicate the propagations direction and velocities

of these two surfaces.

In the Cherenkov geometry (Fig. 7), which was first used for THz generation by OR [19, 85, 86], THz
radiation from bulk LN or LiTaO; is generated by OR of afemtosecond laser pulse with atight point or
line focus. The T &. Here, the same condition is obtained for the angle & asthat given by Eq. (6) for the
pulse front tilt angle y; therefore the two angles are equal. However, the conical THz emission geometry
is disadvantageous for applications due to practical issues with collimating and guiding the THz radiation.
Further, the Cherenkov geometry does not allow the use of an extended pump spot [85]. In Ref. [87] a
series of spatially and temporally shifted focused pump pulse replicas were used for coherent control of
the generated THz-frequency lattice waves. However because THz damping occurs between as well as
within the irradiated regions, this approach yields considerably lower overall THz conversion efficiency
than TPFP. In contrast, the TPFP technique alows using an extended pump spot, thereby enabling high-

energy THz pulse generation.
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Figure 7 Cherenkov-like cone of emitted radiation dueto OR of a subpicosecond optical pulse moving at a

velocity vy(ap), which isgreater than the THz phase velocity v(Q), of the emitted radiation. After Ref. [86].

Due to the large difference between n(Q) and n, (ab) TPFPin LN requires a pulse front tilt as large as

63°—65°. In order to provide such large tilt angle (and the corresponding large angular dispersion, cf. Eqgn.
(7)) a pulse-front-tilting setup consisting of a grating and a lens is used in experiments (Figure 8). The
angular dispersion introduced by the grating is further enlarged by the lens, which aso recreates the
origina short pulse duration inside the medium by imaging the grating surface into the crystd..
Additionally, a half wave plate is used to match the polarization of the pulse to the z-axis of the LN
crystal. The generated THz polariton wave is coupled out into free space through the surface of the crystal

cut at thetilt angley.
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(a) LiNbO, prism &4HZ output (b)

64° angle

S laser polarization
z-axis

M2

\‘/‘/ 1800 1I/mm

Figure 8 (a) Experimental setup for THz generation by TPFP in LN. (b) LN crystal orientation.

By changing the grating and imaging parameters, the experimenta setup can easily be adapted to different
pump wavelengths and repetition rates (Table 2). For example, TPFP with sLN at 1033 nm wavelength
was demonstrated in Ref. [88] using an Y b-doped amplified fiber laser system. Here, repetition rates up to
1 MHz and pump pulse energies in the 10-pJ range were employed. A reliable source of broadband THz
pulses with high average power at MHz repetition rates is a prerequisite for applications in rapid THz
spectroscopic imaging, high throughput screening, and signal processing. The THz output frequency in
TPFP can be tuned by changing the pulse front tilt angle [67] in TPFP. Thisis possible by choosing atilt
angle matched to the polariton dispersion curve of the bulk material. Tuning the THz frequency by
varying the pump pulse front tilt has also been recently demonstrated in athin planar LN waveguide [89],

using the additional wave guide dispersion.

Pump wavelength 800 nm 800 nm 800 nm 1033 nm 1033 nm
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Repetition rate 10 Hz 1kHz 200 kHz 1kHz 1 MHz
Pump pulse energy 20mJ 3mJ 2.3uJ 500 pd 14 ud
Pump pulse duration | 130fs 80 fs 170fs 300 fs 250 fs
THz energy 10 ud 3ud 400 pJ 100 nJ 25nd
THz pulse duration 2ps 1.25ps 1.25ps 1.25ps 1.25ps
THz electric field >250 kV/em >150 kV/cm 6 kV/cm 30 kV/em 7 kVicm
THz peak intensity 150 MW/cm?® | 100 MW/cm? | 40 kW/cm2 45 MW/cm? | 60 kW/cm?
THz average power 100 pwW 3mw 80 pw 0.5mw 0.25 mwW
Energy efficiency 5x10* 1x107 1.7x10™* 2.5x10™ 1.8x10”
External photon 45% 15% 6.5% 6% 5.5%
efficiency

Reference [90] [91] [92] [93] [88]

Table 2. Experimenta results for THz generation using TPFP at various pump pul se repetition rates,

wavelengths, and energies.

Figure 9 summarizes the scaling behavior of achievable THz output with pump pulse energy. The figure

shows results obtained with various sources based on LN (with TPFP), and ZnTe. At low pulse energies,

guadratic scaling is observed for both materials, as expected for a second-order process. In ZnTe

saturation and linear scaling dominates in when pulse energies of 50 uJ are exceeded. The scaling
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behavior can be described using a model from second harmonic generation theory where the efficiency n

is described as 77 O tanh?(const x /1 . ) [94]. In contrast, the scaling behavior of sSLN with TPFP does

opt
not exhibit saturation [95] until very high pump pulse energies are reached. The main limiting factor in
THz generation using ZnTe is free-carrier absorption caused by two-photon absorption of the pump light,
which limits pump intensity (see next Section). Even though THz energies as high as 1.5 uJ have been
demonstrated by using large pump spots [76] the achieved conversion efficiency of 1.3x10° was rather
low. In contrast, by using LN with TPFP, THz energies of 10 uJ[90] and 30 uJ [96] have been reported
with pump-to-THz energy conversion efficiencies of 5x10™ and 1.1x107, respectively. These are the

most energetic ultrashort THz pulses ever generated from atable-top source.
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Figure 9: Scaling of the output THz pulse energy with the pump pulse energy for sources based on LN (with
TPFP), and ZnTe. The solid lineisafit using model described in the text. L 6ffler 2005 [94], Blanchard 2007

[76], Stepanov 2005 [95], Hoffmann 2010 [97], Y eh 2008 [91], Y eh 2007 [90], Stepanov 2008 [96].
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4.3.Perspectives and limitations

There is an increasing number of promising applications, which require THz pulse energies or field
strengths even higher than the currently available level. OR in combination with TPFP is a technique with
inherent scalability to higher THz energies or field strengths. This can be accomplished by using larger
pumped areas and higher pump energies. In the following we briefly discuss perspectives and the most

important limiting factors of this technique as well as possibilities to overcome some of the limitations.

THz absorption and dispersion. Infrared-active optical phonons result in absorption and dispersion of
the THz radiation generated by OR. As can be seen in Table 1 the materials with the highest FOM
(DAST, LN, CdTe) have relatively large absorption in the THz range, which can seriously reduce the
output THz energy by restricting the effective material length to only afew mm or less. Asindicated for
LN [92], cooling down to cryogenic temperatures can significantly reduce the absorption coefficient. On
the other hand, longer propagation distance inside the nonlinear medium leads to dispersion in the THz

range, causing temporally stretched THz pul ses which have areduced THz peak electric field.

M ulti-photon absor ption. Free carriers are generated inside a nonlinear medium by multi-photon
absorption of the pump radiation at high pump intensities. The increased free carrier concentration leads
to increased absorption of the generated THz radiation, posing an upper limit on the pump intensity and
leading to the saturation of the THz generation efficiency. This effect can be especialy severein the case
of semiconductor materias, which have relatively small bandgaps. When using such materials for high-

energy THz pulse generation, a possible solution isto use large crystals and large pump spot diameters
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[48]. THz pulse energies up to 1.5 pJ were demonstrated using a 75-mm diameter ZnTe wafer and 48 mJ

pump energy at 800 nm [76].

The effective lowest order of multi-photon absorption is determined by theratio of the material bandgap
to the pump photon energy. For a given material, lower-order multi-photon absorption can be efficiently
suppressed by using longer pump wavelengths. For example, only three-photon absorption will be
effective in semiconductors like ZnTe or GaP at 1.5 um pump wavelength, in contrast to 800-nm or 1-um
pumping where two-photon absorption is present. However, deviations from wavel engths suitable for a
collinear velocity-matching requires, in general, the use of the TPFP technique for velocity matching. Due
to the smaller difference between the optical group index and the THz refractive index in semiconductors
(see Table 1) much smaller pulse front tilt angle (below 30° is typical) is necessary for velocity matching

than in LN. This aso means smaller angular dispersion de/dA , and smaller group-velocity dispersion,

which is proportional to (da/ d/1)2 [98, 83]. Asaconsequence, longer effective materid lengths can be

used, which can, in many cases, compensate for the smaller effective nonlinearity of semiconductors [99]

Pulse-front-tilting setup. Aberrations introduced by the lens in the pul se-front-tilting setup described in
Sec. 3.2 can lead to the curvature of the pump pulse front and to asymmetric THz beam profile [99, 100].
Such distortions reduce the focusability and limit the application possihilities of the generated THz
radiation. Such limitations can be especially severe in the case of high-energy THz pulses where alarge
pump spot is used and may prohibit further significant increase in THz pulse energy. A new compact
scheme, in which no imaging opticsis used as the grating is brought in contact with the nonlinear crystal

has been predicted to achieve ultrashort terahertz pulses with mJ energy level [100] around 1 THz. The
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relatively small pulse-front-tilt angles in semiconductors are well suited for adaptation of the contact-
grating technique [99].This makes semiconductors promising candidates for further upscaling the THz

energy and field strength in the few THz frequency range.

Pumping conditions. Recent numerical and experimental studies[101, 102, 99] indicate the importance
of the careful choice of the pump pulse duration. Nagai et al. [102] observed enhanced THz generation at
higher pump powers which was attributed to the shortening of the pump pulse due to phase modulation
caused by the THz field. Based on numerical calculations [103] it is expected that THz peak electric field
strengths on the 10 MV/cm scale can be generated from cryogenically cooled LN when longer (=500 fs)
pump pulses are used rather than the commonly used ~100 fs. Such high field strengthsin the 1-THz
frequency range are anticipated to find important new applicationsin attosecond physics [104, 105] and

high-field physics.

5. Application of high field strength THz pulses

The availability of high-field-strength ultrashort THz pul ses enabl es the observation of interesting new
physical phenomena such as collective vibrational excitations, the plasmafrequency of a dilute free
electron gas in doped semiconductors, the superconducting gap in classical BCS superconductors or
Josephson plasma resonances [ 106]. The availability of high spectral brightness, broadband THz sources
iscrucia for the deployment of THz-TD-spectroscopy systems with improved signal to noise ratio for
real-world applications like spatialy resolved chemical recognition [107]. Fiber laser/amplifier systems
have evolved rapidly during the last decade and now offer high repetition rate output in conjunction with

pulse energy sufficiently high and pul se duration sufficiently short for effective THz generation while
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being economically more viable compared to conventional solid state femtosecond laser systems. The
combination of improved THz generation efficiencies as described in the preceding sections with high
pulse-energy, high repetition-rate fiber laser sources[88] will lead to improved signal to noise levels

required for metrology and spectroscopic applications.

On amore fundamental level, very high intensity sources can be used to excite and to exercise coherent
control over these collective degrees of freedom in the THz range. While the off-resonance excitation of
dynamics with ultra short laser pulses is possible with impulsive simulated Raman scattering [108] or
related techniques, alaser excitation is always accompanied by direct transitions in the optical or near
infrared range which can even lead to damage in the sample. A direct, on-resonance excitation of these

degrees of freedom istherefore desirable [25].

Narrowband intense THz sources have been available for some decades in the form gas lasers [5] and free
electron lasers (FELs) [109]. Typically, gas lasers can achieve pulse durations of afew nanoseconds and
because they rely on certain rotationa transitions of small molecules, have only limited tunability. The
first THz FELs had pulse durations of microseconds [110] while newer FELSs offer temporal resolution
down to tens of picoseconds while still being fairly narrowband and offering tunability over awide
frequency range [111]. Nonlinear behavior of semiconductors under strong THz excitation has been
investigated using these types of sources [15] but temporal resolution was limited by long pulse durations
or difficulties in synchronizing a femtosecond laser to an FEL source due to timing jitter. Optical
rectification-based sources on the other hand provide sub-picosecond single- or few-cycle pulses with
extremely high fields strengths and broad bandwidth. Because of their derivation from acommon

femtosecond laser sources, the inherent synchronization of the pump and probe pulses alow for time
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resolved experiments where the influence of the strong field on a sample can be observed directly with

tens of femtosecond resolution.

5.1 Nonresonant effects - Ponderomotive force

In the limit of high field strengths, the interaction of an oscillating electric field with matter cannot be
simply treated by a perturbative approach. In this case the interaction cannot be described by either
neglecting the field aspect nor the single-quantum description. A measure for the contribution of the
nonpertubative regime is the ponderomotive potential, defined by the time-averaged kinetic energy of a
electron driven by the electric field. The nonperturbative regime is reached, when the ponderomotive
potential of the electric field exceeds the photon energy 7 or the ionization potential of the system is

exceeded. For an oscillating electric field with frequency o the ponderomotive potential is given by
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uy =—— =—"_ (8)

where misthe electron mass and | isthe intensity of the light. As can be seen from Equation (8) the
ponderomotive potential has a quadratic dependence both on the electric field and on the inverse of the
frequency. Therefore very high values of U, can be achieved with high field strength, low frequency

pulses. In laser ionization of atoms the interaction can be treated as multiphoton ionization when U, < h

o and as static electric field tunneling ionizationwhen U, > |, > Ziw. Inthelatter case they the

Keldysh parameter y = ,/I b /12U » <lwherel;istheionization potential. The influence of the

ponderomotive potential, i.e., effects at the transition between classical and quantum behavior, are
expected to be most noticeable when U, ~ hw , but less than or comparabl e to the relevant energy scalein

the system like the band gap in semiconductors.

The first experiment to take advantage of the large ponderomotive potentia in asingle cycle THz pulse
was the demonstration of ionization of Rydberg atoms by Jones et a [44]. Here pulsesfrom a
photoconductive source with field strengths exceeding 10 kV/cm were used to ionize sodium atoms

selectively prepared by adye laser.

5.2. Nonlinear THz spectroscopy of Semiconductors

The interaction of THz radiation with semiconductors has been studied extensively and include such
effects as free-carrier absorption, the photon drag effect or intersubband transitions [ 15]. However, few
studies have been reported on the nonlinear terahertz characteristics of semiconductors using high fields
[112, 15, 113].
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In semiconductors, ponderomotive effects were predicted early on [114], but strong absorption due to the
band gap on the order of typically 1 eV and the resulting high intensity damage have made such
observations impossible using laser sources in the optical wavelength range where Epnoton 1S 0N the order
of the band gap. By using light with significantly longer wavel ength than the band gap, these problems
are avoided. In the case of semiconductors, the electron mass in the ponderomotive potential is replaced
by the effective mass of the carrier, thereby further increasing the value of U,,. Here the case of U, ~ i oh

< Egy, can easily be achieved.

An immediate application of the large ponderomotive potential of THz pulses is tunneling ionization of
shallow impurities. Here the energy levels of deep centers are tilted by the external electric field of the
THz light so that tunneling ionization can occur [115]. This effect occurs already at comparatively low
electric fields and has been observed using gas lasers. Anacther direct consequence of the ponderomotive
potential in semiconductorsisthe dynamic Franz-Keldysh effect (DFKE). Here alaser field causes a
deformation of the valence and conduction band wavefunction so that photon assisted tunneling is
possible leading to an increased absorption at photon energies below the band gap. This effect has been

demonstrated on an ultrafast time scale using mid-infrared pulses with 30 THz frequency [116].

34



Direct acceleration of free carriers by the THz field can be observed in n-type semiconductors with high
mobility. In these materials mobile free carriers form an electron gas with maximum absorption in the
THz frequency range [117] at room temperature. In lightly doped GaAs, electrons can get accel erated into
the ballistic regime and € ectron energies larger than 1 eV can be achieved thisway. The instantaneous
electron velocity can far exceed the DC drift velocity at equilibrium. Thisis generally related to an
increase in effective mass of conduction band electronsin a dispersive band structure due to the effect of

nonparabolicity of the conduction band valleys at high momentum as well asintervalley transfer.

Nonlinear transmission studies in combination with modeling of the contribution of severa of these
effects have been reported [118] and strong absorption bleaching has been observed in a number of n-type
semiconductors such as GaAs[119], InGaAs[120], Ge, Si [22] as well asin photoexcited GaAs[121]. In
bulk samples, the increase in terahertz transmission can be almost one order of magnitude, making these

materials suitable for use as saturable THz absorbers at room temperature [97].

The interaction of ballistic carriers with the optical phonon was studied in Ref. [23]. A high eectric field
in the terahertz range drives the Fréhlich polaron in a GaAs crystal into a highly nonlinear regime where

an electron isimpulsively driven from the centre of the surrounding | attice distortion.
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Figure 10: Dynamic behavior of the saturation of free-carrier absorption in the n-type semiconductors Ge,
GaAsand Si. Plotted is a frequency averaged (0.2-2.0 THz) absor ption coefficient. The solid lines arefits

using a simplerate equation model [22].

Using a THz-pump/THz probe scheme [109], the time evolution of the hot carrier distribution and the
cooling can be observed [119]. Figure 10 shows the spectrally integrated THz absorption in Ge, GaAs and
Si as function of pump-probe time delay. In al samples astrong drop in absorption is detected, with a
subsequent recovery time on the order of afew picoseconds depending on the material. The dynamics can
be described qualitatively by a simple model of the electron transport [121, 22]. From the spectral

analysis of the data (not shown) it can be seen that the characteristics of the hot electron gas deviates
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significantly from the Drude behavior and a better theoretical modeling taking into account the hot

electron propertiesis needed.

In the case of alow bandgap semiconductor like InSh, the energy of the electrons accel erated by the THz
field can even exceed the bandgap, leading to pair creation of new electron hole pairs[122, 123].
Terahertz pump/Terahertz probe measurements reveal a strong increase in absorption caused by these

newly generated carriers.

5.3. THz nonlinear optics

Classic nonlinear optical effects such as harmonic generation or self phase modulation in the THz range
have remained largely unexplored due to lack of strong sources. Since the pioneering work of Faust and
Henry using frequency mixing of an H,O laser with optical light only few experiments have been
performed in which the dispersion of the nonlinear susceptibility in the THz range has been measured
directly [14, 124]. Intense few cycle pulses in combination with electro-optic detection should enable the

study of these effects directly in the time domain.

The second-order nonlinear susceptibility in non-centrosymmetric crystals has two contributions: the

(bound) electrons and the ion cores [125]. Thisis generally expressed as

1
(W - www) = x2|1+C,—— 9
X (@ @) = Xe D) ©)
. . G ial : , @
with D(w) =1-—— ——— where oro isthe TO phonon frequency and I the damping constant and x'“g

w?o (6]

isthe electronic part of the nonlinear susceptibility. The Faust-Henry coefficient C, expresses theratio
between the lattice-induced and the e ectronic contributions to the nonlinear coefficient. In ferroelectric
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materials like LiTaO3 and LiNbOs, the contribution of theionic part to x® can be an order of magnitude
larger than the electronic part [126]. Direct observation of second harmonic generation in LiTaOs has
been reported by Mayer [13] using 40 ns pulse duration gas laser in combination with steep filtersin order
to suppress the fundamental. A similar experiment in GaAs using a free electron laser at wavelength in
the range of 3.5to 6 THz has been carried out by Dekorsy et al [14]. Using table top time-domain
methods, second harmonic generation in lithium niobate has been observed in the focus of two intense

phonon-polaritons in a waveguide [127].

Strong terahertz fields can also induce polarization in nonpolar media, leading to transient birefringence,
which can then be probed by an optical probe pulse. This is analogous to the optical Kerr effect, and
involves athird order () nonlinear process combining the action of an intense THz field onto the
polarization state of aprobe pulse at optical frequencies. Figure 11a shows the induced birefringencein
four different organic solvents as function of time compared with the applied single-cycle THz field [24].
The signa is composed of two contributions, a fast el ectronic response that follows the sguare of the THz
field directly, and a slower, exponential decay resulting from subsequent rel axationof the partially aligned
moleculesin the liquid which is on the order of afew ps. The overall hirefringence of the aligned

molecul e scales quadratically with the peak THz fidld (Figure 11b).
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Figure 11: (a) Terahertz-induced birefringencein polarizable liquids. I n the time domain, the signal
followsthe squar e of the THz pulse. (b) The peak signal scales quadratically with the THz field strength,

demonstrating the x ® nature. From [24]

5.4, Vibrational excitation

Coherent control over vibrational degrees of freedom using laser pulses has been along standing goal in
ultrafast spectroscopy. Molecular or ionic motionsin the THz frequency range are apromising target for
coherent control since they are in certain systems directly connected to macroscopic properties such as
ferrodectricity or ferrodlasticity. Large-amplitude THz motion can be excited by optical ultrashort pulse
through the impulsive stimulated Raman scattering process and controlled access to the anharmonic
regime of the lattice potential along the soft mode has been demonstrated [128]. However, excitation with
optical pulsesis limited to Raman active modes and the high excitation fluencies necessary in these

experiments can lead to damage in opaque samples.

The quantum mechanical analog to the creation of large amplitude motion in an oscillator is ladder
climbing. Thisis achieved by a strong field applied over atime shorter than the vibrational period of the

oscillator. Since most redlistic vibrational modes relevant for chemical dynamics are anharmonic, the
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application of a broadband pulseis more efficient than a strictly monochromatic multi-cycle pulse.
Ladder climbing in a phonon mode of the crystalline amino acid excited by a single cycle THz pulse has
been reported recently by Jewariyaet a. [129]. In amino acids and other hydrogen bonded crystalline
substances like sugars, the dielectric properties in the THz range are determined by low-lying vibrations
which are an admixture of inter-and intramolecular degrees of freedom. These modes can exhibit alarge
anharmonicity [130] which can be exploited by a series of coherent transitions between quantum levels

excited by a strong THz pulse.

6. Conclusion

Today tabletop generation of ultrashort THz pulses with energies up to several microjoules and field

levels on the order of 1 MV/cm at 1 THz frequency is now possible in aroutine and reliable manner.

Photoconductive switches based on semiconductors are an efficient method of THz generation for
comparatively low laser fluencies. Due to strong saturation effects with pump pulse intensity, scaling to

THz energies above the micro-Joule level is generally limited.

THz generation from gas plasmas produces single cycle pulses with moderately high peak fields and
extremely broad bandwidth, limited only by laser pul se duration and detection bandwidth. These pulses

arean idea probe for pump-probe spectroscopy of ultrafast processesin solids.

Nonlinear optical processes like OR and difference frequency generation of femtosecond laser pulses are
versatile techniques for single-cycle as well as tunable THz pul se generation. Using the technique of
tilted-pulse-front pumping for OR of femtosecond pulsesin lithium niobate, extremely high THz pulse

energies (on the 10-pJ scale) and pump-to-THz conversion efficiencies have been demonstrated. The

40



technique of TPFP isinherently scalable by using higher pump energies and larger pumped areas

allowing for further increasing the available THz pulse energy and field strength.

Single-cycle THz pulses with high field strengths are an ideal tool to directly study the interaction of
strong electric fields with matter at ultrafast timescales. The area of nonlinear THz spectroscopy is till at
an early stage, but the prospects for spectroscopy of and control over collective degrees of freedom such

as motions of dipoles and ions as well as electronic correlations are becoming increasingly clear.
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