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Abstract 

 The THz frequency range is one of the most interesting regions of the electro-

magnetic spectrum. THz radiation lies between the far-infrared and the microwave 

region, in a frequency interval from 0.1 THz to 30 THz. Historically, it is known as the 

‘’THz gap’’ due to the lack of coherent sources in this frequency range. Nevertheless 

since the last two decades numerous works have been done on coherent sources and it 

is now possible to access the THz frequency region of the electromagnetic spectrum. 

 Many non-metallic and non-polar materials are transparent to THz radiation, due 

to the vibrational and rotational transitions of many molecules that lie in the THz 

frequency range. Furthermore, THz radiation is non-ionizing (~ meV) and is absorbed 

highly by water. These unique properties of this radiation have been revealed, suggest-

ing the development of promising applications either spectroscopic or imaging. In this 

work which is divided into two parts, we present the application of THz Time-Domain 

Spectroscopy (THz-TDS) in two different scientific fields. 

 In the first part of the thesis, applications of THz-TDS in food inspection are 

presented. Specifically studies have been performed in distinguishing different antibiot-

ics and acaricides residues in honey. The antibiotics and acaricides have been optically 

characterized in the THz frequency range between 0.3 THz and 8 THz and most of them 

showing specific fingerprints in this frequency range. The main spectral features of two 

antibiotics were still detectable when they were mixed with pure honey. These residues 

in honey can be detectable in concentrations up to 0.1%. These results indicate that 

THz-TDS can be used in the production line in the near future. 

 In the second part of the thesis, a number of different excipients constituting a 

pharmaceutical tablet have been characterized in the THz frequency range. These 

preliminary studies aim to use THz-TDS as an efficient tool for detecting the dosages of 

the excipients in the production line. This work is still in progress and is conducted in 

cooperation with a pharmaceutical industry. 
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1. Introduction 

 

 

 

 Overview of Terahertz (THz) science 1.1

 Definition and characteristic features of THz radiation 1.1.1

In the last years, one of the most interesting regions of the electromagnetic 

spectrum for exploring a number of scientific phenomena lies in the THz frequency 

range. THz radiation lies in a frequency interval from 0.1 THz to 30 THz and it was first 

isolated in 1897 by Heinrich Rubens [1]. These frequencies correspond to a wavelength 

range from 3 mm to 10 μm, photon energy from 0.4 meV to 120 meV and to an equiva-

lent black body radiation with temperatures between 4 K and 1200 K. A more analytical 

approach about the conversion between these parameters is given at Table 1. The first 

wording of the term "THz" is attributed to Fleming in 1974 and the term was used to 

describe the spectral line frequency coverage of a Michelson interferometer [2]. How-

ever, this electromagnetic region, shown in Figure 1, remained unexplored for a long 

time. 

 

Figure 1: The electromagnetic spectrum in frequency domain. The THz region is depicted in 

dark red and its applications and corresponding spectroscopic modes are presented. 

 Despite the interest in this electromagnetic area, THz radiation has remained 

one of the most untapped and least understood regions of the electromagnetic spec-
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trum, compared to the relatively well developed science and technology in the micro-

wave and optical frequencies. The term “THz gap” resulted from the limits of the 

electron velocities which prevent electronic devices to operate above a few hundred 

GHz, and from thermal energies that limit the smallest electronic transitions useful for 

lasing, preventing solid-state lasers to operate below a few hundred THz. 

Radiation Frequency 

(THz) 

Wavelength 

(μm) 

Wavenumber 

(cm-1) 

Energy 

(meV) 

Temperature 

(K) 

0.5 600 16.66 2.066 24 

1 300 33.33 4.133 48 

3 100 100 12.4 144 

6 50 200 24.8 288 

8 37.5 266.66 33.066 384 

10 30 333.33 41.333 480 

Table 1: Conversion of parameters that characterize the electromagnetic waves in the THz 

regime. 

 The first demonstration of a coherent emission and detection of broadband THz 

pulses in the late 1980’s allowed to routinely access this part of the electromagnetic 

spectrum [3]. Thus, the unique properties of THz radiation have been revealed, suggest-

ing the development of promising applications. 

 First of all, THz waves have longer wavelengths than visible and infrared waves. 

This means that THz waves are less affected by Mie scattering. As a consequence, 

various nonpolar dielectric materials such as paper, plastic, wood, clothing, leather, and 

ceramics which are usually opaque to both visible and infrared radiation are transparent 

to THz radiation. Instead, it is totally reflected from metallic surfaces and partially 

reflected from interfaces between non-metallic materials with different refractive 

indices, enabling objects to be detected beneath various surfaces. 

 Secondly, THz waves have low photon energy (~4 meV at 1 THz) and thus THz 

radiation can be used for studying a number of materials, such as biological, in a non-

ionizing and non-destructive way. A typical X-ray photon has energy in keV range, which 

is one million times higher than a THz photon, making THz radiation an excellent diag-

nostic tool. 
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 As shown in Figure 2, a number of molecular rotations, low frequency bond 

vibrations and crystalline phonon vibrations are present in this frequency range. Thus, 

many molecules exhibit strong absorption features in the THz frequency range. These 

unique rotational and vibrational responses of materials provide information that is 

generally absent in optical, X-ray and nuclear magnetic resonance images. Consequent-

ly, molecules exhibit fingerprints which allow their spectroscopic identification [4]. 

 

Figure 2 : Various molecular interactions in the THz frequency region [5]. 

 THz pulses can be detected coherently, by the sampling measurement of their 

electric field, giving a direct access to the amplitude and the phase of the radiation. This 

gives access to absorption and dispersion spectroscopy of many materials, giving us also 

chemical and structural information [6]. 

 Finally numerous solid state phenomena lie within the THz range. For example, 

the band gaps of superconductors, the phonon modes of most semiconductors and 

crystals have frequencies in the THz regime [7]. Consequently, THz radiation is a promis-

ing tool for fundamental studies and deeper understanding of solid state phenomena. 
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 Applications of THz radiation 1.1.2

 The applications of THz technology, both fundamental and applied, can be 

separated into two main categories: THz imaging and spectroscopy. Both techniques are 

applied in a variety of scientific fields such as medical science, biology, pharmaceutical 

industry, food industry, material science, art conservation, security and astronomy 

(Figure 3). 

 

Figure 3: THz spectroscopy and imaging applications. 

 Medical science is a fertile field for THz imaging because unlike X-rays, THz 

radiation is not harmful to the biological tissues. The progress of THz imaging over the 

last years makes it now a significant body of research in its application to biomedical 

problems with the possibility of developing it into medical imaging modality in the 

future. Until now, there are a lot of studies in which THz pulsed imaging was used to 

distinguish cancerous from healthy tissues. The contrast between them is attributed to 

their different hydration levels [8-10]. An example of THz imaging of skin cancer is 

represented in Figure 4, where is shown the correspondence between a clinical photo, a 

THz image and a histological image. However, it is not yet known if THz imaging would 

be able to discriminate different types of cancer or even to discriminate cancerous from 

non-cancerous lesions. THz imaging as a diagnostic tool is still in initial stage and the 
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systems based on it, still require significant improvements and development before they 

can be accepted as non-invasive diagnostic tools by the medical community. 

 

Figure 4: In vivo measurement of basal cell carcinoma with an invasive component. (a) Clinical 

photograph of the lesion. (b) and (c) Terahertz images. (d) and (e) Representative histology 

section showing acute inflammatory crust corresponding to terahertz image (b) and (c) 

respectively [8]. 

 Furthermore, terahertz waves are highly sensitive to polar molecules, like water. 

Recently, it has been demonstrated that THz imaging can be used as an excellent non-

invasive tool for mapping the hydration levels in tissues. In vivo THz imaging measure-

ments on the stratum cornea in the eye, have shown that compared to other existing 

clinical techniques which are either invasive or use an indirect approach for quantifying 

water content, THz imaging is a promising tool for such applications [11]. 

 Another research field of the THz technology is Security screening, mainly 

focused on safety in public spaces. Its use at airports underlines the need for quick, 

reliable and safe personal screening. The radiation in this frequency regime has a unique 

combination of properties; THz radiation is non-ionizing and also many materials are 

transparent to it, as it was mentioned in the previous section. THz technology can be 

used as a safe alternative solution for non-invasive imaging of humans, offering the 

possibility to screen and locate concealed objects or materials as illustrated in Figure 5 

and Figure 6 [12]. THz imaging has also been successfully employed to screen explosives 

and drugs which have also distinct fingerprints in the THz spectrum [13]. 
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Figure 5: Security screening with THz radiation. 
(http://physicsworld.com/cws/article/news/2012/jun/12/new-tuner-could-bring-terahertz-

to-the-masses) 

 

(a)                                                                 (b) 

Figure 6: (a) Bags contain from left to right: MDMA, aspirin, and methamphetamine. (b) Seven 
multispectral THz images generating a matrix [13]. 

 THz radiation can provide also additional details and complementary spectro-
scopic data related to art conservation. It can be used to provide information about the 
materials existing below the layers of the paint, such as preparation layers. In addition, 
it provides depth information from the paint layers. An ultimate goal of the THz tech-
nology in this field is the investigation of mural wall paintings where X-rays cannot be 
easily applied [14-16]. Except of using THz waves for non-invasive imaging, THz spec-
troscopy plays a significant role for the analysis of various materials of cultural heritage 
interest. The spectra of various historical and modern pigments and binders have been 
already studied. A lot of them exhibit characteristic fingerprints in the THz frequency 
range [16-18]. With this technique most of these materials used in paintings can be 
identified alone, as paint, or in a combination with pigments and binders. Two charac-

http://physicsworld.com/cws/article/news/2012/jun/12/new-tuner-could-bring-terahertz-to-the-masses
http://physicsworld.com/cws/article/news/2012/jun/12/new-tuner-could-bring-terahertz-to-the-masses
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teristic examples of spectroscopy and THz imaging are illustrated in Figure 7 and Figure 
8.  

 

Figure 7: Examples of THz spectra of different pigments [17] 

 
Figure 8: Photograph of (a) the graphite sketch and (b) the ultramarin painted surface with 
three different thicknesses, (c) transmission THz image at 1 THz, (d) 3D THz map of the sample 
obtained using the THz main pulse time delay, the blue color indicates an increase of the 
optical pathway [14]. 

 In pharmaceutical industry, THz imaging has progressed as a new technique 
which includes information about coating thickness and uniformities in coated pharma-
ceutical tablets. Supplementary, THz spectroscopy as a new technology has gained 
increasing attention in the study of pharmaceutical materials and process understanding 
during the last decade. The need for spectroscopic analysis of pharmaceutical tablets 
and also the dosage of the excipients makes THz spectroscopy an excellent candidate for 
non-destructive imaging and analytical spectroscopy during the production process and 
control in terms of safety [19-21].
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 The presence of antibiotic residues in food is becoming a growing concern 

among consumers. As a result, there is need for development of new, rapid, techniques 

for antibiotic residues detection, and THz spectroscopy is a novel and very promising 

technique for this purpose. The ability of THz waves to pass through a wide variety of 

packaging materials, combined with their ability to characterize the molecular structure 

of many substances makes THz spectroscopy an attractive analytical tool for enhanced 

monitoring in food production line. Especially in food inspection there are several 

reports until now related to detection of antibiotic residues in food matrices, detection 

of pesticides in food powders (potato, rice, root) or just spectroscopic characterization 

of eatable products such as vegetable oil [22]. 

All the aforementioned applications show the wide range of THz waves. In the next 

sections, different approaches for the generation and detection of THz radiation are 

described. 

 

 

 THz sources 1.2

 Two of the most common broadband pulsed techniques for the emission of THz 

radiation using ultrafast laser pulses are the use of photoconductive antennas and 

optical rectification in nonlinear media. The photoconductive approach uses high-speed 

photoconductors as transient current sources and the optical rectification approach 

uses electro-optic crystals as rectification media. More details about these approaches 

are given in the two first sections. Furthermore, a brief introduction will be given for the 

technique of THz emission through filaments formed by high intensity ultrashort laser 

pulses. This technique has received considerable attention in the last few years as novel 

table-top intense THz source and is applied for the generation of intense THz pulses 

used for accomplishing the experiments of this work. 

 

 Photoconductive antennas 1.2.1

 The use of photoconductive antennas is probably the most widely used method 

for the generation of THz pulses. A photoconductive antenna consists of two metal 

electrodes that are deposited on a semi-insulating semiconductor substrate with a gap 

between these two electrodes as it is illustrated in Figure 9. All the photoconductive 

antennas used as THz emitters are based on the same principle. For the generation of 



 

15 

 

THz pulses, an external bias voltage is applied across the electrodes. Since the substrate 

is semi-insulating, electric energy is stored in the gap area.  

  

Figure 9: THz emission from photoconductive antenna. 

An incoming ultrafast laser pulse with photon energy above the band gap of the semi-

conductor wafer excites free carriers to the conduction band. These free carriers are 

immediately being accelerated due to the presence of the bias field inside the emitter 

and produce a photocurrent. This fast time varying current radiates THz electromagnetic 

waves. Finally, the photoexcited free carriers are trapped or recombine and the current 

density returns to its steady value. Then the THz emitter is prepared for the emission of 

the next pulse. Since electrons usually have much higher mobility than holes, the 

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

[23]: 

 ( ) ( ) bJ t N t e E  (1.1) 

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

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

whose format is determined by the laser pulse shape and the carrier lifetime. Since the 

photocurrent varies in time, it generates electromagnetic pulse, whose electric field is 

approximately: 

 2 2

1 ( ) ( )

4 4
THz b

o o

A J t Ae N t
E E

c z t c z t


 

 
 

 
 (1.2) 
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where A is the area in the gap illuminated by the laser light, ε0 is the vacuum permittivi-
ty, c is the speed in vacuum, and z is the distance between the field point and the THz 
source. To derive the second equation, the field point is assumed located at normal to 
the photoconductive antenna and the distance between the field point and the source is 
much larger than the dimension of the photoconductive antenna. 

 The energy of the THz pulse comes from the electric energy stored across the 
gap rather than the optical pulse energy. Since the radiating energy comes from the 
stored energy in the form of the static bias field, the THz radiation energy increases with 
the bias and optical fluency [24]. 

 

 Optical rectification in nonlinear media 1.2.2

 Optical rectification, which is also a widely used method for the emission of THz 
radiation, is a second-order nonlinear optical process used for the generation and also 
the detection of THz radiation. It is a process, similar to the linear electro-optic effect, 
which occurs only in crystals that are non-centrosymmetric and sufficiently transparent 
at THz and optical frequencies. As illustrated in Figure 10, one femtosecond laser pulse 
is enough to stimulate optical rectification radiation. In order to describe this phenome-
non, it is convenient to treat it as a special case of a difference frequency generation, 
where optical photons with close frequencies ω1 and ω2 produce a far-infrared photon 
with frequency 1 2    . The wide spectral bandwidth of the incident femtosecond 

laser pulse causes a fast change in the electrical polarization inside the crystal, which in 
turn emits THz radiation. Mathematically, the polarization P can be expanded into a 
power series of the electric field E [23]: 

 1 2 3( , ) ( , ) : ( , ) ( , ) : ( , ) ( , ) ( , )P r t E r t E r t E r t E r t E r t E r t        (1.3) 

where χ(n)(r,t) is the nth-order nonlinear susceptibility tensor. Optical rectification comes 
from the second term of the above equation. If the incident light is plane wave, then E 
can be expressed as: 

 
0

( ) ( )exp( ) . .E t E i t d c c  


    (1.4) 

By substituting the first equation into the second, the polarization for optical rectifica-
tion is given by: 
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  (2) (2) *

1 2 1 2 1 2
0 0

2 : ( ) ( )expORP E E i t d d      
 

       

  (2) *

0 0
2 : ( ) ( )expE E i t d d   

 

        (1.5) 

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

field, the radiated electric field ( )rE t  is proportional to the second derivative of (2)

ORP  

with respect to time t: 

 

2
(2)

2
( ) ( )r ORE t P t

t





  (1.6) 

 Many factors, such as materials, crystal orientation, thickness, absorption and 

dispersion, diffraction, phase matching, and saturation, affect the radiation efficiency, 

waveform, and frequency distribution. Phase matching is the most important factor for 

nonlinear processes such as optical rectification and requires conservation of energy 

and momentum. It is satisfied in THz wave generation when the crystal’s group refrac-

tive index for the femtosecond laser pulse is equal to the phase refractive index for the 

THz pulse. Only when phase matching is satisfied, all three waves participating in the 

optical rectification process can be kept in phase leading to maximum energy conver-

sion along the light propagation; otherwise phase mismatch leads to a phase walk off 

while propagating. 

 

Figure 10: THz emission through optical rectification process. 

 



 

18 

 

 Two-color filamentation in air 1.2.3

 THz wave generation in ambient air has attracted considerable attention the last 

years. Figure 11 shows a schematic representation for the THz wave generation through 

mixing the fundamental and the second harmonic beam pulses of a high power, ultra-

fast laser. The second harmonic beam is generated by focusing an intense laser beam 

through a BBO crystal which is the widely used nonlinear crystal for second harmonic 

wave generation. Both the second harmonic beam and residual fundamental beam 

propagate in the same direction and the THz emission is the result of a transversal 

plasma photocurrent produced from a synthesized 2-color asymmetric laser field. A 

more analytical approach will be given in the following chapter. 

 

Figure 11: THz emission through two-color filamentation process in air [25]. 

 

 THz Detection  1.3

 Just as there are many different methods for generating THz radiation, there are 

also a number of different ways in which THz waves can be detected. THz detection 

systems can be divided into two categories: 

 Incoherent detection systems, which allow only the signal’s amplitude detection 

and are broadband detection systems such as pyroelectric detector, bolometer, 

Golay cells. Their main advantage is the relative operation simplicity without the 

need of adjustment in wide frequency band. 
 

 Coherent detection systems, which allow detecting not only the amplitude of the 

signal but also its phase such as heterodyne receiver, photoconductive antennas, 

electro-optic sampling. This feature is important from the point of view of in-

creasing the information received from the object under study. It also allows us 

to realize higher detector sensitivity and spectral resolution characteristics. 
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 Pyroelectric detector 1.3.1

 Pyroelectricity is the ability of certain anisotropic materials to generate an 

electrical voltage when they are heated or cooled. Their change in temperature modifies 

the positions of the atoms within the crystal structure, such that the polarization of the 

material changes. This change in polarization may be observed as an electrical signal if 

electrodes are placed on opposite faces of a thin slice of the material to form a capacitor 

as is shown in Figure 12. The sensor will only produce an electrical output signal when 

there will be a change in the temperature. If the temperature stays constant, the 

pyroelectric voltage gradually disappears due to leakage current. Pyroelectric effect is 

sensitive only to heat, not to wavelength and wavelength selection is made through 

selection of appropriate window material. Finally, pyroelectricity can be visualized as 

one side of a triangle, where each corner represents energy states in the crystal: kinetic, 

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

represents the pyroelectric effect. The side connecting the electrical and mechanical 

energies represents the piezoelectric effect and the side linking mechanical and thermal 

energies represents the thermo-electric effect. 

 For terahertz applications that do not require high sensitivity, pyroelectric 

detectors have been offered [26]. Ferroelectric materials such as Lithium Tantalate, 

exhibit a large spontaneous electrical polarization varying with temperature. 

 

Figure 12: Schematic representation of a pyroelectric detector. 

 

 Heterodyne detector 1.3.2

 Heterodyne detection is a coherent detection method by non-linear mixing with 

radiation of a reference frequency. In this method, a weak input signal which is most 
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commonly either radio waves or light is mixed with some strong local oscillator wave 

which is the reference signal. Then the input signal and the local oscillator are superim-

posed at a frequency mixer. The mixer, which is commonly a (photo-) diode, has a non-

linear response to the amplitude, that is, at least part of the output is proportional to 

the square of the input. Finally, the resulting mixing product is then detected, often 

after filtering out the original signal and the local oscillator frequency. A schematic 

representation of a heterodyne detection system is illustrated in Figure 13. 

 

Figure 13: Schematic representation of heterodyne detection. 

 The received signal can be represented as: 

 cos( )sig sigE t   (1.7) 

and the signal from the local oscillator can be represented as: 

 cos( )LO LOE t   (1.8) 

Approximately, the output I  of the detector is proportional to the square of the ampli-

tude: 

   
2

cos cos( )sig sig LO LOI E t E t     . (1.9) 

The output I  of the detector has high frequency ( 2 sig and 2 LO ) and constant compo-

nents. In heterodyne detection, the high frequency components and usually the 

constant components are filtered out, leaving the intermediate frequency at sig LO   

sig LO  . The amplitude of this last component is proportional to the amplitude of the 

signal radiation. With appropriate signal analysis the phase of the signal can be recov-

ered as well. 
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 Photoconductive sampling 1.3.3

 Photoconductive antennas are widely used not only for generating THz radiation 

but also for their coherent detection. For this purpose, a photoconductive antenna with 

an identical structure to an antenna emitter can be used as shown in Figure 14. The only 

major difference is that as a detector, the two electrodes of the antenna are connected 

to a current sensor in order to measure the transient current generated by an optical 

pulse and biased by the THz field. In the THz detection system by controlling the time 

delay between the THz pulse and the optical probe pulse, the electric field across the 

strip line of the photoconductive antenna at any given time is sampled by the optical 

probe pulse which serves to generate transient photocarriers in the substrate at that 

specific time. This measurable average current is in the order of several hundred pico-

amperes down to tens of nanoamperes. The induced THz field current is [23]: 

 ( )J Ne E   (1.10) 

Here N  denotes the average electron density, and   is the temporal delay between 

probe and the THz pulse. By scanning the temporal delay, the THz pulse waveform, as a 

function of  , is recorded. Typically the period of the THz oscillation is about one 

picosecond (ps). The measurement provides information not only about the amplitude, 

but also for the phase of the THz pulse. 

 

Figure 14: THz detection with photoconductive antenna. 
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 Electro-optic sampling 1.3.4

 Another common method for the detection of THz radiation is the electro-optic 

sampling [27] which is based on the linear electro-optic effect (Pockels effect). In es-

sence, the incident THz pulse induces a birefringence in an electro-optic medium which 

is proportional to the electric field of the pulse. This varying birefringence can be meas-

ured by observing the change in polarization state of an optical probe pulse which is 

travelling through the electro-optic medium. By measuring the degree of the induced 

birefringence as a function of delay between the terahertz pulse and the optical probe 

pulse, the terahertz electric field is mapped. A schematic representation is shown in 

Figure 15. More details about this detection approach will be given in chapter 2. 

 

Figure 15: Schematic representation of electro-optic sampling. 
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2. Terahertz Time-Domain Spectroscopy (THz-TDS) 

 

 

 

 THz experimental setup 2.1

 In the previous chapter, we have been introduced the classic approaches for the 

emission and detection of THz radiation. In this chapter, the basic requirements in order 

to build a THz time domain spectrometer (THz-TDS) are presented. Our homemade THz-

TDS system is based on a pump-probe, coherent detection approach. A powerful am-

plified kHz Ti:Sa laser system delivering 35 fs pulses at 800 nm central wavelength and 

energy of 2.3 mJ per pulse is used. Using a dielectric beam splitter, the initial beam is 

split in two arms (10% and 90%, respectively); a pump beam containing most of the 

energy and a weaker probe beam which will be used to measure the emitted THz 

radiation. The first arm is focused in ambient air after partial frequency doubling in a 

Barium-borate (BBO) crystal to produce a two-color filament and subsequently, THz 

radiation. Then, a set of four parabolic mirrors is used to collect, collimate, focus and 

bring the THz beam to the detection crystal as depicted in Figure 16. 

 

Figure 16: Schematic representation of the THz experimental setup. 
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A high resistivity silicon wafer (0.5 mm thick) is used to stop the remaining optical light. 

For the detection of THz radiation, the second arm of the initial beam is used to probe 

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

delay line which is mounted on a step motor of femtosecond resolution. A pellicle beam 

splitter (R: T=25:75, ~5 μm thick,) is used to introduce the optical beam in a collinear 

way with the THz beam. A balanced detection is used to measure the induced phase 

delay on the probe beam. Finally, the whole setup is enclosed in a purged gas (e.g. N2) 

chamber for eliminating THz absorption from water vapor. 

 

 

 THz emission through two-color filamentation in air 2.2

 In the last 20 years, filaments formed by high intensity ultrashort laser pulses 

have received considerable attention as novel sources for radiation [28]. At high inci-

dent power (GW to TW) and intensities, the air cannot be considered linear anymore. 

The filamentation process then can be described by the action of two main nonlinear 

physical effects. On one hand, the optical Kerr effect acts against diffraction and tends 

to focus the beam on itself. The origin of self-focusing is related with the nature of the 

refractive index. In the presence of a strong laser field, the refractive index of air is not 

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

intensity distribution: 2( ) on I n n I   where 2n  is its nonlinear refractive index. On the 

other hand during self-focusing, the beam’s intensity becomes higher and reaches levels 

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

refraction index of the medium and leads to beam defocusing. This effect acts as a 

negative defocusing lens, preventing the beam from collapsing. The dynamical equilibri-

um between these two phenomena results in the formation of a filament as 

schematically represented in Figure 17. 

 The emitted radiations from this process include high harmonics of the funda-

mental laser pulse, soft and hard X-rays, as well as THz radiation at the low frequency 

side of the E/M spectrum. Especially, two-color filamentation in air induced by a femto-

second laser pulse (fundamental wave) and its second harmonic wave has been 

demonstrated as an efficient technique for generating  intense THz waves [29]. 
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Figure 17: Schematic representation of the filamentation process. 

 There are typically two models used to explain the nonlinear optical processes 
responsible for the THz emission in air. 

The first model is the four-wave mixing (FWM) model and the other is the asymmetric 
transient current model. In the first case, the FWM process is related to 

(3) ( : 2 , , )THz THz         and the emitted THz electric field can be expressed as 

[30]: 

 (3)
2( ) ( ) ( ) ( )cos( )THzE t E t E t E t      (2.1) 

At relatively low input laser power, the THz emission was shown to increase linearly 
with the intensity of the fundamental pulse (ω) and followed the square root of the 
intensity secondary harmonic (2ω), as predicted from the following equation: 

 (3)
2 cos( )THzE I I     (2.2) 

 On the other hand, according to the photocurrent model intense THz pulses are 
emitted through a 2-color filament as the result of a net transverse current is formed in 
the plasma channel. For appropriate phase between the ω and 2ω, an asymmetric 
synthesized laser electric field is formed and strips off the free electrons towards the 
same direction [31]. For this model the synthesized laser field is: 

 2( ) cos cos(2 )LE t E t E t       (2.3) 
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 When the electrons are ionized, the external laser electric field accelerates them 

at a velocity of: 

 
'

( ) ( )
t

L
t

e

e
t E t dt

m
      (2.4) 

Assuming that the initial electron velocity is zero, the drift velocity of is given by the 

following equation: 

 
2sin( ') sin(2 ' )
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e e
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    (2.5) 

 As a result, for / 2   the symmetry is broken and a net current is formed 

which is given by the equation: 

 ( ) ( , ') ( ) '
o

t

e e
t

J t e t t N t dt     (2.6) 

where eN  is the electron density calculated from the ionization rate equation. The THz 

electric field is derived from the electron current density: 

 
( )( )

( )e
THz d

dN tdJ t
E e t

dt dt
   (2.7) 

 

 

 THz detection through electro-optic sampling  2.3

 Electro-optic sampling is a coherent optoelectronic technique of optical sampling 

in which the propagation of THz waves through optically active crystals leads to the 

linear electro-optic effect or Pockels effect, which is the basis of electro-optic detection 

techniques. In electro-optic sampling, the THz electric field is measured by modulating 

an optical probe pulse inside an electro-optic (e.o.) crystal, where it changes the polari-

zation ellipsoid of its refractive index. The linearly polarized probe pulse co-propagates 

inside the crystal with the THz pulse (pump), and its phase is modulated by the refrac-

tive index change. The existence of the THz field changes the birefringence of the 

electro-optic crystal, causing the refractive index difference for polarizations along 
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different axes of the crystal. This polarization change is converted to intensity change by 
an analyzer, for example a Wollaston prism. Usually a pair of balanced photodiodes is 
used to suppress the common laser noise while the signal is doubled. A more detailed 
description about the Pockels effect and generally the electro-optic detection will be 
given below [32]. 

 Crystals are classified as being either isotropic or anisotropic depending upon 
their optical behavior and whether or not their crystallographic axes are equivalent. A 
schematic representation of both isotropic and anisotropic media is illustrated in Figure 
18. 

 
Figure 18: Schematic representation of an (a) isotropic crystal (sodium chloride) and of an (b) 
anisotropic crystal (calcite). 

 In case of an isotropic medium, the polarization P  induced by an electric field E  
is always parallel to the electric field vector and related to the field by a scalar factor, 
the susceptibility   and the permittivity of free space o . Consequently, we can write 

the following equations about the electric polarization P  and also for the electric 
displacement field D , for an isotropic medium: 

 oP E   (2.8) 

and (1 )o o o oD E P E E E E              (2.9) 

where (1 )o     (2.10) 

is the dielectric permittivity of the medium. The value 1   is called the relative permit-
tivity of the medium, and is related to the refractive index n , for non-magnetic media, 
by the following equation: 
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  1n     (2.11) 

 If the medium is anisotropic, the polarization P  is not necessarily aligned with 

the electric field of the light, E . In a physical picture, this can be thought of as the 

dipoles induced in the medium by the electric field having certain preferred directions, 

related to the physical structure of the crystal, so the susceptibility is now a tensor. As a 

result, the previous equations for P  and D  must be written in this case as: 

 i o ij jP E   (2.12) 

and i ij j

j

D E  (2.13) 

Here, the susceptibility ij  which is a tensor and depends on the choice of the coordi-

nate system relative to the crystal lattice. Also, ij  is known as dielectric tensor. For 

simplicity, it is preferable to find a system, where ij  becomes a diagonal matrix, 

zeroing all components of the tensor except xx , yy and zz . These axes (x, y, z axes) 

are in this case known as the principal axes of the crystal and will be orthogonal if all 

entries in the ii  tensor are real, corresponding to a case in which the refractive index is 

real in all directions. If they ii  are not all equal, the material will exhibit birefringence. 

 When light enters the optical axis of anisotropic crystals, it behaves in a manner 

similar to the interaction with isotropic crystals, and passes through at a single velocity. 

However, when light enters a non-equivalent axis, it is refracted into two rays (ordinary 

and extraordinary ray), each polarized with the directions oriented at right angles 

perpendicular to one another and traveling at different velocities. This phenomenon, 

which is represented in Figure 19, is termed double refraction or birefringence and is 

exhibited to a greater or lesser degree in all anisotropic crystals. 

 The phase velocity p of a plane electromagnetic wave in an anisotropic crystal, 

which is written as: 

 p

c c

n



   (2.14) 

depends on the direction of propagation and the direction of polarization. Along a given 

direction of propagation, two orthogonal optical axes Uo and Ue with different phase 
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velocities and thus different refractive indices exist. The refractive indices of these two 

modes are commonly called no (for the ordinary ray) and ne (for the extraordinary ray). 

 

Figure 19: Schematic representation of double refraction into calcite crystal. 

 In order to find the indices of refraction no and ne, it is convenient to define the 

index ellipsoid. If we assume that the medium is homogeneous, non-absorbing and 

magnetically isotropic, then the energy density can be written in terms of the dielectric 

tensor: 

 
,

1 1

2 2
i ij j

i j

U E D E E     (2.15) 

In case we choose to work in a coordinate basis in which the dielectric tensor is diago-

nal, then the equation (2.15) takes on the simple form: 

 

22 2

2
yx z

x y z

DD D
U

  
    (2.16) 

where x , y and z  are the principle dielectric constants ( x xx  , etc.). If we define a 

dimensionless vector: 

 
2

x
D

r y
U

z

 
 

  
 
 

  (2.17) 



 

30 

 

and define the principal indices of refraction xn , yn and zn  by 2 /i i on   , the equation 

(2.16) can be rewritten as: 

 

2 2 2

2 2 2
1

x y z

x y z

n n n
     (2.18) 

The equation (2.18) is the equation of a general ellipsoid with major axes parallel to the 

x, y, and z directions whose respective lengths are 2 xn , 2 yn , and 2 zn . This ellipsoid is 

known as the index ellipsoid and is used mainly to define the two indices of refraction 

and the two corresponding directions of D associated with the two independent plane 

waves that can propagate along an arbitrary direction in a crystal. 

 Furthermore, we define the impermeability tensor, 

 
1( )ij ij    (2.19) 

where 1   is the inverse of the dielectric tensor   and which form in the principal axis 

system of the crystal is: 
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  (2.20) 

As a result, the equation of the index ellipsoid can be rewritten as: 

  1r r     (2.21) 

Any plane through the origin of the index ellipsoid defines an intersecting ellipse as 

shown in Figure 20. 
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Figure 20: An intersection of the index ellipsoid with the plane normal to the direction of 
incidence d of the electromagnetic wave. 

In case where an external electric field is applied, changes the properties of an optically 

active crystal. The refractive index becomes a function of the external field, which has as 

result the change of the orientation and shape of the index ellipsoid. Especially for high 
electric fields, the polarization becomes nonlinear in electric field and can be described 

by the equation (1.3). Also, as we can see from the equations (2.10) and (2.19), the 
susceptibility tensor   is related with the impermeability tensor η. This means that the 
impermeability tensor also contains terms of higher order in the presence of a strong 
external electric field and can thus be expanded using a Taylor-expansion around E=0: 

 (0)ij ij ijk k ijkl k lr E s E E      (2.22) 

where E is the applied electric field and we neglect higher order terms in the Taylor 
expansion because they are too small for most applications. The constant ijkr  is the 

linear (or Pockels) electro-optic coefficient and ijkls  is the quadratic (or Kerr) electro-

optic coefficient. For gallium phosphide (GaP) and zinc telluride (ZnTe) which are com-
monly used in electro-optic sampling, their order of magnitude is: 

 1210ijk
mr
V

  (2.23) 

 
2

21
210ijkl

ms
V

  (2.24) 
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Thus, for ZnTe and GaP crystals, the Kerr effect can be neglected and then the equation 

(2.22) can be written as: 

 (0)ij ij ijk kr E     (2.25) 

As the η is a symmetric tensor ( ijk jikr r ), the tensor can be simplified by introducing the 

following: 
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  (2.26) 

So, the equation of the index ellipsoid in the presence of an external electric field can be 

written in terms of the relationship (2.21) as: 

 

2 2 2

1 2 32 2 2

4 5 6

1 1 1

2 2 2 1

k k k k k k

x y z

k k k k k k

r E x r E y r E z
n n n

yzr E zxr E xyr E

    
         

    

   

 (2.27) 

where the indices 1, 2, 3 correspond to the principal axes x, y, z, and xn , yn , zn  are the 

principal refractive indices. 

 Crystals of the zinc blende structure such as ZnTe and GaP are composed of two 

face-centered cubic lattices shifted by one quarter of the spatial diagonal and thus 

feature a high degree of symmetry (cubic symmetry 43m ). Because of the high degree of 

symmetry, ZnTe and GaP crystals are optically isotropic at vanishing electric fields (

x y z on n n n   ). In addition, the electro-optic tensor ijkr  has only one independent 

element ( 41 52 63 0r r r   ). The equation 2.19 can be written now as: 

 
2 2 2

41 52 632 2 2
2 2 2 1x y z

x y z

x y z
yzr E zxr E xyr E

n n n
        (2.28) 
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or 
2 2 2

41 41 412
2 2 2 1x y z

o

x y z
yzr E zxr E xyr E

n

 
      (2.29) 

 The crystals used in electro-optic experiments are cut in the (110) plane as it is 

shown in Figure 21 because it produces a brighter signal rather than another crystal cut 

[33]. 

 

Figure 21: (Left) The (110) plane in which the used crystals are cut. (Right) The coordinate 

system (X, Y) [32]. 

A new coordinate system (X, Y) can be defined in this plane with: 
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  (2.30) 

The THz radiation and the optical probe pulse incident perpendicular to this plane and 

are parallel to the vector U3, forming an angle θ with the X axis. Thus, the THz electric 

vector is written with respect to the new coordinate system as: 

 THz

1
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E cos
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  (2.31) 



 

34 

 

Inserting the previous equation into equation (2.25), we can find the principle axes (U1, 

U2, U3) and the main refractive indices calculating the eigenvectors and the eigenvalues 

of the tensor η respectively [32]. From the eigenvalues, we have: 
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 (2.32) 

The refractive indices corresponding to the first two principal axes are 1n  and 2n . The 

index ellipsoid is shown in the following Figure 22. 

 

Figure 22: The refractive index ellipsoid projected into the (110) plane of the electro-optic 

crystal [32]. 

The optical beam is incident onto the electro-optic crystal along the normal to the (110) 

plane, its electric vector laserE  lies therefore in this plane. In the crystal the two compo-

nents of laserE  along the principal axes U1 and U2 receive a relative phase delay: 

 
3

2

1 2 41

2 2
( ) 1 3coson dd d

n n n r E a
 

  
        (2.33) 

 In order to measure this phase delay, we can use a balanced detection. In Figure 

23 is represented the process of balanced measurement. A linearly polarized probe 
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beam is modified to elliptical polarization through the electro-optic process. A quarter-

wave plate is used to bias the polarization of the probe beam. An analyzer (Wollaston 

prism) is used to split the biased probe beam into s and p polarization components and 

a pair of balanced photo-detectors is used to measure the difference between them. 

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

intensity after the analyzer and the balanced detector gives no signal. The presence of a 

THz electric field changes the polarization of the probe beam, generating a measurable 

signal in the balance detector which is: 

 sinS    (2.34) 

 

Figure 23: Schematic representation of a balanced electro-optic set-up. 

 The measurement of the THz electric field is performed by the aid of a lock-in 

amplifier. This device selectively amplifies the incoming signal in order to boost it above 

the noise level. To measure the entire THz waveform, a standard optical sampling is 

performed as follows. Owing to the periodicity of the laser pulses, we can use a pump 

probe method to measure the entire THz waveform. By changing the distance between 

the THz pulse and the optical probe pulse with an optical delay line, one can change the 
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time-delay between these two pulses and map the electric field of the THz pulse, ( )E t , 

representing the temporal evolution of the pulse electric field. A schematic representa-

tion of the recorded THz signal at each different time delay is shown in Figure 24. 

 

Figure 24: The measurement of the entire THz waveform. 

 

 

 Data analysis 2.4

  By Fourier transforming the recorded temporal waveform of the THz pulse, ( )E t , 

in the frequency domain, information about both amplitude and phase can be extract-

ed: 

 
( )( ) ( ) ( )i i tE A e E t e dt          (2.35) 

The temporal evolution of the electric field of THz pulse is shown in Figure 25 (a) and 

Figure 25 (c) as function of the time delay of the probe pulse, using two of the most 

common e.o. crystals, a 500 μm thick ZnTe and a 100 μm thick GaP crystal respectively. 

After Fourier transform, the corresponding amplitude spectrum is obtained and is 

presented in Figure 25 (b) and Figure 25 (d). Two main factors limit the bandwidth of 

THz radiation in electro-optic sampling is the pulse duration of the excitation laser pulse 

and phase matching conditions. Roughly speaking, a laser pulse can generate a THz 

pulse with bandwidth twice that of the laser pulse bandwidth. Therefore, for laser pulse 



 

37 

 

duration of 35fs; the bandwidth is estimated to be above 60 THz. The limiting factor 
continues to be proper phase matching. Because the frequency extent of the THz pulses 
is so broad, it is practically impossible to select an e.o. material that fulfills phase match-
ing requirements for all frequency components. For this reason, using the ZnTe crystal 
we can detect within a frequency range reaching up to 3 THz while with a GaP crystal 
the spectral bandwidth is expanding up to 8 THz. 

 
Figure 25: (a) Measured THz electric field with 0.5mm ZnTe crystal, (b) THz pulse spectral 
amplitude, (c) Measured THz electric field with 100μm GaP crystal and (d) its THz pulse 
spectral amplitude. 

 The frequency resolution is determined by the total scanning length l  of the 
optical delay line. The frequency difference f  between two neighboring points in the 
frequency spectrum is given by: 

 
2
cf
l

    (2.36) 
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where c is the speed of light. The resolution can in principle be improved by making l  

longer. 

 In a THz time-domain spectroscopic system (THz-TDS), the THz beam interacts 

with the sample and undergoes changes depending on the optical, chemical and struc-

tural properties of the sample are under investigation. In general there are three main 

physical effects to be taken into account in the measurement process; absorption, 

transmission and scattering. Absorption is the energy transfer from the THz wave to 

certain modes of the sample. In general, the intensity I  of a light beam propagating 

through a material obeys the Beer-Lambert law: 

 
ad

oI I e   (2.37) 

where oI  is the intensity of the beam prior to propagation through a material of thick-

ness d and absorption coefficient α. 

 The optical characterization of a material in the THz regime is accomplished by 

measuring the electric field ( )samE t  of the transmitted THz pulse through the sample 

and normalizing it to a reference electric field ( )refE t  without any sample (Figure 26). 

 

Figure 26: Representation of measuring the reference electric field and the sample electric 

field in transmission mode. 

Taking the Fourier transform of the reference and sample electric field we can get the 

reference spectrum ( )( ) i ref

refA e     and the sample spectrum ( )
( ) sami

samA e
   . For a 

sample of known thickness d we can extract the following spectral properties such as its 

refractive index and absorption coefficient. 

 The refractive index can be expressed as: 
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   (2.38) 

where ( ) ( )sam ref    is the relative phase difference, c is the speed of light in 

vacuum, d is the sample thickness and ω is the radiation frequency. 

The absorption coefficient is given by the following equation: 
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where d is the sample thickness, Asam is the amplitude of the sample spectrum, Aref  is 

the amplitude of the reference spectrum and T is the Fresnel reflection coefficient for 

normal incidence and can be written as: 
2( ( ) 1)

4 ( )

n
T

n






 . 

The absorbance A(ω) is derived by the following equation:  
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 (2.40) 

From the refractive index, the complex permittivity can be calculated by: 

 
2ˆ n̂    (2.41) 

where n̂ n ik   is the complex refractive index. In the complex refractive index k  is 

the extinction coefficient, equal to: 
4 2

a ca
k



 
  . 

The real and imaginary part of the complex permittivity can be extracted and defined as: 
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  (2.42) 

 Four different samples were characterized optically in the THz regime using the 

GaP crystal in the detection of electro-optic sampling and using the aforementioned 

equations, their refractive index, absorption coefficient as well as the real and imaginary 

part of their complex permittivity has been defined. The studied samples were three 
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polymer samples: high density polyethylene (HDPE) with thickness 2.2 mm, Polytetra-
fluoroethylene (Teflon) with thickness 2.1 mm and Polymethlmethacrylate (PMMA) with 
thickness 1 mm and one 1 mm thick glass sample, Fused silica. The results are presented 
in Figure 27 and are in good agreement with previous reports [6, 34, 35]. 

 
Figure 27: Calculated, (a) absorption coefficients, (b) refractive indexes, (c) real part of permit-
tivity and (d) imaginary part of permittivity for different materials. 
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3. Terahertz spectroscopy of honey 

 

 

 

 THz spectroscopy in food industry 3.1

 Food safety and quality concern have become more and more significant the last 

years. For this reason, there is an increasing interest on new, rapid and non-destructive 

techniques that can be applied to food quality evaluation or safety inspection, either to 

simplify, to speed up the checking process, or even to provide additional functionality. 

THz-TDS is a very promising technique for this purpose. 

 One of the attractive applications of THZ-TDS in food quality control, exploiting 

the high absorbance of THz radiation by water, is the determination of moisture content 

in foods. This is an especially important application in controlling drying processes 

where low moisture content can alter the sensory qualities and shelf life of products. 

There is a number of studies where THz waves have been used to evaluate the moisture 

content of food such as wheat and food wafers [36, 37]. Also, the detection and charac-

terization of water contamination of oils and other products is feasible using THz 

spectroscopy [38]. 

 Another important role in the food industry plays the detection of foreign bodies 

in foods. THz radiation is not ionizing which is an advantage in contrast with other 

techniques like X-rays which aren’t very safe for food screening. Unfortunately, most of 

the foods contain considerable amounts of water and, hence, cannot be penetrated by 

THz radiation. Nevertheless, THz systems may have some applications for quality con-

trol. For instance, it was early shown that chocolate is transparent to THz waves as it 

contains a small percentage of water and consists mostly of fat [39]. 

 A lot of materials such as plastic, polymers, paper and glass are transparent 

materials to THz radiation. This makes THz spectroscopy and imaging attractive tools for 

quality validation of packaged products. Indeed, for the most applications, it is possible 

to carry out THz-TDS measurements while the materials are packaged [39]. 

 Finally, the presence of pesticides or antibiotic residues in foods is of growing 

concern among consumers. Until now, a lot of screening methods and analyses are used 

for this purpose. Some of them are mass spectrometry and liquid chromatography 

which although are sensitive enough, they are time-consuming techniques and a pre-
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treating of the sample is needed before the measurements [40, 41]. Near-infrared 

spectroscopy is only suitable for the quantitative analysis and no for qualitative analysis 

[42]. Infrared spectroscopy offers sharp features but is sensitive enough to the scatter-

ing phenomena. For this reason, it is more a quantitative tool rather than a qualitative 

one [43]. Nevertheless, traditional spectroscopic methods can only provide amplitude 

information. On the other hand, THz time domain spectroscopy provides information 

about the amplitude and the phase while is rapid and non-destructive for the samples. 

However, quantitative detection of pesticides and antibiotics in the THz range is still at 

an initial stage [44, 45]. 

 In this chapter we present the application of THz-TDS in food inspection. In 

particular, antibiotic residues and acaricides found in honey since they are often given 

to bees in order to fight against various diseases. Such chemicals can persist at trace 

levels in honey which is not a desired result. So far, THz spectroscopy and imaging have 

been applied to characterize optically bee’s waxes and to measure the transmission of 

THz radiation through honey [46-48]. In this work, a number of different antibiotics and 

acaricides have been measured in the THz range between 0.3- 8 THz. Furthermore, 

studies have been performed in order to distinguish them into honey. An estimation of 

the concentration limits of these contaminants which can be detectable in honey using 

the THz-TDS technique is also given, aiming to use this novel technique in the produc-

tion line. More details will be given in the following sections. 

 

 

 THz spectroscopy of honey: Qualitative and quantitative approach 3.2

 Experiment and sample preparation 3.2.1

 In this work, pellets of five different chemical substances have been made to 

classify their THz absorbance spectra. The chemical substances, purchased from Sigma-

Aldrich are: amitraz (CAS 33089-61-1), coumaphos (CAS 56-72-4), tetracycline (CAS 60-

54-8), sulfathiazole (CAS 72-14-0) and sulfapyridine (CAS 144-83-2). Among these five 

substances, the tetracycline, sulfapyridine and sulfathiazole are antibiotics and the 

amitraz and coumaphos are acaricides. All of these chemicals are commonly used during 

the production of honey. 

 The pellets were made with the use of High Density Polyethylene powder (HDPE) 

(CAS 9002-88-4) as a diluent material. The five substances were mixed with polyeth-

ylene powder in a concentration of 20% and then compressed into pellets with a hand 
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press. The thickness of the pellets was approximately 0.9 – 1.1 mm, their diameter was 
7 mm and their total weight was around 40 mg. A pellet of pure HD-polyethylene was 
also made, as the reference sample. 

 The pellets are placed at the focus of the THz beam, by the aid of a sample 
holder consisted of two circular black Teflon plates of 5 mm clear aperture diameter 
(shown in Figure 28). All the measurements were taken at low levels of humidity (3.5-
4.5 %) in order to avoid the absorption of THz radiation by the water vapor of normal 
air. Taking the Fourier transform of the recorded sample and reference electric fields 
and with the appropriate processing which was described in the previous chapter, we 
extracted their absorbance spectra. 

 

Figure 28: (Left) The two plates where the pellet is deposited in between. (Right) Pictures of 
the sample holder being empty and with a pellet. 

 For performing measurements on honey and its mixture with antibiotics and 
acaricides, a different sample holder has been used. This holder consists of two circular 
plates of HDPE with a 2.54 cm diameter separated by a spacer of 620 μm thick, shown in 
Figure 29. The recorded spectra are normalized to the transmitted THz electric field 
through an empty sample holder and the level of humidity were all measurements have 
been done, was 1-2%.  

 

Figure 29: Sample holder for honey and for the mixture of honey with antibiotics. 
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 Results and discussion 3.2.2

In Figure 30, we present the absorbance spectra of the tetracycline, coumaphos, 
amitraz (left) and sulfapyridine, sulfathiazole (right) pellets in the THz region of 0.7 - 2.5 
THz (23.33 – 83.33 cm-1). Coumaphos exhibits a distinct absorption peak at 1.88 THz 
(62.67 cm-1), while we can’t say the same for tetracycline and amitraz which do not 
exhibit any resonance peaks in this frequency range [45]. In Figure 30 (Right) are shown 
the absorbance spectra of the antibiotics sulfapyridine and sulfathiazole which belong to 
the sulphonamides family. Both of them show characteristic absorption peaks. In 
specific, sulfapyridine exhibits a resonance peak at 1.065 THz (35.66 cm-1) which is in 
accordance with observations of previous reports [45] and sulfathiazole exhibits a 
number of absorption peaks with the most intense one observed at 2 THz (66,66 cm-1). 

 

Figure 30: (Left) Absorbance spectra of tetracycline, coumaphos and amitraz in the frequency 
range between 0.7 THz and 2.5 THz. (Right) Absorbance spectra of sulfapyridine and sulfathia-
zole in the same frequency range. All of them are measured with ZnTe crystal and the 
measurements have been performed at room temperature and at low humidity levels (3.5-
4.5) % 

 The frequency range were the spectra are recorded is limited not only from the 
ZnTe crystal which was used for the electro-optic detection, but also from interference 
phenomena coming from reflections of the THz pulses within the pellets that limit the 
lower useful end of the spectrum at frequencies above 0.7 THz. In order to provide 
information in a wider THz frequency range, a 100 μm thick GaP crystal has been used, 
expanding our detection limits up to 8 THz. Nonetheless, we couldn’t manage to reach 
frequencies more than 5.6 THz due to the high absorbance of polyethylene and the 
studied chemical substances above this frequency. In Figure 31 are shown the absorb-
ance spectra of all pellets as recorded using the GaP e.o. crystal. 
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Figure 31: (Left) Absorbance spectra of tetracycline, coumaphos and amitraz in the frequency 
range between 0.7 THz and 5.6 THz. (Right) Absorbance spectra of sulfapyridine and sulfathia-
zole in the same frequency regime. All of them are measured with GaP crystal and the 
measurements have been performed at room temperature and at low humidity levels (3.5-
4.5) %. 

 Similar to the previous measurements, coumaphos exhibits a strong absorbance 
peak around 1.9 THz which is broader and tetracycline doesn’t exhibit any resonance 

peaks even at this extended THz region. On the other hand, for amitraz, a distinct 
resonance peak appears at 4.46 THz (148.7 cm-1) as clearly shown in Figure 31 (Left-
magenta). In Figure 31 (Right), are presented the absorbance spectra of the antibiotics 
sulfathiazole and sulfapyridine which show new characteristic spectral fingerprints in 
this frequency range. 

 Following the spectral analysis of these substances, we continued by mixing 
these chemicals with pure honey in order to verify if their presence in honey can be 
detectable. Initially, we recorded the THz transmission through pure honey which 
exhibits no distinct features (Figure 32), as expected. 
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Figure 32: Optical properties (absorption coefficient and refractive index) of pure honey in the 
THz regime. 

 Having characterized optically the pure honey, we continued by mixing it with 
the antibiotics, sulfapyridine and sulfathiazole which show the strongest absorption 
peaks. The results of this mixture are presented in the next figures. In Figure 33 (Left) is 
shown the absorbance spectrum of the antibiotic sulfapyridine mixed with pure honey 
in a concentration of 10% (black line) in comparison to the pure sulfapyridine’s spec-
trum (red line). As we observe, the distinct fingerprints of sulfapyridine are present but 
slightly shifted towards lower frequencies, although the antibiotic is mixed with honey. 
In Figure 33 (Right) we can see the absorbance spectrum of the antibiotic sulfathiazole 
when it is mixed with pure honey in a concentration of 12.5% (blue line) and again we 
can see that a number of resonance peaks are shifted in comparison to the resonances 
observed at the pellet (green line). 

 
Figure 33: (Left) Absorbance spectrum of sulfapyridine mixed with pure honey in comparison 
with it in pellet. (Right) Absorbance spectrum of sulfapyridine mixed with pure honey in 
comparison with it in pellet. 
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 It is obvious from the previous findings that we manage to distinguish both of 

these antibiotics when they are mixed with pure honey. Following these measurements, 

we continued by mixing both sulfapyridine and sulfathiazole, with pure honey in order 

to check if multiple substances can be distinguished in honey. The concentration for 

each one antibiotic is the same as previously (10% sulfapyridine and 12.5% 

sulfathiazole). In Figure 34 are shown the absorbance spectrum of sulfapyridine (black 

line), sulfathiazole (blue line) in comparison to the spectrum that is recorded when both 

of these antibiotics are mixed with honey (orange line). As it is clear, the resonance 

peaks of each one antibiotic are present in the mixture. 

 

Figure 34: Absorbance spectra of sulfapyridine (black line), sulfathiazole (blue line) and the 

two of them mixed with honey.  

 In all measurements we observed that when the antibiotics are mixed with 

honey, their distinct resonance peaks are slightly shifted compared to the ones ob-

served when they were studied as pellets. According to previous reports [49], it has 

been noticed that the form of a substance either it is anhydrous or hydrated influences 

its absorbance spectrum. This is attributed to the different intermolecular vibrational 

modes mediated by hydrogen-bonding in the presence of water or not. In our case, 

honey consists of approximately 20% water, so this explanation seems to be valid also 

for our studies. In order to verify this assumption, the sulfapyridine pellet was hydrated. 

In Figure 35 consecutive measurements of the hydrated pellet are presented, recorded 

at different times. When the sulfapyridine pellet is fully hydrated (black line) the reso-

nance peak is shifted from 1.065 THz to 1.07 THz. After two more measurements at 

different times (magenta and green line), the resonance peak (blue line) is observed to 

be at the same position with the resonance peak of anhydrous sulfapyridine pellet (red 
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line) indicating that the shift of the resonance peaks, observed in the mixtures of the 

honey, can be attributed to the presence of water in the honey.  

 

Figure 35: Consecutive measurements hydrated sulfapyridine pellet. 

 Furthermore, in order to give estimation for the concentration limit we can 

detect, we measured different concentrations of the antibiotic sulfapyridine mixed with 

pure honey reaching up to the minimum. In Figure 36 are illustrated the absorbance 

spectra of sulfapyridine in concentrations 13%, 11%, 5% and 2% respectively, zoomed in 

the frequency range where the strongest absorption peak was observed. As shown the 

resonance peak can be clearly seen in concentrations 13% and 11% while it is not 

obvious in concentrations 5% and 2%. 

 

Figure 36: Absorbance spectrum of sulfapyridine mixed with pure honey in concentrations 

13%, 11%, 5% and 2%. 
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Different mathematical ways of data processing were used in order to extract infor-

mation from the recorded data. By taking the square root of the squared absorbance’s 

first derivative we observe (Figure 37) that even at low concentrations the resonance 

peak of the antibiotic is present in the spectrum.  

 

Figure 37: The square root of the squared absorbance’s first derivative 

Subsequently, by plotting the first derivative of the absorption peak as a function of the 

corresponding concentration is estimated that we can reach concentrations of an order 

of magnitude below of 2%, indicating that THz –TDS can be applied for the detection of 

small concentrations of antibiotics in honey (Figure 38). 

 

Figure 38: First derivative of the absorbance peak as a function of the corresponding concen-

tration. 
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 In conclusion, this work demonstrates that the THz-TDS system used in this study 

enables the novel application of THz spectroscopy for the detection of antibiotic and 

acaricides residues in honey. First of all, spectral features in the THz frequency range of 

different chemical substances which are used in honey production were presented. The 

THz absorbance spectra of a number of these substances are reported for first time in 

this work. Secondly, we presented the capability of THz spectroscopy to distinguish 

substances when they are mixed with pure honey. Finally, we tried to estimate the 

minimum concentration limit we can detect with our spectroscopic technique. This limit 

is far from the provided thresholds which mean that our analysis needs improvement. 

Nevertheless, THz-TDS can be used for a first check of the samples because it is a fast 

technique and it doesn’t need a pre-treating of the sample. According to our results, THz 

spectroscopy seems to be a really promising and analytical tool in food inspection. 

Ultimate goal in the near future is the use of a mobile THz system for commercial use 

which can be used directly into the production line for honey and generally for food 

inspection. 
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4. Terahertz spectroscopy of pharmaceutical 
products 

 

 

 

 THz spectroscopy and pharmaceutical applications 4.1

 Another research field, in which THz technology can be applied as a novel 

spectroscopic technique thanks to the unique properties of THz radiation, is the phar-

maceutical industry. One of the major interests in pharmaceutical industry is the 

physical characterization of pharmaceutical materials. Since many chemical compounds 

show specific fingerprints in the THz range, THz spectroscopy can be used for this 

purpose. Most pharmaceuticals have to be administered at very low doses and thus, 

small quantities are required to formulate a drug in a proper pharmaceutical dosage. So 

far, there isn’t any analytical technique which is able to monitor online the pharmaceu-

tical formulation and production.  

THz spectroscopy due to the sensitivity of THz waves to intermolecular vibrations 

could provide useful information on the substances constituting a drug and eventually 

to be used as an analytical technique for monitoring the production line of drugs. 

Furthermore, THz waves have longer wavelengths than visible and infrared waves 

resulting in little scattering. The little scattering nature, when combined with low 

absorption makes THz radiation an excellent spectroscopic tool. The photon energy of 

THz waves that interact with the pharmaceutical materials is low compared with other 

radiations, so the damage to the pharmaceutical samples is negligible. 

 Moreover, polymorphism and crystallinity changes are two issues that occupy a 

special position in the pharmaceutical industry. Polymorphism is a well-known phenom-

enon for many organic molecular crystals, where the same compound can crystallize in a 

number of different crystal structures. On the other side, crystallinity refers to the 

degree of structural order in a solid. Both of these phenomena may impact on pharma-

ceutical properties of a drug, for example, different polymorphs may have different 

rates of dissolution or bioavailability, and may even affect the stability of the drug. So 

far a number of reports are shown the use of THz spectroscopy in order to examine the 

previous phenomena [50, 51]. 
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 In this chapter we present a small part of the application of THz-TDS in pharma-
ceutical industry. In cooperation with a pharmaceutical industry, we have the chance to 
examine our spectroscopic technique in this field. The emphasis of work which is still in 
progress is based on a pharmaceutical tablet and its spectroscopic analysis with ultimate 
goal to see if can control the dosages of the excipients in the production line. The first 
step has been done already with the optical characterization of the tablet’s excipients 

which gave very encouraging and promising results for the continuation of this research. 

 

 

 THz spectroscopy of pharmaceutical products: Qualitative and 4.2
quantitative approach 

 Experiment and sample preparation 4.2.1

 In this work, pellets of the pharmaceutical tablet’s substances have been made 
to classify their THz absorbance spectra. These substances were: the active substance 
Diosmin, the excipients Microcrystalline Cellulose, Gelatine, Talc, Sodium starch glycol-
late and Magnesium stearate and a coating. 

 The pellets were made with the use of High Density Polyethylene (HDPE) powder 
as a diluent material due to its transparency to terahertz radiation. Each one of the 
substances was mixed with the polyethylene powder in a concentration of 20% and then 
compressed into pellets with the hand press. The thickness of the pellets was approxi-
mately 1–1.4 mm, their diameter was 7mm and their total weight was around 40 mg. A 
pellet of pure HD-polyethylene was also made, as the reference sample. The pellets 
were placed in the sample holder which was described in the previous chapter and is 
shown in Figure 39. Similar to the previous experiments described in this work, the 
pellets are placed at the focus of the THz beam and all measurements are taken at low 
levels of humidity (1-1.3 %).  

 
Figure 39: Sample holder for pellets, being empty (left) and with a pellet (right). 
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 Results and discussion 4.2.2

 In Figure 40 we present the absorbance spectrum of Diosmin (left) and Micro-

crystalline cellulose (right) pellets in the THz region of 0.6 – 6 THz (20 – 200 cm-1) and 

0.5 – 6.5 THz (16.66 – 216.66 cm-1) respectively. As it is clear from the absorbance 

spectrum of Diosmin, it exhibits a distinct absorption peak at 4.64 THz (154.66 cm-1). 

Diosmin is an active constituent of many pharmaceutical tablets. As a result, until now 

there are a lot of reports about Diosmin and its determination in pharmaceutical drugs 

with different spectroscopic methods [52-55]. Nevertheless, in this research the absorb-

ance spectrum of Diosmin in the THz frequency range was recorded for first time. On 

the other side, Microcrystalline Cellulose exhibits clearly two resonance peaks at 3.03 

THz (101 cm-1) and at 5.22 THz (174 cm-1) which are in accordance with observations in 

other reports [56, 57]. 

 

Figure 40: (Left) Absorbance spectrum of Diosmin in the frequency range between 0.6 THz and 

6 THz. (Right) Absorbance spectrum of Microcrystalline Cellulose in the frequency range 

between 0.5 THz and 6.5 THz. All the measurements have been taken with GaP crystal in the 

detection. 

 In Figure 41 are shown the absorbance spectra of two more substances of the 

pharmaceutical tablet; Sodium starch glycollate and Gelatine which are also commonly 

used in pharmaceutical industry. Sodium starch glycollate, absorbs in the THz frequency 

range between 0.5 THz and 5.5 THz but it doesn’t show any resonance peak in this 

frequency range. Gelatine exhibits a broad absorbance peak at 2.75 THz (91.66 cm-1) 

[56]. 
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Figure 41: (Left) Absorbance spectrum of Sodium starch glycollate in the THz regime between 
0.5 THz and 5.5 THz. (Right) Absorbance spectrum of Gelatine in the frequency range between 
0.5 THz and 6 THz. All the measurements have been taken with GaP crystal in the detection. 

 In Figure 42 (Left) is shown the absorbance spectum of Talc from 0.5 THz to 6.8 
THz (16.66 – 226.66 cm-1) and in Figure 42 (Right) is shown the absorbance spectrum of 
Magnesium stearate from 0.6THz to 5.5 THz (20 – 183.33 cm-1). Talc exhibits an absorp-
tion peak at 5.16 THz (172 cm-1), but we can’t say the same for Magnesium stearate. It 
seems not to absorb in this frequency range which is in accordance with previous 
reports [57]. 

 
Figure 42: (Left) Absorbance spectrum of Talc in the frequency range between 0.5 THz and 6.8 
THz. (Right) Absorbance spectrum of Magnesium stearate in the frequency range between 0.6 
THz and 5.5 THz. All the measurements have been taken with GaP crystal in the detection. 

 The last excipient we measured was the coating of the pharmaceutical tablet and 
the result is represented in Figure 43. It is obvious from the figure that in the THz 
frequency range between 0.6 THz and 6 THz (20 – 200 cm-1), the coating exhibits a 
characteristic resonance peak at 3 THz (100 cm-1). 
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Figure 43: Absorbance spectrum of Coating in the THz regime between 0.6THz and 6THz. 

 In summary, this work which is in an initial stage demonstrates the potential of 

THz-TDS in pharmaceutical industry. So far we managed to characterize optically the 

active substance and the excipients of our pharmaceutical tablet in the THz frequency 

regime. Some of these results are in accordance with already published results and 

some of them are represented in this work for first time. An ultimate goal from our work 

is to examine the potential of THz-TDS to distinguish each one of the substances meas-

uring the whole tablet and also the concentration limit which we can reach in order to 

check the dosages of the excipients. In any case the application of THz spectroscopy and 

also of THz imaging in the future, in the research field of pharmaceutical industry seems 

to be very promising. 
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