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1. INTRODUCTION  

Terahertz (THz) radiation is a band of electromagnetic radiation, which is located between 

microwaves and infrared radiation (Figure 1-1), and it shares some properties with each of 

these. THz radiation, unless very intense, is non-ionizing. The THz band remained unexplored 

for a long time due to the lack of useful sources and detectors [1]. Therefore, this spectral range 

was often called the THz gap. Since the mid-70’s, advances in electronics and photonics have 

provided new materials and devices that made the THz gap accessible and triggered rapid 

progress in both fundamental research and application.  

 

Figure 1-1. THz band in the electromagnetic spectrum [2] 

Science and technologies based on THz frequency electromagnetic radiation have 

developed rapidly over the last 30 years, to the extent that it now touches many areas from 

fundamental science to real applications [3]. Today, a wide range of possible implementations 

of THz technology in various fields, such as imaging, sensing, quality control, wireless 

communication, and basic science, is stimulating enormous attention [4-8]. THz radiation can 

pass through a wide variety of non-conducting materials such as clothing, paper, cardboard, 

wood, plastic, and ceramic. Due to its longer wavelength, images made using THz waves have 

lower resolution than images created with optical or X-rays and need to be enhanced.  

In the THz band, based on device operation modes, two major technological families can 

be distinguished: continuous-wave [9-11] and pulsed operation. Continuous-wave systems 

typically operate at a single frequency. Therefore, they are narrowband and can have a high 

spectral resolution. Because of this, continuous-wave systems are useful for gas-phase 

spectroscopy [12], telecommunication [13], and non-destructive inspection [14]. Pulsed or 

time-domain THz systems are base on the generation and detection of transient electromagnetic 

fields with typical durations of a few picoseconds. A short pulse is composed of many 
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frequencies, which can be accessed by the Fourier transform of the temporal waveform. As 

opposed to continuous-wave systems, pulsed systems are broadband in nature, and emission is 

not continuous. Therefore, pulsed systems are ideal for spectroscopic applications [15,16] and 

the study of ultrafast phenomena. Pulsed THz systems are typically driven by picosecond or 

femtosecond pulsed lasers and the development of suitable photonics technologies also 

triggered the evolution of related THz technologies. Source development is a rapidly 

developing area of THz research. 

The linear absorption coefficient and the refractive index of various materials in the THz 

range can be measured by linear (time-domain) spectroscopy. In contrast to monitoring the 

linear response with weak pulses, strong-field THz pulses with electric field strengths of about 

100 kV/cm or more can induce changes in materials. These changes can be investigated by 

nonlinear spectroscopic methods, such as THz pump—THz probe measurements. For example, 

nonequilibrium dynamics in superconductors, multiferroics, and magnetic materials could be 

studied in this way [17]. At still higher THz field strengths, the effective manipulation of 

charged particles – primarily electron (beam) acceleration, undulation, deflection, spatial, and 

temporal focusing – became available [18].  

The development of intense pulsed THz sources is the main subject of the present work. 

The aim was to create simple, easily available sources with high intensity and controllable 

pulse parameters. Novel THz sources based on lithium niobate (LN) and semiconductor 

nonlinear optical crystals were investigated both by numerical simulations and experimental 

studies.  

The dissertation is structured as follows. Next, Chapter 2 describes the background of 

THz sources based on nonlinear optical crystals, THz pulse characterization, and multiphoton 

absorption. The brief Chapter 3 sets the scientific goals. In Chapter 4, the results of the work 

are discussed in three topics. First, the experimental demonstration of a novel LN THz source 

is presented, which can be scaled to high THz pulse energies and field strengths by providing 

a THz beam with uniform waveform and excellent focusability. Second, the expected 

performance of semiconductor-based multicycle THz sources is investigated by numerical 

simulations. Third, the measurement of intensity-dependent effective multiphoton absorption 

coefficients in semiconductors is shown. Chapter 5 contains the thesis statements. Chapter 7 

gives a brief summary and Chapter 8 the publication list of the author. 
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2. BACKGROUND 

2.1. THz generation by second-order nonlinear optical processes 

In linear optics, the polarization induced in a medium by an optical field is proportional to the 

electric field. In nonlinear optics, the interaction between the optical field and the medium 

depends on the field strength in a nonlinear manner. Nonlinear polarization can easily be 

induced by an intense short laser pulse [19]. 

Technological advances in optics and electronics resulted in a great variety of different 

THz sources (Figure 2-1). Many of these rely on nonlinear optical materials, in which the 

incident electromagnetic wave undergoes nonlinear frequency conversion. Optical rectification 

and difference-frequency generation are  second-order nonlinear optical processes in which a 

THz photon at a frequency 𝜔𝑇 is created by the interaction of two optical photons at 

frequencies 𝜔1 and 𝜔2 within the nonlinear crystal  [20]. 

 

Figure 2-1. THz generation in nonlinear crystals [20]. 

In 1965, using a ruby laser, Zernike and Berman performed the first THz generation 

experiment based on difference-frequency mixing in a quartz nonlinear optical crystal, placed 

inside the laser cavity [21]. Later, tunable THz-frequency output was also demonstrated by 

difference-frequency generation in other nonlinear optical materials. Both collinear and 

noncollinear phase matching were used to generate broadly tunable 0.6-5.7 THz output in LN 

[22]. Collinear phase-matching was achieved in the birefringent crystals ZnGeP2 [23,24] and 

GaSe [25], and noncollinear phase matching in the cubic zinc-blende type crystals GaAs 

[26,27] and GaP [28]. In GaP, collinear phase matching was also demonstrated [29]. 
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Broadly tunable (0.3–3.0 THz) quasimonochromatic THz radiation can be produced 

through THz-wave parametric oscillation in bulk LN crystal with a single fixed-frequency 

optical pump. In this case, phase matching can be achieved by noncollinear three-wave 

interaction.  The pump and the (resonating) signal waves are in the near-infrared, and the 

outcoupled nonresonant wave is in the THz range [30,31] 

Broadband THz output can be produced in a nonlinear optical medium via difference-

frequency mixing between pairs of Fourier components of the same optical pulse. This case is 

usually referred to as optical rectification. First demonstrations of this method used picosecond 

pulses and LiNbO3 [32,33], ZnTe, ZnSe, CdS, and quartz [32] crystals. Later, it was extended 

to femtosecond laser pulses [34], which enabled to generate much broader bandwidths in the 

THz region [35]. Typically, thin (~1 mm or less) electro-optic crystals were used, because of 

constraints associated with the mismatch between optical group and THz phase velocities, as 

well as the strong THz absorption in conventionally applied crystals (LiNbO3, ZnTe). Optical 

rectification was also demonstrated in zinc-blende type GaAs [36,37] and GaP [38] crystals, 

which have much smaller THz absorption. Optical rectification will be discussed in more detail 

in Section 2.2. 

THz sources based on second-order nonlinear optical effects, in particular, difference-

frequency generation, optical rectification, and optical parametric oscillation, are very 

appealing because they can utilize diode-pumped laser technology. Another advantage of these 

techniques is their power scalability. Unlike photo-mixers and dipole photoconductive 

antennas [39], nonlinear optical sources do not suffer from a saturation of THz output power. 

The power output typically shows quadratic dependence on the pump power up to high power 

levels [40]. 

2.2. THz sources based on optical rectification 

Optical rectification of ultrashort laser pulse can be considered as a result of difference-

frequency mixing among the spectral components contained within the short pulse bandwidth 

(see also Section 2.1). For phase-matched condition (see below), the efficiency of THz 

generation by long plane-wave pulses can be described by the following equation [41]: 

𝜂𝑇𝐻𝑧 =
2𝜔2𝑑𝑒𝑓𝑓

2 𝐿2𝐼

𝜀0𝑛𝑁𝐼𝑅
2 𝑛𝑇𝐻𝑧𝑐3

𝑒𝑥𝑝[−𝛼𝑇𝐻𝑧
𝐿

2⁄ ]
𝑠𝑖𝑛ℎ2[𝛼𝑇𝐻𝑧(𝐿

4⁄ )]

[𝛼𝑇𝐻𝑧(𝐿
4⁄ )]

2 . 
(1) 
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Eq. (1) is valid in the absence of pump absorption or depletion, and it takes into account THz 

absorption. Here, ω is the angular difference (THz) frequency, deff the effective nonlinear 

coefficient, I the intensity of the near-infrared light, ε0 the vacuum permittivity, c the velocity 

of light in vacuum, L the length of the nonlinear crystal, 𝛼𝑇𝐻𝑧    the intensity absorption 

coefficient for the THz radiation, and 𝑛𝑁𝐼𝑅  and 𝑛𝑇𝐻𝑧  the refraction indices in the NIR and THz 

range, respectively. The effective nonlinear coefficient deff can be calculated using the clamped 

electro-optic coefficients r and the NIR refractive index values 𝑛𝑁𝐼𝑅  as follows [42];  

𝑑𝑒𝑓𝑓 = −𝑛𝑁𝐼𝑅
4 𝑟

4⁄ . (2) 

For efficiently generating THz frequency, the phase-matching condition requires the group 

velocity of the laser pump pulse to be equal to the phase velocity of the THz radiation [43].  

𝜐𝑁𝐼𝑅
𝑔𝑟

= 𝜐𝑇𝐻𝑧 (3) 

Table 1 compiles the optical group indices at two common pump wavelengths, the THz 

refractive indices and absorption coefficients at 1 THz frequency for a few selected materials 

suitable for optical rectification.: 

𝑛𝑁𝐼𝑅
𝑔𝑟

= 𝑛𝑇𝐻𝑧 (4) 

Table 1. Properties of nonlinear material suitable for optical rectification [41]. 𝑛𝑔𝑟: optical 

group refractive indices, 𝑛𝑇𝐻𝑧 : THz refractive indices, 𝛼𝑇𝐻𝑧 : absorption coefficient, THz 

index, and absorption coefficient are given for 1 THz. 

Material 𝑛800𝑛𝑚
𝑔𝑟

 𝑛1.55𝜇𝑚
𝑔𝑟

 𝑛𝑇𝐻𝑧 𝛼𝑇𝐻𝑧 (cm-1) 

CdTe  2.81 3.24 4.8 

GaAs 4.18 3.56 3.59 0.5 

GaSe 3.13 2.82 3.27 0.5 

GaP 3.67 3.16 3.34 0.2 

ZnTe 3.13 2.81 3.17 1.3 

sLN 2.25 2.18 4.96 17 

 

2.2.1. Lithium niobate  

Today, lithium niobate (LiNbO3, LN) is the nonlinear material in the most frequently used 

intense pulsed THz sources. Therefore, its properties are considered here in more detail. It has 

many other applications as well, being one of the most versatile optical materials. For 

https://en.wikipedia.org/wiki/Lithium
https://en.wikipedia.org/wiki/Niobium
https://en.wikipedia.org/wiki/Oxygen
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applications, among others, its electro-optics, piezoelectric, acousto-optic, photorefractive, 

pyro-electric, photovoltaic properties can be important. LN single crystals are used as an optical 

waveguide, piezoelectric sensors, optical modulators, and various other linear and nonlinear 

optical components.  

LN, an artificial ferroelectric crystal, was first fabricated in Bell Laboratories in the mid-

’60s. It is a colorless solid, insoluble in water. It is transparent for wavelengths between 350 

and 5200 nm. It has a trigonal crystal system [44], which lacks inversion symmetry and 

displays ferroelectricity, Pockels effect, piezoelectric effect, and nonlinear optical 

polarizability of various orders, including second-order one. A conventional hexagonal unit 

cell of LN shown in Figure 2-2. 

 

Figure 2-2 Hexagonal unit cell of LN. 

The composition of LN can control its physical properties, such as the photorefraction, 

photo-and electrical conductivity. The optical homogeneity of crystals is directly related to 

structural ordering, determined mainly by the growing method. LN has negative uniaxial 

birefringence,  which depends slightly on the stoichiometry of the crystal and temperature. 

There are two basic LN crystal types: congruent LN (cLN) and stoichiometric LN (sLN). 

In the former case, the ratio of Li and Nb concentration is 0.945, in the latter case, it is 0.979 

[45]. sLN has a lower optical damage threshold than cLN [46-48], and larger electro-optic 

coefficient r33 [49]. The precise control of stoichiometry and doping is important for controlling 

the physical properties of the crystal.  For example, doping LN by magnesium oxide (Mg:LN) 

increases its resistance to optical damage (also known as photorefractive damage) [50], 

whereby a lower MgO concentration is needed in Mg:sLN than in Mg:cLN [48,51]. It was 

shown that photorefraction disappears when the Mg content exceeds a threshold value of about 

0.6 mol% in sLN and 5–6 mol% in cLN [47,52-54].   
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The optical properties and parameters for cLN and sLN crystals can be found in 

references [55,56]. Palfalvi et al. reported the temperature dependence of the refractive index 

and absorption coefficient of sLN and cLN crystal with different MgO doping concentrations. 

In particular, 0.7 mol% Mg-doped sLN seems to be the most promising efficient THz source 

since it has a low THz absorption coefficient [57].  

2.2.2. THz generation in lithium niobate 

The large nonlinear coefficient of LN makes it well suitable for optical rectification. However, 

without further measures, the THz generation efficiency remains low because of the very 

different optical group and THz refractive indices. Infact, the optical group index (velocity) is 

smaller (larger) by more than a factor of two than the THz refractive index (phase velocity) 

(Table 1). Therefore, the pump pulse overtakes the THz phase fronts as they propagate through 

the crystal. In a velocity-matched medium, it is clear that a long crystal can be used and a large 

interaction length can be achieved. Hebling et al. suggested the tilting of the intensity front of 

the pump pulse to achieve velocity matching in LN [58]. The THz radiation that is excited by 

the tilted pulse front of the NIR pump propagates perpendicularly to this front with the velocity 

𝜐𝑇𝐻𝑧. The angle between the propagation direction of the THz radiation and the propagation 

direction of the pump pulse will be the same as the tilt angle 𝛾 of the pulse front relative to the 

phase front of the pump. Then, instead of Eq.(3), the magnitudes of the velocities the following 

equation:  

𝜐𝑁𝐼𝑅
𝑔𝑟

𝑐𝑜𝑠𝛾 = 𝜐𝑇𝐻𝑧 (5) 

If 𝜐𝑁𝐼𝑅
𝑔𝑟

≥ 𝜐𝑇𝐻𝑧(𝑛𝑁𝐼𝑅
𝑔𝑟

≤ 𝑛𝑇𝑧), then this modified velocity matching condition can be easily 

fulfilled by an appropriate choice of the angle 𝛾. Pulse front tilting of a light beam necessarily 

leads to angular dispersion. The connection between the pulse front tilt 𝛾 and angular dispersion 

for material with refractive index 𝑛 is given by [59]: 

𝑡𝑎𝑛 𝛾 = −
𝑛

𝑛𝑔𝑟
𝜆

𝑑𝜀

𝑑𝜆
 

(6) 

 

𝑛 is the refractive index, 𝑛𝑔𝑟 is the group refractive index, 𝜆 is the  wavelength and 
𝑑𝜀

𝑑𝜆
 is the 

angular dispersion, where: 

𝑛𝑔𝑟 = 𝑛 − 𝜆
𝑑𝑛

𝑑𝜆
 

(7) 
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Figure 2-3. Illustration of velocity matching using tilted-pulse-front [41]. 

Optical rectification of ultrashort laser pulses with tilted pulse front in LN [58] has 

implemented as a reference technique for efficient THz generation. In THz generation 

experiments, perpendicular incoupling of the pump and perpendicular outcoupling of the THz 

beam are the conditions of minimizing reflection losses and avoiding the angular dispersion of 

the THz beam. Therefore a prism-shaped LN crystal is used with a large wedge angle equal to 

the pulse-front tilt (63°). The illustration of velocity matching using tilted-pulse-front depicted 

in Figure 2-3.  

 

Figure 2-4. Tilted-pulse-front-pumping setup [60]. 

Figure 2-4 shows the pulse-front-tilting setup and its parameters, 𝜃𝑖  and 𝜃𝑑 are incidence 

and diffraction angle at the grating, respectively. 𝜃𝑑 also gives the tilt angle of the grating. The 

distance s between the image of the grating and the crystal input surface along the optical axis. 

The s is arbitrarily chosen so that the region of effective THz generation (gray-shaded area in 

Figure 2-4) is not truncated. The geometrical parameters of the setup (Figure 2-4)[60]: 

𝑠𝑖𝑛𝜃𝑑 =
𝜆0

𝑛(𝜆0)𝑛𝑔𝑟(𝜆0)𝑝
𝑎 

(8) 

𝑠𝑖𝑛𝜃𝑖 =
𝜆0

𝑝⁄ − 𝑠𝑖𝑛𝜃𝑑  (9) 

𝑆1 = 𝑓(√𝑎 + 1) (10) 
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𝑆2 =
𝑓𝑆1

𝑆1 − 𝑓
−

𝑆

𝑛(𝜆0)
 

(11) 

𝑎 =
𝑛2(𝜆0)𝑛𝑔𝑟(𝜆0)𝑝

2𝜆0

√
𝜆0

2

𝑛𝑔𝑟
2 (𝜆0)𝑝2𝑡𝑎𝑛4𝛾

+
4

𝑛2(𝜆0)
−

𝑛2(𝜆0)

2𝑡𝑎𝑛2𝛾
 

(12) 

Where 𝜆0 is the central wavelength, p is the grating period, f is the focal length of lens, s 

can be chosen according to the spot size and it is typically 1 – 5 mm. In order to obtain optimal 

pump-to-THz conversion and optimal THz beam characteristics, the setup has to fulfill the 

following criteria: velocity matching of pump pulse and THz, the pump pulse duration has to 

be minimal across the tilted pulse front and the pump pulse front has to be plane in the crystal 

[60].  

Tilted pulse front allows further up-scaling of the THz energy by using a larger pump 

spot size and stronger pump pulse [61], another way higher efficiency could be achieved by (i) 

Decreasing the temperature of LN, since the absorption coefficient of LN in the THz range 

reduces with decreasing temperature, thus the THz efficiency will be higher at low 

temperatures [57]. Figure 2-5 shows that the absorption coefficient of LN depends on 

temperature. (ii) Using longer pump pulse, the THz spectrum is shifted to lower frequency, 

which reduces absorption within the crystal [62]. In addition to the longer pump pulse duration 

also allows a longer THz generation length [60]. It was reported that the most substantial 

limitation to THz generation in LN for pumping at 1 µm is frequency down-shift and the 

spectral broadening (cascading effect) of the optical pump pulse in conjunction with large 

angular dispersion of the tilted-pulse-front [63]. 

 

Figure 2-5. Frequency dependence of the absorption coefficient of LN in the THz range for 

different temperatures (left Y-axis is the absorption coefficient of LN [cm-1]) [62]. 
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Since the diffraction efficiency of a grating is usually maximal in Littrow-geometry, 

using an incidence angle close to the Littrow-angle 𝜃𝐿𝑖𝑡𝑡𝑟𝑜𝑤 = 𝑠𝑖𝑛−1(𝜆0/2𝑝) will be 

advantageous. Challenging to get higher THz energy in tilted-pulse-front pumping by 

increasing the pump energy and spot size bumped into some of the limits. A prism-shaped LN 

crystal with a large wedge angle equal to the pulse –front tilt (630) results in a non-uniform 

pump propagation length across the beam. Such a source geometry can lead to a spatially 

varying interaction length for THz generation [60]. Different approaches have been proposed 

to mitigate the limitations of the tilted-pulse-front pumped THz source. Omitting imaging 

optics and bringing the grating directly in contact with the nonlinear crystal has an advantage 

that is reducing imaging error.  The larger pumped area can be efficiently used when the 

imaging error is eliminated, resulting in higher THz energy and better beam quality [64,65]. 

The unsolved fabrication technological problem concerning the development of LN contact 

grating brought up the idea to create the hybrid-type THz pulse source, which combines the 

conventional and the contract grating setup [66]. In this setup, the pulse-front-tilt is produced 

in two steps, first by diffraction on the conventional grating followed by diffraction on the 

contact grating. Since the tilt angle is smaller than previous, imaging errors are reduced, but 

the necessary wedge angle (~300) is still large enough to make an asymmetric beam.  

That is especially problematic in the case of high energy THz generation, where a wide 

pump beam is needed. A modified version of The tilted-pulse-font THz generation was 

demonstrated by reflecting the pump beam on a stair-step echelon. A segmented titled-pulse-

front is formed in this setup, instead of a continuous pulse-front. Reflective echelon used for 

tilting the average pump pulse front for efficient THz generation in LN, but this setup still 

requires a prism-shaped LN crystal with the same 𝛾 wedge angle as in the conventional setup 

[67,68]. A modified hybrid approach to provide uniform interaction length across the large 

pump and THz beams was proposed [69]. In this setup, a conventional scheme containing 

diffraction optics and imaging is combined with a nonlinear medium. The nonlinear medium 

is a plane-parallel LN slab with an echelon structure on its input surface. Hence the absorption 

and dispersion are uniforms across the output THz beam profile. Inside the LN slab, a 

segmented tilted pulse front is formed with an average tilt angle as required by phase matching. 

The advantage of this setup is to reduce imaging error. It may lead to the realization of a 

scalable THz pulse source with excellent beam quality.  
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2.2.3. Semiconductor nonlinear materials for optical rectification 

Experimental work in the early 1990s reported that THz frequency radiation could be generated 

by femtosecond optical pulses incident on a semiconductor [70]. The intensity of the emitted 

THz radiation observed when the crystal was rotated about its surface normal indicated that 

there was more than one mechanism responsible for the generation of THz radiation. Chuang 

et al. proposed a theoretical model based on optical rectification of femtosecond laser pulses at 

semiconductor surfaces [71], which successfully explained all of the earlier experimental 

observations. The investigation of the physics of optical rectification indicates that depending 

on the optical fluence. The THz radiation generation by optical rectification is either a second-

order nonlinear optical process governed by the bulk second-order susceptibility tensor or a 

third-order nonlinear optical process [72,73].  

 

Figure 2-6. The zinc-blende type crystal structure of ZnTe.  

THz radiation generation from optical rectification of femtosecond laser pulses has been 

reported from [100], [110], and [111] oriented crystals with zincblende structure (Figure 2-6), 

common for several semiconductors [36,74]. These crystals belong to the crystal class 4̅3𝑚 

and have three nonvanishing contracted matrix elements and only one independent: 𝑟14 =

𝑟25 = 𝑟36 [20]. When an optical field interacts with these crystals, its THz radiation power 

depends on the direction of the field in the crystal frame. In case of the most frequently used 

[110] oriented crystals, the dependence of the THz output power on the angle   (the angle 

between the polarization of the optical pump beam and the [0, 0, 1] Z-axis) can be expressed 

as [75,76] 

|𝐸𝑇𝐻𝑧| ∝ |𝑃| = 2𝜀0𝑑𝑒𝑓𝑓𝐸0
2 

                                                           = 𝜀0𝑑14𝐸0
2[𝑠𝑖𝑛22𝜃 + 𝑠𝑖𝑛4𝜃]1/2 (13) 
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Where 𝐸0 is the amplitude of the pump field, P is the nonlinear polarization, 𝜀0 is the vacuum 

permittivity and 𝑑𝑒𝑓𝑓 is the effective nonlinear coefficient and is related to 𝑑14, for zincblende 

structure 𝑑𝑒𝑓𝑓 = 𝑑14[𝑠𝑖𝑛22𝜃 + 𝑠𝑖𝑛4𝜃]1/2/2. 

Experiments conducted on oriented [100], [110] and [111]  GaAs, CdTe and InP crystals 

[36,72,77] and [110] GaP [38] crystal are in agreement with the theoretical results providing 

evidence that second-order bulk optical rectification is the major nonlinear process under the 

condition of certain optical fluence and normal incidence on unbiased semiconductors.     

Among the zincblende crystals, ZnTe is the most popular candidate for the generation of 

THz radiation by optical rectification. ZnTe is a semiconductor material with a direct bandgap 

of 2.26 eV [78]. ZnTe has relatively large second-order nonlinear susceptibility and it has a 

favorable phase-matching condition with 800 nm light that allows it to produce large-

amplitude, broad-bandwidth pulses in the far-infrared. Nahata et al. [43] first reported THz 

generation and detection using [110] ZnTe crystal, pumped by 130 fs pulse at 800 nm from 

Ti:sapphire laser. THz Energies up to 1.5 µJ per pulse with a spectral range extending to 3 THz 

and an energy conversion efficiency of 3.1x10-5 were obtained from [110] ZnTe pumped by a 

100 Hz Ti:sapphire laser source [79]. However, the scaling up of THz pulse energy generated 

in ZnTe from 800 nm excitation laser pulse is limited by the saturation of the THz generation 

efficiency due to strong two-photon absorption of the pump.  

Using a large area of ZnTe THz emitter is an alternative solution for suppressing the 

saturation effect due to two-photon absorption (2PA) of the pump beam and free-carrier 

absorption of the THz pulse [80], which reduce the efficiency of THz generation in ZnTe. It 

has been proved that the saturated THz conversion efficiency of ZnTe crystal mainly depends 

on free-carrier absorption, rather than on the pumping power, which is attenuated by two-

photon absorption [81,82]. Interestingly, it was reported that increasing further the pump pulse 

fluence leads to a recovering of the quadratic dependence of the THz power with respect to the 

pumping fluence, which is usually observed at low intensity [83]. Moreover, dispersion of 

ultrashort femtosecond Ti:sapphire pulses in the thick ZnTe crystal also leads to a decrease in 

the optical rectification efficiency [82].  

Gallium phosphide (GaP) is a compound semiconductor material with a direct (indirect) 

bandgap of 2.78 eV (2.24 eV) at room temperature. GaP has a refractive index between 3.1192 

at 1. µm and 3.0509 at 1.6 µm [84]. GaP has a moderate electro-optic coefficient (d41 = 1 pm/V 

[85]) and its first transverse optical phonon frequency is lying as high as 11 THz, which 
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potentially offers a smooth frequency response in the < 10 THz range [86]. An optimum optical 

rectification for GaP with respect to the bandwidth and efficiency is reached by driving 

wavelength around 1 µm. Furthermore, the absorption coefficients of GaP are low in both the 

THz (𝛼 ~ 3 cm-1 at 1 THz) and NIR range (𝛼 ~ 0.1 cm-1 at 1.064 µm) [87]. Optical 

rectification of ultrashort  ~ 1 µm pulse in GaP a highly promising route towards the 

combination of high THz average power and broad bandwidth. Chang et al. reported THz 

generation in GaP pumped by a 210 fs, 10W Yb-fiber laser, providing 6.5 μW average power 

with a spectral width of 3.5 THz [38]. Furthermore, Li et al. showed THz pulse generation in 

GaP driven with a chirp-tunable sub-60 fs Yb-fiber amplifier and the average power of 82.6 

μW was obtained at 9W pump power with negatively chirped pulses [88]. Xu et al. recently 

presented broadband THz generation by optical rectification of 20 fs pulses spectrally centered 

at 1 µm with an average power of 5.5 W and repetition frequency of 78 MHz in a GaP crystal. 

The spectrum with the largest bandwidth was generated up to 5 THz with Yb-based laser 

systems [87].  

In the development of THz sources using tilted pulse front pumping, the selection of the 

nonlinear material is a crucial step. The effective nonlinear coefficient, wavelength, phase 

matching between pump and THz field and THz absorption are the essential points to consider. 

Table 2 list some of the nonlinear materials most suitable for optical rectification. 

Table 2. List of nonlinear material are most suitable for optical rectification [60]. 𝑑𝑒𝑓𝑓 : 

effective nonlinear coefficient for optical rectification, 𝜆0 : pump wavelength, 1PA, 2PA, 

3PA : linear, two-photon, three-photon absorption respectively 

Material deff [41] 

[pm/V] 

0 = 800 nm 0 = 1064 nm 

𝛾 Pump absorption 𝛾 Pump absorption 

CdTe 81.8 - 1PA 9.60 2PA 

GaAs 65.6 - 1PA - 2PA 

GaSe 28.0 16.50 2PA 25.90 2PA 

GaP 24.8 - 2PA 9.30 Indirect 2PA 

ZnTe 68.5 collinear 2PA 22.40 2PA 

LN 168 62.70 3PA 63.40 4PA 

As an example, ZnTe has direct-bandgap 2.26 eV; for pumping wavelength above 1650 nm, 

the 4PA and higher-order MPA are effective (Figure 2-7 (a)). Data of wavelength MPA cut-

off for different few material up to 2.5 µm shown in Figure 2-7 (b).  
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Figure 2-7 (a) schematic band structure of ZnTe. (b) PFT angle versus pump wavelength for 

phase matching at 1 THz in LN and selected semiconductors. [89] 

At longer pump wavelengths, it is possible to reduce low-order multiphoton absorption 

(MPA) in semiconductors [40,60]. F. Blanchard et al. successfully produced THz pulses with 

0.6 µJ energy, at 5x10-4 efficiency by pumping GaAs at a wavelength of 1.8 µm. This 

wavelength is sufficiently long to suppress two-photon absorption [90]. The collinear pumping 

can not be used because using longer pump wavelength. The pulse front tilt is necessary for 

velocity matching even much smaller than for LN. Semiconductors such as GaAs or GaP have 

lower THz absorption, together with the significantly maximal THz generation length resulting 

from the much smaller pulse front tilt can get higher THz efficiency than in LN [60]. Polonyi 

et al. reported that THz pulse with 14 µJ energy was generated with as high as 0.7 % efficiency 

in ZnTe pumped at 1.7 µm using tilted-pulse-pump pumping [89]. It is shown that scaling the 

THz pulse energy from semiconductor crystal was feasible by increasing the pump spot size 

and pulse energy. 

2.2.4. Multicycle THz pulse generation 

Intense nearly single-cycle terahertz (THz) pulses can be used in material science [91] and for 

the acceleration of electrons [92] and protons [93,94]. The waveguide and resonator structures 

proposed for electron acceleration can be even more efficiently driven by multicycle THz 

pulses. Dielectric grating structures were proposed for laser-driven electron acceleration [95], 

where using multicycle THz pulses, rather than optical pulses, can be of significant advantage. 

Multicycle THz pulses also could be used as drivers of coherent X-ray generation [96] and 

electron beam diagnostics. Multicycle narrowband THz pulses with lower peak amplitude, but 

higher spectral brightness may serve as a way of circumvent such electronic responses and still 
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maintain high exciting strength for resonant driving in particular electronic, lattice or magnetic 

nonlinear responses [97].  

Multicycle THz pulse could be generated by tilting the intensity front of a quasi-

sinusoidal intensity-modulated optical waveform on LN crystal [98] and using LN planar 

waveguide [99]. On the other hand, multicycle THz pulses have been generated using the 

structure of periodically poled lithium niobate (PPLN) crystal [100-102]. Since organic crystal, 

HMQ-TMS has been shown to generate intense broadband THz pulse [103], the generation of 

continuously tunable multicycle THz pulse using this crystal had been reported and produced 

the center frequency from 0.3 to 0.8 THz [97]. The superposition of signal and idler pulses in 

dual-chirped optical parametric amplification was proposed for efficient generation of 

intensity-modulated pulses with periodic modulation. The numerical simulation for a three-

stage optical parametric amplifier system predicted an efficiency as high as 50% for about 40 

mJ of output pulses energy, which could be suited for driving intense multicycle THz pulse 

generation sources [104].  

It was recently demonstrated that nonlinear semiconductor materials offer a promising 

alternative with scalability to highest THz pulse energies and field strengths [40,105-108], also 

enabling the construction of monolithic contact-grating sources [106]. Lee et al. showed the 

generation of multicycle narrow-bandwidth THz pulses in periodically inverted GaAs 

structures using optical rectification at 2 µm wavelength [109]. In order to avoid the associated 

free carrier absorption in the THz range, semiconductor materials need to be pumped at a 

sufficiently long infrared wavelength to suppress two- and three-photon absorption [106,107].  

2.3. THz pulse characterization 

2.3.1. Power/Energy measurement 

Thermal detectors are usually used for detecting THz radiation. The fundamental element of 

thermal sensors is a radiation THz absorber attached to a heat sink. Radiation energy absorbed 

by thermal absorber is converted into heat and a thermometer part measures the temperature 

changes induced by THz. The absorbed THz radiation energy is determined by calibrating the 

output measurement. 

Pyroelectric crystals are spontaneously polarized crystals, and each unit cell has a 

permanent electric dipole moment, aligned with a specific crystal axis [20]. The level of this 

spontaneous electric polarization depends on the temperature. The spontaneous polarization is 

accompanied by surface charge, neutralized by free carriers forming a steady state. 
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Figure 2-8. Schematic diagram of a typical pyroelectric detector [20]. 

 Figure 2-8 shows the basic scheme of a pyroelectric detector. The pyroelectric crystal 

cut perpendicular to its polar axis is sandwiched between two electrodes. One side is usually 

treated to absorb incident radiation. The radiation generated heat raises the temperature of the 

pyroelectric crystal and induces a reduction of the spontaneous polarization and the surface 

charge [20]. The attached electrodes on the two opposite crystal surfaces form a capacitor. If 

the circuit is closed, a current flows through it to compensate for the change in the surface 

charge. Large load resistance is applied to achieve high responsivity and the signal is improved 

further by an operational amplifier. These detectors are used with light pulses because no 

pyroelectric current is generated in a steady-state. 

2.3.2. Electro-optic sampling 

In the ultrafast electronics and optoelectronics communities, especially in the subfield of 

applied terahertz beams, the detection of freely propagating picosecond microwave and 

millimeter-wave signals is primarily being carried out via photoconductive antennas and far-

infrared interferometric techniques [110,111]. The detection of electro-optic sampling for the 

characterization of ultrafast electrical transients had been reported by Valdamis [112]. 

Electro-optic detection of THz radiation is based on the measurement of the phase 

modulation induced on the light pulse by the THz pulse as both pulses propagate through the 

electro-optic crystal. Free-space electro-optic sampling measures the actual electric field of 

THz pulses in the time domain, determining not only the amplitude but also the phase. The 

mechanism of electro-optic sampling is based on the Pockels effect, whereby through proper 

velocity matching the measured waveform can be cross-correlation of the incident terahertz 

and optical pulses [113]. Fundamentally, the electro-optic effect is a nonlinear coupling 

between an electric field (THz pulse) and a laser beam (optical pulse) in the sensor crystal. 
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The Pockels effect is closely related to optical rectification, which is apparent in the 

similarity of second-order polarization. 

𝑃𝑖
(2)

= 2 ∑ 𝜖0𝜒𝑖𝑗𝑘
(2)(𝜔, 𝜔, 0)

𝑗,𝑘

𝐸𝑗(𝜔)𝐸𝑘(0) 

  = ∑ 𝜖0𝜒𝑖𝑗
(2)(𝜔)

𝑗

𝐸𝑗(𝜔) 

(14) 

where 𝜒𝑖𝑗
(2)(𝜔) = 2 ∑ 𝜒𝑖𝑗𝑘

(2)(𝜔, 𝜔, 0)𝑘 𝐸𝑘(0) is the field-induced susceptibility tensor. The 

Pockels effect has the same nonlinear optical coefficients as optical rectification. Eq.(14) 

indicates that a static electric field induces birefringence in a nonlinear optical medium 

proportional to the applied field amplitude. Then the applied field strength can be determined 

by measuring the field-induced birefringence. 

 

Figure 2-9. Schematic diagram of a typical setup for electro-optic sampling [20]. 

The coherent detection of free-space THz pulses can also be realized with a high signal-

to-noise ratio in the electro-optic nonlinear crystal once the phase-matching condition is 

satisfied. Figure 2-9 illustrates a typical setup of free-space electro-optic sampling to measure 

field-induced birefringence. Ideally, the optical group velocity matches the THz phase velocity 

in the electro-optic crystal. The optical pulse will detect a constant electric field of the THz 

pulse while propagating. In the lower part of Figure 2-9, the evolution of the probe polarization 

is shown in series for the steps of the polarization manipulation with or without a THz field. 

While the linearly polarized optical pulse and the THz pulse propagate through the electro-
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optic crystal, modulating the birefringence of the sensor crystal via an applied. The polarized 

electric field will modulate the polarization ellipticity of the optical probe beam passing 

through the crystal. The ellipticity modulation of the optical beam can then be polarization 

analyzed to provide information on both the amplitude and phase of the applied electric field 

[113]. When pulsed electromagnetic radiation (THz beam) illuminates the electro-optic crystal, 

the index of refraction is modulated via the Pockels effect. A femtosecond optical pulse probes 

the field-induced change in the index of refraction by passing the optical beam through the 

crystal. A Wollaston prism splits the probe beam into two orthogonal components, which are 

sent to a balanced photo-detector. The detector measures the intensity difference 𝐼𝑠 = 𝐼𝑦 −

𝐼𝑥 between the two orthogonal components of the probe pulse, which is proportional to the 

applied THz field amplitude [20]. By varing the delay between the THz beam and the optical 

probe beam, one obtains the complete time-dependent electric field. 

For electro-optic sampling, zinc-blende crystals such as ZnTe and GaP are often used. 

The useful characteristics of ZnTe crystal for THz generation (like high transparency at optical 

and THz frequencies, large electro-optic coefficient) are also desirable for efficient electo-

optics sampling. ZnTe is also suitable because its refreactive index in the far-infrared is 

comparable to the near-infrared refractive index, resulting in relatively efficient THz detection 

[114].   

The differential phase retardation ∆𝜙 experienced by the probe due to the Pockels effect 

over a propagation distance 𝐿 is given as [37] 

Δ𝜙 = (𝑛𝑦 − 𝑛𝑥)
𝜔𝐿

𝑐
=

𝜔𝐿

𝑐
𝑛𝑜

3𝑟41𝐸𝑇𝐻𝑧 
(15) 

where 𝑛𝑜 is the refractive index at the optical frequency and 𝑟41 is the electro-optic coefficient. 

The intensity of the two optical probe beams at the balanced photodetector are  

𝐼𝑥 =
𝐼𝑜

2
(1 − sin Δ𝜙) ≈

𝐼𝑜

2
(1 − ∆𝜙) 

 

𝐼𝑦 =
𝐼𝑜

2
(1 + sin Δ𝜙) ≈

𝐼𝑜

2
(1 + ∆𝜙) 

(16) 

where 𝐼𝑜 is the incident optical probe intensity, and we asume ∆𝜙 ≪ 1 for the approximation. 

Thus, the signal of the balanced photo-detector measures the THz field amplitude 

𝐼𝑜 = 𝐼𝑦 − 𝐼𝑥 = 𝐼𝑜∆𝜙 =
𝐼𝑜𝜔𝐿

𝑐
𝑛𝑜

3𝑟41𝐸𝑇𝐻𝑧 ∝ 𝐸𝑇𝐻𝑧 
(17) 
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In the experiment, the temporal or spectral resolution of electro-optic sampling is limited by 

three factors: (i) finite pulse duration of optical probe, (ii) dispersion of nonlinear susceptibility, 

and (iii) mismatch between optical group and THz phase velocity [20].  

For the ZnTe, the efficiency of THz detection strongly depends on the orientation of the 

THz polarization with respect to the crystal [001] axis and on the angle between the optical 

probe polarization and the THz polarization. The optimum angles between the THz and the 

optical probe beam polarization are 00 and 900 [114]. Among the various electro-optic 

materials, ZnTe shows the highest field sensitivity near 2 THz [115]. However, because the 

first transverse optical phonon resonance of ZnTe lies at 5.3 THz, the dispersion and absorption 

associated with this resonance limit the high-frequency response of the ZnTe sensor to 5 THz. 

GaP is an indirect zincblende semiconductor having its first transverse optical phonon 

resonance near 11 THz. It was reported that GaP could be used as an electro-optic sensor to 

detect up to 7 THz [116].  

2.4. Multiphoton Absorption 

2.4.1. Measurement of nonlinear absorption  

Numerous techniques are known for the measurement of the nonlinearity of optical materials. 

Nonlinear interferometry, degenerate four-wave mixing, nearly degenerate three-wave mixing, 

ellipse rotation, and beam-distortion measurement are the techniques frequently reported. 

Interferometry and wave mixing are potentially sensitive techniques but require a sophisticated 

experimental instrument, while beam-distortion measurements require precise beam scans 

[117]. The Z-scan measurement is one of the most frequent techniques used for measuring the 

strength of the Kerr nonlinearity (i.e., the magnitude of the nonlinear index 𝑛2) and the 

nonlinear absorption of an optical material.  

Based on the principles of spatial beam distortions, Sheik-Bahae et al. proposed a single 

beam experimental technique, known as Z-scan [117] in 1989, for characterization of nonlinear 

optical materials. The name Z-scan stems from the fact that in this technique, the sample is 

scanned along the direction of propagation of the incident laser beam, which is conventionally 

taken as the Z-axis. A lens focuses the incident Gaussian laser beam and the sample is scanned 

along the waist of the beam using a motorized translation stage (Figure 2-10). The 

transmittance of the nonlinear medium is measured as a function of the sample position (Z) 

through a finite aperture placed in the far-field. As the sample is translated along the focused 

Gaussian beam, it experiences different incident field strength at different Z-positions. The 

https://www.rp-photonics.com/kerr_effect.html
https://www.rp-photonics.com/nonlinear_index.html
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accuracy of determination of the nonlinear coefficients 𝛾 (nonlinear refraction) or  (nonlinear 

absorption) depends on competing nonlinearities, a model of the nonlinearity of material and 

how precisely the laser source is characterized in terms of its temporal and spatial profiles, 

power or energy content and stability [118]. 

 

Figure 2-10. Z-scan setup scheme [117]. D1 and D2 are detectors, and BS is beam splitter. 

The nonlinear refraction in the sample arising from the nonlinearity manifests itself as 

intensity-dependent convergence or divergence of the transmitted beam (self-

focusing/defocusing). Therefore, the light passing through an aperture placed in a far-field will 

vary with the sample position. Consequently, the aperture transmittance is a function of the 

sample position Z. The sign of the nonlinear refraction is readily obtained from a Z-scan signal. 

An increase in transmittance in the pre-focal region followed by a decrease in the post-focal 

region (peak-valley) in the Z-scan signal denotes negative nonlinear refraction, whereas a 

valley-peak configuration denotes a positive nonlinearity [119]. 

 

Figure 2-11. A typical Z-scan for positive (blue solid line) and negative (red dashed line) 

nonlinear refraction [120]. 

In a thin nonlinear sample with cubic nonlinearity, the sample at position 𝑧 has a linear 

refractive index 𝑛𝑜 and a more general refractive index 𝑛, which depends on the irradiance 

𝐼(𝑥, 𝑦, 𝑧). For a Kerr nonlinearity [119], 
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𝑛 = 𝑛𝑜 + 𝛾𝐼 = 𝑛𝑜 +
1

2
𝑛2|𝐸|2, 

(18) 

where  𝑛2 is the linear index of refraction,  𝐸 is the electric field amplitude within the sample 

(cgs), and 𝐼 is the irradiance (MKS). The coefficient 𝛾 and 𝑛2 are related through the conversion 

formula [119]   

𝑛2(𝑒𝑠𝑢) =
𝑐𝑛𝑜

40𝜋
𝛾(𝑚2𝑊−1), 

(19) 

where 𝑐 (𝑚𝑠−1) is the speed of light in a vacuum. In a thin nonlinear sample, there is 

insufficient path length for the beam to change its size or shape as it propagates through the 

medium. The effect of the nonlinearity is a phase change ∆𝜙𝑜 at the nonlinear medium.  

∆𝜙(𝑟, 𝑧) = 𝑘𝛾𝐼(𝑟, 𝑧)𝐿𝑒𝑓𝑓, (20) 

where 𝑘 = 2𝜋/𝜆, 𝜆 is wavelength, and 𝐿𝑒𝑓𝑓 is the effective sample length. 𝐿𝑒𝑓𝑓 =

(1 − 𝑒−𝛼𝑜𝐿)/𝛼𝑜 , where 𝐿 is the true sample length and 𝛼𝑜 is the linear absorption coefficient. 

Here, the irradiance of a Gaussian beam, with waist size 𝑤0 and waist at 𝑧 = 0 is  

𝐼(𝑟, 𝑧) =
𝐼0𝑒−2𝑟2/𝑤(𝑧)2

1 + 𝑧2/𝑧𝑅
2

, 
(21) 

 

where 

𝑤(𝑧)2 = 𝑤0
2(1 +

𝑧2

𝑧𝑅
2

), 
(22) 

and the Rayleigh length is 𝑧𝑅 = 𝜋𝑤0
2/𝜆 . The nonlinear phase shift is 

∆𝜙0 ≡ 𝑘𝛾𝐼(0, 𝑧)𝐿𝑒𝑓𝑓 =
∆Φ0

1 + 𝑧2/𝑧𝑅
2

 , 
(23) 

where ∆Φ0 ≡ 𝑘𝛾𝐼0𝐿𝑒𝑓𝑓, 𝐼0 is the axial irradiance at the waist. 

The nonlinearity can be evaluated from the difference between the maximum (peak) and 

minimum (valley) values of the normalized transmittance, ∆𝑇 = 𝑇𝑝 − 𝑇𝑣. The normalized 

transmittance measured using an infinitesimal aperture at the observation plane is given to first 

order in irradiance by [121] 

Τ = 1 −
4∆𝜙0𝜐

9 + 𝜐2
 

(24) 



22 
 

where 𝜐 is the linear phase 𝜐 = −
1

𝑍𝑅
(𝑧 +

𝑍𝑅
2+𝑍2

𝑍1−𝑍
), if 𝑧1 is much larger than 𝑧 and 𝑧𝑅, then  𝜐 ≈

−𝑧/𝑧𝑅. For thin optical Kerr medium with nonlinear refractive index coefficient 𝛾, ∆𝑇 is 

proportional to the nonlinear phase shift ∆Φ𝑜 on the axis with the sample at the waist [119], 

and hence to 𝛾: 

ΔΤ = 0.406|ΔΦ𝑜| (25) 

Eq. (25) is correct in the  first order of 𝐼0 (the weak interaction regime), for a Gaussian profile 

laser beam and an infinitesimal aperture of pinhole at the far-field [122]. 

Removal of the aperture, i.e., collecting all the light on the detector, which is referred to 

as an open aperture Z-scan, will result in a flat response for a purely refractive nonlinearity. It 

is because the sensitivity to nonlinear refraction is entirely due to the aperture, and its removal 

eliminates the effect. Nonlinear absorption effect such as 2PA can be incorporated using an 

irradiance-dependent absorption coefficient 𝛼, 

𝛼 = 𝛼0 + 𝛽𝐼 = 𝛼0 + 𝛼2|𝐸|2, (26) 

where 𝛼0 is linear absorption. The nonlinear absorption coefficient 𝛽 and 𝛼2  are related by  

𝛼2(𝑒𝑠𝑢) =
𝑛𝑜𝑐

8000𝜋
𝛽(𝑚𝑊−1), 

(27) 

The effect of the nonlinear absorption is to reduce the irradiance at the exit face of the sample 

to an amount 𝐼𝑒(𝑟, 𝑧).  

𝐼𝑒(𝑟, 𝑧) =
𝐼(𝑟, 𝑧)𝑒−𝛼0𝐿

1 + 𝛽𝐼(𝑟, 𝑧)𝐿𝑒𝑓𝑓
, 

(28) 

The nonlinear phase shift associated with 𝛾 is reduced by the nonlinear absorption of the beam, 

∆𝜙0(𝑡, 𝑧) ≡
𝑘𝛾

𝛽
ln (1 + 𝛽𝐼(𝑟, 𝑧)𝐿𝑒𝑓𝑓). 

(29) 

The nonlinear transmittance can be determined for simultaneous nonlinear refraction and 

nonlinear absorption, monitored using an infinitesimal aperture. In the open aperture scheme, 

the transmittance corrected to all orders of irradiance is [119]  

Τ =
1

𝑞𝑜
ln(1 + 𝑞𝑜), 

(30) 

where 𝑞0 is the on-axis absorption parameter 𝑞0 ≡ 𝛽𝐼(0, 𝑧)𝐿𝑒𝑓𝑓 =
𝑄0

1+𝑧2/𝑧𝑅
2 and 𝑄0 ≡ 𝛽𝐼0𝐿𝑒𝑓𝑓. 

The coefficient of nonlinear absorption 𝛽 can be evaluated using  
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ΔΤ = |1 −
1

𝑄𝑜
ln(1 + 𝑄𝑜)|, 

(31) 

However, if nonlinear absorption is also present, then it will be reflected as a transmission 

variation in the open aperture scan. Multiphoton absorption suppresses the peak and enhances 

the valley (Figure 2-12), while saturation of absorption produces the opposite effect in the 

closed-aperture Z-scan.  

 

Figure 2-12. Open aperture (red dot line) and closed aperture (solid black line) Z-scan [123] 

There are several factors which may lead to poor Z-scan profiles and unrealiable data: (i) a 

weak input beam spatial profile, (ii) poor understanding of the temporal characteristics of the 

laser, (iii) fluctuating laser power, (iv) sample thickness (v) inappropriate size or distance, or 

poor alignment of the aperture for measuring on-axis transmittance, (vii) wedge and lens effects 

and other defects in the sample, and (viii) laser power exceeding the range of the low power 

regime [122].  

2.4.2. Measurement of multiphoton absorption in semiconductors 

Semiconductor materials have been playing important roles in many photonics-based 

technologies for decades. Novel high-power ultrashort-pulse laser and parametric sources, 

operating at infrared wavelengths, have recently enabled new application areas in nonlinear 

optics [124,125]. For example, extremely efficient terahertz pulse generation has been 

demonstrated by optical rectification of infrared pump pulses in semiconductors [60,105-

108,126]. THz-pulse-driven high-harmonic generation recently demonstrated in GaSe 

semiconductor [127], may enable to explore and exploit electron wavefunctions and the band 

structure by all-optical methods and even lead to the construction of intense CEP-stable solid-

state attosecond sources. To design and optimize setups and devices utilizing intense optical 
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driving of semiconductors, the knowledge of their nonlinear optical parameters, such as the 

nonlinear refractive index or multiphoton absorption coefficients, is very important. 

Theoretical scaling laws for multiphoton absorption coefficients were given for direct-

bandgap semiconductors based on a two-band model [128]. An early summary of theoretical 

models and experimental values of two- (2PA) and three-photon absorption (3PA) coefficients 

for a few selected materials can be found in Ref. [129]. 2PA and 3PA of semiconductors were 

extensively studied experimentally in the past. The anisotropy of 2PA in GaAs [130,131] and 

CdTe [130] was studied with nanosecond and 30-ps pulses and found to reflect the anisotropy 

of the band structure because of large 2PA-generated free carrier absorption. The most 

commonly used method to measure 2PA and 3PA coefficients is the Z-scan technique [119].  

Z-scan calculates multiphoton absorption coefficients following the assumption that only 

one type of multiphoton absorption dominates for a given wavelength. Then, the optical 

intensity, 𝐼(𝑧, 𝑟, 𝑡) can be described by  

𝑑𝐼(𝑧, 𝑟, 𝑡)

𝑑𝑧
= −𝛼𝑁𝐼(𝑧, 𝑟, 𝑡)𝑁 , 

(32) 

where  𝑧 is propagation distance, 𝑟 transverse coordinate, t time, and αN an N-photon absorption 

coefficient [132]. By integrating Eq. (32) over 𝑧, 𝑟, and t, the transmitted pulse energy as a 

function of the peak incoming intensity 𝐼𝑖𝑛 can be found, and thus normalized transmission 

𝑇/𝑇0, where 𝑇0 is the transmission in the low-intensity limit. When (𝑇 − 𝑇0)/𝑇0 ≪ 1, it is 

straightforward to show by simple integration of Eq. (32) that, in the case of Gaussian laser 

pulses (in space and time), 

𝑇0

𝑇
= 1 +

1

𝑁3/2
𝛼𝑁𝐼𝑖𝑛

𝑁−1𝑙, 
(33) 

where 𝑙 is the sample thickness. Hence, near the origin, (𝑇/𝑇0) versus 𝐼𝑖𝑛 is a linear function 

(2PA), parabola (3PA), cubic parabola (4PA), etc [132]. The multiphoton absorption process 

of different orders can be distinguished by changing the laser wavelength. Multiphoton 

absorption coefficients were deduced by best fitting the numerical solution of Eq. (32) to the 

experimental data for open-aperture Z-scan in the whole range of transmission change, not only 

(𝑇 − 𝑇0)/𝑇0 ≪ 1.  

Z-scan was applied to measure the tensor properties (anisotropy) [133], by using the three 

nonlinear eigenpolarizations [134], and the dispersion of third-order nonlinearities (2PA) 

[133,135] in various semiconductors. The dispersion and the anisotropy of 2PA and 3PA in 
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GaAs were measured in the 1.3–2.5 µm wavelength range by 100-fs pulses [132]. 3PA spectra 

were calculated using a four-band model and compared to measurements in direct-band-gap 

semiconductors [136,137]. A maximum in the 3PA coefficient was found both in theory and 

experiment near the 3PA cut-off wavelength. 

In contrast, little is known about the four-photon absorption (4PA) and nonlinearities of 

even higher-order in semiconductors and other important optical materials. Recently, multi-

photon absorption in GeSbS chalcogenide glass up to the 11th order was reported for 

wavelengths between 1.1 μm and 5.5 μm [138], and values on the order of 10−4 cm5/GW3 was 

found for the 4PA coefficient.  This knowledge can be crucial for applications driven by 

infrared pulses. For example, in the newly developed very perspective semiconductor THz 

generators, 4PA can be a significant design issue [108,139]. The efficiency of THz generation 

in ZnTe could be increased by two orders of magnitude, from 3.1×10‒5 [79] to as high as 0.7% 

[106,107]. The reason for this enormous increase was the elimination of both 2PA and 3PA by 

a sufficiently long pump wavelength [40,60,105-107,126,140], thereby eliminating the 

associated free-carrier absorption in the THz range. However, 4PA can still be a limiting factor 

for THz generation in this case. A first attempt to estimate the 4PA coefficient in ZnTe was 

made based on THz generation results [108], but this approach is very indirect and therefore 

subject to uncertainties. GaP is another semiconductor nonlinear material of high interest for 

efficient THz generation [108,139], but no experimental data on its 4PA coefficient are 

available. Thus, there is a clearly perceived lack of knowledge on important material data. 
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3. SCIENTIFIC GOAL 

The utilization of THz radiation currently has been significantly increased, supported by the 

development of laser and THz science and technology. The increased energy, specific 

properties, and characters from the available THz sources have been given an opportunity for 

implementation THz on widespread applications. On the other hand, to support all of it, 

developing of new THz sources is continuously needed. This research aimed to design and 

experimentally test novel THz sources.  

LN THz sources based on the tilted-pulse-front technique are today the most widely used 

sources of intense THz pulses. Whereas they could be greatly improved by optimizing imaging 

conditions, pump pulse duration, and cryogenic cooling of the crystal, a major limitation 

remained unsolved: The strongly nonuniform interaction length in the prism-shaped nonlinear 

crystal leads to strongly varying THz waveform across the beam and, consequently, to reduced 

field strength in focus. Thus, the scaling to extremely high pulse energy and the field strength 

is not possible in conventional setups. Recently, concepts based on plane-parallel or slightly 

wedged LN slabs have been proposed to reduce or eliminate this limitation [69,141,142]. 

 One goal in this work was the first demonstration and characterization of THz pulse 

generation from such a new plane-parallel LN slab crystal with an echelon structure on 

the input surface. 

Triggered by the fact that major limitations in LN THz sources using the tilted-pulse-

front technique are caused or enhanced by the very large pulse-front tilt angle, efforts were 

made in recent years to adapt this technology to other materials requiring no or smaller pulse-

front tilt [60]. Semiconductor materials were considered as promising candidates. Here, the 

major limitation was the strong two- and three-photon absorption at conventional pump 

wavelengths of 800 nm or around 1030 nm, and the associated free-carrier absorption at THz 

frequencies. The application of infrared pump wavelengths, sufficiently long to enable only 

four-photon and higher-order multiphoton absorption to be effective, in combination with the 

tilted-pulse-front technique enabled to circumvent this limitation and lead to the demonstration 

of highly efficient single-cycle semiconductor THz sources [89,90]. 

 Another goal in this work was to extend the application potential of such intense and 

efficient semiconductor THz sources by considering their prospects for multicycle THz 

pulse generation. The aim was to investigate multicycle THz pulse generation by optical 
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rectification in the semiconductor nonlinear material GaP by numerical simulations to 

estimate the expected performance and to give guidelines for design optimization. 

The design and optimization of infrared-pumped (single- and multicycle) semiconductor 

THz sources requires the knowledge of the four-photon absorption coefficient. The reason is 

that four-photon absorption can become a major limiting factor for the useful pump intensity 

in the absence of lower-order multiphoton absorption. However, according to our knowledge, 

no experimental data were available in the scientific literature about four-photon absorption 

coefficients in semiconductor materials important for THz generation. 

 The third goal in this work was to measure four-photon absorption coefficients in GaP 

and ZnTe semiconductors. 
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4. RESULTS 

4.1. THz generation based on echelon LN plane-parallel slab 

4.1.1. Experiment  

The investigated hybrid-type setup is a combination of the conventional scheme, containing a 

diffraction grating and imaging optics, and a nonlinear material with an echelon profile on its 

entrance surface (nonlinear echelon slab (NLES) Figure 4-1). Pump pulses of 200 fs pulse 

duration and 1030 nm central wavelength were delivered by a cryogenically cooled Yb:CaF2 

regenerative amplifier operating at 1 kHz repetition rate. Up to about 2.5 mJ pump pulse energy 

was used in the experiment. For phase matching in LN, a pulse front tilt about 630 requires at 

the pump wavelength of 1030 nm at room temperature. When the pump beam passes through 

the entrance of NLES, its pulse-front will be segmented. The envelope of the NLES entrance 

has to be parallel to the envelope of the segmented pump-pulse-front inside NLES, therefore 

𝛾𝑎𝑖𝑟 = atan (
ℎ

𝑤
), where ℎ is the height and 𝑤 is the width of one echelon step. The front-tilt 

angle in air (𝛾𝑎𝑖𝑟) about 630 is smaller than the conventional setup, where an angle of 77° is 

needed [59,143]. The smaller tilt angle is advantageous for reducing imaging errors of the 

grating-lens system [60].  

 

Figure 4-1. Scheme of the experimental setup. The pump pulse fronts are indicated at 

different positions in the setup. Angular dispersion of the pump is not shown. Inside the 

NLES, the pump pulse front is segmented. 

The condition for the average tilt to remain unchanged while passing through the 

air/NLES interface is that 𝛾𝑎𝑖𝑟 = 𝛾𝐿𝑁 should hold [69]. The pulse-front-tilt in the air before 

entrance NLES equals the average pulse-front-tilt inside the NLES does mean that the echelon-

type entrance does not influence the pulse-front-tilt. The tangent of the tilt angle would be 

reduced by the ratio of the group refractive indexes when the pump passes through the 

air/NLES interface. When the pump beam with the pulse-front tilt angle of 𝛾air = 63° in air 

enters the NLES, the tilt angle reduces to 𝛾LN = 42° (Figure 4-1), according to tan(𝛾LN) =
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tan(𝛾air) 𝑛gr⁄ . Here, 𝑛gr = 2.215 is the group index of LN at the 1030 nm pump wavelength. 

This conditions leads to the formation of a segmented pulse front [69]. 

A transmission grating with 1600 mm–1 line density (LightSmyth Technologies, T-1600-

1030S) was used at an incidence angle of 55.5°, close to the Littrow angle. To ensure the 

necessary pulse-front tilt at the crystal, the imaging lens (a near-infrared achromat with 25 cm 

focal length) had to provide a magnification of about 1.4 times. The more optimal design would 

involve demagnification, rather than magnification, as then the pump intensity would be higher 

at the crystal than at the grating. However, we had no appropriate grating to build such a setup. 

Grating damage was indeed limiting the useful pump intensity in our case. The pump spot size 

at the NLES, perpendicularly to the pump propagation direction, was 5.5 mm × 5.1 mm 

(horizontal × vertical, at 1 𝑒2⁄  of the peak intensity). 

A prototype LN NLES device was manufactured by diamond milling (Kugler GmbH., 

Salem, Germany). The dimensions of the slab were 5 mm × 8 mm along and perpendicularly 

to the steps, respectively. The slab thickness was 𝐿 = 3 mm. The width of the echelon steps, 

through which the pump beam entered the slab, was w = 50 μm (Figure 4-1). The height of the 

steps along the pump propagation direction was h = 92 μm. Such a step geometry is consistent 

with a pulse-front tilt angle of about 62°, required for velocity matching at cryogenic 

temperature (100 K), rather than at room temperature. For the sake of simplicity, in this proof-

of-principle experiment, the NLES was used at room temperature.  

The optic axis (Z-axis) of the LN slab was parallel to the (vertical) echelon lines. The 

slab was Y-cut. The polarization of the pump beam was perpendicular to the plane of Figure 

4-1. The generated THz beam had the same polarization direction. The THz pulse energy has 

been measured by a calibrated pyroelectric detector (THZ 20, Sensor-und Lasertechnik). THz 

waveforms have been measured by electro-optic sampling in a [110]-cut 1-mm thick GaP using 

conventional ellipsometric balanced detection. A small fraction of the 200-fs pump pulses were 

used for the sampling. 

Perspectival-view optical microscope images of the echelon structure are shown in 

Figure 4-2. The surface flatness along the entrance step faces of width 𝑤 were estimated from 

interferometric measurements to be about 𝜆 10⁄  peak-to-peak at the pump wave length used 

here, and the rms roughness was 25 nm. It could also be deduced from microscope inspection 

that the step edges of the echelon profile were rounded (Figure 4-2 (b)). This resulted in an 

estimated reduction of the effective area by about 20% to 30%. 
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Figure 4-2. (a) Perspective view of the prototype echelon slab structure taken at 20× 

magnification. (b) Reconstructed surface topology model of a single step of the echelon 

structure (700× magnification). The images were recorded by a Hirox RH-2000 digital 

microscope by Emilien Leonhardt from Hirox Europe. 

4.1.2. Results  

Figure 4-3 shows the measured THz pulse energy (left axis) and the pump-to-THz energy 

conversion efficiency (right axis) as functions of the pump pulse energy (bottom axis) and the 

pump intensity (top axis). THz pulses with up to 1.0 µJ energy have been generated with 1.9 mJ 

of pump reaching the input side of the NLES. The efficiency was 5.1×10–4. A nearly quadratic 

increase of the THz energy and a corresponding linear increase of the efficiency can be 

observed up to about 1.0 mJ pump energy (25 GW/cm2 intensity). At higher pump energy 

(intensity), the saturation of the efficiency is observed. The useful pump energy (intensity), and 

consequently the THz energy, has been limited by the damage of the pulse-front-tilting grating, 

as mentioned above.  

 

Figure 4-3 Measured THz pulse energy and THz generation efficiency as functions of the 

pump energy and intensity. 
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For comparison, the obtained THz generation efficiency was by a factor of three smaller 

for the NLES setup than for a conventional tilted-pulse-front pumped setup consisting of a 

reflection grating and an achromat lens, used for producing 77° tilt angle of the pump intensity 

front before the prism-shaped LN crystal with a wedge angle of 63°. According to a simple 

estimation, however, from this factor of three, the small size of the NLES is responsible for a 

factor of nearly two. For a small value of 𝑥 = 𝐷 𝑏⁄  (Figure 4-4), the effective generation length 

will be shorter than the crystal thickness on a large part of the crystal, indicated by the light 

grey area inside the NLES in Figure 4-1. This causes a relative decrease in the THz generation 

efficiency by a factor 𝜂rel = 𝑥2 (3 sin2 𝛾)⁄  for 𝑥 < sin 𝛾 and 𝜂rel = 1 − 2 sin 𝛾 (3𝑥)⁄  for 𝑥 ≥

sin 𝛾 (Figure 4-4). In this proof-of-principle experiment, from the 8 mm full width of the NLES 

crystal only along a 2.4 mm broad part was the THz generation length equal to the 3 mm crystal 

thickness (𝑥 ≈ 1.2), leading to a relative efficiency of 𝜂rel = 52% (indicated by the symbol in 

Figure 4-4) in comparison to the ideal case of 𝑥 ≫ 1. This problem can be eliminated by using 

crystals and pump beams with much larger transversal sizes than the thickness of the NLES. 

In addition, the rounded part of the echelon steps at the edges (Figure 4-2 (b)) could also have 

caused some efficiency decrease of the NLES setup, as compared to the ideal case. 

 

Figure 4-4 Relative THz generation efficiency owing to a reduced interaction length in the 

light grey area in Figure 4-1 as a function of the relative pump beam size. 

By using a larger NLES of better quality, the efficiency can be expectedly improved in 

several ways. (i) Cryogenic cooling of the NLES reduces the absorption in the THz range and 

can result in a 2.5× to 3.0× increase of the efficiency [144,145]. (ii) As mentioned above, using 

a significantly larger NLES can result in a 2× increase of the efficiency. (iii) A larger crystal 

length 𝐿 (5 mm instead of 3 mm) and a sufficiently large aperture can lead to still further 

enhancement of the efficiency by a factor of 1.3×. (iv) Because of the smaller diffraction of the 

segmented pump beam for a shorter wavelength of 800 nm, using a Ti:sapphire laser instead 
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of a Yb-based one can result in a further 40% increase of the efficiency. Taken together, 

improvements (i) to (iv) can increase the efficiency by about one order of magnitude, reaching  

= 0.5 %. 

Examples of THz waveforms measured at different pump energies are shown in Figure 

4-5. These measurements have been carried out with a slightly modified setup, where a 250-cm 

focal length cylindrical lens has been used for imaging, in combination with a 2-m focal length 

cylindrical lens. This was used for the reduction of the vertical beam size at the NLES for 

enabling higher pump intensity without the risk of grating damage. The measured waveforms 

are nearly single-cycle in reasonably good accordance with the result of numerical simulation, 

also shown in Figure 4-5. The absence of significant ringing on the trailing part can be an 

essential advantage when these pulses are used in particle acceleration setups [146]. The 

intensity spectra calculated from the measured and simulated waveforms can be seen in the 

inset of Figure 4-5. The simulated spectrum reaches its maximum at 0.38 THz. The spectral 

peaks of the measured THz pulses are at somewhat lower frequencies. The 0.3 – 0.4 THz mean 

frequency is suitable for particle acceleration applications. 

 

Figure 4-5 Measured (at two different pump pulse energies) and simulated THz pulse 

waveforms and their intensity spectra (inset). 

Increasing the pump energy from 2 mJ to 5 mJ results in the appearance of a clear 

shoulder on the trailing part of the waveform and a shift of the spectral intensity maximum 

from 0.35 THz to 0.30 THz. Besides these changes, the saturation of efficiency can be 

observed. These observations are clear indications of nonlinear effects. Previously, nonlinear 

effects such as self-phase-modulation, cascading effect, combination of group-velocity-

dispersion and angular dispersion, and stimulated Raman scattering were simulated in 
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conventional tilted-pulse-front pumped setups [63,147]. Another possible nonlinear effect is 

shifted current generation by the THz pulse, which was investigated in LN crystal, but not in 

the LN THz source [148].  Since the numerical model used in this work does not take into 

account these nonlinear effects, it can not explain the observed efficiency saturation and 

waveform and spectral distortions. However, the investigation of the nonlinear effects is less 

complicated for a plane-parallel crystal than for a prism-shaped LN crystal of 63° wedge angle 

and beyond of this work [149]. 

 

Figure 4-6 Calculated THz pulse waveforms at different positions across the THz beam for 

LN prism (a), and a plane-parallel LN slab (b). 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 [149]. 

Figure 4-6 illustrates the importance of a uniform interaction length across the pump and 

THz beams. The numerical simulation was done by co-authors in reference [149] for showing 

the characteristic of the LN slab. The output THz waveform strongly varies across the beam in 

a conventional prism-shaped LN crystal (Figure 4-6 (a)), the waveform can be nearly perfectly 

uniform in a plane-parallel LN slab with an echelon (Figure 4-6(b)). This feature is essential 

for a straightforward scalability to extremely high THz pulses energies by simply increasing 

the pump spot size and energy, as well as for producing the highest possible THz peak field 

strengths by the excellent focusability [149].  

4.1.3. Conclusions  

A net type of tilted-pulse-front pumped THz source has been demonstrated, which is based on 

a LiNbO3 plane-parallel slab with an echelon structure on its input surface. Single-cycle pulses 

of 1.0 µJ energy and 0.30 THz central frequency have been generated with 5.1×10-4 efficiency 

with such a source. Estimation of the different factors influencing the efficiency, it was found 
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that one order-of-magnitude increase in efficiency could be expected by pumping a 

cryogenically cooled echelon of increased size and thickness with a Ti:sapphire laser. 

4.2. Semiconductor multicycle THz pulse source 

4.2.1. Calculation  

The semiconductor nonlinear material selected for the simulations was GaP. Whereas other 

semiconductors are also suitable for multicycle THz pulse generation. GaP is preferred because 

of its relatively large direct (indirect) bandgap of 2.78 eV (2.27 eV). Its availability in larger 

sizes and better quality than, e.g. ZnTe, and its relatively small absorption and dispersion in 

the THz range. Furthermore, a small pulse-front tilt angle of about 20°-30° is needed for phase 

matching in optical rectification (Figure 4-7 (a)), resulting in only a minor variation of the 

duration of (sub-)ps-long pump pulses with propagation distance due to angular dispersion. A 

relatively large bandwidth is available for efficient THz generation, mainly limited by the drop 

of the nonlinear coefficient towards a minimum at about 8 THz [150]. These features make 

GaP an advantageous choice for (broadband-tunable) multicycle THz pulse generation. A 

possible implementation of the GaP multicycle THz source relies on the recently demonstrated 

contact-grating technology [106]. In such a scheme (Figure 4-7 (b)), the THz propagation 

distance is equal to the crystal length 𝐿 and the pump with a pulse-front tilt angle 𝛾 propagates 

a distance of 𝐿 cos(𝛾)⁄ . 

Further material parameters of GaP used in the calculations were a high-frequency 

dielectric constant of 𝜀∞ = 9.0, an electron effective mass of 𝑚eff = 0.25 × 𝑚e (𝑚e is the 

electron mass), and an electron scattering time of 𝜏sc = 180 fs. Optical refractive index data 

[151] and the dielectric function in the THz range [152] were taken from the literature. 

For the simulations, the one-dimensional wave equation with nonlinear polarization has 

been solved in the spectral domain (see Eq. (1)-(5) in [60]). The simulation model took into 

account the variation of the pump pulse duration with propagation distance due to material and 

angular dispersions, the frequency-dependent absorption, and the refractive index in the THz 

range due to phonon resonances and free-carrier absorption, latter caused by multiphoton 

absorption of the pump. In case of calculations involving phase-matching frequencies higher 

than 1 THz, the dispersion of the effective second-order nonlinear susceptibility, 𝜒(2), was also 

taken into account [150]. The dependence of the nonlinear susceptibility on the THz frequency 

for GaP is shown in Figure 4-7 (a). At low frequencies, a value of 𝜒(2) = 2 × 𝑑eff = 2 ×

24.8 pm/V was used [153]. 
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Figure 4-7. (a)  Pulse-front tilt angle for 1.75 µm and 2.06 µm pump wavelengths (left 

vertical axis) and second-order nonlinear optical susceptibility (right vertical axis) in GaP as 

functions of the phase-matching THz frequency. (b) The geometry of the GaP contact-grating 

source pumped by an intensity-modulated pulse 

Throughout the simulations, a central pump wavelength of 𝜆p = 2.06 μm was assumed. 

This is beyond the 1.33-μm cut-off wavelength for 3PA in GaP. Consequently, the lowest-order 

effective multiphoton absorption was 4PA. An estimation for the 4PA coefficient of ZnTe was 

taken from the reference, which is obtained by fitting simulation results to measured efficiency 

of THz generation pumped at 1.7 μm [108]. The 4PA coefficient for GaP will be investigated 

in more detail in the next chapter, but at the time of this simulation, it was not available yet. 

The ZnTe 4PA coefficient (𝛽4PA = 3 × 10−5 cm5/GW3) was used in the present work for GaP, 

which has similar bandgap to ZnTe. Higher-order multiphoton absorption effects were not 

taken into account, also in lack of available absorption coefficient data. 

The contribution of the generated free carriers to the dielectric function at the THz 

angular frequency Ω was described by an oscillator term of zero resonance frequency 

𝜀∞𝜔p
2 (Ω2 + 𝑖 Ω 𝜏sc⁄ )⁄  (see e.g. [154]). The free-carrier plasma frequency is given by 𝜔p

2 =

𝑒2𝑁fc (𝜀0𝜀∞𝑚eff)⁄ . The density of free carriers is given by 𝑁fc = (𝛽4PA𝐼p̅
3 4⁄ ) ∙

𝐼p̅√2 ln 2 𝜏p (ℎ𝜈p)⁄ , whereby only 4PA was considered. An average pump intensity was 

considered with 𝐼p̅ = 𝐸p (√2 ln 2 𝜏p𝑤p
2𝜋)⁄ . We note that transient effects in free-carrier 

absorption were not taken into account in this model. In the above formulae, −𝑒 is the electron 

charge, 𝜀0 is the electric permittivity of free space, 𝜏p is the pump pulse duration (full width at 

half maximum, of the intensity envelope, see also Figure 4-8 (a), ℎ is Planck’s constant, 𝜈p =
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𝑐 𝜆p⁄  is the pump central frequency, 𝐸p is the pump pulse energy, and 𝑤p is the pump beam 

radius (at 1 𝑒2⁄ -value of the peak intensity). 

Pump pulses with a constant intensity-modulation period were assumed, obtained by the 

superposition of two Gaussian pulses of equal amplitudes and pulse durations [155]. The small 

frequency offset between them was defining the desired THz frequency, where the appropriate 

pulse-front tilt angle set phase matching (Figure 4-7 (b)). For the sake of simplicity, unchirped 

pulses were considered. Throughout this work, THz pulse waveforms are referred to according 

to the number of electric field oscillation cycles within the full width at half maximum of their 

field envelope. A pulse comprising of at least two oscillation cycles is considered to be a 

multicycle pulse. 

4.2.2. Results 

According to Wynne and Carey [156], the THz waveform, in case of perfect phase matching, 

is given by the derivative of the pump pulse’s intensity profile. In the case of multicycle THz 

pulses, this condition is fulfilled to a good approximation owing to the small relative bandwidth 

of the THz pulses. This enables a precise shaping of the THz waveform, as illustrated in Figure 

4-8. The pulse length (see the intensity envelope in Figure 4-8 (a)) determines the bandwidth 

of each spectral band of the pump (Figure 4.7 (b)). In case of phase matching and negligible 

THz absorption, as a simple calculation of the nonlinear polarization for example with 

Gaussian pulses shows (see Eq. (3) in Ref. [60]), the THz bandwidth is √2 times larger than 

that of each pump band (Figure 4-8 (d)).  

Numerical calculations were carried out in order to give guidelines for the design of 

multicycle THz sources using GaP as the nonlinear material for optical rectification. The 

frequency and waveform are given and the main parameters to be optimized are the crystal 

length and the pump intensity. The calculated pump-to-THz energy conversion efficiency as a 

function of the pump intensity is shown in Figure 4-9 for 1 THz phase-matching frequency and 

different crystal lengths of 3 mm, 5 mm, and 8 mm. For each length, the generation of three-, 

five-, and ten-cycle THz pulses was considered. 
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Figure 4-8. Example of multicycle THz pulse generation by intensity-modulated pump 

pulses. (a) Intensity-modulated pump pulse of 5 ps duration. (b) Spectrum of the shaped 

pump pulse. (c) The waveform of the generated multicycle THz pulse (solid black line) and 

the derivative of the pump intensity (red dashed line). (d) Spectrum of the THz pulse. The 

crystal length was 5 mm, and the pump peak intensity was 7.5 GW/cm2. Phase matching was 

set at 1 THz. 

A saturation regime follows the initial increase in efficiency with increasing pump 

intensity. For example, in the case of 𝐿 = 5 mm crystal length, a maximum of the efficiency is 

reached at about 10 GW/cm2 pump intensity for a 3-cycle pulse. At still higher intensities, the 

efficiency rapidly decreases. The reason for this behavior is the onset of 4PA of the pump and 

the resulting free-carrier absorption in the THz range. Similar behavior is observed for larger 

numbers of cycles. The maximum efficiencies vary from 0.20% (three cycles) to 0.14% (ten 

cycles). The efficiency is decreasing with an increasing number of cycles because of the 

increasing pump pulse duration and energy (at a constant pump intensity), resulting in a larger 

number of generated free carriers. A significant more than 5x increase in the efficiency 

maximum from 0.08% to 0.45% is observed as the crystal length is increased from 3 mm to 

8 mm in case of three cycles. The increase is similar for five and ten cycles. Figure 4-10 shows 

the dependence of the THz peak electric field on the pump intensity for three-, five-, and ten-

cycle THz pulses, 1 THz phase-matching frequency, and 𝐿 = 5 mm crystal length. The 
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dependence is of similar character as that of the efficiency, with slightly shifted optimal 

intensities. 

 

Figure 4-9. Calculated pump-to-THz energy conversion efficiency as a function of the pump 

intensity for three-, five-, and ten-cycle pulses, phase-matching at 1 THz frequency, and 

different crystal lengths of L = 3 mm (a), L = 5 mm (b), and L = 8 mm (c). 
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Figure 4-10. Calculated THz peak electric field as a function of the pump intensity for three-, 

five-, and ten-cycle  

Figure 4-9 was indicating a favorable scaling of the THz generation efficiency with 

increasing crystal length. As good-quality GaP single crystals are available in relatively large 

sizes (of >2 cm lateral size). It is technically relevant to extend the investigations to more 

extensive crystal lengths, too. Figure 4-11 (a) shows the example of five-cycle pulse generation 

at 1 THz frequency. There is a difference as compared with Figure 4-9, where the efficiency 

maximum is around 10 GW/cm2 pump intensity in the inside crystal. At this intensity, the 

efficiency increases up to about 0.5% over a crystal length of about 15 mm. The efficiency 

remains nearly constant over longer distances. Interestingly, the rate of efficiency growth with 

increasing crystal length is larger and the efficiency growth continues over larger distances at 

lower pump intensities of 7.5 GW/cm2 and 5 GW/cm2. Thus, an optimal combination of a low 

pump intensity of 5 GW/cm2 and a large crystal length of 46 mm can enable a conversion 

efficiency as high as 7.7%. We note that such a large crystal block could also be realized by 

bonding a few thinner crystal blocks together, similarly to the sandwiched crystals often used 
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for electro-optic sampling. The reason for the favorable scaling of the efficiency with crystal 

length at low pump intensities is the significantly smaller free-carrier absorption. 

In accordance with the favorable length scaling of the efficiency, a nearly linear increase 

of the peak electric field over a large crystal length of 46 mm is observed at 1 THz phase-

matching frequency and a low pump intensity of 5 GW/cm2, indicating a negligible role of 

absorption and dispersion (Figure 4-11 (c)). In contrast, at a higher pump intensity of 

10 GW/cm2, the nearly linear increase of the peak field strength is maintained only over less 

than 10 mm in length.  

 

Figure 4-11. Conversion efficiency and peak electric field as functions of the crystal length in 

case of 5-cycle pulses at 1 THz (a, c), and 4 THz (b, d) phase-matching frequencies and 

various pump intensity levels. 

As discussed in the previous work of our work [108], one important advantage of GaP is 

the possibility to extend THz generation by optical rectification to higher frequencies [157]. 

The transverse optical phonon frequency in GaP is at 11 THz [150]. When approaching the 

resonance from the low-frequency side, the second-order nonlinear coefficient decreases (see 

Figure 4-7 (b)), which prohibits efficient THz generation beyond about 7 THz [150]. Therefore, 

GaP can be suitable as a source of multicycle THz pulses in the 0.1 - 7 THz frequency range. 

This bandwidth is significantly larger than the useful bandwidth of ZnTe [108]. 
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In order to explore the prospects of multicycle THz pulse generation at phase-matching 

frequencies higher than 1 THz. Carried out simulations, whereby the dispersion of the 

nonlinear susceptibility was taken into account. Figure 4-12 shows the calculated THz 

generation efficiency as a function of the pump intensity for different multicycle pulse 

frequencies of 2, 4, and 6 THz. The crystal length was 5 mm in all of these cases. The behavior 

at 2 THz is similar to that discussed above for 1 THz (Figure 4-9 (b)), except that now the peak 

efficiencies are about 6 times higher, reaching 1.1% (0.85%) for a three-cycle (ten-cycle) pulse 

for the higher optimal pump intensities of 10 - 15 GW/cm2. The increase in efficiency continues 

for still higher frequencies of 4 THz (Figure 4-12 (b)), reaching 2.6% (3.5%) for a three-cycle 

(ten-cycle), whereby a larger number of cycles can be generated more efficiently. At the same 

time, one can observe a shift in the optimum intensities towards still higher values (17.5 to 22.5 

GW/cm2). The increasing efficiency with increasing phase-matching frequency can be 

explained by the favorable scaling of the optical rectification efficiency with the square of the 

frequency and by the higher optimal pump intensity. The latter is enabled by a decreasing free-

carrier absorption coefficient. At an even higher frequency of 6 THz (Figure 4-12 (c)), the 

maximum achievable efficiencies reduced. The reason is the increased absorption of the 

material and the reduction of the nonlinear coefficient, both associated with the transverse 

optical phonon resonance.  

 

Figure 4-12. Calculated pump-to-THz energy conversion efficiency as a function of the pump 

intensity for three-, five-, and ten-cycle pulses, 5 mm crystal length, and different phase-

matching frequencies of 2 THz (a), 4 THz (b), and 6 THz (c). 

The scaling of the THz generation efficiency and the peak electric field with the crystal 

length is shown in Figure 4-11 (b) and Figure 4-11 (d), respectively, for the case of 4 THz 

phase matching frequency. For all three considered pump intensities, the efficiency increases 

up to about 6% to 7% at 15 mm crystal length, beyond which it saturates. The maximum peak 

field is approached already at 8 mm (Figure 4-11 (d)), beyond which even a moderate decrease 
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can be observed. The reason is the increased influence of material and plasma dispersion at 

such higher THz frequencies, which reduce the THz spectral width and lengthen the pulse. 

The maximum predicted achievable THz generation efficiencies for three-, five-, and ten-

cycle pulses at the respective optimal pump intensities and a crystal length of 5 mm are shown 

in Figure 4-13 as functions of the phase-matching THz frequency. The efficiencies increase up 

to their maxima in the range of 3.5 - 4.5 THz, with slightly different peak frequencies for the 

three-, five-, and ten-cycle cases. At still higher frequencies, the efficiency decreases due to 

phonon absorption and the reduction of the nonlinear coefficient, as mentioned above. These 

effects significantly reduce the achievable efficiency and limit the bandwidth to about 7 THz. 
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Figure 4-13. Maximum achievable THz generation efficiency for the respective optimal 

pump intensities as a function of the THz frequency, for three-, five-, and ten-cycle pulse 

generation. The crystal length was 5 mm in all cases. 

4.2.3. Conclusion  

Multicycle THz pulse generation by optical rectification in the semiconductor nonlinear 

material GaP was investigated with the help of numerical simulations. It was shown that GaP, 

in combination with flexible and efficient pump source technology, such as the dual-chirped 

optical parametric amplifier [155], and the contact grating technology [106] can be a highly 

efficient and versatile source of multicycle THz pulses in a broad range of waveforms and 

frequencies. Pump-to-THz energy conversion efficiencies up to about 3% were predicted for 

5 mm crystal length. Based on this, producing multicycle THz pulses with about 1.2 mJ energy 

from a GaP contact-grating source of about 1 cm2 area is feasible by using intensity-modulated 

pump pulses with 40 mJ energy from a dual-chirped optical parametric amplifier [155]. For an 

optimal combination of THz frequency, pump intensity, and crystal length, efficiencies as high 

as 8% can be expected. THz pulses with a desired waveform and fixed or broadband-tunable 
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carrier frequencies can be produced, covering the low- and significant part of the mid-

frequency THz range up to about 7 THz. 

4.3. Measurement of effective four-photon absorption in semiconductors 

4.3.1. Experiment  

Nonlinear transmission measurements of fs pulses have been carried out by using the Z-scan 

technique. The experimental setup is shown in Figure 4-14. Pump pulses of 𝜆0 = 1.75 μm 

central wavelength were delivered at 1 kHz repetition rate by a tunable optical parametric 

amplifier (Light Conversion, HE TOPAS), driven by a Ti:sapphire laser system (Coherent, 

Legend Duo). The full width at half maximum of the nearly Gaussian spectral intensity 

distribution of the pump pulses was about 51 nm. A set of dichroic long-pass filters have been 

used to suppress possible parasitic spectral components below about 1.65 μm. A pulse duration 

of 135 fs was measured by autocorrelation. 

 

Figure 4-14. Scheme of the experimental setup. OPA: optical parametric amplifier, DLPF: 

dichroic long-pass filters, VNDF: variable neutral density filter, BS: beam splitter, PD: 

photodiode, SC crystal: semiconductor crystal, LAPD: large area photodiode. 

A spatial filter was used to improve the pump beam quality to nearly Gaussian intensity 

profile and cylindrical symmetry. The spatial filter consisted of a pair of 400-mm focal-length 

lenses in a confocal arrangement, and a circular pinhole of 100 µm diameter, placed inside a 

vacuum chamber with two uncoated windows. A lens with 500 mm focal length was used to 

focus the beam for the Z-scan measurement. The knife-edge technique has carefully measured 

the horizontal and vertical beam profiles at several positions along the propagation direction of 

the focused beam. The absence of astigmatism has been verified in test Z-scan measurements, 

as well. The waist radius of the focused pump beam was 𝑤0 = 39 µm (at 1 𝑒2⁄  of the peak 

intensity). The Rayleigh range was 2𝑧R = 5.5 mm, significantly larger than the crystal length 
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𝐿. The sample crystal was mounted on a motorized linear stage to move it along the beam 

propagation direction (𝑧-axis) around the focus. A large-area Ge photodiode of 19.6 mm2 

sensitive area (Thorlabs DET50B/M) was used to measure the power transmitted through the 

sample. A lens with 100 mm focal length and 25 mm diameter, placed between the sample and 

the photodiode, was used to avoid closed-aperture effects in the Z-scan measurements. 

The laser power transmitted through the sample crystal has been measured as a function 

of the crystal’s 𝑧-position. Z-scan measurements with GaP and ZnTe crystals have been carried 

out at various pump energy levels. A step-variable neutral density filter (Thorlabs NDC-100S-

4M) was used to attenuate the beam and regulate the pump intensity. In a second measurement 

series, the polarization direction of the linearly polarized pump pulses has been rotated in the 

plane of the GaP crystal by rotating the crystal about the beam axis. 

Multiphoton absorption of the [110]-oriented GaP and ZnTe crystals of 10 mm × 10 mm 

size and 𝐿 = 1 mm thickness have been measured at room temperature. The GaP crystals were 

purchased from two different manufacturers (Pi-Kem and Moltech); the ZnTe was from 

Moltech. Both GaP and ZnTe crystallize in the zincblende structure, 4̅3𝑚. The (direct) bandgap 

energies (𝐸g) of GaP and ZnTe are 2.79 eV and 2.26 eV [154,158], respectively. In GaP, the 

smaller indirect bandgap of 2.27 eV has been found to play a less important role in multiphoton 

absorption induced by fs pump pulses [129,158,159], due to the smaller probability of the 

indirect transition than that of the direct one. The cut-off wavelength for 3PA, 

𝜆𝑐𝑢𝑡𝑜𝑓𝑓 = 3ℎ𝑐 𝐸g⁄ , is 1.33 μm for GaP and 1.65 μm for ZnTe. Here, ℎ is the Planck constant 

and 𝑐 is the speed of light in the vacuum. At pump wavelengths longer than the cut-off, 

interband linear absorption, 2PA, and 3PA are not effective in the respective material, but 4PA 

and higher-order multiphoton absorption can still be present. The 1.75 μm is chosen for the 

central pump wavelength ensured that the entire spectrum was located above the 3PA cut-off 

wavelength for both materials (for example, the spectral intensity at the 3PA cut-off in ZnTe 

was less than 2% of the peak intensity). The 4PA cut-off wavelength, 𝜆𝑐𝑢𝑡𝑜𝑓𝑓 = 4ℎ𝑐 𝐸g⁄ , is 

1.78 μm for GaP and 2.19 μm for ZnTe. In case of GaP, the long-wavelength wing of the pump 

spectrum containing about 10 % of the pulse energy was located beyond the 4PA cut-off. 

4.3.2. Numerical model 

A pulse propagation model in the slowly-varying envelope approximation was used, which 

included the effects of linear dispersion and 4PA inside the crystal. Diffraction and self-

focusing effects have been neglected inside the crystal because relatively thin samples were 
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used in the experiment. In the calculations, a Gaussian pulse was assumed, both in time and 

space, incident onto the crystal. The intensity of the pulse just after entering the crystal was 

given by: 

𝐼(𝑡, 𝑧 = 0, 𝜌; 𝑧𝑐) = 𝐼0

𝑤0
2

𝑤2(𝑧𝑐)
𝑒

−4ln (2)
𝑡2

𝜏2𝑒
−

2𝜌2

𝑤2(𝑧𝑐) 

(34) 

 

Here, t is the time, 𝑧 (0 ≤ 𝑧 ≤ 𝐿) is the coordinate along the pulse propagation direction inside 

the crystal, 𝜌 is the radial coordinate, 𝑧𝑐 is the coordinate of the input surface of the crystal in 

the Z-scan measurement with 𝑧𝑐 = 0 corresponding to the focus. The radius at 1/𝑒2 of 

maximum intensity of the Gaussian beam is 𝑤(𝑧𝑐), the waist radius is 𝑤0, and the full width at 

half maximum pulse duration is 𝜏. 𝐼0 is the peak intensity (maximum in space and time) inside 

the crystal, taking into account Fresnel losses. The complex electric field envelope inside the 

crystal is related to the intensity as 

𝐴(𝑡, 𝑧, 𝜌; 𝑧𝑐) = √
2𝐼(𝑡, 𝑧, 𝜌; 𝑧𝑐)

𝜀0𝑐𝑛0
, 

(35) 

 

where 𝜀0 is the vacuum permittivity and 𝑛0 is the refractive index of the crystal at the central 

frequency of the pulse. 

The following equation gives the variation of the intensity due to 4PA: 

d

d𝑧
𝐼(𝑡, 𝑧, 𝜌; 𝑧𝑐) = −𝛽4𝐼4(𝑡, 𝑧, 𝜌; 𝑧𝑐), 

(36) 

 

where 𝛽4 is the 4PA coefficient. Therefore, the effect of 4PA on the field amplitude, an 

envelope is given by 

𝑑

d𝑧
𝐴(𝑡, 𝑧, 𝜌; 𝑧𝑐) = −

1

16
𝛽4(𝜀0𝑐𝑛0)3𝐴(𝑡, 𝑧, 𝜌; 𝑧𝑐)7. 

(37) 

 

By using a split-step Fourier method with Δ𝑧 step size, linear dispersion was accounted for in 

the spectral domain in the moving frame of the pulse according to the following equation: 

𝐴(𝑡, 𝑧 + Δ𝑧, 𝜌; 𝑧c) = ℱ−1 [ℱ[𝐴(𝑡, 𝑧, 𝜌; 𝑧c)]𝑒𝑖
[𝑛(𝜔)−𝑛𝑔(𝜔0)]𝜔

𝑐
Δ𝑧]. 

(38) 

 

Here, ℱ (ℱ−1) denotes (inverse) Fourier transform, 𝜔 is the angular frequency, and 𝑛𝑔(𝜔0) is 

the group refractive index of the crystal at the 𝜔0 = 2𝜋𝑐 𝜆0⁄  the central frequency of the pulse.  
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Equations (37) and (38) were numerically solved for different radial coordinates 𝜌 using 

a split-step Fourier method, similar to that in Ref. [160]. The Z-scan curve, i.e., the normalized 

transmission 𝑇 through the sample crystal, as fa unction of the crystal position 𝑧c can be 

obtained by  

𝑇(𝑧𝑐) =
∫ ∫ |𝐴(𝑡, 𝑧 = 𝐿, 𝜌; 𝑧𝑐)|2𝜌d𝜌d𝑡

∞

0

∞

−∞

∫ ∫ |𝐴(𝑡, 𝑧 = 0, 𝜌; 𝑧𝑐)|2𝜌d𝜌d𝑡
∞

0

∞

−∞

, (39) 

4.3.3. Results  

The results of open-aperture Z-scan measurements in [110]-cut GaP and ZnTe crystals, pumped 

at 1.75 μm wavelength, are shown in Figure 4-15.  The normalized transmission value refers 

to those inside the crystal and has been corrected for the Fresnel loss. Negative (positive) 𝑧c 

values refer to crystal positions before (behind) the focus at 𝑧c = 0. In these measurements, the 

polarization of the pump pulse was either along the [1̅11]-direction or along the [11̅1]-

direction of the crystals. These directions correspond to the maxima of the second-order 

nonlinear polarization and are typically used for example in THz generation by optical 

rectification [106,107]. The intensity values given in the legends refer to peak intensities 𝐼0 at 

the beam centre inside the sample materials. 

 

Figure 4-15. Measured Z-scan curves at various 𝐼0 on-axis peak pump intensity levels for 

GaP (from Pi-Kem, a) and ZnTe (b). 

In the case of GaP (Figure 4-15 (a)), the minimum of the measured relative transmission 

rapidly decreases with increasing pump intensity. At about 150 GW/cm2, saturation of the 

nonlinear absorption sets on, indicating, besides 4PA, the contribution of other nonlinear 

effects at higher intensities. In this regime, one can also observe a forward shift of the 

transmission minima and a change of the shape of the Z-scan curves with increasing pump 

intensity. At the highest intensities (≳300 GW/cm2), the Z-scan curves become asymmetric, 

which is the signature of closed-aperture effect and can also explain the forward shift of the 
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transmission minima. This was observable despite using an additional positive lens before the 

detector (see Figure 4-14). In the case of ZnTe Figure 4-15 (b)), similar behaviour can been 

observed, except that nonlinear change of the transmission is somewhat smaller at comparable 

intensities and the saturation effects become visible below 100 GW/cm2.  

In order to filter out closed-aperture effect at high intensities, the measured Z-scan curves 

have been symmetrized according to 𝑇s(𝑧c) = [𝑇(𝑧c) + 𝑇(−𝑧c)] 2⁄  [161]. The minima of the 

measured and symmetrized Z-scan curves have been fitted by varying the 4PA coefficient in 

the nonlinear pulse propagation model described before. In each case, a few measured data 

points with the lowest transmission values were considered for fitting by the least-square 

method. The only free parameter in the fitting was the 𝛽4 coefficient. Examples of measured 

and symmetrized GaP Z-scan curves, corresponding to different peak pump intensities are 

shown in Figure 4-16, together with the calculated curves, using the best-fit 4PA coefficient 

value. The measured and the calculated Z-scan curves are in good agreement in the intensity 

regime below about 100 GW/cm2, where no saturation of the nonlinear transmission occurs 

(Figure 4-16 (a)). With the onset of saturation (Figure 4-16 (b)) and closed-aperture effects 

(Figure 4-16 (c)), the agreement is gradually reduced. The obtained 4PA coefficients are 

dependent on the peak pump intensity, which is consistent with the presence of other nonlinear 

effects besides 4PA. We note that considering the obtained intensity dependence of the 4PA 

coefficient in calculating the individual Z-scan curves could improve the agreement between 

experimental and calculated Z-scan curves. However, this adds significant numerical 

complexity to the model but does not change the 4PA values as they correspond to measured 

transmission minima. For this reason, such a correction has not been carried out here. 

 

Figure 4-16. Examples of symmetrized Z-scan curves, measured at different 𝐼0 on-axis peak 

pump intensities (symbols), and the best-fit calculated curves (solid line) in the case of GaP. 

The intensity-dependent 4PA coefficients, obtained from fitting the measured-

symmetrized Z-scan curves, are shown in Figure 4-17 as function of the on-axis peak pump 

intensity. In the case of GaP, the 4PA coefficient increases monotonically from 2.6 × 10−4 



47 
 

cm5/GW3 at 37.5 GW/cm2 pump intensity to its maximum of 56.5 × 10−4 cm5/GW3 at 

183 GW/cm2 intensity. The maximum is 64.9 × 10−4 cm5/GW3, in the case of the Moltech 

GaP crystal. The maximum is followed by a monotonic decrease at still higher intensities. 

There was no significant difference between the two GaP crystals. Similar behavior was found 

for ZnTe, but the maximum value of the 4PA coefficient was about six times smaller, measured 

at about three times lower intensity. The 4PA coefficient increases from 3.8 × 10−4  cm5/GW3 

at 34.4 GW/cm2 intensity to 9.7 × 10−4 cm5/GW3 at about 63 GW/cm2. At higher intensities, 

the 4PA coefficient decreases.  

 

Figure 4-17. Intensity-dependent 4PA coefficients as function of the on-axis peak pump 

intensity. 

The intensity dependence of the determined 4PA coefficients and the occurrence of 

closed-aperture effect at higher intensities, hinting to strong beam reshaping by nonlinear phase 

shift, are signatures of additional nonlinear effects not considered in the model. These effects 

may contribute both to nonlinear absorption as well as the nonlinear refractive index. Nonlinear 

absorption can be caused by several effects, such as five-photon and higher-order multiphoton 

absorption, the absorption of free carriers generated by multiphoton absorption, and tunnel 

ionization from the valence to the conduction band [127,162], or non-phase-matched second-

harmonic generation and eventually subsequent 2PA. Contribution to the nonlinear phase can 

arise from the nonlinear refractive index 𝑛2 and from free carriers generated by the effects 

mentioned above [163]. The nonlinear phase can also change the beam size, besides changing 
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the temporal shape, which can lead to the change of the free-space propagation of the beam, 

but also the change of the intensity and the nonlinear absorption within the sample. 

Non-phase-matched second-harmonic generation, followed by 2PA is estimated to be 

less likely to contribute. Free-carrier generation by 4PA and its contribution to the nonlinear 

absorption was estimated to become significant at about 200 GW/cm2 intensity. The highest 

intensity used in the case of GaP was 471 GW/cm2, which gives a Keldysh parameter of about 

3.2, indicating the absence of strong tunneling effects. Furthermore, a significant redistribution 

of the electron population due to the intense excitation can even lead to an additional chance 

of the linear and nonlinear optical parameters, and other material parameters, such as the 

bandgap. Further experimental and theoretical investigations are needed to clarify possible 

contributions of the mentioned effects. Such studies, which are beyond the scope of this work, 

may include the development of more sophisticated theoretical models and optical pump—

THz probe measurements of transient carrier dynamics. 

4PA can be a significant efficiency-limiting effect in semiconductor THz sources 

pumped at a wavelength longer than the cut-off for 3PA. The estimation of (3 ± 1) ×

10−5cm5/GW3 for the 4PA coefficient in ZnTe was obtained by fitting simulation results to 

experimental data on THz generation efficiency [108]. Simulations using this value of the 4PA 

coefficient agreed well with the observed saturation of the THz generation efficiency and the 

maximum efficiency found at 14 GW/cm2 pump intensity. However, it is about one order of 

magnitude smaller than the smallest 4PA coefficient measured here by Z-scan at about two 

times higher intensity (Figure 4-17).  

In a further Z-scan measurement series, the polarization direction of the linearly polarized 

pump pulses has been varied with respect to the dielectric 𝑍[001]-axis of the [110]-oriented 

GaP crystal. The pump intensity was 65 GW/cm2. The results, shown in Figure 4-18, clearly 

reveal the anisotropy of the 4PA coefficient, which varies between 3.8 × 10−4 cm5/GW3 and 

15.6 × 10−4 cm5/GW3. The two largest values can be seen at 55° and 135° polarization angles, 

measured from the 𝑍-axis. No polarization-dependent Z-scan measurements have been carried 

out with ZnTe here, but a similar behavior can be expected due to symmetry reasons. We note 

that the second-order nonlinear susceptibility, responsible for second harmonic generation or 

optical rectification, also exhibits a qualitatively similar anisotropy (see the empty red symbols 

and the red dashed curve in Figure 4-18 for second harmonic generation (SHG) GaP, and the 

Supplementary Material in Ref. [106] for ZnTe). Its maxima are at 54.70 and 1250 (vertical 
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dashed lines in Figure 4-18), which are close to the 550 and 1350 angles where 4PA maxima 

were found. 

 

Figure 4-18. Measured anisotropy of the 4PA coefficient in GaP (full symbols, left vertical 

axis) as a function of the pump polarization angle. The measured (empty red symbols) and 

calculated (dashed red line) SHG efficiency (right vertical axis) is also shown. The vertical 

dashed lines indicate the given crystallographic directions. 

The qualitatively similar anisotropy has been reported for 2PA [131] and 3PA [132] in 

[110]-oriented GaAs, which has the same symmetry group as GaP and ZnTe. Good agreement 

was found between 2PA anisotropy measurements of GaAs with ps [131] and ns [130] pulses. 

In the latter case, 2PA-induced free-carrier absorption was large, and the 2PA anisotropy was 

found to reflect the anisotropy of the band structure. An expression for the pump polarization 

dependence of the effective third-order nonlinear susceptibility, relevant for 2PA, can be easily 

derived from the tensor symmetry properties [131,164]. The description of 3PA anisotropy 

requires the knowledge of the symmetry properties of the fifth-order nonlinear susceptibility 

tensor, which is already sparse in the literature [165,166]. 4PA anisotropy requires to deal with 

the seventh-order nonlinear susceptibility tensor (of rank 8), which we have not found in the 

literature. Due to the uncertainties in the exact physical origin and the mathematical 

complexity, a theoretical discussion of 4PA anisotropy is beyond the scope of this work. 

The estimation of 10–7 cm5/GW3 has been given for the 4PA coefficient of LiNbO3 based 

on THz generation results with 1.03 µm pump wavelength [126]. This value is less reliable, as 
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it is dependent on another fitting parameter [126]. The values obtained in the present work for 

GaP and ZnTe are about three orders of magnitude larger. Despite uncertainties, such large 

difference underlines the importance of the knowledge of the 4PA coefficients in 

semiconductors, as 4PA can be relevant even at moderate optical intensities. 

4.3.4. Conclusions  

Intensity-dependent 4PA coefficients in GaP and ZnTe semiconductors have been 

measured by the Z-scan method using pump pulses of 1.75 μm wavelength and 135 fs duration. 

The choice of the pump wavelength longer than the cut-off for 4PA ensured that no interband 

linear, as well as two-and three-photon absorptions had to be taken into account. The intensity-

dependent 4PA coefficients, obtained in an extensive range of pump intensities from about 30 

GW/cm2 up to about 500 GW/cm2, vary from 2.6 × 10−4 to 65 × 10−4 cm5/GW3 in GaP, and 

from 3.8 × 10−4 to 9.7 × 10−4 cm5/GW3  in ZnTe. The anisotropy in 4PA has been shown in 

GaP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

5. THESIS STATEMENTS  

1. A new type of tilted-pulse-front pumped THz source based on a LiNbO3 plane-parallel slab 

with an echelon structure on its input surface was demonstrated [149]. Single-cycle pulses 

of 1.0 µJ energy and 0.30 THz central frequency were generated at 5.1 × 10−4 efficiency. 

One order-of-magnitude increase in efficiency is expected by pumping a cryogenically 

cooled echelon of increased size and thickness with a Ti:sapphire laser. 

This new scheme enables straightforward scaling to high THz pulse energies by increasing 

the lateral size and the pump pulse energy and focusing to extremely high field strengths. 

The pump pulse duration, the THz absorption and dispersion, and nonlinear effects are 

highly uniform across the THz beam profile in such a setup. This enables to produce 

symmetric THz beam with uniform pulse shape for excellent focusability and extremely 

high field strength. Further improvement and simplification of the setup are possible 

without using imaging.  

2. Multicycle THz pulse generation by optical rectification in the semiconductor nonlinear 

material GaP was investigated with the help of numerical simulations. In the range of 0.1–

7 THz frequency, pump-to-THz energy conversion efficiencies up to 3% was predicted for 

5 mm crystal length. For an optimal combination of THz frequency, pump intensity, and 

crystal length, efficiencies as high as 8% of multicycle THz pulses can be expected [139]. 

Based on this, producing multicycle THz pulses with about 1.2 mJ energy from GaP contact 

grating source of about 1 cm2 area is feasible by using intensity-modulated pump pulses 

with 40 mJ energy from a dual-chirped optical parametric amplifier. 

3. Intensity-dependent effective 4PA coefficients in GaP and ZnTe semiconductors were 

measured by the Z-scan method using pump pulses of 1.75 μm wavelength and 135 fs 

duration. The 4PA coefficients vary from 2.6 × 10−4 to 65 × 10−4 cm5/GW3 in GaP, and 

from 3.8 × 10−4 to 9.7 × 10−4 cm5/GW3 in ZnTe. The anisotropy in 4PA was shown in 

GaP. The knowledge of the intensity-dependent 4PA coefficients is essential for the design 

of practical devices, such as efficient semiconductor THz sources [167,168]. 
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6. ÖSSZEFOGLALÓ 

A THz-es impulzusok felhasználási köre jelentősen növekedett a közelmúltban, köszönhetően 

a THz-es tudományban végbemenő fejlesztéseknek. Az impulzusok megnövekedett energiája 

és különleges tulajdonságai lehetőséget biztosítanak a THz-es impulzusok széles körű 

alkalmazására. Azonban, annak érdekében, hogy az új igényeknek meg lehessen felelni, 

folyamatosan új THz-es források fejlesztésére van szükség. Jelen dolgozat célja az intenzív 

THz-es impulzusok fejlesztése annak érdekében, hogy egyszerű, könnyen megvalósítható 

forrásokat hozzunk létre, amelyek nagy energiával és szabályozható impulzusparaméterekkel 

rendelkeznek. Munkámba lítium-niobát (LN) és félvezető nemlineáris optikai kristályokon 

alapuló új THz-es források numerikus szimulációjával és kísérleti vizsgálatával foglalkoztam. 

Tézispontok: 

I. Demonstráltam egy új típusú, lépcsős rács alakú (echelon) bemenő felülettel rendelkező 

plán paralel LiNbO3 kristályt alkalmazó döntött-impulzusfronttal pumpált THz-es 

forrást [149]. A kísérlet során, egyciklusú, 1,0 µJ energiájú és 0,30 THz központi 

frekvenciájú impulzusokat 5,1x10-4 hatásfokkal állítottam elő. Egy nagyságrenddel 

nagyobb növekedés várható, ha a megnövelt méretű és vastagságú kriogén módon 

hűtött echelon struktúrát Ti:sapphire lézerrel pumpáljuk. 

Ez az új elrendezés lehetővé teszi a THz-es impulzusok energiájának felskálázását a 

kristály méretének és a pumpa lézer energiájának növelésével, valamint extrém nagy 

térerősségek elérését fókuszálással. Ebben az összeállításban a pumpa impulzus 

impulzushossza, a THz abszorpciója és diszperciója, valamint a nemlineáris hatások 

egyformák a THz-es nyaláb keresztmetszete mentén. Az elrendezés lehető teszi 

szimmetrikus THz-es impulzusok előállítását a kiváló fókuszálhatóság és rendkívül 

magas térerősség érdekében. Az elrendezés továbbfejlesztése és egyszerűsítése 

lehetséges a leképezés elhagyásával. 

II. Numerikus szimulációkkal többciklusú THz-es impulzusok generálását vizsgáltam 

optikai egyenirányítással GaP félvezetőben. A szimulációk a 0,1–7 THz 

frekvenciatartományon 3% pumpa-THz energiakonverziós hatásfokot jósolnak 5 mm-

es kristály használatánál. A THz frekvencia, pumpa intenzitás és kristályhossz 

optimális megválasztása esetén a keletkező többciklusú THz impulzus hatásfoka % is 

lehet [139]. Ez alapján, 1,2 mJ energiával rendelkező többciklusos THz-impulzus 

állítható elő körülbelül 1 cm2 területű GaP kontaktrácsban 40 mJ energiájú dual-chirped 
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optikai parametrikus erősítőből származó intenzitás-modulált pumpa impulzus 

felhasználásával. 

III. Intenzitásfüggő 4PA koefficienseket mértem GaP és ZnTe félvezetőkben Z-scan 

módszerrel 1,75 um hullámhosszú és 135 fs impulzushosszú pumpa impulzusokat 

alkalmazva. Vizsgálataim szerint a 4PA együtthatók GaP-ban 2.6 × 10−4 és 65 × 10−4 

cm5/GW3 között, ZnTe-ban pedig 3.8 × 10−4 és 9.7 × 10−4 cm5/GW3 között 

változnak. Kimutattuk a 4PA anizotrópiát GaP-ban. Az intenzitástól függő 4PA 

együtthatók ismerete elengedhetetlen az olyan gyakorlati eszközök tervezéséhez, mint 

amilyenek például a hatékony félvezető THz-források [167,168]. 
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7. SUMMARY 

7.1. Background and objectives 

The study and control of materials with powerful THz fields [91,169] or the acceleration and 

manipulation of electrons [92] and protons [93] are emerging applications that require THz 

sources with unprecedented parameters. Besides the pulse energy, an excellent focusability is 

also essential to achieve the highest possible field strengths. 

Optical rectification of ultrashort laser pulses with tilted pulse front in lithium niobate 

(LN) [170] has become a standard technique for efficient THz generation. Conventionally, a 

prism-shaped LN crystal, is used with a large wedge angle equal to the pulse-front tilt (63°). 

Such a source geometry results in a non-uniform pump propagation length across the beam, 

which can lead to a spatially varying interaction length for THz generation [60]. This negatively 

affects the THz beam quality and, consequently, the focusability, thereby limiting the 

achievable field strength. Lateral beam (and eventually waveform) nonuniformity is especially 

problematic in high-energy THz sources [171], where a large-diameter pump beam is needed. 

Different approaches were proposed to mitigate the limitations of tilted-pulse-front 

pumped THz sources. Recently, a modified hybrid approach to provide uniform interaction 

length across large pump and THz beams were proposed [69]. The setup uses a plane-parallel 

LN slab as the nonlinear medium, which is equipped with an echelon structure on its input 

surface. Inside the LN slab, a segmented tilted pulse front is formed with an average tilt angle 

as required by phase matching. 

Intense nearly single-cycle terahertz (THz) pulses can be used in materials science [91] 

and for the acceleration of electrons [92] and protons [93,94]. The waveguide and resonator 

structures proposed for electron acceleration can be even more efficiently driven by multicycle 

THz pulses. Multicycle THz pulses also could be used as drivers of coherent X-ray generation 

[96] and electron beam diagnostics. Multicycle narrowband THz pulses with lower peak 

amplitude, but higher spectral brightness may serve as a way of circumvent such electronic 

responses and still maintain high exciting strength for resonant driving in particular electronic, 

lattice, or magnetic nonlinear responses [97].  

It was recently demonstrated that nonlinear semiconductor materials offer a promising 

alternative with scalability to highest THz pulse energies and field strengths [40,105-108], also 

enabling the construction of monolithic contact-grating sources [106]. Lee et al. showed the 

generation of multicycle narrow-bandwidth THz pulses in periodically inverted GaAs 

structures using optical rectification at 2 µm wavelength [109].  
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Semiconductor materials have been playing an essential role in many photonics-based 

technologies for decades. Novel high-power ultrashort-pulse laser and parametric sources, 

operating at infrared wavelengths, have recently enabled new application areas in nonlinear 

optics [124,125]. To design and optimize setups and devices utilizing intense optical driving 

of semiconductors, the knowledge of their nonlinear optical parameters, such as the nonlinear 

refractive index or multiphoton absorption coefficients, is very important. 

Theoretical scaling laws for multiphoton absorption coefficients were given for direct-

bandgap semiconductors based on a two-band model [128]. An early summary of theoretical 

models and experimental values of two- (2PA) and three-photon absorption (3PA) coefficients 

for a few selected materials can be found in Ref. [129]. The most commonly used method to 

measure 2PA and 3PA coefficients is the Z-scan technique [119]. This has been applied to 

measure the tensor properties (anisotropy) [133], by using the three nonlinear 

eigenpolarizations [134], and the dispersion of third-order nonlinearities (2PA) [133,135] in 

various semiconductors. The dispersion and the anisotropy of 2PA and 3PA in GaAs have been 

measured in the 1.3–2.5 µm wavelength range by 100-fs pulses [132]. A maximum in the 3PA 

coefficient has been found both in theory and experiment near the 3PA cut-off wavelength. In 

contrast, little is known about the four-photon absorption (4PA) and nonlinearities of even 

higher-order in semiconductors and other important optical materials. This knowledge can be 

crucial for applications driven by infrared pulses. For example, in the newly developed very 

perspective semiconductor THz generators, 4PA can be a significant limitation and hence 

should be considered in device design [108,139]. A first attempt to estimate the 4PA coefficient 

in ZnTe has been made based on THz generation results [108], but this approach is very indirect 

and therefore subject to uncertainties. GaP is another semiconductor nonlinear material of high 

interest for efficient THz generation [108,139], but no experimental data on its 4PA coefficient 

are available. Thus, there is a clearly perceived lack of knowledge on important material data. 

7.2. Methods 

The investigated hybrid-type setup is a combination of the conventional scheme, containing a 

diffraction grating and imaging optics, and a nonlinear material with an echelon profile on its 

entrance surface (nonlinear echelon slab, (NLES), Figure 7-1). Pump pulses of 200 fs pulse 

duration and 1030 nm central wavelength were delivered by a cryogenically cooled Yb:CaF2 

regenerative amplifier operating at 1 kHz repetition rate. Up to about 2.5 mJ pump pulse energy 

was used in the experiment. At the pump wavelength used and at room temperature, a pulse 

front tilt of about 63° is required for phase matching in LN. In the case of the NLES, this pulse 
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front tilt angle needs to be produced in the air at the entrance of the crystal. Here, 𝑛g = 2.215 

is the group index of LN at the 1030 nm pump wavelength.  

 

Figure 7-1. Scheme of NLES experimental setup. 

For the simulations, multicycle THz pulses, the one-dimensional wave equation with the 

nonlinear polarization has been solved in the spectral domain (see Eq. (1)-(5) in [60]). The 

simulation model took into account the variation of the pump pulse duration with propagation 

distance due to material and angular dispersions, the frequency-dependent absorption and the 

refractive index in the THz range due to phonon resonances and FCA, latter caused by MPA 

of the pump. In case of calculations involving phase-matching frequencies higher than 1 THz, 

the dispersion of the effective second-order nonlinear susceptibility, 𝜒(2), was also taken into 

account [150].  

The semiconductor nonlinear material selected for the simulations was GaP. GaP is 

preferred here because of its relatively large direct (indirect) bandgap of 2.78 eV (2.27 eV), its 

availability in larger sizes and better quality than, e.g., ZnTe, and the relatively small absorption 

and dispersion in the THz range. Furthermore, a small pulse-front tilt angle of about 20°-30° 

is needed for phase matching in optical rectification, resulting in only a minor variation of the 

duration of (sub-)ps-long pump pulses with propagation distance due to angular dispersion.  

Nonlinear transmission measurements with fs pulses have been carried out by using the 

Z-scan technique. The experimental setup is shown in Figure 7-2. Pump pulses of 𝜆0 = 1.75 

μm central wavelength were delivered at 1 kHz repetition rate by a tunable optical parametric 

amplifier, driven by a Ti:sapphire laser system. The full width at half maximum of the nearly 

Gaussian spectral intensity distribution of the pump pulses was about 51 nm. A set of dichroic 

long-pass filters have been used to suppress possible parasitic spectral components below about 

1.65 μm. A pulse duration of 135 fs was measured by autocorrelation.  
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Figure 7-2. Scheme of Z-scan measurement setup. 

A spatial filter was used to ensure a pump beam of good quality, with nearly Gaussian 

intensity profile and cylindrical symmetry. A lens with 500 mm focal length was used to focus 

the beam for the Z-scan measurement. The knife-edge technique has carefully measured the 

horizontal and vertical beam profiles at several positions along the propagation direction of the 

focused beam. The waist radius of the focused pump beam was 𝑤0 = 39 µm (at 1 𝑒2⁄  of the 

peak intensity). The Rayleigh range was 2𝑧R = 5.5 mm, significantly larger than the crystal 

length 𝐿. The sample crystal was mounted on a motorized linear stage to move it along the 

beam propagation direction (𝑧-axis) around the focus. A large-area Ge photodiode was used to 

measure the power transmitted through the sample.  

7.3. New scientific achievement  

I. A new type of tilted-pulse-front pumped THz source based on a LiNbO3 plane-parallel 

slab with an echelon structure on its input surface was demonstrated [149]. Single-cycle 

pulses of 1.0 µJ energy and 0.30 THz central frequency were generated at 5.1×10–4 

efficiency. One order-of-magnitude increase in efficiency is expected by pumping a 

cryogenically cooled echelon of increased size and thickness with a TiLsapphire laser. 

This new scheme enables straightforward scaling to high THz pulse energies by 

increasing the lateral size and the pump pulse energy and focusing to extremely high 

field strengths.  

II. Multicycle THz pulse generation by optical rectification in the semiconductor nonlinear 

material GaP was investigated with the help of numerical simulations. In the range of 

0.1–7 THz frequency, pump-to-THz energy conversion efficiencies up to 3% was 

predicted for 5 mm crystal length. For an optimal combination of THz frequency, pump 
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intensity, and crystal length, efficiencies as high as 8% of multicycle THz pulses can 

be expected [139]. 

III. Intensity-dependent effective 4PA coefficients in GaP and ZnTe semiconductors were 

measured by the Z-scan method using pump pulses of 1.75 μm wavelength and 135 fs 

duration. The 4PA coefficients vary from 2.6 × 10−4 to 65 × 10−4 cm5/GW3 in GaP, 

and from 3.8 × 10−4 to 9.7 × 10−4 cm5/GW3 in ZnTe. The anisotropy in 4PA was 

shown for GaP. The knowledge of the intensity-dependent 4PA coefficients is essential 

for the design of practical devices, such as efficient semiconductor THz sources 

[167,168]. 
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