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Abstract 
 

The present status and the prospects of efficient pulsed 

terahertz (THz) sources based on optical rectification in 

lithium niobate and semiconductors, pumped by 

femtosecond pulses with tilted intensity front, will be 

discussed. Applications range from nonlinear THz 

spectroscopy and multispectral imaging to electron and 

proton acceleration. 

 

1. Introduction 
 

THz pulses with high energy and field strength in 

different parts of the THz spectrum are needed for 

resonant and nonresonant control over ionic motion, spin 

dynamics, bound and free electrons [1]. The low-

frequency part of the THz spectrum (0.1 to 2 THz) is 

particularly suitable for applications involving charged 

particle beams, because the longer wavelength of THz 

pulses compares well with typical sizes of particle beams 

and bunches. Compact THz-driven particle accelerators 

with unprecedented flexibility can become important for 

free-electron lasers, materials science, and could 

revolutionize medical therapy with x-ray, electron, or 

proton beams [2, 3]. 

 

Table-top femtosecond laser sources are now routinely 

used to generate THz pulses with unprecedented energy 

and peak electric and magnetic fields. Different parts of 

the low- (~0.1–2 THz) and mid-frequency (~2–20 THz) 

bands of the THz range can be accessed by optical 

rectification (OR) in LiNbO3 (LN) [4], semiconductors [5-

7], or organic materials [8]. Here we present cutting-edge 

THz sources based on LN and semiconductors, and their 

prospects. 

 

2. High energy and high average power 

LiNbO3 THz sources  
 

In the low-frequency THz range OR in LN, using tilted-

pulse-front pumping (TPFP) for phase matching [9], has 

been providing the highest THz pulse energies [4] and 

field strengths [10]. To achieve >0.4 mJ THz pulse energy 

it was essential to use longer (≳0.5 ps) pump pulses [4], 

which enabled to increase significantly the interaction 

length for THz generation. While it is expected that mJ or 

even multi-mJ pulse energies will be available with this 

technology, also its limitations became apparent. The 

main reason is the large pulse-front tilt angle (~63°) 

required for phase matching. This requires sophisticated 

approaches for further optimization of TPFP in LN [11].  

 

THz nonlinear spectroscopy requires μJ THz pulse 

energies, which can typically be provided by mJ pump 

pulse energies at kHz repetition rates. However, in many 

cases intense or moderately intense THz pulses at MHz 

repetition rates pumped by a compact fiber laser source 

would be desired. Besides spectroscopic applications, 

multispectral imaging and security could also benefit from 

such a high average power THz source. However, TPFP 

THz sources with μJ or sub-μJ pump energies suffer from 

very low efficiencies because THz absorption of LN and a 

small pump spot size limit the interaction length. 

 

To circumvent this limitation, an absorption-reduced 

waveguide (ARWG) THz source was introduced [12], 

where both the optical pump as well as the generated THz 

radiation are guided such that velocity matching in a 

TPFP scheme is fulfilled (Fig. 1). Efficient THz 

generation is enabled by the THz waveguide cladding 

with orders of magnitude smaller absorption coefficient in 

the THz range than that of the LN core. More than one 

order of magnitude increase in the conversion efficiency 

is predicted. 

 

 

Figure 1. (a) The ARWG structure. (b) The ARWG THz 

source with TPFP (top view). 

 

3. Efficient semiconductor THz sources 
 

The potential of semiconductor nonlinear optical 

materials for high-energy high-field THz pulse generation 

by OR has been recently recognized [5-7]. Whereas 



pumping OR in ZnTe at 0.8 µm, near its collinear phase-

matching wavelength, resulted in maximum 1.5 µJ THz 

pulse energy at 3.1×10‒5 efficiency [13], pumping at 

1.7 µm wavelength recently resulted in more than two 

orders of magnitude higher efficiency, as high as 0.7%, 

and 14 µJ THz pulse energy [7]. The reason for the 

enormous increase in efficiency was the elimination of 

lower-order (2nd- and 3rd-order) multiphoton pump 

absorption at the longer pump wavelength and the 

associated free-carrier absorption in the THz range. 

 

At such longer infrared pump wavelengths TPFP has to be 

used for phase matching in semiconductors. An important 

advantage is the much smaller required pulse-front tilt 

angle in semiconductors (typically below 30°) than that in 

LN. A smaller tilt angle enables a larger effective length 

for THz generation. This can help to compensate for the 

smaller nonlinear coefficient of semiconductors. 

Secondly, a smaller tilt angle significantly reduces the 

spatial nonuniformity of the interaction length for THz 

generation, and consequently that of the THz beam. The 

potentially much better spatial homogeneity enables an 

easier increase of the pumped area and the THz energy.  

 

The small tilt angle is also advantageous for the 

realization of a contact-grating (CG) THz source (Fig. 2). 

Such a CG source has recently been demonstrated in 

ZnTe [6], resulting in the generation of 3.9 μJ THz pulses 

with up to 0.3% efficiency. Importantly, the CG 

technology enables to practically eliminate spatial 

nonuniformity of the interaction length, which leads to a 

straightforward scalability of the THz energy and 

excellent THz beam profile and focusability. CG 

fabrication technology enables grating sizes on the 5-cm 

scale. It is expected that THz pulses with >1 mJ energy 

and >20 MV/cm electric field strength will be achievable 

with less than 200 mJ pump energy from a CG source. 

Such pump pulses in the wavelength range of 1.7 μm to 

2.5 μm, though not available presently, are definitely 

feasible in the near future from optical parametric 

amplifiers or infrared laser technology. Efficient 

monolithic semiconductor THz sources can become a key 

technology for compact THz particle accelerators and 

other THz high-field applications. 

 

 

Figure 2. Monolithic contact-grating THz source with a 

collinear pumping geometry in ZnTe [6]. 
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