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I.1/ Overview of terahertz science 

I.1.1 Definition and properties of THz radiation 

Terahertz (THz) radiation is the electromagnetic radiation lying in a frequency interval from 0.1 

to 30 THz. These frequencies correspond to a wavelength range from 3 mm to 10 μm wavelength, a 

photon energy from 0.4 meV to 120 meV, or to an equivalent black body radiation with temperatures 

between 4 K to 1 200 K. Historically, THz technologies were used mainly within the astronomy 

community for studying the background of cosmic far-infrared radiation and by the laser-fusion 

community for the diagnostics of plasmas. Despite the interests brought by these communities, the THz 

band has remained one of the most untapped and least understood regions of the electromagnetic 

spectrum, compared to the relatively well developed science and technology in the microwave and optical 

frequencies. The so called “THz gap” resulted from the limits of the electron velocities which prevent 

electronic devices to operate above a few hundred GHz, and from thermal energies that limit the smallest 

electronic transitions useful for lasing, preventing solid-state lasers to operate below a few hundred THz. 

 

Figure 1: The electromagnetic spectrum in frequency. The THz region is depicted in dark red and its 

potential applications and corresponding spectroscopic modes are presented (non-exhaustive list). 

The first demonstration of a coherent emission and detection of broadband THz pulses in the late 

1980‟s allowed to routinely access this part of the EM spectrum [1]. Thus, the unique properties of this 

radiation have been revealed, suggesting the development of promising applications. 

  Firstly, THz waves have long wavelengths and thus they are less affected by Mie 

scattering. As a consequence various materials such as cloth, paper, wood, plastic and dry dielectrics are 

transparent to THz radiation. Secondly, THz waves have low photon energy which prevents them from 
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ionizing biological tissues. Furthermore, THz radiation is strongly absorbed by water which prevents it 

from penetrating the human body. These properties make THz radiation an excellent tool for imaging 

applications and non destructive screening [2-6]. Many molecules have strong absorption features in this 

frequency range, due to vibrational and rotational transitions. These transitions are specific to each 

molecule. Consequently, molecules exhibit fingerprints which allow their spectroscopic identification [7-

9]. Furthermore, THz pulses can be detected coherently, by the sampling measurement of their electric 

field, giving a direct access to the amplitude and the phase of the radiation. These properties make THz 

radiation an excellent tool for the characterization of the absorption and dispersion of many materials [10-

12]. Finally numerous solid state phenomena lie within the THz range. For example the band gaps of 

superconductors, the phonon modes of most semiconductors and crystals have frequencies in the THz 

regime [13-15]. Consequently, THz radiation is a promising tool for fundamental studies and deeper 

understanding of solid state phenomena. 

I.1.2 Historical overview of THz sources 

After careful consideration of the existing literature, using the term „THz gap‟ in order to describe 

this part of the electromagnetic spectrum is rather excessive. This popular term extensively used in the 

past decades should be restricted to the lack of coherent sources and technological applications. Heinrich 

Ruben‟s publication on the ‟refraction of rays of great wavelength in rock salt, sylvine and fluorite‟ is 

probably the first significant paper on longer wavelength radiation. In 1900 Rubens, using the reststrahlen 

spectrometer, obtained very accurate data that enabled Max Planck to write down the equation that is now 

called Planck‟s radiation law. A succinct review of the technological development on Far Infra-Red (FIR) 

radiation through the last century can be found in [16]. As mentioned in the previous section, for many 

years THz radiation concerned mainly the astrophysics community. It can easily be understood as results 

from the NASA Cosmic Background Explorer and examination of the spectral energy distributions in 

observable galaxies, indicate that approximately half the luminosity of the universe and 98% of the 

photons released since the Big Bang appear at far-IR and sub-millimeter wavelengths (40 to 500 μm) 

[17]. The black body radiation from room temperature objects also lies within the THz range. Given the 

equivalent temperature, the world is effectively bathed in THz radiation.  

All these THz sources are incoherent which considerably limit their use for technological 

applications. Nevertheless, tremendous efforts have been made in order to fill this gap. A non-exhaustive 

list of techniques used to generate Terahertz radiation is presented on Figure 2. The research activities in 

the THz field can be divided in two main categories. The first one is the Continuous Wave (CW) sources 

that produce narrow band THz radiation. A list of CW techniques is enumerated on the right hand side of 

Figure 2. A recent review on these techniques can be found in Ref. [18].  
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In the second category we find the broadband sources. These sources are based on the emission of 

ultrashort THz pulses. A list of techniques is enumerated on the left hand side of Figure 2. Historically, 

the most popular approaches in THz pulsed sources are based on photoconductive antennas and optical 

rectification techniques. They have been used in numerous laboratories around the world. In the following 

section, we will briefly review their principles in order to introduce the basic requirements needed for the 

THz time domain spectroscopy. The photionization of air was an emerging field at the beginning of this 

thesis and a very promising technique as exposed later in this chapter. Surface field emitters and free 

electron laser are much less popular techniques and they are beyond the scope of this thesis. 

 

Figure 2: Non-exhaustive list of the different means to produce THz radiation. 
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I.2/ Principles of coherent THz pulse emission 

I.2.1 Emission from photoconductive antennas 

The photoconductive (PC) antenna is one of the most frequently used components for THz 

generation as well as detection. It generates and detects THz pulses by transient photocarriers induced 

with ultrafast laser pulses. Figure 3 illustrates a PC antenna and the concept of operation. 

 

Figure 3: Schematic representation of THz pulse emission from photoconductive antenna. 

A PC antenna consists of two metal electrodes that are deposited on a semi-insulating 

semiconductor substrate with a gap between these two electrodes. To generate THz pulses a voltage is 

applied across the electrodes. Since the substrate is semi-insulating, electric energy is stored in the gap 

area. Ultrafast laser pulses act like transient switches to open this reservoir of electric energy and release 

it in the form of THz pulses. Generally, the photon energy of the excitation optical pulse should be higher 

than the band gap of the substrate. Sometimes, multiphoton absorption could be used, and an excitation 

laser with lower photon energy can also generate free carriers. Free carriers are then driven by the bias 

field across the gap and produce a photocurrent. Since electrons usually have much higher mobility than 

holes, the contribution of holes can be ignored in most cases. The current density is then described as: 

 

where N is density of photocarriers, e denotes the elementary charge, μ is the mobility of 

electron, and Eb is the bias electric field. The photocarrier density N is a function of time, whose format is 

determined by the laser pulse shape and the carrier lifetime. Since the photocurrent varies in time, it 

generates electromagnetic pulse, whose electric field is approximately: 

 

where A is the area in the gap illuminated by the laser light, ε0 is the vacuum permittivity, c is the 

speed in vacuum, and z is the distance between the field point and the THz source. To derive the second 
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equation, the field point is assumed located at normal to the PC antenna and the distance between the field 

point and the source is much larger than the dimension of the PC antenna. The energy of the THz pulse 

comes from the electric energy stored across the gap rather than the optical pulse energy. In principle, the 

pulse energy of THz radiation is not limited by the pulse energy of excitation laser and optical to THz 

quantum conversion efficiency greater than one is possible. However, the pulse energy of THz radiation 

has a very immediate relationship with the excitation laser pulse energy. In fact the excitation acts as a 

trigger to release the stored energy into THz radiation. The more photocarriers being generated, the more 

stored energy is converted into THz radiation. Under weak excitation condition, pulse energy of the THz 

wave is proportional to pulse energy of the excitation laser. In reality, linear relationships between the 

biased field and THz field, as well as between the excitation pulse energy and THz field, is only true 

under weak excitation and low bias field. When the substrate of the PC antenna is excited, it is no longer a 

semi-insulating material, but rather a conductive medium. As a result, the induced field screens the biased 

field, and the photo current is modified: 

 

where σ is the conductivity of the substrate, η0 denotes the impedance of air, which is η0 = 377Ω , 

and n is the refractive index of the substrate. The substrate conductivity σ is induced by the excitation 

laser, and can be considered as σ ∝ I0, where I0 is the laser intensity. Combining the last two equations 

gives: 

 

Here k=κ(t)η0/(1+n), where κ(t) denotes the ratio between ζ(t) and I0.The above equation  clearly 

shows that when the excitation laser is strong enough, the impedance of the substrate becomes 

comparable to the air, and the THz field becomes saturating to the excitation laser power. Increasing the 

bias field also has a limitation, since a high electric field may cause dielectric breakdown in the substrate. 

Breakdown of a PC antenna in THz wave generation can be grouped into two categories: field induced 

breakdown and thermal induced breakdown. Field induced breakdown happens when the biased field is 

higher than the breakdown field of the semiconductor material (i.e. 4×10
5
V/cm for GaAs). It usually 

happens instantly with field-induced avalanche. Thermal induced breakdown is caused by heating of the 

substrate by photocurrent flow in the substrate (as well as photon absorption of the excitation laser). 

Heating of the substrate reduces its resistance, which leads to even higher current flow. The thermal 

induced breakdown is a slow process, and usually takes seconds to even minutes.  
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Performance of a PC antenna depends mainly on the following factors: the substrate material, the 

geometry of the active area, the geometry of antenna, and the excitation laser pulse. Materials with a short 

carrier lifetime, such as LT-GaAs or doped silicon, are usually selected as the substrate in order to 

increase the response speed of the PC antenna. The response speed is essential to generate and detect THz 

pulses containing high frequency components. Higher carrier mobility is also a desired attribute since it 

results in the high efficiency of THz wave generation. High dark resistance is required for the substrate in 

order to have sufficient breakdown voltage across the antenna. The active area of the PC antenna, which 

is the gap area with laser excitation, is another crucial aspect of a PC antenna, since that is the active area 

to generate and detect THz waves. Careful design of the field distribution in the gap can increase the 

breakdown field and allow the PC antenna to generate more intense THz pulses. Distribution of excitation 

light within the gap is also important. PC antennas with smaller gaps are more sensitive, especially when 

low excitation power is used. However, larger gaps allow higher excitation power and bias voltage to be 

applied on the PC antenna, thus generating higher power THz waves. Larger active area can also help to 

lower the screening effect. Shape of the antenna is crucial to optimize coupling of THz waves between the 

device and free space. In terms of frequency response, various antennas are divided into two groups: 

resonant and non-resonant antennas. The former has a resonant frequency, which emits THz waves 

around a certain central-frequency. The dipole-antenna is the most widely used resonant antenna, which 

emits THz waves with a central wavelength of λn = 2L/m. Here λn is wavelength in the substrate, and the 

response wavelength in the free space is λ = λn ×n, where n is refractive index of the substrate. L denotes 

the width of the antenna from one side of the anode to the other side of the cathode and m can be any 

positive integer. A non resonant antenna has a variable width, and leads to a broader frequency response 

range. Geometries of a non resonant antenna include bowtie, spiral, and logarithmic periodic antennas. 

Optics, such as hyper-hemispherical silicon lens is very often used to enhance the coupling efficiency.  

 

I.2.2 Emission from optical rectification in nonlinear media 

Optical rectification is a second-order nonlinear optical effect. It is basically a difference-

frequency generation with the frequency difference close to zero. Typically, femtosecond laser pulses are 

used to generate THz from Electro-Optic (EO) crystals via optical rectification. Because a femtosecond 

pulse is a broadband pulse (many frequency components), any two frequency components contribute to 

the difference-frequency generation, and the overall result is the weighted sum of all the contributions. 

One femtosecond laser pulse is enough to stimulate optical rectification radiation, which makes the 

experiment very simple (see Figure 4). Mathematically, the polarization P can be expanded into a power 

series of the electric field E: 
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Where χ(n)
 (r,t) is the nth-order nonlinear susceptibility tensor. Optical rectification comes from 

the second term of the above equation. If the incident light is plane wave, then E can be expressed as: 

 

By substituting the first equation into the second, the polarization for optical rectification is given 

by: 

 

 

where Ω is the frequency difference of two optical frequency components. In the far field, the 

radiated electric field Er(t) is proportional to the second derivative of with respect to time t: 

 

The susceptibility tensor χ
(2)

 depends on the crystal structure. Given a crystal structure and 

incident light, the above equation can be used to calculate the far-field waveform of the radiation. Many 

factors, such as materials, crystal orientation, thickness, absorption and dispersion, diffraction, phase 

matching, and saturation, affect the radiation efficiency, waveform, and frequency distribution. Phase 

matching is the most important factor for a nonlinear process such as THz generation from optical 

rectification. Only when phase matching is satisfied, all three waves participating in the optical 

rectification process can keep in phase and lead to maximum energy conversion along the light 

propagation. Phase mismatch leads to a phase walk off while propagating. The coherence length is 

defined by the interaction length when the phase change reaches π: 

 

Where δk = k01-k02-kTHz. To generate THz efficiently from a bulk crystal, the thickness of the crystal 

cannot be selected longer than the coherence length in order to avoid conversion cancellation due to phase 

mismatch. This means phase matching is satisfied in THz wave generation when the group velocity of the 

optical beam equals phase velocity of the THz beam. Since the optical pulse has a much higher frequency 

than the THz pulse, the THz pulse only sees the profile of the optical pulse rather than the oscillations. To 

have maximum energy conversion, the optical pulse should have a constant temporal delay according to 

the THz pulse along the entire interaction length. 

According to the excitation wavelength and properties of the nonlinear material, optical 

rectification can happen under three different conditions. If the photo energy of the excitation beam is 



19 

 

higher than the band gap of the nonlinear material, the optical beam will be absorbed within a fairly short 

distance. In this case, usually phase matching is not very important, since the interaction range is much 

shorter than the coherence length. Even with a short absorption distance, there is typically strong THz 

generation due to a resonating enhanced nonlinear process. When the photon energy is less than the band 

gap of the nonlinear material, the excitation laser is able to propagate through the nonlinear crystal for a 

long distance. THz generation is also different with different phase matching conditions. If phase 

matching is satisfied in optical rectification, the generated THz field will continually increase along the 

entire length of the nonlinear crystal. Therefore, strong THz wave generation is expected. If phase 

matching is not satisfied, generated THz waves will be canceled after each coherence length and THz 

radiation efficiency will be low. Only THz waves generated within a very short range close to both 

surfaces of the nonlinear crystal may not have been fully canceled due to velocity mismatch between the 

optical and THz pulse. In this case, two THz pulses with reverse polarity may be observed. When 

selecting nonlinear crystals for THz wave generation, three major factors need to be considered: 

nonlinearity of the material, absorption of both optical and THz waves in the material, and the coherence 

length of the optical rectification process. For instance, ZnTe crystals satisfy the previous criteria and are 

one of the most favorable to generate THz waves excited by fs laser pulses with central wavelength 

around 800 nm. To obtain maximum conversion efficiency from pump light to THz radiation, it is 

important to select proper crystal cutting and orientation. ZnTe is a zinc blende crystal, and the only 

nonzero tensor elements are χ14 = χ25 = χ36. When only normal incidence is considered, the THz field 

generated from a (110) orientation crystal is: 

 

Here θ denotes the angle between laser polarization and the reference axis in the crystal, and Φ is 

the angle between THz wave polarization and the reference axis.  

 

Figure 4: Schematic representation of optical rectification technique.
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I.3/ Principles of THz pulse detection 

I.3.1 Incoherent detection 

a) Bolometer 

A bolometer is a device that measures the energy of an incident electromagnetic radiation. It 

consists of an absorptive element (e.g. a thin layer of metal) connected to a heat sink (a body of constant 

temperature) via a thermal link. Hence, any radiation incident on the absorptive element raises its 

temperature above that of the heat sink. The temperature change can be then measured directly or via an 

attached thermometer. In the case when the absorber and the thermometer are joined in the same material, 

a polarized current Ip goes through the absorber, generating a polarized tension Vp. Thus, when a radiation 

is absorbed, the resistance of the absorber is modified, implying a proportional change in the tension Vp 

(see Figure 5 ).This change is then amplified and measured. 

Today, most bolometers use semiconductor or superconductor absorptive elements rather than 

metals. Potentially, bolometers can be used to measure radiation energy of any frequency. Nevertheless, 

for most wavelength ranges there are other methods of detection that are more sensitive. For THz 

wavelengths, bolometers are the most sensitive detectors and have therefore been widely used in the 

astronomy field. To achieve the best sensitivity, they must be cooled down to a fraction of a degree above 

absolute zero (typically from 50 mK to 300 mK). Bolometers are directly sensitive to the energy left 

inside the absorber. For this reason they can be used not only for ionizing particles and photons, but also 

for non-ionizing particles, any sort of radiation, and even to search for unknown forms of mass or energy 

(like dark matter). This lack of discrimination can also represent a serious drawback. Bolometers are very 

slow to respond and slow to reset (i.e., return to thermal equilibrium with the environment). Furthermore, 

they are bulky and quite difficult to manipulate since, they need cryogenic cooling. Consequently, 

bolometers have not been chosen to be our detection approach. 

 

Figure 5: Schematic representation of a bolometric measurement. 
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b) Pyroelectric detector 

The pyroelectricity is the ability of certain anisotropic materials to generate an electrical voltage 

when they are heated or cooled. Pyroelectricity can be seen as one of the side of a triangle with three 

vertices representing the three types of energy present in the material: mechanical energy, thermal energy 

and electrical energy. The side connecting the thermal and electric energies represents the pyroelectric 

effect. The side connecting the electrical and mechanical energies represents the piezoelectric effect. 

Finally, the side linking mechanical and thermal energies represents the thermo-electric effect of Peltier, 

Seebeck and Thomson. Below a temperature Tc known as the Curie point, ferroelectric materials such as 

Lithium Tantalate, exhibit a large spontaneous electrical polarization. If the temperature of such a 

material is altered, for example by incident radiation, its polarization is then changed. This change in 

polarization may be observed as an electrical signal if electrodes are placed on opposite faces of a thin 

slice of the material to form a capacitor. The sensor will only produce an electrical output signal when the 

temperature changes; that is, when the level of incident radiation changes. This process is independent of 

the wavelength of the incident radiation and hence pyroelectric sensors have a flat response over a very 

wide spectral range.  

Nowadays, pyroelectric detectors in the THz region can easily be found on the market. They are 

compact, with a relatively low cost and their responsivity is undergoing constant improvement [19]. 

During my thesis, we have used a pyroelectric detector based on a Lithium Tantalate (LiTaO3) crystal of 2 

mm
2
 surface. The relative spectral response of our detector, which is flat from 30 to 3 THz and dropping 

for longer wavelengths, is presented on Figure 6. The measured signal has to be chopped at low frequency 

(around 10 Hz) and can be directly read on an oscilloscope. The energy of the measured THz pulse can be 

then extracted considering the calibration factor (1.46×10
5 

V/W) and the number of measured pulses per 

second. Nevertheless, precautions must be taken into the claimed values of THz pulse energy, since 

pyroelectric detectors are very often uncalibrated at low frequencies (0.1 to 3THz) [20]. 

     

Figure 6: (a) Schematic representation of a pyroelectric detector. (b) Relative spectral response of our 

pyroelectric detector. 

(a) (b) 
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c) Heterodyne detector 

The heterodyne detection is a method of detecting radiation by non-linear mixing with radiation 

of a reference frequency. It is commonly used in telecommunications and astronomy for detecting and 

analyzing signals. The radiation in question is most commonly either radio waves or light. The reference 

radiation is known as the local oscillator. The signal and the local oscillator are superimposed in a mixer. 

The mixer, which is commonly a (photo-)diode, has a non-linear response to the amplitude, that is, at 

least part of the output is proportional to the square of the input. 

Let the electric field of the received signal be: 

 

and that of the local oscillator be: 

 

For simplicity, assume that the output I of the detector is proportional to the square of the 

amplitude: 

 

The development of the above equation gives an output which has high frequency (2ωsig and 

2ωLO) components, a beating component (ωsig-ωLO), as well as constant components. In heterodyne 

detection, the high frequency components and usually the constant components are filtered out, leaving 

the intermediate (beat) frequency which is then measured with a Schottky diode. Such diode has a very 

low direct threshold voltage and a very short switching time. This allows the detection of GHz signal. The 

amplitude of the measured beating component is proportional to the amplitude of the signal radiation.  

During this thesis, we have used a customized heterodyne detector operating at a frequency of 

440 GHz. A detailed schematic of the detector is presented on Figure 7. A review on THz heterodyne 

detection and its various applications can be found in [21]. 

 

 

Figure 7: Schematic representation of our heterodyne detector at 0.44 THz. 

http://en.wikipedia.org/wiki/Telecommunications
http://en.wikipedia.org/wiki/Astronomy
http://en.wikipedia.org/wiki/Local_oscillator
http://en.wikipedia.org/wiki/Frequency_mixer
http://en.wikipedia.org/wiki/Diode
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I.3.2 Coherent detection of THz pulses 

a) Photoconductive sampling technique 

Using a PC antenna as a THz detector is quite similar to use it as a THz emitter. The only major 

difference is that as a detector, its two electrodes are connected to a current sensor rather than a power 

supply. By controlling the time delay between the THz pulse and the optical probe pulse, the electric field 

across the strip line of the PC antenna at any given point in time can be sampled by the optical probe 

pulse which serves to generate transient photocarriers in the substrate at that specific time. Since the THz 

pulses and laser pulses remain for a certain time delay, the photoinduced carriers see a steady electric 

field, and are driven by this field to form a current between the two electrodes. The THz field induced 

current is: 

 

Here  denotes the average electron density, and η is the temporal delay between probe pulse and 

the THz pulse. By scanning the temporal delay, the THz pulse waveform as a function of η is recorded. 

Typically the period of the THz oscillation is about 1 picosecond (ps), and the THz pulses are a sub cycle 

to a few cycles of oscillation. As shown in the above equation, the detection of THz pulses directly 

records its field rather than its intensity. The measurement records not only amplitude, but also phase 

information of the THz pulse, which gives access to various parameters as we will see later in this 

chapter. 

b) Εlectro-optic sampling technique 

As in the photoconductive sampling technique, electro-optic sampling is also a pump-probe 

technique. Coming from the same source, the pump and probe pulses have a defined temporal 

relationship. Propagating along an optical delay line, the probe pulse samples the THz pulse and records 

its electric field as a function of the time delay. More specifically, electro-optic (EO) sampling can be 

considered as a reciprocal process of the optical rectification. In EO sampling, the THz field is measured 

by modulating a probe beam inside an EO crystal, where it changes the polarization ellipsoid of the 

refractive index of the EO crystal. The linearly polarized probe beam co-propagates inside the crystal with 

the THz beam (pump), and its phase is modulated by the refractive index change induced by the electric 

field of the THz pulse. The existence of the THz field changes the birefringence of the EO crystal, i.e. 

causing the refractive index difference for polarizations along different axes of the crystal. This 

polarization change is converted to intensity change by an analyzer, for example a Wollaston prism. 

Usually a pair of balanced photodiodes is used to suppress the common laser noise while the signal is 
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doubled. For a zinc blade crystal, such as ZnTe, when an electric field is applied, its ellipsoid of the 

refractive index is: 

 

where n0 is refractive index of the crystal without electric field, x, y, z are coordinate units of the 

ellipsoid, and Ex, Ey, Ez are applied electric field along corresponding axes, respectively. γ41 is EO 

coefficient of the crystal. A phase delay Γ can be calculated according to change of the refractive index: 

 

where n0 is refractive index of the crystal without electric field, x, y, z are coordinate units of the 

ellipsoid, and Ex, Ey, Ez are applied electric field along corresponding axes, respectively. γ41 is the EO 

coefficient of the crystal. A phase delay Γ can be calculated according to the change of the refractive 

index: 

  

There exits two common methods to measure phase delay of the probe laser beam. They are cross 

and balanced measurements. The latter one gives higher signal and directly measures the field of the THz 

field, while the former method is simpler in experimental setup. Figure 8 shows the concept of balanced 

measurement. A linearly polarized probe beam is modified to elliptical polarization through the EO 

process. A quarter-wave plate is used to bias the polarization of the probe beam, which can be put either 

in front of or after the EO crystal. An analyzer is used to split the biased probe beam into s and p 

polarization components. A pair of balanced photo detectors is used to measure the difference in the s and 

p polarization components. When no THz field is applied, s and p polarization components will have the 

same intensity after the analyzer; therefore, the balanced detector gives no signal. The presence of a THz 

electric field changes the polarization of the probe beam, generating a measurable signal in the balance 

detector. The signal of the balanced detector is: 

 

where I0 is the intensity of the probe laser and Φ is the angle between the probe beam polarization 

and the long axis of the ellipsoid induced by the THz field. The above equation indicates that, in a 

balanced measurement, the signal is linearly proportional to the electric field of the THz radiation under  

relatively low electric field values. At higher level of electric field, the linear proportionality does not 

hold anymore, as we will see in the last chapter of this thesis. A cross measurement is similar to balanced 

measurement except there is no quarter-wave-plate. The analyzer is set cross-polarized to the polarizer 

located before the EO crystal. Probe beam leaking through the analyzer is detected using a single optical 

detector. Without THz field, in principle, probe beam does not leak through the analyzer and the recorded 
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signal is 0. If a THz field is applied to modify the polarization of the probe beam, the leaked signal will 

become larger.  

It is worth noticing that the above discussion on EO sampling is based on the steady electric field 

assumption. For a transient electric field such as a THz pulse, phase matching should be considered. 

Being the reciprocal process of optical rectification, EO sampling shares the same phase-matching 

condition. Two main factors limit the bandwidth of THz radiation in optical rectification and EO 

sampling: the pulse duration of the excitation laser pulse and phase matching conditions. Another factor 

that may not be as important as the previous two, but also limits the useful spectrum is Longitudinal 

Optical (LO) phonon absorption; it burns holes in the broad spectrum. 

 

 

Figure 8: Schematic representation of a balanced electro-optic set-up. 
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I.4/ THz Time Domain Spectroscopy 

I.4.1 Principles 

In the previous paragraph, the classic approaches to emit and measure coherent THz pulses have 

been introduced. In the following, are presented the basic requirements in order to build a THz time 

domain spectrometer. The spectrometer is based on a pump-probe technique, which means that an initial 

laser pulse is separated in two arms. Using a dielectric beam splitter (R10%; T90%), we separate the laser 

into a pump beam containing most of the energy and a weaker probe beam which will be used to measure 

the emitted THz pulses. Once the THz pulses are emitted (e.g. from a 0.5mm thick [110] ZnTe crystal), a 

set of 4 parabolic mirrors is used to collect, collimate, focus and bring the THz beam to the detection 

crystal as depicted in figure 9(a). A high resistivity silicon wafer (10
4
Ω.cm

-1
) (0.5 mm thick) is used to 

stop the remaining optical light. The silicon wafer is transparent to THz radiation and presents a flat 

transmission over the whole THz frequency range. To illustrate this point, the transmission of different 

materials has been measured using a commercial Fourier-Transform Infra-Red (FTIR) spectrometer 

(BRUKER IFS 66v/s). In Figure 9(b), one can see that only the low-density polyethylene (LDPE) and the 

silicon show a flat response in this range. The Teflon and the polystyrene exhibit full absorption after 6 

THz. Furthermore, the LDPE does not fully block all the optical light which is undesired. Thus, the best 

filter appears to be the high resistivity silicon wafer from which losses are induced by Fresnel reflection at 

the surface due to its relatively high index in the THz range. 

In the experimental setup the other arm takes a fraction of the initial laser pulse energy, which is 

used to probe the THz field using electro-optic sampling. The probe beam passes through an optical delay 

line which is mounted on a step motor. The motor has micrometer size step resolution, or fs time 

resolution. The sampling reconstruction of the THz electric field is achieved as explained in the previous 

section. We have used a pellicle beam splitter (~5μm thick), to introduce the optical beam in a collinear 

way with the THz beam. Such material is commonly used as it is transparent in the THz range. A 

balanced arrangement was used to measure the induced phase delay on the probe beam. We have also 

built our own balanced photodiodes setup, which offers equivalent performance to the commercially 

available detectors. Finally, a purged gas chamber was installed in our THz spectrometer. This component 

is absolutely essential in order to correctly measure the emitted THz pulses, since THz radiation is 

strongly absorbed by the water vapor molecules present in air [22]. 
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Figure 9: (a) Schematic representation of our THz time domain spectrometer. (b) FT-IR transmission 

spectra of various filters transparent to THz and blocking optical light. 

 

Figure 10: Measured THz electric fields for different levels of relative humidity. (a) 5% RH, (b) 50% RH. 

Consequently, we have built a simple Plexiglas chamber which is continuously purged with dry 

air (0% relative humidity). This dry air comes from a purge gas generator that removes the water vapor of 

normal air. Then, the purged air is injected into the Plexiglas chamber of the THz spectrometer. With this 

approach it is possible to reach acceptable levels of humidity, around 2 to 5 %, in less than ten minutes of 

purge. An example of time domain traces obtained at different levels of Relative Humidity (RH) is 

presented in Figure 10. When the spectrometer has been purged with dry air, one is able to observe 

various echoes on the recorded time trace. Echo number 1 corresponds to the internal reflection occurring 

within the silicon wafer filter, while the echoes number 2 and 3 correspond to the internal reflection of the 

two main pulses within the detection crystal. These different echoes are not observable in the case of the 

propagation in a normal laboratory atmosphere. Such effect can seriously affect the interpretation of the 

measurements.  

(b) 
(a) 

(b) (a) 



28 

 

I.4.2 Data Analysis 

As mentioned previously, in a pulsed THz system, the waveform of the THz pulse E(t) represents 

the temporal evolution of the pulse electric field. The Fourier transform of the temporal waveform E(t) 

gives the spectral distribution of the THz pulse in the frequency domain. The THz field in the frequency 

domain is in principle a complex value containing both amplitude and phase information: 

 

A classic example of a time domain electric field recorded with our spectrometer is presented in 

Figure 11 (a). The emission was obtained from optical rectification within a 0.5 mm ZnTe crystal of a 

laser pulse at 800 nm, with 300 μJ energy and 35 fs pulse duration. The amplitude of its Fourier transform 

is presented in Figure 11 (b). The spectral resolution of a THz-TDS measurement, δω, is determined by 

the temporal scanning range T. The frequency range of the spectrometer is limited by the response of the 

THz source and detector, while mathematically the spectrum is significant within a bandwidth ΔΩ, which 

is related to the temporal sampling interval δt. In general the bandwidth and spectral resolution of a THz-

TDS are given by: 

     ,   

When a fast Fourier transform is used, the spectrum is symmetric around Ω=0. Therefore, the 

frequency range spans from -1/(2Ω) to 1/(2Ω). In order to have a smooth calculated THz spectrum, the 0 

padding technique may be applied. The 0 padding method adds several 0 values on one side or both sides 

of the THz waveform [22]. Padding with 0‟s mathematically increases the temporal scanning range T, and 

thus gives more data points in the THz spectrum. However, padding with 0‟s does not provide any 

additional information and does not improve the spectral resolution.  

 

Figure 11:  (a) Measured THZ electric field (Emission ZnTe 0.5 mm/ Detection ZnTe 1 mm). (b) THz 

pulse spectral amplitude. 

(b) (a) 
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Figure 12: (a) THz pulse spectral wrapped phase. (b) THz pulse spectral unwrapped phase. 

Because the phase is determined using the arctan, it can only be determined in the range (–π, π), 

resulting in a saw tooth behavior with increasing frequency as depicted in Figure 12(a). The 

discontinuities should be removed to facilitate later calculations and for ease of visualization by adding 2π 

at each point of discontinuity. Hence the phase is smoothed to a continuously increasing function without 

loss of information. This process is known as phase unwrapping (Figure 12(b)). 

To measure the spectral response of a target, one should first record the THz waveform of a 

reference sample, i.e. free space. The THz waveform of the reference sample is called the reference 

waveform. The THz waveform transmitted through the target is called the signal waveform. Fourier 

transform of the reference and signal waveforms gives the reference spectrum, and the 

signal spectrum, , respectively [23]. The spectral properties of a sample of known 

thickness d can be extracted by comparing the signal spectrum with the reference spectrum.  

The absorption coefficient is expressed as: 

 

where T is the Fresnel reflection coefficient for normal incidence:  . 

And the refractive index n is equal to: 

 

Then we know, that the complex permittivity is related to the complex refractive index by the 

following expression: 

 

 

(b) (a) 
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and where k is the extinction coefficient equal to: 

 

Hence, the real and imaginary part of the permittivity can be extracted and defined as function of 

the frequency:  

 

 

To illustrate this, we have used 5 different samples and recorded the THz electric field 

transmitted through them. Thus, we are able to define their respective index of refraction, absorption 

coefficient as well as their dielectric constant. We had at our disposition, two semiconductors samples of 

known thicknesses (SI-GaAs and a LT-GaAs), two glass samples (quartz and fused silica) as well as one 

polymer. In order to gain considerable amount of time in the treatment of the measured data, we have 

developed a Matlab code that automatically extracts the respective sample parameters. The results are 

presented in Figure 14 and are in really good agreement with the previously reported values [11]. 

Furthermore, the unidentified polymer sample seems to be a polyethylene sample according to the 

extracted mean refractive index of 1.66 and a mean real dielectric constant of 2.9 which are similar to the 

one reported in [10].  

 

Figure 13: (a) Calculated refractive indexes and (b) Coefficient of absorption. 

 

 

 

 

(b) 
(a) 
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Figure 14: (c) Real part of permittivity (d) Imaginary part of permittivity. These are the calculated 

values for different materials. 

The approach described above for material parameters extraction is not valid for thin films and do 

not take into account the potential Fabry-Perot etalon effect occurring in material with thickness close to 

the used wavelength. A more accurate iterative approach is presented in [24]. 

 

I.5/ State of the art in table-top THz pulsed system 

So far, the basic requirements for THz time domain spectroscopy and its applications have been 

presented. In order to put this thesis into perspective, it is important to review the state of the art in the 

field at the beginning of this work. From the literature, three trends in the development of pulsed THz 

science have been identified. 

I.5.1 Ultra broadband sources for spectroscopic applications 

The emission and detection of coherent THz pulses using electro-optic crystals is highly 

dependent on the crystal thickness as well as the initial laser pulse duration. In the example presented in 

the previous section, the useful spectral bandwidth extended from 0.25 to 3 THz. The emitted and 

detected THz bandwidth can be greatly improved while using much thinner crystals and shorter laser 

pulse durations. For example in [25], using 30 μm thick ZnTe emitter, 27 μm thick ZnTe sensor with an 

initial pulse duration of 12 fs at 800 nm, the authors demonstrated the coherent measurement of free-

space broadband radiation spanning from 100 GHz to over 30 THz. Another example of  an ultra 

broadband source has been reported in [26]. In this article, the emitting and detecting GaSe crystals were 

respectively 20 μm and 30 μm thick. Using initial laser pulse duration of 10 fs a 40 THz 3dB bandwidth 

has been demonstrated. Furthermore the central frequencies of the bands were shown to be tunable in the 

(b) 
(a) 
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frequency interval between14 and 31 THz via the tilt of the detection crystal with respect to normal 

incidence position.  

I.5.2 Technological developments for THz imaging applications 

 Imaging with THz pulses requires scanning in three dimensions, including space (2-D) and time 

(1-D), thus it is usually very time consuming. The raster scanning technique [5] has been largely 

improved with the introduction of  2-D Focal Plane THz Wave Imaging [27]. This method which is 

similar to a traditional optical imaging system, directly images the THz wave transmission or reflection 

from the target onto an extended THz wave sensor. The THz wave image of the target is simultaneously 

recorded using the extended sensor. Since no scanning is required, 2D THz wave image highly reduces 

the acquisition time. The extended THz wave sensor could be THz wave detector array, such as 

pyroelectric detector array, micro-bolometer array, heterodyne detector array or an EO crystal with 

sufficient aperture. Another technological development that improved the acquisition speed of THz 

systems is the detection of the THz waveform using a single laser pulse [28]. With this approach, the THz 

waveform is evaluated either by the spatial or spectral distribution of the probe pulse. The single laser 

pulse detection technique provides a significant reduction in the acquisition time and greatly extends the 

applicability of THz systems in situations where the sample is moving. These two techniques, in 

combination with the time of flight information available while recording the entire THz waveform, have 

made the real-time two-dimensional THz tomography of moving objects a reality [29]. Furthermore, 

various approaches have been used in order to obtain a sub-wavelength resolution based on near-field 

techniques. A detailed review can be found in [30]. 

I.5.3 High peak power sources for non-linear applications 

THz pulsed techniques were first developed for systems employing high-repetition-rate (i.e.100 

MHz) fs pulse lasers.  However, soon after the technique was adapted to low-repetition-rate amplified 

laser systems (with pulse energies typically in the μJ–mJ range) in order to gain access to higher THz 

pulse energies.  Upon tight focusing of the THz radiation, electric fields of hundreds of kV.cm
-1

 could 

potentially be obtained, which would be sufficient to access physical phenomena in a regime where they 

depend nonlinearly on the electric field. Moreover, at higher level of energy, THz pump/THz-probe 

experiments would become a reality. The two techniques previously described in this chapter, 

systematically lead to saturation at certain level of laser input energy. Consequently one approach to 

increase the yielded THz pulse energy is to extend the size of the emitter [31, 32]. 
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Figure 15: Comparison of (a) the focused peak electric field, (b) the THz-pulse energy and (c) the 

energy conversion efficiency for different THz emission approaches (Ref. [33]). 

 Nevertheless, for both techniques, scaling-up the size of the emitter does not resolve the problem 

of damage threshold occurring in materials. A very different class of THz emitters which are suitable for 

use with amplifier laser systems is based on laser-generated plasmas [34, 35]. The basic concept of these 

emitters is to focus a short high-energy laser pulse in a gaseous medium and form a plasma filament. If 

one now manages to achieve a net polarization within the plasma, the time-dependent macroscopic 

dipole-moment will lead to the emission of THz radiation. Such THz source appeared to be one of the 

most promising  in terms of yielded THz energy [33]. The projection for higher input laser pulse energy 

(see Figure 15) clearly suggested that plasma 2nd harmonic source should reach the level of μJ per pulse. 
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I.6/ Thesis outline. 

The work in this thesis, which was performed between October 2006 and May 2010, is focused 

on the development and applications of a Laser-driven THz secondary source. At the start of this period, 

pulsed THz system, typically used MHz repetition rate lasers in combination with photoconductive 

antennas or electro-optical crystals. The yielded THz pulse energy was relatively small, limiting 

applications of THz science to imaging and spectroscopy. A promising alternative to reach higher THz 

peak power is to use the plasma based source as presented in the previous section. Furthermore, this 

approach, which was quasi-unexplored at the beginning of my thesis, is in accordance with the field of 

expertise within our research group. Consequently, this thesis has been orientated towards the 

development, the optimization and the use of a plasma based source. 

The remainder of this thesis is therefore organized as follows. Chapter II presents a review on the 

laser filamentation process and the different ways filaments emit THz radiation. Also in the same chapter 

we present our results and contributions to the field, which have brought valuable information to the 

understanding of the physical phenomena involved in the emission of THz pulses from filaments. Finally, 

the attributes of our THz source are described. Chapter III discusses the optimization of our THz source. 

Using filamentation tailoring approaches, we have demonstrated various ways to optimize the emission of 

THz pulses. Our innovative work includes the demonstration of THz pulse shortening, THz pulse energy 

enhancement as well as the control of the THz pulse polarization state spanning from linear to fully 

circular. 

The last three chapters of this thesis illustrate various applications of our intense ultrashort THz 

pulse source. Chapter IV discusses the application of THz pulse system to the diagnosis of cultural 

heritage materials. Spectroscopic data obtained in transmission and reflection are presented. The imaging 

potential of the technique is also demonstrated.  Chapter V presents our studies on Metamaterials 

operating at THz frequencies. Emphasis is given on the dynamical capabilities of such materials, with the 

demonstration of frequency tunable devices, phase control, as well as the switching between electric 

resonances. Chapter VI describes our recent experiments on non-linear phenomena using our intense 

ultrashort THz pulses. Franz-Keldysh effect, direct phonon excitation, THz self-phase modulation and 

electro-optic distortions, are demonstrated. Finally, chapter VII summarizes the results, and gives 

perspectives for further work.   
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II.1/ Introduction to the filamentation process 

The propagation of electromagnetic pulses has been the subject of intense research in 

fundamental and applied physics. Thanks to the appearance of chirped pulse amplified laser systems 

in 1985 [1], the laser peak intensities have been tremendously enhanced.  Since, various non-linear 

phenomena, which occur during the propagation of high intensity ultrashort laser pulses in air, have 

been observed. One of the most impressive, and unusual, phenomenon is the so-called filamentation. 

The first experimental observation of femtosecond laser filamentation was reported in 1995 [2]. The 

results indicated the presence of a self-trapped laser beam, induced by non-linearities, which persisted 

over a long distances in air. The formation of filaments can be described as a self-action process in 

which an ultrashort laser pulse, with sufficient power, undergoes strong spatial and temporal 

reshaping as it propagates in a transparent medium. This results in the propagation of the beam with a 

very narrow waist which remains almost constant over many Rayleigh lengths, leaving ionized 

channels in its wake. This phenomenon appears for input powers close to or above a critical value, Pcr. 

It is the result of a competition involving linear and highly nonlinear effects, such as the optical Kerr 

effect, defocusing due to plasma created by optical field ionization, nonlinear losses, dispersion and 

others [3]. 

The following section presents the principles of ultrashort laser pulse nonlinear propagation 

and enlightens various properties of light filaments reported in the literature. 
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II.1.1Properties of ultrashort pulse nonlinear propagation 

The physical origin of the formation of filaments in air is today well understood. Even though 

many physical effects play a role in the nonlinear propagation of intense laser beams, the 

filamentation process of its formation can be described by the action of two main nonlinear physical 

effects. On one hand, the optical Kerr effect acts against diffraction and tends to focus the beam on 

itself. On the other hand during self-focusing, the beam intensity becomes higher and reaches levels 

that are sufficient to ionize the surrounding gas. This ionization effect reduces the local refraction 

index of the medium and leads to beam defocusing. The dynamical equilibrium between these two 

phenomena results in the formation of a filament as schematically represented in Figure 16. 

 

Figure 16: Schematic representation of filamentation. 

The origin of self-focusing is related with the nature of the refractive index.  In the presence 

of a strong laser field, the refractive index of air (as well as for any transparent medium) is not only 

dependent on the frequency of the laser field, but also on its spatio-temporal intensity distribution 

according to the following relation: 

    . 

Since the intensity of a Gaussian beam is higher at the center, an effect of curvature occurs on 

the wavefront, which is equivalent to a positive focusing lens. This effect is schematically represented 

in Figure 16.The key parameter for self-focusing is the so-called critical power. The phenomenon will 

only occur if the input power goes over this threshold. For a Gaussian beam, the critical power is 

expressed as: 
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During the self-focusing process, the intensity (W/cm
2
) dramatically increases to the point 

where it will be possible to ionize the medium. Multiphoton ionization (MPI) is the first process to 

occur and its rate scales as I
k
, where k, the number of simultaneously absorbed photons, is 

approximately equal to 8 for air, at a laser wavelength 800 nm. At higher intensities, tunnel ionization 

occurs where an electron escapes through the barrier formed by the electromagnetic field and the 

Coulomb potential. The direct effect of this plasma formation is a local reduction of the refractive 

index. This effect acts as a negative defocusing lens, preventing the beam from collapsing. The index 

variation due to the plasma is expressed as: 

 

Filamentation can thus be seen as a direct competition between these two phenomena. This 

inherently led to the concept of intensity clamping, which is the intensity that cannot be exceeded 

within the filament: 

 

Typically for a pulse duration of 100 fs and a wavelength of 800 nm, I ~ 1.8×1013 W/cm
2
 

 

However, this description of filamentation is rather succinct and it would be too simplistic 

and inaccurate to describe filamentation using such a qualitative approach. Phenomena such as self-

phase modulation (SPM), self-steepening and losses related to multiphoton absorption and to plasma 

absorption are taking part with a lower impact on the process of filamentation. For this reason a full 

numerical model for pulse propagation has been developed through the years and offers a deeper 

insight into the filamentation process [3].The first numerical simulations started with a minimal model 

which described the phenomena mentioned above. From Maxwell equations and the equations 

describing the medium, a vector wave-equation governing the evolution of the laser pulse in a 

transparent nonlinear medium can be deduced: 

 

Considering the laser field as linearly polarized, the electric field can be decomposed into a 

carrier wave and an enveloppe: 

 

where z is the direction of propagation, k and ω0 the central wavenumber and frequency of 

the laser pulse repectively. By neglecting the vectorial operator and using the reference frame of the 

pulse, a scalar equation of nonlinear Schrodinger type is obtained: 
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where Δ┴ denotes the diffraction in the transverse plane  

 

The second term which describes the Kerr effect has been derived from the nonlinear 

polarization expression: 

 

And the third term describes the plasma defocusing and is obtained from:  

 

This equation must be solved simultaneously with the equation that describes the evolution of 

the electron density generated by photoionization: 

 

As mentioned previously, this model remains minimal and has been subject of further 

development. The other contributing effects have been added as sources to this first model, resulting 

in a more accurate description of the laser pulse propagation. The fully developed model takes into 

account the group velocity dispersion and the Raman contribution for the laser pulse propagation. 

Plasma and multiphoton absorption, as well as avalanche and recombination effects are also 

considered for the generation of electrons. 

 

The first term remains the same and relates to the diffraction in the transversal plane. The 

second term accounts for group velocity dispersion with  . 

The other terms added in the equations are grouped under: 

 

with the Kerr term equal to: 

 

The above equation is split into an instantaneous component, which describes the electronic 

response in the polarization, and a delayed component of fraction α, which describes stimulated 

Raman scattering characterized by the function . 

The plasma term is expressed by the following equation: 
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where the real part represents the plasma absorption and the imaginary part describes the 

plasma defocusing effect. The evolution of electron density used in the above equation is expressed 

as: 

 

This equation describes the generation of plasma by multiphoton ionization at a rate of 

and avalanche at a rate of . The last term accounts for plasma recombination where an 

electron is captured by the ion. The last term added into the propagation model, accounts for energy 

absorption due to multiphoton ionization: 

 

The coefficient  is related to the multiphoton ionization coefficient. 

To start the propagation initial conditions must be given. The most commonly use input 

pulses are Gaussians. The input beams are modeled by collimated or focused Gaussian profiles with a 

peak input intensity I0, a transverse waist ωo, an input peak power  and an energy 

 : 

 

where a chirp C can be added to the pulse, as well as the curvature in case of focusing 

conditions. 

Once the initial conditions are set, the laser pulse propagation can be calculated with the 

model presented above. Typically, analysis of the calculations offers a direct view on diverse 

parameters such as the beam transverse dimension along the propagation axis. The intensity and the 

generated density of electrons along the propagation axis can also be plotted as well as the fluence as 

presented in Figure 17. The pulse duration at different positions along the propagation axis can also be 

obtained as presented on Figure 18. A detailed review on the femtosecond laser filamentation can be 

found in [3]. 
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#  

Figure 17: Propagation of a collimated beam (diameter of 1 cm) in air for an ultraviolet laser pulse 

(first column:  λ= 248 nm, τFWHM = 100 fs, 1 mJ) and for an infrared laser pulse (second column: 

λ=800 nm, τFWHM =100 fs, 3 mJ). The initial power of the pulse is slightly larger than the critical 

power for self-focusing PUV
cr = 0.12GW, PIR

cr = 3.2GW. The beam radius R(z), the maximum 

intensity (solid curve, left axis), the density of free electrons on-axis (dashed curve, right axis) and 

the fluence distribution are plotted as a function of the propagation distance. (Ref. [3]). 

 

Figure 18: Pulse temporal profile at successive propagation distances during filamentation. (a) The 

initial pulse. (b) The pulse splits into two when it propagates beyond the nonlinear focus. (c) The 

substructures are shortened and stiffened. (d) Shortening and stiffening are reinforced and 

accentuated during the propagation in the form of a filament. (Ref. [3]). 
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II.1.2 Properties of light filaments 

A light filament has properties that are directly observable with the naked eye. One of the 

most impressive is the colored conical emission that accompanies it. A CCD image taken in our 

laboratory is shown in Figure 19. Even though the blue rings are not visible on this picture, the radial 

ordering of the rings is inversed to diffraction, with the red ring inside and the blue ring outside. 

Several theories have been offered to explain this emission [4]. 

 

Figure 19: CCD picture of a filament conical emission obtained in our laboratory. 

Another visible attribute of filamentation is the fluorescence from electrons. The CCD image 

in Figure 20, which was taken in our laboratory, shows luminescence which is the result of molecule 

being ionized by the laser field. It has been used for characterization of plasma filaments. 

 

Figure 20: CCD picture of a filament fluorescence taken in our laboratory. 

Furthermore, properties such as X-wave formation have been observed through the use of an 

imaging spectrometer (see Figure 21). Such waves are stationary solution to the paraxial propagation 

equation that may propagate without experiencing diffraction and dispersion over long distances. 

Their name comes from the fact that they exhibit a conical energy flux with an “X” shaped intensity 

tail in both the near field (r,t) and far-field (θ, λ). An example of such a far-field angular spectrum, 

obtained in our laboratory [5], is shown in Figure 6. 
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Figure 21: (a) Measured (θ; λ) spectra of filaments in air generated using a 10 m lens. (b) Shows 

the numerically calculated spectrum for the experimental settings of (a) (Ref. [5]). 

This phenomenon may also be responsible for the filamentation process in the absence of 

plasma formation. It was demonstrated that the sub-diffraction propagation can be sustained with the 

X-shaped energy flux refilling the intense core along the propagation [5]. 

Filamentation exhibits other interesting properties that can find potential applications in other 

fields of optics. For example, it has been observed experimentally, that during the filamentation 

process, the laser pulse experiences substantial shortening down to 5.7 fs from an initial pulse 

duration of 43 fs [6]. Some calculations even demonstrate the possibility to shorten the pulse length to 

a single optical cycle [7]. The production of intense single cycle optical pulses is of great importance 

in order to produce attosecond pulses from high-order harmonic generation in the far UV. 

As a consequence of the strong temporal reshaping of the pulse within the filament, a spectral 

broadening is observable leading to the production of the so-called white light continuum, which 

extends up to the infrared [8, 9]. Another impressive property of filaments is their capacity to 

propagate over hundreds of meters, once the correct input parameters are selected [10]. Consequently, 

the last two enumerated properties makes filamentation an attractive tool for LIDAR atmosphere 

analysis [11]. Another impressive property of filaments is their capability to trigger and guide electric 

discharges [12], which may offer the ability to trigger lightning from the sky. 

It is also important to note that filaments can occur in condensed media. They occur with the 

same properties as filaments in air but with reduced dimensions. For example, only 1μJ is necessary in 

order to form a filament in a transparent solid such as fused silica. The diameter of this filament is 

about 30 times smaller than a filament created in gases [13]. In this case the ionization of electrons in 

air is replaced with electrons being excited from the valence to the conduction band. This 

filamentation process in solids can lead to a permanent  refractive index changes in the bulk of glasses 

without damage and has already been used for the writing of waveguides or gratings [14]. 

(b) 

(a) 
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Finally, a couple of techniques used for the characterization of a filament dimensions. The 

first technique is based on the measurement of the electric conductivity of air, in the presence of a 

filament [15]. This technique can be easily implemented and gives a good indication of the length of 

the filament. Another technique, called in-line holography, allows the measurement of the diameter of 

a filament and gives an accurate estimation of the electron density [16]. Though this technique cannot 

resolve very long filamentary structure, it can be combined with the conductivity technique for a 

precise diagnosis of filaments. 

II.2/ THz Emission from filament in air 

Plasma strings formed by high intensity ultrashort laser pulses have received considerable 

attention in the last 20 years as novel sources for radiation. The measured radiations include high 

harmonics of the fundamental laser pulses, soft and hard X-rays, as well as THz radiation on the low 

frequency side of the electromagnetic spectrum. The first experimental demonstration of THz 

emission from laser-plasma interaction was performed in 1993 [17]. Seven years later, two important 

experimental results made a significant contribution to the field of THz emission from filament. The 

common point of these two publications is the dramatic improvement in the strength of this THz 

radiation. This was achieved by introducing a transverse asymmetry on the electric field in the 

plasma. First a DC bias voltage of few ten‟s kV/cm was applied in the vicinity of the plasma, which 

increased the power of the source by at least one order of magnitude [18]. The other approach 

introduced a second harmonic crystal into the path of the fundamental laser beam to partially double 

its frequency [19]. The latter technique has become, by far, the most popular and is often named as the 

dual-color filamentation technique 

 Consequently, before reviewing and entering in details on the generation mechanism 

of THz radiation from plasma strings, it is important to already divide the field in two sections. One is 

the THz emission from single color filamentation process, and the other is the emission of THz from 

two-color filaments. We will see in the following sections, that depending on the approach, the spatial 

properties of the emission can differ and, more importantly, the strength of these two sources is 

different by orders of magnitude. 

II.2.1. THz emission from single color filament 

a) Radial and conical emissions 

As mention in the introduction, the first demonstration of THz emission by laser-plasma 

interaction was reported approximately 20 years ago [17]. The emission was interpreted as being the 

result of a longitudinal photocurrent generated by the separation of ions and electrons in the wake of 

the laser front pulse. This separation of charges is due to the presence of ponderomotive forces. At a 

later stage, an alternative interpretation was proposed [20]. There it was suggested that the 

longitudinal current formed in the wake of the filament is the result of the radiation pressure induced 
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by the laser pulse. Consequently the electrons oscillate at the plasma frequency (plasma frequency 

formula) and generate the transient current which radiates the EM pulses. In the same work, 

simulations predicted the emission of THz radiation in a narrow cone perpendicular to the plasma 

axis. Experimental measurements of such emission was reported a year later [21]. Using an 

heterodyne detector operating at 94 GHz, the emission was shown to be constant along the 

filamentary structure. Furthermore, it was demonstrated that the emitted radiation is coherent, since 

once a second source was added and appropriately delayed in time; the emitted radiation was 

enhanced by a factor 4. It is also important to note here that this technique offered a new non-invasive 

approach to detect air ionization, and has been used as a diagnostic tool in various publications [22, 

23]. 

However, the interpretation of this phenomenon has been the subject of debate and later it 

was shown that the THz radiation originates from the ponderomotive forces[24]. In this paper the 

authors showed that the radial emission is possible as long as a Cherenkov-like condition is satisfied. 

This means that the ionization front has superluminal Fourier components. Evidence of superluminal 

propagation in filaments has been reported in [22]. More recently the presence of an emission pattern 

consisting of a hollow cone radiation in the forward direction was reported [25]. The strength of the 

emitted field is by one order of magnitude higher than the radially emitted field. Furthermore, the 

polarization of this radiation is independent of the laser polarization. The radiation is radially 

polarized, which means it lies within a plane defined by the propagation axis, z, and the detector. This 

observation definitely invalidated the mechanism proposed in [20], since emission from a cloud of 

free electrons oscillating at the plasma frequency should keep the initial polarization of the laser 

pulse. The same group developed a theoretical model in order to explain both, the radial and the 

conical emission of THz. This model is presented as a Cherenkov-like process, of a dipole electric 

current moving in the trail of the laser pulse ionization front. The similarities to the Cherenkov 

emission lie in the fact that the emission is confined on the surface of a cone along the propagation 

direction, it is radially polarized and the source size is much smaller than the emitted wavelength. 

Nevertheless, the emission differs from the Cherenkov process for two reasons. First, the 

pondemorotive forces separate the charges but the wake of the filament remains neutral. The moving 

source is in this case a dipole-like structure. Second, the dipole structure moves exactly at the speed of 

light. Consequently, it would not radiate within an infinite plasma string. The radiation occurs because 

of the finite length of the filament, which also controls the opening angle (θ) of the emitted cone 

pattern. Starting from the calculation of longitudinal current formed in the wake of a filament by 

pondemorotive forces and using recent results on finite orbit length on the Cherenkov emission of a 

charge particle [26], the authors were able to derive the energy spectral density of the emitted 

electromagnetic radiation in units of solid angle. It is expressed as following: 
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In this process, the THz emitted energy has been shown to follow the square of the laser pulse 

energy.The central frequency of the emission corresponds to the plasma frequency and has a broad 

low frequency tail decreasing as ω
-2
. Furthermore, in this model, the radial emission of THz reported 

earlier, simply becomes a lobe of the emitted pattern. The cone of emission constitute the main lobes, 

while the perpendicular emission is a subsidary lobe. The opening angle of the main lobe of emission 

is dependent on the following relation . For more details about calculations, I invite the 

reader to consult the following review [27].Consequently, at the beginning of my thesis, the state of 

knowledge concerning the THz emission from a single color filament can be resumed with the 

schematic presented on Figure 22. 

 

Figure 22: Schematic representation of the THz emission from a single color filament 

b) On-axis emission 

In the previous section, a review of the existing theoretical and experimental work on THz 

emission from a single color filament was presented. Nevertheless, shortly after the report of the 

Cherenkov-like emission model, a complementary publication appeared in the literature. In this paper, 

the authors reported the measurement of elliptically polarized THz pulses from a single color 

filamentation scheme [28]. Using a time domain approach and a short distance focusing length, the 

authors demonstrated that the polarization from a short and single color filamernent does not follow a 

radial polarization as presented in the model of D‟amico et.al. This report only concentrates on the 

polarization analysis, which does not clearly identify the origin of the reported emission. 

Furthermore, a recent theoretical report [29] mentioned that the contribution from a transverse 

ionization electric current can be much larger than the electric current driven by the usual 

ponderomotive forces. This effect is due to two factors. Firstly, the average degree of ionization 

decreases with distance from the centre of the laser pulse in the transverse direction. Secondly, the 

electrons obtain a negative velocity after the laser pulse passes. This leads to an asymmetry in the 

spatial distribution of electrons creating a transient transversal electrical current. This theoretical 

approach has similarities with one of the models which describe the THz emission from a two-color 

filament that will be presented in the next section. Both models attribute the generation process to the 
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creation of a transverse electrical current, which in the case of the two-color filament is due to the 

ellipticity of the fundamental laser beam leading to an asymmetry of the ionized field [30].  

Even though recent results [28] have been presented in a controversial manner, from literature  

it would be expected to experimentally observe the existence of different types of emissions having 

different spatial properties.  Consequently, we led our own investigation and measured the angular 

diagram of emission from a single color filament.  

 

Figure 23: experimental approach for measurement of THz angular diagram of emission from a 

single color filament 

As presented in Figure 23, a laser beam was focused in normal atmospheric conditions with a 

200 mm positive lens. Hence a single color filament was produce and using the heterodyne detector 

described in the introductory chapter, we realized the spatial mapping of the THz emission. 

Figure 24 presents the data measured while focusing 2mJ of laser power in air. One can 

clearly see the existence of a conical emission with an opening angle of 40 degrees and an on-axis 

emission which is 6 times larger than the conical one in the other plane of polarization. It is important 

to note here, that the on-axis emission has only been obtained when a half-wave plate was introduced 

in the path of the laser beam Figure 24(a). The optical axis of the wave-plate was aligned with the 

laser beam polarization, hence leaving its polarization unchanged. Once this half-wave plate was 

removed, we could only observe the conical emission from the single color filament, Figure 24(b). 

Using the model describes in [25], we calculated the expected length of the filament at a frequency of 

0.44 THz and an opening angle, θ, of 20 degrees. Simulations, which are presented in Figure 25(a), 

indicate that the expected filament length should be 4.5 mm. The actual plasma string size was 

measured using a plasma conductivity technique [15].  This technique will be described in more 

details in the following chapter. 
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Figure 24:  Measured THz angular emission from single color filament, (a) with a half-wave plate in 

the optical path, (b) without a half-wave plate in the optical path. 

 

Figure 25: (a) Calculated diagram of emission based on model equation of D’Amico et al. (b) 

Measured electron density of a single color filament, with input laser pulse energy of 2 mJ at 800 

nm and 35 fs. The inset shows a CCD picture of the filament fluorescence taken with conventional 

photographic camera. 

The result is plotted in Figure 25(b) where a CCD image of the filament is also presented in 

an inset. The first observation from Figure 25(b) is that the measured plasma length of around 1 cm 

does not match the calculated one. More interestingly, a closer look at the CCD image, with an 

integrated scale, shows that a length of 4.5 mm corresponds to the plasma string fluorescence. 

Consequently, if one relates this length to the measured plasma string density over this distance, it 

corresponds to an estimated level of electron density above 7.5 10
17

 cm
-3

. At such a level of electron 

density, the plasma string may simply act as a mirror for the THz [31, 32], which in turn may have 

prevented the authors of [25] to measure on-axis emission at 94 GHz. Our observations would also 

(b) (a) 

(b) 
(a) 
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directly explain why the authors of [28] observed an elliptically polarized THz radiation after 

collecting the emission from a single filament with a pair of parabolic mirrors.  

The on-axis emission must be the result of a transient transversal current that is either caused 

by ponderomotive forces or an asymmetry in the ionizing field. It is important to remind here, that the 

on-axis emission was only measured with the presence of a half-wave plate before the focusing lens. 

This gives another insight into the photocurrent nature of this emission, since the insertion of a 

birefringent element within the optical path may result in the formation of a transversal asymmetry 

within the ionized field [29]. This should lead to an on-axis emission of THz pulses, in a similar 

manner to the emission from a 2-color filament. Using our time domain electro-optic setup, we have 

recorded the THz emitted electric field from both approaches (see Figure 26). Aside from the fact than 

a two-color filament yields more THz power, striking similarities are observed between the two 

techniques. For both levels of input laser energy, the shapes of the recorded electric fields are similar. 

Furthermore, as the level of input laser energy is decreased, the polarity of the pulse looks inversed, a 

phenomenon which occurs for both approaches.  

 

Figure 26: Measured THz electric field for both single and 2 color filamentation approaches at two 

different level of input laser pulse energy. 

Finally, the measured electric field from a single color filament cannot originate from the 

conical emission. Indeed, if one considers the opening angle of emission (θ =20°) and the focal length 

of the collecting optic (100 mm), the conical emission can simply not be collected by the 2 inches 

diameter parabolic mirror. 

 

In conclusion, in this section we have shown the existence of an on-axis THz emission from a 

single color-filament. This emission is much stronger than the well documented Cherenkov like 

emission. It results from a transverse photocurrent which has been shown theoretically to emerge from 

an asymmetry in the ionization field. An updated schematic of the angular diagram of radiation from a 

single color-filament is presented in Figure 27. 
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Figure 27: Updated schematic of the THz emission from single color filament. 
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II.2.2. THz emission from two color filament 

a) The genesis of a controversy 

As presented in the previous section, a debate concerning the emission from a single color 

filament animated the community throughout the years. Another debate which has been even stronger 

was raised about the two color filament approach. The first report of the use of a two color scheme is 

dated from 2000 [19]. In this report, the authors used rather low input laser pulse energy of 150 μJ, for 

65 fs pulse duration at 800 nm. After focusing the fundamental beam, they placed a β-Barium Borate 

(β-BBO) crystal (100μm thick) in the beam path, in order to partially double it in frequency, as 

presented in Figure 28. An intuitive view of the experimental setup suggests that a third order 

nonlinear phenomenon known as four-wave mixing (FWM) is responsible for the emission. By 

changing the phase dependence between the two laser fields, the yielded THz output was found to 

follow a cosine function as the phase between ω and 2ω is tuned. Nevertheless, in the same article the 

authors measured the THz output dependence on the intensity of ω and 2ω. From a four-wave mixing 

approach, the yielded THz energy should quadratically follow the intensity of the fundamental pulse. 

A discrepancy was found since the THz energy follows the cube of the intensity, suggesting the 

existence of another process leading to this hyperpolarizability. 

 

Figure 28: Experimental approach of two-color filamentation 

Despite the promises foreseen by the first experimental result, this source has been neglected 

for some years. It was re-investigated four years later in 2004 by Kress et al [33].Once the authors 

modeled the emitted THz with the four wave mixing approach, they found a discrepancy of 2 orders 

of magnitude using the third order susceptibility of the air for the calculation. Consequently the THz 

yielded with this approach was compared with the THz yielded once they applied a DC voltage in the 

vicinity of the plasma [18]. For both cases, the THz radiation starts to be generated for the same input 

laser pulse energy of 35 μJ with a 100 mm focal length. This laser energy level corresponds to an 

intensity of 1.5×10
13

 W/cm
2
 which is the ionization threshold of air [34].This work demonstrated the 

existence of ionization threshold dependence for the generation of THz and triggered a debate within 

the community. 

 Two more important publications reinforce the confusion regarding the nature of this 

emission. The first demonstration of a direct coherent control on the emitted THz from plasma in air 

[35], is clearly attributed to the emission from a four wave mixing process. In this paper, the two laser 

fields were separated before being recombined. In this way they could directly control the polarization 
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of ω and 2ω, and the main components of the third order tensor responsible for the emission were 

identified. The authors clearly demonstrated that the phase between ω and 2ω follows a cosine 

function as predicted from the equation of THz emission through FWM: 

 

The dependence on the relative laser pulses energy (below 200 μJ) was investigated. At 

relatively low laser pulse input power, the THz emission was shown to increase linearly with 800 nm 

pulse intensity and followed the square root of the 400 nm beam intensity, as predicted from the 

following equation: 

 

A year after the report on coherent control on the THz generation from plasma in ambient air, 

a new model was developed. This model states that for appropriate phase between the ω and 2ω, the 

synthesized laser electric field formed will be asymmetric and strip off the free electrons towards the 

same direction. Hence, a net transverse plasma current is formed which radiates frequencies in the 

THz range. For this model the synthesized laser field is: 

 

Once the electrons are ionized, the external laser electric field accelerates them at a velocity 

of: 

 

The electrons do not only oscillate with the laser electric field, but they also experience a drift 

at the above velocity, with an initial velocity equal to 0: 

 

Consequently at a phase equal to π/2, the symmetry is broken and a net current is formed. 

This current can be calculated with the following equation: 

 

where Ne is the electron density calculated from the ionization rate equation. Finally the THz 

radiated field can be derived from the electron current density: 

 

This 1-D photocurrent model is in radical contrast with the FWM model. Indeed, it requires a 

relative phase of π/2 for the maximum THz emission, while it needs to be equal to 0 in the case of 

FWM. Since the experimental data illustrate either one or the other phase dependence, the community 

has not been able to agree on a definite model. This doubt, which partially remains, is due to a 

historical mistake made within the field. Indeed, all the reported experiments have been made with 
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polarization sensitive detectors, which, as we will see in the next section, have considerably limited 

the possibility to fully characterize the phenomenon responsible for the emission. 

b) Coherent control of THz pulses polarization 

Part of the doubt concerning the main mechanism behind the emission of THz pulses from 

two–color filament has been clarified recently.  Two publications have demonstrated that the 

polarization of the emitted THz radiation can be controlled through the trajectory of the new born 

electrons within the two-color plasma field [30, 36]. In both reports, a full (2π) rotation of the THz 

pulse polarization was achieved while keeping the amplitude of the THz pulses constant. These 

interesting results were obtained via the direct control on the phase between the ω and 2ω laser fields, 

either through the positioning of the BBO crystal along the laser propagation axis z [30] or using an 

accurate attosecond phase controller [36]. According to [36], the rotation of the THz polarization is 

only possible when at least one the laser fields is elliptically polarized. In a classic arrangement like in 

[30], where there is no possibility to play on each laser beam polarization, the ellipticity is gained by 

the fundamental laser beam within the frequency doubling crystal. The model developed in [30] is in 

the continuity of the 1-D photocurrent model, except that a new dimension is brought to the analysis. 

In the first photocurrent model, the field projection on the x-axis has been considered as the driving 

field for THz generation. According to the authors of [30], it is rather the y component, which is 

generated by the birefringence in the BBO,  that liberates the ionized electrons.  They are then drifted 

along the x axis to other directions in the transverse plan. This literally means that the phase of the 

synthesized two-color laser field controls the direction of the new born electron, which in turn 

influences the polarization of the emitted THz pulses as presented on Figure 29. In this model, only 

the initial laser field equation differs since it considers a new projection on the y axis: 

 

 

Figure 29: Calculation of the electrons trajectory dependence on the synthesized field phase. (Ref. 

[30]). 

Based on the results of the above studies, we were expecting to achieve similar THz 

polarization control when changing the two-color filament medium gas pressure. The change of 
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pressure will induce a wavelength dependent change of the refractive index, which in turn will affect 

the phase of the synthesized laser field. Thus, a direct coherent control on the emitted THz pulse 

polarization will be achieved. In the past, some studies have been performed exploring the effect that 

different gas species, at various pressures, have on the THz emission [37-40]. Though, no one had 

studied in detail the possible control this can offer on the THz polarization properties. 

To gain control on the filament surrounding gas pressure and obtain a complementary proof 

of the photocurrent nature of the THz emission, we have built a gas cell as presented in Figure 30. 

 

Figure 30: Experimental approach for the pressure study. 

The gas cell is made out of a fused silica plate of 2 mm thickness as the input window; the 

rear window consists of a 3mm thick high density polyethylene (HDPE). The transmission property of 

the rear window has been measured using an FTIR spectrometer. This HDPE window shows a cut-off 

frequency at 20 THz as presented in Figure 31. The emitted THz radiation is collected and refocused 

onto a broadband (0.1 to 30 THz) thermal pyroelectric detector, with a pair of parabolic mirrors 

through non purged air. An extra silicon wafer with 1 mm thickness was placed between the two 

parabolas to cut the small fraction of remaining optical light. A broadband THz polarizer is used to 

conduct the polarization analysis with constant degree of polarization (>99.5%) over a broad 

frequency range (0.1-20 THz). 

 

Figure 31: Transmission spectrum of the gas cell exit window (polyethylene) recorded with FTIR. 

With the above described experimental arrangement, we performed a systematic study for 

nitrogen over a pressure range spanning from 10 mbar to 1 bar and for input laser energy of 240 μJ. 
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At this level of laser energy, the plasma string remains relatively short and the phase walk-off 

occurring in the plasma channel can be neglected. The results are presented in Figure 32.  

 

Figure 32: Detected THz power as function of nitrogen gas pressure (Dots and black curve) and THz 

pulse polarization state at different pressure levels. The upper axis (blue colored) represents the 

calculated phase variation. 

First, one can notice that the emission of THz pulses can be divided in two distinct regimes. 

There is a first regime for pressure below 100 mbar where the THz radiation increases linearly with 

the gas density. In this low pressure regime, as it was already reported in [37], the gas medium is fully 

ionized while the degree of plasma defocusing is relatively low. On the other hand, at gas pressures 

higher than 100mbar, the plasma defocusing becomes dominant [37] and the total emission of THz is 

relatively constant over the whole pressure range. More importantly, the polarization measurements of 

the emitted THz pulse show a π/2 polarization rotation over 650 mbar of the gas medium pressure 

with quasi constant THz power and linear pulse polarization. As we mentioned previously the change 

of the surrounding gas pressure systematically leads to a change of the relative dispersion between the 

two laser fields. In turn, this change in refractive index leads to a change in the relative phase between 

ω and 2ω, . Thus, one can accurately predict the change in the dispersion 

using the pressure dependent Sellmeier equation [41]: 

 

The Sellmeier coefficients used for the calculations can be found in [42]. Knowing the phase 

variation induced by the pressure change, we related it with the state of polarization of the THz pulse 

at different pressure. As one can see from Figure 32, the estimated phase variation (blue figures) is in 

good agreement with the rotation angle of the THz pulse. Furthermore, one could expect that the 

phase variation varies with the gas species, and consequently expect a bigger polarization rotation 
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over the same pressure range as the atomic number of the gas increases. It is also important to note 

that the results differ once we used higher laser pulse energy. This is mainly due to an extension of the 

filament length, where the phase walk-off becomes non-negligible. A detailed study of the drawbacks 

and advantages linked to this plasma string extension is presented in the next chapter. 

II.2.3 Characterization of the source 

Using our time domain spectroscopy in combination with our various detectors, we have 

characterized the THz radiation emitted from a 2-color filament. The achievable bandwidth, electric 

field strength and size of the focused beam are presented. 

a) Bandwidth 

Using different electro-optic crystals, we have measured the emitted electric field. Using a 1 

mm thick ZnTe crystal, a useful bandwidth extending up to 3 THz has been measured as presented in 

Figure 33. The measured bandwidth is similar to the one reported in the previous chapter and based 

on the emission from a ZnTe crystal. Nevertheless, using a thinner electro-optic crystal, 100 μm GaP, 

frequencies up to 7 THz have been measured (see Figure 33). This improvement of bandwidth is 

considerable and clearly demonstrates the inherent bandwidth limitation of a thick detection crystal. 

 

 

Figure 33: (a) Measured THz electric field and (b) its Fourier transform for a 1 mm ZnTe crystal. (c) 

Measured THz electric field and (d) its Fourier transform for a 100 μm GaP. 

(b) (a) 

(d) 
(c) 
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Figure 34: Extended time domain trace for 100 μm GaP detecting crystal. 

A first echo of the THz pulse, which aroused from Fabry-Perot internal reflection within the 

GaP crystal, can be seen once we extended the time window measurement (Figure 34). This 

constitutes a serious drawback if one wants to use this crystal for spectroscopic measurements. A 

solution in order to circumvent this effect consists of contacting the detection crystal to a thicker 

crystal cut along a neutral axis (e.g. [101]). As presented above, the measured THz electric field 

depends on the crystal used for the measurement. In order to get a real view of the emitted field other 

experimental techniques could have been subject of investigation. First, the THz pulse duration, could 

have been measured more accurately, using a classic Michelson interferometer. The drawback of this 

approach is that only the convolution of the THz field envelope is obtained instead of its electric field. 

Thus, one loses the phase information. Another approach that has been developed in the last couple of 

years, is based on the cross term mixing within a second plasma string [43]. This technique allows 

recording the electric field of the THz radiation and will be discussed in more details at the end of this 

thesis. This technique demonstrates that the THz bandwidth of pulses emitted from 2-color filaments 

extend all over the THz range (from 0.3 to 30 THz). 

b) Beam size 

Using a knife edge technique, we have been able to obtain an estimate of THz beam diameter 

at the focus of a parabolic mirror. The experimental approach consists of a razor blade scanned across 

the focused THz beam. Our pyroelectric detector was used to measure the THz power.  

 

Figure 35: (a) Measured THz signal using knife edge technique and (b) its derivative. 

(b) (a) 
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Figure 35(a) presents the experimental results. In order to obtain the beam profile from the 

knife-edge measurement, one needs to derivate the measured data. Figure 35(b) shows the result of 

the derivation. Assuming a Gaussian pulse, the extracted full width half maximum (FWHM) from the 

fitting is equal to 205 μm. This size corresponds to a diffraction limited spot for a THz spectrum 

pointing at 1.7 THz, which is in good agreement with the spectra presented above. The 1/e
2
 diameter 

is equal to 435 μm according to the measurement. Furthermore, the size of the collimated beam after 

the first parabolic mirror has been estimated to be equal to 40 mm. 

c) Electric field strength 

An estimation of the THz peak electric field can be directly deduced from the time domain 

trace, the measured energy and the estimation of the focused beam diameter using the following 

formula [44]: 

 

W is the THz pulse energy, wI is the measured beam waist and g(t) is the temporal shape of 

the THz electric field with peak value normalized to 1. η0 is the free space impedance (377 Ω). Using 

our pyrolectric detector, we have measured a THz pulse energy of 78 nJ for an input laser pulse 

energy of 1.35 mJ. Using the estimated THz beam waist as well as the calculated integral of the 

electric field temporal shape (Figure 33(a)), we arrive to an estimated electric field of 130 kV/cm. 

Such a value is too high compared to the one reported in [37], for a measurement with a 1 mm thick 

ZnTe. The problem lies in the fact that the pyroelectric detector measures the power over the whole 

bandwidth, while the electro-optic sampling measurement with the ZnTe crystal only resolves a part 

of the bandwidth.  To obtain a more accurate value of the electric field, the energy of the beam has 

been measured while inserting a Teflon filter in the THz beam path. Teflon has a cut-off frequency at 

5 THz, which matches the spectrum of the recorded THz pulse with the ZnTe. Using such a filter, we 

measured a THz pulse energy of 8.5 nJ, which in turn gives a THz electric field of 42 kV/cm. This 

value is closer to the one reported in [37]. Using the time trace measured with the thin GaP crystal 

(Figure 33(a)) and the full bandwidth measurement of the energy, the THz electric field is estimated 

to be equal to 202 kV/cm. This time, the estimated value of the electric field is smaller than the one 

reported from a similar approach [45]. 

Another approach for the estimation of the THz peak electric field is to directly use the 

modulation value of the probe beam, which has been recorded with the electro-optic detector [46]. 

The formula shown below relates the measured modulation of the probe with the phase shift and the 

THz electric field: 
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where A and B stand for the values measured on each photodiodes at the THz electric field 

peak. n0 is the refractive index of the crystal at λ=800 nm, L is its thickness and r41 is the electro-optic 

coefficient of the crystal. The value for the most popular crystals used in the field are available in 

[47]. For the 1 mm ZnTe crystal we have an estimated electric field of 36 kV/cm, which is close to 

our previous estimation. For the GaP crystal, the estimated electric field value is equal to 175 kV/cm. 

For comparison, the electric field presented in chapter I and emitted from a 0.5 mm ZnTe crystal was 

estimated to be equal to 1.5 kV/cm, using the direct estimation from the balanced detection. 

d) Angular diagram of emission 

Finally and in a similar approach to the one presented in the previous section for the single 

color filamentation, we have also measured the angular diagram of emission from a 2-color filament 

(see Figure 36). The input laser pulse energy was equal to 1.5 mJ. The heterodyne detector was placed 

at 10 cm form the end of the filamentary structure. The spatial mapping of the emission clearly shows 

that most of the radiation is released on-axis. This result further confirms that the 2-color emission is 

emitted from a transversal photocurrent rather than a longitudinal current which shows a conical 

shape of emission.   

 

Figure 36: Angular diagram of emission from a two-color filament approach with 1.5 mJ input 

pulse energy. 

In conclusion, we have shown in this section a new proof of the photocurrent nature of the 2-

color filament generation process. Furthermore using the various measurement tools at our 

disposition, we have characterized the main attributes of the source. It is, in accordance with the 

literature, one of the most powerful table-top THz sources. 
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II.3/ Chapter conclusions 

In this chapter, the existing literature concerning the THz emission from filaments has been 

presented. Our experimental data have shown, for the first time to our knowledge, the existence of an 

on-axis emission from a single-color filament. Few experimental evidences let us presume that a 

transient transversal photocurrent within the plasma string is responsible for this emission. We have 

also explored in details the THz emission from a two-color filament. In accordance with recent 

publications [30, 36], we have shown that the polarization of the emitted THz pulses is controlled by 

the relative phase between the two laser fields [48]. Furthermore, the 2-color filament source has been 

characterized. At high level of input laser energy, the strength of the 2-color source is by 2 orders of 

magnitude higher than the single color one. In comparison with the experimental data from chapter I, 

it is clear that the strength and the bandwidth of the 2-color source overcome by far the one of the 

optical rectification. Finally, few experimental observations have suggested that the source can be 

optimized further. Thus, in the following chapter, we present our investigations concerning the effect 

of filamentation tailoring on the emission of THz pulses. 
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III.1/ Introduction to filamentation tailoring 

The concept of filamentation tailoring relates to the use of external parameters in order to 

obtain the desired laser filamentary structure. As presented in the previous chapter, light filaments 

have very interesting properties that can be used for various applications. Thus, gaining control on the 

filamentation process will allow not only a better understanding of this highly nonlinear process but 

also offer new degrees of freedom and optimization for the filaments‟ applications. Due to the high 

intensities reached within a filament, it is impossible to insert optics in order to gain control on the 

filament process. Consequently, one needs to find external means to obtain control on this process. 

Over the years, several reports have presented possibilities to tune the shape of filaments. For 

example a recent report has shown an extension of a filament length by a factor 5 [1].  The authors 

simply replaced a positive focusing lens by a combination of diverging lenses with an axicon. 

Furthermore, using this combination, the length of the filament was shown to be tuneable while 

keeping a high electron density. In another demonstration, the introduction of amplitude masks in the 

beam path have proven to be efficient tools for the control of multiple filamentation process [2]. Also, 

the using a spatial light modulator that can control the spectral phase of the input laser beam has 

allowed to obtain control on the filament starting position [3]. The field of filamentation tailoring also 

refers to the interaction of filaments between them. For example, a recent report demonstrated the 

possibility to form volume plasma density gratings by temporally and spatially overlapping two 

filaments [4]. This result is of main importance since it offers the possibility to create plasma photonic 

devices that have no damage threshold and which can be introduced in the path of filaments. Many 

other effects have been reported in the literature and most of them can be found in the review paper 

[5]. 

The aim of this chapter is to present the work that we have done on filamentation tailoring 

and its effects on the THz pulse emission. We will show that the optimization of the filamentary 

structure can lead to various effects such as THz pulse shortening, THz pulse enhancement or the 

production of THz pulses with various polarization states. 
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III.2/ THz pulse shortening from tailored fs filaments in air. 

III.2.1 A Tailoring approach for the electron density control. 

It is well known that THz emission from plasma depends on the electron density [6]. In most 

experimental situations, the highly dynamical nature of the filamentation process leads to a non-

uniform plasma distribution with strong gradients along the propagation path [7]. At the beginning of 

this thesis there were no reports on the effect that the plasma density distribution has on the emitted 

THz radiation. The dependence of the THz radiation emitted from a filament upon the on-axis 

distribution of the plasma string appeared as a fundamental parameter to investigate. In order to tailor 

the plasma string and control its uniformity and length, appropriate adjustments of the input laser 

beam wavefront have been investigated.  

First, we investigated the use of an axicon lens which offers the possibility to extend in a 

uniform manner the electron density once it is combined with a diverging lens. Axicons are 

commonly used to generate Bessel beams which can be viewed as the superposition of infinite plane 

waves whose wave-vector lies on a cone as represented in Figure 37(a). Adding a diverging lens 

before the axicon offers the possibility to tune the size of the Bessel zone as described in [1] and 

depicted in Figure 37(b). As this conical wave propagates, due to interference effects, an intense 

central core surrounded by lower intensity rings is formed along the propagation direction (see Figure 

37). In the nonlinear regime the high intensity core of the Bessel beam will lead to the generation of 

free electrons through multi-photon ionization and hence the formation of a filamentary structure. 

  

Figure 37: (a) Schematic representation of a Bessel beam formation with an axicon lens. (b) 

Schematic representation of a Bessel beam formation with an axicon lens in combination with a 

diverging lens. 

Using an axicon with an apex angle 178° (η in Figure 37) in combination with a negative lens 

of -200 mm focal length, we investigated the formation of different filamentary structures. The first 

observations using this approach suggested that the electron density was too low. Indeed, using 800 

nm laser pulse with 35 fs duration and 2.3 mJ input pulse we have not been able to observe the 

(a) 

(b) 



72 

 

fluorescence of the filamentary structure. As mentioned in the previous chapter, the THz emission 

from a two-color filament strongly depends on the electron density. Consequently, the absence of 

visible fluorescence from the nitrogen molecules of air indicates that the medium is weakly ionized 

which means that the electron density and the THz emission are low. 

Another approach which offers control on the plasma density distribution consists of 

introducing astigmatism and other wavefront distortions to the laser input pulse. Such techniques have 

been proven efficient for gaining partial control on the filamentation process. For instance, it has been 

used for the suppression of multi-filamentation and filamentation stabilization [8]. In the continuity of 

the previous study, filaments were created in air using a converging lens (f = 200 mm) coupled, in 

most cases, with the same  axicon (apex angle 178°) placed 130 mm after the first lens, while the 

BBO crystal is placed ~3.5 cm from the focus. The wavefront control was then achieved by tilting one 

or both optical elements in a combined way as resumed on the schematic of Figure 38. In such a way, 

the high electron density is preserved as it was possible to directly observe the fluorescence of 

nitrogen molecules with naked eye. 

We then inserted this combination of lenses within our time domain spectroscope and we 

studied a number of plasma distributions. The obtained plasma string profiles can be tuned across a 

wide range. Typical experimental results are shown in Figure 39. These are the images of the different 

plasma string fluorescence, obtained with a conventional photographic camera. The electric field of 

the THz pulses emitted from the different plasma profiles have been measured and are presented in 

the following section. 

 

Figure 38: Experimental approach for filamentation tailoring using wavefront distortions. 

 

Figure 39: Images of filament plasma string distributions under various experimental conditions. 

(a) Asymmetric and (b) symmetric double peaks, (c) gradient and (d) uniform. 

7 mm 
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III.2.2 The effect on the THz pulse emission 

In order to be sure to capture any potential effect due to the plasma tailoring, we recorded the 

emitted THz electric field using the very thin GaP (100 μm) crystal. As shown in the previous chapter, 

this crystal can resolve shorter pulses and is hence well adapted to the present study. The emitted THz 

radiation was measured for the plasma string profiles presented in Figure 39. As expected the 

obtained THz emission strongly depends on the plasma density distribution (see Figure 40). On this 

figure, each of the electric field traces has been arbitrarily shifted vertically for clarity purposes. 

 The first observation is that each plasma profile yields a different electric field in terms of 

strength and time duration. The most remarkable difference occurs between the uniform and the 

gradient plasma profile. A very important shortening seems to take place between the two conditions. 

For clarity, the electric field traces have been normalised and placed on the same y position as 

presented in Figure 41(a). The THz pulse emitted from the uniform plasma string is significantly 

shorter than the one with the strong gradient plasma string. For the uniform plasma string the emitted 

THz pulse duration was ~ 250 fs (FWHM), while in the case of the gradient plasma string the 

corresponding THz pulse duration was ~ 400 fs. 

 

Figure 40: Measured electric field traces for the various plasma profiles. 

 

Figure 41: (a) Normalised electric field for the case of gradient and uniform plasma string. (b) Their 

respective Fourier transforms. 

(a) (b) 
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Applying a Fourier transform to the measured THz fields of Figure 40, the corresponding 

power spectra were obtained and are shown in Figure 41(b). As expected from the shorter pulse 

duration, the spectral bandwidth obtained for the uniform plasma string is significantly extended, from 

4 THz of useful bandwidth to 7 THz. Furthermore, the central frequency is shifted by approximately 

1.2 THz for the uniform plasma string. It is worth noticing that if we would have been able to keep the 

same level of energy, the increase of electric field strength would have been in the order of 76% for 

the case of the uniform plasma string. 

III.2.3 Measurement of the electron density 

To fully relate this shortening with the electron density profile, we attempted to obtain 

quantitative information about the plasma densities. For this purpose, we employ the electric 

conductivity technique [9], which is schematically represented in Figure 42. The measurement system 

consisted of two steel electrodes (~ 1 mm diameter) separated by 3 mm distance. A Teflon slit 

aperture was placed in front of the electrodes to exclude undesired ionization on the electrode‟s 

surfaces and the whole system was mounted on a millimetre translation stage in order to scan the 

plasma string along the propagation axis. The plasma string passed between the two electrodes while 

a DC high voltage (1.4 kV) was applied on them. The laser generated plasma redistributed in the 

presence of the applied external electric field (~ 4.7 kV/cm) and screened out the external field, 

generating a potential drop across the electrodes that caused a current to flow though the 8 kΩ probe 

resistance of the electric circuit. The voltage drop across the resistance was measured using a standard 

oscilloscope. When this detection setup is operated in the Ohmic regime (current is proportional to the 

applied high voltage) the measured electric signal depends linearly on the mean, over the plasma 

channel diameter, excited electron density <Ne>. The correlation of the electric conductivity 

measurements to plasma density estimations was done by comparison with a precise, but more 

complex, holographic method [10]. The electron plasma density distribution for the case of strong 

gradient plasma and uniform plasma is shown in Figure 43. In our experiments the strong gradient 

plasma string is obtained with the plano-convex lens, without the axicon, oriented perpendicular to the 

input laser beam. For the uniform plasma string both lenses (plano-convex and axicon) were used and 

tilted at about 10° each from their initial positions in the same direction. 

 

Figure 42: Schematic of the experimental set-up for the measurement of the plasma electron 

density. 
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Figure 43: Measured electron density profile along the propagation axis for the two cases of 

interest. 

As suggested by the CCD pictures of figure 2, the so-called gradient plasma presents a strong 

increase of electron density at its centre, which is nearly 1 order of magnitude higher than the uniform 

case. This lack of uniformity probably comes from the refocusing cycle of the filamentation process 

which is in turn extended over a longer distance as the measurement shows it. The results presented in 

Figure 41 and Figure 43 clearly suggests that uniform plasma with a lower density generates higher 

frequencies than gradient plasma.  

In order to illustrate this point, we have investigated another approach. To obtain a uniform 

plasma string, one can also use a lens with a longer focal length and low laser input energy. The 

longer focal length will spread the electron density over a longer distance, while the low laser pulse 

energy will avoid the problem of refocusing cycle observed before. Therefore, if our previous 

observation is correct, a THz pulse emitted at low laser input energy in this focusing condition should 

be shorter than a THz pulse emitted at high laser pulse energy. The results presented in Figure 44 are 

in clear agreement with our previous observations. At low laser energy, the uniform plasma string 

emits shorter THz pulses which in turn offer an extended bandwidth.  

 

Figure 44: (a) Measured THz pulse electric fields at two different levels of input laser pulse energy. 

(b) FFT of the electric field. 

(a) (b) 
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Nevertheless, the approach which consists of introducing distortion to the laser pulse 

wavefront is by far more efficient in terms of electric field strength as seen when comparing Figure 40 

and Figure 44(a). For comparison, the peak to peak ratio between the short and long THz pulse is 

equal to 0.89 with the first experimental approach. With the second approach, the ratio drops to 0.16. 

The photocurrent point source model attributes THz generation to a net ionization current 

resulting from the asymmetry in the ionizing pulse [11, 12]. This has been shown to be in good 

agreement with results from particle in cell simulation which models THz emission from an extended 

longitudinal plasma [13], although not so long as a filament. All these models predict that the squared 

central frequency of the THz emission is directly proportional to the plasma electron density. This 

seems incompatible with our observations showing that the uniform plasma with the lower density 

generates higher frequencies than the gradient plasma. However, none of these models consider a 

strong gradient in the local electron density and coherent emission from the different parts of a non 

uniform plasma string. By focusing a few cycle pulse with an axicon, it was shown [14] that 

ionization induced plasma oscillations lead to an optical to THz conversion by far more efficient than 

that induced by the ponderomotive force [15, 16]. The proposed mechanism is similar to the 

photocurrent model except that it also accounts for non-uniformity of the plasma string distribution. 

This model shows that a larger spectrum, thus resulting in a shorter pulse, should be emitted from a 

uniform plasma string compared to the case of a plasma gradient, which explains rather well the 

results presented in this study. 

 

In conclusion, in this section we provided the first to our knowledge demonstration of THz 

pulse optimization using appropriately tailored 2-color ultrashort laser filaments in air. Significant 

THz pulse shortening is achieved for uniform plasma strings. These results will prove valuable in 

applications where tailored THz pulses are needed. The obtained results also bring valuable 

information for a deeper understanding of the physical processes involved in this coherent emission. 
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III.3/ Strong terahertz emission enhancement via filament 

concatenation in air 

III.3.1 Extension of the plasma length using the concatenation effect 

 Due to the highly dynamical nature of filaments, the optimization of the THz radiation 

emitted from them is not a trivial task and requires a good understanding of the external parameters 

which control their formation. For example, it has been already shown that the THz beam 

directionality could be increased as a function of the plasma string length [17]. The further increase of 

the THz pulse peak power has always been and remains a subject of fundamental importance. A 

number of efforts in this direction have been conducted in the last years, many of them employing two 

collinear plasma strings. For example, in the case of single color filaments without a DC bias voltage, 

a pre-existing plasma background effect, lasting for hundreds of picoseconds, has been shown to 

increase the THz power by a factor of 2.5 [18]. Later the same approach of bi-filamentation showed 

an increase by one order of magnitude of the strength of the weak THz source, present in the wake of 

a filament [19]. The latter was a nanosecond-lasting time scale effect, which was identified as being 

the result of the formation of a transmission line between the two slightly misaligned filaments. In the 

two-color filaments configuration, a rather small enhancement attributed to four-wave parametric 

process has been observed [20]. Also, in a multiple adjacent filaments configuration, a coherent 

superposition of THz radiation was demonstrated to weakly increase the THz output power [21]. 

Creating long plasma strings with uniform and relatively high average electron densities is not 

a trivial task. Concatenation, on the other hand, of shorter filaments is a nice way for bypassing this 

problem. The first demonstration of filamentation concatenation was reported in Ref. [22], where two 

filaments were shown to merge into a single filament of extended length under appropriate 

positioning and timing. This concatenation effect was also demonstrated to be an efficient tool for 

pulse compression [23]. Furthermore, this experimental work has brought the first demonstration of 

superluminal velocities of light within a filament. Indeed, it was shown that for these long filamentary 

structures one of the filaments needs to be delayed by 100 fs in order to merge with the other filament. 

For the experiments described here, a Mach-Zehnder interferometer was built in order to 

separate the initial beam in two and appropriately recombine them (Figure 45). The control of the 

respective delay of the two beams was achieved using a high precision step motor (attosecond 

control). Both beams were focused with identical lenses of 200 mm before being recombined. In one 

of the arms, the lens as well as the last mirror was mounted on a micrometer stage, offering an 

accurate control on the position in space of one of the plasma strings in respect to the other. In the 

case of the two-color filamentation configuration, a Type I β-BBO crystal (50 μm thick) was placed in 

the optical path of the recombined beams to partially double them in frequency. 
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Figure 45: Schematic representation of the experimental approach. 

 

Figure 46: Schematic representation of the investigated spatial arrangement. 

The emitted THz field from the plasma columns was collected and refocused on the detector 

by a pair of 2 inches parabolic mirrors with 100 mm focal lengths. The remaining optical radiation 

was stopped with a high-resistivity silicon wafer (1mm thick) while leaving the THz radiation passing 

through in order to be measured with our broadband thermal pyroelectric detector. 

The above described experimental arrangement allowed us to form a set of two filaments of 

equivalent power [for the same input laser pulse energy (400 J)] that consequently yielded, 

independently, a quasi identical level of THz radiation. We then tuned the position of one filament 

with respect to the other one. The various spatial arrangements that have been investigated are 

presented in Figure 46. Each of the arrangement has been investigated and we made sure each time 

that the temporal overlap was optimized.  
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III.3.2 The effect on the THz pulse emission 

The emitted radiation from the two filaments that are synchronized in time and separated in 

space along the x-axis (parallel arrangement, Figure 46(a)) was first measured. In this case, the total 

THz emission is the sum of the two THz fields. Once the plasma channels are synchronized in time 

and well overlapped at the exact same position in space (x,y,z), coherent emission with an 

enhancement of a factor 4 compared to the field of a single filament is achieved (overlap arrangement, 

Figure 46(b)). Though, almost the same result is obtained, if instead of two similar beams, we focus 

one single beam but with the total energy of the two (i.e. 800 J). The CCD picture of this filament 

shows that it extends over 3.5 mm with an electron density which is higher than each of the 400 J 

plasma strings. Nevertheless, once the filaments are arranged at the same (x,y) positions but with an 

appropriate shift along the propagation direction (concatenation arrangement, Figure 46(c)) and for 

appropriate timing, an enhancement up to 1 order of magnitude is obtained. Under these conditions 

the two filaments are concatenated and extend over 5.5 mm length. Although in the present case the 

formed filamentary structures are much shorter than the ones reported in [22], from the pictures 

presented in Figure 47,  the concatenation effect is clearly observable.  

Figure 48 (a) is summarizing the different measurements for both configurations. The strong 

enhancement that is obtained under concatenation conditions is evident and is almost the same for the 

single and 2-color cases. The pictures in Figure 48(b) show that the effect is spatially very sensitive. 

Observing the interference fringes between the two beams (reflected from the BBO crystal), one can 

see that the maximum emission is occurring when there is a minimum of fringes, which happens when 

the two beams are well aligned along the z-axis. On the contrary if the two beams are slightly parallel, 

no matter the timing, the THz emission is even less than the sum of the two independent filament 

emissions. This observation demonstrates that the enhancement cannot be the result of the formation 

of a transmission line formed by two slightly misaligned filaments as it was the case in [19]. 

 

Figure 47: Experimental pictures (fluorescence) of the 2 independent plasma strings and the 

concatenated one (pictures were taken with identical scales and camera exposure). 
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Figure 48: (a) THz signal yielded for different arrangements. (b) Effect of the spatial alignment 

sensitivity: concatenation (left) and close to concatenation (right). 

 

Figure 49: CCD pictures of a concatenated filament and a disrupted filament. On the right is 

presented the on-axis intensity profile. 

Furthermore, once the filaments are concatenated, instabilities seem to occur. This is strongly 

related with the conical emission of white light, which either gets enhanced or decreased as the 

strength of the emitted THz radiation gets decreased or enhanced respectively. A CCD picture with 

both configurations is presented in Figure 49 (a). Their respective on-axis intensity profile suggests 

the presence of disruptive effect that may be correlated with their time overlap (Figure 49(b)). 

III.3.3A cross correlation effect 

To better understand the observed enhancement, we performed additional experiments which 

show the effect of the delay between the two pulses on the THz radiation. In the case of 2-color 

filamentation, a scan with 0.7 fs resolution is shown in Figure 50(a). The result shows a THz radiated 

emission oscillating between maxima and minima as the delay between the two pulses is changed. 

The overall scan can be fitted with a Gaussian envelope, which is expected to be the result of the cross 

correlation between the two laser pulses. The FWHM of the envelope is equal to 73 fs, which after de-

convolution gives an initial pulse length of 52 fs.  

(a) (b) 

(b) 
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Figure 50: THz signal as a function of the delay between the two laser pulses: (a) in the case of 2-

color filamentation; (b) in the case of 1 color filamentation. Insets show better resolved 

oscillations. 

This duration is slightly bigger than our initial pulse duration, but can be explained by a 

temporal elongation while passing through the frequency doubling crystal. A better resolved 

experiment (step size 0.35 fs), showed that the THz emission can be very well fitted with the 800 nm 

cosine field, having a 2.66 fs period in air (see inset of Figure 50a). The same experiment has been 

conducted for the single color case and a similar effect has been observed as one can see in Figure 

50(b). The envelope of the cross correlation is fitted with a Gaussian function, with a FWHM of 35 fs 

after de-convolution. This duration corresponds well to our initial laser pulse duration. Again in this 

case the THz emission can be fitted with the 800 nm laser electric field. 

The fact that the THz emission follows the cross correlation of the two initial laser pulses 

demonstrates that the enhancement is not the result of the coherent superposition of different 

independent THz sources as it was demonstrated in [21]. Moreover, the short time (during the overlap 

of the two pulses) of the enhancement fully rejects the possibility of an increase due to a pre-existing 

plasma background which has been shown to last for hundreds of picoseconds [18]. It is thus clear 

that the observed enhancement, which is bigger than a simple superposition of two coherent THz 

sources, is the result of the concatenation between the two filaments into a single longer plasma 

string. 

In conclusion, in this section, using the effect of concatenation between two collinear 

filaments in air, we demonstrated a strong amplification of the emission of the THz radiation. This 

enhancement which lasts during the coherent superposition of the two filaments is the result of a 

homogenous extension of the electron plasma string length. The proposed approach is an elegant way 

of producing more intense THz pulses with this simple filamentation tailoring approach.  

  

(a) (b) 
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III.4/ Terahertz polarization state control from tailored femtosecond 

filaments in air  

III.4.1 Effect of an extended plasma length on the THz polarization 

control 

In the previous chapter, we have already presented the direct control of the THz pulses 

polarization while playing with the dispersion induced by the surrounding gas pressure. This clearly 

indicates that the THz radiation is emitted from a transversal photocurrent. Nevertheless, the 

experiment already presented has been done at relatively low input laser pulse energy for which the 

plasma length is short. As a consequence, the yielded THz power was low. To obtain higher THz 

powers one needs to create longer filaments and this can be done by increasing the input laser energy. 

In Figure 51, we present the yielded THz power as a function of the gas pressure for different input 

laser pulse energies. One can clearly see that as the input laser pulse energy is increased, which 

automatically leads to a longer filamentary structure, an oscillatory behaviour is becoming more 

prominent.  

This experimental observation let us presume that the nature of the oscillatory behaviour is 

directly linked with the plasma length and consequently as it was reported in [24], with the 

appearance of Maker fringes due to the phase walk-off in the extended plasma filament. In addition, 

when the THz power exhibits oscillatory behaviour we systematically observed that the polarization 

rotates unpredictably and not in accordance with the estimated relative phase difference variation as in 

the case of low laser energy power as presented in Figure 52. Indeed we measured a flip of 95° 

between the pressure point of 310 mBar and 600mBar, when calculations predicted only 35° of 

polarization rotation. This unexpected rotation of 60° of the THz pulse is the direct result of the 

filament extension. Another consequence of the plasma length extension is the appearance of 

ellipticity in the polarization of the emitted THz pulses. Ellipticity has also been observed in [25] and 

will be discussed in more details later.  
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Figure 51: Detected THz power as function of nitrogen gas pressure for various laser input energies 

 

Figure 52: Detected THz power as function of nitrogen gas pressure (black Dots and red curve) and 

THz pulse polarization states at different pressure levels for an extended plasma length. The upper 

axis (blue colour) represents the calculated phase variation. 

III.4.2 A Tailoring approach to circumvent the phase walk-off 

This oscillatory feature appears to be also dependent on the tilt of the BBO crystal one can see 

in Figure 53(a). A similar observation was reported in [12] and was attributed to the variation in the 

800 nm beam ellipticity as the birefringent BBO crystal is tilted. We propose here a different 

explanation of the effect, which is related to the length of the filament and not on the increased 

ellipticity, which we measured and found it to be negligible. In our experiments measurements were 

made for different tilt angles of the BBO crystal, recording at the same time the THz emission as well 

as CCD pictures of the filaments‟ plasma fluorescence. Furthermore, for these measurements the BBO 

crystal is moved from the focusing point, in order to resolve one full oscillation in the contrary of the 

results presented in Figure 51.  

  

Figure 53: (a) Detected THz power as function of nitrogen gas pressure for various BBO tilting 

angles. (b) CCD pictures of plasma fluorescence for a BBO tilt angle of 7 degrees and a non-tilted 

(a) (b) (c) 
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BBO crystal (pictures were taken with identical scales and camera exposure). (c) On-axis 

fluorescence intensity profile for a BBO tilt angle of 7 degrees and a non-tilted BBO crystal. 

Figure 53(b) shows the plasma fluorescence for the case of 7 degrees tilt of the crystal 

compared to the non tilted one. As the on-axis intensity profiles of the CCD pictures attest (Figure 

53(c)), the fluorescence of the plasma string formed after tilting of the BBO crystal is twice shorter (7 

mm vs. 14 mm). This shortening is the result of the smaller amount of second harmonic when the 

BBO is tilted.  

Furthermore, in order to fully relate the oscillatory behaviour of the THz output with the 

length of the plasma string, we conducted a pressure study with a non tilted BBO crystal for different 

rare gases. First, as one can see in Figure 54, the number of oscillations, over the same pressure range, 

increases for gases exhibiting higher atomic dispersion. Experimentally, we observed that the plasma 

formed within helium gas, which shows no oscillatory behaviour, was the shortest of all the filaments 

formed in the other gases. We also observed that for high input laser pulse energy, it is not possible to 

avoid this oscillatory behaviour with gases having a low ionization potential, such as Krypton (14 eV) 

and Xenon (12.13 eV) as shown in Figure 54. Even the BBO tilting approach described above is not 

enough to circumvent the oscillations for Krypton and Xenon gases. For such gases, the saturation 

intensities within the filament are much lower than for gases with higher ionization potential (e.g. N2 

(15.58 eV) or Ar (15.76 eV), He (24.58 eV)) and the excess of input laser energy leads to an extension 

of the plasma length as was shown with numerical simulations in [26]. Consequently the effect of 

phase walk-off cannot be avoided for extended plasma length, whereas it does not exist for very short 

filamentary structures. 

 

Figure 54: THz power emitted from a double colour filament produced in different gas mediums 

(He, N2, Ar, Kr, Xe) and at pressures ranging from 10 mbar up to 1013 mbar. 
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III.4.3 Effect of an extended plasma length on the THz polarization state 

The disadvantage linked to extended plasma length for the control of the THz pulse 

polarization rotation can be useful to generate other polarization states than purely linear. As 

mentioned above, the increase of the input laser energy leads to the appearance of ellipticity on the 

polarization of the THz pulses. To illustrate further our observations, we have measured the 

polarization state of the THz beam in normal atmosphere conditions for two different levels of input 

laser pulse energies. The data presented in  

Figure 55 have been normalized and clearly show the increase of the ellipcity of the THz 

beam with increasing input laser pulse energy. This has already been reported in the literature [25] 

and was also attributed to an extension of the filament length due to higher input laser pulse energy. It 

was also demonstrated that a filament can act as a polarization separator for a co-propagating beam 

[27]. Consequently as the plasma is getting elongated for higher laser pulse energies, the local THz 

radiation generated along the filament will experience a stronger birefringence, which in turn results 

to an increased THz ellipticity.  

Triggered by this experimental evidence, we investigated the effect induced by the pressure 

variation for a gas producing longer filamentary structures. Hence, a systematic study of the THz 

generation in Xenon over one bar of pressure range was performed and the THz polarization state at 

various pressure levels was analyzed. The results are presented in Figure 56(a). As expected, the 

polarization of the THz pulse is rotating as the pressure of the gas medium is changing. The rotation is 

much more important than in nitrogen over the same range of pressure, which is due to the bigger 

atomic dispersion of the xenon gas. Beyond the rotation of the THz pulses polarization, we have been 

able to obtain elliptically polarized THz pulses at different states and up to fully circular polarized 

THz pulses, as one can also see in Figure 56(a). We interpret this interesting result as the result of two 

joint effects occurring on the plasma filament. It is well known in the literature that the filament 

radius decreases with an increase of the surrounding gas pressure, see for instance [28]. Also, the 

length of the filament is known to extend as the gas pressure increases [29]. The decrease of the 

filament radius inevitably leads to a decrease of the generated THz power as one can see in Figure 

56(a). 
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Figure 55: Normalized values of THz beam polarization state for two different level of input laser 

pulse energy. 

 

Figure 56: (a) Detected THz power as function of xenon gas pressure and THz pulse polarization 

states at different pressure levels of Xenon gas and (b) the linear polarization (red curve) state of 

THz pulse at low pressure compared to the circular polarized THz (black curve)  at 880 mbar. 

In parallel to the decrease of the main THz component, an increase of the orthogonal THz 

component is observed until it reaches values equivalent to the main component and results to a 

circularly polarized THz pulse (Figure 56(b)). This can be related to the increasing birefringence 

induced by the extended filament. The combination of both effects induces more and more ellipticity 

in the polarization of the THz beam up to the point where the polarization becomes fully circular.  

In conclusion, in this section, we have demonstrated experimentally the possibility to control 

the polarization of THz pulses emitted from two color filaments in gases. We also reported a way to 

circumvent the disadvantage caused by the phase walk-off between the two laser fields within an 

extended plasma string. Finally, we have shown the possibility to obtain circularly polarized THz 

pulses using longer plasma filaments. The later is an elegant and easy way for producing circularly 

polarized THz light, opening new opportunities in THz time domain spectroscopy. 

III.5/ Chapter conclusions 

In this chapter, the importance of filamentation tailoring has been demonstrated. The two 

color filament source which is one of the most intense table top sources of THz radiation can be 

considerably optimized if great attention is brought on the shaping of the filament. Clear experimental 

data have shown that the electron density distribution influences the duration of the emitted THz pulse 

[30]. In the same way, we showed than a uniformly extended plasma string with a relatively high 

electron density leads to a strong enhancement of the emitted THz radiation [31]. Finally, by 

exploring the effect of the plasma volume on the THz emission, we have demonstrated the possibility 

(a) (b) 
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to obtain circularly polarized THz light [32]. All these findings bring valuable information to the 

community concerning the optimization of this THz source. It also suggests introducing new 

parameters within theoretical models in order to accurately describe the physical mechanisms behind 

this coherent emission of THz radiation. 
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IV.1/ Introduction to cultural heritage studies 

The study, preservation and restoration of cultural heritage materials and objects are crucial 

for obtaining important historical information and/or maintaining their aesthetic appeal. Inevitably 

and very often time, environmental exposure and other factors cause damage and deterioration. As a 

consequence the preservation of cultural heritage items requires the use of technological tools and the 

expertise of various specialists such as physicists, chemists, archaeologists, conservators and 

historians. The approach in cultural heritage studies can be divided in two distinctive steps. The first 

step consists of giving a rigorous diagnosis of the artwork under study and establishes if further 

actions are needed. The diagnosis appears to be also valuable in order to gain historical knowledge 

and understanding of ancient techniques. The second step, which depends on the diagnosis result, is 

the curative part, also known as the restoration work. Numerous spectroscopic tools, spanning from 

X-rays up to the mid-infrared, have been used for the analysis and restoration of cultural heritage 

materials, with laser-based approaches playing a major role [1]. Concerning the diagnosis various 

approaches have been developed and can be classified as invasive or non invasive. When dealing with 

highly valuable pieces, the diagnosis tool has to be non-invasive or if invasion cannot be avoided it 

has to remain on the microscopic scale. 

An example of non-invasive technique is the Raman spectroscopy. Raman spectroscopy is a 

particularly good tool for the identification of inorganic species, offering sharp fingerprints traces. 

The analysis of organic species is rather more complex since Raman spectra tend to be not quite so 

straightforward to interpret to a level that allows unambiguous identification of materials. This is due 

to the broad band features that arise from organic components [2].  

An example of microscopic invasive technique which brings multi-element analysis is the so-

called Laser Induced Breakdown Spectroscopy (LIBS). Exceeding the laser-induced optical 

breakdown of a material leads to the formation of a transient micro plasma that emits light 

characteristic of the elements in the ablated solid. Time and spectrally resolved analysis of the plasma 

emission is straightforward giving valuable information about the elemental content of the sample. 

Furthermore, the invasion remains relatively small when considering that a single pulse from a 

nanosecond laser can provide full multi-element analysis with a spot size smaller than 100 μm [2]. 

 Finally an impressive demonstration of laser-based restoration has been presented in Ref. [3]. 

In this collaborative work between IESL-FORTH, ESMA (Committee for the Preservation of the 

Acropolis Monuments) and YSMA (Acropolis Restoration Service) a cleaning of the West Frieze of 

the Parthenon block no. 3 (ΔΖ ΙΙΙ) has been demonstrated using a combination of ultraviolet and 

infrared laser irradiation. 

The development of new non-invasive diagnostic tools for the use in the analysis of cultural 

heritage material is  essential. Furthermore, the recent development of THz time domain spectroscopy 

has brought researchers from various disciplines, including chemistry, materials science, biology and 
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medicine to use THz time domain spectroscopy (THz-TDS) for applications ranging from 

semiconductor to DNA monitoring [4]. Thus, due to the unique properties of THz radiation, 

enumerated in the introductory chapter, it seemed rather obvious to apply THz imaging and 

spectroscopy to the field of art conservation. 

Consequently in this chapter, we will present the application of THz-TDS spectroscopy in art 

which was a virgin field at the beginning of my thesis, since only some preliminary work using 

traditional FTIR spectroscopy has been done [5, 6].The emphasis of our work has been made on 

paintings and the materials used for paintings [7]. Their analysis encompasses the characterization of 

their composition and structure; both aspects are of particular complexity due to the many materials of 

different chemical composition which are found within paintings as well as the multilayered and 

heterogeneous structure of most paintings. Paintings often contain pigments and colorants, mixed with 

a binding medium, which are applied in mixtures and in different strata over some kind of support, 

which maybe stone, wood, or plaster. In addition, many paintings are covered with layers of varnish. 

The complexity of the materials and mixtures used in the field is such that it demands careful 

preparation of samples. For instance parameters like sample type (film, powder or solution), degree of 

aging, humidity, and temperature control play a vital role and can influence the results. Moreover, 

multilayer structures found in paintings as well as highly absorbing media demand the use of THz 

systems with a large dynamic range, as it will be shown in the following. In an effort to assess the 

THz transmission properties of some painting materials and to contribute to the extension of THz 

spectroscopy to the analysis of cultural heritage materials, a first and crucial step is the 

characterization of some natural polymers which have been used extensively in painted artifacts. 

Many different binding media have been used for paint and for varnish and these include different 

glues and dairy products, resins and gums, plant oils and waxes. In this chapter, we will also present 

our investigations on the possibility to obtain an image of a hidden painting, as well as the possibility 

to obtain stratigraphic profile using the inherent time of flight parameter. 

IV.2/ Qualitative and quantitative analysis in transmission mode 

IV.2.1 Experimental approach and samples preparation 

For this research, films of representative materials and thicknesses were prepared so as to 

classify the THz absorption of different art-related media: animal glue, egg yolk, linseed oil, mastic 

resin. Animal glues are composed of the protein collagen which is extracted from bones, skins and 

other tissues and are commonly found in the preparation of canvases for paintings and have been 

recommended as binding media for wall paintings[8].  For this study, films of ox bone glue were 

prepared and pigments were painted out using the same glue. Eggs represent another animal based 

binding medium which contains a mixture of both fatty acid esters (40%) and proteins (60%); upon 

evaporation and aging egg yolk forms a strong adhesive which has been used as a binding medium for 
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the execution of many easel paintings and icons, with particularly well known examples in the Italian 

Renaissance [8, 9]. Drying oils are another class of binding media, which set to form a hard film 

following polymerization and cross linking of unsaturated fatty acid esters.  Not all oils are suitable 

for paint, but linseed oil, chosen for this research, is one of the most commonly used painting media 

and contains a mixture of palmitic, staeric, and C18 (oleic, linoleic and linolenic) acids. Finally, 

varnishes are usually composed of many different molecules, and in this study, a solid tree resin 

known as mastic was considered. This resin is based on a mixture of triterpenoids, which can be 

dissolved easily, and dries to form a transparent and protective film [10]. As varnishes are found on 

the surface of paintings, the absorption properties of these materials are of particular interest. 

With the aim to apply THz spectroscopy to study realistic samples, which could include 

monitoring of paintings, we decided to study the samples in the form of thin films, having thicknesses 

close to those found in paintings. Films were deposited on 3 mm thick rectangular (60*90mm
2
) 

Teflon substrates. Binding media were prepared according to traditional recipes [8, 9] and samples 

were naturally aged for 1 month prior to analysis. The recipes applied in this study were as follows: 

egg yolk sample- 2 gr. of pure egg yolk (purchased from a local market and manually separated from 

the white), with film thickness of approximately 600 μm; linseed oil sample- 0.5 gr. of a 0.5% diluted 

solution of linseed oil (Kremer Pigmente) in turpentine, with film thickness estimated around 230 μm; 

collagen (rabbit glue) sample- 2.5 gr. of 10% aqueous solution of solid rabbit skin glue (Kremer 

Pigmente), with film thickness around 120 μm; and varnish sample- 2.5 gr of 10% solution of Chios 

mastic (powdered) in dichloromethane, with film thickness around 400 μm. Pigmented samples were 

prepared using both collagen and oil as binding media, and cobalt yellow as a pigment. Samples were 

painted out, on the same Teflon substrates, using a fine brush with paint made by mixing a pigment 

with a binding medium in order to achieve a suitable consistency to be applied in a single layer. One 

sample was prepared by mixing the pigment with a 5% solution of rabbit skin glue in a ratio of 3: 1 by 

weight and a second sample was made by mixing pigment with pure linseed oil in the same ratio. 

Therefore, upon drying, the paint made with rabbit skin glue contained less binding medium 

compared to the oil-based paint, which dries by photo-oxidation and crosslinking reactions rather than 

by evaporation of water. 

The substrates were then placed in a metallic sample holder with a 50 mm diameter clear 

aperture centred and covering the whole collimated THz beam, as shown in Figure 57. In our 

approach we have used the unfocused THz beam, around 40 mm diameter, to probe the samples. This 

has allowed us to use large surfaces of the samples and obtain average values, which give more 

representative results. Also, this approach reduces the errors that could be induced by scattering 

problems that appear when a focused beam encounters large pigment particles. In our case, the films 

contained pigment particles that were smaller than 20 μm and in most cases were of the order of less 

than 1 μm in diameter. The time domain spectrometer used for this experiment is the first time domain 

spectrometer developed in our laboratory. This set-up was also based on the emission from 2-color 
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filament and a detection scheme using an electro-optic sampling method in a 1 mm ZnTe crystal. It 

differed from the previously described set-up (see chapter I) because we have used only two parabolic 

mirrors and the probe beam was introduced in the THz beam path through a tiny hole drilled at the 

centre of the refocusing parabolic mirror as depicted in Figure 57(c). The electric field and its 

subsequent Fourier transform were identical to the one presented in chapter II, since the same 

emission and detection scheme were used. 

 

Figure 57: (a) CCD picture of the sample holder without sample (b) CCD picture of the holder with 

a Cobalt yellow sample deposited on the Teflon substrate. (c) Schematic of experimental set-up. 

IV.2.2 Experimental results 

Transmission spectra have been recorded independently for each binding medium and are 

shown in Figure 58(a). Oil is the binding medium that absorbs least in the THz region, practically it 

can be considered as neutral. Egg yolk has the most profound absorption with a characteristic broad 

absorption peak at 2 THz. Collagen shows an intermediate absorption which increases with frequency. 

It is worth noting that varnish has a nearly flat response, but has non-negligible absorption (varnish 

thickness 400 μm). This could in some cases be a limiting factor, where multiple layers of varnish of 

significant thicknesses may cover a painting. In this case, THz-TDS can provide valuable means of 

revealing spectral details beneath the strong absorption of the covering varnish layers.  

Following analysis of pure binding media, we recorded transmission spectra of pigments 

mixed with various binders in different concentrations. The mixtures of cobalt yellow with oil and 

with collagen are shown in Figure 58(b). The characteristic absorption peak of cobalt yellow at 3 THz 

is clearly recognizable in both cases. It is noticeable that the difference in the depth of the peak is due 

to the different concentrations of the pigment in the two cases, demonstrating that this technique 

provides quantitative as well as qualitative analysis. Spectra of pigment mixtures both with and 

without varnish layers have also been recorded, confirming the resolving power of our system.  

In order to further demonstrate the advantages of our approach, we have performed 

comparative measurements between our THz-TDS and an FTIR spectrometer system (BRUKER IFS 

66v/s). For low absorbing media the two techniques yield similar results. Yet, when it comes to media 

(a) 
 

(b) 
 

(c) 
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with higher absorption and/or thicknesses the low signal-to-noise ratio FTIR system quickly reaches 

its limits while our powerful THz-TDS can still resolve the absorption spectra, as shown in Figure 

58(c) for the case of egg yolk. Furthermore, the absorption spectra of various substrates commonly 

used in art have been measured using the FT-IR spectrometer. As one can see from Figure 58(d), the 

widely used substrates which are canvas and skins are fully absorbing the THz radiation. 

 

 

Figure 58: (a) Transmission of various binding media and varnish. (b) Pigment mixed with different 

binding media. (c) Comparison between traditional FTIR and THz-TDS. (d) FTIR measurement of 

various substrates. 

This observation is yet another illustration of the necessity to use a THz-TD spectrometer 

with high signal to noise ratio if the measurement are done in transmission. Nevertheless, this 

inconvenience linked to a highly absorptive substrate may be avoided while making measurement in a 

reflection mode. Temperature and humidity control is of vital importance for the technique. Both of 

these parameters can change dramatically the recorded structures, and fluctuations in ambient 

conditions can hinder reproducibility of results. Specifically, as we have already discussed, water 

strongly absorbs THz radiation while temperature variations can modify the absorption bands. This is 

because most absorption observed in the THz range for solid media are related to collective 

vibrational, rotational and torsional modes of molecular complexes and chains, which are strongly 

dependent on the temperature of the medium [11]. For the same reason, the observed absorption 

(a) (b) 

(c) 
(d) 
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structures are broad at room temperatures (as shown here at 22 C°). This suggests that, further studies 

should be performed in order to explore the role of material aging, humidity content and temperature 

dependence of THz absorption spectra. Furthermore, a recent report has demonstrated the possibility 

to distinguish small differences in a white pigment originating from different producers [12]. This 

discrimination of pigment powder has been possible by relating the absorbance of the calcium 

carbonate (CaCO3) crystal with its shape and the presence of impurities. 

IV.3 / Analysis in reflection mode and imaging  

IV.3.1 Reflection mode 

The analysis in reflection mode is primordial, if one targets the use of THz radiation in a 

museum environment. Indeed it is rather complicated to move pieces of art of high value. If one is 

willing to get information from a painting, most of the time it has to be done in-situ. Consequently, it 

appears absolutely necessary to obtain information in a reflection mode and demonstrate the proof of 

principle. For this experiment, we used our last developed time domain spectrometer, that we 

modulated in reflection mode as presented in Figure 59. In this approach, the sample was placed at 45 

degrees at the focusing position and the reflected THz radiation was collected at 90 degrees via a 

parabolic mirror placed exactly at one focal length. Then a flat gold coated mirror directed the 

collimated THz beam to the last focusing parabolic mirror and the detection scheme. 

  

Figure 59: Schematic of the experimental set-up in reflection mode. 

In order to prove the feasibility of reflection measurement and the potential gain of this 

approach, we first decided to measure the possibility to obtain information on the varnish covering 

layer. Within the conservator community, it seems important to gain information on the presence of a 

thin layer of varnish covering a painting. The varnish sample described in the previous section was 

then placed at the focusing and the electric field was recorded. In order to compare, an identical bare 

Teflon substrate sample was also investigated. Figure 60(a) presents the recorded THz electric field 

for both samples where the black curve corresponds to the bare substrate. As one can see, there is a 

first peak which corresponds to the front surface of the Teflon and around 15 ps later, there is a 

second peak which corresponds to the back surface of the Teflon substrate. Once the Teflon substrate 
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is covered with a layer of varnish the results differ. The first electric field peak is higher and wider, 

which suggests that the varnish has higher reflectivity than the Teflon. More interestingly the second 

peak arising from the back surface of the Teflon substrate is delayed. Figure 60(b) shows a cropped 

time window of the second electric field peak, which clearly allows to measure the time delay induced 

by the varnish layer. This delay corresponds to two round trips within the varnish layer and is equal to 

175 fs. 

Furthermore, an attempt to distinguish two successive layers of paint has been done. For this 

experiment, two pigments were painted on a classic paper sheet. The first pigment is a synthetic 

pigment first introduced in 1920 and named Titanium white (TiO2). This pigment is important in the 

diagnosis of art pieces, since it allows the detection of fake pieces. A remarkable example is presented 

in [2], where a LIBS analysis of a piece of art dating from 1903 demonstrated the presence of 

Titanium white, which revealed the falsification. The second pigment was a natural mineral pigment 

used since the antiquity and named yellow ochre. Elements such as Fe, Si, Al have already been 

identified in its composition. Each of the layers of paint has been spread separately on a thin piece of 

paper and they were then suspended on a free standing mount. The results are presented in Figure 

61(a) and Figure 61(b). First, one can see that once the yellow ochre is on top of the Titanium white, it 

is possible to distinguish a second pulse which corresponds to the white titanium layer. The other way 

around is not obvious, since only one but much bigger peak is distinguishable. This seems to be due to 

a higher reflectivity from the white titanium which prevents from distinguishing the yellow ochre. 

This experiment suggests that it may be difficult to discriminate different layers of paint when placed 

one above the other. Nevertheless, if layers are appropriately thick and the first layer not too 

reflective, it would be possible to obtain a stratigraphic profile of a painting. This exact experiment 

has been reported recently, with clear images of a paint profile [13]. Such time of flight measurements 

have also been successfully used in combination with a technique of shearography, in order to get 

detailed information from wooden panel paintings [14]. In this report, the authors were able to 

observe defects hidden behind the painting which provide valuable information in view of proceeding 

to restoration work.  

 

(a) (b) 
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Figure 60: (a) Time domain trace of a bare Teflon substrate and a substrate recover with a varnish 

layer. (b) Close-up on the second peak of the time domain trace of (a). 

 

Figure 61: (a) measured electric field of a layer of titanium white on top of a yellow ochre layer. (b) 

Measured electric field of yellow ochre layer on top of a titanium white layer. In both cases and 

each layer has been spread on a separated piece of normal A4 paper. 

IV.3.2 Imaging 

As presented in the introduction chapter, THz science became an extremely popular field of 

research since the first demonstration of THz imaging. This has brought tremendous amount of work 

and technological developments towards bringing THz imaging to the real world. In order to continue 

our work on the diagnosis of cultural heritage material, the demonstration of the THz imaging is an 

essential step to achieve. For this reason, we decided to image a paint drawing hidden at the back side 

of a thick Teflon substrate. The paint used for this sketch was Mars Black Acrylic and the painted 

schematic is shown on Figure 62(a).  The sample was mounted on an X-Y translation stage and the 

THz beam was first passing through the bare surface of the sample as depicted in Figure 62(b). The 

THz electric field was recorded at different points in X-Y space. The electric fields were then Fourier 

transformed and each spectrum was integrated. The highest and lowest integrated values were then 

identified in order to establish the limit of a gray scale. Each of the integrated values was then placed 

in a matrix corresponding to their position in X-Y space and then the image was reconstructed. The 

spectral contrast image obtained is presented in Figure 63. 

(a) (b) 
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Figure 62: (a) CCD picture of the sample back surface with the painted sketch. (b) CCD picture of 

the sample side. 

 

Figure 63: THz spectral contrast image obtained. 

As a result, a good agreement was obtained and the painted sketch is clearly visible on the 

THz image. The resolution was limited because of the wavelength size which is around 300 μm, but 

can be improved using a near field scanning technique as discussed in chapter I. Nevertheless, this 

demonstrates the possibility to obtain images of hidden objects as long as the used substrate is at least 

partially transparent to THz radiation. Furthermore, we developed a Labview program in order to 

automate the acquisition of multiple scans and reconstruction of the measured image. The 

demonstration of imaging a hidden drawing behind a 4 mm layer of plaster has been shown in [15]. In 

this work, the authors have used the same approach of power integration of the spectral information. 

The same group has also recently demonstrated the use of THz pulse imaging for dendrochronology 

study [16]. Furthermore, a demonstration of broadband imaging of documents written with lead 

pencils has also been reported [17]. This report as well as the results presented above clearly suggest 

that it is possible to obtain visualization of sketches of original painting beneath layers of paint. 
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IV.4/ Chapter conclusions 

The application of THz science to the field of cultural heritage preservation has been subject 

of a growing interest in the last 3 years. From the initial work consisting of spectroscopic analysis of 

various components [7], the field moved towards imaging of hidden layers and observations of hidden 

defects. Most of the proofs of principle have been already demonstrated and now the field is mainly 

depending on the technological development that will be brought to the sources. We identified two 

key points for an application of the THz technique to the cultural heritage field. Firstly, the need for a 

portable device is absolutely essential. Efforts have been done in this direction with the recent 

development of a real-time imaging portable system using a quantum cascade laser source and a 

micro bolometer focal plane detector array [18]. This device can bring valuable information for 

identification of pigments. Nevertheless, it does not offer the possibility to image hidden drawing or 

layers of paints since it does not measure the time domain trace of the electric field. Consequently and 

secondly, the portable device needs to offer a time domain measurement. With the recent 

development of fiber amplified lasers, it seems possible to develop such a compact time domain 

system. The main limitation in THz-TDS remains the acquisition time needed to scan a large area. 

This can be circumvented by using fast oscillating delay lines, or as presented above by using a 

powerful source that will allow expanding the THz beam in order to scan large areas.  
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V.1/ Introduction to metamaterial science 

V.1.1 Historical overview 

Metamaterials are artificially structured sub-wavelength materials which exhibit peculiar 

electromagnetic response not seen in naturally occurring media. Because visible light has a 

wavelength that is hundreds of times larger than the atoms that compose any material, the atomic 

details lose importance in describing the interaction between the light and the material. In practice, it 

means one can average over the atomic scale characterizing a material by just two macroscopic 

electromagnetic parameters: the electric permittivity ε and the magnetic permeability µ. These two 

electromagnetic parameters do not strictly depend from the response of atoms or molecules. Any 

collection of objects whose size and spacing are much smaller than the light wavelength can be 

described by a ε and µ. Consequently, this suggests that carefully designed sub-wavelength structures 

can be incorporated to a specific material in order to exhibit tailored ε and μ with simultaneous 

negative values [1]. The first article introducing the concept of simultaneously negative μ and ε was 

done by Veselago more than 40 years ago and already showed that in principle it should  lead to 

negative refractive index [2].  

Despite the exciting result presented in this paper, interest in negative index materials 

vanished and this result could not be proven experimentally because no known material exhibits such 

properties. It is only in 1999, that was done the first demonstration of an effective magnetic 

permeability μeff using microstructures built from nonmagnetic conducting sheets [3]. There, the 

effective magnetic permeability was shown to be tuned to values not accessible in naturally occurring 

materials, including large imaginary components of μeff. Following this precursory work, the first 

demonstration of simultaneous negative ε and μ was done [4] using a composite structure based on the 

split ring resonator (SRR) design already introduced in [3]. The negative μ occurred at frequencies 

above the resonance frequency of the SRR structure. The negative ε was introduced by adding a 

lattice of conducting wires to the SRR lattice. Shortly after, Pendry demonstrated theoretically the 

possibility to obtain a perfect lens using negative refraction, in what is to date the most popular paper 

in the field [5]. In the continuity of this work, the last two decades have seen an exponential growth of 

the research on metamaterials, as literature attests it. Fundamental and applied research, spanning 

from radio frequencies to optical wavelengths [6] have demonstrated a variety of interesting 

phenomena, such as negative refraction [7], sub-diffraction limited imaging [8] and electromagnetic 

cloaking [9]. More recently, considerable advances have been made on research related to terahertz 

metamaterials and have led to the development of various metamaterial components to control the 

THz radiation properties. Components, such as frequency tunable filters[10, 11], all-optical switches 

and modulators[11-13], and perfect absorbers[14], have already been demonstrated experimentally. 

Recently, an efficient phase shifting device in the THz range has been demonstrated [15], with an 
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achievable phase change over a narrow band of frequency (23 GHz). Also, specifically designed 

metamaterial structures have been proposed for THz polarimetric devices [16]. 

V.1.2 Negative ε and μ 

a) Negative ε 

The electric response of natural conductive materials typically takes place at high frequencies, 

i.e., at the visible or UV band for metals. This is evident from the electrons plasma frequency ωep, 

which can be formulated as: 

 

where n is the electron density, e is the electron charge, ε0 is the vacuum permittivity, and meff 

is the electron effective mass. For example, gold with an electron density of 5.9×10
22

 cm
-3

 has a 

plasma frequency located at approximately 138 nm or within the far UV range. In order to achieve an 

electric response at a lower frequency range, e.g., in the THz region, the plasma frequency must be 

modified. According to the above equation the plasma frequency can be reduced through changes in 

the electron density and effective mass. A metamaterial structure made of an array of thin metallic 

wires, similar to that shown in Figure 64(a), is a workable solution [8]. In such a structure, the 

electron density n is diluted due to the sparseness of metal in a unit cell. Furthermore, the electron 

effective mass meff is intensified because of the apparent mutual inductance of the wires that exerts a 

force on the electrons. From the analysis, given that a is the array spacing and r is the wire radius, the 

plasma frequency of the structure now becomes [17, 18]: 

 

where c0 is the velocity of light in vacuum. It is clear that the plasma frequency of the 

structure can be manipulated merely through its dimensions, a and r. By assuming infinite wire 

length, the structure can be characterized by an effective permittivity that takes on a Drude model: 

 

where Γ is responsible for the propagation loss. At ω < ωep the permittivity becomes negative. 

   

Figure 64: (a) thin wires planar array. (b) SRR planar array. 

(a) (b) 
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b) Negative μ 

Magnetism is obtainable from nonmagnetic materials, provided that the materials can support 

current loops that bring about a magnetic dipole moment. By adopting this principle, SRRs, which 

feature sub-wavelength conducting loops, can have a magnetic response under the proper alignment of 

the electromagnetic waves [3]. As shown in Figure 64(b), a unit cell of the original double SRRs is 

basically composed of two concentric metallic rings with opposite splits or gaps. When the SRR is 

coupled to a magnetic field component oscillating in the axial direction, the ring establishes a current 

flow, which further builds a magnetic dipole parallel or antiparallel to the magnetic field. The loop 

inductance and gap capacitance are equivalent to an LC resonant circuit, causing a strong magnetic 

response at its resonance. The inner concentric ring contributes to the net capacitance of the double 

SRR and thus lowers the resonance frequency. Hence, this ring boosts up the ratio between the 

operating wavelength and lattice constant, making the SRRs appear more homogeneous to the 

electromagnetic excitation. In spite of this, the inner ring can be removed without a significant impact 

on the SRR‟s function while shifting the resonance frequency. A metamaterial structure composed of 

periodically aligned SRRs under a magnetic excitation can be described by an effective magnetic 

permeability with a Lorentzian model [3]: 

 

where ωm0 is the magnetic resonance frequency, Γ represents the energy dissipation, and F is 

the fill factor of the SRR. The magnetic resonance frequency is related to the SRR‟s geometry through 

[3]: 

 

The magnetic plasma frequency is where the permeability crosses zero and is given by: 

 

At frequencies lower than the resonance the SRRs have a positive response to the magnetic 

field, and between the resonance and plasma frequencies, the response becomes negative. Therefore, 

the structure can support para-magnetism μeff > 1 and diamagnetism μeff < 1, including a negative 

permeability. 

 

In order to obtain simultaneous negative ε and μ, careful design of the structure must be done. 

Since, a lattice of wires possesses a cut-off frequency below which ε is negative [17]; by choosing the 

parameters of the wire lattice such that the cutoff frequency is significantly above the SRR resonant 

frequency, the composite can have an overlapping region where both ε and μ are negative. 
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In this chapter, we report in the first section on the ability to obtain tunable electric resonance 

responses in the THz regime, as well as a broadband (~250 GHz) phase tunability (over π/4), using 

classical metamaterials consisting of metallic SRRs on the top of a semiconductor substrate [19]. In 

the second section, we explore experimentally a new metamaterial design, and we demonstrate for the 

first time to our knowledge, a blue-shift optical switching effect. All the experimental results 

presented in the following pages have been obtained in our laboratory, while all the simulations have 

been obtained from the Metamaterials group of our Institute with which we collaborate on these 

projects. 
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V.2/ Split Ring Resonator (SRR) all-optical switch. 

V.2.1 SRR electrical response characterization 

The metamaterial sample studied in this work is the same as the one presented in Ref. [12]. It 

consists of an array of SRRs, fabricated from copper, deposited on 670 μm thick, high resistivity 

GaAs substrate. The exact dimensions of the SRRs are given in Figure 65(a). Figure 65(b) shows a 

view of an array of 9 SRRs and the dimension of a unit cell (50 μm) is depicted with a black square. 

To characterize the electrical response of this sample, we used our THz time domain spectroscopy, 

previously described in details. The sample was placed at the focusing point of the THz beam and at a 

normal incidence. Thus, two orientations can be defined, which depend on the orientation of the 

sample gap with the THz electric field. The orientation presented in Figure 65(a) is the perpendicular 

orientation where the electric field of the THz beam (yellow arrow) is perpendicular to the sample 

gap. Upon rotating the sample by 90º, the sample is placed in the parallel configuration. 

Figure 66(a) shows the electric field measured with the bare GaAs substrate which will be 

used as reference and also the electric fields transmitted through the sample for both orientations. The 

curves have been translated vertically for clarity. A clear deformation of the time domain trace is 

observable once the THz beam goes through the sample. We applied a Fourier transform to these 

electric fields and we obtained the spectral information, as presented in Figure 66(b). Hence, we could 

divide each spectrum with the reference spectrum (t(ω) =Esample(ω)/Eref.(ω)) in order to obtain the 

spectral transmission for each orientation, as presented in Figure 66(c). For the case of perpendicular 

orientation, two clear resonances are observable at respectively 0.5 THz (ω0) and 1.6 THz (ω1). 

According to simulations [12], the absorption at ω0 corresponds to the surface circulating current 

produced from the incident time varying electric field which generates a magnetic field polarized 

parallel to the surface normal of the SRR. Since the SRRs are bianisotropic, the electric and magnetic 

responses of the SRRs are occurring at the same frequencies. Further experiments in [12] have shown 

that by tuning the angle of incidence, the magnetic resonance at ω0 could be clearly identified. It is 

also important to note that in our case the low frequency side (below 0.5 THz) is much more absorbed 

than in [12]. 

 

Figure 65: (a) Microscope picture of one unit cell split ring resonator and its dimensions. (b) 

Microscope picture of an array of 9 SRRs. 

(a) (b) 
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Figure 66: (a) Measured electric field for the bare substrate, the perpendicular and the parallel 

orientation. (b) The Fourier transform of the electric field presented in (a). (c) Transmission 

spectrum for both orientations. 

 Furthermore from [12] , the ω1 absorption corresponds to the half-wave resonance 

due to one side length of the SRR (36 μm), as the surface current simulation showed it. For the other 

sample orientation, the electrical response is completely different and only a single broad absorption 

line at 1.4 THz is observed (ωll). Simulations in [12] have demonstrated that this resonance is 

equivalent to ω1 and the frequency red-shift is attributed to the presence of two side length aligned 

with the THz electric field. We can conclude here, that in general the observed electrical response of 

the metamaterial sample is in good agreement with the previous report in literature. 

  

(a) (b) 

(c) 
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V.2.2 Dynamical control of the electrical response 

The main interest for this sample besides the simultaneous negative μ and ε, comes from the 

fact that the substrate is a semiconductor. Consequently it provides the opportunity to dope the 

substrate and obtain different electrical responses. To study the dynamic electrical response of the 

metamaterial, an optical-pump beam was used to excite photocarriers in the GaAs substrate. This 

optical beam was extracted from the probe beam and its temporal synchronization with the THz beam 

was done using a manual delay line. The sample was placed as for normal incidence and at the focus 

of the THz beam (Figure 67). At this point the THz beam spot's diameter measured about 1 mm. The 

optical pump was launched unfocused at 45º on the sample (6.6 mm FWHM). The temporal 

synchronization of the THz and the optical pump beams has been experimentally defined. Afterwards, 

the THz pulse was delayed to assure a 5 ps average (because of the angle between the two beams) 

delay between them. This 5 ps delay was used to assure a quasi-steady state of the injected 

photocarriers, since they have a life-time in the nanoseconds regime.  

 

Figure 67: Schematic of the TDS experimental set-up and the extra optical pump beam. 

a) SRR switch 

The dynamical study of the SRR with its gap perpendicularly-orientated to the THz electric 

field has been conducted for different level of photoexcitation. The results are presented in Figure 

68(a). As one can see the ωo electrical resonance is gradually decreasing as more photocarriers are 

injected within the substrate, passing from 18% transmission to 42 %. This figure is rather small 

compare to the one observed in [12] which was equal to 55 %.The fluence of the optical beam has 

been measured accurately using a joule meter placed at the sample position. Nevertheless, the other 

resonance is quasi not affected about the injection of photocarriers with a decrease in the absorption 

less than 10% as expected in [12] and the general transmission is decreasing at other frequencies for 

higher optical pump fluency. An interesting point which can be observed from our experimental data 

is the slight blue-shift observed on ω1. This shift in frequency was also observed in [12], but its origin 
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has not been yet addressed. In order to identify the origin of this shift, we have measured the electric 

field going through the bare GaAs substrate for different levels of photocarriers.  

 

Figure 68: (a) Experimental transmission amplitude spectra for the perpendicular orientation case 

at different level of photoexcitation (b) Measured electric field of the bare GaAs substrate at two 

levels of photoexcitation. 

As Figure 68(b) shows, the electric field recorded in case of high optical pump fluency arrives 

20 fs earlier than in the case of no excitation. Such effect was also reported in [20], and was attributed 

to the variation of refractive index at the interface between air and GaAs sample. In order to fully 

attribute this shift to the change of the substrate dielectric parameter, we have decided to investigate 

the behavior of the parallel orientation electrical response as function of the photocarriers injection, 

which has not been yet reported in the literature. 

b) Frequency shift and broadband phase plate  

In the same experimental approach than the one described above, we measured the THz 

electric field for different levels of excitation fluence in the case of parallel orientation. The results are 

shown in Figure 69. The first observation from Figure 69(a) is the presence of an amplitude 

modulation of the resonance when photocarriers are excited. This broad resonance is the dipole-like 

resonance of the structure, related to the finite length of the metallic element along the electric field 

direction; thus, its amplitude modulation cannot be related to the short-circuit phenomenon observed 

for the magnetic resonance frequency (ω0) shown in [12]. Instead, this phenomenon should be related 

to the change of conductivity of the substrate, where increasing amounts of charges finally screens the 

existing resonance. More interestingly, it is also possible to observe a frequency shift towards higher 

values (up to 50 GHz) as photo-carriers are injected within the substrate (see Figure 69(a)).This 

observation is similar to the one with perpendicular orientation. As electrons and holes are created 

under photo-excitation within the substrate (over one penetration depth; 1 μm at 800 nm), the complex 

index of refraction is expected to change as well and can explain the experimental observations, 

(a) (b) 
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except from changes in the conductivity. Before moving to the theoretical analysis, let us consider the 

phase information from the experimental data. By determining the ratio between the extracted phase 

with and without photo-injection of carriers, one can characterize the phase shift, ΔΦ, produced by the 

photo-excitation of the sample.  

 

Figure 69: (a) Experimental transmission amplitude spectra for the parallel orientation case and (b) 

phase tunability for different level of photo-excitation. 

Figure 69(b) clearly shows an almost flat phase shift extending over a very broad range of 

frequencies (from 1 to 1.25 THz), just before the anomalous phase shift on the resonance. The phase 

shift amplitude decreases as the photo-excitation becomes more important, forming practically a 

tunable THz wave-plate. Although the losses are not negligible, this is still a remarkable result, 

considering that this level of phase shift is achieved over a very broad spectral range and for a non-

specifically designed or optimized metamaterial.  

c) Simulations 

To understand the origin of the frequency and phase tunability, we first conducted a series of 

simulations. The theoretical study of our metamaterial system was performed using the finite-

integration technique, employed through the well-established commercial software CST Microwave 

Studio. The simulations were performed by considering one unit cell of the system embedded in a 

waveguide with electric and magnetic boundaries to support a constant profile TEM wave. 

Waveguide ports were used as source and detector to monitor the transmission and reflection 

properties of this system. In the simulations, the substrate dielectric coefficient (for the non-photo-

excited substrate) was taken as 12.7, and the copper conductivity 5.8×10
7
 S/m. First, we only consider 

the effect of a conductivity change. In this condition, only a red shift of the resonant frequency was 

observed. The blue-shift of the resonance frequency would most probably be due to photo excitation-

induced dynamic response of the GaAs substrate beneath the SRRs as the observation from Figure 

68(b) suggested it. To fit the experimental results, we used the well-known Drude model, capable of 

(a) (b) 
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describing the dynamic behavior of GaAs accurately within our considered frequency regime [21, 22]. 

We first assume the photo-excited layer with a thickness (i.e., penetration depth), d, of a typical value, 

1 μm. The frequency-dependent complex conductivity takes the form, , where ε0 

is the permittivity of vacuum, γ represents the collision frequency and ωp the plasma frequency is 

determined by ).  

 

Figure 70: (a) Simulation results of the transmission amplitude spectra and (b) phase modulation 

for different levels of carrier density N. 

N is the carrier density, e is the free electron charge (1,6×10
-19

 C), and m* = 0,067m0 (m0 is 

the mass of the free electron), the effective carrier mass in n-doped GaAs. The dielectric constant ε(ω) 

is obtained, based on ζ(ω) by ε(ω) = εs+iζ/(ε0ω) , where εs is the dielectric constant of un-doped 

GaAs. To fit the resonance frequency at 1.4 THz for the case of a non-illuminated sample, we used εs 

= 12.7, and we kept this value throughout our fitting procedure for all cases. Next, we focused on the 

photo-doping cases. According to the Drude model, it is easily found that the carrier density, N, and 

collision frequency, γ, are pending quantities, which together determine the properties of the photo-

excited layer and the response of the sample. In our fitting procedure, γ should be kept constant for 

any set of N because the mobility of the carriers changes slightly within the explored carrier density 

range. The collision frequency, γ, was taken as 1.8 THz. By fitting the resonance frequencies and the 

corresponding transmission amplitudes, and simultaneously considering the transmission levels at a 

low frequency band, the retrieved values of the carrier density N are 3×10
16

 cm
-3

, 1,5×10
16

 cm
-3

, and 

5×10
15

 cm
-3

 for the excitation at 6 μJ/cm
2
, 3 μJ/cm

2
, and 1 μJ/cm

2
, respectively. The simulated results 

of the transmission spectra fit well the experimental ones, as shown in Figure 70(a). In the 

simulations, we also extracted the phase information of the transmission for the different cases. These 

results are presented in Figure 70(b). Similar to the experimental results, we also can observe the 

interesting phase modulation effect almost as impressive as in the experiments. 

  

(a) (b) 



116 

 

To conclude, in this section we have shown the existence of a frequency shift under injection 

of photo-carriers related to the change of the refractive index of the GaAs substrate. Also, an 

important phase tunability (over ~π/4) for a large frequency bandwidth (~250 GHz) was observed, 

which demonstrates the possibility of phase modulation under photoexcitation, consequently, opening 

the way to the realization of simple broadband phase plate devices in the THz range. 

  



117 

 

V.3/ Mode shifting 

An attractive progress for THz metamaterials is the proposal of frequency-agile 

metamaterials, i.e., frequency-tunable notch filters [10]. A clever and quite straightforward, idea is to 

incorporate photoconductive semiconductors, as elements of metamaterial resonators, so the working 

frequency of the metamaterial resonator can be tuned through photo-excited carrier injections. A red-

shift tunability has already been achieved, due to a photoconductive increase in capacitance of the 

resonator [10]. For greater flexibility in practical applications, blue-shift tunability should be also of 

great importance. As we have shown in the previous section, a change in the substrate refractive index 

can allow a relatively small blue-shift in frequency (~50 GHz). Two theoretical designs have been 

proposed in order to achieve a bigger shift. Nevertheless their potential seem to be limited by the 

excessive amount of photo-excitation needed to generate enough current to traverse the silicon regions 

and reduce the effective loop size [10]. The high level of optical pumping needed may simply results 

in the damage of the metamaterial sample. 

 

V.3.1 eSRR design and fabrication 

Therefore, another design for blue-shift tunability based on the new mechanism of 

photoconductive mode switching effect has been proposed [11]. This mechanism is derived from 

electric-field coupled inductor-capacitor (ELC) resonator [23] and an evolved version of the E1 

structure presented in [24]. Photoconductive silicon islands are integrated within two side gaps as 

depicted in Figure 71(a). With such a design, under high intensity pump the two side loops are short-

circuited which contributes to a decrease of the total effective inductance leading to a higher 

resonance frequency. Hence an all-optical blue-shift switching effect is achieved which can ideally be 

tuned up to 39 % as simulations have shown [11]. The metamaterial under study has been fabricated 

on commercially available silicon-on-sapphire (SOS) wafers, consisting of a 0.6 μm-thick (100) Si 

epitaxial layer on top of a 530 μm-thick R-plane sapphire substrate. The intrinsic resistivity of the Si 

epilayer was not measured, but was specified as >100 Ω cm by the manufacturer. The first step of the 

fabrication process was the definition of the photosensitive area. This was accomplished by 

photolithographically protecting the two 6 × 6 μm
2
 regions that coincide with the two side gaps of the 

metallic resonator, and subsequent reactive ion etching (RIE) of the Si epilayer outside the two side 

gap regions. Next, the photo resist pattern was removed, and a second RIE step was performed on the 

entire unprotected sample surface to decrease the thickness of the patterned Si layer from 0.6 to 0.2 

μm. This resulted in two 6 × 6 × 0.2μm mesa-shaped Si photosensitive regions per unit cell. The 

metallic resonator pattern aligned to the Si photosensitive mesa was defined by photolithography, 150 

Å titanium and 2350 Å gold were deposited by E-beam evaporation.  
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Figure 71: (a) Microscope picture of one unit cell ERC and its dimensions. (b) Microscope picture of 

an array of 9 ERCs. 

Finally, this is followed by removal of unwanted metal. The fabricated sample is shown in 

Figure 71(a) and part of the array in Figure 71(b). 

V.3.2 Experimental results 

The experimental study of the sample was performed using our time domain spectrometer 

(see Figure 67). To study the dynamic response of the metamaterial, an optical-pump beam was used 

to excite photo-carriers in the silicon. The sample was placed orthogonally on the THz beam path and 

at the focus of the THz beam, while 45º to the optical pump beam. At this point, the THz beam spot‟s 

diameter measured about 1 mm. The temporal synchronization of the THz and the optical pump 

beams has been experimentally defined. Afterwards, the THz pulse was delayed to assure a 5 ps 

average (because of the angle between the two beams) delay between them. This 5 ps delay was used 

to assure a quasi-steady state of the injected photo-carriers, since they have a lifetime in the 

nanoseconds regime. In addition, to ensure a uniform photo-excitation and the focused optical beam 

pumps the exact same region of the sample probed by the THz beam, the pump beam was expanded to 

a diameter of ~3 mm. A metallic aperture of 1.2 mm diameter placed immediately in front of the 

sample. Any residual pump laser radiation, which would bring noise in the detection of the THz 

electric field, was filtered out by placing a Si wafer (375 mm thick) just after the sample. The linearly 

polarized THz electric field is normally incident onto the metamaterial sample or the sapphire 

reference substrate. The transmitted THz electric fields are then coherently recorded in the time 

domain (see Figure 72). The frequency-dependent amplitude t(ω) of the transmitted THz pulse 

through the metamaterial is retrieved by the division of the sample spectrum with the reference 

spectrum t(ω) =Esample(ω)/Eref.(ω). 

The experimental results of the frequency-dependent response of the studied metamaterial are 

shown in Figure 73(a). Without applying the pump beam, the normalized transmitted THz electric 

field amplitude exhibits a minimum of t(ω) = 10% near the resonance at 0.76 THz (black dashed 

curve). As the pump energy flux increases, the resonance initially weakens. For cases with a flux 

value higher than 102 μJ/cm
2
, the resonance shows a significant shift to higher frequencies.  

(a) (b) 
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Figure 72: Measured electric field for the reference substrate and for the sample without optical 

pump and at the highest level of optical pump. 

 

Figure 73: (a) Normalized transmission amplitude spectra as a function of energy flux of pump 

beam. (b) Results of simulations as a function of silicon conductivity. 

 At the level with energy flux 295 μJ/cm
2
, the resonance dip in the transmission spectrum, 

t(ω) = 15%, is finally located at 0.96 THz (red line), which corresponds to a fairly broadband blue-

shift of 27% in the resonance frequency.  

 

V.3.3 Simulations 

As a comparison and to support our experimental demonstrations, we present in Figure 73b 

the results of numerical simulations performed by the commercial software CST Microwave Studio. 

A single unit cell was adopted for the simulations with appropriate boundaries resembling actual 

conditions in the THz TDS experiment. For the metallic parts (gold) of the metamaterial resonator, a 

lossy-metal model is utilized, the conductivity is ζgold = 7 × 10
6
 S/m. The sapphire substrate is taken 

(a) (b) 
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as lossless dielectric with εSapphire= 10.5. For the photo-active silicon parts, we applied a simple 

conductivity model, εSi = 11.7, and the conductivity, ζSi, is a pending value chosen to correspond to 

different pump levels. For the case without illumination, ζSi was taken to be 1 S/m, the simulated 

resonance occurs around 0.69 THz and the transmission at resonance is around 20%.  

 

Figure 74: Distribution of surface current density at resonance frequency. (a), Surface current at f = 

0.7 THz for σSi = 1 S/m (no pump case). (b) Surface current at f = 0.96 THz for σSi = 50000 S/m (case 

with highest pump intensity). 

Following the increasing pump fluxes, we selected different corresponding values of ζSi to 

reproduce the experimental results. The final conductivity of Si was taken as high as 1 × 10
5
 S/m only 

for obtaining similar transmission behavior relative to the no pump case, but it is noticed that actually 

around ζSi = 3 × 10
4
 S/m, the resonance has been shifted close to the final frequency 0.96 THz. 

Therefore, the simulations showed an all-optical blue-shift with the tuning range of 39%, which is in 

good agreement with the experimental demonstration. The deviation between the simulations and 

experiments may be due to imperfections in the sample preparation, which cannot be taken into 

account within the simulations. For further intuitive understanding of this mechanism, we show in 

Figure 74 the distributions of surface current density at two corresponding resonance frequencies for 

cases of no pump and highest pump, respectively. 

 

In conclusion, in this section, we have experimentally demonstrated all-optical broadband 

blue-shift tunability with a meticulously-designed metamaterial in the terahertz regime. The goal was 

essentially achieved by our proposed photo-excited mode switching effect, which offers a new path to 

exploring more designs targeting greater flexibility for practical applications in the range of 

frequency-agile metamaterials. The work also paves the way for future bi-directional and multi-band 

even cascade switchable devices as suggested from theoretical studies [11]. 

 

  

(a) (b) 
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V.4/ Chapter conclusions 

In this chapter, we have shown the possibility to obtain a frequency shift and a broadband 

tunability from a classic metamaterial design such as Split Ring Resonator. Numerical calculations, 

using a simple Drude model, can explain both of these effects, as a result of the changes induced on 

the complex index of refraction of the photo-excited semiconductor substrate. Furthermore, we have 

shown that much bigger tunability can be obtained using a careful design of the metal structure. Both 

experimental demonstrations have been done dynamically using a synchronized laser beam for the 

injection of photo-carriers. 
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VI.1/ Introduction 

Due to the lack of powerful sources, for many years the application of THz radiation stayed 

limited to probing experiments, or more generally to spectroscopic applications. Historically, micro joule 

energy range could only be reached using huge installations such as free electron lasers. In the last five 

years, few experimental approaches have proven to reach this level of energies while using table-top 

lasers [1-3]. The two-color filamentation source is an excellent candidate in order to routinely produce 

THz pulses in the micro-joule range as many reports attested it [4, 5]. Such level of energy confined in an 

ultrashort pulse of a sub millimeter focused size allows reaching unprecedented electric fields 

approaching the MV/cm level. This source has already been successfully used in nonlinear THz 

experiments [6, 7]. Furthermore, recent reports have demonstrated the possibility to observe nonlinearities 

in electro-optic crystals or liquids [8-10]. 

In this chapter we will present our time-resolved pump-probe experiments where we employed 

intense, single cycle THz pulses to directly excite (pump) phonons into semiconductors. There, we 

followed the lattice dynamics by monitoring the transient transmission changes of an optical pulse (probe) 

tuned to the valence-to-conduction-band transition. Following this first section, we will present evidence 

of THz pulse self-phase modulation in a non-centrosymmetric crystal. Furthermore, using a thinner 

crystal, we have been able to observe distortions in the recorded electro-optic signal. Finally, we will 

report on our recent attempt to scale-up the energy of our THz source and reach the level of micro-joule 

per THz pulse. 
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VI.2/ Excitation of phonons in semiconductors 

Intense THz pulses interaction with matter has already been the subject of intense studies. For 

example it has already been shown to resonantly couple with electronic states in nanostructures revealing 

for instance the dynamics of excitonic polarization [11] or directly coupling into ferroelectrics revealing 

their lattice vibrational anharmonicity [12]. At higher level of THz electric field, the large ponderomotive 

forces associated with the THz pulses have been shown to shift the band edge of semiconductors or 

quantum well resonances [13, 14]. Finally, a last class of experiments with an emphasis on doped 

semiconductors has demonstrated the possibility to accelerate free carriers via the THz electric field 

leading to impact ionization processes [6, 7, 15, 16]. 

Another interesting potential application of intense THz pulses would be the direct and resonant 

excitation of the vibrational modes of a physical system. This is of main importance in order to 

understand and control physiochemical as well as biological processes 
 
[17-19]. For many systems such 

modes have eigen frequencies in the THz regime. Direct and selective coherent excitation of lattice modes 

with far-infrared radiation e.g. THz frequencies and probing with temporal resolution could allow to 

prepare and study a system in a state where energy is not statistically distributed among its degrees of 

freedom (e.g. as the result of the incoherent electron-phonon interaction) but may well be preferentially 

channeled towards a desirable pathway triggered by few - or ideally one – eigenmodes, e.g. chemical 

selectivity of a surface reaction controlled by selective excitation of vibrational modes at the substrate. 

The clear advantage here would be to employ a single, direct and resonant photon-phonon transition 

which is by definition a much more probable process. This, with the proper introduction of temporal 

resolution will allow the study of the dynamics in the excitation and the decay of the lattice alone. 

 

VI.2.1 Traditional approach for phonon excitation 

Traditionally, phonon excitation has been realized either as a side effect of an initial electronic 

excitation through interaction with optical radiation or via Raman mechanisms. In the first case electron 

density effects hinder direct measurements of the phonon decay. This approach is known as Displacive 

Excitation of Coherent Phonons (DECP) [20-25] and refers to the excitation and study of the lattice in an 

excited electronic potential where the phonons are studied under the influence of the excited electrons, 

which is unwanted. Such optical-pump/optical-probe experiments have been frequently employed to 

study ultrafast coherent phenomena in solids, including bulk semiconductors and their superlattices [21]. 

Following initial optical interband excitation electron-hole pairs are created. Relaxation follows with a 

variety of physical mechanisms [26] including electron-electron and electron-phonon scattering. 
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Incoherent phonons on one hand are excited and manifested as lattice vibrations with random energies 

and momenta. They are macroscopically evidenced as a temperature increase. Coherent lattice excitation 

on the other hand is the population of a certain eigenmode of the lattice vibration. In the case of 

semiconductors (including GaAs-based compounds) coherent phonon excitation of the optical and 

acoustical branch [20-24, 27, 28] occurs by the initially excited electrons. In the case of the optical 

phonon excitation this is frequently attributed to ultrafast screening variations due to ultrafast scattering 

and trapping of the generated carriers resulting in large carrier density gradients and surface space-charge 

fields [29] while in the case of acoustic phonons they are attributed to the induced inhomogeneity in the 

excitation (photo-elasticity) and the resulting lattice strain effects. In the case that the photon energy is not 

enough to be directly absorbed, e.g. energy below the band gap of the semiconductor, two photons within 

the Fourier components of the broadband pulse may couple with the nonlinear susceptibility of the 

material resulting in coherent phonon excitation [22] provided that energy and momentum are conserved 

during the interaction processes. With the first resonant excitation scheme, electrons and holes are 

unavoidably excited thus restricting the study of the excitation and decay of the coherent phonons alone. 

With the second non-resonant case, the efficiency of the process is restricted due to the nonlinear 

character of the interaction of light with matter. Unavoidably, when increasing the light intensity in order 

to increase the efficiency of the process undesirable electron-hole generation via nonlinear absorption 

may occur.  

 In the second approach, incoherent and stimulated time-resolved Raman scattering probes the 

energy relaxation and the dephasing of the excited phonons respectively [30, 31]. The narrow band width 

of the required laser source restricts the temporal resolution of the experiments and therefore probing the 

lattice excitations in a phase sensitive manner is not possible. When an energetically large quasi-particle 

(e.g. electron-hole pair excitation) is created like in the first paragraph, the subsequent incoherent 

electron-phonon interaction creates phonons with characteristics (i.e. energy, momentum, symmetry, etc.) 

that cannot be externally controlled. This can be partially accomplished when employing an Impulsive 

Stimulated Raman Scattering (ISRS) scheme [20-24]. In this case however, the lattice excitation is 

achieved by combination of either two narrowband laser sources leading to loss of high temporal 

resolution or by nonlinear scattering/mixing of two photons of the same broadband pulse. In order to 

increase the efficiency of this process, the required high laser intensities may very well induce additional 

nonlinear phenomena as well, like multi-photon electronic excitations, which are undesirable. 

Furthermore, special and restrictive phase matching conditions may be involved.  
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VI.2.2 Coherent phonon excitation with THz radiation 

a) Experimental approach and sample characterization 

For this experiment, we have used our time domain spectrometer, already described in details. 

The THz radiation is collected and focused onto our semiconductor sample front surface which is 

orientated with a ~ 60° angle with respect to the incoming THz beam. The variations in the interband 

transition probability are probed by monitoring with a linear photodiode the intensity of a 35 fs 800 nm 

probe, non-collinear to the THz pulse which marks a ~ 65° angle with the sample. The angle between the 

THz pump and the optical probe was ~ 55 degrees (see Figure 75). The semiconductor that has been used 

in this work is the intrinsic semiconductor Al0.08Ga0.92As (001) its dimensions are 1 μm thick and ~ 1  

1 cm2 wide and has been grown by molecular beam epitaxy at 600 oC. The sample is chemo-

mechanically treated to achieve the final thickness and deposited onto glass sides. Optical characterization 

determined the band gap at 1.5 eV (810 nm). The 8% Al mole fraction is assumed to have as a sole effect 

the increase of the band gap energy (Eg = 1.5 eV for AlGaAs, Eg = 1.42 eV for GaAs) leaving other band 

structure features essentially unchanged. Structural (Transmission Electron Microscopy) and electrical 

characterization of the grown samples shows the absence of defects in the form of mid-gap states and 

trapping centres. We have chosen to work with an intrinsic semiconductor as to avoid initial free carrier 

excitation. Furthermore, its large band-gap prohibits electronic excitations using THz pulses, preventing 

us from inducing DECP phenomenon. We started our study by leading an optical pump and probe 

experiment with the samples at our disposition. An example of all optical excitation and probing is 

presented on Figure 76(a). It reveals the rich dynamics in AlGaAs that contain valuable information about 

the electron thermalization and transport effects. Figure 76(b) clearly demonstrates the possibility to 

differentiate the nature of the samples using this approach. The low-temperature grown GaAs shows a 

much faster recombination time, due to the imperfections induced during the annealing of the sample. 

Many semiconductors in general have been extensively studied using this technique. 

 

Figure 75: Schematic of the experimental approach. 
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Figure 76: Optical pump/optical probe analysis of three different samples. (a) AlGaAs, (b) GaAs and LT-

GaAs. 

b) Coherent phonon 

The picture changes radically from the all-optical case once we use the THz beam as source of 

excitation. The effect of the THz excitation is probed in time using a low intensity beam of our laser at 

800nm and the results are shown in Figure 77(a). This constitutes a unique response and represents the 

direct, resonant (linear) coupling of the incident THz pulse with the lattice of AlGaAs and the subsequent 

probing with the 1.55 eV optical pulses of the decay dynamics. The strong-amplitude oscillation is 

embedded on an exponential-like decay with a characteristic decay time of 0.3 ps. We simulated the THz 

signature of the system with an antisymmetric function that we subtracted to the recorded signal and a 

subsequent analysis gives the results plotted in Figure 77(b). There we have isolated the coherent 

response of the AlGaAs crystal. It is evident that the response consists of a cosine-like oscillation 

convoluted with an exponential decay of the amplitude of the oscillation. The decay time of the amplitude 

of the oscillation is 0.5 ps and is attributed to the dephasing of the excited phonon which occurs via 

anharmonic decay due to the large availability (continuum) of acoustic phonon states with lower energy. 

The frequency of the oscillation is f = 2 THz and the phase is θ = π/2 indicating a displacive nature of the 

phonon excitation [21]. One of the fundamental differences between ISRS and DECP is that in the first 

case the impulse starts and ends with the incident laser pulse whereas in the second case the system after 

the impulsive excitation of the laser finds itself in an excited electronic eigenstate where even after the 

end of the impulsive laser excitation the equilibrium position of the lattice ions will remain shifted due to 

the re-arrangement of the electronic potential. In that case the excitation takes the form of a sudden step-

like function. In our case, the excitation is different from both of the above. Firstly, we do not have a step-

like excitation due to a suddenly shifted electronic potential and therefore the lattice oscillates around the 

original equilibrium position. 

(a) (b) 
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Figure 77: (a) Dynamics following THz ultrafast excitation of AlGaAs with optical probing tuned to the 

valence-to-conduction band transition. (b) Dynamics following THz ultrafast excitation of AlGaAs with 

optical probing tuned to the valence-to-conduction band transition  

Nevertheless, the amplitude of the oscillation exhibits a cos (ωt) behavior which is characteristic 

of the DECP mechanism that we have excluded in our case. This discrepancy in the relaxation dynamics 

constitutes a novel behavior that certainly needs theoretical investigation to help understand in depth the 

underlying physics. 

c) THz coupling to the semiconductor lattice 

 

A point to address here is how the THz radiation couples to the semiconductor. The Franz-

Keldysh effect (FKE) (electro-absorption) has been shown to couple  mid infra-red radiation with a 

semiconductor lattice [32].  In a similar approach to [32], we have examined the induced optical change 

around the band edge of the AlGaAs at different time delays of the THz-induced signal. As shown in 

Figure 78, we have observed an induced transparency above the band edge along with a strong induced 

absorption below the band edge that shows the driving force of the FKE for as long as the THz pulse 

illuminates the sample (in good agreement with [32]) whereas when the THz pulse has ended (e.g. at 

t=0.25 ps) there is practically no FKE-induced effect. On the other hand, for longer time delays the signal 

remains non-zero and intensely oscillatory. Therefore, energy transfer from the laser to the lattice has to 

be considered.  
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Figure 78: Absorption of the probe beam at the AlGaAs band edge. 

An estimation of the Keldysh parameter can be deduced from the following equations [14]: 

 

 

Where EKE is the mean kinetic energy of a particle of mass m* and charge e in an electric 

field , i.e., the ponderomotive energy. The dc FKE corresponds to γ >>1; multiphoton 

effects occur for γ << 1 and the case of γ ~ 1 is the distinct Dynamical FKE regime. According to our 

electric field estimation with GaP crystal (202 kV.cm
-1

) and the central frequency of our pulse (2 THz), 

we estimated γ to be equal to 216.  This calculation further confirms the fact that we should observe an 

electro-absorption at the semiconductor band-edge while applying such strong THz electric field. 

VI.2.2 Lattice deformation and incoherent phonon excitation 

a) Lattice deformation 

Another point to address here is how the excitation of the lattice, induces the measured 

transmission changes in the optical probe. The detection of coherent phonons is enhanced when the probe 

is tuned to the interband due to the energy shifts caused by the deformation potential. The influence of the 

phonon generation on a system's band structure has been recently directly verified with time-resolved 

photoemission spectroscopy [33, 34]. Therefore, phonon generation may lead to relative motions in E-k 

space of the conduction band minimum with respect to the valence band maximum (Figure 79a). Thus, 

the varying resonance conditions for the 800 nm probe induce the variations in the transmitted intensity. 

We therefore assign the observed oscillatory response (Figure 77(b)) to the generation of coherent 
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acoustic phonons and to an accompanied periodic shift of the positions of the conduction and valence 

bands. The subsequent periodic change in the transition probability from the valence towards the 

conduction band is manifested with the oscillating transmission of the NIR pulses. The extracted 

frequency (f = 2 THz) matches well the predominant absorption peak for the TA phonon branch [35]. We 

propose that in the case of AlGaAs we are very sensitive to horizontal (momentum) relative band 

motions. This is because the optical transitions are more probable at the vicinity of k = 0 and the 

probability reduces for both sides of the k-axis (Figure 79(a)).  

   

Figure 79: (a) Simplified E-k band diagram for AlGaAs in the vicinity of k = 0. In AlGaAs lateral shift of 

the conduction band (dashed line) induced by the THz pulses, results in out-of-resonance conditions 

and therefore decrease in the absorption of the NIR pulse pulses by electrons initially residing in the 

valence band. (b) Simplified E-k band diagram for GaAs showing a downward shift of the valence 

band: absorption of NIR pulses increases. 

For t > 0 the transient transmissivity remains positive at all time-delays corroborating the 

decreased overall absorption that the probe beam experiences due to the above mentioned out-of-

resonance condition. This observation renders vertical (purely energetic) shifts of the conduction band 

rather improbable because this would occur in a direction in accordance to a temperature increase i.e. 

closer to the valence band [36]. This would lead to increased absorption (decreased overall transmission) 

which is contrary to our observations (Figure 77). Nevertheless, in order to fully relate this oscillatory 

behaviour to a deformation of the band structure, we decided to investigate the effect of the THz pulse 

excitation on intrinsic semiconductor for which the bandgap does not match the photon energy of the 

probe beam (e.g. GaAs). Hence, using a GaAs sample we would probe higher in the conduction band, 

which would directly prevent us from observing lateral displacement of the band in E-k space owing to 

the symmetry of the band (see Figure 79(b)). 

 

 

(a) (b) 
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b)  Incoherent phonon 

In corroboration with our expectations, the signal observed once we shined the GaAs sample with 

the THz pulse did not show a coherent response but a simple incoherent response (see Figure 80). For 

vertical motions (ΔE≠0, Δk=0) of the conduction band, the net effect of the phonon excitation is the 

monotonous energetic shift of the conduction band. The probing with optical transitions is therefore more 

sensitive to this energetic shift which corresponds to the local increase in the temperature lattice that is 

known to result in a reduction of the band gap in semiconductors. Reduction of the band gap results in 

bringing the electrons with the probe in higher lying states in the conduction band where the absorption 

strength increases. Note here that the changes in the transmitted intensity of the 800 nm pulses depends 

solely on the transition probabilities from the valence towards the conduction band and not on electron 

population and bleaching effects that have been studied so far to study ultrafast dynamic effects in 

semiconductors. 

 

Figure 80: Optically probed dynamics following ultrafast THz excitation of GaAs. Dashed lines 

correspond to exponential fittings with decay rates τ1 and τ2. 

For t > 0 the signal exhibits a bi-exponential decay. The first part is very fast with a characteristic 

decay time of 160 fs and the second one is much slower with a characteristic decay time of 1.4 ps. This 

observation points towards a non-uniformly excited phonon system and therefore to phonon modes that 

couple more strongly with the THz field. These internally redistribute energy and momentum reaching a 

local equilibrium within 160 fs. Subsequent phonon scattering with the rest of the phonon bath 

equilibrates the system with a time constant of 1.4 ps. This observation exhibits similarities with the 

phonon bottleneck effect recently observed with angle- and time-resolved photoemission spectroscopy of 

superconductors [33]. There, it was suggested that only a small percentage of the total lattice modes 



135 

 

contribute to the initial stage of the thermalization of electrons with the lattice. After this fast initial 

thermalization, the rest of the phonons start to contribute, however with a lower coupling strength that 

results in a reduction of the energy dissipation rate [33]. This mechanism is in analogy with the internal 

thermalization of electron following ultrafast optical excitation that undergo first a very fast internal 

thermalization and then at later times thermalize with the surrounding lattice. A second explanation for 

the observed bi-exponential decay may be the simultaneous excitation of TA and LA vibrational modes of 

the lattice. Both kinds of modes may well be excited by the THz radiation however we expect that lattice 

thermalization through LA phonon emission would be more efficient and therefore faster because of the 

higher slope in their dispersion curves and therefore the smaller number of phonons needed for 

redistribution of the excess energy and momentum acquired by the THz laser source. 

 

In conclusion, in this section, we have shown the direct and resonant excitation of coherent and 

incoherent lattice modes in a semiconductor using intense, ultrashort THz pulses and the novel aspects of 

the relaxation dynamics that can be investigated with time delayed optical pulses. This is achieved by 

monitoring the transient variations in the absorption of optical wavelengths tuned in the vicinity of the 

valence-to-conduction band transition. This approach may allow the selective excitation and detection of 

coherent lattice modes from the rest of the thermal and incoherent phonon bath instead of the undesirable 

electronic contributions during DECP and restricting nonlinearities during ISRS. Projection of the results 

of this work may lead to utilization of intense THz pulses for the selective excitation of specific modes 

(e.g. vibrational) in a number of molecular systems. This would result in defining preferential pathways in 

chemical and biological reactions and thus gaining control over them. 
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VI.3/ Nonlinearities in electro-optic crystal 

VI.3.1 Phonons generation 

Τhe effective nonlinear susceptibility χeff
(2)

 of ZnTe in the THz domain has been shown to be 

strongly frequency dependent [37]. Thus, the highest detectable frequency with a ZnTe crystal is limited 

by its first Transverse-Optical (TO) phonon at 5.3 THz [38]. Later, a THz-TDS analysis of a ZnTe crystal 

has shown the influence of new phonon lines which strongly absorb THz radiation [39] at frequencies 

below 5.3 THz. In fact, the THz detected bandwidth was shown to be restricted by the new identified 

Transverse Acoustic (TA) phonon at 3.7 THz and Longitudinal Acoustic (LA) phonon at 1.6 THz, for a 

thick ZnTe crystal (>0.5 mm) [39].  

In the following, we present our own investigations using our time-domain spectrometer based on 

the detection with a 1mm ZnTe crystal. Figure 81(a) shows the temporal evolution of the THz electric 

field for two different levels of input pulse energy. Besides the difference in terms of electric field 

strength, one can observe the appearance of oscillations after 4 ps. Figure 81(b) presents a closer look at 

the recorded electric field after the main cycle. We presume that the following oscillations are related to 

the phonon modes within the ZnTe crystal. Consequently, by applying a Fourier Transform to the electric 

fields, we gained access to the relative spectra. In Figure 82 are presented the results. Firstly, the results 

show that it is possible to resolve frequencies up to 4.7 THz at low Electric field values. Secondly, 

discontinuities are observed around 2.7 THz. At higher THz electric fields, the picture radically changes. 

Figure 82 clearly shows the appearance of sharp phonon modes once the strength of the THz source is 

increased. The previously reported TA phonon at 3.7 THz and LA phonon at 1.6 THz are clearly 

resolved. Furthermore, one can see two new lines at 2.7 and 2.9 THz, which are the result of a direct LA-

TA transition in the [110] ZnTe crystal [40].  

 

Figure 81: (a) THz electric field as function of input pulse energy for 1mm ZnTe detection crystal. (b) 

Zoom on Electric field trace after 4 ps delay. 

(a) (b) 
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Figure 82: Power spectrum and phonon identification 

Furthermore, we suggest that the possibility to observe much sharper phonon lines can be related 

to the strength of the applied THz field. It is not the result of a nonlinear phenomenon but rather the result 

of an increase of the signal to noise ratio. Thus, as the strength of the applied source is increased it 

becomes easier to resolve the variation of phonon modes induced by the THz radiation. 

VI.3.2 THz pulse self-phase modulation  

The effect of self-phase modulation on the intense THz pulses propagating in nonlinear crystals 

can be attested in the normalized spectra shown in Figure 83(a). At high intensity, the THz spectrum 

shows a dip at the centre of the spectrum (2.7–4 THz) and an increase at each of the wings of the 

spectrum, compared to the low-intensity case. The effect is even clearer, once we plot the ratio of the 

spectra (see Figure 83(b)). This effect is typical of self-phase modulation (SPM). SPM is a nonlinear 

optical effect of light-matter interaction. An intense ultrashort pulse of light, when travelling in a medium, 

will induce a variation in the refractive index of the medium. This variation in refractive index is known 

to produce a phase shift in the pulse, leading to a change of the pulse's frequency spectrum.  

The effect is so strong in this case that it can be observed directly in the time domain profiles. 

Figure 84 shows a zoom on the main cycle of the electric fields that were already presented in Figure 

81(a). For clarity, the electric fields have been normalized. Careful analysis of the data shows that the 

delay between the first positive peak and the second negative peak is 70 fs larger at high intensity than at 

low intensity. This extra delay η is caused by the THz-intensity-dependent change in the THz index of 

refraction. Similar results have already been reported in other material at low temperature [7, 11]. 

http://en.wikipedia.org/wiki/Nonlinear_optics
http://en.wikipedia.org/wiki/Nonlinear_optics
http://en.wikipedia.org/wiki/Nonlinear_optics
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Matter
http://en.wikipedia.org/wiki/Ultrashort_pulse
http://en.wikipedia.org/wiki/Refractive_index
http://en.wikipedia.org/wiki/Phase_%28waves%29
http://en.wikipedia.org/wiki/Frequency_spectrum
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Figure 83: (a) Normalized spectra at high and low THz energy. (b) Ratio of the two spectra. 

 

Figure 84: Zoom on the first cycle of the electric fields presented on Figure 81(a). 

The fact that the SPM occurs in a non-centrosymmetric crystal could bring doubts about its 

origin. Indeed, cascaded second-order nonlinear effects have also been shown  as an alternative for 

creating equivalent Kerr-like nonlinearities [41]. Nevertheless, such phenomenon is not instantaneous. 

Consequently, in our case, the SPM can be attributed to the optical Kerr effect, and it is possible to get an 

estimation of the refractive index change Δn, according to: 

 

Where η is the induced time delay, and ITHz is the intensity of the THz pulse. If we consider an 

interaction length of 1 mm within the ZnTe, Δn is equal to 0.021. At this level of laser input energy, the 

THz pulse energy was equal to 110 nJ. Using the time duration of the THz pulse measured with the GaP 

crystal (360 fs) as well as the 1/e
2
 beam diameter, we obtained THz intensity of 2.06×10

8
 W/cm

2
. Thus, 

our estimation of the nonlinear refractive index, n2, is equal to 1.02×10
-10

 cm
2
/W at THz frequencies. By 

(a) (b) 
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comparison, the n2 value reported for visible light in ZnTe is equal to 1×10
-13

 cm
2
/W [41]. Similar 

deviation with the value of n2 in LiNbO3 was observed at THz frequencies and attributed to the lattice 

anharmonicity [11]. 

VI.3.3 Electro-optic distortions 

As previously mentioned, the principle of electro-optic detection relies on the phase retardation 

induced to a probe beam by the THz field within an electro-optic detector. The measured signal S on the 

balanced photodiodes is proportional to sin (ΔΓ), where ΔΓ=πETHz/Eπ is the induced phase retardation. Eπ 

represents the half-wave field of the crystal, which defines the minimum electric field which gives π 

phase delay with unit thickness. This suggests that there is the possibility to over-rotate the probe beam 

(ΔΓ> π) which should restrict the measurement of the THz electric field.  At low THz electric fields 

(ETHz<<Eπ), one can consider sin (ΔΓ) ~ΔΓ which makes the measured signal S proportional to the 

electric field. At higher electric levels, it has been shown recently that the measured signal S is not linear 

anymore [10]. Indeed at electric field level around half of Eπ (45kV/cm for ZnTe), the measured signal S 

significantly deviates from ΔΓ, and reaches the point where the measured electric field is folding on itself. 

 

Figure 85: (a) Measured THz electric field for two different laser input energies. (b) Zoom on the 

respective electric fields main cycle. 

As already calculated in chapter II, our estimation of the THz electric field emitted from 2-color 

filament with the kHz laser output was equal to 42 kV/cm. Our value, which is closed to the minimum 

one reported in [10] for nonlinear regime, let us presumed of the possibility to observe distortions with 

our time domain spectrometer. Consequently, we have led a careful optimization of our time domain 

spectrometer as well as our laser source. Hence, we have been able to reach an estimated level of electric 

field of 50 kV/cm. Furthermore, in order to reproduce the experimental condition of [10] and to minimize 

the effect of self-phase modulation, we have used a thinner ZnTe crystal (0.5 mm). Figure 85(a), shows 

(a) (b) 
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the recorded field for two values of laser input energy and their respective electric field estimation. At this 

level, we are able to observe the first distortions occurring on the signal. A close up on the main cycle of 

the THz electric fields is shown in Figure 85(b). There, it is obvious that above half of Eπ, the THz 

electric field presents a peculiar shape. Furthermore, we normalized the electric fields which shows that 

the negative part of the main cycle of the electric field starts to fold (for the case of 50 kV/cm). Folding of 

the first positive peak is also observable, which is in good agreement with [10].  This value of 50 kV/cm 

has been obtained for maximum laser input pulse energy of 1.4 mJ (kHz repetition rate) and pulse 

duration of 35 fs. Furthermore, self-phase modulation is also observed, to a smaller scale since the 

comparison occurs between two high levels of THz intensity. 

VI.4/ Scaling up the THz pulse energy 

One question that has not been addressed so far in the literature is the effect that the BBO crystal 

thickness has on the emission of THz from a 2-color filament. Figure 86 shows the electric fields and 

their Fourier transforms obtained for three different thicknesses of BBO crystals. For each crystal the 

maximum value of THz electric field was optimized at the detection crystal (ZnTe 1mm). The electric 

fields have been recorded in a normal atmosphere with 50% of relative humidity which explains the 

oscillatory features occurring after the main cycle. Figure 86(a) clearly demonstrates that the thinnest 

BBO crystal yields the strongest THz pulse. This can be attributed to a minimized temporal walk-off 

occurring between ω and 2ω. Consequently, the optimization of the yielded THz power is more 

dependent on the temporal walk-off than the amount of yielded second harmonic field. Furthermore, it is 

important to note that there is no variation in the yielded spectra, in the limit of the resolved bandwidth 

(Figure 86(b)). 

 

Figure 86: (a) Measured THz electric field for three different BBO crystal thicknesses. (b) Fourier 

transform of the electric fields. 

(a) (b) 
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The scaling-up of the yielded THz radiation as a function of the laser input pulse energy has also 

been investigated. As mentioned in the second chapter, for many years, misleading experiments have 

been conducted using electro-optic sampling technique in order to explain the THz emission mechanism. 

Figure 86 presents a classic example of measurement from electro-optic set-up that could be wrongly 

interpreted. When measuring the peak to peak value of the recorded THz electric fields, we see that the 

yielded THz radiation reaches saturation very fast (Figure 87(a)). On the contrary, when we measured 

with the broadband pyroelectric detector, for the same range of input laser energies, the THz yield grew in 

a linear way (Figure 87(b)). 

 

Figure 87: (a) Peak to peak evolution of the THz electric measured in 1 mm ZnTe as function of the 

laser input pulse energy. (b) THz measured power as function of the laser input pulse energy. 

The saturation in the first case comes from the fact that electro-optic sampling is a polarization 

sensitive technique. Consequently, once the filament length increases, the polarization rotates and the 

electro-optic measurement imitates a saturation effect. The laser system in our laboratory presents two 

outputs. One at a kHz repetition rate, which has been used in all the experiments presented so far in this 

thesis, and another output at a 50 Hz repetition rate. The 50 Hz output has a higher level of energy, with a 

maximum of 35 mJ per pulse, for duration of 35 fs. Thus, we have been able to extend the measurement 

already presented in Figure 87(b) to higher levels of laser input pulse energy. Figure 88 presents the scale-

up of the THz pulse energy using the 50 Hz laser output. The yielded THz still follows a linear increase, 

even for higher input laser energies. This is in good agreement with a recent publication where similar 

parameters have been used [42]. As one can see, we have limited our measurement to 10 mJ of laser 

energy. At this level of energy, the intensity reached levels close to the damage threshold of the BBO 

crystal. As a consequence, the BBO crystal needs to be placed a bit further from the focusing point, in 

order to decrease the laser intensity on its surface. Unfortunately, our BBO crystals had small apertures 

(a) (b) 
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(5×5 mm) which systematically led to the clipping of the laser beam, once the crystal was moved 

backwards. This clipping was big enough to substantially decrease the yielded THz radiation.  

 

Figure 88: Extended energy scaling, measured with pyroelectric detector. 

As presented in Figure 88, it is possible to increase the THz pulse energy further while using the 

50 Hz output which may offer the possibility to yield higher level of electric fields. Thus, we have tried to 

obtained bigger distortions on the electro-optic signal. Our attempt using 50 Hz output has been 

unsuccessful in observing distortions. This may result from the fact that the laser pulse duration is not 

optimized once it reaches the spectrometer. Contrarily to Figure 88, where the yielded THz pulse energy 

was measured right at the output of the 50 Hz laser, in the case of the electric field measurement the laser 

pulse had to propagate over few meters in order to reach the spectrometer. Consequently, the laser pulse 

time duration and spectral phase can be dramatically changed along the propagation, which in turn limits 

the amount of yielded THz radiation. Further experiments and optimization are needed towards this 

objective.  
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VI.5/ Chapter conclusions 

In this chapter, we have shown the new opportunities offered by an intense ultrashort THz source. 

We have shown that the high THz electric-field level can allow the direct electro-absorption of the 

radiation and the resonant excitation of phonons within an intrinsic semiconductor lattice. This work may 

lead to the utilization of intense THz pulses for the selective excitation of specific modes. Furthermore, 

we have shown the diverse nonlinearities appearing during the measurement of our THz electric field. 

Self-phase modulation of the THz pulse within the detection crystal has been identified. Electro-optic 

signal distortions in thin crystals have also been observed. Finally, we have shown the possibility to 

obtain THz pulses with energy in the μJ range. This shall open the way to investigate nonlinear 

phenomena such as Kerr self-focusing, which could in turn lead to THz beam self-localization. This level 

of THz pulse energy also offers the possibility to perform THz pump / THz probe experiments, which is 

an emerging field of research. 
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Conclusions and perspectives 

 

 

Conclusions 

The work presented in this thesis was focused on the generation and detection of coherent THz 

pulses, as well as their applications. The basic requirements, in order to build a THz time domain 

spectrometer, have been introduced. We have shown a classic example of coherent emission from optical 

rectification in a 500 μm ZnTe crystal and the coherent detection with an electro-optic technique within a 

1 mm ZnTe crystal. To demonstrate the advantage of time domain spectroscopy, we have shown the 

possibility to obtain the dielectric parameters of various known samples. Nevertheless, the results 

presented in chapter I have been established since a long time and did not use the full capacity of our laser 

system. 

Consequently, we have upgraded our THz-TDS system by using a new source of THz radiation. 

This source, extensively described in chapter II, is based on a time-dependent macroscopic dipole-

moment induced within a plasma channel in air. We have first investigated the radiation pattern emitted 

from a single color filament. For the first time to our knowledge, we have shown the presence of an on-

axis emission. Few experimental observations let us presume of the photocurrent nature of this emission. 

The strength of the radiation emitted from a plasma channel can be dramatically boosted when 

introducing a frequency doubling crystal in the optical path prior to the filament. Our experimental data 

have verified the photocurrent nature of the emission, by demonstrating the direct influence of the 

dispersion between ω and 2ω on the polarization of the emitted THz field [1]. While characterizing the 

properties of our time domain spectrometer, we have shown that it is ultra-broadband (8 THz bandwidth) 

with electric field reaching 200 kV.cm
-1

. The 2 color filament based THz source is now well established 

as one of the most powerful THz table-top sources.  

Due to its highly nonlinear nature, filamentation is a physical process that can be tailored by the 

use of external means. A detailed study on the effect that plasma tailoring has on the emission of THz 

pulses was presented in chapter III. The possibilities to optimize the duration of the emitted THz pulses 

[2], to enhance the strength of the emitted THz pulses [3] and to produce various polarization states [1] 

have been demonstrated. All these findings bring valuable information to the community for a better 

understanding of the physical mechanisms involved. Clearly, they suggest the introduction of new 

parameters within theoretical models in order to accurately describe the THz emission from filaments. 
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The last three chapters of this thesis have been devoted to the applications of this intense 

ultrashort THz source. In chapter IV we presented our pioneering work on the use of THz radiation within 

the field of art conservation [4]. Various spectroscopic data and the possibility to obtain an image of a 

hidden painting have been reported. The use of THz radiation for the dynamic characterization of 

metamaterials has been presented in chapter V [5]. Different attributes of the SRR sample linked to the 

variations of its conductivity or of its substrate complex index have been identified. Finally in chapter VI, 

the new opportunities offered by an intense ultrashort THz source have been introduced. The possibility 

to directly and resonantly couple THz radiation to an intrinsic semiconductor has been shown. Diverse 

nonlinearities which occur during the measurement of the THz radiation in an electro-optic crystal have 

also been reported. Finally the possibility to obtain even higher intensities was shown, with THz pulse 

energies reaching the μJ level. 

 

Perspectives 

Due to its characteristics, the 2-color filament source overcomes the other intense table-top THz 

sources. Indeed, in the contrary to the tilted pulse wavefront approach in LiNbO3 [6], it covers a much 

wider band of the spectrum. As a consequence, the pulse duration is much shorter, reaching hence higher 

electric field levels. The 2-color filament source can also be directly compared with the new approach of 

difference frequency mixing in GaSe [7]. Such source reach higher levels of electric field but is rather 

centered in the mid-infrared region, and not able to access the low frequency THz region (0.1 to 10 THz). 

Furthermore, the implementation of the technique seems rather difficult. Finally and as we demonstrated 

it, a direct coherent control of the THz pulse polarization is available with the 2-color filament source. 

This in combination with the possibility to obtain circular polarization offers a clear advantage for 

spectroscopic measurements. 

Nevertheless, important improvements can be brought to our time domain spectrometer. Two 

major axes of development have been identified. First, as mentioned in chapter II, the detection technique 

can be considerably enhanced. A recent study has shown the possibility to detect frequencies up to 30 

THz from a 2-color filament THz source [8]. The detection scheme is based on the use of a plasma 

channel as the detection medium. Once a THz pulse is temporally and spatially overlapped with a probing 

filament, a THz-field-induced-second harmonic (TFISH) is generated. Then, by applying an AC bias 

voltage (~2 kV, 500 Hz) to the probing medium, heterodyne coherent detection is possible. The 

measurement of the modulated second-harmonic via a photomultiplier tube (PMT), allows the direct 

reconstruction of the emitted THz electric field. This approach is very promising and overcomes the 
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electro-optic sampling technique drawbacks since no phonon modes are present within the sensing 

medium. 

Second, the emission can be significantly enhanced if great care is taken on various parameters. 

As already demonstrated in chapter II, the control of the phase is a crucial point. In chapter VI, we have 

shown the importance of the temporal walk-off by showing the influence of the BBO crystal thickness on 

the emission. Another point that is of main importance concerning the increase of the THz energy is the 

respective laser fields‟ polarization. Typically, with the classic approach using a type I BBO crystal, the ω 

and 2ω laser field are orthogonally polarized. A recent report as claimed a clear THz radiation 

enhancement when the polarization of the two laser fields is parallel [9]. This has been achieved with the 

use of an in-line attosecond phase controller. This optical arrangement tackles the three previously 

enumerated problems at the same time. A birefringent plate (α-BBO) is used to compensate for the 

temporal walk-off between ω and 2ω. A dual-band waveplate is placed to flip the polarization of the ω 

field, leaving the 2ω field polarization unchanged. Finally, a wedge pair is used to obtain the fine control 

of the two fields‟ relative phase, with one of the wedge mounted on a step motor. Thus, an accurate 

control of the source is obtained and dramatic increase of the source strength can be foreseen. 

Therefore, the applications of the improved THz time domain spectroscope can also be divided in 

two categories. One category of applications based on the strength of the source, aiming for the 

observation of non-linear phenomena in various materials. Experiments of THz pump- THz probe in 

semiconductors could also be subject of investigations. Another field of growing interest is the 

application of THz radiation to biological systems. A strong and ultrafast source of THz radiation could 

potentially be used for inducing conformational changes in DNA or simply follow the dynamical 

processes occurring in living organisms. The second category of applications could take advantage of the 

wide band of frequency available. Various spectroscopic measurements could be done, along with the use 

of a cryogenic installation. Imaging applications could also be considerably improved, with an increased 

temporal resolution, revealing the presence of even thinner layered materials.  
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