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ABSTRACT 

In the area of metrology and non-destructive testing, Terahertz wavelengths have been 

widely researched and used. However, the lack of 2D detectors working at room 

temperature and high power sources prevent the widespread application of Terahertz in 

industry. In that context, research on the development of new Terahertz equipment is 

moving at a fast pace. Within the scope of this thesis, applications of newly developed 

Terahertz technologies were explored using the scanning of single point detectors with 

the objective to establish the feasibility for their full-field applications in readiness for 

future 2D detectors. For the first time, a frequency tuneable, all-optical Terahertz source 

was implemented in multi-wavelength interferometry to overcome one wavelength 

ambiguity in precise thickness/distance measurements with sub-millimetre resolution. 

Phase-shifting digital holography is another interferometry technique which allows us to 

reconstruct not only the amplitude of one object, but also the phase and the depth of it, 

using existing mathematical algorithms. Digital holography was performed successfully 

at Terahertz wavelengths using a multiplier/mixer Terahertz source coupled with a 

single point pyroelectric detector for the applications of non-destructive testing and 

depth measurements. The novelty is that the phase-stepping technique for digital 

holography was implemented in THz frequencies for the first time to remove unwanted 

terms in the reconstructed image in order to improve image quality compare to 

conventional holography. In the current experiments, recording time for one set of 

phase-shifting holograms (4 holograms for 4 phase-steps algorithm) was 6 hours. When 

the technology is ready for 2D detectors, recording time of holograms could be reduced 

considerably, and the technique will play an important role in full-field applications in 

industry metrology and/or non-destructive testing and evaluation. 
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Abbreviation and Glossary 

THz : Terahertz 

THz-TDS          : Terahertz time domain spectroscopy 

OPO : Optical parametric oscillator 

OPTL 

FIRL 

BWO 

PC 

EO 

QCL(s) 

DFG 

RTD 

IMPATT 

NDR 

MMIC 

TUNNET 

MgO:LiNbO3 

: Optically pumped Terahertz laser 

: Optically pumped far infrared laser 

: Backward wave oscillator 

: Photoconductive antenna 

: Electro-optic 

: Quantum cascade laser(s) 

: Different frequency generation 

: Resonant tunnelling diode 

: Impact ionisation avalanche transit-time diode 

: Negative differential resistance 

: Microwave monolithic integrated circuit 

: Tunnel injection transit time 

: Magnesium Doped Lithium Niobate 

Nd:YAG 

NDT 

: Neodymium-doped yttrium  

: Non-destructive testing 

DHI     

LT-GaAs     

ZnTe      

GaP    

YSZ 

YTZP 

MgPSZ 

CCD 

CMOS 

: Digital holographic interferometry 

: Low temperature grown GaAs 

: Zinc Telluride 

: Gallium phosphide 

: Yttria Stabilized Zirconia 

: Yttria Tetragonal Zirconia Polycrystal 

: Magnesia Partially Stabilized Zirconia 

: Charge-coupled device 

: Complementary metal–oxide–semiconductor 

Teflon : Tetra-polyethylene 

SNR : Signal-to-noise ratio 

CW : Continuous wave 

LO : Local oscillator 

RF : Radio frequency 



UV : Ultraviolet 

IR : Infrared 

IF : Intermediate frequency 

1D/ 2D/ 3D : One dimensional/ Two dimensional/ Three dimensional 

LIA : Lock-in amplifier 

NA : Numerical aperture 

SD 

rms 

: Standard deviation 

: Root mean square 

ms 

ps 

fs 

μwave 

μW / mW / kW 

UCA 

MTF 

Cf 

Imod 

λ 

  

: Millisecond 

: Pico-second 

: femto-second 

: Microwave 

: Microwatt / Milliwatt / Kilowatt 

: User Controlled Attenuation 

: Modulation transfer function 

: Contrast at one specific frequency 

: Modulation amplitude 

: Wavelength (lamda) 

: pi number 

M 

NAobj 

   

Δ  

dB 

dBm 

GUI 

IOB / IRB 

   

 I 

  

DC / AC 

 

: Magnification 

: Numerical aperture of the objective 

: Group refractive index 

: Phase difference 

: Decibel 

: Decibel-milliwatts 

: Graphical User interface 

: Object / Reference beam intensity 

: Phase noise 

: Intensity noise 

: Theta angle 

: Direct current / Alternative current 
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Chapter 1 

INTRODUCTION 

 

In the area of metrology and non-destructive testing, THz wavelengths have been 

widely researched and used. The potential advantages of THz radiation are well-known. 

Many common non-polar materials are semi-transparent at THz wavelengths including 

silicon, plastics, paper, cardboard, wood and clothing. The wavelength is long enough to 

avoid harmful ionising effects but short enough to provide sub-millimetre resolution for 

many imaging applications. Strong characteristic absorption wavelengths enable 

spectroscopic identification of specimens whilst polar liquids (e.g. water) and metals are 

opaque.  

Although the term “terahertz technology” has appeared only recently, it has an 

older history than that but being identified by different names in the past, such as 

submillimetre wave, far infrared or T-Ray. Since the very first publications reported 

studies on the THz applications around the 1970s [1-2], the state of the art of THz 

measuring systems and their applications has advanced exponentially despite the 

relatively short period of only ~ 40 years. For example, just a decade later in the 1980s, 

THz optical rectification and photoconduction had been developed, which made it 

possible to generate very short THz pulses and detect it coherently in a system called 

“terahertz time domain spectroscopy” (THz-TDS) by using a single exciting laser [3-5]. 

This definitive progress generated a great deal of interest, which has been followed by 

many applications of THz-TDS in spectroscopy [6-8], imaging [9-10], medical 

diagnostics [11-13], metrology [10, 14], etc.  

Even though the THz-TDS has become the most widely used technique so far, it 

still contains several limited aspects which relate to the low output power and slow 

imaging speed if spectroscopic information is not required. This limitation directs other 

efforts of the research community to develop new technology, methods and techniques 

for new applications in this domain. During the last 10 years, there have been rapid 

changes in THz technology, with new sources and detectors just becoming available 
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[15-16] (Appendix A.1 - A.4), opening up new fields of application. THz optical 

parametric oscillator (OPO) was invented in 1996 [17-18] and it is an all optical source, 

with a continuously tuneable range, from 1.03 – 2.14 THz and was then improved to 0.7 

– 2.5 THz in a better, and more effective intra-cavity OPO [19]. The appearance of the 

new laser widely tuneable with higher intensity (  ) and a narrow-band output (THz-

TDSs output is broadband) provides a wider choice for a large range of applications 

[20-23].  

From the other side of the electromagnetic spectrum, microwave all-electronic 

sources seem to be the “wrong” direction for THz high spatial resolution because of the 

difficulties to extend to higher frequencies from the already established instruments [24-

25]. However, THz-multipliers have made the long steps converting up from microwave 

frequencies to reach 200 GHz and up to 2.7 THz using two or more oscillation diodes 

[26-29]. Compactness, effective, low cost and room temperature operation, the THz-

multipliers are rapidly growing in application range. Heimbeck et al. [30] used a 0.66 – 

0.76 tuneable THz- multipliers source in a Mach-Zehnder interferometer setup for phase 

measurement application using off-axis digital holography and dual-wavelength 

reconstruction method. However, spatial filtering needs to be applied to remove the 

unwanted image orders, so it limits the resolution. Also using a THz-multiplier source 

operated at 360 GHz for phase measurement, Peter Foldesy [31] reported another 

approach to phase measurement by capturing the combined polarization of two 

orthogonally polarized reference and object waves to reconstruct the object phase based 

on the known phase-shift (90
o
) between them.    

Each type of THz source has its own advantages and disadvantages, with regard 

to their output power, room-temperature operation, cost effectiveness and wavelength 

tuneability [32]. To better understand the methods used, a general review along with the 

needed tools will be provided. Although metrology applications with THz have been 

widely studied, most of them used THz-TDS and/or single point scanning detector. The 

only report which used a 2D microbolometer array detector also used a free electron 

laser which generates very high output power that can be detected by the 2D detector 

without the need of cryogenic cooling [33]. The laser and the detector are too expensive 

to be applicable in normal applications and much less in industrial applications. The 

current lack of 2D detectors working at room temperature and high power sources 

restrict the wider application of THz metrology. Research on developing new THz 

equipment and exploring potential applications of the new THz technologies are moving 
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parallel in a fast pace. In the context of this research direction, the main contribution of 

this thesis is to explore the potential applications of newly available sources and single 

point detectors but the objective is to establish the feasibility for their full-field 

applications in readiness for future 2D detectors.  

Within the thesis, the ability of using an all-optical THz intra-cavity OPO source 

in thickness measurement of opaque objects and in NDT of internal defects is 

demonstrated. The spectroscopic frequency scanning ability of THz OPO was also used 

to test the transmission properties of some materials for future interest. The thickness 

measurement and NDT of internal defects was undertaken for the first time using an all-

optical THz source and these measurements have shown a correspondence between the 

measured and expected values. Unfortunately, instabilities in the THz OPO source 

meant that it was not suitable for interferometric phase measurements. Therefore a more 

traditional THz-multiplier source was used to demonstrate THz metrology techniques 

and potential applications, together with a pyroelectric detector. The output beam was 

fully characterised which enabled the spatial and axial resolutions of an imaging system 

to be predicted. Clearly this resolution is not as high as could potentially be achieved at 

higher THz frequencies (for example with the THz-OPO) but it enabled the principles to 

be established. Very few publications can be found in the literature that address digital 

holography at THz frequencies and no studies on THz phase-shifting digital holographic 

interferometry (DHI) have been published. In this thesis, phase-shifting digital 

holographic interferometry technique was implemented in THz regime for the first time, 

in which both intensity and phase reconstruction will be presented. Potential 

applications are for 3D imaging, NDT of internal defect and for thickness measurement.  

This thesis is written in 6 chapters. The following chapter (Chapter 2) provides the 

basic foundation and the literature reviews. Chapter 3 covers the issues related to the 

use of a THz intra-cavity OPO laser, including for single point thickness measurement. 

Chapter 4 is devoted to the characterisation of the THz-multiplier source, and the 

investigation of some initial applications made with it, including full-field thickness 

measurements with a scanned single-point detector. Chapter 5 focuses on studying THz 

phase-shifting digital holographic interferometry using a THz-multiplier source where 

the technique is demonstrated at THz wavelength for the first time. The final conclusion 

of the thesis is presented in Chapter 6.    

 



4 
 

Chapter 2 

LITERATURE REVIEW 

 

2.1. THz REVIEW 

In the electromagnetic spectrum, the terahertz (THz) region is defined as a gap between 

the millimetre wave and the infrared. In some papers [34-35], this region is placed in a 

range between 0.1 THz (10
11

 Hz) and 10 THz (10
13

 Hz); in other sources [36-37], this 

range is narrowed from 0.3 to 3 THz. We would define the THz range between 0.1- 10 

THz (wavelength range between 0.03 mm to 3 mm) as it covers almost all the defined 

ranges in literature about THz. Figure 2.1 shows the THz region in the electromagnetic 

spectrum. THz waves also have other names. As it is situated between microwaves and 

infrared, the radio frequency community call it submillimetre waves, the optical 

community call it far-infrared waves.  

 

 

Figure 2.1. THz in the electromagnetic spectrum: RF is radio frequencies, μwave is microwave, 

IR is infrared, and UV is ultraviolet 

 

The position of the THz region in the electromagnetic spectrum causes the THz 

radiation to possess the mixed properties of its neighbours (electronic and photonic 

domain). Among those properties, there are three major factors that make THz attractive 

to researchers: First of all, most non-metallic and non-polar materials are transparent at 

THz wavelengths, including silicon, plastics, paper, cardboard, wood, clothing, etc. This 

property opens up some potential applications for THz, such as metrology, non-
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destructive testing or security checking. Secondly, strong characteristic absorption 

wavelengths enable the spectroscopic identification of specimens, whilst polar liquids 

(e.g. water) and metals are opaque. The wavelength is long enough to avoid harmful 

ionising effects, but short enough to provide sub-millimetre spatial resolution for many 

imaging applications. In addition, THz radiation is strongly absorbed by water in some 

windows of the range. Therefore in some applications, care needs to be taken to choose 

THz wavelengths to avoid water absorption caused by the moisture in the air to improve 

the signal-to-noise ratio (SNR) of the system.     

THz technology focuses on developing effective THz sources and detectors for 

full field applications. In this chapter, an overview of the status of THz sources, THz 

detectors and their applications will be presented. In the following section and 

subsections, the categories of THz source and detector are introduced. At the end of 

each section, the suitability of the presented technology for individual application will 

be discussed. Then the potential metrology applications using the various introduced 

sources are reported in the final section. 

2.2. THz SOURCES 

A black-body emits THz radiation as part of its emitted spectrum. This phenomenon is 

demonstrated in the well-known Plank’s law. So any heated source can be a THz 

source. However, this method to generate THz radiation is extremely ineffective 

because the thermal emission is very weak.     

The technologies for THz sources are mainly based on two approaches, which are 

from its microwave and IR/photonic neighbouring regions. Therefore, the THz source 

technology will be separated into: vacuum tube sources, microwave technology based 

sources, optical based sources and hybrid techniques. These separated categories are 

managed to introduce in the following subsections.  

2.2.1. Vacuum Electronics Based Sources 

This type of source generates a monochromatic or broadband THz beam. The common 

design for this type of source is a vacuum tube, in which electron beams are accelerated 

while travelling inside, normally under a strong magnetic field. The physical principle 

for the THz emission in this case is based on the Maxwell’s law, in classical 

electrodynamics, regarding moving charges. Consider an electron which is moving in 

free space. If it moves at a constant velocity, the field moves along with it, but does not 
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propagate: the electron does not radiate. Otherwise, when the electron is moving with 

acceleration, it produces an electromagnetic field that travels outward from its position. 

This electromagnetic wave carries energy and momentum away from the electron. 

Among the THz sources of this type, there are the THz Synchrotron sources [38-

40] which generate broadband THz radiation, or free electron lasers (FELs) [41] which 

generate a monochromatic, broadly tuneable THz beam. These sources offer very high 

output power (W to kW) but are bulky (building- sized), and very expensive (for the 

source itself and for their running costs). For these reasons, they are only available in 

very few laboratories in the world. For example the world’s smallest Synchrotron 

MIRRORCLE-6X in Japan; the extremely high power ALICE synchrotron at 

the Daresbury Laboratory in Cheshire, England; the Dutch free electron laser FELIX in 

Utrecht, etc.       

The backward wave oscillator (BWO) is another example of this type of source 

[42-43]. It is monochromatic, tuneable and compact, but generates a much lower output 

power (μW to mW) and only low frequencies (typically < 1 THz). Recently developed 

BWOs can reach 1.2 THz and are commercially available (Appendix A.5).  

2.2.2. Microwave Technology 

Many approaches have been applied to achieve an increase in frequency conversion up 

from millimetre wavelengths to THz frequencies. A valuable review about this THz 

technology is recommended in [37]. Even though it was written about 10 years ago, 

most information still holds true with all relevant updates to the THz technology.  

There are many methods and techniques used which the most common ones are 

taken into account here such as: Gunn diodes [44], impact ionisation avalanche transit-

time diode (IMPATT) diodes [45], and resonant tunnelling diodes (RTDs) [37]. A 

common factor in the operation of these diodes is that they are two terminal devices 

[25] operating under current-voltage relationships, particularly a negative differential 

resistance (NDR). For example, RTD [46-47] is formed of a single quantum well 

structure surrounded by very thin barrier layers. In a relaxing state, charge carriers 

(electrons) cannot transmit through the barriers. When a voltage is placed across a RTD, 

charge carriers “tunnel” through the well and emit THz wave when they go back to the 

valance band. This phenomenon is called the resonant tunnelling effect. THz photon 

energy is then equal to the energy value inside the quantum well.  

http://en.wikipedia.org/wiki/Daresbury_Laboratory
http://en.wikipedia.org/wiki/Cheshire


7 
 

These sources are compact, and efficient, but work at low frequencies only. The 

IMPATT and Gunn diodes produce ~ 50- 100 mW at 100 GHz, can reach a maximum 

of 140 GHz and are commercially available (Appendix A.1). Higher frequencies can be 

obtained by frequency multiplication, but at the expense of a significant reduction in 

power [48]. 

There are some other recently developed sources for THz such as microwave 

monolithic integrated circuit (MMIC) [49], or tunnel injection transit time (TUNNET). 

MMICs already can extend to 1 THz operation frequency but at very low power (Figure 

2.3 below in page 12).  

Frequency-multiplier from microwave synthesisers (20-40 GHz) is also another 

low-cost, but effective method to reach THz frequencies. This type of source will be 

used in experiments in Chapter 4 and Chapter 5 of this thesis. Current technology of 

THz-multiplier can generate frequencies as high as 2.5-2.7 THz at 4 μW [28, 50], 1.9 

THz at 3 μW [27], 1.5 THz at 15 μW [51], 1.2 THz at 100 μW [26], all at room 

temperature operation. The powers can be improved, if working at low temperature 

[52]. 

2.2.3. Optical Based Sources 

Optical based sources are more modern compared to those that come from the 

microwave side of the THz gap. Optically pumped THz laser (OPTL) and THz optical 

parametric oscillator (THz- OPO) are the most effective and commonly used as all-

optical THz sources. Lead salt laser is another example, but it operates at a higher 

frequency range (> 10 THz) and needs cryogenic operation. 

An OPTL, also known as a gas laser or a far infrared laser, is analogous to a 

conventional laser, in that, an optical field is applied to a gain medium, in this case is a 

gas, and causing it to become excited. The excited state then relaxes back through the 

emission of a photon. When the gain medium is located within a resonator, the feedback 

of the THz field results in the emission process becoming stimulated and hence a beam 

of high spatial quality and temporal coherence is obtained. A detailed description of this 

type of laser is written in a report from Coherent [16], and a good review by the same 

author can be found in [53]. OPTLs operate at discrete frequencies and in CW mode 

only, ranging from about 0.3 THz to 10 THz depending on model. Power levels of 1-20 

mW and higher are common, depending on the chosen line. The laser has a long 

lifetime and is reliable and rugged; it is also commercially available and supplied by 
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DEOS, Edinburgh Instruments and MPB technologies. However, the laser is bulky and 

expensive for popular applications. 

Parametric generation techniques were reported in the late 1960s to 1970s. The 

interaction is efficient, but most of the generated THz absorbed or totally reflected 

inside the nonlinear crystal, due to the large absorption coefficient and a large refractive 

index (~ 5.2 in the THz range). In 1996, K. Kawase et al. introduced a grating coupler 

(precisely cut with a cutting saw), on the LiNbO3 crystal surface, to couple out the THz 

wave directly to free air [17-18]. Changing the incident angle of the pump by 1
o
 tunes 

the THz wave in range 1.03- 2.14 THz. Later, they improved the system by introducing 

a better rotating stage, coupled with the Si prism for an output range tuning of 0.91- 3 

THz [54]. Advantages of the THz parametric oscillator are a combination of room 

temperature operation, wide tuneability and narrow linewidth [55-56]. A review of the 

group’s work with this laser is published in [57].  

In a publication in 2006, Malcolm Dunn and his group from the University of St 

Andrews improved Kawase’s approach by introducing a novel intersecting cavity 

design that enables the nonlinear crystal MgO:LiNbO3 to be placed within the cavity of 

the pump laser [19]. This improvement reduces the required pump energy by an order of 

magnitude which enables pumping with a more compact and efficient diode laser. The 

laser produces THz pulses of 1 W peak power and 5 nJ output energy, which is an order 

of magnitude higher compared to the extra-cavity devices. The spectral bandwidth of ~ 

100 GHz was subsequently reduced to 1 GHz [58], and then to 100 MHz [59] and the 

nonlinear medium was improved for a more efficient generation of THz.  

THz intra-cavity OPO has recently been made commercially available by M 

Squared Lasers. In Chapter 3 of this thesis, experiments were performed using a laser 

borrowed from the company as well as a development system at St Andrews University. 

Figure 2.2 shows the schematic details of the M-squared laser. A Q-switched, 

Nd:YAG laser provided the pump-wave for the parametric oscillator. The Nd:YAG 

laser gain crystal was end-pumped by a fibre-coupled, quasi-continuous-wave diode 

laser operating at a wavelength of 808 nm. Standard quarter-wave Q-switching using an 

electro-optic Q-switch (QS) in combination with a quarter-wave plate (λ/4) and a linear 

polariser (P) produced pump-wave pulses of a typical duration of 10–20 ns. The 

Nd:YAG laser cavity is defined by mirrors M1 and M2. The nonlinear medium 

Mg:LiNO3 providing the parametric gain was located within the pump laser cavity and 

the parametric oscillator cavity is defined by mirrors M3 and M4. A silicon prism array 
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attached to one side of the nonlinear medium coupled the terahertz output into free-

space.  

 

Figure 2.2. Schematic of the intra-cavity optical parametric THz laser. 

 

The THz output frequency was adjusted by rotating mirrors M3 and M4 together 

to modify the angle between the idler-wave cavity and the pump-wave cavity: 

continuous wavelength selectivity in the range 0.7 to 2.5 THz was achieved by changing 

the angle of the pump beam in the non-linear crystal.  

2.2.4. Hybrid Techniques 

There are hybrid techniques for generating and detecting of THz radiation by both 

optically pumping and through electrical processing. Such sources coupled with the 

detecting of THz signal, both are by intense picosecond optical laser pulses, are 

commonly used in THz time domain spectroscopy (THz-TDS). As the generation and 

detection are used together, this section describes the full system including both the 

generating and detecting processes. There are two main techniques used in THz- TDS 

systems which are photoconductive antennas (PC) and the so-called electro-optic (EO) 

technique based on optical rectification.  

Photoconductive antennas operate based on the Auston switch. Auston first 

reported an observation of producing a short electrical pulse by focusing intense 

picosecond (ps) optical radiation onto a LiTaO3Cu
++

 crystal. This observation is an 

optical rectification phenomenon but on an ion-doped polar crystal and by ultrashort 

laser pulse and resulted in an ultrashort electrical pulse [60-61]. Auston later was able to 

explain the phenomena theoretically [3, 62] and introduced the idea of using 

photoconductors instead of ion doped crystals for more efficient in generating signal 

[5]. The improvement in designing and searching for new materials led to the 

appearance of thin film low temperature grown GaAs (LT-GaAs) substrate coupled with 

Nd:YAG 
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dipole antennas design [4, 63-64] which are commonly used nowadays. Typically in 

THz-TDS system by PC, an ultrashort laser beam is split into two beams which one of 

them is scanned through an optical delay line to gate coherently the generation and 

detection of THz beam in known phase. For the generation, one laser beam is incident 

to the photoconductor area of the PC. The photon energy is absorbed to create free 

electric charge carriers which are accelerated under electrical field of a bias voltage 

applied between the two dipole antennas. The acceleration of the electric charges results 

in the emission of a broadband electro-magnetic wave which covers the THz 

frequencies. The photoconductor material is chosen to have very short relaxation time 

(1 ps for LT-GaAs). For the detection, the electric charge carriers are created by shining 

of the second laser beam on the photoconductor area of a second PC. These charge 

carriers are driven by the electrical field of the incident THz beam and creates a current 

which the intensity can be measured by an ammeter placed between two dipoles of the 

second PC. By scanning mechanically the optical delay line of the detection laser beam, 

one can measure the intensity of the THz pulses at every known phase (which is later 

converted into time). Fourier transforming these THz time-domain pulses results in the 

frequency spectrum of the detected THz beam. This approach of generating and 

detecting of ultrafast electrical pulses by photoconductive antennas is known as “Auston 

Switch”. A good historical review about this technique can be found in [65].  

The electro-optic technique also uses ultrashort optical pulses for generating and 

detecting THz radiation, but by another effect. The generation is based on optical 

rectification [66] in an appropriate THz nonlinear crystal by intense optical pulses 

excitation [67-68]. Typical materials are zinc telluride (ZnTe), gallium phosphide 

(GaP), and gallium selenide (GaSe). The detecting process is called electro-optical 

sampling, which is based on the electro-optic Pockels effect in a THz birefringent 

material, typically by the same material used for emission. Nice historical review on this 

technique can be found in a recently written series by Siegel [69-70].   

The photoconductive antennas are more “microwave/RF” type whereas the 

electro-optic follows a kind of all-optical approach. The generated THz radiation in 

TDS system is very broadband which covers a wide range from ~ 0.1 – 4 THz. The 

detection in THz-TDS is sensitive and coherent, which means that it can detect both the 

amplitude and the phase of the THz pulses. However, the emitted intensity is very low 

and the technique requires expensive intense ultrashort pumped lasers. THz-TDS has 

http://en.wikipedia.org/wiki/Zinc_telluride
http://en.wikipedia.org/wiki/Gallium_phosphide
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been heavily developed and is dominant in most THz applications, from spectroscopy 

[71] to imaging [9-10].  

2.2.5. Quantum Cascade Lasers 

Quantum cascade lasers (QCLs) were first demonstrated in 1994 [72] but the operation 

frequency was in IR region at 71 THz. The laser is designed with multilayer of periodic 

thin film semiconductors to create many quantum wells along the length of the laser. 

Unlike conventional semiconductor lasers which the lasing process happens between 

different energy bands (conduction and valence bands) of a bulk semiconductor material 

and so-called inter-band transition, laser emission in QCLs occurs between discrete 

energy levels of one band (conduction band) of the quantum wells and so-called 

intersubband transition. The discrete energy levels in the quantum wells depend on the 

thickness of the quantum layers (quantum confinement effect) so they can be calculated 

and artificially engineered. The frequency of the QCLs therefore depends on the 

physical structure of the device and not on the natural property of the material. Another 

advantage of QCLs is that one electron can make emission of multiple photons by 

tunnelling from one well to the next, so the laser emission is very efficient. In addition, 

the QCLs are CW, room-temperature-operation (in mid-IR), high power of hundreds of 

milliwatts, small, low cost, roughness and durability. For those reasons, QCLs have 

become one of the most common laser sources for mid-infrared range [73].  

It is considerably more difficult to produce lasers for the longer wavelengths as in 

the THz region. The THz photon energies are small making it difficult to design energy 

levels for electrons to selectively tunnel through the very close subbands. The energy 

loss increases proportionally with the square of the wavelength so waveguides are 

required [73-74]. The first THz QCL was reported only until 2001 [75]. The laser 

emitted 4.4 THz radiation (wavelength 67 µm); it operated in pulsed mode with peak 

power ~ 2 mW and at 50K operation temperature, though it still requires cryogenic 

cooling. Nowadays, operation frequency of QCLs are reported in the range of 0.84 – 5 

THz [73, 76-77], at maximum operation temperatures 169 K pulsed and 117 K in 

continuous wave mode [78]. Output powers are as high as 250 mW pulsed or 130 mW 

in CW mode [73]. However, these figures are from different devices. Also, the 

availability of these QCLs is very local. The common operation range of available THz 

QCLs nowadays is between 3 - 4 THz and at 40 – 60 K maximum temperature.  
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2.2.6. Summary 

In conclusion for this section, a summary of the output power versus frequency of 

different technologies are brought together in Figure 2.3 [79]. In this figure, solid lines 

are for the conventional microwave sources and the ovals denote recently developed 

THz sources. The p-Germanium laser and different frequency generation (DFG), optical 

parametric oscillator are indicated by peak power; others are by continuous wave. The 

p-Germanium laser is among the ultra-high power laser group including free-electro 

lasers or synchrotron sources, they are also important to fundamental science but too 

bulky and expensive for general applications.    

 

Figure 2.3: Power of different THz sources as a function of frequency, by Tonouchi [79] 

 

 Put aside the already heavily developed THz-TDS system, from the figure we can 

see clearly the three major approaches for developing THz sources: optical generation, 

solid state electronic techniques, and the recently developed THz QCLs. In terms of 

advances for metrology, the source should be narrow band, high power for future 2D 

detector application and of sufficiently high frequency to achieve a reasonable spatial 

resolution.   

 THz QCLs, which are a result of recent advances in nanotechnology, are still 

being refined in the THz region. Even though they are promising for the future, they are 

still not commercially available at reasonable power. At the present, THz QCLs cannot 

operate at frequencies as low as 2 THz and the lasers (QCLs) require cryogenic cooling 

for their operation. 
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 From the optical side, the THz OPO is a promising candidate. Working at room 

temperature, the lasers can produce peak power as high as 1 W, bandwidth as narrow as 

100 MHz, and tuneability from 0.7 – 3 THz. This source is investigated for metrology 

applications in Chapter 3.      

  The last approach for THz sources is from electronic devices which are entering 

the low end of the THz regime. Among those devices, THz-multiplier (multiplexer) is 

one of the most promising techniques. They can be phase-locked and very stable for 

phase/metrology measurement, also low cost, effective and room-temperature-

operation. The recent technology can reach frequency as high as 2.7 THz at 4 µW. The 

source is adjustable for tuneability of frequencies from 0.1 THz to ~1 THz by adding 

more multipliers, so very flexible for future development of the measuring system. A 

THz-multipliers is used in Chapters 4 and 5 of the thesis, after the THz OPO was found 

to be unstable at the time it was tested.    

2.3. THz DETECTORS 

Difficulties in sensing THz radiation are due to low photon energies and a big 

diffraction limit (Airy disk diameter). Cryogenic cooling or long integration time are 

needed to increase the signal-to-noise ratio from the background thermal noise [37]. 

Many techniques are used in the detection of THz radiation and they can be separated 

into three main types: heterodyne detectors, direct detectors and coherent detectors.   

Coherent detectors are mentioned above in the THz-TDS system. The original 

presentation was first reported by Auston et al. [80], again based on “Auston switch”. 

Much effort on improving the design and materials has resulted in the most common 

design using two antennas bridged by a thin film photoconductor (e.g. LT AlGaAs or 

Silicon-on-Sapphire) [4, 9, 63, 67]. THz radiation is detected by a second pair of 

ultrashort laser pulses to get the free electric charges in the photoconductor layer, 

between the antennas. Hence, the incident THz radiation drives the free electric charges 

to make a voltage between dipole antennas, which in turn can be measured by 

appropriate devices. Electro-optic sampling was reported in the same decade (1980s) 

[81-82], but only recently it became popular for ultrashort THz pulses detection [83-84]. 

The electro-optic sampling technique is based on Pockels effect of electro-optic 

materials. The electro-optic material becomes birefringent in the presence of the 

incident THz electric field. This event leads to a change in polarisation of a laser beam 

coming to the material, which can be measured by the aid of the polarisers and detectors 
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(e.g. photodiode). In comparison, electro-optic sampling provides a flat frequency 

spectrum and a true cross-correlation signal. The technique does not require an 

electrode contact or any wiring on the sensor crystal. In contrast, photoconductive 

sampling with a Hertzian dipole detector offers a superior sensitivity.    

Heterodyne semiconductor detectors have been used for many years and they play 

an important role in radio applications, in Earth science and astronomy because of their 

simplicity and high sensitivity [37]. The detectors operate by shifting the detected signal 

into a lower (or higher) frequency range which can be detected by current technology. 

The shifting process is called heterodyning which is the beating together of two close 

frequencies in a mixer to yield some related frequencies. Those related frequencies 

include the sum, the difference and multiple of the original frequencies. In principle, 

one input frequency is the signal to be detected; the other is a reference frequency 

coming from a local oscillator (LO). The output of the mixer is filtered to isolate the 

desired frequency. The final result after the filter is called the intermediate frequency 

(IF). The IF is normally the difference frequency which is typically a much lower 

frequency than the signal (~ a few GHz for THz detection [85]). In this case the 

heterodyning is called down conversion and the IF frequency has an amplitude 

proportional to the amplitude of the signal and the same phase as the phase of the signal. 

These coherent properties make it possible to detect the amplitude and phase of the IF to 

provide information of the input signal.     

Although the heterodyne technique is very sensitive, research on THz heterodyne 

detector focuses on finding the suitable components such as LO and mixer. State-of-the-

art of mixers for THz heterodyne receivers is dominated by Schottky diodes or SIS 

mixers due to their low cost, effectiveness and simplicity. A suitable LO source requires 

the signal and the LO frequency to be close. Moreover, the two beam need to be similar 

in size and in properties such as beam radius curvature, transverse mode structure and 

their polarisation [86-88]. It is difficult to produce large format arrays for 2D detection with 

this technique. 

Direct detectors which detect directly the intensity of THz radiation are the most 

straightforward sensors to extend to 2D arrays and this type of detectors are used in this 

thesis. The THz radiation is considered as high frequency (compared to microwaves), 

thermal absorption are commonly used technique for the direct detecting of THz 

radiation. This technique is based on the thermal effect of the THz radiation to the 

thermal materials to make the measurements, like Golay cell, pyroelectric detectors or 
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bolometers. Golay cells are sensitive and accurate but fragile and expensive. 

Pyroelectric detectors are currently not as sensitive as Golay cells but they are low cost 

and easy to use. Research is underway to develop 1 line or 2D THz pyroelectric 

detectors for THz. At room temperature, bolometers are not very sensitive to THz 

radiation. However, they can be more sensitive when using at low temperature. 

Extremely sensitive bolometers require cryogenic cooling and selective materials which 

are expensive. 

2.3.1. Golay Cell  

Golay cell detectors operate based on thermal absorption of gases in a chamber which 

results in the volume changing. The change in the volume is then detected, by detecting 

the reflection of light from a displaced mirror mounted on the back of the chamber. 

Figure 2.4 depicts the schema of a typical Golay cell designed for THz detection. 

Basically it consists of a small closed metal chamber which is gas filled (e.g. with 

Xenon). The entrance window (front face) of the chamber is made of high absorption 

coefficient material sensitive in the THz range. The other end of the chamber is sealed 

with a displacing mirror. When THz radiation impinges on the entrance window, it 

heats the gas in the chamber causing the pressure to rise which moves the mirror. Light 

from a small light source is focussed on the mirror and is reflected to a photocell. 

Moving of the mirror changes the output of the cell which then can be detected 

conventionally (e.g. by a photodiode).     

 

Figure 2.4. Schema of a Golay cell detector for THz region from Tydex (Appendix A.3). 

 

The Golay cell detector operates under room temperature and relatively high 

sensitivity (               ; the minimum detected power is typically sub nW to 

10 µW), but it is very fragile because of the thin membranes and is also quite expensive 

1: Entrance cone             7: Optical raster                          

2: Entrance window       8: Plano convex lens 

3: Translucent film          9: LED 

4: Channel                      10: Mirror 

5: Membrane mirror    11: Diaphragm 

6: Condenser                 12: Photodiode 
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(~$12K to $15K). The response rate is approximately a few tens of millisecond. This 

type of detector was used in Chapter 3 while working with THz OPO laser.   

2.3.2. Pyroelectric Detectors 

Pyroelectric detectors are based on a thin film of pyroelectric crystal, which, under 

thermal absorption, its polarisation is changed instantaneously, as a function of the 

temperature changing rate of the crystal. Polarisation changing causes electric charge 

accumulation at the electrodes placed on two opposite sides of the crystal. This 

accumulation then can be measured by a voltmeter or other appropriate device.   

Pyroelectric detectors respond to the rate of change of temperature; so the source 

must be pulsed, chopped or modulated. These detectors also operate at room 

temperature and the noise-equivalent-sensitivity (NEP) can be compared to that of the 

Golay cell, but response time is much lower (Golay cells ~ 25 ms, pyroelectric detectors 

~ 100 ms). Recently, many companies (including startup companies) produce THz 

pyroelectric sensors [89], may be because of the potential extension to 2D array, of the 

simplicity in its fabrication and of its relatively low cost, especially when compared to 

other detectors such as Golay cells (~$100 to $2000). In Chapter 4 and 5 of the thesis, a 

pyroelectric detector was used together with the THz-multipliers for applications 

including interferometry and digital holography.   

2.3.3. Summary 

Coherent detection systems are sensitive. They have high dynamic range and ability to 

obtain both the amplitude and phase of the signal. However, the expense for being able 

to obtain both amplitude and phase of the signal is the time consuming. For example, in 

the case of THz-TDS detectors, time consuming comes from the need of scanning point 

by point for every THz waveform. In the case of heterodyne detection, it is difficult to 

find a suitable component for LO source. Finally, it is difficult to implement this type of 

detector in 2D array due to their operational and structural properties.  

Meanwhile, direct detection offers sufficient resolution and is preferable for 

applications where the intensity sensitivity is more important than spectral sensitivity, 

such as in imaging and metrology. Among this type of detector, Golay cell has been 

used in THz detection for many years. This device provides reasonable performance 

characteristics but their large size makes them unsuitable for use in a 2D array. The 
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limitation in detected power range (typically 10 µW maximum), the fragility and 

relative high price are among other disadvantages.  

Microbolometers are without question the most sensitive THz detectors. But there 

are some issues for this type of detector. First of all, they must be used at liquid helium 

temperature for THz detection which requires an expensive cryostat. Secondly, they are 

physically large and can be very expensive. For some specific applications which 

require very high sensitive detectors, microbolometer would be the THz detector of 

choice. But for basic measurements and applications, they are just not practical.     

Pyroelectric detectors however, have some inherent advantages which make them 

suitable for industrial applications. They are room-temperature operation, small 

package, low price, and also readily available in many commercial sources. Their small 

size makes them suitable for 2D array extension in near future. This type of detector 

was used in the Chapter 4 and 5 coupled with THz-multiplier source to demonstrate 

feasibility in readiness for future 2D detectors. Also, a Golay cell was used in Chapter 3 

as a convenient intermediate step.    

2.4. THz APPLICATIONS 

2.4.1. Spectroscopy 

There are many materials and chemical compounds having absorption and transmission 

foot print (energy levels) in the THz region. Thus THz radiation offers a powerful 

method to determine and analyse properties of materials of interest. THz spectroscopy 

uses both coherent detection as in the THz-TDS system, and incoherent detection using 

frequency tuneable lasers coupled with a direct detector.  

Most of the THz spectroscopy work has been done with the THz-TDS system, as 

it provides a broadband spectra range, which covers almost all the THz region. Many 

chemical compounds have been studied/identified successfully with this technique such 

as explosives [6-7, 90], drugs [91] and biological structures [92-93]. Using the THz-

TDS system has become so popular that commercial packages for spectroscopy 

applications are available, such as TeraView (Appendix A.7). In THz spectroscopic 

applications, frequency tuneable lasers coupled with direct detectors were used as an 

alternative method to THz-TDS. These systems have been successfully applied to a 

wide range of materials [20-23, 94]. Though the THz gives a unique tool for 

spectroscopic determination of many materials and chemical compounds and THz-TDS 
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is very convenient for spectroscopy thanks to their ability to capture whole waveform of 

the THz pulses, THz lasers offer more intensity. A toolkit for THz spectroscopy using a 

frequency tuneable laser and direct detection is available from Toptica (Appendix A.7), 

which gives more choice for individual needs.     

2.4.2. Imaging and metrology with broadband sources 

THz imaging plays an important role in non-destructive testing for industrial and 

security applications. As with THz spectroscopy, most THz imaging works have been 

done with the THz-TDS system. Hu and Nuss [9] reported the first THz transmission 

imaging of a packaged semiconductor integrated circuit and of a leaf using THz-TDS. 

In this system, the acquisition time per pixel was reduced from minutes to less than 5 

ms (compared to previous THz-TDS detecting and acquiring system); the scanning 

delay line was added to the system to down-convert THz to kHz; and a digital signal 

processor (DSP) was used for real-time spectral display. Approximated diffraction 

limited lateral resolution was of 250 µm. This work inspired a decade of the THz 

imaging applications. The same group further reduced the acquisition time [10] to 25 ms 

per measurement point by using a continuous sweep rather than slow steps for the 

optical delay line).  

The first near-field imaging appeared by using a near-field tip (basically a small 

aperture) placed in front of the object under investigation at the focal point of the THz-

TDS system [95]. The system is equivalent to near-field scanning optical microscopy 

(NSOM/SNOM). The amplitude of the signals was reduced by ~ 1/130 times (frequency 

dependent). Spatial resolution was measured by the scanning knife-edge to reach the 

sub-wavelength scale of λ/4. Other improvements and new applications of the system 

were reported in innumerable papers, always with the THz-TDS system [96-101].  

Other imaging techniques like the time-of-flight imaging [10] for tomography 

applications has been reported. The reflection geometry was presented in which 

reflection pulses from multiple internal layers of an object with varying magnitude, 

polarity and distortion were studied to reconstruct its 3D structure. Depth resolution of 1 

µm was obtained. The system is actually the THz-TDS system without the Fast Fourier 

Transform (FFT). The depth images were reconstructed by analysing the delay time of 

the reflected THz pulses. The broad bandwidth of the radiation and the coherent aspect 

of the detection are the advantages, since it enables to obtain the phase information to 
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reconstruct the depth [102]. The paper is followed by other claims in resolution and 

technique improvements [103-107], with a review paper about the technique [108].  

Passive imaging images natural THz energy of an object based on its natural 

emitting spectrum in THz range (black body emission). This imaging technique is 

similar to the IR/thermal imaging, but in THz range. The technique requires very 

sensitive detectors in order to detect very weak THz radiation from black bodies (e.g. 

human). The first THz passive image of a human hand was from a joint project between 

European Space Agency and UK Rutherford Appleton Laboratory [109]. The image 

was taken by a 16 pixel detector array and at 0.25 THz. ThruVision is the only available 

commercial system for THz passive imaging (Appendix A.8). The company is a spin-

out from the discussed project. One of the most promising applications of THz passive 

imaging may be in airport security checking. An advantage which makes THz passive 

imaging popular for security applications is that the technique does not require radiation 

to be emitted on to the human body so there is no health risk, and at the same time it 

enables to see through clothes or cover barriers.          

With the popularity of THz-TDS, the system has been dominant in every THz 

application, including metrology. Krishnamurthy et al. [14] reported the use of THz-

TDS emitting and detection in a Michelson interferometer setup to measure the index or 

thickness of thin polymer film (2 µm thick Mylar film). The difference in the Fourier 

spectra, with and without the sample were measured and analysed to determine the 

phase and amplitude shift of the THz pulse interacting with the sample. The refractive 

index was calculated from the known thickness by using the measured pulse delay in the 

time-domain. Depths that are greater than THz wavelength could not be measured 

unambiguously. Zhang et al. [110] introduced phase imaging, without the    

ambiguity, of individual wavelength using THz-TDS. The THz-TDS system used InAs 

crystal for the generation of THz radiation with a wavelength range from 0.2-3.0 THz 

and with a spectrum resolution < 10 GHz. A polyethylene wedge object was scanned at 

1.0 and 1.1 THz frequencies and then the synthetic wavelength was calculated for 

thickness measurement of the wedge. Noise was reduced for the composite wavelength 

as thermal and 1/f noise at individual wavelengths were recorded simultaneously and 

were therefore correlated. Other thickness and refractive index measurements using 

THz-TDS can be found published in [8, 111-112].  

It is known that speckles, on one hand, deteriorate the image quality. But on the 

other hand, they can be used for metrological purposes, in particular, in speckle 
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photography and speckle interferometry. Groves et al. reported the use of THz-TDS in 

shearography for non-destructive testing of wooden panel painting [113]. A greater 

wavelength of THz radiation allows the measurement of displacements and 

deformations that are two orders of magnitudes larger than those measured in visible 

range. Although THz-TDS has been demonstrated the ability to apply in metrology, 

however it is not straightforward to upgrade the system to 2D array detector and it is 

very time consuming make it impractical for industry.    

2.4.3. Metrology with narrowband sources 

Studies on speckle reduction in millimetre wave imaging had been discussed in order to 

improve THz images [114-115]. However, because the THz wavelength is large, objects 

with roughness as big as a hundred micrometres are still smooth when they are 

illuminated by THz laser radiation. On the other hand, research on real-time speckle 

photography was reported [33, 116]. The study used a powerful FELs laser and a 

microbolometer array working at room temperature. The FEL’s power was sufficiently 

large that it could be detected by a microbolometer array without the need of cooling. 

The study on the properties of speckle patterns at THz range shows that they are also 

accurately described by speckle theory in visible light: The size of objective speckle is 

inversely proportional to the THz beam diameter while the intensity distribution of a 

speckle grain is dependence of the aperture. These studies are fundamental and maybe 

interesting, but they haven’t been shown any specific application. Speckle properties 

were investigated but research on speckle interferometry in which the speckled image of 

an object is made to interfere with a reference field has still not been reported.            

Metrology measurement using interferometric methods with narrowband sources 

have been developed. Chen and Kaushik claimed the first use of THz radiation for 

macroscopic vibration measurement [117]. THz radiation at 0.615 THz generated from 

a BWO was detected by a single point Golay cell detector in a Michelson interferometer 

configuration. Vibration from a hidden/concealed object introduced phase changes 

which were detected and converted to amplitude variation by a spectrum analyser. The 

system was limited by the ability of detecting only small vibration amplitudes (<10 µm) 

and low vibration frequency (< 300 Hz). In addition, the phase was not extracted and 

the measurement was restricted for one point measurement only. Buersgens et al. [118-

119] demonstrated some developments to measure and calculate the vibration wrapped 
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phase for 1D measurement (one line across interference fringes), but the limitation on 

the ability to detect only slow vibration at low amplitude was not improved.  

Thickness measurement using an all-optical OPTL operated at 2.52 THz has been 

reported by Wang et al. [120]. The interference intensity from a Michelson 

interferometer was recorded with a Golay cell and the optical thickness measured at 

discrete points for a polyethylene wedge. The depth was determined from the known 

refractive index, but the absolute depth of step heights that exceeded the THz 

wavelength could not be calculated.   

Multi-wavelength technique has been introduced to overcome 2π ambiguity in 

THz interferometry. The theory behind this technique is based on the formation of a 

synthetic wavelength from two or more applied wavelengths [121]. Wang et al. [122] 

claims first THz application of multi-wavelengths method using CW THz phase 

recovery for depth measurement. Dual wavelengths were generated from two different 

CW Gunn diode and BWO sources. Twice-scanning of 1D phase measurements were 

applied by scanning a single point pyroelectric detector to capture the phase change 

between the object beam and reference beam due to the known replacements of the 

object. A FFT was then applied to the superimposed signal to extract the individual 

frequency signal.  

In conclusion, although THz radiation has been used widely for metrology 

application, most of the works had been done with THz-TDS and/or point scanning of 

single point detector. Research on exploring new THz instruments and technologies to 

improve and to find more practical method for industrial application are moving in fast 

pace. Particularly the moving to 2D measurements is a certain step in the future.        

2.5. THz DIGITAL HOLOGRAPHY 

Digital holography in THz region was reported for the first time in 2004 by Mahon et al. 

[123-124]. The system used a 0.1 THz Gunn diode oscillator source  and a scanning 

detector to record the holograms in an off-axis configuration [125-126]. The lateral 

resolution achieved was about 9 mm without any discussion about the depth resolution. 

In 2005, Cherkassky et al. published their work on THz holography with a free-electron 

laser coupled with a thermal plate and a CCD camera in an off-axis system [127], 

though no reconstruction was demonstrated. In 2008, Tamminen et al. presented a 

holographic imaging technique that used a horn antenna emitting 310 GHz with a 

Gaussian profile and a single raster scanned receiver [128]. The object was placed at an 
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off-axis angle of 42
o
 from the reference beam. With each recorded hologram, an image 

of reference beam’s amplitude was recorded separately for the use of the reconstruction. 

The holograms were reconstructed by Fourier transforming the interference pattern (to 

get the frequency spectrum), then spatially separating the object term in the spectrum 

image and finally de-convolve the object field based on the known reference phase. The 

system has a spatial resolution of 2 mm.  

THz dual wavelength holography was introduced by Heimbeck at al. in 2011 [30] 

using a frequency tuneable THz multiplier source. The holograms were recorded at an 

off-axis angle between object and reference beams by a scanning Schottky diode 

detector. The phase reconstructions were made separately for two wavelengths, which 

process based on the separating in angular spectrum of the object term with others in 

space (similar as the method introduced by Tamminen et al. [128]). Combining the 

dual-wavelength measurements produces a synthetic wavelength measurement which 

overcomes the 2π ambiguity in depth measurement of individual wavelength [121].  

 Recently, Sun et al. reported phase shifting interferometry with three phase steps 

using a Gun diode emitted radiation at 0.39 THz and a Schottky diode as a receiver  

[129]. The interferograms were recorded at three equivalent interval steps but no 

hologram reconstruction was demonstrated. To the best of the author’s knowledge, 

studies on THz phase-shifting digital holography with full reconstruction haven’t been 

reported.  

In this context, Chapter 5 of the thesis was devoted for the study on THz phase-

shifting digital holography in which the phase was retrieved by phase-stepping 

technique at quadrature positions and the reconstruction algorithm was introduced. The 

technique was then applied for thickness measurement and non-destructive testing of 

internal defects. The background on DH and DHI is necessary theory to understand the 

work in Chapter 5 which would be presented below.  

2.5.1. Background 

 In the most basic description, a hologram is a recorded interference pattern 

between two waves: a reference wave and an object wave after being diffracted 

(scattered) from a volume object. The latter is also called the object’s speckle pattern, as 

it is composed of the object’s speckles. Figure 2.5(a) depicts a configuration for the 

recording of holograms, copied from [125].   
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Figure 2.5. (a) Configuration for hologram recording [125]; (b) Detecting area of hologram 

with pixel size and pixel pitch description. 

In conventional holography [130-132], a hologram is recorded by a 

photographic plate of very high resolution. In digital holography, holograms are 

recorded digitally by multi-pixels detectors, such as CCD or CMOS, with pixel size  

      and pixel pitch       for     pixels respectively in x and y directions 

(Figure 2.5(b)). The pixel size must be small enough to be able to resolve the micro-

fringes in the hologram. If the object wave makes an angle   with the reference wave 

and they interfere together at the hologram plane. The inter-fringe distance in the 

hologram can be calculated as:  

  
 

      
 

 
 
                                                               (2.7) 

Mathematically the object and reference complex amplitudes are described as below:  

                                                (2.8) 

                                                                   (2.9) 

Where o and r are real amplitudes;    and    are the phases of the object and the 

reference wave respectively. The two waves interfere together at the hologram plane. 

The interference intensity is calculated as: 

                                    

                                                                   

                   (2.10) 

Where O* and R* are conjugate complex. Let H(x, y) be the function describing the 

recorded intensity of the hologram (the hologram’s intensity, is linearly proportional to 
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I(x, y)). In conventional holography, the reconstruction is made by illuminating the 

hologram with the reference wave. In that case, we have:  

                                                                     (2.11) 

                                                             

                                                       

                                                             

In the above equation,       are three orders of the reconstructed image. A is the zero 

order which is an un-diffracted wave passing through the hologram. B is +1 order which 

is the reconstructed object wave (multiplied by a constant). It is called virtual image as 

it can be observed directly. C is the real image of the object (-1 order). For off-axis 

holography, the three orders are separated spatially.  

In digital holography, this reconstruction process can be modelled numerically by 

multiplying the recorded hologram with R(x, y), which is a constant if the reference 

wave is planar and perpendicular to the hologram plane. Then the reconstruction is 

made by applying Fresnel-Kirchhoff diffraction theory. In this case, the hologram with 

coding fringes in it acts as an aperture which diffracts the incoming light wave (the 

reference wave), as described in Figure 2.6. This diffraction is described by the Fresnel-

Kirchhoff integral [126, 133]: 

           
 

 
              

  

  

  

  

       
  
 

  

 

  
 

 
 

 

 
                    

                   

In which d is object-hologram distance, H(x, y) is recorded hologram and R(x, y) is 

reference wave.   is point-to-point distance between the hologram plane and the 

reconstruction plane as the integral runs from    to + . This is related to the 

Huyghen-Fresnel principle in diffraction theory which states that each point of the 

wavefront (diffracted reference wave at the hologram in this case) acts as a point source 

for its wavelet to travel toward the observation (reconstruction) plane; the resulting 

wave is the sum of these wavelets (hence the integral).   is then calculated as: 

                                                                            (2.13) 
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Figure 2.6. Coordinates for diffraction of the Fresnel-Kirchhoff diffraction integral through the 

hologram. 

For the reconstruction, there are two most common approaches that will be considered 

here within the framework of this thesis. They are called the reconstruction by Fresnel 

transformation (or Fresnel approximation), and the other is called the reconstruction by 

convolution approach. In both cases, the reconstructed wavefield is a complex function 

from which both intensity and phase can be extracted.  

2.5.2. Reconstruction by Fresnel Approximation 

 The Fresnel approximation approximates the calculation of distance   when x, y 

and x’, y’ are small compared to d. In that case,        and   is approximated as:  

    
      

 

  
 

       

  
                                                 (2.14) 

Replacing this new approximation to the   in exponential factor in equation (2.12), we 

get: 
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 However, the digitally recorded hologram is not infinitely long and is also 

discrete, due to the limitation of the detector’s resolution; the above integral described 

in equation (2.15) can be re-written according to a finite hologram’s size as:   
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                       (2.16) 

where m = 0, 1, …, M - 1 and n = 0, 1, …, N - 1 are pixel position in reconstruction 

image;  

k = 0, 1, …, M – 1 and l = 0, 1, …, N – 1 are pixel positions in the recorded hologram. 

Equation (2.16) is the discrete Fresnel transform. In this equation, the sums correspond 

to a discrete Fourier transform relationship. Thus, the matrix D(m, n) can be calculated 

by applying an inverse discrete Fourier transform to the multiplied product between 

H(k, l), R(k, l) and       
 

  
              .  The factor in front of the sum can be 

neglected for most applications [125].  

For reconstruction by the Fresnel transformation, the pixel size in the 

reconstructed image depends on the reconstruction distance and is calculated as: 

    
  

    
 ;                         

  

    
                                                             (2.17) 

This size corresponds to the diffraction limited resolution (Airy disk size) of the 

optical system at distance d from the hologram in which the hologram is the aperture. It 

defines the spatial resolutions in the reconstruction image. Examples of a typical 

hologram and its reconstruction by this approach will be presented in Chapter 5.  

Also, according to Huygens-Fresnel principle, every single point in the hologram 

may receive a diffraction patterns diffracted from every individual point of the object 

(or it equals to a sum of the wavelets). This means that every recorded point of the 

hologram has the information of the entire object. Thus a hologram can be reconstructed 

at any size smaller (than M x N pixels) and we will still get the same view, but the 

resolution will be smaller according to the equation (2.17). 

2.5.3. Reconstruction Based on Convolution Theorem 

This approach is based on the convolution theorem which states that the Fourier 

transform of a convolution between two functions is the pointwise product of individual 

Fourier transform. To start with, we reconsider the Fresnel-Kirchhoff integral (equation 

2.12) and rewrite the equation as:  

                         
  

  

            
  

  

                                        

Where              is given by: 
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in which the approximation        was used.  

Equation (2.18) reveals that the double integral is a convolution between product 

function       and the impulse response  . If we take the Fourier transform of this 

convolution, the result should be equal to the product of the individual Fourier 

transforms according to the convolution theorem. This relationship is written in the 

following equation:   

                                                                       

 

Equation (2.20) leads to an idea that we can calculate the reconstruction pattern 

           by taking Fourier transform of     ) and of  , then multiplying them 

together; finally taking an inverse Fourier transform of this product.  

                                                                          

 Images reconstructed by the convolution approach have the same pixel size as of the 

hologram:   

                                                                            (2.23) 

The reconstruction by convolution is advantageously applied to in-line holograms to 

localise the objects within the reconstructed volume [125].  

2.5.4. Phase-shifting Digital Holography 

 Holographic method which record only one single hologram to reconstruct both 

amplitude and phase of the object wavefield suffers from the constraint on physical 

configuration and digital recording. The reconstructed wavefield contains the real and 

virtual images as well as the DC signal. Care needs to be taken of the recording setup 

that the object and reference waves are tilted to a minimum angle from each other, so 

that the three order images are separated spatially. But at the same time this tilted angle 

needs to be smaller than a maximum angle, so that the detector can resolve the 

interference pattern between the object and reference beams.      

 Skarman et al. [134] presented a very different approach to solve the problem. 

They first applied the phase-shifting method to calculate the initial phase of the real 
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image. That way they can extract exactly the desired real image based on the known 

phase. Later this phase-shifting DH was improved and applied to many other 

applications by Yamaguchi et al. [135-138].  

 The configuration setup for the recording of holograms in phase-shifting digital 

holographic interferometry (DHI) is similar to that of phase-shifting interferometry in 

which the reference beam is guided by a moveable mirror to make the phase shifts. The 

principle of the phase-shifting method is to make the measurement of different 

interferograms of successive phase steps to be able to calculate the phase by an 

appropriate algorithm [133]. Here we adapt the four phase steps of     phase difference 

from each other and use Carré algorithm [139] for this case to calculate the initial phase 

for hologram reconstruction. Higher phase-steps require more images to be acquired and 

the lower ones would be noisier. The choice of using four phase steps is made to 

balance these facts. 

 If we call the four recorded holograms as I1, I2, I3, and I4; each is of    

  difference in phase from each other, then the hologram with known phase is written 

as: 

                                                                                   

       Apply this to the reconstruction algorithm described above and we can get the exact 

object’s real image and phase at the object’s plane without being distracted by other 

image orders. The information can then be used for applications such as deformation 

measurement or detecting internal defects of transparent objects, etc. 

2.5.5. Digital holographic interferometry 

The principle of digital holographic interferometry is based on the reconstruction of the 

phases at different states of an object. These states could be the changing in thickness or 

the displacement of a surface, etc. If the deformation between two states is small, then 

the reconstructed amplitudes are almost the same, but the phase is changed by a small 

amount of   , i.e. the phase difference between the object beam and reference beam of 

an interferometer before and after the deformation. The deformation can then be 

calculated relates to the phase change by: 
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In which    is measured deformation,    is difference in refractive index and   is THz 

wavelength. 

2.6. CONCLUSION 

The state of the art of THz technology has been reviewed. The purpose of this review 

was to provide a broad view on the field together with the needed tools for better 

understanding the methods used in the thesis. The emphasis of the review was on the 

potential THz sources and detectors for metrology applications. It is clear from the 

research reviewed that there are more and more available THz systems where the 

techniques are mostly borrowed from either optical and/or electrical regions. THz-TDS 

is dominant in most research work and applications in THz domain. In the next 

chapters, two types of THz sources will be studied in which one is an all-optical source 

and the other is an all-electronic source. Potential applications will be explored which 

take advantage of the THz radiation over the other frequency ranges.    
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Chapter 3 

THz INTRA-CAVITY OPO FOR NON 

DESTRUCTIVE TESTING AND 

THICKNESS MEASUREMENT   

 

3.1. INTRODUCTION 

In this chapter, some initial work with an intra-cavity OPO THz laser is presented. The 

choice of this laser comes from a careful consideration of the literature review on THz 

sources (Chapter 2). The presented laser became commercially available relatively 

recently, and has potential interest capabilities for metrology including single 

wavelength and narrowband (so relatively long coherence length), tunable in a wide 

range of THz regime and relatively high peak power. The objective of this work was to 

assess its suitability for full-field metrology. The emphasis is on interferometric 

metrology measurements, but spectroscopic measurement to investigate the THz 

properties of some materials of future interest were also considered. In section 3.2, the 

inspection of transmission properties of some materials of future interest are presented. 

Experiments include the non-destructive testing (NDT) of internal defects in subsection 

3.3.2., and thickness measurement is discussed in subsection 3.3.3 which is the first 

reported use of an all-optical THz source for thickness measurement. Conclusion for the 

whole chapter will be considered in section 3.4. 

3.2. THz TRANSMISSION PROPERTIES OF SOME 

MATERIALS OF FUTURE INTEREST 

In order to view the transmission of some materials of future interest, including some 

type of ceramics for medical and turbine industry applications, as well as to gain 

experience with an intra-cavity OPO THz laser, experiments were initially undertaken at 
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the University of St Andrews. The laser used was initially developed from the 

University of St Andrews and is still based there. The transmission properties are 

important for the applications in imaging and sub-surface non-destructive testing (NDT) 

evaluation. A description of the measuring system is presented in sub-section 3.2.1. The 

results and the data analysis of the transmission spectra are covered in sub-section 3.2.2.  

3.2.1. System 

Transmission measurement system is shown schematically in Figure 3.7. The THz OPO 

laser emitted a THz beam into free-space which was collimated by a cylindrical lens 

(not shown in the figure). The beam was focused by a parabolic mirror P1, and was 

spatially filtered by a pinhole before passing through sample to be measured at the 

focusing point. A system of two parabolic mirrors P2 and P3 focussed the transmitted 

light to a cooled single point bolometer detector. To make a transmission measurement, 

a reference measurement of the incident radiation intensity without the specimen is 

needed. Hence for each sample, two sets of data of transmitted and reference intensity 

were recorded.  

The THz OPO laser is frequency tuneable from 1.2 to 2.5 THz for the system 

tested. Continuous frequency tuning is made by changing the angle between the pump 

laser beam and the nonlinear crystal which is mounted on a rotation stage. Under 

computer control of the rotation stage, THz output beam is rotated a maximum angle of 

0.5
o 

while the output frequency is tuned between 1.2 - 2.5 THz. The THz wavelengths 

are not measured directly but are inferred as the difference between the known pump 

wavelength (1064 nm) and the measured idler using a wavemeter [59]. A lock-in 

amplifier (LIA) was used to reduce noise and to amplify the measured signal from the 

bolometer detector. The LIA’s sensitivity was set depending on the amount of light 

transmitted through the samples.    
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Figure 3.7. Transmission measuring system with an intra-cavity THz OPO laser. P1, P2, 

P3 are gold coated parabolic mirrors. 

 

According to the Beer-Lambert law, the intensity of the transmission of light 

through a substance decreases exponentially with the depth in the material. If I0(λ) is the 

incident (reference) intensity coming to a sample and I(λ) is the transmitted light, then: 

            
                                                                                                                                                 

where λ is the wavelength; x (in cm) is the thickness of the sample and μ(λ) (in cm
-1

) is 

the linear attenuation coefficient which is a material property of the intensity lost per 

unit length (e.g. in one centimetre). However, the results presented here only show the 

transmission of the samples at the measured thickness. The transmission spectra are 

therefore:  

     
    

     
                                                                                                                                                    

where T(λ) is the transmission at monochromatic wavelength λ; I(λ) and I0(λ) are, as 

described above,  transmitted and reference intensity respectively.  

3.2.2. Results 

Figure 3.8 shows a typical reference spectrum without any specimen (original data). The 

THz frequency and the intensity were recorded at each angle of the nonlinear crystal. 

There was an obvious error in some measured data which arises from frequency 

counting. This error is due to the wrong reading of the idler wavelength as the THz 

wavelengths are calculated from the known 1064 nm pump wavelength and the 
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measured idler [59]. Also, because the recorded frequencies of the sample and those of 

the reference were not synchronised, it is confused in choosing frequency range for 

plotting the transmission spectra (calculated from equation (3.2)). Therefore the 

intensity data was plotted in measured order rather than at the measured frequency 

(frequency re-ordered).  

 

Figure 3.8. A typical reference intensity measurement showing frequency errors (original data) 

and intensity measured versus re-ordered frequencies (Frequency re-ordered). 

 

The frequencies were recalculated by dividing the calibrated frequency range (1.2 

– 2.5 THz) to the known number of frequency/intensity points. Then the frequency 

range was separated into individual frequency points, each point is separated at a 

distance of the above number from its neighbours. Thus, the measured intensities are 

plotted versus those re-calculated frequencies. This approach yields accurate results, as 

shown in the figure (Figure 3.8). By recalculating the frequencies for both reference and 

sample, the frequency and intensity of the measured data are now synchronised for 

calculating and plotting of transmission spectra.  

The transmission results are shown in Figure 3.9. The measured materials are 

some type of ceramics including YSZ, YTZP, Alumina and MgPSZ. MgPSZ has full 

name as Magnesia Partially Stabilized Zirconia which the chemical composition is MgO 

stabilized with 9% ZrO2. YTZP is Yttria Tetragonal Zirconia Polycrystal and is 

composed of Y2O3 stabilized with 3% mol ZrO2. Alumina ceramic is well-known with 

its chemical composition Al2O3. YSZ is Yttria Stabilized Zirconia and is used in 

thermal barrier coating for turbine blades.  
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Figure 3.9. THz transmission properties of some materials of interest. Thicknesses of the 

specimens are: MgPSZ 0.60 mm; Alumina 0.65 mm; YTZP 16.08 mm; YSZ 0.42 mm. 

 

 

Adding fractional Zirconia to YTZP, YSZ or Mg-PSZ can enhance their physical 

and chemical characteristics of the materials. The enhanced characteristics include 

excellent erosion, durability, and corrosion, abrasion resistance, together with 

temperature resistance, fracture toughness and strength. That is why they become the 

materials of choice for various extreme service applications which can take advantage 

of their properties, like in the chemical and petrochemical industry, as well as in the 

healthcare and dental services sectors. Those applications demand specific and tough 

requirements. Hence the structure of the ceramics materials must be well-controlled. 

Recent work has had some success in characterising zirconia ceramics in the early 

fabricating state, in order to control the manufacturing process [140]. That work used 

infrared (IR) light for 3D imaging of objects’ sub-surface structure, in order to detect 

internal defects of the samples. However the method failed while applying on some 

other ceramics or with thicker specimens due to non-transmission problem. This section 

studied THz transmission properties of those samples in order to verify whether THz 

can replace IR as a probe radiation.   

The transmission results in Figure 3.9 show that the investigated ceramics do not 

have any noticeable absorption/transmission peak in the studied frequency range. It is 

also noticed that at the end and/or at the beginning of some spectra, there are noisy 

transmission points which are due to the low intensity level of both the reference and 

transmitted light. The YSZ which is used in thermal barrier coating of gas turbine 
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blades isn’t transmitted in this range. There are some existing works in literature which 

applied THz wave to study YSZ [141-143]. However, they were all using the TDS 

system, with the THz spectra from 0.1 – 4 THz. In those papers, the range from 1.2 to 4 

THz doesn’t show any transmission of YSZ, which agreed with what was observing in 

this result. Transmission spectra of MgPSZ show some small level of 5 - 10% 

transmission from 1.2 - 1.65 THz for 0.60 mm thickness. At 0.65 mm thickness, 

Alumina specimen has 30 - 40% transmission. However, the THz wavelengths are quite 

long (1.2 – 1.65 THz, equivalent to 0.25 mm down to 0.18 mm wavelength), which will 

limit the spatial resolution. Meanwhile, measurements on YTZP sample and its 

variances (not shown in the graph) including Pre-sintered 3Y-TZP ((Y2O3)3(ZrO2)97), 

Porcelain blocks (YTZP with added Fe2O3 for colouring) do not show any transmission 

at this frequency range. Literature review on YTZP doesn’t found any work done at 

THz frequencies.  

3.3. NON-DESTRUCTIVE TESTING AND THICKNESS 

MEASUREMENT 

In order to determine the suitability of the intra-cavity OPO source for metrology, the 

research on the THz intra-cavity OPO system continued with a commercial THz intra-

cavity OPO borrowed from M-squared Laser. The laser operating system was already 

described in Chapter 2 but it is very compact as a commercial product. In this section, 

imaging and interferometric thickness measurement experiments were performed using 

the laser. The measuring system for the reading and recording of the data was setup 

once for all the imaging and interferometric experiments. The optical configurations for 

each measurement are described in the appropriate sub-section which corresponds to the 

related measurement.  

The measuring system includes the laser source which is the THz OPO laser, a 

Golay cell detector and a lock-in amplifier. The laser operated at 52 Hz pulse repetition 

rate (which corresponds to the frequency of the Q-switch pump laser), 20 ns pulse 

duration and 10 nJ pulse energy (peak power 1W and 05 µW mean power). The spectral 

bandwidth was approximately 100 GHz, corresponding to a coherence length of 

approximately 3 mm. For detecting of the THz signal, a Tydex Golay cell GC-1P was 

used. The detector has an entrance window diameter of 6 mm, 20 - 30 ms response rate, 

10 - 20 Hz optimum modulation frequency, and responsivity of 10
6 

V/W at optimum 



36 
 

modulation frequency but goes down to ~ 10
3
 V/W when detecting signal of 50 Hz 

modulation frequency (Appendix A.3).  

The low laser output power and small detector responsivity produced a low SNR 

of approximately 2 and hence a lock-in amplifier (LIA, Stanford Research Systems 

SR530) was used to reduce noise and to amplify the signal. Due to the requirement for 

the input of the LIA, a TGP 110 10 MHz pulse generator was used to produce a 

symmetric reference signal which is triggered and synchronised by the 52 Hz frequency 

pulse of the pump laser Q-switch. The Q-switch signal was amplified to 5 volts and 

buffered before input to the pulse generator. The output from LIA was read and 

recorded manually. In order to reduce external noise sources the entrance of the detector 

was covered with a piece of black paper. The THz was transmitted through the paper, 

whilst the effects from visible light and environmental fluctuation to the detection were 

eliminated.  

3.3.1. Imaging Internal Defects 

The experimental setup is schematically depicted in Figure 3.10. M was a flat 

mirror used to re-direct the THz beams radiated from the OPO laser. The parabolic 

mirror P, coupled with lens L1, had an effective focal length of ~ 50 mm which is 

shorter than the focal length of individual element. This coupling system focussed the 

THz beam to a focal point of 3 cm from lens L1, where the objects under investigation 

were placed and scanned around. The lens L2 collected the transmitted THz beam onto 

the Golay cell detector entrance. The distance L1-L2 was chosen so that the Gaussian 

beam filled the aperture of L2 in order to maximize transmission through the system.  

The THz frequency was chosen at the peak intensity of the laser’s spectra range, and at 

the transmission window of water absorption in the air, which is of 0.952 THz (λ = 

0.315 mm). 
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Figure 3.10. Experimental setup for non-destructive testing of internal defects.M is gold coated, 

flat mirror; L1 and L2 are Teflon plano-convex lenses of 50 mm diameter and 100 mm focal 

length; P is parabolic mirror. 

 

In this setup, the lens L2 played a role as an objective whereas the condenser was 

composed of the parabolic mirror P and lens L1. The detector was placed at the image 

plane of the objective L2 (at 20 cm from L2), the magnification at the intermediate 

plane (detector plane) is 20/12. Numerical aperture (NA) of a lens is expressed as a 

multiple between the refractive index n of the measured environment (n = 1 in the air) 

and the sine value of one half angular aperture    (sin  = Da/      
  with Da is 

obstacle aperture radius and f is focal length). As the optics (P, L1, L2) had the same 

size of 50 mm diameter, NA of the condenser and objective are 0.640 and 0.208 

respectively.  
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Figure 3.11. A teflon sample with artificial holes in sub-surface was used to calibrate the 

measurement (a). Scanning results at  out-of-focus point y = 130 mm (b) and at focus point y = 

30 mm (c). 

 

A Teflon block with sub-surface artificial defects was used as a test object to 

calibrate the measurement and is imaged in Figure 3.11 (a). The machined cylindrical 

defects had diameters between 0.5 to 2.5 mm and are 15 mm spatially separated from 

each other. Figure 3.11 (b) and (c) show the results of scanning the object at different 

positions in y axis. The horizontal axis is scanning position in cm, which can compare 

with the holes’ positions, as shown in the picture of the object with a ruler. The vertical 

axis is the value of relative intensity, measured at each position. The object sample was 

placed at focus point y = 30 mm and then at out-of-focus point y = 130 mm to compare. 

Obviously at the focus point the intensities drop deeper than at the out-of-focus point. 

This means that it is sharper when viewed at the focus plane. The spatial resolution of 

(a) 

air 

(b) 

(c) 
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this setup can be calculated as the resolution for bright-field (trans-illumination) 

imaging system which is written [144]: 

        
 

            
                                                 

where   is the wavelength, NAcond is NA of the condenser and NAobj is NA of the 

objective. Theoretical calculation gives a spatial resolution of 0.43 mm. There is a 

matchup between theory and experiment as we can see in Figure 3.11 (c) when the 

object is in focus, the 0.5 mm hole can be separated clearly from the area around it. It is 

also noticed that the laser output power was dropping during the measurement by 

comparing the intensity in the air at the beginning and at the end of the measurement. 

The two wells of intensities at two sides of the object correspond to the light scattering 

at the edges of the object. 

 

Figure 3.12. Images and scanning results of the test objects designed with two Teflon blocks 

which have artificial defects in them and are fixed at 37 mm (left) and 68 mm (right) distance 

from each other. 

 

In Figure 3.12, two objects were designed by adding a second Teflon block 

separated at different distances from the previous target which was placed at the focal 

plane. The block placed at focal plane of the first object has 3 holes of 4 mm diameter; 

an additional block with 4 holes sized from 3 to 6 mm was placed at 37 mm distance 

from the first one (called 37 mm object, upper – left image). The second object was 

composed of one Teflon block placed at focal plane which has 1 hole of 4 mm diameter 

and another block placed at 68 mm distance which has 4 holes sized from 3 to 6 mm 
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(called 68 mm object, upper – right image). The scanning results of the two objects are 

presented below the images.  

The depth of field, which is “the depth in specimen space that appears to be in 

focus within the image, without readjustment of microscope focus”, can be calculated 

using the expression [144]: 

   
  

    
 

       
                                                     (3.4) 

where n is the refractive index of the measured environment (n = 1), e is detector pixel 

size (6 mm), NAobj was calculated above (= 0.208), and M is magnification(=20/12),   

giving a calculated depth of field of 25.87 mm. The scanning result of the second object 

(68 mm) shows that the 4 mm defect at focal plane was imaged sharply among those 

which are blurred at the out-of-focus plane of 68 mm distance from the focal plane. This 

result is matched with the calculated depth of field described above. However with the 

first object (37 mm), it is hard to recognise the defects which are separated at the planes 

of 3.7 mm distance in depth. There are reasons which may explain for the disagreement 

between this observation and the calculated depth of field. First of all, the refractive 

index of the measured environment should be bigger than 1 as the light passes through 

the first Teflon block to go to the second block, so the theoretical depth of field could be 

bigger than the calculated number with n = 1 as above. Secondly, the laser intensity was 

decreased with time (Figure 3.13) and was dropped very much by the end of the 

measurement, which fact makes it hard to extract the dropped intensities caused by the 

laser intensity fluctuation with those caused by the defects.     

 

Figure 3.13. Laser output intensity vs time. 

Based on the results, it can be concluded that even without an aperture, ignoring 

the effect of the Gaussian and expanding beams, the coarse measurement of spatial 
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resolution matched the theoretical prediction within maximum 14% of full scale and 

could be smaller.    

3.3.3. Thickness Measurement Using Multi-wavelength 

Interferometry 

A Mach-Zehnder interferometer was constructed using the THz laser, Figure 3.14. The 

interferometer was aligned initially with a HeNe laser (not shown), after which the THz 

beam was introduced. The interferometer comprised two 23µm thick Mylar sheet beam 

splitters (BS1 and BS2) and gold-coated mirrors (M1 and M2). The THz beam diameter 

in the interferometer was approximately 10 mm, which was reduced to 2 mm on the 

Golay cell detector. The detector output voltage was filtered and amplified by a lock-in 

amplifier, as described above. The reference beam mirror M2 was mounted on a linear 

translation stage (positional accuracy ~1 µm) to change the optical path length of the 

reference beam. Moving M2 by distance d produced a path length change        , 

where   is the angle of incidence of the laser beam on mirror M2. The object tested was 

a 66×108 mm2 poly-Tetrafluoroethylene (PTFE or Teflon) block of nominal thickness 

5mm. Material was milled from one half of the block to produce a step height of 235 

μm (measured with a micrometer gauge).  

 

Figure 3.14. Schematic of the interferometer used for thickness measurement and object with a 

step height of h. 

 

For a π/2 phase step at a laser wavelength of 315.13 μm, the lateral displacement 

of the beam was 66 μm compared to its diameter of 10 mm. No change in intensity of 

the reference beam was measurable for mirror M3 positions corresponding to four steps 
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of 0, π/2, π and 3π/2. The lateral motion will also shear the object and reference 

wavefronts in the interferometer, but again no effect was measureable for the nominally 

plane wavefronts used in the experiments reported here. 

 

Figure 3.15. Phase noise measurement. 

 

The recording of the phase-steps requires a minimum stability of the laser 

intensity during the recording time. However, with the trial technology of that time 

(MgO:LiNbO3 with incorrect coating was used as nonlinear medium for THz 

generation), the laser intensity was dropped apparently as already seen in the previous 

measurement (Figure 3.11) and was not sufficiently stable for this task. Figure 3.15 

shows a phase noise measurement in which the phases were extracted from the recorded 

phase-steps and surely the phase was very noisy during just 12 minutes. The M-Squared 

have now fixed the problem in their subsequent systems. For this reason, in this 

experiment the phase was measured by tracking a whole 2π period to reduce noise in 

phase measurement.  

 Figure 3.16 shows the linear regression between measured phase at 0.9520 THz 

and its modulated fitting cosine function of the ‘thin’ part of the object, i.e. the milled 

half of the object. The phase was tracked in a whole 2π period. Linear fitting line is 

plotted in red colour. R
2
 is the correlation coefficient of the fitting to the measured data. 

The same analyses to the measurements on the ‘thick’ part of the object and at 1.1063 

THz were done, and the resulting R
2
 coefficients are in between 0.971 to 0.984. These 

values of R
2
 demonstrate a strong uphill linear relationship between the measured data 

and the modulated fitting cosine function. Therefore in this case, tracking the whole 2π 
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episode of the phase provides a more precision in phase measurement than the 4-phase-

stepping technique.     

 

Figure 3.16. Measured phase of the ‘thin’ part of the object versus the fitting cosine function at 

0.9520 THz. Fitting of the linear regression between the measured and the modulated values is 

presented by the red line. R
2
 is correlation coefficient. 

 

Figure 3.17(a) shows the phase-stepped intensities recorded at 0.9520 THz 

(wavelength 315.1 μm) for the “thin” section of the object. The phase was stepped 

through approximately π radians by moving mirror M2 in 10 μm steps. Figure 3.17(b) 

shows the numerical differences between intensity measurements recorded at adjacent 

mirror positions, around the maximum and minimum fringe peaks of Figure 3.17(a).  

The purpose of calculating the intensity differences was to determine the positions 

of the maximum and minimum intensity, where the local intensity gradient is zero. 

Phase measurements in Figure 3.15 were based on four recorded phase-steps to calculate 

the phase from an appropriate algorithm. In this measurement, the sampling rate was 

increased by recording many points of the whole 2π period of the phase. The accuracy 

and precision of the measurement was improved by increasing the sampling rate of the 

measurement in which the errors in the phase determination were reduced. As shown in 

Figure 3.17(b) for the thin section of the object, linear fits were applied to the intensity 

differences and the fringe maximum and minimum positions were identified from the 

zero crossing positions. 
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Figure 3.17. (a) Phase-stepped intensity plotted against mirror position at 0.9520 THz 

(wavelength 315.13 μm). (b) Intensity difference between adjacent measurements (i.e. numerical 

intensity gradient) and linear least squares fit to determine the intensity maximum and minima. 

 

The movement of mirror M2 between the fringe maximum and minimum for the 

thin section was Δd = 213.0 – 110.6 μm = 102.4 μm corresponding to a measured 

wavelength of   =313.8 μm for   = 40°, i.e. an error of 0.4% of the laser wavelength. 

For an ideal cosine, this linear fit method to the intensity differences for ±π/4 radians 

around a maximum (or minimum) is accurate to <0.1% for the position of the maximum 

(or minimum).  

The object was then moved to illuminate the “thick” section of the block, i.e. the 

non-machined half of the object. Figure 3.17(a) shows the phase-stepped intensities 

recorded in the region of the fringe minimum only. Figure 3.17(b) shows the intensity 

differences and the position of the minimum identified from the linear fit. As shown in 

the figure, the measured change in the mirror position at the fringe minima between the 

thick and thin sections of the object was Δd1 = 213.0-145.3 μm = 67.7 μm, 

corresponding to an optical thickness      of 103.6 μm. Teflon is non-dispersive and 

has a refractive index of       1.445 that varies by less than 6% over the 0.2 to 3 

THz range. Therefore using          0.445 for the object in air, the measured 

geometrical thickness of the step height was 232.9 μm, i.e. difference of 0.7% of the 
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laser wavelength compared to the micrometre measurement. Clearly the measurement is 

ambiguous to multiples of the THz wavelength.  

 

Figure 3.18. (a) Phase-stepped intensity plotted against mirror position at 1.1063 THz (271.17 

μm). (b) Intensity difference between adjacent measurements (i.e. numerical intensity gradient) 

and linear least squares fit to determine intensity minima. 

 

The measurement was repeated with the laser tuned to 1.1063 THz (    271.14 

μm). Figure 3.18(a) shows the phase-stepped intensities recorded in the region of the 

fringe minima for the thick and thin sections of the object. Figure 3.18(b) shows the 

positions of the fringe minima determined from the intensity difference. As shown in 

the figure, the measured change in the mirror position at the fringe minimum between 

the thick and thin sections of the object was Δd2 = 67.9 μm, corresponding to an optical 

thickness      of 104.1 μm. Therefore the measured geometrical thickness of the step 

height was 233.8 μm, i.e. a difference of 0.4% of the THz wavelength compared to the 

micrometre measurement. This difference can be considered as the uncertainty of the 

measurement. Again, this measurement is ambiguous to multiples of the THz 

wavelength. 

The phase differences     and     due  to  the  step  height  can  be  calculated  

from  the optical thicknesses      and      at each illumination wavelength 

respectively, following the theory already described in Chapter 2, the equations from 

which are repeated here:  
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                                                                       (3.5) 

                                                                       (3.6) 

 The step height can be calculated as:  

  
           

    
                                                             (3.7) 

In this equation, the synthetic wavelength    
     

    
        µm. The 

measured step height is 239.8 µm. The synthetic wavelength measurement is “coarse” 

because it magnifies the noise in the phase measured at each wavelength by the same 

factor as the magnification of the wavelengths. It is more accurate to divide the 

synthetic wavelength step height into integer multiples of one of the wavelengths, for 

example   , and add that number of integer wavelengths to the    measurement. For the 

current example, the synthetic wavelength demonstrates unambiguously that no 

correction is required to the measured optical thickness at either of the individual 

wavelengths. The unambiguous measurement range of the optical thickness has been 

extended to the synthetic wavelength. 

In summary, the optical thickness variation of a test target was measured 

successfully in a Mach-Zehnder interferometer. The output frequency of the laser was 

tuned to 0.9520 and 1.1063 THz in order to generate a synthetic wavelength and the 

unambiguous measurement range was extended to seven wavelengths. An accuracy of 

approximately 0.5% of the THz wavelength was achieved over the extended 

measurement range for the step height. These were the first unambiguous thickness 

measurements with an all-optical THz source, to the best of our knowledge. The optical 

parametric THz laser enabled direct detection to reduce the measurement time, 

compared to opto-electronic sources and does not require the specimen to be placed in a 

chamber with a dry atmosphere. It operates at a shorter wavelength than electronic 

sources, thus increasing the resolution. Tuning the optical parametric THz laser was a 

straightforward task, enabling the absorption lines of atmospheric water vapour to be 

avoided. Interferometric measurements with direct detection were demonstrated. 

3.4. Conclusions  

In conclusion, the THz intra-cavity OPO laser source has been studied for some 

metrology measurements. Through the course of the experiments, the laser was unstable 

due to the limited technology (unsuitable nonlinear medium) at the time of the tests. For 
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this reason, the tests were applied to a limited number of points for each measurement 

(one scanning line in defect detection and one point in thickness measurement). Due to 

the instability of the laser intensity, the phase was instable too. Therefore, a whole 2π 

period of the phase was recorded in order to increase the sampling rate of the phase 

measurement, which can reduce the error in the calculation. Although the intra-cavity 

OPO technique has many advantages over many other sources (relatively high peak 

power, narrowband, widely tuneable in a continuous range) and the laser has been 

demonstrated to be suitable for interferometric measurements with direct detection, the 

limited technology at the time of the tests was not suitable for full-field metrology 

application. Therefore an electronic source was chosen for performing the experiments 

in the next Chapters.   
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Chapter 4  

THz MULTIPLIERS 

4.1. INTRODUCTION 

The search for a suitable THz source for full-field metrology application leads to the 

choice of using THz OPO laser for its relatively short wavelength and therefore higher 

spatial resolution (Chapter 3). Though the original intention was to use an optical THz 

source, the THz intra-cavity OPO laser presented to be unstable due to the limited 

technology of the nonlinear medium at the time of testing. Therefore an electronic 

source which has been known to be reliable in order to prove metrology principles was 

used for the next measurements.   

Among the electronic techniques, THz frequency-multiplied sources have certain 

advantages, compared to the solid state THz sources or BWOs, despite their relatively 

low output power at high frequency (> 1 THz). Firstly, they are compact and low cost, 

compared to heavy BWOs. Secondly, they work at room temperature and at lower 

frequencies that the QCLs cannot reach. Thirdly, they are inherently phase-lockable and 

frequency tuneable [26].  

This chapter focuses on the characterisation and some initial application examples 

of a THz multiplier source in our lab. The chapter starts with some general descriptions 

of the THz- multiplier source. Then next section goes through the characterisation of a 

pyroelectric detector, which was used for detecting of the THz signal. The noise of the 

source - detector combination was studied as well. At the end, some initial applications 

will be presented and discussed: spectroscopy (in transmission measurements), 

interferometry (thickness measurement), and imaging applications. 

4.2. THE SOURCE AND THE DETECTOR 

The THz source from Virginia Diodes Inc (VDI) comprised a microwave synthesiser of 

9.16-13.88 GHz tuneable frequency and an amplifier/ multiplier chain (AMC) of three 

triplers producing cw, highly coherent radiation at 0.259 – 0.375 THz. It generates THz 
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radiation at relatively high output power from 0.4- 1.2 mW, Figure 4.19. A diagonal 

horn directs the generated THz wave into free space.  

The operating frequency of the synthesiser is digitally controlled. The controlling 

programme from VDI was modified, in order to automatically scan the output 

frequency, with the desired frequency step and scanning range. Separate code was 

written to apply a User Controlled Attenuation (UCA) voltage, where 0 V corresponded 

to no attenuation and 5 V to full attenuation. These programmes were written in 

LabVIEW. In addition, the source has a TTL port which enables the output radiation to 

be modulated by applying a voltage pulse chain to the port. In most of the experiments 

in this chapter, and in Chapter 5, the source was operated at the highest frequency of 

0.375 THz (wavelength 0.8 mm) in order to reduce the diffraction limit of the 

measurements. In the transmission experiment, where the specimen samples were 

checked for their transmission properties, the frequencies were scanned through the 

frequency range of the source.        

 

Figure 4.19. VDI calibrated output of the source, power versus frequency. 

 

For detecting of the THz radiation, a Gentec THZ2I-BL-BNC pyroelectric 

detector was used. The detector has a rise time equal or smaller than 200 ms and an 

effective aperture of 2x2 mm
2
. The pyroelectric detector detects a change in temperature 

rather than the absolute temperature, so the detected radiation needs to be pulsed or 

modulated. Therefore the THz output beam was modulated by applying a voltage pulse 

train, which the minimum voltage is 0V and the maximum is 5 V, to the TTL port of the 

source. 



50 
 

 

Figure 4.20. Laser power and laser energy: P is laser power, E is laser energy, ∆t is pulse and 

T is full pulse period. 

 

Figure 4.20 describes the relation between the source power, energy and the pulse 

duration. The power of a source is the optical output power in Watts and is normally 

understood to be the continuous power output in the case of a cw laser and as the 

average power output in the case of a pulsed or modulated laser (Appendix A.4). The 

laser energy is equal to the area underneath one laser pulse. 

The core of a pyroelectric detector is pyroelectric material which absorbs the 

measured radiation power and creates electrical charges at its surfaces based on a 

polarization change. A voltage can be measured between the surfaces of the material, 

which the level increases with the absorbed radiation. A typical response of a 

pyroelectric detector to a laser pulse is schematically depicted in Figure 4.21 (Appendix 

A.9). The result within the response time of the detector is a rising voltage, which, at the 

maximum level (Vmax), is proportional to the laser pulse energy and/or peak power. It is 

then followed by an exponentially decaying period. After that, it needs a longer 

recovery time in order to return to the initial state. 

 

Figure 4.21. Typical response of a pyroelectric detector to a laser pulse. 

 

To detect the signal accurately, it is important that the source and the detector 

must have their timing controlled accurately: the integration time must coincide with the 
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THz pulses. In other words, the sampling (the reading and recording) of the detector 

response must be taken at the right time following the modulated THz signal as 

described in Figure 4.22. This job was done by applying a single generated digital pulse 

train to do multiple tasks: to modulate the THz source and to synchronise the detector 

response sampling.  

 

Figure 4.22. Modulated response of the pyroelectric detector (green line) to a pulse train of 

modulated THz radiation (red line) with the synchronisation for the reading/acquiring data 

(Integration time). 

 

The voltage responses of the detector were acquired by a NI PCI 6221 instrument 

which was also used to create a digital pulse train. This instrument board was connected 

to a PC and was controlled via a programme coupled with the main program written in 

LabVIEW. The digital pulse train triggered the modulation (via TTL port) and at the 

same time drove the sampling measurement of the response signal from the detector. 

The pulse train is like a time scale for pulsing and reading/ acquiring data from the 

detector response.  

 

Figure 4.23. Response of the pyroelectric detector to THz pulse with duration 200 ms. 
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In order to investigate the response time of the detector, THz pulses of 200 ms 

were recorded and the average of the pulses is presented in Figure 4.23. In these 

measurements, no voltage was applied to UCA port and the detector was put at a 

position on the optical axis in front of the source. From this measurement, the pulse 

reaches maximum voltage response at 125 ms whereas at 200 ms the response of the 

detector starts to decay. This result is agreed with the calibrated rise time from the 

company which suggests that the detector’s rise time should be equal to or smaller than 

200 ms.  

4.3. DETECTOR PERFORMANCE  

Measurement noise from the detector can be separated into internal and external 

sources. The internal noise sources include Johnson noise, shot noise and 1/f noise [145] 

(Appendix A.10). The system was isolated so that noise from external sources such as 

air flow, temperature fluctuation, external light, etc. were reduced to below the internal 

noise level.  

Figure 4.24 shows a random noise measurement with the pyroelectric detector 

with the THz source blocked. The room temperature was controlled at approximately 

19
o
C with the lab air conditioning. The measurements were taken once every 1 

millisecond, during 4 seconds (although the graph only shows 2s worth data). It is 

unavoidable that the room temperature changed by a small amount during this time and 

contributes a small part in the noise measurement. However, this drift is invisible as the 

measurement was made during very short time (4 s). The noise level is 0.0026 (V) 

which was calculated as the standard deviation (SD) of the measured samples.  

 

Figure 4.24. Random noise measured with the pyroelectric detector without THz illumination. 

The green line is mean value of all of the measurements. 
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After that, the THz source was opened and the detector was placed in front of it to 

measure the THz radiation. The THz signal was modulated at 5 Hz frequency and 50% 

duty cycle. The acquisition sampling rate was kept the same (1000 samples/second). So 

the response of the detector to one THz pulse is 200 ms duration with 200 samples 

captured at each ms (Figure 4.25(a)). The pulses are recorded continuously and the 

responses of 120 pulses were recorded. Average of 120 responses is calculated in Figure 

4.25(b) and noises of individual samples in the THz pulse were extracted from the 120 

recorded results (Figure 4.25(c)). In comparison, each calculated point in Figure 4.25(c) 

is the noise level (SD) of 120 measured samples which are 200 ms delayed from the 

other; the position of the calculated noise in horizontal axis (time, ms) corresponds to 

the position of the samples in one THz pulse.    

 

Figure 4.25.  a) A typical response of a pyro-electric detector to one THz pulse: “on” region is 

response when the THz pulse was on, “off” is response when the pulse was off; b) Average of 

120 responses; c) noise (SD) at each sample in time was calculated for 120 samples; the green 

line is averaging level of them all, and equal to 0.00207 (V). 

 

Figure 4.25(c) shows that at every response sample, the noise level keeps 

unchanged at around the level of the random noise (≈ 0.002 V). The stable noise level 

means that the noise is not affected when the THz radiation is on or off. From these 

results, it can be concluded that the pulse to pulse of the source-detector combination is 

repeatable and is super-imposed by the random noise of the detector. 

Voltage response of a pyroelectric detector reaches a maximum intensity level 

after a given time within rise time. This maximum intensity is normally used to calibrate 

the pulse energy of a source. The integration of the voltage response (the area 

underneath of the response curve) has a linear relationship with the maximum voltage as 

well as with radiation intensity and can also be used to calibration the radiation intensity 

(see Section 4.5: Linearity, Figure 4.33). In fact, as the noise at every response sample is 

random and does not depend on the THz radiation intensity (Figure 4.25), the integration 
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(the summation) of the response samples should have a smaller noise than that of 

individual sample. Taken into account the random noise at each voltage response 

sample is ~ 0.002 V, if the samples are summed together during 125 samples, the pulse 

to pulse noise is of ~ 0.25 V (125   0.002). But the sum is actually smaller than 0.25 V 

so when it is divided by the number of samples (125 samples), the noise level becomes 

smaller than that of individual sample’s noise. In that case, the noise is reduced 

according to the averaging method. To prove this theory, the above 120 recorded pulses 

are integrated during the “on” period (Figure 4.25(a)) and the pulse to pulse noise is then 

compared to peak voltage noise.     

 

Figure 4.26. Integration process: The original data is shown in green for the response of the 

detector to the THz pulse of 5Hz 0.5 duty cycles. The red trace shows the moving of the “on” 

period of the original data to above zero level and the integration I of the period is described as 

the red area underneath the red trace. 

 

Figure 4.26 presents the integration process in which the original data is shown 

in green. The voltage response of the detector can be separated into two periods: when 

the source was “on” and when the source was “off”. To calculate the integration of the 

“on” period, the response samples are moved to above zero level (by subtracting them 

to the standard level) and are summed together. The standard level was determined as 

the noise level (when the source was blocked to the detector). The standard level is 

stable if the measurement environment is isolated from temperature change. As the peak 

Standard level 
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voltage is measured by only one sample, to be able to directly compare the noises of the 

peak voltage and the integration measurements, the summed (integration) values are 

divided by the number of integrating samples, which is 100 samples in this case as the 

source was on during 100 ms (Figure 4.26) and the sampling rate was 1000 samples/s.   

 

Figure 4.27. Pulse to Pulse noise of peak voltage measurement and integration measurement 

from 120 measured pulses. 

 

Figure 4.27 shows the comparison of the noises of the peak voltage and integration 

measurements. Noise (SD) of peak voltage measurement is at level of 3 10
-3

 (V) and 

noise of integration measurement is 3 10
-4

 (V). The signal level of the integrations is 

reduced to be lower than the peak voltage when they are divided by 100 samples, but 

the noise is reduced at a much higher ratio than the signal. Therefore, the final signal-to-

noise ratio (SNR) of the integration measurement (SNRIntegration = 218.736) is improved 

compare to peak voltage measurement (SNRPeakVoltage = 52.831). In fact in this case, not 

only that the SNR of the one-hundredth of integration measurement is higher than SNR 

of peak voltage measurement as already investigated, but also it doesn’t change if it is 

divided by 100 (the number of samples) or not, because when it is divided then the 

signal and the noise are divided by the same factor (of 100 samples). 

4.4. SIGNAL TO NOISE RATIO 

In this section, the SNR is investigated in 4 cases at chopping frequencies: 5 Hz, 4 Hz, 

2.5 Hz and 0.5 Hz, all at 50% duty cycle, as shown in Figure 4.28. In this figure, the 

voltage responses of the pyroelectric detector to the THz pulses at different chopping 
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frequencies were plotted against the sampling time in ms (with the same recording 

sampling rate of 1000 samples/s). The reason for choosing these frequencies is to 

compare the SNR when the pulse duration is at the rising time of the pyroelectric 

detector (4-5 Hz is equivalent to 100-125 ms) and those at shorter and longer time 

durations. The ultimate objective is to run at the frequency which gives a better SNR. 

  

 

Figure 4.28. SNR will be measured in 4 cases of different pulse durations and chopping 

frequencies: 100 ms at 5 Hz, 125 ms at 4 Hz, 200 ms at 2.5 Hz and 1000 ms at 0.5 Hz. 

 

Each frequency was investigated with the same amount of repeated pulses (60 

pulses). The signals were measured as the integration of recorded samples during the 

“on” period of each pulse and then divided by the number of samples for each 

frequency case (e.g. 100 samples for 5 Hz frequency, 125 samples for 4 Hz, 200 

samples for 2.5 Hz and 1000 samples for 0.5 Hz). The noises were then calculated as 

SD of 60 measured signals for each frequency case. Table 4.1 displays the calculated 

noises, signals and SNRs (in ratio and in decibel) of each frequency. Because the signals 

and the noises were measured in Volts, so the decibel values of SNRs are calculated as 

20 times of the log of SNRs in ratio. The SNRs calculated are in the range of 20 to 50 

dB. The highest SNRs are in the cases of 100 – 125 ms pulse durations (4 Hz and 5 Hz 

chopping frequencies). These SNRs are comparable to those in the literature as 40 dB in 
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[146], and 30 dB in [147]. Longer pulse durations give more noise and/or smaller signal 

(after dividing to the number of samples per pulse), so the final SNRs are smaller. 

In Table 4.1, it can be seen that the SNR of 4 Hz are highest among the other 

investigated frequencies. At this frequency, the pulse duration reaches the response time 

of the detector (Section 4.2). In addition, when taken into account the fact that the 

scanning time for one image acquisition in the 4-5 Hz case is a lot quicker than that of 

the slower frequency (e.g. for 50mm x 50mm area of 125x125 points, it takes 1.54 

hours at 5 Hz; 1.93 hours at 4 Hz; 3.09 hours at 2.5 Hz and 15.43 hours at 0.5 Hz to 

finish one image), it is obvious that 4 Hz frequency is optimum for (integration) 

intensity measurement with this detector.  

 

Table 4.1. SNRs of different chopping frequencies: 5 Hz, 4 Hz, 2.5 Hz and 0.5 Hz, all are of 

50% duty cycle. Signals and noises were measured for 60 repeated pulses. 

 

There are ways to improve the SNR such as: (i) increase the signal intensity 

(making measurements at higher THz intensity) or (ii) reduce noise level (using the 

averaging method). Increasing the signal intensity to increase the SNR (of pulse to 

pulse) is straight forward. Collimate well the THz beam so that it is not diverged after 

the source; setup the measuring systems nearer to the source to avoid intensity losing 

due to the air absorption are things we can do immediately. Figure 4.29 shows that the 

SNR was improved by ~ 10 times, when the signal intensity is increased to ~ 10 times. 

While the signal was increased, it is noticed that the pulse to pulse noise level doesn’t 

changed much; of about 3 10
-4

 V.  
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Figure 4.29. Right: Intensity responses (averaged of 82 responses) of the detector to the THz 

pulses of a diverse beam (blue) and a focused beam (red); Left: Integrations per 125 samples of 

82 pulses at those individual cases. The numbers present the SNR of pulse to pulse 

measurements in each case. 

 

In addition to the increasing of the signal intensity, reducing noise is another 

solution to improve the SNR. The most common way is by the averaging method. For 

example in here, the samples were averaged over several pulses (9 pulses) and the noise 

was reduced clearly as compared and shown in the left and right graphs in Figure 4.30. 

The SNR was then improved from 51 dB to 58 dB (equivalent to more than 2 times 

bigger in S/N ratio).    

 

Figure 4.30. Improving the SNR by averaging method. Left: Single response (SNR = 51 dB); 

Right: Averaged of 9 response (SNR = 58 dB). 

 

However, even when one point (one pixel in a 2D scanning image) is measured by 

one THz pulse, it takes quite a long time to finish one scanning image (several hours) 

while running at 4 Hz chopping frequency. So averaging several pulses for one point 

measurement is not very practical. Also, in our later measurements, the integrated signal 

SNR = 58 dB SNR = 51 dB 
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did not be subtracted to the number of samples (125 samples) but the original integrated 

data were used instead. In that case, the signal is bigger, the noise is bigger, but the SNR 

does not change if the signal is subtracted to the number of samples or not.  

4.5. LINEARITY 

This section studies the linearity in the response of the pyroelectric detector to the 

changing in the output power of the THz source, which is controlled by applying 

voltages to the UCA. This is linearity comparison of the combination of the source and 

detector – as with the noise that has been studied above. The experiment is illustrated in 

Figure 4.31. The pyroelectric detector was put on the optical axis and in the output of the 

source (in front of the diagonal horn), at the positions P1 and P2. At each of these 

detector positions, the measurements were made while a range of voltages were applied 

to the UCA port of the THz source to change the THz output power. Voltages applied to 

the UCA are in the range of 0 to 5 volts. 0 volts corresponds to no attenuation and 5 

volts corresponds to maximum attenuation. Voltages out of this range may damage the 

attenuator.  

 

Figure 4.31. Schema of the experiment for studying of the linearity. P1 and P2 are two positions 

of the pyroelectric detector. Applied voltages to UCA were from 0 to 5 volts; TTL signal 

controlled the THz source to be running at 0.25 Hz 50% duty cycle. 

 

The source was running at 0.25 Hz 50% duty cycle so that the whole voltage pulse 

responses of the detector are captured, but the samples were integrated within the rise 

time of the detector only, which is during the first 125 ms of the pulse. The integration 

data were kept originally and were not divided by the number of samples (125 samples), 

so the integration unit would be in Volt multiples by millisecond (V.ms). Figure 4.32 

shows the voltage responses of the detector versus sampling time when the detector was 

at positions P1. The presented responses are averaged over several pulses for a smooth 

UCA Applying voltages 

THz source 

Detector 

Diagonal horn 

TTL P1 P2 
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presentation. The peak voltage can be seen decreased with the increasing voltage 

applied to the UCA port of the source. 

 

Figure 4.32. Responses of the pyroelectric detector to output THz pulses when different voltages 

were applied to UCA port of the source 

 

In order to verify the validation of the integration process in the intensity 

measurement, the calculated integration data were plotted against the peak voltage data 

and the graph is presented in Figure 4.33. It is logical that the THz intensity is weaker 

when the detector is moved further from the source (from position P1 to position P2) 

due to the divergence of the beam and the lost power by the environmental (water) 

absorption.  

 

Figure 4.33.Calculated integration intensity versus peak voltage for two intensity ranges of THz 

radiation when the detector was at position P1 (blue circle) and P2 (red square). 
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The graph shows that there is a linear relationship between the integration and the 

peak voltage of this pyroelectric detector’s response and the integration equal to ~ 102 

times the equivalent peak voltage in both cases. This fact enables us to use either 

integration data or peak voltage for intensity measurement; yet using integration 

intensity has an advantage of having a higher SNR (which was investigated in Section 

4.3).  

Figure 4.34 graphs the dependence of the integration intensity to the UCA applied 

voltage. Graph (a) is experimental result and graph (b) is the calibrated data of the 

source company (the VDI). The consistent shape of the detector response even at high 

or low THz power ranges (at P1 or P2) in Figure 4.34(a) gives another proof for the 

linearity in measurement of the source – detector combination. Though there are 

differences in the form of the experimental and the calibrated curves, there is a coherent 

tune in the dependence of the THz intensity to the UCA applied voltage. The variation 

between the two graphs is expected because the presented data in the VDI’s graph was 

measured under different test conditions and it is noticed in the manual of the source 

that the exact shape of the curves may vary depending on many different conditions. 

And yet our measurements were made at 375 GHz and not at the frequencies the VDI 

used.                     

 

Figure 4.34. The dependence of the detector intensity response to the UCA applied voltage for 

two investigated detector position P1 and P2.Graph (a) is experimental result and graph (b) is 

VDI’s calibrated data. 

 

In conclusion, the integration data can be used alternatively to the peak voltage 

as they have a linear relationship, with a ratio of ~ 102 times bigger than the peak 

(a) (b) 
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voltage value. The response of the detector to the THz output radiation from the source 

is linearity with consistent dependent shape of the detector response to the UCA applied 

voltage even when the THz radiation is at low or high level.    

4.6. USING DETECTOR TO CHARACTERISE THE OUTPUT 

OF THE THz SOURCE 

4.6.1. The Scanning System 

A system was built, which enables 2D and/or 3D scanning measurements to be taken 

with the 1D pyroelectric detector. The core of the system are three-1D translation 

stages, combined together to form a multi-axis system which is controlled from a single 

PC-based software programme. The translation stages are of 100 mm travel range with a 

minimum repeatable incremental movement of 2 μm. They are in the range of high 

speed step motor translation stages from Thorlabs (Appendix A.11) which the 

maximum velocity is 30 mm/s and maximum acceleration is 30 mm/s
2
. Two of the three 

translation stages were combined by a right-angle bracket to make a xy configuration, 

for 2D scanning measurements (Figure 4.35). The pyroelectric detector was posted on 

the y stage. The third stage was used for applications which need to make phase-

stepping.   

 

Figure 4.35. xy configuration of two-1D translation stage. 

 

y axis 

x axis 
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The PC-based software programme was written using LabVIEW as a Graphical 

User Interface (GUI) environment, to control and to interact directly with the controller 

box of the stages, via the USB communication protocol. The data acquiring and 

analysing process was also coupled in this programme to record the data in the form of a 

readable file (text, word, excel, or notepad). Again, a digital pulse train was used to 

trigger the THz source, as well as the data acquisition. In addition to that, the same 

digital pulse train used to trigger the THz source is used to trigger the stages’ movement 

to start at the right moment in the time scale. In our measurements, the data was 

integrated only for a half voltage response pulse of the detector, at the period when the 

source is triggered “on”. Time scale for one point measurement is depicted as in Figure 

4.36. The integration process takes 125 ms of the first “on” period of the source. The 

moving of the stages takes 200 ms for 0.3 to 0.4 mm step size. After that there is a 

waiting time for the stages to get stable, before a new data acquisition and recording 

process is started, at the rising of the third “on” period of the source. In conclusion, 

when it is a 2D scanning application, it takes 500 ms to finish the measurement at each 

point. A friendly user interface was designed for the interaction between the users and 

the main controlling program.  

 

Figure 4.36. Time scale for one point scanning measurement. 

 

To run the three stages smoothly, a strategy for how and when each of them will 

move is needed. A matrix of stages’ positions was created and inserted into the main 

control programme to help the moving commands. In the case of 2D scanning, the stage 

in y direction (see Figure 4.35) was programmed to run point to point until it finishes 

one line. Then the x stage is moved to the nearest of current position before the y stage 

starts a new scanning line, as described in Figure 4.37 2D case. In that case, the y stage 

time 

Signal (V) 

Digital pulse train 0V 
5V 

Response of detector 

Integration 

THz modulated pulses 

on  
off 

Stage moving Waiting time 

Time needed for one point measurement 
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runs more frequently than the x stage. This is better than the inverse situation, which the 

x stage runs more frequently, because the x stage has to carry all the weight of the y 

stage and the detector.  

 

Figure 4.37. Matrices of stage positions for 2D and 3D scanning measurements. 

 

For interferometry applications, with phase-stepping movement, 3D scanning is 

needed. In that case, the z stage (phase-step stage) was chosen for running more 

frequently than the others because the step size of the phase is normally small. Besides, 

it does not carry heavy weights, compared to the other two stages. Figure 4.37 (3D) 

describes the position matrix of 3D scanning of the stages.    

4.6.2. Beam Profile Characterisation 

Measurement and analysis of output beam characteristics is essential for our 

applications, particularly when the source is setup for the first time in our lab. Beam 

characterising involves measurement of the beam-profile which is the spatial energy (or 

power) distribution of the beam. According to the product description document of 

Virginia Diodes, the THz output beam has a profile “84% Gaussicity”. We have used 

the scanning system and the pyroelectric detector described above to capture the 2D 

profile of the output beam at different distances from the source to verify.  

X 

Y 

(2D)  (3D)  

X 

Y 

Z (phase step) 
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Figure 4.38. 2D beam profile of the THz multipliers at different distances from the source. 

 

Figure 4.38 presents the output beam profile of the THz multiplier source at 

different positions along the optical axis (Z axis). The distance from the central beam to 

the optical table was 15 cm in height. At positions 3, 6 and 10 cm the image size is 

60x60 pixels and pixel size is 0.5 mm. At position 30 cm, the image size is 50x50 pixels 

and pixel size is 1 mm. For these measurements, a 0.5 mm diameter pinhole was 

mounted at the entrance of the pyroelectric detector to reduce the amount of spatial 

noise to be integrated. At smaller pinhole size (3mm / 1mm / 0.5mm) the signal was 

reduced so drastically that it becomes a disadvantage, as the contrast of the images was 

reduced as well.  

 

Figure 4.39.  Gaussian fitting of the measured beam profile, 3 cm distance from source. 

 

In order to verify the matching up of the output beam with the Gaussian profile, 

we carried out several calculations and analyses on these measured beam profiles. First 
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of all, a modulation of the Gaussian beam was calculated to fit the horizontal and 

vertical lines of the beam profile, based on the real beam parameters at 3 cm distance. 

The Gaussian beam is modulated based on the relationship between the beam radius and 

the beam intensity of a Gaussian shaped beam. The equation that describes this 

relationship is as follows: 

             
    

  
      

    

  
                                                      (4.1) 

-            : 1/e
2 

beam radius in x and y direction respectively 

-                 : Peak intensity of two directions x and y. 

Thus the total output power of the beam is obtained by integrating the intensity I(x,y): 

            
    

  
         

    

  
    

  

  

  

  
 

 

 
                         (4.2) 

-              : total power of the beam 

 

The peak intensity    of the two directions was extracted from the above measured 

beam profile and it equalled to 348.6 V.ms with a detector size of 2x2 mm
2
. Dividing 

this intensity by the detector’s sensitivity (1.28 10
5
 V/W) will convert this peak 

intensity to energy in Joules. The power intensity is then calculated by multiplying the 

energy with the source’s modulated frequency (4 Hz). Knowing the peak intensities of 

each direction enables us to calculate a Gaussian profile to fit with the experimental 

measurement as presented in Figure 4.39 applied for horizontal and vertical (x and y) 

profiles of the 3 cm distance beam. These Gaussian fittings have:  

   = 6.16 mm (horizontal radius) 

   = 6.35 mm (vertical radius) 

Applying these parameters to the equation (4.2), gives a result of PTOT equals to 

0.17 mW. However, this is actually an average output power of the pulsed laser beam, 

whereas the calibration in the user guide of VDI, the power was measured for 

continuous (cw) output, which gives a number of ~0.4 mW for 375 GHz, as shown in 

Figure 4.19. To compare these numbers together, we take the fact that our pulses are 

50% duty cycle, what we measured is about ½ of the cw output power. So by 

multiplying the result of PTOT we have got by 2 gives us 0.34 mW, which is within 

~15% difference from the output power that the laser company calibrated for our source 

(~ 0.4 mW from the calibrated data in Figure 4.19).   
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Another parameter of the beam that we can get from analysing these measured 

beam profiles is the beam waist which is the smallest beam radius of a Gaussian beam 

along the propagation direction. This parameter defines the resolutions of the measuring 

system. 

A Gaussian beam has the wave fronts of a same value of phase are spherical 

which cause the beam to diverge. The phase is plane at the position of smallest beam 

diameter 2w0. From this position, the beam radius w (1/2 of beam diameter) increases as 

it travels along the Z axis ( 

Figure 4.40). The beam diameter changes as a function of its position on this axis, 

which is described by the equation:    

         
  

   
  

 

                                                          (4.3) 

 

 

Figure 4.40. Propagation of a Gaussian beam. 

 

By using equation (4.3), the smallest spot size w0 can be calculated from two 

measured beam radius w1 and w2 at location z1 and z2 as:  

   
 

 
 

  
    

 

  
    

                                                                (4.4) 

Care should be taken that z is measured from the beam waist. In the case of a 

laser, the beam waist position is approximately in the centre of the laser’s cavity. In our 

case, we assume that the beam waist position is at the last point of the wave guide 

before it is radiated into space via the diagonal horn. So the z position of each beam 

profile needs to include the length of the diagonal horn. The beam positions that have 

been indicated above (30 mm, 60 mm and 100 mm) were calculated from that point.    
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Figure 4.41. Gaussian fitting for x and y axis of the measured beam profile at 60 mm. 

 

At 30 mm position, the Gaussian fitting of the beam profile gives the beam’s 

horizontal radius wx1 6.16 mm and vertical radius wy1 6.35 mm. A similar calculation for 

the measured beam at 60 mm position was taken as in Figure 4.41 which gives wx2 9.4 

mm and wy2 9.7 mm respectively. Applying these numbers to the equation (4.4) for the 

THz wavelength of 0.8 mm, the beam waist diameter is calculated as equal to 1.9 mm 

and 1.8 mm in horizontal and vertical directions respectively. These numbers match up 

with the calibrated number from the source’s company (beam waist of 1.9 mm for 

multiplier/diagonal horn model WR-2.8). 

Knowing the beam waist, we can also estimate the Rayleigh range r0 at which the beam 

radius is as big as   w0 and is given by (in book such as [148]):  

    
   

 

 
                                                                           (4.5) 

Calculating by this equation gives an estimated depth of focus of 12.7 mm and 

14.2 mm in x and y directions respectively. As the beam waist is the radius of minimum 

spot size, according to the Rayleigh criterion, it is the lateral resolution and the depth of 

focus for the axial resolution measuring system, using this source.    

4.7. TRANSMISSION PROPERTIES OF SOME MATERIALS OF 

INTEREST 

Figure 4.42 shows the intensity against frequency measurement. A test of frequency 

scanning in air was repeated after every 15 minutes, over duration of 120 minutes. The 

frequency was scanned in a range of 240- 380 GHz with step size 1.35 GHz output of 

multipliers, which is 0.05 GHz step size in the synthesiser (27x 0.05 = 1.35). The 

minimum tuneable step size of the VDI synthesiser is 20 Hz. Noise in every frequency 

-15 -10 -5 0 5 10 15 20
0

10

20

30

40

50

60

70

80

mm

In
te

n
s
it
y
 (

V
.m

s
)

 

 

data

Gaussian Fitting

R2=0.9329

w = 9.7 (mm)

mm

m
m

 

 

65 70 75 80 85 90 95
35

40

45

50

55

60

65

10

20

30

40

50

60

70

-20 -15 -10 -5 0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

mm

In
te

n
s
it
y
 (

V
.m

s
)

 

 

data

Gaussian Fitting
w=9.4

R2 = 0.9198

mm

m
m

 

 

65 70 75 80 85 90 95
35

40

45

50

55

60

65

10

20

30

40

50

60

70

W
y
=9.4 mm 



69 
 

point is shown as an error bar at that point. The noises are small and of 0.1-0.4 V.ms, so 

the frequency measurement is stable. 

 

Figure 4.42. Noise in frequency scanning: measured frequencies with error bars. 

 

A simple experiment was built to measure the transmission of some materials of 

interest. The measured samples are basically the same samples which were investigated 

in Chapter 3 with the intra-cavity OPO laser and in a different THz frequency range. 

The experimental setup is schematically depicted in Figure 4.43. The divergent THz 

beam was collimated by a plano-convex lens of 10 cm focal length. The entrance of the 

detector was aligned right after a small pinhole. For each transmission measurement, a 

reference of frequency measurement in air was recorded before the object is put in the 

setup and is placed right in front of the pinhole.  

 

Figure 4.43. Schema of the experimental setup for transmission measurement of specimens of 

interest. 

 

Results are shown in Figure 4.44. Compared to the transmission spectra of the 

same samples, which were shown in chapter 3, the YTZP and YSZ are not transmitted 

in a higher THz range (~1.2- 2.5 THz), but they are transmitted in the lower frequency 

range of this THz source (0.24 – 0.38 THz). This information gives us some ideas of the 

THz regions, where we can use, to study these materials. For future work, reflectometry 
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and interferometry may be used in phase/thickness measurement of the thermal barrier 

coating in the tuneable range of this THz source.     

 

Figure 4.44. Transmission properties of some samples of interest in tuneable range of the THz 

source. Thicknesses of the specimens are: Alumina 0.65 mm; YTZP 16.08 mm; YSZ 0.42 mm. 

 

4.8. IMAGING SYSTEM 

An imaging system was built which was based on the confocal design for imaging 

applications. The system is schematically depicted in Figure 4.45. The THz output beam 

from the source was collimated by a parabolic mirror, M0, before it is collimated and 

focused into the object plane P2, by the first lens L1. The lenses L2 and L3 are identical 

and enable the light pattern in P2 to be imaged one-to-one at detector plane P3. A 

pinhole was placed in front of the detector to remove the image’s diffraction pattern, 

which helps to improve the resolution of the measurements. The system takes images in 

a single point of the sample at a time. The measured objects were posted on 2D 

translation stages to be scanned automatically, while the pyroelectric detector was fixed 

at plane P3 after the pinhole A.   
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Figure 4.45. Schematic for experimental setup of imaging system:  f1 = f2 = f3 = 75 mm. 

 

The size of the pinhole A was chosen to be three times of the beam waist which 

was estimated in the last section, so the size is 6 mm. The diffraction limit of the system 

is calculated to predict the beam spot size at the object plane P2 and the resolutions for 

the system. This limit is the size of Airy disk which is calculated by well-known 

equation:  

      
  

 
                                                                      (4.6) 

Where   is THz wavelength (0.8 mm), f is focal length of the objective lens (75 

mm), and D is beam diameter when it reached the objective lens (~ 40 mm). This gives 

a predicted spot size of 3.66 mm.   

 

Figure 4.46. Image of beam profile at object plane P2. 
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In order to verify the validity of this calculation and to check the quality of the 

alignment, the beam spot size at object plane P2 was imaged. The image result is shown 

in Figure 4.46. We have got the spot size slightly bigger than the estimated beam waist 

and the calculated diffraction limit of the system. This may be due to the M2 factor that 

impacts on axial and lateral resolutions of a real Gaussian beam (which makes lateral 

resolutions bigger and axial resolution shorter). So, according to Rayleigh criteria, the 

resolutions of the imaging system are expected to be 2.1 mm and 1.9 mm for horizontal 

and vertical directions respectively. According to Shannon criteria, the sampling step 

size that we need to setup for the scanning system is smaller than 1 mm. In our system, 

step sizes of 0.4 mm were chosen.    

 

Figure 4.47. 1951 USAF resolution target (image source: Wikipedia). 

 

Figure 4.47 is a 1951 USAF resolution target which was used to test the spatial 

frequency response (or modulation transfer function) compared to the real spatial 

frequency. The target includes of 6 groups displayed in three layers on the surface of the 

target. Each group consists of 6 elements numbered from 1 to 6 which decreasing in size 

as the element number increases. The resolving powers of the test elements are 

expressed in number of line pairs per millimetre (lp/mm).  
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Figure 4.48. THz scanning image and a vertical profile (the red lines) of the group -2, element 5 

and 6 of a 1951 USAF resolution target with (a, c) and without (b, d) detector pinhole. 

 

Figure 4.48 is a comparison between the THz images of a part of the resolution 

target (Group -2, element 5 and 6) when they were scanned with and without the 

detector pinhole. Obviously the image scanned with the detector pinhole shows a better 

quality and contrast.  

 

Figure 4.49. Modulation transfer function (%) versus spatial resolution (lp/mm) measured with 

and without pinhole (red and blue lines respectively). Second order polynomial fitting to the 

measured data are presented by black lines with corresponding equations and correlation 

coefficients.    

 

The modulation transfer function (MTF) was introduced to calibrate the quality of 

the response images compared to the real spatial frequency of the measured test target 

element. The equation for MTF is derived from the contrast Cf at a specific spatial 

frequency f, which is calculated as: 
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                                                  (4.7) 

Where      and      are the maximum and minimum of the normalised 

intensities. The MTF is then calculated as:  

        
  

  
                                                     (4.8) 

With C0 is the maximum contrast measured at low frequencies (e.g. Vmax ≈ 1; Vmin 

≈ 0). 

Figure 4.49 graphs the measured MTF versus the spatial frequency with (red line) 

and without (blue line) the detector pinhole. When the images are scanned without the 

pinhole, the MTF decreased to low level (< 10% contrast) at the spatial frequency of ~ 

0.45 lp/mm (~ 2 mm line width), it is hard to resolve the lines. Whereas when there was 

detector pinhole, the MTF is improved to ~ 20% contrast at the same spatial frequency. 

This spatial frequency is near the resolution limit calculated above (and as seen in the 

image of the spot size Figure 4.46). So the resolving power of the system calibrated by 

the resolution test target corresponds well with the calculated number.   

 

Figure 4.50. Images of a circuit board (a) and Edinburgh bus card (b). 

 

Some imaging results are presented in Figure 4.50 for a circuit board and an 

Edinburgh bus card. From both the images, we can see that the THz radiation is able to 

be transmitted through the covering plastic layers; thus, we can see the structure inside 

of the objects. The metal wire and the intelligent chip of the bus card are now visible.      

4.9. INTERFEROMETR  

Current research on interferometry is focused on the characterisation of the system and 

some initial results on thickness measurement. Subsection 4.9.1 describes the alignment 

and experimental setup. The intensity noise and phase noise will be studied in 

*0.4 mm 

*0.4 mm 

(a) (b) 
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subsection 4.9.2 with 2D phase noise map is presented and discussed in subsection 

4.9.3. Subsection 4.9.4 examples an application of the interferometer on thickness 

measurement.  

4.9.1. Experimental System 

The experiments are based on Mach-Zehnder interferometer which is illustrated in 

Figure 4.51(a). The tunable THz source was operating at a chosen frequency of 375 GHz 

as mentioned at the beginning of the chapter. The diverging output beam was collimated 

by a 50 mm diameter, 75 mm focal length plano-convex Teflon lens. The light beam is 

split into reference beam and object beam by a High Resistivity Float zone Silicon 

(HRFZ Si) beam splitter. A second beam splitter combines the reference beam and the 

object beam, which now carries information of the measured object, together at the 

entrance of the detector. Reference mirror (RM) and object mirror (OM) were aligned to 

be at  = 45
o
, compared to the incident beams. Moving reference mirror by a distance d 

produced a path length change of (2d cos).Measurements were made by scanning the 

single point pyroelectric detector, across the output interference beam, by two motorised 

translation stages in an X-Y or X-Y-Z configurations as described above. The reference 

mirror was posted on top of the Z translation stage, which can move in a direction 

perpendicular to the mirror plane. The changing of reference mirror position 

corresponds to the change in the phase of the reference beam, which in turn changed the 

interference pattern due to the change of phase difference between reference beam and 

object beam Figure 4.51(b) shows vertical profile of interferogram intensity changing 

versus reference mirror positions.  

 

Figure 4.51. (a) Schemas of the experimental setup based on Mach-Zehnder interferometer. BS1 

and BS2 are beam splitters. RM and OM are flat, gold coated mirrors. RM is reference mirror, 

OM is object mirror. (b) Interference intensity variation of vertical profile of interferogram 

versus position of reference mirror (phase change). 
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Figure 4.52(b) is the interference intensity variation of a point near the centre of 

the interferogram versus reference mirror positions, and the intensities at the same point 

of object and reference beams. To record these data, the detector was fixed at the centre 

of the interference beam while the reference mirror was scanned by the Z translation 

stage and the recording system recorded datum value at every reference mirror position. 

The object beam was blocked while recording the intensity for the reference beam and 

vice versa. Definitely the object beam is stable because the moving of reference mirror 

doesn’t effect on it, but from the graph we can also see that the reference intensity is 

considered to be stable in the range of several fringes to the non-normal movement of 

reference mirror.    

 

Figure 4.52.  Interference intensity variation, object intensity and interference intensity of a 

point near the centre of the interferogram versus position of reference mirror (phase change). 

 

The movement of reference mirror between two successive peaks of the fringes 

was ∆d = 0.56 mm in the air, which corresponds to the change of one wavelength in 

optical path length. This observed length matches perfectly with the calculated value for 

  45° and  = 0.8 mm.  

4.9.2. Intensity noise and phase noise 

In this sub-section, 1D (one horizontal line) characteristic of the phase noise associated 

with the intensity noise and modulation amplitude of the interference pattern were 

investigated in order to understand the effects of noise in the later results. We start with 

the intensity noise of the separated object and reference beams.  

0.56 mm 
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Figure 4.53. Horizontal profile of object beam versus time (left), and noise calculated at each 

pixel across the profile (black dots in the right). 

 

In Figure 4.53, intensity variation of horizontal profiles of object beam (OB) and 

reference beam (RB) versus time is imaged (left), and the noise at each pixel on the 

profile is calculated and displayed in the graphs on the right. The graphs show that the 

reference beam noise     and object beam noise     keep at the same level across the 

measured profiles no matter the fact that the intensity was changing and was reaching 

much higher level in the middle of the beam. This level is of 0.26 V.ms, which is within 

5% of the maximum intensity, for both object beam and reference beam. It means that 

the noise level doesn’t change with the intensity level. This is consistent with previous 

measurements and is different from CCD and CMOS detectors where the noise 

increases with intensity.  

Meanwhile the object beam and reference beam noise levels don’t change with the 

changing of the THz beam intensity, the phase noise does. A proof for this relation is 

shown in Figure 4.54(b) where the phase noise at each pixel across the horizontal profile 

of the interferogram is plotted versus measured position in the profile. This phase noise 

is extracted from the repeating phases which are imaged in Figure 4.54(a). This phase in 

turn is calculated from repeat measurement of intensities at successive phase lags of 0, 
 

 
 

,  , 
  

 
 (rads).  
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Figure 4.54. Horizontal profile of the phase map versus time (a), and noise calculated at each 

pixel across the profile (black dots in (b)). 

 

The four frames of intensity data of the four phase-steps are recorded as: 

                                                                                                    (4.8) 

                         
 

 
                                        (4.9) 

                                                                                                                 (4.10) 

                         
  

 
                                      (4.11) 

Where     and     are intensities at the measured point of object beam and 

reference beam. The phase   is then calculated as [149-150]:  

        
     

     
                                                             (4.12) 

In the graph in Figure 4.54(b), the phase noise is proportional to the inverse of the 

THz signal intensity while relating them together. In fact, it was predicted in the already 

developed algorithm that the phase noise is linearly proportional to the intensity noise 

and the inversed modulation amplitude following [149, 151]: 

    
 

 
 

  

  
                                                              (4.13) 

In this equation, R is number of steps used in the phase-stepping measurement and 

algorithm (which is 4 in this case),    is intensity noise of the system and Im is the 

modulation amplitude (or the modulation depth) of the intensity in the interference 

pattern. Note that the intensity noise of both object beam and reference beam is stable at 

(a) (b) 
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the level of 0.264 V.ms and doesn’t change with the intensity fluctuation. The 

modulation amplitude is expressed as in equation (4.14) or can also be calculated from 

the measured intensities of four phase-steps as in equation (4.15):  

                                                                     (4.14) 

Or                                                                           (4.15) 

 

Figure 4.55. Phase noise versus Imod
-1

 (a), and the zoom-in of the indicated red zone in graph 

(a) with linear fitting line and equation (b). 

 

In Figure 4.55, the phase noise is plotted versus inversed Imod (Imod
-1

). The result 

shows that at high modulation amplitude (low Imod
-1

), this relationship is linear and the 

fitting equation is displayed in the graph (b) which is a zoom-in of the red zone 

indicated in the graph (a). In the linear fitting equation, the second parameter is too 

small that can be neglected (0.0042). The first parameter shows an agreement within 

8.3% between the expected value (0.187) of the constant in equation (4.13) when the 

intensity noise is included. This result shows that high-fidelity data are obtained from 

the measuring system. 

 

Figure 4.56. Threshold for phase noise with the corresponding modulation amplitude level. 

(a) 

(1.342, 0.274) 

(b) 



80 
 

 

Although in the graph (b) of Figure 4.55, the last point which is considered to have 

a “high modulation amplitude” to be included in the linear fitting has a phase noise as 

high as 0.274 rads and a modulation amplitude of  1/1.342 V.ms. This modulation 

amplitude equals to 10% of the maximum modulation amplitude (~8 V.ms, see Figure 

4.52), which removed ~30% of the data pixels in this measurement. The phase noise 

threshold is equivalent to 2π/23 fraction of an interference fringe. However at the centre 

of the beam where the intensities reaches maximum, the phase noises are as low as 

0.025 rads, which corresponds to 2π/251. This phase noise is relatively low level and is 

compared to typical phase noise of 2π/250 of a system using CCD or CMOS camera 

working at visible wavelengths [152]. Thus Figure 4.56 shows in graph a threshold level 

for phase noise in primary vertical axis with the corresponding modulation amplitude in 

the secondary vertical axis. Therefore in all the later phase measurements, the smallest 

10% of modulation amplitude will not be processed. This can be done by defining a 

threshold of 10% of Imod as “Not a Number” (NaN) while analysing data using Matlab.   

4.9.3. 2D Phase Noise 

An entire set of two-dimensional (2D) phase measurements over a long period has been 

collected and analysed. The aim of the work is to build up a 2D phase noise map for the 

whole interference pattern during 12 hours, which duration is needed to finish a digital 

holography measurement. Based on the approach presented in the previous section, the 

phase was calculated by equation (4.12), from the measured intensities of the four phase 

lags. The phase-stepping was made mechanically by moving the Z stage which carries 

the RM.  

Data on the changing of the phase in 2D across the interference pattern over time 

were collected every 40 minutes; image size is of 50x35 pixels with pixel size 1 mm. 

Every image is included with 10% of modulation amplitude threshold not to be 

processed as discussed above. Table 4.2 summarizes time ‘time budget’ for individual 

processes. Time consuming for one pixel measurement is 0.5 second. For one 4-phase-

step measurement, the number of pixels to be measured is 7000 points and the total time 

to finish one measurement is 3500 seconds (~ 1 hour). 
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1 pixel (s) 2D phase 

DAQ 0.125 Image size 50 x 35 

Stage Moving 0.183 Phase-step 4 

Waiting time 0.192 Number of pixels 7000 

Total time 0.5 Total time (s) 3500 

 

Table 4.2. Time budget of individual process in the sampling period of one pixel and one 2D 

phase measurement. 

 

The 2D phase noise map was built by calculating the phase noise as a STD of the 

measured phase over time for each pixel in the image. This phase noise map is 

presented in Figure 4.57 with a scaled colour bar in the right, unit in radians. From the 

map we can see that excluding 10% of modulation amplitude give a maximum phase 

noise (threshold) level is still kept at ~0.25 rads. In the middle of the beam where the 

modulation amplitude is high, the phase is more stable which the noise level can be as 

low as 0.01- 0.02 rads (2π/628 - 2π/314), which is the same level as calculated in the 1D 

phase noise investigation (Section 4.9.2.), but over extended time need for recording 

DHIs.  

 

 

Figure 4.57. 2D phase noise map. Unit in rads. 

 

The map gives a calibration for phase noise across the interference pattern during 

a long period of time. This long term phase stability during this study is needed for later 

measurements in the application of the THz phase-shifting holography.    
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4.9.4. Thickness Measurement  

In this experiment, changes in the thickness of a wedge object are measured with the 

Mach-Zehnder interferometer, described above. Test object is a Tetra-polyethylene 

(Teflon) block in the shape of a wedge as shown in Figure 4.58. The object is opaque in 

visible wavelength but is transmitted in THz range. This is a typical sample material, 

which is transmitted through in THz region.  

 

Figure 4.58. Shape and size of Teflon wedge object used for phase resolution and thickness 

measurement. 

 

To measure the thickness, the principle is well-known and simple: The phases of 

the object and of the measuring environment (the air) are measured as above (equations 

4.8 – 4.12), and the unknown thickness is calculated from the phase difference between 

them equation (3.7) with the refractive index of Teflon is 1.46 in THz range which is 

well-known. So ∆n is 0.46 in this case.  

The step by step description for the measurement and the calculation of phase 

difference is shown in figure 4.30. First of all, the phase of the air reference is measured 

with 4 phase-steps 0,    ,  , and      (Figure 4.59(a)). Second, the wedge object was 

put in the object arm of the interferometer so that the object beam was transmitted 

through the area on the object which we want to measure. The measurement of 4 phase-

steps was repeated and we get 4 interferograms which hold the object’s phase 

information (Figure 4.59(b)). Here, the recorded interferograms are of size 41x36 pixels, 

with a pixel size of 1 mm. Third, the phases of air reference and of the wedge object are 

retrieved as per the equation 4.11. Images of these phases are shown in Figure 4.59(c) 

and (d) respectively. The phase difference is calculated by subtracting these two phases 

together and is shown in figure 4.30(e).  Phase images are with 10% modulation 

1.1 cm 

4.5 cm 
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amplitude threshold, and the black to white colour corresponds to –π to π. Figure 4.59(f) 

shows cross sections of the phase of air reference and of the wedge together in one 

graph. The red lines cross the horizontal profile of the figure (c) and (d) is to indicate 

which cross section was taken to show. 

 

Figure 4.59. Four recorded interferograms of successive reference’s phase-steps of air 

reference (a), and of the wedge (b). Calculated phase from the four recorded interferogram of 

air (c), and of wedge (d). Phase difference of wedge and air (e), and a cross section of air and 

wedge. 

 

The interference phase is ambiguous (wrapped) to an additive of 2π period, as can 

be seen clearly in Figure 4.59(f). This is due to the limitation of using wavelength as a 

unit of length measurement. The procedure to convert this wrapped phase to continuous 

phase is called “unwrapping”. There are some algorithms in the literature to calculate 

the unwrapping of the phase. In this thesis work, the Goldstein's branch cut method 

[153] is used. The algorithm and software development can also be found described in 

[154].    
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Figure 4.60. Unwrapped phase (a), measured thickness (b), and thickness profile compares with 

expected values calculated from the real shape of the wedge. (c). 

 

Figure 4.60 shows the unwrapped phase (a) and the calculated thickness (b) in 

which some lower noisy pixels were removed (compared to the full size images in 

Figure 4.59). An example of the measured thickness compared to the expected values 

calculated from the real shape of the wedge is displayed in figure (c). The rms error 

between the measured and expected values is of 0.11 mm. The phase noise contributes 

the most to this error. When the threshold of the modulation amplitude is set at 10% of 

the maximum value of modulation amplitude, we expect the maximum phase noise of ~ 

0.27 rads (equivalent to 2π/23), which corresponds to 0.09 mm in the thickness noise 

measurement of Teflon (equivalent λ/13). Compare with previous study [120], a lower 

noise level was achieved because the source used in the study was a FIRL with much 

higher power and a shorter wavelength (2.52 THz/ 0.119 mm). In addition, the 

application of 10% modulation amplitude threshold was of the air reference, whereas 

the 10% Imod when there is an object should be at a higher threshold as the light intensity 

is smaller after it is transmitted through the object. This may be one of the reasons for 

the different error number that we get here. Also, we see that the object beam after the 

wedge has shifted a distance from the perpendicular direction. However when it is 

shifted, it is shifted for the whole wedge, so the inclined angle doesn’t change in the 

measured values. And we do not see any signal of the perpendicular transmitted beam 

nor of the reflection beam, so it can be ignored. The ripple noise comes from detector 

non-linearity.   

4.10. CONCLUSION 

In conclusion, a THz multiplier source has been characterised together with a 

pyroelectric detector in our lab. The detector which has a rise time of 125 ms was used 

to detect the signal of 4 Hz 0.5 duty cycles. The source has a beam waist diameter of 
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~1.8 and ~1.9 mm in lateral directions. These diameters determine the smallest 

achievable resolutions of an imaging system which uses the source, including the DHI. 

Random noise of the source- detector combination is of 0.002 mV and the SNR is of ~ 

40 - 50 dB which can compare to the SNR levels in the literature. Some initial 

applications have been studied with the new source and detector, including spectroscopy 

(in transmission measurements) and in imaging applications.  

The same Mach-Zehnder interferometer setup which will be used in Chapter 5 for 

THz digital holographic interferometry was studied in this Chapter. Results about 

interferometry measurements show that the phase noise is proportional to the inversed 

modulation amplitude of the interference fringes, whereas the intensity noise isn’t. The 

linear parameters of the dependence of the phase noise to the inversed modulation 

amplitude are matched within 8.3% difference with the calculated theory. From those 

results, a threshold of 10% of the modulation amplitude was determined where the 

pixels with intensities lower than that will be removed from the later calculations. At the 

threshold of 10% of the Imod, the phase noise reaches 2π/23 maximum. However at the 

centre of the beam where the Imod is high, the phase noise is as low as 2π/251, which is 

very precise (and also accurate).  

Studies on temporal stability of the system in a long period of 12 hours were taken 

in 2D because the recording of THz DHI takes several hours to finish one measurement. 

Observations have shown that the phase noise kept stable during the measured period. 

When the bad pixels with intensities smaller than 10% of Imod removed, the maximum 

phase noise reaches 0.25 rads (equivalent to 2π/25) and the minimum phase noise can 

be as low as 0.1 – 0.2 rads (equivalent to 2π/628 - 2π/314) in the middle of the beam. 

These phase noise levels are the same as in the previous studies in 1D and in a shorter 

period mentioned above. In conclusion, the studies on the THz multiplier source and the 

pyroelectric detector used in interferometry have shown that the system is table in long 

term period, suitable for the recording of holograms in DHI applications with single 

point detector scanning.    
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Chapter 5 

THz PHASE-SHIFTING DIGITAL 

HOLOGRAPHIC INTERFEROMETRY 

 

5.1. INTRODUCTION 

In recent years, research on optical digital holography has been developed to a great 

degree thanks to the advances in high resolution cameras and image processing 

techniques [155-156]. Digital holography (DH) has many advantages over conventional 

holography, including the ability to record and to reconstruct information digitally in 

which applying spectral filter, refocusing the area under investigation by numerical 

methods can be performed without the need of any change in the measuring system. The 

phase-shifting interferometry technique applied to DH enables a higher image quality 

reconstruction and a wider viewing angle than from traditional DH off axis 

configuration [135], thanks to ability to extract exactly the desired (real) image from the 

known measured phase. Optical digital holography has been wildly used in many 

applications such as in metrology [157-158], in measuring shape and surface 

deformation of opaque bodies [159-160], in vibration analysis [161-162], in biological 

microscopy [163-165].  

The THz radiation has many advantages over other radiations in electro-magnetic 

spectrum. However, very little publications can be found in the literature that addresses 

the issue of digital holography in THz field (Chapter 2: literature review). In this 

chapter, we explore the possibility of applying phase-shifting DHI in THz region. The 

setup used the THz-multiplier source coupled with the pyroelectric detector which is 

relatively low cost, effective and easy-to-use equipment. The holograms were recorded 

in four phase-steps and the reconstructions were made using convolution approach in 

order to track the area under investigation inside the object volume. Reconstruction 

images are free from disturbing orders makes it easier for alignment as well as time 
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consumed computing reconstruction. Applications range from non-destructive testing of 

internal defaults inside transparent objects or in metrology measurements. The rChapter 

is organized as follows: Section 5.2 presents optical DHI experiments and results which 

were performed successfully in our lab. From what had been done, the techniques were 

applied to THz DHI. Section 5.3 presents the characterization of the system and the 

applications are described and discussed. The conclusion is reported in Section 5.4. 

5.2. OPTICAL DIGITAL HOLOGRAPHIC INTERFEROMETRY 

Practical work with optical digital holography was undertaken in order to study the 

achievable resolution and the noise behaviour for the application of THz DHI later on. 

Optical holography experiments used a 2D CCD camera to record holograms which 

speeded up the investigation process compared to the THz DHI which scanned a single 

point detector. This section will describe what has been done successfully about optical 

DHI.  

5.2.1. Experimental setup 

Figure 5.61 depicts the experimental setup for the recording of holograms which was a 

Michelson interferometer configuration. The light source was a HeNe laser which 

emitted a red light at 633 nm. The output laser beam was filtered by passing through an 

optical fiber. The beam after the fiber was Gaussian and divergent. L was a 30 cm focal 

length plano-convex lens which was used to collimate the divergence beam from the 

fiber. Mirror M redirected the collimated beam to the 50% beam-splitter BS which 

separated the original beam to two equivalent object and reference beams. The object 

was recorded in reflection. The wedge was used substitution to a mirror in the reference 

beam to equalize reference beam intensity with reflected object beam intensity. By 

having the similar intensity of the two beams, a better contrast (visibility) of the fringes 

was achieved, and so a better image quality and better phase resolution. The wedge was 

mounted on a piezoelectric translation stage which was moved by applying a suitable 

DC voltage for phase stepping application.   

The recording camera was a charge coupled device (CCD) of 768 x 1024 pixels, 

pixel pitch of 4.69 μm in both directions. With this sampling pitch, the corresponding 

maximum resolvable spatial frequency         of the CCD is 106 line-pairs per mm (lp 

mm
-1

). This resolution limits the maximum off-axis angle θ between object and 

reference beams, which resulting maximum inter-fringe frequency in the hologram. 
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When the object and the reference beams were combined together at the CCD plane, the 

created interference fringes were separated at a distance which can be calculated 

similarly as in the case of Young’s fringes, following: 

  
 

      
 

 
 
                                                                  (5.1) 

 

Figure 5.61. Optical system for recording reflection hologram. M1, M2, M3 are flat mirrors, BS 

is a beam splitter. 

 

The inter-fringe frequency         is then calculated as the inverse of fringe-

distance, which is  
     

 

 
 

 
. This inter-fringe frequency is the signal frequency which is 

being studied/ measured. According to the well-known Shannon theorem [166], the 

sampling frequency needs to be at least twice bigger than the signal frequency. In case 

the sine is small, the maximum angle between two beams can be approximated by:  

                                                                              (5.2) 

which is 3.85 degrees in this case. The CCD-object distance is 19 cm which was 

measured manually. With this configuration, it is possible to simply use the Fresnel 

transformation for the reconstruction (Chapter 2: literature review).  

5.2.2. Phase-shifting in DH 

Figure 5.62 shows typical recorded holograms at two different recording distances 

(camera - object distance) of 19 cm and 41 cm. The small images at lower-right corner 

of each hologram are zooming-in of a small zone in that right corner of each hologram 

to make visible the speckles and the interference fringes. The speckle size is bigger in 

the hologram recorded at 41 cm distance than that in the hologram recorded at 19 cm 

distance. This fact can be recognised directly by naked eyes and it is in agreement with 

HeNe laser fiber 

L 

M 

Object 

Wedge 

CCD 

BS 



89 
 

subjective speckle theory when the speckle size is proportional to the object-CCD 

distance.      

 

Figure 5.62. Typical recorded holograms at two difference recording distance. 

 

Resolution of the images reconstructed from holograms by Fresnel algorithm 

depends on the reconstruction distance. At the image plane, the resolution is 

proportional to the recording distance and inversely proportional to the pixel pitch of the 

detector (equation (2.17) - Chapter 2). Therefore, expected lateral resolutions in the 

reconstructed image (at the object plane) by Fresnel algorithm would be 25.0 μm and 

33.4 μm in x and y directions for the hologram recorded at 19 cm, or be 54.0 μm and 

72.0 μm for the hologram recorded at 41 cm distance. These resolution sizes are actually 

the diffraction limit (or Airy disk/ speckle diameter) of optical system in which the 

hologram is an aperture (Chapter 2). This speckle size is ~ 7 - 10 times pixel size of the 

detector (4.69 μm). Thus it gives an idea for the setting up of the THz system that the 

recording distance (object-detector distance) need to be reduced as much as possible in 

order to gain resolution for the reconstructed image.  

 

Figure 5.63. Fresnel reconstruction of the hologram recorded at 19 cm in figure 5.2.Zero order 

is reduced by subtracting the hologram to the mean of it. 

 

Figure 5.63 is reconstructed image of the hologram recorded at 19 cm in figure 

5.2. The hologram was recorded at an off axis angle between object and reference 

+1 -1 0 
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beams in order to separate spatially the different images and the DC term [126]. The 

reconstruction shows the real image (+1) and its conjugate (-1) as well as the disturbed 

on-axis DC term (0) which are separated at different positions in the reconstructed 

image. Although the DC term was then reduced by subtracting the hologram to the 

mean of it, but it cannot be eliminated and is still visible.  

 

Figure 5.64. Reconstructed images of (a) an off-axis hologram (with reduced/filtered zero 

order) and (b) from four phase-shifting holograms. 

 

The phase-stepping technique used in this work has advantages over off-axis 

hologram as already mentioned in Chapter 2. First of all it extracts the desired order 

(+1) and removes automatically the others (0 and -1 orders), as seen in Figure 5.64(b). In 

this figure, the hologram recorded at 41 cm in Figure 5.62 is reconstructed, showing a 

bright on-axis DC term disturbs the real image (a), whereas the reconstruction from 4 

consecutive phase-lag holograms shows only +1 order (b). Consequently, it overcomes 

the limitation of minimum off-axis angle to separate the image orders. Obviously, the 

viewing angle is wider compared to the off-axis technique. This technique was studied 

in order to apply at THz wavelength for the first time (described in the next section).  

 

Figure 5.65. Hologram reconstruction at different depth: 10 mm, 100 mm, 190 mm and 230 mm 

distance. 
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Figure 5.65 is a test to verify the depth resolution and the ability of digitally 

focusing of DH. Two objects (a key and a coin) placed at different distance from the 

CCD were captured together in one hologram. The reconstruction at different distances 

was manipulated to find correct positions of each object. At 190 ± 5 mm the key is in 

focus whereas at 230 ± 5 mm it is out of focus but the coin is in focus instead. The 

distances are matched with what had been measured manually. The line at the right 

corner of the coin is the image of the edge of the beam splitter.    

5.2.3. Deformation measurement 

In this subsection, DHI was applied successfully in deformation measurement. The 

experiment was the same setup as described in section 5.2.1. Holograms were recorded 

for 4-phase-steps of one object (a British coin) at two different states. The object was 

tilted a small angle between the two states, called state 1 and state 2. The reconstruction 

by Fresnel transformation results to complex amplitudes which contains information of 

the object waves at each state. The intensities and phases are calculated from the 

reconstructed wavefields, as written in Chapter 2. The object phases are calculated as: 

         
          

          
                                                    (5.3) 

         
          

          
                                                    (5.4) 

 

Figure 5.66. Reconstructed intensity of the object (a) and reconstructed phases (of the object) in 

two different states (b,c). 

 

Figure 5.66 shows the reconstructed intensity and phases of two states of the 

object when it is reconstructed at the object plane. The object in state 2 was tilted a 

small angle compare to that in state 1. In this case, the phase is what we are interested 

in. Phases vary randomly from –π to π due to the roughness on the surface of the object. 

The interference phase is now calculated by subtraction of the two phases: 

(a) (b) (c) 
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                                                             (5.5) 

The calculated phase difference varies from -2π to 2π as a result of the 

subtraction. This phase difference can be “re-wrapped” so that it ranges from –π to π, 

using the equation: 

                                                               (5.6) 

 

 

Figure 5.67. Phase difference (a), unwrapped phase in 3D (b), and comparison between 

measured and expected phase (c); those phases after smoothed by 7x7 median windows (d, e, f). 

The resulting phase difference is presented in Figure 5.67(a). This phase was then 

unwrapped using Goldstein’s branch cut method as mentioned in Chapter 4. The 

unwrapped phase is shown in 3D in Figure 5.67(b). The reconstructed phase is very 

noisy due to bad pixel points as can be seen, which may be caused mostly by speckle 

decorrelation. In this setup, the object was placed at 15 cm from the detector, so the 

speckles in the reconstructed image have an average size of 20 – 26 μm in two 

directions, which correspond to 5 or 6 times of the pixel size.  
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In order to determine the precision and accuracy of the measurement, the 

measured phase is compared to the calculated (expected) phase which corresponds to 

the real tilted angle between the two states. The pixels taken for comparing are in the 

blue line in the middle of the horizontal axis (at pixel 334) as indicated in Figure 5.67(a). 

The differences between the measured and expected phases are taken at every pixel and 

the rms noise (SD) is extracted from those different values. The result is shown in 

Figure 5.67(c). The measured rms noise (SD) is 0.733 rads, which corresponds to 1/9 of 

a wavelength. It shows how variable a measured value can be from the expected value 

(real tilted angle of the object) and not from the mean value of the measurements. In this 

case, it presents both the precision and accuracy of the measurement. According to 

normal distribution theory, any measured number could be 70% possibility fallen in the 

range of ± 0.733 from the normal value (real tilted object angle in this case). 

Contribution to the observed phase noise may include speckle decorrelation, noise 

sensitivity of the phase algorithm, electronic and quantization noise [167]. Errors caused 

by the phase algorithm and the CCD camera sensitivity contribute to maximum 0.03 

rads [167-169], the rest comes from speckle decorrelation which accounting for ~ 95% 

of the phase noise observed.   

To improve the results, a median filter was implemented using a routine written in 

Matlab. In addition, bad pixels with intensities smaller than 10% of the maximum 

modulation amplitude are removed. The median filter performs the filtering noise using 

a median window which is scanned around the image. Each output pixel is the median 

value in the window of neighbourhood pixels around the corresponding pixel in the 

original input image. The advantage of using median window in this case is that it filters 

out bad data points but it does not change the phase value of pixel points [169], whereas 

the average filter doesn’t work that way. Figure 5.67(d,e) presents the phase difference 

and the unwrapped phase after being smoothed using 7x7 median window. 

Quantitatively, Figure 5.67(f) makes a comparison between the measured phases after 

filtered to the same expected phases as already mentioned above in the graph in Figure 

5.67(c). The rms phase error calculated in this case is 0.115 rad, which corresponds to 

2π/55. In this case, the noise has been reduced by more than 5 times by digital signal 

processing. The quantity of deformation can then be calculated from the measured 

phase using equation (2.25) written in Chapter 2.  

In conclusion, when phase-shifting technique is applied to deformation 

measurement using DHI, the speckle noise contributes the most to the phase error due to 
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the random property of the speckle. The main contributors accounting to this error 

includes speckle decorrelation and low modulation amplitude of the pixel points. 

Speckle decorrelation is caused when the collecting angle is changed between two 

states. When the THz radiation is used, the long wavelengths cause a bigger speckle size 

but at the same time the pixel size is much bigger. Low modulation intensity is a 

fundamental problem of phase-shifting technique which can be reduced by applying the 

10% intensity threshold. In the case of THz radiation, the intensities are low due to the 

nature of THz low energy photons and of the source. So similarly as in this study, some 

signal processing and data analysis may have to apply in THz measurements in order to 

improve the results when working with THz DHI. 

5.3. TERAHERTZ DIGITAL HOLOGRAPHIC 

INTERFEROMETRY 

In this Section, phase-stepped DHI to remove DC term has been implemented for the 

first time in THz region with full reconstruction will be presented. The Section starts 

with the description of the experimental setup, and continues with the investigation of 

the resolutions of the system. Finally to validate the method, deformation (thickness) 

measurement and NDT of the internal defects are performed.  

5.3.1. Experiment for recording and the reconstruction  

A Mach-Zehnder interferometer was built to record the holograms in transmission 

mode. The experimental setup of the system is depicted in Figure 5.68. THz radiation 

emitted from the multiplier source was collimated by a Teflon plano-convex lens. The 

operation frequency was chosen at 0.375 THz (0.8 mm wavelength). BS1 is a 50% 

HRFZ silicon (high resistivity float zone silicon) beam splitter which separated the 

collimated THz beam into object beam and reference beam. Reference mirror (RM) and 

object mirror (OM) redirected the corresponding beams and made an angle of 45
o
 with 

the incident beam. BS2 is a second and identical beam splitter as BS1 that combined the 

reference and object beams together. The holograms were recorded by scanning the 1-D 

pyroelectric detector in the 2D translation stage system. Phase-shifts were performed by 

displacing the reference mirror using the third translation stage. The holograms were 

recorded for 80x80 pixels with pixel size is 0.5 mm. It covers a region of 40x40 mm
2
 in 

which the whole interference beam is recorded. According to the characterization of the 

THz source which had been done previously in chapter 4, the minimum resolution an 
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imaging system can get with the source is around 2 mm (based on the measured beam 

waist diameters). Shannon criteria said that the detector pixel needs to be smaller than 1 

mm so that information isn’t lost. The 0.5 mm pixel pitch was chosen to be smaller than 

this minimum required step size to have a smoother image.  

 

 

Figure 5.68. Schemas for the experimental setup. 

 

In DHI, the argument for pixel size is also based on the ability to resolve the 

speckle spots and the inter-fringe in the recorded holograms. In this experimental setup, 

the object-detector distance was d ≈ 60 mm, subjective speckle would have an average 

size of 1.2 mm (= λd / M∆x). The pixel pitch of 0.5 mm size equals to 1/2.4 speckle 

size, which can surely resolve the speckles. With 0.5 mm pixel pitch, the maximum 

resolvable spatial frequency is 1 lp/mm. From equation (5.2), the maximum angle that 

can be tilted between OB and RB is: 

            
 

   
                                                     (5.8) 

Where   = 0.8 mm; ∆x = 0.5 mm; gives calculated maximum angle of ~ 47
o, 

which is very big. By introducing phase-stepped for the first time in this experiment at 

THz frequency, the problem with minimum off-axis angle is overcome. Instead, this 

angle can be as small as 0
 
degree.  

The reconstruction was made by convolution approach. In this case, the pixel size 

of the reconstructed image is equal to that of the recorded hologram at every 

reconstructed distance (Chapter 2), which is different from the Fresnel transformation 

approach. As the scale of the reconstructed images doesn’t change for any reconstructed 

distance, the advantage of the convolution approach is to localize the internal defects 

within the object volume. This characteristic is very suitable for in-line transmission 

holographic applications.  

Collimated lens 
Source 

  
BS1 

BS2 

Detector 

  

OM 

RM 
  

Object OB RB 



96 
 

5.3.2. Resolution target 

A bespoke resolution target was created in order to study experimentally lateral 

resolutions of the measuring system described above. The target was fabricated on a 

thin aluminium plate which includes 4 sets of resolutions; each of them has 4 square 

holes of the same size and the holes are separated at the same distance equals to the 

diameters of the holes, as depicted in Figure 5.69. The 4 sets of resolutions are 

separated at a distance of 5mm from each other. This structure of holes was entirely 

illuminated by the object beam and was combined with the reference beam by the 

second beam-splitter.  

An estimated resolution based on the diffraction limit and Rayleigh’s criterion can 

be calculated as: 

      
  

 
                                                                (5.9) 

In which       mm;      mm is hologram size; and      mm is 

reconstruction distance. Hence the resolution is calculated as 1.66 mm. Remind that the 

characterization of the THz source in Chapter 4 comes to a conclusion that the 

resolution of any imaging system which uses the source is ≥ 1.8-1.9 mm (based on the 

measured beam waist diameters). This resolution is bigger than the diffraction limited of 

the system. So we may expect that the spatial resolution should be around 1.8 mm.    

 

Figure 5.69. Resolution target made with aluminium plate 

 

Holograms are recorded at 4 successive phase-steps of 0, π/2, π, and 3π/2 radians. 

Figure 5.70 (a-d) illustrates the reconstructions from the recorded holograms of the 

resolution target (at 0.375 THz). Figure 5.70(a-c) shows the intensity reconstruction at 

different distance of the object. By varying the reconstructed distance z in the equation 

(2.21) (Chapter 2), the object plane is determined at z = 68 mm which is matched with 

the object-detector distance measured manually in the experimental setup. In the 
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reconstruction image, the 4 sets of holes are well separated from each other because the 

distance between them (5 mm) is bigger than the limited resolution of ~ 1.8 mm. 

 

 

Figure 5.70. Reconstruction images of resolution target at different reconstructed distances: at 

85 cm (a), at 68 cm (b) and at 45 cm (c); (d) is reconstructed image at 68 cm distance by one 

single hologram.  

 

In the resolution target, the sets of 2 mm and of 3 mm holes satisfy the limited 

resolution calculated above.  In the reconstruction image (Figure 5.70(b)), they are well 

resolved. However, the hole in the low-right corner of 3 mm resolution set is brighter 

than the others. The reason can be understandable: it was at the centre of the Gaussian 

interference beam so the intensity is stronger. The set of 1.5 mm holes are right below 

the expected resolution, it is hard to resolve the holes. Figure 5.70(d) is the reconstructed 

image of from one single hologram at focus plane of 68 cm distance. The twin image is 

superimposed with the DC item make it impossible to resolve any resolution set of the 

target.   

 

Figure 5.71. Measured MTF values (black dot), and second order polynomial fitting to the 

measured data (red line) with displayed equation and least square correlation coefficient. 
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The MTFs for each set of holes are calculated for the reconstructed image at focus 

plane of 68 mm distance. Figure 5.71 plots these MTF values versus the spatial 

resolution (black dots). A second order polynomial fitting was applied to the measured 

data (red line). According to the fitting, low MTF (<10%) is recorded at ~ 0.4 lp/mm. 

This resolution can be considered as the cut-off frequency of the system: objects of size 

smaller than 0.4 lp/mm is considered to be un-resolvable.          

 

Figure 5.72. Cross section of reconstructed images at pixel 25 of vertical axis while changing 

reconstruction distance (d). 

 

The depth resolution of the system can be estimated from Figure 5.72 in which a 

cross section of 3 mm apertures is shown while the reconstructed plane is moved along 

the propagation direction. Figure 5.72 is the cross section cut at the pixel 25 of vertical 

axis of the reconstructed images while changing the reconstruction distance. The cross 

section imaged is the red line indicated in Figure 5.70(b) as “line 25”. From the Figure 

5.72 we can see that the diffraction spot size of one aperture (e.g. the one on the right) is 

approximate to 30 mm, so the depth resolution of the system would be ~ 15 mm which 

again, corresponds to what had been predicted as the beam waist diameter in 

propagation direction is of 14 mm (equation (4.5), Chapter 4).   

5.3.3. Thickness measurement 

In this sub-section, the above THz system (Figure 5.68) was used to record THz phase-

stepping holograms of a wedge shaped object made of Teflon. A caliper gauge was used 

to measure the dimensions of the wedge and the result shows that its inclined angle is of 

sin
-1

(11/45) as schematically illustrated in Figure 5.73.   
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Figure 5.73. Illustration of inclined angle of Teflon wedge object. 

 

Two sets of holograms were recorded in 4 successive phase-steps (0, π/2, π, 3π/2) 

when there was with and without the object. The holograms have the same size of 81 x 

81 pixels, with pixel size is of 0.5 mm. Figure 5.74(a, b) shows the recorded holograms 

(at 0.375 THz) when there was without the object (air reference), and with the object. 

Holograms of each state (with and without the object) are reconstructed separately using 

convolution approach at reconstruction distance of 60 mm. From the reconstruction, the 

object waveforms are obtained.  

 

Figure 5.74. Four recorded holograms at four different phase-steps of air reference (a) and of 

wedge object (b). 

 

Next, the phases of two states are reconstructed using the equation (5.3) and 

equation (5.4), and are shown in Figure 5.75(a,b) with the removal of 10% modulation 

amplitude threshold. The two phases are then combined to make an interference phase 

(or phase difference) by subtracting them together (Figure 5.75(c)). This phase 

difference contains deformation information between two recorded states, which is the 

thickness of the wedge. However, as all the interferometric methods which use 

wavelength as scaled length, the interference phase calculated in this case is ambiguous 

to a multiple of 2π radians. In order to get continuous phase information, the 

interference phase is unwrapped as shown in Figure 5.75(d) for 2D view and Figure 

5.75(e) for 3D view (Delaunay interpolation was used) of the unwrapped phase. The 
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thickness can then be calculated using equation (2.25) (Chapter 2) in which the 

refractive index of Teflon is 1.46.  

 

Figure 5.75. Reconstructions with 10% of modulation amplitude removal of phases of air 

reference (a) and of wedge object (b), phase difference (c), unwrapped phase in 2D (d) and 

pseudo 3D perspective using Delaunay interpolation (e), comparing a cross-section through 

centre of the unwrapped phase with the expected values (f). 

 

Figure 5.75(f) comparing the measured phase of a cross-section through the centre 

of the unwrapped phase with the expected values. The expected values are calculated 

from the physical shape of the wedge measured by a caliper (which has a resolution of 

0.01 mm). The rms phase noise (SD) between the measured and expected phase is 0.175 

rad (equivalent to 2π/36) which is the source for thickness measurement uncertainty of 

40 μm (λ/20). The cause for this error can be due to several factors and can be resumed 

in Table 5.3.  

Potential error sources 

Detector error Low Imod External noise 

2% 5% ÷ 95% ~2% 

 

Table 5.3. Contribution of sources of error to the thickness measurement. 

 

Detector error in intensity measurement at each recorded phase-step of holograms 

is 0.003 V (studied in Chapter 4) which can introduce ~ 0.003 rad in phase noise. Low 

modulation amplitude introduces noise to the phase measurement as already studied in 

Hologram air reference phase reconstruction d=57mm
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Chapter 4 in which the noise level can be as small as 0.01 rad in the middle of the beam, 

or as big as 0.25 rad near the edge of the beam (after removing 10% of modulation 

amplitude threshold). Finally, external noise like air turbulence and vibrations can also 

contribute as one of the error sources to the measurement [168].   

5.3.4. NDT of internal defaults 

In this section, application of the THz phase-shifting DHI in non-destructive testing of 

internal default is presented. The object was made of two Teflon blocks, which are 11 

mm thick and are combined together at a fixed distance of 10 mm as depicted in Figure 

5.76(a). Two designed defaults were round shaped in face side as shown in Figure 

5.76(b) (THz beam was transmitted perpendicular to this plane side), with axial length 

of 11 mm each. The two defaults are called D1 and D2 to mark their positions as shown 

in the figure. Defaults have diameters of 4.6 ± 0.01 mm and 5.0 + 0.01 mm for D1 and 

D2 respectively, measured by a caliper. 

 

Figure 5.76. Teflon object with air defaults at side view from the top of the object (a) and face 

view (b). 

 

The object was placed in the object beam of the Mach-Zehnder interferometer 

(Figure 5.68). Four phase-stepping holograms were recorded successively at 0, π/2, π, 

3π/2 rads by placing the reference mirror. The recorded holograms are 81x81 pixels in 

size with pixel size of 0.5 mm.  
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Figure 5.77. A typical recorded hologram of the object without phase-shift (a); reconstructed 

amplitudes from the recorded phase-stepping holograms at d = 54 cm distance (corresponds to 

the focusing plane of default D1) (b), and at d = 74 mm distance (corresponds to the focusing 

plane of default D2) (c). 

 

 Figure 5.77(a) shows a typical recorded hologram without phase-shift of the 

object. The reconstruction process was performed using convolution approach as 

mentioned above. Figure 5.77(b) and (c) are the reconstructed amplitudes of the object 

at 54 mm and 74 mm distance, which correspond to the focused distances of default D1 

and default D2 respectively. These reconstructed distances correspond to the real object-

detector distance measured from the experimental setup. 

Figure 5.78(a) shows the reconstruction of a cross-section across vertical profile 

and at the horizontal position x = 35 versus the (digitally scanned) reconstruction 

distance in the optical axis. This vertical profile crosses the two defaults on the object. 

The vertical profile reconstructed at 54 mm and 74 mm are noted by the red and blue 

lines respectively. The red and blue ovals mark the positions of the two defaults in 

optical axis after the reconstruction. According to the reconstruction in the Figure 

5.78(a), these two defaults are separated at a distance of ∆d = 20 mm ± 5 mm in optical 

direction, which is matched with the real physical shape of the object (Figure 5.76). The 

uncertainty of ± 5 mm is due to the large depth resolution of the system. In addition, the 

lateral and axial sizes of these defaults can be measured. In Figure 5.78(b,c), the 

intensity distribution of the vertical profile reconstructed at 54 and 74 mm distances (the 

red and blue lines noted in Figure 5.78(a)) are shown. From these graphs, the lateral 

positions and sizes of the defaults can be tracked. The intensity peaks correspond to the 

two defaults are located at around 30 and 50 mm in vertical axis y. Those peaks have 

lateral dimensions of 4.5 ± 0.5 mm and 4.9 ± 0.5 mm for 54 and 74 mm profiles 

respectively. These sizes are matched with the numbers given by the calliper 

measurement with an uncertainty of ± 0.5 mm. The noise in the measured size of two 
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defaults may be due to the low contrast, which comes from the distraction with its 

neighbouring intensity peaks.        

     

Figure 5.78. Amplitude reconstruction of a cross-section profile along the vertical cut of the 

object versus the reconstructed distance d (a); reconstructed intensity of the same vertical 

profile (at pixel x = 35) at 54 mm (b) and 74 mm (c) reconstruction distance; reconstructed 

intensity of a cross-section profile along the horizontal cut of the object at pixel y = 27, x = 35 

(d). 

 

Figure 5.78(d) shows the intensity contribution of the reconstruction of one point 

at the pixel (x = 27, y = 35) along the axial axis is shown (scanning d distance). This 

profile (along the axial axis) of the point is also noted in Figure 5.77(d) as a purple 

dotted line across the default D1. The graph shows an intensity peak around the position 

of the focusing plane of D1. The size of this peak is actually measured Airy disk size of 

the default D1 in axial axis. While the real length of D1 is 10 mm, the measured value is 

30.5 ± 0.5 mm. This is understandable as the axial resolution of the system is ~15 mm 

(Chapter 4 and in Section 5.3.2).      

5.5. CONCLUSION 

Some potential applications of the phase-shifting DH and DHI have been studied for the 

first time in the THz region, using a THz-multiplier and the scanning of a one point 

pyroelectric detector. Applications include phase measurement (for thickness/ 

deformation measurement) and non-destructive testing of internal defaults of a 

transparent object. The results show that the reconstruction images of DHI has the axial 
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resolution of ~1.88 mm and of 15 mm in axial direction. These measured resolutions 

correspond with the theoretical calculation and with that have been predicted in Chapter 

4 (the beam waist size). In the current experiments, recording time for one set of phase-

shifting holograms (4 holograms for 4 phase-steps algorithm) is 6 hours. 

The advantage of DHI is that not only the amplitude but also the phase can be 

reconstructed, and also the depth (the object-detector distance) can be determined 

digitally. One of the current directions for the research in THz field is to develop 2D 

room temperature operation detector (focal plane array, 2D pyroelectric detector etc…). 

When the technology is ready and is applied to THz DHI, recording time of holograms 

could be reduced considerably, and the technique will play an important role in industry 

metrology and/or non-destructive testing and evaluation. For example, any object that is 

transparent to THz beam of a narrowband source could be imaged and reconstructed 

with a sub-wavelength axial resolution. Much information can be extracted from the 

reconstructed images such as stress-induced birefringence or vibration of the objects as 

the recording time will be short [30].     
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Chapter 6 

CONCLUSION 

The purpose of the research was to explore the potential applications of newly available 

THz technologies, including THz sources and detectors. Hence a comprehensive 

understanding of the state-of-the art and future direction in the field is needed. From the 

course of the literature review, THz-TDS has been widely used in most research works 

and applications in the THz domain. Among the other potential applicable THz sources, 

an all-optical THz intra-cavity OPO laser was chosen for performing initial research on 

metrology in order to access future full-field application. It has advantage properties 

which are suitable for interferometry application and it was new on the commercial 

market. For the first time, an all-optical THz source was used in thickness measurement 

using multi-wavelength interferometry technique to overcome the conventional 2π 

ambiguity in the depth measurements. The source has also been implemented in 

spectroscopy to investigate the transmission properties of some materials of our future 

interest. The results showed that 0.65 mm thick alumina ceramic specimen has a 

transmission of 20-40% in a window in the frequency tuneable range of the laser, which 

was 1.2 – 1.65 THz. With other specimens, the results weren’t positive. Though the 

laser was demonstrated to be able to apply in the interferometric measurements, the 

limited technology at the time of the tests limited the chosen for an appropriate non-

linear crystal for the laser’s OPO process. Therefore, the laser presented to be unstable 

during the course of the experiments, which made it unsuitable for full-field metrology 

applications (the problem has now fixed with new technology). So a traditional 

electronic source was chosen for performing the experiments. That was a THz 

multiplier/mixer source from Virginia Diodes.    

In Chapter 4, a new THz multiplier/mixer source was fully characterised together 

with a new pyroelectric detector in our lab. The characterisation concentrated on the 

operating parameters of the source combined with the detector and on the profile of the 

output beam. Studies on the stability of the measuring system were particularly focused. 

The linear parameters of the dependence of the phase noise to the inversed modulation 

amplitude are in agreement with the calculated theory. Experiment on temporal stability 
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of the system during 12 hours was taken and the results showed that the phase noise 

kept stable during the measured period. Study during this long period is needed as one 

phase-stepping DHI measurement takes several hours while scanning with one point 

pyroelectric detector.  Therefore, the THz multiplier source and the pyroelectric detector 

are suitable for the full-field application in the THz DHI applications.    

Phase-shifting DHI has been applied in the THz domain for the first time using a 

THz-multiplier source and scanning one point pyroelectric detector. Holograms of the 

resolution target and the test objects were recorded at 4 different phase-steps. Both 

phase and amplitude of the objects were reconstructed digitally using the already 

developed mathematical algorithms. The reconstructed images have a lateral resolution 

of 1.8 ± 0.3 mm and an axial resolution of 15 ± 5 mm. These measured resolutions are 

matched up with the theoretical calculation in Chapter 4 (the beam waist size).  

In conclusion, the main contributions of the thesis research are: (i) Applying 

successfully multi-wavelength interferometry technique to overcome the conventional 

2π ambiguity in the depth measurements using an all-optical THz source; (ii) Exploring 

potential spectroscopic application of the intra-cavity OPO THz laser on some specific 

ceramic types which have industrial interests; (iii) Studying phase-shifting digital DHI 

in THz domain where the technique was implemented for the first time at THz 

frequency in which both intensity and phase were reconstructed. The phase-shifting 

technique was applied to remove automatically the unwanted spectral orders so the 

quality of the reconstructed image is enhanced compared to non-phase-shifting 

holography. 

Finally, each technology has its own advantages and disadvantages which make it 

suitable for each type of application. By now, commercial systems of THz radiation are 

becoming more and more common on the market; the applications of THz frequency are 

entering many industrial fields as well as everyday life. Hence THz metrology is 

becoming an emergent field as it will allow reliable measurements to support 

qualification control and manufacturing. From the author’s point of view for the 

potential future full-field metrology applications, the sources of choice could be the 

THz QCLs when new technology is available to reach lower frequencies and room 

temperature operation because the price will be low and solid sources are typically 

toughen and stable. At present, pyroelectric detector is still a promising technology to 

be able to upgrade to 1 line or 2D detector. Micro-bolometer array could also be a good 

candidate to work with THz QCLs when it is available as the laser typical output power 
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is sufficiently large. For applications which do not require high spatial resolution, 

electronic sources like multiplier source used above are also a good choice. With current 

technology, THz intra-cavity OPO lasers still have exceptional features for metrology 

applications as the newest technology now has fixed the old problem.  

With phase-shifting THz DHI, not only the shape, the thickness or the depth can 

be known from the DHI measurements, but more information can be extracted from the 

reconstructed images such as the refractive index, the stress, etc. Therefore, future 

research can be directed toward applying the technique for 3D refractive index 

determination and constrain measurement of the materials of industrial interest. In the 

current experiments, recording time for one set of phase-shifting holograms (4 

holograms for 4 phase-steps algorithm) was 6 hours. When the technology is ready for 

2D detector, recording time of holograms could be reduced to the scale of second or 

millisecond, and the technique will play an important role in full-field applications in 

industry metrology and/or non-destructive testing and evaluation. 
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Appendices 

Internet link references are listed below. 

A.1. List of THz and mm-wave synthesizers and sweepers from Insight Product 

http://www.insight-product.com/products3.htm  

 

http://www.insight-product.com/products3.htm
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A.2. THz-multipliers series from Virginia Diodes 

http://vadiodes.com/index.php/en/ 
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A.3. Golay Cell detectors from Tydex 

http://www.tydexoptics.com/products/thz_optics/golay_cell 

 

 

 

http://www.tydexoptics.com/products/thz_optics/golay_cell
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http://www.mtinstruments.com/downloads/Golay%20Cell%20Datasheet%20Revised.pdf  

 

http://www.mtinstruments.com/downloads/Golay%20Cell%20Datasheet%20Revised.pdf
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A.4. Energy detectors 

http://gentec-eo.com/Content/downloads/white-papers/Gentec-EO_HW_Energy_2014_V1.0.pdf 

 

 

http://gentec-eo.com/Content/downloads/white-papers/Gentec-EO_HW_Energy_2014_V1.0.pdf
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A.5. THz gas laser from Edinburgh Instruments 

https://www.edinst.com/wp-content/uploads/2015/09/FIR-Series-Flyer.pdf  

 

 

https://www.edinst.com/wp-content/uploads/2015/09/FIR-Series-Flyer.pdf
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A.6. THz spectroscopy from TeraView 

http://www.teraview.com/products/terahertz-pulsed-spectra-3000/terahertz-spectroscopy-modules/  
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A.7. THz photomixers from Toptica 

http://www.toptica.com/products/terahertz_generation/lasers_and_photomixers_for_cw_terahertz_generat

ion/cw_terahertz_spectroscopy_extension.html  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.toptica.com/products/terahertz_generation/lasers_and_photomixers_for_cw_terahertz_generation/cw_terahertz_spectroscopy_extension.html
http://www.toptica.com/products/terahertz_generation/lasers_and_photomixers_for_cw_terahertz_generation/cw_terahertz_spectroscopy_extension.html
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A.8. Breaking news on THz pasive cameras 

http://www.esa.int/Our_Activities/Space_Engineering_Technology/TTP2/Space_camera_blazes_new_ter

ahertz_trails  

 

 

 

 

 

 

 

 

 

 

 

 

http://www.esa.int/Our_Activities/Space_Engineering_Technology/TTP2/Space_camera_blazes_new_terahertz_trails
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http://www.embedded.com/print/4155522  
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http://www.digitalbarriers.com/sectors/  
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A.9. Measuring laser power and energy output  

http://www.coherent.com/downloads/AboutMeasuringLaserPowerndEnergyOutputFinal.pdf   
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A.10. Notes on lock-in amplifier from Stanford Research Systems   

http://www.thinksrs.com  

  

http://www.thinksrs.com/
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A.11. Specification of the used translation stages 

http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2131  

 

 

 

http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2131
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