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Abstract

Here is presented the rst demonstration of a continuous-wave third-Stokes crystalline
Raman laser. This was achieved via intracavity Raman conversion of a vertical exter-
nal cavity surface emitting laser (VECSEL), also known as a semiconductor disk laser
(SDL). The VECSEL-pumped Raman laser achieved Watt-level output and broad tune-
ability within the water transmission window at 1.7 m, o ering potential applications
in remote sensing and medical imaging. In this thesis the design and characterization
of such a cascaded Raman laser are described.
The attractive performance of VECSELSs based on InGaAs for emission around 1
m, now being implemented in commercial cw laser systems, has spurred the VEC-
SEL research community to widen the fundamental spectral coverage beyond 1.2 m
via more sophisticated and at the same time more complex growth and fabrication
processes. These devices nonetheless lend themselves very well to nonlinear frequency
conversion, primarily owing to the high-intensity elds generated intracavity, thus by-
passing di cult epitaxy and processing to access long wavelengths with high power and
low output coupling. Raman media, as (®-type materials, are powerful tools as wave-
length converters thanks to the simpli ed optics required to achieve stimulated Raman
scattering -which is the basis of the Raman laser- when compared to most common
(@ -based systems.
This thesis reports 1.1 W continuous-wave Raman laser emission centred at 1.73
m from third-Stokes generation in a KGW crystal within an InGaAs-based VECSEL
designed for fundamental emission at 1.18 m. This system also demonstrated broad

tuneability from 1696-1761 nm when the VECSEL was tuned from 1163-1193.2 nm,



exceptional beam quality (M? 1) and instrument-limited narrow linewidth of 48 pm
FWHM. In addition, simultaneous output coupling at the rst and second Stokes was
also attained, with maximum output power of 1.1 and 0.8 W at 1.5 m and 1.32 m,
respectively tuneable from 1473-1522 nm and 1300-1338 nm. Having originally intended
to reach 1.7 m with a synthetic crystal of diamond and two Stokes shifts (the Raman
shift is larger than in KGW), in this work three Stokes shifts in KGW were utilized
since the deposition of robust anti-re ection coatings was more feasible on this crystal
for such a broad wavelength range (1.1-1.7 m). Nevertheless, the rst Stokes shift in
diamond, being AR-coated for 1.1-1.4 m operation and pumped by the same VECSEL
structure, resulted in Raman laser emission at an important water absorption region
around 1.4 m, with maximum 2.3 W output power and tuneable over a range of 42

nm.
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Chapter 1

Introduction

The very rst concept of stimulated emission of electromagnetic radiation was theo-
retically established in 1917 by Albert Einstein with the well-known Einstein coe -
cients [1]. The realization of the rst functioning laser came more than forty years
later, in 1960 [2]. Since then, laser engineering has been a very intense eld of research,
expanding in various technology areas, including diverse elds such as spectroscopy,
telecommunication, computing, medicine, gas sensing, LIDAR, and many others. Each
of these applications depends on a particular combination of di erent laser properties,
among which emission wavelength, output power, output beam quality, but also com-
pactness and e ciency. For example, molecular spectroscopy is an important research
area as it requires high-power, single-frequency lasers with an emission wavelength that
can be tuned over the spectral region in which some molecules exhibit absorption lines,
typically in the near-infrared and beyond. Also, medical imaging, in particular optical
coherence tomography [3], can bene t from broadly tuneable lasers near 1.5 m and
1.7 m thanks to the low scatter and water absorption in this region. Depending on
the laser type, however, some lasers exhibit excellent properties while showing other
undesired low-quality characteristics. For example, most employed sources are semi-
conductor diode lasers as they cover a wide range of wavelengths from the visible to the
mid-infrared owing to the combination of di erent materials and structures in very com-
pact devices. Due to their compact size and geometry, however, a single semiconductor

diode laser can not operate with multi-Watt output power and exhibiting simultane-
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ously a high-quality beam. This is typical amongst edge-emitting (high power, low
beam quality) and surface-emitting diode lasers (low power, high beam quality). In
contrast to semiconductors, doped solid-state and bre lasers can emit several Watts
with excellent beam quality but the emission wavelengths are limited to the electronic
transitions of the guest ions.

The recent success of vertical-external-cavity surface-emitting lasers (VECSELS)
[4,5], also called optically-pumped semiconductor disk lasers (OPSDLs, or SDLSs), stems
from their particular combination of multiple properties, such as multi-Watt output
power with excellent beam quality and great wavelength exibility, enabling laser op-
eration from the red to the mid-infrared [6,7]. SDLs are recently replacing most classic
commercial laser sources owing to the relatively low-cost epitaxial growth process of
InGaAs-based quantum well materials that make SDLs easily implemented in a range
of commercial systems, such as those produced by Coherent Inc. [8]. Although SDLs
can operate very e ciently with emission wavelength around 1 m, they require dif-
ferent materials and growth techniques to target spectral regions beyond this region,
among which more complex SDL structures based on InAs quantum dots and dilute
nitride InGaAs quantum wells [9{11]. When the monolithic growth is not possible, the
fabrication process based on wafer fusion, already utilized for telecom VCSELs [12],
can produces SDLs to cover that part of the spectral region near 1.5 m with great
e ciency [13]. Alternatively to direct emission, the macro-cavity geometry of SDLs can
be exploited to implement nonlinear materials to generate laser emission wavelengths
that are hard to reach directly from semiconductor diodes. Second harmonic gener-
ation and Raman conversion are two well-known standard technigues that have been
extensively employed in SDLs for bridging several gaps in the visible and the infrared
region respectively [6,7]. Commercial lasers that make the use of SDLs are based on
monolithic InGaAs, adding more wavelengths in the visible via intracavity frequency
doubling [8]. A recent study of SDLs showed that emission at 1.2 m can be still
fabricated with high quality, monolithically grown InGaAs quantum wells, with record
of output power above 20 W [14], making them promising candidates for extending

the wavelength coverage in the water transmission window up to 1.7 m by means of

Chapter 1. Introduction 2



1.1. Semiconductor laser evolution to the thin disk technology

intracavity Raman conversion. This thesis will present the use of Raman crystals to
shift the wavelength of SDLs based on this material towards the novel 1.7 m region.
In this chapter an overview of semiconductor and Raman lasers will be given in a bit

more details.

1.1 Semiconductor laser evolution to the thin disk tech-

nology

The rst working semiconductor device showing laser emission in continuous-wave was
a diode based on a GaAs p-n homo-junction, demonstrating operability in the infrared
at 850 nm [15]. Nowadays, the double hetero-structure is implemented in the fabrica-
tion of modern laser diodes, allowing them to be operative at standard temperature and
low current density threshold. In these architectures, the active layer is between two
cladding layers with higher bandgap and smaller refractive index, that con ne more
electrons and holes together within the small bandgap, allowing them to emit pho-
tons with greater e ciency. Since the advent of sophisticated growth processes, such
as metal-organic chemical vapour deposition and molecular beam epitaxy, further im-
provements have been also demonstrated by reducing the middle active layer thickness
to the nanometre scale and hence taking shape of quantum wells. Here the carriers are
con ned in one dimension with thickness on the order of the de Broglie wavelength and
are allocated onto de ned energy states, thereby reducing the threshold. Controlling
with great precision the width and the height of the quantum well by changing the
alloy fraction in ternary or quaternary compositions, determines in turn the emission
wavelength.

Depending on the propagation direction of the laser emission relative to the plane of
the gain region, semiconductor lasers are classi ed as edge-emitting or surface-emitting
lasers, as represented in Fig. 1.1. In edge emitters, the laser emits from the cleaved edge
as the in-plane waveguide guides the radiation, as shown in Fig, 1.1. Propagation along
the longer axis ( 100-1000 m long) and Fresnel re ection at the semiconductor/air

interface, provide su cient feedback to make up for the losses thanks to which the laser
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1.1. Semiconductor laser evolution to the thin disk technology

I G o M| A—
Confinement region,

+—— Active region —*

+— Cladding DBR

] Substrate —

+—— Metal contact —»

Edge emitters Vertical emitters

Figure 1.1: Diagram of conventional edge- and surface-emitting lasers. DBR: dis-
tributed Bragg re ector.

can achieve up to some Watts of output power. At the same time, however, the output
beam becomes asymmetric and highly divergent, which would require, for instance, a
correcting lens if coupled into an optical bre.

In contrast, in vertical-cavity surface-emitting lasers (VCSELSs), demonstrated for
the rst time in continuous wave in 1989 [16], the emission is normal to the substrate of
the chip. The gain region is composed of several quantum wells with high material gain,
but limited to a few percent modal gain per pass owing to their very narrow thickness,
which is around 10 nm. Given the very short gain region, highly re ective distributed
Bragg re ectors (DBRs) are grown monolithically on the substrate and on top of the
active region to satisfy the laser threshold condition. VCSELSs are pumped electrically,
with an aperture in the top current injection contact of a few m radius, limiting the
output power to 10-100 mW [17], taking also advantage of fundamental transverse
mode operation. The current injection aperture can be increased for a higher output
power, at disadvantage of a poorer beam. Since they emit vertically, VCSELs can be
also integrated in a two dimensional array with millions of components per centimetre
squared, scaling the total output power up to a hundred Watts [18,19]. VCSELs are
still being developed for high density data interconnects in computer chips and other

applications that require electronics miniaturization.
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1.2. Introduction to semiconductor disk lasers

1.2 Introduction to semiconductor disk lasers

The surface-emitting technology later evolved to address one of the major challenges
for semiconductor lasers: how to deliver a laser output that combines high power and
low divergence, resulting in the development of vertical-external-cavity surface-emitting
lasers (VECSELS) [5] . Unlike VCSELSs, the laser standing wave is allowed to resonate
in a free-space region as one gain mirror is external to the active layers [5, 20, 21].
VECSELSs bene t from the macro-cavity design of solid-state lasers, and combine them
with the gain properties of semiconductors.

The thin-disk architecture of solid-state lasers was introduced in 1993 [22, 23],
conceived to manage the heat deposited in a high-power, thin-disk solid-state gain
medium. Thanks to this analogy, semiconductor disk lasers (SDLs) terminology has
therefore been adopted as an alternative to VECSELs and will be hereafter used in
this manuscript. Also, being a semiconductor, the gain region material absorbs the
pump intensity within a few micrometers, simplifying the focusing optics geometry for
an e cient single-pass pump absorption. The unigue combination of properties such as
high output power, good beam quality, broad tuneability, narrow-linewidth emission,
allow SDLs to be applied in many other technology elds, improving the quality and
compactness of the design. In contrast to VCSELs and with the exception of a few
demonstrations of electrically-pumped SDLs [24], SDLs do not include electrical con-
tacts for pumping as they can be optically-pumped by an external source. By optical
pumping, the distribution of the excited carriers can be uniform over the active area.
Also, scaling the pumping area for higher output power requires matching the cavity
mode inside the resonator for fundamental spatial mode operation. This can only be
accomplished by adjusting the cavity length; hence an external cavity needs to be set
up. SDLs are very versatile in this sense; the gain region, composed of several quantum
wells, is monolithically grown on top of a single DBR and the extended cavity, from a
few centimetres to a meter long, allows the inclusion of multiple elements for wavelength
tuning, single-frequency operation, and pulsed operation with saturable absorbers.

Unlike VCSELs, SDLs have one DBR omitted and replaced by an high-re ective
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Figure 1.2: Schematic representation of an SDL gain mirror incorporated as an
optically-pumped end-mirror within a standing-wave laser cavity,

mirror in the free space as schematized in Fig.1.2. On one hand, as the low gain
limits the total loss to a few percent, the re ection and optical absorption loss must be
maintained as low as possible for output coupling of few percent. On the other hand,
as result of low output coupling, the higher intracavity power enables highly e cient
frequency conversion with the insertion of nonlinear material, shifting the emission
spectrum towards di cult wavelengths.

The rst SDL was demonstrated in 1997, with gain structure based on quantum
wells of InGaAs emitting in the spectral region around 1 m with output power of 500
mW [4,5]. Since then, the SDLs development have accelerated and growth techniques
improved that nowadays InGaAs SDLs became the most established materials, making
them capable of emitting directly several tens of output power [25{27] and thus suit-
able for highly e cient frequency doubling in the visible in commercial laser systems
available at Coherent Inc. [8, 28].

Quantum wells can now be engineered for direct emission from the red to the infrared
using di erent materials -with the most recent review in Guina et al. of Ref. [7]- as
shown in Fig. 1.3, but the rest of the SDL structure (substrate, DBR) has to be designed
accordingly in order to allow e cient stimulated emission at the desired wavelength, but
impeding SDLs from operating e ciently at some other spectral regions. For example,
the fundamental wavelength operation of InGaAs-based SDLs can be changed from

920 to 1180 nm by increasing the indium content at the advantage of higher strain for
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Figure 1.3: Maximum output power versus wavelength emission covered by CW SDLs
via direct emission and frequency conversion. Figure of courtesy of Jennifer Hastie.

higher gain, but at the greater expenses of the growth quality due to the longer lattice
constant, making it di cult a low-defect monolithical growth over the GaAs substrate.
Reaching the near-infrared region between 1.2-1.55 m has been accomplished with
more complex epitaxy techniques by inserting layers of InAs quantum dots [29] or very
low concentration of nitrogen in the well [10, 11].

Alternatively, the quantum well design of GalnAsP active layer for emission around
1.55 m can be either implemented on InP substrates, and this was demonstrated rst
in VCSELs [12] via di erent bonding technique with AlAs/GaAs DBR mirrors, such as
wafer fusion process [30{32]. Wafer fusion is a relatively complex fabrication technique
that bonds two materials otherwise very di  cult to grow monolithically due to the great
di erence between the substrate and the QW lattice constant, this will be reviewed in
more details in Chapter 2.

Whereas wafer-fused SDLs have demonstrated to operate e ciently in the eye-safe
wavelength region, in particular 1.3 m, 1.48 m and 1.58 m [13,33], SDLs are also
so versatile that same wavelengths target can be addressed by using more simple laser-
active structures and converting the wavelength within an external nonlinear material,

such as a Raman crystal.
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1.3 Introduction to Raman lasers

Stimulated Raman scattering, which is the base of Raman lasers, is a practical approach
with which the pump laser is converted towards longer wavelength with a xed Stokes
shift [34], and this can be repeated in cascade for even longer wavelengths as long as the
intensity of the intracavity elds is high enough to reach the threshold at each Stokes
order wavelength [34]. The infrared region is achieved by more traditional optical
parametric oscillators (OPOs), but these require birefringent or quasi-phase matching
techniques due to the @ nonlinear characteristic of such devices. On the other hand,
Raman crystals, based on ® nonlinearity, have always a phonon mode oscillating at
the Stokes wavelength that conserves the momentum independently of temperature,
which o ers a key advantage to obtain a di raction limited output from an aberrated
pump beam, and allows automatic broad tuning of Raman laser wavelength as long
as the pump is tuneable. Further details of the Raman laser physics will be given in
Chapter 3.

First demonstration of a SDL-pumped Raman laser was reported at the Institute of
Photonics by Parrotta et al. using a commercial InGaAs SDL and a KGW crystal for
Raman laser emission near 1180 nm [35], which also reported the rst continuous-wave
cascaded Raman laser made possible by the broadband coatings.

Raman lasers have been a very intense eld of research at Macquarie University
in Australia, with several new results published every year, pioneering demonstrations
of cw Raman laser using diamond up to the second-Stokes order (see for example
Refs. [36,37]). However, wavelength operation towards higher Stokes orders has been
the domain of high-energy pulsed lasers. SDLs, on the other hand, have a high- nesse
resonator, making them highly suitable for e cient cascaded Raman conversion even
in cw operation.

The rapid development over the last decade of their properties, SDLs have become
very attractive for a range of laser applications that require single-frequency and tune-
able operation in the near infrared, such as molecular spectroscopy and gas sensing.

Indeed, the low-noise and narrow-linewidth feature of SDLs have attracted commercial
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interest (e.g. Innoptics [38]) to replace standard Ti:Sapphire laser source for such ap-
plications at 1 m and 2.3 m. Laser operation in the in the local minimum of water
absorption spectral region (1.7 m) from compact, highly coherent SDLs would bene t
new medical imaging applications (e.g. optical coherence tomography [39]), as well as

remote gas sensing and LIDAR.

1.4 Thesis outline

Here we propose to utilize an SDL with a Raman material to reach tuneable wavelength
operation around 1.4 and 1.7 m with narrow emission. The following chapters will
review the relevant technical background required for this work.

Chapter 2 will focus on SDLs, describing the design and thermal management re-
quired for high-power operation. A review of the SDLs spectral coverage and potential
applications will be also given in more details.

Chapter 3 will give an overview of the most important Raman laser principles and
how to implement Raman crystals into the SDL cavity for wavelength conversion. This
chapter also introduces in more details two materials used for this work: a synthetic
diamond for its unrivalled thermal properties and largest Raman shift, important to
reach rst Stokes wavelength operation at 1.4 m, but limited to reach the second
Stokes wavelength (1.7 m) due to the di culty of depositing, at the time of the exper-
iment, broadband anti-re ection coatings on diamond; and KGd(WO,), (or KGW),
with shorter Raman shift but capable of accessing the 1.7 m region via cascaded
Raman conversion thanks to the availability of broadband coatings.

In Chapter 4, access to the 1.4 m wavelength region will be demonstrated via a
tuneable SDL-pumped diamond Raman laser as alternative to the wafer-fused counter-
parts. The emission at 1.4 m will be accessed by a single Stokes shift of a 1.18- m
InGaAs-based SDL.

In Chapter 5, the work will extend the SDL wavelength accessibility to the 1.7

m region for the rst time, using cascaded Raman conversion in KGW. Despite a

shorter Raman shift than diamond, the quality of broad-band anti-re ection coatings
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on this crystal will enable extendibility to the long-wavelength region via the rst
demonstration of three Stokes shifts in a CW crystalline Raman laser.
Finally, in Chapter 6 a summary of results and comparison between the two Raman

crystals will be given, describing possible application and future work.
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Chapter 2

Semiconductor disk laser

2.1 Design and principles of operation

The SDL structure is composed of two main parts: the active region and the distributed
Bragg re ector (DBR). A scheme of the design and the principle of operation are
illustrated in Fig. 2.1.

The active region is made by a set of several quantum wells grown monolithically on
top of the distributed Bragg re ector (DBR). The laser photon energy is chosen by ap-
propriate selection of the quantum well composition that gives similar bandgap energy.
With a total thickness of few microns, the whole active region can absorb most of the
pump power [4,40]. In the case when the barriers are pumped, the energy di erence
between the pump and the emitted photons determines the amount of energy that is
converted into heat. The increased temperature a ects the emission wavelength, and
thus design criteria must consider the temperature change. The laser emission is al-
most totally re ected by the DBR (R > 99:99%). Also, the quantum wells are arranged
at the antinodes of the laser standing wave to maximize the gain. This con guration
is called resonant period gain and also helps to avoid spatial hole burning [41]. The
external mirrors are aligned to match the resonating cavity mode with the pump focus
size and hence optimize the laser e ciency. To impede the carriers from owing to
the surface of the structure and to limit non-radiative recombination, a con nement

window layer with high bandgap is grown on the top of the device. Furthermore, to

11



2.1. Design and principles of operation

energy
A

conduction band

1LA5ER

9jeqisqns

valence band

s
wells \/
barriers
distributed Bragg active region confinement
reflector window
Laser cavity

3> Output
coupler

&
-

Intracavity
elements

Heat sink
Substrate

Figure 2.1. Schematic representation of an SDL. Top: semiconductor bandgap structure
in the active region. Bottom: the SDL gain mirror incorporated as an optically-pumped
end-mirror within a standing-wave laser cavity, cooled via a transparent crystalline
heatspreader and heatsink.

avoid oxidation from the external environment, a nal aluminium-free window layer
caps the whole structure.

SDLs are grown epitaxially on a semiconductor substrate via metallic organic chem-
ical vapour deposition (MOCVD) or molecular beam epitaxy (MBE). Depending on the
target emission wavelength, most mature SDLs are grown monolithically. When this
is not possible (see Section 1.2.4) some alternatives, other than nonlinear frequency
conversion, include wafer fusion bonding of the DBR to the gain region, adding more

complexity and costs to the fabrication process.
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2.1.1 Active region

The active gain section of a SDL contains multiple quantum wells, positioned exactly
at the antinodes of the operating laser wavelength for maximum gain extraction and
minimum spatial hole burning. This geometry is called resonant periodic gain (RPG)
[41,42]. Each quantum well is sandwiched between two semiconductor barrier layers
of di erent material with higher bandgap and is engineered to de ne the transition
energy and hence the wavelength of emission of the SDL. The Fabry-Perot subcavity
between the semiconductor interface and the DBR can be designed to form a resonant
or anti-resonant con guration. In a resonant design the anti-node of the standing wave
is at the semiconductor surface, maximizing the con nement factor thus enhancing gain
while reducing the threshold. In an anti-resonant con guration, in which the node is
instead located at the semiconductor surface, the con nement factor is instead reduced,
favouring broader gain bandwidth and thus broad wavelength tuneability, at the cost
of lower gain and higher threshold than in the resonant case [43].

Two ways of optically-pumping the SDL exist: in-well pumping and barrier pump-
ing. As the pump is fully absorbed in a single pass by the gain region, the barrier
pumping is the most preferred option. During pump absorption, the electrons are pro-
moted from the valence to the conduction band and, upon non-radiative transition
to the lowest level of the quantum well, the carriers are ready for radiative decay to
the valence band, either spontaneously or by stimulated emission. The o set of the
conduction band should be also large enough to forestall leakage of electrons from the
quantum well back to the barriers. Whereas pumping the barriers is relatively simple,
the energy di erence between the pump and the laser photon energy (i.e. quantum
defect) generates heat in the medium, thus increasing the temperature of the device.
In-well pumping, on the other hand, has the advantage to reduce the quantum defect.
However, pump absorption occurs only in a very limited portion of the active region as
the quantum wells cover around 100 nm in total, against few micrometres during barrier
pumping. To enable higher pump absorption, in-well pumped SDLs are designed such
that the DBR is also re ective at the pump wavelengths for multi-pass con gurations,

but this adds another step to the fabrication process [44].
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During barrier pumping regime, the control of the transition energy must also be
performed considering the temperature of the device during laser operation. As the heat
is transferred to the material by optical pumping, the bandgap reduces, the lattice cell
dilates and, consequently, the energy states within a quantum well becomes dependent
on the temperature following Varshnis equation [45]. As a practical result of this, the
higher the intensity of the pump, the longer the emission wavelength. Wavelength shifts
of the gain and the subcavity resonances must therefore be taken under consideration
in the design criteria for further optimization.

The SDL active region can be designed for laser wavelength emission from 650 nm
to 2.8 m with I11-V group materials, with a few low-power demonstrations using 1V-VI
materials (lead salt) for emission in the 4-6.5 m range [46{48]. In addition to quantum
well-based SDLs, there are several demonstrations of SDLs based on quantum dots
embedded in quantum wells, allowing spectral extension towards those wavelengths that
require semiconductor alloy compositions beyond the strain tolerance of the material
[49].

2.1.2 Strain

Bandgap engineering begins with the material selection of quantum wells and barriers.
The k P analysis of the energy-band structure identi es in semiconductors the energy
dispersion of electrons and holes in the conduction and valence band. Depending on
the atomic composition, the transition from between two permitted energy bands can
be either direct ( k = 0) or indirect ( k & 0). In indirect bandgaps (e.g. Si) the
transition of an excited electron to the valence band is assisted by the addition of a
phonon momentum (k-wavevector), which is an ine cient process for laser emission.
In contrast, direct bandgap materials (e.g. GaAs, InAs) gather the most attention for
optical applications as the photon absorption and emission does not involve the phonon
momentum.

The energy bandgap of a binary compound in bulk state depends on the atomic
species at a xed temperature. When two binary compounds are mixed to form a

ternary or quaternary, the lattice constant varies by changing the relative amount of
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Figure 2.2: Bandgap energy diagram with lattice constant for commonly used semicon-
ductor lattice compounds. Image from [50].

atoms, which can be expressed by the weighted sum of each binary compounds lattice
constant in their relaxed form (Vegards law). The corresponding bandgap energy of

the simplest case of a ternary compound varies accordingly as

EAxBl «C = XEAC =+ (1 X)EBC X(l X)b (2.1)

where EAC and EgC are the energy gaps of the AC and BC compounds alone, while
x is the mole fraction and b is the bowing parameter that diverts the linear trend to
a quadratic one due to perturbations established by the two structures. The lattice
constant dependence of the bandgap energy is illustrated in Fig. 2.2.

The lattice constant should be chosen to match the substrate to limit the amount of
defects that worsen the luminescence e ciency. For most SDLs working in the visible
and near infrared spectrum, the appropriate substrate for lattice-matched epitaxial
growth is typically GaAs. Lattice matching can be still obtained under a minimum
strain, which is produced by the relative di erence between the substrate and the
epilayer lattice constant. If the lattice constant of the layer is smaller than that of the
substrate, the layer is under tensile strain; otherwise the strain is compressive. Small
amounts of strain can be accommodated elastically up to the critical thickness [51].
Typically, the tolerance acceptance range of the lattice mismatch is below around 3.5%

for stable layers [52]. Beyond the critical thickness, it becomes energetically favourable
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Figure 2.3: Scheme of the energy band-gap in a quantum well under (a) tensile strain,
(b) relaxed (or bulk), and (c) compressive strain. k; is the growth direction wave-vector
module; k is the in-plane wave-vector (Image of ref. [55]).

to form dislocations. Strain can be also advantageous in reducing the threshold and
polarizing the gain according to the laser beam direction [53,54]. The band structure of
a bulk semiconductor can be approximately represented around the direct bandgap as
per the diagram of Fig. 2.3. As shown in Fig. 2.3(b), with no strain the ground state
is populated by the heavy holes, whose band dispersion symmetry does not match
the conduction band due to di erent e ective mass. Under compressive strain [Fig.
2.3(c)], the lattice symmetry is distorted in the plane and the degeneracy of the heavy
and light holes at the point of the valence band is removed so that the heavy holes
band dispersion is lifted and becomes similar to the conduction band. Since the density
of state is proportional to the carriers e ective mass, compressive strain reduces the
number of carriers required for population inversion, thus decreasing the laser threshold.

Due to lattice distortion produced in quantum wells, strain also favours stimulated
emission with a certain polarization as the electronic transition is governed by the
selection rules. In general, the wave functions that describe the top of the valence band

are p-like orbitals as illustrated in Fig. 2.4 [54]. With no strain, the transition from
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333

the s-like conduction band to the p-like valence band produces a photon whose electric

eld is polarized in the plane of the layer (i.e. TE mode). Tensile strain leads to
decrease the lattice constant in the growth direction, z, enabling electronic transition
with electric eld polarized along the growth direction (i.e. TM mode). On the other
hand, compressive strain is exerted along the x and y axis, favouring TE-polarized gain
stronger than the TM gain. As SDLs are vertical emitters, quantum wells are therefore
required to be compressively strained.

The total strained layers in a device may add up to be larger than the critical thick-
ness with strain compensation. This is obtained by incorporating layers of opposite
strain to reduce to zero the stress throughout the heterostructure [56]. Strain compen-
sation is widely employed in many SDL devices to ensure high quality crystal growth

throughout the structure.

2.1.3 Distributed Bragg re ectors (DBR)

The DBR is a multilayer dielectric mirror grown monolithically on the substrate as

a pattern of =4-thick layers, alternating two di erent materials with high and low
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Figure 2.5: (left) Alternating layers of di erent refractive index to form the DBR;
(right) re ectivity of the DBR by changing the number of layers.

refractive index [Fig. 2.5 (left)]. The quarter-wave thickness ensures that the re ections
at the interfaces between the layers constructively interfere to achieve high re ectivity
(Bragg condition).

The deposition of two layers with high index contrast, de ned by p = njgw=Nhigh,
achieves high re ection over a broad range of wavelengths. To reach re ectivity close to
7 100% several repeats are required, typically between 25 and 30 given the refractive
index contrast achievable with 111-V semiconductors. The re ectivity spectrum can be
modelled with the transfer matrix method [57], and an example of the result is shown
in Fig. 2.5 (right). The peak re ectivity, R, can be taken as an e ective value for
considering the DBR as single mirror. The bandwidth, , de nes the wavelength
range of high re ection. E ective re ectivity and bandwidth are given respectively

by [57]:
2

_ 1 g™
R= o @2
_4 .1 p

= —arcsin 1Tp (2.3)

Where q = njn=noyt is the refractive index ratio of the incident and the emerging light;
is the central wavelength; N is the number of pairs. High-re ectivity and broadband
DBRs therefore require multiple stacks of high-index contrast layers.

Combining high and low-index materials is not the only design consideration for
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a high-performance DBR. To avoid thermal issues, DBRs should be also transparent
to the pump and the laser wavelength. The layer number should be optimised to
balance high thermal conductance, which decreases with N, and the high-re ectivity.
For instance, GaAs/AlAs DBRs are well known for their high thermal conductance,
high refractive index contrast, and they are grown lattice-matched to GaAs substrates
for laser operation within the 900-1200 nm wavelength range. Below 900 nm, however,
absorption in GaAs becomes an issue, and AlGaAs must be used with increasing Al
content at the expense of reduced refractive index contrast and reduced conductivity.
For gain materials lattice-matched to InP, an InGaAsP/InP (or AlGaAs/GaAs) DBR
is suitable for laser operation within 1320-1550 nm [12] (or 670-850 nm [6]) but the
low-index contrast requires a thicker DBR and hence a lower thermal conductivity.
Conversely, high-index contrast materials of only 20-25 pairs of AlAsSb/GaSh layers
can be deposited for laser operation in the 1.8-2.8 m range, but, due to the increased
thickness, the low thermal conductivity limits the performance [58,59]. Thermal issues
in DBRs can be addressed by reducing the thickness and including metallic layers of
Al, Ag, or Au to compensate for the lower re ection [60]; bypassing the DBR using
a transparent heatspreader on the intracavity surface (see Section 1.3); or with the

fabrication of a DBR-free SDL [61].

2.1.4 Wafer bonding of DBR for =>1.2 m emission

One of the most critical issues in developing a long-wavelength SDLs has been the low
guality DBRs that can be grown monolithically. As seen above, for example, InGaAs
SDL emitting above 1200 nm would require too high lattice mismatch between the ac-
tive region and the GaAs substrate, incurring an unreasonable number of point defects
that increase the non-radiative carrier recombination rate. In particular, SDL opera-
tion in the 1250-1700 nm wavelength range can be achieved using InGaAs quantum well
with lattice constant close to 0.6 nm (see Fig. 2.2) with InP substrates. At such lattice
constant, however, there is not a suitable DBR with su cient high refractive contrast
and modest thermal conductivity that can reasonably balance the performance.

The wafer fusion technique can assemble two semiconductor compounds of un-
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Figure 2.6: Schematic of a wafer-fused gain mirror for an InAlGaAs/InP-based SDL.
Indium foil is applied to ensure good contact with the copper heatsink. Image taken
from [13]

matched lattice constant that cannot be grown monolithically, such as GaAs and InP.
Wafer bonding is a relatively complex process that can be attained by various methods,
among which are fusion bonding, hydrophobic bonding, hydrophilic bonding and UHV
bonding [62{65]. The gain assembly of an SDL is schematically illustrated in Fig. 2.6
from Ref. [13]. Unlike monolithical epitaxial growth, wafer fusion adds more steps and
complexity to the SDL fabrication cycle.

Nevertheless, this technique has been adopted for fabrication of telecom VCSELSs
as well [12]. More recently, the wafer-fusion process integrated AlGalnAs/InP quan-
tum wells with high-quality AlGaAs/GaAs DBRs to produce SDLs with output power
greater than 30 W at 1275 nm [66], 5 W at 1140 nm [67], and 4.7 W at 1580 nm [68].

2.2 Thermal management

The absorption coe cient in semiconductor materials is about three times higher than
in solid-state gain media. For similar pump spot size, the heat density generated in SDL
materials is a thousand times higher than in standard solid-state lasers and thereby
thermal management is required to maintain high the e ciency of SDLs [5,69]. E ective
thermal management is therefore essential to extend the pump power tolerance.

The main challenge of thermal e ects in SDLs originates from the temperature-
induced spectral shift of the QW photoluminescence and the change of the optical

thickness in the active region. On the one hand, the photoluminescence peak of the
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photoluminescence (red), shown with respect to the re ectivity spectrum (dashed) at
three di erent stages of temperature of the SDL (T1, T2 and T3). Image taken from
Ref. [70].

QWs shifts towards longer wavelengths at a certain rate (nm/K) as this is dominated
by the bandgap shift with the temperature [45]. On the other hand, the temperature
rise is also responsible for the RPG shift at a di erent rate, since the refractive index
increases with the temperature. Figure 2.7 illustrates the QW spectral emission while
walking through the subcavity resonance at di erent temperatures. Therefore, in active
region design, the cold quantum well peak wavelength has to be o set with some nm
to be matched with the RPG wavelength at the working temperature [70]. Once the
QW emission wavelength mismatches the subcavity resonance at relatively high pump
intensity, the SDL output power drops in what is called thermal rollover. Thermal
management for extending the pump power range before thermal rollover occurs is of
paramount concern in SDLs.

Other than mounting the SDL chip on a heatsink (typically brass or copper) kept
at constant temperature to remove the heat, two more sophisticated approaches can
be implemented to manage the heat: thin device and heatspreader device - illustrated
in Fig. 2.7 [71]. If the device is simply taken as grown and actively cooled to the
heatsink, the heat generated by the pump ows through the DBR and the substrate,
whose thermal resistivity, if high, impedes the device from cooling and thus reaching
high e ciency. Alternatively, the substrate can be etched [4] so that the active region

is in direct thermal contact to the heat sink, but this requires the wafer sample to be
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Figure 2.8: Thermal management techniques for SDLs. Image taken from [71].

processed further, making the fabrication procedure more complicated. Commonly, the
chip is left as grown and bonded to a transparent heatspreader on the surface. With
this method [72], using a high-thermally conductive material, the heatspreader extracts
most of the heat from the top, creating a highly e cient SDL. Whereas crystals such as
SiC [73] and sapphire remove the heat relatively e ciently, diamond is so far the best
material for thermal management [69] thanks to its unrivalled thermal conductivity of
about 2000 K/Wm, against 500 K/Wm for SiC and 0.046 Wmm K ! for sapphire.
Nevertheless, achieving uniform bonding via liquid capillarity [74] to establish thermal
contact at the atomic scale between the heatspreader and the SDL is also critical for

e cient heat extraction.

2.3 Wavelength coverage

The bandgap energy modulation of the quantum wells as seen in Section 1.2 allows
engineering SDLs for direct emission from 665 nm to 2800 nm [6, 75]. The emission
wavelength must be within the stopband re ectivity of the DBR (R > 99:9%), along
with lattice-matching and good thermal resistance. However, the DBR and active

region cannot be always grown together for any desired wavelength due to the limited
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Figure 2.9: Maximum output power versus wavelength emission covered by CW SDLs.
Figure of courtesy of Jennifer Hastie.

availability of the material compounds and the pump source. Figure 2.9 plots the
maximum output power and the relative wavelength emission of most continuous-wave
SDLs reported using di erent gain materials. With the help of the most recent review
published by Guina et al. [7], Table 2.1 summarises the material compositions used for
SDLs to date.

Whereas the emission wavelength is generally de ned by the whole design structure
of the subcavity, the maximum output power depends mostly on external factors, such
as thermal management approach, growth quality of the gain structure, cavity mode,
pump power, and output coupling.

It can be seen that most SDLs provide direct emission in the near-mid infrared
spectral region (0.92-1.5 m) with several Watts of output power; while visible SDLs
are limited to the red region of around 665 nm. Below 665 nm, it becomes more
challenging nding an appropriate gain material that provides direct emission from the
blue to the yellow-orange spectrum. The shortest direct wavelength was accomplished
using an InGaN-based SDL emitting at 390 nm [76]. However, emission at such short
wavelengths requires a UV pump source, which in this case is provided by a complex
optical scheme and is not continuous-wave. Above 2800 nm, SDL active region of PbSe
and PbTe have demonstrated operation up to 6500 nm in pulsed operation and at very

low cooling temperature [48,77], with just one exception of laser operation above room
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Table 2.1: Materials compositions for direct emission of SDLs (after Guina et al. 2017

[7D).

Wavelength Gain material DBR
range (nm)
360 { 540 InGaN/GaN AlGaAn/GaN
AlGalnP/GaAs
630 { 700 InP/GaAs (QDs) AlGaAs/GaAs
GaAsp/GaAs
700 { 800 InP/GaAs (QDs) AlGaAs/GaAs
AlGaAs/GaAs
800 { 920 AlInGaAs/GaAs AlGaAs/GaAs
InGaAsP/GaAs

920 { 1200 INnGaAs/GaAs AlAs/GaAs
Diluted-nitride
1300 { 1500 INP/GaAs (QDS) AlAs/GaAs

AllInGaAs/GaAs AlAs/GaAs

20 InGaAsP/GaAs  (wafer-fused)

1900 { 3000 InGaAsSb/GaSb  AlAsSb/GaShb
PbSe/Si

3300 { 6500 PbSe/BaF, PbEuTe/BaF;

temperature [78].

When bandgap engineering is nontrivial for laser generation at a particular wave-
length, ultraviolet, visible and infrared emission can be attained by other means. For
instance, placing a (@-type crystal cut for phase-matched second harmonic generation
(SHG) within the cavity of an infrared-emitting SDL (e.g. lithium triborate (LBO),
barium borate (BBO), or periodically-poled lithium tantalite (PPLT)) is advantageous
in reaching the visible [6]. Intracavity conversion enables nonlinear conversion e -
ciency to the visible (or UV) that can be, at least in principle, as high as the optimum
output coupling of the fundamental radiation. Likewise, emission towards the infrared
spectrum can be accessed with the implementation of Raman active materials (focus
of this work), such as diamond and tungstate-based crystals, as demonstrated for the

rst time by D. Parrotta et al. with a tungstate-based crystal in Ref. [35] and later
with a diamond [79]. Unlike SHG, to enable Raman conversion and thus a Raman
laser, the Raman crystal must be inserted within a doubly-resonant cavity designed for

both the fundamental and the Raman wavelengths. Indeed, although crystalline Ra-
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man media cannot be tuned as they have the spectral gain limited to a few or fraction
of wavenumbers, the wide gain bandwidth of the SDL enables tuning of the SDL and
thus, by Raman shift, the Raman laser tunes as well over a large wavelength span, only
limited by the SDL gain bandwidth, which is typically around 300 cm . More details

on the Raman laser systems will be elucidated in Chapter 3.

2.3.1 Near-infrared (850-1730nm)

SDL emission in the 850 nm region is possible with binary quantum wells of AlGaAs.
Hastie et al. of the Institute of Photonics, Strathclyde demonstrated SDL operation
at 850 nm with 500 mW of output power, pumped by 2.5 W at 660 nm of a diode
laser [73]. GaAs SDL output e ciency was improved up to 50% at the same output
wavelength by in-well pumping, resulting 1.6 W output power [80].

InGaAs/GaAs structures o er laser operation at around 1000 nm and are the most
e cient and reliable of those used for SDLs, leading the eld thanks to the growth
quality, output power, spectral features and pulsed operation. Indeed, such structures
can emit directly multiple tens of Watts output power in continuous-wave and up to 40%
slope e ciency. Chilla et al., for instance, demonstrated, with a relatively low content
of indium in the quantum wells, InGaAs SDLs emitting maximum output power of 20
W at 920 nm [25]. A near-di raction-limited 20-W output beam at 960 nm was also
reported by Rudin et al. [26]. Heinen et al in 2012 reported the highest output power
ever achieved from a single SDL chip: 106-W in a multimode beam at 1028 nm and
45% diode-to-SDL conversion e ciency [27]. For longer wavelengths, the high indium
content in InGaAs strains the structure to the point that compensation layers of GaAsP
at the nodes are added to balance out the total strain and allow e cient emission up
to 1180 nm. Using this system, single-frequency operation at 1180 nm with a few
Watts of output was demonstrated by Alford et al. in 2013 [81]. Strain compensation
of a highly-strained InGaAs SDL enabled laser emission up to 50 W emitting at 1180
nm [82]. Longer-wavelength InGaAs-based SDLs are not reported yet, as higher indium
content leads to a greater amount of point defects [83] and hence the growth quality of

these devices is compromised.
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Direct emission at wavelengths longer than 1200 nm is nonetheless possible with the
incorporation of a small amount of nitrogen into the quantum wells. Hopkins et al. in
2004 demonstrated the rst InGaAsN SDL, which operated at 1320 nm with 600 mw
of output power, rolling over at a few Watts of pump power despite a relatively modest
pump spot radius (75 m) [10]. Low rollover point in this system could be due to the
fast detuning of the cavity resonance over a reasonable small pump range. Operation
above 1 W directly in the 1.2- m region was later reached with an improved InGaNAs
SDL structure [84,85]. Moreover, when monolithic growth on a GaAs substrate is no
longer feasible (with the exception of a demonstration at low output power with a
monolithic 1550 nm SDL [86], wafer-fused SDLs are capable of reaching multi-Watt
output power in the eye-safe spectral region, particularly at 1310 nm, 1480 nm, and
1550 nm [13,33]. Very recently, Leinonen et al. demonstrated a SDL emitting at
1275 nm with a maximum of 33 W output power with heatsink temperature below
0 C [66]. The ip-chip con guration was very e ective in removing the heat. Earlier,
higher conversion e ciency of 59% from the same system was attained [87]; however,
the same thermal management approach has not yet been reported for operation at
longer wavelengths. When the quantum defect becomes higher at long wavelengths, the
intracavity heatspreader method is preferred with a thermally resistant DBR. With an
intracavity diamond heatspreader, emission at 1580 nm was demonstrated with 4.6 W
maximum output power [68] and single-frequency operation at 1 W output power [88].

However, the complexity of the growth and the wafer-fusion process has motivated
further research into more practical alternatives, such as the implementation of Raman-
active materials to Stokes-shift the emission wavelength of most mature gain structures
(InGaAs SDLs) towards the region accessed by monolithic GaSh-based SDLs (1.9-3 m)
[59]. In this regard, the rst demonstration of Raman conversion of a commercialized
InGaAs-based SDL was reported by Parrotta et al. [35] in 2011 at the Institute of
Photonics. They implemented a potassium gadolinium tungstate crystal (KGd(WOQ,),)
in a partially-shared cavity within a 1040-nm emitting, InGaAs-based SDL to generate a
tunable Stokes-shifted output centred at 1140 nm. Later, the same team reported, with

the same SDL gain structure, output power of 4.4 W via intracavity Raman conversion
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Figure 2.10: Output power of SDLs reported in the literature using a variety of 111-V
materials with the inclusion of PbSe.

with a higher-gain material, speci cally a synthetic diamond, to target the 1230 nm
spectral region [89]. Given the recent demonstration of high-power 1180 nm InGaAs
materials [82], we exploited a synthetic diamond for intracavity Raman conversion to
explore the eye-safe region. With this system we obtained 2.3 W output power at 1.4

m with 0.1 nm FWHM linewidth. These results are reported in Chapter 5 of this
manuscript as well as published in ref. [90]. During this work, we also demonstrated
1320 nm Raman laser operation at 2.7 W maximum output power via Stokes-shift of
1180 nm SDL [91] using a KGW as Raman medium. Another advantage of Raman laser
is the possibility for generating longer wavelengths by multiple Stokes shifts in cascade.
Intracavity cascaded Raman conversion of an SDL has not been reported prior to this
work to the best of our knowledge. This manuscript reports for the rst time, along
with our report in ref. [92], a cascaded KGW Raman laser with output coupling at the
three Stokes wavelengths: 1320, 1500 and 1730 nm, with maximum output power of 6.1
W at the rst Stokes and 1 W at the second and third Stokes wavelength. Emission at
1730 nm from an SDL system also addresses the SDL spectral coverage gap, paving the
way for potential application in the medical eld, such as optical coherence tomography
due to the high water transmission compared to the standard technology exploiting the

less-transparent 1.5- m region of water vapour [93{95].
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Table 2.2: Most of near-infrared SDLs and relative gain composition (SHG: second
harmonic generation; QD: quantum dot).

Output
(nm) power Gain material Method Reference
W)
739 0.052 InGaP/AlGalnP InP QDs [96]
AllnGaAs/InP
750 1.5 (watfer-fused) SHG [97]
AlInGaAs/InP
s . (wafer-fused) Slale &8
850 0.5 GaAs/AlGaAs Direct em. [73]
850 1.6 GaAs/AlGaAs In-well pump [80]
920 20 InGaAs/GaAs Direct em. [98]
980 40 InGaAs/GaAs Direct em. [98]
1028 106 InGaAs/GaAs Direct em. [27]
1064 60 InGaAs/GaAs Direct em. [99]
1119 4 InGaAs/GaAs Single freq. [81]
1140 12 InGaAs/GaAs Direct em. [100]
1180 50 InGaAs/GaAs Direct em. [82]
1200 1.6 GaAs/InGaAs/GaAsSb  Direct em. [101]
1228 4.4 InGaAs/GaAs Raman conv. [89]
1255 4.6 InAs/GaAs (QDs) Direct em. [9]
AllnGaAs/InP .
1275 33 (wafer-fused) Direct em. [66]
AllnGaAs/InP .
1305 6.6 (wafer-fused) Direct em. [68]
[102]
1320 6.1 InGaAs/GaAs Raman conv. .
(this work)
1400 2.3 InGaAs/GaAs Raman conv. . R
(this work)
1480 4.8 g\llg;gﬁﬁigé;la Direct em. [103]
[102]
1500 2.3 InGaAs/GaAs Raman conv. .
(this work)
AlInGaAs/InP .
1580 4.6 (wafer-fused) Direct em. [68]
[102]
1730 2.3 InGaAs/GaAs Raman conv. .
(this work)

2.4 SDL applications

The unique blend of low-noise, high-brightness output, single-frequency operation, and

wavelength coverage, opens the door for many applications. For instance: in medicine,
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continuous-wave yellow SDLs are being used in place of commercial pulsed dye lasers in
dermatology [104], allowing treatment of the local disorder deeper and more accurately
while an SDL operating around 1.7 m could exploit the low-scattering and absorption
in water to be potentially applied to medical imaging, such as optical coherence tomog-
raphy [105]; in long-range sensing and lidar, a tuneable narrow-linewidth SDL source
from the 1.5 to 1.8 m wavelength could be used to probe several gas features through
the water vapour transmission window. In the following paragraphs, a brief review of
few commercial SDLs and potential applications will be further discussed. An initial
application of SDLs was proposed in 2002 for pumping erbium/ytterbium-doped bres
for optical communication [106,107], but commercialisation towards the telecom mar-
ket was soon dominated by edge-emitting technology. Today, optically-pumped SDLs
are commercially-available from Coherent Inc. at visible and UV wavelengths under
the name of Optically-pumped semiconductor laser (OPSL), where they have developed
highly reliable InGaAs-based SDLs with intracavity frequency doubling. Coherent sup-
plies OPSLs from the UV to the green from 10 mW to 10 W output power to replace
conventional and bulky gas and solid-state lasers (e.g. argon ion, doped vanadate) and
make them portable for forensic and skin treatment applications [8,28]. Yellow SDLs
have indeed found many relevant applications in dermatology. Yellow (585 nm) radi-
ation is employed for correcting skin lesions and aberrations as it is well-absorbed by
super cial blood vessels [108]. Previously pulsed dye lasers were used; however, nowa-
days, CW yellow 577 nm SDLs are implemented in a medical product by Asclepion
Laser Technologies for exploiting the maximum haemoglobin absorption [104]. With
the emission in CW, medics can speci cally cauterise blood vessels without causing
collateral damage to surrounding tissues, as with pulsed lasers. More recently, the
Optoelectronic Research Centre of Tampere University of Technology, in collaboration
with INSERM, built the rst unit that implements a CW 585 nm SDL [7].

Tuneable single-frequency SDLs in the near infrared are important for gas spec-
troscopy, of particular interest in sensing of atmospheric pollutants, such as methane,
ammonia and carbon monoxide [109,110]. Tuning the laser wavelength across the gas

absorption spectrum identi es the particular molecular content. Low-noise SDLs with
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narrow linewidth are commercialised by Innoptics, which develops and sells compact
devices for spectroscopic application in the 1-2 m range [38].

The rst demonstration of high-sensitivity gas spectroscopy with an SDL was re-
ported in 2004 by Gherman et al. with a mode-locked SDL (passively modelocked
with a SESAM), where the frequency comb was matched to the one produced by the
sample high- nesse cavity containing acetylene [111]. When compared to the standard
Ti:Sapphire laser source [112], SDLs can access gas spectral region with higher resolu-
tion, thanks to the reduced frequency noise bandwidth in the sub-kHz range [113]. M
Squared Lasers launched the rst commercial ultrafast SDL, which operated in the 1

m wavelength region for nonlinear microscopy in living organisms [114].

In the eld of quantum technology, tuneable SDLs with ultra-narrow linewidth
are now being exploited for atomic, molecular and optical physics applications. To
achieve ultra-stable single-frequency operation, the SDL requires active stabilisation
using a high- nesse external reference, typically a Fabry-Perot cavity or a mono-atomic
gas. Recently, a frequency-doubled 571 nm SDL was demonstrated for cooling and
manipulating trapped magnesium ions [115]. Also, Pab uf et al. [116] at the Institute
of Photonics reported a wavelength-stabilized AllnGaP SDL working at 689 nm with
6 kHz FWHM linewidth suitable for second stage cooling of strontium atoms in a

magneto-optical trap.

2.4.1 Potential developments of long-wavelength SDLs for optical co-

herence tomography (OCT)

At wavelengths longer than 600 nm soft biological tissues become less absorptive and
lasers nd more applications in medical imaging. Depending on the tissue constituency,
the absorption coe cient varies from 0.1 to 1 mm 1, while scattering coe cients are
in the 10-100 mm ! range for incident light in the 600-1300 nm spectrum [3], which
is also called therapeutic window [117]. Conventional lasers operating in the deep-red
and near-infrared spectrum have been used as light sources for capturing high-resolution
three-dimensional images via optical coherence tomography (OCT) [3].

An OCT scheme is based on the principle of operation of a Michelson interferom-
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eter, in which a laser beam is split and sent to a reference and a sample arm. While
the delay time of the backscattered reference beam emerging can be changed by mov-
ing the reference mirror along the beam propagation, the light experiences within the
sample di erent refractive indices depending on the inhomogeneity of the biological tis-
sue. The detector collects the highest intensity whereby the reference beam interferes
constructively with the sample beam after a round-trip. This scan can be performed
in the time domain while translating the arm of the reference mirror longitudinally,
or in the Fourier domain [3,118], with the advantage of a xed arm while collecting
the backscattered light with a spectrometer and thus reconstructing the tomographic
image of the biological sample. The theoretical axial resolution, z at FWHM, of a

Gaussian laser source can be written as [3]:

z= 2I7n272 (2.4)
Where is the FWHM of the laser linewidth operating at the centre wavelength,
which is . Equation 2.4 also de nes the coherence length, within which the beams
generate the fringes. This is an important parameter that is required to detect di erent
biological constituents in depth. Incidentally, the lateral (or in-plane) resolution is an
independent factor that depends only on the probing laser properties and the optics of
the OCT system used. This corresponds to the laser waist spot radius, or theoretically
de ned by [3]:

X = 2pﬁf (2.5)

where is the diverging angle of the Gaussian laser beam. Also, the depth of focus
(DOF) (or imaging range [93]) is an important parameter of the laser for imaging and
is de ned as equal to the confocal parameter, which is twice the Rayleigh range, that
is:

DOF =% (2.6)

where w and M? are, respectively, the waist spot radius (or the transversal resolution)

and the beam quality factor of a generic multimode beam. The higher the DOF, the
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sharper the image in depth. It also important to note that there is a trade-o between
lateral resolution and DOF, because a highly-divergent probe beam focuses very rapidly
in a small diameter, with a corresponding excellent lateral resolution but with a short
DOF. On the other hand, laser beams with low  focuses with a greater beam diameter
but with a long DOF [119].

Many broadband light sources have been utilized for high-resolution OCT in the
spectral-domain (SD-OCT). This includes superluminescent laser diodes, LEDs, Yt-
terbium, Erbium, or Thulium-doped bre lasers, photonic crystal bres, and thermal
tungsten halogen [3]. These light sources have access to the 675-1800 nm region with
di erent bandwidths, between 10 and 370 nm FWHM, and thus di erent resolution
depth, from about 0.1 to 20 m [3]. Unlike such broadband light sources, narrow-
linewidth tuneable lasers, on the other hand, take the advantage of higher resolution
depth and higher scan rates when rapidly tuned. When they are implemented into
an OCT, this becomes swept source OCT (SS-OCT) [120]. Rapid wavelength tuning
allows very fast scanning rates over most standard SD-OCTSs, reaching, for example,
the MHz level using a1l m mode-locked laser [121].

Most commercial OCT systems employ laser sources with low numerical aperture
(i.e. low ) to provide a good DOF of the order of the millimetres, and lateral resolution
of 20 m [119]. No SDL system has been reported yet for use in OCT imaging.
When compared to the standard technology mentioned above, the continuous-wave
SDL-pumped Raman laser beam in the 1.7 m region we report in this manuscript
(see Chapter 5) features similar properties to the current technology: DOF 3 mm,

X 20 m,and x 20 m. In conclusion, broadly-tuneable SDLs may be included
in the OCT technology as alternative for a few aspects: (i) CW operation and high-
quality beam provide homogeneous probing beams throughout the tissues, avoiding
uncontrolled e ects for which high-power peak pulsed lasers may instead provoke; (ii)
low-noise operation increases the laser tuning rate due the relaxation time falling within
the nanoscale, in contrast to the standard solid-state sources, which are limited by long
relaxation time of the excited carriers ( s); (iii) great wavelength exibility towards

the high transmission window (1.5-1.7 m) in water is best suited for penetrating more
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into the biological tissue with lower scattering noise when compared to the common

window centred at 1.3 m [105,122,123].
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Chapter 3

Raman laser

3.1 Introduction

The spontaneous Raman e ect is the inelastic scattering of photons by molecules or
a crystal lattice. The energy di erence between the scattered and the pump photons
is called a Stokes shift, which does not depend on the pump photon energy and thus
characterises any Raman material. After demonstration of spontaneous Raman scat-
tering in 1928 [124], for which Chandrasekhara Venkata Raman and Kariamanickam
Srinivasa Krishnan won the Nobel prize, along with an independent experiment on
crystals performed by Grigory Landsberg and Leonid Mandelstam [125], it was many
years before the stimulated Raman scattering e ect (SRS) was shown, following the
rst laser demonstration: in organic liquid cells in 1962 [126,127]; in natural diamond
and calcite [128]; and in gases, e.g. hydrogen and methane [129]. Since the outset of
solid-state lasers, Raman lasers have been investigated as a practical tool for extending
wavelength coverage. The wavelength shift is a xed property of the material and is
independent of the pump wavelength (hereafter called the fundamental) as long as the
medium is su ciently transparent to the fundamental wavelength. Typically SRS is
used to reach spectral regions that are challenging to achieve directly from a practical
gain medium.
SRS is a third-order nonlinear process that needs high-intensity pump elds to be

observable, typically on the order of MW/cm?. Unlike second-order nonlinearities, as
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used in most optical parametric oscillators (OPOs), SRS can be said to be automatically
phase-matched, and the key optimisation parameter is orientation of the pump eld
vector to the optical axis that maximises the Raman intensity. In the 60s, the knowledge
of Raman polarizabilities was limited and the main approach to reach the threshold
was to increase the pump intensity in the Raman sample.

Continuous-wave Raman laser operation was demonstrated in 1974 using long fused-
silica bres as ampli ers, typically characterised by a low value of Raman polarizability,
enabling low-threshold laser emission by con nement of the CW pump over the long
distance [130]. CW Raman bre lasers nowadays fuel a modest portion of the laser
technology thanks to the great adaptability of their properties to a wide range of laser
applications [131].

In contrast, among solid-state Raman materials, achieving CW laser operation has
been rather a di cult task due to the low average power. To compensate for low pump
power, crystalline Raman media have to be enclosed in a high- nesse cavity for the
CW regime, and the rst demonstration had to wait several years for the fabrication
of highly-re ective coatings to be developed [132]. A CW crystalline Raman laser was
reported for the rst time only in 2004 by Grabtchikov et al. [132]. They used an
Ar™ gas laser at 514 nm as a continuous source to pump a Ba(NO3), crystal and
obtain a Stokes-shifted laser at 544 nm, well above the threshold. The high- nesse
resonator enabled a high-intensity beam with low input power. Later, Demidovich et
al. [133] developed a Raman laser pumped by a commercial diode source. In this study,
a neodymium-doped KGd(WO,), crystal (Nd:KGW) was directly pumped at 808 nm
to excite the Nd states for laser oscillation at 1167 nm and enable Raman conversion
at 1180 nm within the same medium [133] (the description of this and other cavity
setups will be later discussed in Section 2.4). In the same year, Pask et al. also demon-
strated an intracavity-pumped Raman laser using a pure KGW crystal, reporting a low
threshold of only 4 W [134]. These results were signi cant milestones in achieving cw
operation with crystalline Raman media, and they demonstrated two key attributes:

rst, Raman lasers are capable of emitting multi-Watts of output power in the continu-

ous regime with low pump power when arranged in a high- nesse cavity; second, when
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(@-type materials are also implemented, multiple wavelengths are possible throughout
the visible and near-infrared via cascaded nonlinear processes, such as cascaded SRS
and intracavity frequency mixing [36, 135].

The range of wavelengths attainable by these systems can be further enlarged if the
fundamental gain material is a tuneable source, as tuning the fundamental wavelength
automatically tunes the Raman wavelength due to the xed Stokes shift. In fact, due
to the natural narrow gain bandwidth in crystalline Raman media, crystalline Raman
lasers are unsuitable for direct tuning. SDLs on the other hand are capable of broad
tuning as their gain bandwidth is typically 300 cm ! [5]. Also, being low-gain lasers,
the intracavity intensity in SDLs becomes su ciently high to achieve high output power
with low threshold and low output coupling for the Raman laser.

SDLs have been investigated as pump sources for Raman lasers relatively recently.
The rst demonstration of an SDL-pumped Raman laser was reported in 2011 by
Parrotta et al. of the Institute of Photonics. They employed an InGaAs-based SDL en-
gineered for fundamental emission at 1040 nm to intracavity pump a pure KGd(WOg)-
crystal (KGW) and achieve a tuneable Raman laser from 1133 to 1157 nm with 0.8 W
maximum output power [35]. Later, the same group demonstrated, in a similar Raman
laser system, greater e ciency using a synthetic diamond [79], capable of emitting >4W
of output power at longer wavelengths, from 1208 to 1256 nm, thanks to its greater
Stokes shift and higher Raman gain when compared to the KGW case.

One of the main challenges in Raman lasers that often limits the output power is
thermal lensing. Due to the inelastic nature of Raman scattering, the thermal power
deposited in the crystal is directly linked to the Stokes output power generated during
Raman laser operation and the associated thermal lens hinders the laser e ciency in
turn [34]. Among all crystalline Raman materials, diamond is the least susceptible
to thermal lensing thanks to its unmatched thermal conductivity of 2000 Wm 1K 1!
[136], whereas most common Raman materials fall below 200 Wm K ! [137], for
which thermal e ects are more signi cant. Unlike the CW regime, a pulsed pump source
reduces this limitation if the pump photon lifetime is shorter than the thermal build-

up time constant, which is typically on the order of 10 ms [34]. When implementing a
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thin-disk solid-state laser for intracavity pumping the Raman medium, thermal lensing
impacts on both materials with opposite sign and the achievement of a stable cavity in
CW at high power can be very challenging [138]. In SDLs, on the other hand, thermal
lensing is exiguous and hence negligible [139, 140].

As a parametric process, the Raman laser threshold depends mostly upon the pump
intensity and it can be virtually extended to any desired wavelength (at a xed Stokes
shift) when the Raman laser becomes su ciently intense to reach the threshold at the
next Stokes wavelength. This is referred to as a cascaded Raman process. In general,
for the continuous-wave case, the realization of high-quality broadband optics is often
the decisive technological factor for the realization of a cascaded Raman laser. The rst
report of a CW cascaded Raman laser was indeed published in 2010 by Lee et al., using
a neodymium-doped vanadate crystal with broadband antire ection coating (R< 0:2%)
extended to the second-Stokes wavelength [135]. In SDLs, the rst demonstration of the
Raman cascaded process was observed in the very rst SDL-pumped Raman laser ( [35],
due to the presence of a small Stokes shift in the particular orientation of the crystal
(KGW). In the last twenty years, the development of SDLs towards the challenging
1.3-1.7 m region has been of interest for a number of remote gas sensing and medical
imaging applications as discussed in Section 1.5. SDLs are very exible devices that
can incorporate Raman materials to reach relevant wavelengths and maintain their
properties for that particular application.

In this chapter, we describe the theory of spontaneous and stimulated Raman scat-
tering, following Chapter 3 of Demtroder’s book Laser Spectroscopy [141]; review most
gain materials so far exploited, with particular emphasis on diamond and KGW; illus-
trate some cavity designs and outline the main challenges that were previously men-

tioned above, such as spectral broadening and thermal e ects.

3.2 Spontaneous Raman scattering

Raman scattering is an inelastic scattering of incident photons in a Raman-active mate-

rial. To conserve the total energy, this phenomenon must be expressed by the following
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Virtual state Virtual state

Figure 3.1: Scheme of Stokes (a) and anti-Stokes (b) Raman scattering. !p,!s,14 s),
are the frequency of the pump (fundamental), Stokes-shifted, and anti-Stokes-shifted
photon respectively; Ir is the Raman shift frequency.

expression:

hp+Ei=Ef+hf (31)

where h , is the energy of the incident (or pump) photon, h ¢ is the energy of the
scattered photon, and E; and E¢ are, respectively, the initial and nal energy of the
interacting Raman-active medium. The Raman shifth g = E; Eg¢ can be the result of
a change in electronic, vibrational or rotational energy of the molecule. In particular,
if a photon h , interacts with a Raman-active molecule which has initial energy E;
and it is scattered with the same energy, the e ect is called Rayleigh scattering or the
resonant Raman e ect (Ej = Eg). If the energy of the scattered photon is less (or more)
than the incoming photon energy, the energy shift is called Stokes (or anti-Stokes). A
diagram of Raman scattering is depicted in Fig. 3.1. At thermal equilibrium, the
population level of the excited vibrational states is lower than at the ground state, thus
the anti-Stokes e ect is less likely than Stokes emission. A semi-classical theory is still
su cient to describe the Raman scattering process. Raman scattering is one amongst
several nonlinear e ects in a material when it is subject to high-intensity elds. When
the intensity of the incident photons is high enough, the nonlinear terms in the induced
macroscopic polarization, P, in the medium are not negligible any longer and it can be
expressed as

P=" DjEj+ DJEF+ OjES+ (32)
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where and " are, respectively, the optical susceptibility tensor and the permittivity
of free space; and

E(z;t) = Efe 't k2) 4 coc (3.3)

is the electrical eld vector of the incident radiation, where the subscript f denotes
fundamental’ for consistency with the terminology used in this manuscript; E¢ is
therefore the eld amplitude.

When subject to weak elds, the medium response is linear to the eld amplitude
and describes some well-known linear optical properties such as refraction, birefrin-
gence, dispersion and absorption. For high-intensity fundamental elds, the nonlinear
terms become dominant. Nonlinear terms involve, in particular, multi-wave mixing of
elastic and inelastic processes, such as second harmonic generation by the @ term,
Raman scattering (either spontaneous or stimulated) and stimulated Brillouin scatter-
ing by ©® [19]. However, since we are focusing on the inelastic process of Raman
scattering, the ) becomes more dominant over @ in crystals that feature inversion
symmetry, for which @ is zero. This can be displayed conceptually, in scalar approxi-
mation, by considering the external high-intensity eld interacting with the vibrational
modes of the crystal, i.e. phonons, causing the atoms of the lattice to vibrate against
each other, inducing a macroscopic polarization Py = (3)jEj3 that sets the Raman
shift as indicated in Fig. 3.1. Raman transitions from the ground to the excited level
take place when the derivative of the polarizability, , of the crystal cell with respect
to the normal coordinate, ¢, does not vanish, i.e @ =@q & 0, and this occur for those

class of crystals that posses a centre of inversion [19].

3.3 Stimulated Raman scattering

A Raman laser is based on the stimulated Raman scattering e ect: when the eld
of the Stokes (or anti-Stokes) radiation produced by the phonon relaxation stimulates
another molecule in its virtual state, this generates stimulated Raman scattering. Even
in a solid material, the event probability for Raman scattering is around 10 © of the

incident radiation intensity through 1 cm. Under high-intensity radiation, SRS can
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be 10% the incidence intensity [19]. In practice, MW/cm? of intensity is needed to
reach the threshold. A schematic illustration of the SRS process is depicted in Fig. 3.2.
During SRS the external eld of Eq. 3.3 is the contribution of both the fundamental

and the Stokes eld, which becomes
E(z;t) = Efe 't k2) 4 Ege 1(!st ks2) 4 crc: (3.4)

where 1¢, 1 are the fundamental and the Raman frequency respectively. A simpli ed
formulation of the SRS gain can be given by classical theory. The third-order nonlinear
term of the induced macroscopic polarization, )| includes a negative imaginary part
due to damping term, , of the harmonic oscillator, which is subject to the external
force of Eg. 3.4. Under high-intensity elds, the radiation wavevector propagating in
the medium experiences exponential growth, i.e. gain, as the Raman susceptibility
is always negative. It can be demonstrated that the gain becomes [19]

Is"oN @ ° 2 (Y¢ Yg)

L (3.5)

1 =
g( S) n%c m @q 0 !'% (!f !3)2 2+4 2(!f !S)Z

where g is the refractive index at the Stokes wavelength. At the resonance frequency

I =1¢ Ir
N @ 2 1g
] =
9(!s) 2m? 89 2 In’ (3.6)
which can be approximated to g(!s) sl. The linear dependence between gain

and Stokes frequencies has been veri ed experimentally, e.g. in hydrogen gas [142] and
diamond [143]. A few considerations: @ =@q is wavelength-independent for those mate-
rials where the electronic transition frequencies are much higher the fundamental eld
frequency [144]; the gain linewidth, 2 , is the reciprocal of the dephasing time, within
which the vibrational states are in phase (typically 10 ps for most crystalline Raman
media) and is generally a temperature-dependent factor. Note that the monochromatic
expression of the gain of Eg. 3.6 applies for continuous-wave operation, or the steady-

state regime, in which the duration of the fundamental/Stokes pulse is much longer
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Figure 3.2: Diagram of the stimulated Raman scattering phenomenon.

than the dephasing time. The steady-state regime is relevant for the work reported in
this thesis, which is all CW, and is all that will be considered here.

The classic model of SRS gain is rather generic as it does not take into account
the occupation number of the quantum states at the ground and upper level in the
stationary case, and the polarization vectors do not emerge. For quantum-mechanical
calculation of the gain, the rate equation of the Stokes phonons during SRS is propor-
tional to the expectation value of the interaction Hamiltonian between the Stokes and
fundamental elds, and the population density at the initial and nal states [144]. This

is Fermi golden rule. The rate equation for the Stokes photons is hence [144]

dN_ ot a2 X
dt = @9 , nphsmc . Ig

ef es[l+Ns+Nv] (!S !f+!R); (37)

where np and ns are the refractive indices at the fundamental and Stokes wavelengths,
Ns and N, are the Stokes and phonon populations, is the spectral pro le of the
Raman transition that assumes a Lorentzian shape when homogeneously broadened,
and ef eg is the scalar product between the fundamental and the Stokes eld vector
orientation, which is maximized for parallel eld propagation when @ =@q is scalar. In
reality @ =@q is a tensor, which can have o -diagonal terms and the polarization can

be thereby determined [34], through which the steady-state gain can be represented as
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follows <

42 1 . .
S jesRierj? (3.8)
i

1 T
9(ts) nphsme  Ig

Where R; is the Raman tensor include the @ =@q terms [137] in an o -diagonal 3 3
matrix, which describes the strength of the interaction at each Raman oscillation mode
i =1;2;3. In diamond, for example, maximum gain is obtained when the fundamental
and the Stokes eld are both linearly polarized and aligned with the <111> axis, which
corresponds to the vibration of the carbon-carbon bond in the lattice. Imperfections

of the crystal structure induce the elds to rotate and hence diminish the Raman gain.

3.3.1 The e ective Raman gain

The general formulation of the Raman gain so far outlined is appropriate for a monochro-
matic fundamental spectrum. In the case when the fundamental spectrum is broader
than the Raman gain bandwidth, the Raman gain can be reduced and the so called
e ective Raman gain must be considered [145].
When Raman laser photons are produced, their spectral similarity to the funda-
mental spectrum shape depends on the degree of correlation between their respective
elds. However, due to some instrument limitations, the intensity uctuations may be
too fast to be captured by a nanosecond-response detector such that it becomes more
convenient to measure directly the spectral intensity curve in order to determine to
what extent correlation occurs and how much this inhibits the performance [146]. In
this sense, provided that the gain coe cient is de ned by the growth term of the rate
equation of the Stokes eld as
@ls

0z = Qerrlsls (3.9

the time-phase uctuations that are embedded in the general expression of the laser

intensity can be instead included in the e ective Raman gain, geff, that is

Jeff = "o (3.10)

where " is the reduction factor (dimensionless), and go the monochromatic Raman gain
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coe cient. The laser intensity 1(z;t) in Eq. 3.9 is averaged over the time uctuation
t. By this, regardless of the dynamic behaviour due to intensity and phase noise

uctuations, which are often nontrivial to measure, the laser properties become thus
directly attributed to the e ective Raman gain. It can be demonstrated [146,147] that

the gain reduction factor is de ned by

2
i FiSi

"=k P
jIFi? ISiI?

(3.11)

where the subscript j refers to the longitudinal mode number of the fundamental or
Stokes eld, indicated by F and S respectively. According to the Schwarzs identity, it
turnsoutthat0 " 1. Amplitude and phase noise is represented by the phonon eld
term F;j Sj /¢t s whichis xed if the pump and the Stokes are correlated, while it

uctuates if correlation does not occur and the phase noise changes over the dephasing
time of the phonon eld. So far it has been assumed that the fundamental laser eld is
very broad compared to the Raman linewidth, thatis ¢ I:, and the separation
between two consecutive fundamental modes is much greater than 'r [146]. In the
time-domain, ¢ 1z means that fundamental longitudinal modes uctuate much
quicker than the dephasing time of the phonon.

If the correlation is established, the fundamental photons correspond coherently to
the Stokes photons and both spectra are identical such that !¢ = Ig. In this case,
the phonon eld reaches steady-state and monochromatic gain is achieved, thus " = 1.
For poor correlation, instead, the phonon eld phase varies randomly that the e ective
Raman gain is diminished, and hence " 1.

What drives the two elds to be correlated is the degree of dispersion in crys-
tals, which accounts for the di erence of the group velocity between pump and Stokes
photons. For no dispersion, the fundamental and Stokes elds are correlated. When
dispersion occurs, the dispersion prevents the synchronization between the two elds

and correlation is not established any longer. To determine whether the elds are
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Figure 3.3: Diagram of the dispersion level. Image taken from [146].

correlated or not, a critical intensity can be de ned [146]

Y¢j ]

. (3.12)

lerit =

where is the di erence of group velocity and !¢ is the FWHM of the fundamental
spectrum. In the ideal case of monochromatic radiation, I = 0, dispersion is absent
and the elds are fully correlated. However, dispersion can be considered zero or
negligible also when the fundamental intensity is I¢ lerit- INn this case, the dispersion
is weak and correlation is held, inhibiting e ective gain reduction. Conversely, the
system is under the highly-dispersive regime for relatively weak fundamental elds, and
hence correlation is lost and the e ective Raman gain consequently becomes reduced.
An intermediate situation can be created when I lcrit, In which the lasers are
partially driven into correlation. The diagram in Fig. 2.3 summarises these three
scenarios [146]. The case of a very broadband laser eld is applicable to gaseous Raman
media, whose Raman gain linewidth is very narrow owing to the typical narrow feature
of the single-molecule Raman transition in gas.

It is a di erent case for many crystalline Raman gain media. In these systems,
dispersion is of particular relevance since gain suppression diverts the Raman laser
from its maximum performance. As a result, the two spectral elds have di erent

width, from which the gain reduction factor can be analytically estimated to be [146]:

z
"= [f(1) R(! 1R)IS(1)d! (3.13)

Where f(1) R(! !rR) is the convolution between the Raman lineshape (amplitude

normalised to the unit) and the fundamental spectrum; !r is the Raman shifted fre-
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guency. Both (1) and S(!), the Stokes spectrum, are normalized to the area. Full
mathematical derivation of Eq. 3.13 can be found in Eq. (3.29-3.30) of ref. [146]. For
the special case in which all curves can be approximately considered Lorentzian-like,

the reduction factor is simpli ed to

(3.14)

Continuous-wave intracavity Raman lasers mostly operate in the high-dispersion regime
owing to the relatively high critical intensity [145, 146], causing the laser to broaden
and diminish the e ective Raman gain. Spectral control of the fundamental in order to

achieve I¢ Ir is therefore advantageous in maximising the laser performance.

3.3.2 Phase-matchless SRS and intracavity Raman beam clean-up

The Raman beam clean-up e ect [148] is Raman laser oscillation towards TEMgg from
a multimode intracavity pump beam in an intracavity set-up (see Section 1.4.3). This
can be explained by a few theoretical considerations [148]. Raman Stokes ampli cation
is a four-wave mixing process in which the phase-matching condition is automatically
satis ed, which is true for monochromatic radiation and forward propagation for which
the relative phase eld between the fundamental and Stokes is actually cancelled. When
the amplitude of the fundamental eld is oscillating with either the k¢, or ke, wavevec-

tor, that is [148,149]
Ef =Ef1 (K kf1) +Ef2 (K Kg2) (3.15)

and, for simplicity,
Es = Es (k ks) (316)

the polarization amplitude PN- = S)jEj%ES becomes

POL = QliEj?Est + jEr2i?Esile™ s 2+
(3.17)
+ EflEfZESei(kfl kfo+ks) z + EflEfZESei(kfl keo+ks) z
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The rst two terms are phase-cancelled and the relative polarization amplitude prop-
agates periodically in the medium with the phase term exp( iks 2z), called ‘primary
Stokes components’ [148], and they replicate the fundamental eld intensity distribu-
tion. On the other hand, the ‘secondary Stokes components’ [148] are not collinear with
the fundamental eld as the secondary photons eld direction follows the probability
distribution governed by the phase-matching condition, Iling the void in the aberrated
fundamental eld intensity generated by Stokes-converted beam and hence leading to a
Raman laser output beam with higher brightness. Thus, Raman lasers are also e cient

brightness converters.

3.4 Raman cavity arrangements

Raman lasers can be generated with quite diverse con gurations, among which are:
the single-pass resonator for the pulsed regime; extracavity and intracavity for quasi-
or continuous wave operation; and the self-Raman laser. Depending on the design,
Raman media can also be considered along with frequency-doubling crystals to enable
laser operation in a more di cult spectral region. What makes ) nonlinear materi-
als attractive for frequency conversion is the phase-matchless nature of SRS. Indeed,
unlike second-order nonlinearities of standard optical parametric oscillators (OPOs),
in which di erent techniques are required to achieved phase-matching, SRS design is
more straightforward and robust as phase-matching is automatically satis ed. The
consequent Raman beam clean-up is also advantageous in designing a stable cavity
as it partially compensates thermal defocusing to which most Raman bulk media are
prone. With the exception of glass bre Raman lasers, SRS it is not directly tuneable
due to the natural narrow Raman gain lineshape of crystalline materials. When the
pump source has a broad gain bandwidth, the cavity can therefore be tailored for fun-
damental wavelength tuning, typically with an intracavity birefringent Iter, allowing
to tune the fundamental and, in turn, its Stokes-shifted wavelength. Raman media are
well adaptable to a wide range of most mature laser media as well as easily applicable

to the SDL technology in a variety of designs which will now be discussed.
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Figure 3.4: Single-pass Raman generator diagram.

3.4.1 Raman generator

The rst SRS was produced in a so-called Raman generator as previously introduced
in the introduction section of this chapter. With this design, a train of single pulses
is focused tightly into the medium which ampli es the spontaneous scattered Stokes
radiation in the same direction. Though a Raman generator is cavity-free, sometimes a
mirror can be placed to re ect the pump light back to the Raman medium and achieve
higher power. Schematic representation of a Raman generator is illustrated in Fig.
3.4. SRS is reached above a certain critical intensity of around 100 MWcm 2 or even
above for typical crystalline Raman gain media. Typically, at this order of magnitude,
the media can be subject to a severe thermal stress, which incurs self-focusing and
optical damage. Most Raman generators, such as tungstate, nitrate, and molybdate
are pumped by nano and picosecond laser sources in the green and 1 m region. High-
intensity peaks also produce multiple Stokes and anti-Stokes photons in cascade towards
undesired wavelengths, which may be di cult to select in a cavity-free design. Due to
the high-intensity threshold, Raman generators are still good converters of pulsed laser

sources [150].

3.4.2 Extracavity Raman laser

When a Raman medium is placed in a high- nesse cavity separated from the pump
light, appropriate HR/AR mirror coatings can be designed for output-coupling at a
speci ¢ Stokes wavelength. In comparison to the Raman generator, the Stokes wave-
length resonates in the cavity. The customisation of the coatings therefore inhibits the
stimulated emission of parasitic wavelengths. In this cavity con guration, the Raman
material is pumped by the output of an external pulsed or (quasi-)cw laser source and

is schematized in Fig. 3.5. The Raman laser threshold is attained when the round-trip
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Figure 3.5: External cavity Raman laser diagram.

gain balances out the round-trip loss. Considering a Ic-long Raman material with gain
gr, aligned between two lossless mirrors having re ectivity R; and R, the equation

that governs pump intensity threshold Iy, and gain is [134]

R1R2exp(4grlclin) = 1; (3.18)

where the factor 4 is associated with the backward and forward SRS in a round-trip.
Whereas R1, R, and I; are xed parameters of the cavity, gr 1t depends on the spatial
overlap between the pump size and the Raman cavity mode across the crystal [145].
For a Raman gain of 5 cm/GW the intensity of the incident pump must be around
10 MW/cm?. This level of intensity is di cult to achieve with a CW pump source
and the literature records only few cases. For instance, the rst CW Raman laser was
demonstrated to function in an external-cavity geometry for the rst time (2004) by
Grabtchikov et al. [132]. In that experiment, a Ba(NO3), crystal was pumped by a mul-
timode CW Ar™ laser to reach a maximum output power of around 164 mW with 5.5
W of incident pump power. Later, most high-e ciency external-cavity Raman lasers
were employed in Q-switched operation using solid-state lasers for conversion to the
eye-safe region and intracavity frequency conversion to the visible and ultraviolet [151].
Nevertheless, demonstrations of extracavity quasi-CW Raman lasers were reported very
recently. In quasi-CW operation the Raman laser reaches the steady-state regime and
at the same time the thermal e ects remain too weak to be detrimental to the output
power. Within this limit, Kitzler et al. reported an analytical model to describe the op-
eration of a diamond Raman laser with 23-W of output power at 1240-nm [152]. Later,
Williams et al. expanded the model of a similar system to the second Stokes wavelength
in diamond at 1.5 m with 114 W average output power [37]. Through active cavity

stabilisation of an external-pumped diamond Raman laser, single-frequency operation
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Figure 3.6: lllustration of intracavity Raman lasers in (top) self-Raman and (bottom)
coupled-cavity arrangements. DM: dichroic mirror.

at 1486 nm was demonstrated for water vapour detection [153]. Multi-Watt operation
is therefore attainable with long pulses. When the pump source approaches 100% duty
cycle (i.e. CW), the Raman laser becomes signi cantly susceptible to thermal lensing

at high power impeding the laser from power scaling [154].

3.4.3 Intracavity Raman laser

In an intracavity Raman laser system the fundamental gain material is aligned within
the same cavity as the Raman crystal. In this geometry, the fundamental gain is
pumped by an external source (typically a laser diode) and the Raman wavelength
generated resonates in the same cavity to allow high intracavity power and thus low
threshold. Mirrors must be coated for minimum leakage at the fundamental wave-
length and partially-re ective at the Stokes-shifted wavelengths for high-power output
coupling. Two main cavity con gurations are possible: self-Raman laser and coupled-
cavity Raman laser. Schematization of such systems are depicted in Fig. 3.6. For
wavelength emission towards shorter wavelengths the Raman cavity can also be ex-
tended to accommodate a (9 material for either second harmonic or sum frequency
generation. In a self-Raman laser, the fundamental and the Raman laser are emitted
from the same material source. Typically, in a Raman-active crystal optical absorption
is forbidden for the reason previously explained in Section 1.2. When it is doped, the

impurities can be optically pumped and the subsequent laser emission can feed the
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medium for self-Raman laser action.

In a coupled-cavity geometry, the fundamental gain medium is separated from the
Raman crystal by a dichroic mirror, which is highly-transparent at the fundamental
wavelengths on one side to allow beam penetration in the Raman material, and highly-
re ective at the Stokes-shifted wavelengths for Raman laser.

Unlike external-cavity Raman lasers, fundamental and Raman laser behaviour de-
pend upon each other when they resonate within, or at least partially, the same cavity.
By having two partially shared cavities the spectral control of the sole fundamental
via the insertion of optical Iters automatically dictates in turn the spectral behaviour
of the Raman laser. In CW operation, small cavity mode radii are essential for low
threshold. In a self-Raman laser a low threshold can be achieved by side-pumping. The
large availability of high-power laser diodes in the 800 nm range helps in achieving pop-
ulation inversion of Nd®* levels in most Raman materials. When the Raman material
is undoped, the cavity parameters should be arranged for minimum focusing.

The rst intracavity Raman laser demonstrated was a diode-pumped self-Raman
laser from a Nd-doped KGW crystal with 56 mW maximum output power at 1181
nm [133]. In the same year, 2005, a Nd:YAG/KGW system was developed for higher
power (0.8W) at the same wavelength [134]. Later, several intracavity systems have
been demonstrated at the Watt-level in CW. The record of output power of 6.1 W has
been reported twice from the rst Stokes wavelength of a KGW crystal. In the rst
system the KGW was included in a Nd:YLF laser cavity for Stokes generation at 1139
nm with a relatively poor beam quality [155]. In the same experiment the fundamental
cavity was slightly adjusted to accommodate a diamond Raman crystal, which o ered
less power at 1217 nm (5.1 W maximum) but the beam quality was improved to the
di raction-limit. In our experiment presented in Chapter 5, a maximum output power
of 6.1 W was reached at 1320 nm from the rst Stokes shift of an InGaAs SDL with
greater conversion e ciency ( 6% against 4% in the solid-state case), with a possible
strong limitation due to thermal lensing generated at higher power.

Bonner et al. investigated and measured the thermal lensing in an intracavity Ra-

man laser [138]. In the case of a Nd:YVO,4 gain disk, both the fundamental and the
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Raman beams are subject to opposite focal length sign [138]. In the particular case
of a compact SDL-pumped system, thermal lensing is negligible at high diode pump
power [7]. When the diamond is implemented for Raman conversion, its highest ther-
mal conductivity makes the SDL-pumped diamond Raman laser a solid setup to avoid
thermal lensing distortions. Parrotta et al. demonstrated multi-Watt output power
operation at 1228 nm with such a system [89]. In this work, the cavity was optimized
at high pump power for minimum thermal focusing distortion due to intracavity optics,
such as the birefringent Iter and dichroic mirror. This enabled maximum linear di er-
ential e ciency of 23% reaching a maximum output power of 4.4 W with high spatial
and spectral beam quality [89].

CW intracavity Raman lasers are therefore a very compact and e cient solution
to reach long wavelength. The complex interplay between the fundamental and the
Stokes beams has attracted attention in developing models to explore the potential
of such systems. Spence et al. studied the characteristics of CW intracavity Raman
lasers to determine the performance of the output power, considering second harmonic
generation [156] and spatial and spectral e ects between the fundamental and the
Stokes eld [145, 146].

In the next section Spence model of a CW intracavity Raman laser will be presented.

3.5 Spence model

D. Spence described in 2007 the behaviour of a CW intracavity-doubled Raman laser
system, providing some numerical calculations and comparison with previous experi-
mental work [156]. In that model, the fundamental and the Stokes-shifted beam spec-
tral pro les were considered monochromatic. The two beams propagate uniformly in
the transversal cross-section such that the overlap between the fundamental and the
Stokes beams is perfect. Based on that and on the work of P. A. Apanasevich (such as
ref. [157]), in 2013 Spence adjusted the theoretical model by implementing the actual
behaviour of the transverse and longitudinal propagation of both beams inside the crys-

tal. When the spectral linewidth is also taken into account with respect to the natural

Chapter 3. Raman laser 51



3.5. Spence model

Raman lineshape, the Raman gain turns out to be a ected as well. Both spatial and
spectral dependences are therefore explicitly evaluated in the latest model.
Following these considerations, the rate equations of a solid-state-pumped intracav-

ity Raman laser are [145]:

dn Pp 2 n
— = nP — 3.19a
dt  hc= , Achc= ¢ (3.192)
dP¢ 2c  lcQe c c

= P pPr+ —nPs —LgP 3.19b
it~ T sA SF A f -t f (3.19b)
dPs 2¢ 1.ge c
=S = ZX%ppot “(Lg+T 3.19
it A, f0s 2I( s+ Toc) (3.19¢)

where ¢, s, p are the wavelengths of the fundamental, Stokes and the laser diode
pump; n; ; ;AL are properties of the fundamental solid-state gain medium and indi-
cate, respectively, the population density of the inverted ions, the gain cross-section,
the lifetime of the inverted ions at the upper level, and the e ective area; Pp; P¢;Ps
are the diode pump power, the intracavity fundamental and Stokes power respectively;
L¢; Ls are the internal losses due to optical absorption and Fresnel re ection at the
fundamental and Stokes wavelengths respectively; I; I are the optical cavity and the
crystal length respectively; Toc is the output coupler transmission at the Raman wave-
length. Finally, ge; Ae are the e ective Raman gain and the spatial overlap between
the fundamental and the Stokes laser intensities along the crystal. While the e ective
Raman gain is ge = i [F(Y) R(V)]S(1)d!, the e ective pumped area Ag is [145]

V4 1
Ae = IfISdA ; (320)

with I¢ and Is the area-normalized beam intensity of the fundamental and Stokes
lasers, integrated across the beam transverse area A throughout the entire crystal
length. Longitudinal and transverse modes can vary with pump power.

Equations 3.19 have a positive term due to the diode and fundamental pump power,
a negative factor related to the spontaneous scattering loss, round-trip loss due to ab-
sorption and transmission loss. Also, being co-resonant, the fundamental beam is

automatically subject to deterioration above the Raman threshold, as the Raman con-
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version process is actually a loss for the fundamental. The loss term associated with it
is therefore proportional to the Stokes power.

Considering the spontaneous scattering rate negligible, at the steady state, all equa-
tions in 3.19 must be zero, which returns the value of diode pump power required to

reach the Raman laser threshold

_ (Toc +Ls)L¢ ¢ AP

P 3.21
th 4|c s géh ( )
and the output power of the Stokes laser
Toc p TocLs fAe
Ps=—"—7"F——+ —— 3.22
® " Toc+Ls s " 4l s Qe (3:22)

where the Al"=g{" factor is valued at the threshold. Ideally, once the Raman threshold
has been reached, the Stokes output power will increase linearly with maximum slope

e ciency given by
Toc f

= 3.23
Toc+Ls s (3:23)

eff

and the fundamental intracavity power, P¢, becomes independent of the pump power,

i.e. it clamps at the Raman threshold value

_ LfAe
4l.0e

Ps (3.24)

However, Acs=ge is likely a complex function of the pump power due to, for instance,
competing modes reaching threshold. When this is the case, the fundamental intracav-
ity power increases and the Raman gain extraction e ciency is hence reduced. There
are a few other factors that are to the detriment of the Raman laser e ciency, such as
thermal focusing of intracavity optics and pump power dependency of the laser emis-
sion wavelength. For the speci ¢ case of a SDL-pumped Raman laser, the internal
conversion e ciency factor of the SDL itself, spr, which counts the relative number
of pump photons converted to SDL photons, can be added as a multiplication term to
Eq. 3.23. Variation of gspp caused by thermal rollover, pump e ciency, etc. will also

in uence the performance of the Raman laser.
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This model gives an approximate prediction of the intracavity Raman laser be-
haviour when the laser parameters have been determined independently. Besides the
model, the Raman laser e ciency can be optimised by choosing a crystal that min-
imises optical absorption and maximises the grlc factor. Low threshold is achieved
when the mean size of the fundamental cavity mode is minimised in the Raman crystal.
Tight focusing nevertheless enhances thermal lensing when high Stokes output power
is also achieved.

In an ideal intracavity Raman laser as schematized in Fig. 3.6, while the external
pump increases, the fundamental gain increases as well up to the point in which the
gain is equal to the round-trip losses and the pump power reaches the threshold at the
fundamental wavelength. Now that the fundamental laser emission is established, the
fundamental gain is clamped and the elds resonate within the Raman cavity. While
the pump power further increases, the fundamental intensity increases as well, and the
Raman gain becomes proportional to the intracavity fundamental elds intensity. While
the fundamental intensity is growing as the pump power increases, the Raman gain at
the Raman wavelength becomes high enough to balance out the round-trip losses and
the Stokes eld will resonate too. At the Raman threshold, the Raman gain is clamped
equal to the Raman cavity round-trip losses, and the fundamental intracavity intensity
must be clamped to maintain steady state. However, as the fundamental and Stokes

elds oscillate within the same cavity, the fundamental laser necessarily experience loss
due to Raman conversion. The loss is proportional to the Stokes intensity and thus the
fundamental gain increases to be equal to the round-trip loss.

The literature has only a few experimental works in which the Raman gain ex-
traction e ciency is close to ideal. For instance, Parrotta et al. reported the case of
the intracavity diamond Raman laser pumped by a SDL (see Fig. 3 of Ref. [89]). To
achieve high power at the Raman wavelength of 1227 nm, the system was optimized
at high pump power. In this region, the fundamental intracavity power of the SDL
was clamped and the Raman laser di erential e ciency was 23%, against the predicted
slope e ciency of 31%, using Ts = 2.2%, Ls = 0.8%, p = 808 nm of Eq. 3.23 mul-

tiplied by spL = 65%. Below this region, the Raman laser behaviour became more
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complex, suggesting that the evolution of the spatial and spectral mode overlap be-
tween the fundamental and the Stokes beams within the medium were detrimental to
the ideal slope e ciency [89]. This trend is most typical in those Raman lasers that
have exploited SDL technology. With the exception of diamond, thermal lensing is
more prominent in the Raman material than in the SDL chip such that the maximum
conversion e ciency can be achieved via cavity adjustment. Continuous-wave intracav-
ity Raman lasers are generally so sensitive to the optical losses that in most cases the
output power behaviour becomes more dependent, at least within a relatively limited
range of pump power, on thermal e ects and spectral/spatial beam uctuation rather
than the pump power itself. Nevertheless, this model illustrates and highlights the
main optical parameters for an optimal design of an e cient Raman laser.

Spences model can be extended to an arbitrary number of Stokes modes in cascade,
but although this work takes advantage of the cascaded Raman conversion to achieve
novel wavelengths at 1.7 m, a more general model of the CW intracavity-pumped
cascaded Raman laser is therefore interesting for future investigations to predict the

optimum conversion e ciency.

3.6 Raman materials

A variety of Raman media have been employed for SRS, such as gases, liquids and
solids, including crystals and glass bres. This thesis is focused primarily on crystalline
Raman lasers but a general overview to the other forms is rst given in this section.
The inherent properties of gases bene t Raman lasers with large Stokes shift and low
scattering loss. Hydrogen, deuterium and methane have been mostly exploited for
wavelength conversion of high-power pulsed laser sources such as Nd:YAG. Gas Raman
lasers 0 er large Stokes shift, typically 2 or 3 times higher than common crystalline
media. However, they su er from low gain and need to be implemented in bulky cells,
which make them impractical for commercial application.

Liquid Raman materials have the disadvantage of absorption in the visible and

infrared wavelengths. Being also quite toxic and volatile near room temperature, the
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literature is limited to a few cases, such as liquid nitrogen at 77 K [158].

Glass bres, on the other hand, are relatively compact and Raman laser operation
relies on high-purity material over the long interaction length (up to a few hundred
meters) in the bre core, which compensates the low gain (<0.02 cm/GW). The most
popular material is pure fused silica, which enables frequency conversion over its long
transparency range (<2 m) by multiple Stokes shifts of 440cm ! in cascade. Nowa-
days, the fabrication of reliable long bres is so well-established that Raman bre lasers
are available commercially for telecom purposes (1.3-1.5 m). In contrast to gases and
crystals, Raman bre lasers are tuneable as the natural Raman gain spectrum of amor-
phous materials is characterized with a very broad feature, typically 200 cm ! for
fused silica [159]. However, in bres SRS is generated by ampli cation in a non-resonant
cavity. This precludes bres from exploring shorter wavelengths with intracavity SHG.

Crystalline Raman lasers have been introduced for the rst time in 1963 using a
natural piece of diamond, calcite and a Ruby laser [128]. Since then, the availability of
high-quality long synthetic crystals was rather limited and the rst functioning Raman
laser in pulsed operation with high e ciency (as high as 77%) was presented several
years later, in 1977 [160]. In recent years, the establishment of the fabrication of high-
purity single crystals spurred laser research and development towards crystalline SRS.
Solid-state materials for Raman lasers include diamond tungstate-based crystals (e.g.
KGd(WOQO,), in its pure and doped form) vanadate, iodate, nitrate and molybdate struc-
tures. Such crystals have good mechanical properties, which make them implementable
with other solid-state laser sources. The Raman gain is between 1-20 cm/GW and
they generally o er Raman shifts of 1000 cm ®. Despite high gain, crystal length is
also chosen to compensate optical absorption and birefringence loss when the medium
is used for intracavity or extracavity con guration. The most relevant Raman gain
materials for this thesis are synthetic diamond and pure KGW, to which are dedicated

the two subsections below.
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y[017]

Figure 3.7: (Left) Diamond crystal structure representation in three dimensions.
(Right) Spontaneous Raman spectra of diamond for di erent polarization directions.
Image taken from Ref. [137]

3.6.1 Diamond

The crystal structure of the diamond unit cell consists of two interpenetrating face-
centred cubic (fcc) lattices shifted by a/4 along the principal diagonal (<111> di-
rection), where a is the unit cell parameter (see Fig. 3.7). The primitive cell is a
tetrahedron with a carbon atom in the centre and with four covalent sps bonds linked
to the nearest atoms. The strong covalent bonds between such low-mass atoms are
responsible for its high mechanical rigidity and highest thermal conductivity. Despite
this, diamond can be contaminated by few similar elements of di erent groups, such as
boron and nitrogen. When an impurity takes place, however, the point defect leaves
a dangling bond responsible for optical absorption and stress, which causes in turn
birefringence [161, 162].

Due to its high symmetry, diamond has threefold degenerate acoustic modes (F1u)
and three degenerate optical vibration modes (Fog). In particular, Fog modes are given
by the rigid oscillation of the two fcc cells, which are responsible for the single Raman
shift of 1332 cm ! and 1.5 cm ! linewidth (FWHM), which both slightly vary by
isotopic content and temperature shifts respectively [161].

Bulk diamond has large energy bandgap, allowing absorption at 230 nm and in the

5 m region by two-phonon absorption. Natural diamond is classi ed type | or type 11
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[163] depending on the nitrogen content [164]. Imperfections in a single-crystal diamond
can vary from sample to sample [165] that is disadvantageous for laser application.
When diamond is synthetically grown, birefringence can still vary by one order of
magnitude across the sample [162], which leads to a reasonable depolarization loss
when inserted for intracavity Raman conversion.

For laser application, diamond should be chemically pure and single-crystal to min-
imise absorption and birefringence loss. Two processes are known to synthesise dia-
mond: high-pressure high-temperature (HPHT) [166, 167] and chemical vapour depo-
sition (CVD). HPHT synthesis recreates the thermodynamic condition under which
natural diamond is formed. Typically, a carbon-rich melt undergoes a pressure of 5-6
GPa at around 1500 C. Depending on the conditions, small grains or single crystals of
physical dimensions of some millimetres can be produced. In this case, diamond may
have too many nitrogen impurities (up to 200 ppm [164]) for being used as an active
medium in continuous wave. They are mostly exploited for cutting tool applications.
In contrast, CVD growth on a diamond substrate forms a single crystal diamond up
to 10x10 mm?2. In the CVD technique, a dilute concentration of methane gas in a low-
pressure environment of hydrogen is the seed of the diamond crystal. Under microwave
excitation, a plasma state of carbon atoms is created in a range of temperature between
700 and 1200 C. When a diamond substrate is present, graphite tends to build up over
the epitaxial surface and is etched away by the hydrogen radicals, enabling formation of
the diamond structure along the crystallographic orientation of the diamond substrate.
Other than carbon atoms, a minimal content of nitrogen in the chamber can take the
place of the carbon deposition, at the lowest level of 20 ppb [168]. This low nitrogen
content makes diamond usable as laser gain material. Nowadays, Element Six Ltd. is
the biggest company in the world that fabricates and commercializes high-purity CVD
diamonds. Production cost has been reduced in the last decade such that diamond is
nowadays competitive with other Raman crystals.

When considering diamond for a Raman laser, the crystal orientation with respect
to the pump eld polarization has to be taken into account to maximize the perfor-

mance. The atom disposition in the (011) plane is represented in Fig. 3.8. The Raman
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Figure 3.8: Schematic of the bulk diamond structure in two dimensions. Dashed lines
represent covalent bonding in the (011) plane (parallel to the page), while dashed lines
connect carbon atoms in a direction not parallel to the page.
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Figure 3.9: Diamond Raman gain polarization at 1064 nm for crystal orientation such
that the beam propagates along the <110> (left) and <100> direction (right). Image
taken from ref. [170].

gain magnitude is determined by the polarization direction of the pump eld relative to
the direction of the carbon-carbon bonding [169]. Savitski et al. in 2012 measured the
Raman gain as a function of the angle of the pump polarization eld via the pump-probe
technique for two crystal orientations [170], whose main results are depicted in Fig 3.9.
It was demonstrated that the polarization dependence of the gain has the same period-
icity as the lattice (54.7deg). The same group (2013) showed maximum gain of 17 2
cm/GW at 1064 nm with 1= dependence from 355 to 1280 nm for pump polariza-
tion parallel to the <111> direction [143]. The literature on synthetic diamond Raman

lasers starts from 2004, when Kaminskii et al. demonstrated a single-pass Raman laser
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with multi Stokes and anti-Stokes generation, pumped by an ultrafast laser [171]. At
that time, the content of nitrogen impurity was not less than 1 ppm [171]. While the
fabrication of high-purity diamonds was under improvement, Mildren et al. in 2009
reported Raman laser operation of a high-quality diamond in an external cavity with
a maximum conversion e ciency of 63.5% at the rst Stokes wavelength [172]. A Ra-
man laser with near-quantum-limited e ciency of 85.8%, was also reported at 1240 nm
using a CVD diamond with low birefringence ( n < 10 6) [173]. To date, the highest
average output power of 24.5 W was reported in 2011 by Feve et al., demonstrating
Raman laser operation at 1193 nm under room and cryogenic temperature (77 K) [174].

When considering diamond for continuous-wave operation, laser e ciency becomes
more sensitive to the material quality, in which a minimal amount of defects can still
induce optical absorption loss and birefringence. This has a detrimental impact on the
total conversion e ciency. To reach a low threshold, diamond is usually inserted within
the fundamental cavity. At the Institute of Photonics of the University of Strathclyde,
Kemp et al. demonstrated for the rst time, in 2009, CW Raman laser operation at
1240 nm [175]. Since then many other results of CW diamond Raman lasers have
been reported. For instance, Parrotta et al. (2013) reported 4.4-W output power
(> 14% conversion e ciency) from a SDL-pumped Raman laser with a single Stokes
shift at 1200 nm (Parrotta et al., 2013). CW operation was also demonstrated in
an external cavity for the rst time in 2012 by Kitler et al. [176], reporting 10.1 W
of maximum output power at 1240 nm with 32% input-to-output conversion e ciency.
More recently, Raman laser operation was observed in an external cavity under single-
mode oscillation with up to 3.5 W of output power pumped by a CW single-frequency
distributed feedback laser [177]. When the second Stokes oscillation was enabled in
diamond, the same group demonstrated a tuneable single-mode diamond Raman laser
for water vapour detection in the 1480 nm region [153]. In 2018, Jasbeer et al. reported
a high power diamond Raman laser in quasi-CW for frequency doubling conversion in
the red-orange region using a LBO crystal intracavity, reaching up to 30 W output
power at 620 nm with M2 = 1.1 [178].

In the work described in Chapter 4, diamond will be included in the cavity setup
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Figure 3.10: The KGd(WOQOy,), lattice structure. Image taken from Ref. (Macalik,
Hanuza and Kaminskii, 2002)).

of a CW infrared SDL. The large Raman shift of diamond (1332 cm 1) is suitable to
shift the laser emission wavelength towards nontrivial spectral regions, in this case well

beyond the 1.2 m upper wavelength limit of InGaAs-based SDL gain structures.

3.6.2 KGW

In contrast to diamond, the lattice symmetry of a potassium gadolinium tungstate
oxide [KGdA(WO,)2, or KGW] cell is less symmetrical. The more complex structure
of such a material characterizes the KGW with more non-degenerate phonon oscilla-
tion modes than in diamond. The KGW unit cell is monoclinic and belongs to the
C,=c space group. Its schematic three-dimensional lattice structure is illustrated in
Fig. 3.10. Due to the low symmetry of KGW, its mechanical, thermal and optical
properties are anisotropic. Figure 3.11 shows the spontaneous Raman spectra of the
KGW crystal. The crystal is often exploited for its most intense 901.5 cm ! Raman
peak [179]. The symmetric stretching vibration of the (WO4)? tetrahedra is respon-
sible for the strongest intensity Raman modes located at 901 and 767 cm ! depending
on the pump eld polarization [180]. These also correspond to the same oscillation
modes in other potassium tungstate materials, such as KReW (where Re =Y, Lu, Dy,
Yb) [181{183]. Minor Raman peaks in the 270-1000 cm ! range can also be observable,
mostly attributed to di erent modes of oscillation of (WO,)? ions [180]. Thanks to
its large transparency (0.35-5.5 m) and high damage threshold (<10 GW/cm?) and
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Figure 3.11: Spontaneous Raman spectra of KGW for di erent polarization directions.
Image taken from Ref. [179].

good Raman gain ( 6 cm/GW at 1 m [170]), single crystal KGW has been employed
as a Raman shifter of several visible and infrared lasers, in both the CW and pulsed
regimes. Typically, KGW is oriented such that the pump eld is co-polarized to the
901 or the 767 cm ! Raman mode. The 901 cm ! Raman shift is dominant for pump
beam propagation along the crystallographic ¢ axis (parallel to the optical N, axis)
when the electrical eld is parallel to the N, optical axis. This pump excitation scheme
can be expressed as p[mm]p [179]: p[m denotes the pump beam propagation and its

eld polarization parallel to the Np and N, axis respectively; while m]p is referred to
the excited eld orientation and propagation direction. The Raman shift at 767 cm !
is instead achievable when the beam is propagating along the Npaxis and is polarized
along the Ng axis (p[gg]p excitation). The Ny, and Ng axis are rotated by 24deg and
20deg respectively to the a and b axis [179], as shown in g¢. 3.12. KGW can be doped
with laser-active Nd3* ions for laser emission at 1064 nm and self-Raman conversion at
longer wavelengths within the same material [179]. Its laser proprieties have been con-
siderably attractive for having a stimulated emission cross section comparable to those
of Nd:YAG [184]. Sometimes, the apparent advantage of a compact self-Raman laser is
dampened when one wants to optimize the cavity modes of the fundamental and the Ra-

man laser independently. The rst demonstration of self-conversion with Nd3* doping
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Figure 3.12: KGW optical axis orientation relative to the crystallographic direction.
Image taken from ref. [179].

was reported in pulsed operation [185]. The continuous-wave regime was demonstrated
several years later by Demidovich et al. [133], who showed a diode-pumped intracavity
scheme of a Nd:KGW for self-Raman conversion at 1180 nm. This system was very
compact as the input coupler was directly deposited on a KGW facet, while the other
side was AR-coated at the fundamental and rst Stokes wavelength, which was output
coupled (HR) by the external mirror. Later, Dekker et al. employed an undoped KGW
for intracavity Raman conversion of a diode-pumped Nd:GVO laser [186]. In the same
cavity a LBO crystal was added for SHG in the yellow. More systems can be found
in the review of ref. [150]. A more important development in CW KGW Raman lasers
was achieved by Parrotta et al. in 2011, reporting a tuneable Raman laser at the 1180
nm region via intracavity Stokes conversion of a tuneable SDL [35]. In Chapter 5 we
report multi-Watt output power from a KGW crystal adopting a very similar scheme.
Despite good Raman gain, however, KGW thermal conductivity limits the performance
as the laser becomes very sensitive to the cavity alignment at a few Watts of output
power [154]. On the other hand, KGW has a similar optical absorption at 1064 nm as
diamond ( 0.1%/cm [170]) that the round-trip loss are low enough for achieving mul-
tiple Stokes conversion in CW operation. Indeed, by the development of high-quality
ion-beam sputtered deposition, broadband HR and highly-transmissive coatings paved

the way for long-wavelength CW lasers. For the research reported in this thesis (see
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Table 3.1: Diamond and KGW properties.

Diamond KGW
. 0 901 cm ! p[mm]p

Raman shift 1332 cm 767 cm * plgglp
Raman gain at 1064 nm 17 cm/GW <111> [143] 5 cm/GW p[mml]p [170]
Raman linewidth (FWHM) 1.5 cm 1 [36] 5.9 cm 1 [179]
Absorption at 1064 nm < 0:001 cm ! [143] < 0:004 cm ?
Thermal conductivity 2000 WK Im 1 3.8 K 'm 1[189]
Thermo-optic coe . dn/dT 96 10 °K ! 1:6 10 ° K 1[189]
Refractive index at 1064 nm 2.54 2.01
Size (this work) 8x4x4 mm? 30x7x7 mm?3

R < 0:2% per pass R < 0:5% per pass

R e (LTSS, (1160-1420 nm) (1280-1750nm)

Chapter 5), both KGW and fused silica mirrors were coated for CW laser operation
at the 1:.1 { 1.7 m range via cascaded Raman conversion. However, as described in
Chapter 5, having such broadband coatings and high intracavity power, leads to para-
sitic Raman oscillation at di erent Raman modes simultaneously, such as 200 cm !
associated with the phonon mode of GdO vibrations [187,188].

When compared to diamond, KGW is still a good competitor in achieving high-
performance Raman lasers. Diamond crystal symmetry and robustness undoubtedly
prevail over KGW, and the fabrication of high-purity samples is nhow mature. The
most important material properties of KGW and diamond are listed in Table 2.1. As
far as it concerns the intracavity use as a laser material, diamond does not lend itself to
broadband, very-low re ectivity coatings. At the time of the experiment presented in
Chapter 4, manufacturers had not been ready yet to fabricate and guarantee broadband
coatings on diamond with < 1% re ection loss per pass. Being chemically very stable,
diamond surface chemistry makes such multi-layer coatings structure less robust and

hence less durable than those deposited on KGW.

3.7 Challenges

Crystalline Raman media have a low steady-state gain, which causes the laser per-

formance to be very sensitive to losses. In the intracavity geometry, the issue is ex-
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acerbated by the fact that the Raman action itself generates loss to the fundamental
cavity, creating a complex pump-varying dependence of the loss. Other factors, such
as spectral broadening, optical losses, and thermal lensing, in uence the Raman laser
performance. Understanding the process of these detrimental e ects is of particular
importance to optimize the e ciency.

The deposition of multi-layers of dielectric AR/HR coatings is nowadays so accessi-
ble that is possible to reduce the optical loss transmission below  0:01%. Other than
Fresnel re ection, absorption and birefringence are rather intrinsic properties of the
Raman crystal. Unlike solid-state lasers, Raman materials have to be transparent to
the laser wavelength although absorption may still be relevant. For example, the dia-
mond and KGW absorption coe cient is around 0:005cm ' at1 m while the total
loss depends exponentially on the crystal length [170]; a long crystal, at the same time,
increases the gain per pass but it becomes more di cult to overlap the fundamental
and the Stokes beams for mode-matching throughout the entire length. Therefore, a
compromise has to be chosen to optimise the performance.

For maximum gain extraction, the electric eld of the fundamental and Stokes
lasers must be co-polarized. While the fundamental eld orientation can be pinned by
an intracavity birefringent Iter, the Stokes eld may experience depolarization loss by
birefringent Itering while it propagates along the crystal. In an ideal crystal structure,
both the fundamental and the Stokes elds track the direction of the optical axis.
In reality, some imperfections may occur during the growth, such as impurities that
in Itrate the structure from the external environment and the consequent formation
of dislocations. Depending on the defect concentration, impurities produce optical
absorption while dislocations induce stress and hence birefringence [190], which rotates
the optical eld out of the pinned pump eld. The impact of birefringence on the
diamond Raman laser behaviour was recently studied in more detail by Jasbeer et
al. [162]. They mapped the birefringence magnitude parallel and perpendicular to
CVD diamond growth direction, demonstrating that in the particular case of the CW
regime, the Stokes laser polarization preferentially tracks the birefringence axes than

the vibrational modes, even when the diamond is labelled as high-purity (i.e. low-
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content nitrogen < 20 ppb [162]) and low-birefringence. Indeed, birefringence as low
as n 10 8{10 5 is still su cient to signi cantly a ect the performance of a CW
Raman laser [162].

Whilst pure CVD diamond is still susceptible to birefringence, its robust structure
nevertheless provides high thermal conductivity and high damage threshold, which
allows laser operation at high power with minimal thermal e ects. In other more
complex structures, such as KGW and BaWO, however, the heat deposited during
Raman laser can severely a ect the laser performance by thermal lensing, which will

be the topic of the next subsection.

3.7.1 Thermal lensing

Unlike inversion lasers, in Raman media the stimulated Raman scattering is an inelastic
process and the heat deposited in the crystal is hence directly proportional to the
coupled output power rather than the absorbed pump power. The stored thermal
energy generates a refractive index gradient across the crystal which modi es in turn
the optical path of the beam, creating instability unless opportune compensation is
established within the cavity. This is true when the Stokes pulse duration is longer
than the time required for the crystal to build up thermal energy and relax, which is
typically around more than few milliseconds. In the CW regime this condition becomes
automatically satis ed.

The relationship between the thermal power loaded in the crystal and the Raman

laser output power can be expressed as [34]

Pheat = Ps f 1 (3.25)
Where g; f;Ps are the fundamental, the rst Stokes wavelength and the time average
Stokes power which can be considered in other terms the coupled Stokes output power.
The second term of the right side of the equation is the relative di erence of the energy
between the pump and the Stokes photons that is deposited in the crystal during
SRS. The strength of the thermal lens can be calculated by considering rst the heat
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propagation and the solution of the heat equation. Assuming radial ux of the heat
generated from the point in which the Stokes photons are generated to the edge of
the crystal, which is kept and controlled at constant temperature with an external heat
sink, the heat distributes in the medium with a Gaussian pro le and constant along the
beam propagation direction, which is z in this case. Given these assumptions, the radial
temperature distribution, T (r), is the solution of the heat equation at steady-state

d?T (9]
dr?

Q(r) = k¢ (3.26)

Where K. is the thermal conductivity of the Raman crystal; Q(r) is the heat generated
by SRS per unit volume, and r the radial coordinate. Once the gradient temperature
is established, the refractive index changes consequently by the e ect of three main
factors: thermo-optical, end-face bulging, and the photoelastic e ect. The refractive
index change can be expressed by the following formula considering a cylindrical ma-
terial with radius rq [34]

ro(np 1)

| (3.27)

M= T g+ G+
Where dn=dT is the thermo-optic coe cient, the thermal expansion coe cient, C;-.
is related to the elasto-optic e ects, ng and | are the refractive index and the length of
the material respectively. Typically, in most end-pumped materials, the thermo-optical
e ect is the most dominant one and n(r) T(r)dn=dT, where dn=dT is calculated
to be 10 {10 ° K ! for many Raman crystals.
Generally, the optical eld passing through a thin lens experiences a phase shift,

, Which can be demonstrated equal to [191]

kr2
= o5 (3.28)

where k is the wavevector and f the lens focal length. For a thick material, the phase
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shift is set by the refractive index gradient along the crystal length, I,

Z

= Kk n(r;z2)dz (3.29)
0

For a material subject to thermal lensing in which the thermo-optic contribution is
the greatest, the thermal lens strength can be derived by combining the temperature

gradient pro le given by Eq. 3.27 with Eqgs. 3.26 and 3.28,3.29 [34,191]

1_dnPs 1 s (3.30)

T AT ke

The focal length of the thermal lens can be an additional parameter to add in the
cavity design for further optimization. Typically Raman crystals have negative focal
length due to negative dn=dT, while solid state lasers tend to a positive thermo-optic
coe cient. Whatever the sign is, thermal aberration modi es the Raman mode of the
cold cavity ( 12) and, in turn, the optical power. Oscillation towards lower TEM due
to Raman beam clean-up is also advantageous in reducing beam quality degradation.
Therefore, focal length, output power and Stokes cavity mode are rather mutually
dependent that an indirect measurement of f, using Eq. 3.30 can be inaccurate and
the laser performance sensitivity becomes highly dependent on thermal lens uctuation.
There are di erent techniques to estimate directly the value of !, such as lateral
shearing interferometry [192], which measures the phase distortions of a probe beam
to estimate directly f,.

According to Eg. 3.30, the strength of the thermal focal length can be reduced
by designing the cavity with a larger Raman beam size although the laser threshold
is consequently a ected. A material with high thermal conductivity and low dn/dT
can simplify the system and make the Raman cavity more stable to thermal lensing.
However, to date, only diamond is capable of resisting the thermal lensing. Indeed,
compared to the other most common Raman materials, the thermal conductivity of
diamond is about 2000 W/mK against tungstate, iodate, and molybdate materials [34],
having k.  1-20 W/mK. For example, the thermal lens focal length generated by a

diamond Raman laser per Watt of output power can be calculated to be 1 m, which
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is typically larger than cavity length and therefore becomes negligible. On the contrary,
other Raman lasers exhibit a much stronger thermal lens focal length (10 cm [34]) so
that compensation with an intracavity cylindrical lens [154] is required to avoid beam

aberration.

3.8 Conclusion

In this chapter the general theory of Raman lasers has been reviewed. Stimulated
Raman scattering is a ®-nonlinear process that is useful for wavelength conversion
of many laser sources. Normally the Stokes emission is the most exploited owing to
the phase-matchless nature of this phenomenon, enabling laser emission towards the
mid-infrared. This enables not only more accessibility in designing a compact cavity,
but it also bestows automatic improvement on the laser beam quality when the Raman
medium is pumped within the cavity of the pump laser itself, thanks to the Raman
beam clean-up e ect, which also contrasts thermal aberration. As a third-order nonlin-
ear process, the Raman laser requires a high-intensity laser source to reach threshold.
For continuous-wave operation, the intracavity con guration is the most employed as
the high intracavity pump power (up to kW) attainable in such systems allows low
threshold. Also, the wavelength coverage can be further extended via wavelength tuning
of the fundamental the Raman laser itself is not tuneable, and via cascaded Raman con-
version if the round-trip loss is low ( 1%) at each Stokes wavelength. Continuous-wave
intracavity Raman lasers operate, however, in a highly-dispersive regime, preventing
correlation between the fundamental and Stokes elds, and hence reducing the e ective
Raman gain, particularly true for a broad multimode pump. In this case, e ective gain
reduction can be minimized when the pump spectrum is reduced in linewidth within
the Raman gain bandwidth by the introduction of etalon Iters.

Thermal e ects also impact on the laser performance due to the heat deposited
in the scattering process. Diamond is a suitable Raman tool for generating high out-
put power with negligible thermal e ects, thanks to its highest thermal conductivity.

Chapter 3 will be dedicated to the performance of such material in the near and mid-
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infrared when intracavity-pumped by a SDL. KGW, on the other hand, is a good
candidate for Watt-level emission in CW though the modest thermal conductivity may
limit its potential. With the bene t of broadband AR/HR dielectric coatings deposi-
tion, the performance of long-wavelength cascaded Raman laser will be demonstrated

and discussed in Chapter 5.
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Chapter 4

Diamond for Raman laser

emission at 1.4 m with an SDL

There has been an increasing interest in technology to develop lasers for tuneable
emission in 1.4-1.7 m region. Current optical coherence tomography (OCT) technology
employs di erent types of conventional light source, e.g. mode-locked, super-continuum,
etc., to probe a biological material and return a strati ed image of the object (such as
the eye or the brain [123]) bypassing the strong water absorption wavelength region at
1.4 m. Likewise, a narrow-linewidth laser can be instead applied to detect absorption
features of water vapour when tuned across the 1.4 m region. The recent development
of compact, continuous-wave, tuneable and narrow linewidth semiconductor disk lasers
(SDLs) at infrared wavelengths can pave the way for their implementation in these
medical and remote gas sensing systems and hence potential alternative sources to the
bulk solid-state laser counterparts.

Nevertheless, there has been a lack of advancement in SDLs operating e ciently in
>1.4 m region. SDLs emitting directly in the 1.3-1.5 m are typically realized with
quaternary materials, but they present some complications. For instance, the realiza-
tion of InGaAsAl QWs for emission around 1.3 and 1.5 m prevents the integration of a
monolithical DBR-SDL gain structure and consequently it makes use of alternative but

complex techniques such as wafer fusion [13,33]. Our approach to reaching the eye-safe
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wavelength region is via Raman conversion of the more robust and commercially-tested
InGaAs material [89].

The recent development of high-power InGaAs SDLs towards 1180 nm has opened
the possibility of extending the Raman wavelengths even further, thanks to the im-
proved fabrication technique of strain-balanced InGaAs SDLs [14]. Indeed, we devel-
oped a laser at 1320 nm via intracavity Raman conversion of a high-strain InGaAs
emitting SDL [91]. The down-conversion to 1320 nm was possible via the insertion
of a pure crystal of KGW into the SDL extended cavity. KGW has multiple Raman
shift features with the largest being 901 cm 1, therefore crystals with a Raman shift far
wider than 1000 cm * would be a suitable candidate to tailor InGaAs SDL for emission
in the eye-safe region with a single Raman shift. Amongst all Raman-active crystalline
materials, only diamond meets this characteristic having a Raman shift of 1332 cm 1.
Synthetic diamond has also become more accessible in recent years such that it has been
incorporated in many Raman laser designs and components [137], enabling high-power
operation as a result of high thermal conductivity and growth purity.

In this chapter we will show how laser operation at 1.4 m can be reached via
Raman conversion of the same InGaAs-based SDL structure emitting at 1180 nm using
diamond. The next pages will be dedicated to the characterization of the InGaAs SDL
used for the Raman experiments and the Raman results achieved with the diamond,

giving also particular emphasis to the analysis of spectral broadening.

4.1 InGaAs SDL for 1180 nm

The SDL gain structure and sample mount used for this project was provided by the
research group headed by Prof. M. Guina at the Optoelectronics and Research Centre in
the University of Tampere (Finland) and it is similar to that one reported in Ref. [193].

The gain structure (see Fig. 4.1), was grown via molecular beam epitaxy and
included ten 7-nm thick InGaAs/GaAs quantum wells, located at the anti-nodes of
the anti-resonant standing-wave eld of 1180 nm and monolithically grown on top

of 25.5-pair AlAs/GaAs distributed Bragg re ector (DBR). Laser generation at 1180
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Table 4.1: Materials and composition of the SDL gain chip used in this work.

Material Composition Thickness (nm)
Window layer AlGaAs 20

Capping layer GaAs 10

Quantum well 10 GaAs/Ing:37Gag.gzAs 7

Compensating layer GaAsg-s9Po-11 not given

DBR 25:5 AlAs/GaAs not given

AlAs/GaAs DBR GaAsP

|

(7)) | Y
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Figure 4.1: Schematic illustration of the SDL gain structure showing the semiconductor
bandgap and alignment of the layers with the optical eld (not to scale).

nm required indium fraction of 37%, which results in su cient compressive strain such
that barriers of tensile-strained GaAsP were needed, placed at the nodes of the standing
wave to provide strain-compensation for the whole gain structure. A window layer of
20-nm thick AlGaAs and 10-nm thick GaAs was deposited on top to cap the structure
and limit oxidation from the external environment. More details of materials and
composition are listed in Table 1.

The wafer was cut into 2.5x2.5 mm? chips, bonded to a 300- m thick diamond
heatspreader via liquid capillarity using distilled water. Capillary bonding is a standard
technique [74] to obtain a good thermal and optical contact between the diamond
window and the semiconductor chip surface as the high surface tension of water establish
an hydrostatic pressure that pulls the two materials to uniform contact as long as the
surfaces are clean and smooth [74] . The diamond-bonded sample is eventually clamped
to a water-cooled (10 C) brass mount (see Fig. 4.2) with an indium foil on the substrate

side for thermal management. To avoid an etalon e ect and enable continuous tuning,
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