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Abstract 

Terahertz radiation has the potential to impact revolutionary real-world applications through 

THz spectroscopy and spectral imaging in various fields such as life-sciences, medicine, 

homeland security and in manufacturing. Terahertz laser sources based on intracavity 

stimulated polariton scattering (SPS) in magnesium oxide-doped lithium niobate crystals 

(MgO:LiNbO3; MgO:LN) have been extensively reported in the literature, typically producing 

terahertz radiation continuously tunable from 1 – 3 THz. This technology has proven to 

produce truly compact, reliable and cost-effective THz sources with frequency tunable output 

which can be interfaced with relatively simple detection mechanisms (portable spectrometers, 

Golay cells, and robust pyroelectric detectors). What is of particular significance is that the 

core technology is based on solid state laser design, which is well established, and the 

components are well developed.  

This thesis offers new insights into the design and operation of intracavity THz lasers 

based on stimulated polariton scattering. Contributions to the knowledgebase have been made 

with regards to the understanding of SPS material properties, terahertz frequency coverage and 

terahertz output power. The SPS crystals are investigated from first principles, with their 

vibrational spectra (spontaneous Raman and infrared reflection) and dispersion properties 

being examined. Their polariton dispersion curves, refractive index and absorption coefficient 

are calculated, providing valuable tools to guide the design of these sources.  

Exploring MgO:LiNbO3, and also two other SPS-active crystals never explored in the 

intracavity design, potassium titanyl phosphate (KTiOPO4; KTP) and rubidium titanyl 

phosphate (RbTiOPO4; RTP), significant contributions to the area of SPS laser design have 
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been made. The use of KTP and RTP in the novel intracavity surface-emitted geometry 

expanded the terahertz tuning range of intracavity SPS sources up to 5.98 THz. The average 

output power of the terahertz field was also greatly enhanced, reaching 125 µW for a modest 

6 W diode pump power. This remarkable power level is the highest ever reported from an 

intracavity SPS laser source, and breaks the 0.1 mW THz power barrier. Moreover, this 

represents an increase in one order of magnitude in output power, and two orders of magnitude 

in diode-to-THz conversion efficiency from previously reported intracavity SPS laser systems. 

The beam quality parameter of the terahertz output was also measured to be excellent in 

comparison to previously reported linear THz SPS sources, being MH
2~1.57 and MV

2~1 in the 

horizontal and vertical dimensions respectively, indicating a substantial increase in brightness.  

This research has resulted in two peer reviewed papers in high impact-factor journals, 

three international conference papers, and a third manuscript is under preparation.  
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1. Introduction 

In this chapter the basic concepts of terahertz radiation and its ability to address real-word 

applications are introduced; an overview of the main optical techniques to produce THz 

radiation is given, and the intracavity THz polariton laser is presented as a viable technology 

meeting the requirements of such applications. The structure of this thesis is outlined at the end 

of the chapter. 

1.1. Terahertz radiation: mind the gap 

Terahertz (THz) radiation is the most accepted nomenclature to refer to electromagnetic fields 

with frequency spanning from 0.3 to 10 THz (1 mm to 30 µm in wavelength), a portion of the 

electromagnetic spectra situated between microwaves and near-infrared (NIR). Photon 

energies in this frequency region correspond to vibrational and rotational modes of various 

substances and molecules, and the relatively long wavelength enables THz radiation to 

penetrate particularly well through non-polar and non-metallic materials such as papers, 

textiles, cardboards and polymers. This convenient scenario confers to terahertz radiation the 
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potential to address revolutionary real-world applications through THz spectroscopy and 

spectral imaging, as extensively reported in the literature [1–22]. 

In life sciences and medicine for example, THz pulse imaging in reflection geometry was 

capable of differentiating normal human tissue from basal cell carcinoma and from 

inflammation and scar tissue [9]; another study demonstrated the ability to differentiate tumour 

from several cell types in mice with THz molecular imaging via differential modulation of 

surface plasmons induced on nanoparticles [13]. Terahertz optical coherence tomography (THz 

OCT) is another promising diagnosis tool in medicine, with in-depth measurements of human 

sweat ducts being recently reported with remarkable detail [14]. In homeland security, illicit 

drugs (MDMA and methamphetamine) concealed in envelopes were detected and 

differentiated from aspirin in a non-destructive and non-invasive procedure [15], and standoff 

explosive detection was demonstrated [18] using THz radiation. In industry, terahertz radiation 

is a great candidate for non-destructive testing. Non-contact thickness measurements of multi-

layered automotive paints were performed via terahertz time-domain spectroscopy TDS-THz 

in reflection geometry with high accuracy [22]. Simultaneous measurement of thickness and 

moisture content in paper were also demonstrated with a similar technique [19]. Real-time 

measurements of coatings on pharmaceutical tablets were also performed [20]. These selected 

examples glimpse how terahertz technologies can revolutionise medical diagnostics, border 

protection control mechanisms and quality control across a range of industries.  

Despite numerous proposed applications across different fields, and proof-of-concepts 

demonstrated in the literature, real-world solutions using terahertz sources are not yet a reality. 

This is because THz frequencies are probably the least developed portion of the 

electromagnetic spectrum with regards to radiation sources, manipulation optics, and 

detectors [1]. 

With respect to currently established radiation sources, the output power in the terahertz 

range is drastically lower when compared to the surrounding microwave and near infrared, 

giving rise to the so-called “THz gap”, shown in Figure 1.1 [1]. For this reason, enormous 

research effort has been dedicated worldwide to close this gap [1,23] and deliver viable 

terahertz sources with appreciably-high output power. This being the motivation for this thesis. 

Different approaches can be utilised to produce such sources, and they can be broadly classified 

as electronic or optical, if they present similarities with the technologies utilised in microwave 
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or near-infrared sources, respectively [1]. This work is situated in the context of optical sources 

of THz radiation. 

 

 

Figure 1.1 -THz-emission power as a function of frequency. Solid lines are for the conventional THz sources; 
IMPATT diode stands for impact ionization avalanche transit-time diode, MMIC stands for microwave monolithic 
integrated circuit, TUNNET stands for tunnel injection transit time and the multiplexer is an SBD (Schottky barrier 
diode) frequency multiplier. Ovals denote more recent THz sources. The values of the last two (multiplexer and 
ovals) are indicated by peak power, and the others are by c.w. power. (Adapted from  [1]). 
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1.2. Optical sources of terahertz radiation 

Terahertz radiation can be generated via different techniques, many of them based on optical 

phenomena. This section provides an overview of some common optical approaches currently 

used to produce broadband and narrowband THz sources with compact form factors.  

 

1.2.1. Sources producing broadband THz emission 

The technologies presented in this subsection produce terahertz fields with spectral bandwidth 

greater than 1 THz (and ultra-short pulse duration), hence being classified in this thesis as 

broadband.  

 

Photoconductive antennas 

A photoconductive antenna consists of two metal electrodes with a gap in between them [24] 

that are coated on a semiconductor substrate (typically GaAs). Irradiating a focused 

femtosecond laser pulse on a photoconductive antenna produces a transient of photo carriers 

generating a very short pulse (few picoseconds) of broadband terahertz radiation. Typically 

these antennas based on GaAs emit a terahertz peak below 1 THz, and exhibit low spectral 

brightness (emission is around 3 to 5 THz wide) as illustrated in Figure 1.2. This a successful 

technology, forming the basis for time-domain THz spectroscopy (TDS-THz), allowing 

simultaneous detection of the real and imaginary components of the electric field. TDS-THz is 

probably the most widely used terahertz spectroscopic technique [2,19–21] with a variety of 

sources commercially available in the market. However, these systems require high-power and 

expensive femtosecond pump lasers, and produce highly diverging beams that are not simple 

to manipulate. They also require complex electronic control and synchronisation of a delay line 

for detection which makes the detection fairly slow (of order of minutes depending on required 

resolution). This is because the signal is generated and collected in the time-domain, and has 

to be later converted into the frequency domain using Fourier-transform. It is also important to 

note that, while this technique produces relatively broad THz emission, the spectral power 

drops dramatically at the high frequencies, as seen in Figure 1.2.  
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Figure 1.2 – Typical time-domain terahertz spectroscopy system (reproduced from [9]): TOP: The components of 
the THz pulsed imaging system in reflection geometry shown in schematic form: the NIR beam path is shown as 
a solid black line, the THz path as a shaded grey line. Shaded boxes indicate mirrors. Abbreviations: OAP: off-
axis parabolic mirrors, λ/4 WP: quarter wave plate. The static delay line ensures that the path length of the pump 
and probe beam are equal. BOTTOM:(a) A typical THz pulse waveform, prior to signal conditioning (raw), as 
measured in the imaging system using the step-scan delay. (b) The corresponding THz power spectrum. The fine 
structure in the spectrum is due to atmospheric water absorption. Adapted from [9]  

 

Optical rectification 

Optical rectification (OR) is a second-order nonlinear effect resulting from a quasi-DC 

component of the nonlinear polarization [25] and can also be utilised to generate broadband 

THz pulses [24]. When an ultrafast laser pulse impinges on an electro-optical crystal, the quasi-

DC component of the nonlinear polarization oscillates rapidly. As a consequence, a broadband 

THz pulse can be emitted. Optical rectification also enables simultaneous detection of the 

amplitude and phase of the electric field, being another basic technique to produce TDS-THz 
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systems. The most favourable materials for THz generation via OR are Zinc telluride (ZnTe) 

and the organic crystal DAST (4-dimethylamino-N-metyl-4-stilbazolium tosylate) [24,26]. 

Optical rectification is another technique producing sources with low spectral brightness, with 

typical emission peak between 1 – 3 THz and 3 – 5 THz bandwidth [24,26]. The high 

absorption of the femtosecond laser pulse and the THz pulse inside the OR material, and the 

restrictions around the coherence length of the nonlinear phenomena in the nonlinear crystals 

are the main limiting factors for optical rectification.  

 

Optical Cherenkov radiation 

The optical Cherenkov effect is another second order nonlinear optical phenomena by which 

broadband THz pulses can be produced from the interaction of a femtosecond laser pulse with 

an electro-optical crystal such as lithium niobate (LiNbO3; LN)and lithium tantalate 

(LiTaO3)  [27]. In this process a pulse of terahertz radiation is produced in a cone resembling 

classical Cherenkov radiation [27] arising from the inverse electro-optic effect, as a 

consequence of the fast electromagnetic transient induced by the pump laser. The process is 

suitable for bulk crystals or domain inverted materials [28,29] and also generates broadband 

terahertz pulses with typical emission peak around 1 THz and low spectral brightness 

(1 – 5 THz wide) [27,29,30] 

 

1.2.2. Sources producing narrowband THz emission 

The technologies presented in this subsection are classified in this thesis as narrowband because 

they produce terahertz fields with spectral bandwidth of the order of a few GHz or narrower. 

Their temporal modalities range from pulsed to continuous-wave operation. 

 

Quantum cascade lasers (QCL) 

Quantum cascade lasers (QCL) are semiconductor devices available now for more than 20 

years [31]. Different from conventional diode lasers, QCLs are created in the form of 

nanometric quantum wells having different energy levels, as shown in Figure 1.3 [32]. An 

electron transitioning from a more energetic level to another with lower energy will thus emit 

a photon at the energy difference. These small devices with great potential for mass production, 
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have had substantial development in the past decade resulting in high-performance the mid-

infrared [33]. These developments extended to longer wavelengths, with QCL in the terahertz 

capable of delivering over 100 mW continuous-wave (CW) output power [34] and peak powers 

in excess of 1 W in the pulsed regime [35], which can be engineered to operate from 

1.2 to 5 THz output frequency [32]. However, to this date, the applications of THz QCLs is 

rather limited. This is because their emission bandwidth do not allow coherent spectroscopy, 

and their frequency tunability is limited to a few hundred GHz, requiring cryogenic 

cooling [32,36,37]. 

 

 

 

Figure 1.3 – Band diagram of a quantum cascade laser emitting at λ = 7.5 µm. The injector plus the active region 
is 60 nm thick. The energy levels and the calculated electron probability distributions obtained are shown. The 
quantum wells and barriers are made of AlInAs and GaInAs semiconductor alloys respectively. (Adapted 
from  [32]). 

 

Difference-frequency generation sources (DFG) 

Difference-frequency generation is a well-known second order (𝜒(ଶ)) nonlinear effect by 

which two electromagnetic waves with different frequencies (𝜔ଵ and 𝜔ଶ) interact in a nonlinear 

media to generate a third wave at the frequency difference (𝜔ଷ = 𝜔ଵ − 𝜔ଶ). By combining two 

near-infrared lasers with wavelength around 1 µm with slightly different wavelengths (a few 
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nm apart) in a photomixer or in a nonlinear crystal it is possible to generate terahertz output at 

the frequency difference by means of DFG [38,39], and modifying the wavelength of at least 

one of the two pump lasers produces frequency tunable THz, typically at frequencies below 

2 THz, with power levels in the order of several microwatts [40].  

Using a dual-wavelength vertical-external-cavity surface-emitting-laser (VECSEL) a 

continuous wave THz source based on DFG in magnesium oxide-doped lithium niobate was 

also demonstrated operating at the discrete frequencies of 1 THz and 1.9 THz exceeding 2 mW 

output power [41]. These approaches are promising but are still limited in terahertz tunable 

bandwidth.  

 

Parametric sources based on stimulated polariton scattering (SPS),  

Stimulated polariton scattering is a mixed second-order (𝜒(ଶ)) and third-order (𝜒(ଷ)) nonlinear 

optical process by which narrowband, frequency-tunable THz radiation can be produced. The 

most common THz-SPS laser configurations are the terahertz parametric generator (TPG) and 

the terahertz parametric oscillator (TPO) [42]. In SPS, a fundamental pump laser field 

(typically from a Nd:YAG laser at 1064 nm) incident on a nonlinear crystal generates two other 

optical fields: Stokes (also in the NIR) and THz [43,44] (analogous to optical parametric 

generation’s idler and signal fields, respectively), under non-collinear phase matching. 

Conservation of energy and momentum among fields in the scattering process dictates the 

frequency of the THz field (and Stokes field wavelength), and by adjusting the interacting angle 

between the fundamental and Stokes fields, it is possible to produce narrowband THz output. 

The most explored materials for use in SPS sources are LN and MgO:LN, which typically 

produce output continuously tunable from 1 – 3 THz (with linewidth <100 GHz) with 

microwatt-level average power [44] and in pulsed or CW temporal operation [45,46]. The 

presence of infrared absorbing modes in the SPS crystal structure may induce discontinuities 

in the THz emission band, as will be investigated in this thesis. However with the use of 

different SPS active materials new frequency ranges can be accessed increasing the overall 

coverage of such sources as detailed in Chapter 4 and Chapter 5. The principles of SPS are 

presented in more detail in Section 1.3, along with an overview of the main achievements in 

the field. An in-depth theoretical description of the SPS process is conducted in Chapter 3.  
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1.2.3. Desirable features of optical THz sources 

Different optical technologies produce THz sources with different output characteristics and it 

is important to identify these differences and how they might affect real-world applications. As 

detailed in the previous section, most applications are based around the identification of 

spectral features of different materials in the THz range. There is simply a lack of available 

sources capable of producing radiation in this feature-rich portion of the electromagnetic 

spectrum. Hence, to maximise the potential use of a THz source in applications such as 

spectroscopy it is desirable that it emits narrowband radiation which is tunable over a broad 

frequency range with high average output power at discrete THz frequencies (high spectral 

brightness).  

TDS-THz systems based on photoconductive antennas have had great development and 

yet do not have particularly high spectral brightness. Terahertz sources based on SPS exhibit 

these desirable features and for this reason experienced rapid development over the past 

decade. Terahertz sources based on SPS are particularly attractive because of their frequency-

domain nature, wherein the actual frequency of the THz field is easily tuned and has narrow 

linewidth. It also eliminates the need for delay lines and simplifies detection. Moreover, SPS 

sources are versatile with respect to temporal regime, having capability to produce THz 

radiation with temporal properties ranging from picosecond pulsed to continuous-

wave [45,46]. 

 

1.3. Terahertz sources based on SPS  

 

1.3.1. Stimulated Raman scattering phenomena 

The concepts of stimulated Raman scattering (SRS) are important for the understanding of the 

SPS process. For this reason, the basic concept of SRS is introduced in this section. A more 

thorough analysis of the SRS can be found in  [47].  

Stimulated Raman scattering is a third-order nonlinearity which is effectively inelastic 

scattering of light which interacts with an optical medium. In crystalline SRS, an intense 

electromagnetic field (with frequency 𝜐௉) interacting with a Raman-active crystal may excite 
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a vibration mode within the crystal (phonon), scattering photons exhibiting lower energy levels 

(with frequency 𝜐ௌ). The scattered light is typically referred to as the Stokes field, and for 

sufficiently intense Stokes fields, they too can experience SRS, leading to cascading and 

generation of a second-Stokes field and so on  [47]. The energy difference between the incident 

and scattered Stokes fields corresponds to the crystal vibrational energy, or that of the phonon 

(with frequency 𝜐௣௛). The diagram in Figure 1. 4 illustrates the energy levels involved in the 

SRS process. 

 

Figure 1. 4 - Stimulated Raman Scattering. 

 

1.3.2. Stimulated polariton scattering phenomena 

The first experimental observation of stimulated polariton scattering dates back to 1969, when 

tunable Stokes (idler) radiation was detected from lithium niobate [48]. In the following years 

an extensive theory describing the scattering process was developed by Sussman [43] which 

was revisited by Kawase et al. [44] about 25 years later.  

A polariton, as it relates to this work, is a coupled photon-phonon transverse wave field 

which may be accessed in crystalline materials having vibrational modes that are both infrared-

active and Raman-active. The dispersion relation of such a mode with frequency ω0 is 

illustrated in Figure 1.4. Close to resonance (𝜔), the polariton mode behaves like a pure 

phonon, but in the lower frequency region it manifests like a photon. Polar crystals such as 

MgO:LN, lithium iodate (LiIO3), KTP, RTP, potassium titanyl arsenate (KTiOAsO4; KTA) 

and many others have transverse optical (TO) A1 –symmetry modes (symmetric stretching 

modes) satisfying these conditions, and may exhibit SPS. Semiconductors such as gallium 

phosphate (GaP) and gallium selenide (GaSe) and others can also exhibit SPS.  
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Figure 1.5 – Diagram illustrating the dispersion relation close to a polariton mode in a crystal. Close to resonance 
(upper frequency limit) the polariton behaves like a phonon. At lower frequencies, the polariton exhibits a photon 

behaviour. The wavevector diagram represents the fundamental (𝑘ሬ⃗ ௙), Stokes (𝑘ሬ⃗ ௌ) and THz (𝑘ሬ⃗ ்ு௭) fields interacting 
via SPS in a noncollinear phase matching condition. For every interacting angle θ there is a pair of Stokes and 
THz frequencies satisfying energy and momentum conservation laws, given by the intersection of the angle tuning 
lines (“θ-curves”) with the dispersion curve.  

 

In stimulated polariton scattering, a fundamental electromagnetic field is parametrically 

scattered into two other fields subject to a phase matching condition represented in Figure 1.4 

(wavevector diagram in the top right). Here it will assumed the fundamental is in the near-

infrared (NIR). The scattered fields are named here as Stokes (also in the NIR; called idler in 

TPO nomenclature) and THz (also called signal in TPOs). The SPS fields are strongly coupled, 

and must obey energy and momentum conservation laws (i. e., ℎ𝜈௙ = ℎ𝜈ௌ + ℎ𝜈்ு௭  and 𝑘ሬ⃗ ௙ =

𝑘ሬ⃗ ௌ + 𝑘ሬ⃗ ்ு௭ respectively; where ℎ𝜈௙  , ℎ𝜈ௌ , ℎ𝜈்ு௭  are the energies and 𝑘ሬ⃗ ௙ , 𝑘ሬ⃗ ௌ , 𝑘ሬ⃗ ்ு௭ are the 

wave vectors of the fundamental, Stokes and THz fields). For every interacting angle between 

the fundamental and Stokes fields, there would be an infinite number of THz and Stokes 

wavevector pairs satisfying these energy conservation laws, represented in Figure 1.4 as the 

different “θ-lines” for different angles θ. Since the material dispersion relation must also be 

respected in the process, the intersecting point between the “θ-line” with the dispersion curve 

will dictate the Stokes and THz wavevectors (and corresponding frequencies) for a particular 

interacting angle θ. For every different interacting angle, the intersection between the two 

curves will represent the Stokes and THz wavevector pair that simultaneously satisfies energy 
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and momentum conservation laws in the scattering process and the material dispersion relation 

as well. For this reason, different interacting angles between fields result in different THz and 

Stokes frequencies and wavevectors, as schematically represented in Figure 1.5. As a 

consequence, SPS is a suitable process for producing THz sources with frequency-tunable 

output by means of adjusting the interacting angle between fields. 

 

 

Figure 1.6 – Conservation of energy (ℎ𝜈௙௨௡ௗ௔௠௘௡௔௧௔௟ = ℎ𝜈௜
ௌ௧௢௞௘௦ + ℎ𝜈௜

்ு௭) and momentum (𝑘ሬ⃗ ௙௨௡ௗ௔௠௘௡௧௔௟ =

𝑘ሬ⃗ ௜
ௌ௧௢௞௘௦ + 𝑘ሬ⃗ ௜

்ு௭) in stimulated polariton scattering (SPS), where ℎ𝜈௙௨௡ௗ௔௠௘௡௔௧௔௟  , ℎ𝜈௜
ௌ௧௢௞௘௦  , ℎ𝜈௜

்ு௭ , are the 

energies and 𝑘ሬ⃗ ௙௨௡ௗ௔௠௘௡௧௔௟  , 𝑘ሬ⃗ ௜
ௌ௧௢௞௘௦  , 𝑘ሬ⃗ ௜

்ு௭ are the wave vectors of the fundamental, Stokes and terahertz fields 
for different interacting angles (𝜃௜). Every different interacting angle generates different THz and Stokes 
wavevectors. 

 

1.3.3. Linear and surface emitted geometries 

The angles at which the terahertz field is generated inside the nonlinear crystal exceed the 

critical angle for total internal reflection (TIR) in the crystal-air interface [44], in case the SPS 

material has a conventional cuboid geometry. To avoid TIR of the THz field in this linear 

geometry, silicon prisms are typically bonded to the crystal’s side face enabling the extraction 

of the terahertz field from the material [49]. Here the refractive index of silicon is such that the 

angle for TIR at the SPS-crystal/Si-prism interface is greater than all angles of incidence of the 

THz field, and hence the terahertz field is effectively coupled into the Si-prisms and then 

refracted into the air. Another efficient technique is called the surface-emitted configuration 

(SE), at which the SPS material is cut at angles, promoting TIR for the fundamental and Stokes 
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fields, and enabling the THz radiation to be refracted directly into the air [50]. The linear 

configuration with silicon prisms and the surface emitted configuration are shown in Figure 

1.6. These configurations will be explored in detail in Chapter 2 within the context of an 

intracavity resonator configuration.  

 

 

Figure 1.7 – The linear and surface-emitted (SE) configurations. 

 

1.3.4. Resonator configurations for SPS sources 

Terahertz parametric sources based on SPS can be divided into two main categories based on 

their resonator configuration: extracavity (externally pumped) and intracavity systems. 

 

Extracavity sources 

Most systems developed to-date are externally pumped by 1064 nm lasers. The simplest design 

is a terahertz parametric generator (TPG) outlined in Figure 1.7(a). This configuration was 

mainly adopted in the early work on the field [43,51], in which the nonlinear crystal is pumped 

in a single-pass by a fundamental laser source producing THz emission with broad 

linewidth [52].  
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Figure 1.8 – Externally pumped THz parametric sources configurations. (a) Terahertz parametric generator (TPG). 
(b) Terahertz parametric oscillator (TPO). Typically the pump laser is a high-energy pulsed 1064 nm laser. 

 

More narrowband terahertz radiation can be generated by forming an optical cavity 

around the SPS crystal to resonate the Stokes field, constituting a terahertz parametric oscillator 

(TPO), illustrated in Figure 1.7(b). The angle between the Stokes resonator and the 

fundamental laser in the TPO is adjusted to produce frequency-tunable THz output. With the 

resurgence of SPS research in the mid-90’s, a massive effort was directed towards developing 

TPOs. There is an extensive literature available reporting high energy (mJ-level) pump lasers 

generating hundreds-of-nanojoules THz pulses in linear and surface-emitted configuration and 

different nonlinear crystals [44,49,52–56].  

The most common SPS material is MgO:LN, which typically generates output 

continuously tunable from 1 – 3 THz [44]. In a representative example (reported in [53]) a TPO 

based on MgO:LN in surface-emitted configuration exhibited an energy per pulse of 854 nJ at 

1.62 THz and was tunable from 0.75 – 2.81 THz.  
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More recently, utilising different nonlinear crystals such as KTP and KTA the spectral 

coverage of externally pumped TPOs was expanded to the 3 – 6 THz range. In [55], a TPO 

based on surface-emitted KTP as the nonlinear material delivered 336 nJ at 5.72 THz, and was 

continuously tunable from 3.17 – 3.44 THz, 4.19 – 5.19 THz and 5.55 – 6.13 THz. Replacing 

the nonlinear material by a KTA crystal, that same research group demonstrated 627 nJ at 

4.30 THz, and the output frequency was continuously tunable from 3.59 – 3.96 THz, 

4.21 – 4.50 THz, 4.90 – 5.16 THz, 5.62 – 5.66 THz and 5.92 – 6.43 THz  [56]. The terahertz 

emission gaps in KTP and KTA terahertz parametric oscillators are due to suppression of the 

SPS process induced by infrared absorbing modes in those crystals. 

Injection-seeding has also been explored as a technique to increase the output power and 

narrow the THz linewidth of TPOs, at the expense of increased system complexity [44,57,58]. 

The is-TPG reported in [58] is based on a microchip Nd:YAG laser amplified in a double-pass 

configuration, producing 20 mJ pulses, and used a 800 mW CW seed Stokes laser (itself 

producing 5.5 μJ pulses at 1.80 THz). From this system, 50 kW peak power was achieved, with 

output tunable from 0.7 – 3 THz in MgO:LN, with the Si-prisms extraction mechanism. 

 

Intracavity sources 

Externally pumped THz parametric sources combine wide frequency tunability with high 

output power when compared to other optical THz sources, as can be noted from the literature 

review provided here. However, these systems in-general require high pulse-energy 

fundamental pump lasers which may be costly and in most cases, have a large footprint and 

intricate setup, restricting their potential applicability in real-world devices. To overcome these 

issues and produce more attractive THz parametric sources the intracavity configuration was 

designed. In the intracavity approach, the nonlinear crystal is placed inside the fundamental 

resonator, and a separate pair of mirrors is responsible for resonating the Stokes field, as 

illustrated in Figure 1.8. The intense fundamental field inside the resonator may be considered 

analogous to the pump laser field in the externally pumped systems and is of sufficient intensity 

to achieve threshold for the SPS process.  
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Figure 1.9 – The intracavity configuration. The nonlinear material is placed inside the fundamental resonator, and 
a separate pair of mirrors form a secondary resonator for the Stokes field. 

 

The first intracavity terahertz parametric oscillator was demonstrated in 2006 at the 

University of St. Andrews (UK) [59] and was based on a conventional Q-switched 1064 nm 

Nd:YAG fundamental laser with an intracavity MgO:LN as the SPS crystal in linear 

configuration making use of Si-prisms for THz out-coupling. The system was continuously 

tunable from 1.2 – 3.05 THz, and exhibited 5 nJ pulse energies (75 nW average output power) 

with peak powers greater than 1 W for a modest 36 W pump power from a quasi-CW diode 

laser. As illustrated in Figure 1.9 (reproduced from [59]), in this novel configuration the 

nonlinear material is placed inside the fundamental resonator, making use of the high 

intracavity fields (>10 MW/cm2) to achieve SPS threshold, removing the need for a high power 

pump source. The terahertz output frequency was tuned via rotating the Stokes cavity (mirrors 

M3 and M4 in Figure 1.9). (To avoid confusion with nomenclature from this point, in 

intracavity systems the SPS fields will simply be referred to as fundamental, Stokes and THz; 

the term “pump” will be exclusively used to refer to the pump laser diode.) 

 

Figure 1.10 – Schematic diagram of the non-collinear phasematched THz OPO (reproduced from  [59]) 
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The first intracavity TPO demonstration was followed by rapid improvements in output 

power and reductions to the THz laser linewidth, which culminated in a compact source 

continuously tunable from 1 – 3 THz, delivering ~30 nJ/pulse around 1.6 THz for a 400 Hz 

repetition rate (>10 μW average output power and peak powers around 3 W for similar pump 

power levels) with ~1 GHz linewidth when etalons were placed in fundamental and Stokes 

cavities [60]. This technology was successfully translated to a commercial product produced 

by Scottish laser company M-Squared Lasers. This same research group successfully 

demonstrated further reduction in the THz linewidth below 100 MHz via seeding the Stokes 

field by a single-frequency external-cavity diode laser [61]. 

The surface-emitted configuration was also reported in an intracavity TPO by a separate 

research group [62]. In that report, terahertz pulses of 283 nJ were measured at 1.54 THz for a 

595 mJ diode pump, and was continuously tunable from 0.75 – 2.75 THz. 

Mindful of these recent developments and the important potentials of THz research, the 

Raman Laser group from Macquarie University decided pursue its own research line in 

terahertz in 2012. The Raman laser group at Macquarie University accumulates more than 20 

years’ experience on research and development of cutting-edge solid-state laser technology, 

particularly on intracavity SRS lasers [47,63–70]. This research group has also actively 

engaged with commercial partners, having successfully transferred in 2008 a yellow laser 

operating at 586 nm for the company Opto Global Pty (today part of Optos Inc.), a global player 

in the ophthalmic market.  

The interplay between fields in SPS and SRS phenomena in intracavity systems requires 

similar laser design expertise, reason for which research on intracavity terahertz lasers was a 

natural initiative for Macquarie University, and a collaboration with the company M-Squared 

Lasers was initiated. Macquarie University’s first terahertz source was reported in 2013 as a 

laser tunable from 1.53 – 2.82 THz and delivering 6.45 μW average output power at 1.82 THz 

(2.15 nJ/pulse) for only 5 W input diode pump power [71]. Shortly thereafter the versatility of 

intracavity SPS lasers was demonstrated by Macquarie University, with the construction of a 

continuous-wave THz source yielding 2.3 μW average output power at 1.8 THz (0.77 nJ/pulse) 

for 6 W diode pump and tunable from 1.5 – 2.3 THz using a high-Q resonator [46].  

Over the last decade, terahertz sources based on intracavity SPS have experienced 

substantial development with regards to output power and system efficiency. However, little 

work has been dedicated to extend the spectral coverage of these sources. 
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1.4. Thesis outline 

This research intends to push the frontiers of terahertz laser sources based on intracavity SPS; 

a technology capable of producing truly compact, reliable and cost-effective THz sources with 

frequency tunable output which can be interfaced with relatively simple detection mechanisms 

(portable spectrometers and Golay cells). What is of particular significance is that the core 

technology is based on solid state laser design, which is well established, and the components 

are well developed. More specifically, this research project evaluates different nonlinear 

materials (which exhibit distinctly different polariton dispersion relations and as a result, 

different SPS fields frequencies) with the objective of extending the range of tunable 

frequencies of such technologies, limited to ~1 – 3 THz at the time this work was initiated. 

Exploring three different nonlinear materials (MgO:LN, KTP and RTP) and clever resonator 

designs, this research work has produced original contributions to the knowledgebase. The 

primarily objective of the research was successfully achieved, as this research work 

demonstrated a substantial increase in the accessible frequency range of intracavity sources, 

covering the broad region from 1.4 – 6.0 THz when combining all laser configurations as per 

March 2017. Another important outcome of this research was the significant increase in 

average output power, reaching 0.125 mW at 4.1 THz (43 nJ/pulse) for only 6 W diode pump, 

a 20-fold increase over the previous work reported by this research group in [71], and also 

breaking the 0.1 mW average output power barrier. All the materials, research methods and 

original contributions of this work to the knowledge base are detailed in the following chapters. 

In this thesis the laser resonator designed to produce frequency-tunable terahertz radiation 

based on intracavity SPS is referred to as a THz polariton laser. This simplified nomenclature 

(instead of intracavity terahertz parametric oscillator) acknowledges the fact that the key 

nonlinear optical phenomena responsible for producing the desired output is stimulated 

polariton scattering, and this was also adopted in our publications. 

Chapter 2 describes the design and optimization of the fundamental 1064 nm laser, the 

Nd:YAG resonator for intracavity SPS; the general diagnostic equipment (spectrometers, beam 

profilers, laser powermeters, etc.) and the terahertz-specific optics and diagnostic equipment 

(silicon-prisms, Golay cell, THz optics, THz camera, etc.) used in this project. 
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In Chapter 3 SPS theory is presented in-depth, and due to the lack of information 

available in the literature, the vibrational spectra (Raman and infrared reflection) of the 

nonlinear crystals investigated in this thesis are characterised experimentally. The classical 

coupled-wave equations for the interacting SPS fields are solved to obtain an analytical 

expression for the terahertz gain coefficient, and a methodology is described to calculate the 

dispersion curve for the SPS materials based on information obtained from Raman and Fourier-

transform infrared reflectance spectroscopy (FTIR). The three different materials evaluated are 

then presented: MgO:LN, KTP and RTP. A literature review of these materials is provided, 

followed by an investigation of their properties relevant to polariton scattering. The Raman and 

FTIR spectra of MgO:LN, KTP and RTP were collected and the dispersion curve, refractive 

index and absorption coefficient in the THz are calculated for each material, to make 

predictions around the THz output characteristics. The high absorption coefficients calculated 

predicts serious limitations for KTP and RTP crystals in the linear design to operate at 

frequencies above ~4 THz. The SPS gain curve for MgO:LN is also calculated. 

The experimental results with linear resonators are presented in Chapter 4. First, 

competition effects between SRS (in the fundamental cavity) and SPS in the Stokes cavity with 

the intracavity KTP crystal is observed, which required the introduction of selective losses for 

the competing Raman lines to produce stable SPS fields. With stable SPS fields, the linear THz 

polariton lasers based on KTP and RTP are evaluated and the limitations in terahertz detection 

predicted in Chapter 3 are observed experimentally. It was not possible to detect THz radiation 

above 4.2 THz, confirming the prediction from Chapter 3. Continuously tunable terahertz 

output from an intracavity RTP was detected for the first time, yet on a limited range (below 

4.2 THz) when compared to the THz fields generated internally (as high as 7 THz). Despite the 

strong Stokes signal obtained in KTP corresponding to ~4 – 6 THz fields being generated, no 

terahertz radiation was detected. The main factors influencing the absence of terahertz 

detection were investigated with the experimental device: the losses associated with the 

extraction of the THz fields from the SPS crystal, transmission losses through propagation and 

transmission losses on the detection system. The high absorption coefficient of KTP and RTP 

in the THz range which was being generated was then confirmed to be a limiting factor in 

terahertz detection above ~4 THz from the linear design, which led to the construction of the 

surface-emitted configuration. 

In Chapter 5 the results obtained with MgO:LN, KTP and RTP in a surface-emitted 

configuration are presented, showing that the limitations of THz detection encountered in the 
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linear configuration were overcome. In this layout it was possible to detect THz radiation for 

all interacting angles producing wavelength-tunable Stokes radiation. An experimental 

investigation of laser damage threshold in MgO:LN crystal is conducted which resulted in an 

enhancement in the performance of the system after the deposition of a protective Teflon 

coating on the crystal to avoid laser induced damage. The Teflon-coated MgO:LN is reported 

to deliver 56.8 μW at 1.76 THz (19 nJ/pulse) for 6.5 W diode pump power and was tunable 

from 1.46 – 3.84 THz, a record output power level and frequency range. The first terahertz 

detection from an intracavity KTP crystal is also demonstrated, with 71 μW at 5.57 THz 

(24 nJ/pulse) being measured for 6.5 W diode input power, and terahertz tunability from 

4.30 – 5.20 THz and 5.50 – 5.90 THz (limited by strong SRS competition in the Stokes cavity). 

The highest output power among all systems evaluated was achieved was when using the RTP 

crystal in SE configuration, in which 0.125 mW average output power is reported at 4.1 THz 

(43 nJ/pulse) for only 6 W diode pump, with terahertz field tunable from 3.05 – 3.16 THz, 

3.50 – 4.25 THz, 4.57 – 4.75 THz and 5.40 – 5.98 THz and free from SRS competition. 

Chapter 6 summarises the key findings and contributions of this research work to the 

knowledgebase and presents an outlook for future work. 
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1.5. List of publications  

The following paper and conference manuscripts were published as a consequence of this 

research work: 

Papers 

1. Tiago A. Ortega, Helen M. Pask, David J. Spence, and Andrew J. Lee, "Stimulated 

polariton scattering in an intracavity RbTiOPO4 crystal generating frequency-tunable THz 

output," Opt. Express 24, 10254-10264 (2016) 

2. Tiago A. Ortega, Helen M. Pask, David J. Spence, and Andrew J. Lee, "THz polariton 

laser using an intracavity MgO:LiNbO3 crystal with protective Teflon coating," Opt. Express 

25, 3991-3999 (2017) 

3. Tiago A. Ortega, Helen M. Pask, David J. Spence, and Andrew J. Lee, “Tunable 3-

6 THz polariton laser exceeding 0.1 mW average output power based on crystalline 

RbTiOPO4,” IEEE J. Sel. Top. Quantum Electron. DOI: 10.1109/JSTQE.2018.2810380 (2018) 

 

Conference manuscripts 

1. T. Ortega, H. M. Pask, D. Spence, and A. Lee, "Competition Effects Between 

Stimulated Raman and Polariton Scattering in Intracavity KTiOPO4 Crystal," in Advanced 

Solid State Lasers, OSA Technical Digest (online) (Optical Society of America, 2015), paper 

ATu3A.3. 

2. T. A. Ortega, H. M. Pask, D. J. Spence and A. J. Lee, "Frequency-tunable THz polariton 

laser based on intracavity RbTiOPO4 crystal," 2016 41st International Conference on Infrared, 

Millimeter, and Terahertz waves (IRMMW-THz), Copenhagen, 2016, pp. 1-2. 

3. T. A. Ortega, H. M. Pask, D. J. Spence and A. J. Lee, “MgO:LiNbO3 crystal generating 

frequency-tunable THz output in intracavity surface-emitted configuration” Joint 13th Asia 

Pacific Physics Conference and 22nd Australian Institute of Physics Congress, Brisbane 2016,  
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2. Materials and Methods 

This chapter describes the general materials and methods used in this research work. The 

concepts of linear and surface-emitted resonator geometries are explained in detail in 

Section 2.1. In Section 2.2 the optical components and detection equipment specific for use 

with the THz fields generated in this work are detailed. Section 2.3 covers the general 

diagnostic equipment utilised in this research (spectrometers, beam profilers, optical power 

meters, etc.). In Section 2.4 the design and optimization of the fundamental 1064 nm laser 

resonator, the cornerstone of the various THz polariton lasers developed in this project is 

evaluated. 

 

2.1. Resonator geometries for an intracavity polariton laser 

The angles at which the SPS fields are generated require particular resonator design to enable 

output coupling of the THz field. Typically the interacting angle θ between the fundamental 

and Stokes fields ranges from ~0.5 – 5º, resulting in an angle β between the fundamental and 

THz fields of ~60-65º. The high refractive index in the THz for the various SPS materials 

(MgO:LN 𝑛 ≈ 5.2 around 2 THz; KTP/RTP 𝑛 ≈ 3.9 − 5.5~ from 1 – 2.5 THz) [1,2] results in 

a critical angle for total internal reflection (TIR) below 20º which imposes challenges to the 
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extraction of the terahertz fields from the SPS material. For a cuboid nonlinear crystal in free 

space, the THz field would experience TIR in the crystal-air interface, hence being confined to 

the material as illustrated in Figure 2.1 for the case of magnesium oxide-doped lithium niobate. 

Therefore, different strategies were implemented to avoid TIR and enable extraction of the THz 

fields, as detailed in the next section. 

 

 

Figure 2.1 – Typical interacting angles between SPS fields in MgO:LN. In a cuboid nonlinear crystal in air, the 
THz field experiences TIR in the crystal-air interface being confined to the material. Similarly, TIR would also 
occur in other nonlinear crystals such as KTP and RTP. 

 

2.1.1. Linear resonator geometry 

The linear THz polariton laser geometry is shown in Figure 2.2. It is based on linear optical 

cavities for both fundamental and Stokes fields, and cuboid nonlinear materials. To avoid TIR 

in the nonlinear crystal-air interface as described in Figure 2.1, high-resistivity (R>10kΩ/cm) 

silicon prisms are bonded to the crystal’s side face [3], as can be seen in Figure 2.2. The high-

resistivity silicon has a flat refractive index of n = 3.4 in the THz range of interest 

(1 – 10 THz) [4], which results in a critical angle above 40º, enabling the THz field to be 

refracted from the crystal into the prisms. The silicon prisms are cut at such angles that the 

propagating THz field impinges close to normal incidence at the prism-air interface, and is 
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refracted into the air. The different prisms geometries for the different SPS materials evaluated 

will be detailed in the next chapter. With the silicon prisms approach, the THz field is emitted 

along the extension of the prism array, spanning over several millimetres in the resonator axis 

direction [3]. The Stokes resonator (mirrors M3 and M4 in Figure 2.2) is mounted on a high-

precision rotation stage to enable fine angle tuning and consequently fine adjustment of the 

Stokes wavelength and terahertz output frequency. 

 

 

Figure 2.2 – The THz polariton laser with a linear resonator layout. The vectors of the fundamental, Stokes and 
THz fields are shown inset. 

 

This resonator geometry experiences intrinsic absorption and Fresnel reflection losses 

imposed to the THz field which can be a limiting factor, as will be discussed in Chapters 3 and 

4. To minimise absorption of the THz field during propagation inside the nonlinear crystal, the 

lateral distance between the SPS interacting region and the material’s side face is minimised 

(distance “d” in Figure 2.2). However, the absorption coefficient in the THz range for the SPS 

crystals can exceed 50 cm-1, and even a 250 μm propagation distance (size comparable to the 

resonator mode size) would represent more than 70% absorption losses. The difference in 

refractive index from the Si-prisms (𝑛 =  3.4) to the air (𝑛~1) accounts for additional Fresnel 

reflection losses of around 30%. To avoid these high intrinsic losses, the surface-emitted 

configuration was also evaluated.  
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2.1.2. Surface-emitted resonator geometry 

In the surface-emitted (SE) resonator layout the SPS crystal is cut at a trapezoidal geometry, 

and the fundamental and Stokes fields experiences TIR inside the nonlinear media, as sketched 

in Figure 2.3. With this layout, the terahertz field is generated close to normal incidence at the 

TIR surface, and is refracted directly into the air, without the need for the prisms or any other 

out-coupling element [5]. 

 

 

Figure 2.3 – The surface-emitted (SE) configuration layout. The vectors of the fundamental, Stokes and THz fields 
is shown inset. 

 

The propagation distance of the THz field at the TIR surface is virtually zero, enabling 

substantial increases in measured THz output power, as will be reported in detail in Chapter 5. 

The output beam in the SE resonator is smaller than in the linear layout, only limited by the 

laser mode size inside the resonator at the TIR surface (Figure 2.4); the terahertz field generated 

away from of the TIR surface is rapidly absorbed inside the material, having negligible 

contribution to the detected output. The different trapezoidal geometries for different SPS 

materials will be described in Chapter 5.  
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Figure 2.4 – In the surface-emitted configuration the propagation distance at the TIR surface is virtually zero. 
Terahertz field generated outside that region is strongly absorbed, having negligible contribution to the detected 
output. 
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2.2. Terahertz optics and detection equipment 

2.2.1. Silicon prisms 

High resistivity silicon (ρ>10 kΩ.cm) is a well-documented material for use in THz optics due 

to its low THz absorption across a broad frequency range and for its uniform refractive index 

(𝑛 ≅ 3.4) [4]. The silicon prism’s exit face was designed to be normal to the propagation 

direction of the THz fields as sketched in Figure 2.5, and was calculated based on the angles at 

which the terahertz is refracted into the different materials, which may vary for different 

crystals. The refracting angle δ into the prisms depends on the incidence angle of the THz field 

in the crystal’s side face (α), which in turns depends on the SPS material refractive indices and 

interacting angles between fields in SPS process (θ,β). The parameters utilised to design the 

different prisms are summarised in Table 2.1: refractive indices, the range of interacting angles 

considered, the range of incidence angles at the crystal’s side face and consequent refracted 

angles inside silicon. 

 

 

Figure 2.5 – The silicon prism design. The exit face was designed to be normal to the propagation direction of the 
THz fields. 
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Table 2.1 – Parameters utilised for calculating silicon prisms geometry for the different SPS crystals evaluated: 
the refractive indices, range of interacting angles, range of generated angles for the THz field, range of incidence 
angle in the crystal’s side face and respective refraction angle inside silica. 

  MgO:LN [1,6,7] KTP [2] RTP [8,9] 

SPS Fields 

Fundamental 1064 nm 1064 nm 

Stokes 1068 – 1080 nm 1075 – 1093 nm 

THz 1 – 4 THz 3 – 7.5 THz 

Refractive 

indices 

Fundamental 2.232 1.738 1.771 

Stokes 2.232 − 2.231 1.738 − 1.737 1.771 − 1.770 

THz 5.1 − 6.2 3.9 − 6 

Interacting 

angles 

 

 

 

𝜃~0.5 − 2° 

𝛽~63 − 67° 

𝛼~27 − 23° 

𝜃~0.8 − 5° 

𝛽~54 − 68° 

𝛼~36 − 22° 

Refracting 

angle into 

Silicon 

 𝛿~40 − 42° 𝛿~30 − 35° 

 

The similarities between KTP and RTP optical properties enabled the design of a single 

set of prims for these two materials, but a second design was necessary for MgO:LN as 

illustrated in Figure 2.6. These materials were purchased from Crystran Ltd, and their 

specification can be found in Table 2.2. 

 

 

 



 

36 
 

 

Figure 2.6 – Silicon prisms for (a)MgO:LN and (b)KTP/RTP crystals. 

 

Table 2.2 – Silicon prisms specifications. 

 Specification Manufacturer 

Si-prisms for MgO:LN 

High resistivity silicon 

(ρ>10 kΩ.cm), FZ grade 

7 mm hypotenuse x 5 mm thick  

40/50/90° angles  

Crystran 

Si-prisms for KTP and RTP 

High resistivity silicon 

(ρ>10 kΩ.cm), FZ grade 

7 mm hypotenuse x 5 mm thick  

32/58/90° angles 

Crystran 

 

2.2.2. THz optics and detector 

The terahertz field was often manipulated for the measurement of average output power, beam 

profile, linewidth, polarization, etc., and the elements we had available for the experiments are 

summarised in Table 2.3. The detection of the THz field output was performed with an optical 

chopper and a Golay Cell connected to an oscilloscope, also specified in the table below. Due 

to the absence of a practical THz spectrometer, the THz frequency was calculated from the 

energy difference between the fundamental and Stokes field wavelengths which were measured 

with the portable spectrometer. 
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Table 2.3  – Optical components utilised to manipulate the THz field. 

Item Specification 

Gold-coated 90º off-axis parabolic 

mirror 
MPD 508508-90-M01 (Thorlabs) 

TPX spherical lenses 
25 mm, 50 mm, 75 mm and 100 mm EFL 

(Tydex) 

Tsurupica cylindrical lenses 100 mm EFL (Broadband Inc.) 

THz polariser POL-HDPE-CA25-OD34.9-T7.9 (Tydex) 

THz long pass filter LPF 14.3 (Tydex) 

THz window Si window 50.8 mm x 0.5 mm (Tydex) 

Golay cell (THz detector) 
GC-1T (Tydex) 

Optical responsivity: 116.14 kV/W @ 10 Hz  

Optical chopper (for Golay cell 

detection) 

Driver: MC2000B  (Thorlabs) 

Blade: MC1F2 (Thorlabs) 

Oscilloscope Tektronix TDS 2014 

 

A Golay cell is a very efficient and simple device to measure THz radiation which was 

originally conceived by Marcel J. E. Golay  [10]. It consists of a container filled with gas, a 

diaphragm (or membrane) and a light-absorbing material. When incident radiation is absorbed, 

it heats the gas, which consequently expands, deforming the membrane. This deformation is 

tracked with the use of a light source and photodetector. The THz signal is thus determined 

from the change in photodetector output which is in response to the absorbed THz radiation.  

 

Figure 2. 7 – Working principle of a Golay cell. 
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The model used in this research is shown in Figure 2.7 (GC-1T, Tydex – Russia) has an 

optical responsivity of 116.14 kV/W @ 10 Hz and a noise equivalent power (NEP) of 

 1.4 × 10ଵ଴ W/Hzଵ/ଶ @ 15 Hz, according to the equipment datasheet. The average terahertz 

output powers (µW) calculated throughout this thesis were calculated converting the signal 

from the Golay cell (mV), and corrected for the frequency-dependent transmission loss of the 

LPF 14.3 filter, and the transmission losses in the TPX lens.  

 

Figure 2.8 – Golay cell GC-1T (Tydex). Image reproduced from the manufacturer’s website accessed on 16 May 
2017, <http://www.tydexoptics.com/pdf/Golay_Detectors.pdf>. 

 

2.2.3. THz camera 

A camera sensitive to terahertz radiation was also available and utilised for some THz beam 

imaging described in Chapter 4 and 5. This equipment was acquired from the Japanese 

company NEC (Pat number: IRV-T0831), and is illustrated in Figure 2.8. The THz camera is 

based on an uncooled microbolometer array of 320×240 pixels (23.5 µm pixel pitch). The 

noise equivalent power of this device is below 100 pW (at 4 THz), and the camera is sensitive 

from 1 – 7 THz.  
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Figure 2.9 – Terahertz camera IRV-T0831 (NEC). Image reproduced from the manufacturer’s website accessed 
on 7 April 2017, <http://www.nec.com/en/global/prod/terahertz/>. 

 

2.3. General diagnostic equipment  

The general diagnostic equipment utilised throughout the experiment is related in this section. 

Other specific equipment and materials shall be described whenever appropriate within this 

thesis. 

 

2.3.1. Laser power meter 

The average output power of pump laser diode (808 nm), the 1064 nm fundamental laser, and 

the near-infrared Stokes fields (~1070 – 1095 nm) were measured with a digital handheld 

optical power meter (Thorlabs PM100D). The pump diode and fundamental field outputs were 

measured with a standard thermal sensor (Thorlabs S310C), and the Stokes output was detected 

with a photodiode power sensor (Thorlabs S130C).  

 

2.3.2. Near-infrared spectrometer 

The spectral content of the near-infrared fundamental and Stokes fields were monitored with a 

portable USB Spectrometer (Ocean Optics HR4000) with a detectable range from 

1050 to 1200 nm and 0.09 nm resolution. The wavelength scale of the portable spectrometer 

was calibrated against a wavemeter (Bristol 771) with a CW 1064 nm laser in order to increase 

the accuracy in the wavelength measurement. The terahertz frequency tuning was not measured 
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directly due to an absence of a THz spectrometer. According to the energy conservation law in 

the SPS process, it was calculated from the energy difference between the fundamental and 

Stokes photons. 

 

2.3.3. Beam profiler 

The spatial profile of the fundamental and Stokes laser outputs were monitored with a Spiricon 

beam profiler (model SP620U) always positioned perpendicular to the propagation direction.  

2.3.4. Photodiodes 

The temporal behaviour of the near-infrared fields was monitored to better comprehend the 

dynamics between the interacting SPS fields. The Q-switched fundamental 1064 nm laser 

output and the pulsed Stokes laser output were monitored with fast Si photodiodes (Thorlabs 

DET10A/M) or InGaAs photodiodes (Thorlabs DET10C/M), depending on the availability of 

these components at the time of the experiment. The specific model utilised in every setup will 

be indicated in the appropriate sections in Chapter 4 and Chapter 5. Neutral density filters 

(Thorlabs NEK01 Kit) were in place to attenuate the incident fields and avoid saturation of the 

sensor. 

 

2.3.5. Oscilloscope 

The output signal of the photodiode was connected to a fast oscilloscope (Tektronix 3054; 

500 MHz bandwidth) utilised to read and record the temporal behaviour of the different THz 

polariton laser setups. 

 

2.3.6. Raman spectrometer 

The Raman spectra of the three nonlinear crystals evaluated in the experiments (MgO:LN, KTP 

and RTP) were measured to determine the location and linewidth of the vibrational modes of 

these crystals, information necessary to calculate the polariton dispersion curve and SPS gain 

curves. The measurements were made in a confocal Raman spectrometer model inVia™ 
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confocal Raman microscope (Renishaw, UK), from 800 – 100 cm-1 with 0.6 cm- 1 resolution, 

depicted in Figure 2.9. The excitation wavelength was 532 nm. 

 

 

 Figure 2.10 – Renishaw inVia™ confocal Raman microscope. Reproduced from manufacturer’s website, 
accessed on 11 April 2017,  < http://www.renishaw.com/en/invia-confocal-raman-microscope--6260/>.  

 

2.3.7. FTIR Spectrometer 

The infrared spectra of the three nonlinear materials (MgO:LN, KTP and RTP) were measured 

in order to determine the oscillator strength for the vibrational modes in each crystal. The 

calculated oscillator strengths were also necessary information in the modelling of the 

dispersion relation and SPS gain curves. The instrument utilised for the infrared spectroscopy 

was a Bruker Vertex 80v Fourier transform infrared spectrometer (FITR) operating in the far 

infrared range (680 – 50 cm-1), with 4 cm-1 resolution. A picture of the instrument is shown in 

Figure 2.10. 
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Figure 2.11– Bruker Vertex 80v Fourier transform infrared spectrometer (FITR). Image reproduced from the 
University of Sydney Vibrational Spectroscopy Facility website, accessed on 11 April 2017, 
<http://sydney.edu.au/science/chemistry/spectroscopy/instrumentation/vertex.shtml>.  

 

2.4. Fundamental resonator design for an intracavity polariton 

laser  

2.4.1. Fundamental resonator layout 

The optical cavities for the fundamental field in the linear and in the surface-emitted 

configurations were constructed with the same key design parameters (mode volume, resonator 

length, radius of curvature of laser mirrors, etc.) enabling a more direct comparison between 

systems. As illustrated in Figure 2.11, in the linear configuration the different cuboid SPS 

crystals were inserted along the fundamental resonator axis, and in the SE configuration a 

trapezoidal SPS crystal was responsible for total internal reflection, folding the resonator in a 

“V-shape”. 

The fundamental resonator was composed of a diode end-pumped, Q-switched Nd:YAG 

laser operating at 1064 nm (except in Section 4.4.3, where the coatings were designed to 

operate at 1340 nm; all details of the 1340 nm resonator will be provided in Section 4.4.3). The 

total cavity length was designed to be under 250 mm in order to accommodate the various 

intracavity elements and still maintain compactness. 
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Figure 2.12 – Fundamental resonator layout (a)Linear configuration, SPS crystal on resonator axis. (b)Surface-
emitted configuration, SPS crystal responsible for total internal reflection of fundamental field, but maintaining 
other resonator parameters. 

 

2.4.2. Nd:YAG active media 

The laser crystal chosen for the THz polariton laser was the well-established Nd:YAG, and its 

main properties are listed in Table 2.4. The long upper state lifetime (~230 µm) in Nd:YAG 

which enables a large population inversion to build-up combined with its excellent thermal 

properties that reduce the effect of thermal lensing make it an excellent candidate for compact 

and high-power Q-switched resonators with relatively high resonator Q-factor. This laser 

material can be conveniently pumped by standard 808 nm diode lasers producing unpolarised 

1064 nm output.  

The active medium was a 5 mm long, 5 mm diameter 1 at. % Nd:YAG crystal with anti-

reflection coating at the pump and fundamental wavelengths (R<0.1%@808 / 1064 nm) 

provided by Castech Inc (China). The crystal was wrapped in indium foil and mounted in a 

water-cooled copper mount (water temperature = 25ºC), to minimise thermal lensing, as 

depicted in Figure 2.12. The 1 at. % Nd:YAG absorption coefficient at 808 nm (11 cm-1) 

indicates that more than 99% of the incident diode pump laser will be absorbed by the material.  
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Table 2.4 –1 at. % Nd:YAG crystal material properties. 

  Ref. 

Density ρ (g/cm3) 4.56  [11] 

Thermal conductivity κ (W/cm.K) 0.14  [11] 

Thermal expansion α (10-6/K)  7.5  [11] 

Refractive index at 1064 nm 1.82  [11] 

𝒅𝒏/𝒅𝑻 at 1064 nm (10-6/K) 7.3  [11] 

Upper-state lifetime τ (µs) 230  [11] 

Absorption coefficient around 808 nm, 1 at. %Nd (cm-1) 11  [11] 

Stimulated emission cross section σ (10-19cm2) 2.8  [11] 

 

 

Figure 2.13 – Nd:YAG active media in copper mount with water cooling system. 

 

2.4.3. Acousto-optic Q-switching cell 

Stimulated polariton scattering is a third-order nonlinear effect which requires high optical field 

intensities to manifest (>10 MW/cm2) [12]. In the intracavity design, the intensity required to 

exceed SPS threshold can be achieved with an optical Q-switch in the fundamental resonator. 

The Q-switching process is based on maintaining the resonator Q-factor at a low level for a 

long period of time, suppressing laser action whilst promoting a population inversion much 

larger than the steady-state inversion on a conventional laser. Rapidly switching the Q-factor 
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to a high value will thus entail the rapid build-up of an intense laser pulse, which will be 

coupled out in a few round-trips, producing pulses typically of dozens of nanoseconds in 

duration [11]. 

An acousto-optic Q-switching cell was utilised to achieve the intracavity intensity 

required to exceed SPS threshold, due to its simplicity of operation and the reduced number of 

optical interfaces when compared to electro-optical Q-switches. In an acousto-optic Q-switch, 

the laser Q-factor is switched to a low and high value by respectively turning on and off an 

acousto-optic modulator (typically quartz) which diffracts radiation out of the cavity (a deeper 

discussion on the working principles of AOM cells can be found in [11]). In an electro-optical 

Q-switch (particularly for unpolarised lasers such as Nd:YAG) additional optical elements are 

required (quarter wave-plates, polarisers), which would increase the intracavity losses 

impairing laser performance and increasing laser threshold. 

The Q-switching cell available for the experiments was manufactured by NEOS (part 

number 33027-25-2-i). The Q-switch external dimension and picture is shown in Figure 2.13. 

It was also water-cooled at 25ºC and operated at 3 kHz repetition rate. 

 

 

Figure 2.14 – NEOS (part number 33027-25-2-i) acousto-optic Q-switching cell. 
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2.4.4. Thermal lensing and its influence on resonator design 

In solid-state lasers the thermal load in optical crystals promotes non-uniform changes inside 

the material which have the same refractive effect of a lens. This phenomena is well-known as 

thermal lensing, and originates from three main mechanisms: refractive index dependence on 

temperature, refractive index dependence on optical stress (photo-elastic effect), and the 

bulging of the crystal end faces due to thermal expansion. The effective focal length of the 

thermal lens (𝑓 ௅) of a cylindrical crystal can be mathematically expressed as a function of 

these three mechanisms, respectively as [11]: 

 

 

𝑓 ௅ =
𝜅𝐴

𝑃௛௘௔௧
(
1

2

𝑑𝑛

𝑑𝑇
+ 𝛼𝐶௥,థ𝑛଴

ଷ +
𝛼𝑟଴(𝑛଴ − 1)

𝐿
)ିଵ (2.1) 

 

where κ is the thermal conductivity, A is the average mode area in the crystal, 𝑃௛௘௔௧ is the heat 

power deposited in the material, 𝑑𝑛/𝑑𝑇 is the variation of the refractive index with 

temperature, α the thermal expansion coefficient, 𝐶௥,థ the photo-elastic coefficient, 𝑛଴ the 

refractive index without any pump, 𝑟଴ the transverse length of the crystal experiencing 

expansion, and L the crystal length.  

In the THz polariton laser the elevated fundamental field intensity required to achieve 

SPS threshold can be more easily obtained by reducing the mode volume inside the resonator. 

Consequently, the diode pump beam size also has to be reduced to match the resonator mode. 

Therefore, strong thermal lensing is expected in the active media, as a result of the high pump 

absorption confined to a small volume and the quantum defect deficit between the 808 nm 

pump and the 1064 nm fundamental wavelengths. Hence, thermal lensing is another reason for 

reducing the total cavity length (and minimise the effects of the thermal lens) as well as the 

reason for the water-cooling system in the Nd:YAG rod. 

In the end-pumping laser the first term is predominant, and the degree of thermal lensing 

will hence influence the laser resonator design. The thermal lens will be calculated more 

precisely with the aid of the laser cavity analysis and design software LASCAD® [13] as 

presented in the next section. 
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2.4.5. Resonator stability  

In paraxial optics, the laser resonator can be expressed as an ABCD matrix, and the TEM00 

mode wave at any point “j” inside the cavity can be written as the complex function q [14]:  

 

𝑀 = ቀ
𝐴 𝐵
𝐶 𝐷

ቁ (2.2) 

and  

1

𝑞
=

1

𝑅௝
− 𝑖

𝜆

𝜋𝜔௝
ଶ (2.3) 

 

where M is the ray-transfer matrix for the laser resonator, 𝑅௝ and 𝜔௝ are the curvature of the 

wavefront and the mode radius at j, respectively, and 𝜆 the wavelength.  

For a laser cavity to be stable, the circulating wave at any point inside the resonator 

repeats itself after one roundtrip. Applying the resonator ray-transfer matrix parameters ABCD 

to the wave function: 

1

𝑞
=

𝐷 − 𝐴

2𝐵
− 𝑖

ඥ4 − (𝐴 + 𝐷)ଶ

2𝐵
 (2.4) 

 

The stability criteria can be expressed in terms of the matrix M as: 

(𝐴 + 𝐷)ଶ < 4 (2.5) 

 

Comparing (2.4) with the definition of the wave function given in (2.3) the resonator 

mode size at the position j inside the resonator can be obtained for the TEM00 mode: 

 

𝜔௝
ଶ =

2𝐵𝜆

𝜋ඥ4 − (𝐴 + 𝐷)ଶ
 (2.6) 
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In the case of a simple resonator composed of two spherical mirrors with radius of 

curvature R1 and R2 separated by a distance d as represented in Figure 2.14, the stability 

criterion is given by [14]:  

0 ≤ (1 −
𝑑

𝑅ଵ
)(1 −

𝑑

𝑅ଶ
) ≤ 1 (2.7) 

 

 

Figure 2.15 – Laser resonator composed of two spherical mirrors of radius R1 and R2 separated by a distance d. 
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And the stability diagram can be can be plotted as in Figure 2.15 (reproduced 
from  [14]): 

 

 

Figure 2.16 – Stability diagram. Unstable resonator systems lie in shaded regions. Reproduced from [14]  

 

The Equation 2.7 can be generalised for a multi-element resonator [15] assuming the 

following form: 

0 ≤ 𝑔ଵ𝑔ଶ ≤ 1 (2.8) 

 

where 𝑔ଵ = 𝐴ଵ and 𝑔ଶ = 𝐷ଶ are the one-way elements of the ABCD resonator matrix. 
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2.4.6. Fundamental resonator design 

The nonlinear crystals available for the experiments ranged from 10 – 20 mm in length along 

the fundamental resonator axis. With the dimensions and refractive indices of the main 

components defined (Nd:YAG: 𝑙𝑒𝑛𝑔𝑡ℎ = 5 mm, 𝑛 = 1.82; Q-switch - quartz: 𝑙𝑒𝑛𝑔𝑡ℎ =

40 mm, 𝑛 = 1.45; SPS crystal: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑒𝑛𝑔𝑡ℎ = 20 mm, 𝑛~2.0), a 230 mm long plane-

concave fundamental resonator was designed in the laser cavity analysis and design software 

LASCAD® [13]. The output coupler radius of curvature (ROC) was set at a relatively high 

value, 1000 mm concave, to make the alignment less sensitive than a plane-plane resonator but 

still without forcing the stability too much when added to the expected thermal lensing. In this 

configuration the resonator mode radius in the Nd:YAG crystal was around 350 μm. A thermal 

lens of 280 mm is estimated with Equation 2.1 for a 10 W CW diode pump power input at 

808 nm. The fundamental optical cavity designed in LASCAD® with the main cavity elements 

are shown in Figure 2.16. In this resonator, the 280 mm EFL thermal lens was inserted close 

to the input face of the Nd:YAG crystal.  

 

 

Figure 2.17 – Fundamental resonator designed in LASCAD® software with the main cavity elements highlighted. 
The calculated thermal lens of 280 mm EFL for a 10 W CW pump laser at 808 nm was included close to the input 
face of the Nd:YAG crystal. 

 

The insertion of the different SPS crystals in the position indicated in Figure 2.16 in 

LASCAD® resulted in an overall mode size variation below 2% (<5 µm), and for the purposes 

of this experiment the intracavity energy density of the fundamental field was calculated 

considering the mode radius inside the SPS material (measured at the central portion of the 

material, as indicated by the magenta bar in the figure) to be constant at 𝑤 = 230 µm at 

maximum 10 W pump.  
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The stability parameter for this resonator was calculated in LASCAD® and plotted in the 

stability diagram as shown in Figure 2.17. The calculated 𝑔ଵ𝑔ଶ product is represented as a red 

cross in the plot, and as can be noted the designed resonator is situated in a comfortable position 

of the stability diagram even at maximum pump power. 

 

 

Figure 2.18 – Stability diagram for the fundamental resonator designed in LASCAD® software a calculated 
thermal lens of 280 mm EFL for a 10 W CW pump laser at 808 nm. 

 

2.4.7. Diode pump scheme 

The fundamental resonator was end-pumped by a continuous-wave fibre-coupled diode laser 

(100 μm core diameter, 0.22 NA) manufactured by LIMO (LIMO Lissotschenko Mikrooptik 

GmbH, LM B0018), operated at a maximum output power of 10 W. A pair of plano-convex 

BK-7 lenses (Thorlabs LA1131-B – EFL 50 mm and Thorlabs LA1433-B – EFL 150 mm) was 

responsible for collimating and re-focusing the fibre output inside the Nd:YAG, and the relative 

distance of the focusing lens to the active media was adjusted to match the pump spot with the 

resonator mode size. The measured diode pump power transmitted after the pair of lenses is 

plotted in Figure 2.18. This value was adopted as the diode pump input in the fundamental 

cavity. 
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Figure 2.19 – Diode pump power transmitted after the pump lenses. This value was adopted as the diode pump 
input in the fundamental cavity. 

 

2.4.8. Stokes cavity design 

The resonator mode size for the Stokes radiation should match the fundamental mode inside 

the nonlinear crystal to maximise the SPS efficiency. A mode mismatch would decrease the 

efficiency for the simple reason that the fields would not be interacting in that particular region 

of space. An efficient way to address this issue is to build a plane-plane resonator for the Stokes 

cavity allowing the Stokes field to vary, following the fundamental cavity mode. 

 

2.4.9. Laser mirrors 

The laser mirrors for the 1064 nm fundamental resonator and the Stokes cavities are detailed 

in Table 2.5. For the fundamental cavity, the input mirror (M1) should transmit the diode pump 

laser at 808 nm and be high-reflective at 1064 nm. The output coupler (OC) should be high 

reflective at 1064 nm, confining the fundamental field to the resonator and increasing the 

intracavity intensity. As will be described in Section 4.2, a first OC (OC1) was utilised in the 

system, and competing SRS lines at 1095 nm were observed in the fundamental cavity; a new 

OC (OC2) was designed to be lossy at 1095 nm and produce a pure 1064 nm fundamental field. 

The Stokes cavity mirrors were designed to be highly reflective at the near infrared 

(1060 – 1100 nm), also to maximise the Stokes field intensity inside the Stokes resonator. The 
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Stokes mirrors had a geometrical “D-shape” (shown in Figure 2.19) to avoid clipping the 

fundamental field at small interacting angles. The transmission for the laser mirrors are shown 

in the Appendix. (The 1.3 μm laser mirrors will be described in Section 4.4.3). 

 

Table 2.5 – Coating specification of the laser mirrors utilised in 1064 nm fundamental and Stokes resonators. 

Mirror Specification Manufacturer 

Fundamental 

resonator 

M1 
HR>99.9%@1064 nm 

HT>98%@808 nm 
ATF 

M2 

OC1 98.5%<R<99.5%@1064 nm CVI 

OC2 
98.5%<R<99.5%@1064 nm 

HT>40%@1090-1200 nm 
LASEROPTIK 

Stokes 

resonator 

M3 HR>99.99%@1064 nm ATF 

M4 HR>99.9%@1064 nm VLOC 

 

 

Figure 2.20 – D-shaped Stokes mirror attached to mechanical mount.  
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2.4.10. Fundamental resonator performance evaluation 

The linear fundamental resonator was assembled without any SPS crystal intracavity and 

optimised with the objective of validating the initial design and to collect a baseline 

performance for the next experiments. A picture of the resonator with the main components 

highlighted is depicted in Figure 2.20 below. The output wavelength was measured at 

1064.4 nm using a portable USB spectrometer (Ocean Optics HR4000), but for simplicity it 

will be referred to in this thesis simply as 1064 nm. The performance of the system was 

compared for a CW diode pump input and for a 200 Hz, 50% duty-cycle diode pump input to 

evaluate the effects of thermal lensing. The power transfer curves at 1064 nm for the OC1 

output coupler is plotted in Figure 2.21, and the fundamental field spatial profile collected near 

threshold and at 6 W diode pump power are shown in Figure 2.22. (In plotting the chopped 

pump diode results, the diode input power value is always the instantaneous power, i.e. the 

power when the chopper is “open”). 

The power transfer performance with both pump regimes in the 1064 nm was similar, 

reaching threshold at 0.5 W diode pump input, and a maximum average output power of 

710 mW for the CW-pump and 734 mW when the diode was chopped. However, as can be 

observed from Figure 2.22, when the resonator is pumped harder the spatial profile of the 

1064 nm field degrades considerably, which is anticipated to affect the SPS efficiency. With a 

chopped diode pump, the thermal load in the system is reduced, and a uniform 1064 nm spatial 

profile is maintained even at high pump levels. For this reason, the THz polariton laser was 

always operated in chopped mode, with 200 Hz repetition rate, and 50% duty-cycle. The diode 

laser chopping was significantly lower than the repetition rate of the Q-switching cell to avoid 

any influence of the pump duty cycle on the Q-switching operation.  
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Figure 2.21 – Linear fundamental resonator without SPS crystal with main laser components highlighted. 
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Figure 2.22 – Linear fundamental resonator power transfer without SPS crystal. Average output power at 1064 nm 
versus diode pump power input. 
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Figure 2.23 – Fundamental 1064 nm spatial beam profile near threshold and at 6 W diode pump input, for different 
pump regimes; (a) CW diode pump input; (b) 200Hz, 50% duty-cycle. The fundamental field profile degrades at 
high pump levels when system is CW-pumped. A uniform beam profile is maintained when the pump is chopped. 

 

The maximum average output power measured from the fundamental resonator indicates 

a pulse energy on the order of  
଻ଷ଴ ୫୛

ଷ଴଴଴ ୌ୸
= 243 µJ per pulse, and with the output coupling 

percentage of mirror M2 (0.6%), the measured fundamental pulse width of 60 ns (full-width 

half maximum, FWHM) and the 230 µm resonator mode radius inside the SPS crystal, a 

maximum integrated fluence inside the resonator can be estimated: 

 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑓𝑙𝑢𝑒𝑛𝑐𝑒 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑓𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 

௉௨௟௦௘ ௘௡௘௥௚௬÷ை.஼.௧௥௔௡௦௠௜௦௦௜௢௡

௉௨௟௦௘ ௗ௨௥௔௧௜௢௡×௠௢ௗ௘ ௔௥௘௔
=

ଶସଷ ஜ୎÷଴.଺%

଺଴ ୬ୱ×గ(ଶଷ଴ ஜ୫)మ = 400 MW/cmଶ     (2.9) 

 

This estimated figure for the intracavity fundamental field is well in excess of SPS 

threshold. A similar resonator reported by Lee et al.  [16] reached SPS threshold at 

8.2 MW/cm2 fundamental field intensity in the MgO:LN crystal. Therefore, the performance 

of the designed fundamental resonator exceeded the necessary requirements to proceed with 

the construction of the THz polariton laser.  
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3. Nonlinear materials for stimulated 

polariton scattering 

In Chapter 1 an overview of the SPS phenomena and how it can be successfully utilised to 

produce frequency-tunable THz sources was provided. In this chapter a more in-depth analysis 

of the underlying theory is conducted, and it is applied to investigate the three nonlinear 

materials utilised in this research: MgO:LiNbO3, KTP and RTP. When designing a THz source 

based on stimulated polariton scattering it is desirable to have knowledge of the polariton 

dispersion curve and the SPS gain for the nonlinear material; the first providing predictions 

about the THz frequency coverage of the source, and the second about the expected relative 

spectral intensity of the emitted frequencies. The calculation of these two parameters can be 

performed based principally on information about the SPS modes (frequency, linewidth, and 

oscillator strength), the dielectric function, and the second and third-order nonlinear 

coefficients. There is plenty of data reported for LiNbO3, however this information is not 

completely available in the literature for MgO:LiNbO3, KTP and RTP crystals. Moreover the 

fundamental data available are not fully satisfactory, with some data missing for some crystals, 

some experiments limited by instruments available several decades ago, and some lacking 

information about the conditions under which the data were acquired (e.g. resolution). The 
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difficulties in compiling all the required data from the literature to perform such calculations 

for the crystals motivated a specific investigation of the vibrational spectra of the samples to 

measure these parameters directly.  

In Section 3.1 an expression is derived for the SPS gain (Stokes and THz fields) by 

solving the coupled wave equations for the SPS fields, and a method to calculate the dispersion 

curve based on Raman and FTIR spectroscopy is presented in Section 3.2. The Raman and 

FTIR spectra of the three nonlinear materials under investigation are collected and utilised to 

calculate the dispersion curve, the terahertz absorption coefficient and refractive index, as 

presented in Sections 3.3 to 3.5; also the Stokes gain for MgO:LN is calculated for different 

fundamental field intensities. The calculated dispersion relation and absorption coefficient for 

the terahertz field (and also the SPS gain for MgO:LN) are utilised to make predictions about 

the THz emission of the sources to be developed.  

The value of investigating the material properties to gain insight into the operation of 

THz lasers based on SPS is clear. However undertaking this study was ambitious, and involves 

specialised physics and many complexities associated with instrumentation. While this study 

sheds light on aspects of the THz sources presented in Chapters 4 and 5, there is potential for 

it to be extended in the future. 

3.1. Terahertz gain coefficient 

A classical and also quantum mechanical theoretical analysis of stimulated polariton scattering 

was first developed by Sussman [1] for a terahertz parametric generator, and assuming SPS 

fields in steady-state. Three decades later the classical approach was revisited by Shikata et 

al. [2], when the classical coupled-wave equations for steady-state SPS fields were solved to 

obtain analytical expressions for the exponential gains for the THz and Stokes fields. The 

theory described here is based on these two works. 

It is possible to physically interpret the SPS phenomena based on the following classical 

picture. The intense fundamental field polarised along the appropriate crystal axis interacts 

with the electron cloud of the polar crystal, displacing the electrons and inducing an electronic 

dipole moment (second-order nonlinearity). The electronic motion interacts with the crystal 

lattice, inducing molecular vibrations and an ionic dipole moment (third-order nonlinearity). 

The ionic-vibration couples with the electronic vibration modulating it back, and giving rise to 

the parametric scattering process. 
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3.1.1. The coupled-wave equations 

Stimulated polariton scattering is an optical nonlinear process resulting from second and third 

order optical nonlinearities, and according to the theory in [1], four interacting electromagnetic 

fields are defined: fundamental 𝑬௙, Stokes (or idler) 𝑬ௌ, terahertz (or signal) 𝑬்  and the ionic 

vibration 𝑸଴. Assuming a steady-state and neglecting fundamental field depletion, the 

following coupled-wave equation can be written: 

 

ቈ∇ଶ +
𝜔ଶ

𝑐ଶ
𝜀்቉ 𝑬் = −

𝜔ଶ

𝑐ଶ
𝜒௉𝑬௙𝑬ௌ

∗ 

and 

ቈ∇ଶ +
𝜔ௌ

ଶ

𝑐ଶ
ቀ𝜀ௌ + 𝜒ோห𝑬௙ห

ଶ
ቁ቉ 𝑬ௌ = −

𝜔ௌ
ଶ

𝑐ଶ
𝜒௉𝑬௙𝑬்

∗  

(3.1) 

 

where 𝜔, 𝜔ௌ , 𝜀்  and 𝜀ௌ respectively denote the terahertz and Stokes frequencies, and the 

nonlinear material permittivity at the THz and Stokes frequencies. The parameters 𝜒௉ and 𝜒ோ 

are the nonlinear susceptibilities for the parametric and Raman-like processes, respectively, 

and c denote the velocity of light in vacuum. The second and third-order nonlinear 

susceptibilities can be expressed as a function of the second and third-order nonlinear 

coefficients (𝑑ா  and 𝑑ொ, respectively): 

 

𝜒௉ = 𝑑ா + ෍
𝑆଴௝𝜔଴௝

ଶ 𝑑ொ௝

𝜔଴௝
ଶ − 𝜔ଶ − 𝑖𝜔Γ଴௝

𝒋

 

and 

𝜒ோ = ෍
𝑆଴௝𝜔଴௝

ଶ 𝑑ொ௝
ଶ

𝜔଴௝
ଶ − 𝜔ଶ − 𝑖𝜔Γ଴௝

𝒋

 

(3.2) 

 

where 𝜔଴௝ is the frequency, Γ଴௝ the linewidth and 𝑆଴௝ the oscillator strength of the j-th SPS 

mode. Although the nonlinear susceptibility 𝜒௉ is referred to as parametric, it also depends on 
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 𝑑ொ, which means it also involves a third-order nonlinearity. The nonlinear coefficient can be 

written as: 

𝑑ா = 16𝜋𝑑ଷଷ 

and 

𝑑ொ = ቈ
8𝜋𝑐ସ𝑛௙(𝑆ଷଷ/𝐿∆Ω)଴

𝑆଴ℏ𝜔଴𝜔ௌ
ସ𝑛ௌ(𝑛ത଴ + 1)

቉

ଵ/ଶ

 

(3.3) 

 

where 𝑛௙ and 𝑛ௌ denote the refractive indices at the fundamental and Stokes frequencies, and 

𝑛ത଴ = 1/(𝑒𝑥𝑝[ℏ𝜔଴/𝑘𝑇] − 1) is the Bose distribution function (ℏ is the reduced Planck’s 

constant, k the Boltzman’s constant and T the temperature). The spontaneous Raman scattering 

efficiency (𝑆ଷଷ/𝐿∆Ω)଴ is proportional to the scattering cross section, and is given by the 

fraction of the incident power 𝑆ଷଷ which is scattered into a solid angle ΔΩ in a path length 

L [2]. 

 

3.1.2. SPS gain 

 Solving the coupled equations in (3.1) the following analytical expression for the exponential 

gains for the terahertz and Stokes fields can be obtained [1,2]:  

  

𝑔் = 𝑔ௌ cos 𝛽 =
𝛼்

2
൝ቈ1 + 16 cos 𝛽 ൬

𝑔଴

𝛼்
൰

ଶ

቉

ଵ/ଶ

− 1ൡ (3.4) 

 

where β is the angle between the fundamental and THz fields. The gain in the low-loss limit 

𝑔଴ and the terahertz absorption coefficient 𝛼்  can be written as (in cgs units to keep the 

convention adopted in the source): 
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𝑔଴ = ቆ
𝜋𝜔𝜔ௌ𝐼௙

2𝑐ଷ𝑛௙𝑛ௌ𝑛்
ቇ

ଵ/ଶ

𝜒௉ 

and 

𝛼் = 2|𝐼𝑚𝑘்| =
2𝜔

𝑐
𝐼𝑚 ቎𝜀ஶ + ෍

𝑆଴௝𝜔଴௝
ଶ

𝜔଴௝
ଶ − 𝜔ଶ − 𝑖𝜔Γ଴௝

𝒋

቏

ଵ/ଶ

 

(3.5) 

where 𝑘் is the terahertz wavevector and 𝜀ஶthe high-frequency component of the dielectric 

function. 

The Stokes wave gain for lithium niobate was calculated by Sussman in [1] according to 

equation (3.4) for a 694 nm fundamental field having 500 MW/cm2 intensity, and this is 

reproduced in Figure 3.1. The data utilised in those calculations are summarised in Table 

3.1 [1]. For that particular fundamental wavelength and optical field intensity a peak gain 

coefficient of the order of 25 cm-1 was expected at around 1.5 THz (50 cm-1 polariton shift) for 

the lowest-order A1 polariton mode in lithium niobate. At higher THz frequencies, the increase 

in the absorption coefficient 𝛼்  results in a decrease in the SPS gain. 

 

Table 3.1 – Material properties of the LiNbO3 A1 modes utilised in [1] for calculating the Stokes gain coefficient 
according to equation 3.4. 

𝝎𝟎 

(cm-1) 

𝑺𝟎 𝚪𝟎 

(cm-1) 

(𝒏ഥ𝟎 + 𝟏) 𝑺𝟑𝟑/𝑳𝚫𝛀 

(×106 cm-1sr-1) 

𝒅𝑸 

(×106 esu) 

𝝌𝑹 

(×1012 esu) 

248 16.00 21 1.43 16.0 +1.2 5.3 

274 1.00 14 1.34 4.0 -2.3 2.1 

307 0.16 25 1.25 0.95 -2.8 0.3 

628 2.55 34 1.05 10.2 +1.8 3.1 

Other parameters: 

𝜺ஶ = 𝟒. 𝟔 

𝒅𝑬 = 𝟓. 𝟐𝟖 × 𝟏𝟎ି𝟔𝒆𝒔𝒖 
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Figure 3.1 – Calculated stimulated gain coefficient 𝑔ௌ as a function of the terahertz frequency for the 248 cm-1 
mode (curve a) and for the 628 cm-1 mode (curve b). Calculations according to equation 3.4 and with data from 
Table 3.1. Adapted from [1]. 

 

This theory has been extensively applied to terahertz parametric oscillators  [2–6] and 

will also be considered valid in this thesis to describe THz polariton laser. It is important to 

note however that the expression obtained for the SPS gain assumes steady-state 

electromagnetic fields and an undepleted fundamental field, which might not necessarily be the 

case in the lasers described this thesis where fundamental field depletion above 50% are 

observed, and where energy is transferred between the various optical fields on a 1-10 ns scale. 

This thesis does not propose to develop new theoretical foundations for the interplay between 

transient SPS fields and for depleted fundamental gain, however this could be an interesting 

direction for the future and would be essential to make predictions about THz laser 

performance above threshold. Instead, despite its limitations the existing theory found to be 

very useful to help guide the design of experimental devices as has been found 

elsewhere [2,3,7]. In the next section the Stokes gain coefficient will be calculated for MgO:LN 

with material information extracted from the crystal samples (mode position, linewidth and 

oscillator strength). The same calculation could not be performed for KTP or RTP because we 

were unable to find the value for their third order nonlinear coefficients ( 𝑑ொ) in the literature. 

To determine this would require calibrated measurements of the scattered Raman intensity per 

solid angle (𝑆ଷଷ/𝐿∆Ω)଴ in order to obtain the Raman scattering efficiency, requiring not only 
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a particular infrastructure which was not readily available but also a considerable research 

effort that was outside the scope of this thesis. 

 

3.2. Method used to calculate the polariton dispersion curve 

The polariton dispersion curve of a candidate material for stimulated polariton scattering will 

dictate the frequency tuning characteristics of the terahertz output, as introduced in Chapter 1. 

From the dispersion relation combined with the phase matching curves, it is possible to 

determine the emitted THz (and Stokes) frequencies for every interacting angle between SPS 

fields. As will be detailed in this section, the polariton dispersion relation can be calculated 

with knowledge of the dielectric function of the material, which in turn depends on the 

frequency (𝜔଴௝), linewidth (Γ଴௝) and oscillator strength (S଴௝) of the polariton modes. For this 

reason, a thorough search for these parameters in the literature was conducted for the nonlinear 

crystals utilised in this work (MgO:LN, KTP and RTP).  

The frequency and linewidth of the polariton modes in MgO:LN can be found in [2], and 

the oscillator strengths for lithium niobate were determined in [1]. However, to the best of this 

author’s knowledge, this parameter is not available for the magnesium oxide-doped crystal. 

For KTP, all the required information about the polariton modes were reported in [8,9], but the 

infrared spectrum, which is used to determine the oscillator strength, was plotted for 

measurements taken at 7 K from 100 – 400 cm-1. This frequency range is important to the 

polariton laser, which will operate at room temperature. Therefore, it would be more 

appropriate to obtain this data at room temperature. The frequency of the SPS modes for RTP 

were reported in [10], however this author was unable to find any information about their 

linewidths and oscillator strengths.  

Given these limitations and the lack of material data for an accurate determination of the 

dispersion relation for each crystal, the material properties of the nonlinear materials utilised 

in this work were investigated from first principles, and their vibrational spectra (spontaneous 

Raman and infrared reflection) were measured in order to collect a complete set of results, 

using the best instrumentation currently available to the experiments (see Chapter 2). With the 

spectroscopy results, and following a method based on [9], as described in this section, the 

dispersion curves for the various SPS crystals were calculated. This enabled me to make 

predictions on the terahertz emission characteristics for each source. 
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Description of the method  

From the Maxwell´s equations the oscillating electric field 𝑬(𝜔) and the induced polarization 

𝑷(𝜔) in a lossless nonlinear crystal can be written as [1]: 

 

∇ × [∇ × 𝑬(𝜔)] +
1

𝑐ଶ
𝜀ஶ

𝜕ଶ𝑬(𝜔)

𝜕𝑡ଶ
= −

4𝜋

𝑐ଶ

𝜕ଶ𝑷(𝜔)

𝜕𝑡ଶ
 (3.6) 

 

The induced polarization oscillating at frequency ω arises from mechanical motions in 

the crystal lattice, and 𝑷(𝜔) can be written as: 

𝑷(𝜔) = N𝑒𝐐(ω) (3.7) 

 

where N is the number of primitive cells per unit of volume, e is the charge associated with the 

vibration, and 𝑸(𝜔) is the displacement from the equilibrium position of the vibrating particles. 

The force induced by the electric field 𝑬(𝜔) can be interpreted as a driving force for a harmonic 

oscillation in the crystal lattice. Assuming a material with a single mode of oscillation at ω0, 

this relation is given by: 

 

µൣ𝑸̈(ω) + Γ଴𝑸̇(ω) + 𝜔଴
ଶ𝐐(𝜔)൧ = 𝑒𝑬(𝜔) (3.8) 

 

where the damping coefficient Γ଴ is the mode linewidth, and µ is the reduced mass of the 

oscillating particles. Considering that the fields 𝑬(𝜔), 𝑷(𝜔) and 𝑸(𝜔) have an amplitude that 

varies exponentially as: 

 

𝑬(𝜔) = 𝐸଴e୧(𝐤∙𝐫ିன୲) , 

𝑷(𝜔) = 𝑃଴e୧(𝐤∙𝐫ିன୲)  

and 

𝑸(𝜔) = 𝑄଴e୧(𝐤∙𝐫ିன୲)  

(3.9) 
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where E0, P0, and Q0 are the amplitudes of the electric field, induced polarization and 

displacement, respectively, equations 3.6 and 3.8 can thus be re-written respectively as: 

 

ቆ−𝑘ଶ +
𝜔ଶ

𝑐ଶ
𝜀ஶቇ 𝑬(𝜔) = −

4𝜋𝜔ଶ

𝑐ଶ
𝑷(𝜔) 

and 

(3.10a) 

𝜇 × (𝜔଴
ଶ − 𝜔ଶ − 𝑖Γ଴ω)𝑸(𝜔) = 𝑒𝑬(𝜔) (3.10b) 

 

Replacing equation 3.10b into equation 3.7 leads to: 

 

𝑷(𝜔) =
𝜇N𝑒ଶ

𝜇 × (𝜔଴
ଶ − 𝜔ଶ − 𝑖Γ଴ω)

𝐄(ω) (3.11) 

 

Finally, substituting equation 3.11 into equation 3.10a yields an expression for the 

dispersion curve: 

 

𝑘ଶ =
𝜔ଶ

𝑐ଶ
ቆ𝜀ஶ +

𝑆଴𝜔଴
ଶ

𝜔଴
ଶ − 𝜔ଶ − 𝑖𝜔Γ଴

ቇ =
𝜔ଶ

𝑐ଶ
𝜀(𝜔) (3.12) 

 

where 𝑆଴𝜔଴
ଶ = 4𝜋𝑁𝑒ଶ/𝜇 and 𝜀(𝜔) is the dielectric function. 

The result in equation 3.12 can be extended for a material with more than one transverse 

mode, adding one extra term for each mode 𝜔଴௝, and the second term on the right hand side of 

equation 3.12 becomes a summation over all modes [1]: 

 

𝑘ଶ =
𝜔ଶ

𝑐ଶ
ቌ𝜀ஶ + ෍

𝑆଴௝𝜔଴௝
ଶ

𝜔଴௝
ଶ − 𝜔ଶ − 𝑖𝜔Γ଴௝

𝒋

ቍ =
𝜔ଶ

𝑐ଶ
𝜀(𝜔) (3.13) 
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where 𝑆଴௝ is the oscillator strength and Γ଴௝ is the linewidth of the transverse mode with 

frequency 𝜔଴௝. 

Hence, to build the dispersion curve for the nonlinear crystal, it is necessary to have 

knowledge of its dielectric function 𝜀(𝜔), which in turn depends on the position of each 

mode (𝜔଴௝), their respective linewidth (Γ଴௝) and oscillator strength (𝑆଴௝). The position and 

linewidth of the vibrational modes can be determined directly via Raman spectroscopy, and the 

oscillator strengths can be inferred from the infrared reflection spectra. The dielectric function 

of the material and the reflectance spectra 𝑅(𝜔) obtained via infrared reflection spectroscopy 

are related by the following equation [9]: 

 

𝑅(𝜔) = อ
ඥ𝜀(𝜔) − 1

ඥ𝜀(𝜔) + 1
อ

ଶ

 (3.14) 

 

Therefore, the procedure adopted in this work to access the dielectric function and enable 

the construction of the dispersion curve of each nonlinear material utilised for SPS in this thesis 

is the following: 

 Step 1 – Polarised Raman spectroscopy.  

Samples of each material were prepared and the backscattered polarised Raman 

spectra (configuration 𝑌(𝑍𝑍)𝑌ത) were collected, from which the mode 

position (𝜔଴௝), and linewidth (Γ଴௝) were determined.  

 

 Step 2 – Polarised FTIR spectroscopy.  

The polarised Fourier-transform infrared reflection spectra (𝐸ሬ⃗ //𝑐 −

𝑎𝑥𝑖𝑠 𝑎𝑛𝑑  𝐸ሬ⃗  ⊥  𝑐 − 𝑎𝑥𝑖𝑠 ) for each of the samples were collected, and the 

oscillator strengths(𝑆଴௝) for the A1-symmetry modes were inferred from these 

results.  
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 Step 3 – Determination of oscillator strengths (𝑆଴௝)  

With the aid of equation 3.14, and with the expression for the dielectric function 

𝜀(𝜔) given in equation 3.13, a Matlab® code using a genetic algorithm was built 

to model the FTIR spectra.  

For each material, the SPS-active A1 mode position and linewidths input into the 

model were those extracted from the Raman spectra (Step 1), and the genetic 

algorithm adjusted the values for the oscillator strengths(𝑆଴௝) and the high-

frequency component of the dielectric function (𝜀ஶ) to find the best match 

between the nonlinear curve from the model and the experimental data. Therefore 

the output of the algorithm was a set of values for the oscillator strengths (𝑆଴௝) 

of the A1-symmetry modes and the coefficient 𝜀ஶ for that material. The Matlab® 

code is shown in the Appendix.  

 

 Step 4 – The polariton dispersion curve  

In possession of the mode positions, linewidth and oscillator strengths, the 

polariton dispersion curve for each material was calculated according to equation 

3.13.  

 

 Step 5 – Phase-matching curves  

Together with the dispersion curve, the phase matching (“θ-curves”) were also 

plotted on each case. The phase matching curves were calculated from the non-

collinear phase matching condition for the SPS phenomena, and details on these 

calculations are provided in the Appendix. For each crystal, the refractive index 

in the near-infrared was collected from the literature (MgO:LN from [11]; KTP 

from  [12]; RTP from  [13]).  
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3.3. MgO:LiNbO3 – Magnesium oxide-doped lithium niobate  

Lithium niobate and magnesium oxide-doped lithium niobate are the most widely-used 

nonlinear materials in terahertz sources based on stimulated polariton scattering [2,14–18]. The 

increase in photorefractive resistance promoted by the MgO-doping and the much superior 

optical damage resistance of MgO:LN when compared to the undoped material [19] positioned 

magnesium oxide -doped lithium niobate as an excellent choice for an SPS medium. The 

advantages of the magnesium oxide doping in crystals for SPS THz sources were first 

investigated by Shikata et al. [2] when a five times increase in the THz output from a MgO:LN 

TPO was observed in comparison to the undoped crystal. The same research group investigated 

the effects of different doping percentages and identified the 5 mol% as the optimum 

concentration; because of an increase in lifetime of the A1 polariton mode at 250 cm- 1 and an 

increase in Raman scattering cross section [4]. Magnesium oxide-doped lithium niobate is a 

negative uniaxial crystal (ordinary refractive index > extraordinary refractive index; no > ne), 

and belongs to the trigonal crystal system, point group 3m and R3c space group [20]. With four 

transverse optical A1 modes, this SPS-active material is well suited to intracavity SPS due to 

its high optical damage resistance, high nonlinear coefficient and high transparency range. The 

main optical properties reported in the literature for 5 at.% MgO:LiNbO3 are summarised in 

Table 3.2.  
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Table 3.2 - Main optical properties of 5 at.% MgO:LiNbO3 extracted from the literature. 

  Reference 

Refractive index 
2.23@1064 nm 

5 – 5.2@0.4 – 1.8 THz 
 [11,21]  

Transparency 

range 
0.4 – 5 µm  [11] 

Nonlinear 

coefficient 
𝑑ଷଷ = 25 pm/V@1064 nm  [22] 

Laser damage 

threshold 
2.5 J/cm2  [23] 

THz absorption 10 – 70 cm-1 from 1 – 2.4 THz  [2] 

 

3.3.1. Raman and FTIR spectra of 5 at.% MgO:LiNbO3  

A 5 at.% MgO:LiNbO3 crystal sample was prepared (x-cut, 5x5x25 mm3, with optically 

polished side faces for THz emission; HC Photonics Corp., Taiwan) and the backscattered 

Raman and FTIR spectra were measured in the 𝑌(𝑍𝑍)𝑌ത configuration with the electric field 

polarised parallel to the crystalline c-axis (𝐸ሬ⃗ / 𝑐⁄ ). The Raman spectra were measured from 

100 – 800 cm-1 with the Renishaw inVia™ confocal Raman microscope (532 nm excitation 

wavelength; 0.6 cm-1 resolution), and are plotted in Figure 3.2 with the most intense modes 

highlighted. The vibrational spectra in the orthogonal configuration (𝐸ሬ⃗  ⊥  𝑐) were also 

collected for the various SPS crystals and are shown in the Appendix. The measurement 

configuration containing information for the THz polariton laser designed in this research is 

that of (𝐸ሬ⃗ / 𝑐⁄ ). In this Raman spectra four A1-symmetry modes located at 253, 268, 330 and 

632 cm-1 can be clearly observed. The linewidth of each mode was estimated using Origin 

software (OriginLab, Northampton, MA) by fitting a Lorentzian curve for each individual peak, 

and this data are summarised in Table 3.3. 
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Figure 3.2 – Measured polarised Raman (𝐸ሬ⃗ / 𝑐⁄ ) spectra of 5 at.% MgO:LiNbO3 in 𝑌(𝑍𝑍)𝑌ത backscattered 
configuration with most intense modes highlighted. Four A1-symmetry modes located at 253, 268, 330 and 
632 cm-1 can be clearly observed.  

 

The FTIR spectrum of the sample was collected from 100 – 680 cm-1 with the Bruker 

Vertex 80v spectrometer (4 cm-1 resolution), and this is plotted in Figure 3.3 for (𝐸ሬ⃗ / 𝑐⁄ ). 

According to the selection rules the E-mode measured at 152 cm-1 should not be active in this 

configuration [24], and it was thought the presence of this mode in the measurements could be 

due to a slight misalignment between the polariser-crystal axes. However, that mode could not 

be suppressed even after adjusting the relative angle between them in the spectrometer. A 

second crystal sample was also evaluated and the same feature was detected at 152 cm-1. The 

modelling of the curve was conducted using the Matlab® code which considered only the four 

polariton A1 modes (i.e. disregarding E-mode measured at 152 cm-1) and is also plotted in 

Figure 3.3. The modelled curve is in good agreement with the measured data, and it is 

anticipated that the quality of the fit could be improved without the presence of E-mode at 

152 cm-1 in the FTIR experimental data. The oscillator strengths for the A1 modes, and 𝜀ஶ, 

calculated by the model are summarised in Table 3.3 and are reasonably similar to previously 

reported data for lithium niobate [20]. This author was unable to find corresponding published 

oscillator strengths for MgO:LiNbO3. The uncertainties for the mode position and linewidth 

were estimated to be twice the resolution of the Raman spectrometer. The sensitivity of the 

genetic algorithm output with respect to these uncertainties was used to estimate the uncertainty 

for the oscillator strength. 
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Figure 3.3 – FTIR (Fourier-transform infrared spectra) spectra of 5 at.% MgO:LiNbO3 in backscattered 
configuration and (𝐸ሬ⃗ / 𝑐⁄  ). Black line: measured data; red line: modelled data.  

 

Table 3.3  – Location (𝜔଴௝), linewidth (Γ଴௝) (extracted from polarised Raman spectra) and oscillator strength 

(𝑆଴௝) (calculated from FTIR) of detected vibrational modes in 5 at.% MgO:LiNbO3. Calculated 𝜀∞ = 4.20.  

Mode location, 𝝎𝟎𝒋 

 (±1 cm-1) 

Linewidth,  𝚪𝟎𝒋  

(±1 cm-1) 

A1 modes oscillator strength, 𝑺𝟎𝒋 

(±0.05) 

253 26 19.89 

268 23 1.30 

330 18 0.52 

632 28 4.42 

 

3.3.2. Polariton dispersion curve  

With the data from Table 3.3 the polariton dispersion curve was calculated for MgO:LN, 

according to equation 3.13, as plotted in Figure 3.4 together with the phase matching “θ-

curves” from 𝜃 =  0° 𝑡𝑜 𝜃 =  5°. The intersection between the phase matching curves and the 

dispersion relation define the THz and Stokes frequencies that will be generated via SPS for 

each interacting angle between the fundamental and Stokes fields. From the dispersion relation 

it can be observed that for interacting angles between the fundamental and Stokes fields varying 
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from 𝜃~0.5° 𝑡𝑜 𝜃 = 5.0° the terahertz field frequency would vary continuously from ~30 to 

200 cm-1 or in Hertz from 1.0 – 6.6 THz (1068 – 1090 nm Stokes). In [2] the dispersion relation 

was calculated for MgO:LN for polariton frequencies below 150 cm-1, and the reported values 

agrees with the dispersion curve calculated in this thesis with an error margin below 5%.  
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Figure 3.4 – Dispersion relation for 5 at.% MgO:LiNbO3 calculated according to equation 3.13 and with input 
data from Table 3.3. In the same figure, the phase matching “θ-curves” are plotted for interacting angles ranging 
from 0º to 5º. 

 

3.3.3. Extraordinary refractive index in the THz frequency range 

The relationship between the dielectric function (𝜀(𝜔))and the frequency-dependent refractive 

index of a material (𝑛(𝜔)) is given by [25]: 

 

𝑛(𝜔) = ඥ𝜀(𝜔) (3.15) 

 

The phase matching conditions for SPS in the lasers to be developed require the 

propagation of extraordinary beams, and for this reason the extraordinary refractive index 

(𝑛௘(𝜔)) was calculated for the different SPS material. The extraordinary refractive index for 

MgO:LN was calculated from 1 – 10 THz and this is plotted in Figure 3.5. For frequencies 

ranging from ~1 – 4 THz the calculated refractive index increases from ~5.5 – 6.0. The 
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calculated values are within a 10% margin from those measured in [21] for a 

6 at.% MgO:LiNbO3. 
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Figure 3.5 – Extraordinary refractive index calculated for 5 at.% MgO:LiNbO3 from 1 – 10 THz.  

 

3.3.4. THz field absorption coefficient (𝛼்) and limitations to frequency tuning  

The ability to produce measurable terahertz signal will depend, among other factors, on the 

absorption coefficient experienced by the polariton field inside the nonlinear material. 

Therefore the determination of the absorption coefficient over the frequency range of interest 

is useful. This is particularly important in the linear configuration, in which the propagation of 

the THz field inside the nonlinear material is intrinsic prior to its refraction to the Si-prisms. In 

this work, MgO:LN was not investigated in linear configuration because this was already 

reported in detail in [26,27], however for completeness the absorption coefficients were 

calculated. There are plenty of theoretical and experimental data available in the literature for 

the absorption in MgO:LN below 3.0 THz [2,21,27,28]. These reports indicate calculated 

absorptions coefficients from ~10 – 60 cm-1 from 1.0 – 2.4 THz, and measured values were 

reported to be as high as 80 cm-1. In [28] an absorption coefficient in excess of 100 cm-1 was 

measured at 3.0 THz. However this information for higher frequencies could not be found. 

Therefore in this work, the absorption coefficient for MgO:LN was calculated for a broader 

range of frequencies, from 0.5 – 4.2 THz, covering what is typically generated with intracavity 
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SPS sources [29,26,27], and this is plotted in Figure 3.6. Such calculations indicate absorption 

coefficients from ~8 – 60 cm  1 in the 1.0 – 2.4 THz range, and this agrees extremely well with 

the numbers calculated in [2]. The good agreement between the calculations for the dispersion 

curve, refractive index and absorption coefficient with other work reported in the literature 

provides confidence to the method adopted in this thesis (and the Matlab® code) to retrieve the 

dielectric function of the nonlinear crystals. 
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Figure 3.6 – Absorption coefficient calculated for 5 at.% MgO:LiNbO3 from 0.5 – 4.2 THz. Field polarised along 
crystallographic z-axis 

 

The significant increase in the THz absorption coefficient above 3 THz has been pointed 

to as the main limitation for MgO:LN to generate terahertz fields above this frequency [17], 

particularly in the linear configuration in which the THz field experiences an intrinsic 

propagation inside the nonlinear crystal. Recently, an externally pumped TPO based on 

MgO:LN was reported to generate frequencies as high as 5 THz [30], however not only was 

the relative power output at higher frequencies much smaller than those below 3 THz, but the 

system relied on injection-seeding for the Stokes beam, and a special scheme to tune the SPS 

crystal.  
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3.3.5. SPS Stokes field gain curve  

The gain curve for the Stokes field was calculated according to equation 3.4, and given a 

1064 nm fundamental field with intensities ranging from 50 to 600 MW/cm2 (typical intensities 

of an experimental device  [2,26,27]), and this is plotted in Figure 3.7. For these calculations 

the polariton mode frequency, linewidth and oscillator strength was obtained from the 

experimental results in Table 3.3. The second and third-order nonlinear coefficients 𝑑ா  and 𝑑ொ 

were those presented in Table 3.1 for LiNbO3 because there was no data available for the MgO-

doped crystal. The complications of measuring these parameters were already highlighted in 

Section 3.1, and this is beyond the scope of this thesis. Nevertheless there is future work 

opportunity in this regard. The calculated curves predict a rapid increase in gain at low 

frequencies with peak THz emission increasing from ~0.6 to 1.3 THz with increasing intensity, 

and Stokes gain coefficients of 27 cm-1 at 500 MW/cm2. At higher THz frequencies, the 

increase in the absorption coefficient 𝛼் dominates and results in a decrease in the SPS gain. 

The values calculated here are similar to those calculated by Sussman for undoped lithium 

niobate (25 cm-1 for 500 MW/cm2 pump at 694 nm) [1]. The gain for the THz field has already 

been calculated for MgO:LN for intensities as high as 300 MW/cm2, as reported in [2]. The 

result of those calculations also correlates with the Stokes gain calculated here, and indicated 

a THz emission peak below 1 THz at room temperature, which decreased considerably towards 

3 THz, the gain coefficients were calculated to be above 5 cm-1 at peak.  
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Figure 3.7 – Stimulated polariton scattering gain curve for the THz field in 5 at.% MgO:LiNbO3 calculated from 
equation 3.4 for different intracavity energy densities.  

 

The Stokes gain curve enables the prediction about the performance of the expected peak 

emission frequency, in the absence of other sources of loss. In a real device however, there are 

other factors that influence the SPS output which have not been considered here, such as the 

overlap volume between the fundamental and Stokes fields in the SPS crystal. The lowest SPS 

frequency emitted will generally be limited by the minimum interacting angle between the SPS 

fields that can be produced without clipping the fundamental field beam with the Stokes 

mirrors. The high-frequency emission will in turn be a compromise between the decrease in 

Stokes gain and also the decrease in the overlap volume of the fundamental and Stokes fields.  
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3.4. KTiOPO4 – Potassium titanyl phosphate  

Potassium titanyl phosphate is a nonlinear material which has been widely applied to different 

nonlinear optical processes such as second harmonic generation [31–33], sum and frequency-

difference generation [34,35], parametric oscillators [36,37] and stimulated Raman 

scattering [38,39]. The popularity of KTP arises from the high nonlinear coefficient, high laser 

damage threshold and transparency range, and these properties are listed in Table 3.4. KTP is 

a positive biaxial crystal with orthorhombic symmetry and belongs to the point group mm2 and 

Pna21 space group, presenting 47 A1-symmetry modes. This material was first reported as an 

SPS-active nonlinear crystal shortly before the commencement of this project (July 2014) [40], 

emitting terahertz radiation in the 3 – 6.5 THz range in an externally-pumped TPO 

configuration. However, it was never evaluated in an intracavity system which motivated its 

use in this research. The main optical properties of KTiOPO4 available in the literature are 

summarised in Table 3.4. The information required to plot the dispersion relation for KTP is 

well documented for low-temperatures, but this is not the case for room-temperature, the 

condition under which this crystal will be utilised here. The Stokes gain coefficient could not 

be calculated due to the lack of information around the third order nonlinear coefficients ( 𝑑ொ). 

 

Table 3.4 – Main optical properties of KTiOPO4 extracted from the literature. 

  Reference 

Refractive index 
1.74 @1064 nm 

3.3 – 4.6@0.3 – 2.4 THz 
 [12,41] 

Transparency 

range 
0.35 – 4.5 µm  [41] 

Nonlinear 

coefficient 
𝑑ଷଷ = 14.6 pm/V@1064 nm  [22] 

Laser damage 

threshold 
>50 J/cm2  [42] 

THz absorption <200 cm-1 @ 0.3 – 2 THz  [41] 
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3.4.1. Raman and FTIR spectra of KTP 

A KTiOPO4 crystal sample (x-cut, 5x5x20 mm3, with optically polished side faces; Crystech 

Inc., China) was also prepared and the backscattered Raman and FTIR spectra were measured 

in the 𝑌(𝑍𝑍)𝑌ത configuration (𝐸ሬ⃗ / 𝑐⁄ ) . The Raman spectra was measured from 100 – 800 cm-1 

(Renishaw inVia™ confocal Raman microscope; 532 nm excitation wavelength; 0.6 cm-1 

resolution) and 22 Raman-active A1 modes could be identified, as plotted in Figure 3.8. The 

location of these modes and their respective linewidths (determined using Origin software) are 

summarised in Table 3.5, and are in good agreement with previously reported results [8]. The 

FTIR spectrum of the sample was collected from 100 – 680 cm-1 (Bruker Vertex 80v; 4 cm-1 

resolution), and is plotted in Figure 3.9 together with the modelled curve (using the same 

genetic algorithm used to determine the MgO:LN parameters) . The modelled curve is 

reasonably well-fitted to the experimental data and the calculated oscillator strengths are 

summarised in Table 3.5. It is important to note that the reflectivity given by equation 3.14, 

and the number of modes detected at lower frequency (with their respective linewidth) that 

builds the model, predicts a theoretical reflectivity which is more “spiky” than that measured, 

this being a limitation of the model at the lower frequency end of KTP. The same phenomenon 

was encountered in RTP. 
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Figure 3.8 – Measured Raman spectra of KTiOPO4 in backscattered configuration 𝑌(𝑍𝑍)𝑌ത. The most intense A1-
symmetry modes located at 268 and 693 cm-1 are highlighted.  
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Figure 3.9 – FTIR (Fourier-transform infrared spectra) spectra of KTiOPO4 in backscattered configuration and 
(𝐸ሬ⃗ / 𝑐⁄  ). Black line: measured data; red line: modelled data.   
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Table 3.5 – Location ൫𝜔଴௝൯, linewidth (Γ଴௝)  (extracted from polarised Raman spectra) and oscillator strength 

(𝑆଴௝) (calculated from FTIR) of detected vibrational modes in KTiOPO4. Calculated 𝜀∞ = 3.28. 

Mode location, 𝝎𝟎𝒋 

 (±1 cm-1) 

Linewidth,  𝚪𝟎𝒋  

(±1 cm-1) 

A1 modes oscillator strength, 𝑺𝟎𝒋 

(±0.05) 

113 5 0.13 

133 5 0.28 

142 3 0.29 

153 3 0.45 

177 5 0.32 

203 6 0.13 

212 4 0.69 

239 9 0.54 

268 6 4.75 

289 4 0.17 

309 7 2.51 

318 11 0.01 

340 7 0.03 

370 8 1.16 

401 5 0.05 

431 4 0.11 

460 12 0.18 

547 11 0.06 

572 4 0.02 

601 16 0.09 

630 10 0.02 

693 17 2.25 
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3.4.2. Polariton dispersion curve 

The polariton dispersion curve, and the phase matching “θ-curves” from 𝜃 = 0° 𝑡𝑜 𝜃 = 5°, 

were calculated for KTP with data from Table 3.5, and are plotted in Figure 3.10. The modes 

below 100 cm-1 were not considered in the calculation because their oscillator strengths could 

not be extracted from the FTIR spectra. For the same reason, detailed predictions for terahertz 

emission below 3 THz could not be made with enough confidence. This represents a limitation 

of the modelled code for KTP and RTP because they are materials with A1-active modes at 

frequencies below what was possible to measure. However, the results reported here will show 

that the calculated curves demonstrated to be very useful above 3 THz. 

In KTP, for interacting angles varying from 𝜃 =  1.5 − 5.0° the terahertz frequency 

would vary from ~100 to 250 cm - 1, corresponding to frequencies ranging from 3.0 – 7.5 THz 

(1076 – 1094 nm Stokes). The presence of strong infrared absorbing A1-modes across the angle 

tuning range in KTP indicate that gaps in the terahertz emission are expected. These gaps can 

be better comprehended with the aid of Figure 3.11, which represents an expanded view of the 

dispersion relation around 160 – 200 cm- 1. The red line in the figure represents the THz tunable 

range, which hops from 173 to 186 cm-1 around the infrared absorbing A1-mode at 177 cm-1. 

This behaviour was reported in externally pumped TPOs using KTP and KTA [40,43]. The 

terahertz emission gaps will be explored in further detail with the calculations of the absorption 

coefficient in the following section. 
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Figure 3.10 – Dispersion relation for KTiOPO4 calculated with input data from Table 3.5. In the same figure, the 
phase matching “θ-curves” are plotted for interacting angles ranging from 0º to 5º.  
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Figure 3.11 – The presence of infrared absorbing A1-modes in the SPS tuning range leads to gaps in the THz and 
Stokes wavelength emission. In this example with the dispersion relation expanded around the 177 cm-1 mode, it 
is expected that the tunable THz field hops from ~173 to 186 cm- 1 corresponding to a 5.15 – 5.55 THz gap. 
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3.4.3. Extraordinary refractive index in the THz frequency range 

The extraordinary refractive index for KTP was calculated from 1 – 10 THz with equation 3.15, 

and this is plotted in Figure 3.12. Experimental measurements were reported in [41] for 

frequencies below 2.5 THz, and those values agrees with the calculations within a 10% error 

margin, even with the limitations of the model below 100 cm-1.  

Assuming that terahertz frequencies similar to what was reported for the externally 

pumped TPO (~3.0 – 6.5 THz [40]) were to be produced, the corresponding refractive indices 

were calculated to oscillate between 3.3 – 6.7. The non-monotonic behaviour of the refractive 

index is a consequence of the infrared absorbing modes across the THz tunable range. 
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Figure 3.12 – Extraordinary Refractive index calculated for KTiOPO4 from 1 – 10 THz.  

 

3.4.4. THz field absorption coefficient (𝛼்) and limitations to frequency tuning 

The absorption coefficient for the terahertz field (𝛼்) was calculated for KTP and it is plotted 

in Figure 3.13 in the frequency range of 1.0 – 7.5 THz. The peaks in absorption are located in 

the vicinity of the infrared absorbing A1-modes measured with Raman spectroscopy and also 

observed in the dispersion curve. The calculated curve predicts absorption coefficients above 

a thousand per centimetre in most modes, and these high numbers are in accordance to what 
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was experimentally measured in [41] at an absorbing mode around 2.4 THz (αT~1000 cm-1). 

The enormous absorption coefficients across the terahertz tuning range were already reported 

in [40] and these promote gaps in the THz emission, as already discussed, and this relates to 

the balance between the THz absorption and the SPS gain described by equation 3.5. Moreover, 

it is anticipated that such large absorption coefficients may impose serious limitations to the 

terahertz extraction in the linear configuration, due to the intrinsic propagation of the THz fields 

inside the nonlinear crystal.  

This can be investigated considering the dependence of average propagation distance for 

the THz field inside the crystal on the interacting angle (𝑑௔௩௚(𝜃)), which can be estimated 

using simple geometry, as illustrates Figure 3.14. Considering that the fundamental and Stokes 

cavity modes cross at the intermediate point of the SPS crystal, a mathematical description of 

𝑑௔௩௚(𝜃) is given by equation 3.16: 

 

𝑑௔௩௚(𝜃) = 𝑑 + 𝑟௙ =
𝐿

2
∗ tan 𝜃 + 𝑟௙ (3.16) 

 

where L is the length of the SPS crystal, and 𝑟௙ is the fundamental mode field radius.  

Using equation 3.16 as an average propagation distance for every interacting angle 𝜃 

(𝐿 = 10 𝑚𝑚; 𝑟௙ = 230 𝜇𝑚)  in conjunction with the estimated values for the absorption 

coefficient, it was determined the range of SPS frequency shifts above 3 THz that would allow 

at least 0.1% of the generated terahertz to reach the crystal side face within the expected range 

of interacting angles. This is represented as the shaded areas in the plot of Figure 3.13, and 

provides a prediction of frequencies with more potential to be detected in the linear 

configuration with KTP to be from 3.00 – 3.70 THz. Predictions below 3 THz were not 

attempted due to limitations of the model below 100 cm-1. In the surface emitted configuration, 

every THz frequency generated via SPS inside the crystal is expected to produce photons that 

are successfully refracted into the air, hence being potentially detected with the Golay cell. 
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Figure 3.13 – Absorption coefficient calculated for KTiOPO4 from 1.0 – 7.5 THz (field polarised along 
crystallographic z-axis). Shaded area corresponds to frequencies with more potential to be detected in the linear 
configuration, from 3.00 – 3.70 THz. In the surface emitted configuration, every THz frequency generated via 
SPS inside the crystal is expected to produce photons that are successfully refracted into the air, hence being 
potentially detected with the Golay cell. 

 

 

Figure 3.14 – Estimating the average propagation distance for the THz field inside the material 𝑑𝑎𝑣𝑔(𝜃) for an 
interacting angle 𝜃 between the fundamtental and Stokes fields. The beams have been exaggerated for clarity. 

 

It is anticipated that a more accurate prediction of the frequency-limits of each emission 

gap, and a better description of the system below 3 THz would be obtained with the 

measurements of the FTIR and Raman spectra at frequencies below 100 and 50 cm-1 

respectively. Nevertheless, the absorption coefficients calculated here were able to inform the 

laser design about performance expectations, and to interpret the experimental observations in 

Chapters 4 and 5.  
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3.5. RbTiOPO4 – Rubidium titanyl phosphate 

Rubidium titanyl phosphate is a nonlinear material largely used in electro-optic devices and 

switches, due to its low-switching voltage and high laser damage threshold [44]. As an 

isomorph to KTP, RTP also exhibits a high nonlinear coefficient and high transparency 

range  [45]. The combination of excellent nonlinear properties with high laser damage 

threshold makes RTP an attractive material for SPS, particularly in intracavity systems. Despite 

its great potential to generate terahertz output in the 3 – 7 THz range, RTP has not been 

explored for THz generation via SPS prior to this research work, and it was difficult to find 

substantial information about this material in the terahertz range. In this Section, the dispersion 

relation, refractive index and absorption coefficient are reported for RTP above 1.5 THz for 

the first time to the best of this author’s knowledge. As will be reported in Chapter 4 and 

Chapter 5, this crystal yielded the highest average THz output power detected in this work. The 

main optical properties of RTP are listed in Table 3.6. 

 

Table 3.6 – Main optical properties of RbTiOPO4 extracted from the literature. 

  Reference 

Refractive index 
1.77 @1064 nm 

3.3 – 3.7@0.4 – 1.5 THz 
 [13,46] 

Transparency 

range 
0.35 – 4.5 µm  [44] 

Nonlinear 

coefficient 
𝑑ଷଷ = 15.5 pm/V@1064 nm  [47] 

Laser damage 

threshold 
>22 J/cm2  [42] 

THz absorption 
20 cm-1 @ 1.5 THz 

150 cm-1 @ 1.76 THz 
 [46] 

 

3.5.1. Raman and FTIR spectra of RTP 

A sample of RbTiOPO4 crystal was prepared (x-cut, 5x5x20 mm3, optically polished side faces; 

Cristal Laser, France) and the backscattered Raman and FTIR spectra were measured in the 
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𝑌(𝑍𝑍)𝑌ത configuration (𝐸ሬ⃗ / 𝑐⁄ ). The Raman spectrum was measured from 100 – 800 cm-1 with 

the Renishaw inVia™ confocal Raman microscope (532 nm excitation wavelength; 0.6 cm-1 

resolution), and 19 Raman-active A1 modes were identified, as plotted in Figure 3.15. The 

FTIR spectrum of the sample collected from 100 – 680 cm-1 (Bruker Vertex 80v; 4 cm-1 

resolution) is plotted in Figure 3.16 together with the modelled curve. The modelled curve is 

again well-fitted to the experimental data. The mode locations, linewidths and calculated 

oscillator strengths are summarised in Table 3.7. The position and linewidth of the Raman 

modes correlates well with [10]. The oscillator strength values for RTP could not be in the 

literature. 
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Figure 3.15  – Measured Raman spectra of RbTiOPO4 in backscattered configuration 𝑌(𝑍𝑍)𝑌ത. The most intense 
A1-symmetry modes located at 271 and 688 cm-1 are highlighted. 
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Figure 3.16 – FTIR (Fourier-transform infrared spectra) spectra of RbTiOPO4 in backscattered configuration and 
(𝐸ሬ⃗ / 𝑐⁄  ). Black line: measured data; red line: modelled data.  
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Table 3.7 – Location (𝜔଴௝) and linewidth (Γ଴௝)  (extracted from Raman spectra) and oscillator strength (𝑆଴௝) 

(calculated from FTIR) of detected vibrational modes in RbTiOPO4. Calculated 𝜀∞ = 3.30.  

Mode location, 𝝎𝟎𝒋 

 (±1 cm-1) 

Linewidth,  𝚪𝟎𝒋  

(±1 cm-1) 

A1 modes oscillator strength, 𝑺𝟎𝒋 

(±0.05) 

107 2 0.11 

145 3 0.31 

161 3 0.75 

170 4 0.43 

198 8 0.01 

211 4 0.67 

271 6 3.71 

281 8 0.53 

285 8 0.70 

297 12 0.30 

304 6 0.31 

329 6 0.62 

361 9 2.06 

395 5 0.06 

423 4 0.10 

465 12 0.27 

551 10 0.06 

622 9 0.04 

688 17 2.35 
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3.5.2. Polariton dispersion curve 

The polariton dispersion relation for RTP was calculated with values from Table 3.7, as plotted 

in Figure 3.17 together with the phase matching curves from 𝜃 = 0° 𝑡𝑜 𝜃 = 5°. Adjusting the 

internal angles from 𝜃 = 1.3° 𝑡𝑜 𝜃 = 5.0° in RTP, terahertz frequencies from 3.0 – 7.5 THz 

(1073 – 1094 nm Stokes) may be generated. Emission gaps are also expected in RTP around 

the infrared absorbing A1-modes and this will be further discussed with the calculation of the 

absorption coefficient in the coming section.  
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Figure 3.17 – Dispersion relation for RbTiOPO4 calculated with input data from Table 3.7. In the same figure, the 
phase matching “θ-curves” are plotted for interacting angles ranging from 0º to 5º. 

 

3.5.3. Extraordinary refractive index in the THz frequency range 

Using equation 3.15 the extraordinary refractive index for RTP in the THz was calculated from 

1 – 10 THz for the first time, and it is plotted in Figure 3.18. Experimental measurements were 

reported in [46] for frequencies below 1.5 THz, and the validity of a direct comparison is 

questionable because the values calculated at these frequencies are outside the range of 

frequencies measured in both FTIR and Raman spectra (<50 cm-1). Nevertheless, the values 

calculated in this work agree with those experimental results within a 20% error margin.  

In RTP considering a range of emitted THz frequencies from ~3.0 – 7.0 THz, the 

corresponding refractive indices were calculated to oscillate between 2.5 – 6.5. The non-
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monotone behaviour of the refractive index in RTP is also a consequence of the infrared 

absorbing modes across the THz tunable range. 

 

50 100 150 200 250 300
0

1

2

3

4

5

6

7

8

9

10

11

12

13

E
xt

ra
o

rd
in

a
ry

 R
e

fr
ac

tiv
e 

In
de

x,
 n

e
(

)

Terahertz Frequency (THz)

 

SPS Frequency Shift (cm-1)

1 2 3 4 5 6 7 8 9 10

 

Figure 3.18 – Refractive index calculated for RbTiOPO4 from 1 – 10 THz.  

 

3.5.4. THz field absorption coefficient (𝛼்) and limitations to frequency tuning 

The plot in Figure 3.19 shows the calculated absorption coefficient for the terahertz field (α୘) 

for RTP in the frequency range of 1.0 – 7.5 THz. As already predicted from the dispersion 

curve, there are peaks in absorption located in the vicinity of the infrared absorbing A1-modes 

measured in the Raman spectroscopy at which the absorption coefficient is very high 

(>1000 cm-1). The calculated curve predicts peak absorption coefficients even higher than 

those obtained for KTP, and again the comparison of these results with those reported in [46] 

is of limited validity due to the limitations of the spectroscopic measurements at lower 

frequencies. With the same considerations made for KTP, 𝑑௠௜௡(𝜃) given by equation 3.16 and 

frequencies above 3 THz, the plot of Figure 3.19 highlights regions within the SPS interacting 

region expected to allow at least 0.1% of the THz field generated in linear configuration to 

reach the RTP crystal’s side face. In RTP, the frequencies with more potential to be detected 

in the linear configuration range from 3.00 to 4.15 THz. This indicates that RTP is more 

suitable to be used in linear geometry than KTP within the considered frequency range. In the 

surface emitted configuration, every THz frequency generated inside RTP via SPS is expected 
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to be produce photons that are successfully refracted into the air, hence being potentially 

detected with the Golay cell, and this will be a balance between the SPS gain and the terahertz 

absorption described by equation 3.5. 
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Figure 3.19 – Absorption coefficient calculated for RbTiOPO4 from 1.0 – 7.5 THz (field polarised along 
crystallographic z-axis). Shaded area corresponds to frequencies with more potential to be detected in the linear 
configuration, from 2.30 – 4.15 THz. In the surface emitted configuration, every THz frequency generated via 
SPS inside the crystal is expected to produce photons that are successfully refracted into the air, hence being 
potentially detected with the Golay cell. 

 

Similarly to KTP, it is important to understand a more accurate description of the system 

below 3 THz and also about the emission gaps in RTP that would be obtained with the 

measurements of the FTIR and Raman spectra at frequencies below 100 and 50 cm-1 

respectively. Despite the fact that in this case it was limited by the instruments utilised, the 

calculated polariton dispersion curve still provided valuable insights to the laser design and 

expected THz frequency output. 

Magnesium oxide-doped lithium niobate has been the material of choice for frequency-

tunable THz generation via SPS in both intracavity and externally-pumped systems. The 

studies conducted in this chapter however revealed that other nonlinear materials such as KTP 

and RTP exhibit great potential to produce terahertz radiation at higher frequencies, 

complimentary to those typically obtained from MgO:LN. The presence of infrared absorbing 

A1-modes across the SPS range of KTP and RTP are expected to produce gaps in the THz 
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emission. This investigation also indicated that the high-absorption coefficients resulting from 

these A1-modes being across the SPS range will impose serious limitations to their use in the 

linear configuration. However, as will be revealed in later chapters, with careful resonator 

design, these crystals can be effectively used to generate THz powers and tuning ranges which 

eclipse what can be achieved with MgO:LN. 

 

3.6. Chapter summary 

In this chapter important material properties relevant to SPS were investigated for the different 

nonlinear materials utilised in this work; these materials being MgO:LN, KTP and RTP. The 

polarised Raman and FTIR spectra of each sample were collected in backscattered 

configuration 𝑌(𝑍𝑍)𝑌ത (𝐸ሬ⃗ / 𝑐⁄ ). The vibrational spectra in the orthogonal configuration (𝐸ሬ⃗  ⊥

 𝑐) were also collected and are shown in the Appendix. Within the limitations of the collected 

spectra, and the Matlab® code developed, it was possible to calculate the oscillator strengths 

for these SPS crystals for the first time to this author’s knowledge (in the case of KTP, at room 

temperature) and these values are summarised in Table 3.3 for MgO:LiNbO3, Table 3.5 for 

KTiOPO4 and Table 3.7 for RbTiOPO4. The material properties determined for each sample 

enabled the calculation of the polariton dispersion curve for each material. In the case of RTP, 

this was the first time the polariton dispersion curve has been calculated. The refractive index 

and absorption coefficient in the THz (𝛼்) were also calculated, and the values obtained are in 

excellent agreement with calculated (and experimental) values reported in the literature for 

MgO:LN and also experimental measurements previously reported for KTP and RTP, despite 

the limitations of the modelling at lower frequencies. This strong agreement provides 

supporting evidence and external validation of the method utilised to calculate the parameters 

of the A1 polariton modes, within the context of this research. Moreover, all these material data 

have been compiled in a single source, which might be very useful for the SPS laser designer.  

The dispersion relation for MgO:LiNbO3 predicted THz emission from 1 – 6.6 THz 

(1068 – 1090 nm Stokes), when varying the interacting angle from 𝜃~0.5° 𝑡𝑜 𝜃 = 5°, and a 

peak THz emission around 0.6 – 1.3 THz is expected at 50 – 600 MW/cm2 fundamental 

1064 nm field intensity. In KTiOPO4 and RTiOPO4 for interacting angles ranging from 

𝜃~1.5 𝑡𝑜 5°, frequency-tunable THz fields ranging from 3.0 – 7.5 THz were predicted. The 

existence of infrared absorbing A1-modes below 100 cm-1 in KTP and RTP limited the 
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theoretical analysis of the systems below 3 THz. The minimum and maximum tuning angle in 

the real devices are also expected to be influenced, respectively, by the ability to reduce the 

interacting angle without clipping the fundamental beam, and the maximum angle that would 

still experience a sufficient overlap between the fundamental and Stokes cavity modes.  

In comparison to MgO:LN the polariton dispersion curves of KTP and RTP have 

considerably more features. The presence of infrared absorbing A1-modes in the expected SPS 

tuning range in KTP and RTP is expected to produce gaps across the THz tuning range in the 

vicinities of those modes (as reported in [40,43]). From the calculated absorption coefficients 

it was noted that the abrupt increase of the THz absorption towards the absorbing modes might 

impose serious limitations to the THz field extraction (and consequently the detection) in the 

linear configuration. Based on the calculated absorption coefficients and the minimum 

propagation distance inside the SPS crystal, it was estimated that the KTP crystal is likely to 

produce detectable THz radiation from 3.00 – 3.70 THz in the linear configuration. The same 

estimate was performed for RTP, which yielded wider frequency range from 3.00 – 4.15 THz, 

thus being more suitable for operation in linear configuration than KTP. In surface-emitted 

devices, photons at every terahertz frequency generated inside the material via SPS are 

expected to be refracted into the air, enabling detection with the Golay cell. The SPS generation 

will be a balance between the SPS gain and the THz absorption coefficient inside the material.  

The lasers described in Chapters 4 and 5 have performance that is a consequence of the 

terahertz absorption coefficient and dispersion relation uncovered in this chapter. 
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4. Linear resonator polariton lasers 

This chapter describes the linear resonators assembled with KTP and RTP crystals and utilising 

Si-prisms to out-couple the THz field. MgO:LiNbO3 as an intracavity SPS crystal, having 

previously been studied in considerable details in the linear configuration by others at 

Macquarie University [1] is not described in this chapter. However it forms a basis for some of 

the experiments reported in this chapter and for this reason the paper by A. Lee, Y. He and H. 

Pask [1] is included in the Appendix. Prior to the work reported in this thesis, I reproduced 

those results in the laboratories to gain experience with the subtleties of the alignment and 

operation of these lasers. 

Section 4.1 describes the assembly of the linear resonator polariton laser, so-called 

because each of the fundamental and Stokes resonators are in a linear layout. Section 4.2 

explores competition effects between stimulated polariton scattering (SPS) and stimulated 

Raman scattering (SRS) which were both observed in the linear resonator. This undesired 

competition was investigated, and a spectral selection strategy was successfully implemented 

to avoid the undesired Raman scattering. The linear resonators with spectrally pure 

fundamental and SPS-Stokes fields are reported in Section 4.3. Wavelength-tunable Stokes 

radiation was measured from a resonator using KTP, indicating that strong SPS fields were 

being generated inside the material, however no THz field could be detected. On the other 
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hand, frequency-tunable THz radiation was measured from a resonator using RTP. It was the 

first time RTP was used for generate THz radiation and these results have been published [2]. 

However the range of terahertz frequencies detected from RTP was limited compared to the 

range of Stokes wavelengths generated inside the material via SPS. Considerable effort was 

devoted to understand the difficulties in measuring terahertz signal from the nonlinear 

materials, including a deeper analysis of the terahertz absorption coefficient around the emitted 

frequencies, drawing on the information in Chapter 3. Further, I constructed a fundamental 

resonator lasing on the 1342 nm line in Nd:YVO4 to investigate the possibility of THz 

absorption in the Si-prisms (absorption by free-carriers induced by scattered near-infrared 

radiation).  

 

4.1. The linear THz polariton laser 

The fundamental resonator described in Chapter 2 was used as the foundation for the linear 

THz polariton laser. It was modified by the insertion of the nonlinear crystal and the inclusion 

of an additional pair of mirrors to form a separate cavity for the Stokes field. The linear THz 

polariton laser layout with the main cavity elements highlighted is shown in Figure 4.1. The 

diode end-pumped, Q-switched (3 kHz) Nd:YAG fundamental cavity has already been 

described in detail in Chapter 2 (see section 2.1). In the geometries assembled in this work the 

polarization of the 1064 nm photons must be parallel to the z–axis of the SPS crystal, in this 

respect, the Q-switch preferentially polarized the fundamental field. To minimise the 

intracavity losses and the cavity length, no additional polarising elements were  inserted into 

resonator. 

The Stokes cavity is formed by a pair of flat mirrors M3 (HR>99.99%@1064 nm) and 

M4 (HR>99%@1064 nm) separated by 85 mm, forming an external angle (𝜃௘௫௧) with respect 

to the fundamental cavity axis. To avoid obstruction of the fundamental beam at small 

interacting angles, the Stokes mirrors were both cut with a geometrical D-shape. The external 

angle 𝜃௘௫௧ and the interacting angle 𝜃 between the fundamental and Stokes fields inside the 

nonlinear crystal are related by the Snell’s law of refraction:  

 

sin (𝜃௘௫௧)𝑛௔௜௥ = sin (𝜃)𝑛௖௥௬௦௧௔௟  (4.1) 
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where 𝑛௔௜௥ and 𝑛௖௥௬௦௧௔௟  are the refractive indices of air and the nonlinear crystal, 

respectively. 

 

 

Figure 4.1 – Linear THz polariton laser resonator layout. 

 

The Stokes cavity mirrors were mounted on a precision rotation stage (Thorlabs PR01; 5 

arcmin resolution) which enabled a fine adjustment of the angle 𝜃௘௫௧ between Stokes and 

fundamental cavities, and consequently enabled a fine tuning in the THz frequency output 

(Figure 4.2). The measured output powers from the fundamental and Stokes cavities are those 

leaking from mirrors M2 and M4, respectively.  
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Figure 4.2 – Stokes field resonator for the linear THz polariton laser configuration. Stokes mirrors (M3 and M4) 
were mounted on a precision rotation stage (Thorlabs PR01) to enable fine adjustment of the interacting angle 
between SPS fields and, consequently, fine tuning of the THz field output frequency. 

 

4.2. Competition effects between stimulated polariton 

scattering (SPS) and stimulated Raman scattering (SRS) in 

KTiOPO4 

The 1064.4 nm laser characterised in Chapter 2 (wavelength herein referred to as 1064 nm for 

simplicity) was developed as a platform for the linear resonators to produce the desired 

frequency-tunable THz radiation. However, when inserting the KTP crystal inside the 

fundamental field resonator, extra infrared lines at wavelengths of 1095.5 nm and 1128.6 nm 

were detected leaking from mirror M2 at high pump levels, as a consequence of stimulated 

Raman scattering (SRS) of the intense 1064 nm field. Moreover, when the Stokes cavity was 

aligned for SPS, additional spectral lines were measured in both fundamental and Stokes 

cavities, with each spectral line having a different diode pump threshold. These were identified 

as combinations of different SPS and SRS processes. These lines were investigated as detailed 

in the following subsections. The presence of such lines is detrimental to the SPS process 

efficiency and a new output coupler with a different optical coating was designed and used to 

avoid the competing Raman lines arising from the SRS process.  



 

107 
 

 

4.2.1. KTiOPO4 crystal 

As a continuation of the ongoing research at Macquarie University which started with linear 

resonators based on intracavity MgO:LN [1,3] operating in the 1 – 3 THz range, the first 

material evaluated in this research for intracavity SPS was potassium titanyl phosphate, with 

the main objective of extending the frequency coverage of these compact THz sources. The 

KTP crystal utilised in the linear resonator was an x-cut cuboid with dimensions of 

5×5×20 mm3, and end faces anti-reflection (AR) coated from 1064 – 1100 nm (R<0.1%). The 

material was provided by Crystech Inc., China [4]. The side faces perpendicular to the y-axis 

were optically polished in-house to enable the attachment of silicon prisms to enable the out-

coupling of the THz field. Three high-resistivity Si-prisms (geometrical dimensions: 7 mm 

hypotenuse x 5 mm-thick, 32/58/90º angles; as per the calculation described in Chapter 2) were 

attached to the KTP’s side face via liquid-mediated Van der Waals bonding [5]. The image in 

Figure 4.3 shows the complete assembly for the SPS laser resonator in a linear configuration 

utilising KTP. 
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Figure 4.3 – SPS laser resonator in a linear configuration utilising intracavity KTiOPO4 crystal. The inset in the 
lower-right shows a close-up on the crystal and the Si-prisms. 

 

4.2.2. Evaluation of the fundamental resonator with the KTiOPO4 crystal 

With the Stokes mirrors misaligned, so that no SPS would occur (i.e. no SPS fields resonating), 

the performance of the fundamental laser with the intracavity KTP crystal was evaluated. The 

threshold for the 1064 nm field was reached at 0.6 W incident diode pump power (200 Hz; 

50% duty-cycle); this is compared to the 0.5 W without the KTP crystal (refer to 

section 2.4.10). The slight increase in threshold for the fundamental field can be attributed to 

the additional intracavity losses introduced by the KTP crystal. At higher diode pump levels, 

additional spectral lines were measured in the fundamental cavity direction leaking from M2 

as a consequence of stimulated Raman scattering (SRS) of the intense fundamental 1064 nm 

field. For diode pump powers above 2.8 W the laser output from the fundamental cavity was 

composed of two spectral lines, the 1064 nm radiation and a second wavelength measured at 

1095.5 nm. Above 4.3 W of diode pump a second Raman shift was detected, and the spectral 

output of the fundamental laser was composed of a total of three lines emitted simultaneously: 
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1064 nm, 1095.5 nm and 1128.6 nm as shown in Figure 4.4. These lines correspond to the first-

Stokes (1095.5 nm) and second-Stokes (1128.6 nm) Raman shifts of the 268 cm-1 mode in KTP 

as summarised in Table 4.1.  

 

1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150
0

4000

8000

12000

268 cm-1
268 cm-1

1128.6 nm
1095.5 nm

 

 
In

te
ns

ity
 (

a
.u

.)

Wavelength (nm)

1064.4 nm

 

Figure 4.4 – Spectral output from the fundamental field resonator measured at 4.5 W diode pump power without 
SPS (i.e. Stokes mirrors misaligned). Three spectral lines were emitted simultaneously: the fundamental 
1064.4 nm field, and the first and second-Stokes at 1095.5 nm and 1128.6 nm, respectively. These lines arose 
from the Raman shift of the 1064 nm wavelength on the 268 cm-1 mode. Note that the spectrum is not spectrally 
calibrated and in fact the 1064 nm field was significantly more intense than the other lines and had to be strongly 
attenuated to prevent saturation of the spectrometer. 
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Table 4.1 – Spectral content of fundamental resonator without SPS (i.e. Stokes mirrors misaligned). The lines at 
1095.5 nm and 1128.6 nm correspond to the first and second-Stokes shift of the 1064 nm wavelength on the 
268 cm-1 mode in KTP. 

Wavelength 

(nm) 

Threshold 

(W) 
Origin of field 

1064.4 0.6 Fundamental Nd:YAG line 

1095.5 2.8 First-order Raman shift (268 cm-1) 

1128.6 4.3 Second-order Raman shift (268 cm-1) 

 

In order to better understand the energy loss from the 1064 nm field to the Raman-shifted 

lines, the fundamental laser was power transferred, and the spectral content was separated with 

the aid of a dispersive element (NIR transmission diffraction grating, 300grooves/mm; GTI25-

03A, Thorlabs Inc., USA). The average output power of each line was corrected for the losses 

introduced by the grating, and is plotted in Figure 4.5. As can be noted from the figure, the 

1064 nm laser output scales linearly with diode pump input from laser threshold to the 

threshold for SRS. As the system reaches threshold for SRS (2.8 W diode pump input), the 

1064 nm average output power plateaus as the field is depleted by the Raman process, and the 

1095 nm field scales in power. A similar process repeats when the second-Stokes shift reaches 

threshold at 4.3 W, with the 1095 nm field also plateauing and the energy being transferred to 

the 1128 nm field. The undesired SRS lines presents a strong loss for the fundamental 1064 nm 

field. Prior to the onset of SRS, the resonator performs similarly to what was reported in 

Chapter 2 (without the intracavity SPS crystal), being considered satisfactory. With the Raman 

effect depleting the fundamental field, however, the maximum average output power obtained 

from this resonator at 1064 nm decreases to less than 50% of that obtained previously in 

Chapter 2 at maximum diode pump power.  
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Figure 4.5 – Power transfer curve for the fundamental resonator without SPS (i.e. Stokes mirrors misaligned). The 
fundamental 1064 nm field saturates above 2.8 W of diode pump as a consequence of energy being transferred to 
the Raman process (Raman-shifted lines at 1095 and 1128.6 nm). Similarly the 1095.5 nm line saturates at ~4.5 W 
diode pump as it cascades to the 1128.6 nm field. 

 

Next, the spectral content of the output from the fundamental and Stokes resonators were 

investigated with the Stokes resonator aligned for SPS.  

 

4.2.3. The competing SPS and SRS fields in the KTiOPO4 crystal 

With the Stokes mirrors aligned, the lowest SPS threshold was reached for a 3.0 W diode pump 

input. In that configuration a 1086 nm Stokes field (𝜃 = 3.0°) was detected from the Stokes 

cavity as a result of stimulated polariton scattering. At this pump level 300 mW average power 

at 1064 nm were detected from mirror M2, indicating a pulse energy on the order of  
ଷ଴଴ ୫୛

ଷ଴଴଴ ୌ୸
=

100 µJ per pulse. The full-width half maximum (FWHM) 1064 nm pulse width was measured 

to be 60 ns at SPS threshold. At the 0.6% output coupling, and considering the 230 µm 

resonator mode radius inside the SPS crystal (from the resonator design detailed in Chapter 2) 

the SPS threshold intensity can be estimated: 

 

𝑆𝑃𝑆 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
100 µJ ÷ 0.6%

60 ns × 𝜋(230 µm)ଶ
=  167 MW/cmଶ 
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It is likely that the undesired losses to the 1095.5 nm Raman shift in the fundamental 

resonator may influence this figure, i.e. this system may operate at lower threshold if the 

undesired SRS process in the fundamental resonator is suppressed. The effects of the 

competition between SPS and SRS could be clearly observed at higher pump levels. When the 

laser diode was running above 7.4 W diode pump the spectral content emanating from the 

Stokes cavity was composed of three laser lines, the 1086 nm SPS field and  two other lines 

located at 1118.3 and 1153.0 nm (Figure 4.6). These extra lines in the Stokes cavity are also 

SPS lines, but arising from the polariton scattering of the first-Stokes (1095.5 nm) and second-

Stokes fields (1128.6 nm) resonating in the fundamental cavity. The 1086 nm SPS Stokes field 

emitted at this particular interacting angle represents a 187 cm-1 shift from the 1064 nm 

fundamental laser, and the same frequency separation exists between 1095.5 and 1118.3 nm 

and between 1128.6 and 1153.0 nm.  
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Figure 4.6 – Stokes cavity spectral content at 7.5 W diode pump input. Three Stokes lines are measured at 
1086.0 nm, 1118.3 nm and 1153.0 nm corresponding respectively to SPS of the 1064.4 nm, 1095.5 nm and 
1128.6 nm fields oscillating in the fundamental resonator 

 

The SPS nature of these fields was confirmed by adjusting the Stokes cavity angle and 

observing the three SPS Stokes lines moving in wavelength simultaneously and always 

representing equivalent shifts from the 1064 nm, 1095.5 nm and 1128.6 nm lines. This 

behaviour can be noted from Figure 4.7. Adjusting the interacting angle from 𝜃~2 − 3.5°, SPS 
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from the 1064 nm line produced tunable Stokes output from around 1081 – 1087 nm, and the 

1095.5 nm line produced simultaneous SPS Stokes output with wavelength tunability from 

1112 – 1120 nm. This corresponds to predicted THz frequencies from ~4.1 – 6.0 THz being 

generated inside the KTP crystal. The amount of radiation produced at the third SPS stokes line 

(~1153 nm) was very weak and was not present at many interacting angles, which is why it 

was left out of the plot. A small amount 1064 nm and 1095.5 nm radiation from the 

fundamental cavity was scattered and collected by the spectrometer at some angles. (To 

confirm that the 1064 nm and 1095 nm radiation were resonating only in the fundamental 

cavity, the Stokes cavity was blocked and only the SPS lines were suppressed).  
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Figure 4.7 – Tuning of the SPS Stokes fields in KTP. Adjusting the interacting angle from 𝜃~2 − 3.5°, SPS from 
the 1064 nm and the 1095.5 nm lines produced, respectively, wavelength-tunable Stokes output from 
1081– 1087 nm and 1112.0 – 1120 nm, corresponding to predicted THz frequencies from ~4.2 – 6.0 THz being 
generated inside the KTP crystal. A small portion of scattered 1064 nm and 1095.5 nm fields from the fundamental 
resonator can also be noted at some particular angles. 

 

The energy interplay between SPS and SRS fields could be more clearly comprehended 

with the power transfer of this system, plotted in Figure 4.8 for the fundamental and Stokes 

cavity fields. From this plot there is evidence of competition between the two nonlinear 

phenomena (SPS and SRS). The SRS represents a loss for the fundamental 1064 nm field, as 

already discussed. Similarly the stimulated polariton scattering phenomena can also be 

interpreted as a loss for the 1064 nm, but in this case it is also depleting the other fields 
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oscillating in the fundamental resonator giving rise to an undesired competition between these 

two phenomena for the 1064 nm fundamental energy. Observing the power transfer for the 

1064 nm field it can be noted that the depletion is so strong that it experiences a drop in power 

above SPS threshold (instead of simply saturating). The 1095.5 nm field does not vanish with 

the onset of SPS, indicating that both phenomena coexist and SRS has sufficient gain to induce 

undesired losses to the 1064 nm field. From the power transfer for the polariton fields it can be 

noted that the 1086 nm SPS power scales linearly from SPS threshold and saturates with the 

appearance of the 1118.3 nm field. The 1118.3 nm field also power scales linearly and saturates 

when the 1153.0 nm field develops. At higher pump levels, when all three SPS fields saturate, 

the fundamental 1064 nm and the Raman shifted 1095.5 nm fields return to increase, indicating 

stronger losses to SRS. The signal at 1128.6 nm transmitted after the diffraction grating in this 

configuration was weak (below the noise level of the power meter) and could not be measured 

with confidence. The threshold for each field observed in both fundamental and Stokes cavities 

and their respective origin (SRS or SPS) is summarised in Table 4.2. It is worth noting that the 

undesired SRS competing with SPS for the 1064 nm energy caused instabilities in both laser 

resonators and fluctuations in power of the fundamental, SRS and SPS fields. Clearly this 

competition is both complex and undesired. 
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Figure 4.8 – Power transfer curve for fields oscillating in the fundamental and Stokes cavities. Fundamental cavity 
fields: 1064 nm (fundamental) and 1095.5 nm (first-order Raman). Stokes cavity fields magnified 10 times 
(polariton fields): 1086 nm, 1118.3 nm and 1153.0 nm. 
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Table 4.2 – Spectral content of fundamental and Stokes resonators with respective oscillation threshold when 
angle between the resonators was  𝜃 = 3.0° in KTP. At this interacting angle the predicted SPS shift in KTP is 
187 cm-1. The Raman shift is at 268 cm-1. 

 Wavelength 

(nm) 

Threshold 

(W) 
Origin of field 

Fundamental 

cavity fields 

1064.4 0.6 Fundamental Nd:YAG line 

1095.5 2.8 First-order Raman shift (268 cm-1) 

1128.6 4.8 Second-order Raman shift (268 cm-1) 

Stokes cavity 

fields 

1086.0 3.0 SPS of 1064 nm (187 cm-1) 

1118.3 5.3 SPS of 1095.5 nm (187 cm-1) 

1153.0 7.5 SPS of 1128.6 nm (187 cm-1) 

 

4.2.4. Suppression of the undesired SRS fields with an intracavity etalon 

The competition between SPS and SRS is detrimental to the laser performance with regards to 

the THz generation from the SPS process. The presence of undesired Raman shifts represents 

substantial losses for the fundamental field and instabilities in the SPS Stokes field output, and 

hence the stimulated Raman scattering phenomena should be suppressed. SRS in this system 

is enabled by the high reflectivity of the fundamental resonator mirrors at wavelengths 

corresponding to the first and second Stokes SRS shifts (R>99% at 1095 and 1128 nm) that 

would resonate both 1095 nm and 1128 nm fields.  

To suppress the SRS process, it is essential to introduce loss at the first and second Stokes 

wavelengths. For this reason an etalon was inserted in the fundamental resonator to suppress 

the Raman fields and evaluate the expected benefits to the polariton scattering. The etalon is 

an optical element containing two plane-parallel interfaces that acts as a Fabry-Pérot cavity, 

and the spectral transmission of this cavity will depend primarily on the etalon’s thickness, 

refractive index, and transmission spectra [6]. Therefore with an intracavity etalon it is possible 

to induce losses to the Raman fields yet maintain a good transmission at 1064 nm inside the 

fundamental resonator. The etalon utilised in this experiment was selected among a limited 

collection available in the laboratory, and was a 250 µm-thick fused silica substrate with 30% 
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reflectivity (410 GHz free spectral range; 167 GHz bandwidth; Finesse = 2.5). The etalon 

transmission curve versus the tilt angle with respect to the cavity axis (𝜙) can be calculated 

with the following equation [7]:  

 

𝑇 =
(1 − 𝑅)ଶ

1 + 𝑅ଶ − 2𝑅𝑐𝑜𝑠 ቂቀ
2𝜋
𝜆

ቁ ∗ 2𝑛𝑡 ∗ 𝑐𝑜𝑠𝜙ቃ
 (4.2) 

where R is the reflectivity of the etalon, n is the refractive index of the etalon substrate, t 

the etalon thickness and 𝜆 the wavelength. 

This is plotted in Figure 4.9 for the 1064 nm fundamental laser and the undesired Raman 

lines, and it shows that it is possible to selectively introduce losses to the Raman lines whilst 

maintaining high transmission at 1064 nm. The etalon was inserted in the fundamental 

resonator mounted on an opto-mechanical stage with angle adjustment (fine tuning in the 

transmission spectra of the etalon can be obtained with angle-tuning). The resonator was 

optimised with the intracavity etalon, and the etalon angle was adjusted to suppress any 

undesired Raman fields (tilt angle <5º to minimise walk-off losses). The power transfer curve 

for both fundamental and Stokes cavities was collected as plotted in Figure 4.10. With the 

intracavity etalon in the fundamental resonator the system produced a pure 1064 nm field. As 

a consequence, when the Stokes cavity was unblocked a pure SPS field at 1086 nm was 

detected from that resonator. In this configuration, the SPS phenomena is the only nonlinear 

phenomena responsible for depleting the 1064 nm field [1,8] generating a single Stokes 

radiation wavelength, with no competing SRS or SPS lines being generated. 

The power transfer was first conducted with the Stokes cavity blocked (i.e. no SPS), and 

is labelled as undepleted 1064 nm. The depleted 1064 nm field is the output power at 1064 nm 

with the Stokes cavity unblocked, and consequently the SPS process active. In this case, the 

1064 nm is depleted because part of its energy is being lost to the SPS process, decreasing the 

fundamental output power.  
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Figure 4.9 – Etalon transmission curve (250 µm-thick fused silica substrate with 30% reflectivity) versus tilt angle 
for 1064 nm, 1095.5 nm and 1128.6 nm. The transmission curve shows that it is possible to adjust the etalon angle 
to introduce selective losses to the undesired Raman lines whilst maintaining a high transmission for the 1064 nm 
fundamental field. 
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Figure 4.10 – Power transfer curve for fields oscillating in the fundamental and Stokes cavities with the intracavity 
etalon inserted into fundamental resonator. A pure 1064 nm field resonates in the fundamental cavity and a pure 
SPS field at 1086 nm (magnified 10x) resonates in the Stokes cavity. Increase in fundamental and SPS thresholds 
are attributed to increase in intracavity losses from the etalon. 

 

The system reached 1064 nm threshold at 0.71 W diode pump power and SPS threshold 

at 4.2 W, and this increase in thresholds to the previous 3.0 W is due to the additional 

intracavity losses introduced by the etalon. These include walk-off losses and other factors such 
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as etalon flatness, coating quality and cleanliness. However, despite the higher diode pump 

power there was a decrease in the intracavity intensity required to achieve SPS threshold. 

Considering the measured fundamental output power (~125 mW) and pulse width (60 ns 

FWHM) at SPS threshold, the estimated intracavity intensity with the intracavity etalon is 

69 MW/cm2, less than half the value required when the competing SRS was present. 

As anticipated, the suppression of the undesired wavelengths with the use of an etalon is 

an effective technique to produce pure fundamental and SPS fields. The intracavity etalon was 

useful to validate the concept, however the increase in intracavity losses introduced by this 

additional element is not desirable for the intracavity THz polariton laser. To this end, it was 

explored the use of a custom designed mirror which maintained reflectivity at the fundamental 

wavelength and was lossy at the undesired SRS Stokes wavelength.  

 

4.2.5. Suppression of the undesired SRS fields with an optimised end mirror  

A pure fundamental laser at 1064 nm is expected with a narrower-band coating on at least one 

of the fundamental cavity mirrors M1 or M2, having the specification for high reflectivity at 

1064 nm but sufficient transmission at 1095 and 1128 nm. Therefore a new coating for the 

output coupler (mirror M2) was specified to be high reflective at 1064 nm (98.5%<R<99.5%) 

and transmissive for the Raman fields (T>40% from 1090 – 1200 nm) and supplied by 

Laseroptik GmbH, Germany. The new M2 mirror (1000 mm ROC; R = 99.4%@1064 nm; 

T>40% from 1090 – 1200 nm) was inserted in the fundamental laser cavity. The fundamental 

resonator was power transferred with the Stokes cavity blocked (i.e. no SPS fields), as plotted 

in Figure 4.11. Threshold for the 1064 nm field was obtained at 0.6 W, and a maximum average 

output power in excess of 550 mW was detected. The slight increase in threshold and the small 

decrease in maximum output power when compared to the resonator without the KTP crystal 

(Chapter 2) can be attributed to the reflection and absorption losses introduced by the nonlinear 

material. At this maximum output power, the measured laser pulse width (60 ns FWHM at 

maximum pump), and the output coupling percentage (0.6%) indicate intracavity intensities in 

the order of 300 MW/cm2 are being generated, which are well in excess of SPS threshold.  
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Figure 4.11 – Power transfer curve for the pure 1064 nm fundamental cavity field with the new output coupler 
with high transmission from 1090-1200 nm. 

 

The spectral output confirmed that a pure 1064 nm field was being generated across the 

entire power transfer curve, as can be noted from the spectral output from the fundamental 

cavity at 7 W diode pump shown in Figure 4.12.  
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Figure 4.12 – Spectral content of the fundamental cavity at 7 W diode pump exhibiting a pure 1064 nm field. 
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With a pure spectral output at 1064 nm in the fundamental cavity the Stokes resonator 

was unblocked and realigned with the objective of producing a pure and stable SPS field and 

enable THz measurements. 

 

4.3. Optimised linear THz polariton laser based on intracavity 

KTiOPO4 crystal 

With the optimised end mirror for the fundamental resonator, the linear THz polariton laser 

with the KTP crystal was re-constructed. The lateral position of the KTP crystal inside the 

resonator was adjusted so the distance travelled by the THz field from the SPS interacting 

region inside the material to the Si-prisms was minimal. As explained in Chapter 2 and from 

the absorption coefficients calculated in Chapter 3, this is to minimise the effects of strong THz 

absorption inside the material [9]. The lowest SPS threshold was obtained with the Stokes 

resonator angled to generate a Stokes wavelength of 1086 nm (𝜃 ≅ 3.1°), for a 3.2 W diode 

pump input. The measured fundamental output power (~125 mW) and pulse width (60 ns 

FWHM) at SPS threshold lead to a similar figure for the estimated intracavity intensity 

(69 MW/cm2), which was expected given that the only modification in the resonator was a 

replacement of the output coupler, which maintained the same output coupling percentage 

(0.6%) at 1064 nm. 

 

4.3.1. Power transfer and wavelength-tunability of the Stokes field  

With a stable 1064 nm fundamental field practically the same wavelength-tunable range was 

achieved for the SPS fields, but now the spectral content was composed of a single SPS line, 

and the power output was clearly more stable, varying within less than 10%, as opposed to 

variations as high as 50% with the previous mirror and without the etalon. Adjusting the 

interacting angle from 𝜃~2.0 − 3.5°, tunable Stokes output from 1080.8 – 1087.7 nm was 

produced, corresponding to polariton frequencies from 4.29 – 5.91 THz being generated inside 

the nonlinear crystal. The measured Stokes wavelength versus interacting angle, and the 

corresponding SPS tuning range overlapped with the calculated dispersion curve are plotted in 

Figure 4.13. As predicted in Chapter 3 from the calculated dispersion relation (see Figure 3.10 
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and Figure 3.11), gaps in the Stokes emission were observed. They were located around 

1082 nm and 1084 nm and correspond respectively to the 153 cm-1 and 177 cm-1 infrared 

absorbing modes detected in the Raman spectra for KTP. In the experimental device, when 

adjusting the interacting angle between the fundamental and Stokes resonators towards an A1-

mode, the absorption losses for the SPS fields inside the nonlinear crystal increase significantly, 

and as a consequence, it was observed that the measured Stokes wavelength would abruptly 

change, leaping over the mode frequency. This hop signifies that the SPS fields are thus 

generated at frequencies adjacent to the mode, which experiences lower absorption loss. The 

lower-end of the SPS tunable range in this device is limited by the 142 cm-1 infrared absorbing 

mode, and the upper limit is a consequence a mode mismatch between the fundamental and 

Stokes cavity modes at higher interacting angles.  
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Figure 4.13 – SPS tuning range in the linear KTP resonator. (a)Stokes wavelength output versus interacting angle 
θ. (b)SPS tuning range overlapped with calculated dispersion curve (from Figure 3.10). Discontinuities in the 
Stokes emission are due to infrared absorbing A1 modes in the crystal measured at 153 cm-1 and 177 cm-1.  

 

The system was power transferred for a 1086 nm Stokes field (𝜃 = 3.0°) and the output 

power of the undepleted fundamental (Stokes cavity blocked), depleted fundamental (Stokes 

cavity unblocked, SPS process active) and Stokes fields is plotted in Figure 4.14. In intracavity 

SPS systems the output power of the depleted 1064 nm is lower than that of the undepleted 

field. This is because with the onset of SPS, part of the fundamental field energy is channelled 

to the generated Stokes and THz fields. The percentage of this decrease in power from the 

undepleted to the depleted 1064 nm field is an indicator of the SPS conversion efficiency. The 

higher the percentage of depletion, the more energy is being converted from the fundamental 

to the SPS fields, and consequently the higher the expected THz (and Stokes) output [8,1]. For 
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this reason, the percentage of depletion is a useful metric when analysing the efficiency of 

intracavity THz lasers. The intracavity systems reported in  [1] and  [8] exhibited fundamental 

field depletions that exceeded 50% when pumping more than twice above threshold. 
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Figure 4.14 – Power transfer curve for the 1064 nm fundamental field (depleted and undepleted) and 1086 nm 
Stokes field (magnified 10 times).  

 

The percentage of depletion achieved by using KTP in a linear configuration approached 

70% at high diode pump levels. This is a high value, indicating that 1086 nm Stokes (and 

5.6 THz) fields are being efficiently generated inside the nonlinear material. The natural 

following step was to detect the 5.6 THz fields being generated inside the KTP and out-coupled 

by the Si-prisms. To detect the THz radiation from the various THz polariton lasers assembled 

in this thesis the same set up was always utilised, and was composed of the Golay cell (with 

input 50 mm EFL TPX lens and LPF 14.3 filter) connected to the oscilloscope and the optical 

chopper at 10 Hz. As an additional check to ensure any detected THz signal was not 

contaminated with scattered near-infrared light, it was always verified that a BK7 window 

would completely suppress the signal being measured, validating it as purely THz radiation 

(the BK7 window blocks the THz but not the near-infrared).  
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4.3.2. Attempts to detect THz signal 

It was not possible to detect any signal at 5.6 THz with the Golay cell. The Stokes cavity angle 

was tuned across the entire SPS tuning range and yet no THz fields could be detected being 

emitted from the Si-prisms. The interacting fundamental and Stokes fields were resonating as 

close to the KTP’s edge as possible to maintain SPS emission, meaning that the distance 

travelled by the THz field inside the crystal was the minimum achievable with this laser. In 

real devices, the minimum travelled distance is not only given by equation 3.15. In fact, it is a 

compromise of the geometrical constrains that lead to equation 3.15 along with the effect of 

“sweet spots” inside the SPS crystal which allows efficient nonlinear conversion. These spots 

are due to crystal inhomogeneity and possibly also end coating irregularities leading to regions 

of the crystal which performed better than others. Any attempt to laterally translate the KTP 

crystal inserted into the resonator to reduce the THz propagation distance would sometimes 

result in an abrupt reduction of the Stokes field output measured from M4 as a result of either 

clipping the Stokes resonator mode by the edge of the crystal or the interaction of the 

fundamental field with a region of the crystal that is non-optimal for SPS generation.  

The absence of THz detection across the entire SPS tuning range had never been observed 

in the intracavity systems based on MgO:LN previously assembled at Macquarie University. 

Clearly there was a difference associated with the different nonlinear material and/or the silicon 

prisms designed for this crystal, and there were no linear systems based on KTP with Si-prisms 

in the literature to be compared with. Terahertz emission using a surface-emitting KTP had 

however been reported, continuously tunable from 3.17 – 3.44 THz, 4.19 – 5.19 THz and 

5.55 – 6.13 THz [10]. It was proposed that the inability to detect THz signal at any frequency 

from this particular system was being caused by one or more of three possible factors: 

 

Terahertz absorption inside KTP 

In Chapter 3 it was calculated that terahertz frequencies from 3.0 to 3.7 THz would be more 

likely to be detected from KTP in linear configuration, and this would correspond to interacting 

angles below 2º. The minimum interacting angle was limited by clipping of the fundamental 

beam in the resonator and mechanical damage (chipping) near the edges of the end-face closest 

to the emitting surface of the crystal as a consequence of in-house polishing of the THz-

emitting surface of the crystal, and unfortunately, the minimum interacting angle achieved in 

the experimental system was around 2º, and frequencies below 3.7 THz were not being 
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produced inside the crystal to validate those predictions. The calculated absorption coefficients 

in the THz at SPS frequency shifts produced in the linear KTP are highlighted in the plot of 

Figure 4.15, together with a representation of the limits for the interacting angles. For small 

interacting angles the absorption coefficients are the largest, exceeding 1000 cm-1, indicating 

that the THz fields below 4.5 THz were probably being completely absorbed through 

propagation inside KTP. From the shape of the absorption coefficient curve, it would still be 

valid to consider those terahertz fields generated with frequencies around 4.9 THz and 5.6 THz. 

However, with the calculated absorption coefficients (~200-250 cm-1) and the minimum 

propagation distance (𝑑௠௜௡(𝜃); equation 3.15) it was inferred that less than 10-5% of the 

generated THz field would have a chance to reach the side face of KTP. This indicated that 

absorption inside the material was very likely to be the limiting factor in the THz detection 

from KTP. It is noted, however, that the calculated absorption coefficients are very sensitive to 

the parameters of the measured A1-modes (position, linewidth and oscillator strength), and as 

noted in Chapter 3 there is some degree of uncertainty associated with the calculated absorption 

coefficients.  
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Figure 4.15 – Calculated absorption coefficient in KTP for terahertz frequencies generated via SPS in the linear 
geometry.  

 

Terahertz detection efficiency at higher frequencies 

The losses in the detection system (Golay cell, TPX lenses, LPF filter) increase considerably 

above 4 THz, as will be further investigated later in this chapter. This could be causing an 
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increase in the minimum detectable THz signal which could have been above the average 

output power emitted by the silicon prisms. However, similar setups were utilised to 

successfully detect terahertz output at frequencies as high as 6.5 THz in externally pumped 

systems [10,11]. For the same reasons that in MgO:LN similar detection setups could be 

utilised in intracavity and externally-pumped systems, it was reasonable to expect that for KTP 

this would also be the case. Moreover, this was the only detection apparatus available in the 

laboratory. 

 

Terahertz absorption by free-carriers in the silicon prisms 

It could be possible that the THz photons transmitted through the crystal were being absorbed 

inside the Si-prisms by free-carriers. Scattered near-infrared radiation (808 nm, 1064 nm or 

1080-1087 nm) impinging on the prisms can induce free carriers (electrons) which will absorb 

the terahertz radiation. Energy densities as low as 10 J/cm2 were reported in [9] to be 

sufficient to generate free carriers in silicon, and a common practice to avoid this issue is the 

insertion of physical barriers around the Si prisms to minimise the chance that scattered infrared 

light will impinge on them. In the linear MgO:LN systems previous to this work, the strategy 

of introducing mechanical blockers to prevent these scattered light of reaching the prisms was 

implemented with success. In KTP however, such a strategy did not assist with detecting THz.  

To completely avoid the induction of free carriers by the fundamental and Stokes fields, 

a system was built with a fundamental resonator lasing at the 1.3 µm line of Nd3+ ions. The 

strategy of operating the fundamental laser at a longer wavelength (and hence lower photon 

energy) to avoid the induction of free-carrier in the Si-prisms was successfully demonstrated 

in a THz polariton laser based on MgO:LN [12], and was also investigated here for the system 

using KTP. 

 

4.3.3. 1342 nm fundamental laser 

The high resistivity silicon prisms are very convenient to extract THz radiation from nonlinear 

crystals generated via SPS because of the material’s low absorption coefficient, and ‘flat’ 

refractive index in the THz range (𝑛 = 3.41) [13]. However, it is known that scattered near 

infrared fields (808 nm diode pump lasers, 1064 nm fundamental, or 1070-1090 nm Stokes) 

impinging on the Si-prisms may induce free-carriers (electrons) in the silicon, that strongly 
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absorb THz radiation [14]. In the presence of free carriers, any THz signal emanating from the 

nonlinear material and transmitted into the silicon prisms will thus be absorbed within the Si-

prisms due to the induced free electrons.  

In the linear intracavity THz polariton laser where Si-prisms are used to extract the 

terahertz radiation, both fundamental and Stokes fields oscillate closely to the crystal/prism 

interface (in order to minimise the propagating distance of the THz fields inside the material) 

and any scattered 1064 nm fundamental, or the corresponding Stokes, would induce the free 

carriers in silicon. The induction of free carriers occurs if the photon energy of the incident 

field is above the band gap energy in silicon which corresponds to 1120 nm at room 

temperature (1.12 eV at 300 K [15]). Hence this issue could be avoided utilising the 1342 nm 

line in Nd:YVO4 for the fundamental laser. This research group recently demonstrated great 

improvements in THz emission from MgO:LN via this technique, with 62.3 µW being detected 

at 1.33 THz [12] (as opposed to the previous 6.45 µW at 1.82 THz [1]), and this increase being 

largely attributed to the absence of free carriers. 

The experimental setup for the 1342 nm SPS laser with intracavity KTP is very similar 

to the 1064 nm system, as illustrated in Figure 4.16. This is the same resonator reported in [12] 

into which a KTP crystal was inserted. The fundamental resonator was 230 mm long and 

composed of two flat mirrors M5 and M6, and the Stokes resonators was ~100 mm long (with 

two D-shaped flat mirrors M7 and M8 mounted on a rotation stage). The mirror coatings are 

summarised in Table 4. 3; the input mirror M5 was highly transmissive for the 880 nm diode 

pump and also 1064 nm fundamental wavelengths; the output coupler M6 and both Stokes 

cavity mirrors were highly reflective in the 1.3 µm range (HR>99%@1280 – 1520 nm). 

The laser crystal of choice was a Nd:YVO4 because it exhibits a significantly higher laser 

emission cross-section than Nd:YAG at the 1.3 µm line [16]; the crystal was a 4×4×10 mm a-

cut 0.3 at.% Nd:YVO4, with anti-reflection coated end-faces (R<0.5%@808/880 nm; 

R<0.2%@1342 nm). The pump laser was a fibre-coupled diode laser (200 µm core; 0.22NA) 

delivering 60 W output at 808 nm, and focused to a 570 µm diameter inside the laser crystal. 

A similar acousto-optic Q-switch cell was utilised, operating at 5 kHz, and with AR coatings 

for 1342 nm. The KTP crystal had the same geometrical specifications as used in the previous 

experiments in section 4.2 (x-cut, 5×5×20 mm3) the only difference being the end-face coating 

(R<0.2%@1320-1380 nm). Three silicon prisms were attached to the crystal’s (optically 

polished) side faces to out-couple the terahertz fields.  
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Figure 4.16 – Resonator layout for the THz polariton laser with 1342 nm fundamental resonator and intracavity 
KTP.  

 

Table 4. 3 – Optical coatings for the 1342 nm fundamental field. 

Mirror Specification Manufacturer 

Fundamental 

resonator 

M5  

HR>99.9%@1342 nm 

HT>95%@1064 nm 

HT>99%@808 nm 

Layertec 
M6  HR>99%@1280 – 1520 nm 

Stokes 

resonator 
M7, M8 HR>99%@1280 – 1520 nm 

 

With this system, wavelength tunable Stokes radiation from 1367.2 – 1378.5 nm was 

detected with a calibrated spectrometer (NIRQuest512), corresponding to frequencies from 

4.1 – 5.92 THz being generated inside the material, as shown in Figure 4.17. The power 

transfer curve for the most efficient SPS generation (1370.5 nm) is presented in Figure 4.18. 

From the plot it can be noted that the fundamental 1342 nm field reached threshold at 3.25 W 

diode input, and SPS threshold was achieved for 9.2 W diode pump power. From the measured 

fundamental pulse width (~125 ns FWHM), the output coupling percentage (1%), and the 

285 µm mode radius the calculated intracavity intensity at SPS threshold was as low as 

20 MW/cm2, a value 3 times that obtained at 1064 nm, and similar to that obtained for MgO:LN 

in [12]. In this resonator no signs of SRS competition were observed.  
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Figure 4.17 – Detected Stokes wavelength and corresponding THz frequency versus interacting angle in KTP for 
a 1342 nm fundamental wavelength.  
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Figure 4.18 – Power transfer curves for the 1342 nm fundamental (depleted and undepleted) and 1370.5 nm Stokes 
(magnified 10 times).  

 

The 1342 nm fundamental field produced a strong SPS Stokes field with pump depletions 

in excess of 20%, and this level of depletion being similar to those observed in [12], in which 
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a substantial increase in THz output was observed in MgO:LiNbO3. Despite the low SPS 

thresholds, reasonable pump depletion and high average Stokes output power, no THz signal 

could be detected from the system for any frequency across the tunable range. This result 

suggests that the induction of free carriers in silicon was not the limiting factor for detection of 

terahertz radiation from the linear THz polariton laser based on KTP. 

 

4.3.4. KTP summary 

The results in Section 4.3 suggest that once the issues of competition between SPS and SRS 

were overcome, the KTP polariton laser was effective in generating THz radiation in 3 tunable 

bands, from 4.29 – 4.50 THz, 4.80 – 4.95 THz and 5.45 – 5.91 THz. The low threshold and 

high fundamental depletion suggest that this generation was efficient yet no THz could be 

detected. The exact cause for the lack of detectability was not determined, although a number 

of insights into the possible factors which may have heavily affected the THz detection from 

this crystal were offered. The investigation of the 1342 nm resonator indicated that the possible 

presence of free carriers in silicon was not the limiting factor for THz detection. The fact that 

an externally-pumped KTP system [10] generated measurable THz output using similar 

detection apparatus indicated that the detection system should also be able to measure THz 

radiation emanating from the prisms. On these grounds absorption of the terahertz fields by 

KTP before it exits the crystal is the most likely reason for the absence of detectable THz signal. 

It was anticipated in Chapter 3 that KTP would be likely to produce the highest 

extractable THz fields in the 3.0 – 3.7 THz range, based on the calculated absorption 

coefficients and the average minimum propagation distance inside the crystal. These 

frequencies would have been achieved with interacting angles below 𝜃 = 2°, however they 

could not be achieved in the experimental setup, which did not allow the validation of such 

predictions. The region of interacting angles below 𝜃 = 2° is important in the linear 

configuration either with KTP or RTP because it combines lower THz absorption coefficients 

with smaller 𝑑௠௜௡(𝜃). With the results obtained for KTP there was no indications that the RTP 

crystal would produce SPS emission below 𝜃 = 2°, given the similarities between the crystals 

and the fact that the same resonator would be used.  

As will be seen in the next section, the evaluation of RTP, which did produce detectable 

THz output, provides further insight into this KTP issue.  
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4.4. THz polariton laser based on intracavity RTiOPO4 crystal 

A rubidium titanyl phosphate crystal was also evaluated as a nonlinear material in the linear 

THz polariton laser, and in contrast to KTP, produced detectable, frequency-tunable THz 

output thereby shedding some light on the issues noted in the previous section. The RTP crystal 

utilised in the linear resonator was an x-cut cuboid with dimensions of 4×4×20 mm3, and end 

faces anti-reflection (AR) coated from 1064 – 1100 nm (R<0.1%). The material was provided 

by Crystal Laser, France. The side faces perpendicular to the y-axis were optically polished in-

house to enable the attachment of the silicon prisms responsible for the out-coupling of the 

THz field. The three high-resistivity Si-prisms (geometrical dimensions: 7 mm 

hypotenuse x 5 mm-thick, 32/58/90º angles; as per calculation described in Chapter 2) were 

attached to the RTP’s side face with the same technique utilised previously and the material 

was inserted into the fundamental resonator.  

 

4.4.1. Frequency tunability of the terahertz and Stokes fields 

The same laser mirrors optimised for KTP (i.e. those which suppressed SRS competition) were 

utilised with the intracavity RTP crystal, and 1064 nm threshold was achieved at 0.7 W diode 

pump input, indicating that the RTP crystal utilised is introducing higher intracavity losses than 

the previous KTP. In the RTP crystal it was possible to produce SPS activity at interacting 

angles below 2°, maybe due to a more careful resonator setup and an end-face with a sharper 

edge as a consequence of better in-house polishing (through refinement of the polishing 

technique I used) of the emitting side face. This indicates, according to calculations from 

Chapter 3, that frequencies as low as 3.1 THz are being generated at a closer distance to the 

crystal’s side face, with corresponding absorption coefficient below 300 cm-1 for frequencies 

as high as 4.2 THz.  

The lowest SPS threshold was obtained with the Stokes resonator aligned to generate a 

Stokes wavelength of 1078.5 nm (𝜃 ≅ 1.3°) for a 3.4 W diode input, slightly higher than that 

obtained in KTP. Wavelength-tunable Stokes output was detected from 1076.2 to 1091.7 nm 

when the interacting angle was adjusted from 𝜃 = 1 − 3.6°, as plotted in Figure 4.19. Also in 

Figure 4.19 the SPS tuning range (red curve) is overlaid with the dispersion relation calculated 
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in Chapter 3. This shows that THz frequencies from 3.10 to 7.05 THz were being generated 

inside the material. The discontinuities in the Stokes output correspond to the infrared 

absorbing A1 modes in RTP measured at 106, 143, 161, 170 and 211 cm- 1. The maximum 

average Stokes power was sustained at a reasonably similar level across the different Stokes 

wavelengths produced as shown in Figure 4.20, indicating a comparable SPS efficiency across 

the SPS tuning range. 
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Figure 4.19 – SPS tuning range in the linear RTP resonator. (a)Stokes wavelength output versus interacting angle 
θ. (b)SPS tuning range overlapped with calculated dispersion curve. Discontinuities in the Stokes emission are 
due to infrared absorbing A1 modes in the crystal measured at 106, 143, 161, 170 and 211 cm-1.  

 

1077 1080 1083 1086 1089 1092
0

2

4

6

8

10

12

14

16

18

20

 

S
to

ke
s 

P
o

w
er

 (
m

W
)

Stokes Wavelength (nm)

10
6 

cm
-1

 (3
.2

 T
H

z)
 g

a
p

1
43

 c
m

-1
 (4

.3
 T

H
z)

 g
ap

1
61

+
17

0 
cm

-1
 (4

.8
 -

 5
.1

 T
H

z)
 g

a
p

21
1 

cm
-1

 (6
.3

 T
H

z)
 g

a
p

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

THz Frequency (THz)

 

Figure 4.20 – Maximum average Stokes power versus wavelength. Discontinuities in the Stokes emission are due 
to infrared absorbing A1 modes in the crystal measured at 106, 143, 161, 170 and 211 cm-1.  
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Using the same detection setup as used when trying to detect THz output from the KTP 

laser, it was possible to detect frequency-tunable output from this system. Terahertz radiation 

was detected for Stokes wavelengths from 1076.3 – 1080.3 nm, corresponding to frequencies 

ranging from 3.10 – 4.15 THz. The range of detected frequencies for RTP in the linear 

geometry correlated extremely well with those frequencies predicted in Chapter 3 

(3.00 – 4.15 THz). The terahertz output power versus THz frequency for 5.5 W diode pump 

input is plotted in Figure 4.21 together with the calculated absorption coefficients. Because the 

Golay signal is corrected for the losses in the detection system, the plotted average output 

power corresponds to the power of the free-space propagating THz field after exiting the Si-

prisms.  

The detected terahertz field from RTP was continuously tunable from 3.10 to 3.17 THz, 

and from 3.50 to 4.15 THz. The emission gap from 3.17- 3.50 THz is a consequence of the A1 

infrared absorbing mode at 106 cm-1, and the upper limit at 4.15 THz approaches the 143 cm-1 

mode. The dips in THz power observed at 3.68, 3.84 and 4.01 THz correspond to water vapour 

absorption [17] present in the laboratory environment. No THz field was measured above 

4.15 THz, and from the plot in Figure 4.21 it can be noted that the calculated terahertz 

absorption coefficient substantially increases immediately after the 143 cm-1 gap, which 

indicates that the terahertz fields above 4.5 THz could be being completely absorbed inside the 

material. An experimental analysis was conducted with the system with RTP to directly 

investigate the absorption coefficient and also other experimental parameters with the objective 

of clarify further and bring substantial experimental evidences to the understanding of the limits 

in THz detection from linear resonators, as will be discussed in subsection 4.4.4.  
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Figure 4.21 – Average THz output power versus THz frequency in RTP. (a) Plot against Stokes wavelength. (b) 
Plot overlapped with absorption coefficient. Discontinuities in the Stokes emission are due to infrared absorbing 
A1 modes in the crystal.  
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4.4.2. Power transfer characteristics 

The highest average THz output power was obtained at around 3.80 THz (1078.5 nm Stokes). 

The power transfer curves for the depleted 1064 nm, the 1078.5 nm Stokes and the 3.80 THz 

fields are plotted in Figure 4.22. At SPS threshold the 1064 nm output power was ~115 mW, 

indicating pulse energies around 38 µJ. The measured fundamental pulse duration at SPS 

threshold was 70 ns (FWHM), leading to an estimated SPS threshold intensity of 54 MW/cm2, 

a value comparable to that obtained for KTP in the previous section (60 MW/cm2) 
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Figure 4.22 – Average output powers measured versus incident diode pump power for the depleted 1064 nm 
fundamental, 1078.5 nm Stokes and 3.80 THz fields.  

 

A maximum average output power of 16.2 µW was detected at 3.80 THz, for a 7.3 W 

diode pump input (5.4 nJ per pulse). To the best of this author’s knowledge, this was the highest 

THz average output power ever reported for an intracavity SPS laser at the time these 

experiments were conducted (Dec. 2015), and the results were published in [2].  

The pump depletion of the linear RTP THz polariton laser at 3.80 THz versus diode pump 

input is plotted in Figure 4.23. The percentage of depletion exceeds 60% when above 5 W of 

diode pump, suggesting a very good mode matching between the interacting fields, and good 
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SPS conversion efficiency. The Stokes output power versus pump depletion is plotted in Figure 

4.24, showing a near-linear relation between the percentage of depletion and the Stokes power 

output within the data range. This is an important experimental observation because it indicates 

that the more effectively the fundamental field is depleted the more Stokes and THz photons 

will be generated, suggesting this parameter should be maximised during laser design.  
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Figure 4.23 – Fundamental field depletion of the RTP THz polariton laser versus diode pump power at 3.80 THz.  
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Figure 4.24 – Average output power at 1078.5 nm Stokes versus fundamental field depletion. A near-linear 
relation between these two parameters can be inferred.  
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4.4.3. Temporal profile 

The temporal profiles of the fundamental field (depleted and undepleted), and 1078.5 nm 

Stokes pulses are plotted in Figure 4.25 for a 6.0 W diode pump input. The characteristics of 

these pulses are typical from intracavity SPS lasers [1,8]. The fundamental field pulse width 

decreased from 50 ns to 21 ns (FWHM) as a consequence of the SPS process. This reduction 

in pulse width is associated with the transfer of energy to the SPS fields, and can be interpreted 

as the pump depletion observed in a temporal scale [8]. The Stokes pulse builds up with a 32 ns 

delay, at the peak of the depleted 1064 nm pulse (and the fundamental field pulse decays), to a 

FWHM pulse width of 17 ns. With the Stokes pulse width the maximum peak power for the 

THz radiation can be estimated to be 317 mW. 
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Figure 4.25 – Temporal profiles of the fundamental (depleted and undepleted) and 1078.5 nm Stokes at 6.0 W 
diode pump power.  

 

4.4.4. Limiting factors on terahertz detection above 4.15 THz  

The measured wavelength-tuning range for the SPS Stokes fields in RTP indicated that 

frequencies from 3.10 – 7.05 THz were being generated inside the material. However, no 

terahertz fields could be detected above 4.15 THz. This can be considered in the context of the 

calculated absorption coefficient as shown in the plot of Figure 4.26. The black line indicates 

the calculated absorption coefficient, the red line represents the SPS tuning range, and the thick 
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blue line highlights the THz frequencies that were detected. The range of detected frequencies 

in RTP agrees very well with the calculations made in Chapter 3 (Figure 3.18), where it was 

predicted that frequencies from 3.05 – 4.15 THz were more likely to be detected from RTP in 

a linear configuration.  

The range of THz frequencies detected from the intracavity polariton lasers is different 

from what was observed in the externally-pumped, surface-emitted TPO’s based on KTP and 

KTA (similar nonlinear materials) reported in the literature, from which the terahertz fields 

were detected across the entire Stokes tuning range [10,11], and the reported upper limits were 

at 6.12 and 6.43 THz, respectively. These results give a strong indication that the absorption 

inside the nonlinear material was the limiting factor for the linear configuration utilising Si-

prisms to out-couple the THz fields. Nevertheless, not to rely solely on the calculated 

absorption coefficients and to produce additional experimental information, other factors 

influencing on the terahertz detection above 4.15 THz in RTP were explored, including the 

THz generation efficiency, the THz extraction efficiency from the crystal, and the transmission 

losses through propagation in air and through the detection system. Exploring these factors will 

also help to explain the inability to detect THz emission from the system utilising KTP, from 

which THz frequencies in the 4 – 6 THz range were generated inside the material. 
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Figure 4.26 – Analysis of the terahertz detection limits from the calculated absorption coefficient limits. Black 
line represents the calculated absorption coefficient, red line represents the SPS frequencies generated inside RTP, 
and the blue line highlights the THz frequencies detected from the Si-prisms.  
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Terahertz generation efficiency 

For every interacting angle in SPS, a sufficient amount of THz photons has to be generated 

inside the material to account for all the losses in the system and still enable detection at that 

particular frequency. Hence it is important to compare the number of terahertz photons 

generated inside the nonlinear crystal at frequencies within the THz detectable range with those 

generated at higher frequencies, outside the detection limits. If the efficiency of the SPS process 

in RTP decreases considerably in the 5.2 – 6.0 THz range for example, it would be expected 

that no THz detection could be possible despite the lower in absorption coefficient (Figure 

4.26).  

A comparison of the number of THz photons generated internally for every different 

frequency can be made by monitoring the Stokes output power across the SPS tuning range. 

Assuming that for each 1064 nm photon experiencing stimulated polariton scattering one pair 

of THz and Stokes photons must be generated, the Stokes laser output power is, in theory, 

linearly proportional to the number of Stokes and THz photons pairs generated internally, in 

the absence of other optical processes. For this reason, the Stokes laser output power and the 

percentage of fundamental depletion at 7 W diode pump input were measured across the Stokes 

wavelength-tuning range, as plotted in Figure 4.27. The horizontal line in the figure represents 

the Stokes power measured at 1078.5 nm, wavelength corresponding to the terahertz emission 

peak at 3.80 THz. From this plot we note that the measured Stokes output power for 

wavelengths as high as 1088 nm is greater than that measured at 1078.5 nm (THz detection 

peak), suggesting that the number of photons generated in the 3.90 – 6.10 THz range should be 

similar to or exceed that at 3.80 THz. The fundamental field depletion is high over the same 

range, with values between 50 and 55% for frequencies as high as 5.70 THz. As described 

above, it was expected that the THz power should scale similarly to the Stokes power, yet this 

is clearly not what was detected from the system. This analysis suggested that the efficiency of 

the SPS process (and consequently the THz generation) was maintained across a much wider 

range than what was possible to realise THz detection, and therefore other factors were 

affecting the THz detection above 4.15 THz. 
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Figure 4.27 – Average output powers measured versus incident diode pump power for the depleted 1064 nm 
fundamental, 1079 nm Stokes and 3.8 THz fields.  

 

Terahertz extraction and detection efficiency 

The THz field generated inside the SPS crystal travels through multiple materials and interfaces 

before being successfully detected by the Golay cell to produce a measurable signal. The 

absorption and Fresnel reflection losses at each material and interface in the optical path are 

relevant and shall be analysed individually, from the THz propagation through RTP and silicon 

prisms (extraction efficiency), propagation through free space, and transmission losses though 

the detection optics in front of the Golay cell. 

The extraction of the THz photons from the material begins with the propagation from 

the SPS interacting region within the RTP to the crystal’s edge to which the Si-prisms were 

bonded. High absorption coefficients were calculated in Chapter 3 for this process, and this 

was quantified by directly measuring the absorption coefficient in RTP at different THz 

frequencies. For these measurements the RTP crystal was mounted on a translation stage 

having micron-scale resolution (Thorlabs PT1/M; 10 µm resolution), and the distance travelled 

by the THz beam inside RTP was varied by translating the crystal across the fundamental cavity 

axis (Figure 4.28). The THz output power was monitored versus the increment in propagating 

distance, and was found to follow an exponential dependence, as shown in Figure 4.29. From 

the exponential decay the absorption coefficients at 3.80 THz, 3.98 THz and 4.10 THz were 

obtained according to Beer’s law. The measured absorption coefficients are related in Table 

4.4 together with those coefficients calculated in Chapter 3. The values measured at 3.80 THz 
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and 3.98 THz agree reasonably well with the coefficients calculated in Chapter 3. At 4.10 THz 

an increase in absorption was expected as the 143 cm-1 mode was approached. This was 

predicted by the calculations, however it was not reflected in the experimental measurement. 

The measured absorption coefficients are very high, as expected, which justifies minimising 

the propagation distance inside the material. However, the real dimension of the fundamental 

and Stokes mode volumes, and the RTP crystal size limits the minimum lateral distance 

achievable, and the system was already optimised in this regard. 

 

 

Figure 4.28 – THz absorption measurements setup. The RTP crystal is mounted on a translation stage and the THz 
output power is monitored versus the increment in propagation distance for the THz field. The absorption 
coefficient is obtained according to Beer’s Law.  
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Figure 4.29 – Terahertz output power versus increment in propagation distance inside RTP at 3.8, 3.98 and 
4.1 THz. The corresponding absorption coefficient at each frequency was determined with a best-fit for the 
exponential decay.  

 

Table 4.4 – Calculated and experimentally measured THz absorption coefficient at 3.80 THz, 3.98 THz and 
4.10 THz. 

 
Absorption Coefficient αT 

(cm-1) 

 
Measured  

(± 10 cm-1) 
Calculated 
(Chapter 3) 

3.80 THz 86 73 

3.98 THz 87 94 

4.10 THz 85 139 

 

The high values measured for absorption coefficients supported the conclusion that 

absorption of the THz field was the limiting factor for THz field detection in the linear 

resonator. However, for the completeness of the analysis, the other losses were also estimated. 

The losses for the THz field continue as the transmitted THz photons that reach the RTP-prism 

interface suffer a refraction and a partial reflection (Fresnel loss), followed by a propagation 

through the prism, and a second refraction in the prism-air interface. The absorption in silicon 

is known to increase at higher THz frequencies, and absorption losses ranging from 10% at 
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4 THz to 25% at 7 THz [18]. The combined Fresnel reflection losses in the RTP-prism and in 

the prism-air interfaces are estimated to be around 30% from ~3 – 7 THz, using the 

extraordinary refractive index calculated in Chapter 3, and assuming the refractive index of 

silicon to be 𝑛 = 3.41. 

The THz photons that successfully refract out from the prisms propagate in free-space, 

which in this case is the atmospheric air in the laboratory environment. The absorption in air 

has to be accounted for, particularly due to the presence of water vapour. However it is expected 

that water vapour absorption would cause dips and fine structure in the THz spectra similar to 

what is observed in Figure 4.21 (e.g. at 3.65 THz and 3.85 THz), but not supress a wide THz 

emission band. 

Finally, the transmitted THz field is accessible for detection, and to be detected these 

photons have to be transmitted through the LPF 14.3 filter, the 50 mm EFL TPX lens, and the 

Golay cell TPX window. While the losses appear relatively uniform across the frequency range 

on account of the Fresnel reflection and Si absorption losses, this is certainly not the case for 

the other elements in the detection path. In particular the LPF 14.3 filter, the TPX lens and the 

TPX window in front of the Golay detector. Each of these materials exhibit transmission losses 

that substantially increase with THz frequencies, as can be noted from their transmission 

spectra (Appendix). The estimated transmission losses through each component are listed in 

Table 4.5 for different THz frequencies. The total transmission at 2 THz is around 46%, and 

this value decreases to 31% at 4 THz and to only 3% at 7 THz. The 10-fold decrease in 

transmission from ~4 – 7 THz implies that the minimum detectable signal at 7 THz needs to 

be 10 times stronger than that at 4 THz. Considering that the minimum signal at 3.8 THz was 

~2 µW, a minimum of ~20 µW at 7 THz should impinge on the detection system to be 

measurable. This value is above the maximum value detected at 3.80 THz. 
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Table 4.5 – THz transmission in detection optics calculated with material transmission data sheet. 

 Transmission 

 2 THz 4 THz 7 THz 

Long pass filter 80% 61% 17% 

TPX 50mm EFL Lens 68% 65% 30% 

Golay cell TPX window 82% 78% 58% 

Total transmission 46% 31% 3% 

 

With this investigation it was concluded that the absence of a detectable signal above 

4.15 THz in the linear THz polariton laser based on RTP, and the complete absence of 

detectable THz when KTP was used, is due to the increase in THz absorption inside the SPS 

crystals at higher frequencies (due to tuning towards the strong 271 cm-1 mode in RTP and 

268 cm-1 mode in KTP). The high absorption losses, associated with the increasing losses in 

the out-coupling prisms and detection optics, attenuate the THz field to a level which is below 

the minimum detectable signal, being a strong limitation for RTP and KTP crystals in this 

configuration  

The linear configuration has been a standard for systems utilising MgO:LN, especially 

in the intracavity configuration, and initially it was thought that it would work just as 

effectively for KTP and RTP. However, the strong absorption coefficients calculated in 

Chapter 3, and the other undesired effects reported in this chapter indicated otherwise. The 

competition between SPS and SRS observed when first investigating KTP, was examined 

thoroughly and successfully avoided with the design of a new end mirror for the fundamental 

cavity. The high absorption coefficient, however, could not be circumvented due to the intrinsic 

propagation of the THz fields inside the nonlinear crystal in the linear THz polariton laser.  

There was an excellent agreement between the theoretical predictions from Chapter 3 

and the experimental results reported in this chapter. The gaps in THz emission correlates with 

those predicted by the calculated dispersion curve. The limitations around terahertz detection 

above 4.2 THz in KTP or RTP agree well with the predictions from the calculated absorption 

coefficients. Furthermore, the useful terahertz signal detected from RTP enabled an 
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experimental analysis of the limitations in the extraction and detection of the THz field at 

higher frequencies. 

This all strongly suggests that the linear configuration is far from ideal for generating 

THz radiation using KTP or RTP. As it will be revealed in the next chapter, there is a 

significantly better resonator design which fully exploits the wide tunability of the KTP and 

RTP crystals, and which maximises the extraction of the THz radiation generated inside these 

crystals. 

 

4.5. Chapter summary 

In this chapter undesired competition effects between stimulated Raman scattering and 

stimulated polariton scattering were identified in the KTP crystal, which resulted in undesired 

depletion of the fundamental 1064 nm by the 1095 nm and 1128 nm Raman lines. This required 

the design of a new output coupler with sufficient losses at the undesired Raman wavelengths, 

which successfully produced a pure 1064 nm field in the fundamental resonator, and a 

corresponding SPS field which was also spectrally pure in KTP and in RTP. With the new 

output coupler, frequency-tunable THz radiation was detected in RTP ranging from 

3.10 to 3.17 THz, and from 3.50 to 4.15 THz, and a maximum average output power of 

16.2 µW was detected at 3.80 THz. To the best of the author’s knowledge this was the highest 

average output power in the THz ever detected in an intracavity SPS laser at the time, and the 

first time a crystal different from lithium niobate was investigated in the intracavity design. 

Those excellent results were published in [2]. 

There was evidence of frequencies as high as 7 THz being generated internally in RTP; 

and in KTP, wavelength-tunable Stokes radiation indicated that frequencies from 

4.29 – 5.91 THz were being generated internally, however no THz detection could be realised 

with that material. This is consistent with the findings in Chapter 3 that strong absorption 

within the nonlinear crystals would be likely to limit the extraction of THz radiation above 

4.15 THz. In this chapter the losses in the detection system were also estimated to be alarmingly 

high towards 7 THz. 

The KTP and KTA TPOs reported in the literature with successful THz detection at 

frequencies above this level [10,11] utilised similar detection mechanisms, but the most 

significant difference between them and the linear THz polariton laser is that those systems 
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make use of the surface-emitted configuration, which virtually eliminates the absorption losses 

inside the nonlinear material, refracting the THz beam directly to the air. More importantly, in 

those reported systems utilising the surface-emitted configuration, the THz emission follows 

the SPS tuning range 
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5. Surface-emitted resonator 

polariton lasers 

The terahertz absorption coefficients calculated in Chapter 3 predicted strong limitations to the 

detection of THz fields above 4.2 THz in the linear configuration, which was experimentally 

confirmed in Chapter 4 for KTP and RTP crystals. The transmission losses in the detection 

system were also identified to be high, however the detection equipment utilised in this 

research, particularly the Golay cell and the long pass filter LPF14.3 (to prevent scattered near-

infrared light from impinging on the Golay cell) was similar to that utilised in other experiments 

which had successfully detected terahertz radiation from KTP and KTA at frequencies as high 

as 6.43 THz [1,2]. The main difference between the linear system described in Chapter 4 and 

those externally pumped TPOs reported in [1] and  [2] is that the TPOs were configured in the 

surface-emitted (SE) layout, instead of a linear layout with Si-prisms to out-couple the THz 

field.  

In the surface-emitted configuration the THz field generated at the surface of the 

nonlinear crystal is refracted directly into the air, as explained in Chapter 2, which virtually 

eliminates the absorption losses inside the material and also eliminates the need for Si-prisms. 

The possibility of better extracting the THz field from the SPS crystal thus motivated the 
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investigation of the surface-emitted layout in the intracavity design. The strategy was highly 

successful, and this chapter reports the results obtained with the THz polariton laser in surface-

emitted configuration for three different nonlinear materials. First, substantial improvements 

in the performance of a system based on magnesium oxide-doped lithium niobate are described 

in Section 5.1, as a result of the deposition of a protective Teflon coating on the crystal. These 

great results have been published in Optics Express [3] and this publication is reproduced in 

the Appendix. Secondly, terahertz output could be extracted from KTP, and the first intracavity 

THz polariton laser based on KTP is reported in Section 5.2. The surface-emitted configuration 

was also investigated in RTP for the first time, and as detailed in Section 5.3, it exhibited wide 

frequency-tunability and delivered the highest average THz output power of all investigated 

configurations.  

 

5.1.  MgO:LiNbO3 crystal  

Magnesium oxide-doped lithium niobate has been extensively investigated in surface-emitted 

configuration in externally pumped systems [4–7] but little work has been reported in the 

intracavity layout. Indeed, a single report was found in the literature of an intracavity MgO:LN 

in SE configuration [8], in which a maximum pulse energy of 283 nJ was detected at 1.54 THz, 

and the system was continuously tunable from 0.75 – 2.75 THz. This was obtained with a side-

pumped arrangement, a 350º stack of quasi-CW diode arrays delivering 595 mJ pump pulses; 

the MgO:LN crystal utilised was also relatively large compared to the systems reported here, 

measuring 70 × 46 × 5 mmଷ in the x, y and z crystallographic direction respectively. As a 

stepping stone for developing Macquarie University’s expertise on the surface-emitted layout, 

the first THz polariton laser assembled in surface-emitted configuration was based on an 

intracavity MgO:LN crystal. Valuable improvements were achieved with this investigation, 

and the results detailed in this section were reported in the literature [3].  

 

5.1.1. Laser design 

In the surface-emitted configuration the SPS crystal is designed in such a geometry that both 

fundamental and Stokes resonator fields experience total internal reflection (TIR) inside the 

nonlinear crystal, and the phase matching angles result in a THz field being generated at 
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approximately normal incidence on the TIR surface, and so the terahertz output is refracted 

directed into the air, as already explained in the first two chapters of this thesis. The layout of 

the THz polariton laser in SE configuration is shown in Figure 5.1. The nonlinear crystals under 

investigation were cut at with a trapezoidal geometry, and the TIR surface was the longer base 

of the trapezoid. The length of the resonators and all the other optical components for the 

fundamental and Stokes cavities were the same as those utilised in the linear design. The 

external angle between the fundamental and the Stokes resonators was adjusted by rotating the 

Stokes cavity mirrors, which were mounted on independent rotation stages (Thorlabs PR01; 

5 arcmin resolution) enabling fine tuning of the interacting angle.  

 

  

Figure 5.1 – Layout of the THz polariton laser in surface-emitted configuration. The same fundamental and Stokes 
resonator were utilised for the three different nonlinear crystals evaluated (MgO:LN, KTP and RTP). 

 

 

The nonlinear material utilised in this assembly to satisfy the geometrical and phase-

matching condition for the surface-emitted configuration was a trapezoidal 

5 at.% MgO:LiNbO3 crystal with base angle of 65˚, longer base of 11 mm, 4.5 mm height and 

8 mm thickness in the crystallographic z-axis direction (Castech Inc., China). The 

crystallographic xy plane orientation with respect to the crystal geometry is represented in 

Figure 5.2. The end faces of the material were polished to a high standard (10/5 scratch/dig) 

and anti-reflection coated for the fundamental and Stokes wavelengths 

(R<0.2%@1060 - 1090 nm) and the TIR surface was initially optically polished by the 
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manufacturer to a standard quality (80/50 scratch/dig). In the first experiments, presented in 

Section 5.2.2, the crystal was used as provided. For reasons which will be clarified later in this 

chapter, a protective Teflon layer (AF Amorphous Fluoroplastic Solutions; AF 2400; The 

Chemours Company, USA; Material data sheet in the Appendix) was applied to the TIR 

surface, and a comparative evaluation of the crystal with and without this coating was 

performed as detailed in Section 5.2.5. The complete assembly of the THz polariton laser with 

the MgO:LN in SE configuration is shown in Figure 5.3 

 

 

Figure 5.2 – The trapezoidal 5 at.% MgO:LiNbO3. 

 



 

151 
 

 

Figure 5.3 – THz polariton laser with 5 at.% MgO:LiNbO3 in surface-emitted configuration. 

 

5.1.2. Performance with unprotected TIR surface 

The system power transfer for the fundamental and SPS fields is plotted in Figure 5.4 for the 

most efficient SPS generation at 1071.0 nm Stokes (1.76 THz). Fundamental field threshold 

was achieved at 0.6 W diode input (determined by extrapolating the experimental data) and the 

lowest SPS threshold was reached at 2.8 W. With the 1064 nm output power at this pump level 

(150 mW), the output coupling percentage (0.6%), the cavity mode inside the crystal (230 µm 

radius) and the measured pulse width (125 ns FWHM) the calculated SPS threshold intensity 

is around 40 MW/cm2. This value is higher than what was reported for other linear intracavity 

systems (12 MW/cm2 reported in [9] and 8.2  MW/cm2 reported in [10]), but is smaller than 

the 90 MW/cm2 reported in [8] for another intracavity MgO:LN in SE configuration. The 

power transfer of the system with the unprotected MgO:LN crystal was limited to 4 W diode 

pump input, above which laser damage to the TIR surface was observed (appeared to be 

damage to the external surface). At the limit of laser damage an average output power of 

20.1 µW was detected at 1.76 THz with fundamental field depletion in excess of 44%. The 

interacting angle was adjusted from 𝜃 = 0.7 − 1.4° for a 3 W diode pump (to avoid laser 
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damage) and wavelength-tunable Stokes radiation from 1070.1 to 1075.1 was detected, with 

corresponding frequency-tunable terahertz fields from 1.50 – 2.81 THz being detected with the 

Golay cell.  
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Figure 5.4 – Power transfer for the fundamental 1064 nm (depleted and undepleted), 1071.0 nm Stokes (magnified 
10 times) and 1.76 THz fields without the protective Teflon coating on the MgO:LiNbO3. 

 

The horizontal beam profile for the THz radiation propagating in free space was 

measured with a knife-edge mounted on a precision translation stage (Thorlabs PT1/M; 10 µm 

resolution). In the knife-edge technique, a blocking element (knife) is translated across the 

beam cross-section and optical power is measured (Figure 5.5). The terahertz radiation is 

expected to be produced in a close to Gaussian profile [11], and in this case the Gaussian best-

fit of the derivative of the knife-edge intensity profile yields the spatial beam profile [12]. The 

knife was manually translated (50 µm step size) and the transmitted THz signal monitored, and 

the profile typical from a knife-edge is plotted in Figure 5.5 together with the smoothed curve. 

The derivative of the smoothed knife-edge curve provides a Gaussian beam with 2.0 mm (1/e2) 

horizontal beam diameter at 1 mm from the TIR surface, and this is also plotted in Figure 5.5. 

This value is slightly higher than the ~1.1 mm horizontal mode size of the interacting fields at 

the TIR surface (460 µm diameter ÷ cos(65º)). The minimum distance for the knife-edge 

measurements (1 mm) was limited by the mechanical mounts of the crystal and the knife edge. 
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Figure 5.5 – Knife-edge measurements layout, and experimental results of the horizontal beam profile after 1 mm 
propagation in free space from the TIR surface. The Gaussian best-fit of the derivative of the knife-edge 
measurements indicates a 2.0 mm horizontal beam diameter.  

 

These preliminary results were very promising, with a 3-fold increase in the output power 

obtained over the linear configuration [10], despite the limitations to the diode pump power. It 

was evident that the terahertz output power was limited by laser damage to the MgO:LN crystal 

bounce surface, and this issue was investigated.  

 

5.1.3. Laser damage threshold of MgO:LiNbO3 crystal 

The literature concerning laser-induced damage of lithium niobate is somewhat complex, and 

there are three main categories of damage, being laser-induced surface and bulk damage, and 

photorefractive damage. The laser-induced damage of lithium niobate is affected by the 

occurrence of photorefractive damage (mainly in the bulk). Dopants such as MgO which are 

added to reduce photorefractive damage are found to actually reduce the laser induced damage 

threshold [13]. For a 5% MgO doping concentration, a bulk damage threshold of 2.5 J/cm2 was 

reported in [13] (1053 nm, 25 ns pulses). It is common for the surface damage threshold to 

exceed the bulk damage threshold in LiNbO3, and these were respectively reported to be 

22 J/cm2 and 12 J/cm2 in [14] for a 1064 nm, 10 ns/pulse laser. I was unable to find 

corresponding data for MgO:LiNbO3 in the literature. 

Considering the 300 mW average output power at 1064 nm for a 4 W diode pump, the 

fundamental mode size inside at the TIR surface (570×230 µm ellipse) and the transmission of 

the output coupler (M2), the fluence of the fundamental field at the TIR surface can be 
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estimated to be around 3 J/cm2 at 4 W diode pump, and this is significantly lower to what was 

reported for the undoped lithium niobate. It was noted that the laser damage to the TIR surface 

occurred more frequently during alignment of the Stokes cavity mirrors, during the onset of 

the SPS process. When the SPS fields are stable, the fluence is lower (~2 J/cm2) due to 

depletion of the fundamental field. These observations are consistent with the 2.6 J/cm2 surface 

damage threshold reported in [15]. The surface damage threshold is also influenced by surface 

roughness [16,17], and it is noted that the crystal’s input faces which were polished to a higher 

quality figure (10/5 in comparison to the 80/50 for the TIR surface) were not damaged during 

power transfer. In consultation with the manufacturer, however, we were informed that it would 

not be possible to increase the surface quality of the TIR surface of the crystal. To remove the 

damaged spots the TIR surface was re-polished to the same standard (80/50) by the crystal 

manufacturer. 

 

5.1.4. Protective Teflon coating 

The application of a protective Teflon coating to the TIR surface of the MgO:LiNbO3 crystal 

was investigated as an alternative to improve the laser damage resistance. The premise here is 

that the Teflon coating will to prevent the interaction of the evanescent wave field of the totally 

internally reflected field with imperfections and impurities on the crystal surface; this is an 

approach which has successfully been used in other solid state lasers [18,19]. When the 

incident angle 𝜃௜ of an electromagnetic field at an optical interface between two media is above 

the critical angle (𝜃௖), the field experiences total internal reflection (TIR), and the refraction 

angle 𝜃௧ assumes a complex value giving rise to a transmitted plane wave (𝑬𝒕) which 

exponentially decays, and can be described by [20]: 

 

𝑬𝒕 = 𝑬𝟎𝑒௝௞ೣ௛ = 𝑬𝟎𝑒ି௛௫ (5.1) 

and  

𝑘௫ = ൬
2𝜋

𝜆
൰ 𝑛௧ cos 𝜃௧ (5.2) 

 

where 𝑘௫ is the component of the wave-vector normal to the TIR surface, 𝜆 is the radiation 

wavelength, h is the evanescent wave decay coefficient defined by 𝑘௫ = 𝑗ℎ   ൫𝑗 ≡ √−1൯, and 



 

155 
 

𝑛௧ is the refractive index of the media to which the radiation is transmitted. The evanescent 

wave decay coefficient can be rewritten as: 

  

ℎ =
2𝜋

𝜆
𝑛௧ ቈ൬

sin 𝜃௜

sin 𝜃௖
൰

ଶ

− 1቉

ଵ/ଶ

 (5.3) 

 

For a protective Teflon coating (𝑛௧ = 1.3 at 1064 nm) at an incident angle of 65˚ at an 

MgO:LN-Teflon interface, the attenuation of the evanescent wave amplitude was calculated 

and plotted versus the Teflon thickness as shown in Figure 5.6. According to the plot a 

~120 nm-thick Teflon layer would be sufficient to lead to a 1/e attenuation of the evanescent 

wave field amplitude to its value at the MgO:LN/Teflon interface, and this thickness was 

considered as a minimum thickness that should result in a substantial reduction of the 

evanescent wave intensity at the air interface. This level of attenuation should be sufficient to 

prevent any laser-induced damage at power levels encountered in the systems under 

investigation.  
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Figure 5.6 – Evanescent wave amplitude attenuation versus Teflon layer thickness. A 120 nm-thick Teflon layer 
is sufficient to attenuate the amplitude to 1/e of its initial value (red cross).  

 

A solution of Teflon (AF Amorphous Fluoroplastic Solutions; AF 2400; The Chemous 

Company, USA) was deposited on the TIR surface using spin-coating, and the material was 
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solidified by heating the coated crystal to evaporate the solvent present in the applied 

layer [21]. Prior to the deposition on the crystal, microscope slide samples were spin-coated in 

house (WS-400BZ-6NPP, Laurell Technologies Inc., USA) with the AF 2400 solution at three 

different rotation speeds (1000, 2000 and 3000 rpm for 60 s; and heated for 5 minutes at 

112˚C), to evaluate the effect of the rotation speed on the layer thickness [21]. The thickness 

of the Teflon layer deposited on the samples spin-coated at different rpm’s was measured with 

a surface profiler (Tencor Alphastep 500) and the results are plotted in Figure 5.7. From the 

plot it can be noted that a 2000 rpm spin rate was sufficient to produce a ~150 nm-thick layer. 

The surface profiler has a depth-sensitive needle, and to measure the coating thickness 

deposited on the samples I scratched the deposited layers with a blade, producing a physical 

gap in the coating material, and the depth of from the top of the Teflon layer to the microscope 

slide substrate was measured with the needle. This destructive measurement technique should 

not be applied to the laser crystal. For this reason the value measured for the microscope slide 

samples was considered to be equivalent to the layer thickness to be deposited on the crystal. 

A single layer of Teflon was then deposited on the TIR surface of the MgO:LN crystal at 

2000 rpm for 60 s and heated for 5 minutes at 112˚C and the resulting thickness of the layer 

(~150 nm) was considered sufficient to neglect the effects of the evanescent wave field. The 

absorption coefficient of Teflon is below 4 cm-1 in the terahertz frequency range of 

interest [22], indicating that less than 0.01% of the THz radiation would be absorbed during a 

150 nm propagation.  

The potential use of the Teflon layer as an anti-reflection coating for the THz field was 

also investigated as a means to reduce the Fresnel losses associated with extraction of the THz 

field. With the refractive index data calculated in Chapter 3 for the THz fields (𝑛~5.5 − 6), 

Fresnel losses in the order of 50% are expected in the MgO:LN for angles close to normal 

incidence. However it is anticipated that the single layer of Teflon was not expected to act as a 

thin-film interference coating for the THz radiation because its thickness was around three 

orders of magnitude lower than the wavelength of the THz fields (75 – 200 µm). 
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Figure 5.7 – Single Teflon-layer thickness versus spin-coating machine rotation speed for microscope slide 
samples. Samples were spun for 60 s, followed by 5 minutes heating at 112ºC. A 2000 rpm rotation speed was 
found to be sufficient to produce a Teflon-layer with thickness greater than 120 nm (a thickness that results in a 
1/e attenuation of the evanescent wave at 1064 nm). 

 

5.1.5. Performance with Teflon-coated TIR surface 

The magnesium oxide-doped lithium niobate crystal with the protective Teflon layer on the 

TIR surface was inserted in the resonator, and the laser was realigned. No laser-induced 

damage was observed, even when pumping with powers of 4 W and higher. However, at 6 W 

diode pump the undepleted 1064 nm field rolled over due to the strong thermal lensing in the 

fundamental resonator (despite the chopped pump diode), which limited the diode pump level. 

The laser damage threshold for the Teflon coated crystal could not be determined in this 

experiment, yet it could be inferred that an increase in damage threshold of at least 50% over 

the unprotected material was obtained, by considering the maximum output power at the 

fundamental wavelength which could be tolerated in both cases (450 mW maximum 1064 nm 

output with the coated material versus 300 mW with the unprotected crystal). 

The system was power transferred and plots of the fundamental (depleted and 

undepleted), 1071.0 nm Stokes and 1.76 THz fields are shown in Figure 5.8. The threshold for 

the fundamental field was not affected by the re-polishing and Teflon deposition coating. The 

SPS threshold however showed a small increase (17%) to 3.3 W, and this may originate from 

the interaction of the fundamental field with slightly different regions in the crystal bulk and 
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there may be corresponding local variation in the SPS gain (due to impurities, local defects, 

etc.). This also impacted on the SPS threshold intensity, increasing it to about 66 MW/cm2 

(considering 240 mW average 1064 nm output power and the measured 121 ns pulse width at 

SPS threshold). The possibility of pumping the system harder enabled an increase in the 

detected THz signal, as expected. A maximum average output power of 58.6 µW was detected 

at 1.76 THz for a 6.5 W diode pump power input, with fundamental field depletion exceeding 

55%. This represents an 8-times increase in maximum THz power that could be detected, in 

comparison to the linear resonator reported in [10], and a diode-to-THz conversion efficiency 

of 8.7 × 10ିସ%, double the value obtained in [23] and one order of magnitude over [8]. Worth 

noting that this THz frequency also does not correspond to where we expect the highest THz 

power to be achieved (see Stokes gain curve, Figure 3.7), suggesting that the efficiency of the 

system could be increased further. 
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Figure 5.8 – Power transfer for the fundamental 1064 nm (depleted and undepleted), 1071.0 nm Stokes (magnified 
10 times) and 1.76 THz fields with the protective Teflon layer on the MgO:LiNbO3 TIR surface. 

 

The temporal behaviour of the fundamental (depleted and undepleted) and 1071.0 nm 

Stokes fields measured at maximum THz emission (6.5 W pump), is shown in Figure 5.9. The 

fundamental pulse width decreased from 126 ns to 53 ns (FWHM) as a consequence of 

depletion, and the 1071.0 nm Stokes pulse was measured to build up with a 77 ns delay from 

the fundamental pulse, with a measured width of 18 ns (FWHM). The ratio between the areas 
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of the depleted and undepleted 1064 nm pulses indicates a fundamental field depletion of 59%, 

correlating well with that estimated from the power transfer curves.  
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Figure 5.9 – Temporal profiles of the 1064 nm fundamental (depleted and undepleted) and 1071.0 nm Stokes 
fields at maximum THz output (6.5 W diode pump power). 

 

Improvements in the frequency-tuning range of the SPS laser with the protective Teflon 

layer on the nonlinear crystal were also observed. When the interacting angle was adjusted 

from 𝜃 = 0.7 − 1.8°, wavelength-tunable Stokes radiation was detected from 1070.0 to 

1079.2 nm, and corresponding terahertz frequencies continuously tunable from 

1.46 – 3.84 THz were detected. The plot in Figure 5.10 shows the frequency coverage of the 

terahertz field for the unprotected and the Teflon-coated MgO:LiNbO3 with the diode pump at 

each point optimised for the maximum THz signal from the Golay cell. The pump powers at 

which maximum THz power was achieved at each frequency varied between 3 and 4 W for the 

unprotected crystal and between 5 and 7 W for the Teflon-coated material. The substantial 83% 

increase in frequency coverage with the protective Teflon coating is attributed to the increase 

in laser damage resistance that enabled a higher diode pump power to be utilised, and 

consequently enabled SPS threshold to be reached at higher THz frequencies. The THz beam 

profile was not measured in this case but it is expected to remain similar to the 2.0 mm 

previously measured.  
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Figure 5.10 – Comparative plot of terahertz frequency-coverage of the system with the unprotected nonlinear 
crystal and after the deposition of a Teflon layer on the TIR surface. In each case, the diode pump power was 
adjusted to obtain a maximum average THz output power. 

 

Magnesium oxide-doped lithium niobate is probably the most important nonlinear 

material for frequency-tunable THz generation via stimulated polariton scattering, and laser 

damage to the crystal has been often reported as a liming factor in performance [8,24,25]. With 

the application of a single Teflon-layer to the crystal’s TIR surface utilising the simple spin-

coating technique it was possible to augment the system tolerance to the intracavity field 

intensity and higher diode pump powers were enabled. As a consequence, the system delivered 

higher average terahertz output power and also a significantly wider frequency-tunability. It is 

of particular importance to note that with the surface-emitted geometry and with the deposition 

of the Teflon coating, frequencies approaching 4 THz were detected from MgO:LN, and this 

is substantially higher than the ~3 THz maximum frequency typically detected from this 

crystal. Terahertz signal at such high frequencies were recently reported from an externally-

pumped MgO:LN, however it relied on injection-seeded system of notably greater 

complexity [26].  

This enhancement in performance offered by the Teflon coating could be readily 

translated to other intracavity systems and also externally pumped THz parametric oscillators. 

The experimental knowledge acquired with the assembly of the MgO:LN in surface-emitted 

configuration was utilised to extend the investigation to KTP and RTP crystals, with the 
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objective of producing terahertz sources with frequency-tunable THz output at higher 

frequencies (~4 – 6 THz), expanding the frequency coverage of the available sources. 
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5.2. KTiOPO4 crystal  

In Chapter 4 a linear terahertz polariton laser based on an intracavity KTP crystal was 

assembled and wavelength-tunable Stokes radiation was successfully produced via SPS, 

corresponding to frequencies from 4.29 – 6.02 THz being generated inside the material. The 

high absorption coefficients calculated in Chapter 3 indicated that the THz fields at such 

frequencies would be strongly absorbed inside KTP, imposing serious limitations to the 

detection of terahertz signal, and in fact no THz wave could be detected from the system. In 

the surface-emitted configuration, the propagation losses are avoided for the THz fields 

generated at the TIR surface of the crystal, and terahertz fields are expected to be refracted into 

the air across the entire SPS range, facilitating detection. Thus, following from the work on the 

surface-emitted MgO:LN crystal, a KTP crystal in surface-emitted configuration was 

examined.  

The nonlinear material utilised in this assembly was a trapezoidal KTiOPO4 crystal with 

base angle of 60˚, longer base of 12 mm, 5 mm height and 8 mm thickness in the 

crystallographic z-axis direction (Crystech Inc., China). The crystallographic xy plane 

orientation with respect to the crystal geometry is represented in Figure 5.11. The material was 

supplied with the end faces polished to high quality (10/5 scratch/dig), and anti-reflection 

coated for the fundamental and Stokes wavelengths (R<0.3%@1060 - 1090 nm). The TIR 

surface was polished to a standard quality (80/50 scratch/dig). The trapezoidal KTP crystal was 

inserted in the surface emitted resonator described in the previous section (replacing the 

MgO:LN) and the performance of the system was evaluated. 

 

 

Figure 5.11 – The trapezoidal KTiOPO4. 
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5.2.1. Performance without an intracavity etalon 

The resonators were realigned with the intracavity KTP crystal in surface-emitted 

configuration. As a result of SPS, wavelength-tunable Stokes radiation from 

1080.9 to 1083.4 nm was detected from the Stokes mirror M4 when the interacting angle was 

adjusted from 𝜃~2.0 − 2.8°, corresponding to polariton frequencies from 4.29 – 4.94 THz. 

This is a smaller range than that obtained in Chapter 4 for the linear resonator, in which 

frequencies from 4.29 – 5.91 THz were generated inside KTP when the interacting angle was 

adjusted from 𝜃~2.0 − 3.5°. This is because for higher interacting angles (𝜃~2.8 − 3.5°) the 

spectral output of the Stokes resonator used in the surface-emitted configuration cavity 

contained additional infrared radiation at a fixed wavelength of 1095.5 nm, and this is 

attributed to backscattered stimulated Raman scattering at 268 cm-1. The output coupler mirror 

(M2) prevented this wavelength from lasing in the fundamental resonator, as detailed in 

Chapter 4. However the broadband coating on the Stokes mirrors were not designed to this end. 

This SRS line at 1095.5 nm was suppressed with the insertion of an intracavity etalon in the 

Stokes resonator, as will be discussed in the next section. 

Despite the smaller SPS tuning range when compared to the linear layout, the 

performance of the surface-emitted resonator without the etalon was evaluated first, and 

frequency-tunable terahertz radiation was successfully detected. This is the first time KTP has 

been used in an intracavity surface-emitted design. The system was power transferred for the 

most efficient SPS generation at an interacting angle of 𝜃 = 2.5°, and the 1064 nm fundamental 

(depleted and undepleted), 1081.5 nm Stokes and 4.46 THz field outputs are plotted in Figure 

5.12. Fundamental threshold was achieved for 0.6 W diode pump power, and SPS threshold 

was reached at 4.1 W. With the 1064 nm output power at this pump level (400 mW), the output 

coupling percentage (0.6%), the cavity mode inside the crystal (230 µm radius) and the 

measured pulse width (115 ns FWHM), the calculated SPS threshold intensity is around 

116 MW/cm2. The calculated SPS intensity at threshold was substantially higher than that 

obtained in the linear configuration (69 MW/cm2) and yet is comparable to that obtained for 

the externally pumped KTP TPO using a surface-emitted configuration, reported in [2]. This 

suggests that different thresholds might be expected in linear or SE configurations. A maximum 

average output power of 59.0 µW was detected at 4.46 THz, for a 6.7 W diode pump, with 

depletion in excess of 58%. Above this pump level, the THz and near-infrared fields decreased 

in power due to strong thermal lensing. No laser damage to the TIR surface was observed in 
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KTP within the context of this experiment suggesting that KTP has a significantly higher laser 

damage threshold than MgO:LN. The application of Teflon was therefore not pursued in these 

experiments. 
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Figure 5.12 – Power transfer for the fundamental 1064 nm (depleted and undepleted), 1081.5 nm Stokes 
(magnified 10 times) and 4.46 THz fields in the KTiOPO4 crystal in surface-emitted configuration without the 
intracavity etalon. 

 

This was the first time that THz was detected from an intracavity SPS system based on 

KTP crystal. The power levels detected were superior to what is typically obtained in linear 

resonators (Chapter 4, and  [9,10]) and were comparable to those reported for the surface-

emitted MgO:LN in the previous section. With the KTP in surface-emitted configuration, it 

was possible to detect terahertz radiation across the entire SPS tuning range, from 

4.29 to 4.51 THz, and from 4.92 to 4.94 THz as plotted in Figure 5.13 for a 5.5 W diode pump 

input. In the same figure, the measured Stokes output power is displayed. The gap in THz 

emission from 4.52 to 4.91 THz corresponds to the infrared A1 absorbing mode measured at 

153 cm-1. 
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Figure 5.13 – Measured average THz and Stokes output power  versus terahertz frequency in the intracavity KTP 
in surface-emitted configuration without the intracavity etalon in the Stokes resonator at 5.5 W diode pump.  

 

The assembly of the surface-emitted resonator with the intracavity KTP crystal overcame 

the factors that limited terahertz detection in the linear configuration. These results complement 

the prediction from Chapter 3 and the experimental results from Chapter 4, strongly indicating 

that absorption of the THz fields inside the SPS crystals was indeed the limiting factor for THz 

detection above 4.2 THz in the linear configuration.  

However, the presence of the SRS line at 1095.5 nm in the Stokes resonator for 

interacting angles above 𝜃 = 2.8° was supressing the generation of SPS fields at higher 

frequencies, limiting the polariton field to a maximum 4.94 THz frequency, as opposed to the 

5.91 THz observed in the linear resonator (Chapter 4). This undesired line, attributed to a 

268 cm-1 backscattered Raman shift in KTP, indicates that in the SE resonator assembly, the 

Raman gain is somehow more significant with respect to the SPS gain, when compared to what 

was produced in the linear resonator (Chapter 4). A higher Raman gain relative to the SPS gain 

would give rise to a competing stimulated Raman scattering in the Stokes cavity. The smaller 

dimension of the SPS crystal along the fundamental and Stokes cavity axes for the trapezoidal 

material in comparison to the linear cuboid was investigated as the potential origin for this 

different behaviour. In the linear resonator, the maximum effective interacting length for the 

SPS fields inside the cuboid KTP is the proper crystal length along the resonator axis, which 
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was 20 mm (Chapter 4). This value is smaller in the surface-emitted geometry, and is limited 

to a maximum of 10.4 mm for the trapezoidal KTP (Figure 5.14).  

 

 

Figure 5.14 – Maximum interaction length in the surface-emitted KTP trapezoid with 12 mm base length.  

 

Considering both fundamental and Stokes fields to have a constant beam radius inside 

the SPS crystal given respectively by 𝑤ଵ and 𝑤ଶ, the interacting length for the SPS fields for a 

given interacting angle (𝐿(𝜃)) can be estimated (to an upper limit) with the following 

expression: 

 

𝐿(𝜃) = 𝐿ଵ + 𝐿ଶ = ቀ
𝑤ଵ

tan 𝜃
ቁ + ቀ

𝑤ଶ

sin 𝜃
ቁ (5.4) 

 

where the distances 𝐿ଵ and 𝐿ଶ are represented in Figure 5.15.  

 

 

Figure 5.15 – Estimate of the interacting length for a fundamental field (mode radius 𝑤ଵ) and a Stokes field (mode 
radius 𝑤ଵ) interacting at an angle 𝜃. To facilitate for the reader, the diagram is sketched for a linear geometry, 
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however, the same is valid for a surface-emitted layout because the mirror reflection does not alter the interacting 
length. 

 

For a fundamental and Stokes resonator mode radius of 𝑤ଵ = 𝑤ଶ = 230 µm inside the 

nonlinear crystal, the interacting length given by equation 5.4 can be calculated as a function 

of the interaction angle, as plotted in Figure 5.16. From the figure it can be noted that for angles 

above 2.5º the interaction length ൫𝐿(𝜃)൯ decreases below 10.4 mm. This indicates that for 

interaction angles above 𝜃 = 2.5° the physical dimension of the trapezoid does not impose any 

geometrical limitation to the interacting SPS fields. Therefore, with regards to the interacting 

volume of the fundamental and Stokes resonator modes inside the KTP crystal, the trapezoidal 

geometry was not a limiting factor for the SPS gain from 𝜃~2.8 − 3.5°.  
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Figure 5.16 – Interaction length versus interacting angle between SPS fields for a 230 µm mode radius for the 
fundamental and Stokes fields.  

 

Another difference that can be noted from the linear to the surface-emitted resonator is 

the higher slope efficiency of the 1064 nm field (depleted and undepleted) in the SE resonator. 

The higher fundamental field power out-coupled from the surface-emitted resonator indicates 

that higher intracavity fields were being generated inside the resonator, however it would not 

be straightforward to relate it to the Raman competition observed here. It is also not completely 

clear why the SPS threshold increased in the SE configuration when compared to the linear 

resonator from Chapter 4, keeping in mind that the optical components were kept the same, 
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and the KTP crystals were provided by the same manufacturer. This suggests that the SPS gain 

equations obtained in Chapter 2, with the assumptions of steady-state SPS fields are likely to 

be inaccurate to describe the complex dynamics of the intracavity nonlinear SPS phenomena.  

Nevertheless, the Raman-shifted line in the Stokes cavity was undesired, and an etalon 

was inserted in the Stokes cavity with the objective of introducing loss to the 1095.5 nm field, 

and produce pure SPS emission, as described next.  

 

5.2.2. Performance with intracavity etalon in the Stokes resonator 

Frequency-tunable terahertz detection 

The presence of the 1095.5 nm Raman line in the Stokes resonator for interacting angles in the 

𝜃~2.8 − 3.5° range was undesired, and the same etalon utilised previously was inserted in the 

Stokes resonator (250 µm-thick, reflectivity R=30%, fused silica substrate, finesse = 2.5) with 

the objective of inducing losses to the 1095.5 nm field. The etalon was inserted at near-normal 

incidence in the Stokes cavity, and at every interacting angle θ the tilt angle of the etalon was 

optimised for maximum SPS power. With the etalon inside the Stokes resonator the range of 

interacting angles producing frequency tunable THz radiation was similar to that produced in 

the linear resonator (Section 4.3.1). For interacting angles from 𝜃~2.3 − 3.5° wavelength-

tunable Stokes radiation was detected from 1080.9 to 1087.2 nm, and the corresponding 

terahertz frequencies could be detected across the entire SPS tunable range, as plotted in Figure 

5.17 for a 5.5 W diode pump power. Also in the same figure, the detected Stokes output is 

shown. Terahertz radiation continuously tunable from 4.29 – 4.53 THz, 4.88 – 5.03 THz and 

from 5.47 – 5.89 THz was detected. The gaps in SPS emission corresponding to frequencies 

from 4.54 – 4.87 THz and from 5.04 – 5.46 THz are located respectively in the vicinity of the 

153 and 177 cm-1 A1 modes measured in KTP. The presence of the etalon inside the Stokes 

cavity limited the minimum interacting angle to 𝜃 = 2.3°, and any attempt to reduce the 

interacting angle below this value would result in clipping of the fundamental beam by the edge 

of the etalon substrate. The upper limit on the frequency tunable range is attributed to a poor 

overlap between the fundamental and Stokes beams at higher interacting angles. 
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Figure 5.17 – Measured average THz output power and Stokes output power versus terahertz frequency in the 
intracavity KTP in surface-emitted configuration with the intracavity etalon (250 µm-thick, R=30%, fused silica 
substrate) in the Stokes resonator. Diode pump power was set at 5.5 W. Vertical dashed lines represents 
frequencies at which the system was power transferred (4.46 and 5.58 THz). 

 

Power transfer at 4.46 THz and 5.58 THz 

The system was power transferred at the same SPS frequency as that before the insertion of the 

etalon, at 4.46 THz (𝜃 = 2.5°; 1081.5 nm Stokes), and also around the emission peak at a 

higher frequency, at 5.58 THz (𝜃 = 3.0°; 1085.9 nm Stokes), as plotted in Figure 5.18. The 

fundamental threshold was again reached at 0.6 W diode pump. For the polariton frequency at 

4.46 THz the presence of the etalon did not promote an increase in the SPS threshold, which 

was measured as 4.1 W diode pump (the estimated intensity at SPS threshold was also similar, 

116 MW/cm2). The maximum average terahertz output power detected at 4.46 THz was 

67.4 µW for a diode pump power of 7.3 W, representing a 14% increase over the value 

measured without the etalon; the pump depletion in this case exceeded 61%.  

The SPS threshold for the 5.58 THz generation was reached at 4.9 W diode pump. With 

the 1064 nm output power at this pump level (440 mW), the output coupling percentage 

(0.6%), the cavity mode radius inside the crystal (230 µm) and the measured pulse width 

(115 ns FWHM), the calculated SPS threshold intensity is around 128 MW/cm2. A maximum 

average output power of 70.9 µW at 5.58 THz was measured at 7.3 W diode pump 

(fundamental depletion of 59%), the highest output detected across the entire SPS range for 

this material, and also a value superior to that detected from MgO:LN.  
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Figure 5.18 – Power transfer for the fundamental 1064 nm (depleted and undepleted) and SPS fields in the 
KTiOPO4 crystal in surface-emitted configuration with the intracavity etalon (250 µm-thick, R=30%, fused silica 
substrate). (a) 1081.5 nm Stokes (magnified 10 times) and 4.46 THz fields. (b) 1085.9 nm Stokes (magnified 10 
times) and 5.57 THz fields. 

 

The intracavity etalon demonstrated the possibility of reproducing the same SPS tunable 

range in the surface-emitted configuration as to what was achieved in the linear approach 

(Chapter 4). However, the fine angle tuning of the etalon at every interacting angle to suppress 

the 1095.5 nm was required and introduced an inconvenient complexity to the process. Ideally, 

a solution similar to what was implemented in Chapter 4 to eliminate the competition between 

SPS and SRS in the fundamental resonator is desired, and a new Stokes mirror was considered, 
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having sufficient transmission losses at 1095.5 nm but high reflectivity at the Stokes 

wavelengths. Although, we were informed by different laser mirrors suppliers that the 

production of such mirror coatings was unfeasible due to the proximity between the Stokes 

wavelengths (1080-1087 nm) and the 1095.5 nm Raman shift. For this reason, the frequency-

tunability of the surface-emitted THz polariton laser based on KTP could not be improved 

further. It is also important to note that the etalon utilised was not optimised for this experiment, 

but selected among a limited collection available in the laboratory.  

 

Temporal profile  

The temporal characteristics of the fundamental (depleted and undepleted) and 1081.5 nm 

Stokes output were measured at 6.8 W diode pump, as plotted in Figure 5.19. The fundamental 

pulse width decreased from 104 ns to 44 ns (FWHM) as a consequence of depletion, and the 

1081.5 nm Stokes pulse builds up with a 52 ns delay from the fundamental pulse, with a 

measured width of 42 ns (FWHM). The ratio between the areas of the depleted and undepleted 

1064 nm pulses indicates a fundamental field depletion of 53%, correlating reasonably well 

with that estimated from the power transfer curves. It is not entirely clear the reason for such a 

long Stokes field pulse width when compared to the ~20 ns typically observed from these 

intracavity systems.  
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Figure 5.19 – Temporal profiles of the fundamental (depleted and undepleted) and 1081.5 nm Stokes at 6.8 W 
diode pump power.  

 

Terahertz field polarization  

The nature of the SPS process in the system dictates that the fundamental and Stokes fields 

would be vertically polarised (polarization along the z-axis), and the THz signal is also 

expected to exhibit the same polarization. The polarization state of the terahertz output was 

inferred with a linear polariser (POL-HDPE-CA25-OD34.9-T7.9, Tydex, Russia) oriented 

perpendicular to the THz propagation direction (parallel to the TIR surface of KTP), and 

mounted on a rotation stage (Thorlabs PRM1/M; 5 arcmin resolution). The plot in Figure 5.20 

shows the transmitted power at 4.46 THz after the polariser with the transmission axis of the 

polariser rotated from 0−90° with respect to the vertical axis. From the plot it is clear that 

maximum transmission is obtained with the transmission axis of the polariser is vertically 

aligned, and hence the terahertz output was confirmed to be vertical (parallel to the crystal’s z-

axis and consistent with the polarization of the Stokes field). From the maximum detected THz 

signal (32.0 µW) and minimum measurable THz system during these measurements (0.2 µW) 

a polarization ratio of 160:1 (vertical:horizontal) is calculated. 
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Figure 5.20 – Measurement of the polarization state of the terahertz radiation generated by the KTP crystal in 
surface-emitted configuration with a linear polariser. The measurements indicate a vertically polarised THz output 
from the laser. 

 

Terahertz field linewidth  

The linewidth of the terahertz field was calculated based on the coherence length of the 

4.46 THz radiation. The coherence length (𝐿௖௢௛) of electromagnetic radiation propagating in 

air (propagation velocity c), is related to the linewidth (∆𝜐) of the field by the following 

relation [12]: 

 

𝐿௖௢௛ =
𝑐

𝜋∆𝜐
 (5.5) 

 

The coherence length of the THz field was measured with a manually adjusted scanning 

Fabry-Pérot interferometer constructed using two plane-parallel silicon windows (50.8 mm 

diameter, 0.5 mm thick; Tydex) [27]. One silicon window was fixed in place, and the second 

was mounted on a precision translation stage (Thorlabs PT1/M; 10 µm resolution). The 

interferometer was placed with the windows perpendicular to the THz propagation direction, 

as shown in Figure 5.21. The terahertz signal transmitted by the interferometer versus the 

separation between the silicon windows (50 µm steps) was monitored with and without the 

etalon in the Stokes cavity, as plotted in Figure 5.22. For separation distances below the 
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coherence length, the power transmitted after the interferometer will be a result of the 

interference in the Fabry-Pérot cavity, and thus will present maximum and minimum intensity 

depending on constructive and destructive interference [27]. Above the coherence length, the 

interference pattern vanishes and the transmitted intensity is simply the incident intensity minus 

the transmission losses of the interferometer (basically Fresnel reflection losses in this case). 

From the measurements, a coherence length of around 3.3 mm (±0.1 mm, considering a ±1 step 

uncertainty) was measured in both cases, leading to an estimated linewidth of 29 GHz 

(±1 GHz). This is comparable to the free-running linewidth observed in other intracavity and 

externally pumped SPS systems (50 – 100 GHz) [28,29]. The etalon inserted in the Stokes 

cavity did not promote any linewidth narrowing in the THz field because this is primarily 

determined by the linewidth of the fundamental field. It is anticipated that the measured 

linewidth of the terahertz output could be reduced with the insertion of a high finesse etalon in 

the fundamental and/or Stokes resonators as was reported in  [29]. Further investigation of the 

linewidth was however beyond the scope of this thesis. 

 

Figure 5.21 – Schematic for linewidth measurements. A Farby-Pérot interferometer composed of two silicon 
windows is placed on the THz beam path. Power transmitted by the interferometer is monitored versus window 
separation “d”.  
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Figure 5.22 – Terahertz signal transmitted by the Fabry-Pérot interferometer versus separation distance between 
Si-windows. (a) free-running laser, without etalon in Stokes cavity. (b) with 250 µm-thick, R=30% etalon in 
Stokes cavity. Measured coherence length is 3.3 mm (±0.1 mm) and calculated linewidth 29 GHz (±1 GHz) in 
both cases.  

 

Terahertz beam spatial profile  

The THz output power delivered by the surface-emitted configuration enabled reliable 

measurements of the terahertz beam with the THz camera (IRV-T0831, NEC Corporation, 

Japan). The terahertz radiation was focused with a spherical lens (50 mm EFL, Tydex, Russia) 

into the camera as represented in Figure 5.23. The lens was placed at ~100 mm from the TIR 

surface, and the position of the THz camera was optimised to be at the focal spot of the lens. 

The image in Figure 5.24 shows that the terahertz beam at 4.46 THz was tightly focused to a 

1080×830 µm spot (horizontal×vertical; 1/e2, ±50 µm) on the terahertz camera. The small 

asymmetry on the image is a consequence of the ellipsoid nature of the generated THz beam. 

The relatively small and uniform spot size obtained is comparable to what was measured in 

other intracavity devices [30] and is considered suitable for THz spectroscopy applications. 
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Figure 5.23 – Experimental layout for the THz beam imaging with 50 mm EFL spherical lens and THz camera 
(IRV-T0831, NEC Corporation, Japan).  

 

 

Figure 5.24 – Terahertz beam at 4.46 THz focused to a 1080×830 µm spot (1/e2) with a 50 mm EFL spherical lens 
into the THz camera.  

 

In summary, the surface-emitted THz polariton laser based on intracavity KTP was 

successfully constructed and yielded high average output power in the THz, wide THz-

frequency-tunable range, considerably narrow free-running linewidth (29 GHz), and could be 

focused to a tight spot size (1080×830 µm 1/e2; with a 50 mm EFL focusing lens). These 

performance parameters indicate that this system is an extremely good source for investigating 

real-world applications with THz sources in the ~4.3-5.9 THz range, providing complimentary 

information to what could be achieved with MgO:LN systems. However, the need for the etalon 
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in the Stokes cavity is somewhat inconvenient for the operation of the laser. For this reason, 

the RTP crystal was also explored as an alternative material to generate higher THz frequencies 

in SE configuration. 
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5.3. RbTiOPO4 crystal  

The RTP crystal was investigated in surface-emitted configuration with the objective of 

producing frequency-tunable THz output at frequencies above 3 THz, complementing what is 

typically obtained from MgO:LN (~1 – 3 THz) and without the inconvenience of the SRS 

competition in the Stokes cavity, as was observed when using KTP. It was found that the RTP 

crystal in surface-emitted configuration exhibited the highest average THz output power of all 

experimental setups, and a broad spectral coverage, and for this reason was the configuration 

with the most thorough investigation.  

For this experiment a trapezoidal RbTiOPO4 crystal with base angle of 60˚, longer base 

of 12 mm, 5 mm height and 8 mm thickness in the crystallographic z-axis direction (Crystech 

Inc., China) was used. The crystallographic xy plane orientation with respect to the crystal 

geometry is represented in Figure 5.25. The material was supplied with the end faces polished 

to a high quality (10/5 scratch/dig) and anti-reflection coated for the fundamental and Stokes 

wavelengths (R<0.3%@1060 - 1090 nm), and the TIR surface was polished to a standard 

quality (80/50 scratch/dig). The trapezoidal RTP crystal was inserted in the surface emitted 

resonator (replacing the KTP) and the performance of the system was evaluated. 

 

 

Figure 5.25 – The trapezoidal RbTiOPO4. 
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5.3.1. Frequency-tunable terahertz detection 

The fundamental and Stokes resonators were realigned and pure SPS emission was detected in 

the Stokes cavity across the entire Stokes wavelength tuning range. Adjusting the interacting 

angles from 𝜃 = 1 − 2.8°,wavelength-tunable Stokes radiation was detected from 

1076.1 to 1087.5 nm leaking from mirror M4, corresponding to frequencies from 

3.05 to 5.98 THz being generated inside the material. This SPS range is smaller than what was 

observed in the linear resonator based on RTP (described in Chapter 4, Section 4.3.4), in which 

SPS fields corresponding to frequencies as high as 7.05 THz were generated internally 

(1091.7 nm Stokes; interacting angle 𝜃 = 3.5°). For interacting angles above 𝜃 = 2.8° the SPS 

process disappeared in the SE polariton laser, and no optical fields were resonated in the Stokes 

cavity. This is the same interacting angle above which 1095.5 nm SRS competition was 

observed in KTP, and indicates that the SPS process efficiency was poor above this interacting 

angle for the surface-emitted resonator. As it was the case for KTP, this cannot be simply 

explained with the reduction in the crystal length from 20 mm (linear cuboid RTP from 

Section 4.3.4) to 10.4 mm (trapezoidal RTP, similar calculation as in Figure 5.14) because 

according to Equation 5.4 (and the plot in Figure 5.15) the estimated interacting length above 

𝜃 = 2.8° is below 10 mm, which means that the dimension of the trapezoidal is not a limiting 

factor for the SPS gain. However, this observation can be understood as an additional 

experimental indicator that the dynamics underlying the intracavity SPS fields are more 

complex than that presented in Chapter 3, assuming steady-state SPS fields. It was mentioned 

in Chapter 3 that there is scope for developing the SPS theory for intracavity resonators, 

considering transient interacting fields and depleted fundamental field, yet this is outside the 

scope of this thesis. 

The frequency coverage of the system based on surface-emitted RTP is shown in Figure 

5.26, where the maximum average THz and Stokes output power is plotted versus terahertz 

frequency for a 5.5 W diode pump and interacting angles from 𝜃 = 1 − 2.8°. Continuously 

tunable terahertz emission was detected in four regions, from 3.05 to 3.16 THz, from 

3.50 to 4.25 THz, from 4.57 to 4.75 THz and from 5.40 to 5.98 THz. The emission gaps from 

3.17 to 3.49 THz, 4.26 to 4.56 THz and from 4.76 to 5.39 THz correspond, respectively, to the 

infrared absorbing A1 modes measured at 106, 143 and 161 cm-1. The diode pump power 

required to reach SPS threshold for each frequency is shown in Figure 5.27, and it indicates an 

overall decrease in SPS threshold with increasing frequency. The decrease in threshold does 
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not necessarily translate to higher THz detection. The maximum THz emission at 4.10 THz is 

indeed located in a local minimum for the SPS threshold, but the lowest diode pump power 

required to reach SPS threshold occurred around 5.80 THz, frequency at which a dip in 

terahertz emission was detected as can be noted from Figure 5.26. This fact highlights once 

again the complexities of detecting the THz signal, and could be attributed, as well as the other 

dips in the terahertz emission, to water vapour absorption in the laboratory environment [31]. 
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Figure 5.26 – Measured average THz output power and Stokes output power versus terahertz frequency in the 
intracavity RTP in surface-emitted configuration at 5.5 W diode pump. Vertical dashed lines represent frequencies 
at which the system was power transferred: 3.12 THz, 4.10 THz, 4.69 THz and 5.53 THz 

 



 

181 
 

3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

 

 

D
io

de
 P

um
p 

P
o

w
e

r 
a

t S
P

S
 T

h
re

sh
o

ld
 (

W
)

Frequency (THz)

1
0

6 
cm

-1
 (3

.2
 T

H
z)

 g
a

p

14
3

 c
m

-1
 (4

.3
 T

H
z)

 g
ap

1
61

+
1

70
 c

m
-1

 (4
.8

 -
 5

.1
 T

H
z)

 g
a

p

 

Figure 5.27 – Diode pump power required to reach SPS threshold versus THz frequency. 

 

For all crystals assembled in surface-emitted configuration (RTP, KTP and MgO:LN), 

terahertz radiation could be detected for every interacting angle generating SPS. That is, in the 

surface-emitted layout, terahertz radiation was detected at every interacting angle at which 

wavelength-tunable Stokes field could be measured. The power transfer curves at different 

terahertz frequencies were analysed to provide a clearer understanding about the behaviour of 

the source across the SPS tuning range. 

 

5.3.2. Power transfer at 3.12 THz, 4.10 THz, 4.69 THz and 5.53 THz  

The system was power transferred at four different terahertz frequencies (four different 

interacting angles 𝜃 between the fundamental and Stokes fields), corresponding to local THz 

emission peaks, with the objective of further investigating the power characteristics of the 

source across the frequency-tunable range. These frequencies are located at 3.12 THz (𝜃 =

1.1°; 1076.3 nm Stokes), 4.10 THz (𝜃 = 1.6°; 1080.1 nm Stokes), 4.69 THz (𝜃 = 1.9°; 

1082.4 nm Stokes) and 5.53 THz (𝜃 = 2.2°; 1085.7 nm Stokes). The power transfer curves are 

plotted in Figure 5.28 for the fundamental (depleted and undepleted), Stokes and THz fields. 

Fundamental field threshold was obtained at 0.6 W, similar to the surface-emitted resonators 

with KTP and MgO:LN. The threshold for SPS at every frequency required different diode 
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pump power, and different average 1064 nm output power and pulse width, as summarised in 

Table 5.1.  
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Figure 5.28 – Power transfer for the fundamental 1064 nm (depleted and undepleted) and SPS fields in the 
RbTiOPO4 crystal in surface-emitted configuration at four different SPS frequencies. (a) 1076.3 nm Stokes 
(magnified 10 times) and 3.12 THz fields. (b) 1080.1 nm Stokes (magnified 10 times) and 4.10 THz fields. (c) 
1082.4 nm Stokes (magnified 10 times) and 4.69 THz fields. (d) 1085.7 nm Stokes (magnified 10 times) and 
5.53 THz fields. 

 

The intensity required to reach SPS intensity for each terahertz frequency was calculated 

with data from Table 5.1, and considering the output coupling percentage (0.6%) and the 

230 µm mode radius inside the crystal. The calculated values for the SPS threshold and the 

maximum average output power measured in the THz are summarised in Table 5.2 at the four 

frequencies investigated. The minimum SPS threshold intensity occurred at 4.10 THz, where a 

value of 27 MW/cm2 was calculated, and at 3.12 THz the calculated SPS threshold intensity 

was the highest, 63 MW/cm2. These values are comparable to those obtained for the linear 

resonator in Chapter 4 (54 MW/cm2) and reported in [9,10] for MgO:LN. A maximum average 

output power of 124.7 µW was measured at 4.10 THz (6 W diode pump; 60% fundamental 

field depletion), and this was the highest THz output detected across all investigated 
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configurations. In fact, this is a very significant milestone for intracavity SPS lasers, since it 

was the first time an intracavity THz laser source crossed the hundred-microwatt average power 

level. Indeed, it represents more than 10-time increase in any other intracavity SPS THz system 

reported before this project [8–10], and pushes the technology towards the microwatt range. 

 

Table 5.1 – Diode pump power, fundamental output power and pulse width at SPS threshold at 3.12 THz, 
4.10 THz, 4.69 THz and 5.53 THz.  

Value at SPS threshold 3.12 THz 4.10 THz 4.69 THz 5.53 THz 

Diode pump power (W) 4.7 2.3 4.1 3.7 

Average 1064 nm output power (mW) 395 220 345 315 

1064 nm pulse width (FWHM, ns) 210 270 230 240 

 

No laser-induced damage to the TIR surface of the RTP crystal was observed within the 

context of this experiment. Although, the maximum average output power measured at 3.12, 

4.69 and 5.53 THz was limited by laser damage to the Stokes mirror M4. After full 

characterization of the system at 4.10 THz (power transfer, temporal and spatial profile, and 

linewidth measurements) the terahertz frequency was adjusted to 4.69 THz for power transfer 

at this frequency, and laser damage to the mirror M4 was subsequently observed at 5.5 W diode 

pump power. The mirror was cleaned in place, so as not to lose alignment, and was translated 

in order to remove the damage spot from the Stokes beam path, but damage was observed again 

between 5.5 and 6 W diode pump. The process of cleaning and laterally translating the mirror 

was repeated a few times but the system could not be pumped at powers above 6 W anymore 

without damage to mirror M4. It was decided to proceed with the power transfer at the other 

two frequencies and extract as much terahertz power as possible until laser damage occurred. 

It became clear that after the first incidence of damage, the mirror coating degraded, and the 

adjacent portions of the coating became less resistant to laser-induced damage. These mirrors 

have been used extensively for a long period of time, and particularly were used throughout all 

this research thesis. Some fatigue effect, or even debris from the environment may have 

deposited on the mirror surface, and could have played a role in the first damage, incident 

which might have spread further debris to the surrounding areas as well. Cleaning the mirror 

with isopropyl alcohol or even acetone was not sufficient to prevent this damage from 
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reoccurring. Replacing the mirror could also be an option, but at this stage of the project it 

could have compromised the comparison of this systems with the previous work. Positively, 

the emission at the most efficient frequency of 4.10 THz could be fully characterised without 

any laser damage issues, and it is anticipated that with new laser mirrors with more robust 

coatings the maximum THz output at the other frequencies would increase. 

Despite the laser damage to the Stokes mirror at final power transfer measurements, the 

surface-emitted resonator with the intracavity RTP yielded an amount of THz signal across the 

tunable range (related in Table 5.2) substantially higher than the maximum 16.2 µW detected 

in the linear approach (Chapter 4, Section 4.4), showing a clear benefit of this layout. With 

regards to frequency-tunability, the surface-emitted configuration performance was also 

superior to the linear design, with frequencies as high as 5.98 THz being detected (as opposed 

to 4.15 THz in the linear resonator) as a consequence of the terahertz field generation at the 

crystal surface which avoids propagation losses.  

 

Table 5.2 –SPS threshold intensity and maximum average output power measured at 3.12 THz, 4.10 THz, 
4.69 THz and 5.53 THz. For each frequency the SPS threshold intensity was calculated considering the output 
coupling percentage (0.6%) and the 230 µm mode radius inside the crystal.  

 3.12 THz 4.10 THz 4.69 THz 5.53 THz 

SPS Threshold intensity 

(MW/cm2) 
63 27 50 44 

Maximum average THz output power 

(µW) 
62.3 124.7 47.1 78.6 

 

 

5.3.3. Temporal profile  

With the interacting angle adjusted for 4.10 THz emission (𝜃 = 1.6°) the fundamental 1064 nm 

(depleted and undepleted) and the 1080.1 nm Stokes temporal profile were measured as plotted 

in Figure 5.29 for a 6.0 W diode pump. The fundamental pulse width decreased from 104 ns to 

44 ns (FWHM) as a consequence of depletion, and the 1081.5 nm Stokes pulse builds up with 

a 39 ns delay from the fundamental pulse, with a measured width of 12 ns (FWHM). The strong 
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degree of depletion can be clearly observed from the plot, and the early decay of the depleted 

fundamental pulse (when compared to the undepleted field) is a consequence of pumping the 

system far above threshold. The ratio between the pulse area of the depleted and undepleted 

fields indicates fundamental field depletions in excess of 65%, a value comparable to that 

measured with the power transfer curves. 
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Figure 5.29 – Temporal profiles of the fundamental (depleted and undepleted) and 1080.1 nm Stokes at 6.0 W 
diode pump power.  

 

5.3.4. Terahertz field polarization  

The polarization state of the terahertz output from the RTP crystal was inferred with the same 

method adopted in KTP. The linear polariser (POL-HDPE-CA25-OD34.9-T7.9, Tydex, 

Russia) was placed perpendicular to the THz propagation direction (parallel to the TIR surface 

of RTP), and mounted on a rotation stage (Thorlabs PRM1/M; 5 arcmin resolution). The plot 

in Figure 5.30 shows the transmitted power at 4.10 THz after the polariser with the transmission 

axis of the polariser rotated from 0−90° with respect to the vertical axis. The maximum 

terahertz signal measured with the transmission axis of the polariser aligned with the vertical 

axis, indicates that the terahertz field emanating from the RTP crystal is vertically polarised. 

From the maximum detected THz signal (34.0 µW) and minimum measurable THz system 

during these measurements (0.2 µW) a polarization ratio of 170:1 (vertical:horizontal) is 
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calculated, similar to that of KTP. This was already expected given the similarities of this 

system with the previous resonator. 

 

 

Figure 5.30 – Measurement of the polarization state of the terahertz radiation generated by the RTP crystal in 
surface-emitted configuration. The measurements indicate vertically polarised THz output from the laser. 

 

5.3.5. Terahertz field linewidth 

The linewidth of the terahertz field was calculated from the measurement of the coherence 

length of the terahertz radiation at 4.10 THz with the Fabry-Pérot interferometer composed of 

two silicon windows described in the previous section. The terahertz signal transmitted by the 

interferometer versus the separation between the silicon windows (10 µm steps) was monitored 

as plotted in Figure 5.31. The coherence length for the terahertz field generated from RTP was 

around 3.4 mm (±0.1 mm, considering a ±5 step uncertainty) leading to a calculated linewidth 

of 28 GHz (±1 GHz). The linewidth calculated for RTP from the interferometric measurements 

is very similar to that obtained for KTP, and this was also expected given the similarities 

between both resonators. The smaller step size utilised for these measurements did not bring 

any benefit to the measured linewidth, but increased the amount of time required to collect the 

data. It is anticipated that the insertion of intracavity etalons in the system would promote 

further reduction in the emitted linewidth [29].  
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 Figure 5.31 – Terahertz signal transmitted by the Fabry-Pérot interferometer versus separation distance between 
Si-windows for a 4.10 THz signal from RTP. Measured coherence length is 3.4 mm (±0.1 mm) and calculated 
linewidth 28 GHz (±1 GHz).  

 

5.3.6. Terahertz field spatial profile 

The THz radiation generated by RTP in surface-emitted configuration was collected with a 

spherical lens element (50 mm EFL, Tydex, Russia) and focused to the THz camera (IRV-

T0831, NEC Corporation, Japan) to demonstrate the ability to produce uniform and tightly-

focused beam spots. The lens element was placed at ~100 mm from the TIR surface, and the 

position of the THz camera was adjusted to be at the focal spot of the lens. The image in Figure 

5.32 shows that the terahertz beam at 4.10 THz was focused to a beam below 1 mm in diameter, 

with a 920×680 µm2 spot (horizontal×vertical; 1/e2, ±50 µm) on the terahertz camera. The 

small asymmetry on the image is a consequence of the ellipsoid nature of the generated THz 

beam, and the shoulders observed in the vertical direction are attributed to terahertz radiation 

scattered in the imaging optics. It is important to note that the imaging optics are not anti-

reflection coated for the THz, and with the increase in terahertz optical power, it is expected 

that scattered light would appear in the detector. 
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Figure 5.32 – Terahertz beam at 4.10 THz focused to a 920×680 µm2 spot (1/e2) with a 50 mm EFL spherical lens 
into the THz camera.  

 

The characteristics of the 4.10 THz field propagating in free space were investigated with 

the calculation of the horizontal and vertical beam quality factor (M2). The M2 of a laser 

contains information about the beam divergence, and it can be measured by monitoring the 

beam waist over propagation distance. For a Gaussian beam of wavelength λ, with a minimum 

beam waist 𝑊଴ at 𝑧 = 0, the beam waist diverges with propagating distance "𝑧" according to 

the relation [32]: 

𝑊(𝑧) = 𝑊଴ ቈ1 + ൬
𝑧

𝑧ோ
൰

ଶ

቉

ଵ/ଶ

 (5.6) 

 

where the Rayleigh range 𝑧ோ relates to the M2 by: 

𝑧ோ =
𝜋𝑊଴

ଶ

𝑀ଶ𝜆
 (5.7) 

 

The horizontal and vertical beam waists of the THz beam were measured versus 

propagation distance from the TIR surface, and the horizontal and vertical M2 values were 

calculated considering that the minimum beam waist for the terahertz beam was that at the TIR 

surface of the crystal, and the terahertz field propagated in free space following equation 5.6. 

The beam waists were measured with the knife-edge technique, at distances varying from 
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1 to 16 mm from the TIR surface, with 50 µm step size across the beam waist. The horizontal 

and vertical knife-edge profiles (together with the smoothed curves) are plotted in Figure 5.33. 

The knife-edge profiles indicate a stronger divergence in the vertical axis, and this is a 

consequence of the ellipsoid nature of the THz beam at the TIR surface, which has the smaller 

axis in the vertical plane. The horizontal and vertical beam waists were calculated from the 

knife-edge measurements with the same procedure performed for KTP and are plotted in Figure 

5.34. The values measured at 1 mm from the crystal indicate a horizontal and vertical beam 

diameter of 1240 and 480 µm, respectively. These values are in good approximation with the 

mode size at the TIR surface extracted from resonator ABCD modelling (1140×460 µm2). The 

horizontal beam diameter exhibited an unexpected minimum beam waist at ~5 mm away from 

the crystal, and this could be a result of a small misalignment between the terahertz fields 

generated from the two propagation directions inside the resonator, as illustrated in Figure 5.35.  
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Figure 5.33 – Knife-edge measurements of the (a) horizontal and (b) vertical beam profile from 1 mm to 17 mm 
propagation in free space from the TIR surface of RTP.  

 

Figure 5.34 –Horizontal and vertical beam waist diameter for the 4.10 THz calculated from the knife-edge 
measurements.  Profiles measured from 1 to 17 mm from the TIR surface of the RTP crystal.  



 

190 
 

 

Figure 5.35 – Exaggerated representation of a small misalignment between THz fields generated in counter 
propagating directions. This could result in an effective beam waist outside the nonlinear crystal.  

 

With the beam diameters from Figure 5.34 the horizontal and vertical beam quality 

parameters were calculated respectively to be 𝑀ு
ଶ ~1.57 and 𝑀௏

ଶ~1. This indicates that the 

vertical component of the terahertz beam is nearly diffraction-limited. The beam quality 

parameter for the horizontal component is slightly poorer as a consequence of the bounce on 

the TIR surface. The beam quality factor for the surface-emitted resonator is substantially lower 

than the values reported in [30] for the linear configuration, where a horizontal and vertical M2 

values of 6.7 and 2.3 were respectively reported. The brightness of a Gaussian laser beam is 

inversely proportional to the square of the M2 parameter [12], indicating that the brightness of 

the THz output from the surface-emitted configuration is considerably greater than that for the 

linear configuration, which will have a positive impact in every potential application in THz 

spectroscopy or imaging. Moreover, the smaller beam divergence also enables the use of more 

compact optics and apertures, potentially reducing the size of the instrumentation required to 

manipulate the output beam.  

 

5.4. Discussion 

The experimental results obtained with the different intracavity SPS crystals in surface-emitted 

configuration reported in this chapter, demonstrated the superiority of this layout over the linear 

configuration with Si-prisms reported in Chapter 4. As predicted in Chapter 3, the high 

absorption experienced by the THz field during the intrinsic propagation inside the nonlinear 

material experienced in the linear design is a strong disadvantage of the linear layout, 

particularly at frequencies above 4 THz, where high absorption coefficient (which can easily 
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exceed 100 cm-1) is combined with the increase in propagating distance inside the material. 

The surface-emitted configuration enables the terahertz field generated at the crystal TIR 

surface to be refracted directly into the air, virtually eliminating the absorption losses for the 

photons generated at the crystal/air interface. The avoidance of this important source of losses 

for the THz field culminated in far superior performance of the surface-emitted resonators. 

 

5.4.1. Notes on SPS threshold 

First and foremost it is important to note that the laser resonators reported in this research were 

not optimised to minimise SPS threshold, but to maximise terahertz output power and extend 

the frequency coverage. This was clearly achieved as per the results presented in Chapters 4 

and 5, and as it will be further discussed in the next section. Although it is of great value to 

compare the SPS threshold intensity for the different crystals in linear or surface-emitted 

configuration, as well as to make connections between these values with figures reported in the 

literature for similar resonators. The SPS threshold intensity (and crystal manufacturer) for all 

resonators reported in this thesis are summarised in Table 5.3, together with other values 

available in the literature for intracavity MgO:LN in linear [9,10] and surface-emitted [8] 

configurations, and for the externally-pumped KTP TPO [2]. The investigation of THz sources 

based on intracavity KTP and RTP crystals were original contributions of this thesis, and hence 

there were no intracavity values available for comparison.  

The four SPS threshold intensities compiled in the table for MgO:LN are for intracavity 

systems, and it can be noted that there was an increase in SPS threshold from the linear to the 

surface-emitted configuration (from ~8-12 MW/cm2 to 40-90 MW/cm2), which might be due 

to the increase in losses for adding an extra surface in the optical resonator (TIR surface). It is 

also worth noting that the THz resonators developed at Macquarie University (the linear 

resonator reported in [10] and the surface-emitted resonators reported in this chapter) exhibit 

output coupling percentages for the fundamental and Stokes fields that are lower than what is 

typically utilised in Q-switched lasers, thus the fundamental output power and pulse width are 

very sensitive to small changes in intracavity losses. Changes to these parameters influence the 

SPS threshold calculation. Such influence was observed in KTP, with the calculated SPS 

threshold intensity for the intracavity linear resonator (69 MW/cm2) being substantially smaller 

than that obtained for the intracavity surface-emitted resonator (116 MW/cm2). Moreover, the 
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116 MW/cm2 calculated for KTP is similar to what was measured in [2] with a similar SE KTP 

crystal in externally-pumped geometry. In RTP the behaviour observed was the opposite, with 

the SPS threshold decreasing from 54 MW/cm2 in the linear resonator to 27 MW/cm2 in the 

surface-emitted resonator. In fact, this was the lowest SPS threshold intensity calculated among 

all resonators reported in this thesis. However, as can be noted from the table, the RTP crystals 

utilised in the linear and SE resonators were supplied by different manufacturers, and small 

differences in crystal quality (purity, optical quality, thin-film coatings, scattering) would alter 

the intracavity losses strongly impacting in the calculated SPS threshold. In summary, the 

comparison between the lowest SPS threshold for each laser assembly, even when utilising the 

same SPS material, is limited by different crystal manufacturers, thin-film coatings, crystal 

quality, etc. Nevertheless, it can be noted from the table that for KTP the intracavity approach 

exhibited reduced SPS threshold intensity when compared to externally pumped systems. 

Similar comparisons were made for MgO:LN in [9,10] showing similar conclusions, this being 

one of the great benefits of the intracavity design. 

 

Table 5.3 – SPS threshold intensity for intracavity MgO:LN, KTP and RTP crystals in the different resonators 
reported in this thesis, and values reported in the literature for intracavity (when available) and also externally-
pumped TPOs. The manufacturer for the different crystals investigated at Macquarie University are indicated in 
parenthesis. 

 
Lower SPS threshold intensity 

(MW/cm2) 

Material Linear layout Surface-emitted layout 

MgO:LiNbO3 

Edwards et. at. [9] 12  Wang et al. [8] 90 

Lee et al. [10] 
(HC Photonics) 

8 
This thesis 
(Castech) 

40-66 

KTiOPO4 
This thesis 

(Crystech Inc.) 
69 

Wang et al. [2]* 121 

This thesis 
(Crystech Inc.) 

116 

RbTiOPO4 
This thesis 

(Cristal Laser) 
54 

This thesis 
(Crystech) 

27 

*the system reported in [2] is an externally-pumped TPO 
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5.4.2. Notes on THz frequency coverage and output power 

An overview of the global achievements regarding the terahertz frequency coverage and 

THz output power resulting from this research, with a general comparison with the state-of-

the-art sources prior to the commencement of this PhD candidature will be provided in 

Chapter 6. This section, however, provides a more specific comparison between the various 

systems making use of the same SPS material in different layout. 

For MgO:LiNbO3 the laser damage to the TIR surface of the nonlinear crystal observed 

in the initial stage of the research was overcome with the deposition of a protective Teflon 

coating on the material. For MgO:LN systems generating SPS from 1064 nm fundamental 

fields, the maximum average output power reported in [10] for a linear resonator was 6.45 µW 

(5 W diode pump), and the surface-emitted layout reported here delivered 58.6 µW output for 

only 6.5 W diode pump, an increase of practically one order of magnitude in power. The 

frequency coverage of the source was also substantially improved, increasing in 80%, from 

1.53 – 2.82 THz in [10] to 1.46 – 3.84 THz in the SE resonator. The surface-emitted layout 

reported in this chapter can also be compared with other intracavity systems, such as the early 

work on linear resonators developed at the University of St. Andrews [9], and the first 

intracavity surface-emitted resonator developed at the University of Tianjin [8], bearing in 

mind the following differences between systems. Those resonators operated at much lower 

repetition rates (10 – 15 Hz), and hence instead of average power it is reasonable to compare 

pulse energies. The pulse energies reported in [9] were 5 nJ/pulse, and in the surface-emitted 

resonator reported in this chapter they were above 19 nJ/pulse. The frequency-coverage of that 

linear system was from 1.2 – 3.05 THz, a shorter range when compared to what was reported 

here. The maximum energy per pulse obtained in [8] was 283 nJ, however it required much 

higher diode pumping, which results in a lower overall efficiency. The diode-to-THz efficiency 

in [8] was 
ଶ଼ଷ ୬୎ @ ୘ୌ୸

ହଽହ ୫୎ @ ଼଴଼ ୬୫
= 4.7 × 10ି଻ whilst this figure for the surface-emitted resonator 

reported in this thesis was 
ହ଼.଺ ஜ୛ @ ୘ୌ୸

଺.ହ ୛ @଼଴଼ ୬୫
= 9.0 × 10ି଺, one order of magnitude higher even at 

a much higher repetition rate.  

The limitations imposed to the linear configuration at frequencies above 4.2 THz for KTP 

and RTP crystals make the benefits of the surface-emitted configuration for these crystals 

absolutely evident. In the linear configuration reported in Chapter 4 both crystals exhibited 
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wavelength-tunable Stokes radiation corresponding to a wide range of THz frequencies being 

generated inside the materials, 4.07 – 5.91 THz in KTP and 3.10 – 7.05 THz in RTP. However 

no terahertz output could be detected from KTP, and the detection in RTP was limited to 

3.10 – 4.15 THz. In the surface-emitted geometry both crystals exhibited a wide range of 

wavelength-tunable Stokes radiation, and terahertz fields were successfully detected across the 

entire SPS range.  

In KTP an undesired 1095.5 nm Raman line was detected in the Stokes cavity for 

interacting angles above 𝜃 = 2.8°, which was limiting the SPS performance. This line was 

suppressed with the insertion of an etalon in the Stokes resonator, and terahertz radiation 

continuously tunable from 4.29 – 4.53 THz, 4.88 – 5.03 THz and from 5.47 – 5.89 THz was 

detected, and the gaps from 4.54 – 4.87 THz and from 5.04 – 5.46 THz were identified to be 

located in the vicinity of the 153 and 177 cm-1 A1 modes measured in KTP. This was the first 

time a crystal different from magnesium oxide-doped lithium niobate was reported in an 

intracavity surface-emitted layout, and the frequency-coverage was comparable to that reported 

for an externally-pumped TPO [2]. The maximum average output power measured from KTP 

was 70.9 µW at 5.58 THz for a diode pump power of 7.3 W. 

The RTP crystal produced terahertz output continuously tunable in four regions, from 

3.05 to 3.16 THz, from 3.50 to 4.25 THz, from 4.57 to 4.75 THz and from 5.40 to 5.98 THz. 

The emission gaps from 3.17 to 3.49 THz, 4.26 to 4.56 THz and from 4.76 to 5.39 THz 

corresponded to the infrared absorbing A1 modes measured at 106, 143 and 161 cm-1. This 

crystal yielded the maximum average output power among all resonators assembled, and 

delivered 124.7 µW at 4.10 THz for a modest 6 W diode pump. This represents a substantial 

increase on the 16.2 µW average output power detected at 3.80 THz in Chapter 4, and it was 

the first time an intracavity THz laser exceeded the very important milestone of the hundred-

microwatt level. 

The linewidth of the terahertz emission was measured to be below 30 GHz for KTP and 

RTP crystals. The linewidth of the THz was not measured for MgO:LN but it is expected to be 

similar, given the terahertz linewidth is governed by the fundamental field linewidth, which 

was virtually the same in all cases. This linewidth is sufficiently narrow to enable the use of 

these sources in real-world spectroscopic applications that involve the investigation of 

molecules of more complex structure such as illicit drugs etc [33]. It is also anticipated that the 

insertion of high-finesse etalons in the fundamental and Stokes resonators would further reduce 
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the terahertz linewidth [29], and this is within the scope of future developments. With a 

narrower linewidth, the investigation of fine structures such as greenhouse gases could be 

performed [9,31]. The ability to tightly focus the terahertz output below 1 mm was also 

demonstrated with the images collected with the THz camera, further supporting the use of 

these sources in THz spectroscopy and spectral imaging applications. The spatial profile 

measured with the knife-edge technique enabled the calculation of the beam quality parameter 

of the terahertz output from the RTP crystal, to be 𝑀ு
ଶ ~1.57 and 𝑀௏

ଶ~1 in the horizontal and 

vertical dimensions, respectively. The comparison of these figures with the beam quality of 

linear resonators [11,30] (typically 𝑀ு
ଶ ~6 and 𝑀௏

ଶ~2) shows that the surface-emitted resonator 

has the capacity to produce much brighter THz sources.  

 

5.5. Chapter Summary 

The surface-emitted geometry was investigated in this chapter for intracavity MgO:LN, KTP 

and RTP crystals, and the reported results from the experiments demonstrate the superiority of 

this layout in comparison with the linear approach (with Si-prisms) for all three materials, with 

regards to output power and frequency coverage. The strong absorption coefficients calculated 

in Chapter 3, which limited the THz detection above 4.2 THz in the linear configuration 

(Chapter 4) for KTP and RTP, were not an issue for the surface-emitted geometry, as 

anticipated. In the surface-emitted layout it was possible to detect terahertz output for every 

interacting angle generating wavelength-tunable Stokes radiation, for all nonlinear material 

investigated.  

In MgO:LN, laser damage to the TIR surface of the crystal was observed and was 

overcome with the deposition of a Teflon coating onto it. The Teflon-coated crystal delivered 

58.6 µW output at 1.76 THz for only 6.5 W diode pump, and showed continuous tunability 

from 1.46 – 3.84 THz. This research enabled the first successful frequency-tunable THz 

detection from an intracavity SPS source based on KTP. The KTP crystal produced 70.9 µW 

at 5.58 THz for 7.3 W diode pump, and was continuously tunable from 4.29 – 4.53 THz, 

4.88 – 5.03 THz and from 5.47 – 5.89 THz. The RTP crystal yielded the maximum terahertz 

power detected among all resonator assemblies, 124.7 µW were measured at 4.10 THz for a 

modest 6 W diode pump. The system produced terahertz output continuously tunable in four 

regions, from 3.05 to 3.16 THz, from 3.50 to 4.25 THz, from 4.57 to 4.75 THz and from 
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5.40 to 5.98 THz. The beam quality of the terahertz field produced was also superior to those 

typically obtained in linear resonators, indicating the capacity of the surface-emitted 

configuration in producing much brighter THz fields. 

The experimental results reported in this chapter represent a significant original 

contribution to the field of intracavity SPS sources. The most important nonlinear materials for 

intracavity SPS were explored, and the power and frequency characteristics of the sources 

indicate that the surface-emitted geometry has the greatest potential to produce high-power, 

narrow-linewidth and high brightness frequency-tunable THz sources. 
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6. Conclusion and future work 

6.1. Summary of original contributions of this research 

The first demonstration of terahertz sources with frequency-tunable output based on intracavity 

SPS in the last decade opened a completely new perspective for the development of compact, 

robust, cost-effective and highly efficient THz sources for real-world applications. Since these 

first developments conducted at the University of St. Andrew’s (UK) from 2006-2010, little 

work has been reported in the field despite its great potential. For this reason, when writing this 

thesis the author found it difficult to draw comparisons between the lasers reported here with 

other systems in the literature. The relatively small amount of work reported in the field of 

intracavity SPS lasers is because the research and development of such devices requires a very 

particular laser engineering expertise, which can be found only in selected research groups. 

There is a synergy between intracavity Raman lasers and intracavity lasers based on SPS, or as 

described by the St. Andrew’s group, intracavity THz OPO’s. Macquarie University’s 

longstanding expertise in the area of intracavity Raman lasers made them well positioned to 

tackle the challenges of polariton lasers and they have been responsible for the majority of the 
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progresses reported in the field of intracavity polariton lasers since 2013, and the work reported 

in this thesis represents an important segment of this research effort.  

The work conducted during this PhD candidature, and reported in this thesis, had the 

primary objective of extending the frequency coverage and output power of such devices, with 

the investigation of different SPS materials such as KTP and RTP, and application of novel 

resonator designs. In reality, the achievements documented in this thesis have a much broader 

reach and relate to three fronts: the basic investigation of the SPS material properties, the 

substantial extension of the frequency coverage, and significant increase in output power level 

and diode-to-THz efficiency. These achievements were obtained due to a careful laser design, 

with innovative approaches and with the understanding of the underlying physics behind the 

intracavity SPS process. 

In Chapter 3, spectroscopic techniques were utilised to determine core properties of the 

SPS materials that dictate the performance of SPS sources. As a result, the dispersion curve for 

RTP was calculated for the first time (to the best of this author’s knowledge), which enabled 

predictions around the THz emission of SPS sources based on that crystal. More importantly, 

the thorough investigation reported in Chapter 3 indicated serious limitations of the linear 

geometry using KTP and RTP crystals with regards to the production of measurable THz signal 

above 4.20 THz, due to the strong absorption coefficients for the THz fields. This was 

confirmed experimentally as reported in Chapter 4, where wavelength-tunable Stokes radiation 

was detected from KTP with corresponding terahertz frequencies from 4.29 – 5.91 THz being 

generated, but no THz fields could be measured. In RTP, frequency-tunable THz radiation was 

detected for the first time, ranging from 3.10 to 3.17 THz, and from 3.50 to 4.15 THz, and a 

maximum average output power of 16.2 µW was detected at 3.80 THz (7.3 W diode pump; the 

gap in THz emission is due to the infrared absorbing mode measured at 106 cm- 1). At that time, 

this was the highest average output power in the THz ever detected from an intracavity SPS 

laser, this despite the limitations of RTP in linear geometry. It was also the first time a crystal 

different from lithium niobate was investigated in an intracavity design.  

The surface-emitted layout was investigated in Chapter 5 for intracavity MgO:LN, KTP 

and RTP crystals, as a technique to avoid the intrinsic limitations of the linear geometry. For 

all materials investigated, the reported results demonstrated the superiority of the surface-

emitted layout in comparison with the linear approach, when concerning output power and 

frequency coverage. In the surface-emitted geometry, terahertz radiation was detected for every 
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interacting angle producing wavelength-tunable Stokes radiation. Moreover, the measured 

output power levels were also higher in every case. In MgO:LN laser damage to the crystal 

was identified and avoided with the deposition of a Teflon coating on the TIR surface of the 

material. The Teflon-coated crystal delivered 58.6 µW output at 1.76 THz for only 6.5 W diode 

pump (9.0 × 10ି଺ diode-to-THz efficiency), and was continuously tunable from 

1.46 – 3.84 THz. This represented a new record-high for output power, frequency-coverage 

and diode-to-THz efficiency for an intracavity SPS source.  

The first successful frequency-tunable THz detection from an intracavity SPS source 

based on KTP was also reported. The KTP crystal produced 70.9 µW at 5.58 THz for 7.3 W 

diode pump (9.7 × 10ି଺ diode-to-THz efficiency), and was continuously tunable from 

4.29 – 4.53 THz, 4.88 – 5.03 THz and from 5.47 – 5.89 THz. The gaps in the THz emission 

from KTP are located in the vicinity of the 153 and 177 cm-1 A1 modes.  

The RTP crystal yielded the maximum terahertz power detected among all resonator 

assemblies, and 124.7 µW was measured at 4.10 THz for a modest 6 W diode pump 

(1.3 × 10ିହ diode-to-THz efficiency). The system produced terahertz output continuously 

tunable in four regions, from 3.05 to 3.16 THz, from 3.50 to 4.25 THz, from 4.57 to 4.75 THz 

and from 5.40 to 5.98 THz, and the gaps in THz emission corresponds to the infrared absorbing 

A1 modes measured at 106, 143 and 161 cm-1. Those results represented an important 

milestone, since it was the first time an intracavity SPS source exceeded the 0.1 mW average 

output power level and exhibited a diode-to-THz efficiency in the 10ିହ-level. The beam quality 

parameter of the terahertz output from the RTP crystal was also measured to be excellent in 

comparison to a previously reported intracavity system in linear geometry, being 𝑀ு
ଶ ~1.57 and 

𝑀௏
ଶ~1 in the horizontal and vertical dimensions respectively. The power and frequency 

characteristics of the sources indicate that the surface-emitted geometry has the greatest 

potential to produce high-power, narrow-linewidth and high brightness, frequency-tunable 

THz sources, with exceptionally low pump powers. 

The significant extension of the frequency coverage of intracavity SPS sources resulting 

from this PhD research can be more clearly observed with the aid of Figure 6.1. The figure 

shows the frequency coverage of intracavity SPS sources prior to this PhD candidature in red 

(also related in Chapter 1), and the contributions from this research work in blue. The 

pioneering use of KTP and RTP in an intracavity configuration enabled the extension of the 

frequency coverage from the previous 3.05 THz upper limit to a current 5.98 THz with RTP. 
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Moreover, the maximum average output power measured during this PhD research is more 

than 10 times higher than what was achievable previously (St. Andrew’s 2008, Figure 6.1). 

The diode-to-THz conversion efficiency increased one order of magnitude over the previous 

best result, reaching 2.1 × 10ିହ (compared to 1.3 × 10ି଺; Macquarie University 2013, Figure 

6.1). 

The significant improvements obtained in this research can be attributed in great extent 

to the use of the surface-emitted configuration which avoids the absorption losses for the THz 

field generated at the TIR surface of the SPS crystal. There is also merit associated with the 

fundamental resonator having a higher Q-factor (<1% output coupling percentage) than what 

is typically used in Q-switched laser, which resulted in very high intracavity intensity, easily 

exceeding SPS threshold and producing pump depletion up to 80%.  

From the results reported in this thesis it can be concluded that the surface-emitted 

configuration is a much superior layout for the construction of frequency-tunable THz sources 

based on intracavity SPS, when compared to the linear configuration based on Si-prisms, 

yielding higher average output power and wider frequency-coverage in comparison to linear 

resonator designs. The technology investigated here is versatile, and with a simple exchange 

of SPS crystal it is possible to switch the frequency coverage of the device. Furthermore, this 

device can be easily applied to real-world devices, which is one of the natural evolutions of 

this research.  
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Figure 6.1 – Intracavity SPS sources performance. Top chart: average output power versus terahertz frequency 
coverage; bottom chart diode-to-THz efficiency versus maximum average THz output. Data for intracavity SPS 
sources prior to this PhD candidature are presented in red and the contributions from this research work reported 
in this thesis is presented in blue. [1] D. Stothard, et al. Appl. Phys. Letter 92, 141105 (2008). [2] A. Lee, et al., 
IEEE J. of Quant. Electron. 49, 357-364 (2013). [3] Y. Wang, et al., Laser Phys. 23, 055406 (2013). 
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6.2. Future developments 

The work presented in this thesis reports significant and original contributions to the field of 

THz sources based on intracavity SPS with respect to the understanding of material properties, 

frequency coverage, output power and diode-to-THz efficiency. However, there is scope for 

further improvements in the engineering of these sources.  

With the investigation of KTP and RTP, it was not possible to cover the gap from 

~5.0 to 5.4 THz, which represents an inconvenience. It would be pertinent to investigate other 

nonlinear materials with the objective of generating SPS fields covering this frequency range, 

such possible materials include potassium titanyl arsenate crystal or semiconductors such as 

gallium phosphide.  

The lower THz frequency emitted by the different sources investigated in this research 

is limited by the minimum angle which could be achieved between the Stokes and fundamental 

resonators, without clipping the fundamental field. Instead of using a two-mirror Stokes cavity, 

a four-mirror “U-shaped” Stokes resonator could be used. Other researchers reported an 

improvement in the minimum interacting angle achievable with this design (D. Walsh 2011, 

“Intracavity Optical Parametric Oscillators”, doctoral thesis, University of St. Andrews, St. 

Andrews, UK). 

There is also scope for revisiting the theory of SPS gain and developing equations for 

intracavity systems, considering transient fields instead of the current steady-state theory. This 

investigation could be complemented experimentally, investigating the influence of the 

resonator mode sizes on the SPS process efficiency, which can be easily achieved by modifying 

the radius of curvature of the output coupler. 

With the appropriate infrastructure, the material properties can also be further explored, 

investigating the vibrational spectra of the SPS materials at frequencies below 100 cm-1. This 

would enable refining the calculations of the polariton dispersion curve, extraordinary-wave 

refractive index and absorption coefficient. Also, with calibrated Raman spectra 

measurements, the third-order nonlinear coefficient 𝑑ொ could also be measured, enabling the 

calculation of the Stokes and THz gain curves. 

The linewidth of the THz emission is considered satisfactory for many real-world 

applications, however if there is the need to reduce it further, high-finesse etalons could be 
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inserted in the fundamental and Stokes resonators to this end (similarly to what is reported by 

D. Stothard, et al. in Appl. Phys. Letter 92, 141105, (2008)). 

All the above improvements are likely to be conducted in parallel with different 

experimental setups. The systems developed and reported in this thesis however, shall be 

prepared to be utilised in real-world applications, as a complementary tool to the ongoing 

research being conducted at Macquarie Univeristy . In this research the hydration level of 

biological material via transmission and reflection THz spectroscopy is under investigation.  

The first step towards this objective is to introduce electronically controlled rotation 

stages in the Stokes cavity mirrors, to automate the frequency scan. This will be followed by 

the insertion of an automated translation stage for the samples, and a data logger to monitor the 

signal output from the Golay cell. We are also interested in utilising these sources to explore 

materials of interest to homeland security and border control, such as toxic and illicit 

substances. 

 

6.3. Final words 

The outcomes of the research conducted during this PhD candidature, and reported in this 

thesis, has brought new perspective to THz lasers based on intracavity SPS technology. With 

the use of different nonlinear materials in the surface-emitted configuration, significant 

improvements to the frequency-coverage of these systems were demonstrated, and also 

substantial increase in terahertz output power and diode-to-THz conversion efficiency was 

reported. These sources are sufficiently advanced and technology-ready, and will offer 

exceptional value to the field of THz spectroscopy and spectral imaging, with potential to 

address a wide variety of emerging real-world applications.  
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Appendix 
 

A.1. Early work on THz lasers based on intracavity SPS by this research group 

at Macquarie University. Paper by: Andrew Lee, Yabai He and Helen Pask, 

“ Frequency-Tunable THz Source Based on Stimulated Polariton Scattering 

in Mg:LiNbO3,” IEEE J. Quantum Electron. 49, 357-364 (2013) 

 

The work reported in this paper was conducted at Macquarie University prior to the 

commencement of this PhD research, however it is considered a stepping stone for the work 

developed during this research and for this reason is related in this thesis. 
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A.2. First publication resulting from this work: Tiago Ortega, Helen Pask, 

David Spence and Andrew Lee, Stimulated polariton scattering in an 

intracavity RbTiOPO4 crystal generating frequency-tunable THz output," 

Opt. Express 24, 10254-10264 (2016) 

This paper is related to the work reported in Chapter 4 (Section 4.4) and was the first 

publication resulting from this PhD research. 
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A.3. Second publication resulting from this work: Tiago Ortega, Helen Pask, 

David Spence and Andrew Lee, “THz polariton laser using an intracavity 

Mg:LiNbO3 crystal with protective Teflon coating,” Opt. Express 25, 3991-

3999 (2017) 

 

This paper is related to the work reported in Chapter 5 (Section 5.1) and was the second 

publication resulting from this PhD research. 
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A.4. Third publication resulting from this work: Tiago Ortega, Helen Pask, 

David Spence and Andrew Lee, “Tunable 3-6 THz polariton laser exceeding 

0.1 mW average output power based on crystalline RbTiOPO4,” IEEE J. Sel. 

Top. Quantum Electron. DOI: 10.1109/JSTQE.2018.2810380 (2018) 

 

This paper is related to the work reported in Chapter 5 (Section 5.3) and was the third 
publication resulting from this PhD research. 
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A.5. Optical coatings for 1064 nm fundamental field 

This appendix contains the transmission spectra for the laser mirrors utilised for the 

fundamental and Stokes resonators operating with a 1064 nm fundamental field. Initially the 

output coupler OC1 was being utilised, when competition effects were identified as reported 

in Section 4.2. A new output coupler OC2 was specified and resulted in a pure 1064 nm and 

Stokes fields as reported from Section 4.3. 

 

Summary of the laser mirrors utilised in 1064 nm fundamental and Stokes resonators. 

Mirror Specification Manufacturer 

Fundamental 

resonator 

M1 
HR>99.9%@1064 nm 

HT>98%@808 nm 
ATF 

M2 

OC1 98.5%<R<99.5%@1064 nm CVI 

OC2 
98.5%<R<99.5%@1064 nm 

HT>40%@1090-1200 nm 
LASEROPTIK 

Stokes 

resonator 

M3 HR>99.99%@1064 nm ATF 

M4 HR>99.9%@1064 nm VLOC 

 

  



 

249 
 

M1 and M3 mirror coatings 
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M4 mirror coatings 

 



 

251 
 

M2 (OC1) – Initial output coupler for 1064 nm fundamental field 
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M2 (OC2) – New design for output coupler for 1064 nm fundamental field 
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A.6. Optical coatings for 1342 nm fundamental field 

This appendix contains the transmission spectra for the laser mirrors utilised for the 

fundamental and Stokes resonators operating with a 1342 nm fundamental field reported in 

Section 4.4.3. 

 

Summary of the laser mirrors utilised in 1064 nm fundamental and Stokes resonators. 

Mirror Specification Manufacturer 

Fundamental 

resonator 

M5 

HR>99.9%@1342 nm 

HT>95%@1064 nm 

HT>99%@808 nm 

Layertec 
M6  HR>99%@1280 – 1520 nm 

Stokes 

resonator 
M7, M8 HR>99%@1280 – 1520 nm 
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M5 mirror coating for 1342 nm fundamental field 
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M6, M7 and M8 mirrors – Output coupler for 1342 nm fundamental field and Stokes 

mirrors 
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A.7. Terahertz optics transmission curves 

Bandpass filter LPF 14.3 
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TPX window (2 mm thick) 
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A.8. Matlab® codes 

The same Matlab® algorithm was utilised to determine the oscillator strengths for all different 

SPS crystals, with the difference that each crystal had a different number of modes with specific 

positions and linewidths measured from their respective Raman spectra (Section 3.3). To 

simplify for the reader, only the codes for MgO:LiNbO3 are detailed in this appendix because 

it is the material with the smaller number of modes, and consequently the smaller number of 

code lines. The same is valid for the codes to plot the dispersion curve, refractive index and 

absorption coefficient.  

 

Genetic Algorithm  

A genetic algorithm was written in Matlab® to determine the oscillator strengths according to 

the methodology described in Section 3.2. It is completely out of the scope of this thesis to 

provide a deep understanding of the programming tools, however a brief overview of the 

algorithm technique is provided to the reader. 

The genetic algorithm is a clever programming tool for solving both constrained and 

unconstrained optimization problems, and it is based on ‘natural selection’. The genetic 

algorithm starts with an initial set of individuals (initial population) which will be called the 

first generation. The population is then modified to create a new generation, and these 

modifications include crossovers (combining two ‘parent’ individuals to generate a ‘child’ for 

the next generation) and mutations (random changes to individuals). The new generation is 

compared with an optimization goal and selection rules are applied to appoint which 

individuals are best fitted. The genetic material of the best individuals is then utilised to start a 

new generation, and the iterative process continues until the population “evolves” towards an 

optimal solution. For more information on genetic algorithm the following literature is 

recommended: 

[1] https://au.mathworks.com/help/gads/what-is-the-genetic-algorithm.html 

[2] W. Banzhaf, P. Nordin and R. Keller, Genetic Programming – An Introduction 

(Morgan Kaufmann, 1998).  
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Genetic Algorithm to determine the oscillator strengths for MgO:LN 

clear all; 
close all; 
  
FTIR=xlsread('LN'); %load FTIR data 
FTIR_T=transpose(FTIR); 
w=FTIR_T(1,:); 
I=FTIR_T(2,:); 
 
geracao=1; %generation=1 (first generation) 
e_HF=4.6; %initial guess for the high frequency component of the dielectric 
function 
  
%mode position measured from Raman spectra 
W1=254; 
W2=268; 
W3=325; 
W4=632; 
  
%linewidth measured from Raman spectra 
L1=17; 
L2=20; 
L3=31; 
L4=29; 
  
%Initial guess for oscilator strength 
S1=16; 
S2=0.5; 
S3=0.15; 
S4=2.5; 
  
%variable limits 
S_min=0; 
S_max=1; 
Sm_max=5; 
Ss_max=30; 
eHF_min=0; 
eHF_max=10; 
max_lim=[Ss_max Sm_max S_max Ss_max eHF_max]; 
min_lim=[S_min S_min S_min S_min eHF_min]; 
  
%creates 15 random individuals and calculates A and the error for each 
individual 
for i=1:15 
    coef1=rand(1,5); 
    coef(i,:)=[S_min+(Ss_max-S_min)*coef1(1) S_min+(Sm_max-S_min)*coef1(2) 
S_min+(S_max-S_min)*coef1(3) S_min+(Ss_max-S_min)*coef1(4) 
eHF_min+(eHF_max-eHF_min)*coef1(5)]; 
    A(i,:)=abs((sqrt(coef(i,5)+(coef(i,1)*W1.^2)./(W1.^2-w.^2-
1i*w*L1)+(coef(i,2)*W2.^2)./(W2.^2-w.^2-1i*w*L2)+(coef(i,3)*W3.^2)./(W3.^2-
w.^2-1i*w*L3)+(coef(i,4)*W4.^2)./(W4.^2-w.^2-1i*w*L4))-
1)./(sqrt(coef(i,5)+(coef(i,1)*W1.^2)./(W1.^2-w.^2-
1i*w*L1)+(coef(i,2)*W2.^2)./(W2.^2-w.^2-1i*w*L2)+(coef(i,3)*W3.^2)./(W3.^2-
w.^2-1i*w*L3)+(coef(i,4)*W4.^2)./(W4.^2-w.^2-1i*w*L4))+1)).^2; 
    Erro(i)=sum(abs(I-A(i,:)));  
end 
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%Veryfies which 2 individuals exhibited lower errors and stores them in 
index1 and index2 
erro_total=inf; 
erro_menor=inf; 
i_plot=1001; 
while erro_total>25 %relative error to be minimised; adjustable parameter 
         
    if erro_menor>erro_total 
       erro_menor=erro_total;  
       i_plot=1001; 
    end 
   
   geracao=geracao+1; 
     
     if erro_total<50 
            peso_mutacao=0.005; 
        else if erro_total<100 
                peso_mutacao=0.01; 
            else 
                peso_mutacao=0.05; 
            end 
        end 
     
    index1=0; 
    index2=0; 
    erro_max=inf; 
    erro_total=min(Erro); 
    for i=1:15 
        if(Erro(i)<erro_max) 
          index1=i; 
          erro_max=Erro(i); 
          erro_k=erro_max; 
          coef_salvo=coef(index1,:); 
        end 
    end 
    Erro(index1)=inf; 
    erro_max=inf; 
    for i=1:15 
        if(Erro(i)<erro_max) 
          index2=i; 
          erro_max=Erro(i); 
        end 
    end 
     
    %Generates a cross-link individual from  index1 and index2 
    clear Erro A coef_permut; 
    coef_permut(1,:)=[coef(index1,1) coef(index2,2) coef(index1,3) 
coef(index2,4) coef(index1,5)]; 
     
    A(i,:)=abs((sqrt(coef_permut(1,5)+(coef_permut(1,1)*W1.^2)./(W1.^2-
w.^2-1i*w*L1)+(coef_permut(1,2)*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(coef_permut(1,3)*W3.^2)./(W3.^2-w.^2-
1i*w*L3)+(coef_permut(1,4)*W4.^2)./(W4.^2-w.^2-1i*w*L4))-
1)./(sqrt(coef_permut(1,5)+(coef_permut(1,1)*W1.^2)./(W1.^2-w.^2-
1i*w*L1)+(coef_permut(1,2)*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(coef_permut(1,3)*W3.^2)./(W3.^2-w.^2-
1i*w*L3)+(coef_permut(1,4)*W4.^2)./(W4.^2-w.^2-1i*w*L4))+1)).^2; 
    Erro(1)=sum(abs(I-A(1,:))); 
    %generates 14 new mutations 
    for i=2:15 
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        coef1=rand(1,5); 
        coef_aux1=[S_min+(Ss_max-S_min)*coef1(1) S_min+(Sm_max-
S_min)*coef1(2) S_min+(S_max-S_min)*coef1(3) S_min+(Ss_max-S_min)*coef1(4) 
eHF_min+(eHF_max-eHF_min)*coef1(5)]; 
        coef_aux2_meta = rand(1, 5) < 0.5; 
        for j=1:5 
            if coef_aux2_meta(j)==0 
                coef_aux2(j)=-1; 
            else 
                coef_aux2(j)=1; 
            end 
        end 
        
coef_permut(i,:)=coef_permut(1,:)+(coef_aux1.*coef_aux2*peso_mutacao); 
         
        for d=1:5 
            if coef_permut(i,d)>max_lim(d); 
                coef_permut(i,d)=max_lim(d); 
            end 
               if coef_permut(i,d)<min_lim(d); 
                   coef_permut(i,d)=min_lim(d); 
            end 
        end 
        
        A(i,:)=abs((sqrt(coef_permut(i,5)+(coef_permut(i,1)*W1.^2)./(W1.^2-
w.^2-1i*w*L1)+(coef_permut(i,2)*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(coef_permut(i,3)*W3.^2)./(W3.^2-w.^2-
1i*w*L3)+(coef_permut(i,4)*W4.^2)./(W4.^2-w.^2-1i*w*L4))-
1)./(sqrt(coef_permut(i,5)+(coef_permut(i,1)*W1.^2)./(W1.^2-w.^2-
1i*w*L1)+(coef_permut(i,2)*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(coef_permut(i,3)*W3.^2)./(W3.^2-w.^2-
1i*w*L3)+(coef_permut(i,4)*W4.^2)./(W4.^2-w.^2-1i*w*L4))+1)).^2; 
        Erro(i)=sum(abs(I-A(i,:))); 
    end 
    clear coef; 
    coef=coef_permut; 
    disp(sprintf('Menor Erro = %d, Erro = %d, 
geracao=%d',erro_menor,erro_total,geracao)); 
     
end 
  
%Final values calculated for the oscillator strengths 
S1_empirico=coef_salvo(1); 
S2_empirico=coef_salvo(2); 
S3_empirico=coef_salvo(3); 
S4_empirico=coef_salvo(4); 
e_HF_empirico=coef_salvo(5); 
  
%Theoretical FTIR spectra calculated with mode postion and linewidth from 
%Raman and calculated oscillator strengths 
A_empirico=abs((sqrt(e_HF_empirico+(S1_empirico*W1.^2)./(W1.^2-w.^2-
1i*w*L1)+(S2_empirico*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(S3_empirico*W3.^2)./(W3.^2-w.^2-
1i*w*L3)+(S4_empirico*W4.^2)./(W4.^2-w.^2-1i*w*L4))-
1)./(sqrt(e_HF_empirico+(S1_empirico*W1.^2)./(W1.^2-w.^2-
1i*w*L1)+(S2_empirico*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(S3_empirico*W3.^2)./(W3.^2-w.^2-
1i*w*L3)+(S4_empirico*W4.^2)./(W4.^2-w.^2-1i*w*L4))+1)).^2; 
erro_final=sum(abs(I-A_empirico)) 
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 plot(w,I,'b')%plot experimental FTIR 
 hold on; 
 plot(w,A_empirico,'r')%plot calculated FTIR spectra with calculated 
oscillator strenghts  
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Algorithm to calculate dispersion curve: 

clear all; 
close all; 
  
FFTIR=xlsread('LN_Dispersion'); 
FTIR_T=transpose(FTIR);%load FTIR data 
w=FTIR_T(1,:);%range of wavenumbers from 1-650cm-1 with same step size as 
FTIR spectra 
e_inf=4.2; %epslon_infinity obtained from model 
  
%mode position measured from Raman spectra 
W1=254; 
W2=268; 
W3=325; 
W4=632; 
  
%linewidth measured from Raman spectra 
L1=17; 
L2=20; 
L3=31; 
L4=29; 
  
%calculated oscilator strengths 
S1=19.89; 
S2=1.30; 
S3=0.52; 
S4=4.42; 
  
%'Theta-lines' parameters 
f=1064.43E-9;%fundamental wavelength 
wf=0.01/f;%fundamental frequency in wavenumbers 
s=1./(100*(wf-w));%stokes wavlength 
ws=0.01./s;%Stokes frequency in wavenumber 
a=2.4272;%Sellmeier coefficient 
b=0.01478; %Sellmeier coefficient 
c=1.4617; %Sellmeier coefficient 
d=0.05612; %Sellmeier coefficient 
e=9.6536; %Sellmeier coefficient 
F=371.216; %Sellmeier coefficient 
  
%calculation of sqrt of dielectric funcion 'epslon' and wavevector 'k' 
epslon=sqrt(e_inf+(S1*W1.^2)./(W1.^2-w.^2-1i*w*L1)+(S2*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(S3*W3.^2)./(W3.^2-w.^2-1i*w*L3)+(S4*W4.^2)./(W4.^2-w.^2-
1i*w*L4)); 
k=real(2*pi.*w.*epslon); 
  
%calculation of near-infrared refractive indicessing Sellmeier equation 
%from ZELMON at. al., JOSAB 14(12) 1997 
nf=sqrt(1+a*(f*1000000)^2/((f*1000000)^2-b)+c*(f*1000000)^2/((f*1000000)^2-
d)+e*(f*1000000)^2/((f*1000000)^2-F));%refractive index at 1064nm 
ns=sqrt(1+a*(s*1000000).^2./((s*1000000).^2-
b)+c*(s*1000000).^2/((s*1000000).^2-d)+e*(s*1000000).^2/((s*1000000).^2-
F));%refractive index at Stokes wavelength 
  
  
%calculation of 'theta-curves' - phase matching curves 
k0=sqrt(4*pi^2*(wf*nf-ws.*ns).^2+8*pi^2*wf.*ws*nf.*ns*(1-cos(0)));%phase-
matching curve at zero degrees 
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k1=sqrt(4*pi^2*(wf*nf-ws.*ns).^2+8*pi^2*wf.*ws*nf.*ns*(1-
cos(1*pi/180)));%phase-matching curve at one degree 
k2=sqrt(4*pi^2*(wf*nf-ws.*ns).^2+8*pi^2*wf.*ws*nf.*ns*(1-
cos(2*pi/180)));%phase-matching curve at two degrees 
k3=sqrt(4*pi^2*(wf*nf-ws.*ns).^2+8*pi^2*wf.*ws*nf.*ns*(1-
cos(3*pi/180)));%phase-matching curve at three degrees 
k4=sqrt(4*pi^2*(wf*nf-ws.*ns).^2+8*pi^2*wf.*ws*nf.*ns*(1-
cos(4*pi/180)));%phase-matching curve at four degrees 
k5=sqrt(4*pi^2*(wf*nf-ws.*ns).^2+8*pi^2*wf.*ws*nf.*ns*(1-
cos(5*pi/180)));%phase-matching curve at five degrees 
  
%plot of dispersion curve and phase-matching curves 
f1=figure; 
 plot(w,I,'b') 
 f2=figure;  
 plot(k,w,'r') 
 hold on 
 plot(k0,w,'k') 
 hold on 
 plot(k1,w,'b') 
 hold on 
 plot(k2,w,'m') 
 hold on 
 plot(k3,w,'g') 
 hold on 
 plot(k4,w,'y') 
 hold on 
 plot(k5,w,'c') 
 hold on 
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Algorithm to calculate the refractive index: 

clear all; 
close all; 
  
FTIR=xlsread('LN_Dispersion'); 
FTIR_T=transpose(FTIR);%load FTIR data 
w=FTIR_T(1,:);%range of wavenumbers from 1-650cm-1 with same step size as 
FTIR spectra 
e_inf=4.2; %epslon_infinity obtained from model 
  
%mode position measured from Raman spectra 
W1=254; 
W2=268; 
W3=325; 
W4=632; 
  
%linewidth measured from Raman spectra 
L1=17; 
L2=20; 
L3=31; 
L4=29; 
  
%calculated oscilator strengths 
S1=19.89; 
S2=1.30; 
S3=0.52; 
S4=4.42; 
 
%calculation of sqrt of dielectric funcion 'epslon' and ref index 'n' 
epslon=sqrt(e_inf+(S1*W1.^2)./(W1.^2-w.^2-1i*w*L1)+(S2*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(S3*W3.^2)./(W3.^2-w.^2-1i*w*L3)+(S4*W4.^2)./(W4.^2-w.^2-
1i*w*L4)); 
n=real(epslon); 
  
%Plot the calculated refractive index 
f1=figure; 
 plot(n,w,'r') 
 hold on 
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Algorithm to calculate the THz absorption coefficient (αT): 

clear all; 
close all; 
  
FTIR=xlsread('LN_Dispersion'); 
FTIR_T=transpose(FTIR);%load FTIR data 
w=FTIR_T(1,:);%range of wavenumbers from 1-650cm-1 with same step size as 
FTIR spectra 
e_inf=4.2; %epslon_infinity obtained from model 
  
%mode position measured from Raman spectra 
W1=254; 
W2=268; 
W3=325; 
W4=632; 
  
%linewidth measured from Raman spectra 
L1=17; 
L2=20; 
L3=31; 
L4=29; 
  
%calculated oscilator strengths 
S1=19.89; 
S2=1.30; 
S3=0.52; 
S4=4.42; 
  
%calculation of sqrt of dielectric funcion 'epslon' and absorption 'Abs' 
epslon=sqrt(e_inf+(S1*W1.^2)./(W1.^2-w.^2-1i*w*L1)+(S2*W2.^2)./(W2.^2-w.^2-
1i*w*L2)+(S3*W3.^2)./(W3.^2-w.^2-1i*w*L3)+(S4*W4.^2)./(W4.^2-w.^2-
1i*w*L4)); 
Abs=2*imag(2*pi.*w.*epslon); 
  
%Plot the calculated absorption coefficient 
f1=figure; 
 plot(Abs,w,'r') 
 hold on 
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A.9. Polarised Raman at 𝑌(𝑋𝑋)𝑌ത and FTIR spectra at (𝐸ሬ⃗ ⊥ 𝑐) configurations  

Magnesium oxide-doped lithium niobate - MgO:LiNbO3: 
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Table A.1 – Mode location ൫𝜔଴௝൯ and linewidth (Γ଴௝) in 5 at.% MgO:LiNbO3 extracted from 

polarised Raman spectra in 𝑌(𝑋𝑋)𝑌ത configuration (𝐸ሬ⃗ ⊥ 𝑐). 
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Mode location, 𝝎𝟎𝒋 

 (±1 cm-1) 

Linewidth,  𝚪𝟎𝒋  

(±1 cm-1) 

152 12 

238 16 

263 18 

322 24 

367 32 

434 20 

578 30 

631 26 
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Potassium titanyl phosphate - KTiOPO4: 
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Table A.2 – Mode location ൫𝜔଴௝൯ and linewidth (Γ଴௝) in KTiOPO4 extracted from polarised 

Raman spectra in 𝑌(𝑋𝑋)𝑌ത configuration (𝐸ሬ⃗ ⊥ 𝑐). 

Mode location, 𝝎𝟎𝒋 

 (±1 cm-1) 

Linewidth,  𝚪𝟎𝒋  

(±1 cm-1) 

103 6 

141 8 

176 10 

192 8 

212 8 

238 8 

253 4 

269 5 

289 8 

317 10 

362 18 

404 8 

427 12 

469 10 

484 6 

498 6 

516 10 

557 14 

597 16 

641 24 

694 20 

737 16 

783 18 
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Rubidium titanyl phosphate - RbTiOPO4: 
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Table A.3 – Mode location ൫𝜔଴௝൯ and linewidth (Γ଴௝) in RbTiOPO4 extracted from polarised 

Raman spectra in 𝑌(𝑋𝑋)𝑌ത configuration (𝐸ሬ⃗ ⊥ 𝑐). 

Mode location, 𝝎𝟎𝒋 

 (±1 cm-1) 

Linewidth,  𝚪𝟎𝒋  

(±1 cm-1) 

128 8 

143 4 

157 8 

179 8 

189 10 

211 10 

257 6 

272 4 

285 10 

293 14 

319 6 

344 10 

400 18 

421 8 

471 15 

489 14 

518 7 

562 12 

593 10 

634 15 

688 18 

732 16 

782 20 
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A.10. Calculated absorption spectra of MgO:LiNbO3, KTiOPO4 and RbTiOPO4  
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A.11. Liquid Teflon material datasheet 
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