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Abstract 
Harnessing the spatiotemporal control of complex fields is a critical challenge in a 
plethora of scientific domains, from photonics to ultrasound imaging. The demand for 
engineering field manipulation techniques is crucial in many disciplines, for instance, 
the investigation of imaging methodologies in disordered environments. The control 
of fields through complex media is an established application domain in microwave 
and ultrasound imaging. In the last two decades, scientists have developed similar 
approaches for optical waves. There is a great interest in extending this study to the 
state-of-the-art at Terahertz (THz) frequencies, particularly in the spatiotemporal field 
manipulation of ultrafast THz pulses, given the significant difference in methodologies 
and technologies compared to optical frequencies, for instance. Also, this study would 
be of great interest in telecom applications at THz frequencies, as communications in 
this band are expected to be more susceptible to scattering when compared to 
microwaves.  

This thesis contains the results obtained in the Emergent Photonics Laboratory, where 
I have been developing novel field manipulation techniques in random systems. I will 
illustrate a new route for harnessing the spatiotemporal properties of THz waves by 
exploiting scattering media as space-time combinatory elements. The state-of-the-art 
of THz TDS allows approaching wave scattering as a deterministic spatiotemporal 
event to be used as complex and inexpensive pulse shapers. As a specific case study, I 
will show the possibility of spatiotemporal superfocusing of ultrafast THz pulse 
propagating in complex media, corresponding to a simultaneous focusing in space and 
pulse re-compression in time. It is worth mentioning that the methodology behind 
the study of field manipulation in complex media is based on the Time-Resolved 
Nonlinear Ghost Imaging, a novel correlation-based near-field THz imaging that I have 
contributed to developing throughout my PhD. In this methodology, an 
electromagnetic image is reconstructed by correlating the known spatial THz patterns 
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projected on the target object with the scattered field measured by a standard time-
domain spectroscopy (TDS) detection, a mature approach in the field.  

The work is mainly presented in the form of a collection of publications (paper-style) 
but also includes very recent developments that are still unpublished. In its 
deployment, this thesis offers a general overview of the topic to introduce the subject 
field to a general Photonics physicist, presents published materials aggregated per 
topic, and discusses novel material and results in the final chapter. All the material 
presented has been generated by myself individually or within teamwork unless 
otherwise specified. Teamwork outputs are presented in full, with my specific 
contribution clearly highlighted at the beginning of each chapter. This project has 
received funding from the European Research Council (ERC) under the European 
Union's Horizon 2020 research and innovation programme Grant agreement n° 
725046. 
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Chapter 1: Introduction  
In modern physics, a complex system is a dynamical system composed of several units 
or subsystems that typically interact with each other. These systems are typically 
studied through a holistic investigation of the behaviour of the subsystems and their 
reciprocal interactions - eventually nonlinear - and not through the reductionism 
analysis of the individual components [1]. It is crucial to notice that a fundamental 
property of complex systems is the presence of ‘emergent’ behaviours where the traits 
of a system are not apparent from its isolated components; however, as the result of 
the interactions and relationships they form when placed together in the system. In 
other words, in a complex system, ‘the whole is greater than the sum of the single 
parts’. The relevance of complex systems was discovered in various areas of research, 
and the commonalities among these fields have become the topic of its independent 
area of research; for instance, the earth's global climate, the human brain, social and 
economic organizations, ecosystems, and ultimately the structure of the universe. The 
first research institute focused on complex systems, the Santa Fe Institute, was founded 
in 1984 [2]. Early participants included Physics Nobel laureates Murray Gell-Mann and 
Philip Anderson. Today, there are many institutes around the world and research 
centres focusing on complex systems. Notably, in 2021, the Nobel Prize in Physics was 
awarded to Syukuro Manabe, Klaus Hasselmann, and Giorgio Parisi for their work on 
understanding complex systems. Their work has not only helped make more accurate 
computer models for studying the problem of global warming [3], but it has also 
unveiled the profound richness found at the intersection between physics and the 
science of complexity.  

Interestingly, in optics, the exciting field commonly known as ‘Complex photonics’ 
is a novel branch of photonics that studies the phenomena emerging from light 
propagation in complex optical systems), ranging from random lasing [4] to Anderson 
localization [5]. It is worth mentioning, however, that in the disordered photonics 
community, the term complexity is generally used as synonymous with complex 
multibody systems (i.e., scattering media). Generally, scattering is a fundamental light-
matter interaction in optics. When an electromagnetic wave encounters an object, it 
may be scattered in a variety of ways, i.e. the object contributes to a change in the 
spatial momenta-spectrum of the wave. Different scattering regimes can be identified 
by the ratio between the typical average size of the scattering element and the 
wavelength. Rayleigh and Mie scattering, for example, correspond to scenarios where 
particles are much smaller than the wavelength or comparable to the wavelength. In 
the presence of multiple objects, the number of scattering events experienced by a 
wave component before reaching an observer, determines the typical ‘Single’ or 
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‘Multiple’ scattering regimes. Upon propagation in a scattering media, an observer 
generally experiences a combination of ballistic waves (an unscattered portion of the 
impinging wave), single- and multiple-scattering waves. 

Scattering was commonly perceived as a detrimental effect in standard optical 
applications; however, it is essential to mention that light-matter interaction problem 
can be expressed in terms of a scattering matrix – or impulse response – and this would 
allow treating the scattering system as a deterministic, linear ‘black-box’. The input-
output relation of the system can then be modelled as a matrix multiplication (in 
frequency) or convolution (in time). Once the problem is set in this framework, field 
control can be pursued by retrieving the experimental equivalent of such an operator 
based on the setup detection capabilities (e.g., intensity, field). And indeed, even 
though counterintuitively, it has been proven that disordered media can be leveraged 
to synthesise optical devices with outstanding imaging performances [6]. A typical 
example is scattering-assisted focusing, where a complex medium behaves as a sub-
diffraction focusing device [7]. Such harnessing can be pursued by retrieving the 
scattering input-output transfer matrix, as it allows to handle scattering medium as a 
completely deterministic optical filter [8]. However, at optical frequencies, the electric 
field is not generally a measurable quantity, and the extraction of the transmission 
matrix from intensity measurement is pursued with indirect spectral-interferometric 
approaches [9]. An alternative route would be using principles of light field synthesis 
within a scattering system, where a broadband spectrum is divided into individual 
spectral channels; an external modulator item would then harness the relative phases 
and field amplitudes of the spectral channels and finally combine them to generate the 
synthesised waveform at the output of the scatterer. Nonetheless, a full-waveform 
synthesis must rely upon absolute phase knowledge or ways to assess the field dynamics 
in time instead of intensity-based measurements, and if the source pulse's absolute 
phase profile is unknown, its effect on the output scattered field is also unknown. 

On the other hand, in domains where the field dynamics of scattering waves are 
directly measurable (e.g., microwaves, terahertz), it is possible to target a new scattered 
waveform by accessing the accessible ‘modes’ of the scattered waves and simply 
assuming that their linear combinations are all predictable output waveforms. Field-
sensitive detection is well-mature in the art of Terahertz (THz) photonics, where time-
domain spectroscopy is able to access the time-resolved electric field of single-cycle 
THz pulses. Indeed, by leveraging the state-of-the-art THz time-domain spectroscopy, 
the core of my PhD thesis is the development of novel field manipulation methodology 
in complex systems; this work could suggest solutions for future applications in 
complex and inexpensive pulse shapers.  

In the following paragraph, I will introduce the fundamental literature on the 
spatiotemporal control of electromagnetic radiation in random systems.  



   
 

   
 

1.1 Spatiotemporal Control of Light through Scattering Media at Optical 
Frequencies 
1.1.1 Light Propagation in Random Systems 
Collecting morphological information about the microscopic and macroscopic world 
is routinely achieved via detecting (visible) light, and, depending on the situation, 
refractive-index inhomogeneities cause light to be scattered and diffused in many 
materials [10–12]. A fundamental qualifying parameter that is a combined property 
between the scattering system and light propagation is the mean free path 𝑙𝑙 (for 
instance, the proportionality with the scattering cross section depends on the size of 
the scatterers and the relative wavelength in use), which represents the average 
distance between two successive scattering events. When light propagates within a 
scattering sample, it is possible to observe the radiation fading as it propagates deeper 
into the medium, a phenomenon known as attenuation. In a non-absorbing system, 
the radiation is converted into a diffused component with a spatial spectrum 
progressively broadened upon propagation. 

Scattering represents a considerable obstacle for imaging and light focusing in fields 
such as biomedical imaging, where most samples are highly complex [13]. In other 
scenarios, scattering management and compensation play a key role in laser 
therapy [14], art preservation [15], and photonic crystal fabrication [16]. Early studies 
in holography [17] highlighted that light scattering does not necessarily lead to an 
irretrievable loss of information [18]. Indeed, due to multiple scattering, the field is 
transformed into a particular interference pattern, also known as ‘speckles’  [19]. The 
significant knowledge achieved in early mesoscopic transport theory for electron 
dynamics  [8,20] has been of tremendous inspiration for many proposals for extracting 
imaging information from laser speckles [18,21] and therefore giving birth to a novel 
(at the time) focusing and imaging methodologies in which the nature of the 
scattering, rather than being detrimental, aids the process of imaging/light focusing. 
Undoubtedly, many innovative imaging techniques have been proposed over the years. 
Among the most important and elegant methodologies, coherent optical 
tomography [22] is a technique based on purging the scattered light by selecting the 
signal based on its propagation time, with the idea to isolate the non-scattered light 
components. However, when considering depths larger than 5𝑙𝑙, the unscattered 
(ballistic) fraction is attenuated to levels that make those methods not viable. In the 
last two decades, there has been substantial work in diffuse optical imaging to locate 
objects inside multiple-scattering media [26], and adopted for deep optical 
tomography [13]. Generally, these techniques suffer from relatively coarse spatial 
resolution, which can be improved by combining ultrasound and optical 
methods [23]. Also, many robust methods, ranging from adaptive optics [24,25] to 
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stellar speckle interferometry [26], are currently used in astrophysics experiments to 
overcome atmospheric distortion.  

Often the description of light propagation in complex media is described as the 
diffusion of particles (photons) that perform a random-walk-like propagation. More 
generally, the propagation of light waves is expressed by the wave equation 

 𝛻𝛻2Ψ(𝑟𝑟, t) = n2(𝑟𝑟)����⃗  
𝑐𝑐2

𝜕𝜕2Ψ(𝑟𝑟,𝑡𝑡)
𝜕𝜕𝑡𝑡2

. In this equation, the term Ψ(𝑟𝑟, t) represents the electric field 
of light. The propagation of the speed of light is expressed by 𝑐𝑐

𝑛𝑛(𝑟𝑟)
, where 𝑐𝑐 is the speed 

of light in a vacuum and 𝑛𝑛(𝑟𝑟) is the index of refraction of the medium. In general 
terms, scattering is a consequence of local variations of 𝑛𝑛(𝑟𝑟) in the medium, which 
can occur, for instance, due to the presence of randomly dispersed dielectric particles. 
If we consider a scattering medium as an optical input-output system with input 
surface area 𝐴𝐴, a common estimation is that the maximum number of independent 
incident modes able to radiate (channels) lies within the scale  𝑁𝑁𝑠𝑠 = 2𝜋𝜋𝜋𝜋

𝜆𝜆2
   [9] for the 

light of wavelength 𝜆𝜆. Visible light can account for ∼ 106 transversal modes per square 
millimetre. By a simple combinatory view, those modes are a decomposition basis for 
the transmission matrix  [8,20]. 
The time that a photon spends travelling inside a medium is defined by the Thouless 
time 𝜏𝜏𝐷𝐷 [27–29] and in an open medium (energy enters and leaves the medium at the 
edges), the solutions of the wave equation are quasi-modes with a frequency width of 
the order of 𝛿𝛿𝛿𝛿 = 1

𝜏𝜏𝜏𝜏
  [12,30]. When two distinct propagating monochromatic field 

components have a frequency spacing smaller than 𝛿𝛿𝛿𝛿, scattering will produce a 
strongly spatially correlated transmitted field; on the contrary, when the frequency 
difference is larger than 𝛿𝛿𝜔𝜔 the two scattered fields will be spatially uncorrelated. This 
means that the fields experience different uncorrelated transformation matrices. More 
generally, considering  a broadband field with a bandwidth of Δ𝜔𝜔 ≫ 𝛿𝛿𝛿𝛿, we would 

expect 𝑁𝑁 incident spatiotemporal degrees of freedom as  𝑁𝑁 = 𝑁𝑁𝑠𝑠 ⋅ 𝑁𝑁𝑓𝑓 = 𝑁𝑁𝑠𝑠  Δ𝜔𝜔
𝛿𝛿𝛿𝛿

 , with 𝑁𝑁𝑠𝑠 
the number of spatial modes and 𝑁𝑁𝑓𝑓  the number of independent frequency 
decompositions  [31]. The working hypothesis in scattering functionalisation is that in 
a diffusive regime, a significant fraction of these incident modes is transmitted with 
reasonable efficiency. Therefore, they can be exploited to achieve control over the 
transmitted and internal fields. This situation is not dissimilar to settings in which 
control is achieved in waveguides or photonic crystals, although in those examples, 
the number of accessible modes tends to be lower [32]. The basic scattering 
description is then quite similar across different domains, including acoustic, fluids, 
microwaves, and optics. However, the way scattering waves are harnessed significantly 
differs because of the different available technologies and methodologies. In addition, 
typical scales and scattering densities also tend to be different. 



   
 

   
 

1.1.2 A Random System as a Lens 
Historically, a seminal experiment that proved the focusing of waves in opaque media 
was realised by exploiting ultrasonic waves in water volumes containing an array of 
steel rods [33,34]. In essence, an array of transducers - specifically, ultrasonic time-
reversal mirror (TRM) [35] - was used to focus through the water–steel scattering 
medium onto distant points. While measuring the transverse size of the focus obtained 
through water without steel rods, researchers found that the optimised focal point 
generated through the scattering media was surprisingly smaller compared to the 
diffraction limit of the TRM used in the experiment. This experiment can be 
considered the first demonstration of the ultrasonic superfocusing (SF) technique. The 
subtle implication of this demonstration is that field localisation does not necessarily 
depend on the angular aperture of the focusing device but instead on the angular 
aperture of the scattering system, which can be extremely large, up to 4𝜋𝜋 steradians. 
Similar results were first observed in acoustics using time reversal [33] and later in 
microwaves through time reversal and phase-conjugation experiments [36,37]. 

 

Figure 1.1 (a) Illustrative figure that shows wavefront shaping through a disordered medium is 
able to create a smaller focus compared to the limited numerical aperture of the lens thanks to 
the higher numerical aperture of the medium, 𝜆𝜆𝑓𝑓2 /𝐷𝐷2. (b) Schematic of a refocusing 
experiment. When the input phase profile is optimized, the intensity at the target point is 
enhanced more than 103 times. Figures adapted with permission from [9]. 

In optics, Vellekoop and co-workers [58] showed that a thin layer of white paint 
(precisely, rutile particles) could be used to tightly focus a laser beam (see Fig. 1.1). 
The layer of paint was placed between a spatial light modulator (SLM) and a CCD 
camera. Different incident spatial light patterns give rise to different speckle patterns 
behind the sample. After shaping the input illumination through an iterative 
algorithm [7,39], they could achieve a tightly confined focus at the target point and 
even inside the scatterer [40]. 
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This approach requires a standard detector at the target location, and the optimization 
scheme (for instance, a genetic algorithm) is similar to the phased array methods in 
adaptive optics [24]. The experimental intensity enhancement reported, defined as the 
ratio between the optimised intensity and the average intensity before optimisation, 
was up to 𝜂𝜂 = 1,080  [38]. Similarly, in phase-conjugation experiments, it has also been 
observed that scattering in biological tissue can be exploited to increase image 
resolution [41]. 

A way to understand the statistical properties of wave propagation in scattering media 
can be by employing mesoscopic transport theory, and exhaustive work on this matter 
can be found in the review of Beenakker [20]. The concepts of open and closed 
scattering channels are critical in this framework, representing the different types of 
propagating modes inside the scattering system. A fully open channel transmits 
diffused light with almost no back reflection, whereas closed channels have a generally 
small transmission. Dorokhov and co-workers [42,43] have indeed shown that a small 
number of open channels drive the transmission of waves through a scattering sample- 
although this would depend on the nature of the scattering medium. The first direct 
observation of open transmission optical channels was by a wavefront-shaping 
experiment [44], and researchers were able to control and optimize a significant 
fraction of all incident modes to form a focus on the output. Remarkably, in the 
microwave regime, researchers have further proven the propagation of radiation in 
open channels with transmission close to unity [45].  

1.1.3 Time and Frequency Control 
An interesting question is whether scattering can be utilized to achieve control of the 
temporal waveform properties. Ideally, the accessible scattering channels in a 
scattering medium would provide great flexibility for wavefront-shaping experiments. 
What is understood is that we would expect a set of open channels corresponding to 
a particular frequency; however, by detuning the source, we would expect a different 
set of open channels and potentially lose the overall optimisation. Indeed, as shown 
in Ref. [46], wavefront shaping only worked for a narrow frequency range, and the 
effect of the optimisation is lost after the laser has been detuned beyond the speckle 
correlation frequency 𝛿𝛿𝛿𝛿. Indeed, for every frequency, one would expect a different 
set of open/close channels, and therefore, in a non-monochromatic scenario, we could 
introduce temporal reshaping. The manuscript in Ref. [31] shows that this would allow 
access to even more degrees of freedom compared to the monochromatic case. Indeed, 
the incident light will excite all the modes - within its bandwidth - in the scattering 
system. Therefore, for instance, an optical pulse source is formed by many frequency 
components, each corresponding to a unique speckle pattern (see Fig. 1.2). 



   
 

   
 

 

 

Figure 1.2 (a) The figure shows a monochromatic beam of light impinging at different positions 
on a scattering medium, and at the output, the uncorrelated transmitted field patterns (aka 
speckles) are observed. However, a particularly shaped wavefront can give rise to a bright 
transmitted focus at the output of the sample. (b) The figure shows that tuning the laser 
frequency by more than the correlation frequency 𝛿𝛿𝛿𝛿 of the medium provides an uncorrelated 
speckle pattern. By sending all the frequencies, we can create a focus in space and time by 
adjusting the phases and amplitudes. The speckle correlations are lost when moving the beam 
in space or tuned in frequency. Figures adapted with permission from [9]. 

Consequently, when an ultrashort pulse impinges on a scattering system, it is possible 
to observe both spatial and temporal distortions. Critical work on this problem has 
been extensively studied in the paper by Katz and co-workers [47], showing that 
correction of both spatial and temporal distortions can be achieved by manipulating 
the spatial degrees of freedom of the incident wavefront solely by a standard SLM.   
They demonstrated the spatiotemporal focusing and compression of chirped ultrashort 
pulses through scattering media by optimising a nonlinear signal at the output of the 
scattering media. Specifically, they could refocus 100 fs pulses in both space and time 
through thick brain and bone samples. This work opened new possibilities for optical 
manipulation and nonlinear imaging in scattering media (see Fig. 1.3). 
In parallel, there have been several theoretical proposals for time-reversal symmetry at 
optical frequencies, fundamentally corresponding to the physical property where 
events can occur in a forward or backward direction through time, with no 
fundamental distinction due to the direction. First to mention are Yariv [48] and 
Miller [49]; they proposed the use of four-wave mixing to compensate for the 
dispersion of an optical pulse spread in time. Yanik and Fan also numerically 
demonstrated the possibility of time-reversing optical pulses by dynamically 
modulating the refractive index of a dielectric photonic crystal [50]. Longhi expanded 
this work in the Bloch oscillations [51] framework. Sivan and Pendry proposed a model 
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using the dynamic modulation of a zero-gap periodic system to time-reversed a 
broadband light pulse [52], and finally, Pendry found the link between time-reversal 
and negative refraction [53], later experimentally verified by Katko and co-
workers [54]. 

 

Figure 1.3 (a) Illustrative figure showing the focusing and compression of ultrashort pulses 
through scattering media. Figure adapted with permission from [47]. (b) Typical schematic of 
a setup for refocusing through an iterative feedback methodology. Figure adapted with 
permission from [9]. (c) Experimental demonstration of spatial and temporal control of light 
through opaque media. The control is achieved by spatial manipulation of the incident 
wavefront. Figure adapted with permission from [55]. 

However, as mentioned before, at optical frequencies, a full-waveform control of the 
fields is not a trivial task; this is where the state of the art of THz allows a possible 
route to access the field dynamics. In the following paragraphs, I will overview the 
fundamentals of the art of THz photonics. I will start with a brief introduction and 
share some properties of this electromagnetic band. Following, I will explain its crucial 
application in the field of complex photonics.  

1.2 Brief overview of Terahertz Radiation 
Photonics relies on the wide availability of laser sources to investigate physical 
processes. After more than half a century, there has been considerable development in 
advanced laser devices emitting light from the Mid-IR to the UV frequency regions. 
On the lower end of the electromagnetic spectrum, electronic oscillators and antenna 



   
 

   
 

devices are able to produce bright electromagnetic radiation from the long-wave (kHz) 
to the microwave (GHz) bands. The Terahertz band lies between these two regimes 
(see Fig. 1.4) and has been known as the THz “gap” for many years due to a lack of 
efficient sources and detectors [56] until the introduction of powerful ultrafast 
(femtosecond) laser sources - nowadays, reasonably available in the market - has 
brought a completely different solution via the exploitation of several nonlinear optical 
processes. Some highly promising application scenarios have fueled the pursuit of 
bright THz sources and efficient detectors.  

 

Figure 1.4 The electromagnetic spectrum with applications associated with each band. Notice 
that the terahertz band that ranges from 0.1 − 10 𝑇𝑇𝑇𝑇𝑇𝑇 is located in between electronics and 
photonics.  

Many materials’ rotational and vibrational resonances fall within the THz region, 
including many forms of biological matter [57]. Furthermore, modern designs of 
Time-Domain THz spectroscopy (TDS) are able to measure the temporal dynamics of 
the scattered THz field, hence enabling the retrieval of the complete complex 
refractive index and absorption of the sample under investigation [58]. Last but not 
least, imaging applications at THz frequencies have many potential applications. For 
instance, for security purposes, as many common plastics and fabrics are transparent 
to THz waves, therefore, able to identify potential metallic and non-metallic hidden 
items [59]. And in medical applications, the highly absorbing nature of water in the 
THz range results in high contrast when skin tumours are imaged [60]. 

1.2.1 Terahertz Time-Domain Spectroscopy 
In this paragraph, I will illustrate how broadband THz radiation can be generated and 
detected. Since the emergence of terahertz spectroscopy, there has been a constant 
endeavour to search for novel materials with efficient emission of broadband terahertz 
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radiation. There have been notable developments in utilizing electro‐optic (EO) 
crystals, such as Zinc Telluride, over the years. In this case, the electro‐optic terahertz 
transceiver transmits pulsed electromagnetic radiation via optical rectification (OR) 
and receives the return signal using electro‐optic sampling (EOS). 

 

Figure 1.5 The experimental setup for a typical THz-TDS exploiting OR and EOS from ZnTe 
<110> crystals for generation and detection, respectively. BS: Beam Splitter.  

In the appendices, you will find a detailed explanation of the mechanism of both OR 
and EOS. The synchronisation between the OR and EOS is the fundamental element 
of standard THz Time-Domain Spectroscopy (TDS). In THz-TDS, the same ultrashort 
pulse is exploited for generation and detection as in a pump-probe setup. Note that 
the optical pulse is much shorter in wavelength than the THz transient, and therefore 
it enables the reconstruction of the THz temporal waveform inside the EO crystal (i.e., 
Nyquist theorem). The optical pulse will probe a temporal moment of the THz field 
depending on their mutual temporal overlap (time-overlap). As a result, by delaying 
the optical probe with respect to the THz waveform, the value of the THz electric 
field is temporally encoded into the optical pulse polarisation that can then be 
detected. The remarkable nature of THz-TDS is then to measure both the temporal 
envelope and phase simultaneously 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) = �𝐼𝐼(𝑡𝑡)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒𝑖𝑖Ω𝑡𝑡 , which is quite complex 
to achieve generally in photonics. Also, measuring the ‘time-delay’ means that we 
know the phase at every frequency, which removes a classical ambiguity in coherent 
optical measurements. By applying the Fourier transform to this time trace, we also 
retrieve the full spectral amplitude and phase 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇(𝜔𝜔 − Ω) = �𝐼𝐼(𝜔𝜔 − Ω)𝑒𝑒−𝑖𝑖𝑖𝑖(𝜔𝜔−Ω). 
Differently to standard spectroscopy (where you have an intensity-based 
measurement), THz-TDS has access to the spectral phase as well as amplitude and 



   
 

   
 

therefore making it possible to derive the complete complex refractive index and the 
extinction coefficient, 𝑛𝑛� = 𝑛𝑛 + 𝑖𝑖𝑖𝑖, as detailed next (full derivation in Ref. [61]).  

Practically, a reference spectrum (with no sample) and a signal spectrum of the sample 
of thickness 𝑑𝑑 are measured, and the resulting absorption coefficient is given by 

 𝛼𝛼(𝜔𝜔) =
1
𝑑𝑑

ln�
𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔)
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔)�, (1.1) 

and refractive index 

 𝑛𝑛(𝜔𝜔) = 1 +
𝑐𝑐

𝑑𝑑 ⋅ 𝜔𝜔
�𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔) − 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔)�, (1.2) 

with 𝑐𝑐 the speed of light in a vacuum, 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟,𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔) the reference and signal THz spectra 
and 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟,𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔) the reference and signal spectral phases, respectively. It is possible to 
appreciate the fundamental relevance of this method, stressing that the refractive index 
is usually not a direct and handy measurement in optical frequencies, and its 
knowledge usually requires relative measurements of the phase mapped onto intensity 
variations.  

 

Figure 1.6 (a) Example of the experimental THz electric field from a <110> 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 and (b) its 
spectrum as measured with the THz TDS shown in Fig. 1.5. 

The standard setup for THz-TDS spectroscopy is shown in Fig. 1.5. Whereas an 
example of a measured THz temporal waveform is shown in Fig. 1.6a, where the single-
cycle THz pulse is followed by a ‘coherent ringing’ due to the resonant excitation 
frequencies of water molecules in the air (however, one conventional way to avoid the 
presence of water vapour in the terahertz beam path is to purge the setup with 
dry nitrogen (𝑁𝑁2)). The Fourier transform of the electric field is shown in Fig. 1.6b. It 
provides the spectral components of the temporal pulse, extending from 0.1 →
2.7 𝑇𝑇𝑇𝑇𝑇𝑇 with several sharp water absorption lines—and oxygen contribution—
characteristic of rotational and vibrational excitation modes in the laboratory 
atmosphere [62]. 
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We could say that THz-TDS is still today in a relatively early state, and as with any 
evolving technology, there are many challenges to be addressed before its widespread 
use. For instance, the relatively long time required to acquire the entire THz waveform 
is already being tackled by including single-shot embodiments that can encode or 
directly map the THz electric field onto an optical spectrum [63,64]. Also, it is 
desirable to extend the usable THz bandwidth beyond that provided by the most 
common THz emitters, such as 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍. A potential solution to this involves reducing 
the interaction length for broader phase matching, and discussed in Appendix A, see 
Ref. [65]. 

In the following subchapter, I will discuss how the study of complex photonics has 
been extended to THz frequencies and discuss relevant literature. I will start this 
section by discussing the first experiments from Pearce and co-workers [66] of ultrafast 
THz pulses in random media; I will then extend the subject of scattering, illustrating 
some recent results on THz imaging in complex media.  

 1.3 Broadband Terahertz Propagation in Random Media 
In recent years, scientists have focused on using scale models to elucidate the physics 
of THz-wave propagation in complex systems [67]. At THz frequencies, one could 
have the advantage of studying a simplified and well-controlled model at a millimetre 
scale. Thanks to the invariance of Maxwell’s equations to length, one can scale these 
results to either larger or smaller length scales and thus gain a more general insight 
into the underlying physics [68]. Probably the first documented study is from Cheville 
and Grischkowsky, who recognised the potential of THz-TDS for scale model 
experimentation to simulate broadband radar [69] and another critical study used THz 
waves to study radar cross-sections of aircraft models [70]. T.D.Dorney and co-
workers [71] studied related techniques for scaled studies of acoustic pulse propagation 
in geophysical cases. The same group further applied scaling methods in the opposite 
direction, suggesting a new way of probing optical pulse propagation in complex 
media. These studies were beneficial for applications of THz light propagation in 
strongly scattering media, like biological samples. For instance, the relevance of such 
research can be found in spectroscopic measurements of biochemical systems (e.g., 
DNA, proteins, etc.) [72–74] and THz imaging of biological samples, such as teeth, 
skin, and tissue samples [75–78]. Indeed, the problem of controlling light propagating 
in biological media has great potential for promoting optical methods as novel imaging 
diagnostics. However, because of the random nature of these samples, finding a 
complete solution to the problem is very challenging. Generally, inside a random 
medium, the propagated wave consists of an in-phase, unscattered wave and an out-
of-phase scattered wave (photons scattered one or multiple times). By studying the 



   
 

   
 

complex propagation of light within turbid media, both coherent [79,80] and 
incoherent [81,82] radiation have been used to form images of various medium 
properties.  

One of the first demonstrations of the utility of THz scale models was the study of the 
ballistic transport of THz pulses through dense distributions of spherical dielectric 
scatterers by Pearce and Mittleman [83] (see Fig. 1.7).  

 

Figure 1.7 (a) Illustrative figure of the setup of the transmission experiment. (b) The first pulse 
is the reference, transmitted through an empty cell. The four waveforms are described and 
delayed in time due to the increasing path length (1.59, 7.94, 14.29, 20.64) mm. (c) The 
scattering coefficient as a function of wavelength, extracted from the time-domain waveforms. 
Notice that the solid curve represents a prediction of the quasi-crystalline approximation. 
Figure adapted with permission from [67]. 

Notice that at optical frequencies, it is straightforward to obtain the imaginary part of 
the effective propagation constant, linked to attenuation and absorption, but not as 
much to extract the real part [84]. However, it is a different case when using the art 
of terahertz spectroscopy because it directly grants access to the real and imaginary 
parts. In addition, THz-TDS is, by nature, a broadband technique making it possible 
to perform measurements that span the entire scattering range from Rayleigh 
scattering (𝑘𝑘𝑘𝑘 ≪ 1, where 𝑘𝑘 is the free-space wave vector and 𝑎𝑎 is the scatterer 



29 

   
 

diameter) through Mie scattering (𝑘𝑘𝑘𝑘 ≥ 1) [85]. In addition, the ability to measure the 
real part of the refractive index grants access to additional parameters, such as the 
group velocity, in close analogy with previous studies in the microwave regime [86]. 
Lastly, operating in the THz domain also provides practical advantages in the 
fabrication of the scattering samples. The different scale of THz radiation is more 
robust against the thermal and displacement of the scatterers composing the scattering 
medium as the scattering centres are usually more significant in size than those used 
in optics. At optical frequencies, the experiments are more sensitive to thermal drifts 
(from minutes in the case of solid-state to milliseconds for biological samples) or 
displacement of the scatterers due to the typical optical wavelength being much 
smaller. 

In the following paragraph, I will illustrate the basis of electromagnetic scattering. 
Specifically, I will discuss single and multiple scattering, illustrating the differences 
between the two regimes and physical models.  

1.3.1 Light Propagation in Random Media 
We call single scattering when radiation is only scattered by one localized scattering 
site, whereas when the radiation scatters multiple times, we define this as multiple 
scattering (see Fig. 1.8).  

 

Figure 1.8 An Incident plane wave 𝐸𝐸�⃗ 𝑖𝑖𝑖𝑖𝑖𝑖 scattered by a single object producing a spherical wave 
𝐸𝐸�⃗ 𝑠𝑠.  

And the crucial difference between the two kinds of scattering is that single scattering 
can be treated as a random phenomenon, and multiple scattering, counterintuitively, 
can be described as a deterministic phenomenon as the combined results of a 
considerable number of scattering events tend to average out.  



   
 

   
 

 

Figure 1.9  Infinite sample of thickness 𝐿𝐿 with randomly distributed scattering particles 
embedded in a homogeneous medium.  

Thus it can be modelled with diffusion theory (for instance, light passing through 
thick fog). Indeed the terms multiple scattering and diffusion are interchangeable in 
many contexts; for instance, optical elements designed to produce multiple scattering 
are known as diffusers. However, not all multiple scattering is deterministic and 
sometimes has random outcomes, particularly with coherent radiation.  

 

Figure 1.10 The three main scattering regimes. We note an exponential decay of the 
transmission coefficient, whereas the diffusion regime decays as 1 /𝐿𝐿. Figure adapted from [87]. 

Speckles, for instance, are random fluctuations in the multiply scattered intensity of 
coherent radiation. Unlike single-particle models, where several theories prove exact 
and approximate solutions, the problem becomes more complicated to study in the 
presence of many scattering particle systems.  
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Multiple scattering phenomena led to explore a variety of novel physics 
frameworks [10,88–90], such as photon localization [5] and diffusion [91,92].  

In Fig. 1.9, we show an incoming wave propagating through randomly distributed 
dielectric particles embedded in a homogeneous binding with different refractive 
indices.  

 

 

Figure 1.11 Three scattering mechanisms form set spherical scattering particles: ballistic, 
snake, and diffuse photons. 

We consider dimension  𝑥𝑥 − 𝑦𝑦 infinite, and 𝑧𝑧 = 𝐿𝐿; the thickness of the sample 𝐿𝐿 
influences the way light propagates inside the medium. Indeed, from this parameter, 
we are led to define three main regimes: ballistic, diffusion, and absorption 
regime  [87].  

Figure 1.10 shows the heuristic plot of the three main regimes: the transmission 
coefficient as a function of the thickness slab. The ballistic regime decays 
exponentially, and the decay rate represents the scattering mean free path 𝜆𝜆𝑠𝑠𝑠𝑠 (average 
distance between two scattering events). In the diffusion regime, we notice a milder 
decay proportional to (𝐿𝐿 + 𝐿𝐿0)−1, whereas the absorption regime dominates over long 
path thickness.   

When considering spherical scatterers, the ballistic and diffusive regimes differ in many 
properties; apart from the transmission characteristics, the two regimes differ in 
polarisation maintenance. Indeed, ballistic waves maintain their polarisation contrary 
to diffused photons, where photons encounter many scattering events. In between the 
two regimes from Fig. 1.11, we see the snake photons [93], a condition where photons 



   
 

   
 

encounter more than one scattering event. In this regime, light still maintains some 
‘memory’; for instance, its polarisation is partially preserved. 

1.3.2 Ultrafast Terahertz Imaging in Complex Media 
In the optical domain, recent imaging techniques have made it possible to investigate 
objects placed beneath a scattering medium  [94,95]. Both the spatial [7] and 
temporal [47] control of light propagation through an inhomogeneous sample (by 
means of wavefront-shaping [9]) have made possible super-resolution imaging in a 
variety of applications, such as fluorescence microscopy [96]. Computational 
techniques based on the speckle-pattern correlation analysis have further dramatically 
simplified the experimental geometries required for single-shot monochromatic or 
narrowband imaging through complex media [97]. Furthermore, computational 
methodologies such as diffusing tomography [81], temporal-field correlation 
analysis [98,99], and speckle tomography through correlation functions of the light’s 
patterns interference [100] have enabled the study of heterogeneity in dynamic turbid 
media. To date, these studies have been limited to monochromatic and narrowband 
sources. Hence, the necessity of broadband spectroscopic capabilities for complex 
material characterization has been many scientists’ focus.  

In the THz domain, the temporal correlations of diffused THz pulses have been used 
to characterize single scattering events in complex media [83,101]. Due to the spectral 
artefacts caused by multiple scattering events, only a few works to this day use 
broadband THz imaging to characterise scattering samples fully. A recent work by 
Khani and co-workers [102] used THz time-domain spectroscopy (THz-TDS) spectra 
to resolve the resonant frequencies of different materials in a heterogeneous sample 
buried beneath a turbid scattering medium. 

They extracted a spectral image of the diffused THz extinction using an oblique 
detection angle combined with a computational imaging approach (see Fig. 1.12). 
THz-TDS techniques have been used to detect and study the ballistic and quasi-ballistic 
portions of the transmitted THz waves  [57]. So far, scientists have either neglected 
the diffused transmitted THz radiation [103,104] or collected the whole scattered field 
- both ballistic and diffused components - by averaging with the ballistic forward-
scattering field [105] (for instance, the effect of volume scattering in 
pellets [103,104,106–110]). 

However, the number of works focusing on purely diffusive waves has been scarce, 
primarily because of the drastically reduced signal-to-noise ratio (SNR) characterising 
highly-scattering media  [105,111].  
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Figure 1.12 (a) The schematic of the imaging setup for measuring the diffused THz field. The 
measurement shows the angular distribution of the scattered THz spectral power. The sample 
is made of three different materials: HDPE,  𝛼𝛼-lactose, and PABA. (b) The chemical THz maps. 
Figures were adapted from [102] and re-used under the Creative Commons Attribution 4.0 
(CC-by articles). 

1.3.3 Ultrafast Terahertz Radiation and their Applications for Ghost Imaging 
Interestingly, speckle illuminations can be promising for various applications. Leibov 
and co-workers [112] have recently provided a numerical and experimental study of 
the formation of speckle patterns using broadband ultrafast THz pulses. Features such 
as size and sharpness on the diffuser parameters are demonstrated to have a strong 
dependence on the statistical parameters of speckles: for instance, the deviation of the 
phase surface inhomogeneity and the correlation length. Indeed, the speckle size 
increases as the surface correlation length increases. Utilizing random speckle patterns 
has been part of the idea behind the numerical method for the implementation of 
novel ghost imaging techniques, and in Ref. [112], scientists work on the experimental 
formation of speckle patterns using ultrafast THz pulses, see Fig. 1.13. 

Quite surprisingly, in agreement with the statistical characteristics, the experimentally 
obtained speckle patterns corresponded to the numerical results. This represents the 
experimental verification that, in principle, it is possible to form speckle patterns using 
broadband THz radiation and demonstrates the possibility of using these speckles in 
the imaging system based on the nonlinear ghost imaging method [113]. 

 



   
 

   
 

 

Figure 1.13 (a) Schematic diagram of the detection system in THz imaging setup. The Gaussian 
THz field (I) passes through the transparent phase plate with a random distribution, changing 
its spatial distribution. (b)  Initial THz profiles and resulting THz speckle patterns were 
obtained from the radiation intensity recorded on an imaging setup for the case in which THz 
radiation propagates through the phase plates located at a distance of 5 cm from the ZnTe 
crystal.  (c)  Scheme of acquisition of speckle patterns for monochromatic THz radiation. Two 
samples of Gaussian random rough surface. Figures were adapted from [112] and re-used under 
the Creative Commons Attribution 4.0 (CC-by articles). 

It is essential to highlight that utilizing broadband THz would potentially allow for 
the full spectral features of the image (hyperspectral imaging). 

1.4 The Structure of the Thesis 
This thesis presents a theoretical and experimental framework to demonstrate 
spatiotemporal superfocusing (SF) and field modulation of ultrafast THz waves in 
scattering media. Leveraging the Nonlinear Ghost Imaging methodology [113–115], I 
show that THz state-of-the-art time-domain technology provides access to the full-
wave control of electromagnetic radiation transmitted through a scattering medium.  

The thesis is structured as follows. Following the introduction to Complex Photonics 
discussed in this first part of the thesis, in chapter 2, I will showcase the Nonlinear 
Ghost Imaging work; chapter 3 illustrates the theoretical work related to the scattering 
assisted at THz frequencies; and in chapter 4, I will showcase the experimental 
demonstration. In chapter 5, I will draw a conclusion on my work and some potential 
future applications and studies still to investigate related to my subject. Finally, in 
chapter 6, I will also separately show my publications, talks, conferences, and awards.  

As mentioned in the abstract, the thesis is compliant with the ‘paper-style’ format, and 
the main results are presented as a collection of published articles. Last but not least, 
I will insert some parallel projects that I have been working on during my PhD course; 
I will collocate them inside the appendix, along with some elucidations on nonlinear 
optics. I will focus on the fundamental nonlinear mechanism that scientists use today 
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for generating and detecting ultrafast THz pulses, for instance, the basis of optical 
rectification and electro-optic sampling. The order of the chapters (not necessarily 
listed chronologically) mirrors the logical escalation of the research conducted in the 
doctoral course. 

  



   
 

   
 

Chapter 2: Terahertz Time-Resolved Nonlinear Ghost 
Imaging 
In this chapter, I will discuss the work on Time-Resolved Nonlinear Ghost Imaging 
(TNGI). The underlying physical background has been developed in Ref. [114], and 
the implemented methodology can perform super-resolution hyperspectral THz 
images. Also, at terahertz frequencies, time-domain reconstruction of the fields is 
possible by employing Time-Domain Spectroscopy (TDS) [116–118], therefore, 
enabling an analysis of temporal properties of samples (and, consequently, spectral 
information), in contrast to the intensity-only measurements commonly performed at 
optical frequencies.  

A super-resolution imaging methodology would require the generation of THz 
patterns whose minimum feature size is equal to the required physical pixel size and 
is comparable to or less than the wavelength associated with THz radiation being 
generated: this regime is called the “sub-wavelength regime”, and diffraction 
dramatically affects patterns quality after just a few hundreds of microns of 
propagation; to avoid this, the THz patterns need to be sampled just after interaction 
with the sample, implementing in fact, a “near-field” technique. The generation of 
THz patterns is achieved by the nonlinear conversion of optical patterns by means of 
optical rectification: this process is convenient because it allows the THz field to be 
modulated by the use of a standard optical spatial light modulator (SLM). In this 
methodology, the SLM allows pushing the THz patterns to the optical resolution (and, 
consequently, to sub-wavelength resolution at THz frequencies).  

Typically in a ghost imaging (GI) setup, a light beam is split into two branches; one is 
sent to a multi-pixel detector, such as a camera CCD, the other is sent to the object, 
and a single-pixel detector collects its scattered light, usually referred to as “bucket” 
detector. A digital system acquires intensity data over time from both of the sensors 
and performs a correlation: it is surprising to find out that this correlation is an estimate 
of the object’s image, and it is more accurate as more data is acquired and correlated. 
The term “ghost” is given because the CCD camera is not taking pictures of the object 
itself but is just acquiring the intensity profile of the light, which will impinge on the 
object. The ability to manipulate light with an SLM allows the implementation of a 
“computational” approach. The SLM is used to superimpose a spatial pattern over the 
incident coherent beam, which propagates until scattered by the unknown object and 
then gets collected from the bucket detector. Object reconstruction is possible even if 
the patterns are random as long as they are known and stored for the final 
reconstruction of the image. Analytically this is done with the same relations 
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developed in a non-computational GI context. The only difference is that random-
generated patterns here are known and imposed by an SLM, while in the non-
computational case, they are derived from some scattering medium (diffuser) and have 
to be acquired by the CCD camera sensor because they are initially unknown. In both 
cases, a known set of patterns is used to reconstruct the image; one can move from a 
random set of patterns to a deterministic set, constituting a base at a given resolution 
for the image. Following this, we will discuss the fundamental theoretical background 
of TNGI. 

First, a transmissivity 𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) function is defined to model both the spatial and the 
temporal information of the sample: 

𝐸𝐸+(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝑇𝑇(𝑥𝑥,𝑦𝑦, 𝑡𝑡) ∗ 𝐸𝐸−(𝑥𝑥,𝑦𝑦, 𝑡𝑡),  

referring to 𝐸𝐸+ and 𝐸𝐸− as the electric fields immediately after and before the sample 
surfaces, respectively. A crucial step is to provide the correct analytical form for the 
incident electric field, which in the hypotheses of spatiotemporal coupling absence in 
the patterns can be expressed as: 

𝐸𝐸−(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝑃𝑃(𝑥𝑥,𝑦𝑦) ⋅ 𝑓𝑓(𝑡𝑡).  

This hypothesis is strong, and this condition is verified in the actual system built in 
this work because of the nonlinear process involved in generating the required THz 
patterns.  

  

Figure 2.1 (a) Flowchart of the THz Ghost Imaging. Setup of a THz Ghost Imaging. (b) Ideal 
setup of the THz Ghost Imaging. The figure was adapted from [114] and re-used under the 
Creative Commons Attribution 4.0 (CC-by articles). 



   
 

   
 

Other ways to shape the THz spatial profile require, for instance, metallic masks and, 
in general, apertures, which violate this condition as soon as deeply subwavelength 
features are required to be present on that mask, and the THz patterns would undergo 
strong diffraction. Therefore, the nonlinear process, such as optical rectification 
discussed in the previous sections, is so desirable: a direct proportionality relation 
between optical intensity and THz field assures precise control over THz pattern 
shapes while eliminating any THz diffraction process that avoids spatiotemporal 
coupling. The task of shaping THz patterns now becomes the task of shaping optical 
patterns impinging on a THz generation crystal, which can be accomplished very easily 
with several techniques (see the flowchart and setup of the THz Ghost Imaging in Fig. 
2.1). Notice that the diffraction limit is not violated and is still valid. Indeed, in the 
generation process, no diffraction phenomenon occurs because of nonlinear near-field 
conversion, and the problem is shifted to the optical pattern generation, whose feature 
size is way smaller but still diffraction-limited. All of the previous considerations also 
explain the presence of the “nonlinear” adjective in the name of this technique. The 
transmissivity of the sample is given by  

𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = < 𝐶𝐶𝑛𝑛(𝑡𝑡)𝑃𝑃𝑛𝑛(𝑥𝑥, 𝑦𝑦) >𝑛𝑛 < 𝐶𝐶𝑛𝑛(𝑡𝑡) >𝑛𝑛 < 𝑃𝑃𝑛𝑛(𝑥𝑥,𝑦𝑦) >𝑛𝑛 , (2.0) 

where < ⋯ >𝑛𝑛  is an average over a set of n patterns, and 𝐶𝐶𝑛𝑛 is the temporal dependent 
weight associated with the 𝑛𝑛-th pattern defined as   

𝐶𝐶𝑛𝑛 = � 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 𝐸𝐸+(𝑥𝑥,𝑦𝑦, 𝑡𝑡)
𝑥𝑥𝑥𝑥

  

which is the spatial average over the entire sample plane of the THz field time-
dependent signal associated with the 𝑛𝑛-th pattern right at the exit surface of the 
sample. The last statement requires direct measurement of field (amplitude and phase), 
in contrast to the classic GI theory, which requires intensity-only measurements, and 
this descends directly from the need to retrieve the temporal behaviour of the sample 
as well.  
Fortunately, this is not a concern since THz field signals can be acquired with a TDS 
system. The definition of the term 𝐶𝐶𝑛𝑛 is very easy to be implemented, exploiting the 
capability of a lens to produce the spatial Fourier transform at a focal plane of the field 
present on the other focal plane. The spectrum is helpful because it contains the 
average spatial information at the point determined by the condition 𝑘𝑘𝑥𝑥 = 𝑘𝑘𝑦𝑦 = 0, 
which is the focus itself. Indeed, equation (2.0) determines a sequence of actions to 
retrieve the transmissivity. Firstly, the 𝑛𝑛-th optical pattern is prepared through the 
configuration of the SLM to have a nonlinear generation of 𝐸𝐸−(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) with spatial 
shape given by 𝑃𝑃𝑛𝑛(𝑥𝑥,𝑦𝑦). Moreover, a complete TDS acquisition is performed to 
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calculate 𝐶𝐶𝑛𝑛(𝑡𝑡); finally, the estimation of 𝑇𝑇(𝑥𝑥,𝑦𝑦, 𝑡𝑡) updated with new data, and the 
process repeats with a new pattern until the completion of the set.  
 
In practice, it is more efficient to cycle all the patterns while making a fixed-time 
acquisition for each pattern of the set and then to move on to the next point in time 
(and it should have more SNR due to experimental errors of the delay stage), repeating 
until the required number of points in time is reached: this is mainly to reduce the 
number of translation steps required to be done by the translational stage; if each TDS 
scan needs P points to be completed and N is the number of patterns, with the first 
approach the translational stage moves NP times, while with the last one only P times, 
which in turn determines a significant reduction of the time required and of the stage 
wear. 
Note that this discussion holds until the effects of generation crystal thickness can be 
negligible: assuming THz generation as a process happening at the input surface of the 
crystal, while THz propagates to reach the exit of the crystal, it changes its original 
shape. If z= 0 is the surface where nonlinear optical to THz conversion happens and 
𝑧𝑧 = 𝑧𝑧0 − 𝜖𝜖 is the surface where the sample lies and where the actual previously defined 
𝐸𝐸𝑛𝑛− field is projected, follows: 

𝐸𝐸𝑛𝑛− = 𝐸𝐸𝑛𝑛𝑇𝑇𝑇𝑇𝑇𝑇(𝑥𝑥,𝑦𝑦, 𝑧𝑧 = 𝑧𝑧0 − 𝜖𝜖, 𝑡𝑡) = 𝐺𝐺(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) ∗ 𝐸𝐸𝑛𝑛𝑇𝑇𝑇𝑇𝑇𝑇(𝑥𝑥,𝑦𝑦, 𝑧𝑧 = 0, 𝑡𝑡),  

where 𝐺𝐺(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) is the dyadic Green’s function tensor. This step could be avoided by 
reducing the generation crystal thickness to, for instance, 100 𝜇𝜇𝜇𝜇. Also, notice that 
already around 90 𝜇𝜇𝜇𝜇, the incident pattern is severely distorted [114], and this suggests 
that it could not be exploited to perform imaging without back-propagation. In the 
case of thin (two-dimensional) samples, fixed-time scans could be performed to reduce 
the acquisition time at the cost of losing temporal dispersion information about the 
sample. For instance, if the sample is constituted of metallic letters deposited on a 
Kapton film, this is not a concern because no different materials are involved: indeed, 
the THz field is expected to pass where letters are absent, to be blocked where it meets 
the letters because of the metal. If the sample is more complicated than that, features 
related to different materials are detected at different times because of the different 
THz refractive index, and this approach is not applicable, as stated in [114]. These 
kinds of images will be referred to as “fixed-time images”; however, when a sufficient 
number of temporal points is acquired, they will be referred to as “full-wave images” 
instead.  
Regarding the set of patterns used in this work, the Hadamard-Walsh patterns form a 
two-dimensional mathematical base for a digital image at a given resolution 𝑁𝑁 × 𝑁𝑁, 
which, in this case, is also the order of the patterns.  Hadamard patterns can acquire 
spatial information about an object image since they form an orthogonal set. 



   
 

   
 

Reconstruction of the image can be carried out losslessly once the image has been 
fully sampled. Another advantage is measurement reduction. 

 

Figure 2.2 Conceptual setup for the TNGI and an example of a terahertz full-wave 
spatiotemporal image of a metallic sample. Notice the field evolution (colour change at the 
time 𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡3) underneath the metallic mask as the structure resonance produces a secondary 
emission. In the reconstruction video, it can be observed that at different scanning times, the 
object does not appear just as a blocking mask, but it features complex resonances from the 
edges of the object. Additionally, a fundamental fact is that the time-resolved measurement of 
the scattered field also allows the reconstruction of the hyperspectral image of the sample. And 
because of the near-field condition, we were able to resolve features within a 50 µm scale even 
in the presence of a relatively thick generation crystal.  

With under-sampled data, an image can be reconstructed from a sparse representation 
in either Hadamard or Fourier domain. As a result, the long acquisition time problem 
in ghost imaging is solved. Each vector of this base is a 2𝐷𝐷 matrix containing +1,−1, 0 
elements. However, since an intensity modulation is going to be implemented, the −1 
element cannot be reproduced. Therefore, a modified set is then prepared, in which 
each pattern is split into two patterns with the following relations: 
These patterns now have only +1, 0 elements, and they are compatible with an 
intensity modulation process, but they have been doubled in number, and the total 
number of patterns is now 2𝑁𝑁2. Notice that this number is also the number of lock-
in measurements required for each image to be taken with this system in fixed-time 
mode. 

𝐻𝐻𝑛𝑛+(𝑥𝑥, 𝑦𝑦) =
𝐻𝐻𝑛𝑛(𝑥𝑥,𝑦𝑦) + 1

2
; 

𝐻𝐻𝑛𝑛(𝑥𝑥, 𝑦𝑦) → 

𝐻𝐻𝑛𝑛−(𝑥𝑥,𝑦𝑦) = 1 − 𝐻𝐻𝑛𝑛+(𝑥𝑥, 𝑦𝑦). 

 

Figure 2.2 shows a full-wave image reconstruction of the US sample. Notice that 
32 × 32 × 2  images are acquired at 20 different instants of time (TDS). Also, observe 
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that not every part of the logo is visible at any time. In addition, the same information 
enables the plot of the figures in spectral amplitude. Since the temporal reconstruction 
produces a set of THz time-domain signals at the exit of each pixel, the amplitude 
spectrum can be easily calculated out of it. 

Note that a back-propagation would also enable the use of thicker generation crystals, 
increasing the generated THz radiation and, consequently, the SNR; indeed, a higher 
SNR would allow using lower lock-in time constants, reducing the scan time. 
Currently, the time required for these images to be completed is in the range of hours, 
preventing this technique from being used to scan samples in motion.  
Another property of full-wave imaging is to characterise samples with a known spectral 
response in the THz region; then, some heterogeneous samples could be imaged to 
demonstrate the usefulness of spectral imaging as a tool to investigate the composition 
of a sample when it is constituted of unknown materials [113]. 

About the paper: Route to Intelligent Imaging Reconstruction via Terahertz 
Ghost Imaging 
The Nonlinear Ghost Imaging methodology is based on detecting the transmitted THz 
pulse with a Fourier detection scheme (ideally, by detecting only the 𝑘𝑘 = 0 point). 
However, experimentally, the probe spot size condition is substantially smaller than 
the THz focal point, and a deep analysis of how the image reconstruction is affected 
by its dimension is shown. In this invited review paper published in the MDPI 
Micromachines journal, I contributed to the text's writing and reviewing prior to 
submission.  

Impact 
The article was published on the 20th of May 2020 and targeted the MDPI 
Micromachine journal, with a 5-year impact factor of 2.943. The journal's scope spans 
all optics and photonics, which is obviously fitting with the article's claims. The article 
currently has 11 citations, and the potential impact is highly significant within the THz 
imaging community. The Altmetric Attention is 6. 

Link 
 

About the paper: Hyperspectral Terahertz Microscopy via Nonlinear Ghost 
Imaging  
The previously pursued projects on spatiotemporal control in scattering media have 
been based on a novel near-field THz imaging methodology that I contributed to 
developing during my PhD, the Nonlinear Ghost Imaging. Generally, ghost-imaging 
systems use a single bucket detector (which is much more convenient in the THz 
region thanks to TDS) and a spatial light modulator (SLM) to spatially illuminate 

https://www.mdpi.com/2072-666X/11/5/521


   
 

   
 

patterns with a series of orthogonal matrices (for instance, Hadamard basis) in order 
to retrieve the image. Fundamentally, the idea is that, depending on the spatial 
frequencies of the pattern, the single-pixel detector signal varies with each 
illumination, and by correlating the patterns with the detected field and summing 
them, the image is formed. The motivation for using such a scheme in the THz range 
is because, in principle, by patterning the optical beam prior to THz generation, the 
actual observed resolution is limited by the spatial light modulator pixel size instead 
of the much larger THz wavelength. Indeed, the article is an experimental 
demonstration of hyperspectral THz nonlinear ghost imaging, where the diffraction in 
the THz fields is overcome by detecting the entire time-resolved waveform and 
backpropagating the image. 

Last but not least, overcoming the space-time coupling via inverse propagation 
dramatically improved the hyperspectral image. My role in this work was to design 
and implement the experimental setup by using a spatial light modulator (SLM). The 
setup worked and measured the first spatiotemporal images of a metal mask (the mask 
was a combination of metal and a Kapton with imprinted the University of Sussex 
logo ‘US’). Also, I contributed to the text's writing prior to submission.  

Impact 
The article was published in Optica on the 19th of February, 2020.  The article targeted 
the Optical Society of America journal Optica, which has a 5-year impact factor of 
14.526. The journal's scope spans all optics and photonics, obviously fitting with the 
article's claims. The article currently has 76 citations, and the potential impact is highly 
significant within the THz imaging community. The Altmetric Attention is 131. 
Link 
  

https://opg.optica.org/optica/fulltext.cfm?uri=optica-7-2-186&id=427580
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2.1 Route to Intelligent Imaging Reconstruction via Terahertz Ghost 
Imaging    
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2.2 Hyperspectral Terahertz Microscopy via Nonlinear Ghost Imaging  
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Chapter 3: Terahertz Spatiotemporal Superfocusing - 
Theoretical Framework 
This chapter will show the numerical investigation of broadband spatiotemporal 
control of THz pulses in random systems. The idea is to develop an experimental-
driven approach combining THz waves' state-of-the-art nonlinear wavefront shaping 
with a deterministic technique suitable for the typical measurement conditions of THz 
Time-Domain Spectroscopy (TDS). As highlighted in the introduction, the ability of 
TDS to coherently detect the scattered field's full-wave properties (amplitude and 
phase) allows for optimising the spatiotemporal properties of the transmitted field, a 
possibility usually out of reach at optical and infrared frequencies. 

The combination of THz technology with concepts and methodologies from complex 
photonics opens up the intriguing (and unexplored) possibilities of performing time-
resolved, full-wave scattering matrix retrieval experiments. Such a remarkable result 
would have a profound impact, especially for THz imaging, since time-resolved 
characterisation techniques are currently highly desired due to the broad spectra of 
potential applications, including deep-tissue biological imaging and time-reversal 
control of optical waves [119,120].  

 

Figure 3.1 Illustrative figure of a THz spatiotemporal superfocusing.  
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Indeed, THz wavefront shaping has several advantages, such as broadband excitation 
and coherent, field-sensitive detection, over its optical counterpart to measure field-
sensitive transmission properties of scattering media. 

In conclusion, this chapter will demonstrate a numerical approach to the coherent 
spatiotemporal control of THz waves propagating through a random system. Similarly 
to the Nonlinear Ghost Imaging presented in the previous chapter, the methodology 
combines the nonlinear conversion of optical patterns to THz structured fields with 
field-sensitive THz field detection, as enabled by state-of-the-art TDS technology. I 
will show how the full-wave detection of the scattered THz field enables retrieving the 
field-sensitive transfer function of the medium directly in a deterministic fashion. 

About the paper: Nonlinear Field-Control of Terahertz Waves in Random 
Media for Spatiotemporal Focusing 
In this work, I theoretically investigate a field-sensitive wavefront shaping 
methodology to control the spatiotemporal properties of terahertz pulses transmitted 
through a random medium. These results differ from traditional spatiotemporal 
focusing at optical frequencies, as THz-TDS detection enables a direct, coherent 
measure of the properties of the transmitted electric field. Such a remarkable result 
would profoundly impact THz imaging, as time-resolved characterisation techniques 
are highly desired due to the broad spectrum of potential applications, including deep-
tissue biological imaging and time-reversal control of optical waves [119,120]. I 
considered different wavefront control applications in relevant case studies, including 
spatiotemporal focusing, phase inversion, temporal shifting control, and re-
compression of a chirped THz pulse. Also, I show the ability to manipulate the carrier-
envelope-phase (CEP) of a single-cycle incident pulse. My role in this work was to 
design and framework the theoretical model and perform the simulations. Also, I 
contributed to the text’s writing prior to submission. Finally, in the appendix, I shared 
the MATLAB code for the pulse retrieval case.  

Impact 
The article was published in Open Research Europe (ORE) on the 8th of March, 2022. 
ORE is a new publishing platform for open-access publication. The service enables 
open peer review for research stemming from Horizon 2020 and Horizon Europe 
funding. The Altmetric Attention is 7. 
 

Link  
 

About the paper: Deterministic Terahertz Wave Control in Scattering Media 
This theoretical work demonstrates a deterministic approach toward the coherent 
spatiotemporal control of THz waves propagating through a scattering medium. The 
methodology combines the nonlinear conversion of optical patterns to THz structured 

https://open-research-europe.ec.europa.eu/articles/2-32


   
 

   
 

fields with field-sensitive THz field detection, as enabled by state-of-the-art TDS 
technology. Notably, the full-wave detection of the scattered THz field allows 
retrieving the field-sensitive transfer function of the medium directly in a deterministic 
fashion, as described through a coherent transfer matrix modelling. The complex time-
domain elements of the coherent transfer matrix are sampled by projecting a sequence 
of orthogonal Walsh-Hadamard patterns. The TDS allows for a sufficient description 
of the coherent transfer matrix to enable spatiotemporal control through a direct 
inversion approach. The project demonstrates the formation of the retrieval complex 
field distribution and phase-only image concealed by the scatterer as relevant 
examples. Such control could impact THz imaging, where wave-shaping is generally 
a challenge. My role in this work was to help design the theoretical framework, and  
I contributed to the text’s writing prior to submission. 

Impact 
The article was published on 19th July 2022 in ACS Photonics, which has an impact 
factor of 7.529 (2022), and the journal scope spans all of optics and photonics, fitting 
with the article's claims. 

Link 

https://arxiv.org/abs/2203.16929
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3.1 Nonlinear Field-Control of Terahertz Waves in Random Media for 
Spatiotemporal Focusing  
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3.2 Deterministic Terahertz Wave Control in Scattering Media 
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Chapter 4: Experimental Spatiotemporal Superfocusing of 
Ultrafast Terahertz Pulses through Scattering Media 
This chapter will present an experimental investigation of broadband, spatiotemporal 
focusing of ultrafast terahertz pulses in random media. The experiment combines state-
of-the-art nonlinear wavefront shaping of terahertz waves with evolutionary 
optimisation techniques suitable for the typical measurement conditions of terahertz 
time-domain spectroscopy. The art coherently enables the detection of the full-wave 
properties of the scattered field, and it allows for the optimisation of the 
spatiotemporal properties of the transmitted field, a challenging task at optical and 
infrared frequencies. In this work, I will show that by tailoring the optical spatial 
intensity distribution, it is possible to achieve a spatiotemporal superfocusing at 
terahertz frequencies by accessing the internal modes of a random system. 

4.1 Introduction 
The physics of wave propagation in multiple scattering environments has been of 
interest in various domains ranging, for instance, from solid-state physics to optics or 
seismology, whether in quantum or classical regimes [121–125]. The study of statistical 
moments of the wave amplitude introduced many physical parameters such as the 
mean free path (i.e., the average distance over which a moving particle travels before 
substantially changing its direction or energy), the diffusion constant (i.e., physical 
constant that depends on the scatterer size and other properties of the diffusing 
substance), and the dimensionless conductance (alias, Thouless factor), which all are 
relevant concepts regardless of the type of wave considered. 

 

Figure 4.1 Conceptual figure of a THz pulse propagating throughout a random media.  



   
 

   
 

Empirical manifestations of multiple scattering in diffusive regimes, such as coherent 
backscattering, long-range correlation, and wave localisation, have also been observed 
for different kinds of waves [5,126–128]. In that respect, in the last two decades, 
scientists working in the field of photonics have taken inspiration from the previous 
theoretical concepts, bringing original possibilities to the study of multiple scattering. 
Indeed, when light propagates in an inhomogeneous medium, its wavefront is 
scattered and distorted due to multiple scattering. It is well acknowledged how 
multiple scattering can severely impact the transmitted field's features, hindering, for 
example, the ability to reconstruct images of an object. Indeed, the structural disorder 
is commonly perceived as detrimental in optics, as it is classically associated with 
unpredictability and decay of information. However, researchers have demonstrated 
that disordered media can be utilised in developing optical devices with outstanding 
imaging performances [94,96]. Indeed, the demonstration that an optimised spatial 
illumination pattern would reduce the distortion induced by the scattering medium 
opened a new class of spatial field manipulation methodologies [38]. Adaptive and 
computational imaging process based on iterative approaches has been successfully 
applied to the reconstruction of different field features after propagation in scattering 
media [129–131]. Indeed, in scattering conditions, light propagation produces complex 
speckle patterns that have a nontrivial connection to the incident wavefront. Many 
approaches have been proposed to determine the optimal pattern configuration either 
by feedback-driven optimisation [132–134], applying optical phase conjugation 
techniques [135,136], or probing the medium transmission matrix, which describes the 
transmission properties of random systems [137,138]. While the spatial focusing of 
monochromatic light has been extensively demonstrated, current research tackled the 
nontrivial problem of disorder-induced temporal broadening, an inherent challenge 
connected to the propagation of ultrashort broadband pulses [46,139,140]. When 
considering non-monochromatic waves, multiple scattering effects induce significant 
temporal distortions of the pulse shape and several forms of spectral 
aberrations [141,142]. Quite interestingly, recent results have suggested that the 
intrinsic spatiotemporal coupling induced by the scattering medium enables 
controlling the temporal properties of the scattered field by addressing only the spatial 
degrees of freedom at the input [143,144] (i.e., the incident wavefront profile). Despite 
these remarkable achievements, not many studies to date have reported a coherent, 
full-wave (field and phase) empirical characterisation and functionalisation of random 
media, as at optical frequencies accessing the time-domain full-field properties of the 
scattered field is remarkably challenging. In the art of optical frequencies, the 
combination of interferometric setups and tuneable monochromatic sources has been 
employed to infer the complex spectral properties of the transmitted field; however, 



101 

   
 

these measurements are still incoherent [38]. Interestingly, optical frequency combs 
can be exploited to provide indirect access to temporal field properties [145].  

In this chapter, I will show an experimental demonstration of the possibility of 
allowing complete space-time control at terahertz (THz) photonics, where time-
resolved, field-sensitive detection is well-established [146], via the time-domain 
spectroscopy (TDS) approach. Based on the current theoretical framework discussed 
in Refs. [147,148], I will show the ability of THz-TDS to detect the broadband, full-
field properties of a transmitted pulse, representing a different methodology to gain 
information about the scattering properties [67]. The application of THz-TDS to the 
modelling of random-material properties of scattered media is a relatively new 
field [85], although pioneering works explored the subject several years ago [149].  

The possibility of implementing a field-based wavefront control methodology for 
scattering media is mainly unexplored.  

4.2 Discussion 
This work provides an experimental study of time-resolved, field-sensitive detection 
in spatiotemporal focusing of broadband THz pulses using scattering media. 
Specifically, I combined the nonlinear generation of THz patterns from structured 
optical beams with an evolutionary optimisation feedback loop to focus an ultrafast 
THz pulse spatially (i.e., throughout a pinhole at the output of the scattering medium) 
and temporally (i.e., compressing the pulse in time). The method relies on the Time-
domain Nonlinear Ghost Imaging (TNGI) methodology [113,114,150] and is universally 
applicable to complex objects. With solely a spatial amplitude control, I prove control 
over the scattering field and manage to focus the radiation inside a sub-wavelength 
pinhole at the output of the scattering medium [67]. One way to model the 
transmission properties of the medium is to define a dispersive transmission operator 
𝑇𝑇𝑇𝑇(𝑥𝑥,𝑦𝑦,𝜔𝜔)  [151] [147,152], and for the sake of simplicity, I limit a scalar description, 
but a more general approach could be extended to a full-vector formulation [153]. By 
defining the input field distribution 𝐸𝐸−(𝑥𝑥,𝑦𝑦,𝜔𝜔), and the field transmitted through the 
scatterer  𝐸𝐸+(𝑥𝑥,𝑦𝑦,𝜔𝜔) , it is possible to express 

 𝐸𝐸+(𝑥𝑥, 𝑦𝑦,𝜔𝜔) = ∫𝑑𝑑𝑥𝑥′𝑑𝑑𝑦𝑦′ 𝑇𝑇𝑇𝑇(𝑥𝑥 − 𝑥𝑥′,𝑦𝑦 − 𝑦𝑦′,𝜔𝜔) 𝐸𝐸−(𝑥𝑥′, 𝑦𝑦′,𝜔𝜔). (4.1) 
Thus, the optical wavefront control aims to identify the optimal incident field 
distribution 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜− (𝑥𝑥,𝑦𝑦, 𝑡𝑡) which produces the desired output field 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡+ (𝑥𝑥,𝑦𝑦, 𝑡𝑡) 
after the scatterer [9]. When operating at THz frequencies, the ability to control the 
incident electric field distribution is hindered by the limited availability of spatial light 
modulators (SLM) devices at those frequencies. To overcome this limitation, it is 
possible to obtain the desired terahertz field distribution through the nonlinear 



   
 

   
 

conversion of structured optical beams, an approach I have developed in TNGI [113–
115]. Hence, any optical pattern generated through a standard SLM device can act as 
a direct source of THz patterns. Indeed, by considering a nonlinear quadratic process 
generated by a 1 𝑚𝑚𝑚𝑚 thick Zinc Telluride crystal, the relation between incident optical 
intensity and generated THz field is expressed as 

 
𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇(𝑥𝑥,𝑦𝑦) ∝ 𝜒𝜒(2)𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥,𝑦𝑦), (4.2) 

enabling precise control over the THz field profile by simply shaping the incident 
optical pulse. A key advantage of this methodology is that the spatial resolution of the 
THz patterns can go below the THz wavelength, as it is only bound by the diffraction 
limit of the optical beam. Besides, the nonlinear conversion ensures that the spatial 
pattern is well-defined across the whole THz band, enabling the generation and 
control of single-cycle, THz structured beams.  

The objective is to manipulate the full-field properties of the transmitted THz pulse in 
a specific pixel of the output plane by placing a spatial pinhole at the output facet of 
the scatterer, corresponding to the desired focal spot (𝑥𝑥0,𝑦𝑦0). To optimise the 
wavefront of the transmitted pulse, the collected THz field from an ensemble of 
patterns is analysed and ranked through an optimisation algorithm (e.g., a Genetic 
Algorithm (GA)) that provides the feedback required to optimise the transmitted field 
iteratively. At the output of the scattering medium, I place a pinhole at a 2f-2f imaging 
condition relative to the TDS detection. Therefore, the transmitted THz pulses are 
coherently sampled via a standard electro-optic sampling detection (i.e., detection 
crystal ZnTe). Notably, the configuration enables an optimisation feedback loop that 
considers the temporal field properties instead of average intensity, as is generally the 
case when operating at optical frequencies. Also, the near-field THz provides a 
significant advantage in terms of available degrees of freedom. The THz field can be 
densely sampled in space, with patterns of sub-wavelength spatial resolution.  

 

Fitness function Definition Optimisation 

A max(𝐸𝐸0(𝑡𝑡))
𝜎𝜎[𝐸𝐸0(𝑡𝑡)]

 Spatiotemporal focusing 

B −  𝑚𝑚𝑚𝑚𝑚𝑚(𝐸𝐸0(𝑡𝑡)) Phase inversion 

C −|𝜇𝜇[𝐸𝐸0(𝑡𝑡)] − 𝑡𝑡0| Time-shift 

Table 4.1 The set of cost functions used in the GA. In all these expressions, the electric field is 
measured in the desired focal point, i.e. 𝐸𝐸0(𝑡𝑡) ≡ 𝐸𝐸(𝑥𝑥0,𝑦𝑦0, 𝑡𝑡), and (𝑥𝑥0,𝑦𝑦0) coincide with the 
spatial probe overlap, 𝜇𝜇[𝐸𝐸0(𝑡𝑡)] and 𝜎𝜎(𝐸𝐸0(𝑡𝑡)) is the first and second moments of the 
probability distribution defined by |𝐸𝐸(𝑡𝑡)|. 
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This advantage makes the framework very different from typical optical embodiments, 
where the spatial sampling is limited by the numerical aperture of the 
illumination [154]. Moreover, the methodology iteratively seeks the optimal pattern 
by shaping the incident wavefronts by defining a target function used as a feedback 
cost function for the GA [147]. I performed the experiment using samples of float-
zone (high resistivity) silicon flakes (around 150 μm diameter) embedded in paraffin 
wax. Silicon is almost transparent at THz frequencies, making the scattering media 
contribution less absorbing. The samples have an 8% Silicon mass fraction.   

In Fig. 4.2(a, d), I show a conceptual figure of the experiment. In Fig. 4.2(b), I show 
the unoptimised and optimised pulses in red and blue, respectively (the unoptimised 
pulse corresponds to the measurement taken with the SLM off).  

Fig. 4.2(c) shows the second central moment and peak field value optimisation, and 
in Fig. 4.2(e), I plot the set of TDS ranked relative to the cost function A in Table 4.1. 
In Fig. 4.2(f), the spectrums of the transmitted pulses are compared with the reference 
pulse (measurement taken with no scattering medium). I can notice that the optimised 
pulses have a significantly larger spectrum or pulse time compression. Because this 
approach is sensitive to the full-wave coherent field properties of the pulse, I 
demonstrate the ability to invert the optical phase of the THz pulse by employing the 
fitness function B from Table 4.1, as illustrated in Fig. 4.3. In this case, the algorithm 

 
Figure 4.2  Spatiotemporal focusing of a terahertz pulse. (a, d) Conceptual figure of 
spatiotemporal focusing results: The THz plane wave is projected on a disordered medium, 
transmitting unoptimised light scattering. (b) The wavefront of the incident THz pulse is shaped 
so that scattering acts as a spatiotemporal lens creating a focus on the output of the sample. The 
pinhole is in contact with the scattering medium (i.e., ideally ℎ ∼ 0). (b) Optimised pulse (blue) 
and unoptimised field - with SLM off - (in red). (c) The second central moment and peak field 
value optimisation. (e) The set of TDS ranked relative to the cost function A in Table 4.1. (f) 
Spectrums of the reference, the optimised and the unoptimised pulses.  



   
 

   
 

seeks the best spatial pattern that minimises the THz peak field. In Fig. 4.3(a), I show 
a conceptual figure of the experiment. The corresponding temporal profile is shown 
in Fig. 4.3(b), and in Fig. 4.3(c), I show the peak fields ranked relative to cost function 
B in Table 4.1. 

Furthermore, I illustrate the ability to optimise the temporal properties of the 
transmitted wavefront, specifically, the pulse’s temporal delay.  

 

Figure 4.3 Optimised pulse with inverted phase. (a) Illustrative figure. (b) Temporal profile of 
the output THz pulse with inverted phase relative to the reference (scanned without scattering 
medium). (c) Peak fields are ranked relative to cost function B in Table 4.1. 

For this scenario, I employed the optimisation fitness function C in Table 4.1, which 
seeks incident patterns yielding an output wavefront with the desired temporal mean 
𝑡𝑡0. In other words, I show that with a standard spatial light modulator, I can optically 
control the delay time of THz pulses. In Fig. 4.4(a), I show an illustrative picture of 
the experiment. In Fig. 4.4(b), I show four pulses time-shifted from pattern {1, 30, 80, 
100}. In Fig. 4.4(c), I show the first central moment values. In Fig 4.4(d), I show the 
field map of the ranked pulses. It is achieved a time shift of roughly 1 𝑝𝑝𝑝𝑝.  

Figure 4.2 shows the spatiotemporal focusing of a THz; in this case, by using the cost 
function A (Table 4.1), the algorithm looks for the best spatial pattern that 
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simultaneously maximises the peak field passing throughout a subwavelength pinhole 
(200 𝜇𝜇𝜇𝜇  aperture) and compresses the pulses in time.  

 

 

Figure 4.4 Field temporal shift. (a) Illustrative figure. (b) Four THz pulses, time-shifted at 
around 1 𝑝𝑝𝑝𝑝, respectively pattern {1, 30, 80,  100}. (c) The first central moment value 
optimisation. (d) The TDS ranked relative to the cost function. The measurements of the 
temporal shift are taken with the cost function C from Table 4.1. 

4.3 Experimental Setup 
A pulsed laser with a central wavelength of 800 𝑛𝑛𝑛𝑛 (Coherent Libra, 1 𝑘𝑘𝑘𝑘𝑘𝑘 repetition 
rate) is reflected off an LCMOS-SLM (Hamamatsu X10468 Series). The SLM screen is 
imaged on the surface of a ZnTe crystal, and the THz-shaped pattern is created via 
optical rectification. The shaped THz wavefront is then projected on the scattering 
medium placed in contact with the nonlinear crystal to preserve the near-field 
condition. I place a pinhole at the output of the scattering medium. Therefore, the 
transmitted THz field is projected with a 2f-2f imaging condition and coherently 
detected with a standard electro-optic detection.  

The scattering sample consists of high resistivity, float zone silicon flakes (𝑛𝑛𝑆𝑆𝑆𝑆 = 1.46) 
embedded in paraffine (𝑛𝑛𝑝𝑝 = 1.52); 𝑛𝑛𝑆𝑆𝑆𝑆 and 𝑛𝑛𝑝𝑝 are the refractive index of silicon and 
paraffin, respectively. The metal pinhole with a  200 𝜇𝜇𝜇𝜇 aperture was a slice of 
aluminium foil, see Fig. 4.5.  



   
 

   
 

 

Figure 4.5 Schematic of the apparatus. 

4.4 Conclusions 
In summary, the results of this chapter show spatiotemporal control of diffuse ultrafast 
THz pulses in random media. As relevant examples, I show the spatiotemporal 
refocusing and compression of a broadband THz pulse by optimising the spatial and 
temporal features of the transmitted THz field. Also, I considered different wavefront 
control applications, including phase inversion and temporal shifting control. This 
work shows that wavefront control of the THz pulse’s temporal and spatial properties 
can be achieved by acting only on the spatial degrees of freedom. 
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Chapter 5:  Conclusions & Future Perspectives  
This thesis defines and demonstrates a novel methodology for complete control over 
the spatial and temporal features of the THz patterns in random media. The approach 
relies on the generation of THz patterns by nonlinear conversion of a patterned optical 
beam and by the synergy of the ‘Nonlinear Ghost Imaging’ (TNGI) protocol that I 
contributed during my PhD. The methodology allows us to obtain a full-wave 
description of the light-matter interaction between THz illumination and the 
disordered sample. I believe this work can represent a substantial breakthrough in 
nearfield imaging and THz field modulation, especially in light of the emergence of 
more efficient THz modulators and emitters [112,155]. Veli et al., in particular, recently 
published a novel neural network methodology for THz field modulation [155], 
achieving a frequency range from 2 to 4 THz. Moreover, time-resolved field 
measurements can be employed to achieve remarkable performances in deep-tissue 
biological imaging and hyperspectral inspection, as defined in the TNGI publication. 
These applications rely on reconstructing the full-wave transmission properties of 
complex samples, such as turbid media or biological tissue, a task still challenging at 
optical frequencies.  

Additionally, field-sensitive detection can open future projects, some of which are 
finalised, such as super-resolution THz imaging through scattering or turbid media. 
Another vision is to exploit scattering media at terahertz (THz) frequencies as 
encrypting combinatory structures for secure communication. Scattering-based 
encryption is a hot topic in general photonics [156–158]. The basic idea is to exploit a 
scattering medium as a space-time combinatory element in order to produce complex 
spatial-temporal dispersion behaviour. Indeed, the knowledge of the specific 
transmission response can be used to isolate the information between the intended 
and unwanted receivers. 

In contrast, the inherent complexity of the scattering makes this combinatory element 
challenging to clone or guess. However, typical optical methodologies tend to be 
limited by intensity-only detection approaches. While the spatial distribution of the 
scattering is quite accessible, the temporal response is much more difficult to exploit. 
In this sense, the availability of the time-domain terahertz system and scattering 
exhibited by macroscopic structure at terahertz waves provides a platform with the 
opportunity to step beyond this scenario. In other words, the future project could be 
a terahertz encryption scheme by exploiting the full-wave properties of the scattering 
medium as the unique physical key. Such an optical scheme encrypts the information 
into the highly scattered wavefront of the light field and relies on the unique key to 



   
 

   
 

decrypt the data with an iterative algorithm. I expect this novel optical encryption 
strategy to benefit practical applications, such as terahertz-encrypted communication, 
authentication, and anti-counterfeiting. Indeed, this thesis represents a novel input to 
such a new subject. I aim to continue developing novel technologies for terahertz 
applications and hope this work will help the future generation of scientists unveil 
new fascinating, unexplored science.  

Final Reflections 
Finally, before I conclude, I will dedicate a few lines about my experience as a PhD 
student at the University of Sussex. Working in the Emergent Photonics Lab has been 
extremely exciting. I believe I have gained a solid understanding of many things during 
these years, from the different aspects of researching and writing scientific manuscripts 
to communication skills, and I thank my supervisors for allowing me to be part of 
their team. Also, I had an exceptional experience getting involved in outreach activities 
as president of the OPTICA student chapter; I am so honoured about all the work we 
have done together, and I will never forget those moments of joy and victory (for 
instance, winning the Wonderful World of Optics Competition Prize in 2021). I 
believe this has been an excellent experience and undoubtedly strengthened my 
transversal communication skills. Last but not least, a few words on the pandemic. 
Covid-19 did not make life any more manageable (I guess it was not a pleasant time 
for anybody on this planet). Nevertheless, even during these dark moments, I took 
the chance to get involved in volunteering activities. I volunteered as a Steward 
Volunteer to support the NHS with COVID-19 vaccines during the pandemic. For 
various reasons, I felt the need to give something back and help the community (at 
least in a small part) in these difficult times. Undoubtedly, this adventure provided an 
opportunity to develop new skills and meet many interesting people.  

To conclude, I will never forget this experience and will keep a remembrance of 
Brighton in my heart. Moreover, I would recommend all students with some interest 
in this field to pursue a PhD course as I believe it will be a crucial step in their life. 
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Appendix A: All-Optical Two-Colour Terahertz Emission 
from Quasi-2D Nonlinear Surfaces 
A.1 About the paper: All-Optical Two-Colour Terahertz Emission from 
Quasi-2D Nonlinear Surfaces 
Both the nonlinear ghost imaging and the study of nonlinear surfaces (addressed in 
this section) are linked to the main project of THz complex imaging. The idea stems 
directly from the ERC-CoG project TIMING (Time-Resolved Nonlinear Ghost 
Imaging), which focuses on THz imaging. And indeed, one of the main constraints in 
developing near-field THz imaging devices lies in minimising the thickness of the THz 
emitter. This chapter demonstrates the generation and control of THz radiation from 
the two-colour excitation of a semiconductor interface. Such a purely optical process 
is enabled by the tight confinement of the interacting fields in an extremely thin and 
large-area semiconductor surface composed of just a few atomic layers and compatible 
with existing electronic platforms. This work is a step ahead in placing terahertz 
sources in inaccessible places; this has excellent scientific appeal but is still very 
challenging in practice. Terahertz radiation can have a superlative role in material 
science, life science and security; nevertheless, it is still alien to most existing 
technology, and this piece of research is a milestone in our route to bringing terahertz 
functions closer to our everyday lives. 

By taking inspiration from the generation of THz in the air using the highly nonlinear 
ionised plasma - a work done by Dai and co-workers [159] – this project aimed to 
investigate a novel physical mechanism for generating highly efficient THz-emitting 
nonlinear surfaces. Generally, an ultrafast pulse is combined with its second harmonic 
within a very tightly confined and highly intense region in the air. Initially, the 
description of this process was modelled as a third-order perturbative 𝜒𝜒(3) mixing with 
the incident fields to produce a rectified THz field [160,161], and the air provided as a 
medium that is naturally phase-matched. Furthermore, new studies have questioned 
the need for a more detailed interpretation of the THz conversion [162,163]. However, 
under the above bandgap excitation conditions at the semiconductor surfaces, the 
third-order susceptibility is significantly high and crucial, as shown by surface optical 
rectification (SOR). Therefore, instead of seeding the rectification with the surface 
field (which is now known to be heavily screened), we could seed the nonlinear 
product with the second harmonic of the pump field and consequently enhance the 
total emitted THz energy by surpassing the soft-saturation limits of SOR. Notice that 
the skin depth 𝛿𝛿𝛿𝛿 of the second harmonic in the experiment is dramatically shorter 
than that of the fundamental, (𝛿𝛿𝛿𝛿400 𝑛𝑛𝑛𝑛 = 16 𝑛𝑛𝑛𝑛 as opposed to 𝛿𝛿𝛿𝛿800 𝑛𝑛𝑛𝑛 = 140 𝑛𝑛𝑛𝑛). 
Thus, the interaction region is highly subwavelength (compared to the generated THz) 

https://phys.org/tags/material+science/
https://phys.org/tags/material+science/


   
 

   
 

and is, in principle, free from any phase matching limitations of nonlinear bulk 
processes.  

Also, in developing advanced integrated photonics platforms, nonlinear optics play a 
crucial role, for instance, when considering sub-wavelength structures. An attractive 
framework for fundamental investigation in light-matter interaction is the study of 
nonlinear surfaces, nanostructures and two-dimensional media, as they are inherently 
free from any longitudinal phase matching constraint; scientists have mainly studied 
this field in the optical and near-infrared spectral regions.  

In this chapter, I will discuss the mechanism of generating ultrafast THz pulses from 
the nonlinear optical mixing enabled by surface third-order nonlinearity. Specifically, 
this work thoroughly investigates the coherent generation of THz radiation from 
narrow-bandgap semiconductor surfaces exploiting two colours, deeply above band-
gap illumination. Notice that this process differs from the optical rectification field 
induced by symmetry breaking at the medium surface, and the THz generation is 
directly controllable by adjusting the relative phase between the interacting optical 
fields.  

 
Figure A.1 The illustrative figure of the all-optical two-colour terahertz emission.  

The process is denoted as All Optical Surface Optical Rectification (AO-SOR), and the 
relation describes it: 
 𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇 = 𝜒𝜒(3)(𝜔𝜔𝑇𝑇𝑇𝑇𝑇𝑇, 2𝜔𝜔,−𝜔𝜔,−𝜔𝜔)𝐸𝐸2𝜔𝜔(𝑡𝑡):𝐸𝐸𝜔𝜔∗ (𝑡𝑡):𝐸𝐸𝜔𝜔∗ (𝑡𝑡),  

 
where 𝐸𝐸𝜔𝜔(𝑡𝑡) is the fundamental electric field of the optical pulse (e.g., 𝜆𝜆 = 800 𝑛𝑛𝑛𝑛) 
and 𝐸𝐸2𝜔𝜔(𝑡𝑡) (e.g., 𝜆𝜆 = 400 𝑛𝑛𝑛𝑛) is the second harmonic (SH). Firstly, to observe this 
emission, the fundamental field is projected through a type I phase matching in a  𝛽𝛽-
BBO crystal cut and partially converted into its second harmonic. Moreover, by using 
a birefringent calcite plate, we imposed a controlled phase delay between the 
fundamental and second harmonic fields. Consequently, a beating between them was 
expected at the SH frequency; hence, it was possible to isolate the contributions from 
both SOR and AO-SOR, and thus, the enhanced bandwidth due to the thinner 



129 

   
 

interaction region of AO-SOR was demonstrated. Also, the work demonstrates the 
high-energy behaviour of the emission. Indeed,  the SOR component displays the same 
expected soft-saturating trend while the AO-SOR component increases quadratically 
with the square of the pump energy (i.e., 𝐸𝐸2𝜔𝜔 ∝ 𝐸𝐸𝜔𝜔2 ). Last but not least, in this work, 
a quantitative estimation for the 𝜒𝜒(3) nonlinearity was made by considering the 
dependence on the AO-SOR component from the crystal orientation, which has a 
strong 4-fold symmetry when detecting the s-polarised THz field and illuminating with 
p-polarised optical fields; in other words 
 𝐸𝐸𝑠𝑠,𝑇𝑇𝑇𝑇𝑇𝑇 ∝ 𝐸𝐸𝑝𝑝,2𝜔𝜔𝐸𝐸𝑝𝑝,𝜔𝜔

2 �𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
(3) −  2𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(3) − 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
(3) � sin (4𝜙𝜙),  

where 𝜙𝜙 is the crystal orientation angle measured from the < 100 > crystal axis. The 
estimation of the nonlinear susceptibility is 𝜒𝜒(3) ∼ 9 × 10−21 𝑚𝑚2/𝑉𝑉2. 
 
In this work, I contributed to taking the experimental measurements, and I 
contributed to the text's writing prior to submission.  

 

A.1.1 Impact 
The article was published on 21st December 2020 in the highly prestigious journal 
Physical Review Letters, which has a 5-year impact factor of 14.22 and a vast scope 
covering all areas of science. The Altmetric Attention is 80. 

 

A.1.2 Link 
  

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.263901
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Appendix B: Generation and Detection in Terahertz 
Photonics  
B.1 Nonlinear Optics in Terahertz Photonics 
In this section, I will overview a common physical mechanism regarding the 
generation and detection in THz Photonics. The primary factor that enables the 
growth of this vast branch of optics is the development of ultrafast laser sources. 
Ultrafast pulsed lasers can generate high peak powers within ultrashort durations (sub-
picosecond), and this made it possible to observe a broad spectrum of nonlinear 
phenomena and their temporal dynamics [164–166]. 
By definition, the "nonlinear regime" is the condition in which the outcome of optical 
propagation in the medium cannot be described in terms of a linear combination of 
optical excitations. In other words, the spectral information of an optical system 
changes with its inputs.  
A considerable fraction of nonlinear effects can be derived through a perturbation 
approach: the expanded polarisation of the medium in response to an applied electric 
field 𝐸𝐸�⃗  is given by 
 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡�������⃗  (𝑡𝑡) = 𝜖𝜖0 �𝜒𝜒(1)𝐸𝐸�⃗ +  𝜒𝜒(2)𝐸𝐸2����⃗ +  𝜒𝜒(3)𝐸𝐸3����⃗ + ⋯ �, (B.1) 

where 𝜖𝜖0 is the permittivity of free space and 𝜒𝜒(𝑛𝑛)is the 𝑛𝑛𝑡𝑡ℎ order susceptibility of the 
medium. 
In contrast, in the traditional linear regime, the electric field term 𝐸𝐸�⃗  is small and 
consequently the higher order terms become negligible. As the total polarisation acts 
as a source term in the wave equation, 
 

∇2𝐸𝐸�⃗ −
𝑛𝑛2

𝑐𝑐2
𝜕𝜕2𝐸𝐸�⃗
𝜕𝜕𝑡𝑡2

=
1
𝑐𝑐2𝜖𝜖0

𝜕𝜕2𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡�������⃗
𝜕𝜕𝑡𝑡2

, (B.2) 

the nonlinear field products in Eq. (B.1) become the source of polarisation components 
oscillating at new frequencies. Noticeably, as 𝜒𝜒(𝑛𝑛) becomes exponentially smaller as 𝑛𝑛 
increases, their associated terms tend to be relevant only at or above certain electric 
field magnitudes such as that characteristic of ultrashort pulses [167]. 

B.2 Optical Rectification 
Optical rectification (OR) is the typical nonlinear phenomenon of optical-to-terahertz 
conversion; it is a difference frequency generation (DFG) generated from ultrashort 
optical pulses. This mixing (near-DC) leads to frequency components inside the THz 
band [168]. It is crucial to notice that, in all nonlinear optical effects, the light 
conversion depends on the field's relative delay (phase), and particularly, we have 
phase-matching (PM) conditions when the wavevectors components match. In the 
case of OR, it has been proven that the PM condition is the case when the group 
velocity of the optical pulse matches the phase velocity of the emitted THz radiation. 
When using Ti: Sapphire regenerative amplified ultrafast lasers, a common THz source 



   
 

   
 

that functions with the OR mechanism is Zinc Telluride (𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍). Indeed, in 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 the 
group velocity at central wavelength 𝜆𝜆 = 800𝑛𝑛𝑛𝑛 roughly matches the phase velocity 
between 0.1 → 3 𝑇𝑇𝑇𝑇𝑇𝑇 [169]. However, we need to consider that the velocity matching 
condition cannot be precisely taken, and as the phase error rises, some frequencies 
become negligible. This feature is because of the relative broadband spectrum. A tool 
to quantify the efficiency of transferring the optical pump to the generated field is the 
‘coherent length’, which is why (usually) the interaction length in a nonlinear crystal 
should be smaller than the coherent length of the frequency band generated.   

 

Figure B.1 Illustrative figure of the excitation scheme for Optical Rectification (OR) of 
ultrashort pulses in a 𝜒𝜒(2)nonlinear medium. 

Therefore, in general, the bandwidth converted will be greater by decreasing the 
thickness of the nonlinear crystal. Notably, in the case of the 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 another 
fundamental limitation occurs as the optical phonon absorption becomes considerable 
at around 5.3 𝑇𝑇𝑇𝑇𝑇𝑇 [170]. Hence, in general, the 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍  output bandwidth can be 
increased by decreasing the thickness of the crystal used. Other crystals based on OR, 
such as 𝐺𝐺𝐺𝐺𝐺𝐺 or 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, have different trade-offs, and recent work has been orientated to 
find novel nonlinear materials for THz sources, for instance in organic crystals such as 
dimethyl amino 4−N−methylstilbazolium tosylate (DAST) [171,172]. In peculiar cases, 
longitudinal PM is impossible, and alternative illumination geometries are needed to 
overcome the problem. For instance, by using Lithium Niobate (𝐿𝐿𝐿𝐿𝑁𝑁𝑏𝑏𝑂𝑂3) prism as a 
THz source, scientists had to use diffraction grating to apply a spatial tilt prior to the 
non-collinear THz emission [172,173].  

In the following, I will illustrate the fundamental mechanism of OR in terms of the 
second-order polarisation, see Eq. (B.1). Assuming two electric fields with a frequency 
𝜔𝜔1 and 𝜔𝜔2 the nonlinear frequency mixing within the crystal is given by 

 𝐸𝐸�⃗ (𝑡𝑡) =  𝐸𝐸1 �����⃗ (𝑡𝑡)𝑒𝑒−𝑖𝑖𝜔𝜔1𝑡𝑡 +  𝐸𝐸2 �����⃗ (𝑡𝑡)𝑒𝑒−𝑖𝑖𝜔𝜔2𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. (B.3) 
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Inserting this expression inside the polarization relation Eq. (B.1), at this point, the 
complete second-order polarisation becomes 

 𝑃𝑃�⃗ (2) = 𝜖𝜖0𝜒𝜒(2) �𝐸𝐸12 �����⃗  𝑒𝑒−𝑖𝑖2𝜔𝜔1𝑡𝑡 +  𝐸𝐸22 �����⃗  𝑒𝑒−𝑖𝑖2𝜔𝜔2𝑡𝑡 + 2 𝐸𝐸1����⃗  𝐸𝐸2����⃗   𝑒𝑒−𝑖𝑖(𝜔𝜔1+𝜔𝜔2)𝑡𝑡

+  2 𝐸𝐸1∗ �����⃗  𝐸𝐸2 �����⃗  𝑒𝑒−𝑖𝑖(𝜔𝜔1−𝜔𝜔2)𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. � + 2𝜖𝜖0𝜒𝜒(2)�𝐸𝐸1∗ �����⃗  𝐸𝐸1 �����⃗ +  𝐸𝐸2∗ �����⃗  𝐸𝐸2 �����⃗ �.  
(B.4) 

Note, provided that the phase matching is achieved, 𝑃𝑃�⃗ (2) then acts as a driving term 
in the wave equation resulting in the emission of electromagnetic emission [174].  

We must notice that in the case of optical pulses, we do not have a monochromatic 
light to emit THz; therefore, the OR (namely, the zero-frequency term) arises as to 
the difference between the fundamental frequencies contained within the optical 
pulse. Considering the emission of light with a frequency equal to the difference 
𝜔𝜔𝐷𝐷𝐷𝐷𝐷𝐷 = 𝜔𝜔1 − 𝜔𝜔2, the polarisation terms become  

 𝑃𝑃�⃗𝐷𝐷𝐷𝐷𝐷𝐷
(2) = 2𝜖𝜖0𝜒𝜒(2) 𝐸𝐸1∗����⃗  𝐸𝐸2����⃗  �𝑒𝑒−𝑖𝑖(𝜔𝜔1−𝜔𝜔2)𝑡𝑡 + 𝑐𝑐. 𝑐𝑐. �.     (B.5) 

And by defining 𝜔𝜔1 = 𝜔𝜔  and 𝜔𝜔2 = 𝜔𝜔 − Ω, the term Ω is the frequency that oscillated 
in the THz range [175]. Collinear OR schemes are typically how broadband THz pulses 
are generated, as shown in Fig. B.1. However, this is not the only mechanism that 
allows the generation of ultrafast THz waves; mechanisms such as surface optical 
rectification (SOR) and Photo-Dember (PD) are other typical ways to generate THz 
radiation. The desire to find better and more efficient THz sources is often discussed 
in the literature, and many scientists are still pursuing this as their leading research 
today [65].   

 

Figure B.2 The experimental setup for an electro-optic sampling of a THz (green) pulse. The 
input optical (red) pulse is linearly polarised before the 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍, after which is a quarter wave 
plate, Wollaston prism (all included in a purple box for simplicity) and a pair of balanced 
photodiodes. 



   
 

   
 

B.3 Electro-Optical Sampling 
One of the most popular methods to detect ultrafast THz waves is Electro-optic 
sampling (EOS)  [176,177], and the mechanism relies on the birefringence of the THz 
field induced within a nonlinear crystal of the second order 𝜒𝜒(2). Essentially, it induces 
a polarization rotation of the ultrashort optical probe (basically, the reverse process of 
OR) that is collinearly propagated with a THz pulse inside the EO crystal, such as 
𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍, see Fig. B.2. When an electric field is present in the EO crystal, its refractive 
index changes along a particular crystallographic axis [178]. This fact makes it possible 
to encode a phase delay onto a polarisation axis of the co-propagating optical pulse 
(probe pulse), resulting in a polarisation rotation.  

In a standard THz scheme, the applied electric field is given by the emitted THz pulse, 
which is then sent to a < 110 > zincblende EO crystal such as ZnTe and therefore, this 
phase shift Γ is given by [9] 

 Γ = 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇
𝜋𝜋𝜋𝜋𝑛𝑛03𝛾𝛾41

𝜆𝜆 √1 + sin2(𝜙𝜙) , (B.6) 

where 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 is the propagating THz electric field, 𝑑𝑑 is the thickness of the crystal, 𝑛𝑛0 is 
the intrinsic refractive index (with no external field), 𝛾𝛾41 is the EO coefficient, 𝜆𝜆 is the 
central wavelength of the probe pulse, and 𝜙𝜙 is the angle between the optical 
polarisation and the refractive index ellipsoid’s long-axis. The optical probe can then 
be detected by combining a quarter-wave plate (QWP), a Wollaston prism (WP), and 
a pair of balanced photodiodes to detect the change in polarisation. The QWP 
transforms the elliptically polarised pulse back into a superposition of horizontal and 
vertical polarisations. These are then separated by the WP, with each component 
detected separately by the pair of balanced photodiodes. The resultant difference signal 
is detected by two photodiodes which directly read the value proportional to the phase 
shift given in Eq. B.6, with the signal 𝑆𝑆 being given by 

 𝑆𝑆 = 𝐼𝐼0 sin(Γ) sin(2𝜙𝜙) ∼ 𝐼𝐼0Γsin (2𝜙𝜙) (B.7) 
where 𝐼𝐼0 is the optical pulse intensity, and assuming a small value of Γ, it can be 
approximated as shown in Eq. (B.7). The signal 𝑆𝑆 is proportional to the THz field 
emitted, which can be measured in time by delaying the optical probe with respect to 
the THz waveform (using a standard optical translation stage). 
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Appendix C: MATLAB Code for the Pulse-Retrieval 
In this section, I will overview the MATLAB code of the Genetic algorithm used in 
the Open Research Europe paper to retrieve the THz pulse after propagating in the 
scattering medium. In Fig. C.1, I show the flowchart of a genetic algorithm.  

C.1 GA Flowchart  

 

Figure C.1 Flowchart of the Genetic Algorithm.  

C.2 MATLAB code  
clear; 
close all; 
clc; 
% % poolobj = gcp('nocreate'); % If no pool, do not create new one. 
% % if is empty(poolobj) 
% %     parpool; 
% %     poolobj = gcp('nocreate'); 
% %     poolsize = poolobj.NumWorkers 
% % else 
% %     poolsize = poolobj.NumWorkers 
% % end 
 
% TM Generation // First Run TM_gen=1 
TM_gen=1;                                % 1: Generate TM slices;  0: GA 
dirname='TM_juan'; 
mkdir(dirname); 
 
tic 
%% ================================== Constants  
c0=299792458;                           % speed of light (m/s) 
eta0=377;                               % [Ohm] 
 
%% ================================== Parameters 
================================== 
rng(12334);                             % rand seed for reproducibility 
pow=3; %5                               % power of 2 used for sizes 
Lx=0.34e-2;                             % physical size of pattern (m) 



   
 

   
 

Nx=2^pow+1;                             % number of pixels per side (+ 1 to 
center the focus) 
Nx2=Nx*Nx;                              % Nx^2 
 
P0=100e-6;                              % incident power W 
A0=1; 
fc= Lx/Nx;                              % desired focal size [mm] 
 
h=0.5;                                  % average disorder 
nu=0; 
pow=1; 
 
%% ================================== Temporal parameters  
Nt=2^9;  % 9                            % N of points in time/freq 
dt=80e-15;                              % step size (s) 50 e-15 
t0=0;                                   % center of pulse in time (s) 
Dt=.3e-12; 
wl0=300e-6;                             % central wavelength (m) 
cl_f=0.250e12;                          % spectral correlation length 
 
%% ================================== GA Parameters  
Np=10;                                  % number of patterns per generation 
Ng=10;                                  % number of generations 
G=round(Np/2);                          % new generation size 
R0=Nx2/2;                               % Initial mutation rate 
Rend=Nx2/1000;                          % final mutation rate 
lambda=Ng*0.25;                         % mutation decay time 
costf=zeros(Np,1);                      % cost function array 
 
%% ================================== 
Variables================================== 
x=linspace(0,Lx,Nx); 
y=linspace(0,Lx,Nx); 
dx=x(2)-x(1); 
[xx,yy]=meshgrid(x-mean(x),y-mean(y)); 
r2=xx.^2+yy.^2; 
%% ================================== Create temporal profile  
t=(1:Nt)*dt; t=t-mean(t);               % time vector (centred in 0) 
om0=2*pi*c0/wl0;                        % angular frequency 
tt=(t-t0)/Dt/2;                         % gaussian exp 
 
%% TEMPORAL PROFILE 
ft=exp(1i*(om0*t)).*(exp(-tt.^2));        % pulse profile (+i\omega t 
convention) % pulse profile (+i\omega t convention) 
[f,sp]=spectr(ft,dt);                   % create spectrum and frequencies 
 
df=f(2)-f(1);                           % frequency sampling (Hz) 
f1=min(f);                              % min freq 
f2=max(f);                              % max freq 
[mm,idf]=max(abs(sp).^2); 
 
[E0,mu,std0,skew]=compute_moment(ft(:),t(:)); 
 
figure(1); 
subplot(2,1,1); 
plot(t,ft); 
title('incident pulse'); 
subplot(2,1,2); 
plot(f,abs(sp)); 
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drawnow; 
 
 
%% ================================== Spatial Pinhole  
Wsp=round(Nx2/2);                        % focus position 
 
%% ================================== Create TM(x,y,w)  
if TM_gen==1 
     
    ph_Tmf=TM_f(Nx2,Nx2,Nt,f1,f2,h,cl_f);    % build phases matrix 
    TM=single(exp(-1i*2*pi*ph_Tmf))./ Nx2; 
     
    TMsq= squeeze(TM(Wsp,:,:)).'; 
    TM_idf= TM(:,:,idf); 
    TM_Wsp= TM(Wsp,:,:); 
     
    savefile = [dirname,'/TMsq.mat'];          % save TM slices 
    save(savefile, 'TMsq'); 
    savefile = [dirname,'/TMidf0.mat']; 
    save(savefile, 'TM_idf'); 
    savefile = [dirname,'/TMWsp.mat']; 
    save(savefile, 'TM_Wsp'); 
    clear TM; clear ph_Tmf; 
    toc 
else 
    A= load([dirname,'/TMsq']); 
    C= load([dirname,'/TMWsp']); 
    E= load([dirname,'/TMidf0']); 
     
    TMsq=A.TMsq; 
    TM_Wsp= C.TM_Wsp; 
    TM_idf= E.TM_idf; 
end 
 
%% ================================== Create first distribution of patterns  
fprintf('initial population\n'); 
P_xy= round(rand(Nx2, 1, Np)); 
tmp1=repmat(P_xy, [1, Nt, 1]);       % spatial pattern repeated along all 
spectral dimensions 
 
P_xy=squeeze(P_xy); 
tmp2=repmat(sp,[Nx2,1, Np]);  % incident spectrum repeated along all spatial 
dimensions 
 
Em_w=tmp1.*tmp2; 
 
% jst: this should be 1D in space 
Ep_w=single(zeros(Nt, Np));                     %Ep initialisation 
tmp=zeros(size(Ep_w)); 
 
for ii=1:Np 
    for ww=1:Nt                                 % generate initial population 
        Ep_w(ww,ii)=TMsq(ww,:)*Em_w(:, ww, ii); 
    end 
end 
 
costf=compute_cf(Ep_w,std0,t(:)); 
[costf,idx]=sort(costf,  'descend');            % sort in descending rank 
toc 



   
 

   
 

 
Em_w= Em_w(:,:,idx);                            % reorder the incident 
patterns 
Ep_w= Ep_w(:,idx);                              % reorder the output patterns 
P_xy=P_xy(:,idx);                               % reorder the spatial 
patterns 
Z=P_xy;  
 
Ep_t_start=ifft(Ep_w(:,1),[],1); 
 
figure(2); 
subplot(2,1,1); 
plot(t,Ep_t_start); 
title('non-optimised pulse'); 
subplot(2,1,2); 
plot(f,abs(fft(Ep_t_start))); 
drawnow; 
 
% note: what do you need this for? 
Epp1=TM_idf* Em_w(:, idf, 1); 
 
%% ================================== Genetic Algorithm ==================== 
fprintf('GA optimisation\n'); 
Rs=zeros(Ng,1);                         % mutation vector 
delta=1;                                 
opt_res=zeros(Ng,1);                     
eta=zeros(Ng, 1);                        
phase_IFFT= zeros(Ng, 1);                
 
sigma_plot=zeros(Ng,1);                  
tmp_Em_w=zeros(Nx2,Nt,G); 
tmp_Ep_w=zeros(Nt,G); 
tmp_Z=zeros(Nx2, G); 
tmp_P_xy=zeros(Nx2, 1, G); 
 
% these vectors are required to find the permutations at each generation 
(mapa = datasample...) 
% population to select the random pairs 
popul=1:Np; 
% these are the probability weights to select a pair 
% decreasing linearly as we want to have a higher probability to select 
% better performing patterns 
p_weights=Np:-1:1; 
 
% matrix with repeated spectrum to speed-up calculations 
tmp2= repmat(sp,[Nx2,1, G]); 
%% 
for n=1:Ng                                  % cycle over generations 
    % compute number of mutated pixels 
    R=round((R0-Rend)*exp(-n/lambda)+Rend); 
    % save current mutation rate 
    Rs(n)=R; 
    % create a breeding template 
    T=randi([0,1],Nx2,1); 
     
    % cycle over mutated patterns (G is the number of new patterns) 
    % to generate the new patterns to be tested 
    for g=1:G 
        % select pairs of parents 
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        mapa = datasample(popul, 2, 'Replace',false, 'Weights',p_weights); 
        % create offspring 
        off=T.*Z(:,mapa(1))+(1-T).*Z(:, mapa(2)); 
        % mutated pixels 
        mymut= round(rand(R,1)); 
        % select the random pixels to be mutated and replace them in the 
        % offspring 
        idx=randperm(Nx2,R); 
        off(idx)= mymut; 
        tmp_Z(:,g)=off; 
    end 
    % at the end of the cycle, the spatial distribution of new patterns is 
    % collected in tmp_Z. Now we need to add the incident spectra 
    tmp_P_xy(:,1,:)=tmp_Z; 
    tmp1=repmat(tmp_P_xy, [1, Nt, 1]);       % spatial pattern repeated along 
all spectral dimensions 
    tmp_Em_w=tmp1.*tmp2; 
     
    for g = 1:G 
        for ww = 1:Nt 
            tmp_Ep_w(ww,g)=TMsq(ww, :)*tmp_Em_w(:, ww, g); 
        end 
    end 
    tmp_costf=compute_cf(tmp_Ep_w,std0,t(:)); 
    costf(end-G+1:end)=tmp_costf; 
    Em_w(:,:, end-G+1:end)=tmp_Em_w; 
    Ep_w(:,end-G+1:end)=tmp_Ep_w; 
    Z(:,end-G+1:end)= tmp_Z; 
     
    [costf,idx]=sort(costf,  'descend')       % sort in descending rank 
     
    Em_w=Em_w(:,:,idx);                       % reorder the incident patterns 
    Ep_w=Ep_w(:,idx); 
    Z(:, :)=Z(:,idx); 
     
    Ep_t=ifft(Ep_w(:,1)); 
    [E0,mu,sig,skew]=compute_moment(Ep_t,t(:)); 
     
    sigma_plot(n)=sig; 
    opt_res(n)= costf(1); 
    eta(n)= Ep_w(idf , 1); 
     
    if(mod(n,10)==0) 
        fprintf('current generation: %d / %d\n',n,Ng); 
        figure(3); 
        subplot(2,1,1); 
        plot(t,Ep_t); 
        title('optimised pulse'); 
        subplot(2,1,2); 
        plot(f,abs(fft(Ep_t))); 
        drawnow; 
        toc 
         
    end 
     
    if(mod(n,50)==0) 
        figure(4) 
        plot(1:Ng,sigma_plot/1e-12); 
        xlabel('generations'); 



   
 

   
 

        ylabel('sigma (ps)'); 
        %  figbel('sigma (ps)'); 
    end 
     
end 
toc 
 
 
Ep= TM_idf* Em_w(:, idf , 1); 
Ep_t_end=ifft(Ep_w(:,1),[],1); 
 
%% 
figure(5); 
subplot(2,1,1); 
plot(t,Ep_t_end); 
title('optimised pulse'); 
subplot(2,1,2); 
plot(f,abs(fft(Ep_t_end))); 
drawnow; 
 
 
%% 
figure(6); 
subplot(3,1,1); 
plot(1:Ng,100*Rs/Nx2); 
xlabel('generations') 
ylabel('mutation rate (% pixels)'); 
 
subplot(3,1,2); 
plot(1:Ng,opt_res); 
xlabel('generations'); 
ylabel('cost function'); 
 
subplot(3,1,3); 
plot(1:Ng,sigma_plot/1e-12); 
xlabel('generations'); 
ylabel('sigma (ps)'); 
 
 
%% 
figure(7) 
 
subplot(2, 2, 1) 
Z_patt=reshape(Z(:,1),Nx,Nx); 
pcolor(x,y,Z_patt); 
shading flat; 
axis equal;axis tight; 
colormap('erdc_fireice_h'); 
colorbar; 
title('Best Pattern') 
 
 
subplot(2, 2, 2) 
%Epp= TM_idf*Em_w(:, idf, 1); 
qq= reshape(Epp1,[Nx, Nx]); 
pcolor(abs(qq).^2); 
shading interp; 
colormap('fireice'); 
colorbar; 
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title('Intensity focus unoptimised') 
 
subplot(2, 2, 3) 
Epp= TM_idf*Em_w(:, idf, 1); 
qq= reshape(Epp,[Nx, Nx]); 
pcolor(abs(qq).^2); 
shading interp; 
colormap('fireice'); 
colorbar; 
title('Intensity focus optimised') 
 
subplot(2, 2, 4) 
surf(x,y,abs(qq).^2); 
shading interp; 
dd=daspect; 
daspect([dd(1) dd(1) dd(3)]); 
colormap('erdc_fireice_h'); 
title('Intensity focus optimised') 
 
 
return 
 
 
%% Cost Function  
 
% CF: Pulse Flip 
% function costf=compute_cf(Ep_w,std0,t) 
%  
% Ep_t= ifft(Ep_w,[],1); 
% peaks= min(real(Ep_t),[],1); 
% [E0,mu,sig,skew]=compute_moment(Ep_t,t); 
%  
% costf= (-peaks)./sig; 
%  
% end 
 
 
% CF pulse retrieval 
function costf=compute_cf(Ep_w,std0,t) 
 
    Ep_t= ifft(Ep_w,[],1); 
    peaks= max(real(Ep_t),[],1); 
    [E0,mu,sig,skew]=compute_moment(Ep_t,t); 
 
    costf= peaks./sig; 
 
end 
 
   

%% Transfer Matrix function 
  
function [TM,f]=TM_f(Nx,Ny,Nf,f1,f2,h,clf) 
% [TM,f]=TM_f(Nx,Ny,Nf,f1,f2,h,clw) 
% generates a random transfer matrix with gaussian correlation in frequency 
% Nx, Ny, Nf : number of points in x, y and frequency 
% f1, f2 : starting and final frequency (to compute the frequency span) 
% clf    : frequency correlation 
% f      : vector of frequencies 



   
 

   
 

 
f=linspace(f1,f2,Nf); 
TM=zeros(Nx,Ny,Nf); 
 
% TM= qr(rand(Nx,Ny)); 
% TM = repmat (TM, [1, 1, Nf]);  
 
% for ii=1:Nx 
%     for jj=1:Ny 
%         % [f,x] = rsgeng1D(N,rL,h,cl)  
%         TM(ii,jj,:)=rsgeng1D(Nf,f2-f1,h,clf); 
%     end 
% end 
 
parfor jj=1:Ny 
    %disp(Ny-jj); 
    t = getCurrentTask(); 
    if (t.ID)==1 
        disp(Ny-jj); 
    end 
    for ii=1:Nx 
        % [f,x] = rsgeng1D(N,rL,h,cl) 
        TM(ii,jj,:)=rsgeng1D(Nf,f2-f1,h,clf); 
    end 
end 
 
 
%% Rough surface generation & analysis  
Link: Surface Generation & Analysis - MySimLabs 

 

function [f,x] = rsgeng1D(N,rL,h,cl) 
 
% [f,x] = rsgeng1D(N,rL,h,cl)  
 
% generates a 1-dimensional random rough surface f(x) with N surface points.  
% The surface has a Gaussian height distribution function and a Gaussian  
% autocovariance function, where rL is the length of the surface, h is the  
% RMS height and cl is the correlation length. 
 
% Input:    N   - number of surface points 
%           rL  - length of surface 
%           h   - rms height 
%           cl  - correlation length 
 
% Output:   f   - surface heights 
%           x   - surface points 
% 
% Last updated: 2010-07-26 (David Bergström).   
% 
 
format long; 
 
x = linspace(-rL/2,rL/2,N); 
 
Z = h.*randn(1,N); % uncorrelated Gaussian random rough surface distribution 
                     % with mean 0 and standard deviation h 
                                
% Gaussian filter 

http://www.mysimlabs.com/surface_generation.html
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F = exp(-(x).^2/(cl^2/2));   % filtro delle frequenze  
 
% correlation of surface using convolution (Faltung), inverse 
% Fourier transform and normalizing prefactors 
f = sqrt(2/sqrt(pi))*sqrt(rL/N/cl)*ifft(fft(Z).*fft(F)); 
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