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Abstract

Terahertz radiation has attracted strong interest in non-destructive testing, spectroscopy, and

imaging due to its absorption by many organic and inorganic materials, and its transmission

through many substances such as textiles. Terahertz laser sources based on the stimulated

polariton scattering process have been proven to be an effective method to generate terahertz

radiation, and this is a rapidly developing field of research. Intracavity configurations based

on this technology offer an opportunity to achieve continuous wave terahertz generation, an

approach which has not been extensively investigated. Continuous wave terahertz sources

are highly desirable for a wide range of applications due to the characteristics of being simply

interfaced with detectors such as Golay cells and pyroelectric detectors, and portable spec-

trometers. What is of particular significance is that the linewidth of the emission of these

sources can be made very narrow, as required for high-resolution terahertz spectroscopy.

This thesis focuses on developing an intracavity continuous wave terahertz laser source

based on the stimulated polariton scattering process. The thesis starts by describing the

design and optimisation of a continuous wave, intracavity terahertz laser source. Studies

have been made with regards to the analysis of the state-of-art in this laser source, identifying

its shortcomings and enhancing its power scaling capacity and stability. The main factors

influencing the SPS-driven continuous wave terahertz characteristics have been addressed,

leading to a maximum terahertz power of 23.1 µW being generated, a ten times increase over

the previously reported work. Beam distortion due to photorefractive and thermal effects has

been overcome by optimising the pump scheme.

Development of this intracavity THz source with regards to linewidth narrowing is also
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studied. The core technology to achieve linewidth narrowing is the implementation of an

etalon in the fundamental laser resonator. The thesis offers insight into using an etalon in

two different ways in these THz sources. The first examined case is where an etalon is used

as an intracavity band-pass filter, and its tuning characteristic as a function of tilt angle is

investigated. A key finding here is that losses induced by etalon tilt (and hence walk-off) play

a critical role. The second examined case is where an etalon is used at normal incidence,

to deliberately form a coupled cavity with unique pass-band structure. In both cases, highly

effective linewidth narrowing is observed.

A surprising and important finding is that narrowing of the linewidth in the SPS laser

leads to an improvement in the THz output power, and this is supported through investigation

of phase matching efficiency. Single longitudinal mode operation is successfully achieved

in the system, taking advantage of coupled cavity effects formed by an etalon aligned at

normal incidence in the cavity. This method brings the terahertz linewidth down to 70 MHz

(compared to the linewidth of 100 GHz in the "free running" case) and delivers an output

THz power of 18.2 µW.
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1
Introduction

1.1 The "Terahertz Gap"

The far-infrared region of the electromagnetic spectrum, between 0.3 and 10 THz, is known as

the THz frequency band [1] (See Figure 1.1). It lies in the frequency gap between microwave

and millimetre waves. The THz frequency band has long been considered the last remaining

gap in the electromagnetic spectrum, because of the difficulty in generating this radiation,

and because it has rich scientific opportunities [2]. The terahertz frequency range of the

electromagnetic spectrum has remained relatively unexplored as compared to the neighbour-

ing millimetre-wave and infrared spectral range, primarily due to the lack of convenient and

efficient radiation sources.

Today, terahertz technology is finding use in an increasingly wide variety of imaging and

spectroscopy applications in the fields of astronomy [3, 4], remote sensing and monitoring of

the earth’s atmosphere [5], bio-medical imaging [6, 7], detection of concealed weapons and
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drugs [8, 9], information and communication technology [10, 11], non-destructive evalua-

tion [12, 13], quality control of food and agricultural products [14, 15], and so forth [16–18].

It attracts strong interest in spectroscopy [19, 20] from the fact that many molecules, for

example, carbon dioxide, water, nitrogen, oxygen, have strong characteristic rotational and

vibrational absorption features in the terahertz range, and THz radiation can penetrate particu-

larly well through non-polar and non-metallic materials. Additionally, proteins and DNA can

be probed in the terahertz region, due to various conformational and binding states in heavier

molecules. Terahertz radiation is also useful for imaging [21–25] because many materials,

for example paper, plastics and ceramics, are transmissive in the terahertz and microwave

region. Due to the different absorption of materials in the terahertz frequency range, the

fingerprint property for each material can be determined simultaneously with imaging and

can provide better contrast identification of different materials.

Figure 1.1: The "terahertz gap" in the electromagnetic spectrum.

With respect to spectral fingerprinting, the application of narrow-linewidth THz radiation

is particularly interesting as it enables differentiation of overlapping spectral features, with

high resolution. This is particularly useful in the identification of pharmaceuticals, and

biological molecules wherein components are often combined.

1.2 Terahertz source technology

Terahertz (THz) radiation is highly desirable for a wide range of applications across various

fields, and there have been numerous breakthroughs in THz source technologies [26], includ-

ing the development of THz time-domain spectroscopy, THz imaging, and high power THz

generation by means of nonlinear effects.
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The development of terahertz sources can be classified into two approaches: electronic

and photonic. Electronic methods extend the frequency from the microwave to THz, through

high frequency electron oscillations. Backward wave oscillators (BWO) [27–29] and free

electron lasers (FEL) [30] use electronic approaches to generate terahertz signal and are

already well established at low frequencies (generally < 1 THz). Photonics has led the way

to the realisation of many important THz devices. Optical methods of generating THz ra-

diation generally use lasers, either pulsed or continuous wave, and methods include optical

rectification (OR) [31, 32], photoconductive antennas (PA) [33, 34], quantum cascade lasers

(QCL) [35–38], difference frequency generation (DFG) [39–48], and stimulated polariton

scattering (SPS) [49–57].

Among these terahertz sources, the terahertz radiation obtained through PA and OR based

on ultra-short pulses has the characteristics of broad spectral bandwidth, short pulse duration

and high peak power, and can be used with terahertz time-domain spectroscopy (THz-TDS).

A particular downside of this technology is the low spectral brightness and the need for

coherent detection methods. A QCL is an electrically pumped unipolar photonic device in

which light emission takes place due to intersubband optical transitions in the two dimen-

sional quantum well of a semiconductor heterostructure. The advantages of THz QCLs are

that they are small in size and are easy to integrate. However, high energy consumption

and the need for low temperature cryogenic operation limit their applications. Also, they

are not broadly frequency-tunable. Nonlinear optical frequency conversion is generally more

flexible; and approaches such as DFG and SPS offer high spectral brightness, at room tem-

perature. Although the conversion efficiency may be considered low, the method of nonlinear

optical frequency conversion is an effective way to generate THz radiation. SPS is one of the

most practical and efficient approaches because it can generate a frequency-tunable output,

and operate in either pulsed or continuous wave modalities. The next sections describe the

development and design of THz sources based on SPS.

1.3 Terahertz sources based on the SPS process

Efficient and widely tunable THz generation based on the stimulated polariton scattering

process were reported in the pioneering works of Pantell, Puthoff, and others in the late 1960s
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to the early 1970s [58–61]. The first observation of tunable stimulated Raman emission

was reported by Gelbwachs et al. [59], using a Q-switched ruby laser to excite the A1

symmetry 248 cm−1 polariton mode in a lithium niobate crystal. Sussman investigated,

both experimentally and theoretically, the stimulated polariton scattering process in lithium

niobate [60]. In 1975, a continuously tunable submillimetre wave source using the 248 cm−1

polaritonmode in LiNbO3 was reported by Pantell [61]. The study of THz laser sources based

on the stimulated polariton scattering process was then apparently silent for 20 years until

scientists revisited it again in the 1990s. Since then, the THz technology gap for practical

sources has steadily been filled using this technology.

1.3.1 SPS theory

Polaritons, in the context of this work, are the waves originating from the coupling of photon

and phonon fields within a material, and this coupling occurs in materials which have tran-

sitions that are both infrared and Raman-active. THz radiation can be generated from the

efficient parametric scattering of laser light via polaritons, and stimulated polariton scattering

(SPS) is effectively stimulated Raman scattering (SRS) by polaritons. The scattering process

involves both second- and third-order nonlinear processes. Ionic vibration modulates the

electronic vibrations, and electron-ion interaction occurs leading to polariton generation at

THz frequencies. In the context of this work, strong interaction occurs between the funda-

mental beam, the Stokes beam and the polariton waves, enabling a method of efficient THz

generation.

Within SPS-active media, the polariton mode behaves like a pure photon, but in the lower fre-

quency region, but it manifests like a phonon close to resonance (ω0). The frequency of these

modes is dependent on their wavevector. In a crystalline material, the dispersion relation of

the polariton must be considered. LiNbO3 is a crystal which has transverse optical (TO) A1

symmetry modes, and the dispersion relation of such a mode with frequency ω0 is illustrated

in Figure 1.2. The polariton mode in LiNbO3 at 248 cm−1 is the one of particular interest

for THz generation around 1-4 THz due to the high nonlinear gain [62] (d33 = 25.2 pm/V

at 1063 nm) and very low absorption. The dual "photon/phonon" character of the polariton

mode gives rise to complex nonlinearities.
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SPS is a process in which stimulated Stokes radiation results from an interaction between

photons and polariton modes in an SPS crystal. In a polariton laser, a fundamental laser field

is typically utilised to generate the Stokes and THz fields. The frequency of the polariton

field must lie on the dispersion curve. Fundamental (ω f ), Stokes (ωS) and polariton (ωTHz)

waves satisfy conservation of energy and momentum: ω f = ωS + ωTHz and ®κ f = ®κS + ®κTHz

(Refer to Figure 1.2). Hence the simultaneous solution of the dispersion curve and the

phase matching condition yield Stokes and polariton (THz) frequencies. For every inter-

action angle between the fundamental and Stokes fields, there would be an infinite number

of THz and Stokes wavevector pairs satisfying these energy conservation laws and phase

matching conditions (represented in Figure 1.2 as different phase matching lines for differ-

ent angles θ). As a consequence, the frequency of the Stokes and THz fields can be tuned

continuously by adjusting the interaction angle (θ) between the fundamental and Stokes fields.

Figure 1.2: Diagram illustrating the dispersion relation close to a polariton mode in LiNbO3,

along with phase matching lines for various angles (θ).

Throughout the literature, SPS THz sources have commonly been reported as THz para-

metric sources, due to the parametric manner in which the Stokes (idler) and polariton

(signal) fields are generated from the fundamental (pump) field. The theory of SPS is highly

complex, and comprehensive descriptions can be found in [60, 63].
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1.3.2 External and internal cavity designs for SPS sources

Terahertz parametric sources typically have three main configurations, specifically the ter-

ahertz parametric generator (TPG), the external cavity terahertz oscillator (TPO) and the

intracavity terahertz laser, as shown in Figure 1.3.

Figure 1.3: Key THz-SPS-based source designs: (a) TPG; (b) TPO; (c) Intracavity terahertz

laser.

i. Terahertz parametric generator

The terahertz parametric generator has the simplest design of the three configurations, because

it does not have a resonator. Typically a pump beam is focused into an SPS crystal to generate

the Stokes beam, as shown in Figure 1.3 (a). The fundamental power converted into Stokes

power must be used in either a single or double pass, so it requires a very high intensity (the

order of 1 GW/cm−2) to reach the SPS threshold. A terahertz parametric generator usually

uses a pulsed laser for the a fundamental wave, with high peak intensity.
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ii. Terahertz parametric oscillator

The typical schematic of a terahertz parametric oscillator is shown in Figure 1.3 (b), where

an SPS crystal is positioned within a resonator and is externally pumped by a fundamental

laser with high intensity. The amplification of the Stokes and THz signals inside the cavity

greatly reduces the required fundamental intensity down to 1-100 MW/cm2, much lower than

that in the TPG configuration. External terahertz parametric oscillators have been widely

used for efficient conversion of fundamental lasers running in the Q-switched nanosecond,

mode-locked picosecond regimes.

In the literature [49], researchers use TPG and TPO to describe external cavity THz sys-

tems which make use of the SPS process because of the similarity to optical parametric

generators and oscillators. TPG and TPOs are both external cavity arrangements, where a

high-power pump laser is used to drive the SPS process. There has been great success in

adopting extracavity terahertz laser configurations for building tunable, room temperature

operation laser systems.

iii. Intracavity terahertz lasers

The schematic of an intracavity terahertz laser is shown in Figure 1.3 (c). Unlike external

cavity terahertz lasers that require a specialised fundamental laser to provide high intensity,

intracavity terahertz lasers have an SPS crystal placed within the resonator of a conventional

solid-state laser (e.g. an Nd laser at 1063 nm). Both the fundamental and Stokes laser fields

have their own resonators which are bounded by cavity mirrors, having high reflectivity at

fundamental and Stokes wavelengths, for their cavity mirror coatings. Intracavity terahertz

lasers can be used in both pulsed [51] and CW regimes [53].

Intracavity terahertz lasers have several advantages compared to external cavity terahertz

lasers. Firstly, intracavity terahertz lasers typically use a low-cost laser diode (LD) rather

than an expensive high-power fundamental laser. Furthermore, intracavity terahertz lasers

usually have a high-Q cavity for the fundamental field, generating a sufficient circulating

fundamental intracavity intensity to reach SPS threshold at relatively low LD pump powers.

Therefore, the intracavity configuration is ideal for CW operation. Even for LD pump powers

of only a few watts, resonating powers at the fundamental wavelength of as high as a kilowatt
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can be achieved, enabling the CW terahertz laser threshold to be reached easily for small mode

sizes of around 500 µm diameter in SPS crystals. Intracavity terahertz laser configurations

have been used in the regimes of Q-switched [52, 56, 64–66] and CW operation [53]. All the

terahertz lasers developed in this thesis employ this type of configuration.

1.3.3 Development of THz sources based on the SPS process

Terahertz laser sources based on the stimulated polariton scattering process are versatile and

known for their wide tuning range, which has good potential application in THz spectroscopy

and multi-spectral imaging. There were significant developments in this type of THz laser

source, with high powers, from the 1960s.

i. Extracavity SPS THz sources

LiNbO3 is a most suitable SPS crystals for generating THz waves [67]. The first TPG was

achieved in an a-cut, 3.3 cm long, LiNbO3 crystal, by J.M. Yarborough et al. [59]. The

tuning range of this laser source covered from 50-238 µm (6-1.26 THz), and the peak power

went to 5 W. Researchers from Standford University reported a tunable terahertz laser source

spanning into the frequency range of 150-700 µm (2-0.43 THz) [61] in 1975.

Due to the large absorption (10-100 cm−1) and refractive index (around 5.2) of LiNbO3

in the THz range, most of the THz photons generated within an SPS crystal are absorbed

or totally reflected at the surface of the crystal. Several methods have been developed to

overcome the out-coupling difficulties. A grating structure on the surface of LiNbO3 was

proposed to out-couple the THz wave directly to free space with around 250 times higher

output power [68] compared to coupling out of an angled surface [69]. In 1997, a single

silicon prism was used to extract terahertz from a LiNbO3 crystal [70]. To improve the

emitting characteristics, arrayed Si-prism couplers were later adopted, greatly improving the

coupling efficiency and terahertz tunability [71]. This Si prism array has become the de-facto

method of out-coupling the THz field from SPS crystals in linear configurations.

Another efficient way of out-coupling THz photons is to use a surface-emitted configura-

tion, in which the beam is emitted perpendicularly to the surface of the crystal. Such a design
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has been implemented by Ikari in 2006 [72]. The advantages of the surface-emitted config-

uration are that the terahertz wave is extracted without any output coupler (e.g. Si prism),

so it has better beam quality, and the attenuation is low due to the short path in the SPS crystal.

Much effort has been made on improving the output energy and tuning range of terahertz

laser sources based on the SPS process. Up to now, silicon prisms and the surface-emitted

configuration are the two main, effective ways to extract terahertz radiation, as shown in

Figure 1.4.

Figure 1.4: The linear (a) and surface-emitted (b) configurations

To reduce the absorption coefficient in the terahertz range, Shikata found that the absorption

coefficient within LiNbO3 decreased with crystal temperature. Controlling the temperature

of a LiNbO3 crystal to 78 K, the laser threshold dropped 32%, and an enhancement of 125

times in terahertz energy was achieved [73].

Further improvements to THz output power were made with the use of MgO-doped crys-

tals. Here, 5% mol MgO:LiNbO3 crystal has been proven the best doping concentration (in

congruent crystals), because it provides 5 times greater gain and a higher optical damage

threshold compared to undoped LiNbO3 [67, 74]. Progressive improvements to the perfor-

mance of these sources have been reported. Ikari [75] demonstrated how the interaction

area of fundamental, Stokes and terahertz fields can be increased to improve the terahertz

conversion efficiency, using a larger beam diameter of the fundamental wave. Li reported a

0.87-2.73 THz tunable source with 9.12 µW average power, corresponding to a conversion

efficiency of 9.7 × 10−6, pumped by a 10 Hz pulsed laser [76]. With a LiNbO3 slab, Wang

et al. [77] successfully obtained 3.56 times total THz power of a conventional surface-emitted

configuration, in which the oscillating Stokes beams were totally reflected at the slab surface
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and propagated in a zigzag path, emitting up to 5 beams perpendicularly to the crystal surface.

Wu and Ikari [78] recycled the pump beam and increased the THz output almost four times

in magnitude. A phase matched gain peak near 4 THz from lithium niobate was reported

using an off-axis extracavity terahertz SPS laser [79].

Most of the SPS sources in the literature are pumped with nanosecond lasers. Picosec-

ond lasers have also been used to effectively pump TPG systems. For example, a 0.7-3 THz

tunable SPS sourcewith an impressive output power of 50 kWpeak powerwas achieved, using

a single mode, 420 ps microchip laser and a seed laser for the Stokes/idler field [80]. High

repetition rate picosecond lasers have also been used effectively in synchronous pumping

setups for high power THz generation [81–83].

ii. Intracavity SPS THz sources

Extracavity terahertz lasers based on the SPS process have the advantages of simple structure

and being easily frequency-tuned, but the conversion efficiency (pump-to-THz) is typically

very low compared to intracavity SPS terahertz lasers. Intracavity techniques have far lower

pump power requirements and can be made highly efficient. By utilising an intracavity con-

figuration, the fundamental field undergoes multiple passes through the SPS crystal. Such

an approach has been investigated by Edwards et al. who have demonstrated promising

results from a resonator formed around a 50 mm long Mg:LiNbO3 crystal, placed within

the cavity of an end-pumped, Q-switched, Nd:YAG laser [51]. They obtained an excellent

tuning range and output power, tunable from 1.2-3.05 THz, with a maximum energy of 5 nJ

being detected. Lee and Pask [52] reported a very compact, laser diode end-pumped, THz

laser source, which generated frequency tunable radiation in a bulk Mg:LiNbO3 crystal. This

THz system operated with a very low threshold (2.4 W diode power), and high conversion

efficiency (6.45 µWaverage output power at 1.82 THz for 5W diode pump power), compared

to the system of Edwards. They also observed cascaded stimulated polarition scattering and

discussed the potential enhancement of the THz output from cascading in the pulsed sys-

tem [56]. Surface-emitted configurations have also been applied to the intracavity SPS laser,

where Ortega [65] demonstrated a power output of 56.8 µW and wide frequency tunability

(1.46-3.84 THz).
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The SPS process can be excited by a large rang of laser wavelengths. The Macquarie

University group demonstrated the use of a fundamental wavelength of 1342 nm, to com-

pletely avoid the negative effect of free-carrier generation within the high-resistivity silicon

prisms (used to extract THz emission from MgO:LiNbO3). THz power of up to 23.6 µW

(62.3 µWwhen chopped at a 50% duty cycle) was detected at 1.33 THz in the intracavity SPS

laser [66]. The motivation for using a fundamental wavelength of 1342 nm was to improve

the THz out-coupling efficiency.

iii. Other SPS-active crystals

Nonlinear crystals like KTP and its isomorphs (RTP, KTA etc.) exhibit excellent physical and

optical characteristics, and have been used to generate terahertz radiation from 4-13.5 THz.

A KTP based extracavity THz oscillator was first presented in 2014 [50], achieving three

separated frequency tuning bands (3.17-3.44 THz; 4.19-5.19 THz; 5.55-6.13 THz). An ex-

periment with a similar result was performed with KTA crystals using silicon prism mediated

out-coupling and a surface-emitted configuration [84]. 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.

Terahertz laser sources using the SPS process have been achieved both in intracavity [54, 85]

and extracavity [86] configurations. The maximum average THz power has now exceeded

0.1 mW at 4.1 THz, corresponding to a diode-to-THz conversion efficiency of 2.1×10−5 [85],

this result achieved in an RTP crystal. This was an important milestone for the intracavity SPS

laser. To further expand the tunability, the terahertz frequency was extended to over 10 THz,

achieved using 532 nm pumping (fundamental wave) in KTP, in an external cavity [57].

1.4 CW terahertz sources based on the SPS process

Pulsed and continuous wave (CW) are two different output modalities of coherent light

sources, and therefore also of coherent terahertz sources. Due to the high peak intensities of

pulsed radiation especially in the ps and fs regimes, numerous, pulsed terahertz sources have

been demonstrated (refer to Section 1.3.3). However, CW THz sources are highly desirable

for a wide range of applications such as imaging and spectroscopy. For example, a first CW
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THz transmission image of a human liver which contains cancerous tissue was presented,

and cancerous and regular tissue can be distinguished [87]. Unlike pulsed THz imaging,

CW imaging affords a compact, simple, fast, and relatively low-cost system. Since it does

not require a pump-probe system for detection, the complexity of the optics involved can be

greatly reduced and, since it does not require a time delay scan, image formation can take

place more quickly. Additionally, CW THz sources are often regarded as being better suited

than pulsed sources because the linewidth is not limited by the pulse duration transform limit,

and hence the linewidth can potentially be made narrower for application in high-resolution

spectroscopy.

CW THz sources have been demonstrated in the past employing difference-frequency mixing

of two lasers [88], parametric generation [89, 90], and quantum cascade lasers [91, 92].

Established techniques to generate CW terahertz radiation are limited, either in output power

or frequency tunability. THz sources based on the SPS process have been considered as

an effective method for the generation of CW THz radiation. In particular, the intracavity

configuration makes it possible to reach the SPS threshold in the CW regime.

Figure 1.5: The intracavity CW THz SPS laser layout (reproduced from [53]).

The first CW intracavity terahertz oscillator based on the SPS process was demonstrated

in 2014, at Macquarie University [53], and used a conventional Nd:GdVO4 fundamental laser

with an intracavity Mg:LiNbO3 crystal, in a linear configuration, with silicon prisms for THz
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out-coupling. The system is capable of producing frequency tunable radiation across the

range of 1.5-2.3 THz and requires only 2.3 W of incident diode pump power to reach the SPS

threshold. The maximum THz output power was 2.3 µW for just 5.9 W of incident diode

pump power, at the frequency of 1.8 THz. As shown in Figure 1.5 (reproduced from [53]),

the nonlinear material is placed inside the fundamental cavity, making use of the high intra-

cavity intensity (>10 MW/cm2) to achieve the SPS threshold. This intracavity configuration

provided an opportunity to achieve CW operation and did not require a high power pump

source as is the case in external-cavity designs. Terahertz frequency tuning was achieved by

rotating the Stokes cavity (Mirrors M3 and M4) so as to vary the angle θ.

The first intracavity CW SPS THz laser demonstration was followed by numerous other

developments in solid-state laser technology, particularly in intracavity SRS lasers [93–97]

at Macquarie University. The interplay between the SPS and SRS phenomena in intracavity

systems requires similar laser design expertise. Macquarie University’s first terahertz source

was reported in 2013 in the pulsed regime [52]. Shortly after that, the versatility of intracavity

SPS lasers was demonstrated in CW operation using a high-Q resonator [53]. Up to now,

terahertz sources based on the intracavity SPS process have experienced substantial devel-

opment with regards to power scaling and frequency extension in pulsed systems. However,

little work has been reported on the development of intracavity CW SPS THz laser sources.

At the time of commencement of this project, the CW SPS laser only delivered THz power

of 2.3 µW.

1.5 Narrow linewidth THz laser sources

Narrow-band, tunable sources in the 1-3 THz frequency range are particularly important

for spectral fingerprinting and imaging applications involving many organic and inorganic

compounds. In particular, a potential application field is high-resolution spectroscopy, which

requires very narrow linewidth output at key frequencies. The linewidth of the THz field

generated by nanosecond pulse SPS lasers is around a few hundreds of GHz [98]. This is

adequate for many spectroscopic measurements of solids and liquids, as the spectral lines of

these are typically broad.
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Narrow linewidth THz laser sources for specific applications have stringent requirements such

as single frequency operation, narrow linewidth, low-intensity noise and high-frequency sta-

bility. Apart from the properties mentioned above, other laser characteristics of high power,

wavelength tunability, excellent spatial beam quality can also be critical, depending on the

specific needs of the applications. Ultimately, it is still challenging to generate decent, narrow

linewidth levels, with frequency tunable which operate at room temperature.

Figure 1.6: Schematic diagram of the injection-seeded terahertz parametric generator (Is-

TPG).

Several methods have been carried out to overcome this hurdle. The seeded injection ap-

proach has been applied to TPG systems to narrow the linewidth. The principle of injection

seeding is to couple a narrow linewidth laser into the SPS crystal, to seed the Stokes/idler

field. A typical injection seeded THz parametric generation setup is shown in Figure 1.6.

The vast majority of THz systems demonstrated to date have been based on extracavity,

pulsed designs. Here, the linewidth can be reduced by introducing a single longitudinal

mode laser either in the pump or idler fields, respectively. A fourier transform limited TPGs

(δν<200 MHz), was demonstrated in 2001 [99]. The generation of a linewidth of 100 MHz

with a 0.7-3 THz frequency tunable range has been well developed using lithium niobate

crystals by Kawase et al. [100–102]. Guo et al. also reported an all solid state, narrow

linewidth and wavelength-agile THz wave parametric generator, which could be rapidly and

smoothly tuned over the range from 0.6 to 2.4 THz with a narrow linewidth of 50 MHz [103].

The effectiveness of seeding the Stokes/idler field was demonstrated by Hayashi. The tun-

ability was enhanced to 0.9-3 THz with high intensity pumping from a subnanosecond
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microchip Nd:YAG laser [104]. Using the combination of a TPO and a Stokes-pulse-injected

terahertz-wave parametric generator (spi-TPG) to enhance the high-energy THz output has

been proposed [105] and, this scheme achieved 1.8 times as large an output power as that ob-

tained from the TPO for the same pump density. Injection seeding was also used in TPOs both

extracavity [106] and intracavity [55], but seeding into a cavity was much more complicated

because of the seeding angle. Walsh et al. [55] reported a THz source continuously tunable

over 20 GHz with a linewidth < 100 MHz (close to the transform limit of 1-10 ns pulses) and

settable anywhere in the range of 1-3 THz, employing an injection-seeded intracavity TPOs.

The intracavity TPO has the benefits of a lower threshold and enhanced efficiency and power

over a similar extracavity device.

Another promising method to achieve linewidth narrowing is using optical Fabry-Perot

etalons to narrow the linewidth of the fundamental field, and hence the Stokes and THz

fields. The transmission profile of an etalon is determined by the reflectivity and thickness

of the etalon. Typically, etalons are chosen so that only a narrow slice of frequencies near the

centre of the laser gain bandwidth experiences a net roundtrip gain within the laser cavity,

and can oscillate. Therefore, an etalon may act as a mode selector, as shown in Figure 1.7.

Figure 1.7: Example of laser longitudinal mode selection using a Fabry-Perot etalon.

Inserting two etalons into an intracavity SPS laser, one in the fundamental cavity and the

other in the Stokes cavity, was reported by Edwards et al. [107], achieving linewidths of

< 5 GHz at the frequency of 1-3 THz. However, the established techniques to generate

narrow-band THz radiation rely on pulsed systems with either intracavity or extracavity con-

figurations, which are limited as to low power and minimum achievable linewidth because
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of the pulse duration transform limit. Very few CW THz sources have been demonstrated,

both in intracavity [53] [88] and extracavity [108] configurations. Furthermore, less work

has been reported on narrowing the linewidth [89] of solid-state SPS THz sources. At the

time of commencing this thesis work, there is no research targeting THz linewidth narrowing

in intracavity solid-state SPS sources in the CW regime.

1.6 Thesis outline

This thesis focuses on investigating the opportunity for greatly enhancing the performance

of CW THz sources based on SPS. CW THz systems can be made compact, reliable and

cost-effective, with a narrow linewidth output, which can be used for a range of THz ap-

plications. In particular, when made narrow linewidth, they have particular application in

high-resolution spectroscopy. This thesis begins with an analysis of the state of the art in

CW SPS THz sources, identifying their shortcomings and enhancing their power scaling ca-

pacity and stability. This thesis then progresses into an investigation of linewidth narrowing

of these sources through the application of intracavity etalons. These etalons are utilised

in two unique ways, depending on whether the etalon aligns to the cavity. An etalon acts

as a bandpass filter when it is misaligned to the cavity, and forms a coupled cavity in the

laser system when aligned on-axis. The important outcomes of this work are a considerable

reduction in the linewidth, and also an increase in the THz output power, when introducing an

etalon in the laser cavity. The last but most important achievement is successfully reaching

single longitudinal mode operation both in the fundamental and Stokes fields, so that the THz

linewidth is narrowed in the intracavity SPS laser.

Chapter 2 provides an overview of the equipment and techniques used in this thesis work.

It includes details of laser cavity design, in particular, focusing on implementing SPS in the

continuous wave regime and description of the terahertz output coupling method. Etalons as

linewidth narrowing element, applied to the CW THz laser, is introduced, and details of the

optical spectrometers with different resolution and the general diagnostic equipment such as

laser power meters, beam profiler, Golay Cell used in this research are given.

Chapter 3 demonstrates the improvements of a CW intracavity THz laser, delivering the



1.6 Thesis outline 17

highest THz power from any CW intracavity THz laser, based on the SPS process. This chap-

ter discusses the system design and characterisation, detailing how to reach the SPS threshold,

address thermal loading, and overcome the photorefractive effect in MgO:LiNbO3. What

is of particular significance is that the core technology is based on mature 1 µm solid-state

laser designs, which are well established, and the components and coating techniques are

well developed.

The effects of etalons working in two different ways are comprehensively investigated in

Chapters 4 and 5. Chapter 4 investigates the application of etalons act as a bandpass filter

(this may be considered the "traditional" way of using etalons). Several etalons with different

thickness and reflectivity are investigated for linewidth narrowing. The linewidths of the fun-

damental and Stokes fields are considerably decreased compared to the "free-running" case.

Also, a surprising finding is that the THz power continues to increasewhen the linewidth of the

fundamental and Stokes fields are narrowed. The effect of etalon tilt angle on the laser char-

acteristics has been studied, and here walk-off losses have been found to play a significant role.

In Chapter 5, an investigation into coupled cavity effects formed by deliberately insert-

ing an etalon at normal incidence is presented. The properties of the coupled cavity are

analysed using self-made software code, and the impact of the effect on the THz linewidth is

investigated. The potential impact of the coupled cavity effect on the performance of the THz

laser is discussed. Here, a narrow linewidth SPS CW laser is achieved, by taking advantage

of the coupled cavity configuration. What is more, it is observed again that constraining the

linewidth in the fundamental field spectrum leads to an improvement in the performance of

the CW THz laser. It also demonstrates that using an etalon deliberately at normal incidence

gives rise to more flexibility in levels of linewidth narrowing, because the laser works with

both coated and uncoated etalons.

Further linewidth reduction with a high finesse etalon, in the CW THz laser, is presented

in Chapter 6. To the best of the authors’ knowledge, this chapter describes the narrowest

linewidth output ever achieved from a laser-based CW THz source. By using an etalon at

normal incidence, single longitudinal mode operation of both fundamental and Stokes fields

is successfully achieved in the system. The mystery that narrowing the fundamental linewidth
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in the SPS laser does lead to the improvement on THz output power is well explained, based

on an investigation of phase mismatch.

Chapter 7 summarises the key findings and conclusions of this research work and presents

and outlines the prospects of future work.



2
Key design considerations for CW THz laser

This chapter describes the general methods and equipment used in this thesis. Section 2.1

describes the basic considerations of cavity design, the implementation of SPS within the

cavity of a CW Nd laser to yield a CW THz laser and the THz output coupling method

used in this work. The fundamental theory of optical etalons is present in Section 2.2, and

Section 2.3 covers the general diagnostic equipment used in this research.

2.1 Experimental methods

2.1.1 Laser cavity design

The laser cavity design goal in this thesis is to design a laser to operate stably over a desired

range of pumping powers and to improve the laser performance by optimising the mode

matching between the pumping beam and TEM00 cavity mode in the laser crystal. Some

basic theory for laser cavity design was used in this section along with ABCD resonator

modelling using the LASCAD software package.
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i. Nd:GdVO4 laser crystal as active media

High intracavity powers are required in order to reach SPS threshold. This requires a laser

material capable of sustaining high pump powers while exhibiting a high gain and limited

thermal lensing.

Table 2.1: Physical and optical properties of Nd:GdVO4, Nd:YVO4 and Nd:YAG crystals

Item Nd:GdVO4 Nd:YVO4 Nd:YAG Ref.

Thermal conductivity κ (W/m/K)
κc 10.5 12.1 10.1

[109]
κa 8.5 8.9 -

Specific heat capacity

C (kJ/kg/K)

1.0 0.8 0.59 [110]

Density ρ (g/cm−3) 5.47 4.24 4.56 [111]

Thermal expansion α (10−6)
αc 7.3 8.4 8.2

[111]
αa 1.5 2.2 -

Refractive index @ 1064 nm
nc 2.19 2.16 1.82

[111]
na 1.97 1.95 -

dn/dT (10−6/K) @ 1063 nm
E || c 13.8 3.0 7.3

[111]
E || a 10.1 8.6 -

Upper-level life time τ (µs) 95 100 230 [111]

Stimulated emission cross

section σ (10−19 cm2)

7.6 15.6 6.5 [111]

Absorption coefficient

@ 808 nm 1.1% at.(cm−1)

E || c 78 40 8
[112]

E || a 18 9 -

Although there are many kinds of laser active media for solid state lasers, the use of Nd-

doped YAG, YVO4 and GdVO4 [113] is widespread and their performance is outstanding.

Compared to other Nd-doped laser crystals, Nd:GdVO4 crystals have several advantages.

The Nd:GdVO4 crystal has the features of strong absorption at both 808 nm and 879 nm,
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high emission cross section at the fundamental wavelength of 1063 nm [112] and because it

generates emission polarised along the c-axis. In Nd:GdVO4, both broad homogeneous ab-

sorption lines and homogeneous emission lines feature high peak cross section. In addition,

the uniaxial crystal Nd:GdVO4 shows strong polarisation dependent absorption transition due

to the anisotropic crystal field.

At the same neodymium concentration the absorption coefficient of Nd:GdVO4 is seven

times higher and the emission line is 80% broader in comparison with Nd:YAG [114].

It is desirable to use laser crystals with high thermal conductivities, Nd:GdVO4 is the crystal

which can realise highly efficient laser oscillation near the quantum limit and it has a higher

thermal conductivity of 12 W m−1 K−1 [109, 110]. The studies of other thermal properties

of Nd:GdVO4 crystal, such as thermal expansion and specific heat, have shown that the

Nd:GdVO4 crystal is suitable for high power lasers. For those reasons, Nd:GdVO4 has been

used in this thesis, and its properties are listed in Table 2.1.

ii. Thermal considerations

It is well known that thermal loading of the laser crystal can affect laser performance. Here,

the various thermal effects and ultimately thermal lensing are reviewed and analysed.

The absorption of pumping light in the laser crystal and SPS crystal, the inelastic nature

of SPS in the SPS crystal and the absorption by impurity ions are the three main heating

sources to result in thermal loading of the crystal. In general, thermal loading gives rise to a

number of thermo-optic effects.

Thermal lensing is one of major challenges for SPS lasers, which arises from thermal loading.

Thermal lensing can be contributed to in three ways: the variation of refractive index with

temperature, the variation of bulk refractive index with stress and the bulging of the end faces

due to thermal expansion. The contribution of each of these effects results in an effective

thermal lens with focal length (f) [115], which can be expressed as:

1
f
=

Pheat

πκcω
2
p
[1
2

dn
dt
+ αCγ,φn3

0 +
αγ0(n0 − 1)

L
] (2.1)



22 Key design considerations for CW THz laser

where dn/dt is the thermo-optic coefficient, κc is thermal conductivity, Pheat is the heat load,

ωp is the average spot radius of the heating area in the crystal,n0 is the refractive index without

pumping, α is the thermal expansion coefficient, Cγ,φ is the photo-elastic coefficient, L is the

length of the crystal and γ0 is the length of the end section of the crystal.

In the end-pumping laser, the thermal lens is mostly dominated by the first term, which is

proportion to dn/dt, and the variation of refractive index with temperature can be expressed

by dn/dt. Omatsu et al. [116] measured thermal lenses of an Nd: GdVO4 self-Raman crystal

both in a low-Q cavity (no SRS) and high-Q cavity and found that with the SRS process the

thermal lensing was much stronger. In the low-Q cavity, the slopes of thermal lens power

were 1.16 ± 0.1 D/W at 808 nm and 0.85 ±0.1 D/W at 879 nm with the 5 W pump power.

In the high-Q cavity, the slopes of thermal lens power were 1.28 ± 0.15 D/W at 808 nm

and 0.73 ± 0.087 D/W at 879 nm without SRS (7 W incident pump power). With SRS, the

strongest thermal lens powers were 36 ± 4.3 D and 28 ± 3.4 D/W (808 nm vs 879 nm at

17.5 W pump power), corresponding to the slopes of thermal lens power were 2.6 ± 0.3 D/W

and 2.0 ±0.1 D/W. The increased thermal lens in the high-Q cavity was attributed to the

phonon energy deposited in the crystal and possibly impurity ion absorption. The thermal

lensing measured by Omtsu et al. [116] can be used as a reference for estimating the thermal

lensing in the CW THz laser, because they used the same laser crystal as this thesis.

Several strategies can be considered to alleviate thermal lensing in the CW SPS laser. The

first is to use in-band pumping of 879 nm [112]. Another is to optimise the pumping scheme.

To reduce thermal lensing, the π-polarisation together with chopping the pump was used in

this thesis. These strategies will be investigated in detail in in Section 3.2.1. The technol-

ogy of managing effects of thermal lensing through resonator design will be discussed in

Section 3.2.2.

iii. Laser cavity design methods

Considering laser cavity design is beneficial to manage thermal effects. The first step is

optimising the mode matching between the pumping beam and TEM00 cavity mode in the

laser crystal using the laser cavity design software LASCAD [117].



2.1 Experimental methods 23

ABCD matrix can express the laser resonator and the TEM00 mode can be expressed by

a complex wave q [118]:

1
q
=

1
R
− i

λ

πω2 (2.2)

where R is the radius of the wavefront, ω is the radius of the TEM00 mode and λ is the

wavelength of the laser. In a stable cavity, q should remain the same after a round-trip in the

cavity. The round-trip ray-transfer matrix M can be expressed as

M =
(

A B
C D

)
(2.3)

then combining Equation 2.2 and 2.3:

q =
Aq + B
Cq + D

(2.4)

Applying the resonator ray-transfer matrix parameters to the wave function:

1
q
=

D − A
2B

− i

√
4 − (A + D)2

2B
(2.5)

For a stable laser cavity, the right hand side of Equation 2.5 must be positive.

(A + D)2 6 4 (2.6)

Therefore, the TEM00 cavity mode width can be expressed as:

ω2 =
2Bλ

π
√

4 − (A + D)2)
(2.7)

The ABCD matrix is used to calculate the laser resonator stability for designing the funda-

mental field resonator in this thesis. In order to achieve mode matching between pump and

laser, the beam waist can be calculated using Equation 2.7 and this is a guide to estimate

the pump and fundamental resonator mode diameters. A plane-concave cavity structure was

employed to compensate for the thermal effect and improve stability and efficiency.
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iv. Diode pump scheme
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Figure 2.1: Diode pump power measured after the pump lenses and polarising cube. Cooling

water temperature was 20◦.

The laser diode used for fundamental resonator pumping is provided by LIMO GmbH.

The laser diode is continuous wave, emitting a wavelength of 879 nm, and is fibre-coupled

with 200 µm core diameter, 0.22 NA, with 30 W maximum output power. The laser diode

output performance is shown in Figure 2.1. The linewidth of the laser diode is about 3 nm,

wider than the absorption bandwidth of Nd:GdVO4 crystal at 879 nm reported in [112]. The

central wavelength of LD output shows the usual red-shift as the diode module heats up

with increased input current around 0.005 nm/A. The wavelength of the LD output must be

well-controlled to match the absorption peak of the laser crystal. To achieve this, tuning the

temperature of the coolingwater was used in the experiments. In order tomaintain emission at

879 nm, the water temperature wasmaintained at 20◦C. 20◦Cwas the optimal cooling temper-

ature for the pump power range of 2 to 9Wandwas consistently used through thewhole thesis.

The laser diodewas collimated and refocused the fibre output into the laser crystal (Nd:GdVO4)

using a pair of aspheric lenses with a magnification ratio of 1:2 (Thorlabs LA1131-B-

EFL 50 mm and Thorlabs LA1131-B-EFL 100 mm). This yielded a focused spot diameter

of 400 µm (beam waist of 200 µm).
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2.1.2 Implementing SPS in the continuous regime

i. Linear resonator geometry for an intracavity polariton laser

As described in the introduction (Section 1.3.3), the CW THz laser incorporates separate but

coupled resonators for the fundamental and Stokes fields.

In this thesis, both resonators had a linear geometry, as shown in Figure 2.2. The fun-

damental cavity was formed by M1 and M2, with the cavity length of 185 mm. The Stokes

cavity was formed by M3, M4, and the cavity length is 110 mm. The axes of those two

cavities intersected inside the MgO:LiNbO3 crystal. The Stokes cavity was mounted on a

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

the Stokes wavelength and THz frequency. The angle between the fundamental and Stokes

cavities at which the SPS fields are generated typically ranges from 0.5-5.0 ◦ (internal angle),

corresponding to the angle between the fundamental and THz fields of 60-65 ◦.

Figure 2.2: The linear resonator setup.

A series of high-resistivity silicon prisms was used to effectively extract the THz output.

The silicon prisms were cut at the critical angle of 40◦ that the propagation THz field exits

close to the normal incidence. The THz coupling method will be presented in detail in

Section 2.1.3.

ii. Cavity mirror coating requirements

Cavity mirrors are especially important optical elements in CW intracavity SPS lasers, be-

cause they generally have tomaintain very high reflectivity. SPS threshold and slope efficiency

are affected by round-trip losses at fundamental and Stokes resonators. Reducing round-trip

losses can greatly decrease the SPS threshold and improve the optical conversion efficiency.

In order to achieve this, high reflectivity (HR) coatings (R>99.999%) at both fundamental
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and Stokes cavities are used. This high reflectivity combined with small cavity mode diam-

eter will enable generation of a high intensity intracavity field. The coating requirements is

similar to cavity ring-down measurements which also require very high reflectivity coating

mirrors [119, 120].

Table 2.2: Coating specification of the laser mirrors used in the fundamental and Stokes

resonators

Mirror

set

Resonator Specification Manufacture

1. Fundamental

M1: HR>99.994% @ 1063 nm ATF

HT>99.930% @ 879 nm ATF

OC1: T=5% @ 1063 nm CVI

2. Fundamental

M1: HR>99.994% @ 1063 nm ATF

HT>99.930% @ 879 nm ATF

OC2: HR>99.995% @ 1063 nm LASER

OPTIK

3. Stokes
M3: HR>99.999% @ 1060 nm-1080 nm ATF

M4: HR>99.999% @ 1060 nm-1080 nm ATF

For the work described in this thesis, mirrors from custom coating runs were used ex-

tensively. Each coating run included substrates with a range of curvatures. The specifications

of mirrors coatings are summarised in Table 2.2. Specific, manufacturer-supplied coating are

shown in Appendix A.2.

For the fundamental resonator, the input mirror M1 was directly coated on the front sur-

face of the Nd:GdVO4 crystal, with high transmission for 879 nm and high reflectivity for

1063 nm. Two output couplers were used during this work. Output coupler OC1, having

5% transmission was used to evaluate the fundamental laser performance and OC2, having

R>99.995%, was used in the CW THz laser system.
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The Stokes resonator consists of a pair of high reflectivity D-shaped mirrors, shown in Fig-

ure 2.3. The design of D-shape avoided clipping of the fundamental beam and to enable wide

Stokes wavelength and THz frequency tunability. The mirrors were highly reflective at the

near infrared (1060 nm to 1080 nm), and also maximise the Stokes field intensity inside the

Stokes cavity.

Figure 2.3: D-shaped Stokes mirror attached to mechanical mount.

iii. Nonlinear crystal: MgO:LiNbO3

Lithium niobate crystals are nowadays looked upon as one of the most popular and important

materials for nonlinear frequency conversion and are widely used in THz sources to generate

THz in the range of 1-3 THz [121]. Lithium niobate crystal is selected as SPS crystal, due

to its high nonlinear optical coefficient and low optical absorption over a wide wavelength

range. However, the LiNbO3 crystal exhibits photorefractive damage, which leads to beam

distortion and hence limits the pump power that can be sent through a congruent LiNbO3

crystal. To overcome this problem, the most common solution is to use magnesium-doped

LiNbO3 that contains 5 mol.% magnesium oxide (MgO), so MgO:LiNbO3 was used into in

this thesis. The main optical properties reported in the literature for 5 at.% MgO:LiNbO3 are

summarised in Table 2.3.



28 Key design considerations for CW THz laser

Table 2.3: Main optical properties of 5 at.% MgO:LiNbO3 extracted from the literature

Property Value Reference

Refractive index
2.23 @ 1063 nm [122]

5-5.2 @ 0.4-1.8 THz [123]

Transparency range 0.4-5 µm [122]

Nonlinear coefficient d33 =25 pm/V @1063 nm [62]

Laser damage threshold 2.5 J/cm2 [124]

THz absorption 10-70 cm−1 @ 1-2.4 THz [67]

2.1.3 Terahertz output coupling

For a linear SPS laser, THz extraction is a critical consideration, due to the high refractive

index in MgO: LiNbO3 crystal at THz frequencies. In the frequency range of 1-3 THz, the

refractive index is around 5.2 [123]. The total internal reflection (TIR) angle is approximately

11◦ from the crystal to air. The THz radiation is being generated at the angle of about 25◦ to

the normal of the crystal surface, so the THz radiation cannot be extracted from the crystal.

Several methods have been investigated in the literature to avoid the total internal reflec-

tion of the THz field. One technique to extract THz output was proposed by M. A. Piestrup

in 1975 [61], cutting the end of the crystal at the angle (25◦) to make the THz wave emerge

approximately normal to the exit surface. However, the Fresnel reflection is very high (around

42%) and only fields in close proximity to the cut edge can be extracted using this method,

also there is significant variability in emission angle when frequency tuning. Another way

was using a monolithic grating coupler fabricated on the crystal surface [68]. For a grating

coupler, the output direction change is relatively large due to the Bragg condition and the

wide tuning range of the THz wave.

The most effective and widely used method to extract THz emission is employing a prism

coupler attached to the emitting surface of the lithium crystal [70, 71]. High resistivity silicon

is used in THz optics due to its low THz absorption across a broad frequency range. The

use of Si prisms, which has a uniform refractive index of 3.42 [49] across the frequency

range 1-2 THz, results in the THz field emission angle remaining largely unchanged as the
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frequency of the THz field is tuned. It can increase the TIR angle to around 41◦ at the crystal

to the silicon surface and reduce the Fresnel reflection to 8.5%. The silicon prism array was

convinced to offer the least angular dispersion, so is the best option for output coupling.

The silicon prism implementation is shown in Figure 2.4 and the actual silicon prisms

in this work are shown Figure 2.5. θ and β are the interacting angles between fields in SPS

process and δ is the refracting angle into the prisms, depends on the incident angle of the

THz field in the crystal’s side face (α).

Figure 2.4: The silicon prism design and refraction of THz field from the SPS crystal into

air.

The generated THz emission in the SPS THz lasers, simultaneously generate undesirable

free carriers that then absorb the THz radiation. Free carriers in Si simply arise from the

photoelectric effect. The band-gap energy of Si is 1.12 eV (at 300 K) [66, 125] (corre-

sponding to a photon wavelength of 1120 nm). Free carrier generation is hence unavoidable

with excited wavelength of 1 µm. A strategy to minimise the effect of free carriers, is

to deflect residual pump light away from the Si prism-air interface [49]. Therefore, effect

was made to block any residual pump and NIR beams. In order to reduce the inherent

absorption of THz wave as it propagates through the SPS crystal, the fundamental and Stokes

beams were designed to propagate as close to theMgO:LiNbO3 / Si prism surface as possible.

The surface-emitted configuration is another way of extracting THz radiation. Here, the

fundamental and Stokes fields are totally intenally reflected inside the SPS crystal such that



30 Key design considerations for CW THz laser

the THz field is generated at an angle not subjected to total internal reflection [65, 72]. It was

not used in this thesis but could be attractive for future work.

Figure 2.5: Silicon prisms for MgO:LiNbO3.

2.2 Etalons as linewidth narrowing elements

A bulk etalon is a plate with two faces polished flat and parallel with these faces either

uncoated or coated for selected reflectivity. These Fabry-Perot etalons have transmission

passbands at discrete optical frequencies and they are widely used for laser wavelength tun-

ing, and laser linewidth control [126]. In this work, solid etalons were used in two ways to

achieve linewidth narrowing.

The spectral output from a laser is determined by the gain bandwidth of the laser active

material and the properties of the laser resonator, itself, a Fabry-Perot resonator. Typically,

within the laser gain bandwidth of the laser material, many longitudinal modes can be sup-

ported. When an etalon is inserted at a small angle to the laser resonator, it acts simply as a

bandpass transmission filter.

Interference between the reflections from each surface of a solid etalon leads to a peri-

odic spectral transmission, which can be characterised by the separation of the transmission

peaks in frequency or wavelength space, referred to as the free spectral range (FSR: ∆ν or

∆λ) and the full width at half maximum of the peaks (FWHM:δν). FSR [115] is determined

by the optical thickness of the etalon (d), refractive index (n) and the width of the peaks (the

finesse of the etalon: F) is determined by the reflectivity of the surfaces. F is related to the
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mirror reflectivity. The FSR is given by Equation 2.8:

θint = arcsin(θext

n
),∆λ = λ0

2

2n0d cos θint
, or∆ν =

c
2n0d cos θint

. (2.8)

It is defined that the ratio of the spacing between the adjacent passbands and the passband

width as finesse: F = ∆ν/δν (Equcation 2.9). The FWHM is the frequency interval between

the two points on either side of the transmission curve where the intensity falls to half its

maximum value.

F = π[2arcsin(2 + 4R
(1 − R)2

)
−1/2
]−1 ≈

πR1/2

1 − R
. (2.9)

The FWHM cavity linewidth is the frequency interval between the two points on either side

of the transmission curve where the intensity falls to half its maximum value.

Figure 2.6: Interference of an etalon.

In this thesis, nine different etalons were selected, purchased from Light Machinery Inc.

(Canada). Four were uncoated YAG etalons, and five were coated fused silica etalons. A

summary of key parameters of these etalons are given in Table 2.4. YAG etalons were used

because the refractive index for YAG material is higher than fused silica (1.81 vs 1.44) and

were able to provide higher reflectivity for uncoated etalon. Also, they are better optically and

more damage-resistant. θext@Tmax is the etalon tilt external angle at maximum transmission.
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2.3 General diagnostic equipment

This section presents the general diagnostic equipment used throughout the experiments in

this thesis.

2.3.1 Laser power meter

Two different laser power meters were used to measure the output powers in this thesis. The

diode pump power, and the laser output power using T=5% output coupler was measured

by a Thorlabs Inc. optical power meter PM100D. A Thorlabs thermal sensors (S310C) and

photodiode-based sensors (S130C) power meter features both digital and analogue output

and a wide range of optical power measurement from 500 pW to 500 mW. Either of there

sensors were used interchangably depending on required sensitivity.

2.3.2 Beam profiler

In order to investigate the spatial properties of the near-infrared laser beams, a Spiricon laser

beam profiler (Model SP620U) was used to measure the fundamental and Stokes fields beam

profiles.

2.3.3 Oscilloscope

A digital oscilloscope (Tektronix TDS 3054) was used for the temporal analysis of the laser

output. The bandwidth is 500 MHz and the sampling rate is 5 Giga-Samples/second. For

example, the oscilloscope was connected to Golay Cell, chopper or scanning confocal Fabry-

Perot interferometer to check and record the temporal behaviour of spectra in the different

CW THz laser setups.

2.3.4 THz detector

The most commonly used THz detectors are thermal effect detectors, such as the Bolometer,

Golay Cell and Pyroelectric detector. They are based on the material’s thermal absorption

of broad-spectrum electromagnetic radiation waves. They can directly measure the energy

and average power of radiation waves and are generally in-coherent detectors. The THz

detector used to measure the THz radiation in this thesis is a Golay Cell, because it is an
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efficient detecting devices and it has excellent sensitivity at room temperature and flat optical

response over a wide wavelength range. An example of THz signal detected by Golay Cell is

demonstrated in Figure 2.8.

Figure 2.7: Working principle of the Golay Cell. Image was from the manufacturer’s

website [127].

The Golay cell detector is a optoacoustical detector. It was proposed by Marcel J. E. Golay

in 1947 [128, 129]. The basic principle is shown in Figure 2.7. The incident wave enters the

absorption material of the Golay Cell detector. It heats the gas in the chamber and results in

a pressure difference across the membrane, causing the membrane to deform. The reflected

light from the membrane is recorded by a photo-electrical probe after passing through a

grating, so that the deformation and the intensity of the radiation are measured.

Figure 2.8: An example of THz signal detected by Golay Cell.
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The Golay Cell used in this research was purchased from the Tydex company (Model:

GC-1T, is shown in Figure 2.9). It has an optical responsibility of 81.85 KV/W@ 10 Hz and

a noise equivalent power of 1.4 × 10−10 W/Hz1/2 @ 15 Hz (provided by the data-sheet from

Tydex). The THz output powers (µW) were calculated based on the conversion of detected

THz signal (mV) from Golay Cell. The frequency-dependent transmission of losses was

considered, including through a THz long pass filter and TPX lens.

Figure 2.9: Photo of Golay cell Tydex. Image was from the manufacturer’s website [130].

2.3.5 Optical spectrometers

Output wavelength and linewidth are most important characteristics of laser systems devel-

oped in this work. Regularly, we use optical spectrometers to measure the wavelength of the

laser output in both fundamental and Stokes spectral regions. To measure the linewidth of a

laser, the instruments and their resolution need to be taken into consideration. In this thesis,

several optical spectrometers with different resolutions were used to obtain more detailed

spectra. The details of each instrument are mentioned below.
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i. Ocean Optics spectrometer HR4000

The Ocean Optics spectrometer HR4000 is a versatile high-resolution spectrometer. The

HR4000 has a 3648-element CCD-array detector from Toshiba that enables optical resolu-

tion as precise as 0.2 nm (FWHM). Figure 2.10(a) shows the spectrum measured by HR4000,

which is limited due to instrument resolution. The HR4000 is responsive from 788 nm to

1214 nm, and can be used for CW and pulsed regimes. This type of spectrometer is a disper-

sive spectrometer, which spatially disperses the input radiation. This spectral information is

then captured on a CCD. The advantage of this design is that response time and sensitivity is

only limited by that of the CCD.

Figure 2.10: An example of spectrum measured by (a) HR4000 and (b) Bristol Wavemeter.

Figure 2.11: Photo of Ocean Optics spectrometer HR4000. Image was from the manufac-

turer’s website [131].

The Ocean Optics spectrometer HR4000 [131] consists of 10 parts, as shown in Figure 2.12.

Light from an optical fibre enters through the SMA connector (1). And the SMA 905 bulk-

head provides a precise position for the end of the fiber, entrance slit, absorbing filter and
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aperture. Light passes through the slit (2), which acts as the entrance aperture. A filter (3)

limits the bandwidth of light entering the spectrometer. Light reflects from a collimating

mirror (4), as a collimated beam, towards the grating (5). The mirror is matched to the

0.22 numerical aperture of the optical fiber. The collimating mirror reflects photons to a

diffraction grating, which splits photons by wavelength. Grating characteristics including

groove density and dispension are important considerations when building a spectrometer.

The diffraction grating then spreads light across the focusing mirror (6), which directs light

at each wavelength onto the detector (8). Each pixel represents a portion of the spectrum that

is translated into an answer with spectroscopy software.

Figure 2.12: Inside the optical bench of the Ocean Optics spectrometer HR4000. Image was

from the manufacturer’s website [131]. (1): SMA 905 connector, (2): Fixed Entrance Slit,

(3): Longpass Absorbing Filter, (4): Collimating Mirror, (5): the Grating and wavelength

Range, (6): Focusing Mirror, (7): Detector Collection Lens (optional), (8): a CCD array

detector, (9): Variable Longpass Order-sorting Filter (optional), (10): Detector Upgrade

(optional).

ii. Bristol spectrum analyser

The 771A Laser Spectrum Analyser [132] from Bristol Instruments combines Michelson in-

terferometer technology with fast Fourier transform analysis resulting in a unique instrument

that operates as both a high-resolution spectrum analyser and a high-accuracy wavelengthme-

ter. With a spectral resolution of up to 2 GHz, and wavelength accuracy as high as ± 0.2 parts

per million, this instrument can cover the wavelength range from visible to infrared. However,

the optical spectrum analyser only operates at CW, quasi-CW (repetition rate >10 MHz), and
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pulsed (repetition rate >50 kHz) regimes.

Figure 2.13: Photo of Bristol Spectrum Analyser Wavemeter-771A. Image was from the

manufacturer’s website [132].

Figure 2.14: Working principle of Bristol Spectrum Analyser Wavemeter-771A.

The Michelson interferometer is employed in many scientific experiments and became well

known for its use by Albert Michelson and Edward Morley in the famous Michelson-Morley

experiment[133]. The Bristol Wavemeter 771A is used this method combined with fast

Fourier-transform spectrograph [134]. Figure 2.14 illustrates the operation of a Fourier trans-

form spectrometer. Light from the source is split into two beams by a half-silveredmirror, one

is reflected off a fixed mirror and one off a movable mirror, which introduces a time delay -

the Fourier-transform spectrometer is just a Michelson interferometer with a movable mirror.

The beams interfere, allowing the temporal coherence of the light to be measured at each

different time delay setting, effectively converting the time domain into a spatial coordinate.

By making measurements of the signal at many discrete positions of the movable mirror, the
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spectrum can be reconstructed using a Fourier transform of the temporal coherence of the

light. The higher resolution of this device, in comparison to a grating spectrometer, is shown

in Figure 2.10 b, where fine spectral information is resolved.

iii. Scanning Fabry-Perot interferometers

Scanning Fabry-Perot (FP) Interferometers [135] are spectrum analysers that are frequently

used to examine the fine structure of the spectral characteristics of CW lasers. Two versions

of these interferometers were used to resolve the linewidth of fundamental and Stokes fields

in this work. The SA200-8B model provides a Free Spectral Range (FSR) of 1.5 GHz, a min-

imum finesse of 200, and a resolution of 7.5 MHz, while SA210-8B model offers an FSR of

10 GHz, a minimum finesse of 150, and a resolution of 67 MHz. Both of two interferometers

were used for longitudinal mode observation in the laser resonator operating at fundamental

and Stokes wavelengths. The limitation of using F-P interferometer is that the input signal

must be CW or it must at least be stable over a full wavelength scan.

Figure 2.15: Photo of Thorlabs scanning F-P interferometer. Image was from the manufac-

turer’s website [135].

The confocal FP cavity consists of two nearly identical, spherical mirrors, separated by

their common radius of curvature and transmits only very specific frequencies. These

transmission frequencies are tuned by adjusting the length of the cavity using piezoelectric

transducers, as shown in Figure 2.16. The transmitted light intensity is measured using a

photodiode, amplified by the transimpedence amplifier, and then displayed by an oscilloscope.
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Figure 2.16: Working principle of Thorlabs scanning F-P interferometer. Image was from

the manufacturer’s website [135].

A summary of the instruments and their operating requirements used in the thesis are sum-

marised in the Table 2.5.

Table 2.5: Lists of spectra and linewidth measurement instruments and specifications

Devices Resolution Requirements Acquisition

time

Ocean Optics

HR4000

0.2 nm /

53 GHz

CW or pulsed 4 ms-20 s

Bristol Wavemeter

771A

0.01 nm /

2.65 GHz

CW or high

repetition pulsed

1-2s

10 GHz F-P

interferometer

0.00026 nm /

70 MHz

CW 0.01-0.1 s

1.5 GHz F-P

interferometer

7.5 MHz CW 0.01-0.1 s
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Optimisation of intracavity CW THz lasers

3.1 Introduction

Chapter 2 presented a review of the key requirements of the SPS process and the design

principles of intracavity THz lasers based on SPS. In this chapter, work was focused on

improving laser performance specifically output power and beam quality of an intracavity

CW THz laser source.

CW THz sources have been often regarded as being better suited for some applications

than pulsed sources because they have a much higher spectral brightness at the desired

frequency [87] and can be simpler to implement. They are also compatible with rapidly

developing THz focal plane detection array technologies [136, 137]. The first intracavity CW

THz laser based on the SPS process was reported in our group in 2014 [53]. However, the

THz output power was only 2.3 µW,which may be not ideal for some applications. Therefore,

it is necessary to build a CW THz source with decent THz output power and other optimised
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characteristics such as uniform beam profile and narrow linewidth.

In this chapter, the design, construction and characterisation of the CW intracavity THz

polariton laser will be described in detail. Here, significant improvements have been made

following the previous work published by our group in [53]. Several methods have been

implemented into our intracavity CW THz polariton laser by taking advantage of its physi-

cal simplicity, implementing strategies to alleviate thermal effects in the fundamental laser

crystal such as using polarised 879 nm diode pumping and chopping the pump, and reducing

photorefractive effects in the LiNbO3 crystal by electrically shorting around the crystal.

3.2 System design and characterisation

The advantage of using an intracavity configuration is because it is more efficient, and it

can achieve high power output, only needing a few watts diode pump power compared to

the extracavity configuration. As both Stokes and THz fields are driven by the fundamental

field, it is essential that the fundamental field is optimised. Within the context of this thesis,

fundamental refers to the fundamental field at a wavelength of 1063 nm.

Figure 3.1: Overview of system design and characterisation.

Therefore, in order to build good lasers, system design and characterisation are essential

for consideration. Building an effective and efficient intracavity CW THz laser is faced with

several challenges. Reaching SPS threshold, thermal loading, photorefractive effects are

three main challenges in CW polariton lasers, especially for CW lasers. In order to overcome
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these challenges, some strategies have been considered and presented in this section, and the

flowchart is shown in Figure 3.1. Chopping the pump diode was used in this chapter to reduce

thermal loading in the laser and SPS crystal, aiming to obtain high THz power.

3.2.1 Reaching SPS threshold

i. High Q-factor resonators

SPS threshold is hard to reach, especially for CW regimes. It requires extremely high inten-

sity in the laser resonator (of order 1-100 MW/cm2 as detailed in Section 1.3.2). In order to

achieve threshold for the non-linear SPS process, an intracavity configuration and very high

resonator Q-factors were used. This is in contrast to previously-reported, pulsed SPS THz

sources [52] which incorporate an intracavity Q-switch to generate the high peak powers re-

quired to reach SPS threshold. Here, extremely high reflectivity (more than 99.99%) mirrors

along with low-loss AR coatings on the crystal interfaces were applied into the fundamental

and Stokes resonators. The mirror coating difference between pulsed system and CW system

based on the similar intracavity configuration are presented in Table 3.1. Coating require-

ments are very high for CW regime THz lasers otherwise threshold for SPS process cannot

be reached.

Table 3.1: Comparison of mirrors used in intracavity pulsed and CW system

Mirror coating Pulsed regime CW regime

Lee2013 [52] Lee2015 [56] Ortega2017 [65] in this thesis

M1 99.9% 99.99% 99.99% 99.994%

M2 99.4% 99% 99.4% 99.995%

M3 99.99% 99.99% 99.9% 99.999%

M4 99.9% 99% 99% 99.999%

To meet these high reflectivity requirements, ion beam sputtering is used for the coatings.

In addition to high mirror reflectivity, low internal scattering and reflection loss in critical.

Here, ion beam sputtered AR coatings are used. Also, mirror M1 is directly applied to the

laser crystal.
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ii. Optimising laser resonators

Laser resonators were optimised based on the design of making use of relatively small res-

onatormodes (500 µmdiameter) and shorter cavity length. Under conditions ofCWpumping,

the system was sensitive to vibrations and small adjustments to the resonator alignment for

both fundamental and Stokes fields, was critical. Also, the system is sensitive to losses, thus

the ability to carefully adjust the position of crystals and mirrors is important, as are high

quality AR coatings on the crystals.

In summary, the strategy to achieve a low SPS threshold is ensuring high-Q factors in

both fundamental and Stokes resonators, which can be achieved by using high reflectivity

coatings, reducing losses in the laser resonators and aligning these resonators to achieve good

overlap between the fundamental and Stokes fields in the nonlinear SPS crystal.

3.2.2 Thermal loading in the laser crystal

Thermal loading arises mainly from pump heating and as we have speculated elsewhere,

there may be an additional contribution in such high-Q cavity due to absorption by impurity

ions. Heat generation inside solid-state laser media is due to the quantum defect between the

pump energy and the radiation, and due to also the imperfect radioactive quantum efficiency.

Without effective heat removal from the laser media, thermal problems such as thermal

lensing and thermal birefringence present one of major limitation for the power scaling of the

solid-state laser. Especially in the CW intracavity THz laser, the intracavity intensity is high

which has the potential for severe thermal loading, and consequently strong positive thermal

lensing occurs in the laser crystal, and its effects on laser operation must be considered.

Therefore, how to reduce thermal loading became another key design consideration for the

laser system.

i. Using vanadate crystal

Achieving high power output to reach SPS threshold requires a laser material capable of

sustaining high pump powers while exhibiting a high gain and limited thermal lensing. It

should be associated with an efficient pump. A common combination used in high-beam-

quality high-gain lasers is a neodymium-doped laser crystal associated with an end-pumping
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configuration. Nd:GdVO4 crystal was chosen as the laser crystal due to its excellent crystal

properties used in CW laser, discussed in Section 2.1.1.

ii. Optimising the pump schemes

The thermal lens effect within the laser crystal, produced by pump radiation is one of the

main factors affecting the characteristics of laser diode pumped solid state lasers, especially

for end-pumped configurations. The thermal lens effect can not only influence the stability

of cavity but change the spot sizes of the TEM00 mode, all of which will distinctly limit the

power scaling of the TEM00 laser. In order to reduce the thermal lens effect and therefore

obtain lasers with superior beam quality, a number of methods were used.

Figure 3.2: Absorption spectrum of 1at% Nd:GdVO4 crystal along π and σ direction [112].

The laser crystal (Nd:GdVO4) has several strong absorption bands at wavelengths readily

accessible by laser diodes. 808 nm, 879 nm, and 888 nm are three wavelengths can be used

for diode pump wavelength. The absorption spectrum of Nd:GdVO4 crystal with 1% doping

concentration is shown in Figure 3.2.

Quantum defect for a given laser transition is determined by the wavelength of the pump

relative to the emission wavelength; a reduction of this defect could improve the laser perfor-

mance, reduce the heat generation and enable the scaling to high powers. The laser parameters
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in incident pump power are also influenced by the pump absorption efficiency.

Table 3.2: Comparison of pumping wavelength for 1 a.t.% Nd:GdVO4 crystal [112]

λa (nm) 808 nm 879 nm 888 nm

∆λa (nm) 1.6 1.5 1.6

αc (cm−1) 31.3 22.2 1.5

αa (cm−1) 7.0 2.5 1.5

Quantum effect (%) 24.1 17.3 16.5

Nd:GdVO4 lasers are traditionally pumped into the strong absorbing 4F5/2 level at 808 nm,

and this introduces a parasitic upper quantum defect between the pumping and the emitting

laser level. The shortcoming for 808 nm pump in Nd:GdVO4 lasers is the relatively high

quantum defect (24%), in combination with the strong absorption coefficients of the pump,

causing strong thermal problems to limit the laser performance. The additional heat deposited

in the laser crystal from the SPS lasers makes the thermal loading even worse.

The quantum defect in lasers could reduce by elimination of this upper quantum defect

by pumping directly into the emitting level 4F3/2 (879 nm or 888 nm). In an attempt to allevi-

ate the thermal loading in the Nd:GdVO4 crystal, direct excitation at 879 nmwas introduced in

2003 [138] and has become a popular pumping approach. Compared to traditional pumping

at 808 nm, the pumping of Nd:GdVO4 crystal at 879 nm leads to the reduction of quantum

defect ratio from 24.1% to 17.3% in the case of 4F3/2 to 4F11/2 emission, which reduces the

thermal loading by 28% at 1.06 µm. Pumping at this wavelength has been successfully used

to generate high output power in the infrared at 1063 nm [139], 1341 nm [140], 912 nm [141]

and in the visible at 532 nm [142], 456 nm [143], 671 nm [144]. It has also been used as

pumping source in Raman lasers [145–149].

Direct excitation at 888 nm is not well suited for pumping Nd:GdVO4 is because of its

very weak absorption. Overall, considering all the pros and cons, 879 nm was chosen as the

pump wavelength.
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The absorption of Nd:GdVO4 crystal is polarisation-dependent. The absorption coefficients

for light polarised along both c- and a-axis at three main pump peaks are summarised in

Table 3.2. Here, λa is central wavelength; ∆λa is absorption bandwidth and αc, αa are

absorption coefficients at c- and a-axis, respectively. The unpolarised dependence of the

absorption features in Nd:GdVO4 crystal present a challenge to the efficient use of pump

radiation. The drawback of unpolarised pumping is that the weak absorption along the a-axis

can cause substantial amounts of pump power to remain unabsorbed. In contrast, the absorp-

tion cross-section for pump light polarised along the c-axis (π polarisation) is considerably

stronger (up to 8.9 times) than for pump light polarised along the a-axis (σ polarisation).

Absorption of pump light injected into a laser crystal has a large influence on the overall

conversion efficiency of the whole system. Absorption coefficient and crystal length are the

foremost parameters determining the efficiency of pump absorption. It is found that up to

45% of the incident pump power along a-axis was unabsorbed using the Nd:GdVO4 crystal

in our setup, which was greatly reducing the laser efficiency. In order to improve absorp-

tion efficiency and reduce unabsorbed pump power, π polarisation was selected to pump the

Nd:GdVO4 crystal in the fundamental cavity. This was done with the use of a polarising

beam spliter. Note that half of the diode power was therefore was not utilised in this system.

Selecting this polarisation of highest absorption served to minimise heating in the laser crys-

tal, as well as to minimise residual pump radiation impinging on the MgO:LiNbO3 crystal

and intracavity etalons, which will be detailed in Chapters 4 and 5.

Table 3.2 shows the absorption coefficient for different pump wavelength and polarisation of

1 a.t. %-doped, Nd:GdVO4 crystal. For those crystals doped with lower Nd concentration,

the associated values are deduced given that absorption coefficient is directly proportional

to the dopant concentration [150]. In this system, 0.3 a.t.%-doped Nd:GdVO4 was used,

so the absorption coefficient with 879 nm, π-polarisation was αc @ 879 nm=6.67 cm−1.

For comparison, in Lee’s CW THz laser [53], 808 nm, unpolarised pump was used, so the

absorption coefficients with σ- and π are αa @ 808 nm=2.1 cm−1, αc @ 808 nm=9.39 cm−1,

respectively. Accordingly, different equations are applied in the unpolarised pumping and

polarised cases. For the unpolarised at 808 nm, the residual pump power P(z) along crystal
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after the diode fibre which can achieve quasi-CW operation. In this mode of operation, the

THz output power that could be achieved by pumping the crystal harder, without taking the

risk of a thermal fracture because of the thermal loading was lower compared to the pure CW

case. It is because altering the duty-cycle of the pump enables the pump enables the system

to dissipate some of the accumulated heat. The net result of which is lower accumulated heat.

In summary, for these reasons, π polarisation pumping with the pump wavelength of 879 nm,

and 50% duty cycle pump were chosen for optimisation of the pump source.

3.2.3 Photorefractive effects

Photorefractive effects developing in the SPS crystal are another phenomena which may arise

in intracavity THz laser sources, which limit the laser performance. Two mechanisms can

cause the refractive index changes. One is the photorefractive effect due to charge redistri-

bution (optically induced refractive index changes). And the other is the thermo-optic effect

due to a temperature change which is caused by heat accumulation inside the crystal because

of photon absorption [152].

The photorefractive effects degrade the quality of integrated optical devices based on lithium

niobate, especially for high light intensities. The pyroelectric effect causes charge build up

and refractive index change. This can then lead to localised beam distortion and a phase

mismacth. The light induced index changes are generated by optical excitation of charge

carriers which migrate and are subsequently trapped at new sites [153]. The charge carriers

result from impurity ions - especially transition metal ions. Even nominally pure lithium

niobate crystals usually contain an accidental iron contamination of a few ppm. The iron ions

are known as the main source of the photorefractive effect [154].

The most common solution to suppress photorefractive damage LiNbO3 is to dope it with

magnesium oxide [155]. Using MgO:LiNbO3 crystal can effectively suppress photorefrac-

tive damage compared to use congruent LiNbO3 crystals, because it has remarkably stronger

resistance to the optical damage than undoped one [156], and nonlinear coefficients slightly

increase with the dopant level [62]. MgO:LiNbO3 crystal can suffer from photorefractive

damage if a pyroelectric field is created by homogeneous heating of the crystal. A theoretical
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analysis has been conducted to solve the effects of pyroelectrically induced whole-beam re-

fractive index changes in MgO:LiNbO3 crystal [152], showing that the MgO doping changes

some of the crystal properties significantly, e.g., the photoconductivity is 1-2 orders of magni-

tude larger than in congruent LiNbO3, and the bulk-photovoltaic field is 2 orders of magnitude

smaller in MgO:LiNbO3 than in congruent LiNbO3 [157]. The most common solution to

manage photorefractive effects is to use magnesium-doped LiNbO3 that contains at least

5 mol.% magnesium oxide (MgO) [155]. Therefore, 5% MgO:LiNbO3 crystal was used in

the system.

The method of short-circuiting the c-faces of the crystal through the application of conductive

paint on the c-faces and electrically contacting them, have been proposed by Schwesyg [152]

and was applied in this work and also in [53]. This method will help prevent the crystal

developing surface charges during heating or cooling. This will hold-off any pyroelectric

effects homogeneously throughout the crystal. However, this will have somewhat limited

benefit to localised temp distribution due to residual absorption of propagating fundamental,

Stokes modes, for example.

3.3 Overview of experimental setup

The experimental setup of an intracavity terahertz SPS laser is shown in Figure 3.4, and was

developed based on the intracavity system reported earlier by our group [53]. The fundamen-

tal laser cavity was formed bymirrorM1 (HR coatingwith R∼ 99.994% at 1063 nm - 1173 nm

and T> 99.930% at 879 nm) which was coated directly on the Nd:GdVO4 laser crystal and

end mirror M2 which had a radius of curvature (ROC) of 500 mm and an HR coating with

R> 99.995% at 1063 nm (based on transmission measurements we performed).

Figure 3.4: Experimental setup of intracavity THz laser - viewed from the top.
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The laser gain medium, was a Nd:GdVO4 crystal (0.3% a.t. Nd-doping, cut for propaga-

tion along the a axis) with dimensions of 5 mm × 5 mm × 13 mm, on the end of which

mirror M1 has been deposited. Pump light at 879 nm was provided by laser diode module

(LIMO GmbH) and is delivered via an optical fibre with a core diameter of 200 µm to a pair

of aspheric lenses, which image the end of the fibre into the laser medium with a 1:2 ratio

(Thorlabs LA1131-B - EFL 50 mm and Thorlabs LA1131-B - EFL 100 mm). The nonlin-

ear crystal, congruent MgO:LiNbO3 (provided by HC Photonics Corp.) had dimensions of

5 mm × 5 mm × 20 mm, and its crystallographic z-axis in the vertical plane, parallel to the

polarisation of the laser. The x-axis of the crystal was parallel to the laser axis and the 20 mm

long side of the lithium niobate. The 5% a.t. MgO-doping was used to ensure high damage

threshold [158] and high SPS conversion efficiency [67].

Figure 3.5: Photograph of the experimental setup.

The resonator that formed the Stokes cavity was formed by the 1 m ROC D-shaped mir-

rors M3 andM4 ( to enable oscillation of the fundamental and Stokes fields without clipping).

Stokes mirrors are both HR coated and their R ∼ 99.999% from 1060 nm to 1080 nm (as

measured by the supplier). The total lengths of the fundamental and Stokes resonators were

180 mm and 115 mm, respectively. To achieve phase matching and angle tuning, the Stokes

cavity was mounted on a high precision rotation stage (Thorlab model: PR01), and it enabled

its rotation about the z-axis of the MgO:LiNbO3 crystal. The angular rotation range is 0 - 6◦.

High resistivity (R>10 kΩcm−1) silicon prisms (supplied by Crystran Ltd) were used to
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overcome TIR and extract generated THz radiation as described in section 2.1.3. And the

method of liquid-mediated adhesion [159] was used to attach the silicon prisms to the pol-

ished (y-axis) surface of the MgO:LiNbO3 crystal. The overall view of the intracavity CW

THz laser is shown in Figure 3.5.

3.4 Experimental results

In this section, the laser performance with optimised arrangement are presented in detail.

Significant improvements is achieved by using the new setup compared to Lee’s work on the

CW intracavity laser reported in [53].

A step-wise approach was taken to improving the performance of the CW THz system

reported by Lee [53] following the before mentioned design optimisations. Specific areas

of the laser which were focused on using (a) a new pump scheme: 879 nm, polarised diode

pumping; (b) adding an aperture after the laser crystal to limit high-order transverse modes.

3.4.1 Characterisation of the fundamental laser

It is difficult to build an intracavity CW THz laser. For an intracavity laser, the fundamental

laser performance is very important and it determines whether you can reach SPS threshold.

Therefore, it is necessary to optimise the fundamental laser.

Figure 3.6: Pump schemes in (a) 2014 Lee’s CW THz paper [53], (b) this thesis.

i. Optimising of the pump scheme

In order to do so, optimising the pump schemes was the first step, shown in Figure 3.6 with the

comparison of Lee’s pump scheme [53]. As it mentioned in section 3.2, Nd:GdVO4 crystal

is polarisation-dependent, and has strong absorption at π-polarisation, so π-polarisation was

achieved by using a polarising beam splitter and a half-wave plate. In addition, 879 nm pump
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Figure 3.9: Transmitted fundamental power (measured through M2 ), with and without the

intracavity MgO:LiNbO3 crystal in a high-Q cavity.

3.4.2 Power scaling

To improve the THz laser performance and prepare for the work on linewidth narrowing in

the next step, the optimisation of laser system was investigated here with the optimised pump

optics and resonator alignment.

The system was power-scaled under the condition of chopped pumping (50% duty-cycle,

400 Hz), producing quasi-CW THz output. Figure 3.10 shows the power transfer curves

for the fundamental, Stokes and THz fields as a function of incident polarised pump power.

The fundamental and Stokes output power were measured by using a thermal power meter

(Thorlabs S310C), through M2 and M4, respectively. In order to detect the Stokes power,

a 90◦ prism was used to reflect the Stokes beam transmitted through M4. The THz signal

was chopped with a mechanical chopper (Thorlabs MC2000B) at a frequency of 10 Hz (50%

duty cycle) and focused into aGolayCell (Tydex, GC-1P)with a 50mm focal length TPX lens.

For this study, the angle between the fundamental and Stokes resonators was fixed and

tuning was not considered. The Stokes resonator was angled to generate a wavelength of
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Figure 3.11: THz output power as a function of fundamental depletion.

Depletion of the fundamental field via SPS was determined by measuring the change in

fundamental field power when the Stokes field was lasing or not, and this is shown in Fig-

ure 3.11. The depletion can indicate the efficiency of the SPS process. In this work, the

depletion percentage is proportional to detected THz power. The maximum THz power of

23.1 µW is detected with maximum depletion of 42.7%. The maximum fundamental field

depletion that could be achieved was higher in the case of this setup compared to our earlier

work (42.7% c.f. 36% [53]). These observations are consistent with a reduced thermal load

when chopping the incident diode pump, and consequently reduced thermal lensing within

the laser crystal. This was one of the factors which led to greater resonator stability, and

improved power scaling capacity. Other significant factors are the control of beam distortion

and generation of free-carriers in silicon prisms (managed with the use of blocking windows

and an intracavity aperture) used for out-coupling the THz radiation.

3.4.3 Spectral characteristics

The spectra of the residual fundamental and Stokes fields were measured using a fibre-

coupled spectrometer (Ocean Optics HR4000) with a resolution of 0.17 nm. Figure 3.12 a

shows the fundamental spectrum and Figure 3.12 b shows the corresponding Stokes spectrum.
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Figure 3.12: Spectra from the intracavity CW THz laser (measured using HR4000) in (a)

fundamental field and (b) Stokes field.

We found that no other spurious lines except the desired wavelength of 1063 nm was present

as the pump power increased until 6.5 W. Another fundamental wavelength appeared when

the incident pumpwas over 6.5W, and at the same time the SPS process became less effective.

This is mainly due to competition between two laser polarisations (σ and π polarisation) in

the high Q-factors fundamental field. When the incident pump power increased above 6.5 W,

1063 nm (fundamental wavelength of the desired π-polarisation) and 1066 nm (fundamental

wavelength of the undesired σ-polarisation) both lase with the 1066 nm line reaching lasing

threshold. In this process, the fundamental intensity distributed in these two polarisations

and σ polarisation is no contribution to generate THz, therefore, this is another reason which

may cause THz power decline. The fundamental laser with the 1066 nm present can be

suppressed by adjusting the output coupler, but still, suffers from thermal loading and as a

result of dropped THz output.

The FWHM linewidth of the fundamental and Stokes fields were measured at the maxi-

mum THz output point and the values were 0.39 nm (102 GHz) and 0.28 nm (72 GHz),

respectively. The linewidth is broad and this is due to many longitudinal modes oscillating in

such high Q-factor cavity. The Stokes linewidth is narrower than fundamental field because

of higher SPS threshold limiting mode oscillating in the Stokes field. The linewidth of the

THz field can be estimated based on measured fundamental and Stokes values using the

method mentioned in [107], is 72 GHz.
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3.4.4 Beam profiles

The beam profiles both in fundamental and Stokes was measured by a laser beam profiler

(Thorlabs BC106-VIS). It is very important to note that no beam distortion was observed and

no patterning occurred in fundamental and Stokes fields through the whole pump range. The

beam profiles with four different pump powers can be seen in Figure 3.15 a and Figure 3.15 b,

respectively. This is in contrast to the 2014 CW laser in [53]. In [53], high-order modes

were observed and the mode structure was increasingly distorted in the fundamental field

with increased pump power (no distortion presented in the Stokes field), which can be clearly

seen in Figure 3.13.

Beam distortion due to photorefraction limits the usability of lithium noibate crystals for SPS

process in a polariton THz laser. Unfortunately, congruent LiNbO3 exhibits photorefractive

damage, which is light-induced refractive index changes that alter the optical wavefronts and

disturb the phase matching in SPS process. Photorefractive damage leads to beam distortion

and hence limits the maximum output power.

Figure 3.13: Beam distortion of fundamental field in the 2014 CW intracavity THz laser

reported in [53].

Figure 3.14: Photo of a MgO:LiNbO3 crystal used in this work. The shorting lines are seen

at each end of the crystal.

In order to overcome these problems, some methods are taken into consideration. As in [53],
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short-circuiting the c-surfaces of the MgO:LiNbO3 crystal by painting gold or silver con-

ducting paste and connecting each surface (shown in Figure 3.14), this method can prevent

the crystal developing surface charges during heating or cooling and this will hold-off any

pyroelectric effects homogeneously throughout the crystal [152]. To make sure the crystal

was totally shorted between each surface, the resistance was measured. When the crystal

was well shorted, the resistance is around tens of Ohms. However, this may be of limited

benefit as the strong near-infrared fields are creating spatially inhomogeneous heating in the

crystal when the fundamental and Stokes beam propagates through the crystal. This will

cause localised heating and pyroelectric fields which cannot be screened by short-circuiting

the crystal. In addition, pyroelectrically-induced refractive index profile which is induced

by the thermo-optic effects also have an influence on beam distortion and light scattering.

Therefore, shorting theMgO:LiNbO3 crystal will not completely solve pyroelectric refractive

index variations due to high intensity propagating modes.

Figure 3.15: Beam profile in an intracavity CW THz laser at different incident pump power

with aperture in (a) fundamental field, (b) Stokes field.

An intracavity aperture was used in the fundamental cavity, after the laser crystal. The

aperture constrains the number of oscillating transverse modes and reduces the amount of
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the fundamental field by the Stokes cavity mirrors which are D-shaped in order to minimise

this problem. When the angle is increased, the detected THz emission increases rapidly and

reaches the maximum at 1.654 THz. This is consistent with the increase in gain due to SPS

process [49]. The SPS gain increases rapidly in the range of 0 THz to 1.9 THz, and then

decreases as the polariton frequency increases towards 3 THz. This decrease in THz output

at higher frequencies, is due to a significant increase in frequency-dependent absorption in

the MgO:LiNbO3 crystal [67] and the decreased interaction regions between two fields as the

angle between the cavities increases.

3.5 Discussion

Compared to [53], the laser performances have been greatly improved and summarised in

Table 3.3. The results highlight that several key factors limiting THz power scaling and

overall output from this system. The major differences between the two system are the pump

scheme and the SPS crystal. The biggest challenges are the thermal effect and photofreactive

effect. To manage these, a new pump scheme was used in this thesis and as a result, the

residual pump is reduced and the laser slope efficiency is improved.

In [53], the pump wavelength was 808 nm, unpolarised, whith no chopping of the pump.

The maximum pump power was 6.2 W, which was only half of the power was absorbed by

the laser crystal. Then the residual pump power went through to SPS crystal and some of

them were absorbed by a factor of 10−3 cm−1 at pump wavelength in MgO:LiNbO3 crys-

tal [165]. The absorbed pump could be converted into heat in MgO:LiNbO3 crystal and cause

photorefractive effects. In contrast, in this thesis, the residual pump power is 5 times lower

due to use the polarisation of the high absorption of pump. Therefore, reducing the residual

pump originates from fundamental resonator can alleviate the photofreactive effect caused

by refractive index changes and then enhance output THz power.

The fundamental threshold in two pumping schemes were 0.9 W and 0.2 W, respectively.

The system presented here had the lower fundamental threshold indicating low losses in the

fundamental resonator. The SPS thresholds kept the similar values (2.3 w vs 2.5 W). The
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maximum detected THz power using new pumping scheme was 23.1 µW, an order of magni-

tude higher than that of 2014 CW THz laser (2.3 µW), corresponding to maximum depletion

of 42.7% vs 36%. The THz tunable range was 1.3 - THz, 0.4 THz wider, this may be due to

the fine adjustment of the resonator angle of fundamental and Stokes field, or the improved

THz power could be detectable at the edge of the tunable range. No beam distortion was

observed in this system, which was a problem in the 2014 CW THz laser.

Table 3.3: Comparison between the intracavity CW THz laser in [53] and this thesis

Laser performance 2014 CW THz laser [53] This thesis

Pumping wavelength 808 nm 879 nm

Maximum pump power 6.2 W 7.5 W

Polarised pumping No Yes

Chopped pumping No Yes

Fundamental threshold 0.9 W 0.2 W

SPS threshold 2.3 W 2.5 W

Maximum detected THz power 2.3 µW@ 1.83 THz 23.1 µW@ 1.66 THz

Maximum depletion 36% 42.7%

Tunability 1.5-2.3 THz 1.3-2.5 THz

Beam distortion Yes No

3.6 Summary

In this chapter, the improvements of the intracavity CW THz laser have been described and

characterised.

The comparison with Lee’s work in 2014 shows the advantage of the new pump scheme,

specifically, pumping at 879 nm brings less residual pump and thermal loading. Significant

enhancements of THz output power have been achieved and 23.1 µW THz output (10 times

higher than the power reported [53]) could be the highest CW output power based on SPS

process to generate THz emission.
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The thermal effects and photorefractive effects of the CW source have been investigated.

No beam distortions were observed in the fundamental and Stokes field. The cause of the

distortion of the fundamental field mentioned was solved, and this included contributions

from reducing free-carrier-induced photorefractve effects within the MgO:LiNbO3 using the

new pumping scheme and an aperture before the SPS crystal. The use of the new pumping

scheme was effective at reducing the residual pump power through the SPS crystal, which

minimised the possibility of refractive index changes due to heating the SPS crystal. The

beam profiles in fundamental and Stokes fields were shown to be Gaussian-like and of good

quality.

The spectral properties of fundamental and Stokes fields were investigated in the free-

running case. The fundamental and Stoked linewidths in the "free-running" case were

0.39 nm (102 GHz) and 0.28 nm (72 GHz), respectively. These values will be used to eval-

uate the level of linewidth reduction in the following chapters as the reference for comparison.

The improved intracavity CW THz system lays the groundwork for the linewidth narrowing

study in the following chapters.



4
Linewidth-narrowing using tilted etalons

4.1 Introduction

The linewidth of the terahertz field generated by the basic intracavity source described in

the previous chapter was around 100 GHz [160]. This is adequate for a wide variety of

spectroscopic measurements of solids and liquids, as spectral lines these substances exhibit

are generally very broad [166]. However, some applications such as THz spectroscopy of

water vapour require narrower linewidths. Therefore, developing a narrow linewidth THz

laser source is of key importance for high resolution spectroscopy.

The intracavity SPS approach lends itself well to line narrowing strategies which are more

traditionally implemented in the fundamental laser, due to the conservation of energy between

fundamental and down-converted THz and Stokes photons involved in the SPS process. The

control of the linewidths of the two resonant optical waves (fundamental and Stokes) by ne-

cessity controls the linewidth of the terahertz wave. Limiting the linewidth of the fundamental
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and Stokes fields leads to a concomitant reduction in THz linewidth. As the fundamental and

Stokes fields are simply optical fields resonant within their respective Fabry-Perot cavities,

a host of established linewidth narrowing technologies can be brought to bear in order to

realise a narrow linewidth THz system.

Solid etalons act as mode selecting elements and have been widely used to achieve nar-

row linewidth output in lasers [126, 167–170]. In this system, the idea is to insert an etalon

into the fundamental cavity to obtain narrow bandwidth output both in fundamental and

Stokes fields and thus the THz field can be narrowed as well.

Etalons can act in two different ways depending whether they are on its aligned to the

laser cavity or not. In this chapter, the etalon is tilted at an angle to the axis of the laser cavity,

so that it acts as an intracavity bandpass filter (This would be considered the "traditional"

way of using an etalon). This chapter concerns the investigation of an intracavity CW THz

laser using tilted solid etalons for the purpose of linewidth narrowing.

This chapter starts with describing how the angle at which the etalon is tilted affects its

response, in theory. This part includes the transmission properties with wavelength reso-

nance at normal incidence or at gain max, spectral bandwidth, transmission with tilt angle and

how to calculate losses associated with etalon tilt. Several experiments using different etalons

are described following the theoretical study. The terminology "free-running" will be used to

describe the laser system when no etalon is present. Power transfer characteristics, and SPS

thresholds will be compared for the case of with and without etalons ("free-running" case)

and specifically the impact of tilted etalons. Further investigations using a 100 µm uncoated

etalon will be presented for an intracavity CW THz laser due to the excellent performance

attained. The impact of the spectral linewidth on effective SPS threshold will be analysed,

and experiments to access the benefits of controlling the spectral behaviour of the laser with

an etalon will be presented.
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4.2 Experimental setup

The experimental setup was consistant with the one described in Chapter 3, but with the

additon of an etalon inserted in front of output coupler M2, shown in Figure 4.1.

Figure 4.1: Experimental setup with tilted etalon in the fundamental cavity.

The etalonwas positioned a small angle (θgmax) to the laser beam in the fundamental resonator

so that a transmission peak occurred at a wavelength close to the wavelength of maximum

gain in the Nd:GdVo4 crystal. The etalons ideal position was at the laser beam waist. How-

ever, the laser beam waist position is in the middle of the laser crystal and the system is highly

compact, so it is not enough space was available to put the etalon at the laser beam waist point

or closer. Based on the modelling using LASCAD, the laser beam size was only increased

0 - 50 µm so it would not be strongly effected by the etalon position in the system.

4.3 How does tilt effect etalon response?

4.3.1 Effects of etalon tilt on wavelength response

The linewidth of a laser is determined by how many longitudinal modes are able to oscillate.

An optical etalon restricts the number of oscillating longitudinalmodes in the cavity. Different

etalons have different transmission properties, so the transmission properties for each etalon

mentioned in Table 2.4 are also considered. The theoretical transmission curves of etalons

are calculated using the equations given in Koechner [115]:

T = [1 + 4R
(1 − R)2

sin2(δ
2
)]−1, (4.1)

where

δ = (2π
λ
)2nd cos θint . (4.2)
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R is the reflectivity of each etalon surface, assumed equal for both surfaces, λ is the wave-

length, n is the refractive index of the etalon, d is the thickness of the etalon and θint is

the angle of the beam to the surface normal inside the etalon. In Figure 4.2 is plotted the

transmission of the nine examined etalons.

We can see that the thinner the etalon, the greater the free spectral range; the higher the

reflectivity of the surfaces, the higher finesse and the narrower the transmission peaks. These

curves were calculated assuming perfect surface quality and flatness.

Figure 4.2: Different etalon transmission curves as a function of wavelength, when at normal

incidence. Refer to Table 2.4 to see the properties of each etalons.

Ideally an etalon would be configured, by tilting, such that one of its transmission peaks

coincides with the peak wavelength of the Nd:GdVO4 stimulated emission cross section.

The maximum of the Nd:GdVO4 stimulated emission cross section is at 1062.8 nm [112]

from here-on, this wavelength will be referenced to as λgmax . The maximum transmission of

each etalon is not at the central wavelength of 1062.8 nm when the etalon is used at normal

incidence, and several degrees of tilt are required for a transmission peak to coincide with

maximum gain. This is considered in the next step.
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i. Calculations of tilt angles with wavelength resonance at gain max

In this section, the etalon tilt angle has been calculated and the effect on transmission peaks

is discussed. The optimal tilt angles for the various etalons range from 2◦ to 10◦ in order to

achieve highest transmission at 1062.8 nm. Figure 4.3 shows the transmission curves of each

etalon and the required tilt angles, to achieve maximum transmission at λgmax .

Figure 4.3: Etalon transmission curves as a function of wavelength, when the etalon tilt angle

is optimised for maximum transmission at gain max. The corresponding angles of tilt for

each etalon are shown in the Figure 2.4.

Based on the theoretical modelling, some of these etalons have been chosen to use in our CW

THz laser to investigate spectral properties which will be mentioned in this chapter. Very

high intensity fundamental and Stokes fields are required to build an intracavity THz laser,

so the transmission properties, spectral properties and losses should be considered and then

in doing so, it is anticipated that some trade offs will be made. Therefore, in the next step, the

relationships of tilted etalon angle with transmission, wavelength shifts in etalon resonance

as a function of tilt angle, and walk-off losses will be considered.

ii. Full width at T=98%

The extent to which an etalon in the fundamental resonator will narrow the fundamental

linewidth is indicated by the spectral linewidth of the etalon transmission peak. In our intra-

cavity CW SPS THz laser, in order to reach SPS threshold, extremely high intensity in the
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laser cavity is required, and relatively modest losses of a few percent can prevent the SPS

process. Therefore, in this part, the full width at T=98% is used as a metric to select etalons

for the CW THz laser system. The full width at T=98% for each etalon is listed in Table 4.1.

In other words, this is the spectral bandwidth of one of the etalons passband over which 98%

transmission is maintained.
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Figure 4.4: Summary of full width @ T=98% for the different etalons.

We can see that the 250 µm, R=60%, FS (C9) provides the smallest full width @T=98%

(0.036 nm) centred at 1062.8 nm for a tilt angle of θ = 4.44◦. On the other hand, among

these etalons, the 25 µm, R=8.4%, YAG (A1) has the highest full width @ T=98% value

(1.81nm) for a tilt angle of θ= 9.76◦. The 300 µm, R=30%, FS (B8) has the second narrowest

bandwidth of 0.075 nm, similar to the value for the 500 µm, R=8.4%, YAG (A4) and the

250 µm, R=30%, FS (B7). With the goal of narrowing linewidth, it would hence be assumed

that etalon C9 would be the ideal choice, as it offers the smallest full width. However, one

must also consider the FSR of the etalon and how this interacts with the emission bandwidth

of the fundamental field.

The etalons were chosen, from the limited range that were available to us, on basis of

free spectral range and surface reflectivity demonstrated in Chapter 2.2. The free spectral

rangewas selected large enough to ensure only one resonantmode, also the surface reflectivity

determines finesse: too low a finesse would not narrow sufficiently, and too high would cause
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unacceptably high round-trip losses. The etalons were chosen from a set of 30% surface

reflectivity in different thicknesses (fused silica)and some uncoated YAG etalons (the details

of etalons can be seen in Table 2.4). In Section 4.4, the laser performance of using different

etalons were analysed and comparisons were made.

Table 4.1: Summary of full width @ T=98% for different etalons

No. Etalon type Full width @ T=98% (nm) θext FSR (nm)

A1. 25 µm, R=8.4%, YAG 1.812 9.73◦ 12.17

A2. 50 µm, R=8.4%, YAG 0.90535 9.73◦ 6.12

A3. 100µm, R=8.4%, YAG 0.4518 5.59◦ 3.07

A4. 500 µm, R=8.4%, YAG 0.0903 2.44◦ 0.62

B5. 50 µm, R=30%, FS 0.45475 6.32◦ 7.67

B6. 100 µm, R=30%, FS 0.2275 6.318◦ 3.85

B7. 250 µm, R=30%, FS 0.0908 4.435◦ 1.54

B8. 300 µm, R=30%, FS 0.07522 2.485◦ 1.29

C9. 250 µm, R=60%, FS 0.0364 4.436◦ 1.54

iii. Wavelength tuning of peak transmission as a function of tilt angle

In this part, the tuning characteristics of an etalon as it is tilted, will be considered at the price

of transmission change. In the following, transmission at 1062.8 nm as a function of tilt angle

are plotted in Figure 4.5 It is assumed that a perfectly collimated beam is incident on the etalon.

The condition that light at wavelength λ has a transmission maximum for a given value

of θext is 2nd cos θint = mλ, θint u θext/n, where m is an integer; for small θext ,

2nd(1 − θ2
ext/n2) = m(λ0 − ∆λ), (4.3)

Where λ0 is the resonant wavelength for θext = 0; ∆λ is the shift in the resonant wavelength

due to tilt θext . From this expression and the definition of λ0, we may express ∆λ explicitly;

∆λ = −λθ2
ext/2n2, or∆ν = νθ2

ext/2n2. (4.4)
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Thus, the tuning curve of a tilted etalon (resonant wavelength or frequency vs angle of tilt)

depends only on the refractive index of the etalon, and not on its thickness (d). In contrast, the

frequency selectivity, depends on both the etalon thickness and the reflectivity of its surfaces.

The transmission of the tilted etalon is approximately given by [170]:

T = [1 + (2F/π)2 sin2 2πnd cos θext/n
λ

]−1, (4.5)

where we assume, that absorption and scattering losses within the bulk of the etalon are

negligible.

Figure 4.5: Theoretical plot of the etalon transmission at 1062.8 nm as a function of angle of

tilt for i). 100 µm, uncoated YAG (A3); ii). 100 µm, R=30% FS (B6); iii). 250 µm, R=60%

FS (C9).

When a collimated beam of finite diameter is transmitted by a tilted etalon, the peak trans-

mission at normal incidence is not unity. From Figure 4.5, we can see that the higher finesse

(R=60%) etalon (C9) with sharp transmission changes and is more sensitive to tilt angle. The

transmission at 1062.8 nm as a function of angle varies from T=90% to T=6% within 2◦ tilt

angle and is hence quite sensitive to angle. In contrast, the 100 µm, YAG etalon both uncoated

and coated, have a region of 3◦ with lowest transmission in the curves which correspond to

Tmin = 70% and Tmin = 30% respectively. For the FS etalon, a broad transmission region has

been observed at small angles (less than 4◦), and has maximum transmission of T=50%. This

study highlights a number if features; i) thicker, higher reflectivity etalons exhibit greater

sensitivity to angle, moving off its transmission peak more quickly than the 100 µm etalons,
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ii) the change in transmission is significantly higher than the 100 µm etalons. Both of these

factors are of critical importance when considering a practical system.

In this work, three etalons were studied as they offered the best transmission at central

wavelength and narrower bandwidth in the fundamental field. The walk-off losses is a key

factor with tilted etalons, and this plays a key role in the operation of intracavity, CW SPS

lasers.

4.3.2 Losses etalons introduce into a laser cavity

While etalons can benefit laser resonators by acting as an intracavity band-pass filter, they do

introduce additional losses within the resonator, which must be considered, especially in the

case of CW systems which rely on non-linear effects such as SPS.

i. Fixed insertion losses

The etalon is assumed to have no losses in modeling, but a perfect etalon with no losses or

imperfections is impossible to achieve in practice, so insertion losses must be considered

in a practical system. The insertion losses include etalon surface flatness, surface defects,

surface damage and surface cleanness. If the etalon surfaces are not parallel, this causes light

to leak out of the etalon, while the etalon material may also absorb light during each pass,

so material scattering and absorption losses also need to be added into the insertion losses

consideration. According to the suppliers that we purchased our etalon from, fixed insertion

losses of up to 0.5% (@1063 nm) could be possible.

ii. Angle-dependent insertion loss: walk-off losses

Because of multiple internal reflections and finite beam diameter, tilting an etalon causes

a transmitted beam to walk-off and this manifests as tilt losses. Walk-off losses are absent

when an etalon is used at normal incidence, however in that case, it would interact with one

of the resonator mirrors, resulting in a three-mirror (coupled-cavity) configuration. Such a

configuration is extremely sensitive to related movements and has absolutely different filter

characteristic than when using an etalon itself and tilted, which will be discussed in detail in

chapter 5. In this section, we consider how to calculate the walk-off losses induced by a tilted
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intracavity etalon and it is influence on CW THz laser performance. We follow the approach

to calculating walk-off losses presented in [171].

In the following calculations, a lossless etalon is assumed, with perfect surfaces and no

absorption in either substrate or the reflective surfaces. It is assumed, that only a beam with

a Gaussian beam profile has enough gain to overcome the losses in the laser cavity and that a

plane-parallel etalon is placed at the beamwaist. Based on these assumption, to get numerical

results one has to start with the equation:

γ = T
2w1
w0

1 + (w1
w0
)2
∞∑

p=0
Rpexp

[
−
( h
w0
− ∆x

w0
p)2

1 + (w1
w0
)2

]
, (4.6)

Where γ is the expansion coefficient, w1 is the beam radius after going through the etalon, h

is the vertical shift based on w0, ∆x is the beam displacement.

∆x = 2d tan θint cos θext,
sin θext

sin θint
= n, c =

∆x
w0

. (4.7)

The value of γ has been maximised, varying w1, and h. This gives γm,wm and h(m), and the

beam radius and the position for the best fitting Gaussian mode. The round trip loss l can be

obtained through the equations 4.6, 4.7, 4.8:

ε =
2Tw0wm

w2
0 + w

2
m

∞∑
p=0

Rpexp

[
−(hm + p∆x)2

w2
0 + w

2
m

]
, (4.8)

l = 1 − (γmε)2. (4.9)

Therefore, the equations yield the round-trip power loss l as a function of R and c.

Reference [171] considers the dependence of the loss on various parameters and identi-

fies several regimes. In particular when losses are low, it can be shown that l is proportional

to c2, to a good approximation, but only in the low-losses region when the correct absolute

values are about a factor of 4 lower. One can also show that the dependence of l and R (for

constant c) can be approximated quite well by a R/(1− R)2 function. Both would correspond

to the equation given by:

l =
8R

(1 − R)2
c2. (4.10)
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Applying into our CW THz system, and considering the high Q laser cavity, the etalon round-

trip power losses with the small tilt angle should in the low-losses region. The beam waist of

this laser is 300 µm in radius; d is the etalon thickness; and θintandθext are the etalon tilted

angle of internal and external. Therefore, the intracavity round-trip losses as a function of

tilted etalon angle can be obtained by equation 4.10 and is shown in Figure 4.7. The round-

trip losses increase with the growing tilt angle and the minimum round-trip losses can be

achieved at normal incidence no matter which etalon we use. For the 100 µm uncoated YAG

etalon, the round-trip walk-off losses are 0.1% when the etalon is tilted at 5.59◦ to coincide

with maximum gain of 1062.8 nm. In comparison, the walk-off loss value is 1.25% at 6.3◦

for the 100 µm R=30% FS etalon. However, the 250 µm R=60% FS etalon has very high

round-trip losses (23.67%) at 4.4◦ tilt angle. It should be noted that the tilt angle referenced

here is the external angle of incidence.

Figure 4.6: Resonator and etalon geometry.

It is obvious that the 250 µm R=60% FS etalon has the greatest round-trip losses (23.67%)

with tilt angle, and this makes reaching SPS threshold impossible. Compared to other etalons

used in the CW THz laser system, the 100 µm uncoated etalon with the lowest round-trip

losses (0.1%) has smallest effect on the laser gain, and should enable the laser to reach SPS

threshold with different tilt angles. The corresponding experimental results can be seen in

Section 4.4. It is questionable whether the 100 µm R=30% FS etalon will work at small tilt

angles (smaller than 6.3◦) with 1.5% walk-off losses. Walk-off losses, transmission and full

width at T=98% (which has been discussed in section 4.3.1) are all factors which must be

considered to obtain the smallest total losses with optimised tilted etalon angle.
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Figure 4.7: Round-trip walk-off losses calculated as a function of etalon tilt angle for three

different etalons (A3, B6, C9). Note the expanded scale for (b).

What is the maximum round-trip losses with tilted etalon angle our THz laser can sus-

tain? What kind of compromise needs to be made considering the etalon insertion losses

and round-trip losses? To establish the level of loss the fundamental field resonator can

sustain, and still reach threshold, the high reflectively (HR>99.995%) mirror was replaced

with a T=1% output coupler. Unfortunately, we were unable to reach SPS threshold so we

therefore conclude that etalon losses of 1% would also prevent the laser from reaching SPS

threshold. In addition, the intracavity power and the SPS threshold can be estimated by

measuring the leaking fundamental power and mirror coatings. No etalon was inserted to do

this measurement.



4.3 How does tilt effect etalon response? 77

In summary, the total losses induced by tilting intracavity etalons consist of two part: fixed

insertion losses and angle-dependent walk-off losses. The fixed insertion losses is determined

by the etalon quality and the walk-off losses include contributions from the etalon thickness,

reflectivity, beam waist and tilting angle. The modelling results show that the greater tilting

etalon angle leads to stronger walk-off losses. Among the total losses, the walk-off losses are

dominated in the THz laser system, because they are relevant to the SPS threshold.
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4.4 Experimental results

Different etalons were selected to be used in our laser based on the theoretical modelling.

Considering the transmission at gain max, each different etalon needs to be tilted with dif-

ferent angle when it is inserted into the cavity according to specified requirements. Based

on the theoretical modelling talked about in Section 4.2, the results show that inserting an

etalon at an angle θgmax will give rise to maximum transmission compared to other tilt angles

based on the numerical results of the etalon theory, however, tilting the etalon results in

walk-off losses. Therefore, in this part, the experimental results will be presented using the

etalons selected based on combining the theoretical study of etalons. The laser properties

of power transfer and spectral properties were examined in detail at the condition that when

each different etalon was inserted with tilt angle θext@θgmax calculated in Table 2.4. And

the effects of inserting an etalon into the fundamental cavity of an intracavity CW THz laser

were investigated in depth.

It is worthy to mention that most of the results were measured with the laser operating

under the condition of 50% duty cycle chopping of the input pump radiation, because thermal

loading can be relieved (refer to Section 3.2.2). Spectral characterization was performed un-

der 50% duty-cycle chopping of the pump, in cases where the grating spectrometer was used,

and in CW pumping when measuring with the Bristol Wavementer and FP interferometer.

4.4.1 Power scaling using different etalons at tilt angle @θgmax

i. Uncoated YAG etalons

When an etalon acts as an intracavity bandpass filter, the ideal situation is tilting the etalon

insertion angle to achieve maximum transmission at the laser gain peak (λgmax) while min-

imising the associated losses. Walk-off loss and insertion loss are two dominant losses which

highly influence whether the SPS threshold can be reached or not when an etalon is used

for linewidth narrowing. Therefore, the first step is to establish whether SPS threshold can

be achieved, and to understand how the power transfer curve changes when a tilted etalon is

used in the laser.
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Figure 4.8: Output powers plotted for fundamental, Stokes and THz fields as a function of

incident pump power in an intracavity CW THz laser for the (a) "free-running" laser (no

etalon) and (b) the laser incorporating the 100 µm uncoated YAG etalon (A3).

The power-scaling properties of the laser in each case of (a) no etalon and (b) with 100 µm

uncoated etalon (A3) with 6◦ insertion angle are shown in Figure 4.8. The power of the



80 Linewidth-narrowing using tilted etalons

residual fundamental and Stokes fields through mirrors M2 and M4, respectively, are plotted,

along with the detected THz power as a function of incident diode pump power with 50%

duty cycle. In this case, the angle between the Stokes and fundamental field resonators was

fixed so as to generate THz emission at 1.8 THz.

Without an etalon in the fundamental cavity, a maximum average output power of 6.8 µWwas

detected at 6.5 W incident diode pump power. From the graph in Figure 4.8 a, a fundamental

field depletion in excess of 35.4% can be calculated. The results show that the average THz

output power dropped at higher pump level and there was some evidence of saturation of

the undepleted fundamental, Stokes and THz fields when pumping beyond 6.5 W. These

performances are consistent with the observations mentioned in Chapter 3.

When a 100 µm, uncoated YAG etalon (A3) at 6◦ incidence was inserted into the fun-

damental cavity, a significant finding is observed, in that the THz power does not roll-over,

and continues to increase at high pump power level. The SPS threshold was reached at 4.6 W

(compared to 3.9 W when no etalon is used). The slight increase in threshold may originate

from the insertion losses (such as imperfect surface flatness, defects, and walk-off loss, etc.).

An increase in the measured THz output was observed, and a maximum average output power

of 13.7 µW was detected at 9.5 W incident diode pump power. From the graph Figure 4.9 b

a fundamental field depletion in excess of 35.2% can be calculated in this case at 9.5 W

pump. Comparing these two power-scaling results, we can see that the output power of the

laser behaves more linearly when a 100 µm, uncoated YAG etalon was used. If the laser is

pumped harder when it has this etalon in the resonator, there is potential to generate more

THz output. However, due to concerns about of damaging the SPS crystal (MgO:LiNbO3

crystal), the incident diode pump power was limited to 10 W.

Depletion indicates the conversion of fundamental photons to Stokes photons, and polaritons.

High depletion contributes to high THz power in theory. When the 100 µm, uncoated YAG

etalon at 6◦ incidence is inserted, the depletion over the incident pump power scale appears

roughly linear, however, the relationship between depletion and THz power is not obvious,

as is shown in Figure 4.9 a for the case where no etalon is used.
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Figure 4.9: THz output power plotted as a function of fundamental depletion for the (a)

"free-running" laser (no etalon) and (b) the laser incorporating the 100 µm un coated YAG

etalon (A3).

Next, the other uncoated etalons were inserted into the fundamental cavity at the appro-

priate tilt angles θgmax . The results show that SPS threshold could be reached using the
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100 µm, uncoated YAG etalon with 6◦ incidence and the 500 µm, uncoated YAG etalon

with 2.4◦ incidence. The corresponding SPS thresholds were 4.6 W and 9.5 W, respectively.

Table 4.2: Summary of key uncoated etalons with tilt angle

Etalon type SPS threshold Fundamental power (Leaking)

No etalon ("free-running" laser) 3.9 W 12.1 mW@ 9 W

50 µm, uncoated YAG (A2) with 9.7◦ Could not reach 0.89 mW@ 9 W

100 µm, uncoated YAG (A3) with 6◦ 4.6 W 12.2 mW@ 9 W

500 µm, uncoated YAG (A4) with 2.4◦ 9.5 W 3.67 mW@ 9 W

What is more, using the 500 µm, uncoated YAG etalon with 2.4◦ incidence, given concerns

about damaging the laser crystal, SPS threshold could just be reached. The Stokes and THz

signals are quite weak, and hard to maintain long-time operation. The difficulty in using this

etalon effectively is most likely due to high insertion losses arsing from poor surface quality

and pallelism. The rest of the uncoated etalons listed in Table 4.2 could not reach the SPS

threshold at the maximum incident pump power.

ii. Coated FS etalons

Several coated etalons sourced from Light Machinery Inc. are tested in this CW THz system

as well. The coated etalons are inserted into the fundamental cavity individually and aligned

at the appropriate tilt angle. Unfortunately, it was not possible to reach SPS threshold using

any of them. In each case, the fundamental power leaking through mirror M2 dropped to

very low levels as shown in Table 4.3. The results indicate that the intracavity fundamental

intensity is not sufficiently high to reach SPS threshold and we ascribe these to the relatively

high walk-off losses (ranging from 0-40%) that were estimated in Section 4.3.2. Therefore,

as anticipated, the experimental and theoretical results both indicate that losses prevent THz

lasing and coated etalons with reflectivities of R=30% and higher cannot work as a band-pass

filter in this laser when tilted at the appropriate angle.
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Table 4.3: Summary of key coated etalon with tilt angle

Etalon type SPS threshold Fundamental power (Leaking)

100 µm, R=30% FS (B6) with 6.3◦ Could not reach 2.05 mW@ 9 W

250 µm, R=30% FS (B7) with 4.4◦ Could not reach 4.66 mW@ 9 W

300 µm, R=30% FS (B8) with 2.5◦ Could not reach 1.56 mW@ 9 W

250 µm, R=60% FS (C9) with 4.4◦ Could not reach 0.03 mW@ 9 W

4.4.2 Spectral properties using different etalons, at tilt angle @θgmax

The spectral data of the THz laser without an etalon and using the 100 µm uncoated YAG

etalon at 6◦ incidence and at three different pump powers (6 W, 7.5 W and 9 W) are shown

in Figure 4.10. Note that the "free-running" (no etalon) case spectra were measured, shown

in Figure 4.10 (left) for comparison. The spectra of the laser in the two cases were measured

using an Ocean Optics HR4000 spectrometer, with an optical resolution of 0.08 nm. The

fundamental and Stokes spectra were measured simultaneously.

The fundamental linewidth did not broaden significantly (broadening of the fundamental

spectrum may occur as the SPS process may act as a spectrally-dependent loss mechanism,

akin to what occurs in Raman lasers [167]) as the power increases without the etalon, but the

Stokes linewidth did increase from 0.28 nm to 0.37 nm without the etalon.

The fundamental linewidth became narrower when the etalon was inserted. As indicated

in Figure 4.10, the fundamental spectra FWHM can be narrowed from 0.38 nm to 0.23 nm

and the Stokes spectra FWHM can be slightly narrowed from 0.28 nm to 0.22 nm at the

incident pump of 6.0 W. Indeed, the Stokes linewidth is broader at high pump level when

100 µm uncoated etalon was inserted, and as expected, the linewidth is narrowed to 0.27 nm

compared to 0.37 nm without an etalon.

The linewidths measured with the etalon was present are close to or below the instrument

limit of the Ocean Optics HR4000. Therefore, a Bristol Wavemeter (model 771A) with the
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resolution of 2 GHz (0.007 nm) was used to measure the spectra. As described in Sec-

tion 2.3.5, the Bristol Wavemeter requires a CW or higher than 100 KHz repetition rate input

signal, so the laser must be operated under CW pumping. Accordingly, the chopper used to

chop the diode pump light was not used.

We note that the intracavity CW THz laser suffered from strong thermal effects, and re-

moving chopping made it worse. The SPS threshold could not be reached. Accordingly,

we investigated the effects of the etalon on the fundamental spectra, but not in the presence

of SPS, using the Bristol Wavementer. Spectral structures and their effects on the linewidth

when an etalon was involved are analysed here.

Different etalons were used at their optimal tilt angle, and the corresponding fundamen-

tal spectra traces were shown in Figure 4.11. The FWHM and Full width at 10% intensity

were measured to give a reference of linewidth changes, as seen in the plot, the structure

contains several peaks and each peak includes many longitudinal modes.

Five different etalons, both coated and uncoated were used in this experiment and it is

clear to see that the spectra obtained with the HR4000 were indeed instrument limited. The

linewidth of the fundamental field could be narrowed in every case. It is noteworthy that

the fundamental spectra show two peaks when the 500 µm uncoated YAG etalon was used.

This is consistent with calculation, since the free spectral range of this etalon is smaller than

the laser crystal gain bandwidth, so two regions close to laser gain bandwidth can oscillate

and the separation between these two oscillating wavelengths is 0.5 nm, which is the slightly

broader than the FSR of this 500 µm uncoated etalon. Note that it was possible to angle this

etalon to achieve emission at a single fundamental wavelength. This is shown as the dotted

grey trace in Figure 4.11(c).

In Section 4.4.1, it was found that using the 100 µm uncoated etalon (A3) at θgmax provides

good power transfer performance so in this stage, it is particularly interesting to examine the

spectra when using that etalon using a high resolution instrument. The results show that the

fundamental linewidth at FWHM is 0.0068 nm, 35 times narrower compared to the value
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measured using HR4000 and 57 times narrower than the "free-running" linewidth. The spec-

tra exhibited multiple peaks and over time, it was observed that these peaks competed each

other, and the amplitude of each peak varied with time. The FWHM value was determined

by the positions of these over 50% intensity peaks, but this measurement was not sufficient

to describe the spectra, therefore, the full width at 10% intensity was also given. The general

spectral characteristics were used to investigate the effects and trends rather than the FWHM

values alone, and distinguish the spectra differences measured by instruments with different

resolution. When the etalon was inserted into the fundamental cavity (see Figure 4.10 b and

Figure 4.11 b). We can see that the spectra measured using HR4000 is limited by the instru-

ment and does not reflect the actual spectral bandwidth. Using the Bristol Wavemeter has

revealed that the fundamental linewidth did narrow. To obtain more accurate measurement,

several spectral traces were recorded and Figure 4.12. shows five typical spectra recorded in

a minute time period. It can be seen from Figure 4.12 that the central wavelength is hopping

around and each peak intensity is varying with time, most likely due to mode competition in

say a 0.1 nm spectral slice or a "peak" as recorded, but the overall bandwidth does not change

significantly, as represented by the shaded region.

It should be noted, that when operating at high incident pump power (> 6 W), an addi-

tional fundamental emission line @ 1066 nm would develop. This line is an orthogonal

emission line in the Nd:GdVO4 laser crystal [112]. This line does not contribute to the

polariton / THz generation process, and is therefore undesirable as it is effectively an energy

loss path way. It was found that as the pump power increased, the intensity of the desirable

1063 nm line decreased, and that of the 1066 nm line, increased. It could be found that the

1066 nm line could be suppressed by slightly adjusting the end-mirror and etalon alignment,

this having the effect of tweaking the oscillating modes. Once this adjustment was made, the

system would operate on the single, desired 1063 nm wavelength.

The spectral characteristics of the system when using different etalons, and under high

incident pump power are summarised in Table 4.4. What is notable is that the fundamental

field linewidth broadness when "free-running", while in the case where etalons are used, this

is not observed. Also, the etalons effectively restrict the linewidth of the fundamental field.

Also, note that in the case of the coated etalons, the 1066 nm line is never observed. This is
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due to the additional intracavity loss the etalon introduces, making it impossible for this line

to reach threshold.
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Figure 4.10: Spectra of fundamental and Stokes at different incident pump of (a) 6.0 W, (b)

7.5 W, (c) 9.0 W.
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Figure 4.11: Fundamental spectra at 7.5 W incident power (a) without etalon, with etalon of

(b) 100 µm uncoated, (c) 500 µm uncoated, (d) 100 µm, R=30%, (e) 250 µm, R=30% and

(f) 300 µm, R=30%.
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Figure 4.12: Several fundamental spectra traces of obtained using Bristol Wavemeter with

the 100 µm uncoated YAG etalon .
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4.4.3 Effects of etalon tilt angle on laser performance

In this section, some laser performances are investigated in detail by using the 100 µm

uncoated etalon because the lowest SPS threshold can be obtained among all the tested

etalons. What is more, excellent power transfer and linewidth narrowing by a factor of 10

have been achieved when the 100 µm YAG uncoated etalon was inserted into the system.

i. Effects on SPS threshold

The diode pump power required to reach threshold was measured as a function of the etalon

tilt angle, as shown in Figure 4.13.
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Figure 4.13: Diode pump power required to reach SPS threshold as a function of etalon tilt

angle using the 100 µm uncoated etalon (A3).

It should be noted that the etalon tilt angle listed in the following figures are absolute

angle relative to normal incidence (0◦). The 0◦ position was determined by measuring the

back-reflected signal from He-Ne laser at a distance of 1 m from the etalon. The data points

were collected by adjusting mirror mount screws with a step size of 0.125◦, which is a quarter

turn of the micrometer mirror mount. The starting point of tilt angle was 6.5◦, and the
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uncertainty of calculation is around ±0.2◦.

The SPS threshold is an important factor which is determined by the difference between

SPS gain and losses in the Stokes cavity. When the SPS gain is greater than the Stokes cavity

loss, SPS threshold can be reached. The SPS gain scales with the intracavity fundamental

intensity in the SPS crystal. Therefore, relationships between the SPS threshold and etalon

tilt angle were investigated and the results are shown in Figure 4.13. Compared to the "no

etalon case", additional losses are caused by the etalon insertion losses. In Section 4.3.2,

the insertion losses were analysed. Transmission and walk-off losses are two main insertion

losses have strong influences intracavity intensity and fundamental leaking power through

M2, as seen in Table 4.2. However, the actual situation is more complicated during the

experiment. The etalon transmission and walk-off losses both depend on the tilt angle, and

so we can expect that the SPS threshold to vary with etalon tilt angle in a complex way. The

plot in Figure 4.13 shows that the SPS threshold varies markedly with etalon tilt angle, in

this case, the lowest threshold is achieved at angles between 5.75◦ and 6◦, which is close to

the theretical angle (5.6◦) at which the etalon has maximum transmission at the wavelength

gain max. As the tilt angle changes from this value, the SPS threshold increases. This is

being a consequence of the transmission of the etalon changing from that at gain max, and

the intracavity losses also evolving.

ii. Effects on fundamental and THz powers for different pump power

To further investigate the effect of etalon tilt, the powers of the undepleted- (SPS off),

depleted- (SPS on) fundamental fields, and the THz field, are investigated as a function of

etalon tilt angle, for three fixed incident pump powers: 7.5 W, 6.0 W and 5.3 W. These plots

offer insight into the dynamics ans response of the system to angling of the etalon.

We can see that the THz power can be detected over a broader range of etalon tilt an-

gles for higher incident pump (eg. 7.5 W). The more depletion give rises to the more THz

power with tilt etalon angle. The THz power fluctuated from 5.5 µW to 1.2 µW with the tilt

angle changing between 2.5◦ and 4.0◦. No THz signal was detected at the etalon tilt angle of

4-4.5◦. Based on the modelling result shown in Figure 4.5, the transmission starts to increase

with the increased tilt angle and reaches the maximum transmission at the tilt etalon of 5.6◦.
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The experimental result at the same condition shows increased THz power which is consistent

with the modelling result. It is also can be seen that the fundamental power and THz power

is inversely proportional to SPS threshold, so the trend is similar to the results observed in

Figure 4.13.

At lower incident pump powers of 6.0 W and 5.3 W, shown in Figure 4.14 (b) and (c)

respectively, it is obvious that both fundamental and THz power decreases. Over the range

of etalon tilt angles of 2.5-7.0◦, the range of angles over which THz enission/SPS threshold

is observed progressively decreases, this becoming more confide to the region near 5.6◦,

corresponding to the angle at gain max.

The results indicate that THz generation and SPS threshold is very sensitive to etalon tilt angle

and the insertion losses. If narrow linewidth output is required by using an optical etalon in

the laser cavity, it is clearly necessary to minimise insertion losses. This study highlights that

using the etalon at the angle corresponding to gain max, will maximise system performance.

It also highlights the difficulty in using coated etalons when tilted, as the induced walk-off

losses are so high that they prevent the system from reaching SPS threshold.

iii. Effects on fundamental and Stokes wavelength for different pump power

By inserting an etalon into the laser cavity, spectral tuning can be achieved by changing its tilt

angle thus effectively shifting the band-pass of the etalon. Therefore, the spectral tunability

with 100 µm uncoated etalon was measured at different incident pump power, shown in

Figure 4.14 (right).

The data points were collected with the step size of 0.25◦. The wavelength varies from

1063.6 nm to 1062.8 nm in the fundamental field and 1069.8 nm to 1069.6 nm in the Stokes

field, with variation of ±0.1 nm. Note the "steps" between wavelengths are due to the pixel

spacing of the HR4000 CCD. Thus, there are some gaps when the wavelength shifts, due to

the spectrometer resolution.

It is can be confirmed that the Stokes wavelength changes simultaneously with fundamental

wavelength and the shifts of different data points are similar, which is corresponding to SPS
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shifts of 69 cm−1. This difference in fundamental and Stokes wavelength is fixed by the phase

matching angle of the SPS process (angle between the fundamental and Stokes cavities). The

change in fundamental and Stokes wavelength with etalon tilt angle match well with the char-

acteristics observed in Figure 4.14 (right) in that angling of the etalon shifts the transmission

peak from gain max, and promotes oscillation of different fundamental wavelengths.
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Figure 4.14: Fundamental and Stokes wavelength with etalon tilt angle at the incident pump

powers of (a) 7.5 W, (b) 6.0 W, and (c) 5.3 W, and fundamental and Stokes wavelength with

etalon tilt angle at the incident pump powers of (d) 7.5 W, (e) 6.0 W, and (f) 5.3 W.
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4.5 Discussion

We investigated an approach to generate narrow band THz output without sacrificing output

power in a CW THz laser, by placing a single etalon into the fundamental field cavity. The

etalons used in this chapter were tilted at their θext @ gmax , which act as the "traditional" use

of intracavity bandpass filter. Two important findings are found and these contribute to the

development of CW THz.

4.5.1 Linewidth narrowing

The use of the etalon has enabled us to narrow the linewidth of the fundamental and Stokes

fields which should also lead to narrow THz output. The use of a 100 µm thick, uncoated

etalon (A3) successfully achieved linewidth narrowing, leading to the fundamental linewidth

of 0.0068 nm, 57 times narrower than that of "free-running" laser. The rest of etalons used

in this chapter did narrow the fundamental linewidth to different degrees, but SPS cannot

be achieved in the THz system. This is due to the losses, mainly walk-off losses induced

by the intracavity etalon were too high to prevent the laser reaching SPS threshold. For the

100 µm, uncoated etalon, the losses were around 0.1% at the θext @ gmax , and these losses

were tolerated with our system. Therefore, this etalon was used in the "traditional" way in

the CW THz laser, as the first way of etalon usage: Etalon acts as an intracavity bandpass

filter when the etalon is tilted in the cavity.

4.5.2 Enhancement of THz output power

In the "free-running" CW THz laser [53], the THz power increased to maximum power and

then started to drop with the increasing incident pump power, however, this phenomenon was

not observed in this laser, when the etalon was inserted.

Instead, it was consistently found that the use of etalons in the fundamental field was ef-

fective in preventing the decline in THz power. Inserting an etalon in the fundamental laser

resonator not only narrows the linewidth, but improves the THz output power. This is a par-

ticularly exciting and significant finding, as it paves the way for further power and efficiency

scaling of this type of THz laser.
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Similar observation was reported in [167] for an intracavity near-IR Raman laser. In that

work, using etalons were effective in controlling the fundamental linewidth and increasing

the Stokes output power. The reason behind this is due to the spectral broadening of the

fundamental, which occurs as a consequence of the nonlinear SRS process and reduces the

effective Raman gain. Therefore, control the spectral broadening of fundamental field in the

Raman laser can improve the Raman output power.

Although the SPS process is similar to the SRS process, they still have some differences. In

this thesis, it was found that no spectral broadening of the fundamental field was observed.

The lack of spectral broadening of the fundamental field, when SPS-shifting, may be at-

tributed to the fact that the SPS crystal used in this thesis is lithium niobate. Lithium niobate

crystal is one of the Raman crystal to minimise or prevent spectral broadening because the Ra-

man line or SPS line (21.4 cm−1 [172]) is broad compared to the laser gain (8.8 cm−1 [112]).

Therefore, this may not the reason to well explain that the finding has resulted in substantially

enhanced THz output power. Insight into this effect is offered in Chapter 6 as it is strongly

related to a reduction in phase mismatch, offered by narrowing the fundamental linewidth.

This is in contrast to prior studies on Raman lasers [167].

4.5.3 Comparison to other similar research work

The use of one or more etalons in pulsed SPS lasers was previously reported in [107] where

Stokes linewidths as low as 5 GHz were achieved. However, linewidth narrowing of CW SPS

lasers has not previously been reported.

Some similarities and differences are compared. Both studies have used etalons in the

intracavity THz laser to achieve the linewidth narrowing and the etalon was used as intra-

cavity bandpass filter, which means the etalon was tilted in the cavity. However, the etalons

were used in two laser operation regimes. In paper [107], the laser was pulsed and here, it

was CW regime. D. Stothard et al. reported that two etalons were used in the fundamental

and Stokes cavity, respectively. Two etalons have the thickness of 600 µm, finesse of 3 in the

fundamental field and finesse of 14 in the Stokes field. The linewidth achieved was around

5 GHz. By comparison, in this thesis, only one etalon was used in the fundamental field

to achieve linewidth narrowing. The etalon used in the fundamental resonator was 100 µm



98 Linewidth-narrowing using tilted etalons

thick, uncoated, and the fundamental linewidth was around 2 GHz. What is more, the THz

output power has been enhanced with the substantial reduction of fundamental linewidth.

This finding was not demonstrated in the 2008 paper [107].

4.6 Summary

In this chapter, we have demonstrated a milestone in the development of an intracavity CW

THz laser source with narrow linewidth and high power output by using an etalon in the

fundamental cavity and acting as an intracavity bandpass filter. An etalon and its effects on

an intracavity CW THz laser have been fully studied.

There is no doubt that the fundamental spectrum can be narrowed when the etalon (both

coated and uncoated) was inserted with tilt angle at gain maximum compared to free running

case. However, only a few select etalons can work in an intracavity CW THz laser, because

of the associated insertion losses owing to walk-off, these losses can be very high in the case

of coated etlons, and limits their effectiveness as tilted elements in these systems.

The experimental results shows that the fundamental power significantly dropped when

the coated etalon was used. In the case of the uncoated etalon, the walk-off losses are lower

compared to coated one, and it was found that a number of uncoated etalons can reach SPS

threshold despite the etalon tilt angle being large. Among all uncoated etalons used, laser

threshold can be reached only using the thickness of 100 µm and 500 µm YAG etalon. The

use of 500 µm uncoated etalon was not pursued because of its non-ideal spectral properties.

A significant finding is that by using an appropriate etalon, the THz output power can

be improved, and the spectra of fundamental and Stokes field can be narrowed around by 15

times. SPS threshold, fundamental and THz power, wavelength shifts with tilt etalon angle

have been investigated in detail.

The in depth investigation of the use of the 100 µm uncoated etalon (A3) revealed that

angling of the etalon has a dramatic effect in the laser performance. It suggests the fact

that angling of the etalon to maintain oscillation at gain max is essential to maintain high
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THz emission. It highlights that there are significant caveats to using angled etalons within

these laser resonators. In the next chapter an investigation of the e of etalon in an alternative

configuration is offered.
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5
Linewidth narrowing using etalons at

normal incidence

5.1 Introduction

Etalons acting as a band-pass filter in the CWTHz laser have been demonstrated in Chapter 4.

In this chapter, the investigation focuses on etalons working in another way, when the etalon

is inserted into the laser resonator at normal incidence. In this case, the etalon interacts with

the laser resonator to form a coupled cavity.

This chapter starts with an experimental investigation of the influence an etalon inserted

at normal incidence deliberately, has on the power-scaling, and spectral properties of the

CW SPS laser. This is followed by a theoretical investigation of the characteristics of the

coupled cavities which are formed. Both experimental and theory results are discussed and

the opportunities for using etalons at normal incidence are presented.
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5.2 Experimental arrangement

The experimental setup was slightly different to the experimental setup described in Chap-

ter 4. In this chapter, the etalon was inserted into the fundamental cavity at normal incidence,

shown in Figure 5.1, just before the end mirror M2. This position was chosen to be consistent

with the work presented in Chapter 4. Both coated and uncoated etalons are investigated in

this work.

Figure 5.1: Experimental setup with an etalon inserted at normal incidence.

5.3 Experimental results

The etalons used in this body of work are described in detail in Chapter 2 Table 2.4. Specif-

ically etalons A3, A4, B5, B6, B7, B8 were studied. These were consistent with those

investigated in chapter 4.

5.3.1 Power scaling using different etalons at normal incidence (0◦)

To avoid damaging the laser and SPS crystal, the highest incident pump power was limited

to 9 W, so all the results were obtained under the incident pump power of 9 W. It should

also be noted that the THz output power dropped over the course of these experiments due

to progressive damage of the laser crystal, mirrors and SPS crystal, so the detected THz

output power in this chapter is lower than the previous chapter. However, the purpose of this

study is the physical insights of the etalon effect on the CW THz laser, more specifically,

the power-scaling trend, spectral performance, and stability of the laser are more important

than the overall THz output power. Therefore, the laser system was often characterised in a

regime where it produced stable THz output. This refered to as the "well-performed" area.
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The system was power-scaled under the condition of chopped pumping, producing quasi-CW

THz output. The trend of the power transfer in the fundamental, Stokes and THz fields was

similar to those observed in Chapter 3. With the increase of the incident pump power, the

THz power was increased to the highest incident pump power of 6 W and then dropped at

higher incident pump powers. The SPS threshold was 2.5 W, and the maximum THz power

was 2.88 µW. The percentage of depletion in the fundamental field can indicate the SPS

conversion efficiency. The THz output power versus the fundamental depletion is plotted

in Figure 5.3. The depletion is under 20% throughout the whole pump range (up to 9 W),

suggesting a low SPS conversion efficiency.

ii. Uncoated YAG etalons

In this section, the study focuses on an investigation of inserting an uncoated YAG etalon

into the fundamental cavity at normal incidence, at the position shown in Figure 5.1.

To make sure the etalon was inserted at 0◦ (normal incidence), a He-Ne laser was used

as a guide laser to align the etalon in the fundamental field. In the fundamental field, the

fundamental wavelength of 1063 nm presents all the time with any inserted etalon listed in

Table 2.4, different from the result presented in Chapter 4. It should be noted that in this

work, SPS threshold could be readily achieved when using etalons at normal incidence. This

is in contrast to the work in Chapter 4, where angling the etalons had a significant influence

on the ability to reach SPS threshold.

Two uncoated etalons 100 µm (A3) and 500 µm (A4) made from YAG were studied. As

shown in Figure 5.4 a and Figure 5.4 b, the power scaling of the CW THz laser by using these

different thickness etalons was measured in fundamental, Stokes and THz fields as a function

of incident pump power.

The fundamental laser (1063 nm) using 100 µm and 500 µm YAG etalons had similar

threshold pump power of 0.18 W, slightly higher compared to the required pump power

of 0.1 W in a "free-running" laser. The SPS threshold was around 2.9 W when 100 µm

uncoated etalon (A3) was inserted into the laser resonator. Using the uncoated 500 µm

YAG etalon (A4), the SPS threshold to the incident pump power was around 2.5 W, which
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was similar to the "free-running" case. The insertion losses of the uncoated etalons were not

high, which is indicated by the THz laser threshold (SPS threshold ofwith andwithout etalon).

Figure 5.4: Output powers for fundamental, Stokes and THz fields in an intracavity CW THz

laser with the uncoated etalons of (a) 100 µm thickness (A3); (b) 500 µm thickness (A4) at

normal incidence.
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Figure 5.5: 500 µm uncoated etalon at normal incidence: THz output power as a function of

fundamental depletion.

In the "free-running" laser, it is noticed that the THz output power dramatically increased to

the maximum power of 2.88 µWat 6.0W pump power and then dropped to 2.1 µWwithin the

increase of 3.0 W pump power. Using the 100 µm YAG uncoated etalon (A3), the detected

THz power was 4.5 µW at the incident pump power of 9 W, and 4.1 µW of maximum THz

power (at 9 W incident pump power) was obtained using the 500 µm uncoated YAG etalon

(A4). The results show that the maximum THz power continued to increase with the increase

of incident pump power when the uncoated YAG etalons (A3 and A4) were inserted into

the fundamental cavity in contrast to that of the "free-running" case. This finding is very

promising, as it can provide an opportunity to obtain more THz output power. This is similar

to the observation found in Chapter 4, where it was found that this improvement may be due

to a reduction in phase mismatch due to linewidth narrowing.

To investigate this phenomenon, an uncoated 500 µm YAG etalon was used to measure

the depleted and undepleted (the Stokes was unblocked and blocked) fundamental power

together with Stokes and THz power to characterise the down-conversion performance of the
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intracavity cavity SPS process.

The down-conversion efficiency of the system using the 500 µm thick etalon is also in-

vestigated. Shown in Figure 5.5 is a plot of THz power as a function of fundamental

field depletion. In comparison to the "free-running" case (Figure 5.3), greater depeletion is

achieved (up to 27% c.f. 17%), and consequently higher THz power is generated. The overall

increase in depletion is discussed later in this chapter, within the context of enhanced spectral

performance.

Table 5.1: Summary of SPS threshold and maximum THz power, when using YAG etalons

at normal incidence

Etalon type SPS threshold Maximum THz power

No etalon ("free-running" laser) 2.5 W 2.88 µW@ 6.0 W

100 µm, uncoated YAG etalon (A3) 2.9 W 4.5 µW@ 9.0 W

500 µm, uncoated YAG etalon (A4) 2.5 W 4.1 µW@ 9.0 W

iii. Coated fused silica (FS) etalons

This section presents the performance of a THz laser that generates high output power with

different finesse etalons. Most of studies are focused on R=30% reflectivity FS etalons with

thicknesses of 50 µm (B5), 100 µm (B6), 250 µm (B7), and 300 µm (B8) (specific etalons

are shown in Table 2.4).

For each of these etalons, the power scaling curves of the fundamental, Stokes and THz

power as a function of incident pump power were obtained under the same conditions; ie.

same resonator configurations and ambient lab conditions; These plots are shown in Fig-

ures 5.6 a, b, c and d, using etalons B5, B6, B7 and B8, respectively, at normal incidence.

The maximum THz output powers were 5.14 µW (5.6 W pump power), 4.68 µW (9 W

pump power), 2.03 µW (6 W pump power), 4.44 µW (7.3 W pump power) respectively

(Summarised in Table 5.2). Not all the THz powers were at maximum pump power. An
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obvious exception was observed that the detected THz power was only 2.03 µW (lower than

"free-running" case) by using the 250 µm, R=30% FS etalon (B7), at 6.0 W incident pump

power. Compared to the SPS threshold with and without an etalon in the laser system, the

250 µm, R=30% FS etalon (B7) has the highest SPS threshold (4.25 W); a summary of

system thresholds can be seen in Table 5.2. It was noted that the B7 etalon had a significant

number of surface scratches and likely induced a significant insertion loss.

Figure 5.6: Output powers for fundamental, Stokes and THz fields in an intracavity CW THz

laser with the etalon of (a) 50 µm R=30% coated (B5) (b), 100 µm R=30% coated (B6), (c)

250 µm R=30% coated (B7), and (d) 300 µm R=30% coated (B8) at normal incidence.

It is interesting to observe that most of the coated etalons used at the normal incidence

give rise to improvement of THz output power. With the exception of the 100 µm, R=30%

etalon (B6), the power scaling trends using the rest of the etalons (B5, B7, B8) are similar to

that of the "free-running" laser, where the THz output power exhibits an "up and down" trend.

It is noted that a largely linear increase in the THz output power with increased incident pump
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Table 5.2: Summary of SPS threshold and maximum THz power, when using coated FS

etalons at normal incidence

Etalon type SPS threshold Maximum THz power

50 µm, R=30% FS etalon (B5) 2.9 W 5.14 µW@ 5.6 W

100 µm, R=30% FS etalon (B6) 3.4 W 4.68 µW@ 9.0 W

250 µm, R=30% FS etalon (B7) 4.25 W 2.03 µW@ 6.0 W

300 µm, R=30% FS etalon (B8) 3.39 W 4.44 µW@ 7.3 W

power was achieved using the 100 µm, R=30% etalon (B6).

In summary, a steady increase in THz output power over the range of pump powers was

achieved using all of the uncoated YAG etalons, and the 100 µm, R=30% FS etalon inserted

at normal incidence in the fundamental laser. It is interesting to note that the performance of

the 100 µm thickness, coated and uncoated etalons are similar, and yet they have the same free

spectral range but different finesse. The reasons for this similar performance are discussed

in Section 5.3.2 and 5.3.3.

5.3.2 Spectral properties using different etalons at normal incidence

This section is focused on the investigation of the fundamental field linewidth, using etalons

at normal incidence, and in particular, the possibility to obtain a narrower spectrum. To

investigate the relationship between the THz output power and the spectral bandwidth, the

fundamental spectrum, when using each etalon was analysed. Considering the promising

power scaling result obtained in Section 5.3.1, the spectral output of the lasers were investi-

gated, especially for the use of etalons: A3, A4 and B6.

The fundamental spectra with different etalons were measured using the same spectrometer

(Bristol Wavemeter 771A) as used in Chapter 4. Note that the instrument requires pure CW

laser input operation and so the lasers were characterised without chopping of the pump. The

results can still be used to analyse the spectral changes with andwithout an etalon in the cavity.
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The spectra of the fundamental field for the various etalons are shown in Figure 5.8. Note

that the spectra were measured at the same time as the power scaling measurements at a

fixed incident pump power of 6.0 W. At this pump power, the lasers were well above the SPS

threshold, and produced stable output. The fundamental spectra have each been normalised.

It can be seen that the fundamental spectrum changes significantly as the different etalons

are used, ranging from multiple peaks to only one peak, which corresponding to a changing

bandwidth of 1.25 nm to 0.025 nm (the latter is the instrument limit). The spectrum of the

"free-running" case was also taken for comparison, and this is shown in Figure 4.11. The full

width at half maximum (FWHM) of the fundamental spectra with the different etalons were

measured, and are shown in Figure 5.7 b. The irregular shape of the spectral peaks makes it

difficult to define a measure of the widths that is appropriate for all cases. The FWHM can

give deceptively small values for the width of the fundamental spectrum of the THz laser with

and without etalons in the cavity, because those spectra contain significant structure below

the half maximum level.

Figure 5.7: The fundamental spectra for the CW THz laser (a) Bandwidth of 10% intensity

(b) FWHM.

The possibility of using the widths at the 10% of the peak value of the normalised spec-

tra was also considered, and this metric is shown in Figure 5.7 a. Low signal to noise ratio of

the spectra in these different cases was considered when using this parameter as a measure of

the peak width. The most important point of this work was to identify general trends in the

spectral behaviour, rather than determining an accurate, absolute measurement of the spectral

width, and therefore, instead of measuring the FWHM, the bandwidth at 10% of intensity
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was selected in case that it can give misleading values for individual spectra which have a

particularly complex structure. in the ideal case, both the FWHM and 10% widths would

both be small.

No matter which etalon was selected for use, the fundamental linewidth was narrower than

that of in the "free-running" THz laser, demonstrating that using an etalon at normal incidence

can be effective at narrowing the fundamental field linewidth. This is in contrast to using a

tilted etalon as examined in Chapter 4. The peculiarities and theory behind the effectiveness

of this unconventional use of etalons are examined in the following section. In particular, the

250 µm thick, R=60% etalon provides very narrow linewidth, and the properties of the laser

making use of this etalon will be studied in-depth in Chapter 6.
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Figure 5.8: Fundamental spectra at 6.0 W incident power with etalon at normal incidence for

(a) 100 µm uncoated (A3), (b) 500 µm uncoated (A4), (c) 50 µm, R=30% (B5), (d) 100 µm,

R=30% (B6), (e) 250 µm, R=30% (B7) and (f) 300 µm, R=30% (B8).
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5.3.3 Effects of etalon at normal incidence on laser performance

The power scaling and spectral properties measured using each etalon were discussed in

Section 5.3.1 and 5.3.2. The results show that beneficial effects using an etalon in the THz

laser was achieved, especially using the 100 µm thick uncoated and coated etalons. The

linewidth of the fundamental was narrowed, and more THz power was generated at the higher

incident pump power. In this part, the effect on the Stokes spectral properties, SPS threshold,

fundamental, THz power and wavelength shifts, due to tilt etalon angle (angling away from

normal incidence) are investigated in some detail.

i. Stokes spectral properties

Figure 5.9: Stokes field spectra measured by laser spectrum analyser with 6.0 W incident

pump ower in the case of (a) "free-running" case (no etalon) (b) 100 µm, uncoated etalon

(A3) and (c) 100 µm, R=30% etalon (B6).

The Stokes spectra have been fully characterised using the BristolWavemeter (771A), and the



114 Linewidth narrowing using etalons at normal incidence

representative spectra for the three different cases: (a) "free-running" case, (b) with 100 µm

uncoated etalon (A3) and (c) with 100 µm, R=30% etalon (B6) are shown in Figure 5.9,

respectively. All of these spectra were measured at the same incident pump power (6.0 W)

as used to measure the fundamental spectra shown in Figure 5.8.

The 1063 nm fundamental had a "free-running" linewidth of 0.423 nm FWHM prior to

inserting etalons, and substantial narrowing was observed when any of the two etalons were

inserted. A narrowing up to was achieved a factor of 53 was achieved, and the linewidths

at FWHM were 0.0116 nm and 0.008 nm for the uncoated (A3) and R=30% (B6) etalons

respectively (refer to Figure 5.7). As a consequence of the narrowing of the fundamental, the

Stokes spectra also showed substantial narrowing by a factor of 8, from around 0.072 nm

when no etalon was present, to 0.009 nm when either etalon was used. Although we have not

measured the linewidth of the THz field directly, we can predict that it would be narrowed

as well, by a similar order as the Stokes and fundamental fields, following conservation of

energy.

ii. Effects on SPS threshold

Since the insertion of an etalon only in the fundamental field can significantly narrow the

linewidth of fundamental and Stokes spectra, the dependence of SPS threshold on etalon tilt

angle was investigated using the etalons mentioned above in the CW THz laser. Angling of

the etalon in this case is also important as it effectively diminishes the strength of coupled

cavity effects within the resonator, and presumably brings the system more in-line with that

examined in Chapter 4.

The SPS threshold with etalon tilt angle in the case of 100 µm uncoated YAG etalon (A3)

is shown in Figure 5.10 a, and SPS threshold in the same situation with 100 µm, R=30%

coated FS etalon (B6) is shown in Figure 5.10 b. It can be seen that the SPS process can only

occur in a small range of angles ( 0.08◦), and the lowest SPS threshold was 5.2 W at a normal

incident angle and then rapidly increases with increased angle until SPS process would not

take place when the 100 µm, R=30% YAG etalon was inserted. In contrast, in the case of

100 µm uncoated YAG etalon was inserted, the laser performance can be maintained across

a broad range of tilt angles. The SPS threshold keeps lower values over an angle range of
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0.6◦-1.85◦, and gradually increases on the positive side limited clipping of the mirror mount;

and rapidly raising on the other side. Overall, the SPS process can be generated stably across

a greater tilt range. Note that the 100 µm thick uncoated YAG etalon used here has different

FSR and broader transmission peaks than the coated one (owing to the different substrate

types).

Figure 5.10: Diode pump power required to reach SPS threshold, as a function of etalon tilt

angle for (a) 100 µm, uncoated YAG etalon (A3); and (b) 100 µm, R=30% FS etalon (B6).

iii. Effects on fundamental and THz powers

The fundamental and THz powers were recorded as a function of etalon tilt angle. Traces

are shown in Figure 5.11 a and 5.11 b in the cases of etalons A3 and B6 respectively. In

case of etalon B6, the SPS process can be generated only in a very small range of angles

close to 0◦. This characteristic is likely due to the high finesse of the etalon, and the high

insertion loss that results from angling (as per the study in Chapter 4 given that for etalon B6,

θgmax = 6.32◦). It may also be due to a change in the spectral behaviour of the coupled cavity.

From side by side comparison, in the cases of A3 high fundamental power is maintained

across a wide band of tilt angles. Consequently, THz output is also maintained. In the case

of B6, high fundamental power is only achieved across a very narrow range of angles.
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Figure 5.11: Properties of output power with tilt etalon angle, for the system (a) with SPS

process, 100 µm, uncoated YAG etalon (A3) and (b) without SPS process, 100 µm, R=30%

FS etalon (B6).

iv. Effects on fundamental and Stokes wavelength

As explored in Chapter 4, by tilting the etalon, the fundamental wavelength can be tuned.

The fundamental wavelength changes with angling of etalons A3 and B6 was recorded, and

are shown in Figure 5.12 a and 5.12 b. The fundamental wavelength can be tuned from

1063.45 nm to 1063.9 nm with the uncoated etalon, but less tunability is achieved for the

R=30% etalon because the losses is too high to reach SPS threshold , a trend supported by

Figure 5.10 b. If the SPS process is ignored, the fundamental wavelength can cover the

range of total lasing emission gain of Nd:GdVO4, which is from 1062 nm to 1066 nm. It

is interesting to note that the THz power dropped rapidly from 1◦ to 2◦ and then continue

to increase with the uncoated 100 µm etalon. The THz power with etalon tilt angle exhibits

similar performance from the tilted angle of 2-3◦, to that observed in Section 4.4.3. This may

indicate that from this point, the etalon acts as bandpass filter instead of forming coupled

cavity due to the etalon tilt angle.

It is interesting to note that the tuning of the fundamental wavelength achieved through

tilting of the etalon, may offer a method of also fine-tuning the generated THz frequency.

This is by virtue of the fixed fundamental-Stokes resonator angle (θ, refer to Figure 2.2), and

the consequent change to the phase matching curve.
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Figure 5.12: Change in fundamental wavelength with etalon tilt angle, for the system (a)

with SPS process, 100 µm, uncoated YAG etalon (A3) and (b) without SPS process, 100 µm,

R=30% FS etalon (B6).
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5.4 Coupled cavity effects

The basis for linewidth narrowing in this chapter is that etalons at normal incidence interact

with the laser resonator mirrors to effectively form a "coupled cavity" with unique pass-band

properties. This is distinctly different to using angled etalons. In this section, the theory

of coupled cavities is given along with modelling specific to the configurations investigated

experimentally.

5.4.1 How to form coupled cavities

If the gain profile of a laser is wider than the axial-mode spacing of the laser cavity, the laser

can oscillate simultaneously over a broad spectrum of multiple axial modes. It is common

practice, provided the laser gain is not too small, to insert a short, tilted intracavity such

etalons, inside the laser cavity as shown in Figure 5.1, so that the narrow-band frequency

transmission of these etalons near resonance can provide frequency tuning and axial mode

selection in the laser. The transmission properties of such simple passive etalons have been

analysed in Chapter 4, where it was found that the tilt of the intracavity etalon must be

kept small enough that it does not seriously reduce the transmission of the etalon through

transverse walk-off, yet is large enough that the reflected waves from each side of the etalon

pass out of the cavity and do not set up additional resonances with the other mirrors of the

laser cavity [171].

Sometimes additional mirrors added to laser cavities may be deliberately aligned in res-

onance with the existing cavity mirrors to obtain multimirror laser cavities [173]. The

resonance frequency properties of such cavities then become coupled, and the net resonator

characteristics is more complicated. In this chapter, to induce coupled effects into our laser

system, the etalon was inserted in the fundamental cavity at normal incidence.

5.4.2 Theory of coupled cavities

The simplest form of the multimirror cavity is the three-mirror cavity shown in Figure 5.13.

The properties of such a resonant cavity with three or more mirrors are in general complex,

and it may be useful to introduce briefly some of these complexities using a simple analytical

model.
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Figure 5.13: Analytical model for the general three-mirror laser cavity [174].

The theoretical study of coupled cavity effects presented here has followed the method

presented in [174]. Suppose first a general three-mirror cavity was considered as shown in

Figure 5.13. Such a cavity if two of the mirrors are closely enough spaced, can also be

viewed as a two-mirror resonator with an etalon mirror on one end or the other. As shown

in Figure 5.13, assuming this resonator has mirror reflectivities R1, R2, and R, and use g̃1

and g̃2 to describe the round-trip gains inside the two cavity segments, leaving out the mirror

reflectivities, so that

g̃1 ≡ exp (−α1p1 − jωp1/c) ≡ exp (l1 −
4πL1
λ

j) (5.1)

g̃2 ≡ exp (−α2p2 − jωp2/c) ≡ exp (l2 −
4πL2
λ

j) (5.2)

with α1p1 and α2p2 representing the round-trip laser losses, if any, inside each segment of

the laser cavity. λ is the wavelength and c is the speed of light.

l1 and l2 are the round trip loss items for the two segments, which can be expressed as:

l1 = − α12L1 (5.3)

l2 = − α22L2 (5.4)



120 Linewidth narrowing using etalons at normal incidence

The loss item is determined by the absorption coefficient (α) and cavity length (L). One

simple way to analyse such a cavity is to use our earlier results to write down the complex

amplitude reflectivity, call it r
′

2, looking into the R, R2 section of this interferometer (of length

L2) from the left. We can then use this result for r
′

2 as the effective end reflectivity to write

down the total reflectivity, call it r
′

1, look into the R1, R cavity segment (of length L1) again

from the left. The end result of this is that the total reflectivity R∗, as observed by looking

into the three-section cavity from outside the R1 mirror can be written as

R∗ = [
√

R1(1 −
√

RR2g̃2) − g̃1(
√

R −
√

R2g̃2)
1 −
√

RR1g̃1 −
√

RR2g̃2 +
√

R1R2g̃1g̃2
]2 (5.5)

Here, the total relative reflectivity R∗ can be obtained as a function of wavelength λ, so

that the model of the three-mirror laser cavity can be considered as a "new output coupler".

This "new output coupler" is similar to the output coupler (M2) used in our system but with

different reflectivity R∗.

Depending on the relative reflectivity R∗ and spacing of the cavity mirrors, one used in

our fundamental laser views a three-mirror cavity as a single long cavity of total length L2

with an etalon mirror of length L1 on one end. The analytic approximations can then be used

to calculate the cavity resonant frequencies from Equation 5.5.

As a general rule, however, the resonance properties of the three-mirror cavity are suffi-

ciently complex that the use of numerical solutions and computer display techniques can

be beneficial in finding and understanding the resulting total reflectivity. Thus, the total

reflectivity R∗ is calculated to illustrate the behaviour that can result.

5.4.3 Coupled cavity effects on linewidth narrowing

In the Appendix A.4, the total reflectivity R∗ has been calculated using a self-programmed

GUI application implemented in MATLAB. The coupled cavity effects on linewidth narrow-

ing will be analysed in this section.
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Figure 5.14: Key features labelled affects the modelling results.
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The total reflectivity can be obtained usingEquation 5.5, so the R∗ represents the reflectivity of

the three mirrors coupled cavity. This means the fundamental laser is formed by M1 and new

M′

2 with reflectivity R∗. The fundamental laser resonator with the new output coupler M′

2 has

a variable reflectivity R∗, so it is important to analyse how it affects to our laser system com-

pared to the laser with constant reflectivity R for output coupler M2 in the "free running" case.

With this model, we can play with parameters of reflectivity, losses and cavity length and

understand how these parameters affect the total reflectivity R∗. Here, to discuss the results,

the etalon of 100 µm thick, uncoated (A3) and R=30% (B6) etalons were used in this section

as examples. Look at the Equation 5.5, the four groups of parameters which affect the total

reflectivity R∗ are presented and discussed individually in Table 5.3. An example of these

factors implemented in the GUI, and the resultant R∗ plot is shown in Figure 5.14.

In the experimental part, the use of 100 µm A3 and B6 etalons enable yielded the best

performance so here, the modelling results using these etalons are shown in Figures 5.15 a

and 5.15 b. The parameters used in the model are as follows: R and R1 equal to 8.4% and

30%, respectively; R2 is the original reflectivity of output coupler with the value of 99.99%.

For reflectivity items R and R1, they are determined by the particular etalon used in the

system. These values affect the total reflectivity of the coupled cavity. The minimum total

reflectivity (R∗min) is 0.99964 with etalon reflectivity of 8.4% and 0.9988 with that of 30%

(shown in Figure 5.15) for comparison. The lower etalon reflectivity gives rise to the higher

minimum total reflectivity R∗ under the same values of other parameters involved in this setup.

Coupling effects manifest themselves as etalon effects from intracavity components. As

a result, the coupling between different optical components should either be avoided or care-

fully controlled. Referring to Figure 5.13, the design consists of two coupled resonators. One

resonator is considered plane parallel and is formed by etalon itself. Since the etalon has

formed this resonator, it is referred to as being active. The second resonator is hemispherical

and is formed by the plane mirror and concave mirror, which also serve as an output coupler,

so this cavity is passive. In the experimental system, losses in each component cannot be

ignored, so the cavity losses are estimated in order to obtain the reasonable simulation results.

The losses for cavity 1 is assumed to be l1=0.02% and for cavity 2 is l2 = 0.005%.



5.4 Coupled cavity effects 123

Figure 5.15: Simulation results of using etalon at normal incidence (a) 100 µm, uncoated

etalon: A3, (b) 100 µm, R=30% etalon: B6.

Applying into the simulation application, the results for there two etalons is shown in Fig-

ures 5.16 and 5.17. The parameters of reflectivity and loss affect the total transmission of the

coupled cavity. With the inclusion of these assumed losses, the minimum total reflectivity

with the use of A3 etalon, drops to 0.9985, and that of B6 drops to 0.996. Both of the results

have a fairly complex structure.
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Figure 5.16: Simulation results of using 100 µm, uncoated A3 etalon at normal incidence (a)

overall modelling results, (b) zone 1, (c) zone 2, and (d) zone 3.
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Figure 5.17: Simulation results of using 100 µm R=30% B6 etalon at normal incidence (a)

overall modelling results, (b) zone 1, (c) zone 2, and (d) zone 3.
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Table 5.3: Summary of key factors in coupled cavity model

Feature Factors which affect the features

Envelope period etalon thickness, L1

Fine structure period L2

R∗max R=R1, R2, l1, l2 (mainly); λ, L1 (minor)

R∗min R=R1, R2, l1, l2 (mainly); λ, L2 (minor)

Envelope depth: R∗max-R∗min R=R1, R2, l1, l2 (mainly); λ, L1, L2 (minor)

Envelope waist l1, l2

Fine structure: zone 1, 2, 3 all factors

To analyse the structure, which is influenced by the cavity length L1 and L2, we can consider

that it was three zones and zoomed in, as illustrated in each case. The results are shown in

Figures 5.16 a, b, c, d, and Figures 5.17 a, b, c, d, respectively. It is found that cavity lengths

affect the wavelength response of coupled cavity. L1 impacts broad-range structure, and L2

impacts fine structure. This is because of the FSR of each cavity, the longer cavity length, the

broader FSR, in contrast, the shorter cavity length, the narrower FSR. In the laser system, L2

is smaller than L1, so the two cavities affect the wavelength response in the different ranges.

Each of the zoomed spectra represent different zones of response of the coupled cavity. The

characteristic of each zone is discussed in detail.

The structure response to wavelength shows that the changes of total reflectivity R∗ are

asymmetric in distinct zones 1 and 3, and the lowest peak varies with the shape of FSR

of cavity L2. It is not expected that the laser will oscillate in the distinct zones 1 and 3,

because the severe changes of total reflectivity R∗ with wavelength. Rather, it is most likely

expected to lase in zone 2, with symmetric total reflectivity R∗ change, which is highlighted

in Figures 5.16 c and 5.17 c for the 100 µm, uncoated and R=30% etalon. This is the zone

we are primarily interested because the temporal coupling of the two cavities is associated

with constructive or destructive interference that arises from multiple reflections for M′

2. The
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overall effect can be described as that of a wavelength-dependent output coupler, which in turn

leads to a loss discrimination between the longitudinal eigenmodes. This therefore selects

the oscillating longitudinal modes in the fundamental resonator. In the highlighted range,

the total reflectivity R∗ has a distinguishable range from 0.9997 to 0.9984 with B6 etalon,

as across a wavelength span of 0.04 nm (shown in Figures 5.18 b). It is found that using

A3 etalon, the wavelength span is the same due to L2=14 mm both in the two cases. L2 is a

factor which affects the fine structure period. However, in the case of A3, the maximum and

minimum R∗ values in zone 2 are 0.9996 and 0.9991, respectively, illustrated in Figure 5.18 a.

The position of zone 2 (with respect to wavelength) is heavily influenced by the etalon

thickness L1. Indeed, by changing the thickness by 1 µm, the centre of the range can be

shifted to from 1063.83 nm to 1063.18 nm. This correlates better with the central wavelengths

observed in Figure 5.18. Note that the manufacturer quotes a thickness error of ±5 µm so it

is conceivable that is conceivable that shifts of this order maybe expected. The relative plots

are shown in Figure 5.19.

The differences using the etalons A3 and B6 are the total reflectivity R∗ maximum and

minimum values of the spectra, especially in zone 2. The overall R∗ ranges with wavelength

response is from 0.999 to 0.9996 using the etalon A3. However, that of etalon (B6) is from

0.9984 to 0.9996. In the simulation results, they show that several constructive peaks appear

in the laser gain range and the total reflectivity R∗ difference means it is hard to suppress the

adjacent longitudinal modes under the laser gain in a high Q cavity. Therefore, more than

one peak is likely to be observed, and this is seen experimentally in Figures 5.8a and 5.8d.

Because of the total reflectivity structure in the coupled cavity, the central experimentally

observed wavelength was dancing around the laser gain maximum, and the central wave-

length is 1063.1 nm with the etalon (B6). More peaks oscillate using etalon (A3) because the

minimum total reflectivity R∗ is 0.999, so more longitudinal modes can reach SPS threshold.
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Figure 5.18: Detailed simulation results for each etalon in zone 2 (a) 100 µm, uncoated

etalon: A3, (b) 100 µm, R=30% etalon: B6.

In summary, etalons inserted at normal incidence in a CW THz laser system achieves

linewidth narrowing because the etalon forms coupled cavity effects and the effects with

a complex reflectivity can achieve mode selection. Notably with the coupled cavity, the laser

operates in zone 2. The physics at play in coupled cavities are complex, and our analysis is

ongoing.
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Figure 5.19: Simulation results in zone 2 when using etalons A3 and B6 with a 1 µm increase

in thickness (a) 100 µm, uncoated etalon: A3, (b) 100 µm, R=30% etalon: B6.

5.5 Analysis of spectra using the A3 and B6 etalons

In this chapter, the study focused on the investigation of using an etalon to deliberately form

coupled cavity, to achieve linewidth narrowing. The spectral properties were studied both

experimentally and theoretically. The theory study indicated that the etalon spectral response

located in the distinct zone 2 is the likely region having the most influence on the laser spectral

properties because this zone is symmetric. The modelling has shown that the coupled cavity
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response is strongly influenced by L1 and L2. The response of the coupled cavity is so fine

in wavelength spacing that it will significantly influence the longitudinal modes of the laser.

To investigate this, the measured fundamental spectra both using A3 and B6 etalons were

compared with the modelling results.

Figures 5.20 and 5.21 show the R∗ response of the coupled cavities for zones 1, 2 and 3

(note that the response of zones 1 and 3 are identical due to symmetry, and are plotted on

the same plot), when using etalons A3 and B6 respectively. Overlaid on these plots are the

fundamental output spectrum as measured from the laser cavity. The spectral response at the

fundamental wavelength is governed by the emission cross section of the Nd:GdVO4 crystal,

and hence, emission is centred in the range 1063.0-1063.4 nm. What is interesting is that the

output spectrum takes on fine-structure which correlates very well to the R∗ characteristic of

the coupled cavity. This clearly shows that the coupled cavity impacts the range of longitudi-

nal modes which can oscillate within the laser, and this is the source of linewidth narrowing

of the laser output.

While it was stipulated that zone 2 would be the dominant region in which the coupled

cavity affects the laser response, it is clear that regions 1 or 3 (Figure 5.20 b and 5.21 b) may

also be responsible for the apparent mode selection/limiting within the system. We have also

shown that the R∗ response is heavily influenced by subtle changes to etalon thickness and

cavity length. While effort was made to reduce the overall amount of vibration within the

lab/system environment, a level of vibration was still present, along with dynamic heating of

the system components (including the intracavity etalon). As a result, it is conceivable that

the response of the coupled cavity will shift dynamically and influence the spectral response

of the system. While this does impart a level of spectral instability, the laser can still maintain

narrow linewidth emission owing to operation across each of the regions 1, 2 and 3.
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Figure 5.20: Simulation results of using A3 etalon at normal incidence, combined with

experimental data: (a) zone 2 or 3, and (b) zone 1 or 3.
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Figure 5.21: Simulation results of using B6 etalon at normal incidence, combined with

experimental data: (a) zone 2 or 3, and (b) zone 1 or 3.

5.6 Conclusion

In this chapter, etalons used at normal incidence within the fundamental laser cavity was

investigated. This led to the formation of complex coupled cavity resonators within the laser.

It was found that the linewidth of the fundamental field can be narrowed significantly by
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forming a coupled cavity when an etalon is inserted at normal incidence. In this case, the

fundamental FWHM reached a value of 0.008 nm with etalon (B6). Etalons, both uncoated

and coated were effective in narrowing the linewidth in this configuration. When a 100 µm

thick, uncoated YAG etalon (A3) was used in the fundamental laser, both the fundamental and

Stokes fields were narrowed. A similar characteristic was observed when the coated etalon

(B6) was used. Interestingly, with all tested etalons, when inserted at normal incidence, it

was possible to observe an increase in the maximum THz power, in comparison to the "free-

running" case. The net result was that the fundamental field linewidth could be narrowed,

but in some cases, multiple resonance were observed. In all cases, an improvement in THz

power scaling was observed.

The theoretical study focused on how the etalon used at normal incidence, formed a coupled

cavity, with three distinct spectral response regions. This study revealed that the spectral

response had very fine structure, which could be easily influenced by etalon thickness and

cavity length. This supporting the experimental observation of high sensitivity to vibration.

This comes with compromises in angular sensitivity and susceptibility to vibration. But it is

a distinct way of using an etalon to linewidth narrow. Theoretical modelling of the coupled

cavity spectral characteristics revealed a very complex structure, which could be separated

into 3 regions of operation. Based on consideration of the laser emission cross-section,

region 2 is the one most likely to influence the spectral characteristics of the laser. This is

supported by the spectral characteristics of the coupled cavity being most sensitive to the

etalon thickness.

The linewidth narrowing of the fundamental field yields an improvement in the THz output

power due to reduced phase mismatch along the same lines as discussed in Chapter 4. The

work presented in this chapter determines that an unconventional used of etalons at nor-

mal incidence, to form a coupled cavity, can be highly effective at linewidth narrowing in

our intracavty THz lasers. While the effectiveness is clear, further experimental work and

modelling is required to fully understand the mechanisms at play.
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6
Single longitudinal mode operation in an

intracavity CW THz laser

6.1 Introduction

The properties of etalons and their application in the CW SPS laser have been investigated

in depth in Chapter 4 and 5. The linewidth both in the fundamental and Stokes fields (and

consequently, the THz field) can be narrowed using an etalon in the fundamental cavity. The

possibility of better linewidth narrowing thus motivated the investigation of using a high

finesse etalon in the fundamental field. Using etalons to form a coupled cavity indicated that

the etalon with high finesse could give rise to very narrow band linewidth output in a laser. In

this chapter, further linewidth narrowing is investigated using a high finesse etalon inserted

at normal incidence.

In this chapter, linewidth narrowing down to a single longitudinal mode is investigated
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in detail, using a 250 µm, R=60% etalon (C9). Substantial improvements in the performance

of THz output power and linewidth are described. These results achieved in this chapter have

been reported in the 2016 AIP conference and this publication is included in the Appendix.

In addition, an investigation of phase mismatching is undertaken, and this sheds signifi-

cant insight into the improved power scaling enabled by narrowing the fundamental field

linewidth using etalons.

6.2 Experimental setup

The laser setup is similar to that used in Figure 5.1 except that a high finesse 250 µm, R=60%,

fused silica (FS) etalon was used. The specific etalon properties can be found in Table 2.4.

Fine control of the cavity length was necessary for narrow linewidth operation as for the

results of Chapter 5, and was achieved using a translation stage with fine adjustment on the

output coupler.

6.3 Power transfer characteristics

When the 250 µm, R=60% FS etalon was inserted, it was found that it increased the loss to

the fundamental field, but this could be compensated by increasing the diode pump power.

This behavior was expected given the already substantial fundamental cavity round-trip loss.

Fine tuning of the etalon position was therefore critical to achieving SPS threshold.

6.3.1 Quasi-CW operation

For comparison, the system without an etalon was power scaled and plots of the fundamental,

Stokes and THz field under the same condition as with the high finesse etalon are shown in

Figure 6.1. The system power transfer characteristics for the fundamental and SPS fields with

the etalon inserted, is plotted in Figure 6.2 for the SPS generation at 1070.7 nm (1.99 THz)

under quasi-CW (chopped pump) conditions.
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The power transfer of the THz field under true-CW pumping conditions is shown in Fig-

ure 6.3. Due to the operational limitations of some of the characterisation equipment used

in this work, pure CW regime operation is required. The requirements for each optical

spectrometer are shown in Table 2.5. Thus, laser performance of THz power in the pure CW

regime with and without the 250 µm, R=60% etalon are shown in Figure 6.3. Threshold

for THz generation was 2.3 W in the free running case and 3 W with the insertion of the

etalon. The advantage of using the 250 µm, R=60% etalon is that the THz laser was easy

to lase and the THz power is maintained over a wider range of pump powers. The reasons

for the difference in THz power in these two cases may be explained by the difference of the

characteristics which will be discussed in next section.

6.4 Spectral control

Due to energy conservation in the SPS process, narrowing the frequency band of the fun-

damental and Stokes fields results in associated constraint on the linewidth of the generated

THz field [107].

6.4.1 Spectral characteristics

The spectral characteristics of fundamental and Stokes fields were examined and from this,

the spectral characteristics of the THz field were inferred. The longitudinal mode structure

of SPS laser was characterised using a scanning Fabry-Perot interferometer (FPI) (Thorlabs,

model SA210) with a free spectral range (FSR) of 10 GHz and a spectral resolution of about

70 MHz. Simultaneously, the fundamental central wavelength was monitored by using a

laser spectrum analyser (Bristol Instruments, model 771A-NIR), which provided an accuracy

of 2 GHz in the 1 µm spectral range. The details of these devices have been presented in

Chapter 2.

To verify the linewidth both in fundamental and Stokes fields, the results are shown in

Figure 6.4a and Figure 6.5a, respectively. The central wavelength of fundamental wavelength

was 1063.14 nm, and the Stokes wavelength was 1070.77 nm. From these figures, it is ob-

served that the spectra both in fundamental and Stokes fields were close to instrument limit, so

the 10 GHz scanning F-P interferometer weas used to examine the actual linewidths without
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the limitation of the Bristol Wavemeter. The measured fundamental FWHM linewidth was

70 MHz which is closed to the instrument limit again (Figure 6.4b), and the Stokes FWHM

linewidth was 400 MHz (Figure 6.5b).

The free spectral range of the fundamental cavity is calculated to be 0.69 GHz (optical

cavity length = 185 mm, including 13 mm long Nd:GdVO4 crystal with refractive index at

1063 nm n=2.19, and 20 mmMgO:LiNbO3 crystal with refractive index at 1070 nm n=2.23.).

Therefore, approximately 148 longitudinal modes fit within the FWHM of the free-running

fundamental laser spectrum of 102 GHz (Ref. 3.12 a). Using the same calculation, the free

spectral range of the Stokes cavity is 1.1 GHz with the cavity length of 130 mm, so around

45 longitudinal modes oscillate within in the FWHM of the Stokes laser spectral width of

72 GHz (Ref. 3.12 b).

The linewidth of etalon-narrowed fundamental field is 70 MHz and that of Stokes field

is 400 MHz, so only one longitudinal mode was present under the laser gain both in funda-

mental and Stokes fields. Hence, both fundamental and Stokes fields operated with a single

longitudinal mode. Based on the linewidths measured, it is anticipated that the THz linewidth

should be less than 400 MHz.

The fundamental linewidth measured by the 10 GHz F- P interferometer is 70 MHz, which is

close to the instrument limit, so another high resolution scanning Fabry-Perot interferometer

(FPI) (Thorlabs, model SA200-8B) was used to better resolve the fundamental linewidth.

The resolution of this 1.5 GHz Fabry-Perot interferometer is around 7.5 MHz. The resolved

fundamental linewidth was 6.68 MHz (Shown in Figure 6.6). The fundamental linewidth

measurement was 10 times narrower compared to that of 10 GHz F-P interferometer mea-

surement result. It is because the limitation of the instrument. It should be noted that the

laser is extremely unstable and one trace was recorded to show that the laser linewidth can be

obtained to 6.68MHz albeit with instability. It was hard to measure Stokes linewidth because

the leaking Stokes power was too small to be measured using the interferometer. Therefore,

unfortunately, no corresponding Stokes linewidth is recorded with the fundamental linewidth

of 6.68 MHz.
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using a high reflectivity etalon, as is the case of the R=60% etalon used here. In this case,

the overall reflectivity of a three mirrors system (as modeled in Chapter 5), as a function

of fundamental wavelength response in the coupled cavity, is shown in Figure 6.9. What is

especially apparent is that small fluctuations of 0.018 nm can make a significant change in

overall reflectivity (99.99%-99.65%). This has the ability to drive laser modes above and

below threshold, and hence degrade the stability of the system. Changes in etalon position of

this order are easily driven by mechanical vibrations and thermal gradients within the system.

Rising incident pump power (and increasing unabsorbed pump power) has the prospect of

heating up resonator components.

Figure 6.9: Simulation result of using C9 etalon at normal incidence.

6.5.4 Thermal effects

The heating of the laser crystal and impurity absorption leads to changes in the optical cavity

length ∆L through the thermo-optic effect and thermal expansion, and is given by:

∆L/∆T = d( dn
dT
+ nα) (6.1)

The values of the thermo-optic coefficient (dn/dT=13.8 × 10−6 K−1) and thermal expansion

coefficient (α =7.3× 10−6) are taken from Table 2.1. Therefore, ∆L/∆T =301 nm/K for the

Nd:GdVO4 crystal of length d=13 mm. Given that laser action alters ∆L through heating, it
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is reasonable to expect that there is coupling between the fundamental and cavity resonance

as the cavity is tuned.

In order to compensate ∆L because of heating and to improve the stability property of

THz system, precise control of laser crystal temperature is crucial when aiming at high

wavelength stability of the SPS laser output. In addition, the fine control translation stage

(resolution: 25 µm, Model: Thorlabs MT1A) was used to slightly adjust the fundamental

cavity length. While heating may have a role in the instability, it is anticipated that it will

reach a steady-state after a certain period. Following each increase in pump power, the system

was allowed to settle, and slight adjustment to the fundamental field end mirror angle, and

the etalon angle were made, to improve power stability at the pump power.

6.5.5 Physical environment

What is more, the physical background noise also affected on the laser stability. It is observed

that the THz laser suffered with the vibration caused such us tapping the table, closing the

door, vibration of air conditioner and associated air current.

Consequently, the stabilisation technique was introduced into this system, using an anti-

vibration optical table (Thorlabs PTS601) to minimise the physical background, as well as

housing the complete laser system in a custom-built perspex box.

6.5.6 Use of anti-vibration table to optimise laser stability

An anti-vibration optical table was used and the laser was covered by a plastic box to reduce

the airflow. It is aiming to improve the laser stability by optimising the physical environment.

The stability of both fundamental and Stokes fields were monitored for five minutes using

the laser spectrum analyser (Wavemeter 771A). This device enabled tracking of the peak

wavelength over periods of many minutes.

For comparison, the laser stability was recorded before and after using the anti-vibration

optical table. The central wavelength of the fundamental and Stokes fields were monitored

and recorded for 300 seconds to show the effects of laser stability. It is clear to see that
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the laser stability was improved by incorporating the anti-vibration table in Figure 6.10b,

and 6.11b.

In the fundamental field, the wavelength fluctuated around ±0.25 nm without using anti-

vibration table, however, it was improved to ±0.12 nm after using anti-vibration table.

Compared to the fundamental field, the stability of the Stokes field is better. The same obser-

vation is that the wavelength stability has been improved using the anti-vibration optical table.

In this case, the simple change causes the Stokes wavelength fluctuated by only ± 0.03 nm,

compared to ± 0.2 nm fluctuation with no anti-vibration, an order of magnitude improvement.

In summary, it is found that the laser stability has been improved by making effective use of

an anti-vibration table, and perspex box, to minimise the influence of external factors. With

these in place,the laser could operate stably for periods in excess of 5 minutes.

6.6 Analysis of spectral narrowing and improvements to

power scaling

The linewidth of fundamental and Stokes fields has been substantially narrowed to a single

longitudinal mode, with the insertion of high finesse etalon. No roll over in the THz power

was observed and 1.5 times higher THz power was detected compared with the free running

case under quasi-CW pumping. Under true, CW pumping, this etalon enabled sustained

power scaling over a broad pump power range.

It is found that the THz output power continues to increase when the etalon was inserted

into the cavity. The paper [175] shows that the effective area for Raman interaction and the

effective Raman gain, impacts the Raman threshold and slope efficiency. The SPS process

is similar to SRS process, so the interaction area in the CW intracavity laser was investi-

gated alongwith phasemismatching, and the effects on THz output was studied in this section.

In the SPS process, phase matching is an essential requirement to satisfy, and the phase

matching efficiency affects the overall output power of the system. Therefore, the phase
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matching efficiency was evaluated in this section. In the intracavity CW THz laser, the

Stokes resonator will select the phase matching solution that experiences the highest SPS

gain, and so narrowing of spectral output will be observed compared to the fundamental field.

In the low gain limit, as the phase mismatch ∆k builds up, SPS efficiency decreases roughly

as

η = 4sin2 (
®∆kl
2
)/( ®∆k

2
l2) (6.2)

where l is the interaction length of three waves and

®∆k = ®k f − ®kS − ®kTHz (6.3)

There is hence a range of frequencies, which do not perfectly to phase match. This range of

frequencies lies within the phase matching bandwidth, which is over 1/2 bandwidth, defined

as the overall gain bandwidth. In terms of phase matching bandwidth, its value of relate

to the fundamental field. In this chapter, the fundamental linewidth can be narrowed from

102 GHz to 7 MHz (1.4×104 times narrower). Phase matching contributes to this.

If the Stokes wave direction was taken as fixed by the Stokes resonator as shown in Fig-

ure 6.12, a phase mismatching occurs when, the fundamental wavelength changes slightly (as

per its finite linewidth), generating Stokes and THz fields with slightly different wavelength.

Figure 6.12: ®k vector diagram illustrating the origin of the phase mismatch that can build

up in the non-collinear scheme when the Stokes angle is fixed by a resonant cavity. For a

pair of fundamental wavelengths ( ®kF1 and ®kF2), a corresponding pair of Stokes ( ®kS1 and ®kS2)

and THz fields ( ®kTHz1 and ®kTHz2) are generated for a fixed angle θ. We define the difference

between the THz frequencies, ®∆k.

The effect of phase mismatch induced by the finite linewidth of the fundamental field was
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Using equation 6.2, the phase matching efficiency is plotted in Figure 6.13 as a function of

fundamental wavelength. This plot shows that wavelengths within a band of 0.75 nm, centred

about 1063,1 nm will have phase matching efficiency of >50%.

The spectral bandwidth of the fundamental field when free-running, and with the 250 µm,

R=60% etalon are shown overlayed on Figure 6.13. It is clear to see that the phase matching

efficiency depends on the "effective" bandwidth of free running case and with etalon case. If

the linewidth or bandwidth of fundamental field is narrow (single longitudinal mode opera-

tion), the whole linewidth falls into the range close to phase matching efficiency=1, meaning

that it is well phase matched. In contrast, if the linewidth of the fundamental field is broader,

the phase matching efficiency is distributed between 0-1.

The modelling shows that narrowing linewidth of the fundamental field gives rise to higher

phase matching efficiency, and hence improved system efficiency as more photons in the

fundamental field are converted to the THz field.

6.7 Conclusion

A CW THz laser with single longitudinal mode operation has been achieved through the use

of a 250 µm thick, R=60% etalon in the fundamental cavity at normal incidence, forming

a coupled cavity. The linewidth of the resultant fundamental field and Stokes fields are

70 MHz and 400 MHz, respectively. The THz linewidth is also narrowed because the control

of the linewidths of two resonant optical waves by necessity, controls of the linewidth of

the terahertz waves. This is because the highest THz frequency generated cannot exceed the

largest difference between the fundamental and Stokes frequencies, and the lowest cannot

be lower than the least difference. Therefore, limiting the linewidth of the fundamental and

Stokes fields leads to a concomitant reduction in the THz linewidth.

In addition, it is highlighted that THz output power continues to increase and has the poten-

tial to generate more THz with the use of etalons. To better understand this, the impact of

fundamental field linewidth on the phase matching efficiency was examined. It was found

that broad linewidth fundamental fields suffer from phase mismatch and hence lower overall
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conversion across its entire width. Narrow linewidths (single frequency), however can experi-

ence perfect phase matching across their entire bandwidth. This is why we observe improved

power scaling in laser which use intracavity etalons, and where linewidth narrowing has been

observed.

The laser stability is quite challenging, especially when only one mode oscillated in the

laser cavity. Mode competition and coupled cavity effects are main reasons to cause laser

instability. Apart from the laser dynamics the physical consideration of laser and the en-

vironment can also not be ignored. An anti-vibration table was incorporated, along with a

confinement box, and had significant improvements on laser stability. Mode hopping was

reduced to a small range and the laser become less sensitive to air-flows and noise. Unfortu-

nately, time constraints did not enable me to demonstrate this.

In conclusion, single longitudinal mode operation CW THz laser has been demonstrated

with excellent THz output power. It is anticipated that such a narrow line, high power CW

THz source, may be used for high resolution spectroscopy.



7
Conclusion and future work

Narrow linewidth, continuous wave intracavity terahertz lasers via stimulated polariton scat-

tering process have been developed in this thesis, sources which have the potential to con-

tribute significantly in closing the "THz Gap". Continuous wave terahertz lasers based on

the SPS technique are difficult to build because of the threshold of the SPS process. The

beauty of the intracavity design is that it can achieve SPS threshold with low pump power

requirements and makes it possible to achieve CW operation. Since Lee et al. demonstrated

the first CW intracavity THz laser source in 2014, no further work has been reported in the

field despite its great potential applications. Due to the immature development of CW SPS

THz lasers, this thesis is heavily motivated by a keen desire to investigate the fundamental

characteristics of CW SPS lasers and to exploit knowledge to achieve narrow linewidth CW

THz laser sources with high power levels.
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7.1 Improvements on laser performances of the intracavity

CW SPS laser

Many challenges need to be overcome in order to improve the laser performance reported

in [53]. Since the THz output power was only 2.3 µW, it still has potential to bring the THz

output power to a higher level. Notably, distortion of the fundamental field was observed,

possibly arising from pyroelectrically-induced photorefractive damage. The core technique

to reach the SPS threshold is to keep very low resonator losses, so high resonator Q-factors

were utilised for both the fundamental and Stokes resonators. Thermal problems often limit

the performance of intracavity polariton lasers, and these effects are generally more severe

in the CW regime. A new pumping scheme using polarised pumping at 879 nm has been

implemented into the intracavity CW THz laser. The advantages of using this new pumping

scheme are improved pump absorption efficiency up to 90% and reduced residual pump

radiation (5 times lower) reaching the laser crystal and SPS crystal. These improvements

resulting in higher THz power and better beam quality. Photorefractive effects in this system

were greatly reduced through the use of this pumping scheme.

Significant enhancement of THz output power has been achieved, and 23.1 µW THz output

power, an order of magnitude increase compared to the first CW polariton laser, the highest

ever reported from a CW THz polariton source. Furthermore, through smart laser design,

thermal effects within the system were managed, and the beam profiles of both fundamental

and Stokes were shown to be Gaussian-like. This work detailed in Chapter 3 set a good

starting point for the subsequent thesis work.

7.2 Application of intracavity etalons for THz linewidth

narrowing

Etalons work in two ways depending on whether they are aligned to the cavity or not. In

Chapter 4, the etalon was inserted with a tilted orientation (θmax) in the intracavity CW THz

polariton laser, so the etalon acted as an intracavity band-pass filter. In Chapter 5, the etalon

was inserted at normal incidence in the fundamental cavity, so coupled cavity effects were

formed. The use of an etalon in two distinct ways, has been studied in depth, both theoretically
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and experimentally, in the context of a CW intracavity THz laser. In particular, deliberately

aligning the etalon to the cavity to form a coupled cavity has been well understood in this

thesis, with the assistance of theoretical simulations. Comparisons have been made, and

some similarities and differences in the way these systems operated, were found.

7.2.1 Similarities

The common finding is no matter which way the etalons were used (as a band-pass filter, or

to induce a coupled cavity), linewidth narrowing of both the fundamental and Stokes fields

was observed. Only one etalon needs to be inserted in the fundamental resonator. The level

of linewidth narrowing is dependent on the etalon properties (FSR, FWHM, finesse), the

position of the etalon (tilted or not), and the laser gain. The higher finesse gives rise to

narrower FWHM, and the thicker etalon gives broader FSR.

In the case of etalons as a tilted bandpass filter, the combination of high finesse and thickness

have the most impact on the spectral properties of the laser. In the case where etalons are

used at normal incidence to form a coupled cavity, the thickness of the etalon has the most

impact.

The THz output power was found to increase if the linewidths of fundamental field is nar-

rowed, in comparison to the "free-running" polariton laser under the same condition. This

is an important experimental observation because it indicates that more of the fundamental

field is converted to Stokes and THz photons. As discussed in Chapter 6, this was explained

through an investigation of a phase mismatch with finite linewidth fundamental fields. Gen-

erally, a linear increase in output power is observed when the system is (as a function of input

diode pump) effectively linewidth narrowed when using an etalon, whereas it rolls over when

free-running.

Uncoated etalons, can work in both ways as a tilted band-pass filter, or to form a cou-

pled cavity. The linewidth of the fundamental, Stokes fields could be narrowed, not to an

extreme value. Using a 100 µm thick, uncoated etalon (A3), the CW polariton laser delivers

the THz power of 13.7 µW at 9.5 W diode pump power, and the fundamental linewidth of
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0.0068 nm, when the etalon used as bandpass filter. In the case of a coupled cavity con-

figuration, the THz power of 4.5 µW has been obtained with the fundamental linewidth of

0.0116 nm and the Stokes linewidth of 0.009 nm at FWHM.

In the case of coated etalons, they can only be used at normal incidence due to the large

walk-off losses, so that the laser cannot reach SPS threshold when it tilted. The benefit

of using an etalon in this way is that the linewidth can be greatly reduced. When using the

100 µm, R=30% etalon (B6), which a resulting linewidth of 0.008 nm (close to the instrument

limit) both in the fundamental and Stokes fields were observed. Linewidth can be further

narrowed by selecting the 250 µm thick, R=60% etalon to form a coupled cavity, and single

longitudinal mode could be achieved.

7.2.2 Differences

Examining the results achieved in Chapter 4 and 5, it is clear that not all the etalons give

rise to excellent performance in the CW THz laser, and this is associated with the etalon

properties, discussed in Section 4.3. The quality of the etalon is also quite important because

it associates with losses which can stop reaching SPS threshold in the CW polariton laser.

Different from the pulsed THz laser system, the losses in the CW system are far more critical.

It is found that the laser can reach SPS threshold for all examined etalons when inserted

at normal incidence, (presented in Chapter 5). However, only uncoated etalons (A3) and

(A4) can be used as an intracavity band-pass filter in Chapter 4, with the laser reaching SPS

threshold. The reasons behind these observations are due to the losses induced by the etalon

in these two ways. If the losses induced by the etalon, plus the general cavity round trip losses

are greater than the SPS gain, the laser cannot reach the THz laser threshold. Therefore, the

important finding is that the losses induced by etalon itself in the CW THz laser are critical to

understanding if the laser can work or not. It is noted that all the etalons used in Chapter 4 are

the same as that of in Chapter 5, assuming that the fixed insertion losses are the same. When

an etalon is used as an intracavity bandpass filter, walk-off losses are unavoidable because

the etalon is inserted at an angle, this dictating the band-pass filter characteristics. The analy-

sis of walk-off losses is described in detail in Section 4.3.2, and walk-off losses are calculated.
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Meanwhile, when the etalon is used to form a coupled cavity, there are no walk-off losses

involved because the etalon is inserted at normal incidence. Instead of inducing walk-off

losses, the etalon together with the output coupler in the fundamental field forms three mirror

cavities, and this effect impacts on the laser output through the generation of multiple closely

- spaced transmission features. The total reflectivity has been calculated and analysed as a

function of wavelength with the wavelength response in Chapters 5. In chapter 4 and 5, the

laser performance has been fully investigated using a 100 µm thick, uncoated etalon (A3).

It indicates that the laser performance has been improved using the 100 µm uncoated etalon

(A3) no matter which method of application. However, for the 100 µm, R=30% etalon (B6),

it only works in a coupled cavity regime. The losses induced by the method of application,

for these different etalons are compared in Table 7.1.

Table 7.1: Summary of losses induced by etalon (excluded fixed losses) in two ways (a)

bandpass filter (b) coupled cavity effect

Etalon type losses induced in (a) losses induced in (b)

100 µm, uncoated etalon (A3) 0.1% 0.1%

100 µm, R=30% etalon (B6) 1.25% 0.16%

250 µm, R=60% etalon (C9) 23.67% 0.35%

For the 100 µm, uncoated etalon (A3), the losses induced by the etalon are quite low, only

0.1% in both ways. The losses are low enough to tolerate, so the laser easily reaches SPS

threshold. Notably, the fundamental spectrum is broader when the etalon is used tilted,

because the longitudinal modes are only influenced by a single pass-band by one etalon.

In contrast, when the etalon forms a coupled cavity, the spectral response is influenced by

multiple, narrow resonances.

For a coated etalon, the walk-off losses are greater than the losses caused by coupled cavity

effects, so only when using such an etalon at normal incidence, can the laser reach SPS

threshold. For the 100 µm, R=30% etalon (B6), the losses induced by the etalon in two ways

are 1.25% and 0.16%, respectively. This effect of walk-off loss is even more apparent in the
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case of etalon C9.

7.3 Single longitudinal mode operation

Taking advantage of a coupled cavity configuration formed by deliberately inserting an etalon

at normal incidence, single longitudinal mode operation both in the fundamental and Stokes

fields has been successfully achieved using a high finesse etalon "C9". The THz linewidth

has been estimated to be less than 400 MHz, based on the measured fundamental and Stokes

linewidth of 70 MHz and 400 MHz, respectively. A maximum THz power of 18.2 µW at

1.99 THz with the diode pump power of 7.3W has been detected in this system. The observa-

tion of continuing increase in THz power was more prominent under this single longitudinal

mode operation.

The question as to why the output power of the THz laser improved when an etalon was

used, has been well explained with the investigation of phase mismatch in the SPS process.

This study shows that the phase matching efficiency approaches 1 (perfect phase matching)

when the fundamental linewidth is single longitudinal mode. On the country, if the linewidth

of the fundamental field is broader, the phase matching efficiency is distributed in the range

of 0-1, and the actual maximum phase matching efficiency value determined by fundamental

linewidth. In the "Free-running" laser, the overall fundamental bandwidth is 1.5 nm, but only

half of the entire bandwidth falls into phase matching efficiency over 50%.

The techniques used for narrowing the THz wave output by restricting the fundamental

and Stokes linewidths proved successful, and has led to single longitudinal mode operation.

The significant linewidth narrowing of CW intracavity SPS sources has also led to excellent

THz power levels which can be used for high resolution spectroscopy.

7.4 Summary

In summary, this thesis consists of two key parts: the first is improvement to laser perfor-

mance of CW intracavity SPS laser. Here, an order of magnitude increase in THz output

power has been achieved from this source design. The second part details the achievement
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of narrow linewidth, high output power from CW SPS lasers, with most emphasis on the use

of etalons in two ways.

Ultimately, the etalons have been proven to work in two ways in the CW THz laser; ei-

ther as a band-pass filter or to form a coupled cavity. Both ways can achieve the goal of

linewidth narrowing.

Figure 7.1: Summary of the THz power and the fundamental field linewidth using an etalon

as (a) band-pass filter (blue square) (b) in a coupled cavity (green star). (Data from the

"free-running" laser prior to this PhD candidature is presented in black [53].)

The significant linewidth narrowing of CW intracavity SPS sources resulting from this project

is summarised in Figure 7.1. The figure shows the key results in terms of the maximum THz

power and the corresponding fundamental linewidth when the best etalons are used in the

two distinct ways.

It is hoped that the development of the narrow linewidth, frequency tunable, continuous

wave, intracavity, polariton lasers, that has been presented in this thesis holds high potential

for applications in areas like imaging, telecommunications or high-resolution spectroscopy,

and contributes substantially to understand, and closing the "THz Gap".
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7.5 Future work

While extensive investigations have been carried out in this thesis both experimentally and

theoretically, there remains scope for future work in several areas. The results of this thesis

directly impacts the design and operation of narrow linewidth, CW intracavity SPS laser

technology. Many of the outcomes indicate interesting directions for further study, and

opportunities include.

7.5.1 Selecting the optimal etalon

Further work is also merited on narrowing the linewidth in CW intracavity THz lasers. The

use of etalon in two ways has been proven an effective method. However, the etalons used

in this thesis may not be optimal. The modelling for coupled cavity effects in Chapter 5.4

provides guidance on how to design cavity configurations using etalons, regarding to the

etalon position, thickness and coating. It would be useful to try a very high quality etalon

with a sufficiently large free spectral range and reasonable finesse. A 300 µm thick YAG

etalon coated to 30% reflectivity would likely be suitable.

It is difficult to draw conclusion whether it would be better to place a high finesse etalon only

in the fundamental cavity or to put two low finesse etalons in the fundamental and Stokes

cavities separately. This would be a worthy area of study.

7.5.2 Frequency stability

The CW intracavity THz laser with single longitudinal mode operation in this thesis suffered

from mode competition between adjacent modes in the laser cavity, leading to frequency

instability. The laser instability is undesirable for many applications. Several reasons for this

instability has been preliminaryly discussed in Section 6.5.2. An anti-vibration optical table

has been implemented in the system, and this helps reduce the vibrations from the physical

environment to make laser stable in a short time. However, it can not grantee the long-time

operation. In order to improve the laser stability, further understanding the reasons may

benefit to solve this problem. Stabilisation techniques such as Hänsch-Couillaud technique

is an option which may provide the necessary stability, particularly when operating single

longitudinal mode.
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7.5.3 THz linewidth measurement

A consequence of the instability of the THz sources in this thesis, is that the THz linewidth

could not be directly measured. Therefore, measuring the THz linewidth directly will be

ongoing work. The THz linewidth can be measured directly, in a number of ways including

utilising a THz F-P interferometer, or through measuring water vapour spectral features. This

work is interesting as it gives a way of quantifying how narrow the linewidth of the CW THz

source is. In addition, this approach may also demonstrate that the CW THz source is able to

resolve the narrowest water absorption feature in the THz frequency range. Precise tracking

the frequency of the CW source will be the key consideration. Here, accurate control may be

achieved through the use of high-prescision rotation stages. Once this has been accomplished

the construction of a THz spectrometer would then allow a critical comparison of this method

with that of THz-TDS and FTIR techniques.

7.5.4 Understanding the theoretical factors that affect the linewidth of

the THz laser

In general, beyond this thesis work, the study of CW intracavity polariton lasers is immature,

so there is scope for future work in several areas. The theoretical factors that affect the

linewidth are not particularly well understood for SPS systems. Obvious comparison can be

drawn from Raman and OPO systems to interpret our observations and measurements. These

will give us some insight into the process within an SPS system because this system can be

thought of as a combination of both SRS and OPO processes. What is happening within our

systems is not fully understood. The dynamics of the CW SPS system would be worth to

investigating.

7.5.5 Developing CW SPS sources with novel design

In the pulsed regime, the surface-emitted configuration has been applied to the SPS laser as

a technique to avoid the intrinsic limitations of the linear geometry. And the design of using

a fundamental wavelength of 1342 nm to completely avoid the negative effect of free-carrier

generation within silicon prisms was demonstrated, enhancing terahertz wave extraction. It

would be useful to transfer these strategies into the CW SPS system, improving the power

scaling.
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A
An Appendix

A.1 Earlywork onCWTHz lasers based on intracavity SPS

by this research group at Macquarie University.

Paper by Andrew Lee and Helen Pask. "Continuous wave, frequency-tunable terahertz laser

radiation generated via stimulated polariton scattering." Optics Letters 39(3), 442 (2014).

The work reported in this paper was completed at Macquarie University prior to the starting

of this research project, but it is a very important for the work studied during this PhD research

and for this reason is related in this thesis.



Pages 166-169 of this thesis have been removed as they contain published 
material under copyright. Removed contents published as: 

Lee, A. J., & Pask, H. M. (2014) Continuous wave, frequency-tunable terahertz 
laser radiation generated via stimulated polariton scattering, Optics Letters,  
Vol. 39, no.3, pp. 442-445. https://doi.org/10.1364/OL.39.000442 

https://doi.org/10.1364/OL.39.000442
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A.2 Summary of Mirror coatings

The transmission spectra for the laser mirrors which used in the fundamental and Stokes

cavities are attached. The mirror specifications are presented in Section 2.1.2.



Fundamental resonator end mirror M2 

 



 

LiNbO3 AR coatings 

 



Nd:GdVO4 crystal coating M1 

 

 



Stokes cavity mirror M3 

 

 

  



Stokes cavity mirror M4 
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A.3 Summary of etalon specifications

The specifications for the etalons used in this thesis are attached. The detail of etalons are

summarised in Table 2.4.
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A.4 Program for modelling total reflectivity R∗ in coupled

cavity effects

Matlab is a powerful and convenient tool for data calculation, modelling and viewing. Besides

that, this software supports creating GUI Applications, so Matlab was chosen to develop the

framework for "Coupled Cavity Effects Simulation GUI Application".

A.4.1 Setting key parameters

After analysing the parameters for calculating and simulating the process for the cavity effects

and concerning the visibility, flexibility and usability of the software application, the design

of our "Couple Cavity Effects Simulation GUI Application" is finalised, and the function

scope is listed below:

• Building the parameters:

� Reflectivity: R, R1, and R2

� Lossess: Loss1 (l1), and Loss2 (l2)

� Cavity length: Length1 (L1), and Length2 (L2)

• Axises range adjustment

• Graphics showing the result

• Graphic drag, zoom in/out and rotation.

• Graphics file save and package to "xxx.exe" application format

A.4.2 Procedures to build GUI application for R∗ in coupled cavity

effects

Open MATLAB software and click the "New" button and select "GUIDE", then choose

"Blank GUI (default)", then a black GUI project was obtained, as shown below in Figure A.1:
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Figure A.1: Procedures to build a GUI application.

After that, according to the functional parameters are finalised above, creating the com-

ponents and the widgets, including the input editors for all the parameters related to total

reflectivity R∗ in the coupled cavity effect calculation and axis adjustment, graphic view panel

and one button "Run" for executing the process. The final "GUI application" is shown in

Figure A.2 below. After the GUI components are finished, start implementing all functions

of the GUI application:

Figure A.2: Procedures to build a GUI application.

• Add the function of graphics move, zoom in/out, rotation and file save through the

"Toolbar Editor" as the Figure A.2 shown below.

To better retrieve the parameter, set the labels for each component and widgets, i.e. the

Figure A.3 showed below.
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Figure A.3: Procedures to build a GUI application.

• Create to call back functions for the axis range update buttons: "set x range" and "set

y range", then implement the function of update axis range inside the functions.

• Create the call back function for the "Execution" button. Leveraging the call back function,

implement the function of reading the parameters from the input component and widgets,

calculating the couple cavity effect, and updating the graphic view component.

All the functional program code is attached in the appendix A. After all the above pro-

cedures are completed, run the application and click the "Execution" button to verify the

result, and test each function works as expected. The running and testing results of the "GUI

application" in different axis scales are shown in Figure A.3.

Figure A.4: Procedures to build a GUI application.

A.4.3 Saving files and package to "xxx.exe" application format

A "Save" button is created to save the generated results in this "GUI application", so the

results can be saved as different formats to the destination. Besides, an "xxx.exe" application
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(a) (b)

(c)

Figure A.5: Procedures to build a GUI application.

format of this design is packaged via the following procedures, shown in Figure A.5.

• Type "deploytool" in the "Command Window", and the show up the "Compiler" win-

dow, choose the "Application Compiler".

• Add Matlab code file in the "MATLAB Compiler" window, and optional the "Appli-

cation Information", to change or use the default setting.

• Click "Package" button and the "GUI application" is generated.
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A.5 Journal paper 1

Journal paper resulting from this work: Ran Li, Yameng Zheng, David J. Spence, Helen Pask,

and Andrew Lee, Intracavity THz polariton source using a shallow-bounce configuration,"

accepted on 29th, Jan, 2018 (minor revision) for publication in Transactions on Terahertz

Science and Technology.
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Abstract—We demonstrate a frequency-tunable THz polariton 

source based on stimulated polariton scattering (SPS) in 

MgO:LiNbO3. The system produces THz emission using an 

intracavity, shallow-bounce configuration. Continuously-tunable 

THz emission across the frequency range 1.05 – 2.89 THz is 

demonstrated, and a maximum average THz power of 67.5 μW is 

detected at 1.34 THz, when pumped with 15.1 W from a 

continuous-wave laser diode at 880 nm. In contrast to 

conventional linear configurations, this shallow-bounce 

configuration offers enhanced THz output power across the 

systems entire THz frequency-tuning range, and especially at 

higher frequencies. This is achieved through careful consideration 

of the THz generation volume, and locating it as close as possible 

to the emitting surface of the polariton-active crystal, thereby 

minimizing the deleterious effect of absorption within the SPS 

crystal. In addition to experimental data, the degree of THz 

enhancement offered using this configuration, in contrast to a 

linear configuration is also investigated mathematically. 

Index Terms—Laser cavity resonators, nonlinear optics, 

solid-state lasers, stimulated polariton scattering (SPS), Terahertz 

generation, parametric generation, parametric oscillator 

I. INTRODUCTION

erahertz generation in the range of frequencies from 0.3 to 

10 THz is attracting attention for a wide variety of 

applications in defense and security [1], life sciences and 

medicine [2], non-destructive sensing [3] and ultra-high 

bandwidth communication [4]. Over the last five years, 

frequency-tunable THz sources based on stimulated polariton 

scattering (SPS) have been demonstrated in both 

continuous-wave (CW) [5], and pulsed (nanosecond [6], and 

picosecond [7]) modalities. The interest in these THz sources 

stem from their robust solid-state design, low pump-power 

requirements, and their ability to be frequency-tuned across a 

very broad frequency range, through the use of different 

nonlinear, SPS-active crystals. These include magnesium 

oxide-doped lithium niobate (MgO:LiNbO3) [5-10], potassium 

titanyl phosphate (KTiOPO4 or KTP) [11], potassium titanyl 

arsenate (KTiOAsO4 or KTA) [12] and rubidium titanyl 
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phosphate (RbTiOPO4 or RTP) [13, 14]. This has led to 

frequency-tunable THz radiation, with frequency ranging from 

0.8 to 6.3 THz, with sub-milliwatt-level average powers. In 

these sources, an Nd-based fundamental laser field (i.e. 

emitting at 1064 nm) is typically utilized to generate the Stokes 

and THz fields via SPS in an appropriate crystal. SPS 

frequencies generated must lie on the dispersion curve as well 

as on the phase-matching curve, that depends upon the 

intersection angle between fundamental and Stokes fields. 

Extracavity [15, 16] and intracavity [8, 9] configurations have 

been reported, however in this work, our focus is on intracavity 

configurations as they offer a compact, standalone approach to 

THz generation. 

In terms of intracavity SPS designs, two geometries have 

been demonstrated in the literature, the so-called linear 

configuration, and the surface-emitting configuration, with the 

latter implementing total-internal-reflection of both the 

fundamental and Stokes fields within a trapezoidal SPS crystal 

[10,14]. By far, the most dominant intracavity configuration 

has been the linear configuration (depicted in Fig. 1(a)), 

whereby a conventional cuboid crystal is used, through which 

the fundamental- and Stokes-fields resonate in a linear fashion 

[5, 8, 9]. The popularity of this design stems from its relative 

simplicity, and similarity to conventional end-pumped solid 

state laser designs.   

Within these laser systems, the THz field is produced 

through the SPS process, and its frequency and direction are 

dictated by the conservation of momentum of the fundamental 

(kf), Stokes (kS) and polariton fields (kTHz) (see Fig. 1). In 

MgO:LiNbO3, the external intersection angle (θext shown in 

Fig. 1 (a)) between fundamental and Stokes fields is typically 

adjusted from 1° to 3° and the corresponding THz field is 

generated at angles of around 63° to 65°, relative to the 

fundamental field. Because the emitting angle of the THz field 

exceeds the critical angle for total internal reflection (TIR) at 

the MgO:LiNbO3-air interface, high-resistivity silicon 

(Si)-prisms are typically bonded to the crystal side face to 

couple the THz field from the crystal into the air.  

Within the context of linear resonator geometries, two 

absorption losses impact the extracted THz power and 

frequency tuning range. One is the high absorption of THz 

radiation within the SPS crystal itself, especially when the 

system is tuned to a higher THz frequency (the absorption 

coefficient increases with THz frequency). The other is 

free-carrier absorption [17] which occurs when scattered 

near-infrared (e.g. fundamental and Stokes) fields induce free 

carriers via the photoelectric effect, which absorb the THz 

Intracavity THz polariton source using a 

shallow-bounce configuration 
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radiation, in the Si-prisms. The opportunity to overcome the 

latter source of loss was demonstrated in [18], when a 

fundamental-field wavelength of 1342 nm was used to 

circumvent the generation of free carriers within the Si prisms, 

as the photon energy is below the band-gap of Si. Little 

attention has however, been given to addressing the former 

source of loss, the inherent absorption within the SPS crystal. 

The impact that SPS crystal absorption has on the extraction 

of generated THz photons, is principally determined by the 

distance these photons must propagate through the SPS crystal, 

before reaching the surface of the crystal. In the case of a linear 

resonator, this distance is governed by how close the 

interaction, or overlap region of the fundamental and Stokes 

fields, can be located to the emitting surface of the SPS crystal. 

As depicted in Fig. 1(a), this must also accommodate for 

angling of the Stokes field within the SPS crystal, to achieve 

frequency-tuning; here clipping of the Stokes field becomes an 

issue at large intersection angles (ϴext). Given the typical 

fundamental and Stokes-field mode diameters used in these 

intracavity systems, and the range of intersection angles, the 

fundamental field mode is typically located at ~ 0.5 mm from 

the emitting surface of the SPS crystal.  

Fig. 1.  Schematic diagram of a) a linear configuration; and b) a shallow-bounce 
configuration. Wavevectors of the fundamental (kf), Stokes (kS), and THz (kTHz) 

fields (exaggerated for clarity), are shown for each configuration. 

While it may seem that this is a “hard limitation” 

encountered when using linear resonator geometries and cuboid 

crystals, this is not the case. To minimise the THz field 

propagation distance, and hence impact of THz absorption 

within the SPS crystal, it is necessary to locate the interaction 

zone as close as possible to the emitting surface of the crystal. 

This can be achieved by shallow-bouncing both the 

fundamental and Stokes fields [6], as sown in Figure 1(b). This 

configuration also facilitates the generation of two THz beams, 

as is required for many applications. 

In this letter, we present an experimental demonstration of a 

shallow-bounce, intracavity SPS THz system, and discuss its 

relative merits in comparison to conventional linear resonator 

designs. A mathematical investigation of the enhancement that 

this geometry offers over linear resonators is also given.  

II. EXPERIMENT DETAILS

The experimental setup is shown schematically in Fig. 2. It 

comprised two shallow-bounce resonators, one for the 

fundamental, and one for the Stokes field. A 0.3 at. % 

Nd:YVO4 laser crystal with dimensions 4×4×10 mm3, with 

both end surfaces anti-reflection (AR) coated for 880 nm 

(R < 0.5 %) and 1342 nm (R < 0.2 %), was utilized to generate 

the fundamental wavelength at 1342 nm. The crystal was 

end-pumped by a fiber-coupled diode laser (100 µm core 

diameter, NA ~ 0.22), capable of producing up to 30 W pump 

power at 880 nm. Two plano-convex lenses were used to obtain 

a ~ 150 µm pump beam radius inside the Nd:YVO4 crystal. A 

flat end-mirror (M1, R < 0.25 % at 880 nm and R > 99.9 % at 

1342 nm), an x-cut 5 at. % MgO:LiNbO3 SPS crystal (HC 

Photonics Corp.) and a concave high reflectivity (HR) mirror 

(M2, radius of curvature (ROC) = 1000 mm; R = 99.9 % at 

1342 nm) defined the fundamental field resonator, which had a 

length of 260 mm. The MgO:LiNbO3 crystal had dimensions of 

5×5×20 mm3, and was AR coated on both end surfaces 

(R < 0.2 % at 1340 – 1380 nm at normal incidence). The 

fundamental field beam entered the crystal at an angle of 12°, 

relative to the normal of the crystal end-face. A protective 

Teflon layer with ~ 150 nm thickness (AF Amorphous 

Fluoroplastic Solutions; AF 2400; Chemours) was applied 

(spin-coated) to the bounce surface, to prevent laser damage at 

high pump power, the effect of which has been detailed in [10]. 

An intracavity acousto-optic Q-switch (NEOS, 

33027-25-2-1-1.3) was used to achieve pulsed operation at a 

repetition rate of 5 kHz. 

Fig. 2. Intra-cavity shallow-bounce configuration layout, angles are 

exaggerated for clarity. 

A separate pair of HR mirrors (M3 and M4, 

ROC = 1000 mm; R = 99.9 % from 1340 – 1380 nm) were 

used to construct a 95 mm-long Stokes resonator which 

oscillated and bounced the Stokes field at the same TIR surface 

and position as the fundamental field. Two high-resistivity 

Si-prisms with angles of 33°/33°/114° (dimensions 

6×6×10 mm3) were placed in close proximity to the 

Teflon-coated, polished x-z surface of the MgO:LiNbO3 

crystal. These prisms extracted two THz beams at angles of 

~ ± 30° relative to the SPS crystal bounce surface. Both Stokes 

mirrors were D-shaped to avoid clipping of the fundamental 

field, and were mounted on independent rotation stages. THz 

frequency tuning was achieved by rotating two Stokes mirrors 

(M3 and M4) to tune the intersecting angle (θ shown in Fig. 2) 

between the fundamental and Stokes field resonator axes. In 
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this work, the fundamental field bounce angle was 84.5o.  

Inspection of white-light interference fringes produced by 

the gap between the Si-prisms and MgO:LiNbO3 crystal 

indicated a gap that varied between 0.5 µm and 2 µm. The 

performance of the THz emission was not sensitive to the 

precise value of the gap, however the presence of the gap, 

which comprises 150 nm Teflon and the remainder of air, is 

essential to enabling low loss TIR of the fundamental and 

Stokes beams within the MgO:LiNbO3 crystal, and high 

transmission of the THz beam from the MgO:LiNbO3 into the 

Si-prism. Our calculations, taking into account the evanescent 

waves which extend into the gap [19], show that for the 

fundamental and Stokes (wavelength ~ 1340 – 1360 nm), low 

loss TIR (i.e. R > 99.9 %) can be achieved for gaps in excess of 

450 nm. In other words, there is minimal frustration of the TIR 

for the near-infrared fields. For the THz radiation (wavelength 

~ 100 – 300 µm), TIR is strongly frustrated, and the 

transmission is in excess of 85 % for gaps below 2 µm. The 

maximum THz transmission, limited by Fresnel reflection at 

the MgO:LiNbO3/Si interface is ~ 91 %. 

The THz output beam was chopped by a mechanical chopper 

(Thorlabs MC2000B) at a frequency of 10 Hz (50 % duty 

cycle), and was detected by a Golay cell (Tydex, GC-1P), while 

the leakage powers of the fundamental and Stokes fields were 

measured using a thermal power meter (Thorlabs S310C) after 

M2 and M3 respectively. A long pass filter (Tydex, LPF 14.3) 

was put in front of the Golay cell detector (which includes a 

TPX window) to block any scattered signals, except for the 

THz radiation. The spectra of both near-infrared wavelengths 

from the fundamental and Stokes field resonators were 

monitored using a calibrated Ocean Optics grating 

spectrometer (NIRQuest 512). The frequency of the generated 

THz radiation was calculated from the difference in frequency 

of the fundamental and Stokes field wavelengths.  

 

III. RESULTS AND DISCISSION 

In this work, the combined maximum average THz power of 

the two emitted THz beams was 67.5 μW, for an incident CW 

pump power of 15.1 W, with the system generating emission at 

1.34 THz. The power transfer curves for the fundamental, 

Stokes and THz fields are shown in Fig. 3. The threshold pump 

power for oscillation of the fundamental field was 1.6 W, and 

the SPS threshold was reached for an incident diode pump 

power of 7.2 W. Up to 35 % depletion of the fundamental field 

was observed at the maximum detected THz power, as 

determined by blocking/unblocking the Stokes resonator to 

disable/enable SPS. 

 
Fig. 3.  Power transfer curves for the fundamental (SPS disabled and SPS 

enabled), Stokes, and THz fields under CW pumping at 1.34 THz 

 

The temporal profiles of fundamental and Stokes fields were 

investigated using two photodiodes (Thorlabs, PDA10CS). For 

an incident pump power of 15 W, the fundamental pulse width 

decreased from 74 ns to 57 ns at full width at half-maximum as 

a consequence of SPS, when the Stokes field cavity was 

blocked and unblocked, and the Stokes pulse width was 

typically 29 ns. The spatial profiles of the dual-beam THz 

emission were also explored. The horizontal and vertical beam 

profiles were each measured at positions of 1 mm, 6 mm and 

20 mm from the surface of the Si-prisms using a 10 % to 90 % 

knife-edge method. A high divergence, full-angle of ~ 11° was 

measured in the vertical plane while the horizontal beam profile 

showed a much lower divergence of ~ 0.5°. 

The THz frequency tuning range was characterized at the 

maximum incident pump power and is shown in Fig. 4 (black 

dots). The dips in the spectrum are due to water vapor 

absorption features in the laboratory atmosphere. The 

intersection angle between fundamental and Stokes axes was 

adjusted by M3 and M4 with an external rotation angle from 

0.9° to 3.3°. The corresponding tuning range of the Stokes 

wavelengths and THz frequencies were from 1348.3 to 

1359.7 nm, and 1.05 to 2.89 THz, respectively. Also shown 

(red dots) is the frequency-tuning characteristic of a 

linear-configuration resonator [18].  
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Fig. 4.  THz frequency tuning characteristics of the shallow-bounce (black dots) 

and linear configurations (red dots, replicated from [18]) 

We mathematically compared the generation volume and 

overall THz extraction efficiency of both the linear and 

shallow-bounce geometries depicted in Fig. 1. In the traditional 

linear resonator, there is a compromise between minimizing the 

THz field propagation distance and maintaining broad 

frequency-tunability; this is not a compromise in a shallow 

bounce configuration. 

In a commonly-used model of SPS THz lasers [20], the 

exponential Stokes field gain is proportional to the fundamental 

field intensity. The THz field is assumed to be in steady-state 

with the local fundamental and Stokes fields, and the THz 

losses (due to the infinite plane wave assumption). This leads to 

a THz photon generation rate proportional to the local 

fundamental and Stokes fields. In these intracavity lasers, the 

fundamental and Stokes beams are both resonated and change 

slowly during each round trip, and the beams radii do not 

significantly change through the cavity. We assume top-hat 

beam profiles, such that all regions of overlap between the 

fundamental and Stokes beams within the crystal contribute 

equally to Stokes gain and to THz generation.  

We first calculate the overlap region VG between the 

fundamental and Stokes beams, which provides a measure of 

the generated THz power (for a given fundamental and Stokes 

power). THz photons generated near the surface of the crystal 

have a much higher probability of exiting the crystal without 

absorption, given by e-αx, where α is the absorption coefficient, 

and x is the distance the THz photons must propagate to the 

crystal edge, from their generation location. Accordingly, we 

can calculate an extraction-weighted overlap volume VE, as the 

sum of overlap elements, each weighted by the e-αx. The ratio 

ƞ1 = VE / VG quantifies the fraction of generated photons that 

reach the exit surface of the MgO:LiNbO3, for a particular 

geometry. The output coupling efficiency (ƞ2) represents how 

many of these THz photons can be coupled from the 

MgO:LiNbO3 into the air, and takes account of the various 

Fresnel losses, frustrated-total-internal-reflection losses (in the 

case of the shallow-bounce cavity), and Si-prism absorption 

[21]. We can then compare the overall THz extraction 

efficiencies (η1 × η2) for the resonator designs.  

In these calculations, we modelled a 5×5×25 mm3 cuboid 

MgO:LiNbO3 crystal. In the linear configuration, a 0.5 mm 

distance was assumed between the THz-emitting edge of the 

MgO:LiNbO3 crystal, and the bottom edge of the internally 

propagating fundamental field mode, consistent with our 

experiments in [9,18]. The fundamental and Stokes fields are 

assumed to be two top-hat beams with diameters of 0.4 mm and 

0.3 mm respectively. The calculations were performed across a 

THz frequency tuning range of 1.3 to 2.2 THz. 

TABLE I 

MATHEMATICALLY-DETERMINED GENERATION 

AND EXTRACTION-WEIGHTED VOLUMES FOR 

LINEAR, SHALLOW-BOUNCE, AND 

SURFACE-EMITTING CONFIGURATIONS, ALONG 

WITH EXTRACTION EFFICIENCIES. 

Shallow-bounce 

cavity 

Linear cavity 
1

.3
T

H
z 

VG (mm3) 

1.56 

  0.60 

1.56 

         0.54 

VE (mm3) 

Ƞ1 38.5% 34.6% 

Ƞ2 63.8% 60.9% 

Ƞ1 × Ƞ2 24.5% 21.1% 

2
.2

T
H

z 

VG (mm3) 

1.18 

   0.26 

1.18 

         0.05 

VE (mm3) 

Ƞ1 22.0% 4.2% 

Ƞ2 62.4% 58.1% 

Ƞ1 × Ƞ2 13.7% 2.5% 

Table I shows that the shallow-bounce cavity exhibits the 

highest overall extraction efficiencies (η1 × η2) at both 1.3 THz 

and 2.2 THz. A plot comparing the fraction of THz photons that 

reach the exit surface (η1), in both the linear and 

shallow-bounce configurations, as a function of generated THz 

frequency is shown in Figure 5. 
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Fig. 5. Plot of the fraction of THz photons reaching the emitting surface (η1 ) for 

the linear (blue) and shallow-bounce (black) configurations, as a function of 

generated THz frequency.  

These calculations show that while mode overlap and THz 

generation volumes are a key consideration in these laser 

designs, ultimately, careful thought must be given to the overall 

effect of THz absorption at different THz frequencies, along 

with output coupling efficiency. These results show that the 

shallow-bounce configuration maintains the highest overall 

THz extraction efficiency across modelled THz frequencies, 

and holds promise as the configuration which will yield the 

highest overall THz power.  

Data exists for a reasonable comparison to be made between 

the performance characteristics of a linear [18], and a 

shallow-bounce configuration (this paper), and this is 

summarized in Table. II. 

TABLE. II 

SUMMARY OF INTRACAVITY SPS THz 

PERFORMANCE USING MgO:LiNbO3, COMPARING 

LINEAR AND SHALLOW-BOUNCE CONFIGURATIONS 

Linear 

configuration at 

1.3 THz 

Shallow-bounce 

configuration at 

1.3 THz 

SPS 

threshold 

5.0 W 7.2 W 

Max 

fundamental 

field depletion 

33 % 35 % 

Max THz 

power (CW 

pumping) 

23.6 µW @ 

12.5 W diode 

pumping 

67.5 µW @ 

15.1 W diode 

pumping; ~39 µW 

@ 12.5 W diode 

pumping 

Frequency 

tuning 

1.00 – 

2.30 THz 

1.05 – 

2.89 THz 

Both linear and shallow bounce configurations are based on a 

Nd:YVO4 laser crystal generating a 1342 nm fundamental field 

wavelength, and a MgO:LiNbO3 crystal as the SPS medium. 

Higher average THz output power and extended THz frequency 

tuning range are both observed in the shallow-bounce 

configuration. Indeed, following the ratio of overall extraction 

efficiencies, one would anticipate a 48 % increase 

(35 %/23.6 %) in overall THz power comparing the shallow 

bounce design to the linear design.  

As shown in Fig. 4, the THz signal in the linear configuration 

drops much faster than the shallow-bounce case for frequencies 

above 1.8 THz. This is consistent with the modelling shown in 

Figure 5, where in the linear case, the fraction of generated THz 

photon reaching the emitting surface, decreases dramatically as 

THz frequency increases, in comparison with the shallow 

bounce configuration. The shallow-bounce configuration has a 

higher threshold for SPS than the linear configuration, and this 

is attributed to reflection losses at the SPS crystal end-faces for 

the non-normal (~ 12°) angle of incidence of the fundamental 

and Stokes beams.  

It should be noted that this study is focussed on improving 

the geometry of linear-configuration systems utilising cuboid 

crystals. There is no surface emitting configuration 

performance data to which our calculations can be fairly 

compared. The most similar source is reported in [10], but the 

laser crystal (Nd:YAG vs Nd:YVO4), pumping scheme (50 % 

duty cycle pumping vs CW pumping) and fundamental field 

wavelength (1064 nm vs 1342 nm) are different, leading to 

different laser and SPS gains. It should be highlighted however, 

that while surface-emitting configurations such as those 

detailed in [10], do not require the use of Si prisms for 

out-coupling the generated THz field, the fundamental and 

Stokes fields inherently have very steep bounce angles. As 

as-such, much of the interaction zone between the fundamental 

and Stokes fields is located further away from the exit surface 

of the SPS crystal, and many of the generated THz photons will 

suffer absorption loss as they propagate to the exit surface. 

IV. CONCLUSION

In conclusion, a shallow-bounce configuration has been 

demonstrated in an intracavity Q-switched SPS THz source 

using MgO:LiNbO3, combined with a fundamental wavelength 

at 1342 nm. Dual-beam THz emission (with similar output 

powers and beam profiles) was achieved with a combined, 

maximum average power of 67.5 μW for an incident CW pump 

power of 15.1 W, which is a major advance on the previous best 

power of 23.6 μW, obtained using a conventional linear cavity 

design under 12.5 W CW pumping. THz frequency coverage 

ranged from 1.05 to 2.89 THz, which is broader than that 

achieved from a linear design (i.e. from 1.00 to 2.30 THz). We 

have modelled the generation and extraction efficiency of this 

configuration, and have found that it has the greatest potential 

for high THz output power, across a broad THz frequency 

range. The dual-beam THz emission is unique and may suit 

self-referenced experiments/applications, and THz 

interferometry [22], without the need for THz beam splitters. 
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