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Abstract

Solid-state Raman lasers represent a convenient way of shifting the output of lasers to
longer wavelengths with enhanced brightness. In the continuous-wave (CW) regime,
the conversion is challenging due to the inherently low gain of the third-order nonlinear
process. High pump intensities are needed to reach threshold, and thus many CW
Raman lasers utilize cavity architectures in which the pump and Stokes beams are
resonated. However, the power-scaling of such devices becomes challenging due to
thermal effects in the Raman medium and potentially other intra-cavity elements.

This thesis presents a novel approach to the power-scaling problem. It is shown
that a combination of optical quality diamond with an external-cavity Raman oscilla-
tor design enables efficient CW Raman conversion and high-power output. Diamond
Raman lasers (DRLs) were studied under continuous and quasi-continuous-wave high-
power pumping using conventional Nd and Yb laser technologies. A fourfold increase
in output power of crystalline Raman lasers (up to 22 W) was achieved with a good
conversion efficiency (45% optical-to-optical), and the first demonstration of a fibre
laser pumped DRL is also presented.

Theoretical models were derived in order to describe the DRL performance. The
models were used to determine optimization procedures to maximise power and effi-
ciency as a function of design variables of the laser cavity, pump laser, and diamond
size and quality. Diamond polarization properties, in particular the birefringence, were
found to be crucial to achieving efficient and predictable performance. The models were
also used to predict design when scaling output power and to determine performance
limiting factors.

The investigated DRL architecture was found to be well suited for the examination
of the fundamental aspects of frequency broadening in Raman lasers. A DRL was
investigated using a single-frequency fibre laser system as the pump laser. The ob-
served laser dynamics, which include some unexpected observations of amplitude and
frequency instabilities, highlight some key areas for future development of stimulated
Raman scattering theory.

This study of power-scaling of Raman lasers shows that the developed DRL systems
have the potential to operate efficiently with any high-power high-spectral-density laser
technology. The superior thermal properties of diamond make the design constraints
more flexible and help to mitigate loss mechanisms. This thesis shows that there are
excellent prospects for highly efficient operation when power scaling well-beyond the
100 W level, and greatly narrowing the power gap between Raman lasers and other
high-power laser technologies.
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1
Introduction

Throughout the 50 years of laser development a broad family of gases, liquids and
solids have been used as laser active media. Dye lasers are still used in spectroscopy
due to their very broad wavelength tuning range. Gas CO2 lasers are frequently used
in industrial applications for cutting and welding, and the helium-neon laser remains
popular for alignment of optics, interferometers and also serves as an optical frequency
standard. Due to the practical difficulties with handling fluids the focus is continually
shifting towards solid-state technologies. In an attempt to find the ideal material, the
lasing properties of many crystals, ceramics and glasses doped with active rear-earth or
transition metal ions [1] have been investigated. However, only a small number of these
have found their way into widespread use and commercial products. The best known
are neodymium-doped YAG, YVO4, YLF and glass; ytterbium-doped YAG and glass;
erbium and thulium-doped YAG and glass; and titanium-doped sapphire [2]. The main
advantages are their low production and maintenance costs, the ability to generate high
average and peak power and brightness, and in some cases wide tunability (Ti:Sapphire
and Yb lasers).

Lasers operate over a massive range of timescales, offering pulse durations from less
than a femtosecond up to continuous wave (CW) output. Lasers providing long pulses
or CW output are often necessary for applications requiring large quantities of photons
over time without necessarily high peak intensities. CW lasers are also often more
convenient for generating highly monochromatic radiation. Therefore, CW lasers are
in demand for a host of applications such as materials processing, spectroscopy, atom
cooling, directed energy, interferometry, and surgical and medical treatments. How-
ever, the laser wavelengths that best suit an application often lie outside the emission
spectrum of mature laser technologies. The output wavelengths of solid-state lasers,
which are dictated by the limited choice of effective fluorescent dopant ions, are mainly
restricted to a few choices in the vicinity of 1µm (Nd, Yb), 1.5µm (Er), and 2µm
(Tm), especially for lasers generating high average power and high brightness. There-
fore nonlinear frequency conversion is of major interest for broadening the wavelength
coverage of CW lasers.

Harmonic generation uses the second-order (χ(2)) nonlinearity of crystals to generate
shorter wavelengths in the visible and ultraviolet parts of the spectrum. Conversion
to longer wavelengths is achieved using parametric conversion schemes such as optical
parametric oscillators (OPOs) and Raman lasers. In OPOs, pump photons are split into
two photons (called the signal and the idler) in a χ2 nonlinear medium with an energy
sum equal to the input pump photon. The energy ratio (and thus the wavelengths)
and conversion efficiency are defined by the phase-matching condition in which the

1



2 Introduction

complex amplitudes of the waves interact in phase to achieve efficient coupling. The
OPO output wavelengths are continuously tunable as phase-matching is continuously
tuned by, for example, varying incident angles or temperature. Various OPO laser
systems cover the optical spectrum from the ultraviolet to the mid-infrared with CW
output power up to about 25 W [3–5].

Raman lasers utilize the third-order (χ(3)) nonlinear interaction of a pump laser with
phonon vibrations of the Raman media, to generate an output Stokes beam. The three
waves have to interact in phase, as in OPOs; however, because momentum is readily
conserved through the material vibration, the process is automatically phase-matched
[6]. This important characteristic of Raman lasers enables designs to be simplified,
more robust and with relaxed constraints on thermal management. The wavelength
shift is defined by the natural frequency of the material’s phonon oscillations, which
is typically around 1000 cm−1 for crystals. By cascading the nonlinear interaction,
Raman lasers are able to generate multiple wavelengths in discrete steps separated
by the Raman shift. A further important consequence of automatic phase-matching
is the ability for Raman lasers to bring about an improvement in the beam quality
of the incoming beam. One disadvantage of Raman lasers, however, arises due to
the inevitable decay of the generated phonons into heat. Thus thermal effects are
important considerations in high power Raman laser design.

1.1 Review of CW Raman laser technologies

Being a third-order nonlinear interaction, attaining threshold in Raman lasers generally
requires large field intensities. In order to reduce threshold the CW pump field is
generally either resonated together with the Stokes field, as utilized in intracavity and
resonantly-enhanced pump Raman lasers, or the interaction length is long as in Raman
fibre lasers.

Raman laser designs can be divided into the categories shown in Fig. 1.1. The lasers
are arranged according to the degree of separation between the inversion and Raman
gain processes. Gas Raman lasers are mostly resonantly-pumped systems due to the
low Raman gain coefficient [7], and fibre Raman lasers can be considered externally
pumped [8]. Crystalline Raman lasers, however, can fall into any of these categories
[9, 10].

Self-Raman lasers consist of crystals (or glass) that have a high Raman gain and are
doped with laser active ions and placed in a cavity resonant for both the fundamental
and Stokes wavelength [11]. They benefit from a monolithic design and thus a small
footprint, inherent stability and robustness. On the other hand, power-scaling is limited
due to the combined heat load caused by the quantum defects of the inversion and
inelastic Raman scattering. The material choice, and therefore the available Raman
shift, is also limited as not all Raman crystals are suitable hosts for laser active ions.
In many cases the Stokes field is out-coupled via harmonic generation or frequency
mixing, resulting in output in the lime-yellow-orange spectral region [12–14]. Self-
Raman conversion has also been used to generate radiation at the sodium resonance
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Figure 1.1: Different configurations and pumping schemes of Raman lasers. The mirror
coating color, green and red, corresponds to high reflectivity at respective pump and Stokes
wavelength.

line at 589 nm [15].

The heat load is better distributed for separated Raman crystal [9, 16–18]. Lasers
based on this configuration and using various Raman crystals have been demonstrated
with several watts of visible output power [19–21]. Due to the increased number of
permutations of Raman crystals and laser media, the range of accessible wavelengths
is broader than for self-Raman lasers. However, thermal lensing in the laser and Ra-
man crystal forms a dynamic system that requires careful balancing, and places some
restrictions on the cavity design and maximal power, hence the output powers have
been limited to approximately 5 W [10, 22, 23].

The interaction between the fundamental and Raman gain media is further reduced
in the case of the so-called external cavity Raman laser. Whereas pulsed pumping has
been investigated in detail [10, 23], the development of CW-pumped external cavity
Raman lasers has proved to be challenging. In order to reduce the threshold to values
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accessible by common CW lasers (below 10 W), strong focusing, low intra-cavity loss,
and low output-coupling are essential. Grabtchikov et al. [24] and Lisinetskii et al.
[25] first demonstrated a CW Raman conversion in external cavity setup. A Ba(NO3)2

crystal, which had the highest Raman gain amongst the readily available crystals at
the time, was pumped by a green argon-ion laser emitting at 514 nm in order to reduce
lasing threshold. However, even when operated at double the threshold of 2.5 W,
the output power was only 164 mW, yielding a conversion efficiency of 3.3%. Severe
thermal loading prevented any further increase in power and efficiency. The only second
example is a continuously-pumped silicon waveguide laser [26]. In this case, losses due
to two-photon-induced free-carrier absorption limited the output power to only about
10 mW, with 1.5% conversion efficiency.

Another method which substantially reduces the threshold, but adds significant
complexity, is by resonantly-enhanced pumping. When a high-finesse cavity, resonant
for the pump and Stokes wavelengths, is frequency-locked to a single-frequency pump
laser, the pump field builds up in the resonator increasing to up to several orders of
magnitude, thus providing the intensity needed to reach the Raman lasing threshold.
This technique has been demonstrated to reduce the threshold to the 10 mW level in
gaseous Raman media, but has not been widely used due to its intricacy . Brasseur,
Repasky, Roos and Carlsten demonstrated a H2 and D2 Raman laser pumped by a con-
ventional Nd:YAG laser [7, 27–29] and directly by a diode laser [30]. The output power
of these devices was at the several mW level. In deuterium, higher power operation up
to 300 mW has been reported by Green et al. [31].

Raman fibre lasers are a technology combining the robustness and high power of
fibre lasers with Raman scattering in mostly silica glass. Due to optical confinement
over long distances, thresholds are reduced; however, the main focus of research to
date has been on amplification of telecommunications signals and laser generation in
the mid-infrared [3]. As in inversion fibre lasers, the heat distribution over a long
length has allowed up to 150 W and 301 W of CW Stokes output to be demonstrated
[8], [32], respectively. However, substantial linewidth broadening at elevated power
levels prevents efficient harmonic conversion to the visible spectrum. A frequency-
doubled Raman fibre laser has been demonstrated generating 3 W at 589 nm [33]. The
linewidth of the Stokes output increased from 22 to 85 GHz over the Stokes output
power range from 5 to 25 W. Since the Raman shift in glass fibres is shorter than
in crystals (400− 600 cm−1), the cascaded Stokes orders are more closely spaced. A
cascaded Raman fibre laser with subsequent frequency-sum mixing was demonstrated
with output at six visible wavelength from 550 to 625 nm [34]. The power, however,
was only a few milliwatts. Other advanced glasses, such as GeO2 pumped by Tm lasers,
have been used to convert laser radiation in the 2µm region at watt level powers [35].

A relatively recent concept is stimulated Raman scattering in gas filled hollow core
photonic crystal fibres. Output powers in the first Stokes component have reached
55 W [36], which contrasts with the resonantly pumped gas Raman lasers with mil-
liwatt output. Although this technology is likely to suffer from many of the usual
impracticalities of gas handling, there is a significant potential for investigating of a
variety of nonlinear interactions including stimulated Raman scattering [37, 38].
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1.2 The route to CW high power Raman conversion

An external cavity, singly-resonant Raman architecture is a highly attractive concept
as it is applicable to a large selection of mature and off-the-shelf CW solid-state lasers
including high power Nd and Yb doped crystalline and fibre lasers.

The use of crystalline Raman media is desired because of their higher Raman gain
coefficients compared to gases and glass (see Tab. 1.1) and smaller spectral broadening
then in fibres [23]. However, thermal problems in conventional molecular-ion crystals
(and two-photon-induced free-carrier absorption in the case of silicon) hinders efficient
Raman conversion at high powers [25, 39]. The tight focusing needed to reach a mod-
erate lasing threshold results in strong thermal lensing in conventional Raman crystals
and prevents efficient Raman conversion [24]. Therefore, in order to substantially in-
crease output power, the requirements on the Raman crystal are high Raman gain,
high damage threshold and excellent thermal properties, especially thermal conductiv-
ity and thermal expansion [40].

Table 1.1: Physical and Raman properties of selected materials [7, 10, 41].

Gas Molecular xtals Bulk glass Group IV
(H2, D2) (WO4, VO4, NO3) (SiO2, GeO2) Silicon Diamond

Raman gain 1 4–10 0.01–0.1 15 10
coeff. @ 1064 nm
[cm/GW ]
Material length 7 1–5 3000 4 1
[cm ]
Thermal cond. 0.2 5–10 1 150 2000
[Wm−1K−1 ]
dn/dT -4 -20–10 8 215 15
[10−6 K−1]
Transp. range broad 0.3–5 < 2.5 1–6 > 0.23
[µm ]
Raman shift 4000 400–1000 400–600 521 1332.3
[cm−1 ]
FoM (1.1) ≈0.04 ≈2–40 ≈5–50 ≈70 ≈760

1.3 Diamond properties

Diamond, the most famed and fabled of all gemstones, is unique in many ways.
Renowned for being the hardest substance on earth, its durability, and “inner fire”
has captivated people’s imagination since ancient times. Until only recently, however,
the rarity of natural diamond limited its use in science to only a few niche applications,
such as microscope lenses and spacecraft windows [42].
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The chase for artificial synthesis of diamond was a dream similar to the search for the
Philosophers’ Stone. The supposedly first successful synthesis in 1880 by J. B. Hannay
[43] could not be repeated under the conditions he described. Diamonds produced by
Sir Ch. A. Parsons in 1888 were not preserved, and thus could not be confirmed by
the later-developed X-ray diffraction techniques. Samples synthesized by H. Moissan
in 1893 were similarly lost [44]. There is a strong belief based on an X-ray powder
diffraction measurement that C. V. Burton in 1905 first successfully prepared synthetic
diamond [45]. However, the first reproducible experiment in diamond synthesis was
reported in 1955 by the General Electric Company [46].

Today the extreme properties of artificial diamonds are harnessed in a large vari-
ety of applications, from cutting and drilling tools reinforced by micro-diamonds, to
advanced detectors in particle accelerators [47]. In optics the focus is shifting from
diamond windows [48–50] and lenses [41, 49, 51] towards cutting-edge quantum and
nano-sensing technologies [52].

In lasers, the two order-of-magnitude higher thermal conductivity of diamond com-
pared to most other optical materials makes it well suited for effective heat dissipation,
and the wide transparency range allows its use as optical elements across many parts of
the spectrum [41, 51]. Incorporation of rare-earth laser ions into diamond is problem-
atic, however, due to the extremely dense lattice [53] (diamond being the most dense
lattice known to man [41]), and lead to deteriorated optical properties at large doping
concentrations. Laser action in diamond using stimulated Raman scattering currently
represents a more viable approach.

Although Raman scattering has been observed in diamond as early as 1963 [54],
poor optical quality of available natural and synthetic diamond prevented its use as
a practical Raman laser material. In the last decade, however, advances in synthesis
techniques have led to the manufacturing of single-crystal (SC) diamond slabs of length
one centimetre or more [50], with quality that is in many ways higher than what can
be found in nature.

It is the combination of high Raman gain and excellent thermal properties that sets
diamond apart (see Tab. 1.1 for comparison). The Raman gain is amongst the highest
observed in crystals, and the thermal conductivity of 2000 Wm−1K−1 at room temper-
ature is second only to graphene [55] amongst all materials known to man. Together
with a small thermal expansion coefficient and moderate thermo-optic coefficient, these
characteristics greatly reduce the severity of thermally-induced effects. For example,
the thermal fracture limit is a critically important parameter. Adopting a formula for
the stress fracture limit for an end-pumped crystal [40], the critical amount of heat
which can be deposited into diamond is Plimit = 1 MW [41], which is four orders of
magnitude higher than YAG (<100 W) in an end-pumped rod configuration [56] .

One way to gain an approximate measure of the relative ability of a material to
power scale is to use figure of merit (FoM) as derived by Lubeigt et al. [57]. The
thermal lens strength in a Raman medium is proportional to the heat deposited due to
the Raman shift ∆λ and thermo-optic coefficient dn/dT and is inversely proportional
to the thermal conductivity K and beam area S. The lasing threshold is proportional
to the mode size S and inversely proportional to the gain coefficient gr and crystal
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length l. The FoM defined as

FoM =

∣∣∣∣∣ Kgrldn
dT

∆λ

∣∣∣∣∣ , (1.1)

which is inversely proportional to the thermo-optic induced lens strength for a given
heat load. A comparison of diamond with other important Raman media given in
Tab. 1.1 shows that diamond has a FoM 760, or 10-20 times larger than other crystals.
Interestingly, a FoM of silicon has similar value to glass, due to its high thermal conduc-
tivity. The potential for power-scaling is impaired, however, by the two-photon-induced
free-carrier absorption.

The estimated potential of individual CW Raman technologies for power-scaling is
summarized in Fig. 1.2. Gas-based systems are relatively sophisticated systems requir-
ing single-frequency pump sources, frequency locking, pressure management and han-
dling of gaseous media. However, the very narrow single-frequency operation is desired
in many spectroscopic applications where output power is not essential. Solid-state
Raman lasers are relatively simple devices with a small footprint and with potential
for delivering higher output power. Raman fibre lasers have excelled in output power to
date (up to 301 W [32]), but exhibit substantial frequency broadening (unless actively
managed) due to the broad inhomogeneous Raman linewidth and due to frequency
mixing processes [58]. In some applications, the spectral width of the generated laser
radiation is less important than the output power. However, applications such as atom
cooling, guide stars, and long distance ranging are examples where substantial laser
power at narrow, specific wavelengths is necessary and for which external CW diamond
Raman technology is more suitable.

1.4 Diamond Raman lasers

Maturing of single-crystal diamond synthesis has sparked new interest from laser sci-
entists. Since the emergence of good quality material since 2005, several different
diamond Raman lasers have been reported to date.

1.4.1 Pulsed pumping

The first observation of stimulated Raman scattering in synthetic diamond of nanosec-
ond and picosecond pulses is attributed to Kaminskii et al. [59, 60]. A total of 45%
energy conversion from the pump to up-to four Stokes components was obtained.

To exploit the naturally-higher Raman gain at shorter wavelengths, Mildren et al.
focused the second harmonic output of a Q-switched Nd:YAG laser (at 532 nm) into
an external diamond Raman cavity [61, 62]. The output power increased linearly with
a 75% slope efficiency up to 1.2 W. With conversion efficiency of 63.5%, the diamond
Raman laser took its place alongside the most efficient Raman converters. A year later,
Sabella et al. [63] demonstrated nearly quantum limited (84%) conversion and 2 W of
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Figure 1.2: Comparison of CW Raman laser technology as functions of Raman linewidth
and output power. External cavity DRLs are promising for increasing the power capabilities
of crystal Raman converters to the level currently obtained using Raman fibres.

output power at 1240 nm. A pulsed diamond Raman laser, employing the intracavity
design, was also investigated by Lubeigt et al. [64]. The generated wavelengths were
further extended to “eye-safe” wavelengths (1485 nm Sabella et al. [65] and 1630 nm
Jelinek et al. [66]) and to mid-IR [67].

On the short-wave side of the spectrum, pulsed operation of a diamond Raman
laser in the deep-UV was investigated by Granados et al. [68]. The diamond was
synchronously-pumped by the fourth harmonic of a mode-locked Nd:YVO4 laser. The
maximal pulse energy of 1 nJ was limited only by the available pump power.

Picosecond Raman scattering and pulse shortening in diamond has been demon-
strated by Spence et al. [69]. A mode-locked 532 nm laser with 26 ps pulse duration
synchronously-pumped an external cavity diamond Raman laser. The average output
power reached up to 2.2 W with pulse durations of 21 ps at the yellow wavelength of
573 nm. By varying the cavity length, the pulse duration was decreased to a minimum
of 9 ps.

1.4.2 High average power operation

Power scaling of pulsed diamond Raman lasers and possible cryogenic operation has
been investigated by Feve et al. [70, 71]. The total output power from both ends of the
Raman cavity summed to 24.5 W and the slope efficiency was 57%. They demonstrated
experimentally that cryogenic cooling of a diamond does not lead to a performance
enhancement for short-pulse pumping.

Power scaling with dual output at first and second Stokes wavelengths 1240 and
1485 nm has been demonstrated by McKay, Liu, this author, and Mildren [72] (see
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App. A 3). The dual output power reached 14.5 W with slope efficiency of 65%. During
both of these experiments, and in the work of Feve et al, no power roll-off was observed
as expected given the excellent heat-handling capabilities of diamond.

1.4.3 Continuous wave operation

Prior to the work presented in this thesis, CW operation of DRLs has been reported
only in intracavity or coupled-cavity arrangements. The first demonstration of 200 mW
output used a Nd:YVO4 laser and a diamond Raman crystal within a simple oscillator
resonant at the fundamental and Stokes wavelengths [57]. Due to the cavity arrange-
ment, thermal effects in the Nd:YVO4 limited the efficiency.

To demonstrate continuously-tunable Stokes output Parrota et al. [73] utilized
a diode-pumped InGaAs semiconductor disk laser, with diamond in a coupled-cavity
Raman oscillator. The output power and efficiency were 1.3 W and 14.4% (with respect
to absorbed diode-laser pump light), respectively. Due to tunability of the pump laser,
the Stokes output wavelength was continuously tuned from 1217 nm to 1244 nm.

Multi-watt CW output has been reported by Savitski et al. [74, 75] and the diamond
performance compared to that of a KGW. A coupled-cavity Raman resonator with a
diode pumped Nd:YLF pump laser was utilized. The Stokes output reached 5 W at the
maximal laser diode pump power of 150 W with 12% diode-to-Stokes slope efficiency.
Since no saturation behaviour was observed, the laser was limited by the available
pump power.

So far a CW Raman conversion in diamond has been shown only in an intracavity
laser configuration with several watts of output power and conversion efficiency below
30%. While the results are promising a true highly efficient high power conversion
is yet to be demonstrated. The aim of this thesis is to determine the external-cavity
diamond Raman architecture potential for high power beam conversion.

1.5 Thesis outline

To provide necessary background the reader is introduced with the theory for Raman
scattering in Chap. 2, with particular reference to diamond. The quantum and classical
description presented leads to Raman rate equations and a derivation of the Raman
threshold. The pertinent Raman and optical properties of diamond are reviewed.

Chap. 3 presents the first demonstration of efficient conversion in external cav-
ity Raman laser and subsequent power-scaling. The Raman resonator is designed to
provide a moderate threshold of about a third of the available pump power. The ex-
periments reveal that diamond outperforms all other Raman crystals in terms of CW
output power and efficiency. The main factors limiting conversion and slope efficiency
are identified. After these demonstrations, a second higher power quasi-CW pump laser
is designed to study Raman lasing at higher powers. No power roll-off was observed
suggesting further increases in output are likely using increased pump powers.

An analytical model is derived in Chap. 4 for optimizing performance and predicting
behaviour at higher powers. The model is used to optimize design parameters for
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efficiency and output power. Strategies to increase of the conversion efficiency near
the quantum limit are outlined. Model predictions show that diamond’s properties are
highly promising for order-of-magnitude power-increase beyond demonstrated 10 W
level.

Due to characteristic isolation of the Raman and fundamental pump generation
processes intrinsic to the external cavity design, the investigated DRL is an ideal test-
platform for studying the polarisation and longitudinal mode properties in detail. In
Chap. 5 the influence of a pump polarisation and diamond birefringence on DRL per-
formance is investigated. The impact of these factors is elucidated and design consid-
erations for further experiments, in particular at increased power levels are presented
and discussed.

In Chap. 6, spectral broadening in a DRL pumped using a single-frequency is inves-
tigated in detail. The results are compared and contrasted with broadening in inversion
lasers and the expected broadening properties of Raman scattering. The implications
of the results on future single-mode DRL development are discussed.

Chap. 7 summarizes all results and key findings. The implications of discoveries
made during the project for various future DRL systems are presented and discussed,
along with suggestions for future work.



2
Theory of stimulated Raman scattering in

diamond

The Raman effect was independently predicted by several scientists between 1923 and
1927 ([76, 77] among others) but first observed by C. V. Raman and K. S. Krishnan in
1928 [78]. Five years later an early semi-classical theory was developed by G. Placzek
[79]. A year after the realisation of the laser by Maiman [80] in 1960, stimulated
Raman scattering (SRS) was first observed by Woodbury and Ng [81]. Since then
many scientists have contributed to the development of the theoretical description.

This chapter describes the theory of stimulated Raman scattering in the context
of diamond. First, a quantum description of Raman interaction is given to show the
origin of spontaneous scattering and its transition to the stimulated process. Important
quantities such as scattering cross-section are defined at an atomic level. A classical
description is also provided as the macroscopic nonlinear interaction of waves forms
a more intuitive picture of the stimulated Raman scattering interaction. Maxwell’s
equations are introduced as a foundation of the light propagation and interaction with
matter. Assumptions leading to derivation of a paraxial wave equation are explained
and used to describe third order nonlinear processes. Their general form describes the
pump and scattered Stokes-wave interaction through a phonon wave excited in the
material.

The Raman scattering theory is then applied to diamond as the material of choice
in this thesis. Diamond’s physical and optical properties are reviewed, and the crys-
tallographic structure of diamond and its significance for Raman lasers is explained.

2.1 Quantum description of Raman scattering

The theoretical background given here is based mainly on the reviews given by Pen-
zkofer [6] and Boyd [82]. Quantum mechanics treats Raman scattering as an interaction
between an electromagnetic field and a two-level molecular system. The Raman scat-
tering process, together with absorption and Rayleigh scattering for comparison, is
shown in Fig. 2.1. The two level quantum system transits, with a certain probability,
from its initial state |i〉 to the final state |f〉 by absorbing a photon with energy equal
to the difference between the two levels. There is also a probability to transit from |i〉
to |f〉 through a virtual level |v〉 by scattering a photon of much higher energy. Raman
scattering leads to an energy level transition and thus to a change in energy (frequency)
of the incoming photon (inelastic scattering) as opposed to Rayleigh scattering (elastic

11
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scattering).

Figure 2.1: Interaction of a two level quantum system with photons. The molecule can
transit from an initial state |i〉 to a final state |f〉 either by absorbing a photon with energy
equal to the energy difference between the two states (~ωr), or by scattering a photon of much
higher energy (Raman scattering). For Rayleigh scattering, the final state of the molecule is
the same as the initial state.

The total physical system can by assigned a Hamiltonian H which contains the
energy contributions of the molecular system Hm electromagnetic field Hem and the
interaction between the electric fields and molecular vibrations Hint.

H = Hm +Hem +Hint. (2.1)

The Hamiltonian of the uncoupled two level molecular system contains kinetic and
potential energy summed over all molecules (index i)

Hm =
∑
i

1

2m

(
q̇2
i

)
+ ω2

r q
2
i , (2.2)

where q is the local coordinate, m reduced mass and ωr transition frequency. The
Hamiltonian of the electromagnetic field is given as

Hem =
1

8π

∫ (
εE2 +

1

µ
B2

)
dV, (2.3)

where, E is the electric field, B is the magnetic field, µ is permeability of the material
and V is the integration volume.

The interaction Hamiltonian responsible for Raman scattering is treated by an
electric dipole approximation. The Placzek approximation is used to expand the po-
larisability α as a function of coordinate q

α(t) = α0 +

(
∂α

∂q

)
0

q(t). (2.4)

The term linear in q enters the interaction Hamiltonian

Hint = −1

2

∑
i

(
∂α

∂q

)
0

q(ri)E(ri)E(ri), (2.5)
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where ri denotes the position of the ith molecule. The Raman coupling between the
electromagnetic field with arbitrary frequency and the molecular transition is non-
resonant as shown in Fig. 2.1.

After a second quantization of the field variables is applied, the Hamiltonians of the
molecular system and the radiation are represented by ensembles of harmonic oscillators

Ĥm =
∑
km

~ωr

(
b+
km
bkm +

Î

2

)
, (2.6)

Ĥem =
∑
kem

~ωkem

(
a+
kem
akem +

Î

2

)
, (2.7)

where the subscripts the subscripts m and em stands for material and electromagnetic
quantities, respectively, a+, b+ are creation and a, b are annihilation operators, the Ĥ, Î
stand for Hamiltonian and identity operators, ωr is material resonance frequency (i.e.,
the Raman frequency) and ωkem frequency of the electromagnetic radiation with wave
vector k and ~ the Planck’s constant divided by 2π.

And the interaction Hamiltonian is given as

Ĥint =

(
∂α

∂q

)
0

π
√
N0~3

nSnPV
√
m

∑
kS,kP

√
2ωPωS

ωr

(~eS~eP)
(
b+
km
a+
kS
akP

+ bkmakSa
+
kP

)
∂
(
~kP − ~kS − ~km

)
, (2.8)

where N0 is the number of molecules, nS,P are the indices of refraction for the Stokes
and pump, respectively, ~eS,P are the polarisation vectors for the Stokes and pump,

respectively, and ~kS,P,m are the wave vectors for Stokes, pump and material waves,
respectively and m is reduced mass.

The quantum system can be described in terms of occupation numbers mS, mP,
and mm. Then the interaction Hamiltonian is used to calculate the total rate of Stokes
photon generation. The increase in the number of Stokes photons is the difference
between the rate of scattered Stokes photons at the expense of pump photons, and
the inverse process. Applying Fermi’s golden rule and energy conservation, the rate of
Stokes photon generation is expressed as

dmS

dt
= N

(
∂α

∂q

)2

0

4π3

n2
SnPmc0

IP

∑
kS

ωS

ωr

(~eS~eP)2 (1 +mS +mm) ∂ (ωS − ωP + ωr) , (2.9)

where N = N0/V is the number density of molecules, IP = ~ωPc0/(nPV )
∑

kP
mP is

the pump laser intensity and the term mSmm has been neglected since mS,mm � mP.
It can be seen from Eq. (2.9) that three terms contribute to Raman scattering into

the Stokes component. The first term grows linearly with pump intensity and repre-
sents spontaneous Raman scattering. The second term is proportional to the number
of Stokes photons mS already present, and thus causes mS to increase exponentially
with the pump intensity. This term represents stimulated Raman scattering. The last
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contribution corresponds to parametric coupling between the Stokes field and the ma-
terial excitation mm. Since the occupation number of the vibrational state is close to
the value of thermal equilibrium it is negligible in many cases [6].

Raman scattering in a two energy level molecular gas explicitly depends on the
dot product of the pump laser and Stokes polarisation vectors (~eS~eP). In crystals
however, the polarisability in Eq. (2.4) is a tensor and the expansion is a function of
relative displacement between two sub-lattices of the crystal (only diatomic crystals
are assumed). The normalized tensor part of the polarisability determines the relative
Stokes scattering efficiency (anti-Stokes Raman tensor can be derived in similar manner
[6]), and is called the Raman scattering tensor. This can be obtained by treating
the scattering process by third-order time-dependent perturbation theory, which for
diamond and zinc-blende structures has been performed by Loudon [83].

In general the polarisability tensor can be simplified by assuming that the Raman
frequency ωr is sufficiently small compared to the pump laser and Stokes frequencies.
The shift of a typical crystalline Raman media is about 1000 cm−1 (i.e., frequency of
30 THz) and the wavelength of the electromagnetic fields around 1µm (i.e., frequency
of 300 THz). Therefore, in crystals, this approximation holds for scattering of light with
wavelengths much shorter than about 10µm. The polarisability αzy,x then depends on
electronic charge e and mass m of the atoms as

αzy,x = − e2

m2ω2
P~2d

Rx
zy(−ωP, ωP, 0), (2.10)

where d is the lattice constant, and the Raman tensor Rx
zy has the same symmetry

properties as αzy,x.
The Raman tensor describes the probability amplitude for Raman scattering as

function of input and output polarisations of a particular crystallographic group. The
phonon can participate in Raman scattering if its irreducible representation is equal to
one of the reduced representations of the polarisability tensor. The irreducible Raman
tensors for most of the crystallographic groups can be found in [84].

When the Raman tensor is known, the Raman scattering efficiency S is given as

S = A

( ∑
ρ,σ=x,y,z

eσPRσ,ρe
ρ
S

)2

, (2.11)

where A is a proportionality constant, eσP and eρS are the components of the laser and
Stokes unit vectors along the principal axes σ and ρ.

When the pump and Stokes polarisation vectors are aligned with the maximum
change in polarisability tensor, the scattering efficiency reaches a maximum and the
vector dependance in Eq. (2.9) can be eliminated.

The Stokes power PS = ~ωS dmS/ dt, spontaneously scattered in a solid angle ∆Ω
is given as

PS = V N

(
∂α

∂q

)2

0

ω4
S~nS

2c4
0mωrnP

IP∆Ω (2.12)

= V N
∂σ

∂Ω
IP∆Ω,
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where c0 is speed of light in vacuum and integrated scattering cross-section is defined
as

∂σ

∂Ω
=

(
∂α

∂q

)2

0

ω4
S~nS

2c4
0mωrnP

. (2.13)

Equation (2.12) clearly shows the linear dependance of spontaneous Stokes power on
pump laser intensity.

In the case of stimulated scattering when mS � 1, the growth of an individual
Stokes mode kS is given as

dm(kS)

dt
= N

(
∂α

∂q

)2

0

4π3

n2
SnPmc0

IP

∑
kS

ωS

ωr

(~eS~eP)2 (1 +m(kS)) ρ (ωS − ωP + ωr) . (2.14)

Equation (2.9) has been generalized by the introduction of the spectral line-shape
distribution ρ(ω). Its width is determined by the molecular damping processes and
the finite frequency width of the incident pump laser. For a laser linewidth narrower
than the Raman linewidth and a homogeneously broadened molecular transition, a
Lorentzian line shape is expected

ρ(ωS − ωP + ωr) =
Γr/2π

(ωS − ωP + ωr)
2 + (Γr/2)2 . (2.15)

The linewidth Γr is inversely proportional to the dephasing time T2 of the physical
system and represents full-width-half-maximum (FWHM) of the homogeneous Raman
line.

Once mS � 1, the solution of Eq. (2.14) predicts exponential growth of the Stokes
photons. The peak gain coefficient gS at the center of the Raman line ωS = ωL − ωr is

gS = N

(
∂α

∂q

)2

0

4π2ωS

nSnPc2
0mωrΓr

= N
∂σ

∂Ω

8πc2
0

n2
S~ω3

SΓr

. (2.16)

The Raman gain coefficient thus depends on the integrated scattering cross-section and
the Raman linewidth.

The quantum theory explains the origin of Raman scattering as the interaction of a
quantized electromagnetic field with a two energy-level quantum system. At first, the
Stokes power grows linearly. However, once a sufficient number of Stokes photons are
present the exponential solution dominates the Stokes output. The small-signal Raman
gain coefficient depends on the Raman linewidth and the scattering cross-section of the
material. Once the process becomes stimulated the large number of Stokes photons
can be described as a classical electromagnetic field.

2.2 Classical theory of Raman Scattering

In the classical description the propagation and macroscopic interaction of electromag-
netic waves in media is described by Maxwell’s equations in the form
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∇× E = −∂B
∂t
, (2.17)

∇×H = J +
∂D

∂t
, (2.18)

∇ ·D = ρ, (2.19)

∇ ·B = 0, (2.20)

which specify the generation of electric and magnetic fields E and H and their in-
teraction with charges ρ and currents J . The interaction is described by constitutive
relations

D = ε0E + P = εE, (2.21)

B = µ0(H +M) = µH, (2.22)

J = σE. (2.23)

The electric displacement D and magnetic induction B are related to their respective
field strengths through the permittivity ε = ε0εr and permeability µ = µ0µr, where
subscript 0 denotes free space and subscript r denotes the relative value of a material.
The polarisation P of a material depends on the electric field as

P = ε0(εr − 1)E = ε0χeE, (2.24)

where the electric susceptibility χe is a measure of how easily the material becomes
polarised (and in analogy for magnetization M). The conductivity σ is the proportion-
ality constant between the electric current density J and the electric field E.

For the following analysis, an interaction with a nonlinear dielectric (µ = µ0) media
is assumed. The dielectric is isotropic (full rotational symmetry), homogeneous (full
translational symmetry), source free (charge density zero) and non-conducting (free
current density J is zero). These assumptions are valid for propagation and Raman
scattering in gases and some liquids. For anisotropic crystals, ε or χe are generalized
to tensors.

Due to the nonlinear response of the media, the polarisation density vector P is a
function of the electric field and can be expressed as a power series

P = ε0
[
χ(1)

e E + χ(2)
e E2 + χ(3)

e E3 + ...
]
≡ PL + PNL, (2.25)

where χ
(1)
e describes linear interactions PL (e.g., refraction). The quantities χ(2)e , χ(3)e

are second and third-order nonlinear susceptibilities giving rise to additional frequen-
cies in the light spectrum. The second order optical interactions occur only in non-
centrosymmetric media, i.e., crystals without inversion symmetry. Third-order effects
on the other hand do not have symmetry restrictions and are present in all substances.

One approach to describe nonlinear interactions is to derive a wave equation with
nonlinear polarisation as a driving term. Applying a ∇× operator on Eq. (2.17) and
using standard vector identities the wave equation acquires the form

∇2E − n2

c2
0

∂2E

∂t2
=

1

ε0c2
0

∂2PNL

∂t2
, (2.26)
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where the index of refraction is defined as n = c0/c =
√
εr.

Stimulated Raman scattering can be described classically by the nonlinear polari-
sation [82]. The following treatment is restricted to a scalar approximation for clarity.

An optical field applied across a dielectric induces a polarisation in the material
proportional to the molecule dipole moment ~p and number of molecules N . The induced
dipole moment, described by a damped harmonic oscillator is

~p (z, t) = α~E (z, t) , (2.27)

~P = Nα~E (z, t) , (2.28)

where α is the polarisability of the molecule. The fundamental assumption is that
the polarisability is not constant but depends on the internuclear separation q(t) (the
Placzek approximation [79])

α(t) = α0 +

(
∂α

∂q

)
0

q(t). (2.29)

When the molecule is periodically oscillating due to an applied harmonic field the
polarisability will also periodically change. Therefore the refractive index of coher-
ently oscillating molecules will be modulated in time and impress frequency sidebands
upon the transmitted electromagnetic wave, separated by the resonant frequency of
the oscillator ±ωr.

The molecule is forced to oscillate under the influence of the electric field according
to the equation of motion

d2q

dt2
+ 2γ

dq

dt
+ ω2

r q =
F (t)

m
, (2.30)

where γ is the damping constant, ωr denotes the resonance frequency of the oscillator,
F (t) is the force inducing the vibration and m is the reduced nuclear mass. The force
is exerted by the applied optical field in the form of energy W required to establish an
oscillating dipole moment

W =
1

2
α
〈
E2 (z, t)

〉
, (2.31)

F (z, t) =
dW

dq
=

1

2

(
dα

dq

)
0

〈
E2 (z, t)

〉
, (2.32)

where angle brackets represent a time average over an optical period. When it is
assumed that the pump laser frequency ωP and the Stokes frequency ωS ≈ ωP−ωr are
present in the optical field, the total electric field can be written as

E(z, t) = AP exp [i (kPz − ωPt)] + AS exp [i (kSz − ωSt)] + c.c., (2.33)

and the time varying part of the applied force is

F (z, t) =

(
∂α

∂q

)
0

{APA
∗
S exp [i (Kz − Ωt)] + c.c.} , (2.34)
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where K = kP − kS and Ω = ωP − ωS.
After substituting Eq. (2.34) into Eq. (2.30) the amplitude of the molecular vibra-

tion is

q(Ω) =

(
∂α
∂q

)
0
APA

∗
S

m (ω2
r − Ω2 − 2iΩγ)

. (2.35)

This solution can be used in (2.28) to find the nonlinear part of the polarisation

~PNL(z, t) = N

(
∂α

∂q

)
0

[
q(Ω)ei(Kz−Ωt) + c.c.

]
×
[
APei(kPz−ωPt) + ASei(kSz−ωSt) + c.c

]
.

(2.36)

Several frequency components are present in the solution. The part oscillating at fre-
quency ωS is called the Stokes polarisation and its complex amplitude can be expressed
as

~PNL(ωS) = N

(
∂α

∂q

)
0

q∗(Ω)APeikSz = 6ε0χ
(3)
R (−ωS;ωP,−ωP, ωS) |AP|2ASeikSz, (2.37)

where the Raman part of the third order susceptibility χ
(3)
R , written so that the real

and imaginary part are clearly identified, is defined as [85]

χ
(3)
R (−ωS;ωP,−ωP, ωS) =

N
(
∂α
∂q

)2

0
(ω2

r − Ω2)− iN
(
∂α
∂q

)2

0
2Ωγ

6ε0m
[
(ω2

r − Ω2)2 + 4Ω2γ2
] . (2.38)

The spatial evolution of the Stokes, anti-Stokes and pump waves can be derived by
using the appropriate nonlinear polarisations as a driving term of the wave equation
(2.26). The sign of the imaginary part of the susceptibility determines whether the
wave will be amplified or attenuated. The development of the wave amplitudes and
intensities I = |E|2 c0nε0/2 in the slowly varying amplitude approximation is given as

dAS

dz
= i

3ωS

nSc0

χ
(3)
R (ωS)

∣∣A2
P

∣∣AS, (2.39)

dAP

dz
= i

3ωP

nPc0

χ
(3)
R (ωP)

∣∣A2
S

∣∣AP, (2.40)

dIS

dz
= − 6ωS

nSnPc2
0ε0

Imχ
(3)
R (ωS)IPIS, (2.41)

dIP

dz
= − 6ωP

nSnPc2
0ε0

Imχ
(3)
R (ωP)IPIS. (2.42)

Since Ω = ωP−ωS is positive, the imaginary part of the Stokes susceptibility (2.38)
is negative and therefore the Stokes component is amplified according to Eq. (2.41).
Since a scalar approximation is used, the growth depends only on the laser fields
intensities. The process is automatically phase-matched and pump phase distortions
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are not directly transferred to the Stokes field. Using susceptibility identities it can be
shown that the imaginary part of the susceptibility at pump laser frequency is positive
and therefore the growth of the Stokes field occurs at the expense of the pump laser
field.

A similar argument can be used for the anti-Stokes component. Since χ
(3)
R (ωa) =

χ
(3)
R (ωS)∗, the photons spontaneously scattered in the anti-Stokes wave will be atten-

uated. As can be seen from Fig. 2.2, the real and imaginary part of the Stokes and
anti-Stokes susceptibilities are mirrored over the pump laser frequency. Efficient gen-
eration of anti-Stokes laser radiation is possible only by fulfilling a phase-matching
condition of a four-wave mixing component of the third order susceptibility.

Figure 2.2: Real and imaginary parts of the Stokes ωS and anti-Stokes ωa susceptibilities.

This classical description can explain amplification of the Stokes radiation by the
interaction of the pump and Stokes laser fields in a nonlinear medium. The beating
between the co-propagating pump (initially strong) and Stokes (initially weak) waves
induce molecular vibrations (mutually coherent with the laser fields) at their resonance
frequency. The induced oscillating polarisability leads to amplification of the Stokes
wave at the expense of the pump. The amplified Stokes wave beats more strongly with
the pump, producing stronger molecular oscillations and thus further increasing the
conversion of the pump to the Stokes and so on.

2.3 Raman laser equations

For a quantitative description of SRS two sets of differential equations are required; one
for the electromagnetic fields and one for the description of the molecular system. The
equations can be derived from the wave equation (2.26) and the equation of motion of
molecular oscillations (2.30).

It is beneficial to first simplify the general wave equation. Assuming that all inter-
acting waves are harmonic in time and, neglecting the second derivatives, the derived
Helmholtz’s equation of interacting waves propagating in z direction is given as [86]

n

c0

∂E

∂t
+
∂E

∂z
+

1

2ε0c0n
E =

iω

2ε0c0n
PNL. (2.43)
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The equation of the material vibrations (2.30), with the electric field composed of
two frequencies ωP and ωS (2.33) as a driving force, is a source of material waves (i.e.,
phonons). The induced nonlinear polarisation PNL in a material (2.37) is the source
of new electromagnetic waves described by the Eq. (2.43). The electromagnetic fields
together with the material vibrations can be written as

nP

c0

∂AP

∂t
+
∂AP

∂z
= i

3ωP

nPc0

χ
(3)
R (ωP)qAS −

1

2ε0c0nP

AP, (2.44)

nS

c0

∂AS

∂t
+
∂AS

∂z
= i

3ωS

nSc0

χ
(3)
R (ωS)qAP −

1

2ε0c0nS

AS, (2.45)

∂q

∂t
+ Γq =

i

2mωr

(
∂α

∂q

)
0

APA
∗
S, (2.46)

where the pump and Stokes are resonant with the Raman transition ωP − ωS = ωr. In
most cases the molecular vibrations are heavily damped.

When the excitation pulse has much longer duration than the dephasing time of
the optical phonons (typically picoseconds for most crystals) the transient behaviour
of the SRS can be neglected. Therefore the solution to the equation of molecular
vibrations can be substituted into Eq. (2.44) and (2.45). Introducing intensity in the
same way as in Eqs. (2.39–2.42) (I = |E|2 c0nε0/2), the rate equations for pump and
Stokes intensities are obtained as

nP

c0

∂IP

∂t
+
∂IP

∂z
= −gPIPIS − αPIP, (2.47)

nS

c0

∂IS

∂t
+
∂IS

∂z
= gSIPIS − αSIS, (2.48)

where αS,P are absorption loss coefficients for the Stokes and pump fields, respectively
and the small-signal Raman gain gS = gPωS/ωP is defined by Eq. (2.16) and the
susceptibility is given by Eq. (2.38). Equations for additional Stokes components can
be added in a similar manner.

If the pump and Stokes fields are time-independent (CW lasers), the time derivatives
can be set to zero and the equations further simplify to

∂IP

∂z
= −gPIPIS − αPIP, (2.49)

∂IS

∂z
= gSIPIS − αSIS. (2.50)

Neglecting the depletion of the pump wave, the integration of Eq. (2.50) from 0 to the
length of the interaction L gives an exponential solution

IS(L) = IS(0) exp (gSIPL− αSL). (2.51)

The Stokes beam is exponentially amplified as it propagates down the Raman medium.
At threshold the premise of an un-depleted pump field is fulfilled. Therefore, the

threshold condition can be derived by equating the round-trip gain and the loss within
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the resonator.

Ith
P =

2αSL− ln(R)

2gSL
, (2.52)

where R is the the total reflectivity of resonator mirrors.

To correctly predict the Stokes output power as a function of the incident pump,
the depletion of the pump beam must be taken into account. The coupled Eq. (2.49),
(2.50) are generally solved numerically, or under certain conditions can be treated
analytically (as in Chap. 4).

2.4 Diamond as a Raman medium

The Raman crystal chosen for the external cavity Raman laser in this thesis is a syn-
thetic single-crystal (SC) diamond. In this section the basic principles of SC diamond
growth and its properties are presented and the general Raman scattering theory is
applied to diamond.

2.4.1 Optical-quality diamond growth

The use of diamond as a Raman gain medium places stringent requirements on the
crystal quality. Stress-induced birefringence and residual absorption due to impurities
elevate the laser threshold and compromise its performance (see Chaps. 3 and 5).
Therefore, only samples made by chemical-vapor-deposition (CVD) where the growth
conditions can be tightly monitored and controlled have been used to demonstrate
efficient DRL operation.

CVD synthesis of high quality diamond has been described and reviewed by Friel et
al. [41, 50]. The method utilizes a hydrocarbon source gas introduced into a chamber
under low pressure (tens to hundreds of Torr). The substrate is heated to around 700
to 1200 ◦C. In order to provide the reactive components the gas mixture has to be
activated. Several methods can be used including hot filament, microwave plasma,
arc-jet and others [41].

The microwave plasma deposition (MPCVD) activation technique currently pro-
vides the highest-quality diamond for optical applications. In a growth chamber, the
microwave plasma provides energy to drive the chemical reactions. Single or poly-
crystalline diamond can be grown depending on the substrate [50].

Single-crystal diamond must be grown on single-crystal diamond substrates, usually
on a 100-oriented surface [50]. Dopants can be introduced during the process in a
controlled manner; however, even without deliberate doping, some level of impurities
and defects is unavoidable [50]. The level of defect formation is linear with crystal
growth-rate, but inversely proportional to the square of the atomic hydrogen flux.
Therefore there is a trade off in growth-rate when synthesizing high quality material.
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2.4.2 Diamond lattice structure

Diamond’s lattice is composed of highly-symmetrical covalently-bonded carbon atoms.
To understand the crystallographic geometry, the terminology and structure are ex-
plained in this section.

Diamond’s atomic structure belongs to the O7
h-Fd3̄m space group and consists

of two interpenetrating face centered cubic (FCC) Bravais lattices (red and blue in
Fig. 2.3) displaced along the body diagonal of the cubic cell by one quarter the length of
the diagonal. However, the full diamond lattice is not Bravais, since the environment of
each point differs in orientation from the environment of its nearest neighbours [84, 87].

Figure 2.3: Two interpenetrating FCC lattices (in red and blue) form diamond’s crys-
tallographic structure. Top left – seen in perspective for an arbitrary angle, top right –
orthographic view along [1̄1̄1̄] direction, bottom left– orthographic view along [1̄00] and bot-
tom right – orthographic view along [1̄1̄0] direction.
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Figure 2.4: Crystallographic directions and orientation of planes defined by Miller indices.

The crystallographic planes and directions are labeled using Miller indices [88].
After associating unit vectors with a right handed x,y,z Cartesian coordinate system
in a crystal, designation of the specific planes (hkl) is enclosed in parentheses, and
directions perpendicular to the planes in brackets [hkl], as shown in Fig. 2.4. It is
often useful to refer to all equivalent planes or directions. The family of such planes
and directions is written in braces {hkl} and chevrons 〈hkl〉, respectively. The bar
above a number denotes opposite direction.

Distinguished directions with respect to the crystallographic structure are shown
in Fig. 2.3. In the following chapters the vertical direction is defined as the [001]
direction, and the horizontal as the [1̄10] direction. The beams, in all cases in this
thesis, propagate through the crystal parallel to the [1̄1̄0] direction (or generalized to
〈100〉 and 〈110〉 respectively). The beam polarisation direction is usually aligned with
either the [1̄11] or [11̄1] direction, but is refereed to simply as 〈111〉.

During CVD deposition, the diamond grows in the 〈100〉 direction and with {111}
faces on its sides [41]. For use in Raman lasers, the samples’ sides are cut to form {110}
planes (see Fig. 2.5), as propagation of the pump along the 〈110〉 direction and having
the orientation of its polarisation parallel to the 〈111〉 axis maximizes the Raman gain
(see later Sec. 2.4.4).

2.4.3 Diamond properties

Natural and synthetic diamonds can be classified according to their level of impurities
into two categories. Type I samples contain more than 5 ppm of mainly nitrogen in
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Figure 2.5: Illustration of a diamond sample (right), cut from the general diamond shape.
The sample sides are formed by {110}, and top and bottom by {100} planes.

either aggregated form (Ia) or as a single substitution (Ib). More than 98% of all
natural diamonds are type I. Specimens with less than 5 ppm of impurities are called
type II. In type IIa, nitrogen is the main impurity and the diamond is electrically
insulating. If the major impurity is boron, the diamond is a p-type semiconductor and
of type IIb. In this work, SC CVD diamonds with nitrogen content between 0.02 and
0.1 ppm and reduced stress-induced birefringence are used. This very unique material
is sometimes labeled as type IIIa by the manufacturer, Element Six [51].

Type IIa CVD-grown samples exhibit all the extreme properties for which diamond
is known. Of many outstanding properties (extreme hardness, dielectric strength, and
high speed of sound) there are several that are of particular interest for developing
lasers. Thermal conductivity, which is crucial for high power operation, is highest in
diamond amongst any bulk material at room temperature and is more than several
hundred times higher in diamond than glasses and most crystalline materials. For SC
CVD diamond, the thermal conductivity is about 2000 Wm−1K−1 [50, 51] and second
only to graphite in the form of mono-layer – graphene. That makes it ideal for thermal
management and high power applications such as heat sinks and kilowatt-class CO2

laser windows. However, bonding of diamond with other materials is not trivial due to
its very low thermal expansion of 1.1× 10−6 K−1. The thermo-optic coefficient dn/dT
is positive and moderate compared to other crystals. As a result, heat deposited in the
crystal due to optical pumping or inelastic (i.e., Raman) scattering generates (positive)
thermal lenses of strength several orders of magnitude weaker than in other materials
under an identical thermal load (see Sec. 3.5.1 for details).

The diamond transparency range is also exceptional, spreading from the deep UV
to far the IR. The absorption spectrum shown in Fig. 2.6 highlights the absorption edge
at 225 nm, associated with diamonds indirect band gap, and 2 and 3-phonon excitation
peaks between 2.5 and 6.5µm.

Diamond, like all crystals, is subject to optical imperfections and extrinsic losses
due to impurities and structural defects. The dominant cause of absorption loss in
high-quality SC diamond, however, is nitrogen. In the gas phase, during CVD diamond
synthesis, nitrogen increases the speed of growth; however, it also influences the optical
properties. Nitrogen atoms incorporated in the diamond lattice form several neutral
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Figure 2.6: Room temperature intrinsic absorption of diamond, taken from [50]

or charged defects with absorption mainly in the UV and visible spectral regions.
However, even in the IR around 1064 nm some absorption prevails. The mechanism
is not yet fully understood, but seems to correlate with the nitrogen concentration in
the gas mixture [41]. Samples with nitrogen concentration of 20 ppb have absorption
coefficients of approximately 10−3 cm−1 (see Fig. 2.7 taken from [50]). The isotopic
purity of the CVD diamond is almost 99% when grown using un-enriched feed stock.

Figure 2.7: SC diamond residual absorption of samples containing approximately 20 and
100 ppb of nitrogen, taken from [50].

Another material parameter that is of importance for Raman lasers is birefringence.
Diamond should be an isotropic material because of its symmetrical cubic lattice.
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However, the strain from in-grown defects and the stress accumulated in the lattice
during the growth process leads to birefringence. The dislocations in (100)-grown
SC CVD diamond tend to propagate forming a line in the same direction or at 45◦.
The birefringence of these samples, measured by polarisation microscopy (Metripol
[89, 90]), shows chaotic patterns with clusters of defects as well as regions of very low
birefringence values. An example of birefringence in optical-grade SC CVD diamond
shown in Fig. 2.8, reveals that the difference between the refractive index in the fast
and slow axes can range from 10−8 to up to 10−4.

Influence of absorption loss and residual birefringence on DRL performance has
been studied theoretically and experimental in detail, and is elucidated in Chaps. 3
and 5.

Figure 2.8: Stress-induced birefringence in the diamond along the [110] direction (left)
and the [001] (right) [51].

2.4.4 Raman scattering in diamond

In this section the general theory of Raman scattering is applied to diamond. Measured
Raman properties are listed and the polarisation behaviour explained.

In diamond, the optical phonon is associated with a vibrational mode involving the
relative displacement of the two interpenetrating FCC lattices in the 〈111〉 direction
as illustrated in Fig. 2.9. When the pump laser propagates along the 〈110〉 direction,
which is perpendicular to the 〈111〉 direction, the beam polarisation can be aligned
with 〈100〉, 〈111〉 or 〈110〉, or any angle in between.

Diamond, as a material with Fd3̄m symmetry and consisting of two interpenetrating
face-centred cubic lattices, has a triply degenerate Raman tensor which can be written
in the 〈100〉 orientation as [84]

R1 R2 R30 0 0
0 0 d
0 d 0

 0 0 d
0 0 0
d 0 0

 0 d 0
d 0 0
0 0 0

 , (2.53)

where d is the spatial derivative of the crystal polarisability along the direction of
carbon-carbon bonds.
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Figure 2.9: Crystallographic structure of diamond, showing the direction of the Raman
vibrational mode (orange arrow) along the [1̄11] axis.

When rotated counterclockwise around [100] by 45◦ (see Fig. 2.9) the tensor, now
in the 〈110〉 orientation (corresponding to the propagation direction), takes the form

R1 R2 R3 0 0 d√
2

0 0 d√
2

d√
2

d√
2

0


 0 0 d√

2

0 0 − d√
2

d√
2
− d√

2
0


d 0 0

0 −d 0
0 0 0

 .
(2.54)

The calculation of spontaneous scattering efficiency, according to Eq. (2.11), shows
that the maximum is reached when the pump and Stokes polarisations are aligned
with the 〈111〉 direction, which is the direction of the Raman mode vibrations [63].
In that case, the beating between the pump and Stokes wave causes the strongest
change in polarisability of the diamond. A detailed calculation and comparison with
measurements is provided in Chap. 5.

The Raman frequency determining the wavelength shift is 1332.3 cm−1. The small-
signal Raman gain coefficient of diamond has been measured by several groups at
different wavelengths [91–93]. Figure 2.10 shows the various measurements summarized
in [41]. The Raman gain coefficient for 1064 nm pumping is approximately 10 cm/GW.

The naturally broadened Raman linewidth arises from anharmonic forces on the
phonon oscillator and the resulting damping. The full-width at half-maximum (FWHM)
Raman linewidth has been measured spectroscopically by several groups to be between
1 and 4 cm−1 at room temperature [41]. Alternatively measurement of the phonon
dephasing time, which is inversely proportional to the homogeneous linewidth, yields
the value of 1.56 cm−1 [94]. The influence of Raman linewidth on Raman gain and
DRL performance is treated in detail in Chap. 6.
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Figure 2.10: Raman gain coefficient of diamond as a function of pump wavelength, taken
from [41].

2.5 Summary

This chapter has summarized the important background from the quantum and clas-
sical treatment of the Raman scattering. Using the classical treatment, and the gain
coefficient provided by the quantum mechanical treatment, macroscopic stimulated Ra-
man scattering is described by rate equations for depletion of the pump field and ex-
ponential growth of the Stokes wave. These equations form a foundation for derivation
of an analytical model, describing amplification of the Stokes radiation as a function
of pump power in the Chap. 4

Diamond’s optical and thermal properties were briefly described. In order for di-
amond to be a practical Raman gain material in a laser, (particularly in a CW laser
discussed in this thesis), it is critical optical losses are minimal. Absorption loss, due
to the incorporation of nitrogen in the diamond during the growth process, has been
highlighted as a dominant loss mechanism in the CVD diamond. The impact of loss
on efficiency of the DRL is studied and discussed in Chap. 3.

Birefringence due to residual stress from the growth process has also been identified
as important for efficient Raman laser operation. A theoretical and experimental study
of DRL performance as a function of birefringence is discussed in detail in Chap. 5.



3
Continuous wave external cavity diamond

Raman laser

This chapter presents the experimental development of a CW external cavity diamond
Raman laser. First, the Raman resonator parameters are estimated to provide mod-
erate generation threshold using theory from Chap. 2. Tolerances on pump beam pa-
rameters and output coupling transmission confirm that common optical components
and laser pump sources can be used.

Aside from the Raman cavity, a substantial part of this chapter’s investigation con-
sisted of the development of suitable pump sources. A modular approach has been
chosen for its simplicity and seemingly simple scalability. A pump laser with an out-
put power (30 W) about three times the calculated Raman threshold was designed in
order to demonstrate efficient and high-power CW external cavity Raman conversion.
The second part of the chapter details the design and performance of a second pump
laser that operated at reduced duty-cycle to provide pump powers up to 50 W and of
sufficiently long duration to enable investigation of the external cavity Raman laser
under conditions representative of steady-state operation.

The DRL was characterized and its performance analysed using energy conservation
and heat management calculations. The external cavity Raman laser provides conve-
nient access to all laser fields contributing to the interaction (pump, Stokes and residual
pump). This enabled a power budget of the Raman conversion to be evaluated and
used to determine factors limiting conversion efficiency. Calculation of thermal lens-
ing is used to estimate the power-scaling limits of the configuration and to determine
strategies for further power scaling.

3.1 Estimation of Raman lasing threshold

To verify the possibility of CW external cavity Raman conversion in diamond, the
design parameters to achieve a moderate threshold P thr

P of 10 W incident pump power
are calculated. The laser threshold is defined as the point where the round-trip gain
equals the resonator loss. Losses include the useful output due to output coupler
(OC) transmission, and parasitic losses such as surface reflections, bulk scatter, absorp-
tion, and diffraction loss. Gain depends on the Raman gain coefficient (approximately
10 cm/GW in diamond at 1064 nm [41, 70, 92]), pump intensity (i.e., pump peak power
and focusing), and the length of the interaction.

The absorption coefficient α of the diamond samples at 1064 nm is below 2 · 10−3 cm−1

29
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for ultra low nitrogen concentration samples (typically tens of ppb) [50, 64, 75]. Mea-
surements of the residual absorption of diamond samples used in experiments at are
not available in literature at the Stokes wavelength. However, as nitrogen and its in-
clusions in the diamond lattice do not have any absorption peaks in the infrared [41],
it is reasonable to use the absorption coefficient at 1064 nm as an approximation. A
value of 3.5 · 10−3 cm−1 is used to accommodate other minor loss mechanisms such as
crystal coating reflections and bulk scatter.

The Raman laser threshold condition for a double pass pumped linear cavity is (see
Chap. 2)

PP
thr =

zPM
2λP

nP

T + 2αL

4gSL
, (3.1)

where the pump Rayleigh range zP is given as

zP =
w2

PπnP

M2λP

. (3.2)

With all parameters defined the Raman generation threshold at 1064 nm is a function
of pump M2 and output coupling transmission T . A typical pump laser may have the
M2 in the region of 1 to 1.6. That equates to pump waist radii of 36–45µm, when
considering the size of optical components and the length of the Raman resonator.
Lasing threshold as a function of the output coupler transmission is shown in Fig. 3.1
for a crystal length L =1 cm, a pump wavelength λP = 1064 nm and M2 parameters
of 1, 1.3, and 1.6. As can be seen a threshold of about 10 W can be reached with an
output coupling of approximately 0.5%.

Figure 3.1: Threshold pump power as a function of OC transmission for three different
beam quality parameters. A threshold of approximately 10 W is obtained for transmission of
0.5% with M2 tolerance of 1–1.6.
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3.2 30 W Nd:YVO continuous-wave pump laser

The predicted threshold of about 10 W for a 1µm pump source allows the use of a
large variety of laser systems. As Raman gain decreases markedly with pump spectral
linewidth for ΓP > Γr, a Nd laser (∆νP ≈GHz ) is sufficiently narrow not to significantly
compromise the minimum laser threshold achievable. The pump radiation should be
linearly polarised, as explained in Sec. 2.4.4. Therefore a birefringent laser crystal
such as Nd:YVO4, ensuring polarised output without the need of intracavity polarising
elements, is well suited to the application.

The Nd:YVO4 gain crystal is often pumped by 808 nm diodes [1] in an end or side-
pumped geometry [2]. In this work a side-pumped CW high-power vanadate module
(RBA Nd:YVO4, Northrop Grumman CEO) was chosen to allow larger flexibility in
the resonator design and higher output powers [40].

Figure 3.2: Schematic of the Nd:YVO4 pump laser. The distance L can be adjusted for
multi-mode or single-mode operation.

The need for low M2 operation requires a high volume resonator, where the fun-
damental TEM00 mode fills the smallest aperture in the cavity [2]. In a symmetrical
flat-flat cavity (see Fig. 3.2), the thermal lens in the gain medium stabilizes the res-
onator and the laser crystal diameter provides the smallest aperture in the cavity
filtering out higher order modes. The resonator becomes unstable in this design if the
thermal lens focal length is shorter than 1

4
of the resonator length.

Taking the thermal lens of 180 mm at the maximum pump diode current of 23 A
into account (using the manufacturer’s specification data), the TEM00 cavity mode
expands across the 2 mm wide vanadate laser rod for a mirror spacing of 790 mm, as
shown in Fig. 3.3 (simulated using the Gaussian beam propagation protocol WinLase).
The fundamental mode radius, shown in Fig. 3.4 as a function of thermal lens focal
length, expands as the pump power and lens strength increases. The mode attains
the rod radius for a 190 mm-long lens and diverges, thus destabilizing the cavity, for a
180 mm-long lens at the maximum available pump power.

Multi-mode operation of the laser using a 150 mm long resonator is compared to
fundamental mode output in Fig. 3.5. At threshold the optimized laser generates in
fundamental resonator mode (inset of Fig. 3.5); however, higher order modes appear
as the pump power increases. Close to the maximal pump current the mode structure
starts to collapse back to a fundamental Gaussian shape. The best M2 achievable with
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Figure 3.3: Intracavity laser field profile for a thermal lens of focal length 200 mm.

Figure 3.4: Resonator stability and waist radius in the laser rod as a function of thermal
lens focal length for a mirror-to-module distance L = 375 mm.

Figure 3.5: Laser output power in multi- and near single-mode regime.

output power higher than 30 W was 1.6, as measured using a beam profiler (BeamGage
DataRay Inc.).
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The vanadate laser linewidth of 53 GHz was measured using an optical spectrum
analyzer (Anritsu MS9710B).

3.3 Raman cavity design considerations

In order to mode-match the Stokes intracavity field waist to the tightly-focused pump
beam, the cavity must be close to concentric. That allows for a relatively simple and
short resonator design with manageable mirror curvatures. The lens that focuses the
pump beam into the diamond is chosen to produce a waist radius, and thus a Rayleigh
range, predicted by the threshold calculation.

The Raman resonator was designed using the Gaussian beam propagation tool. A
lens with a focal length of 50 mm focuses the pump through the concave input coupler
(IC) with radius of curvature of 50 mm into a 9.5 mm-long diamond. Due to the IC
curvature, the pump beam is slightly defocused and the waist is shifted towards the
output coupler (OC). A collimated pump with a 1.2 mm radius (at 1

e2
) incident upon

the lens (f) forms a 33µm waist radius in the diamond as depicted in Fig. 3.6.

Figure 3.6: Intracavity Stokes and pump field waist radii. On top focusing into the
Raman resonator, which is formed by input coupler (IC) and an output coupler (OC).

The resonator, which is symmetric about the diamond, is formed by convex IC
and OC of 50 mm curvature. The intracavity-field waist radius and resonator stability
diagram, shown in Fig 3.7, are functions of the mirror’s displacement. For a 105 mm
resonator or shorter the intracavity-field fundamental mode radius is equal to or greater
than the pump focus radius. Therefore, after initial alignment, mode-matching opti-
mization is achieved by small adjustments in cavity length.

The resonator stability, defined as [2]

0 ≤
(

1− L

rIC

)(
1− L

rOC

)
≤ 1, (3.3)
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Figure 3.7: Waist radius in the center of the cavity and resonator stability as a function
of resonator length.

where rIC, rOC are radii of curvature of the input and output coupler, respectively,
is around 0.2 for a resonator length of 104.8 mm. A cavity that is so close to the
instability point is extremely sensitive to small length changes and mirror alignment.
On the other hand, once aligned, it is considerably robust towards thermal lensing in
the Raman material. The resonator is destabilized when the thermal lens focal length
reaches 1

4
of the mirror spacing (i.e., ≈25 mm) as shown in Fig. 3.8, which encourages

the use of a short resonator. Moreover the waist expands in the diamond for a positive
thermal lens as the focal length approaches the stability limit, thus preventing coating
damage of the approximately 1-cm-long Raman crystal.

Figure 3.8: Waist radius and resonator stability as a function of thermal lens focal length.

Optical coatings for the Raman cavity mirrors were optimized for first Stokes gen-
eration and double pass pumping. The IC is transparent for the pump wavelength of
1064 nm (TIC ≥ 96%) and highly reflective (RIC ≥ 99.98%) at the first Stokes wave-
length 1240 nm. The OC is highly reflective for the pump and has 0.43% transmission
for the first Stokes. To prevent generation of the unwanted second Stokes compo-
nent, reflectivity of IC and OC at 1480 nm was minimized. The diamond facets are
anti-reflection (AR) coated with minimum reflectivity 1240 nm.
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3.4 Continuous wave diamond Raman laser charac-

terization

The experimental arrangement for the external cavity DRL is shown in Fig. 3.9. A half-
wave plate and polarizer served as a pump power attenuator. After passing through an
optical isolator, a second half-wave plate was used to align the polarisation vector of the
pump with one of the diamond’s 〈111〉 axes. In accordance with the above calculations,
a focal length f = 50 mm was chosen for the pump focusing lens. The measured focal
spot radius (at 1

e2
) was ≈32µm, resulting in an incident intensity of ≈0.8 MW/cm2 at

the threshold of 11.3 W. The pump, residual pump, and Stokes powers were measured
by calibrated PIN photodiodes A, B, and C, and a power meter. The length of the
resonator was adjusted to 105 mm to mode-match the pump waist sizes.

Figure 3.9: Experimental arrangement.

The diamond sample used was a low-nitrogen (≈20 ppb), ultra-low birefringence,
type-IIIa, CVD-grown single-crystal (Element6 Ltd) of dimensions 5×9.5×1.2 mm3.
The stress-induced birefringence was between 7 × 10−7 and 3 × 10−6 (measured by
the manufacturer using the Metripol method). Anti-reflective coatings were applied to
both end-faces (R < 1% at 1064 nm, R < 0.25% at 1240 nm). The linearly-polarised
pump beam was incident on the 5×1.2 mm2 diamond face and propagated along the
〈110〉 axis.

Above the threshold of 11.3 W the Stokes output power increased with a slope effi-
ciency of 49.7% (linear fit) as shown in Fig. 3.10. The maximum output power reached
10.1 W for 31 W of incident pump power. Over the operating range, the residual pump
power remained approximately constant at around the 10 W level. The conversion ef-
ficiency at maximum power was 31.7%. The M2 parameter improved from 1.6 for the
pump to 1.16 (measured by BeamGage profiler) for the Stokes (refer to Fig. 3.9 for
far-field images). No optical damage was observed.

The Stokes output exhibited substantial amplitude fluctuations when operated near
the Raman laser threshold, but became more stable at higher pump powers when a
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Figure 3.10: Stokes power, conversion efficiency and the residual power as a function of
incident pump power.

Figure 3.11: Stokes output power stability over 100 ms of operation at maximal pump
power.

significant portion of the pump beam was depleted. The temporal behaviour near
maximum power (Fig. 3.11) shows some fluctuations remaining (about 10% of the
average power) correlated with changes in pump depletion. These changes may be
caused by mode instabilities observed in the pump laser and mechanical vibrations on
the non-isolated optical table.
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The output power of 10 W represents a two fold increase in CW output demon-
strated by any other crystalline Raman laser. The 50% slope and 32% conversion
efficiency are comparable to external cavity pulsed Raman lasers based on conven-
tional Raman crystals; however, almost quantum limited efficiency has been shown in
pulsed-pumped diamond [63]. Therefore, factors influencing the efficiency of this CW
Raman laser were investigated in detail, as discussed in the following section.

Note that there is significant intracavity Stokes power accumulated in the resonator
and focused near the diamond faces, places significant optical stress on the AR coatings.
The circulating Stokes power for 10 W output and 0.43% output coupling is 2.3 kW. As
the beam profile is expected to be Gaussian, the peak Stokes intensity on the diamond
facet (beam radius

√
2 bigger than at the waist) is approximately 80 MW/cm2. That is

above the damage limit of most optical coatings for most other substrates; however, as
primary damage mechanism is thermal in this regime, with heat primarily dissipated
through the substrate, the much higher thermal conductivity of diamond is expected
to enable operation at these greatly elevated intensities.

3.5 Raman laser efficiency limitations

The conversion efficiency of the Raman laser is affected by how much of the pump is
depleted during the interaction and by how much of the converted Stokes radiation is
divided between output coupling and losses. In the case of Raman fibre lasers, the pump
field is often almost completely depleted due to long interaction length. In crystalline
Raman lasers, as the pump is only double-passing through the relatively short crystal,
the depletion depends more on how far above threshold the laser is operated (refer
also to Chap. 4, Eq. (4.14)). Therefore, high levels of depletion are observed in pulsed-
pumped Raman lasers where the pump intensity grows rapidly to levels many times
above threshold. The CW Raman laser operating three times above threshold, on the
other hand, exhibits naturally lower depletion.

When parasitic losses on the pump beam are minimal, the depleted pump power
is converted to the Stokes field by stimulated Raman scattering. During the process,
power corresponding to the Raman shift is lost to material phonon vibrations. Since
the CW Raman laser is in steady-state, the Stokes power converted from the pump
exactly equals the power lost due to output coupling and parasitic losses (bundled
in the absorption loss coefficient α), whose ratio T/(T + 2αL) defines the useful
output. Therefore, the pulsed pumped DRL, using an order of magnitude higher
output-coupling (50%) than the roundtrip parasitic loss (≈0.5% for α = 2 · 10−3

and 99.8% transmission of the AR coated diamond faces), reached near quantum-
limited efficiency [63], whereas in the CW DRL, where output coupling is similar to
the roundtrip loss, half of the generated power is lost to absorption and scatter.

Since the external cavity Raman laser setup allows simultaneous measurement of
the pump power, back reflected residual pump power, and Stokes output power, it is
relatively straightforward to evaluate a power budget for the DRL. Such calculation
for the 10 W CW Raman laser is shown in Fig. 3.12. From the pump depletion, which
is measured as the change in the residual pump power upon alignment of the Raman
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laser cavity (from 31 W to 9.2 W at maximum pump power), the power coupled into the
Stokes and phonon fields (21.8 W) is obtained. According to the Raman frequency of
diamond (1332 cm−1, or 14.2% of the pump frequency) the power lost to the excitation
of optical phonons was deduced to be 3.1 W leaving an upper bound on the optical
Stokes power generated to be 18.7 W. Since the measured Stokes output (10.1 W) was
54% of the total Stokes generated, we deduce that the difference (8.6 W) represents the
combined parasitic absorption and scatter loss in the diamond.
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Figure 3.12: Power budget calculation of 10 W CW DRL. The intracavity generated
Stokes power is divided between useful output and resonator loss due to parasitic bulk ab-
sorption and scatter.

Well above threshold, the 46% loss fraction of the generated Stokes power was
constant as a function of pump power, suggesting linear absorption and scattering
loss processes. Using the output-coupler transmission (T = 0.43%), the Stokes power
circulating in the Raman cavity and the combined absorption–scatter coefficient in
the diamond at 1240 nm was deduced. As shown in Fig. 3.13, the loss coefficient
distributed over the crystal length was 0.17±0.05% cm−1 for the investigated range.
This is an upper bound of the absorption coefficient as there may be some off-axis
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reflections from the diamond facets (parallelism of the diamond samples end faces
was about 18 mrad) and bulk scatter loss. Since the loss coefficient is close to the
manufacturer’s absorption coefficient value of approximately 0.1% cm−1 at 1064 nm for
low nitrogen (20 ppb) material [50], the diamond bulk absorption is believed to be the
main loss mechanism. Although higher efficiency may be obtained by stronger focusing
and optimizing the output coupling, the results of this calculation show that the major
limitation of this configuration is diamond loss. Improvements in diamond quality are
thus expected to enable slope and conversion efficiencies much closer to the quantum
limit (86% for pumping at 1064 nm).

Figure 3.13: Parasitic loss coefficient deduced at different pump powers plotted as a
function of intracavity circulating power.

Due to the heating in the crystal that arises from inelastic (Stokes) scattering and
parasitic absorption (deduced to be a total of 11.7 W), the efficient operation of the
device relies on the excellent thermal handling properties of the diamond. Nevertheless,
for further power-scaling, the onset and impact of thermal lensing on Raman conversion
must be considered.

3.5.1 Thermal lensing in Raman crystals at high powers

The thermal lens caused by by on-axis heating has been well studied in end-pumped
inversion lasers [2]. Techniques developed to deal with thermal loading typically in-
volve better heat management, such as undoped crystal end caps, use of diamond heat
spreaders [95], and distribution of the gain media over long lengths, such as fibres, as
well as resonator designs incorporating intracavity elements that counteract the lensing
effects. However, only some of these techniques are applicable to crystalline Raman
converters. The most often used approach has involved the use of compensating ele-
ments (see [10, 96–98] and App. A 5 for examples).

The heat deposited in the Raman media originates from inelasticity of the Ra-
man scattering process, as well as residual absorption. A method for mitigating the
absorption-induced heating at high powers is to limit the accumulated Stokes power
in the resonator by increasing the output coupling. The impact on the laser perfor-
mance will be two fold. The threshold increases according to Eq. (3.1), and the ratio
of loss versus output-coupling changes in favour of the latter, thus increasing slope
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efficiency. Modelling, including a detailed study of output power as a function of loss
and output-coupling, is presented in Chap. 4.

During the conversion of the depleted pump photons, energy corresponding to the
Raman shift of the material is expended on vibrations of optical phonons which couple
into acoustic phonons and dissipate as heat. The vibrations are highly damped and
their coupling occurs on picosecond time-scales at low acoustic velocities, and therefore
is highly localized [99]. The conversion into heat however, may happen over a longer
period, allowing the thermal gradient to spread over a larger area than the pump beam
size. However, as these thermal dynamics are not yet well understood (and a study of
this would be outside the scope of this work) it is assumed here that, to the first order,
the Raman heat source is the size of the pump beam. If in reality the temperature
gradient occupies a larger area, the thermal lens will be weaker and the calculations
comprise an upper bound for the thermal lens. Because the lens is located in the pump
beam focus, the lens area does not change significantly even for high pump intensities.

The thermal lens profile established as a result of optical pumping is often consid-
ered to be approximately parabolic for end-pumped lasers [100]. Assuming uniform
heat deposition over a radius of a beam w, the inverse focal length 1/f (i.e., lens
strength) of the thermal lens is calculated using a formula for end pumped lasers
[2, 41, 56]

1

f
=

Pdep

2πK w2

[
dn

dT
+ (n− 1) (ν + 1)αT + n3αTCr,φ

]
, (3.4)

where Pdep is the heat power deposited in the material, ν is Poisson’s ratio, n is the
refractive index, K is the thermal conductivity, αT is the thermal expansion coefficient,
Cr,φ is the photo-elastic coefficient and dn

dT
is the dependance of refractive index on

temperature change quantifying the thermo-optic effect. As the product of αT and the
photo-elastic coefficient is usually notably smaller than dn

dT
and αT alone, the photo-

elastic contribution can be neglected [41]. The increase of the lens strength due to
deposited heat power is mitigated, in the work considered here, by mostly the high
material thermal conductivity and the lens area defined by the beam size.

Table 3.1 displays the thermo-optical properties of selected Raman crystals, includ-
ing diamond. The other Raman crystals differ from diamond most starkly in terms
of thermal conductivity. From Eq. 3.4, it is apparent that the two to three orders-
of-magnitude higher thermal conductivity makes diamond far more suitable for power
scaling than alternative crystals.

The lens established in the Raman media due to the Raman quantum defect and
the absorption of the Stokes field starts to influence the resonator stability for high
pump powers. The stability limit of the near-concentric Raman resonator is compared
for diamond and alternative Raman crystals as a function of deposited heat power and
pump waist radius in Fig. 3.14 (the blue column indicates total heating deposited in
diamond in current setup). In the calculation, the Stokes waist is matched to the pump
by adjusting the resonator length (105.5 mm initially) and the stability limit occurs
when the lens focal length is shorter than 1

4
of the resonator length. If the thermal

lens is negative, the lens strength is counteracted by focusing of the near-concentric
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Table 3.1: Thermo-optical properties of selected Raman crystals [24, 75, 101, 102].

Crystal Raman shift Thermal dn/dT Thermal
conductivity expansion coeff.

[cm−1 ] [Wm−1K−1 ] [10−6K−1 ] [10−6K−1 ]

diamond 1332.3 2000 15 1.1
KGWi 768.9 2.6 (a) -1.5 (a) 2.4 (a)

3.8 (b) -1.0 (b) 11 (b)
3.4 (c) -1.6 (c) 17 (c)

Ba(NO3)2 1047.3 1.2 (b) -20 18
BaWO4 924 3 -9 4–6 (a)

23 (b)
GdVO4 885 5 3 1.5 (a)

7.3 (c)
i The crystallographic axes of KGW do not coincide with neither the principle axes of the

thermooptic tensor, nor the thermal expansion tensor.

Figure 3.14: Stability limit of a of nearly-concentric Raman resonator as a function of
heat deposited in a Raman crystal and pump waist radius.

resonator, thus the cavity remains stable for much stronger negative lensing. For a
33µm pump waist radius, the allowed heat deposited in diamond is up to 40 W, but
only around 5 W for other crystals. As the pump spot increases, the same amount of
heat causes a weaker thermal lens, hence the stability region is extended with a slope
determined by the thermal properties of the material.

Since the powers deposited in the crystal and the output beam are approximately
equal in the present configuration, the cavity is expected to become unstable at ap-
proximately 40 W of output power. Linear extrapolation of output power to that level,
according to the slope efficiency in Fig. 3.10, would require approximately 70 W of
pump power.
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3.6 Diamond Raman laser pumping using a 50 W

laser

In order to investigate the Raman laser performance at higher pump powers, a second
pump laser was designed and constructed. In this section, the pump laser and the
resulting performance of a DRL are described.

3.6.1 50 W quasi-continuous Nd:YAG laser design

Figure 3.15: Design of a 50 W QCW pump laser. HR - high reflector, OC - output
coupler, QR - 90◦ quartz rotator, L - module to mirror distance.

A double Nd:YAG module resonator utilizing standard birefringence compensation
scheme was designed to generate a high quality output beam of output power greater
than 50 W. The double gain-module Nd:YAG laser configuration is shown in Fig. 3.15.
The depolarisation and bifocusing that results from thermally-induced birefringence
in Nd:YAG crystals is compensated using a 90◦ polarisation rotator placed between
the laser rods [2]. In order to minimize the aberrations, the principle planes of the
thermal lenses induced in the rods are imaged onto each other using a 4f relay-imaging
system [103, 104]. A plate polarizer is inserted to ensure linearly-polarised output. The
transmission of the output coupler (OC) was 40%.

As mentioned in Sec. 3.2, the rod diameter (3 mm in this case) provides the cav-
ity aperture to discriminate the higher-order spatial modes and enables the efficient
generation of a low-M2 beam. Therefore, the laser was designed to operate stably, in
the strong thermal-lens regime, at maximum current. The cavity instability point as a
function of pump diode current at, 50% duty-cycle (DC), for different module to mirror
distances L is shown in Fig. 3.16. The deduced thermal-lens focal length as a func-
tion of pump diode current (see Fig. 3.17) was used to estimate the module-to-mirror
distance for high beam-quality operation.

At the maximal diode current of 20 A, the thermal-lens focal length induced in the
module is 280 mm (see Fig. 3.17). It was found that increases in length of the flat-flat
resonator under maximal thermal loading, resulted in a power roll-off before low-M2

operation is reached. A convex lens with a focal length of −100 mm was therefore
inserted close to the OC (see top of Fig. 3.18). The intracavity waist radius is shown
in Fig. 3.18 for a 280 mm thermal lens and L = 225 mm, the conditions for which the



3.6 Diamond Raman laser pumping using a 50 W laser 43

Figure 3.16: Output power rollover with diode current for several values of L.

Figure 3.17: Calculated thermal lens strength as function of diode current.

TEM00 mode size matches the laser rod. However, the asymmetrical resonator stability
as a function of mirror spacing and thermal lensing has two zones where the resonator
is stable. Figure 3.19 shows the intracavity waist radius in the rods as a function of
cavity length revealing that the waist radius increases to 1.5 mm for a 225 mm rod-
mirror separation and a stability parameter of 0.2.

In order to estimate the sensitivity of the resonator to changes in thermal lensing,
L was set to 225 mm and the waist radius in the modules is plotted as a function of
focal lengths in the laser rods in Fig. 3.20. The calculation shows a narrow stability
region (the second region lies outside the view) with waist radius changing from 0.77
to 1.5 mm. For distances between components set according to Fig. 3.18, and for
maximum diode current, the intracavity waist and thus mode order can be optimized
by small changes in laser repetition rate and duty-cycle (which affects the heat load and
thus the lens strength). Upon careful optimization, the laser operates only in a narrow
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Figure 3.18: Calculated TEM00 waist radius inside the two module Nd:YAG laser con-
taining a negative lens calculated for maximum pump current.

Figure 3.19: The resonator stability and waist radius in the Nd:YAG rods as a function
of the distance L, calculated for maximum pump current.

window around maximum pump current. Average output power is 24 W at 46.2%
duty-cycle generating an on-time QCW power of 52 W in quasi-rectangular pulses of
duration 30 ms (Fig. 3.21). The spatial profile of the beam is shown inset to Fig. 3.21.
As the laser cavity was set close to the stability limit, and due to the relatively strong
thermal lensing in the Nd:YAG rods (double compared to similar CW systems, see for
example [105, 106]), the M2 of the laser beam was approximately 2.0 (determined by
BeamGage beam profiler).

3.6.2 Diamond Raman performance characteristics

Raman scattering occurs on picosecond timescale (approximately equal the phonon
dephasing time of 6.8 ps in diamond [94]). In KGW the temperature gradients estab-
lish within about 30 ms [98] (see App. A 5). Diamond having three orders of magni-
tude higher thermal conductivity is assumed to reach a steady-state on a microsecond
timescale. Therefore, DRL characteristics under conditions of steady-state thermal
gradients in the crystal can be studied by investigating behaviour with 30 ms duration
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Figure 3.20: The resonator waist radius in the Nd:YAG rods as a function of the focal
lengths of the thermal lenses in each module.

Figure 3.21: Temporal and spatial (inset) profile of the QCW pump laser output at the
maximal QCW power of 52 W.

pump pulses. Throughout this Chapter, on-time powers are generally quoted (instead
of average powers) as these values are representative of what is likely to be achieved
using cw pumping.

For DRL characterization, a similar pumping scheme to that in Sec. 3.4 has been
employed. After passing through an optical isolator and a half-plate (the pump po-
larisation is parallel to diamond’s 〈111〉 direction), the 50 W QCW pump radiation is
focused into the diamond by a 50 mm-focal-length lens resulting in 48 W incident pump
power in a 49µm pump spot radius in the diamond.

The DRL cavity shown in Fig. 3.22 is close to concentric, ensuring good mode-
matching of the Stokes and pump fields. The IC has identical transmission and re-
flectivity to that in Sec. 3.3. The OC was highly reflective for the pump, to provide
double pass pumping and had slightly higher (0.5%) transmission at the first Stokes
wavelength than the one used previously. The IC and OC radius of curvature were
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Figure 3.22: Experimental setup. Measurement of output Stokes and residual pump
power.

25 and 50 mm, respectively, and the cavity length was 78 mm. The diamond used was
an 8× 4× 1 mm3 sized single-crystal-CVD diamond of identical grade to the one used
previously with anti-reflection coatings minimizing reflection at 1240 nm, deposited on
both facets.

Figure 3.23 shows the measured Stokes output and conversion efficiency as a func-
tion of incident pump power. The threshold is approximately doubled compared to
previous measurements; however the linear slope efficiency increased to 77.8% and
conversion efficiency to 45%. At the maximum incident pump power of 48 W the gen-
erated Stokes output was 21.8 W. The measured residual pump power decreased from
18 W at threshold to about 15 W at full pump power. No power roll-off (which would
imply destabilization of the cavity due to thermal lensing) was observed, as expected
from the analysis of Fig. 3.14.

The temporal profile of the Stokes output followed the pump pulse as shown in
Fig. 3.24. At the maximum pump power, fluctuations in the Stokes amplitude can be
correlated to instabilities in the pump laser.

The pump and Stokes spatial profiles were measured to investigate beam quality
enhancement due to Raman beam clean up. The spatial distribution of all beams
involved, depicted in Fig. 3.25 remained Gaussian. However, the M2 = 1.12 beam
parameter obtained for the Stokes beam is a substantial improvement from the pump
beam quality.

The threshold of 20 W was higher than expected. Taking the lower beam quality of
the pump, the larger pump spot and the slightly higher output-coupling into account
predicted a threshold (Eq. (3.1)) of 15 W. The high slope efficiency is partially a result
of higher output-coupling but also indicates that parasitic losses were lower than for
the previous crystal (see next chapter). The increased threshold may be attributable
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Figure 3.23: Stokes output power, residual pump, and conversion efficiency as a function
of incident pump power.

to a higher residual birefringence in the diamond. In the experiment, a half-wave plate
was used to ensure that the pump polarisation parallel with a diamond’s 〈111〉 axis.
Depending on the position in the crystal, the measured Stokes polarisation, however,
was not always aligned with the pump. It was also observed that threshold and output
polarisation properties varied significantly depending on the lateral position of the
diamond with respect to the beam. A detailed analysis of Raman laser polarisation
behaviour, with significant implications for these results and more generally for DRLs,
is presented in Chap. 5.

The lack of output-power saturation indicates that further power-scaling may be
possible by increasing the pump power beyond 50 W. At the maximum output power
(22 W), the Stokes intracavity circulating power was approximately 4 kW (I = 55 MW/cm2

on the diamond faces, which is lower than in the previous case due to the bigger pump
spot size). Theoretical optimization of the diamond Raman laser is presented in the
next chapter.
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Figure 3.24: Stokes and pump temporal behaviour.

Figure 3.25: Intensity profiles of residual pump exiting the diamond (left) and Stokes
far-field distribution (right – blue full line), as imaged by the CCD camera. For residual
pump profiles: Black full line – at maximum, 48 W pump power, with cavity misaligned for
zero Stokes output; blue dashed line – at threshold 18 W; red dotted line – at maximum
pump 48 W and maximum Stokes 20 W.

3.7 Conclusion

Development of an extra-cavity quasi CW Raman laser has been presented from initial
design, through to efficient and high power operation. A maximum on-time Raman
output power of 22 W was demonstrated at a conversion efficiency of 45%. The beam
quality improved to M2 = 1.08 from M2 = 2 for the pump.

Analysis of thermal management of Raman crystals revealed that diamond in the
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current scheme is able to handle at least five-times higher deposited heat power com-
pared to molecular-ion crystals. Since the Stokes power generated within the Raman
resonator is almost equally distributed between output and parasitic loss, close to 70 W
of output power, and therefore deposited heat, is theoretically possible before the pre-
dicted onset of a limiting thermal-lens. However, the external cavity concept is not
limited to this level. Increases in the pump spot size weaken the thermal lens gen-
erated, and an increase of output coupling will reduce the heating caused by residual
absorption. Both methods lead to an increase in laser threshold, hence a suitable pump
laser is required to generate at least three times the threshold power. Higher power and
efficiencies are also likely to be obtained as diamond with improved quality becomes
available.

The presented high-power and high-efficiency operation of an external cavity CW
DRL represents a novel approach for CW Raman laser technology. The key design ad-
vantages of a near-concentric resonator, combined with a high-gain Raman crystal with
excellent thermal properties (diamond) comprise a power-scalable wavelength conver-
sion approach with small footprint and intrinsically-low spectral broadening (cf., fibres
or parametric oscillators). This concept provides a simple add-on device potentially
applicable to a range of high power CW laser technologies (including line narrowed
fibre lasers and amplifiers, see Chap. 6) and offers further potential for extending the
wavelength range via Stokes cascading and subsequent harmonic conversion.
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4
Diamond Raman laser optimization

The previous chapter investigated the performance characteristics of an extra-cavity
DRL pumped by two lasers with 30 and 50 W of output power. In one case, the
power budget calculation suggested that conversion efficiency was limited by loss caused
mainly by residual absorption of diamond samples. However, no attempt has been
made to improve performance by optimizing other resonator properties such as output
coupling and focusing. Here, a mathematical model is used to predict performance as
a function of various resonator parameters such as output-coupling, focusing, diamond
loss, and diamond length.

In this chapter the steady-state Raman Eqs. (2.49, 2.50) derived in Chapt. 2 are
used as a basis of an analytical model describing CW stimulated Raman conversion.
The specifics of the CW extra-cavity design (namely, low output coupling and non-
resonant pumping) simplify the solution into a single equation describing the Stokes
generation. Furthermore, changes in cavity parameters due to thermal lensing can be
neglected by virtue of using diamond as the Raman gain medium and athermal nature
of the near-concentric resonator.

The model results are compared to the two presented DRLs of Chap. 3. The model
is then used to predict the Stokes output power as a function of pump power levels
and resonator properties.

4.1 Derivation of analytical model

Following the results of Chap. 2 the pump depletion and Stokes growth in a steady-state
limit can be expressed as

dI int
S (r, z)

dz
= gSIPI

int
S − αI int

S ,

dIP (r, z)

dz
= −gS

η
IPI

int
S − βIP, (4.1)

where IP, I int
S are pump and Stokes intracavity intensity, respectively, η = λP/λS

is quantum defect of the inelastic Raman process (e.g, Raman shift), and α, β are
parasitic losses at Stokes, pump wavelength, respectively.

When integrating the equations a method similar to [107] is used. It is first assumed
that all beams the pump IP, Stokes IS, and residual pump, have the TEM00 intensity

51
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distributions

IP,S (r, z) = PP,S (z)
2

π

1

w2
P,S (z)
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[
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(
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wP,S (z)

)2
]
. (4.2)

The validity of this assumption is discussed later in Sec. 4.3. The power in the beam
with Gaussian profile is then

PP,S (z) = IP,S (0, z)
πw2

P,S (0)

2
, (4.3)

where IP,S(0, z) is intensity of the pump and Stokes field on the beam axis and it is
allowed for the change of the beam radius wP,S(z) from waist wP,S(0) due to focusing

wP,S (z) = wP,S (0)

√
1 +

(
z

zP,S

)2

, (4.4)

where zP,S is respective Rayleigh range defined as

zP,S =
πnP,Sw

2
P,S (0)

M2
P,SλP,S

, (4.5)

where M2 is beam quality factor, λP,S vacuum wavelength and nP,S index of refraction.
Performing the volume integration of the intensity distributions in polar coordinates

(radius r from 0 to∞, θ from 0 to 2π ) is simplified by the assumption that the pump,
residual pump after depletion, and Stokes beam transverse distributions are Gaussian.
The Eq. (4.1) become (where losses were neglected)
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π
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S (z)
. (4.6)

In order to solve one of the Eqs. (4.6) one has to assume that either the Stokes intra-
cavity power or pump does not change significantly across the resonator length. Once
above threshold the strong depletion of the pump cannot be neglected. The intracavity
Stokes power, on the other hand, can be assumed to be constant over the resonator
due to the low round-trip gain and loss of this high-Q Raman resonator. For IS inde-
pendent of z the equation for pump depletion can be solved by separation of variables
(integral from −L/2 to L/2, where L is interaction length) with exponential solution

PP

(
−L

2

)
= PP

(
L

2

)
exp

(
−GP int

S

)
, (4.7)

where

G =
gS

η

arctan (C)

D
, (4.8)
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The Raman gain in focused geometry G is identical to Boyd’s analysis of threshold
in extra-cavity gas Raman lasers [107]. The PP(−L/2) is the pump power PP and
PP(L/2) is the residual power after depletion PRes.

The generated Stokes power P gen
S is the difference between pump and residual pump

power scaled by the Raman shift and in steady-state must replenish all resonator losses
P loss

S due to output coupling P oc
S and other mechanisms

P gen
S =

λP

λS

(PP − PRes) ,

=
λP

λS

PP

[
1− exp

(
−GP int

S

)]
= P oc

S + P loss
S . (4.10)

In a linear Raman resonator, half of the total intracavity Stokes power propagates
in left and half in right direction. Therefore the out-coupled Stokes power is

P oc
S =

T

2
P int

S ⇒ P int
S =

2

T
P oc

S . (4.11)

Introducing surface γ́ and bulk γ scatter loss and bulk absorption loss α

P loss
S = [γ́ + (γ + α)L]P int

S =
2 [γ́ + (γ + α)L]

T
P oc

S . (4.12)

Assuming the major parasitic loss is bulk absorption, substitution of (4.11), (4.12)
into (4.10) leads to a solution predicting the pump power needed for a certain Stokes
output.

PP =
T + 2αL

ηT
P oc

S

[
1− exp

(
−2G

T
P oc

S

)]−1

. (4.13)

It is possible to find inverse solution to (4.13) in terms of the Omega (also called the
Lambert W) function, however it does not provide any further insight into the problem.
Combining Eqs. (4.7), (4.11) and (4.12) provides expected residual pump power

PRes = PP exp

(
−2G

T
P oc

S

)
= PP −

T + 2αL

ηT
P oc

S . (4.14)

The slope of the output characteristics in a limit of infinite pump equals the maxi-
mum conversion efficiency σ

σ =
ηT

T + 2αL
. (4.15)
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For the gain medium without parasitic loss the efficiency will be limited by the quantum
defect of the Raman process η.

The generation threshold P thr
P is obtained by limiting the Stokes output in (4.13)

to zero

P thr
P =

T + 2αL

2gS · arctan (C)
D. (4.16)

This general expression accounts for different focusing of the pump and Stokes beams.
The optimal ratio of the pump and Stokes confocal parameters bP,S = 2zP,S minimizing
the generation threshold is shown in Fig. 4.1. The optimal ratio of bP/bS = 0.38 agrees
with Boyd’s threshold optimizing calculation [107] and is a result of taking into account
focusing of Gaussian beams.

Figure 4.1: Stokes generation threshold as a function of pump and Stokes confocal pa-
rameters for arbitrary model parameters.

The generation threshold solution can be greatly simplified by assuming that the
pump and Stokes fields confocal parameters are the same length b, M2

P ≈ M2
S , and

nP ≈ nS.
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) π
b

w2
P + w2
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2

=
T + 2αL

2gS · arctan
(
L
b

) πw2
P (λP + λS)

2bλP

, (4.17)

which accounts for the difference in waist sizes of the pump and Stokes fields of the
same confocal parameter. For the case, that the pump and Stokes fields are collimated
(i.e., zP,S >> L) and their waists are the same size in (4.16), the threshold formula
reduces to

P thr
P =

T + 2αL

2gSL
πw2

P (0) . (4.18)
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This result is equivalent to a threshold analysis of collimated beam with top-hat trans-
verse profile.

When a portion of the residual pump is reflected back to the Raman medium it
experiences additional depletion. Assuming that the residual pump follows exactly the
same path during the second pass, the double pass residual pump P dp

Res from (4.14)
becomes

P dp
Res = RPP exp

(
−4G

T
P oc

S

)
(4.19)

For OC reflectivity of R = 1 at the pump wavelength, and for the current design in
which the cavity is concentric, the output characteristic and threshold will be

PP =
T + 2αL

ηT
P oc

S

[
1− exp
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−4G

T
P oc

S

)]−1

, (4.20)

P thr
P =

T + 2αL

4gSL
πw2

P (0) . (4.21)

Therefore the generation threshold is half compared to single pass pumping but the
slope efficiency does not change.

Figure 4.2: DRL output power, conversion efficiency and residual pump power as a
function of pump power. The maximal conversion and slope efficiencies σ are limited by the
intracavity loss.

The results of Eqs. (4.19) and (4.20), normalized to the laser threshold, together
with conversion efficiency for arbitrary set of parameters are shown in Fig. 4.2. The
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output power does not increase linearly but as an inverse function of (4.20). For
operation far above threshold the Stokes output growth is linear according to

PP =
T + 2αL

ηT
P oc

S . (4.22)

4.2 Relationship with previous Raman laser models

Raman lasers has been extensively studied in the past and several different models
have been introduced. When pulse pumping is involved most of these solve differential
Raman laser rate equations numerically for several generated Stokes orders[108]. Due
to the non-equilibrium nature of the equations, this approach is not easily comparable
to the steady-state model derived here.

CW Raman laser models have also been developed for limited number of cases.
A simplified plane-wave numerical model averaging the gain and loss over the cavity
round-trip was derived for intracavity Raman lasers with power dependent harmonic
conversion used as means of Stokes output coupling [109]. However, the conversion in
CW intracavity Raman lasers is complex due to the interactive nature of inversion and
Raman gain in the cavity. Therefore the model, although steady-state, is difficult to
compare to the CW extra-cavity DRL model.

Closer to the approach used in this work is theoretical treatment of resonantly
pumped gas Raman lasers. Steady-state analytical models have been developed concur-
rently by Repasky et al. [110] and Peterson et al. [111]. Here only the former approach
is introduced as both lead to equivalent conclusions. The model was later modified to
accommodate mirrors with asymmetric reflectivities [28] and used as a basis for deriva-
tion of time dependent rate equations [7]. The conversion to the Stokes field was
calculated using the difference between pump and residual pump fields [28, 110]. The
main difference compared to the single resonant extra-cavity Raman laser described
here is that the pump field was assumed constant as a function of the longitudinal
cavity coordinate due to its resonance within the cavity.

It has been shown that even at low output powers (below 100 mW) the heat gener-
ated in the gas due to the inelasticity of Raman scattering creates steep index gradient
across the mode volume [100]. The resulting thermal lensing leads to expansion of the
beams which decreases the gain and increases the circulating pump power. Steady-
state solutions of the Raman laser rate equations including the power dependent lens
duct formed in the Raman medium have been derived and solved numerically [100].

In the case that the pump wave is not resonated in the cavity (e.g., single or double
pass pumping) its depletion on passage through the resonator must be taken into
account. A basic model predicting and optimizing threshold has been introduced by
Lisinetskii et al. [25]. The results agree with Boyd’s [107] derivation and optimization
of threshold of Raman lasers. The threshold increases proportionally to cavity loss and
lowering of beam quality and decreases with crystal length but level off when the length
is much longer than beams confocal parameter. As far as the author is aware a full
analytical solution describing a non-resonantly pumped CW external cavity Raman
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laser taking into account pump depletion and focusing of the Gaussian pump and
Stokes fields as presented here has not yet been published.

4.3 Model comparison with experiment

The analytical model predictions are compared to output power characteristics of the
two demonstrated DRLs of Chap. 3. All measurable parameters such as output cou-
pling and pump spot size are substituted in the equation and diamond loss and gain
coefficients are used as free variables to fit the threshold and slope efficiency. Limita-
tions of the model are discussed.

Figure 4.3: Comparison of the model with the experimental results of the 10 and 20 W
DRLs. The fitting curves were calculated using Eq. (4.20) and parameters summarized in
Tab. 4.1.

Figure 4.3 shows the measured Stokes output and residual pump power of the 10
and 20 W DRL compared with Eqs. (4.20) and (4.21) for parameters summarized in
Table 4.1. As can be seen in both cases the modelled threshold and slope fit reasonably
well. The slope efficiency, according to Eq. 4.15 depends only on resonator losses. As
the output coupling and crystal length are well known, the parasitic absorption α is
used as an adjustable parameter to fit the measured output power. The higher slope
efficiency in the 20 W DRL compared to the 10 W system can be explained by lower
absorption coefficient (0.17% cm−1 compared to 0.28% cm−1) of the diamond sample
and increased output coupling. Both values of α are within the range expected for
diamond samples with 20 ppb nitrogen content as shown in Fig. 2.7.

The DRL threshold depends on resonator loss, Raman gain coefficient and pump
and Stokes focusing properties (Eq. (4.16)). The cavity round-trip loss is defined by the
slope efficiency and pump and Stokes beams characteristics are measured. Therefore,
the Raman gain coefficient gS is the only relevant free variable. In order to fit the
measurement thresholds, gain coefficients of 9 cm/GW and 7.5 cm/GW were required
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Table 4.1: Simulation variables used to model the 10 and 20 W extra-cavity DRLs.

Variable 10 W DRL 20 W DRL

α [10−2 cm−1 ] 0.28 0.17
gS [cm/GW ] 9 7.5
T [%] 0.42 0.5
L [mm ] 9.5 8
wS [µm ] 32 49
M2

P 1.67 2
λP [nm ] 1064 1064
λS [nm ] 1240 1240
σ [%] 34.4 55.6

for the two DRLs having the 10 W and 20 W thresholds. The reported Raman gain
coefficient of diamond ranges from 8 to 17 cm/GW [41, 92] for 1064 nm pumping, thus
this work supports a gain coefficient at the lower end of this range.

The most notable discrepancy between model and observations appears in the resid-
ual pump. The calculated residual pump power above threshold approaches zero more
rapidly with increased pump than the measured values. Performing the analytical in-
tegration preserves the Gaussian profiles of all the beams and the depletion is constant
over the pump beam cross-section. However, the conversion rate is proportional to
the intensity across the beam thus depletion of the pump beam centre is expected to
be much stronger. The residual pump beam remains Gaussian as shown in Fig 3.25,
despite strong depletion in the central part of the beam. This effect is attributed to the
tight focusing of the pump beam and the resulting impact of diffraction on smoothening
the beam profile. The net result is an axially-peaked pump beam that develops with
progressively increased M2. To include the dependance of the M2 parameter of the
residual pump on the depletion into current model is not trivial and would require to
correctly model a diffraction of arbitrary interacting beams. In addition, stress-induced
birefringence is shown to greatly affect the oscillating Stokes polarisation and the Ra-
man gain in Chap. 5. Due to neglected diffraction and polarisation effects the residual
beam is not depleted as strongly as predicted above threshold. To compensate for the
excessive depletion, the model slightly underestimates the gain and loss coefficients.

4.4 Diamond Raman laser optimization

The analytical model describes well the threshold and slope efficiency with reasonable
gS and α parameters. Therefore, it was used to study the principal factors that govern
DRL behaviour, as well as to find optimal zones of operation, tolerances on cavity and
diamond material parameters, and how to modify design for optimal operation when
higher pump powers are available.
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Figure 4.4: Stokes output power as a function of output coupling calculated at different
pump powers for two different parasitic absorption coefficients. The red line indicates optimal
value of output coupler transmission Topt maximizing Stokes output power. The dashed circle
indicates the point of operation of the 20 W DRL.

Figure 4.4 shows the output power dependence on output coupling for the operating
conditions of 20 W DRL described in Chap. 3 (second column Tab. 4.1).

Figure 4.5: Stokes output power as a function of output coupling and round-trip loss
calculated for 50 W and 150 W of pump power. The red line shows optimal output coupler
transmission maximizing Stokes output power and the dashed circle indicates the point of
operation of the 20 W DRL.

To evaluate the influence of parasitic loss on the Raman laser performance, Stokes
output power is shown as a function of output coupling and round-trip losses in Fig. 4.5.
For fixed pump power, the Stokes output power increases for lower loss as expected.
The optimal output coupling increases for round-trip losses < 0.3%. For higher loss,
however, the output coupling has to be lowered to achieve the highest output possible
at 50 W pump power. At three times higher pumping level, losses have less impact and
beyond a certain point there is no large benefit in changing the output coupling.
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Figure 4.6: Stokes output power as a function of pump waist radius (bottom axis) for
different pump power. Top axis shows corresponding pump beam confocal parameter. The
red line shows maximal Stokes output power and pump waist radius at particular pump
powers and the dashed circle indicates the point of operation of the 20 W DRL.

The focal spot-size of the pump beam (assuming mode-matched Stokes) is one of the
most important design variables as the intensity scales quadratically with the beam ra-
dius. On one hand a small pump spot is desired to lower generation threshold, whereas
higher laser intensity increases thermal-lens strength and may lead to damage of the
optical coatings at higher pump powers. Fig. 4.6 shows that for a fixed Raman crystal
length (8 mm) and output coupling (0.5%), and matched pump to Stokes waist ratio,
the Stokes output power saturates and further decreases in spot size do not lead to any
further significant increases in output. The red curve indicating operating conditions
close to maximum output, and with large pump waist size, highlights conditions for
which near maximum efficiency can be obtained while minimizing pump (and Stokes)
intensity on the crystal facets thus easing the stress on diamond anti-reflection coating.
The main effect of spot-size is to alter the gain and thus laser threshold. Therefore
once operating well above threshold, the slope efficiency and power approach common
values as shown in Fig. 4.7.

Assuming fixed focusing (in this case w0 = 49µm) the crystal length can be opti-
mized with respect to resonator loss. The crystal length that maximizes Stokes output
is shown in Fig. 4.8 for two different output couplings. The curve of optimal length
Lopt indicates that longer crystals can be used at higher output couplings. Increase of
parasitic loss (due to diamond absorption and scatter loss for example) on the other
hand (see Fig. 4.9) forces the use of shorter crystals.
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Figure 4.7: Stokes output power as a function of pump power for a range of pump spot
sizes.

Figure 4.9: Stokes output power as a function of crystal length calculated at different
pump powers for loss parameters α = 0.17%cm−1 and 0.5%cm−1 · The red curve Lopt shows
optimal length of the crystal. The dashed black circle indicates the operation point of the
20 W DRL.

The optimization analysis presented is valid provided that thermal lensing in the
diamond does not significantly change the pump and Stokes waist sizes. As established
in Chap. 3, the current resonator is expected to withstand at least 70 W deposited
heat before thermal lensing significantly affects resonator stability. For the present
experimental arrangement, approximately 45% of the output Stokes power is deposited
as heat in the crystal, thus power-scaling to output powers beyond 100 W is likely to
see the emergence of thermal effects. Note that much higher powers than 100 W are
expected by using system designs with enlarged pump and Stokes spot sizes as well as
higher output coupling. These measures will also mitigate the risk of diamond coating
damage.
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Figure 4.8: Stokes output power as a function of crystal length calculated at different
pump powers for output coupling values of 0.5% and 1.5%. The red curve Lopt shows optimal
length of the crystal and the dashed black circle the operation point of the 20 W DRL.

4.5 Conclusion

An analytical model describing non-resonantly pumped CW Raman lasers has been
developed in this chapter. Equations defining the Raman laser threshold, slope and
conversion efficiencies as functions of measurable resonator parameters were derived.
Compared to other Raman laser models developed, the analytical approach was made
possible by the non-resonant pump and high-Q Stokes resonator. The validity of the
model is limited to systems with negligible thermal lensing.

Good agreement between measured and calculated threshold and slope efficiency
was demonstrated for pump powers up to 50 W. A discrepancy in residual pump power
was observed and attributed to deterioration of the residual pump beam quality and
residual birefringence in the diamond (as discussed in detail in the following chapter).

The model was used to find optimal cavity parameters maximizing Stokes output
power at different pump powers. The improved understanding of the laser behaviour on
diamond crystal and cavity parameters on Stokes output power provides a convenient
design tool for optimizing the design of efficient CW extra-cavity DRLs.
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Single-frequency pumped diamond Raman

laser

Single-longitudinal-mode (SLM) laser operation is a unique regime where the resonator
and gain properties are chosen to allow only one longitudinal mode to oscillate within
the cavity. The advantage is a highly monochromatic beam that potentially has very
low phase and intensity noise (caused by mode coupling) with excellent beam quality.
Applications requiring or preferring SLM laser radiation include spectroscopy and atom
cooling. While single SLM inversion lasers are common and well understood, there are
only a few examples of SLM Raman lasers. SLM output has been demonstrated in
resonantly pumped gas Raman lasers [7, 114] and recently in a silicon rib waveguide
Raman laser [26]. The extra-cavity DRL provides the opportunity to study the struc-
ture of oscillating Stokes modes under SLM pumping in a controlled and few element
system.

In this chapter, the DRL is investigated using a SLM fibre laser as a pump source.
As well as enabling investigation of the output mode properties when pumping with a
SLM laser, the study also demonstrates the applicability of DRLs to a broader family of
pump lasers. The output power and efficiency are compared to the multi-longitudinal-
mode (MLM) pumping experiments in Chap. 3. The longitudinal mode content of the
Stokes beam is characterized as a function of cavity length and input power.

6.1 Raman gain under broad and narrow-band pump-

ing

The effects of pump laser linewidth on the Raman gain have been of great theoretical
and experimental interest. In the early development of Raman laser, several aspects
captivated the research community including the observed asymmetry in forward and
backward scattering, the independence of the forward gain on the pump laser linewidth
(in gases) and other peculiarities in the spectral characteristics of the Raman scattering.
For the purpose of this thesis, steady-state Raman scattering theory is considered
for media with and without dispersion and in a low gain (where the round-trip gain
2gzL � 1 ) and high gain (2gzL � 1) limit. The dispersion here refers to different
group velocities of the pump and Stokes waves. The second order cross correlation
of the pump and Stokes field amplitudes, 〈E∗P(τ1)ES(0, τ2)〉, where τ1,2 are integration
times, is assumed to be either 0 (uncorrelated fields) or 1 (fully correlated fields) [115].
It is assumed that only a phase noise is present (no amplitude fluctuations) in the

79
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fields.
The theory of Raman scattering with broad-band pump lasers (also includes narrow

pump limit) in the medium without dispersion has been treated by Raymer et al. [116].
Without dispersion, the correlations between the pump and Stokes wave amplitude can
freely develop, and hence, in the high-gain limit, the Stokes spectrum always replicates
the pump spectrum. The gain is independent on the initial pump or Stokes linewidth
and is maximized to the value of gS (defined by Eq. (2.16)). This conclusion of the
dispersionless theory is approximately valid in gases and liquids, where, in the high-
gain regime, the Raman gain has been experimentally verified to be independent of the
pump linewidth for over nearly five orders of magnitude when using liquid nitrogen as
Raman medium [117] and from 0.5 to 0.003 cm−1 [118] when using H2 gas.

In the low-gain limit and with initially correlated pump and Stokes fields, the
fields remain fully correlated (i.e., identical spectra) and the gain is also maximized.
However, in the low-gain limit and uncorrelated laser fields, the correlations don’t
evolve significantly over the cavity lifetime and the fields remain uncorrelated, even
though the Stokes spectrum tends to replicate the pump [115]. The effective gain is
reduced by the FWHMs of the pump ΓP and Stokes ΓS spectra according to

Geff ∝ gS
Γr

ΓP + ΓS + Γr

, (6.1)

where Γr is the FWHM of the Raman transition.
Discrepancies between experiment and theory in non-gaseous materials, such as

crystals, led to the development of statistical methods describing Stokes and pump
field correlations in dispersive media. The theory has been developed by Trutna et al.
[118], Georges et al. [115, 119] and others. Essentially, dispersion provides a mech-
anism preventing correlations between interacting fields. Therefore, even for initially
correlated pump and Stokes fields, the effective gain is reduced. In the high-gain limit,
the Stokes linewidth quickly tends towards zero due to the strong amplification at the
centre of the spectrum and the effective gain is reduced by

Geff ∝ gS
Γr

ΓP + Γr

, (6.2)

In the low-gain limit the Stokes spectrum is unaffected, thus the gain is reduced by
the same factor as for a medium without dispersion (Eq. (6.1)). Therefore the Stokes
linewidth must be taken into account when evaluating the Raman gain.

In the opposite limit of narrow pump linewidth compared to the Raman linewidth,
the pump linewidth is eliminated from equations in Tab. 6.1, thus the Geff is either
reduced by the Stokes linewidth only or the gain is unaffected. All the discussed cases
are summarized in Tab. 6.1.

The DRL investigated here operates in the high dispersion regime (due to the
diamond) and the low gain limit since the round-trip gain is only a few percent. The
pump laser linewidth is ΓP � Γr for fibre laser pumping whereas ΓP > Γr when pumped
with the Nd:YVO4 laser in Chap. 3. Therefore, the effective Raman gain coefficient
is expected to be higher for the SLM fibre laser pump according to Eq. (6.1). Using
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Table 6.1: Summary of the Raman gain narrowing factors for an arbitrary pump field
[116, 118, 119].

Dispersion Gain limit Input Stokes Effective gain Stokes output spectrum

No Low Uncor. Geff ∝ gS
Γr

ΓP+ΓS+Γr
Uncor.

No Low Cor. Geff ∝ gS Cor. Identical
No High Cor./Uncor. Geff ∝ gS Cor. Identical
Yes Low Cor./Uncor. Geff ∝ gS

Γr

ΓP+ΓS+Γr
Uncor.

Yes High Cor./Uncor. Geff ∝ gS
Γr

ΓP+Γr
Uncor.

the measured value of 53 GHz for the multi-mode pump laser linewidth and given
diamond’s 45 GHz linewidth, the gain is predicted to be 3.4 times higher for the SLM
pump (here identical Stokes and pump spectra are assumed). Hence, for similar other
experimental parameters, the predicted threshold is about 3.3 W compared to the 11 W
lasing threshold of DRL pumped by a 30 W multi-mode laser in Chap. 3.

6.2 Raman linewidth broadening

In Raman crystals generally and indeed for diamond, the dispersion for pump and
Stokes waves is significant for 1064 nm pumping (∆n = 0.003 for diamond) thus the
Stokes and pump fields remain uncorrelated. Since the Raman transitions are homoge-
neously broadened [41, 94] and the pump is SLM, a single, or only a few longitudinal
modes are expected to oscillate. The reduction in gain from the peak of the Lorentzian
distribution for modes spaced by 1.6 GHz (7.5 cm long cavity containing 8 mm long
diamond) is, using Eq. (2.15), 99.5%, 98% and 95.6% for the first three mode spacings.
Therefore, resonator instabilities and second order effects may be significant in causing
of multi-mode output.

Spatial hole-burning [2] is a major cause of multi-mode operation in standing wave
homogeneously broadened inversion lasers. The Raman gain, however, is not spatially
modulated as shown in Fig. 6.1, since no energy is stored in the Raman medium.
The absence of the spatial hole-burning in SLM-pumped Raman lasers is expected to
provide a mechanism for assisting in generating stable SLM output.

6.3 Single-frequency pumped diamond Raman laser

The DRL was pumped by a 1064 nm fibre laser system with up to 50 W of power in a
diffraction limited beam. The output power and efficiency of the DRL are compared
to pumping with the multi-mode laser. The spectral properties of the generated Stokes
radiation are studied using a Fabry-Perot interferometer and RF analyzer. The findings
are compared to the theory and the implications for future development of SLM DRLs
discussed.
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Figure 6.1: Comparison of spatial hole-burning in a standing wave inversion laser and
gain profile in a Raman laser. The inversion gain is saturated by the standing wave intensity
pattern only in the anti-nodes of the EM wave. Therefore a resonator mode with different
frequency can be amplified by the unaffected periodic inversion regions.

6.3.1 Pump fibre laser characterization

The pump laser used in the experiment consists of a DFB diode seed laser and Yb
fibre amplifier. The 5 mW seed laser (Toptica) had a linewidth of 5 MHz over 5µs
integration time and a mode-hopping free tuning range over 5 nm with wavelength
centered at 1064 nm. The output beam was linearly polarised and with a TEM00

spatial mode. The seed signal was amplified in a 50 W Ytterbium fibre power amplifier
(IPG Photonics). Since the operating wavelength range is 1030–1070 nm the amplifier
was able to utilize the full tuning range of the seed laser. The fibre amplifier maintains
linear polarisation and diffraction limited TEM00 output. The pump power incident
upon diamond is shown in Fig. 6.2 as a function of the control unit setting.

The spectral characteristic of the pump laser was measured by a scanning Fabry-
Perot (FP) interferometer (Thorlabs). Due to the confocal design of the FP the free-
spectral-range is FSR = c/4L, which is 10 GHz for the 7.5 mm long cavity. The res-
onator finesse of 150 results in 67 MHz resolution. Fig. 6.3 shows a FP scan over twice
the full FSR and an expanded view of resolvable width of a peak. The FWHM was
75 MHz as expected from the device resolution.
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Figure 6.2: Pump power incident on the diamond as a function of relative amplifier
amplification. The poly. fit was used to convert the relative setting to output power

Figure 6.3: Pump laser mode characteristic measured by Fabry-Perot interferometer.

6.3.2 Diamond Raman laser design

The Raman cavity depicted in Fig. 6.4 is similar to the one used in Chap. 3. The input
coupler (IC) with radius of curvature 25 mm was highly transmissive (T > 96%) for the
pump and second Stokes wavelength and had reflectivity of 99.997% at the first Stokes
component. Two 50 mm radius of curvature output couplers were used to investigate
single–double-pass pumping. For the double-pass, the output coupler (OC1) was highly
reflective for the pump and had a transmission of 0.5% for the Stokes. For the single
pass experiments an output coupler (OC2) was used with an identical coating to the
input coupler. Therefore the output coupling per round-trip was 0.0055% providing
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Figure 6.4: Stabilized DRL resonator with piezo cavity length tuning.

a finesse of an empty cavity exceeding 5000. The cavity length was 78 mm to ensure
good overlap between the 50-mm-lens-focused pump and Stokes field. The diamond
used was the 8-mm-long crystal used in experiments of Chaps. 3 and 5. In view of the
findings of Chap. 5, the pump beam position in the diamond was optimized to provide
low threshold and high slope efficiency output.
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6.3.3 Diamond Raman laser power characteristics

The output power and conversion efficiency of the double-pass pumped DRL are shown
in Fig. 6.5 as functions of incident pump power. Upon careful alignment the generation
threshold is 10 W and the Stokes output power increases with a linear slope of 57.6%
over the measured range (see Fig. 6.5). The conversion efficiency attains 44.9% and
output power 18 W at maximum incident pump power of 43 W.

The threshold and slope efficiency are similar to that achieved when pumped by the
30 W Nd:YVO4 laser (see Chap. 3). Hence, the effective gain coefficient is deduced to be
similar to the multi-mode pump, despite the smaller pump linewidth ΓP and improved
beam quality. The smaller gain, in contrast to the three-fold increase predicted for
the SLM pump, may be attributed to several factors including uncertainties in beam
spot-sizes and the birefringence characteristics of the operating point in the crystal.

Figure 6.5: Stokes output power and conversion efficiency as a function of incident pump
power.

During the measurement of slope efficiency, it was noted that the Stokes output
power displayed substantially greater power fluctuations compare to the multi-mode
case. To investigate the role of mechanical resonances on output power stability a volt-
age sine wave was applied to the piezo-driven OC. By changing the applied frequency
between 1 Hz and 10 kHz several resonant frequencies shown in Fig. 6.6 were identified
in the output for the DRL operating several times above threshold. No resonances
were found above 1 kHz.

The measurement indicates that mechanical noise of certain frequencies resonates
with opto-mechanical components of the Raman cavity and modulates the Stokes out-
put amplitude. The susceptibility of the SLM-pumped DRL to resonator instabilities
was found to be much greater than for multi-mode pumping. In order to make the
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Figure 6.6: Identification of resonance frequencies (10-1000 Hz) of introduced mechanical
noise.

Figure 6.7: Comparison of pump (red) and Stokes power noise measured over 0.3 s before
(black) and after (blue)mechanical stabilization of the DRL.

Raman cavity more rigid, the diameter of optical posts was increased from 1
2

′′
to 1 ′′ and

the setup was placed on a separate breadboard. Comparison of the DRLs amplitude
stability in Fig. 6.7 shows significantly reduced noise amplitude in the Stokes output.

When optimizing the cavity parameters small variations in resonator length signif-
icantly impact the output power. As illustrated in Fig. 6.8 extension of the resonator
length by about 1 µm causes the laser to switch on and off, even when pumped 2-3
times above threshold. Since this period is similar to the Stokes wavelength of 1.24 µm ,
it appears likely that the transitioning between on and off states is related to scanning
of longitudinal modes through the peak of the gain curve. The magnified interval in
the Fig. 6.8 shows an example of the abrupt transitions in power that occur within a
half-wavelength range.
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Figure 6.8: Stokes output power as a function of cavity length, for a pump power three
times above threshold (30 W).

6.3.4 Diamond Raman laser spectral characteristics

During the course of laser optimization, the coarse spectrum of the Stokes output was
measured using a temperature regulated spectrometer (NIR-512 Ocean Optics) with
5 nm resolution. When operating 2-3 times above threshold and for certain cavity
length settings, two peaks adjacent to the first Stokes line appear in the spectrum (see
Fig. 6.9). The two weak satellites are separated 66 cm−1 from the centre of the main
Stokes line. Since the two satellites carried enough intensity to generate detectable
second Stokes photons they are deduced to be coherently generated alongside the first
Stokes. Similar spectral features, with somewhat different spacing (130 cm−1), have
been also since observed in an ultra-fast laser pumped DRL [120].

The fact that the appearance and amplitude of the extra frequency components de-
pend on cavity length, and that the spacing varies between two DRL systems, suggests
they may result from a phase-matched process such as four wave mixing. Stimulated
Brillouin scattering was ruled out as a source since the speed of a sound wave νq
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corresponding to the 66 cm−1 shift ∆ω, calculated as [41]

νq =
∆ωc

2ωPn sin(θ/2)
, (6.3)

where ωP is the frequency of the pump laser and θ is the angle between the incident
and scattered radiation from the acoustic wave, would be 40 × 104 m/s , an order of
magnitude higher than the theoretical value of ≈ 2 × 104 m/s and thus unphysical.
An expected magnitude of the SBS shift in diamond is approx. 6 cm−1 [121].

Figure 6.9: DRL output spectrum measured three times above threshold. Two satellite
peaks, spaced by 66 cm−1 from the first Stokes, were observed under some cavity length
settings.

Double-pass pumping
The longitudinal-mode content of the oscillating Stokes field was characterized by using
of the 10 GHz FP interferometer. Note that since the FSR of the 78 mm DRL cavity,
1.68 GHz, is very close to six times the 10 GHz FSR of the FP interferometer, the
modes spanning outside the FP FSR fold back on the same measured time interval
with a small shift (see Fig. 6.10). Thus it was difficult to determine unambiguously the
number of longitudinal-modes when more than six were present in the Stokes output
spectrum.

When double pass pumping is used, and the Raman laser operates at maximum
output power to eliminate threshold instabilities, several modes of operation were dis-
tinguishable. Under some conditions, SLM operation (as in Fig. 6.11 A), was induced
by making small adjustments (within 1µm) in the cavity length. However, the mode
position is stable only for a few FP scans i.e., for a period of approximately 100 ms.
The output power displayed random amplitude fluctuations, deduced from the absence
of major peaks in the corresponding measured Fourier transform (FT) spectrum.
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Figure 6.10: A schematic showing an FP interferometer scan with 10 GHz FSR. Since
the transmission of the FP interferometer is a periodic function, modes may superimposed if
the mode spacing is exactly or close to an integer fraction of the FP FSR.

Upon a change in the resonator length (within 1µm) several weaker modes start
to oscillate alongside the main mode (Fig. 6.11 B). The longitudinal mode spacing of
1.68 GHz corresponds to the FSR of the Raman resonator. The number of modes and
their amplitudes were observed to fluctuate over the period of several FP scans.

Figure 6.11 C shows a further operation mode obtained by again adjusting the
resonator length. The amplitude and quantity of the longitudinal modes increased.
In the shown example at least six modes were oscillating within the FSR of the FP
interferometer. The output power is more stable compared to the previous cases.

The last example Fig. 6.11 D shows highly multi-mode Stokes output. All modes
oscillating contain similar power with some minor changes during consecutive mea-
surements. The output power is stable with only some higher frequency noise and no
major stable components in the Fourier domain.

Single-pass pumping

In order to understand the mechanism causing multi-mode Stokes oscillations under
SLM pumping, the resonator setup was changed to enable single-pass pumping (OC2).
The absence of the back reflected pump wave prevented possible interferences on the
pump beam potentially influencing the Raman laser performance. The DRL threshold
was 5 W of pump power. The output power, when operating three to five times above
threshold, was tens of milliwatts. The longitudinal mode spacing of approx. 1.6 GHz
did not change compared to the double-pass pumping as expected.

The Stokes power behaviour and mode content is shown in Fig. 6.12 A–D. For
pump powers three (A–C) to five (D) times above threshold, the measured power was
much more stable (over the measure time interval of 100 ms) compared to the double-
pass pumping, and remained stable even for changes in cavity length. However, the
mode structure was found to change markedly as a function of cavity length. In A,
every second cavity mode is missing and the amplitude of the modes is uneven. Since
a formation of intracavity etalons can cause a periodic modulation of resonator loss,
the diamond was tilted in order to prevent multiple reflections of the diamond faces
to resonate. After ensuring that no etalons could be formed in the cavity, similar
alternating mode behaviour was observed for certain cavity length adjustments (see
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Figure 6.11: Output power and longitudinal mode content of the DRL under double-pass
pumping. The operating conditions corresponding to each panel (A, B, C, D) are described
in the text.

Fig. 6.12 B).

Further alterations of the resonator length caused the power to evenly distribute
in the oscillating modes, as shown in C. All modes contained similar power and their
amplitudes remained stable for over several hundreds of milliseconds. Without chang-
ing the cavity length the pump power was increased to five times above threshold.
The modes amplitudes remained stable over a similar time interval as in previous case
(Fig. 6.12 D). However, the broadening of mode peaks shown in the Fig. 6.12 D indicate
that the number of modes increased well outside the FSR of the FP interferometer.
When the pump power was than gradually decreased, the number of oscillating modes
decreased; however, at least six modes are present even at the lasing threshold.

The individual modes are more “fuzzy” compared to the double pass pumping
results indicating larger mode jitter within the FP integration period or rapid “on-
off switching” of the modes. The reason may be the greatly increased photon cavity
lifetime of 198 ns which corresponds to 380 round-trips. To determine whether the
modes are oscillating simultaneously (as opposed to mode-hopping) a RF analyzer
(Agilent N9030A 3 Hz to 50 GHz) was used to measure the beat frequency of the
oscillating modes. The measured spectrum in Fig. 6.13 shows a strong beating signal
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Figure 6.12: Output power and longitudinal mode content under single-pass pumping.
In B–D, the diamond was tilted to reduce the possibility of etalon effects. In A–C the DRL
operates three times, in D five times, above threshold.

at 1.684 GHz corresponding to the FSR of 77.8 mm long resonator containing a 8 mm
long diamond. The presence of the resonance suggests that some of the longitudinal
modes are oscillating simultaneously within the Raman cavity. The other smaller
resonances, which are separated too far from the cavity resonance, are attributed to
cavity instabilities changing the exact frequency of oscillating modes.

6.4 Discussion

Although the SLM-pumped DRL performed well in terms of slope efficiency and output
power, there were several aspects of its performance that were unexpected in the light
of the theory summarized earlier in the Chapter. The predicted reduction in threshold
for the narrower linewidth pump was not observed. Due to the inherent uncertainties
in operating parameters this result may not be significant, however. Perhaps the most
significant departure in performance from theory is the highly multi-moded output,
which in the case of double-pass pumping is accompanied by poor output power sta-
bility. This unstable frequency behaviour appeared to be a characteristic feature of
the SLM-pumped DRL. SLM output was observed, but this could only be temporarily
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Figure 6.13: RF spectrum of laser output showing a beating frequency of the multi-mode
Stokes output.

achieved (for periods less than 100 ms) using double-pass pumping and it was accom-
panied by large fluctuations (>10%) in output power on a millisecond time-scale.

The results are compared with the few other instances of SLM-pumped Raman
lasers in the literature. The resonantly pumped gas systems of refs. [27, 27] utilized
SLM pumping and the relatively narrow Raman linewidth of gases to achieve SLM
output. In the case of H2, the FWHM gain linewidth of 510 MHz is much smaller
than the cavity mode spacing of the 7.28 cm cavity [27]. As a result, cavity locking
required at least one cavity mode to coincide with the centre of the gain distribution.
Under these conditions only one longitudinal mode can oscillate in the resonator. SLM
Stokes output has also been reported in a Si Raman laser. Using a rib waveguide,
both single-mode [26] and multi-mode [39] Raman outputs have been observed. Here
the longitudinal mode spacing of the waveguide (0.9 GHz) was much smaller than
silicon Raman linewidth of 37.2 GHz [41] allowing several modes to oscillate within the
waveguide resonator. However, the techniques and conditions for which SLM output
was obtained were not discussed in detail. Comparison of these systems with the DRL
is shown schematically in Fig. 6.14. In contrast to the H2 Raman laser the SLM-
pumped DRL is not frequency locked to the pump and the diamond Raman linewidth
(45 GHz [41]) is broader than the cavity FSR. In that respect the DRL is similar to
the Si Raman laser. However, the lack of details regarding the Si laser stability and
operating conditions prevents more detailed comparison.

As discussed above, the Raman gain is homogeneous, thus strong mode competition
is expected. Even if there was significant inhomogeneous broadening (due to defects,
isotopic and extrinsic impurities, etc) the fact that multiple modes are observed within
the homogeneous width, even near threshold, is unexpected. The observed multi-mode
behaviour suggests there is a mechanism, not yet understood, which causes inherent
instability in SLM operation.
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Figure 6.14: Comparison of resonantly pumped H2 Raman laser, DRL and Silicon waveg-
uide laser cavity and FWHM of the gain distribution.

It is widely known that when more than one frequency is present in the pump spec-
trum, four-wave mixing processes may give rise to additional components in the Raman
polarisation leading to additional frequencies and broadening of Stokes output [122].
In the presented DRL the pump is strictly single mode; however, more than a single
Stokes mode may be generated due to cavity length instabilities, stress birefringence
or other subtle effects, due to a small gain difference of neighbouring modes (0.5% for
the first neighbouring mode) close to the peak of the Lorentzian distribution. Such
perturbations combined with four-wave mixing of multi-mode Stokes field may thus
provide a mechanism for broadening the Stokes spectrum across a large fraction of the
diamond Raman linewidth.

The DRL was observed to generate more stable multi-mode output for the case of a
single-passed pump through the diamond. It is not yet clear, however, whether this is
a result of greatly increased resonator finesse (and thus Stokes photon cavity lifetime)
or due to the absence of the interferences on the pump wave.

6.5 Conclusion

In this chapter high power external cavity DRL pumped by a SLM fibre laser has been
investigated. The 10 W threshold and 19 W of output power are comparable to multi-
mode pumped DRL suggesting no significant change in the Raman gain. The shift
from solid-state pumping to a Yb fibre system without loss in efficiency demonstrates
the adaptability of extra-cavity DRL to pump sources other than bulk crystal lasers.
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Indeed, as far as the author is aware, this work represents the first efficient and first
CW conversion of a fibre laser in a Raman crystal.

The SLM pumping does not generally result in a stable SLM Stokes output. The
number of oscillating longitudinal modes and their amplitudes stability varies for small
changes in the cavity length. The mechanism leading to the multi-mode Stokes spec-
trum is more pronounced when using a high-Q cavity and single- rather then double-
pass pumping, where several modes start to oscillate even slightly above threshold.

The origin of the multi-mode Raman generation in the case of the homogeneously
broadened Raman gain in diamond under SLM pumping has been discussed. The un-
derstanding of the physics describing multi-mode Stokes generation from SLM pumping
is immature, thus future work is needed to understand the mechanisms for spectrum
broadening and to determine conditions enabling SLM operation. A number of ap-
proaches are envisioned. Shortening of the resonator so that its FSR is greater than
half of the Raman linewidth FWHM assures single mode output. The resonator formed
by diamond would have to be less than about 3 mm long in this case. Introducing
mode-selecting intracavity elements (etalons, birefringent filters) may also provide an
effective method for restricting the number of oscillating modes. At the same time,
however, it increases cavity loss and thus reduces the lasers efficiency as established
in previous chapters. Injection seeding of the cavity may also assist in a single-mode
Stokes generation at the cost of additional system complexity.
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Conclusion

Synthesis of single-crystal diamond has reached the point where samples with high
optical quality are readily available. Diamond has progressed from cutting tools and
heat-spreaders to applications in optics and lasers. As a Raman gain material, diamond
exploits its excellent opto-mechanical and thermal properties and large scattering cross
section and this has resulted in the rapid progress in crystal Raman laser technology,
in the last few years. The main directions of development have been as extra-cavity
pulsed and intra-cavity CW DRLs.

This thesis demonstrates a novel approach to achieving highly-efficient, high-power
Raman conversion: extra-cavity CW diamond Raman lasers. The results show that
the combination of an external oscillator and diamond as a Raman medium, enables
efficient CW Stokes generation and is suitable for power-scaling to the hundreds of
watts level.

7.1 Summary

The foundation work of this project was a demonstration of a 10 W CW DRL using a
30 W pump laser. This first encouraging result already exceeded the output power of
most CW Raman lasers, and was two orders of magnitude more powerful than the pre-
vious best extra-cavity CW Raman laser. Due to the promise for further increases in
output power, a second QCW pump laser with on-time power of 50 W was constructed
to investigate the DRLs performance. The higher pump power enabled DRL output
power, in steady-state, to be increased to 22 W. No power roll-off was observed con-
firming that diamonds power handling capability is vastly superior to other materials.
A power budget of the Raman process was evaluated in Chap. 3.5. It revealed that
the diamond bulk loss significantly limited the efficiency of the laser.

A calculation of thermal lensing and resonator stability showed that efficient op-
eration is predicted when using higher pump powers. Output powers of up to ap-
proximately 100 W are anticipated before thermo-optic effects become significant in
the resonator designed in Chap. 3.5.1. Scaling to much higher powers is predicted by
increasing output coupling and beam waist sizes in the diamond.

In Chap. 4 an analytical model for the DRL was derived to identify which param-
eters are crucial to optimization. The modelling showed that the initially estimated
parameters of the Raman resonator were close to optimal at current pumping levels,
and only minor increase in efficiency could be gained by further optimizing the output-
coupling. The model was used to predict acceptable tolerances on crystal length,
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parasitic loss and output coupling, and their dependencies on pump power. In the
presented DRLs, stronger focusing of the pump would decrease the threshold but not
the maximal output power for fixed pump power and output-coupling of 0.5%. The
length of 8 mm of the diamond was optimal for the current level of parasitic losses.

Throughout the experiments performed in this project it became obvious that DRL
performance significantly varied as a function of beam location in the diamond. Even
within one crystal a change of pump spot position led to unpredictable variations in
output power and orientation of the Stokes polarisation. It was suspected that resid-
ual birefringence may have such an impact, as it is well known that during the CVD
growth of single crystal diamond significant stress-induced birefringence can develop.
Therefore, in Chap. 5 the polarisation properties of the Stokes beam were character-
ized as functions of pump beam polarisation and beam position in the diamond. A
thorough comparison of the measured threshold and polarisation orientations with the
calculated tensor nature of the Raman scattering efficiency showed that threshold was
inversely proportional to the scattering efficiency for Stokes polarisations parallel to the
birefringence axes. The pump polarisation orientation determined whether the Stokes
polarisation was parallel to the fast or slow birefringence axis.

In order to study longitudinal-mode dynamics in these systems, a DRL was inves-
tigated that employed a single-frequency pump laser (Chap. 6). As far as the author
is aware, this is the first time that mode dynamics for single frequency pumping have
been investigated in detail for any crystalline Raman laser. Contrary to expectations,
stable SLM output was not obtained. Laser output was found to exhibit many modes
of behaviour involving large changes in amplitude stability and mode content. Under
some conditions, sideband frequencies were observed adjacent to the Stokes peak in the
spectrum that, although not yet explained fully, may be attributable to a non-Raman
four-wave mixing process.

The extra-cavity conversion approach enabled by diamond has the potential to be
applied to many different CW pump laser technologies with high spectral density and
high brightness. To demonstrate this flexibility a CW 50 W Yb fibre laser was used to
pump the DRL cavity. The measured output power characteristics were similar to the
bulk solid-state laser pumping with almost 20 W of output power and 50% conversion
efficiency. The external cavity diamond laser concept thus enables efficient frequency
conversion to be applied to a greater range of pump lasers than for other Raman
crystals materials, where the latter are generally restricted to lower powers and laser
media compatible with intracavity designs.
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7.2 Implications and future work

The results of this thesis directly impact on the design and operation of future DRL
technology. Many of the outcomes indicate interesting directions for further study.

7.2.1 High-Q diamond Raman lasers

Since the output-coupling used throughout the thesis was only 0.5%, the findings apply
directly to low-threshold high-Q diamond lasers. Although the DRL efficiency can be
optimized by changing resonator properties according to the modelling in Chap. 4,
diamond impurities and lattice defects were found to strongly influence performance
of the DRL.

The residual absorption, caused by nitrogen and lattice defects in the synthetic
diamond, is presently the major cause limiting the conversion efficiency. Future syn-
thesis of lower loss material will enable slope and conversion efficiencies to increase
accordingly towards the quantum limit, which in the case of 1064 nm pumping is 86%.

Lower birefringence material will enable efficient lasers to be designed more simply.
These problems should also be considered for devices that simultaneously oscillate on
the Stokes and pump fields within the diamond resonator. Many intracavity DRLs
to date that have been investigated with 1-2% output-coupling (Parrotta et al. [73,
123], Lubeigt et al. [57, 64], Savitski et al. [74, 91], and Kemp et al. [95]) will
similarly benefit from improved diamond. In the case of birefringence, depolarization
loss of the fundamental field as well as the Stokes is a further consideration for the
intracavity design. Future development of resonantly-pumped DRLs, which rely on
resonant enhancement of the pump field within a DRL cavity, will likewise benefit
from improved diamond quality.

When birefringence is significant, the results of Chap. 5 provide guidance on DRL
optimization. Once the magnitude of the birefringence and its orientation in the dia-
mond sample has been characterized, a path through the diamond with a birefringence
axis parallel to one of the 〈111〉 directions is found to be preferred. Orienting the pump
parallel to this axis results in lasing without a gain reduction. In the case of no other
depolarization effects (such as circular dichroism), the birefringence will have no impact
and the Stokes polarisation direction will be parallel to the pump in accordance with
the Raman tensor. If such a spot does not exist in the sample, a place with the lowest
birefringence is recommended. In designs that require the pump and Stokes fields po-
larisations to be parallel (e.g., cavities involving other polarizing elements), diamond
orientated so that the local birefringence axis coincides with the pump polarization
direction is expected to minimize losses on pump and Stokes fields.

7.2.2 Low-Q high power diamond Raman laser

Modelling presented in this thesis has shown that residual absorption and birefringence
in diamond are less critical as pump focusing and power are increased. The optimal
output-coupling increases, which reduces the relative impact of parasitic losses. Other
parameters, such as crystal length, become important factors for optimization.
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As the availability of narrow-linewidth, high-brightness, kilowatt class CW lasers is
limited, quasi CW (QCW) pumping provides a convenient method for studying Raman
conversion at elevated power levels. Since the thermal gradients in a diamond establish
within 50µs, pulses with more than 100µs duration are sufficient for investigation of
the steady-state DRL performance. For example, a QCW laser with 1% duty-cycle and
10 W average power will enable experimental investigation into the power limitations
of DRLs under kilowatt pumping.

7.2.3 New wavelengths generation

In all of the experiments presented in this thesis, the DRL was pumped by 1064-nm
emitting lasers. Although the 1240 nm Stokes output wavelength is of some interest
in applications, the extra-cavity concept can be readily adapted to other parts of the
spectrum.

The high power CW Raman output can be extended further into the infrared and
into the applications-rich “eye-safe” region by cascading the scattering into higher
Stokes orders. The second and third Stokes components when pumped at 1064 nm
are 1485 nm and 1851 nm. Pumping with the secondary-line of Nd lasers at 1.3µm,
will enable generation of 1.6µm and 2µm. However, the Raman gain coefficient is
reduced at longer wavelengths and the generation between 2.5 and 6.5µm becomes
more difficult due to multi-phonon excitation. Pump lasers based on different active
laser ions (Yb, Tm, Er, etc.) further extend the potential wavelength coverage of
DRLs.

Tunable high power CW lasers are a technology of great interest for DRL pumping.
Specifically, the advances in Yb fibre lasers are highly encouraging. If a fibre laser,
tunable from 976 to 1120 nm [124], were combined with the extra-cavity DRL presented,
the wavelength coverage of the whole system would span from 976 to 1316 nm. By
changing the output coupler to resonate the second or third Stokes component the
laser would reach up to 2µm. Similar advantages are also offered by VECSEL laser
technology with even broader potential wavelength choice.

The DRL output can be extended into the visible by pumping with the harmonics
of the pump sources. For example, the first three Stokes components of a green pump
are situated in the yellow, orange and red spectral regions. Pumping DRLs at shorter
wavelengths have the benefit that the gain is much higher, although it may be impor-
tant to consider increased scatter and absorption coefficients. The wide band gap of
diamond may be utilized to extend CW conversion in the ultraviolet. The Raman gain
is approximately 100 cm/GW, thus thresholds are potentially an order of magnitude
lower. It should be noted, however, that deep-UV operation is currently problematic,
due to a characteristic UV-induced surface damage mechanism observed in the UV-C
[68, 125].

A more efficient option for generating DRL output at shorter wavelengths is by
intracavity harmonic conversion, a scheme that has been widely used in intracavity
Raman lasers [12, 123, 126]. In this case, the Stokes field is strongly resonated and the
second order-nonlinear conversion provides a means of output-coupling. Cavity designs
for intracavity doubled DRLs may include folded and ring resonator schemes and are
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a subject of further investigation.

7.2.4 Single-frequency sources

There are many applications in spectroscopy, atmospheric ranging and detection, and
atom cooling that require CW high power and narrow linewidth laser radiation at
specific wavelengths. The results presented in Chap. 6 show that the path to single
frequency Stokes generation is not as straightforward as previously thought. A future
theoretical study supported by experiments is required to further describe the single-
frequency pump and multi-mode Stokes interaction.

Demonstration of single-frequency output may require incorporation of line-selective
cavity elements such as etalons to provide the necessary additional mode discrimina-
tion. However, the increased loss would likely elevate the lasing threshold. Seeding
of the DRL with a single-mode Stokes signal may also provide a viable strategy for
inducing SLM operation.

7.2.5 Closing words

The extra-cavity DRLs studied throughout this thesis have proved to be an excellent
test-bed for investigating the performance and limitations of CW beam conversion in
diamond. The work presented in this thesis opens up new intriguing research areas
and highlights the promise for diamond laser technologies in the future.
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