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Abstract 

This thesis focuses on improving the performance of the THz time-domain spectroscopy system using 

second-order nonlinear crystals for THz generation and detection in terms of bandwidth, sensitivity, and 

THz field strength. The theories for the THz generation based on optical rectification and detection 

technique, electro-optical sampling, based on Pockels effect are introduced in Chapter 2. In Chapter 3, some 

experiments are presented to characterize the performances of the THz system based on a 180 fs Yb:KGW 

femtosecond laser amplifier operating at 1035 nm. The Yb-based femtosecond laser is becoming 

increasingly popular due to its robustness, high repetition rate, and high average power. However, the NIR 

bandwidth of these femtosecond lasers is limited by the gain bandwidth of the gain medium, and achieving 

pulse durations shorter than 180 fs is challenging. Consequently, the full bandwidth of THz time-domain 

spectroscopy systems is constrained by such laser systems. In order to broaden the THz bandwidth of such 

THz time-domain spectroscopy systems, our work in Chapter 4 combines the Yb:KGW femtosecond laser 

amplifier with an argon-filled hollow-core photonic crystal fiber pulse shaper to spectrally broaden the 

near-infrared pulses from 3.5 to 8.7 THz, increasing the measured THz bandwidth correspondingly from 

2.3 THz to 4.5 THz. This is one of the first works to have broadband THz system based on Yb-based 

femtosecond lasers in the year of 2018. In Chapter 5, the tilted-pulse-front phase matching in the THz 

generation and detection scheme is demonstrated using the same surface-etched phase gratings on the front 

surfaces of the 2 mm-thick GaP generation and detection crystals. This scheme overcomes the THz 

generation and detection bandwidth limit of thick crystals imposed by the traditional collinear phase 

matching, while allowing the long nonlinear interaction length. This results in a THz spectral range from 

0.1 to 6.5 THz with a peak at 3 THz and a peak dynamic range of 90 dB. In the range between 1.1 and 4.3 

THz, the system dynamic range exceeds 80 dB. Based on this contact grating-based THz generation, the 

next step involves generating high-field THz above 2 THz. For high-field THz generation, the most 

renowned technique is the tilted-pulse-front technique, which generates high-field THz below 2 THz in a 

LiNbO3 crystal. Most nonlinear optics experiments in the THz regime rely on such THz sources. To 
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generate high-field THz above 2 THz, one promising candidate is organic THz crystals. However, most 

organic crystals require a pump laser with a wavelength exceeding 1200 nm, necessitating a more complex 

laser system. Additionally, the low damage threshold of these crystals are susceptible to compromise the 

stability of the measurements. Other techniques, such as air plasma and metallic spintronics, can generate 

ultra-broadband high-field THz from 0.1 to 30 THz, but the pulse energy within certain frequency windows 

is relatively low, rendering these THz sources less effective for nonlinearly driving specific optical 

transitions. On the other hand, semiconductor crystals as THz generation crystals, have a high damage 

threshold and can achieve good phase matching at wavelength around 800 or 1000 nm. In Chapter 6, high-

field THz generation with a peak field of 303 kV/cm and a spectral peak at 2.6 THz is achieved with a more 

homogenous grating on the surface of a 1 mm-thick GaP generation crystal in a configuration collimating 

the near-infrared generation beam with a pulse energy of 0.57 mJ onto the generation crystal. The 

experiments also show that the system operates significantly below the GaP damage threshold and THz 

generation saturation regime, indicating that the peak THz field strength can approach 1 MV/cm, with a 

5 mJ near-infrared generation pulse. This is the first high-field THz source based on semiconductor crystals 

capable of generating high-field THz above 2 THz. With such a THz source, we can conduct nonlinear 

optics experiments above 2 THz, including the study of phonon-assisted nonlinearities, coherent control of 

Bose-Einstein condensation of excitons and polaritons in semiconductor cavities, and saturable absorption 

in molecular gases.  
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Chapter 1 

Introduction of THz time-domain spectroscopy 

1.1 Terahertz 

When we say ’Terahertz (THz)’, we’re talking about frequencies that are 1012 times a second. The 

Terahertz band is a part of the electromagnetic spectrum, and it is usually defined as ranging from 

0.1 to 30 THz. Due to its distinct properties, such as its low photon energy (non-ionizing radiation), 

high penetration depth in many materials traditionally considered opaque and strong interaction 

with molecular vibrations, THz technology has found extensive applications in diverse areas. 

Typical applications encompass THz imaging [1,2], security screening [3,4], material 

characterization [5,6], quality control [7,8] and THz communication [9,10]. Historically, the THz 

band was a technical void as THz frequencies exceed the upper frequency limit of the electronic 

systems and fall below the lower frequency limit of the laser systems. The absence of effective THz 

generation and detection techniques rendered the THz range elusive for researchers. However, over 

the last three decades, significant advancements in the THz technology have progressively bridged 

this gap. 

Fig. 1.1 The electromagnetic spectrum in the units of wavelength and the frequency. The 

THz band is between the near-infrared (NIR) and the microwaves. 

Currently, available THz sources include quantum cascade lasers (QCLs) [11,12], free-electron 

lasers (FELs) [13], Gyrotrons [14] and those based on the femtosecond laser systems. The sources 

derived from femtosecond laser systems feature photo-conductive antennas [15,16], second order 
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nonlinear crystals [17], air plasma [18], and metallic spintronics [19,20]. Figure 1.2 illustrates the 

progression of the THz sources up to 2020 [21,22]. Note that the specifications of metallic 

spintronics are not included here; the bandwidth of metallic spintronics can range from 0.1 to 30 

THz [19], and the highest THz power can reach 40 µW [20] at room temperature. Additionally, my 

PhD work on a high-field THz source in Chapter 6 is included in Fig. 1.2. The figure of merit in 

this figure is the output power, while my goal was to achieve a high THz peak field using a 

commercial ultrafast laser system. Furthermore, traditional commercial optical parametric 

amplifiers (OPAs), such as the TOPAS PRIME OPA, can generate wavelengths ranging from 0.189 

to 20 µm (15 to 1587 THz). When operating around 20 THz, this OPA can produce 100 fs pulses 

with an average power of 0.3 mW, and the generation process becomes more efficient at higher 

THz frequencies. The Alpha OPA from Stuttgart Instruments can generate 350 fs pulses at 30 THz 

with an average power of 25 mW.  

Among these THz sources, THz QCLs can generate high-power continuous-wave (CW) THz 

radiation with good beam quality. The system is compact but typically requires cryogenic cooling. 

Its spectral bandwidth tunability is limited by the design of the quantum well structures. The FELs 

can generate extremely high power and are capable of producing both CW and pulsed outputs. The 

THz frequency of FELs can be broadly tuned. However, they are large-scale equipment that 

requires significant operational and maintenance support. Gyrotrons primarily produce high-power 

CW THz beams below 1 THz. This equipment is bulky, and its frequency tunability is limited 

compared to other THz sources. Photoconductive antennas can generate pulsed THz radiation with 

a relatively broad bandwidth. The output power is relatively low compared to the aforementioned 

sources, and their lifetime could be limited due to high-intensity illumination. Second-order 

nonlinear crystals can generate both CW and pulsed THz radiation with significant frequency 

tunability, depending on linear properties of the crystal. However, the THz generation efficiency is 

relatively low, and a high-power laser is required for efficient THz generation. Among second-
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order nonlinear crystals, semiconductor crystals have a higher damage threshold than organic 

crystals but a lower nonlinear coefficient for THz generation. Air plasma and metallic spintronics 

techniques are capable of generating ultra-broadband THz pulses. The air plasma technique does 

not require a nonlinear medium, thus avoiding material damage, but its conversion efficiency is 

still relatively low and necessitates a high-power laser for efficient THz generation. Metallic 

spintronics is compact and can be integrated with electronic devices, with its frequency not limited 

by phase-matching conditions. However, metallic spintronics is still in the early stages of research, 

and its output power and efficiency are relatively low. 

Fig. 1.2 The development of THz sources till 2020 [21,22] with my work in Chapter 6 [23]. 

MMIC: microwave monolithic integrated circuits; IMPATT: impact ionization avalanche 

transit-time diodes; BWO diodes backward wave oscillators; RTDs: resonant tunneling 

diodes; UTC-PD: uni-travelling carrier photodiodes; QCL: quantum cascade laser. 

Numerous THz detectors are currently in use, each leveraging distinct mechanisms and offering 

unique advantages. Thermal effect based detectors include bolometers [24–26], which measure the 

resistance change of an absorptive element heated by a THz beam; Golay cells [27,28], which 

gauge pressure alterations in gas due to the heat from a THz beam; and pyroelectric 

detectors [29,30], which assess the potential difference between the two opposite faces of a 

pyroelectric crystal due to a temperature change induced by the absorption of a THz beam. These 
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thermal detectors are typically not fast (ms response time) and are not phase sensitive. Detectors 

utilizing THz-induced or -driven photocurrent comprise Schottky diodes [31,32] and 

photoconductive antennas [33–35]. Schottky diodes detect THz radiation by measuring the DC 

current rectified from the AC current induced by the oscillating THz field, while photoconductive 

antennas measure the THz-driven current between two electrodes in the antennas. The response 

time of such detectors is in the picosecond or even sub-picosecond range. Schottky diodes are not 

phase-sensitive, whereas photoconductive antennas are phase-sensitive. Additionally, nonlinear 

effect-based THz techniques such as electro-optical sampling (EOS) [36–38], which leverages the 

second-order nonlinear effect in crystals, and terahertz wave air-based-coherent-detection 

(ABCD) [39,40], harnessing the third-order nonlinearity of laser-induced air plasma. Notably, the 

photoconductive antenna, EOS and ABCD not only measure the intensity of the THz beam but also 

the phase of the electric field, making these techniques invaluable in THz time-domain 

spectroscopy (THz-TDS) for material characterization.  

An optimal THz system is anticipated to possess high peak power/field, facilitating measurements 

of highly absorptive materials and enabling nonlinear experiments. Additionally, a system 

operating at high repetition rate above 1 kHz (repetition rate of traditional Ti:Sapphire fs lasers) 

would increase the data acquisition speed, while a tighter THz focus can improve the spatial 

resolution and provide higher peak field strengths. Furthermore, such a system should exhibit high 

sensitivity to discern subtle alterations in materials, offer a broader spectral bandwidth to acquire 

comprehensive material information, feature rapid measurement capabilities, and maintain a 

compact device size.  

My PhD thesis focuses on improving the traditional techniques used for THz generation and 

detection based on the nonlinear effects of ultrashort optical pulses. The THz generation in 

nonlinear crystals occurs via optical rectification (OR), a second-order nonlinear effect. This 

process involves the difference-frequency mixing of high-frequency and low-frequency 
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components within an ultrafast NIR pulse. The THz detection is performed with the EOS technique 

inside a second-order nonlinear semiconductor crystal. In the detection crystal, the slowly 

oscillating THz electric field modulates the polarization of the NIR femtosecond gating pulse 

through the Pockels effect. Notably, the degree of the polarization shift is linearly related to the 

transient THz electric field amplitude. A more in-depth exploration of the THz generation through 

difference frequency mixing and detection via electro-optical sampling is provided in the 

subsequent section. 

1.2 THz time-domain spectroscopy 

THz time-domain spectroscopy (THz-TDS) is a technique to investigate the properties of the 

materials in the THz range. The key to the technique is the generation of the THz pulses from NIR 

femtosecond generation pulses and the detection of the THz pulses which time-resolves the electric 

field oscillation of the THz pulses, providing both the amplitude and phase information at one time. 

Fig. 1.3 The schematic of the standard THz time-domain spectroscopy system built in our 

lab. The THz generation and detection are both performed using nonlinear crystals. BS: beam 

splitter; TS: translational stage, GaP: 110-oriented 220 μm-thick gallium phosphide crystal; 

Ge: germanium wafer; Si: silicon wafer; L: lens, λ/4: quarter-wave plate; WP: Wollaston 

prism; PD: photodetector. 
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Figure 1.3 presents a standard THz time-domain spectroscopy system [41] I built in our lab. The 

NIR pulse coming out of the a Yb:KGW femtosecond laser amplifier splits into 2 arms. The first 

arm is focused on a 110-oriented nonlinear generation crystal to generate THz through optical 

rectification. A 2ʺ diameter parabolic mirror with a 5 cm focal length is put after the generation 

crystal to maximally collect the emitted THz beams. A Ge wafer is put after this first parabolic 

mirror to block the residual NIR beam while transmitting the generated THz beam. The residual 

NIR beam is collimated onto the Ge wafer, thereby exciting free electrons with a density of 

2.75×1014 cm-3. As a result, the free electron absorption coefficient of THz radiation is calculated 

to be 1.13×10-26 cm-1 at 2 THz, which can be considered negligible in this Ge wafer. A second 

parabolic mirror focuses the collimated THz beam to create a THz focus for the sample to be 

investigated in the THz-TDS system. A third parabolic mirror is then placed to recollimate the THz 

beam. In the following collimated THz section, a silicon wafer is put 45° into the THz beam which 

transmits the THz beam and reflects the NIR gating beam from the other arm. The second arm of 

the NIR beam goes through a linear mechanical translational stage which varies the temporal 

difference between the generated THz beam and the NIR beam in this gating arm with small 

stepping resolution. This detection beam is overlapped on the silicon wafer spatially and temporally. 

The detection beam is also collimated onto the Si wafer, exciting a free electron density of 

1.28×1013 cm-3. This free electron density in Si contributes to an absorption coefficient of 

2.24×10-24 cm-1 at 2 THz, which can also be considered negligible. Then, the gating NIR beam and 

the THz beam are both focused onto the same spot on the detection crystal. The NIR beam’s 

polarization is rotated by the THz beam through Pockels effect. The rotation angle of the NIR beam 

is measured through a quarter wave plate, a Wollaston prism, and a pair of balanced photodetectors.  
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Fig. 1.4 The mechanism of THz generation via OR. (a) An optical spectrum of a NIR pulse 

for THz generation. (b) Photon description of the interaction between 2 NIR photons to 

produce a THz photon through difference frequency generation (DFG). 

Fig. 1.4 illustrates the principle of the THz generation inside a second-order nonlinear crystal via 

optical rectification of an NIR pulse. The spectrum of an NIR femtosecond pulse encompasses 

numerous frequency components. During THz generation, a high-frequency photon interacts with 

a low-frequency photon, producing a new photon with a frequency equal to the frequency 

difference between the two original NIR photons; this emergent photon has a frequency in the THz 

range. Consequently, the spectral bandwidth of the generated THz pulse is inherently tied to the 

spectral range of the NIR generation pulse: a broader NIR spectrum results in a wider THz 

bandwidth (assuming that the NIR generation pulse is Fourier transform-limited), despite other 

factors affecting the THz generation bandwidth, such as the linear properties of the THz generation 

crystal related to phase-matching conditions. Chapter 4 of this thesis delves into an example of 

expanding the THz spectrum of a THz-TDS system by broadening the NIR generation pulse’s 

spectral bandwidth using a hollow-core photonic crystal fiber pulse shaper.  
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Fig. 1.5 Principle schematic of the electro-optical sampling technique (adapted from [42]). 

(a) Polarization changes of the NIR gating beam with and without the illumination of the

THz together with the corresponding differential signal between the A and B balanced

photodetectors. 𝜒𝜒(2) : second order nonlinear crystals; 𝜆𝜆/4 : quarter-wave plate; WP:

Wollaston prism. (b) Process of the time-resolved detection of the THz electric field.

Figure 1.5 elucidates the principle behind the electro-optical sampling (EOS) technique for THz 

detection. In Figure 1.5(a), without THz illumination on the gating crystal, the horizontally 

polarized NIR gating beam polarization remains unchanged as it traverses the second-order 

nonlinear crystal. Subsequently, after passing through the quarter-wave plate, this beam adopts a 

circular polarization. Upon encountering the Wollaston prism, NIR beams with orthogonal 

polarization, in equal proportions, strike the A and B photodiodes, resulting in a voltage difference 

0 V between A and B photodiodes. However, when the THz pulse spatially and temporally 

coincides with the NIR gating pulse on the gating crystal, the THz beam alters the NIR beam’s 

polarization within the gating crystal via the Pockels effect (for a more detailed theory, refer to 

Chapter 2). Figure 1.5(b) depicts the time-resolved progression of the electric field of the THz pulse. 

THz pulses oscillate over periods on the order of picoseconds (ps), whereas the NIR gating pulses 

have a pulse duration of below 200 fs. Consequently, each segment of the electric field of the THz 

pulse can be viewed as a transient DC electric field influencing a NIR fs pulse. By adjusting the 

position of the translational stage, distinct temporal segments of the THz pulse can be successively 

overlapped with the NIR femtosecond pulse. The varying electric field strengths across the THz 

pulse’s duration will induce proportional rotations in the NIR gating pulse’s polarization. This 

mechanism enables the EOS technique to time-resolve oscillation in the THz electric field.  
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Chapter 2 

Theory of nonlinear optical process for THz generation and detection 

In this chapter, the theory of the second-order nonlinear processes will be presented in detail. We 

start from Maxwell’s equations to derive the coupled-wave equation describing the second-order 

nonlinear polarization which is the source of second-order nonlinear effects. The derived equations 

are then used to describe the second nonlinear effects in the THz generation and detection process. 

2.1  Optical nonlinearity 

To describe the optical nonlinearity, we first need to understand how the polarization, 𝑃𝑃�(𝑡𝑡) (dipole 

moment per unit volume), of a material depends on the electric field strength, 𝐸𝐸�(𝑡𝑡) of an applied 

field. The accent ~ over a quantity here means this quantity varies rapidly with time. The 

polarization inside a one-dimensional (1D) lossless and dispersionless material can be written as:  

𝑃𝑃�(𝑡𝑡) = 𝜖𝜖0�𝜒𝜒(1)𝐸𝐸�(𝑡𝑡) + 𝜒𝜒(2)𝐸𝐸�(𝑡𝑡)2 + 𝜒𝜒(3)𝐸𝐸�(𝑡𝑡)3 + ⋯�

= 𝑃𝑃�(1)(𝑡𝑡) + 𝑃𝑃�(2)(𝑡𝑡) + 𝑃𝑃�(3)(𝑡𝑡) + ⋯ , (2.1.1)

where 𝜖𝜖0 is the free space permittivity, 𝜒𝜒(1) is the linear susceptibility, 𝜒𝜒(2) is the second-order 

nonlinear susceptibility, and 𝜒𝜒(3)  is the third-order nonlinear susceptibility. Then 𝑃𝑃�(1)(𝑡𝑡) is the 

linear polarization, 𝑃𝑃�(2)(𝑡𝑡) is the second order nonlinear polarization and 𝑃𝑃�(3)(𝑡𝑡) is the third-order 

nonlinear polarization and so on. Here we also assume that the material response is instantaneous 

to the applied electric field, implying the time dependance of the linear and nonlinear 

susceptibilities is neglected here. In the THz generation and detection process based on the 

second-order nonlinear crystals, what we are interested in is the second-order nonlinear 

polarization:

𝑃𝑃�(2)(𝑡𝑡) = 𝜖𝜖0𝜒𝜒(2)𝐸𝐸�(𝑡𝑡)2. (2.1.2)
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As we can see, in a three-dimensional space (3D), the electric field and the polarizations will form 

vector quantities and the nonlinear susceptibilities will be tensors. 

In a material with dispersion and loss, the electric field can be described as a sum of discrete 

frequency components: 

𝐸𝐸�⃑�(𝑟𝑟 , 𝑡𝑡) = ∑ 𝐸𝐸�⃑�𝑛𝑛𝑛𝑛 (𝑟𝑟, 𝑡𝑡), (2.1.3)

where: 

𝐸𝐸�⃑�𝑛𝑛(𝑟𝑟, 𝑡𝑡) = 𝐸𝐸�⃑𝑛𝑛(𝑟𝑟)𝑒𝑒−𝑖𝑖𝜔𝜔𝑛𝑛𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. = 𝐴𝐴𝑛𝑛𝑒𝑒𝑖𝑖�𝑘𝑘
�⃑ 𝑛𝑛𝑟𝑟−𝜔𝜔𝑛𝑛𝑡𝑡� + 𝑐𝑐. 𝑐𝑐. . (2.1.4)        

Then the full electric field can be written as:  

𝐸𝐸�⃑�(𝑟𝑟 , 𝑡𝑡) = ∑ 𝐴𝐴𝑛𝑛𝑒𝑒𝑖𝑖�𝑘𝑘
�⃑ 𝑛𝑛𝑟𝑟−𝜔𝜔𝑛𝑛𝑡𝑡�𝑛𝑛 + 𝑐𝑐. 𝑐𝑐. . (2.1.5)        

Similarly, the nonlinear polarization can also be written as: 

𝑃𝑃�⃑�(𝑟𝑟, 𝑡𝑡) = ∑ 𝑃𝑃�⃑𝑛𝑛 (𝜔𝜔𝑛𝑛)𝑒𝑒−𝑖𝑖𝜔𝜔𝑛𝑛𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. . (2.1.6)

The second-order nonlinear polarization components we are interested in are: 

𝑃𝑃𝑖𝑖( 𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚) = 𝜖𝜖0 ∑ ∑ 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
(2)(𝜔𝜔𝑛𝑛 + 𝜔𝜔𝑚𝑚;𝜔𝜔𝑛𝑛,𝜔𝜔𝑚𝑚)𝐸𝐸𝑗𝑗(𝜔𝜔𝑛𝑛)𝐸𝐸𝑘𝑘(𝜔𝜔𝑚𝑚)𝑛𝑛𝑛𝑛𝑗𝑗𝑗𝑗 , (2.1.7)

where ijk are the Cartesian components of the fields. 

2.2 The nonlinear optical wave equation 

In this section, we investigate how new frequencies are generated by the nonlinear processes 

starting from the Maxell’s equations [43]: 

∇ ∙ 𝐷𝐷��⃑ = 𝜌𝜌, (2.2.1) 

∇ ∙ 𝐵𝐵�⃑ = 0, (2.2.2)        

∇ × 𝐸𝐸�⃑ = −
𝜕𝜕𝐵𝐵�⃑
𝜕𝜕𝜕𝜕

, (2.2.3) 

∇ × 𝐻𝐻��⃑ =
𝜕𝜕𝐷𝐷��⃑
𝜕𝜕𝜕𝜕

+ 𝐽𝐽. (2.2.4) 
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Note that starts from this section, we always omit the accent ~, but keep the same assumptions. We 

are working with Gallium Phosphide (GaP) which is a semiconductor. Assuming it is a perfect 

semiconductor, it means without a pump, there are no free charges. Thus, in (2.2.1): 

𝜌𝜌 = 0. (2.2.5) 

Also, there would be no free currents inside a GaP crystal, so in (2.2.4): 

𝐽𝐽 = 0. (2.2.6)

Also the GaP is not a magnetic material. Thus, 

𝐵𝐵�⃑ = 𝜇𝜇0𝐻𝐻��⃑ , (2.2.7)

where 𝜇𝜇0 is the permeability of the free space. Since we are interested in the nonlinear effect inside 

the GaP crystal, in this sense, the relation between the electric displacement 𝐷𝐷��⃑  and the electric field 

𝐸𝐸�⃑  is then: 

𝐷𝐷��⃑ = 𝜖𝜖0𝐸𝐸�⃑ + 𝑃𝑃�⃑ . (2.2.8)

We then derive the optical wave equation by taking the curl of (2.2.3): 

∇ × ∇ × 𝐸𝐸�⃑ = −∇ × 𝜕𝜕𝐵𝐵�⃑
𝜕𝜕𝜕𝜕

. (2.2.9)

Interchange the time and space derivative: 

∇ × ∇ × 𝐸𝐸�⃑ = −𝜕𝜕(∇×𝐵𝐵)����⃑

𝜕𝜕𝜕𝜕
. (2.2.10)

Plug (2.2.7) into (2.2.10): 

∇ × ∇ × 𝐸𝐸�⃑ = −𝜇𝜇0
𝜕𝜕(∇ × 𝐻𝐻)�����⃑

𝜕𝜕𝜕𝜕
. (2.2.11) 

Then, plug (2.2.4) into (2.2.11) and we get: 

∇ × ∇ × 𝐸𝐸�⃑ + 𝜇𝜇0
𝜕𝜕2𝐷𝐷��⃑
𝜕𝜕𝑡𝑡2

= 0. (2.2.12) 

From vector calculus, we know: 

∇ × ∇ × 𝐸𝐸�⃑ = ∇�∇ ∙ 𝐸𝐸�⃑ � − ∇2𝐸𝐸�⃑ . (2.2.13) 
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For a transverse plane wave, ∇ ∙ 𝐸𝐸�⃑ = 0. In some cases, although the first term in (2.2.13) does not 

equal to 0, according to the slowly varying amplitude approximation [43], this term is negligible. 

Then, the Equation (2.2.12) becomes: 

 

𝜇𝜇0
𝜕𝜕2𝐷𝐷��⃑
𝜕𝜕𝑡𝑡2

− ∇2𝐸𝐸�⃑ = 0, (2.2.14) 

where 𝐷𝐷��⃑ = 𝜖𝜖0𝐸𝐸�⃑ + 𝑃𝑃�⃑ , and in the nonlinear optics, the polarization 𝑃𝑃�⃑  can be decomposed into the 

linear polarization and nonlinear polarization: 

𝑃𝑃�⃑ = 𝑃𝑃�⃑ (1) + 𝑃𝑃�⃑ 𝑁𝑁𝑁𝑁 , (2.2.15) 

and  

𝑃𝑃�⃑ (1) = 𝜖𝜖0𝜒𝜒(1)𝐸𝐸�⃑ . (2.2.16) 

As a result, the electric displacement 𝐷𝐷��⃑  can be rearranged as: 

𝐷𝐷��⃑ = 𝜖𝜖0�1 + 𝜒𝜒(1)�𝐸𝐸�⃑ + 𝑃𝑃�⃑ 𝑁𝑁𝑁𝑁 = 𝜖𝜖0𝜖𝜖(1)𝐸𝐸�⃑ + 𝑃𝑃�⃑ 𝑁𝑁𝑁𝑁 . (2.2.17) 

Here 𝜖𝜖(1)is the relative permittivity tensor and in an isotropic material, it becomes a dimensionless 

scalar. Then it is linked to the linear refractive index n by 𝜖𝜖(1) = 𝑛𝑛2. Then the Equation (2.2.14) 

can be rewritten as: 

∇2𝐸𝐸�⃑ −
𝜖𝜖(1)

𝑐𝑐2
𝜕𝜕2𝐸𝐸�⃑
𝜕𝜕𝑡𝑡2

=
1

𝜖𝜖0𝑐𝑐2
𝜕𝜕2𝑃𝑃�⃑ 𝑁𝑁𝑁𝑁

𝜕𝜕𝑡𝑡2
. (2.2.18) 

Noting that, here the 𝜇𝜇0𝜖𝜖0 = 1
𝑐𝑐2

, where c is the speed of light in vacuum.  

Now, we need to consider a more realistic case when the material is dispersive. In this case, we 

need to consider different frequency components of the light electric field separately. 

We can decompose the electric field, and the nonlinear polarization into different frequency 

components and then sum them up. Then we can write: 

𝐸𝐸�⃑ (𝑟𝑟, 𝑡𝑡) = �𝐸𝐸�⃑𝑛𝑛(𝑟𝑟, 𝑡𝑡)
′

𝑛𝑛

= �𝐸𝐸�⃑𝑛𝑛(𝑟𝑟)𝑒𝑒−𝑖𝑖𝜔𝜔𝑛𝑛𝑡𝑡 + 𝑐𝑐. 𝑐𝑐
′

𝑛𝑛

, (2.2.19𝑎𝑎) 
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𝑃𝑃�⃑𝑁𝑁𝑁𝑁(𝑟𝑟, 𝑡𝑡) = ∑ 𝑃𝑃�⃑𝑁𝑁𝑁𝑁(𝑟𝑟, 𝑡𝑡)′
𝑛𝑛 = ∑ 𝑃𝑃�⃑𝑁𝑁𝑁𝑁(𝑟𝑟)𝑒𝑒−𝑖𝑖𝜔𝜔𝑛𝑛𝑡𝑡 + 𝑐𝑐. 𝑐𝑐.′

𝑛𝑛 (2.2.19b)                                                                       

The same expansion into different frequency components can also be applied to the linear 

displacement.  

Plugging equations (2.2.19) into (2.2.18) we obtain: 

∇2𝐸𝐸�⃑ 𝑛𝑛(𝑟𝑟) + 𝜔𝜔𝑛𝑛
2𝜖𝜖(1)(𝜔𝜔𝑛𝑛)
𝑐𝑐2

𝐸𝐸�⃑ 𝑛𝑛(𝑟𝑟) = − 𝜔𝜔𝑛𝑛
2

𝜖𝜖0𝑐𝑐2
𝑃𝑃�⃑𝑁𝑁𝑁𝑁(𝑟𝑟). (2.2.20)  

This equation is the coupled wave equation in the frequency domain, also known as the Helmholtz 

equation. 

2.3 Coupled-wave equations for difference-frequency generation of THz radiation 

The THz generation inside the nonlinear χ(2) crystal is through difference-frequency generation 

(DFG) within a single NIR pulse. Such a process, also referred to as optical rectification (OR), 

involves DFG between high- and low-frequency components of a NIR pulse. This results in the 

production of a THz pulse oscillating at a frequency substantially lower than the NIR frequencies.  

Below we consider the DFG in a lossless nonlinear optical medium with collimated, 

monochromatic, and continuous input beams at normal incidence. 

 
Fig. 2.1 Difference frequency generation in a second-order nonlinear medium. ω1 and ω2 are 

the frequency components of the 2 continuous input beams. ω3 is the frequency generated 

from the DFG process. Figure adapted from [43]. 

The coupled wave equation we derived in the last section (Equation (2.2.20) should hold for each 

individual frequency component of the difference-frequency generation (ω1 and ω2) and of course 

valid for the difference-frequency component, ω3. If we do not consider the nonlinear polarization 
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source term, the solution for Equation (2.2.20) is a plane wave propagating in the +z direction at 

ω3: 

𝐸𝐸3(𝑧𝑧, 𝑡𝑡) = 𝐴𝐴3𝑒𝑒𝑖𝑖(𝑘𝑘3𝑧𝑧−𝜔𝜔3𝑡𝑡) + 𝑐𝑐. 𝑐𝑐. (2.3.1) 

where k3 is the wave vector: 

𝑘𝑘3 =
𝑛𝑛3𝜔𝜔3

𝑐𝑐
,  𝑛𝑛32 = 𝜖𝜖(1)(𝜔𝜔3). (2.3.2) 

Here A3 is the amplitude of the electric field which is a constant. If we consider the nonlinear 

polarization term in Equation (2.2.20) is not too large, the solution to Equation (2.2.20) should still 

be of the form of Equation (2.3.1) but the amplitude A3 will become a slowly varying function of 

the distance z. 

We now can write the nonlinear polarization terms in Equation (2.2.20) as: 

𝑃𝑃3(𝑧𝑧, 𝑡𝑡) = 𝑃𝑃3𝑒𝑒−𝑖𝑖𝜔𝜔3𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. . (2.3.3) 

According to Equation (2.1.7):  

𝑃𝑃3 = 4𝜖𝜖0𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝐸𝐸(𝜔𝜔1)𝐸𝐸(𝜔𝜔2)∗,𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 = 1
2
𝜒𝜒(2). (2.3.4)  

Here for i=1 and 2, the electric field can be written as: 

𝐸𝐸𝑖𝑖(𝑧𝑧, 𝑡𝑡) = 𝐸𝐸𝑖𝑖𝑒𝑒−𝑖𝑖𝜔𝜔𝑖𝑖𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. ,𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑒𝑒𝑖𝑖𝑘𝑘𝑖𝑖𝑧𝑧. (2.3.5) 

Plug equation (2.3.5) into (2.3.4) and we obtain the amplitude P3: 

𝑃𝑃3 = 4𝜖𝜖0𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴1𝐴𝐴2∗𝑒𝑒𝑖𝑖(𝑘𝑘1−𝑘𝑘2)𝑧𝑧. (2.3.6) 

We can then substitute the Equation (2.3.1), (2.3.3), and (2.3.6) into Equation (2.2.20). Since now 

we are in the 1D system in z, the Laplace operator ∇2 can be replaced by 𝑑𝑑
2

𝑑𝑑𝑧𝑧2
 and the equation 

becomes: 
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�𝑑𝑑
2𝐴𝐴3
𝑑𝑑𝑧𝑧2

+ 2𝑖𝑖𝑘𝑘3
𝑑𝑑𝐴𝐴3
𝑑𝑑𝑑𝑑

− 𝑘𝑘32𝐴𝐴3 + 𝜔𝜔3
2

𝑐𝑐2
𝜖𝜖(1)𝐴𝐴3� 𝑒𝑒𝑖𝑖(𝑘𝑘3𝑧𝑧−𝜔𝜔3𝑡𝑡) + 𝑐𝑐. 𝑐𝑐.

= −4𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3
2

𝑐𝑐2
𝐴𝐴1𝐴𝐴2∗𝑒𝑒𝑖𝑖�(𝑘𝑘1−𝑘𝑘2)𝑧𝑧−𝜔𝜔3𝑡𝑡� + 𝑐𝑐. 𝑐𝑐. (2.3.7)

Noting that: 

𝑘𝑘32 = 𝜔𝜔3
2

𝑐𝑐2
𝜖𝜖(1), (2.3.8)  

and eliminate the conventions on both sides of the equation. Then the Equation (2.3.7) becomes: 

𝑑𝑑2𝐴𝐴3
𝑑𝑑𝑧𝑧2

+ 2𝑖𝑖𝑘𝑘3
𝑑𝑑𝐴𝐴3
𝑑𝑑𝑑𝑑

= −4𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3
2

𝑐𝑐2
𝐴𝐴1𝐴𝐴2∗𝑒𝑒𝑖𝑖(𝑘𝑘1−𝑘𝑘2−𝑘𝑘3)𝑧𝑧. (2.3.9) 

Now, we can have a look at the two terms on the left-hand side. We can usually assume that: 

�
𝑑𝑑2𝐴𝐴3
𝑑𝑑𝑧𝑧2

� ≪ �𝑘𝑘3
𝑑𝑑𝐴𝐴3
𝑑𝑑𝑑𝑑

� . (2.3.10) 

This is called slowly varying amplitude approximation which means the fractional change in A3 

within an optical wavelength must be much smaller than unity. Once we apply this approximation, 

we obtain: 

𝑑𝑑𝐴𝐴3
𝑑𝑑𝑑𝑑

=
2𝑖𝑖𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3

𝑛𝑛3𝑐𝑐
𝐴𝐴1𝐴𝐴2∗𝑒𝑒𝑖𝑖(𝑘𝑘1−𝑘𝑘2−𝑘𝑘3)𝑧𝑧. (2.3.11) 

Here the n3 is the refractive index of ω3, which in our case is the THz frequency. 

Now we can take a look at the term: 

∆𝑘𝑘 = 𝑘𝑘1 − 𝑘𝑘2 − 𝑘𝑘3, (2.3.12) 

This is the difference between the 3 wavevectors involved in the nonlinear process and we call it 

wavevector mismatch which is essentially the momentum mismatch. 

Now Equation (2.3.11) can be written as: 

𝑑𝑑𝐴𝐴3
𝑑𝑑𝑑𝑑

=
2𝑖𝑖𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3

𝑛𝑛3𝑐𝑐
𝐴𝐴1𝐴𝐴2∗𝑒𝑒𝑖𝑖∆𝑘𝑘𝑘𝑘 . (2.3.13) 

This equation describes the variation of the electric field amplitude at frequency ω3 which is THz 

frequency in our case. We can see that the terms before the eiΔkz
 are all constants assuming that A1 
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and A2
* do not change throughout the z direction. The key term here is the 𝑒𝑒𝑖𝑖∆𝑘𝑘𝑘𝑘 which we call it 

phase matching term. In the next section, we will discuss the phase-matching condition and see 

how it affects the THz generation and how we can overcome the constraints arising from it. 

2.4 Phase-matching condition 

We first consider the case when:  

∆𝑘𝑘 = 0. (2.4.1)

Equation 2.3.13 then becomes: 

𝑑𝑑𝐴𝐴3
𝑑𝑑𝑑𝑑

=
2𝑖𝑖𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3

𝑛𝑛3𝑐𝑐
𝐴𝐴1𝐴𝐴2∗ . (2.4.2) 

The above equation has a solution: 

𝐴𝐴3 =
2𝑖𝑖𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3

𝑛𝑛3𝑐𝑐
𝐴𝐴1𝐴𝐴2∗𝑧𝑧. (2.4.3) 

This means the amplitude of the generated electric field (in our case, the THz field) will increase 

linearly with the distance z, and the intensity of the THz beam increases quadratically with the 

distance z. Therefore, if we have a crystal that satisfies the perfect phase matching condition (∆𝑘𝑘 =

0), the THz created at different positions z inside the crystal are in phase. Hence, the thicker the 

crystal is, the stronger will be the THz beam generated.  

We next consider the case ∆𝑘𝑘 ≠ 0. Integrating equation (2.3.13) from z = 0 to z = L gives: 

𝐴𝐴3(𝐿𝐿) =
2𝑖𝑖𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3

𝑛𝑛3𝑐𝑐
𝐴𝐴1𝐴𝐴2∗ � 𝑒𝑒𝑖𝑖∆𝑘𝑘𝑘𝑘

𝐿𝐿

0
𝑑𝑑𝑑𝑑 =

2𝑖𝑖𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝜔𝜔3

𝑛𝑛3𝑐𝑐
𝐴𝐴1𝐴𝐴2∗ �

𝑒𝑒𝑖𝑖∆𝑘𝑘𝑘𝑘 − 1
𝑖𝑖∆𝑘𝑘

� . (2.4.4) 

The intensity of the THz at z = L is given by the time average of Poynting vector: 

𝐼𝐼3 = 2𝑛𝑛𝜖𝜖0𝑐𝑐�𝐴𝐴32� = 8𝑛𝑛3𝜖𝜖0𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒2𝜔𝜔3
2|𝐴𝐴1|2|𝐴𝐴2|2

𝑛𝑛32𝑐𝑐
�𝑒𝑒

𝑖𝑖∆𝑘𝑘𝑘𝑘−1
𝑖𝑖∆𝑘𝑘

�
2

= 2𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒2𝜔𝜔3
2𝐼𝐼1𝐼𝐼2

𝑛𝑛1𝑛𝑛2𝑛𝑛3𝜖𝜖0𝑐𝑐3
𝐿𝐿2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 �∆𝑘𝑘𝑘𝑘

2
� , (2.4.5)

where: 



 

17 

 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 �
∆𝑘𝑘𝑘𝑘

2
� ≡

sin2(∆𝑘𝑘𝑘𝑘2 )

�∆𝑘𝑘𝑘𝑘2 �
2 . (2.4.6) 

We can define 𝐿𝐿𝑐𝑐𝑐𝑐ℎ = 2
∆𝑘𝑘

. When the distance z is larger than 𝐿𝐿𝑐𝑐𝑐𝑐ℎ, the THz starts to get out of phase 

with the THz field generated at the L = 0.  

Then, the phase mismatch factor can be written as: 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 �
𝐿𝐿

𝐿𝐿𝑐𝑐𝑐𝑐ℎ
� . (2.4.7) 

We plot the sinc2 function below. 

 
Fig. 2.2. Effects of wavevector mismatching on the efficiency of the difference-frequency 

generation. Figure adapted from [43]. 

Let’s have a closer look at the wavevector mismatch for THz generation: 

𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇, (2.4.8)  

and the energy conservation:                                                                                                                         

𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁 = 𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇. (2.4.9)  

In the THz generation process, we have:  

𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇 ≪ 𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁 ,𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇. (2.4.10) 
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Then if we divide the Equation (2.4.8) by (2.4.9) and multiply the speed of light c on both sides: 

𝑐𝑐
𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁
𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁

= 𝑐𝑐
𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇
𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇

. (2.4.11) 

The right-hand side is simply the (phase) refractive index of the THz in the nonlinear medium. On 

the left-hand side, since the 𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇 is very small compared to 𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁, we can write the division in the 

form of a derivative: 

𝑐𝑐 𝑑𝑑𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁

= 𝑐𝑐
𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

= 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 . (2.4.12)  

This is the well-known criteria for perfect phase matching condition for THz generation: the group 

index of the NIR generation beam should be equal to the phase index of the THz beam in the 

nonlinear medium (THz crystal), or equivalently, the group velocity of the NIR beam should be 

equal to the phase velocity of the THz in the nonlinear medium (THz crystal): 

𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑛𝑛𝑇𝑇𝑇𝑇𝑇𝑇 or 𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑣𝑣𝑇𝑇𝑇𝑇𝑇𝑇. (2.4.13) 

2.5 Tilted-pulse-front phase matching 

We have seen the importance of the phase-matching conditions for the second-order nonlinear 

processes in the previous section (in our case OR/DFG). As we discussed in the former sections, 

the perfect phase-matching condition for THz generation is that the group index of the NIR pulse 

equals to the phase index of the THz frequency to be generated. However, this condition is not 

always satisfied in the THz crystals for all the desired THz frequencies. The tilted-pulse-front phase 

matching [44–46] is one of the ideas to adjust the generation configuration to adjust the phase 

matching inside the generation crystal to achieve a perfect phase matching at demanding 

frequencies.  

The tilted-pulse-front phase matching is similar to the Cherenkov phase-matching [47–49] 

observed in the 1980s. The Cherenkov THz generation shown in Fig. 2.3. happens when the group 

velocity of a tightly focused NIR generation pulse is larger than the phase velocity of the THz pulse. 

It is an automatically satisfied noncollinear phase-matching [49]. The THz generated is in a cone 
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shape which is known as the Cherenkov cone with a critical angle 𝜃𝜃𝑐𝑐  between the propagation 

directions of the NIR pulses and the THz pulses:  

𝜃𝜃𝑐𝑐 = cos−1 �
𝑣𝑣(Ω)
𝑣𝑣𝑔𝑔(𝜔𝜔0)� , (2.5.1) 

where 𝑣𝑣(Ω) is the phase velocity of the generated THz beam and 𝑣𝑣𝑔𝑔(𝜔𝜔0) is the group velocity of 

the NIR generation beam.  

 
Fig. 2.3 Cherenkov THz generation resulting from OR of a fs optical pulse moving at a 

velocity 𝑣𝑣𝑔𝑔(𝜔𝜔0) larger than the phase velocity of the generated THz 𝑣𝑣(Ω) [50]. 

Also, the phase-matching condition is automatically satisfied in the Cherenkov geometry and the 

THz radiation is generated in a cone shape which is hard to collect and guide for applications [46]. 

Also, the Cherenkov geometry requires a focused NIR beam which is not friendly to the high-field 

THz generation where the NIR generation beam is always collimated [47,50]. 

The tilted-pulse-front geometry is constructed by making the intensity front of the NIR plane wave 

align with one of the Cherenkov lines (thick dashed lines in Fig. 2.3). According to the Huygen-

Fresnel principle, every point on the wave front of a propagating electromagnetic wave can be 

considered as a point emitter. The THz beam generated by each point emitter on the NIR intensity 
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front constructively interferes with each other as the traveling speed of the intensity front of the 

NIR beam matches with the phase velocity of the generated THz beam.  

 
Fig. 2.4 The schematic of the tilted-pulse-front technique. The top part of the figure shows 

the propagation direction of the NIR pulse and the generated THz pulse. The bottom part of 

the figure shows the phase-matching in the tilted-pulse-front configuration. Figure adapted 

from [46].                                                                                            

Figure 2.4 shows that by tilting the pulse front of the NIR generation pulse, we make the THz 

generated perpendicular to the pulse front of the NIR pulse instead of along the direction of the 

NIR pulse. As a result, the generated THz pulses form an angle γ with the propagation direction of 

the NIR generation pulse. The collinear phase-matching condition is: 

∆𝑘𝑘 = 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇. (2.5.2) 

The tilted-pulse-front phase-matching condition is:  

∆𝑘𝑘 =
𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁

cos 𝛾𝛾
− 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇. (2.5.3) 

According to the linear diffraction property of the nonlinear material, we can adjust the angle of 

the pulse front tilt according to: 

𝜃𝜃 = cos−1
𝑛𝑛𝑔𝑔(𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁)
𝑛𝑛(𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇) . (2.5.4) 
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A typical tilted pulse front THz generation system uses a grating and one or two lenses to image 

the grating onto the front surface of the generation crystal. During my PhD, I was involved in 2 

projects using a tilted pulse front THz generation setup built by Dr. Lauren Gingras which I have 

reoptimized and operated, leading to 2 publications [51,52]. The schematic of the tilted pulse front 

THz generation system I have operated is shown in Fig. 2.5.  

Fig. 2.5 Tilted-pulse-front THz generation system in our lab. A grating tilted the pulse front 

and imaged by a lens onto the front surface of the generation crystal. Figure adapted 

from [53]. 

The alignment of such a system is complicated and the THz generation efficiency is affected by the 

imaging distortion due to the lens [54]. Physicists have been working on eliminating this imaging 

distortion by optimizing the imaging system. Also, another idea is to avoid imaging the grating 

onto the front surface of the generation crystal, but instead, to fabricate a grating on the front surface 

of the generation crystal to directly tilt the pulse front of the NIR generation beam [54–58]. The 
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contact grating is the component of the 2 main projects for my PhD and will be explained in detail 

in Chapter 5 and 6.  

2.6 THz detection 

The detection technique for the THz experiment in my PhD work is called electro-optical sampling 

(EOS), which was invented almost simultaneously by 3 groups in 1996 [36–38]. This technique 

also utilizes the second-order nonlinearity in non-centrosymmetric crystals. The nonlinear effect 

used in the EOS technique is called the Pockels effect or Pockels electro-optic effect and can be 

considered as the reciprocal process of optical rectification in the THz generation process. The 

Pockels effect describes the change in refractive index for electric polarizations along different axes 

of a nonlinear crystal caused by a DC electric field.   

For a zincblende crystal, such as GaP and ZnTe, when an electric field is applied on the crystal, the 

crystal’s ellipsoid of the refractive index changes according to [41]: 

𝑥𝑥2 + 𝑦𝑦2 + 𝑧𝑧2

𝑛𝑛02
+ 2𝛾𝛾41𝐸𝐸𝑥𝑥𝑦𝑦𝑦𝑦 + 2𝛾𝛾41𝐸𝐸𝑦𝑦𝑧𝑧𝑧𝑧 + 2𝛾𝛾41𝐸𝐸𝑧𝑧𝑥𝑥𝑥𝑥 = 1, (2.6.1) 

where 𝑛𝑛0 is the crystal’s refractive index without the electric field; x, y, z are the coordinate units 

of the refractive index ellipsoid, 𝐸𝐸𝑥𝑥, 𝐸𝐸𝑦𝑦, 𝐸𝐸𝑧𝑧 are the components of the electric field along the x, y, z 

directions and 𝛾𝛾41 is the electro-optical coefficient of the nonlinear crystal.  

When light of wavelength λ is transmitted through such a nonlinear crystal of thickness d and 

experiences this refractive index change, a phase delay Γ is created according to: 

Γ = 2𝜋𝜋𝜋𝜋
𝜆𝜆
Δ𝑛𝑛. (2.6.2)   

In our case, the detection crystal is a <110> cut GaP and the NIR beam is normally incident into 

the detection crystal. The phase delay can be expressed as [17]: 

Γ =
𝜋𝜋𝜋𝜋𝑛𝑛03𝑟𝑟41𝐸𝐸

𝜆𝜆
�1 + 3𝑠𝑠𝑠𝑠𝑠𝑠2𝜙𝜙, (2.6.3) 
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where 𝜙𝜙 is the angle between the electric field and the <001> axis of the detection crystal.  

When a gating beam with an intensity 𝐼𝐼0 interacts with the electric field in the gating crystal, the 

signal on the balanced detector is: 

𝑆𝑆 = 𝐼𝐼0 sin 2𝜙𝜙 sin Γ ≈ 𝐼𝐼0 Γsin 2𝜙𝜙 , (2.6.4) 

assuming that the phase delay induced by the change the electric field is small.  

The above discussions treat the THz electric field as a DC field. In electro-optical sampling, the 

THz pulse acts as the “DC electric field” to change the polarization of the NIR gating pulses since 

the THz pulse is of a period of ps, which is much longer than that of a fs NIR gating pulse. In this 

case, this process involves 2 more processes. The first one is the nonlinear interaction between the 

NIR gating beam and the THz beam through sum-frequency generation (SFG) and DFG. This part 

can be considered as the reciprocal process of the DFG happening in the THz generation process. 

Thus, its derivation is similar to that of the THz generation through DFG. We just need to look into 

the phase-matching condition for the SFG and DFG here. 

For DFG, the phase-matching condition is: 

∆𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁−𝑇𝑇𝑇𝑇𝑇𝑇. (2.6.5) 

This can be derived into: 

∆𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷 =
𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁−𝑇𝑇𝑇𝑇𝑇𝑇

𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇
𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇. (2.6.6) 

Since 𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇 ≪ 𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁 , the equation above can be further written as: 

∆𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷 = �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�
𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁

𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁−𝑇𝑇𝑇𝑇𝑇𝑇 =
𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇

𝑣𝑣𝑔𝑔𝑁𝑁𝑁𝑁𝑁𝑁
− 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁−𝑇𝑇𝑇𝑇𝑇𝑇 . (2.6.7) 

Similarly, for SFG, the phase-matching can also be written as: 
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∆𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁+𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇 = 𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇
𝑣𝑣𝑔𝑔𝑁𝑁𝑁𝑁𝑁𝑁

− 𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁−𝑇𝑇𝑇𝑇𝑇𝑇. (2.6.8) 

We can see that, in the approximation that 𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇 ≪ 𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁 , the phase-matching conditions of the 

DFG and SFG are equivalent to each other. As a result, the phase-matching conditions contribute 

to a term below in the EOS THz detection: 

𝑓𝑓𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑒𝑒𝑖𝑖∆𝑘𝑘𝑘𝑘 − 1
𝑖𝑖∆𝑘𝑘

. (2.6.9) 

Another factor in EOS is the spectral autocorrelation between the initial gating beam and the 

generated NIR beam in the SFG and DFG process [59]. This term can be written as: 

𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜(𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇) = � 𝐴𝐴∗(𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁)𝐴𝐴(𝜔𝜔𝑁𝑁𝑁𝑁𝑁𝑁−𝑇𝑇𝑇𝑇𝑇𝑇)𝑑𝑑𝑑𝑑
+∞

−∞
. (2.6.10) 

This spectral autocorrelation term describes the fact that the EOS detection efficiency drops as the 

NIR gating beam is red-/blue- shift away from the original wavelength through DFG and SFG 

processes.  

One more factor to be considered is the phonon resonances in the desired THz detection spectral 

range. The first phonon absorption for ZnTe is at 5.3 THz and that for GaP is at 11 THz [41]. For 

efficient THz detection from 0.5 to 6.5 THz, we choose GaP as the detection crystal.  

2.7 Extraction of real refractive index and the absorption coefficient using THz-TDS 

The direct application of the THz-TDS system is to measure the linear dispersion information of a 

given material in the THz range. The following part references [60]. The way it works is to put the 

sample under investigation at the THz focus of the THz-TDS system at THz field strengths not 

strong enough to induce extra nonlinear effects and take a reference measurement subsequently 

under the same conditions with the sample removed. When a sample is put inside the THz beam, 

as shown in Fig. 2.6(a) in the time domain, the measured THz pulses will be delayed by a certain 
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amount according to the material’s real refractive index and thickness. Also, the amplitude of the 

THz signal is attenuated due to the absorption inside the material as well as the Fresnel transmission 

of the THz beam through material-air interfaces. The absorption coefficient of the material is 

frequency dependent. Thus, by performing a Fourier transform on to the time-domain reference 

and sample signal (see Fig. 2.6(b)), the frequency dependent absorption coefficient can be 

calculated accordingly.  

 
Fig. 2.6 (a) Time-domain signal of THz pulses with no sample in the THz-TDS system 

(reference signal) and the time-domain signal measured after the THz pulse transmitted 

through a 1 mm-thick fused silica sample. (b) The Fourier transform of the reference signal 

and the sample signal. 
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When a THz pulse 𝐸𝐸0(𝜔𝜔) transmits through a sample with a thickness d, the resulting THz pulse 

𝐸𝐸𝑠𝑠(𝜔𝜔) can be represented as: 

𝐸𝐸𝑠𝑠(𝜔𝜔) = 𝑇𝑇(𝜀𝜀𝜔𝜔)𝐸𝐸0(𝜔𝜔)𝑒𝑒−𝑖𝑖𝑘𝑘𝑠𝑠(𝜔𝜔,𝜀𝜀𝜔𝜔)𝑑𝑑 , (2.7.1)

where 𝜔𝜔 is the frequency of the THz pulse; 𝑇𝑇(𝜀𝜀𝜔𝜔) is the Fresnel transmission coefficient account 

for the THz transmission through the air-material interfaces; 𝑘𝑘𝑠𝑠(𝜔𝜔, 𝜀𝜀𝜔𝜔)𝑑𝑑 is the phase delay created 

from the transmission through the materials itself. The sample signal can be further written as: 

𝐸𝐸𝑠𝑠(𝜔𝜔) =
4𝑛𝑛�𝑠𝑠(𝜔𝜔)

�1 + 𝑛𝑛�𝑠𝑠(𝜔𝜔)�
2 𝐸𝐸0(𝜔𝜔)𝑒𝑒−𝑖𝑖

𝑛𝑛�𝑠𝑠(𝜔𝜔)𝜔𝜔
𝑐𝑐 𝑑𝑑 , (2.7.2) 

where 𝑛𝑛�𝑠𝑠(𝜔𝜔) = 𝑛𝑛𝑠𝑠(𝜔𝜔) − 𝑖𝑖𝜅𝜅𝑠𝑠(𝜔𝜔) is the complex refractive index of the material in the THz range. 

For the reference signal we measured in the THz-TDS system, it can be considered that the initial 

THz pulse transmits through a slab of air with the same thickness as the sample material: 

𝐸𝐸𝑟𝑟(𝜔𝜔) = 𝐸𝐸0(𝜔𝜔)𝑒𝑒−𝑖𝑖
𝜔𝜔
𝑐𝑐 𝑑𝑑 , (2.7.3) 

where c is the speed of light in air.  

From the information above, we can calculate the total transmission function of the THz pulse: 

𝐻𝐻(𝜔𝜔) =
𝐸𝐸𝑠𝑠(𝜔𝜔)
𝐸𝐸𝑟𝑟(𝜔𝜔) =

4𝑛𝑛�𝑠𝑠(𝜔𝜔)

�1 + 𝑛𝑛�𝑠𝑠(𝜔𝜔)�
2 𝑒𝑒

−𝑖𝑖(𝑛𝑛𝑠𝑠(𝜔𝜔)−1)𝜔𝜔
𝑐𝑐 𝑑𝑑𝑒𝑒−𝜅𝜅𝑠𝑠

𝜔𝜔
𝑐𝑐 𝑑𝑑 . (2.7.4) 

We can assume that 𝑛𝑛𝑠𝑠(𝜔𝜔) ≫ 𝜅𝜅𝑠𝑠(𝜔𝜔), which means the absorption of the material in the sample is 

weak. Thus, the complex refractive index, 𝑛𝑛�𝑠𝑠(𝜔𝜔)can be approximated as the real refractive index, 

𝑛𝑛𝑠𝑠(𝜔𝜔). 

Then, the total transmission function gets simplified to: 

𝐻𝐻(𝜔𝜔) =
4𝑛𝑛𝑠𝑠(𝜔𝜔)

�1 + 𝑛𝑛𝑠𝑠(𝜔𝜔)�2
𝑒𝑒−𝑖𝑖

(𝑛𝑛𝑠𝑠(𝜔𝜔)−1)𝜔𝜔
𝑐𝑐 𝑑𝑑𝑒𝑒−𝜅𝜅𝑠𝑠

𝜔𝜔
𝑐𝑐 𝑑𝑑 . (2.7.5) 

The absolute value of the transmission function (take the natural logarithm of this value) is: 

ln|𝐻𝐻(𝜔𝜔)| = ln�
4𝑛𝑛𝑠𝑠(𝜔𝜔)

�1 + 𝑛𝑛𝑠𝑠(𝜔𝜔)�2
� − 𝜅𝜅𝑠𝑠(𝜔𝜔)

𝜔𝜔
𝑐𝑐
𝑑𝑑. (2.7.6) 

The phase of the complex-valued total transmission function is  
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∠𝐻𝐻(𝜔𝜔) =
(𝑛𝑛𝑠𝑠(𝜔𝜔) − 1)𝜔𝜔

𝑐𝑐
𝑑𝑑. (2.7.7) 

 
Fig. 2.7. With the measurements presented in Fig. 2.6, (a) the refractive index and (b) the 

absorption coefficient of the 1 mm-thick UV fused silica is extracted. The results are 

compared with the Ref [61]. 

As a result, once we can obtain the absolute value and the phase of the total transmission function 

from the THz-TDS measurement. We can calculate the real refractive index and absorption 

coefficient of the sample material according to the equations: 

𝑛𝑛𝑠𝑠(𝜔𝜔) = 1 − 𝑐𝑐
𝜔𝜔𝜔𝜔

�∠𝐻𝐻(𝜔𝜔)�, (2.7.8)        

𝜅𝜅𝑠𝑠(𝜔𝜔) =
𝑐𝑐
𝜔𝜔𝜔𝜔

�ln�
4𝑛𝑛𝑠𝑠(𝜔𝜔)

�1 + 𝑛𝑛𝑠𝑠(𝜔𝜔)�2
� − 𝑙𝑙𝑙𝑙|𝐻𝐻(𝜔𝜔)|� . (2.7.9) 
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The power absorption coefficient is:  

𝛼𝛼𝑠𝑠(𝜔𝜔) = 2
𝜔𝜔𝜅𝜅𝑠𝑠
𝑐𝑐

. (2.7.10) 

In real applications, the |𝐻𝐻(𝜔𝜔)| is the ratio between the spectral amplitudes of the sample signal 

and the reference signal. The ∠𝐻𝐻(𝜔𝜔) can be obtained by using the “angle” function (in Matlab) on 

the result of calculated 𝐻𝐻(𝜔𝜔).  

Applying the aforementioned theory, we calculated the refractive index and absorption coefficient 

of the 1mm-thick fused silica, as depicted in Fig. 2.7. Our measurements for the refractive index 

and the absorption coefficient align closely with those reported in Ref [61] from 0.5 to 2 THz. 

Notably, our specialized THz-TDS system, elaborated upon Chapter 5, offers linear dispersion 

information of the fused silica in the 2 to 6 THz range with a peak dynamic range of 90 dB (shown 

in Fig. 2.6(b)), a capability not typically found in standard THz-TDS system available 

commercially. 
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Chapter 3 

Experimental methods 

In the following sections, we discuss the experimental methods used to collect the data presented 

in this thesis. We provide a concise overview of the amplified NIR femtosecond pulse generation 

and focus primarily on the construction and operation of a THz-TDS system. Several experiments 

characterizing the THz-TDS system are presented, and some specific experimental tricks developed 

during my PhD study will be elaborated upon.   

3.1 Amplified femtosecond Yb:KGW laser system 

As discussed in the previous chapters, using an amplified NIR femtosecond pulse for THz 

generation and detection is one of the most efficient methods for mode-locked THz pulse 

generation and detection. Perhaps the most well-known method of achieving ultra-short pulses with 

millijoule pulse energy is the chirped-pulse amplification (CPA) of broadband and low-intensity 

NIR pulses, illustrated in Fig. 3.1. This method garnered significant attention since its invention 

and especially after the 2018 Nobel prize awarded to Arthur Ashin, Gérard Mourou and Donna 

Strickland. Dr. Gérard Mourou and Dr. Donna Strickland, inventors of the chirped-pulse 

amplification method, indirectly laid the foundation for the research on THz time-domain 

spectroscopy based on nonlinear optics methods. Since the CPA technique has been extensively 

covered in scientific and popular literature, we focus here only on the parameters of the laser 

amplifier used for our experiments.  

The femtosecond laser system in our lab is the Pharos laser system (Light Conversion, Ltd. Model 

PH1-SP-1.5 mJ). Part of the system includes an oscillator using Yb:KGW crystal generating 90 fs 

(FWHM) pulses at a wavelength of 1035 nm. The oscillator’s repetition rate is 76 MHz and it 

outputs, at full average power, around 3.5 W. In addition to this 3.5 W laser power, another 1 W of 

laser power from the oscillator is directed into the regenerative amplifier (RA), which employs the 
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CPA method to amplify the pulse energy of the NIR pulses. The gain medium in this RA is also 

Yb:KGW. This system is a closed-box system, eliminating the need for regular alignment. 

 
Fig. 3.1 Schematic illustration of the chirped pulse amplification used in a regenerative 

amplifier. Credits: Royal Swedish Academy of Sciences. 

A warm-up time of 1 hour suffices for most experiments. The RA of the Pharos laser produces NIR 

pulses with a full average power of 6 W and its repetition rate can range from 6 kHz to 1.1 MHz. 

There is also a special mode where the RA can generate 4.5 W average power at 3 kHz, 

corresponding to the laser’s highest pulse energy, 1.5 mJ. The high repetition rate mode of this RA 

is ideal for operating the THz-TDS system with a high signal-to-noise ratio since more pulses are 

measured per unit time. The low repetition rate is suitable for generating high-field THz for 

nonlinear experiments. The minimal pulse duration can be generated from the RA is 180 fs. 

Additionally, we can adjust the compressor in the RA system to add positive and negative chirp to 

the NIR pulses depending on the experimental needs.  

3.2 THz time-domain spectroscopy system 

The schematic of the first THz system is depicted in Fig. 3.2. Since we have already described the 

THz time-domain spectroscopy in general terms in Chapter 1, here we delve deeper into the details 

and considerations of building the system.  
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3.2.1 Reference iris pair 

The NIR beam emitted from Pharos Yb:KGW amplifier first passes through 2 irises positioned 

roughly 2 feet away from each other. These 2 irises serve as a reference of the entire system, with 

their height determining the beam height of the whole THz-TDS system. Generally, the lower the 

optical components are at, the more stable the system will be since lower height reduces the effect 

of vibration and airflow on the optics. However, we must also account for other system components 

whose height is challenging to adjust, such as the translational stage and the parabolic mirrors. 

Once the system is well-aligned and before any measurements are taken, ensuring the incident NIR 

beam passes through the center of both irises indicates the setup is ready, providing no 

modifications were made to the components beyond these 2 irises. For the initial alignment of the 

THz-TDS system, we utilize a visible laser diode as it saves time compared to using an IR-viewer. 

Additionally, since the parabolic mirrors guiding the THz beam are free of chromatic aberration, 

the optical paths for visible and THz beams overlap under such a component. Aligning the NIR 

beam through the iris pair involves two mirrors placed before the first iris. The mirror farther from 

the first iris aligns the beam through the first iris, while the mirror closer to the first iris aligns the 

beam through the second iris. Typically, we have to adjust these 2 mirrors repeatedly to ensure the 

NIR beam passes through the centers of both irises. It is crucial to note that when aligning the beam 

through the second iris, the first iris must be fully open. A helpful tip for faster alignments is to 

position the mirror before the first iris as close as possible to it, ensuring the other mirror is not too 

close to the first one. 
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Fig. 3.2 The first THz-TDS system in our lab. The NIR beams at 1035 nm are shown in green 

and the THz beams are in red. The NIR beam is split into two arms. The first arm with 80% 

of the original power, generates THz using nonlinear crystals. The second arm with 20% of 

the original power serves as a gating beam to time-resolve the THz beam on the detection 

crystal through electro-optical sampling. 

3.2.2 Parabolic mirrors 

The NIR beam is then split into 2 arms. The first arm is focused on a generation crystal with a beam 

size of 27 µm (1/e2 diameter) to generate THz. Since the THz wavelength is typically larger than 

the NIR focus size, the THz beam can be considered nearly a perfect point source. The first off-

axis parabolic mirror then collects as much of the generated THz as possible. We use the metallic 

parabolic mirror to guide the THz beam because the THz beam’s broad bandwidth causes chromatic 

aberration if regular lenses are used. Moreover, compared to lenses, parabolic mirrors can 

effectively reduce the energy loss in the THz band.  

Aligning the off-axis parabolic mirror is one of the most challenging tasks for the THz time-domain 

system. The initial step is to ascertain the correct rotational position for the parabolic mirror within 

its mirror mount. To my knowledge, there are 3 distinct methods to achieve this. Typically, at least 

two of these methods are combined for verification. 
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Method 1: As shown in Fig. 3.3, the back of a parabolic mirror has three collinear holes. These 

three holes can serve as a reliable reference for the parabolic mirror’s rotational position. When the 

center of these 3 holes align at the same height, it indicates the rotational position of the parabolic 

mirror is correct.  

 
Fig. 3.3 Image of a typical 2” diameter and 2” focal length parabolic mirror. (a) The back 

view of the parabolic mirror. The red line connecting the three 3 holes serves as a reference 

for the rotational position of the parabolic within its mirror mount. (b) The front view of the 

parabolic mirror. Collimated beams of the height of the parabolic mirror will be focused into 

a horizontal line in the beam profile if it strikes the left side of the parabolic mirror and into 

a vertical line if it hits the right side of the parabolic mirror.  

Method 2: A perfectly metal block vertical surface can be placed against the circular edge of the 

parabolic mirror. If no gap exists between the parabolic mirror’s edge and the vertical surface, the 

rotation position of the parabolic mirror is correct.  

Method 3: A circular beam at the height of the parabolic mirror center can be shone horizontally 

onto the mirror. Based on experimental observations, when the beam strikes the left side of the 

parabolic mirror, it forms a line shape (a very flat ellipse horizontally) in the far field. If this line is 

perfectly horizontal and at the height of the parabolic mirror’s center, it indicates the rotational 

position of the parabolic mirror is correct.  

For the alignment of the first parabolic mirror, another pair of irises, the same height as the first 

pair, can help ensure that the incident beam entering the first parabolic mirror follows a series of 
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straight holes on the optical table. We then insert the lens, which focuses the NIR beam onto the 

generation crystal, into the incident NIR beam, ensuring the beam after the lens remains straight 

and at the correct height. It is advisable to mount the focusing lens on a translational stage that 

moves along the incident visible beam, as the lens’s dispersion difference must be compensated 

after switching to the 1035 nm laser. Instead of inserting the generation crystal, a 25 µm diameter 

pinhole can be placed at the focal point of this lens. This pinhole creates circular ring diffraction 

patterns in the visible beam, aiding in observing beam profile distortions when the parabolic mirrors 

are misaligned. We position the parabolic mirror a distance of its focal length away from the pinhole 

to collimate the expanding visible beam. The collimated NIR beam has to be perpendicular to the 

incident beam and remains collimated over a long distance and exhibits perfect circular diffraction 

patterns in its profile. This process requires fine-tuning the position and direction of the parabolic 

mirror manually. It is easier if the parabolic mirror is mounted on a heavy base and having a second 

person to check the far-field beam profile can expedite the entire process. The alignment of the 

second parabolic mirror has the same requirements as the first, except the outcoming beam is 

focusing and then expanding. The third parabolic mirror’s alignment mirrors the first one and the 

fourth’s alignment mimics that of the second. A useful tip to make sure that parabolic mirrors reflect 

the incident beam by 90° is to have the incident beam along a series of holes on the optical table in 

a straight line. A pair of irises of the correct height in the perpendicular direction can assist in 

positioning the parabolic mirrors.  

3.2.3 Motorized translational delay stage 

In our system, the motorized translational delay stage is in the other arm, known as the gating line. 

Its role is to adjust the beam path of the gating line, making it shorter or longer than the generation 

line in increments. This allows us to use the femtosecond gating pulse to time-resolve the longer 

picosecond THz pulse in time steps. Before installing the motorized translational delay stage, it is 

crucial to premeasure the designed beam path lengths of both the generation and gating lines. The 
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translational stage’s middle point should correspond to the point where both beam lines have 

identical path lengths.  

When the translational stage moves, the outgoing beam should remain unaffected by the translation. 

Otherwise, as the stage moves, the gating beam will lose its spatial overlap with the THz beam. 

The technique to align the translational stage is illustrated in Fig. 3.4. 

 
Fig. 3.4 The schematic for the alignment of the motorized translational stage. The red line 

indicates the beam path within the translational stage. M1: mirror 1; M2: mirror 2; MS: 

microscope slide. Points 1 and 2 mark the 2 intersection points between the optical beam and 

the MS. 

To align the translational stage, the first thing is to align the incoming beam along the movement 

direction of the translational stage. We can then insert the microscope slide in the beam line, 

adjusting the microscope slide so that the reflection of the incoming beam overlaps with the 

incoming beam itself. Semi-transparent mirror paper can be used to verify beam overlap. The next 

steps involve adjusting M1 and M2 to ensure the beam reflected at point 2 overlaps with the 

incoming beam at point 1. The final step is to move the translational stage from one end to the other 

to double-check the pointing of the beam in the far field.  

3.2.4 Spatial overlap of 2 beams on the gating crystal  

Another crucial component of the THz-TDS system is the spatial overlap between the THz beam 

and the NIR gating beam on the gating crystal. As mentioned earlier, the parabolic mirror guiding 

the THz beam is free from chromatic aberration. This means the beam path of the visible alignment 

laser aligns with the THz beam when guided by the parabolic mirrors. To make sure the spatial 

overlap between the generation and the gating beam, once the 4 parabolic mirrors are well aligned, 
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we can place another pinhole at the focus of the 4th parabolic mirror. Then we can insert in the 

silicon wafer, adjusting both the silicon wafer and the mirror preceding the silicon wafer to ensure 

the gating beam is also focused by the 4th parabolic mirror into the pinhole and the height of the 

beam after the pinhole remains the same. This guaranteed the spatial overlap. 

3.2.5 EOS alignment 

The last part is the EOS. For the EOS, the most crucial part is balancing the photodetector. When 

balancing the photodetectors, we only insert the Wollaston prism into the gating beam line, 

adjusting it until the weaker of the two output beams reaches its minimum power by with the help 

of the IR viewer. To further verify this minimum power, we can direct the weaker beam onto the 

center of the photodetector and measure the voltage on the diode using the lock-in amplifier. If 

the weaker beam reaches its minimum and strikes the center of the photodetector and we rotate 

the Wollaston polarizer in either direction, the voltage on this photodiode should always increase. 

The subsequent step is to make sure the stronger of the two output beams hits the center of the 

second photodetector and then put the quarter-wave plate into the gating beam. At this point, we 

measure the voltage difference between these 2 photodetectors, and by rotating the quarter-wave 

plate, we adjust the voltage difference between the two photodetectors to zero, indicating that two 

photodetectors are well balanced. 

3.3 Measurements characterizing the THz-TDS system 

3.3.1  NIR pulse and THz pulse measurements 

In Fig. 3.5, we display the autocorrelation trace and the NIR spectrum of the pulse from the 

Yb:KGW amplifier. The autocorrelation trace corresponds to a pulse duration of 185 fs and the 

NIR spectrum centers around 1035 nm and with a bandwidth of 3.5 THz (FWHM). 
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Fig. 3.5 (a) The autocorrelation trace of the femtosecond pulse from the Yb:KGW amplifier. 

(b) The NIR spectrum of the femtosecond pulse from the Yb:KGW amplifier, where 𝜈𝜈0 is 

the center frequency of the laser spectrum corresponding to a wavelength of 1035 nm. 

Fig. 3.6 presents the time-domain signal and the calculated Fourier transform of the THz generated 

and detected with NIR pulses in Fig. 3.5, using a pair of identical 300 µm-thick GaP crystals for 

both THz generation and detection. The THz oscillation occurs in the picosecond range and the 

THz spectrum spans 0.1-5 THz with a 2.2 THz bandwidth (FWHM). In the next chapter, we will 

demonstrate that by using a hollow-core photonic-crystal fiber pulse shaper to spectrally broaden 

the NIR pulse, and compressing the output pulse with chirped mirrors, both the THz amplitude and 

spectral bandwidth can be enhanced.  

 
Fig. 3.6 (a) The THz time-domain signal measured with the NIR pulse in Fig. 3.5 using a 

300 µm thick GaP generation crystal and detected by an identical GaP crystal. (b) 

Corresponding THz spectrum calculated by Fourier transform. 
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In the following subsections, we describe some experiments that utilized the NIR pulses from the 

hollow-core photonic-crystal fiber pulse shaper to operate the THz-TDS system. This pulse shaper 

increases the high-frequency limit of the THz spectrum to approximately 6.5 THz, assuming that 

the thicknesses of the generation and detection crystals do not limit the THz bandwidth due to the 

phase-matching condition.  

3.3.2 Iris clipping THz beam 

For this experiment, we place a fully open 2-inch iris in the collimated section of the THz beam. 

We gradually close the iris to gradually cut the THz beam and measure the time-domain signal of 

the THz beam. In this experiment, the generation crystal is a 1 mm-thick GaP and the gating crystal 

is a 100 µm-thick GaP crystal. The results are presented in Fig. 3.7. When the iris is fully open, the 

THz spectrum ranges from 0 to 4 THz with a spectral peak around 1.7 THz. The 4 THz full spectral 

width results from the phase-matching condition for the DFG process. As we progressively close 

the iris and block more of the THz beam’s area, the measured THz amplitude decreases. 

Interestingly, as the open area of the iris reduces, the spectral peak of the THz shifts towards higher 

frequencies, except when the iris diameter is between 4 cm to 2.8 cm. This observation suggests 

that in the collimated section of the THz beam, the low-frequency components expand over a larger 

area while the high-frequency components concentrate more at the center of the THz beam. This is 

consistent with the fact that when the THz is generated with a focused NIR beam, the THz 

wavelengths are typically larger than that of the focal point size. Consequently, the generated THz 

behaves like a point source, and the longer the THz wavelength is (the lower the THz frequency is) 

the more spatial expansion of the THz beam is expected. The observed changes when the iris 

diameter decreases from 4 cm to 2.8 cm could be attributed to the iris not being perfectly centered 

within the THz beam. 
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Fig. 3.7 THz spectra measured when an iris is open at specific sizes to cut the THz beam. 

3.3.3 Saturation in the THz generation process 

In this subsection, we increase the NIR pulse energy for THz generation to observe how the THz 

amplitude varies with the NIR generation pulse energy. This measurement is performed using a 

2 mm-thick GaP crystal for THz generation and a 450 µm thick GaP for THz detection. The result 

is presented in Fig. 3.8. From Chapter 2, we understand that without saturation, the THz electric 

field is proportional to the power of the NIR generation beam. Here, when the laser power increases 

from 0.9 W to 1.8 W, the peak amplitude of the THz both in time and spectrum increases by a 

factor of 1.75, indicating the presence of saturation effects. As the laser power increases from 0.9 

to 3.6 W, the THz peak amplitudes both temporally and spectrally increase by only a factor of 2.5. 

As the laser power further increases to 6 W, the peak THz amplitude both temporally and spectrally 

does not show a significant increase, indicating that the THz generation process is almost entirely 

saturated. To study the saturation effect of the THz generation, it is more appropriate to consider 

the fluence of the NIR beam on the generation crystal rather than the beam power. When the laser 

power is 0.9 W, the generation beam power reaching the generation crystal is approximately 0.7 W 

and the 1/e2 diameter of the beam is 27 µm on the surface of the generation crystal. The peak 

fluence of the NIR pulse on the generation crystal is calculated to be 22 mJ/cm2. This is consistent 
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with the value (5.1 mJ/cm2) where the saturation onset occurs, measured in Chapter 6. The 

saturation effect can be attributed to the multiphoton absorption [46] and heat effect [62]. 

Additionally, if we look into Fig. 3.8 (b), as the NIR generation beam power increases and the 

saturation of THz generation intensifies, the peak of the THz spectrum shifts towards low 

frequencies. This phenomenon has been observed in [63] but the cause of this shift remains under 

exploration.  

 
Fig. 3.8 (a) THz time-domain signal measured with different average power from the laser 

at 1.1 MHz. (b) Fourier transforms of the THz time-domain signals in (a). The generation 

crystal is a 2 mm-thick GaP and the detection crystal is a 450 µm-thick GaP. In both plots, 

the measured THz amplitudes are first normalized to the fluences on the balanced 

photodetectors and then normalized to the peak amplitude when the laser power is 0.9 W. 

The peak THz field strength of the THz pulse is calculated to be 0.84 kV/cm, when the NIR laser 

average power is at 0.9 W. The calculation is according to [64]: 

𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐴𝐴−𝐵𝐵
𝐴𝐴+𝐵𝐵

𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔𝐾𝐾𝑔𝑔𝑔𝑔𝑔𝑔
2𝜋𝜋𝑟𝑟41𝑛𝑛03𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

, (3.3.1)  

where A and B are the voltages on the balanced photodetectors, λgat is the central wavelength of the 

NIR gating beam (1035 nm), r41 = 1 pm/V is the electro-optical coefficient of GaP at 1035 nm [65], 

n0 is the refractive index of the GaP at 1035 nm [66], L = 0.45 mm is the thickness of the GaP 

detection crystal, ttot is the transmission coefficient taking into account the THz transmission 

through the GaP detection crystal at 1.3 THz (spectral peak) and the refractive index of the silicon 
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wafer at 1.3 THz [67]. In addition to the equation in [64], we introduce a damping factor 𝐾𝐾𝑔𝑔𝑔𝑔𝑔𝑔=1.62 

describing the “smooth effect” due to a non-infinitely short gating beam in the EOS process [68]. 

The method of calculating the THz peak field strength is also applied when estimating the field 

strength of THz generated with grating-assisted GaP crystals.   

3.3.4 Measurement of typical THz crystals 

The THz-TDS system’s primary function is to measure the material’s linear dispersion in the THz 

range. To validate the functionality of the system, my colleague Aidan Schiff-Kearn and I measured 

the refractive index and of GaP and ZnTe crystals using our first THz system. The results have 

been presented in his Master’s thesis in 2018 [42]. Here, I present another set of measurements 

using the NIR pulse out of the hollow-core photonic-crystal fiber in the THz system, which can 

provide material dispersion information from 0.5 THz to 6 THz. I measured the 1 mm-thick and 

2 mm-thick GaP crystals we have in our lab and compared them with the result in Parsons et al [69].  

 
Fig. 3.9 Measured refractive index and the power absorption coefficient from 0.5 to 6 THz. 

The dot lines indicate uncertainties in these two calculated parameters due to the limited 

accuracy of the crystal thickness measurements. The accuracy of the caliper for thickness 

measurement is ±0.02 mm. These measured results are compared to those reference values 

in [69]. 

The refractive indices of the GaP crystals in our lab are consistent with that presented in [69], 

exhibiting minor deviations of approximately 0.13. This discrepancy, which equals to an 
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underestimate of the crystal thickness by 0.05 mm, may stem from the system errors arising from 

the use of different thickness measurement tools between us and Parsons et al. We determined the 

thickness of our crystal using a caliper with a precision of ±0.02 mm. Parsons et al. did not indicate 

the tool for the thickness measurements. Also, the refractive indices of the 1 mm-thick and 2 mm-

thick GaP crystals differ by roughly 0.07. The overlapped uncertainty regions between these two 

measurements suggest a potential underestimation of the 1 mm-thick GaP’s thickness by 0.02 mm 

and a corresponding overestimation for the 2 mm-thick GaP by the same margin. The uncertainty 

in the absorption coefficient influenced by thickness measurement errors is negligible. The 2 mm-

thick GaP’s absorption coefficient measurement aligns very well with the reference curve. The 

absorption coefficient of the 1 mm-thick GaP is higher than the reference value below 3 THz and 

lower than the reference value above 3 THz. For these measurements of GaP crystals, the measured 

absorption coefficients are more consistent with the reference curves in contrast to what is 

presented in Aidan Schiff-Kearn’s thesis, which was much higher than the reference value. The 

differences in the absorption coefficient of GaP crystals of varying thickness arise from the fact 

that these GaP crystals were sourced from different manufacturers. Different manufacturing 

processes result in crystals with varying impurities, leading to different absorption coefficients. For 

example, the absorption coefficient of the 1 mm-thick GaP below 3 THz is higher than that in 

Ref [69], which could be due to slight doping in this crystal. 
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Chapter 4 

Broadband and tunable time-resolved THz system using argon-filled 

hollow-core photonic-crystal fiber 

4.1 Background and relevance 

Previous chapters introduced THz time-domain spectroscopy based on nonlinear electro-optical 

crystals. Also, in the third chapter, we presented the dispersion information measurement 

performed using the THz time-domain system that operates with the Yb:KGW laser amplifier. This 

amplifier generates a NIR pulse with 180 fs pulse duration at 1035 nm wavelength and a spectral 

bandwidth of 3.5 THz (FWHM). In this chapter, the work focuses on improving the performance 

of such a THz-TDS system in terms of bandwidth and sensitivity [70].  

THz generation within nonlinear crystals relies on difference-frequency mixing within an NIR 

pulse. Consequently, the spectral bandwidth of the NIR pulse directly affects the bandwidth of the 

THz pulses generated, assuming that the generation crystal does not restrict the generation 

bandwidth. In this study, the NIR beam from the Yb:KGW laser amplifier is launched into an 

argon-filled hollow-core photonic-crystal fiber (HC-PCF) that acts as a pulse shaper. The NIR 

beam broadens inside the HC-PCF through self-phase modulation (SPM), a third-order nonlinear 

effect. Another factor that impacts the THz generation bandwidth is the dispersion within the 

generation pulse. Put simply, different frequency components in the NIR pulse should reach the 

generation crystal simultaneously to interact efficiently. For this purpose, a pair of chirped mirrors 

compensates for the positive dispersion that occurs within the HC-PCF during the SPM. The reason 

that we chose gas as the nonlinear medium for the NIR broadening is that such substances resist 
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irreversible optical damage at high intensities, with the exception of molecular gases that undergo 

photochemical dissociation under such conditions. Additionally, the nonlinearity and dispersion 

properties of the gases can be fine-tuned by adjusting the pressure and composition of the gas 

mixture [71]. However, compared to solids, the gases exhibit significantly lower nonlinearity. As 

a consequence, they require longer nonlinear interaction lengths, necessitating the need for hollow 

waveguides. A potential solution to this problem is to use hollow-core fiber (HCF). Some research 

groups have employed the gas-filled HCF to spectrally broaden their NIR pulse and use such NIR 

pulse to generate broadband THz [72,73]. Typically, HCFs used in such works have an inner core 

diameter exceeding 200 µm and a length over 1 m, with the NIR pulse energies in the millijoule 

range. In our THz-TDS system, where the generation NIR beam is focused on the generation crystal, 

the generation NIR pulse energy is typically below 20 µJ. Using the same gas-filled HCF fiber for 

our NIR pulse would necessitate a much longer fiber, complicating the experimental setup and 

demanding more experimental space. Consequently, we select the Kagomé hollow-core 

photonic-crystal fiber to be the hollow-core waveguide. The thread of glass with a lattice of hollow 

microchannels creates a two-dimensional photonic-crystal structure extending longitudinally. 

These two-dimensional photonics crystal structures establish a complete or partial photonic band 

gap (PBG) that confines light within its central hollow core [71,74,75]. Fig. 4.1 presents a scanning 

electron microscope (SEM) scan of the cross-section of the Kagomé fiber in our experiments. This 

fiber has an inner core diameter of 34 µm. With this small core size, we broaden the NIR pulse of 

0.9 µJ pulse energy from a spectral bandwidth of 3.5 THz to 8.7 THz using a 50 cm long fiber.  
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Fig. 4.1 A scanning electron microscope (SEM) scan of the cross-section of the Kagomé HC-

PCF (provided by Dr. Jean-Michel Ménard). 
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We demonstrate broadband, frequency-tunable, phase-locked terahertz (THz) genera-
tion and detection based on difference frequency mixing of temporally and spectrally
structured near-infrared (NIR) pulses. The pulses are prepared in a gas-filled hollow-
core photonic crystal fiber (HC-PCF), whose linear and nonlinear optical properties
can be adjusted by tuning the gas pressure. This permits optimization of both the spec-
tral broadening of the pulses due to self-phase modulation (SPM) and the generated
THz spectrum. The properties of the prepared pulses, measured at several different
argon gas pressures, agree well with the results of numerical modeling. Using these
pulses, we perform difference frequency generation in a standard time-resolved THz
scheme. As the argon pressure is gradually increased from 0 to 10 bar, the NIR pulses
spectrally broaden from 3.5 to 8.7 THz, while the measured THz bandwidth increases
correspondingly from 2.3 to 4.5 THz. At 10 bar, the THz spectrum extends to 6 THz,
limited only by the spectral bandwidth of our time-resolved detection scheme. Inter-
estingly, SPM in the HC-PCF produces asymmetric spectral broadening that may be
used to enhance the generation of selected THz frequencies. This scheme, based on a
HC-PCF pulse shaper, holds great promise for broadband time-domain spectroscopy
in the THz, enabling the use of compact and stable ultrafast laser sources with rela-
tively narrow linewidths (<4 THz). © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5043270

I. INTRODUCTION

Terahertz time-domain spectroscopy (THz-TDS) is a broadband optical characterization tech-
nique increasingly applied inmany fields for non-invasive imaging and identification ofmolecules.1–8

In condensed matter research, this technique is also used to trace ultrafast dynamics of low-energy
excitations when combined with a pump pulse to excite non-equilibrium states inside materials such
as semiconductors, strongly correlated materials, superconductors, and topological insulators.8–18

Common THz-TDS systems, including most of the ones commercially available, are now able to
resolve with great sensitivity the spectral range covering 0.5–4 THz. One of the next frontiers in
THz photonics is therefore the development of efficient schemes for expanding this spectral window
beyond 4 THz, so as to allow access to both a wider range of molecular resonances for sensing appli-
cations and new microscopic interactions in condensed matter. Some experimental schemes have
already been reported for achieving ultra-broadband THz spectroscopy. They are based on nonlinear
optical generation and detection in laser-induced gas plasmas (THz wave air photonics),19–22 GaP or
several-micron-thick ZnTe crystals23–25 and birefringent LiGaS2 (LGS),26,27 GaSe,27–31 and organic
crystals such as DAST.32,33 Although these configurations rely on different types of nonlinear media,
they all share an essential common component: an ultrafast near-infrared (NIR) laser capable of
delivering broadband femtosecond pulses. Such an optical source is crucial for accessing the high

2378-0967/2018/3(11)/111301/6 3, 111301-1 © Author(s) 2018
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THz frequency range since THz radiation is generated by nonlinear difference frequency mixing of
NIR pulses, which means that the highest generated THz frequencies are determined by the spectral
bandwidth of the NIR pulses. Furthermore, efficient time-resolved THz detection requires ultrashort
NIR pulses with a duration shorter than the oscillation cycle of the highest THz frequency compo-
nents to achieve broadband detection. These two conditions impose stringent requirements on the
NIR ultrafast source. As a result, expensive and bulky optical systems are often necessary for broad-
band THz-TDS. We propose an alternative setup for generating broadband THz radiation, one that
can be used with a compact and stable MHz laser system delivering pulses of sub-microjoule energy
and a few hundreds of femtoseconds in duration. We use a commercial Yb:KGW ultrafast amplifier
in combination with a gas-filled kagomé-type hollow-core photonic crystal fiber (kagomé-PCF) to
achieve efficient broadband THz generation and detection.34 Gas-filled hollow-core photonic crystal
fiber (HC-PCF) is one of the most efficient and versatile nonlinear platforms for spectral and temporal
structuring of NIR pulses.35–39 It provides weak anomalous dispersion that can be counter-balanced
by the normal dispersion of the gas filling the fiber, allowing propagation of ultrashort pulses with
minimal temporal distortion. In contrast to solid-core fibers or highly nonlinear materials, the linear
and nonlinear properties of the system can be adjusted simply by changing the species and the pres-
sure of the gas filling the HC-PCF. Here, we take advantage of this unique feature to broaden the
spectrum covered by the THz-TDS system out to ∼6 THz, limited only by the choice of the nonlinear
crystal for time-resolved detection. More importantly, the general concept of using a HC-PCF pulse
shaper in combination with a relatively narrow spectral linewidth (<4 THz) laser could be extended
to other schemes based on different generation and detection crystals such as LGS or GaSe, which
would extend further the spectral coverage of THz-TDS.

II. EXPERIMENT AND NUMERICAL SIMULATIONS

The experimental configuration is sketched inFig. 1. The optical source is a commercialYb:KGW
amplifier delivering 185 fs pulses at a central wavelength of 1035 nm, an average power of 1 W, and
a repetition rate of 1.1 MHz. The emitted pulses are launched into an Ar-filled HC-PCF with 75%
coupling efficiency. The fiber, a 55 cm-long kagomé-PCF with a 34 μm-diameter core, is entirely
placed inside a gas cell within which the Ar pressure can easily be adjusted. This scheme allows
us to change the properties of the optical medium and tune the effects of self-phase modulation
(SPM) broadening and restructuring the NIR pulse spectrum. A pair of identical chirped mirrors
(CMs), providing a total dispersion of −2500 fs2, is placed after the HC-PCF to compensate for the
positive chirp resulting from SPM and to ensure that the pulses are nearly Fourier-transform-limited.
A standard THz-TDS configuration is then used to generate and detect the THz radiation.35 Briefly,
the NIR beam is split into two paths. In the first path, phase-locked THz radiation is generated by
difference frequency mixing inside a 220 μm thick 110-oriented GaP crystal. The second path is used
as an optical gate for time-resolved electro-optical detection. An identical GaP nonlinear crystal is
used for detection.

FIG. 1. Schematic of the experimental setup. NIR pulses are launched into a HC-PCF filled with Ar gas at an adjustable
pressure. A standard THz-TDS scheme is then used to generate and detect THz radiation.40 CM: chirped mirror; BS: beam
splitter; TS: translational stage; L: lens, GaP: 110-oriented 220 μm-thick gallium phosphide crystal; Ge: germanium wafer;
Si: silicon wafer; λ/4: quarter-wave plate; WP: Wollaston prism; PD: photodetector.
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A. Near-infrared pulse propagation in the HC-PCF pulse shaper

The NIR pulse properties are measured after the CMs using a USB spectrometer and a home-
made autocorrelator based on second harmonic generation in a 150-μm-thick beta-barium borate
(BBO) crystal. As the Ar pressure (PAr) is increased from 0 to 10 bar, the NIR spectrum gradually
broadens from a full-width at half-maximum (FWHM) of 3.5 to 8.7 THz [Fig. 2(a)]. The spectral
broadening manifests itself mainly in two sidelobes separated by ΔνSL = 3.1 THz at 7.5 bar and
4.7 THz at 10 bar. The corresponding autocorrelation traces are shown in Fig. 2(b) from which,
assuming that the structured NIR pulses have a sech2 temporal shape, the original pulse duration can
be recovered. The pulse duration is observed to decrease gradually, from 185 fs to 65 fs (FWHM), as
PAr is increased. The fact that the spectral bandwidth increases by a factor of 2.5 while the temporal
duration decreases by 2.8 indicates that the pulses are close to Fourier-transform-limited at all the
pressures used in the experiment.

Figure 2(c) shows the simulated spectra at the fiber output at different Ar pressures for a 185 fs
(FWHM) Gaussian pulse with 0.85 μJ energy. The simulations are based on a unidirectional field
equation41 and approximate the fiber dispersion by that of a narrow-bore capillary.42 Over the pressure
range used, the NIR pulses lie in the anomalous dispersion range within the fiber. For these spectral
bandwidths, however, the fiber dispersion is insufficient to compensate for the positive chirp resulting
from SPM, which therefore requires further compensation using negatively chirped mirrors after
the fiber. Figure 2(d) shows the simulated temporal profiles at the fiber output after introducing
2000 fs2 negative chirp (as in the experiment). As the argon pressure increases from 0 to 10 bar the
temporal FWHMdecreases from189 fs to 68 fs, which is in excellent agreementwith the experiments.
The simulations show no contribution related to pulse-induced gas ionization over the range of
parameters used in the experiments.

FIG. 2. (a) Spectra of theNIR pulsesmeasured after theHC-PCF and theCMpair for differentAr pressures. (b) Corresponding
autocorrelation traces. The FWHM durations measured at PAr = 0, 2.5, 5, 7.5, and 10 bar are 185, 150, 115, 85, and 65 fs,
respectively. [(c) and (d)] For the same conditions, the numerical simulations41 of the pulse spectra and duration show good
agreement with the experiments.
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FIG. 3. (a) Phase-locked THz transients measured with NIR pulses prepared in the HC-PCF at different Ar pressures, as
shown in Fig. 2. (b) Corresponding THz spectral amplitude calculated by Fourier transforming. In (a) and (b), the maximum
amplitude of the measurement at 0 bar is normalized to 1.

B. Phase-locked THz generation

The NIR pulses measured in Figs. 2(a) and 2(b) are injected in the THz-TDS scheme for phase-
locked THz generation and detection by electro-optic sampling. Figure 3(a) shows the resulting
time-resolved THz field. Simply by adjusting the gas pressure, the peak THz amplitude can be
increased by a factor of∼4. This increase is caused by temporal compression of theNIRpulses, leading
to higher peak powers and, consequently, to more efficient nonlinear frequency down-conversion.
The corresponding THz spectral amplitudes are shown in Fig. 3(b). Distinctly different behavior is
observed above and below a frequency of 1 THz: the amplitude of higher spectral components is
enhanced as PAr is increased, while no significant change is observed in the sub-1-THz portion of
the spectrum. As a result, the THz bandwidth can be increased from 2.3 THz to 4.5 THz (FWHM).
The sudden drop in the spectral amplitude at 6.2 THz is related to the restricted phase-matching
conditions in the two 220 μm-thick GaP crystals used for THz generation and detection, which
ultimately limit the attainable THz bandwidth. The results agree well with the calculated phase-
matching cut-off frequency at 6.6 THz.43

Interestingly, SPM in kagomé-PCF produces an unevenly distributed spectrum in the NIR pulses,
which will have a direct impact on the generated THz spectrum. At PAr > 5 bar the NIR spectrum
departs from a Gaussian-like distribution, displaying two side-lobes separated by ΔνSL. Since the
THz radiation is produced by difference frequency mixing between NIR pulse components, these
side-lobes are expected to enhance THz generation around ΔνSL, resulting in distinct peaks in the
spectra. However, in the experiment, the electro-optic detection process prevents us from clearly
distinguishing this peak since the detection efficiency is not homogeneous over the whole spectral
bandwidth.44,45 Due to the time-resolved configuration, the amplitude of the lowest and highest THz
frequencies is under-estimated: Low frequencies have a larger spot size on the detection crystal and
do not overlap as well with the focused gating pulse, while high THz frequencies suffer from a phase
mismatch with the gating pulse inside the detection crystal. The peak in the measured THz spectra is
therefore mostly determined by the time-resolved detection response rather than the spectral shape
of the generated THz radiation.

III. CONCLUSION

A pressure-tunable pulse shaper based on gas-filled kagomé-PCF can be used to prepare NIR
pulses for efficient broadband THz-TDS. As the Ar pressure is increased in the PCF, spectral broaden-
ing and temporal compression of the NIR pulses allow the bandwidth of the measured THz spectrum
to be broadened by a factor of 2, the highest frequency component at ∼6 THz being limited only by
phase-matching conditions in the experiment. This scheme could also be used for accessing higher
THz frequencies if the argon pressure is increased beyond 10 bar and different nonlinear generation
and detection crystals are used, such as GaSe, LGS, DAST, or AgGaS2. In brief, a single fiber-based
module, combined with an ultrafast source with relatively narrow linewidth (<4 THz), can be used
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for broadband THz-TDS, paving the way to the design of more compact and cost-effective THz-TDS
setups capable of reaching high THz frequencies without the need for complex optical sources based
on ultrashort Ti-sapphire amplifiers, synchronized fiber lasers, or optical parametric chirped-pulse
amplifiers. Since HC-PCFs are robust and able to guide extremely high peak powers, they may also
enable the use of high power and high repetition rate lasers for THz-TDS.46,47
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2 C. Seco-Martorell, V. López-Domı́nguez, G. Arauz-Garofalo, A. Redo-Sanchez, J. Palacios, and J. Tejada, “Goya’s artwork
imaging with terahertz waves,” Opt. Express 21, 17800–17805 (2013).
3 A. Redo-Sanchez, B. Heshmat, A. Aghasi, S. Naqvi, M. Zhang, J. Romberg, and R. Raskar, “Terahertz time-gated spectral
imaging for content extraction through layered structures,” Nat. Commun. 7, 12665 (2016).
4 J. F. Federici, B. Schulkin, F. Huang, D. Gary, R. Barat, F. Oliveira, and D. Zimdars, “THz imaging and sensing for security
applications—Explosives, weapons and drugs,” Semicond. Sci. Technol. 20, S266 (2005).
5 B. Fischer, M. Hoffmann, H. Helm, G. Modjesch, and P. U. Jepsen, “Chemical recognition in terahertz time-domain
spectroscopy and imaging,” Semicond. Sci. Technol. 20, S246 (2005).
6 E. P. Parrott and J. A. Zeitler, “Terahertz time-domain and low-frequency Raman spectroscopy of organic materials,” Appl.
Spectrosc. 69, 1–25 (2015).
7 P. D. Cunningham, N. N. Valdes, F. A. Vallejo, L. M. Hayden, B. Polishak, X.-H. Zhou, J. Luo, A. K.-Y. Jen, J. C. Williams,
and R. J. Twieg, “Broadband terahertz characterization of the refractive index and absorption of some important polymeric
and organic electro-optic materials,” J. Appl. Phys. 109, 043505 (2011).
8 P. U. Jepsen, D. G. Cooke, and M. Koch, “Terahertz spectroscopy and imaging—Modern techniques and applications,”
Laser Photonics Rev. 5, 124–166 (2011).
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39 O. Heckl, C. Saraceno, C. Baer, T. Südmeyer, Y. Wang, Y. Cheng, F. Benabid, and U. Keller, “Temporal pulse compression
in a xenon-filled Kagome-type hollow-core photonic crystal fiber at high average power,” Opt. Express 19, 19142 (2011).

40 X.-C. Zhang and J. Xu, Introduction to THz Wave Photonics (Springer, 2010).
41 F. Tani, J. C. Travers, and P. St.J. Russell, “Multimode ultrafast nonlinear optics in optical waveguides: Numerical modeling
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Opt. Lett. 39, 6843–6846 (2014).
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4.2 Additional comments 

The THz spectral range presented in this work is not the upper limit of the THz generation and 

detection from our laser system when combined with the HC-PCF. By launching more NIR pulse 

energy into the HC-PCF or elevating the gas pressure in the HC-PCF, we can further enhance the 

SPM inside the HC-PCF, leading to a broader NIR spectrum. The pressure in the gas cell for this 

APL Photonics paper was set at 10 bar. Subsequently, we attempted to increase the gas pressure to 

15 bar to further enhance the NIR bandwidth and replaced the generation and detection crystals 

with ZnTe. Unlike GaP, which exhibits phonon absorption around 11 THz [63], ZnTe possesses a 

phonon resonance only around 5 THz, thereby allowing higher THz frequencies to be detected, 

albeit with limited sensitivity due to imperfect phase-matching conditions. Utilizing a 200 µm thick 

ZnTe pair for both THz generation and detection, we not only observed a primary THz signal 

spanning from 0.1 to 4 THz but also detected a THz spectrum ranging from 7 to14 THz. This extra 

THz bandwidth comes from the fact that with a higher pressure in the HC-PCF Additionally, by 

further increasing the NIR pulse energy and gas pressure in the HC-PCF, and using a GaSe as the 

generation and detection crystal, our group has achieved THz generation and detection above 20 

THz [76].  



 

53 

 

 
Fig. 4.2 THz spectrum measured with the NIR pulse out of argon-filled HC-PCF at 15 bar 

for THz generation and detection. The generation and detection crystals are 200 µm thick 

ZnTe. 

In our system, the highest coupling efficiency achieved using a single lens to focus the NIR beam 

into the HC-PCF was 81%. The input pulse energy was 0.9 µJ and output pulse energy was 

approximately 0.7 µJ. Our primary object is to produce high-field THz radiation with the dominant 

spectral components exceeding 2 THz. The generation of high-field THz typically involves in NIR 

generation pulse energy in the millijoule range. In our lab, the highest NIR pulse energy we have 

launched into this HC-PCF is 5.5 µJ. In order to guide the mJ NIR pulses using the HC-PCF, we 

could further refine the focusing optics for fiber coupling. According to our collaborators, it is 

possible to achieve a 98% coupling efficiency with this HC-PCF fiber with optimized coupling 

optics. Under such conditions, the majority of the pulse energy is guided within the hollow core of 

the fiber, preventing damage to glass structure in the HC-PCF. 

4.3 Appendix 

4.3.1 Installation of the HC-PCF in the gas cell 

 

The Kagomé HC-PCF fiber is positioned inside an Argon-filled gas cell. The gas cell was designed 

by Dr. Philip Russel’s group at the Max Planck Institute for the Science of Light and manufactured 
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at the University of Ottawa’s machine shop. As depicted in Fig. 4.3 (a), the gas cell comprises 2 

distinct gas chambers interconnected with a metal tube. Both sides of the gas cell, equipped with 

optical windows, are supported by 2 MAX362D fiber launch systems from Thorlabs. Raised ridges 

in the middle of the bottom of the 2 gas chambers aligned with the grooves on top of the L-shape 

fixed angle brackets (AMA009 from Thorlabs). It is important to note that these L-shape Fix angle 

brackets remain stationary and do not move with the MAX362D stages. The opposite side of the 

gas chamber fits into the grooves on the Thorlabs AMA029A platform. All the supporting 

structures maintain the same height and their design ensures that the grooves align with a series of 

holes on the optical table. Consequently, the fiber positioned centrally inside the gas cell aligns 

with these holes.  

Upon initially receiving the gas cell components, it is essential to clean them with acetone to 

eliminate any residual oil from the fabrication process. Failing to do so can lead to oil will start 

vaporization when purging the enclosure, contaminating the optical windows on both sides of the 

gas cell and the HC-PCF tips with oil vapors.  

To accurately launch the beam into the HC-PCF, it is crucial to ensure the beam is perfectly 

horizontal and at the same height as the fiber’s position. Our approach involves placing 2 irises on 

the 2 L-shape Fixed angle bracket and aligning the collimated beam through the center of the 2 

irises. Subsequently, we position the gas cell and insert the fiber.  

 



 

55 

 

 
Fig. 4.3 The gas cell containing the Kagomé HC-PCF. (b) An overshot picture of one 

chamber of the gas cell showing how the HC-PCF is placed inside the gas cell. 

As depicted in Fig. 4.3 (b), the central portion of the fiber resides within the metal tube connecting 

the 2 chambers. Both tips of the fiber are supported by 2 base metal blocks, each featuring a central 

groove. This design makes sure the fiber is precisely aligned with the center line of the gas cell 

which corresponds to a series of holes on the optical table. These 2 base metal blocks are designed 

to hold the fiber at the same elevation as the metal tube. Another 2 small blocks with the same 

groove to is placed over the fiber tips to hold it in place. When installing the fiber into the gas cell, 

the procedures begin by cleaving one end of the fiber and positioning it within one of the gas 

chambers. Subsequently, the opposite fiber tip is gently guided through the tube connecting the 2 

chambers. It is essential to avoid cleaving this fiber tip beforehand, as any friction or impact during 

the guiding process could damage the freshly cleaved tip. Once the other fiber tip is in place within 

the other gas chamber, we cleave it and leave it in place. This step should be a collaborative effort 

involving 2 people: one focusing on cleaving the fiber and the other using tweezers to restrict the 

movement of the fiber tip in the other chamber. This ensures the cleaved fiber does not come into 

contact with any hard surface, which could compromise the integrity of the cleaved end.  

The subsequent step is to couple the light into the HC-PCF and collimate the output beam. Initially. 

a ruler can be employed to gauge the distance between the fiber tip and the middle point of the 

MAX362D stage along the direction of the fiber. Based on this measurement, a lens with a 
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corresponding focal length is positioned. If one tip is too close or too far from the middle of the 

MAX362D stage along the direction of the fiber, a soft-tipped tweezer can be used to adjust the 

position of the fiber within the gas cell. Again, this procedure benefits from a second individual to 

who ensures the proper positioning of the fiber tip in the other chamber. Following this is to place 

the lens and put a power meter at the output of the fiber. We experimented with lenses of different 

focal lengths to optimize the coupling. For the Kagomé fiber, a lens with 7 cm focal length proved 

the most effective. Given that the laser is at 1035 nm, an IR-viewer aids in this process. We use the 

3D stage to adjust the lens in the plane perpendicular to the fiber’s direction, ensuring the beam 

roughly targets the fiber tip. When light is coupled to the cladding of the fiber, visible light 

emanates from the fiber tip due to the nonlinear effects such as self-phase modulation happening 

in the glass cladding. After the beam is coupled to the core of the fiber, the visible light vanishes. 

Fine-tuning the 3D MAX362D stage to achieve maximum output power. We have achieved a peak 

coupling efficiency of 81% with this Kagomé HC-PCF. After coupling, we collimate the beam out 

of the fiber by adjusting the lens on the 3D MAX362D stage. It is essential to guide the beam far 

away from the output and ensure the beam is of the same size along the beam path, maintaining a 

distortion-free beam profile. 

The final procedures involve purging the gas cell with the argon gas. We first seal the gas cell and 

subsequently vacuum the gas cell with a vacuum pump. If there is no leakage in the gas cell, the 

vacuum pump should work briefly and turn into a low output mode, characterized by minimal 

operational noise. Then the gas cell is typically maintained under vacuum for at least 12 hours 

before introducing argon. 
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Fig. 4.4 The picture of the gas cell pressure control panel. There are 3 valves on the panel to 

increase the pressure in the gas cell in stages. The gas cell pressure sensor measures the gas 

pressure inside the tube connecting to the gas cell. 

To make sure the minimal fiber displacement during the process of increasing the pressure, both 

chambers are interconnected to the gas pressure panel. This configuration ensures simultaneous 

pressure increases in both chambers. Otherwise, the fiber will be blown to the chamber with no gas 

input when the gas pressure increases. Fig. 4.4 depicts the gas pressure controlling panel in our lab. 

The following steps are designed to gradually elevate the gas pressure in the gas cell. We 

1. open and close the valve on the gas cylinder to fill the argon gas into the tube preceding 

valve 1.  

2. swiftly open and close valve 1, directing the argon gas into the tube segment between 

valves 1 and 2. 

3. rapidly open and close valve 2, directing the argon gas into the tube segment between 

valves 2 and 3. 

4. open and close valve 3 quickly and monitor the pressure in the gas cell. We reiterate this 

action multiple times until we achieve a stable gas pressure in the gas cell.  

5. repeat steps 3, 4 until valve 2 does not affect the pressure in the gas cell.    

6. keep repeating steps 2-6 until valve 1 does not affect the pressure in the gas cell.  

7. repeat steps 1-7 until the pressure in the gas cell reaches the set value.  

It is imperative to adhere to the steps above, especially when the gas cell’s pressure is below 5 bar. 

Upon reaching 5 bar in the gas cell, we can expedite these procedures by keeping valve 2 open. 
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Note that after changing the pressure in the gas cell, we should always reoptimize the coupling of 

the fiber. It often involves moving the lens before the fiber along the fiber direction using the 

MAX362D stage. The adjustment compensates for the altered refractive index of high-pressure 

argon, which deviates from that of ambient air. Such variations in refractive index influence the 

lens’s focal length, subsequently affecting the coupling. 

4.3.2 Chirped mirrors alignment 

Once the fiber is aligned, we align the beam through the chirped mirrors (Layertech 141266). A 

single chirped mirror is priced at approximately 10 times that of a standard optical mirror. To 

achieve a negative dispersion of -2500 fs2, the beam after the fiber must reflect off the chirped 

mirrors 10 times. If the optical beam reflects only once off each chirped mirror, it results in 

significant resource inefficiencies, both in terms of cost and spatial utilization on the optical table.  

Fig. 4.5 shows a typical alignment for a chirped mirror pair where we achieve 6 bounces on a pair 

of chirped mirrors. Two critical considerations arise from the alignment.  

1. Efficient Spatial Utilization: The goal is to maximize the number of reflections on the

chirped mirrors. To achieve this, the two chirped mirrors have to be parallel with each other,

with the incident beam approaching mirror #2 at a near-perpendicular angle. Such an angle

requires that the edge of the mirror mount for the chirped mirror does not obstruct either

the incoming or outgoing beam. For this purpose, the Clear Edge Ultima Mirror Mount

(U100-A-LH-2K) from Newport was selected. Also, the knobs on this mirror mount

provide a higher fine-tuning capability compared to standard mirror mounts like KM-100

and the Kinetic Mounts from Thorlabs.
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Fig. 4.5 A typical alignment of the chirped mirror to achieve 3 bounces on each mirror in our 

lab. 

2. Avoid Beam Clipping: It is essential to prevent the beam from being clipped by the edges

of the chirped mirrors. For an 8 mm (1/e2 diameter) beam emanating from the fiber setup,

achieving 3 bounces on each chirped mirror is optimal. In this paper, we put an additional

metal mirror behind the chirped mirror #2, reflecting the outgoing beam back onto chirped

mirror #1 to achieve another 2 bounces on each chirped mirror. In this configuration, we

achieved 10 bounces across the 2 chirped mirrors, albeit with some beam clipping. In the

context of this APL Photonics paper, where the primary concern was the NIR pulse

duration and bandwidth for THz generation, minor NIR beam clipping was deemed

acceptable. In the subsequent applications aiming to guide more power into the THz system,

2 chirped mirror pairs were employed to achieve 10 or 12 bounces.
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Chapter 5 

Broadband and high-sensitivity time-resolved THz system using 

grating-assisted tilted-pulse-front phase matching 

5.1 Background and relevance 

To achieve broadband THz generation based on the difference-frequency mixing in nonlinear 

crystals, besides a broadband NIR pulse, the phase matching inside the nonlinear crystal is another 

key factor. As we have discussed in Chapter 2, no crystal in nature is designed for the THz 

generation of all the desired frequencies. The simplest solution to achieve THz generation and 

detection with a broad bandwidth is to use a nonlinear crystal having a thickness less than 2 times 

the coherence length at the THz frequency expected to be generated and detected [77]. However, a 

thin generation/detection crystal means a short nonlinear interaction length leading to a low THz 

generation/detection efficiency. With the same setup, thin generation/detection crystals generally 

lead to a lower signal-to-noise ratio than thick generation/detection crystals.  

We have also discussed the tilted-pulse-front THz generation technique inside LiNbO3 and GaAs 

crystals for high-field THz generation below 2 THz [45,46,78]. Such a THz system requires a 

crystal wedge cut at a certain crystal orientation and the alignment of the system is more 

complicated than collinear THz systems. Furthermore, the tilted-pulse-front THz generation system 

uses imaging optics to image the grating used for pulse-front-tilt on the front surface of the 

generation crystal. The imaging distortion, which is unavoidable, affects the NIR generation beam 

quality and as a result, affects the THz generation efficiency inside the crystal [54]. To avoid the 

imaging distortion, we can realize the pulse-front-tilt with a contact grating at the front surface of 

the generation crystal. In the introduction of the following paper [79], several trials made by 

different groups in the world to perform THz generation using contact grating on different crystals 

have been introduced for the purpose of high-field THz generation below 2 THz. Among them, the 
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work from J. A. Fülöp and J. Hebling et al. demonstrated the first tilted-pulse-front high-field THz 

generation with contact grating on a ZnTe crystal [54]. The THz spectrum from this THz source is 

mostly below 2 THz. Later on, a few more theoretical and experimental works realized tilted-pulse-

front phase matching in the THz generation process with a contact grating design in different 

nonlinear crystals [80,81]. Before the publication of the manuscript in this chapter, there has not 

been a THz source based on nonlinear semiconductor crystals that can generate high-field THz 

centered beyond 2 THz. In this work, we demonstrated, for the first time, efficient THz generation 

above 2 THz with the tilted-pulse-front phase matching using a contact grating. The contact grating 

design we followed is the phase grating with a rectangular profile [54,82]. Also, as we know from 

Chapter 2, the THz generation process via DFG and THz detection via electro-optical sampling 

share the same phase-matching condition. In this sense, the contact grating which is designed to 

optimize the THz generation process could also be applied to optimize the THz detection process. 

In 2018, we used the first batch of fabricated gratings on 1 mm-thick GaP crystal to demonstrate 

the grating-assisted THz detection with tilted-pulse-front phase matching [83] (more information 

about this paper is in the additional comment in section 5.2). This work also led to a patent [84]. In 

the manuscript associated to this chapter, we also combined the tilted-pulse-front THz generation 

and detection in our collinear THz-TDS system, aiming to achieve a broadband THz generation 

and detection with thick nonlinear crystals while utilizing the long interaction length of the thick 

crystals to obtain high efficiency. The dual grating-assisted THz generation and detection scheme 

increased the signal in intensity by a factor of 400 compared to that measured with the collinear 

scheme using a pair of 0.2 mm-thick GaP crystals for THz generation and detection. Moreover, the 

dynamic range of the dual grating system has a peak dynamic range of 90 dB at 3 THz which is 30 

dB higher than that of a system employing thin GaP crystals for THz generation and detection. 
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such as superconductors,[1–4] semiconduc-
tors,[5,6] topological insulators,[7–10] heavy 
fermions,[11–13] ferroelectrics,[14,15] antifer-
romagnets,[16] and metal-organic com-
pounds.[17,18] One configuration commonly 
used for these experiments relies on a 
near infrared (NIR) ultrafast source and 
a pair of second-order nonlinear crystals 
to generate and detect phase-locked THz 
transients.[19]

Recently, there have been consider-
able efforts to improve time-domain THz 
systems by broadening their spectral 
window toward the high-frequency part 
of the spectrum without losing sensitivity 
at low frequencies.[20–25] In some cases, 

the spectral bandwidth and duration of the pulses delivered by 
the NIR ultrafast source determine the highest THz frequency 
that can be efficiently resolved by the system. This issue can 
be addressed with self-phase modulation inside a nonlinear 
medium broadening the spectrum of these ultrashort pulses 
and with dispersion compensation optics recompressing the 
pulse in the time domain.[21,22,26] In other cases, it is the second-
order nonlinear crystals used for THz generation and detection 
that limit the accessible THz bandwidth. However, there is only 
a short list of candidate crystals suited for these applications 
since they must possess specific linear and nonlinear optical 
properties, including a relatively large second-order nonlinear 
coefficient, a high optical damage threshold (to sustain intense 
NIR pumping), and a low optical absorption in both the NIR 
and THz regions. Furthermore, the dispersion and thickness of 
the crystals are additional parameters that determine the non-
linear interaction length, the coherence length, and, ultimately, 
the THz signal strength. Interestingly, these latter parameters 
can be adjusted with the experimental configuration without 
modifying the crystal material properties. One simple method 
consists in selecting a crystal thickness equal to the coher-
ence length. This ensures a constructive nonlinear build up 
during the THz generation and detection processes. However, 
for broadband applications, this condition often involves a very 
thin crystal,[27,28] resulting in a low THz signal amplitude due 
to the short interaction length. A more versatile approach con-
sists in implementing a noncollinear geometry where an angle 
is formed between the directions of propagation of the NIR and 
THz pulses. Not only can this scheme be used to adjust phase-
matching conditions, and therefore control the accessible THz 
bandwidth, but it can also be carried out inside a thick crystal to 
enable a long and efficient nonlinear process.

A broadband and sensitive time-resolved terahertz (THz) configuration 

relying on noncollinear optical interactions is presented. This noncollinear 

scheme enables a higher THz generation and detection efficiency in nonlinear 

crystals. The concept relies on a pair of thick (2 mm) GaP crystals with a 

phase grating etched on their surface to achieve phase matching between 

a diffracted near-infrared pulse and a THz wave propagating at normal 

incidence. This system is compared to a standard collinear scheme based 

on thin (0.2 mm) crystals and, while both systems provide access to a 

spectral bandwidth extending up to 6.5 THz, it is found that the noncollinear 

configuration improves the THz signal by more than a factor of 400 and the 

dynamic range of the system by 30 dB at a frequency of 3 THz.
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1. Introduction

Time-resolved terahertz (THz) spectroscopy is an optical char-
acterization technique now routinely used in the spectral range 
between 0.5 and 3 THz to monitor microscopic interactions 
and resolve key signature resonances in diverse materials 
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The tilted-pulse-front THz generation technique in LiNbO3 
is an example of noncollinear scheme utilized to generate 
high-field THz pulses centered around 1 THz.[29–32] A similar 
concept involving a phase grating located at the surface of the 
generation crystal has also been proposed theoretically[33–38] 
and demonstrated experimentally.[39,40] This surface grating 
design can eliminate the imaging distortions occurring in the 
conventional tilted-pulse-front THz setup, thus leading to an 
improved THz beam quality.[33,36,39] In this configuration, the 
grating diffracts the normally incident NIR pulse, which then 
propagates in a different direction than the emitted THz pulse 
inside the crystal. While the nonlinear interaction is intrinsi-
cally noncollinear, the general setup can remain essentially col-
linear,[33,35,38,39] thus easier to align since both incoming NIR 
and emitted THz pulses are impinging on the front surface 
of the crystal at normal incidence. Recently, a similar phase 
grating was used on the surface of a THz detection crystal to 
extend the accessible spectral window and enhance the overall 
system’s sensitivity.[41]

Here we demonstrate a time-resolved THz configuration 
taking advantage of surface phase gratings to achieve tilted-
pulse-front phase matching in both THz generation and 
detection processes inside thick (2  mm) gallium phosphide 
(GaP) crystals. A phase grating is etched directly onto the 
surface of these two crystals to adjust phase-matching 
conditions and provide access to a spectral bandwidth 
extending up to 6.5 THz. Most importantly, we maximize the 
nonlinear interaction length inside a thick crystal leading to 
THz signal amplitudes >20  times larger than those recorded 
using a standard collinear geometry relying on a pair of thin 
(0.2 mm thick) unpatterned GaP crystals. This enhancement 
factor due to a more efficient THz generation and detection 
processes is around 400 in signal strength. We also collect data 
with a standard collinear geometry using a pair of 2 mm thick 
unpatterned GaP crystals. This system also exhibits a relatively 
strong signal but the covered spectral bandwidth is limited to 
the frequencies below 3 THz. The results obtained with both 
collinear schemes show the typical tradeoff between the THz 
signal amplitude and the accessible spectral bandwidth. This 
tradeoff is circumvented in our dual-grating configuration 
by shifting the optimal phase-matching conditions at higher 
frequencies, where phase mismatch effects are more critical at 
a given crystal thickness.

2. Theory

In a standard collinear THz generation (or detection) geometry 
governed by optical rectification (OR), the phase mismatch 
corresponds to

NIR NIR THz THzk k k kω ω ω ω( ) ( ) ( )Δ = − − −
 

(1)

where 
�

= | |k k  is the magnitude of the wavevector and ω is the 
radial frequency corresponding to any spectral component of 
the incident NIR pulse (ωNIR) or the generated (or detected) 
THz pulse (ωTHz). In a noncollinear geometry, the phase mis-
match has been defined as[30,31,41,42]

cos
NIR NIR THz

THzk
k k

k
ω ω ω

θ
ω( ) ( ) ( )Δ =

− −
− (2)

where θ is the angle formed by the direction of propagation of 
the diffracted NIR pulse relative to the direction of propaga-
tion of the THz pulse. The condition to achieve perfect phase 
matching can be expressed as[43]

cos 1 NIR

THz

n

n
gθ ω

ω
( )

( )
= −

(3)

Therefore, the angle θ can be a control knob to adjust phase 
matching. We consider the configuration where the NIR pulse 
impinges on the grating at normal incidence. Then, the dif-
fracted orders have a pulse front parallel to the crystal surface, 
which corresponds to a tilt angle γ equal to the diffraction angle 
γ = θ  = sin −1(λ/nΛ) , where λ is the central wavelength of the 
NIR pulse in vacuum, n is the refractive index of the crystal and 
Λ is the pitch of the grating.

3. Experiments

We use a time-domain THz configuration based on an NIR 
ultrafast source centered at 1035 nm and delivering 60 fs pulses 
at a repetition rate of 1.1  MHz. Phase-locked THz transients 
are generated by optical rectification of these NIR pulses in a 
(110)-oriented GaP crystal and then detected by electro-optical 
sampling inside an identical crystal.[21,22] The NIR pulse inci-
dent on the THz generation crystal has a spot size of 24.8 μm 
(1/e2 diameter) and an energy of 0.5 μJ. The NIR gating pulse 
incident on the THz detection crystal has a spot size of 8.2 μm 
(1/e2 diameter) and an energy of 291 pJ if the configuration 
uses a phase grating at the surface of the crystal. When an 
unpatterned detection crystal is used instead, the gating pulse 
energy is reduced to 58  pJ to ensure that all the measure-
ments are performed with the same optical power impinging 
on the photodiodes. This allows us to directly compare the per-
formances of different system configurations. A mechanical 
stage enables point-by-point sampling of the terahertz wave-
form while a lock-in amplifier with a time constant of 30  and 
200 ms waiting time allows sensitive acquisition of 1000 points 
in about 5 min. We then use the Fourier transform of the time-
domain data to obtain the THz spectrum. Our tilted-pulse-front 
phase-matching schemes for THz generation and detection 
processes (schematically represented in Figure 1) rely on binary 
gratings etched at the surface of 2 mm thick GaP crystals to 
diffract incident NIR pulses. In the detection scheme, the THz 
pulse incident on the crystal is not diffracted by the periodic 
surface modulation due to its longer wavelength. The grating 
is oriented horizontally, allowing the TE-polarized NIR pulse to 
keep its polarization orientation unchanged upon diffraction. 
This geometry allows us to directly compare results obtained 
with diffracted and non-diffracted NIR pulses since both config-
urations involve the same projection of the pulses’ polarization 
components onto the crystal’s nonlinear tensor elements. The 
grating pitch Λ   =   1.635  μm is selected from Equation  (3) to 
satisfy phase-matching conditions between the diffracted NIR 
pulse and the THz component at 4 THz propagating along the 
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direction of normal incidence, leading to a diffraction angle of 
11.7° inside the GaP crystal. The grating’s filling ratio is 50%, 
and the modulation depth is optimized to approach 245  nm 
during the fabrication process, which is based on the reactive 
ion etching (see details in Supporting Information).[41] This pre-
cise height corresponds to an optical phase difference of π to 
achieve destructive interference in the 0th order and maximize 
the signal (theoretically ≈80%) in the first diffracted orders.[44] 
In our experiment, we confirm a low percentage (7%) of the 
total transmitted power in the 0th order and obtain 61% of the 
transmitted power in the ±1 orders. This efficient power redis-
tribution is crucial for efficient noncollinear THz generation 
involving OR of the first diffracted orders. For the noncollinear 
detection scheme, optimal grating diffraction in the first order 
is preferable, but not essential, since the detected signal is nor-
malized by the intensity of the diffracted NIR pulse.

4. Results and Discussion

We first investigate the THz generation process with two crys-
tals of different thicknesses and, more importantly, compare 
results obtained with the collinear and noncollinear geom-
etries. As such, we measure THz signals produced inside three 
different generation GaP crystals with the following character-
istics: 0.2 mm thick and unpatterned surface (C0.2), 2 mm thick 
and unpatterned surface (C2), and 2 mm thick with a phase 
grating on the incident surface (C2

PG). Nonlinear THz detec-
tion is performed in this first set of experiments with another 
C0.2 crystal. The black and red lines in Figure 2 correspond to 
the two unpatterned generation crystals with the thicknesses 
of 0.2  mm (C0.2) and 2  mm (C2 ), respectively. The thickest 
crystal (red curve) yields the largest signal amplitude in the low-
frequency part of the spectrum, while the thin crystal (black 
curve) possesses a larger spectral bandwidth, even leading to 
higher signal amplitudes at frequencies above 4 THz. These 
results illustrate the tradeoff between signal amplitude and 
spectral bandwidth. The noncollinear THz generation geometry 

(cyan curve) is implemented by a phase grating on a 2 mm thick 
crystal (C2

PG) with a pitch selected to satisfy phase-matching con-
ditions at 4 THz. This optimization of phase-matching con-
ditions combined with the fact that low THz frequencies are 
inherently associated with longer nonlinear coherence lengths 
[45] effectively broadens the signal spectral bandwidth. In com-
parison with the results obtained with C0.2, we find that the 
noncollinear geometry leads to a large THz spectral bandwidth 
and a larger signal amplitude, by a factor of 3.8 at 3 THz. The 
maximum amplitude obtained with C2

PG is comparable to the 
one obtained with C2, but it is now centered at 3 THz instead 
of 1.7 THz.

In another series of experiments involving the same three 
crystals presented above, we change the detection crystal in 
the electro-optical sampling part of the time-domain THz 
setup, while keeping C0.2 as the generation crystal. Results in 
Figure 3 obtained with the detection crystals C0.2 (black curve) 
and C2(orange curve) show a strong signal dependence on the 
crystal thickness, which is similar to the one seen in Figure 2 
when the positions of the generation and detection crystals 
were inverted. In a grating-assisted noncollinear THz detection 
geometry, provided by C2

PG (blue curve), we observe a relatively 
large spectral bandwidth comparable to the one obtained with 
C0.2. More importantly, the relative signal amplitude is now 
much larger. At the peak amplitude, the signal is a factor of 
≈9 higher than the one measured with C0.2, and also a factor
of ≈2 higher than the one measured with C2. This increase
is due to an intrinsic polarization filtering effect occurring at
the back surface of the detection crystal.[41,46,47] Briefly, partial
reflection of the s-polarized component of the diffracted NIR
pulse reduces the total power on the photodiodes, while the
p-polarized component containing the THz information, is
preferentially transmitted. Since the THz signal is normalized

NIR THz

λ/4

WP PD

Generation

θ

Detection

θ

Figure 1. Schematic representation of the noncollinear dual grating con-
figuration. A periodic modulation (Λ = 1.635 μm) at the surface of both 
THz generation and detection crystals diffracts the incoming NIR pulse. 
Tilted-pulse-front phase matching is satisfied at the frequency 4 THz. In 
the generation process, both first diffraction orders (m  =  −1, +1) con-
tribute to the generated THz wave, while the detection relies on a single 
diffracted order, which is monitored in polarization as we perform electro-
optical sampling. NIR: near infrared; THz: terahertz; λ/4: quarter-wave 
plate; WP: Wollaston prism; PD: photodetector. Figure 2. THz spectral amplitude measured with three different THz gen-

eration GaP crystals: C0.2 and C2 are unpatterned and have thicknesses 
of 0.2 and 2 mm, respectively, while C2

PG is 2 mm thick and has a phase 
grating (PG) on its incident surface. Nonlinear THz detection is per-
formed inside another C0.2. The displayed THz spectral amplitudes are 
normalized by the maximum signal obtained when C0.2 is used for both 
THz generation and detection processes.
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by the power incident on the photodiodes, the spectral ampli-
tude obtained with C2

PG is therefore larger. Our group also pre-
viously reported a noncollinear geometry inside a 1 mm thick 
GaP crystal, the results of which are added to Figure 3 for com-
parison (dashed lines).[41] We observe that increasing the thick-
ness of the crystal by a factor of 2 in a noncollinear geometry 
increases the amplitude by a factor of 1.5. This discrepancy can 
be attributed to a gradual loss of spatial overlap between the 
NIR and THz pulses as they propagate in different directions 
inside the crystal. This ultimately sets a limit on the maximum 
angular deflection and effective crystal thickness for this detec-
tion scheme.

In a third experiment, we perform noncollinear THz gen-
eration and detection with a pair of C2

PG  (purple curve) and 
compare the measured signal amplitude with the one obtained 
with a pair of unpatterned C0.2 (black curve; same shown in  
Figures 2 and 3) and a pair of unpatterned C2 (dark red curve). 
The collinear C2/C2 configuration for nonlinear THz genera-
tion/detection yields a limited spectral bandwidth but a large 
signal amplitude peaking at 1.5 THz. This amplitude is a factor 
of 20 larger than the maximum spectral amplitude measured 
with a configuration using a pair of C0.2. The dual patterned 
crystal configuration C2

PG/C2
PG enables a long nonlinear interac-

tion length which contributes to a large THz peak amplitude, 
comparable to the one obtained with C2/C2, while the spectral 
bandwidth still extends up to 6.5 THz on a linear scale. We also 
perform simulations solving the coupled wave equations[45] in 
the frequency domain and found good qualitative agreement 
with our experimental data. These simulated spectra are pre-
sented in Figures S1–S4 (Supporting Information).
Figure 4 clearly indicates a net advantage in terms of signal 

amplitude and spectral bandwidth in using a dual noncollinear 

configuration in time-resolved THz spectroscopy. For any spec-
troscopy applications, another crucial parameter is the dynamic 
range allowing us to determine the ability of a system to charac-
terize samples, especially when they are strongly absorptive. To 
investigate this value, we collect the THz amplitude E(ω) and 
the noise floor ε(ω) corresponding to the absolute square of the 
recorded signal when the THz pulse is blocked. The dynamic 
range (DR) is then defined by[48,49]

DR /
2

E ω ε ω( ) ( )= (4)

We focus on the two configurations in Figure  4 providing 
the largest spectral bandwidth: C0.2/C0.2 and C2

PG/C2
PG. Figure 5a 

shows on a log scale that both configurations yield similar 
spectral bandwidth, with a signal extending up to 6.5 THz, 
after which the spectral power approaches the noise level cor-
responding to the fluctuations in the THz signal amplitude. 
The noise floor (thinner lines in Figure  5a) is obtained by 
performing a regular time-resolved scan while blocking the 
THz beam. The noise is fitted with the model: A*(1/f  + B), 
where both A and B are fitting parameters and f is the fre-
quency. This model includes a term inversely proportional 
to the frequency to account for the flicker noise (1/f noise 
or pink noise).[49,50] Using the fitted noise curves and spec-
tral power curve, we extract the DR, which has a maximum 
of 60 dB with the C0.2/C0.2 configuration, and 90 dB with the 
C2

PG/C2
PG configuration. This 30 dB improvement is mainly due 

to the higher-amplitude signal generated and detected in a 
thick nonlinear crystal, but also partially due to the intrinsic 
polarization filtering effect at the back surface of the detec-
tion crystal enhancing the detection sensitivity. Overall, the 
dynamic range obtained with the dual grating configuration 
is >80 dB over a relatively broad bandwidth extending from 1.1 
to 4.3 THz.

Figure 3. THz spectral amplitude measured with three different THz 
detection GaP crystals: C0.2, C1,[41] and C2 are unpatterned and have 
thicknesses of 0.2, 1, and 2 mm, respectively, while C1

PG[41] and C2
PG are 

1 and 2 mm thick, respectively, and have a phase grating (PG) on their 
incident surface. Nonlinear THz generation is performed inside another 
C0.2 crystal. The displayed THz spectral amplitudes are normalized by 
the maximum signal obtained when C0.2 is used for both THz generation 
and detection processes.

Figure 4. THz spectral amplitude measured with three pairs of identical 
generation and detection GaP crystals having thicknesses of 0.2 and 
2  mm. A phase grating (PG) on the incident surface of a 2  mm thick 
crystal modulates phase-matching conditions to enhance THz generation 
and detection above 2 THz.
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5. Conclusion

Our configuration based on a pair of nonlinear GaP crystals 
with a surface phase grating overcomes some limits imposed 
by phase-matching conditions at normal incidence, while 
allowing a longer nonlinear interaction length to achieve high 
signal amplitude over a large bandwidth. We notably achieve a 
dynamic range above 80 dB between 1.1 and 4.3 THz and obtain 
a peak dynamic range of 90  dB at 3 THz. This represents a 
30 dB improvement in comparison to signals collected with the 
same system using thin (0.2 mm) unpatterned GaP generation 
and detection crystals.

Our system sensitivity could be further improved by com-
bining our technique with other techniques, including a contin-
uous data acquisition technique.[51,52] Our concept can be easily 
implemented in a standard THz-TDS system, since the crystals 
with an etched phase grating can simply replace the conventional 
(unpatterned) generation and detection crystals. Only minimum 
adjustments are required in the detection stage to direct one of 
the first diffracted orders into the EO detection system.

Although this work focuses only on improving spectroscopy 
applications in the region between 3 and 6.5 THz using GaP 
as a nonlinear crystal, the idea can be applied to other mate-
rials to improve THz generation and detection in other spectral 
regions. This technique can be applied to a wide range of non-
linear crystals and with different types of optical sources to opti-
mize phase-matching conditions at specific THz frequencies. 
Table S1 (Supporting Information) shows calculated diffraction 
angles to achieve tilted-pulse-front phase matching in common 
nonlinear THz crystals for optimal THz generation and detec-
tion at 1 and 3 THz. Since our simple noncollinear geometry 
allows phase-matching conditions to be adjusted, a broader 
range of nonlinear materials may also become appealing to 
THz applications.[53] Finally, our results pave the way toward 
efficient THz spectroscopy across a broad bandwidth and could 
enable high-field THz generation at frequencies above 3 THz.
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Supporting Information is available from the Wiley Online Library or 
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Supporting Information 

Broadband and high-sensitivity time-resolved THz system using grating-assisted tilted-
pulse-front phase matching 
Wei Cui, Kashif Masud Awan, Rupert Huber, Ksenia Dolgaleva, and Jean-Michel 
Ménard* 

This document provides supplementary information to “Broadband and high-sensitivity time-

resolved THz with grating-assisted tilted-pulse-front phase matching”. We show that 

numerically simulated THz spectra agree well with experimental data in terms of overall 

spectral shape and bandwidth. We also include the measured time-domain THz signals 

corresponding to the THz spectra of Figures 2-4 of the main text. A section describing the 

fabrication process of the phase grating on GaP is also included at the end.  

Numerical simulations: 

Figure S1 shows the simulation results of the THz spectra generated and detected with the 

same combinations of GaP crystals than the measurements displayed in Figures 2-4 of the 

main article. We simulate the THz generation process by numerically solving the coupled 

wave equation for the difference-frequency mixing process [1]. We use the measured 

spectrum of our NIR pulse as the input of the simulation and consider a flat phase across the 

spectrum so that the difference-frequency generation can involve all the possible 

combinations of spectral components contained within the NIR pulse bandwidth. The 

dispersion information of the GaP in the NIR range [2] and the THz range [3] are considered 

to calculate the phase-matching conditions and the THz absorption in the GaP crystal. The 

phase-matching conditions for the unpatterned and patterned crystal are calculated following 

Eqs. (1) and (2) of the main text. The spectral dependence of the nonlinear coefficient of GaP 

is taken into account [4]. The THz detection part of this simulation follows the well-
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established electro-optical sampling theory [5]. This part of the simulation calculates the 

detected THz amplitude considering the frequency-dependent electro-optical sampling 

coefficient of GaP [4], the autocorrelation function of the NIR detection pulse, and the phase-

matching condition. Then, we consider the intrinsic polarization filtering effect [6] enhancing 

the THz detection efficiency in the patterned GaP crystal, which is obtained by calculating the 

ratio between the Fresnel transmission coefficients of the p- and s-polarized NIR beams 

incident on the back surface of the GaP with an incident angle equal to the grating diffraction 

angle.

Figure S1. THz spectral amplitudes obtained experimentally (on top row) and from numerical 
simulations (on bottom row). In (a) and (b) we explore the THz spectra corresponding to a 
configuration based on three different THz generation GaP crystals while the detection crystal is a 0.2 
mm-thick GaP window. In (c) and (d), we investigate the opposite situation where the generation 
process uses a fixed  0.2 mm-thick GaP window while we consider three different THz detection GaP 
crystals. Finally in (e) and (f), we use three pairs of identical generation and detection GaP crystals. 
Note that and correspond to unpatterned GaP window with a thickness of 0.2 mm and 2 mm, 
respectively, while is a 2 mm-thick window with a phase grating on its incident surface. The 
displayed THz spectral amplitudes are normalized by the maximum signal obtained when is used 
for both THz generation and detection processes.
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Time-domain data:

Figure S2 shows the measured THz time-domain signals corresponding to the THz spectra of 

Figures 2-4 of the main article. These THz transients are collected with a 30 ms lock-in time 

constant and a 5 fs step size controlled by a motorized delay stage. A full transient can be 

measured in 5 mins or less. 

Figure S2. THz time-domain amplitude measured with (a) three different THz generation GaP crystals 
and a fixed 0.2 mm-thick GaP detection crystal, (b) three different THz detection crystals and a fixed 
0.2 mm-thick GaP generation crystal (c) three pairs of identical generation and detection GaP crystals. 
The displayed THz spectral amplitudes are normalized by the maximum signal obtained when is 
used for both THz generation and detection processes. 

Figures S2 a, b and c show the time-domain THz signals corresponding to Figures 2, 3 and 4 

of the main text, respectively. Note that the signal with the highest field strength is obtained 

when both generation and detection crystals have a phase grating etched on their incident 

surface ( . 

Phase grating fabrication:

The lithographic technique used to fabricate the grating on the surface of GaP follows the 

general steps described in Ref. [6]. A positive-tone electron-beam resist is spin-coated on the 

surface of GaP at 2000 rpm for 1 min and then baked for 2 mins at 180 °C. We write the 

grating pattern with a 100-kV electron-beam-lithography system using a dose of 300 μC/cm2. 
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Then the sample is developed in N-amyl acetate for 1 min. The transfer of the grating onto the 

semiconductor is done through plasma etching using a Samco inductively coupled plasma-

ion-etching (ICP-RIE system). The process gas in the system is BCl3 at 2.5 sccm and we use a 

50-W ICP power and 25-W radio frequency power at a pressure of 0.15 Pa. A 2 min and 20 s

etching time results in a 250 nm etching depth approximately. The remaining resist is 

removed in the commercially available 1165 remover at 80 °C. In this way, a phase-grating 

pattern is transferred onto the GaP surface. Two 1×1 cm2 gratings are fabricated on 2 separate 

GaP samples. A scanning electron microscope image of the sample was not taken since it 

requires a thin gold deposition that would render the device ineffective. 

Candidate crystals for surface phase grating technique: 

Table S1. Properties of some common THz crystals suitable for tilted pulse front phase 

matching and their corresponding noncollinear angle for efficient generation at a frequency of 

1 THz ( 1THz) or 3 THz ( 3THz). We also consider three scenarios involving optical sources 

centered at a wavelength of 800 nm, 1030 nm or 1550 nm. Perfect (collinear) phase matching 

is achieved when the refractive index (n) at a THz frequency is equal to the group index (ng) 

in the NIR region. 

Material n1THz n3THz ng
0.8μm θ1THz

(o) 
θ3THz 
( o) 

ng
1.03μm θ1THz 

( o) 
θ3THz 
( o) 

ng
1.55μm θ1THz 

( o) 
θ3THz 
( o) 

Ref 

ZnTe 3.17 3.37 3.13 9.11 21.75 2.98 19.94 27.84 2.81 27.57 33.51 [7-10] 

CdTe 3.24 3.65 3.13 14.97 30.96 3.13 14.97 30.96 2.81 29.86 39.65 [7,9,11,12] 

LiNbO3 4.96 5.26 2.36 61.59 63.34 2.3 62.37 64.07 2.26 62.89 64.55 [13-15] 

LiTaO3 6.3 7.42 2.23 69.27 72.51 2.018 71.3 74.2 2.15 70.05 73.16 [16, 17] 

GaP 3.34 3.36 3.58 - - 3.31 7.69 9.9 3.16 18.9 19.87 [12, 18, 19] 

GaSe (ne) 2.88 2.98 2.85 8.28 16.99 2.62 24.53 28.45 2.49 30.16 33.32 [20] 

GaSe (no) 3.27 3.4 3.17 14.2 21.2 2.96 24.15 29.47 2.82 30.41 33.96 [20] 

GaAs 3.59 3.63 4.18 - - 3.99 - - 3.56 7.41 11.27 [12, 21-23] 

DAST -a 2.3 3.39 - - 2.6 - - 2.25 - 11.97 [24, 25] 
aThere is strong absorption at 1 THz in DAST.[25] 

71 



5 

References 

[1] R. W. Boyd, Nonlinear Optics, 4th ed., Academic Press, San Diego, CA 2020.

[2] W. L. Bond, Journal of Applied Physics 1965, 36, 1674.

[3] D. F. Parsons and P. D. Coleman, Appl. Opt. 1971, 10, 1683.

[4] S. Casalbuoni, H. Schlarb, B. Schmidt, P. Schmüser, B. Steffen, and A. Winter, Phys. Rev.

ST Accel. Beams 2008, 11, 072802. 

[5] G. Gallot and D. Grischkowsky, J. Opt. Soc. Am. B 1999, 16, 1204.

[6] A. Halpin, W. Cui, A. W. Schiff-Kearn, K. M. Awan, K. Dolgaleva, and J.-M. Ménard,

Phys. Rev. Applied 2019, 12, 031003. 

[7] K. Wynne and J. J. Carey, Opt. Commun. 2015, 256, 400.

[8] M. Schall, M. Walther, and P. Uhd Jepsen, Phys. Rev. B 2001, 64, 094301.

[9] D. T. F. Marple, J. Appl. Phys. 1964, 35, 539.

[10] G. Gallot, J. Zhang, R. W. McGowan, T. Jeon, D. Grischkowsky, Applied Physics

Letters, 1999, 74, 3450 

[11] R. E. Treharne, A. Seymour-Pierce, K. Durose, K. Hutchings, S. Roncallo, D. Lane, J.

Phys.: Conf. Ser. 2011, 286 012038 

[12] E. D. Palik, Handbook of Optical constants, Academic Press, San Diego, CA 1985.

[13] M. Nakamura, S. Higuchi, S. Takekawa, K. Terabe, Y. Furukawa, and K. Kitamura, Jpn.

J. Appl. Phys., Part 1 2002, 41, L49.

[14] L. Pálfalvi, J. Hebling, J. Kuhl, A. Péter, and K. Polgár, J. Appl. Phys. 2005, 97, 123505.

[15] D. E. Zelmon, D. L. Small, and D. Jundt, J. Opt. Soc. Am. B, 1997, 14, 3319

[16] H. Igawa, T. Mori, S. Kojima, Jpn. J. Appl. Phys., 2014, 53, 05FE01

[17] K. Moutzouris, G. Hloupis, I. Stavrakas, D. Triantis, and M. -H. Chou, Optical Materials

Express, 2011, 1, 458 

[18] W. L. Bond, J. Appl. Phys. 1965, 36, 1674.

72 



6 

[19] D. F. Parsons and P. D. Coleman, Appl. Opt. 1971, 10, 1683.

[20] K. Kato, F. Tanno, and N. Umemura, Appl. Opt. 2013, 52, 2325.

[21] D. Grischkowsky, S. Keiding, M. van Exter, and C. Fattinger, J. Opt. Soc. Am. B 1990,

7, 2006. 

[22] E. A. Mashkovich, A. I. Shugurov, S. Ozawa, E. Estacio, M. Tani, and M. I. Bakunov,

IEEE Transactions on Terahertz Science and Technology, 2015, 5, 732. 

[23] T. Skauli, P. S. Kuo, K. L. Vodopyanov, T. J. Pinguet, O. Levi, L. A. Eyres, J. S. Harris,

M. M. Fejer, B. Gerard, L. Becouarn, and E. Lallier. J. Appl. Phys. 2003, 94, 6447.

[24] F. Pan, G. Knöpfle, C. Bosshard, S. Follonier, R. Spreiter, M. S. Wong, and P. Günter,

Appl. Phys. Lett. 1996, 69, 13. 

[25] M. Jazbinsek, U. Puc, A. Abina, and A. Zidansek, Applied Sciences, 2019, 9, 882.

73 



74 

5.2 Additional comments 

5.2.1 More about the gratings used in [83] 

In this chapter paper, the grating we used is the second batch fabricated by Dr. Kashif Masud Awan. 

He also fabricated the first batch of the gratings on a 1 mm-thick GaP. Three different grating 

periods designed for perfect phase matching at 3 THz, 4 THz, and 5 THz were fabricated. Each 

grating has an area of 500 µm × 500 µm. The diffraction efficiency of the best spot on the grating 

optimizing the DFG phase matching at 3 THz gives a diffraction efficiency of approximately 20% 

into each of the 1st diffraction orders. The other two gratings’ first-order diffraction efficiency is 

even lower. We focus the NIR generation beam onto the grating and carefully move the crystal 

with the 3D stage to find the best spot on the grating. We compared the THz spectrum generated 

with an unpatterned crystal and the crystals with grating, whose measured spectra are shown in Fig. 

5.1. For the THz generated with 1 mm-thick unpatterned GaP, the THz spectrum peaks at 2 THz 

and the first phase-matching dip is at 4 THz. 

Fig. 5.1 The experimentally measured THz spectra for a 1 mm-thick GaP crystal and contact 

gratings optimized for THz generation at 3 THz, 4 THz, and 5 THz. The detection crystal is 

a 100 µm thick GaP. 



75 

The patterned crystals optimizing DFG phase matching at 3 THz and 4 THz also increase the 

spectral bandwidth compared to the THz spectrum generated by the unpatterned crystal. Notably, 

we can see some THz is generated at 4 THz, which cannot be generated by the 1 mm-thick 

unpatterned crystal due to the phase matching condition. However, for these two gratings, the 

frequency upshift effect is limited by their diffraction efficiency and defects in the grating that 

affect the THz generated by the 0th diffraction order. The grating optimizing the DFG phase 

matching at 5 THz has not shown the effect of generating frequency components at 5 THz due to 

the low diffraction efficiency and it also suppresses the THz generation at low frequencies.  

Although the diffraction efficiency of the first batch of gratings is not high enough to improve THz 

generation at higher frequencies, we can still use them to enhance the efficiency of the THz 

detection. The reason is that in the EOS detection technique, the modulation of the NIR detection 

beam induced by the THz beam is measured, or, in another word, the amount of change in NIR 

polarization due to the nonlinear interaction with a THz field. This means that as long as the 

detection beam is weak enough such that self-induced nonlinear effects, thereby changing the NIR 

polarization, are negligible, the polarization rotation induced by the THz field does not change with 

the power of the NIR gating beam.   
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Fig. 5.2 The experimentally measured THz spectra for a 1 mm-thick GaP crystal and contact 

gratings optimized for THz detection at 3 THz, 4 THz, and 5 THz. (Adapted from [83]) 

The effect of the grating for THz detection is shown below, adapted from our work in 2019 [83]. 

The gratings enhance the THz detection efficiency above 2.5 THz. Gratings designed for 

optimizing THz detection at higher frequencies consistently extend the detection window towards 

higher frequencies. Note that even though the gratings optimized the THz detection at higher 

frequencies, the detection efficiency at low frequencies is not significantly affected. This could be 

partly explained by looking into the phase-matching factor of the difference frequency generation 

in the THz detection process. The phase-matching factor is defined as 𝑓𝑓𝑃𝑃𝑃𝑃 = 𝑒𝑒𝑖𝑖∆𝑘𝑘𝑘𝑘−1
𝑖𝑖∆𝑘𝑘

, which is the

term representing the effect of the phase matching in the solution to the coupled wave equations 

for DFG. Figure 5.3 plots the phase-matching factor for the DFG process for THz detection with 1 

mm-thick crystal, 3 THz grating (Λ1), 4 THz grating (Λ2), and 5 THz grating (Λ3).

Fig. 5.3 The DFG phase-matching factor for calculated for 1 mm-thick GaP, gratings with 

periods Λ1 = 1.935 𝜇𝜇𝜇𝜇, Λ2 = 1.635 𝜇𝜇𝜇𝜇, Λ3 = 1.335 𝜇𝜇𝜇𝜇. (Adapted from [83]) 
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Even though the gratings are designed to optimize the corresponding phase-matching at 3 THz, 

4 THz and 5, THz, they do not significantly affect the phase matching at lower frequencies. 

Especially for Λ1 and Λ2 gratings, they optimize the phase matching almost over the whole spectral 

range. The other reason that the THz detection efficiency at low frequencies was not affected by 

the phase matching change is that there is a polarization filtering effect at the back surface at the 

GaP crystal which enhances the EOS detection efficiency in the whole THz bandwidth. This effect 

is thoroughly explained in [83] and the manuscript in this chapter.  

5.2.2 About the dynamic range measurement of the THz-TDS 

To describe the sensitivity of the THz time-domain spectroscopy, dynamic range is one of the most 

important metrics. There have been several different ways of defining the dynamic range of THz-

TDS systems [85–87]. Generally, these definitions are dividing the peak signal amplitude/power 

by the amplitude/power of the spectral noise and taking the logarithm of this result. Calculating the 

dynamic range using the spectral power or amplitude is equivalent since their results always differ 

by a factor of 2. The main difference in these definitions of the dynamic range is how the spectral 

noise level is defined in a THz-TDS system. One way of defining the noise level is by taking the 

root-mean-square (RMS) value of the signal at frequencies where there is no real THz signal. One 

example of using this definition is shown in Fig. 5.4. 
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Fig. 5.4 THz power spectra of time-domain signals measured with a pair of DSTMS crystal 

and DAST crystals. Both these power spectra are normalized to the noise floor which is 

defined as the average of the signal power above 30 THz. This figure is taken from [87]. 

Another definition of the noise floor taken from [86] is the RMS value of the signal measured by 

blocking the THz beam while keeping the rest of the experimental setting the same. A typical 

example of this definition is shown in Fig. 5.5. In this figure, the THz spectral intensity and noise 

level are measured separately. The dynamic range of the system is calculated accordingly. We can 

also see a frequency dependence on the noise floor due to the 1/f noise in the system [86]. We take 

this second definition of the noise floor in this manuscript in this chapter. For the noise floor defined 

as the RMS value of the signal at frequencies where there is no THz, it contains the noise carried 

by the THz pulse itself. If the noise carried by the THz pulse is dominant in the system, it does not 

equal to the lowest signal that we can detect using this THz-TDS system. If we put an absorptive 

sample in the THz beamline of this THz-TDS  
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Fig. 5.5 THz spectral intensity (red solid line) compared to spectral noise intensity (dotted 

line). The black line is the smoothed noise floor. The blue line is the calculated dynamic 

range (DNR) in dB. Figure taken from [86]. 

system, which decreases the THz intensity incident on the detection crystal, then the noise level 

defined in the first definition in this subsection will also decrease as the noise carried by the THz 

pulse is also absorbed. 

Fig. 5.6 THz spectra power measured when there is no sample in the dual grating assisted 

THz-TDS system (black) and when there is a 3 mm-thick PMMA is in the THz path (red). 

Spectra power normalized to the peak of the black curve. 
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Fig. 5.6 is an example of noise level at frequencies, where there is no THz signal, decreases when 

the THz signal is attenuated. In this plot, when there is no sample in the THz system, the noise level 

at frequencies where there is no THz signal is around -60 dB. After putting the 3 mm-thick PMMA 

into the system, the peak spectral power is attenuated to below -20 dB, and the noise level at 

frequency where there is no THz signal also decreases to -80 dB. Thus, we decided to use the noise 

purely from the gating beam as the noise level of the THz-TDS system.   
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Chapter 6 

High-field THz source centered at 2.6 THz 

6.1 Background and relevance 

In the previous chapter, our work demonstrates for the first time the use of a contact grating on a 

semiconductor second-order nonlinear crystal to generate frequencies exceeding 2 THz. The next 

step is to boost the field strength in this THz system. In Chapters 4 and 5, we operate the Pharos 

laser at 1.1 MHz with a 0.9 µJ pulse energy and aim to achieve a high signal-to-noise ratio from 

the THz-TDS system. In this context, it is necessary to tightly focus our generation beam into the 

generation crystal, as the efficiency of the THz generation is proportional to the fluence of the NIR 

generation beam, assuming no saturation effect [43]. Furthermore, since the wavelength of the 

generated THz is larger than the spot size of the focused generation beam, the generated THz beam 

is close to a point source that can be easily collimated and subsequently refocused [88]. To generate 

high-field THz, it is imperative to increase the NIR generation beam fluence on the generation 

crystal. This is not feasible in a THz system where the generation beam is tightly focused into the 

generation crystal because the fluence will rapidly approach the damage threshold of the generation 

crystal. Higher NIR beam fluence also leads to pronounced saturation effects such as multi-photon 

absorption [46] and thermal effects [62]. An alternative approach involves using a collimated NIR 

beam for THz generation with an expanded beam size, provided there is sufficient NIR pulse energy. 

High-field THz generation using a collimated generation beam in a collimated system configuration 

has been demonstrated with different semiconductor crystals [64,88–90] and in organic 

crystals [91–93]. It is worth noting that the generation beam in the tilted-pulse-front THz generation 

technique incident into the LiNbO3 crystal is also collimated. Additionally, the collimated 
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generation beam approach has been used for contact grating-assisted tilted-pulse-front high-field 

THz generation below 2 THz in ZnTe crystals [54]. 

 In this chapter, we utilize a 1 mm-thick GaP crystal with a surface-etched phase grating to generate 

high-field THz with a peak exceeding 2 THz [23]. On this occasion, the grating is fabricated with 

a different Recipe by Dr. Mohammad Bashirpour [94]. To improve the uniformity of the grating 

across the whole area, we replace e-beam lithography with contact photolithography. Rather than 

drawing 20×20 gratings with an area of 500 µm × 500 µm using e-beam lithography, contact 

photolithography can produce a single 1 cm × 1 cm grating in one pass. The newly fabricated phase 

grating exhibits a diffraction efficiency of 43.5% in each of the ±1st diffraction orders while only 

0.7% of the power was left in the 0th order. This 43.5% diffraction efficiency surpasses the 

maximum theoretical value for a phase grating of 40.5%. This anomaly arises because the grating 

also functions as an anti-reflection structure, resulting in an increased transmission into the GaP 

crystals. This grating with high uniformity and diffraction efficiency facilitates the generation of 

high-field THz exceeding 2 THz using a collimated NIR generation beam. 
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Abstract: We demonstrate a table-top high-field terahertz (THz) source based on optical
rectification of a collimated near-infrared pulse in gallium phosphide (GaP) to produce peak
fields above 300 kV/cm with a spectrum centered at 2.6 THz. The experimental configuration,
based on tilted-pulse-front phase matching, is implemented with a phase grating etched directly
onto the front surface of the GaP crystal. Although the THz generation efficiency starts showing a
saturation onset as the near-infrared pulse energy reaches 0.57 mJ, we can expect our configuration
to yield THz peak fields up to 866 kV/cm when a 5 mJ generation NIR pulse is used. This work
paves the way towards broadband, high-field THz sources able to access a new class of THz
coherent control and nonlinear phenomena driven at frequencies above 2 THz.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High-field terahertz (THz) sources [1] are widely applied to explore nonlinear THz properties of
various materials including semiconductors [2], 2D materials [3], and gases [4]. These sources
also allow experimentalists to access new regimes of high-harmonic generation [5], free electron
acceleration [6], and coherent control [7–9]. Most research groups working on these topics
have employed the tilted-pulse-front technique based on an ultrafast near-infrared (NIR) laser to
generate high-field THz pulses by optical rectification inside a LiNbO3 nonlinear crystal [10,11].
Generally, this table-top technique provides a THz electric field on the order of several hundreds
of kV/cm, with a record value of 6.3 MV/cm [12], featuring a spectrum which peaks around
1 THz and then gradually decreases in amplitude as frequencies approach the phonon resonance
of LiNbO3 at 4.5 THz [13,14]. Modifications to this standard configuration have recently led to a
more efficient generation of high-field THz pulses with spectral components up to 4 THz [15].
However, 98% of the pulse energy in this configuration is still contained within the frequency
range below 2 THz, limiting most high-field applications requiring a spectrum centered at higher
frequencies. Cooling the LiNbO3 crystal down to cryogenic temperatures can increase the field
strength by a factor up to 2.7 [16,17] and, in some cases, extend the spectrum towards higher
frequencies by reducing losses due to the phonon absorption tail. This latter approach was notably
used to enable the generation of a spectrum centered at 4 THz with a peak field around 10 kV/cm
[16]. However, the use of cryogenic equipment adds another level of complexity to an already
complicated experimental setup. Furthermore, a THz peak field evaluated to about 150 kV/cm
from power measurements was produced in a 1 mm-thick GaP crystal with a spectral peak
below 2 THz [18]. There is therefore a general lack of a straightforward table-top experimental
configuration based on high damage threshold crystals, able to generate high-field THz pulses
with a spectrum centered at frequencies exceeding 2 THz. Such a system is crucial for providing
experimentalists with access to a new range of phenomena such as phonon-assisted nonlinearities
[2,19], coherent control of Bose-Einstein condensation in semiconductor microcavities [20], and
saturable transitions in molecular gases [4]. Other high-field THz generation techniques using
air plasma or metallic spintronic emitters have reported peak fields above 1 MV/cm [21–24],
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the spectral bandwidth of these sources typically extends from 0.5 to 30 THz. Recent work on
air plasma THz sources have demonstrated high-energy pulses covering a large spectral range
[24,25]. Such systems, if combined with spectral filters [26], can potentially yield THz pulses
with peak field amplitudes reaching several 100’s of kV/cm within a specific spectral region.
Finally, organic materials, such as DAST and DSTMS, display great potential for generating
high-field THz above 20 THz [27–29]. High conversion efficiencies in the region between 2 and
4 THz [30–32] can notably be achieved with a pump source centered between 1.2 and 1.6 µm,
relying on a nonlinear wavelength conversion stage [33]. BNA and HMQ-TMS crystals can
generate high-field THz up to 6 THz with a NIR pump laser centered at 800 nm or 1030 nm,
however most of the THz pulse energy is still contained within a spectral range below 2 THz
[34,35]. In those spectra, phonon absorption lines are common due to the organic nature of the
THz generation crystal, but those lines can be reduced with cryogenic cooling [30,35,36]. The
typical damage threshold of organic crystal is however relatively low, typically below 20 mJ/cm2

[35,37,38], which is about 60 times lower than that of semiconductor crystals, such as GaP
[39,40]. This may be a limiting factor for long-term stability of a THz source relying on high
near-infrared power.

In this work, we demonstrate a scheme to generate high-field THz pulses centered at 2.6 THz
using a phase grating directly etched onto the surface of a nonlinear crystal to enable non-collinear
phase-matched tilted-pulse-front THz generation. This technique has been proposed theoretically
[41–47] and then demonstrated experimentally [48–50] with surface gratings on ZnTe and LiNbO3
crystals to achieve high THz generation efficiencies at frequencies <2 THz. In comparison
to the standard tilted-pulse-front technique in LiNbO3, this configuration eliminates imaging
distortions of the diffracted generation pulse, hence improving THz beam quality as well as THz
generation efficiency [41,44,48]. Recently, broadband THz generation was demonstrated from
0.1 to 6 THz with a phase grating etched on the surface of a 2 mm-thick GaP crystal [50]. In this
geometry the generation NIR pulse was focused onto the generation crystal. Here we use the
same material, but we rely instead on a different geometry using a collimated 0.57 mJ NIR pulse
from a standard commercial 1035 nm femtosecond laser amplifier to generate a THz pulse with a
peak field reaching 303 kV/cm at a central frequency of 2.6 THz. This is the first report of a
high-field source based on a high damage threshold crystal to target the hard-to-access region
immediately above 2 THz. The confined spectral bandwidth, free of phonon absorption lines, can
be efficiently used to drive a resonant system into a nonlinear regime. More importantly, there
are two indications that our configuration is able to yield much larger THz peak fields: (1) NIR
pulse energies to generate THz radiation can be increased by two orders of magnitude before
reaching the GaP damage threshold, and (2) we observe a quasi-linear relationship between the
incident NIR pulse energy and the emitted THz amplitude, with a slight saturation onset only
observed at the highest energies reached in our experiments.

2. Experiments

Figure 1 shows a diagram of the experiment apparatus for high-field THz generation in a GaP
crystal. This crystal is patterned with a surface phase grating to efficiently diffract the incident
NIR beam and enable tilted-pulse front phase-matching conditions [10,51]. The optical source
is a commercial Yb:KGW regenerative amplifier system generating 265 fs pulses with a center
wavelength of 1035 nm, a pulse energy of 1 mJ and a repetition rate of 3 kHz. The output
laser beam is focused in air with a 1 m focal length lens. A 1 mm-thick BK7 window is placed
before the focus to broaden the NIR spectrum from a bandwidth of 3.5 THz to 7.2 THz through
self-phase modulation (SPM). The NIR spectra of the pulse before and after the BK7 window are
shown in Fig. 1(a). The laser beam is then guided through a set of chirped mirrors, providing a
total dispersion of -3000 fs2, to compensate for the positive dispersion in the SPM process and

84 



Research Article Vol. 31, No. 20 / 25 Sep 2023 / Optics Express 32470

compress the pulse to ∼80 fs (FWHM) in the time domain. The autocorrelation traces of the NIR
pulses before and after the BK7 window and chirped mirrors are shown in Fig. 1(b).
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Fig. 1. (a) and (b) Spectra and corresponding autocorrelation traces of the NIR laser pulses
measured at the laser output (black line) and after spectral broadening in BK7 and temporal
compression with chirped mirrors (CMs) (red line). We observe a spectral broadening from
3.5 THz to 7.2 THz (FWHM) and a reduced pulse duration from 265 fs to 81 fs (FWHM).
The reference frequency ν0 corresponds to the center wavelength of 1035 nm. (c) Schematic
of the high-field THz setup. The focused NIR pulses are first passed through a 1 mm-thick
BK7 window to broaden the spectrum by self-phase modulation. A THz-TDS scheme is then
used to generate and detect THz radiation where the NIR generation beam is collimated onto
the THz generation crystal. The germanium wafer (Ge) can be used to block the small (1.4%)
residual fundamental NIR beam. The system is operated in a dry-air purged environment.
Optical components to build the setup are labelled above as follows: L1: lens, f= 100 cm; L2:
lens, f= 70 cm; CMs: -250 fs2 each; BS: beamsplitter; TS: translation stage; PG on 1 mm
GaP: 110-oriented 1 mm-thick GaP crystal with a phase grating on the incident surface; Si:
silicon wafer; PM: Parabolic mirror; 0.1 mm GaP: 110-oriented 0.1 mm-thick GaP crystal;
L3: lens, f = 5 cm; λ/4: quarter-wave plate; WP: Wollaston prism; PD: photodetector.

The NIR beam in the first arm is collimated at normal incidence onto a 1 mm-thick 110-oriented
GaP semiconductor crystal with a surface-etched phase grating [52] to enable efficient THz
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generation by optical rectification.This NIR beam has a 1/e2 diameter of 3.2 mm and a pulse
energy of 0.57 mJ. The highly uniform grating with an average pitch of Λ= 1.60 µm yields
first diffraction orders at angles of ±12° inside the GaP crystal. The standard deviation of this
average grating pitch is measured to be ±0.03 µm. This configuration enables non-collinear
phase-matching conditions leading to broadband THz generation from 0.5 to 6 THz with a
geometry allowing both the incident NIR pulses and generated THz pulses to propagate along a
direction normal to the crystal plane. In this geometry, the 1st order diffraction angle of the NIR
pulse is also equal to its pulse-front-tilt angle [42]:

θtilt = cos−1 ng(ωNIR)

n(ω4THz)
, (1)

where ng(ωNIR) is the group index of the NIR generation beam centered at 1035 nm and n(ω4THz)
is the phase index at 4 THz inside of the generation crystal. The grating filling ratio is 50%,
and the target height modulation is 245 nm. This corresponds to an optical π-phase difference
between optical light rays passing through the top and bottom sections of the grating, which
reduces the 0th diffraction order because of destructive interference. In a transmission geometry,
we measure a total of 44% of the incident power (87% of the total transmitted NIR power) in
±1 diffraction orders, while only 0.7% of the incident power (1.4% of the transmitted power)
remains in the 0th diffraction order. Note that the presence of the grating also creates an effective
index layer at the air-GaP interface reducing the Fresnel reflection coefficient by about 5% at the
front crystal surface [52,53]. The presence of the grating on a 1 mm-thick GaP crystal increases
the energy contained in the region between 2 and 3 THz by a factor of 4. The generated THz
radiation is collected by an off-axis gold parabolic mirror PM1 in Fig. 1(c) with 1.27 cm diameter
and a short (1.27 cm) focal length to minimize the spot size at the focus. The ±1st diffracted
NIR beams leave the generation crystal with an exiting angle of 40°. Since these beams are not
collected by PM1, this allows a sample to be positioned at the first THz focus to perform high-field
experiments while the NIR background illumination remains relatively weak. In the same figure,
the subsequent parabolic mirrors, with a 5.08 cm diameter and 5.08 cm focal length (PM2-PM5),
are arranged in a standard terahertz time-domain spectroscopy (THz-TDS) configuration. The
gating pulse in the second arm is first reflected by the Si wafer and then focused by the PM5 on a
0.1 mm-thick 110-oriented GaP detection crystal, overlapped with the focused THz transient to
resolve the oscillating THz transient with electro-optical sampling (EOS) detection. The thin
GaP detection crystal enables a broad detection bandwidth >6 THz.

3. Results and discussion

Figure 2 shows the measured high-field THz transient and corresponding spectral amplitude,
obtained with the Fourier transform. The spectral bandwidth extends up to 6.3 THz with a peak
centered at 2.6 THz. The multi-cycle pulse is attributed to group velocity dispersion in the
1 mm-thick GaP generation crystal stretching the pulse in time. We evaluate the electric field
strength of the THz pulse at the focus between PM1 and PM2 since this is a practical position to
insert a sample in the setup. We evaluate the THz electric field ETHz with the following equation
[54]:

ETHz =
A − B
A + B

λgatKgat

2πr41n3
0Lttot

, (2)

where A and B are the voltages on the PDs, λgat is the central wavelength of the NIR gating
beam (1035 nm), r41 = 1 pm/V is the electro-optical coefficient of GaP at 1035 nm [55], n0 is the
refractive index of the GaP at 1035 nm [56], L= 0.1 mm is the thickness of the GaP detection
crystal, ttot is the transmission coefficient taking into account the THz transmission through the
GaP detection crystal, the Ge wafer and the Si wafer after PM4 considering the index of refraction
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of these material at 2.6 THz [57–59]. Finally, the damping factor Kgat = Eoriginal
THz.max/E

measured
THz.max = 1.46

describes the “smooth effect” in the EOS from a non-infinitely short gating pulse [60]. Considering
this geometry, we obtain a peak field of 303 kV/cm at the focus of PM1.
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Fig. 2. (a) Time-resolved high-field THz transient. The inset shows the corresponding
spectral amplitude calculated with the Fourier transform. (b) THz spectral intensity (black
curve) and noise floor (blue curve). The dashed blue line is the noise floor fitted with the
model A*(1/f+B), considering the 1/f noise, where f is the frequency and both A and B are
fitting parameters. The dynamic range (red curve) is calculated based on [61].

The dynamic range of our system reaches 80 dB at 2.6 THz and remains above 60 dB between
0.6 THz to 5.3 THz (Fig. 2(b)). We do not expect THz radiation to be generated at frequencies
exceeding the range shown in Fig. 2(b) due to a drop in the second order nonlinear coefficient at
8 THz and a phonon absorption at 11 THz [62].This figure of merit is calculated by dividing the
THz spectral intensity by the noise floor, which is measured by blocking the THz beam and then
fitted to a model A*(1/f+B), where f is the frequency, and A and B are fitting parameters [61].

To confirm the THz field strength, we also measure the THz power with a thermal detector. A
Golay cell, calibrated using a blackbody source, measures a power corresponding to a THz pulse
energy of 2.8 nJ immediately after the detection crystal since the space after PM1 in our setup
is too small to accommodate the Golay cell or a mirror able to deflect the beam. Considering
the Fresnel transmission coefficients of all optical components between the Golay cell placed
after the GaP detection crystal and THz focus located between PM1 and PM2, the pulse energy
at that position corresponds to 41.1 nJ. Based on this value, the conversion efficiency from the
diffracted NIR beam to THz radiation is relatively low (0.023%), but could be improved with
an anti-reflection coating and an optimized grating design [63]. We then calculate the peak
THz field strength based on this Golay cell measurement. First, we use the time-resolved THz
transient and consider the highest THz half cycle containing 45% of the full pulse energy to
extract a precise value of the THz peak electric field [60]. The peak intensity of the highest THz
half cycle can be calculated by

ITHz, peak =
2 ETHz

π (w1/e2 )
2 τTHz,peak

, (3)

where ETHz is the THz pulse energy contained within the highest THz half cycle, w1/e2 is the
1/e2 radius of the THz beam (160 µm) measured using the knife-edge method, and τTHz,peak is the
FWHM time duration of the peak half cycle (87 fs) of the THz intensity waveform. The peak
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THz electric field is then given by:

ETHz =

√︄
ITHz,peak

ε0c
, (4)

where ε0 is the vacuum permittivity and c is the speed of light in vacuum. We obtain a peak
field of 446 kV/cm, which is 1.5 times higher than the value obtained using the EOS data and
Eq. (2). This discrepancy between different measurement techniques is well known [64] and
has also been observed in other work [54]. In this work, we mainly refer to the THz peak field
calculated from the EOS measurement and Eq. (2), since it is a more traceable value than the
value measured with the Golay cell.

Finally, we look into the possibility to combine our configuration with a more powerful NIR
source to achieve even higher THz peak fields. We first determine the crystal damage threshold
to the incident NIR pulse, which is a critical parameter to allow the use of higher pulse energies.
We perform this test at a wavelength of 1035 nm and a repetition rate of 50 kHz by placing a
non-patterned and patterned GaP window at the focus of a 15 cm lens. For both samples, we
only notice visible damage on the crystal accompanied by an abrupt drop in the generated THz
signal when the incident power exceeds 0.8 W, which corresponds to a peak fluence of 5.6 J/cm2.
For comparison purposes, the highest peak fluence used in this work is 14.2 mJ/cm2, which is a
factor of 400 lower than this damage threshold. These results indicate that it is indeed possible
to significantly increase the incident NIR pulse energy to enable the generation of higher THz
peak fields. We also investigate the dependence of the THz peak field EPeak

THz as a function of
the NIR generation peak fluence FNIR. Figure 3(a) shows the THz signal as FNIR is varied from
1.5 mJ/cm2 to 14.2 mJ/cm2 while keeping the same NIR spot size on the generation crystal.
The experimental results are displayed along with two simple models: (1) a linear relationship
(red dashed line) fitting the data collected at low fluence <5.1 mJ/cm2: EPeak

THz = aFNIR, where
the slope a= 27.5 kV cm mJ−1 is related to the conversion efficiency, and (2) a modification of
the first model (blue dashed curve): EPeak

THz = aFNIR / (1+ bFNIR), where a is the same as that in
the first model, and b= 0.024 mJ−1 cm2 accounts for saturation effects, which can be caused
by multiple-photon absorption [10] and thermal effects [65]. We observe that the generated
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Fig. 3. (a) Measured THz peak electric field EPeak
THz strength versus NIR peak fluence FNIR.

The red dashed line is a linear fit while the blue dashed line corresponds to a saturation
model: aFNIR /(1+ bFNIR), where both a and b are fitting parameters. (b) Corresponding
THz spectra measured with NIR generation pulses with different NIR peak fluence. We
normalize these measurements to the maximum amplitude obtained with a 14.2 mJ/cm2
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THz peak amplitude is linear with FNIR until 5.1 mJ/cm2. The observation of a saturation onset
at this NIR fluence is consistent with previous work using an unpatterned GaP crystal [66].
Figure 3(b) shows THz spectra generated with different NIR incident pulse energies, which all
peak at 2.6 THz. However, we observe a gradual decrease of the THz spectral amplitude around
3.5 THz as FNIR increases from 1.5 mJ/cm2 to 4.4 mJ/cm2. Similar THz spectral changes at
high FNIR have also been observed previously [67], but further investigation is still required
to fully understand this effect. Considering our saturation model and the fact that FNIR can be
significantly increased without inducing damage to the crystal, we can anticipate that a NIR peak
fluence of 124 mJ/cm2, corresponding to a NIR pulse energy of 5 mJ with the same beam size,
will produce a THz peak field of 866 kV/cm with a spectrum also centered at 2.6 THz.

4. Conclusion

We demonstrate a high-field THz system using collimated NIR pulses impinging on a GaP crystal
with a surface phase grating to generate pulses with 303 kV/cm peak field centered at 2.6 THz.
This peak field is confirmed by measurements performed with a calibrated Golay cell. We also
show that our system operates significantly below the GaP damage threshold and close to a linear
regime, allowing more powerful NIR sources to produce even higher peak fields approaching
1 MV/cm. Note that increasing the NIR beam size on the generation crystal allows the use of
higher pulse energies without damaging the crystal, hence resulting in larger THz powers. A laser
source at a longer wavelength could also be used to reduce the multi-photon absorption processes
in GaP, which may help to reduce saturation effects observed in the THz generation process as
well as increase the crystal damage threshold. Considering a tilted-pulse-front configuration with
an optimal grating design, this latter approach could, according to numerical models, produce
peak fields reaching up to 17 MV/cm at a central frequency of 3 THz [47]. Finally, although
our experiment focuses exclusively on GaP as the THz generation crystal, the same optical
configuration could be used to generate high-field THz in other materials with a surface phase
grating to gain access to different spectral ranges or to increase THz generation efficiencies. This
work will pave the way towards a new class of high-field THz sources able to access a spectral
range departing from the conventional region below 2 THz and will enable novel nonlinear and
coherent control experiments in condensed matter systems.
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6.2 Additional comments 

6.2.1 High-field THz field strength measured with EOS 

Normally, when employing the electro-optic sampling (EOS) technique to measure high-field THz 

pulses with ZnTe, we may encounter over-rotation, where the EOS signal is no longer linearly 

related to the actual THz field strength. In our case, we utilize a relatively thin 100 µm GaP crystal 

as the detection crystal, whose second-order nonlinear coefficient is four times lower than that of 

the ZnTe crystal. In our case, a 303 kV/cm THz field strength only leads to a modulation depth of 

3%, which remains within the linear regime for THz field strength measurement when using the 

EOS technique.     

6.2.2 The saturation of the THz generation in GaP 

In our study, to characterize the saturation in the THz generation process, we plot the generated 

peak THz field vs the NIR generation beam peak fluence on the generation crystal. Previously, we 

noted that the generated peak THz field should be linearly proportional to the NIR generation beam 

peak fluence, assuming no saturation effects are involved [43]. Our data revealed that the saturation 

onset occurs at a peak NIR fluence of 5.1 mJ/cm2. In many high-field THz generation studies, such 

a plot is often represented as THz pulse energy/THz power against NIR peak fluence/ NIR pulse 

energy. This is because they directly characterize the THz power using a Golay cell or THz power 

meter. However, in such a plot, it is challenging to pinpoint the onset of the saturation. To address 

this problem, besides fitting the data with power functions of different power exponents, we can 

plot the same figure with both axes in log scale, which transforms the power components into 

coefficients of linear relationships. A representative example of the log scale plot is in [89].  
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Fig. 6.1 Dependence of THz pulse energy measured with calibrated pyroelectric detector on 

NIR laser pulse energy for THz generation using LiNbO3, GaP, and ZnTe crystals with a 

laser centered at 1035 nm. The solid lines represent the slopes of the data points. This figure 

is taken from [89]. 

From Fig. 6.1, we can clearly see where the slope of the linear relationship changes, representing 

the saturation onset of the THz generation. The NIR generation beam spot size in this figure on the 

GaP crystal is 5 mm in diameter, on the ZnTe wedge is 6 mm in diameter, and on the LiNbO3 

wedge is 1 mm × 2 mm. Based on this data, the THz generation saturation onset when using a 1035 

nm NIR generation beam for GaP occurs when the NIR fluence is approximately 2 mJ/cm2, for 

ZnTe occurs when the NIR fluence is around 1.8 mJ/cm2, and for LiNbO3 occurs when the NIR 

fluence is close to 12.5 mJ/cm2. The value of THz generation onset for GaP measured in Fig. 6.1 is 

close to the value we report in our study.  

6.2.3 Future work 

In the research presented in this chapter, the laser setting used is 3 W, 3 kHz. Notably, this is not 

the maximum pulse energy which can be generated from this Pharos amplifier. Our subsequent 

work involves utilizing the full pulse energy of our laser, which is 4.5 W, 3 kHz. Achieving this 
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necessitates adjustments to the NIR spectral broadening setup since merely increasing NIR pulse 

energy results in enhanced SPM inside the BK7, which leads to a stronger self-focusing effect. In 

the experiment using 1 mJ NIR pulse energy at laser output, a bright center spot in the beam profile 

is observed, causing some burning issues to the silver mirrors. A potential solution is to reposition 

the BK7 further from the focal point and enlarge the NIR beam size in the collimated section. 

Currently, the collimated NIR generation beam has a 1/e2 diameter of 3.3 mm, which remains 

smaller than the grating’s dimension (1 cm× 1 cm). Our intention is to increase the 1/e2 diameter 

of the beam to approximately 1 cm, which should mitigate the saturation effects observed in the 

THz generation process. Consequently, we utilize higher pulse NIR pulse energy for THz 

generation. For instance, with a NIR generation pulse energy of 20 mJ, we would be able to generate 

a peak THz field strength of 1.7 MV/cm. Since the peak fluence is lower in this case, the spectral 

peak could shift to higher frequencies. Additionally, applying an anti-reflection coating on the 

surface of the generation crystal will further enhance the transmission of the NIR beam into the 

generation crystal. Once we attain the maximum THz field using our laser, we aim to employ this 

THz source to in nonlinear experiments such as driving the Bose-Einstein condensation of exciton 

and polariton [95]. Also, this source could be used to broaden the spectrum of the single-pulse THz 

detection system [96], paving the way for a wider range of applications. 
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Chapter 7 

Summary 

In this work, we introduced the background and application of different THz generation and 

detection techniques. In particular, we discussed the THz-TDS system which is primarily used to 

study the linear dispersion property in the THz range. The relevant theory for THz generation and 

detection through nonlinear optics methods was introduced in Chapter 2.  

In Chapter 3, starting with a standard Yb:KGW fs laser system generating 200 fs pulses centered 

at 1035 nm, we construct a THz time-domain system. This system generates THz pulses via optical 

rectification and detects the THz with EOS. It can produce a THz pulse with a spectrum covering 

0.5 to 4 THz with a pair of 0.3 mm-thick GaP crystals for THz generation and detection. The THz 

generation and detection bandwidth are limited by the laser pulse spectral bandwidth.  

In the first work in Chapter 4, an HC-PCF pulse shaper broadens the NIR pulse spectrum through 

SPM and chirped mirror pairs are used to temporally compress NIR pulse. The resulting pulse, with 

its broader NIR spectrum, leads to an increased bandwidth in THz generation through difference-

frequency mixing. The shorter NIR pulse, which has a higher NIR peak electric field, enhances the 

efficiency of THz generation. It also equips the THz detection system (EOS) with the ability to 

time-resolve higher frequencies. Consequently, the new system incorporating the HC-PCF pulse 

shaper achieves a spectrum that ranges from 0.5 to ~6 THz and the system signal intensity increases 

by a factor of 16.  

In the second work in Chapter 5, tilted-pulse-front phase matching is achieved by etching a phase 

grating at the front surface of the generation and detection crystals. The tilted-pulse-front 

phase-matching is a perfect noncollinear phase-matching that overcomes the limitations imposed 

by the crystal thickness on the bandwidth for THz generation and detection due to an imperfect 

phase matching. Another notable feature of the grating design in this work is that, despite the 
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noncollinear phase matching configuration, the NIR generation beam and generated THz beam 

remain collinear and for the detection part, the only difference is that the EOS measures the 1st 

diffraction order of the NIR gating beam, rather than the collinear NIR beam. This characteristic 

ensures that the grating-assisted THz generation and detection can be integrated into the standard 

collinear THz system with minimum adjustment. As a result, with a pair of 2 mm-thick GaP with 

etched surface gratings for THz generation and detection, the signal intensity in this system 

increases by a factor of 400 compared to that of the system in Chapter 3. The spectrum of this 

system consistently spans from 0.5 THz to 6 THz. For a 2-minute single scan, the peak dynamic 

range reaches 90 dB at 3 THz. 

In Chapter 6, a grating with improved uniformity is etched at the front surface of a 1 mm-thick GaP 

for THz generation, where the generation beam is collimated onto the generation crystal. This new 

THz source is the pioneering high-field THz source based on semiconductor crystals, generating 

high-field THz with the majority of the energy contained above 2 THz. In this setup, the THz peak 

field exceeds 300 kV/cm, spectrally peaking at 2.6 THz with a NIR generation pulse energy of 

0.57 mJ (peak fluence of 14.2 mJ/cm2). The damage threshold of GaP, when measured with a 

1035 nm laser, stands at 5.6 J/cm2, which is 400 times higher than the NIR peak fluence used here. 

Our analysis of saturation in THz generation suggests that the NIR pulse energy merely triggers 

the onset of saturation. With 5 mJ NIR generation pulses, we anticipate generating THz pulses 

approaching 1 mV/cm peak at 2.6 THz.  

The work in Chapters 4 and 5 enhances the bandwidth and the sensitivity of a standard THz-TDS 

system. These improved systems can collect more detailed information from samples under study 

both in terms of spectral bandwidth and by detecting weaker signals with greater precision. The 

research in Chapter 6 enables the THz system to measure linear dispersion information for highly 

absorptive materials. It also equips the system with the capability to investigate the nonlinear 

properties of materials at frequencies above 2 THz. Furthermore, this THz source can be employed 
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to perform coherent control of Bose-Einstein condensation in the microcavities [95], 3rd harmonic 

THz generation beyond the traditional frequency region [97] and saturable transitions in molecular 

gases [98]. 
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Chapter 8 

Conclusion 

This thesis enhanced the performance of a THz-TDS system, leveraging a standard Yb:KGW 

femtosecond laser amplifier in terms of bandwidth, sensitivity, and field strength.  

An expanded system bandwidth allows the THz-TDS system to acquire information from more 

intricate materials, characterize a broader range of materials, and uncover phenomena potentially 

obscured by a limited bandwidth. Additionally, a system with a wider bandwidth inherently 

possesses higher temporal resolution, facilitating the study of ultrafast material processes. More 

generally, broadband THz systems have potential applications in high-data-rate communications 

and high-resolution imaging.  

The THz system with augmented sensitivity can discern nuanced material features, fostering a 

deeper comprehension of material properties. Such sensitivity is advantageous for chemical 

analysis and quality control, especially with low-concentration samples. Enhanced sensitivity also 

has implications for environmental monitoring, complex biological system studies and 

long-distance communications.  

Chapters 5 and 6 detail the enhancement of the generation efficiency using a GaP crystal with a 

surface-etched phase grating, enabling the THz-TDS to produce both high-average-power and 

high-field-strength THz pulses. High-power THz pulses can probe highly absorptive materials, 

increase THz penetration depth of the THz and generally study the material under high illuminance. 

Such pulses also hold promise for remote sensing and long-distance data communications. The 

high-field THz source introduced in Chapter 6, is the first high-field THz source centered above 

2 THz based on high damage threshold semiconductor nonlinear crystals. This new source has 
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potential applications in high-field THz magnetic pulse generation at higher frequencies, nonlinear 

spectroscopy at higher frequencies, and coherent control of quantum states, phase transitions, 

chemical reactions, and lattice vibrations.  

The THz-TDS system developed in this thesis was initially intended to study the photo-illuminance 

effects in PMMA [99] and to coherently control the exciton-polariton Bose-Eistein condensation 

in semiconductor micro-cavities [95]. Regrettably, while the tools are prepared, time constraints 

limit further pursuit of these projects. I hope to continue this work during the time that I am still in 

the group and encourage new students or postdocs to advance these endeavors.    

Techniques for generating and detecting frequencies below 5 THz and above 15 THz have matured 

over the recent decades. The current challenge lies in the 5 THz and 10 THz range [100]. While 

metallic spintronics and air plasma can span this range, the spectral density at certain frequencies 

remains suboptimal. Organic crystals, pumped by femtosecond laser with a wavelength 

exceeding 1200 nm, are beginning to bridge this gap. Continued development of metallic 

spintronics, air plasma, and organic crystals may yield efficient THz generation and detection in 

this range. In my view, further development of nonlinear crystals for THz generation and detection 

remains crucial, especially in addressing a certain narrow frequency band. Silicon Carbide (SiC) is 

a potential crystal for the 5 to 15 THz range [101,102]. The surface grating can further optimize 

the phase-matching for THz generation and detection at certain frequencies on potential crystals 

like SiC. There is potential to refine surface grating fabrication, aiming for efficient titled pulse 

front generation with a collinear configuration. If a blazed grating is crafted on the front surface of 

the generation crystals, diffraction efficiency could significantly increase, optimizing THz 

generation from a singular diffraction order other than from both ±1st diffraction orders. 

Collaborating with scientists specializing in the design and growth of nonlinear crystals could lead 
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to the development of novel crystals optimized for THz generation and detection in the new THz 

gap. 
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