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Abstract

This thesis presents work on developing advanced controllable continuous-
wave (CW) solid-state Raman lasers operating at near-infrared and visible
wavelengths for astronomy and medical applications. An adaptive-optics (AO)
technique, which is commonly applied in astronomy, was for the first time
integrated within self-Raman lasers for improving the Raman laser output

performances and wavelengths control.

Over the last decade, intracavity solid-state Raman lasers have been widely
utilised to extend the spectral coverage of common crystalline laser materials,
especially when they are combined with second harmonic generation or sum
frequency generation. However, due to the non-elastic nature of stimulated
Raman scattering, a significant thermal lensing is generated within the Raman
gain medium, which results in parasitic thermo-optical distortions inside the
cavity. The magnitude of this effect scales directly with the Raman laser output
power and has been identified as the main limitation in power-scaling
crystalline Raman lasers. In this thesis, an AO-based feedback control loop
system, consisting of an intracavity bimorph deformable mirror, a photodiode
sensor and a PC-based control program using a random-search algorithm, has
been implemented inside several Raman laser platforms demonstrating its
potential for Raman laser output power-scaling. A power improvement of up to
~ 45 % is reported for a Nd:YVOa self-Raman laser at A = 1176 nm using an
intracavity AO optimisation. Moreover, a frequency-doubled Nd:GdVO4 self-
Raman laser in the yellow waveband (A = 586.5 nm) has also been power-
scaled using the intracavity AO technique, achieving a total power
enhancement of ~ 41 %. These represent the potential to significantly alleviate
the detrimental thermal lens effect and open avenues which will enable solid-

state Raman lasers to reach new output power levels.

In addition, several CW Nd:YVOs self-Raman lasers based on the primary and

secondary Raman shifts of YVOa4 (893 cm™ and 379 cm* respectively) were



characterised and reported in this thesis. For the first time an on demand
wavelengths selection between laser output at A = 1109 nm and A = 1176 nm
has been achieved with hundreds of milliwatts output power using an
intracavity AO control technique. This represents an important step on the way

towards automatic wavelength selectable high power Raman lasers.

Vi
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Chapter 1

Introduction

Lasers, an acronym for "Light Amplification by Stimulated Emission of
Radiation”, have completely changed the world since they were firstly
demonstrated by Maiman in 1960s [1.1]. Nowadays they have become an
integral part of our daily lives used in a wide range of applications, from disc
players to eye surgery [1.2], from colorful laser pointers to high-power military

weapons [1.3] (see Fig. 1.1) and many more.

(@) (b)

Fig. 1.1 (a) laser eye surgery; (b) a laser weapon sits on the guided-missile destroyer USS

Dewey in San Diego [Pictures taken from http://www.theeyepractice.com.au/optometrist-
sydney/behind-laser-eye-surgery-excimer-laser and
http://www.nydailynews.com/news/national/navy-deploy-futuristic-laser-weapon-time-year-
article-1.1617389]

The sub-category of Solid-State Lasers (SSLs) describe a type of laser source
which utilise solid-state gain media such as crystals or glasses doped with rare
earth or transition metal ions to generate different laser outputs (although
semiconductor lasers are also included in the term of SSLs, they are generally
divided into a separate class of laser sources due to their specific lasing



principle) [1.4]. Over the last five decades, SSLs have been widely employed
in a variety of practical applications due to their high-quality output
performance (i.e. Watt-level output power with a beam quality factor M? less
than 1.1) and compact optical configurations. However, the output
wavelengths generated by SSLs show a certain limitation due to the specific
material-dependent energy levels of the laser crystals. Only few crystalline
laser gain media (particularly those with transition-metal-doped crystals)
achieve a broad wavelength range, with the main example being Titanium-
doped sapphire which is widely used for wavelength tuning between
approximately 650 to 1100 nm [1.5, 1.6]. Further extension of SSLs spectral
coverage still remains an important requirement for a large number of
application demands. Next to the development of new crystalline laser active
materials, there are also other approaches being developed to access new
wavelengths; one way is by achieving additional laser frequency conversions
with conventional crystalline materials via nonlinear optical processes such as
Stimulated Raman Scattering (SRS), Second Harmonic Generation (SHG) or

Sum Frequency Generation (SFG).

This thesis presents the work on intracavity solid-state Raman lasers, which is
an efficient and practical approach to access further laser output wavelengths
by using SRS. The work was mainly focused on investigating and managing
two major issues (i.e. thermal lens effect and spectral effects) that currently
strongly restrict the performance of intracavity Raman lasers operating in the
Continuous-Wave (CW) regime. An Adaptive Optics (AO)-based feedback
control system was implemented into several intracavity Raman laser
configurations for two objectives, 1) Raman laser output power-scaling and 2)

Raman output wavelengths selection.

This first chapter contains a general introduction of the thesis. At first, the
theoretical physical description of Raman scattering is presented in section 1.1.
Then different types of Raman laser configurations are described in section
1.2. Section 1.3 discusses the main limitations of all-solid-state intracavity self-
Raman lasers which are the focus of this thesis, while a brief introduction of



AO systems will be given in section 1.4. Finally, the thesis outline will be

presented at the end of this chapter.

1.1 Theory of Raman scattering

1.1.1 Spontaneous Raman scattering

Raman scattering is an inelastic light scattering process whereby the scattered
photons have a different frequency than the incident photons. Spontaneous
Raman scattering was discovered by C. V. Raman in liquids [1.7], and
independently by Landsberg and Mandelstam in crystals [1.8] in 1928. Since
then, Raman spectroscopy techniques have been built and developed as an
indispensable approach for observing the information about molecular
vibrations, which is widely used to identify or quantify different material

samples [1.9].

In general, when photons are scattered from an atom or molecule, the energy
of the scattered photons is dominantly equal to the energy of the incident
photons, which is called an elastic scattering process. However, in the Raman
scattering process incident photons interact with the atoms or molecules and
a small fraction of the scattered photons are causing a material excitation
which leads to the scattered photons having a different frequency (or
wavelength) from the incident photons. These internal excitation modes of the
material can be a pure electronic excitation, a spin flip, a lattice vibration or a
vibrational or rotational excitation of a molecule [1.10]. As shown in Fig. 1.2 (a),
if a scattered photon loses in energy due to the changes in the molecular
energy levels of the material it is called "Stokes scattering”, whereby a Stokes
photon which has a lower frequency (or longer wavelength) than the incident
photon and a phonon (i.e. a quantised lattice vibration) will be generated. The
angular frequency of a scattered photon (or Stokes photon) ws can be written

as



Wg = W, — WR (1-1)

where wL is the angular frequency of the incident photon and wr is the angular
frequency of the Raman shift which matches the molecular vibration mode of

the Raman active material.

energy B vl el
virtual — — .
energy level r
1stexcited Wy Ws] (‘l &45
vibrational state

g
ground state AJ

(a) (b)
Fig. 1.2 Schematic diagram of spontaneous Raman scattering: (a) Stokes scattering and (b)

Anti-Stokes scattering

If a molecule is already in an excited state, then the reverse scattering process
can take place as displayed in Fig. 1.2 (b). In this case, the scattered photon
additionally obtains the energy difference between the excited and ground
state of the molecule and has a higher frequency was (or shorter wavelength),
which is called "Anti-Stokes scattering”.

Wps = Wy, + WRr (1'2)

It should be noted that the intensity of Anti-Stokes scattering lines are generally

much weaker compared with Stokes scattering. That is because the population



of the excited level is much smaller than that of the ground level in the thermal

equilibrium, which can be represented by the Boltzmann factor F(state) [1.11]:

hw
F(state) x e KT (1-3)

where h is the Planck constant, Kg is the Boltzmann constant and T the

temperature.

Spontaneous Raman scattering is a weak process that typically only 1 part in
10° of the incident radiation is involved in within condensed matter [1.12].
However, to efficiently improve the intensity of the Raman scattering process,
a high-intensity pump light can be used to generate a significantly higher
number of pump and scattered photons, enabling the creation of the SRS

process.

1.1.2 Stimulated Raman scattering

When the intensity of the incident pump becomes sufficiently high, the induced
polarisation P in the optical medium will be influenced by nonlinear processes

which can be summarised as [1.12]:
P = €ox1 *E+ EoXz * [E|> + Egx3 * [E[* + -+ (1-4)

where &o is the dielectric constant, E is the intensity of the electric field, xu1 is
the linear optical susceptibility, and X2, X3, etc. represent the different orders of
nonlinear optical susceptibility of the medium. The second-order nonlinear
polarisability (i.e. P2 = €o X2 |E|?) gives rise to the nonlinear optical processes
of SHG, SFG, difference frequency generation and optical parametric
oscillation, while the SRS process arises from the third-order nonlinear optical

polarisability (i.e. Pz = €o X3 |E[®).

SRS originates and is building up from spontaneous Raman scattering noise

combined with a high-intensity pump light or an initial Stokes beam. The basic



theory of SRS has been presented and developed in several publications
[1.12-1.15] and was also well reviewed by Basiev [1.16] and Pask [1.10].

Typically, SRS operation can be divided into two temporal regimes due to the
response time of the Raman medium to the incident light field. If the duration
of the pump pulse rp is much longer than the dephasing time of the vibrational
excitation Tr, then the Raman laser is operated in a steady-state regime. On
the other hand, if the pump pulse duration becomes comparable to or even
shorter than the dephasing time of the vibrational excitation (typically in the
pico-second range), then the Raman laser is operating in the transient regime.
For most of the crystalline Raman materials, the dephasing time is in the order
of ~ 10 ps, which means the steady-state Raman laser regime can be normally
achieved when the pump pulse duration is longer than ~ 1 ns [1.14]. Since all
work in this thesis deals entirely with all-solid-state Raman lasers operated in
the CW regime, the relevant theory of the SRS steady-state regime will now
be reviewed in more details, while the detailed theory of SRS in the transient
regime can be found in Refs [1.14, 1.15, 1.17].

In the steady-state regime the Raman gain coefficient gr can be expressed as:

2
4T“ wg

Ja
gr =N " Go)? (1-5)

up llsCmeR(AwTR)

where N is the number density of Raman-active molecules (in a solid-state
medium that can be quantised as the number of phonons), pyp and ps are the
refractive indices of the Raman medium at the pump and Stokes wavelength
respectively, c is the speed of light, m is the reduced mass for the oscillating
molecule, Awr is the full width at half maximum of the Raman peak which is
related to the dephasing time of the vibrational excitation Tr (i.e.
Awr/2=1/Tr). daloq is the normal-mode derivative of the molecule

polarisability tensor.

With the integrated Raman scattering cross-section do / 9Q defined as:



90 _ wstus ( )2 (1-6)

200 uwp ct meR

we can take equations (1-6) and (1-5), and re-write the Raman gain coefficient

gr as:

8n2c?

gr = N hitsZ g3 (AmR) ( (1'7)

Equation (1-7) points out that three main factors can be beneficial to achieve
a higher steady-state Raman gain coefficient, which are a shorter Stokes
wavelength due to larger values of wr, a narrower Raman linewidth
corresponding to the term of Awr /2 and a larger Raman scattering cross-
section. It should be also noted that the Raman scattering cross-section can
be strongly dependent on the orientation of the Raman medium with respect
to the polarisation of the incident pump beam. The highest Raman scattering
cross-section is in practice normally obtained when the Stokes line is polarised

parallel to the pump polarisation.

The intensity of the generated Stokes light Is(z) along the incident light direction

z can be expressed as:
Is(z) = I5(0) * e(&rlpz) (1'8)

where z is the interaction length of the Raman gain medium, Ip is the intensity
of pump light, and 1s(0) is the initial spontaneous Stokes noise scattered into a
solid angle AQ. In the absence of any initial Stokes signal or "seed" injection,

it can be written as:

h
1,(0) =254 g (1-9)

It should be noted that the intensity of a SRS cascading effect can be

generated when the intensity of a low-order Stokes output wsi reaches the



SRS threshold for a higher-order Stokes conversion, thereby producing high-

order Stokes light at ws2 (see equation 1-10).
Ws2 = Wg1 — WR (1-10)

In practice, multiple-Stokes lines can be observed in Raman lasers, especially
in the case of short pulse pumped Raman lasers with high pulse energy or
intracavity CW Raman lasers constructed by a high-quality-factor (Q) cavity for
the low-order Stokes wavelengths but relative high coupling losses for the
adjacent high-order Stokes wavelengths [1.18].

1.2 Raman laser configurations

Since the first discovery of SRS in a ruby laser cavity by Woodbury and Ng in
1962 [1.19], SRS became an efficient and widely used approach to expand the
spectral coverage of crystalline lasers. A variety of solid-state Raman laser
designs have been developed since then, including single or double-pass
Raman generation, the use of an extracavity Raman resonator and the use of

an intracavity Raman resonator.

1.2.1 Raman generator

As shown in Fig. 1.3, the Raman generator configuration is the simplest design
for generating a Raman laser output. The pump light is directly focused into
the Raman active crystal to produce spontaneously scattered Stokes light
which is amplified (but does not oscillate in a resonator) as it makes a single
pass through the Raman active crystal. Due to the high intensity pump
requirement (~ 100 MW cm-?), typically, the pump source for Raman generator
is a pulsed laser operating in the picosecond or nanosecond range [1.10, 1.18].
The pump to Raman conversion efficiency can be improved by a double-pass

configuration, where a reflecting mirror is placed behind the output face of the



crystal at a slight angle to recycle the output radiation. For instance, Cerny and
Jelinkova reported a Ba:WO4 Raman generator pumped by a frequency-
doubled, pulsed Nd:YAG laser in 2002 [1.20]. A first Stokes conversion
efficiency of 38 % was obtained in a single pass configuration while a near-
quantum-limit efficiency of 85 % was achieved using a double-pass

configuration.

high intensity pulsed laser
pump (~100MW/cm?)

Raman crystal Raman laser

> o output

>

focusing lens

Fig. 1.3 Raman generator configuration

Although high conversion efficiency can be realised using a Raman generator,
two major drawbacks restrict its applications. First, high pump intensity is
required to achieve SRS. More importantly though the cascading nature of
SRS means that higher Stokes outputs are also generated simultaneously in

an uncontrolled manner.

1.2.2 Extracavity Raman laser configuration

In an extracavity laser configuration, an optical cavity is constructed around
the Raman crystal to resonate the Raman Stokes field. As shown in Fig. 1.4,
typically the end mirror has a high reflectivity (HR) at the desired Stokes
wavelength, while the transmission of the output coupler is selected to optimise

the Raman laser output.



high intensity
pulsed/CW laser Stokes field
pump (~10MW/cm?)

Raman laser
output

Raman crystal
end output
mirror coupler

Fig. 1.4 Extracavity Raman laser configuration

Assuming the cavity losses are dominated by the transmission of the end

mirror and output coupler, the SRS threshold condition can be expressed as:
RlRZeXp(ZgRILlR) >1 (1'11)

where, Ri1, Rz presented the reflectivities of the end mirror and output coupler
at the Stokes wavelength respectively, I. is the intensity of the laser pump and

Ir is the length of the Raman active crystal.

Ideally, an additional HR coating at the pump wavelength is required for the
output coupler to allow a further pass of the pump signal through the gain
medium, increasing the Stokes conversion efficiency. In general either a CW
or pulsed laser with high power intensity (~ 1 - 10 MW cm) can be utilised as

the pump source.

This type of configuration has three main advantages compared to the Raman
generator configuration. First, due to the significant enhancement of the
intracavity Stokes field intensity, the SRS threshold can be achieved with
reduced pump intensities. Second, higher Stokes orders can be obtained by
appropriate selection of the cavity mirror coatings. And third, adjusting the
curvatures of the cavity mirrors and the cavity length can lead to improved
Raman output beam quality, resulting from an arrangement where the pump

and Stokes modes are matched in their spatial distribution.
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The performance of extracavity Raman lasers has been described in several
articles such as by Pask in 2003 [1.10], Cerny in 2004 [1.16] and Piper in 2007
[1.18]. Theoretical modelling of the performance of CW external cavity Raman
lasers is also provided in [1.21]. In 2014, a 108 W first Stokes Raman laser
output at A = 1240 nm operating in the quasi-CW (QCW) regime with on-time
durations of 200 ys was reported in an extracavity diamond Raman laser
(DRL) by Williams et al. [1.22]. This is the highest output power for any
crystalline Raman laser reported so far, and is an order of magnitude above
all previous results in the QCW range. The highest truly-CW crystalline Raman
laser was also demonstrated in an extracavity DRL by Kitzler et al. in 2013
[1.23]. A maximum first Stokes (A = 1240 nm) CW Raman output of 15 W was
demonstrated using a 42 W single frequency fibre laser (A =1064 nm) as
fundamental beam. This corresponded to a fundamental to first Stokes
conversion efficiency of 35.7 %. Recently, another notable extracavity Raman
laser work was reported by Reilly et al. in 2015 [1.24] who demonstrated a
monolithic DRL with a pump to Raman conversion efficiency of 84%. Up to
136 mW of yellow Raman laser power emitting at A =573 nm was achieved
with a 1.5 ns pulsed laser pump (A =532 nm). The Raman laser resonator
consisted of a HR-coated, 2 mm-long, synthetic diamond with a 13 mm Radius
of curvature (ROC) micro-lens structure etched onto its end face to improve

the cavity stability during SRS oscillation.

1.2.3 Intracavity Raman laser configuration

fundamental and
diode Stokes field

pump laser
_______ Raman laser
output
laser Raman
end crystal crystal output
mirror coupler

(@)
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fundamental and

diode Stokes field
pump laser )
_____________________ Raman laser
output
self-Raman
end  crystal output
mirror coupler

(b)

Fig. 1.5 (a) Intracavity Raman laser configuration; (b) self-Raman laser configuration

In an intracavity Raman laser configuration, both the laser and Raman active
crystals are placed in the same resonator (see Fig. 1.5). This configuration
makes use of the high intracavity fundamental laser field intensity inside the
basic laser cavity to reach the SRS Raman threshold with minimal diode pump
power. Therefore, SRS thresholds can be obtained with diode pump powers
as low as 2 W [1.18]. However, the efficiency of this type of Raman lasers is
strongly dependent on intracavity optical losses. The use of separate active
crystals within the Raman laser cavity will introduce additional losses.
Moreover, the management of different spatial laser modes needing to be
matched in each crystal is also another challenge for the Raman laser output
optimisation. However, these problems can be avoided in a self-Raman laser
which is a particular case of intracavity laser configurations (see Fig. 1.5 (b)).
Since the laser crystal is also the Raman gain medium in a self-Raman laser,
it can provide a simpler and more compact design with reduced optical losses.

Due to the different laser output modes, intracavity Raman lasers can be
divided into two regimes, pulsed and CW. Before 2004, all solid-state Raman
laser work was focused on the pulsed regime since high peak powers available
from pulsed lasers were required to reach the SRS threshold. However, over
the last decade the rapid development of ion-beam sputtered coating
technologies [1.25] allowed the creation of laser cavities with high-Q for the

fundamental laser field. These provide ideal platforms for intracavity CW
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Raman lasers. The work in this thesis deals entirely with CW intracavity Raman
lasers and a performance review of this type of lasers will be presented in
chapter 2.

1.3 Challenges in designing CW intracavity Raman

lasers

1.3.1 Theoretical description

Understanding the physics of Raman lasers is vital for laser configuration
design and setup. However, the behaviour of CW intracavity Raman lasers is
complex due to a significant thermal lens effect, spectral effects and the strong
coupling between the fundamental and Stokes fields. Therefore it is difficult to

precisely match the experimental results with a comprehensive model.

In 2007, Spence et al. developed a simplified model describing the trends
underlying the behaviour of CW intracavity Raman lasers [1.26]. This model
takes into account the interplay relationships between the Raman conversion
efficiency and crucial parameters such as the Raman gain coefficient, optical
cavity losses and the mode size of the fundamental field. This work significantly
simplified the design of CW intracavity Raman lasers.

A laser configuration containing a laser crystal pumped by a CW laser diode
and a Raman crystal is the basis of the model (see Fig. 1.6). All intracavity
laser modes are assumed to be perfectly matched with each other with top-hat
transverse profiles. They can have different spot radii in each active crystal,

but each spot radius is assumed to remain constant during the laser process.

13



Fundamental field Fundamental output

~J ;/
Pump Stokes field Stokes output

ﬂ

End mirror I Ir Output coupler
<€ >

Fig. 1.6 Schematic diagram of a CW intracavity Raman laser configuration (image extracted
from [1.26])

These assumptions result in three rate equations for the fundamental field,
Stokes field and population inversion which are given in equation (1-12) to (1-
15) respectively:

dPF CO'GN*PFIL ZCPFPSgRlR CPF(TF-l-LF)

d. 1 1ARAF/As 21 (1-12)
dPS _ ZCPFPSgRlR . CPS(TS+LS) _
de IAR 21 (1-13)
dN* _ Pplp _ ZAFGGN*PF _ N* _
dt - hcALly, hcAp, rr (1 14)
1=[lc + 1 (ng — 1) + Ig(ng — 1)] (1-15)

where Ps, Pr, Pp are the intracavity powers of the Stokes, fundamental and
diode pump fields respectively, Ir, I, are the Raman and fundamental crystal
lengths, and | is the overall optical cavity length. Tr and Ts are the transmission
of the output couplers for the fundamental and Stokes field respectively. Lr and
Lt are the optical losses during a cavity round-trip for the fundamental and
Stokes field respectively. N and oc are the population inversion density and
the emission cross-section of the fundamental laser gain medium, gris the

stimulated Raman gain coefficient of the Raman gain medium and rr is the
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lifetime of the upper state level. As, Ar are the wavelengths of the Stokes and
fundamental fields respectively. Ar, AL are the Stokes, and fundamental field
spot areas.

Two analytic model expressions of the Stokes Raman threshold Pw and
Raman laser output power Ps can be derived from the equations above by

neglecting the upper level life time rr:

Py, = oxlg Ap n (1-16)
_ Ts  Ap  Ts(Tp+Lp) A Ag i
Ps =Pp (Ts+Ls) As 4 As grlr (1-17)

Several points of crystalline Raman laser resonator design are indicated by
these two equations. At first, it can be seen from equation (1-16) that, the
optical cavity losses for both fundamental and Stokes fields (corresponding to
the parametres of Ts, Ls, Tr and Lr) can significantly impact the threshold of
SRS. Since these losses are commonly caused by the misalignment of
resonator elements or some undesired transmission or absorption from either
the cavity mirrors or the laser and Raman active crystals, the use of self-
Raman materials is highly advantageous. Moreover, a smaller mode size of
the fundamental radiation (~ Ar), a larger Raman gain coefficient (~ gr), a
longer length of the active crystal (~ Ir) and a smaller ratio between the diode
pump and fundamental laser photon energies (~Ar/Ap) could be also
beneficial to reduce the Raman pump threshold. It should be also noted that,
although a long Raman crystal enables to provide a low SRS threshold due to
its high Raman gain, it could also involve some extra optical losses. Moreover,
itis always difficult to keep the required small focus over a long crystal distance.
In general, 5 to 20 mm long Raman crystals are most commonly used in CW

intracavity solid-state Raman lasers.

In equation (1-17), the first term expresses that the Raman output power is set

by the output coupling of Stokes photons and the quantum defect between the
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diode pump and Stokes wavelengths. The second term is determined by the
resonator losses, ratio between the diode pump and Stokes laser photon
energies and the Raman coupling parameter which can be expressed as Kz =
Pp %
In conclusion, the important factors for CW crystalline intracavity Raman laser
configuration design can be summarised into four main influencing aspects:
low optical cavity losses, small mode size of the fundamental field, high Raman
gain and low quantum defect between the diode pump and Stokes
wavelengths. However, it should be noted that a higher intracavity power
intensity, especially in self-Raman laser materials, can produce a significant
thermal lensing which enables to constrain the SRS conversion efficiency
or/and lead to some optical damage on the anti-reflective (AR) coatings of the

crystal surfaces.

Typically, three main issues that strongly restrict the performance of crystalline
Raman lasers operating in the CW regime are: 1) optical cavity losses, 2)

spectral effects and 3) thermal lens effects.

1.3.2 Optical losses

Reducing optical cavity losses for the fundamental and Stokes fields is crucial
for both obtaining a low Raman threshold and a high conversion efficiency as
seen in equation (1-16) and (1-17). The cavity mirrors are in general all coated
to be HR for the fundamental wavelength (i.e. R >99.99 %) while the
transmission of the output coupler is commonly less than 1 % at the Stokes
output wavelength. Two methods are commonly used to minimise the
reflective losses on the crystal surfaces: one is using a right-angle cut crystal
with high quality AR coatings on the end-facets of the crystal, and another is

employing a Brewster-angle cut crystal.
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Brewster-angle

(a) (b)
Fig. 1.7 Two different types of cut for Raman laser crystals, a) Right-angle cut with HR

coating; and b) Brewster-angle cut

For the right-angle cut crystal, the polished ends are perpendicular to the axis
of light propagation (see Fig. 1.7 (a)) which permits a simpler alignment for
laser cavities. To minimise the reflective losses on the crystal surfaces, high
quality AR coatings (i.e. R < 0.1 %) are required for both sides of the crystal.
However, the laser power density, especially in an intracavity laser
configuration, is then mainly restricted by the damage threshold of the AR
coatings (~ 100 MW cm?). For the second cut option, the polished end facets
of the laser crystal are cut at a Brewster angle between the normal axis of the
polished face and the axis of light incidence (see Fig. 1.7 (b)). In this way, the
reflective losses on the crystal surfaces are ideally zero for an incoming laser
beam with a particular linear polarisation. Therefore, higher laser power
densities can be utilised with a Brewster-angle cut crystal since there is no
coating damage limitation. The main drawback however is the specific
incidence angle of incoming light which can lead to some astigmatism on the
beam mode profiles inside the laser active crystal, which will increase the
Raman threshold and degrade the laser conversion efficiency. It should be
also noted that in a Raman laser cavity at least two different Brewster angles
are presented due to the refractive index variation with the wavelength change
between the fundamental and Stokes radiation. This leads in practice to the

choice of a "compromise angle" to minimise losses for both the fundamental
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and Stokes field. Keeping this in mind, the Brewster angle configuration will

also be more affected by a depolarisation of the fundamental or Stokes field.

As the scattering cross-section of a Raman gain medium strongly depends on
the polarisation of the pump light (or the fundamental light for intracavity laser
configurations) it is crucially important to manage the relationship between the
orientation of the Raman active crystal and the polarisation of the pump or
fundamental laser field. For most intracavity Raman laser configurations, the
strongest Stokes scattering (corresponding to the highest Raman gain
coefficient) can be achieved for the Stokes polarisation being parallel to the
pump polarisation [1.18]. Moreover, it is also critical to minimise any thermal-
induced birefringence effects. For this reason it is common to use some low-
birefringent crystals (i.e. synthetic diamond) or intrinsic birefringent crystals
(i.e. vanadate or tungstate crystals) for attaining a linearly polarised output

without depolarisation loss.

Compared with the separate laser and Raman gain media configuration, self-
Raman active crystals exhibit a significant advantage in reducing the optical
losses corresponding to a simpler laser cavity design. Moreover, the bulk
crystal losses can also significantly affect the Raman laser output performance
as reported by Li et al. in [1.27]. Therefore, the length of the active crystal,
which controls the Raman gain, and also the bulk losses must be carefully
chosen. The bulk crystal losses can be reduced by some novel artificial Raman
active materials such as low-loss, low birefringent synthetic diamonds which
have been used in Lubeigt et al.'s [1.28, 1.29] and Parrotta et al.'s work [1.30,
1.31].

1.3.3 Spectral effects

The interaction between the different intracavity fields in the same resonator

will also lead to spectral effects which will influence the Raman conversion
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efficiency of the desired Stokes output. These effects can be divided into two

types: generation of unwanted spectral lines and spectral broadening effect.

Firstly, as discussed previously, minimising the optical cavity losses is critical
to improve the Raman laser output conversion efficiency. In this way, high
quality HR coatings (i.e. R > 99.99 %) are necessary to be used for all cavity
mirrors at the fundamental wavelength. However, the resulting increased
intracavity power intensity can lead to some undesired SRS processes
producing secondary Raman emission lines. These lines will therefore
compete with the desired intracavity Stokes output and significantly reduce the
Raman conversion efficiency. For instance, cascaded Stokes Raman outputs
will appear as an extra optical loss for the first Stokes Raman field. Also, the
first Stokes Raman output based on the secondary Raman transition may be
generated in parallel to the desired Raman output. Optimising the output
coupling for each intracavity field is therefore vital to minimise the detrimental
effects from undesired wavelengths. Experimental results and discussions
regarding this topic will be highlighted in chapter 4. A similar problem can also
be observed when SRS is used in conjunction with SHG or SFG techniques.
For example, in [1.32] Lee et al. reported a selectable visible Raman laser
configuration including the generation of light at A = 532 nm (i.e. SHG of the
fundamental field), A =559 nm (i.e. SFG between the fundamental and first
Stokes fields), and A = 586 nm (i.e. SHG of the first Stokes field). In this case,
the visible Raman laser output conversion efficiency between the fundamental
to the green line (A = 532 nm) was impeded by undesired SRS conversion from
the fundamental (A = 1064 nm) to the first Stokes wavelengths (A = 1173 nm).
A similar situation also occurred when the generation of light at A = 559 nm
and A = 586 nm was constrained by the appearance of an unwanted second
Stokes line.

The SRS process can be treated as a nonlinear output coupling for the
fundamental field since the fundamental laser conversion and SRS process
occur within the same resonator. Therefore the behaviour of the fundamental

field will tend to "shift away" from the original peak conversion wavelength to
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avoid the SRS-dependent loss. This will lead to a spectral broadening of the
fundamental linewidth which has been observed in a variety of intracavity
Raman lasers [1.33-1.38]. This effect will ultimately degrade the Raman
conversion efficiency. For example, in 2009, Fan et al. observed the spectral
broadening occurring in a Nd:YVO4/BaWO4 Raman laser [1.36]. As the Raman
power improved from the SRS threshold to the maximum Stokes power, the
fundamental linewidth was broadened from 0.2 nm to 1.05 nm, while the first
Stokes linewidth was extended from 0.15 nm to 0.5 nm. Moreover, a separate
transition of the fundamental can also be generated due to the SRS-induced
loss occurring on the main transition of the fundamental gain medium. For
instance, in 2011, Li et al. observed a secondary A = 1086 nm fundamental
emission while the primary A = 1064 nm fundamental emission was efficiently

converted into the first Stokes Raman output at A = 1176 nm [1.39].

The investigation of spectral broadening effects was just proposed in the last
couple of years, leading to a trade-off situation: ideally, a narrow Stokes
bandwidth is desired, however, it can aggravate the spectral broadening effect
of the fundamental field which in turn reduces the effective Raman gain as
demonstrated by Bonner et al. [1.40]. In 2014, Savitski demonstrated that this
spectral broadening can be significantly reduced by using either an intracavity
narrowing element (i.e. a Volume Bragg Grating or a Fabry-Perot Etalon) or by
using an injection seed laser [1.41]. The author also pointed out that a wider
linewidth of the Raman transition may have the potential to increase the
effective Raman gain by restricting the spectral broadening effect. This effect
will be experimentally shown in the chapter 4 by comparing two first Stokes
Raman laser outputs based on different Raman shifts of a Nd:YVOa4 crystal

which have different Raman transition linewidths.

1.3.4 Thermal loading effects

During the solid-state laser amplification process, a significant portion of

energy is inevitably dissipated as heat and deposited within the laser active
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crystal. It is caused by a series of phenomena including quantum defect [1.4],
non-radiative decay [1.42], excited state absorption [1.43], up-conversion [1.42,
1.44, 1.45], concentration quenching [1.42, 1.44] and impurities absorption
[1.34]. The quantum defect is normally set as the minimum heat load occurring
during laser process; up-conversion and concentration quenching usually
become more problematic at high doping concentration in host materials. This
thermal loading within the gain medium can lead to a range of thermo-optic
effects which are displayed in Fig. 1.8.

Output power

drop
Refractive Thermal
index gradient lensing
Beam quality
Thermal decrease
loading
- Thermal Stress 3 Crystal
expansion and strain fracture

!

Birefringence
effect

Depolarisation

—_—
losses

Fig. 1.8 Flow chart of the thermal loading effects

For the commonly-used end-pumped laser configuration, the heat loading will
lead to a rise of the material temperature which is conducted away from the
centre of the crystal (where the diode pump power is focused). Transverse
temperature gradients and physical thermal expansion will therefore be
present throughout the length of the crystal and hence a refractive index profile
will be created due to both of these effects, acting as an aberrated lens [1.44,
1.46, 1.47]. In this way, the thermal lens will build-up and lead to a strong
thermo-optical distortion inside the laser cavity which can significantly degrade
the laser output performance. Thermal expansion leads to a physical bulge
outwards on the end faces of the laser crystal, performing like a positive lens.

The strain and temperature gradients cause additionally gradients of refractive
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index which correspond to a further lens effect, which can be positive or
negative due to the elasto-optic coefficient and thermo-optic coefficient

respectively [1.42].

Due to the non-elastic nature of SRS, even more heat can be generated within
the Raman material, especially in a CW intracavity laser configuration. The
effective focal length finermal Of the thermal lens can be estimated for an end-
pumped Raman laser system, when only considering the thermo-optic

contribution to the thermal lens, using [1.10]:

1 ( d, ) 1 Pg Ag
—=(2)—= E-1 1-18

fthermal dr / K¢ ﬂw§ ()\P ) ( )
where dn/dr is the thermo-optic coefficient which represents the varying
refractive index corresponding to the temperature change. Kc is the thermal
conductivity of the crystal and ws is the 1/e? Gaussian radius of the Stokes

field inside the Raman gain medium.

As shown in equation (1-18), the focusing power of the thermal lens is
proportional to the thermo-optic coefficient of the Raman active crystal and
inversely scales with the square of the Stokes mode radius and the thermal
conductivity of the Raman material. Most notably, it scales directly with the
Raman Stokes average power density, which expresses the existence of a
strong coupling trade-off between power-scaling and the thermal lens. This
thermal issue is more complex in self-Raman lasers since a residual pump
loading and the non-elastic nature of SRS are occurring simultaneously within
the same active gain medium. Therefore, finding an efficient approach to
alleviate the thermal lens effect is crucial for power-scaling CW intracavity

solid-state Raman lasers.
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1.3.5 Previous approaches to reduce thermal lensing

Over the last decade, the thermal issue was commonly approached through
utilising QCW lasers to significantly reduce the thermal loading within the
Raman gain medium [1.34, 1.48]. In this way, the pump source was switched
on only for a certain duty cycle (i.e. 50 %, 20 %, 10 %), which was short
enough to reduce the thermal lens effect but also long enough to ensure the
laser oscillation was close to its steady state behaviour. In this way, higher on-
time Raman laser output powers could be achieved with a higher pump level

allowance

However, to improve truly CW Raman laser outputs several methods to
alleviate the thermal lensing have been reported for a range of specific Raman
crystals. One approach to avoid strong thermal lensing is to choose a Raman
active material with high performance thermal properties. Due to the
outstanding thermo-mechanical properties of diamond (high thermal
conductivity of 2200 W / m - K, low thermal expansion coefficient of 1.1 x 107
K1 and high damage threshold [1.49]) in combination with its high Raman gain
~10cm/ GW at A =1 ym [1.50], the synthetic diamond materials have been
demonstrated to significantly reduce the SRS-induced thermal lensing for
power-scaling of CW Raman lasers [1.28-1.31]. However, it is still challenging
to obtain diamond samples with good and repeatable optical properties (i.e.
low absorption losses < 0.1 % per pass and low-birefringence, An < 10 per

pass) and desired coatings [1.51].

Several methods were also investigated for Neodymium-doped-orthovanadate
Raman lasers, which have been used for a large number of CW intracavity
Raman lasers over the last decade. In 2008, Lee et al. used a diode pump
source at A = 880 nm (instead of the conventional pump source at A = 808 nm)
and a longer Nd:GdVOs crystal to reduce the thermal lens effect thanks to a
reduced quantum defect and a higher Raman gain [1.52]. In 2010, L. Fan et
al. efficiently enhanced the CW Raman laser output power by alleviating the
thermal lens effect using a composite YVO4/Nd:YVO4/YVO4 crystal [1.38]. In
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2012, the focusing powers of the thermal lens for the fundamental
(A=1063 nm) and first Stokes (A =1173 nm) lasing field originating from
different pump wavelengths (A = 808 nm or 880 nm) were directly measured
for the first time by Omatsu et al. using lateral shearing interferometry [1.50].
These measurement showed a clear reduced thermal lens effect when using

the pump wavelength at A = 880 nm rather than at A = 808 nm.

Moreover, in 2012 Loiko et al. reported a 14 W CW solid-state Yb:KGW laser
emitting at a wavelength of A = 1024 nm with low thermo-optic aberrations
[1.53]. They found that in addition to the low quantum defect with a pump
wavelength at A = 980 nm, the Ng-cut Yb:KGW crystal could self-compensate
for the thermal lens effect due to an interaction between the negative impact
of the temperature dependence of the refractive index and the positive impact
of its thermal expansion coefficient. This led to an impressive slope efficiency
of 76 %. Although this is not a Raman laser case It should be noted that due
to the high Raman gain coefficients of tungstate (i.e. 3.3 cm/GW @ 901 cm*
or 44cm/GW @ 768 cm? [1.54]), this "near-athermal" crystal has great
potential to be used in self-Raman lasers for power-scaling Raman laser

outputs in the future.

In this thesis, a novel approach of implementing an AO-based feedback control
system is proposed and demonstrated, featuring an intracavity Deformable
Mirror (DM) inside self-Raman lasers to compensate for the complex thermal

lensing occurring within the gain medium.

1.4 AO system

AO is a technique used to improve the performance of optical systems by
correcting for the effects of variable optical aberrations. Historically it was
developed to enhance the sharpness of astronomical images from ground-

based telescopes by compensating for the incoming wavefront distortions
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induced by atmospheric turbulences [1.55]. This concept was firstly proposed
by Babcock in 1953 [1.56] and demonstrated by Leighton et al. in 1957 [1.57].

As shown in Fig. 1.9, a typical AO system features three main components
arranged in a closed-loop: a wavefront sensor (WFS), a wavefront modulator
(WFM) and a control system. The WFS assesses the optical aberrations of an
incoming wavefront and provides a feedback signal to the control system. The
WFM can then be driven by the control system to correct for the distorted
wavefront according to the information from the WFS. A literature review of the
AO principle and its applications will be fully introduced in the following chapter
3.

Control
system

ms==)> optical flow
b electronic flow

Fig. 1.9 Schematic diagram of an AO control loop system

In this thesis, an AO-based feedback control loop system was integrated inside
an intracavity self-Raman laser to significantly compensate for the strong
thermal lens effect within the Raman gain medium and power-scale the Raman
laser output performance. A variety of bespoke bimorph DMs (see Fig. 1.10)
manufactured by BAE systems advanced technology centre [1.58] were

utilised in this work as the key element.

25



Fig. 1.10 37-actuator bimorph DM produced by BAE systems advanced technology centre

1.5 Research motivation and thesis outline

In this chapter, the SRS theory and various types of different Raman laser
configurations have been introduced with theoretical equations. Three main
issues which crucially affect the performance of CW intracavity Raman lasers
were discussed, including the optical cavity losses, spectral effects and the

thermal lens effect.

The work presented in this thesis is entirely focused on dealing with these three
limitations and developing an advanced controllable CW intracavity Raman
laser system either for extending its spectral coverage or power-scaling the
Raman laser output by using AO techniques. To minimise the optical cavity
losses in the Raman laser resonator and provide a simpler Raman laser
configuration design, all Raman gain media utilised in this thesis were self-
Raman laser crystals (i.e. Nd:YVOas and Nd:GdVOs).

In chapter 2, the development of crystalline Raman lasers will be reviewed. As
the work related to this thesis is only focused on all-solid-state CW intracavity
Raman lasers, a performance review of this type of Raman laser sources
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reported in the last decade (from 2005 to 2015) is summarised. A literature
review of the development of AO techniques and their application is introduced
in chapter 3.

In chapter 4, several intracavity Nd:YVOa4 self-Raman lasers based on the
primary or/and secondary Raman shifts of YVOs (i.e. 893 cm™ and 379 cm™
respectively) are presented corresponding to a number of novel crystalline
Raman output wavelengths (A = 1109 nm, 1158 nm and 1231 nm) operated in
the CW regime with Watt level output powers. These Raman lines represent
an attractive potential to access more-closely spaced sets of visible
wavelengths in the green-lime-yellow region by employing additional SHG,
which can significantly benefit many applications in medicine and bio-
photonics [1.59, 1.60]. In addition, by comparing the first Stokes Raman laser
outputs based on either the primary or secondary Raman shifts, it will be
proved that a wider linewidth of the Raman transition may have the potential
to improve the Raman conversion efficiency by restricting the described

spectral broadening effect.

In chapter 5, an intracavity CW Nd:YVOa4 self-Raman laser combined with an
AO-based feedback control loop featuring a bimorph DM and a closed-loop
search algorithm is reported. This method represents a novel approach to
significantly alleviate the strong thermal lensing within the self-Raman crystal
and enable the power-scaling of the Raman laser output. Moreover, a
wavelength selection between two Raman laser outputs (A =1109 and
A = 1176 nm) by manually changing the intracavity DM shape is also presented.
Some additional experimental results utilising a new advanced bimorph DM in
eithera CW Nd:YVOq4 self-Raman laser or a CW frequency-doubled Nd:GdVOa4
Raman laser are reported in chapter 6. This series of proof-of-concept
experiments show the significant potential to improve the Raman laser output
to new power levels either in the visible or the near-infrared spectral bands,
which is beneficial to a wide range of applications such as in astronomy and
medical fields [1.61, 1.62].
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Finally, the work in this thesis will be summarised and concluded in chapter 7

with presenting several promising ideas for future work.
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Chapter 2

Solid-state Raman lasers

2.1 Introduction

Since the first discovery of SRS by Woodbury and Ng in 1962 [2.1], Raman
lasers have become an efficient and widely used approach to expand the
spectral coverage of lasers [2.2]. Over the recent decades, a variety of active
gain media including gases, liquids and solids have been employed in Raman
lasers [2.3, 2.4].

Molecular gases such as Hz, D2 N2 and CHa, have been widely employed to
produce Raman lasers thanks to their low scattering losses, large Raman
scattering cross sections and narrow spectral linewidths (i.e. For CHa,
00/0Q=7.0x103% m?2/sr when it is pumped at A=1.06 um under 30
atmospheres, the Raman Ilinewidth can be calculated as
Awr =0.32 + 0.012*p cm™* where p is in atmospheres) [2.4-2.6]. A large
number of gaseous Raman media can produce a frequency conversion with
transitions ranging from 1000 to 4000 cm™ as listed in [2.7]. However, the use
of gas-based Raman lasers is mainly restricted by the typically-low particle
concentration in the gas of interest. As a result, high-pressure (up to ~ 100
atmospheres) and large gas cells with interaction length in the metre range are
required to achieve efficient SRS conversion. In addition, because of the low
thermal conductivity (Kc) of most gases (i.e. at 300 K, Kc = 0.182W / mK for
H2 and Kc = 0.026W / mK for N2), the repetition rate of high power gas Raman
lasers is significantly constrained (usually < 50 Hz). While the development of
a flow-through system can alleviate this thermal distortion, parasitic problems

such as the competition between SRS and Stimulated Brillouin Scattering
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(SBS) processes [2.8] also occurs. In addition, the risk of gas explosion and
the chemical instabilities especially for high pressure gas vessel under high
power laser pumping have limited the use of gas Raman lasers.

A larger concentration of active particles can be achieved in liquid Raman
media leading to a more efficient SRS conversion than in gases. However, due
to the broader vibrational transitions, the Raman scattering cross-section is
commonly lower in liquids. In general, the influence of increased particle
density can efficiently compensate for the decrease of the Raman scattering
cross-section resulting in a high Raman gain coefficient in the liquid media
[2.3]. However, in addition to the limiting factors also encountered in gas
lasers, such as thermal lensing and competition between SBS and SRS, liquid-
based Raman lasers additionally suffer from the self-focusing effect, another
x® nonlinear effect [2.9, 2.10].

Solid Raman gain media present favorable properties of relatively-high thermal
conductivity (i.e. 5.5 for YVOa, 10.5 for YAG, 2000 for diamond, unit: W m* K-
1) and mechanical hardness (i.e. 53 for YVOa, 280 for YAG, 2860 for diamond,
unit: MPa) with especially a high concentration of Raman active particles
(~10%2-102%cm?®) [2.11]. Moreover, high steady-state Raman gain
coefficients, listed in [2.11], can be achieved in certain crystals due to the high
Raman scattering cross-section combined with the narrow vibrational
transitions. In this way, highly efficient SRS conversion with a low SRS pump
threshold will be achieved within crystals such as KGW, YVOa, and diamond.
Therefore, compact and simple Raman laser configurations can be obtained
using this type of crystals. The work in this thesis will be only focused on solid-

state Raman lasers using Nd:YVO4 and Nd:GdVO4 as Raman media.

In addition, optical fibres are also attractive Raman active media since the long
interaction length in fibre can make it easy to achieve the SRS threshold,
especially in a low-loss laser resonator [2.12]. They are normally pumped by a
rare-earth-doped fibre laser or directly pumped by a high-brightness laser
diode. Due to the long interaction area corresponding to a high gain, the output
power of Raman fibre lasers operated in the CW regime can reach up to the
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order of hundreds of watts [2.13, 2.14]. Fibre Bragg Gratings (FBGs) are
commonly nested inside fibres to act as reflecting cavity mirrors, constructing
the Raman fibre laser resonator and selecting the Raman output wavelength
with a narrow bandwidth. In addition, multiple SRS cascading lines can be
easily accessed by using multiple pairs of FBGs. Therefore, a quite attractive
output spectral range emitting in the near- to mid-infrared (i.e. 1.5 - 4 ym) can
be obtained, which are beneficial to a wide range of applications such as
LIDAR, gas sensing, and optical communication [2.15-2.18]. The main
limitation of Raman fibre lasers is the involvement of undesired nonlinear
processes due to the high gain and intensity inside the fibre, such as SBS,
Kerr effect and four-wave mixing [2.12]. However, more and more Raman fibre
lasers are now available commercially, either in CW or pulsed mode emitting

from the visible to the mid-infrared spectral band.

This chapter is concerned with reviewing the experimental works of crystalline
Raman lasers, especially focusing on the all-solid-state CW intracavity Raman
lasers which will be utilised in this thesis. Section 2.2 looks back at the history
of crystalline Raman lasers development, with reviewing several pioneering
works based on different Raman active crystals. A thorough performance
review of all-solid-state CW intracavity Raman lasers over the last decade is
presented in section 2.3, while some of the specific intracavity Raman laser

devices will be highlighted with more specifics.

2.2 Development of crystalline Raman lasers

SRS occurring within crystalline materials was first observed in diamond,
calcite and a-sulfur by G. Eckhardt et al. in 1963 [2.19]. However, a practical
and efficient solid-state Raman laser was not achieved until a decade later.
Since high power densities (~ 100 MW cm@) are required to obtain SRS,
crystalline Raman lasers were all pulsed devices, at least until 2005. From
1975 to 1979, a number of pioneering works were reported by Ammann et al.

In 1975, they reported the first intracavity crystalline Raman laser operating at
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1 kHz of Pulse Repetition Frequency (PRF) [2.20]. Nd:YAIOs and LilOs crystals
were then employed as laser and Raman gain media respectively. A total
average power of 20 mW containing both first Stokes (A = 1180 nm) and
second-Stokes outputs (A = 1340 nm) was obtained. In 1977, using the same
active crystals, the Raman laser output was significantly power-scaled using
appropriate output couplers for the Stokes outputs [2.21]. A first Stokes
average output power of 0.9W was measured at 3.2 kHz of PRF
corresponding to ~ 77 % fundamental to first-Stokes conversion efficiency.
Moreover, 200 mW of average output power at the second-Stokes output was
obtained in another configuration operating at PRF =1 kHz. In 1979, they
demonstrated the first visible solid-state Raman lasers using intracavity SHG
and SFG [2.22]. A Nd:YALOs crystal was used as fundamental laser gain
medium while LilO3 was utilised as both a Raman and SHG/SFG medium. As
a result, a variety of visible Raman laser outputs at A = 540 nm (1.13 W),
565 nm (78 mW), 592 nm (685 mW), 622 nm (98 mW) and 655 nm (107 mW)
were obtained operating at a PRF of 3 kHz. During the 1980s, solid-state
Raman lasers entered a steady development period. In 1985, Andryunas et al.
achieved stimulated self-Raman conversion in Nd:KGW and Nd:KYW crystals
operating in the picosecond range [2.23]. One year later, several Raman lasers
using a range of crystals such as Ba:(NOs)2, Na:NOs and Ca:(NOs)2 and
operating in the nanosecond domain were reported by Karpukhin et al. [2.24].
This work exploited the potential of these Raman active crystals previously
demonstrated by Eremanko et al in 1980 [2.25]. In 1993, an improved
Ba:(NOs)2 Raman laser operating in the picosecond range was reported by
Zverev et al. [2.26]. In 1995, the development of crystalline Raman lasers
significantly picked up with the report by Murray et al. of an eye-safe Raman
laser delivering a first Stokes output at A =1535 and 1556 nm [2.27]
simultaneously with pulse energies as high as 0.25 J at PRF = 1 Hz. In this
work, a Ba:(NO3s)2 active crystal was pumped by a Nd:YAG laser operating at
A = 1318 and 1338 nm. Second Stokes outputs at A = 1820 and 1860 nm were
also achieved. Both Raman Stokes outputs operated in a picosecond range.

This work opened up a range of new applications for Raman laser devices

38



[2.11]. After that, a large number of relevant investigations were reported in
the following years, especially with the use of tungstate-based Raman active
crystals [2.28-2.34]. For instance, in 1999, Pask et al. developed an all-solid-
state yellow Raman laser source delivering up to 1.2 W of average output
power at A =578 nm [2.30]. LilOs and LBO crystals were utilised in a Q-
switched Nd:YAG laser cavity as Raman and SHG gain media respectively.
This demonstration provided an efficient method to produce yellow light for
medical applications such as blood monitoring since hemoglobin strongly
absorbs this wavelength. During the same year, an all-solid-state Nd:KGW
self-Raman laser pumped by a CW diode source was demonstrated by
Grabtchikov et al [2.32]. Up to 4.8 mW of Raman laser average output
operating at A = 1181 nm was obtained at PRF = 1 kHz. Finally, in 2004, the
first solid-state CW Raman laser was reported by the same group [2.35].
164 mW of first Stokes Raman output power at A = 543 nm was obtained with
~ 5.5 W of argon-ion laser pumping (A = 514 nm). One year later, the first all-
solid-state intracavity Raman lasers operating in the CW region were

demonstrated by Demidovich et al [2.33] and Pask [2.34] separately.

The recent blossoming of crystalline Raman laser research was significantly
impacted by the development of Neodymium-doped orthovanadates crystals,
such as Nd:YVOasand Nd:GdVOs as firstly predicted by Kaminskii et al. in 2001
[2.36]. Three years later, Chen successfully demonstrated the use of
vanadate-based Raman lasers operating in a sub-nanosecond range [2.37,
2.38]. This led to a rapid development of practical and compact all-solid-state

Raman lasers operating in the CW regime as reviewed in next section.
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2.3 Review of CW intracavity all-solid-state Raman

lasers
Time Laser Raman Output Max Conversion
[Ref] crystal crystal wavelength | output efficiency
(doubling (nm) power (pump to
crystal) (W) Raman output
power)

2005 Nd:KGW Nd:KGW A=1181 0.054 2.6 %
[2.33]
2005 Nd:YAG KGW A=1176 0.8 4%
[2.34]
2006 Nd:YVOa Pb:WOa4 A=1177 0.178 13 %
[2.39]
2007 Nd:YVOa Nd:YVOas A=1177 0.05 5%
[2.40]
2007 | Nd:GdVO4 KGW A1 =1176 1.56 8.7 %
[2.41] (LBO) A2 = 588 0.704 5.1%
2007 | Nd:GdVOs4 | Nd:GdVO4 | A1=1173 2 9.1 %
[2.42] (LBO) A2 =586.5 0.678 4.2 %
2007 Nd:KGW Nd:KGW A=1181 0.277 14 %
[2.43] IKGW IKGW
2007 Nd:YVOas Nd:YVOas A =1176 0.32 7.6 %
[2.44] (LBO) A2 = 588 0.14 4.4 %
2008 | Nd:GdVOs4 | Nd:GdVO4 | A=586.5 2.51 12.2 %
[2.45] (LBO)
2009 Nd:YVOa Ba:WOa4 A=1180 3.36 13.2%
[2.46]
2009 Nd:YVOa Sr:WO0O4 A=11795 2.23 10.5 %
[2.47]
2010 Nd:YVOa Sr:WO0O4 A =590 0.23 1.5%
[2.48] (LBO)
2010 | Nd:GdVOa4 | Nd:GdVOa4 A =559 5.3 21 %
[2.49] (LBO)
2010 | Nd:GdVO4 | Ba:WOg4 A1=1180 2.1 7.8 %q)
[2.50] (LBO) A2 =590 2.90) 11 %2
2010 Nd:YVOas Nd:YVOas A =559 0.89 4.9 %
[2.51] (LBO)

LuVOa4 LuVOa4
2010 | /Nd:LuVOa4 | /Nd:LuVOa4 A =589 3.5 13.3%
[2.52] /LuVO4 /LuvVOg4
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(LBO)

2010 Nd:YVOa4 Diamond A =1240 0.2 2%
[2.53]
2010 | Nd:GdVO4 A1 =532 4.6(1) 16 %)
[2.54] (LBO) Nd:GdVOas A2 =559 5.32) 20.4 %2
A3 = 586 4.3(3) 17.1 %@
2010 | Nd:GdVO4 | Nd:GdVO4 | A1=1308 0.95(1) 6.8 %)
[2.55] (LBO) A2 =620 1.0272 4.9 %(2)
2010 YVOa YVOa4
[2.56] | /Nd:YVOas | /Nd:YVO4 A=1175 2.8 11 %
IYVOq IYVOq4
2011 YVOa YVOa A=1176 1.84 7.8 %
[2.57] | INd:YVOas | /Nd:YVO4
2011 Nd:KGW Nd:KGW A =561 0.57 3.3%
[2.58] (LBO)
2011 Nd:YVOa4 Nd:YVOs4 A =1176 1.53@) 6.8 %)
[2.59] (KTP) A2 = 558.6 0.482) 4 %(2)
2011 | Nd:GdVOas | Sr:MoOs4 | A1=1173.5 | 2.18(y 8.8 %)
[2.60] (LBO) A2 = 586.8 3.12) 12.4 %2
2011 InGaAs KGW A=1143 0.8 7.5 %
[2.61]
2011 Nd:YVOa4 Nd:YVOs4 A =1176 0.16(1) 4.7 %)
[2.62] (BBO) A2 = 587.8 0.22(2) 5.8 %(2)
2011 Nd:YVOa4 Diamond A =1240 1.6 11 %
[2.63]
2011 Nd:YVOa4 Nd:YVOs4 A =1176 0.7 18.4 %yy)
[2.64] (BBO) A2 = 587.8 0.33(2) 8.6 %(2)
2011 InGaAs Diamond A=1227 1.3 14.4 %
[2.65]
2011 Nd:YVOa4 Nd:YVOa4 A1 =588 0.32(y 8.4 %)
[2.66] (LBO) A2 = 559 0.66(2) 17 %2
2012 GaAs A1 =560 0.8(y 4.2 %)
[2.67] /InGaAs KGW A2=592.5 0.52(2) 2.9 %(2)
(LBO)
2012 Nd:YLF Diamond A=1217 5.1 3.3%
[2.68]
2012 Nd:YLF KGW A=1139 6.1 4.1 %
[2.68]
A1=1163 0.95(1) 7.7 %)
2012 Nd:YLF KGW A2 = 1147 0.7(2 5.4 %(2)
[2.69] (LBO) A3 = 549 0.653) 5 %3)
A4 =552 1.90) 14.6 %)
As =573 0.6(5) 4.6 %(s)
Ae = 581 1.1, 8 %6)
2012 | Nd:GdVOs4 | Nd:GdVO4 | A1 =1173 4.10) 11.2 %)
[2.70] (BBO) A2 =559 4.05(2) 12.5 %2
A3 = 586.5 3.46(3) 10.7 %)
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2012 Nd:YVOa4 Nd:YVOa4
[2.71] | /Ba:WOa4 /Ba:WO4 A =590 0.194 51%
(LBO)

2013 | Nd:LuVOs | Nd:LuVOg4 A =560 4.2 22.9%
[2.72] (LBO)

A1=1109 1.0qp 8.4 %)
2013 Nd:YVOa4 Nd:YVOa4 A2 = 1156 0.7(2 5.4 %)
[2.73] A3 =1176 0.543) 5.4 %(3)

A3 =1231 1.14@) 9.3 %)
2013 InGaAs Diamond A1 =1228 4.4 14.2 %)
[2.74] (LBO) A2 =614 1.5 5.4 %)
2013 Yb:KGW Yb:KGW A =1099.6 1.7 21.8 %
[2.75]
2014 Nd:YLF KGW A1 =990 0.027) 0.15 %)
[2.76] (LBO) A2 =474 <0.001¢ -

)

2015 Nd:YVOa4 Nd:YVOa4 A=1176 1.8 7.3%
[2.77]

Table 2.1 Summary of the most significant CW all-solid-state intracavity Raman lasers
developed from 2005 to 2015

A performance review of the most significant all-solid-state intracavity Raman
lasers operating in the CW regime is displayed in Table 2.1. Over the last
decade, the development of CW Raman lasers was mainly undertaken at the
near-infrared and visible regions of the spectrum, achieving multi-Watt power
levels. In addition, several specific intracavity Raman laser devices such as
miniature selectable self-Raman lasers, double-end-pumped Raman lasers or
the continuously-tunable intracavity Raman laser systems combined with
semiconductor disk lasers, have been developed for a wide range of
applications. A selection of crucial demonstrations is given in the following

paragraphs.

In 2005, the first CW Raman output produced by an all-solid-state laser device
was demonstrated by Demidovich et al. in a Nd:KGW self-Raman laser [2.33].
A first Stokes Raman output at A = 1181 nm was achieved with a threshold of
1.15W diode pump power. A maximum Raman laser output of 54 mW was
measured for a diode pump power of 2.06 W, corresponding to a pump diode-

to-Stokes conversion efficiency of 2.6 %. In the same year and independently
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from Demidovich’s work, Pask reported a 800 mW CW intracavity Raman laser
with an overall conversion efficiency of 4 % using a Nd:YAG laser crystal and
a Nd:KGW Raman gain medium [2.34]. The Raman threshold at A = 1176 nm

was measured at 4 W of diode pump power.

To date, the highest output power of a CW intracavity crystalline Raman laser
was reported by Savitski et al. in 2012 [2.68]. In this work, a KGW Raman gain
medium was combined with a side-pumped Nd:YLF laser medium leading to
a maximum CW Raman output power of 6.1 W with 150 W of side-pump
power. A similar experimental setup was also constructed using a diamond
Raman crystal and resulting in a Raman output of 5.1 W for a side-pumped
pump power of 153 W.

HR flat 880nm HR flat 880nm

cavity HR
880nm pump folding mirror

diode laser

HR flat 880nm

25mm beam 75mm

splitter

loutput coupler

Fig. 2.1 Cascaded Nd:GdVO; self-Raman laser configuration with double-end polarised

pumping, (Image extracted from [2.70])

Although the highest CW intracavity solid-state Raman laser output power was
reported by a side-pumped laser system, end-pumped laser systems are
utilised in most intracavity crystalline Raman lasers. This end-pumping
configuration can provide good quality mode matching in the active crystals
between the diode pump beam and the fundamental laser beam, which is

favourable to achieve a low Raman threshold, high Raman conversion
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efficiency and high beam quality. The highest Raman output power from an
end-pump laser configuration was reported by Lin et al. in 2012 [2.70] using a
double-end-pumped system displayed in Fig. 2.1.

A maximum first Stokes Raman laser output power of 4.1 W was obtained for
a diode pump power of 36 W, corresponding to a diode-to-Stokes conversion
efficiency of 11.2 %. The Raman threshold was measured as low as a 1.6 W
diode pump power emitting at A = 880 nm. The authors noted that, compared
with the single-end-pump configuration, this double-end polarised pumping
approach provided improved pump power absorption (by ~ 20 %), lower
crystal temperature and better overlap (~ 60 %) between the pump beam and
(Transverse Electromagnetic Mode (TEMoo)) fundamental mode.

The highest CW intracavity Raman laser output based on a single-end-pump
system was reported by Fan et al [2.46] using a Nd:YVOa crystal combined
with a BaWOs crystal in 2009. The Raman threshold was reached with 3.6 W
of diode pump power while a maximum first Stokes Raman laser output power
of 3.36 W was obtained leading to a diode-to-Stokes conversion efficiency of
13.2 %.

In 2013, Chang et al. reported the first Yb:KGW intracavity self-Raman laser
operating in the CW regime [2.75]. The Raman threshold was measured at a
diode pump power of 1.47 W. A maximum first Stokes Raman laser output
power of 1.7 W emitting at A = 1099.6 nm was attained for a diode pump power
of 7.8 W which results in a diode-to-Stokes Raman conversion efficiency of
21.2 %. However, a wide spectral bandwidth of 8 nm was observed at the
maximum first Stokes Raman output power due to the broad absorption
bandwidth of the Yb:KGW crystal.

For CW visible intracavity crystalline Raman lasers, the highest CW Raman
laser output performance associated with an intracavity SHG or SFG was
reported by Lee et al. in 2010 [2.49]. In this work, a 5.3 W yellow Raman output
(A =559 nm) was obtained in a Nd:GdVOas self-Raman laser configuration

corresponding to a high diode-to-visible conversion efficiency of 21 %.
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In addition to the high power Raman laser outputs, some applications may
require a few more specific desirable parameters such as a low Raman
threshold, a miniature cavity structure, or a continuous tunable output Raman
wavelength. This leads to a variety of specific Raman laser device

developments.

In 2011, Li et al. demonstrated a miniature, CW wavelength-selectable
crystalline Raman laser including a Nd:YVOs self-Raman gain medium (with a
HR coating at the pumped face), a LBO doubling crystal and a curved output
coupler [2.66]. The total cavity length was only ~ 15 mm. Two visible Raman
laser outputs emitting at A = 588 nm (yellow) or 559 nm (lime) were obtained
by simply adjusting the temperature of an intracavity LBO crystal (i.e. 98 “C for
A =559 nm and 45 °'C for A =588 nm). The Raman thresholds (0.34 W of
diode pump power) were identical for these two visible wavelengths. The
maximum Raman laser outputs were measured at 660 mW (for A = 559 nm)
and 320 mW (for A =588 nm) corresponding to diode-to-visible conversion

efficiencies of 17 % and 8.4 % respectively.

The lowest Raman threshold was reported by Lisinetskii et al using a
Nd:KGW/KGW composite crystal [2.43]. The diode pump threshold for the first
Stokes Raman output emitting at A = 1181 nm was measured at only 230 mW.
A maximum Raman output of 277 mW was obtained at 2 W corresponding to

a diode-to-Stokes conversion efficiency of 13.9 %.

To further extend all-solid-state Raman output spectral coverage in the CW
regime and make it continuously adjustable, a variety of novel intracavity
crystalline Raman lasers combined with Semiconductor Disk Lasers (SDLs,
also known as Vertical External-Cavity Surface Emitting Lasers, (VECSELS))
were developed. It was first demonstrated by Parrotta et al. in 2011 using an
intracavity KGW Raman laser pumped by an InGaAs SDL [2.65]. The Raman
laser output wavelength could be tuned between A = 1133 nm and 1157 nm by
rotating the intracavity birefringent filter. The Raman laser threshold was

achieved for a diode pump power of 5.6 W. A maximum Raman laser output
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power was measured at 0.8 W emitting at A = 1143 nm with a diode-to-Stokes

conversion efficiency of 7.5 %.

In 2012, Lin et al. reported a compact SDL-pumped, CW, visible KGW Raman
laser combining SHG and SFG techniques [2.67]. A GaAs material was used
to fabricate the semiconductor disk with a strained InGaAs quantum well
structure, which produced tunable emission between 1040 and 1076 nm. By
tuning the temperature of an intracavity LBO crystal, two separate tunable
emitting bands could be obtained, either between A =548.5 nm to 566 nm
based on SFG of the fundamental and first Stokes fields or between
A=577.5nm to 596 nm based on the SHG of the first Stokes field. The
maximum Raman laser output power for SFG and SHG were achieved at
0.8 W for A =560 nm and 0.52 W for A = 592.5 nm corresponding to diode-to-

visible conversion efficiencies of 4.2 % and 2.9 % respectively.

In 2013, a SDL pumped intracavity CW diamond laser operating from
A =1209 nm to 1256 nm was demonstrated by Parrotta et al. [2.74]. Over
10 nm of tuning of the Raman laser output was achieved with an output power
above 4 W. A maximum Raman laser output power of 4.4 W was obtained
while emitting at A = 1228 nm, corresponding to a diode-to-Stokes conversion
efficiency of 14.2 %. Using this laser in conjunction with a doubling crystal of
LBO, an orange-red visible light (A = 604.5 nm to 619.5 nm) was observed. Up
to 1.5 W emitting at A = 614 nm was measured, corresponding to a diode-to-

visible conversion efficiency of 5.4 %.

2.4 Conclusion

As the work in this thesis is entirely focused on all-solid-state CW intracavity
Raman lasers, the most recent and significant developments of this type of
Raman laser configuration have been thoroughly reviewed in this chapter.
Over the last decade, it has been widely utilised as an efficient approach to

extend the spectral coverage of solid-state lasers emitting at near-infrared and
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visible spectra. This leads to a range of applications in retinal laser
photocoagulation [2.78], single-molecule detection [2.79], laser projection
displays, and remote sensing (bathymetry or underwater detection) [2.2].
However, due to the main limitations of intracavity solid-state Raman lasers
operating in the CW regime, which were described in section 1.3, the Raman
laser output performances were typically restrained to be less than ~ 6 W.
Overcoming the restricting issues (i.e. mainly due to the significant thermal
lens effect within Raman active materials) and power-scaling the intracavity
crystalline Raman lasers to new power levels (> 10 W) is highly required for
many high-profile applications, notably astronomic guide stars [2.80] and

large-scale laser projection displays [2.2].
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Chapter 3

Adaptive optics principle and applications

3.1 Introduction

AO is a technigue used to compensate for variable optical aberrations [3.1].
This concept was firstly proposed by Horace Babcock, an astronomer who
worked at Mount Wilson Observatory, in 1953 [3.2]. He described a dynamic
optical system, featuring a deformable optical element cooperating with a
wavefront sensor (WFS), which can be utilised to correct for the degradations
of astronomical images induced by atmospheric turbulence. However, the
experimental realisation of his idea was not achieved due to the technological
limitations for a successful AO system at that time.

In 1957, Robert Leighton et al. achieved the first step to include an AO system
in an astronomy setup by implanting a tiltable secondary reflecting mirror
inside the 60-inch telescope at Mount Wilson Observatory (see Fig. 3.1) [3.3].
By tilting the reflecting mirror, they demonstrated the potential to partially
correct for the atmospheric turbulence distortions and successfully obtained
the clearest images of Jupiter and Saturn up to that time. This can be treated
as the earliest "proof-of-concept” for an AO technique utilised in astronomy.
However, to further remove the atmospheric turbulence effects, a new
technology was required to correct the incoming wavefront distortion with more

controllable flexibility.
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Fig. 3.1 60-inch telescope at Mount Wilson Observatory [Picture taken from

http://spiff.rit.edu/classes/phys301/lectures/expand/expand.html]

Fig. 3.2 3.6 m-diameter ESO telescope at La Silla [Picture taken from http://www.eso.orgin

/public/unitedkingdom/images/3m60-pan2-cc/]
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In the late 1980s, a major technological breakthrough of AO was achieved by
the European Southern Observatory (ESO). The first AO DM consisting of 19
individual surfaces and actuators was developed and implemented inside the
3.6 m-diameter ESO telescope at La Silla, Chile (see Fig. 3.2) [3.4]. It has
been demonstrated that this more flexible AO technique can efficiently
compensate for further atmospheric turbulences, which significantly improves

the sharpness of optical imaging.

In 1991, the US Department of Defense declassified most of their AO
investigations which had been running since 1970 [3.3]. After that, AO
techniques stepped into a rapid development and have been utilised in most
astronomical telescopes. Nowadays, with the rapid growing demand in
astronomical observation for theoretical physics and cosmology, novel
astronomical telescopes are required to collect more light with sharper
focusing abilities which can be achieved by including AO systems. One of the
well-known observatory projects is the "Thirty Meter Telescope (TMT)" [3.5].
In its plan, an extremely large aperture (~ 30 m-diameters) astronomical
telescope will be constructed using 492 segmented mirrors to create the whole
reflecting surface. Each segmented mirror will be adjusted separately to
correct for any involved optical aberrations from the atmosphere and space. It
is estimated to be functional in 2022 and its schematic diagram is shown in Fig.
3.3.
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Fig. 3.3 Schematic diagram of the TMT [picture taken from

http://www.tmt.org/gallery/renderings]

In this chapter, the basic operating blocks of an AO system are described, with
an AO control loop featuring the three main components of most AO systems
being introduced in section 3.2. Section 3.3 describes several types of DMs. A
variety of practical applications using AO techniques in astronomy, bio-

microscopy, ophthalmology and laser systems will be presented in section 3.4.

3.2 AO system components

A typical AO system normally consists of three main components, a WFS, a
wavefront modulator (WFM) and a control system (see Fig. 3.4). Optical
aberrations of an incoming optical wavefront are assessed by the WFS and
sent to the control system as an electronic signal. Then, the control system
introduces a deformation pattern on the WFM to compensate for the distorted

wavefront according to the information from the WFS.
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Fig. 3.4 Schematic diagram of an AO control loop system

3.2.1 Wavefront sensor

In an AO control loop system, the accurate measurement of the optical
properties of an incoming wavefront is paramount for the ensuing wavefront
modulation. Several measuring approaches can be used to detect the
distortion of a wavefront, such as a Shack-Hartmann WFS [3.6], a shearing
interferometer [3.7], or a phase retrieval technique [3.8]. Out of these the
Shack-Hartmann WFS has been mostly utilised in AO systems due to its
simple principle and high accuracy for the wavelength distortion in real time

measurement.
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Fig. 3.5 Schematic diagram of the principle of a Shack-Hartmann WFS, (a) reference

wavefront; (b) distorted wavefront

A Shack-Hartmann WFS consists of a two-dimensional microlens array (called
lenslets) with all having identical focal lengths. A CCD detector is placed at the
focal plane of the lenslets. As displayed in Fig. 3.5, when a planar wavefront
is incident on the lenslets, the wavefront is divided into a 2D array of light
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beams and separately focused onto the centre of each specific CCD grid (see
Fig. 3.5 (a)). If the wavefront is distorted, it results in lateral shift of the focal
spots (see Fig. 3.5 (b)). In this way, the wavefront shape can be approximated

by measuring the displacement of the distorted wavefront focal spots.

The properties of the wavefront patterns can be represented by Zernike
coefficients which are a series of orthogonal polynomials that arise in the
expansion of a wavefront function for optical systems with circular pupils. Fig
3.6 descripts the first 6 orders of Zernike polinomials and their resulting
wavefront deformation. An example of a Shack-Hartmann WFS is shown in
Fig. 3.7, made by Thorlabs [3.9] (WFS150-7AR).

o

Piston:Z(0,0)

"

Tilt:Z(1,-1) Tilt:Z(1,1)
QX @ N
A 4
Astigmatism:Z(2,-2) Defocus:Z(2,0) Astigmatism: Z(2,2)
Trefoil: Z(3,-3) Coma:Z(3,-1) Coma:Z(3,1) Trefoil: Z(3,3) ‘
., A ~ ‘ | N ) \ {
Tetrafoil: Z(4,-4) Astigmatism: Z(4,-2) Spherical: Z(4,0) Astigmatism: Z(4,2) Tetrafoil:Z(4,4)
L]
vy oA s ‘ L., LA,
M ™ > N N
Pentafoil: Z(5,-5) Trefoil: Z(5,-3) Coma: Z(5,-1) Coma: Z(5,1) Trefoil: Z(5,3) Pentafoil: 2(5,5)
LA A A @ 3 F e AL
; v A ‘
R - N
Hexafoil: 2(6,-6) Tetrafoil: 2(6,-4) Astigmatism: Z(6,-2) Spherical: Z(6,0) Astigmatism: Z(6,2) Tetrafoil: 2(6,4) Hexafoil: 2(6,6)

Fig. 3.6 Six orders of Zernike Polynomials [Picture taken from

http://astro.if.ufrgs.br/telesc/aberracao.htm]
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Fig. 3.7 Thorlab's Shack-Hartmann Wavefront Sensors (WFS150-7AR) [Picture taken from
https://www.thorlabschina.cn/newgrouppage9.cfm?objectgroup_id=2946&]

3.2.2 Wavefront modulator

The WFM plays an important role in AO systems as it is commonly used to
compensate for the wavefront aberrations or to modify the phase profiles of
light beams. WFMs can be divided into two categories due to their different

modes of correction, namely reflective modulation and transmissive

modulation (see Fig. 3.8).

AA222E
XXX 2%’

(a) (b)
Fig. 3.8 Different types of wavefront correction, (a) reflective modulation; (b) transmissive

modulation
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The most common transmissive modulator is based on a nematic Liquid
Crystal (LC) lens which provides a large birefringence to achieve a wide range
of variable focal lengths [3.10]. As displayed in Fig. 3.9 (a), a typical LC device
contains a nematic LC layer sandwiched by two glass substrates with thin
transparent indium-tin-oxide layers. The LC layer is made up of a set of
elongated nematic molecules which have different molecular polarisabilities
corresponding to the long (along ne direction in Fig. 3.9 (b)) and short axes
(along no direction in Fig. 3.9 (b)). When a linearly polarised beam is incident
onto the molecules, the effective refractive index can be varied according to
the incident angle. For instance, if the incoming light is polarised along the long
axis, the refractive index is ne; if it is polarised along the short axis, the index
of refraction would be changed to no; if the polarisation orientation has an
arbitrary angle 8 along the long axis of the molecules, the refractive index

would be changed to nett which is a constant number between ne and no.

@) (b)
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Fig. 3.9 Principle of a nematic LC lens, (a) schematic cross-section of LC lens; (b) nematic
LC molecules, polarisation dependent refractive index; (c) positive LC lens shape; (d)

negative LC lens shape (Pictures taken from [3.10])

Therefore, by applying a driving voltage on opposing surfaces of the LC device,
an electric field can be generated inside the LC layer which alters the
orientation of the LC molecules resulting in a variation of the effective refractive
index. In this way, the refractive index in different local areas of the LC layer
can be spatially controlled by applying a specific pattern of drive voltages. As
a result, it can modify the propagating wavefront such as introducing a tilt, a

bend or a desired curvature (see Fig. 3.9 (c) and (d)).

The LC lenses present a great potential in AO systems, especially for the
lower-order aberration corrections (i.e. defocus and astigmatism) due to its low
control voltage (i.e. a few volts), low power consumption and high reliability
[3.11, 3.12]. Moreover, the cost of LC lenses (i.e. a few thousands of US $) is
relatively low compared to most types of DMs since the manufacturing of LC
lenses is based on a well-development LC display technology. Against these
advantages, LC lenses are mainly limited by their slow response time

(~ 100 ms) and polarisation dependence.

Since all of the work related in this thesis is focused on using DMs, more details

of these reflective technologies will be introduced in the next section.
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3.3 Deformable mirrors

The most prevalent technology used for wavefront correction is based on DMs
which consist of a flexible reflective surface whose shape can be adjusted
using a variety of physical actuator mechanisms such as magnetic force,
electrostatic force or piezoelectricity. Micro-Electro-Mechanical Systems
(MEMS) DMs are currently the most widely used technology in AO systems
thanks to the rapid development of silicon device and fabrication technologies.
MEMS actuators are commonly produced on a silicone substrate using photo-
lithography and etching methods [3.13]. To better understand the different
types of DMs and how they affect the AO systems, several important
characteristics of DMs will be introduced below.

Inter-actuator coupling describes a mechanical coupling effect on all adjacent
actuators when one individual actuator is driven. Spatial resolution represents
the capability of DM compensation for the complicated (i.e. high order)
aberration wavefront which is determined by the inter-actuator coupling and
actuator numbers. Typically, a high spatial resolution corresponds to a large
numbers of actuators with a low effect of inter-actuator coupling. For instance,
the number of actuators in a mirror array is ranging from 19 actuators used for
intracavity laser beam correction to up to 4000 actuators of a MEMS DM which
can be utilised in astronomy. The maximum distance of DM deflection is called
DM stroke which exhibits a significant trade-off with the spatial resolution. The
maximum stroke can be achieved when all actuators are at maximum (for a
circular DM, it corresponds to a near-spherical mirror shape which can be
approximately represented by the ROC or the focusing power). The response
frequency represents the reaction speed of a DM to the input control signal. It
is mainly influenced by the structure and the material properties of the DM. A
high response frequency is critical for real-time wavefront correction as needed
in many intracavity laser applications. In addition, hysteresis is also an
important property for DMs (especially for piezoelectric actuated DMs). As

shown in Fig. 3.10, it describes the discrepancy of the focusing power variation
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of the DM surface corresponding to whether the driving voltage is increased or
decreased.

Focusing
power (D)

»
>

Driving voltage (V)

Fig. 3.10. Hysteresis phenomenon

DMs can in general be divided into either segmented DMs or continuous DMs
due to the different types of reflective surface (see Fig. 3.11). The DMs have
in general a membrane reflective surface connected to an actuator surface via
several actuator posts. The actuator surface is supported by another set of
posts and placed on top of a layer of actuators (i.e. electrodes or
electromagnets). When the actuators are charged, the actuator surface is
deformed by the effect of the electrostatic or electromagnetic force. Therefore,
the deformation of the membrane reflective surface can be achieved by the
movement of its underlying actuator posts. It should be noted that some types
of continuous DMs do not have any actuator posts. Mirrors with that particular

characteristic will be described in more details in the following sub-sections.
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Fig. 3.11 A cross sectional schematic of DMs, (a) continuous DMs, (b) segmented DMs

3.3.1 Segmented DMs

As displayed in Fig. 3.11 (b), in segmented DMs, the mirror surface is
discretely separated into a set of flat segments. Each individual mirror surface
can lead to a local deformation corresponding to three degrees of freedom
(piston, tip and tilt). Because each mirror segment can be controlled by one
actuator post separately which does not affect the shape of the whole surface
(i.e. no inter-actuator coupling which is also called "zonal" correction), it is
particularly suitable to be utilised for some high-order or discontinuous
wavefront correction. However, the edge gaps between adjacent actuators can
lead to some diffraction effects and fitting errors which can significantly limit its
utilisation in laser or high-precision applications.

In astronomy, it is difficult to construct a telescope whose aperture is over 10
metres using a single monolithic mirror surface due to a variety of limitations
such as deformation and thermal issues, risk of breakage, coating problems,
and the massive cost for the fabrication and transport [3.14]. Because of that,
the segmented surfaces are essential for creating a solution. They were widely
used for a variety of key astronomy telescopes such as the Keck Observatory
telescope on Mauna Kea [3.15], and will be also utilised in several observatory
projects in the future (i.e. TMT [3.5]).
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The primary reflecting surface of one of the Keck telescope is displayed in Fig.
3.12 which contains 36 hexagonal segmented mirrors corresponding to a total
aperture diameter of 10 metres.

Fig. 3.12 Keck Observatory: primary segmented mirrors of Keck 1[picture taken from

http://kids.britannica.com/comptons/art-90825]

Due to the expanding area of silicon device manufacturing, the smaller and
compact segmented DMs were rapidly developed based on MEMS technology
at a relatively low cost (i.e. a few thousands of dollars). A large number of
micro-electro-mechanical actuators (from several hundreds to a few thousands)
can be fabricated on silicon wafers and can be driven by electrostatic forces.
The segmented MEMS DMs have been produced by many companies, such
as the Iris AO [3.16] who developed a small-packaging PTT489 DM containing
163 piston-tip-tilt actuators within an inscribed aperture of 7.7 mm (see Fig.
3.13).
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Fig. 3.13 Segmented MEMS DM (PTT489), (a) reflecting surface; (b) general view of the DM
[Picture taken from http://www.irisao.com/product.ptt489.html]

3.3.2 Continuous DMs

Different from the uncoupled control of segmented DMs, the continuous DMs
provide a smooth mechanism correction for the incoming wavefront phase
without any scattering effect (as see Fig. 3.11 (a)). They consist of only one
continuous reflecting surface controlled by a range of discrete actuators. A
global change of the whole mirror surface can be achieved by the adjustment
of each individual actuator which is also called "modal" correction. In this way,
the inter-actuator coupling effect needs to be taken into account due to each
single actuator being mechanically coupled to the surrounding actuators.
These types of DMs are particularly appropriate for some low-order corrections
such as the wavefront distortions induced in a laser system which requires a
continuous adjustment. Two types of continuous DMs are widely produced and
utilised in many practical applications, one is the membrane DM, and the other
is the bimorph DM.

3.3.2.1 Membrane DMs

Membrane DMs are constructed by a thin (i.e. from 0.5 pm to 10 pm thick),

high-reflective membrane surface mounted on top of a serial two-dimensional
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electrode array (see Fig. 3.14). The membrane layer is normally fabricated
using a bulk micromachining technique to produce membrane diameters
ranging from 5 mm to 50 mm [3.13]. The application of driving voltages to the
electrodes results in a deformation of the membrane layer towards the
electrodes by the electrostatic force. Therefore, by applying a variety of drive
voltages to different electrodes, a specific shape can be formed on the
membrane surface corresponding to the different patterns of wavefront
distortions. However, membrane DMs can only represent “concave optical
shapes” since the membrane surface can only be “pulled” by the electrodes
due to the electrostatic attraction. In some cases, the membrane surface is
initially pre-set at a slightly concave reference (normally in the middle of the
maximum stroke). In this way, the shape of membrane DMs can be adjusted

to both directions of the surface deformation.

Control electrodes

Mirror membrane /

C\D CVD CVD (v) Control voltage

Fig. 3.14 Schematic cross-section of membrane DMs

Moreover, membrane DMs feature negligible hysteresis during surface
deformation which can be utilised in automatic feedback control systems
without any additional calibration. Another advantage of membrane DMs is that
the electrostatic electrodes of membrane DMs are possible to be mass-
produced at low cost (i.e. ~ $ 2000) due to inexpensive fabrication techniques.

For instance, OKO Technologies [3.17] have produced a series of Micro-
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machined Membrane Deformable Mirrors (MMDM, see Fig. 3.15 (a))
consisting of a range of actuator numbers from 17 to 79 within a surface
aperture between 15 mm to 50 mm. The maximum mirror strokes can be
achieved from 9 um to 18 ym based on the actuator numbers. The Mirao 52-
e DM developed by Imagine Optics [3.18] has also been widely utilised in
wavefront correction applications, especially for microscopy. 52
electromagnetic actuators are in its case allocated to a 15 mm pupll
corresponding to a Stroke variation range of £ 50 um. It should be noted that
Boston Micromachines Corporation [3.19] developed a MMDM containing
4096 actuators arranged as a 64 x 64 grid pattern in an active aperture of
25 mm (see Fig. 3.15 (b)). The maximum mirror stroke of this particular DM
can be up to 3.5 uym with ~ 13 % interactuator coupling. The mechanical

responds time was measured as less than 100 ys.

(a) (b)
Fig. 3.15 General view of MMDM, (a) OKO 30 mm, 39-actuator MMDM; (b) Boston 4K-DM

[Picture taken from http://www.okotech.com/mmdm and

http://www.bostonmicromachines.com/plus-kilo.htm]

The main drawback of membrane DMs is related to thermal issues. Any heat
deposited within the membrane surface can lead to a significant thermal
deformation of the original mirror shape. This restricts several applications
related to high power laser beams such as the intracavity laser control
investigations presented in this thesis. However, by combining the thin
membrane surfaces with metal/dielectric HR coating techniques (i.e achieving

R >99.9 %), it is possible now to implement membrane DMs inside a laser
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cavity at power levels up to 600 W operating in the CW regime. Another
drawback of membrane DMs is the high interactuator coupling due to the
integrative membrane surface which results in a limitation for the high-order
wavefront correction. For example, in OKO’s 50 mm diameter, 79-actuator
MMDM, the interactuator coupling is measured at 0.7 ym for a maximum mirror

stroke of 18 pm.

Another type of membrane DM is based on the ferromagnetic attraction
between the membrane surface and magnetic actuators (see Fig. 3.7 (a)).
These devices enable a high stroke with a relatively low interactuator coupling.
For instance, ALPAO SAS [3.20] developed a series of ferromagnetic DMs
containing a number of actuators from 69 to 820 within a pupil diameter range
from 10.5 mm to 45 mm. A maximum stroke of up to 40 ym can be achieved
with a low hysteresis (i.e. <3 %). The mechanical response time was
measured as larger than 500 ys. The main limitation however is the complex
and expensive manufacturing process. In practice it is utilised in many
communication and astronomical applications mainly focusing on the high

amplitude and low resolution wavefront aberrations.

Membrane surface

Actuator
post

magnetic actuators |

(@) (b)
Fig. 3.16 ALPAO ferromagnetic DMs, a) cross-section schematic; b) general view [Picture

taken from http://www.alpao.com/Products/Deformable_mirrors.htm]
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3.3.2.2 Bimorph DMs

The surface of bimorph DMs is manufactured by two or more layers which
consist of an active layer and several passive layers. The passive layers can
be made of glass, fused silica or silicon which can be coated with a HR surface
(i.,e. R >99.99 %). The active layer is composed of a piezo-electric material
that is able to convert electric power into a mechanical stress. A set of discrete
electrodes is arranged on the lower layer surface to adjust the deformation via

applying a set of driving voltages (see Fig. 3.17).
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— Reflecting coating
SN
Ol
Control electrodes

Piezomaterial

Fig. 3.17 Schematic cross-section of bimorph DMs

Unlike DMs, the piezo-electric actuators can achieve both concave and convex
deformation of the reflecting surface. When a positive voltage is applied to the
actuators, a stress would be generated which "pulls" the mirror surface towards
the electrode structure, corresponding to a concave deformation shape; on the
other hand, when the actuators have a negative drive voltage applied to them,
the mirror surface would be "pushed" by the stress corresponding to a convex
deformation shape. Therefore, a high stroke (i.e. + / - 40 ym for the AKA Optics
DMs [3.21]) can be achieved by bimorph DMs which is beneficial for the high
amplitude low-order wavelength correction. Like membrane DMs, because of
the high interactuator coupling (i.e. 8 ym maximum stroke corresponding to an

interactuator coupling of 2 um for the OKO DMs [3.17]), it is struggling to
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modify high-order wavefront aberration. Another main difference between
bimorph DMs and membrane DMs is the ability to design the bimorph reflecting
surface with many layers, resulting in a significant improvement of the damage
threshold. Consequently, bimorph mirrors are widely utilised in high-power
laser systems. The main drawback of bimorph DMs is the high cost of the
devices (i.e. a bimorph DM with only 19-actuator can cost above $ 10000).
Moreover, because it also experiences a noticeable hysteresis during the
surface deformation (i.e. < 10 % hysteresis error typically [3.17]) it needs to be

re-calibrated in some continuous precise adjustment.
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Fig. 3.17 AKA Optics bimorph DMs [Picture taken from http://www.akaoptics.com/index.php]

Due to their advantages for high power laser systems a variety of bespoke
bimorph DMs manufactured by BAE systems advanced technology centre
[3.22] were utilised in this thesis (see Fig. 3.19). The characteristics of these

DMs will be fully described in chapter 5 and 6.
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Fig. 3.18 37-actuator bimorph DM produced by BAE systems advanced technology centre
[image extracted from chapter 1 Fig. 1.10]

3.4 AO system applications

As described in section 3.1, AO systems were originally introduced to correct
for the atmospheric turbulence in astronomy [3.23-3.25]. Nowadays, it has
been developed into a well-established technology and is utilised in most of
the major astronomical telescopes. Meanwhile, due to the rapid development
of silicon manufacturing and fabrication technologies, the decreasing size (i.e.
centimetre scale) and cost (i.e. a few thousands of dollars), AO components
(specifically the WFMs) have been developed for a wide range of applications
such as microscopy [3.26-3.29], ophthalmology [3.30-3.36], laser systems
[3.36-3.48], defence industry and communications [3.35]. A selection of AO

applications will be described in this section.

3.4.1 Astronomical AO system

In recent years, with the rapid development of astrophysics and cosmology,
the requirements for high angular resolution observations have become more

and more important [3.25]. Hindering this increased resolution requirement is
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a blurring effect to the image of astronomical objects, introduced by distortion
by atmospheric turbulences when a light beam from a distant star or galaxy

passes through the earth’s atmosphere.

Fig. 3.19 Hubble Space Telescope [Picture taken from
http://www.spacetelescope.org/images/hubble_in_orbit1]

These undesirable effects can be avoided by two approaches. One is placing
the astronomical telescope above the earth’s atmosphere, such as done with
the Hubble Space Telescope. (See Fig. 3.19).

Another way is using adaptive optics to correct for the blurring effects caused
by earth’s atmosphere to the wavefront incident to the ground-based
telescopes. As shown in Fig. 3.20, the incoming distorted wavefront is reflected
by a DM and divided into two beams to illuminate a High-Resolution Camera
and WFS respectively by using a beam splitter. The distorted wavefront can
be measured by the WFS and sent to the control system. Following this, the
reflecting surface of the DM is adjusted by a set of drive voltages from the
control system to compensate for the deviation between the reference and
distorted wavefront. Through this, the wavefront aberrations are corrected
upon reflection. In real-time operation, this process of correction must be
changed at least thousands of times each second to response to the rapid

variable atmospheric turbulences [3.29].

78


http://cdn.spacetelescope.org/archives/images/screen/hubble_in_orbit1.jpg

Light from
telescope

Electronic signal

Distorted
wavefront

Beam splitter

AO mirror
—
&| | Control
o
= | |system
<
c .‘; Wavefront
3 sensor

High-resolution
camera

Optical signal

Fig. 3.20 Schematic diagram of an astronomical AO system

Keck/UCLA Galactic Center Group

(a) (b)
Fig. 3.21 The image of galactic center obtained by Keck Observatory, (a) without AO
correction, (b) with AO correction [Picture taken from

http://cosmicmatters.keckobservatory.org/2007/dec]

Fig. 3.21 displays an image of the galactic centre obtained by the Keck
Observatory. A significant blurring effect can be observed in Fig. 3.21 (a).
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However a much clearer image can be seen in Fig. 3.21 (b) with an AO
correction implemented in the system. Due to the significantly improved
resolution by using the AO correction, a black hole was also found from this
image [3.25].

3.4.2 Adaptive Scanning Optical Microscope

A trade-off problem between a wide field of view and image resolution has
always been encountered in conventional microscopes. Two approaches have
been developed to solve this problem, using either a fast-scanning stage or a
fast-scanning lens [3.29]. The fast-scanning stage enables to move different
parts of the sample under the objective in a fixed time interval to obtain a series
of images which can be stitched together to compose the full view of the
sample. The main limitation for a fast-scanning stage is that some new optical
aberrations can be introduced by the moving stage. For the second approach,
the fast-scanning lens does not exhibit any mechanical-induced-aberrations.
However, off-axis lens aberrations would be the main challenge in this

approach.

As displayed in Fig. 3.22, an Adaptive Scanning Optical Microscope (ASOM)
contains a large-area fast steering mirror (FSM shown in Fig. 3.22),a large-
aperture scanning lens and a DM which was developed by Potsaid et.al in
2005 [3.28]. In this way, the off-axis aberrations can be efficiently
compensated by the DM and lead to a high image resolution with a wide field
of view. Nowadays, the ASOM technology has been utilised in many areas
such as in bio-photonics microscopy and electronic fabrication monitoring (see
Fig. 3.23).

80



Reflective Mode
Illumination Source

XY Scanning
Mirror (FSM)

CCD Camera

Imaging Optics

SCaN LENS e

XYZ Position Stage =

Deformable
Mirror (DM)

() (b)
Fig. 3.22, (a) Schematic diagram of adaptive scanning optical microscope; (b) General view
(Thorlabs ASM960, picture taken from [3.29])

(@) (b)
Fig. 3.23 ASOM image, (a) mosquito larva with a high resolution of 8192x6144 pixels; (b)
computer memory chip with a high resolution of 14336 x 6144 pixels (Picture taken from
[3.29])

3.4.3 AO in ophthalmology

In ophthalmology, it is meaningful to improve the resolution of cellular-level
images of the human retina for the rapid detection and diagnosis of ophthalmic
diseases. Optical Coherence Tomography (OCT) is a non-invasive imaging
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technology which enables to provide rapid three-dimensional retinal images
with micrometre resolution [3.30]. However, the further improvement of the
image resolution is mainly restricted by the nature of imperfections in parts of
the human eyes, such as the cornea and crystalline lens. In 2002, Roorda et.
al first demonstrated that AO techniques can be utilised as an efficient
approach to measure and correct the wavefront aberrations caused by the
human eye [3.31]. Since then, a variety of works focusing on the combination
between AO and OCT have been widely investigated and summarised by
Pircher and Zawadzki [3.33]. A significant improvement of the retina image

resolution can be observed in Fig. 3.24 [3.34].

(a) (b)
Fig. 3.24 Image of human retina, (a) without AO correction; (b) with AO correction (Picture
taken from [3.34])

3.4.4 AO in laser systems

As described in sub-section 1.3.4, thermal lensing build up within the laser gain
medium has long been recognised as the main limitation in the performance
of solid-state lasers. In the early 1990s, several active mirrors (i.e. metal active
mirror [3.50] or adjustable-curvature mirror [3.51]) were implemented inside
solid-state lasers to partially compensate for the thermal lens effect by

manually adjusting its ROC. However, the compensation of thermal lensing by

82



this method is not efficient since each change of the intracavity wavefront
modulation can establish a new thermal equilibrium and lead to a high and
dynamic dependence during solid-state laser operation.

analog to digital pc-based control digital to analog
converter ﬁ system featuring a ﬁ converter
(ADC) search algorithm (DAC)
system assessor § laser with AO mirror

Fig. 3.25 Flow chart of the AO-closed-loop used for CW intracavity solid-state lasers

An efficient approach to automatically compensate for this variable thermal
lensing in real-time is based on an iterative AO-based feedback control loop
featuring a search algorithm (see Fig. 3.25). Typically, a search algorithm is
employed to approach the optimum AO mirror shape corresponding to a self-
optimisation of the laser output performance (i.e. either the laser output power
or/and beam profiles) according to the detected feedback signals from the
system assessor (e.g. a wavefront sensor, a photodiode or/and a beam
profiler). In this way, an automatic enhancement of the laser output
performance can be achieved efficiently. Various investigations for AO
optimisation in solid-state lasers have been done since the early 2000s [3.37-
3.48]. An improvement of the beam profiles from a 6 W Nd:YAIO laser by an
AO-based closed-loop optimisation is displayed in Fig. 3.26 [3.46]. More
literature reviews of intracavity CW solid-state laser improvements based on
the use of an AO-closed loop will be presented in section 5.2.
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(a) (b)
Fig. 3.26 Beam profiles taken from the 6W Nd:YAIO laser, (a) before AO optimisation; (b)
after AO optimisation (Picture taken from [3.46])

In addition to enhancing the solid-state laser output performance by
compensating for the thermal lens effect, AO systems are also widely used for
beam profile control [3.52], pulse shaping [3.53] and free-space laser
communication [3.54], especially with an extra-cavity laser configuration

design.

3.5 Conclusion

In this chapter, the development of AO systems has been reviewed. Three
main components of a typical AO control loop have been introduced, while
different types of DMs were described with more details since some of them
are utilised in this thesis work. At last, a range of AO applications were

introduced with details of selected practical examples.

As detailed in this chapter, AO systems, especially the iterative AO-based
feedback control loop featuring a search algorithm, have exhibited a
noteworthy potential to be implemented inside self-Raman lasers to
compensate for the occurring significant thermal lens effect and enhance the

Raman laser output performance. This will be fully presented in chapter 5 with
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a CW Nd:YVOs self-Raman laser emitting in the near-infrared regime (i.e.
A=1109 nm or 1176 nm) and in chapter 6 with a CW frequency-doubled
Nd:GdVOs self-Raman laser emitting in the visible regime (A = 586.5 nm).
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Chapter 4

Continuous-wave Nd:YVOq self-Raman
lasers based on 379 cm™* and 893 cm!

Raman shifts

4.1 Introduction

In 2004, Chen demonstrated that Neodymium-doped orthovanadates, such as
Nd:GdVOs4 [4.1] or Nd:YVOa4 [4.2], could be used inside Raman lasers as both
the laser and Raman gain media, as previously predicted by Kaminskii et al.
in 2001 [4.3]. Since then, Neodymium-doped orthovanadates have been
widely utilised in Raman lasers, especially in a diode-pumped intracavity self-
Raman configuration where both lasing and SRS occur within the same active
crystal. Until now, most of the investigations have been focused on the use of
the primary Raman shifts of these vanadate crystals (~ 882 cm™ and 893 cm-
! for Nd:GdVO4 and Nd:YVOas respectively) corresponding to a first Stokes
Raman output wavelength range from A = 1173 nm to 1180 nm when pumped
with a Nd-based laser source [4.1, 4.2, 4.4-4.6]. When combined with SHG or
SFG, the Raman laser output beams emit in the visible spectrum [4.7-4.14],
with applications in many fields such as medicine (retinal laser
photocoagulation) [4.15], laser projection displays, and remote sensing

(bathymetry or underwater detection) [4.16].

The use of a secondary Raman shift inside vanadate crystals can add a
significant number of narrowly-spaced wavelength outputs [4.17, 4.18]. When
combined with SHG or SFG, these Raman lasers can produce an even more-

closely spaced set of visible lines in the green-lime-yellow region compared to
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lasers purely based on the primary Raman shifts. These can benefit many
applications, especially in medicine and bio-photonics. For instance, the
detection of blood effects induced by carbon monoxide poisoning requires light
emitting at A = 555 nm due to the peak absorption of hemoglobin in this region
[4.19]. In addition, light operating around A = 550 nm is absorbed by numerous
red fluorescent dyes and markers for single-molecule detection [4.20]. A
review of the previous vanadate crystalline lasers using the secondary Raman

shift is given in the following paragraphs.

In 2011, Shuzhen et al. reported a Q-switched self-Raman laser operating at
A =1097 nm using a secondary Raman shift of 259 cm™" in a c-cut Nd:YVOa4
crystal [4.17]. A fibre-coupled laser diode emitting at A = 880 nm was used to
pump the self-Raman gain medium while the pulsed laser was produced using
an acousto-optic Q-switch with a PRF of 50 kHz and pulse duration of 33 ns.
The schematic diagram of this 2-mirror self-Raman laser configuration is
displayed in Fig. 4.1. A maximum Raman laser average output power of
1.45 W was obtained for an absorbed diode power of 12.4 W corresponding to
an absorbed pump power to Raman output power conversion efficiency of
11.7 %.

dichroic

acousto-optical mirror

coupling-lens ccut  Q-switch

Nd:YVO, 1097nm laser
[ i g
808nm pump

diode laser 3000mm ROC flat
end mirror output coupler

1066nm laser

Fig 4.1 A = 1097 nm self-Raman laser configuration [image extracted from 4.17]

In the same year, Li et al. observed two parasitic output beams emitting at
A =1108 nm and 1132 nm when they characterised the first Stokes Raman
laser output at A =1176 nm [4.12]. They concluded that these additional

Raman lines originated from the conversion of the primary (A = 1064 nm) and
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secondary (A =1086 nm) fundamental emission based on a 376 cm®
secondary Raman shift in an YVOg4 crystal. Since the aim of this experiment
was to optimise the Raman laser output at A = 587.8 nm by SHG in a miniature
self-Raman laser cavity, these two parasitic Stokes lines were not fully

characterised.

Most notably, in 2012, Lin et al. demonstrated several QCW self-Raman lasers
emitting at A = 1108 nm, 1156 nm and 1227 nm utilising the 882 cm* primary
and 382 cm! secondary Raman shifts for an a-cut Nd:GdVO4 [4.18] crystal.

HR flat 880nm HR flat 880nm

cavity HR
880nm pump folding mirror

diode laser

HR flat 880nm

25mm beam 75mm

splitter

’output coupler

Fig. 4.2 Cascaded Nd:GdVO, self-Raman laser configuration with double-end polarised

pumping [image extracted from 4.18]

The schematic diagram of the cascaded self-Raman laser configuration is
displayed in Fig. 4.2. A double-end polarised pumping scheme at A = 880 nm
(as fully described in [4.14]) was utilised to improve the conversion efficiency.
Laser outputs at A = 1108 nm and 1156 nm were observed, corresponding to
the first and second Stokes output resulting from the 382 cm™ secondary
Raman transition of the GdVOa crystal. This led to maximum QCW output
powers measured at 1.41 W and 120 mW at A =1108 nm and 1156 nm and
corresponding absorbed pump power to Raman output power conversion

efficiencies of 4.7 % and 0.35 % respectively. Moreover, a A =1227 nm
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Raman line was obtained resulting from the combination of the first Stokes
conversion using the 882 cm™? primary Raman shift and the 382 cm?
secondary Raman shift sequentially. At this wavelength, the maximum QCW
output power was measured at 1.01 W corresponding to an absorbed pump

power to Raman output power conversion efficiency of 2.7 %.
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Fig. 4.3 Wavelengths generation combined with the SHG and SFG
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In addition, these lines were combined with a SHG and SFG process, resulting
in four discrete visible wavelengths as summarised in Fig. 4.3. Maximum QCW
output powers of 3.4W, 28W, 1.4W and 0.8W were measured at
A =542 nm, 554 nm, 566 nm and 577 nm corresponding to a set of overall
pump diode-to-visible conversion efficiencies of 11.7 %, 9.7 %, 4.8 % and
2.7 % respectively. However, the strong thermal lens effect inherent to the
fundamental laser conversion and the non-elastic nature of SRS present inside
the Nd:GdVOs crystal prevented true CW operation. For this reason, the duty

cycle of the pump modulation was limited at 50 %.

In this chapter, for the first time to my knowledge, several CW Nd:YVOs self-
Raman lasers based on a 379 cm! secondary Raman shift emitting at
A =1109 nm, 1158 nm and 1231 nm are demonstrated. A two-mirror Raman

laser configuration with 26 mm cavity length was designed, utilising a strongly-

95



concave output coupler (ROC = 100 mm) and a flat end-mirror. In this way, the
strong thermal lens effect on the cavity dynamics and particularly the resonator
stability was significantly alleviated. Therefore, true CW Raman laser outputs

using the secondary Raman transition could be obtained.

In section 4.2, the Raman spectrum for the a-cut Nd:YVOa4 crystal used in this
work will be measured. The 2-mirror self-Raman laser configuration will be
presented in section 4.3. In section 4.4, several CW self-Raman laser outputs
will be characterised while the relevant discussion points will be provided in

section 4.5.

4.2 Raman spectrum measurement for the a-cut
Nd:YVOg4 crystal

Nd:YVOas crystals belong to the group of oxide compounds, crystallising in a
zircon tetragonal structure with space group Dan [4.21]. As referred in Fig. 4.4,
the uniaxial Nd:YVOa crystals include a four-fold-symmetry axis (which is
called the crystallographic c-axis) while two distinguishable a-axes (a1 and az)
are defined in an orthogonal plane to the c-axis. In general, Nd:YVOa crystals
can be divided into two types according to the orientation of their cut. When
the crystal is cut along the a-axis (which is called a-cut crystal), the laser output
is polarised along the c-axis and propagates along the ai-axis (see Fig. 4.4
(@)). That is due to the natural birefringence of Nd:YVOas crystals as the
stimulated emission cross section parallel to the c-axis (o||, ~ 25 x 101° cm?)
has been measured to be ~ four times higher than the cross section orthogonal
to the c-axis (01, ~ 6.5 x 101° cm?) at A = 1.06 um [4.3]. Therefore, in an a-cut
crystal, a laser beam can oscillate easier by using the higher stimulated
emission cross section of al| rather than ol, which presents a strong
polarisation-dependent laser output. Conversely, a c-cut crystal is cut along
the c-axis while the laser output is unpolarised (due to both transverse axes

having a similar cross section) and propagates along the c-axis (see Fig. 4.4
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(b)). In a c-cut crystal, the laser oscillation is only dominated by the stimulated

emission cross section of o L.

a-cut Nd:YVO, c-cut Nd:YVO,
light
propagation
c a4
a, c
a; a

(@) (b)
Fig. 4.4 Definitions of the (a) a-cut Nd:YVO, crystal and (b) c-cut Nd:YVO, crystal

In general, a-cut Nd:YVOas crystals have been widely used for CW laser
operation with a lower pump threshold and more efficient laser generation [4.6,
4.12, 4.13]. However, in the Q-switched laser regime, energy storage capacity
can be constrained by a large stimulated emission cross section. So c-cut

Nd:YVOas crystals are more appropriate in Q-switched regime [4.3, 4.17].

In this work, an a-cut, 20 mm long, 2 mm diameter, 0.3 at. % doped Nd:YVO4
rod (from Casix Ltd [4.22]) was used as self-Raman gain medium. Using a
relatively low doping concentration of Nd3* ions has the advantage of reducing
the thermal lens effect and improving self-Raman conversion as demonstrated
by Chen [4.4]. The spontaneous Raman spectrum was measured using a
Renishaw Invia Raman microscope [4.23] operating in a back scattering mode
(see Fig 4.5). A A =514 nm pump beam propagated along the ai-axis while
both the excitation and backscattered Raman signals were polarised along the
crystal c-axis. The scattering configuration can be expressed as X(ZZ) X

corresponding to the Porto notations [4.24].
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Fig. 4.6 Spontaneous Raman spectrum for the a-cut Nd:YVOa crystal

Three main Raman shifts can be observed at 893 cm, 840 cm™ and 379 cm-
Lin Fig. 4.6. The Full Width at Half Maximum (FWHM) of these three Raman
transitions could be measured at ~ 6 cm™, 6 cm™ and 14 cm-* respectively with
a 2 cm data resolution. Based on the Raman gain of 4.5 cm / GW measured
for the 893 cm™* primary Raman shift in [4.3], the Raman gain for the 379 cm!
shift can be estimated to be 0.9 cm / GW using the relative ratio measured in
Fig 4.6.
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The relationship between the fundamental laser wavelength, Stokes Raman

wavelength and Raman shift can be expressed using the following equation

L=l _n«R, (4-1)

AR A

where Rs denotes the Raman shift, n the Raman Stokes series number, A and

Ar the wavelengths of the fundamental and Raman laser field respectively.

4.3 Experimental laser configuration

:)flalgg::::‘;efﬂl)?::;s . end mirror Nd:YVO, gain medium
1™ UL

output coupler

fibre-coupled laser 3
diode A = 808nm ﬂ

) Q Raman laser output

y .
AR P p——
d

Fig. 4.7 Two-mirror Nd:YVO. self-Raman laser configuration

In this work, a 26 mm-long, two-mirror Nd:YVOa4 self-Raman laser cavity was
built to generate various Raman laser outputs using different output couplers
(see Fig. 4.7). The distances between the end mirror and the front surface of
the gain medium, and between the rear surface of the gain medium and the
output coupler were set to 4 and 2 mm respectively. The flat end-mirror had a
HR coating estimated to be R >99.95% at A=1064nm and between
1109 and 1230 nm. All output couplers (R > 99.97 % at A = 1064 nm) have a
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strongly-concave ROC of 100 mm for alleviating the thermal lens effect on the

cavity dynamics and resonator stability.
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Fig. 4.8 Incident pump power to the laser gain medium as a function of the diode current

A 100 pm-diameter fibre-coupled (NA ~ 0.22) laser diode (from Dilas Ltd,
M1F1S22-808.3-35C-SS2.1 [4.25]) operating at A =808 nm was used as a
pump source. A temperature-feedback cooling system (from Elite Thermal
Engineering, Model OCP-110-24 [4.26]) was used to keep a constant
temperature of the pump laser diode at 27°C. Using a Thorlabs power-meter
(PM100A, [4.27]) the pump power incident to the gain medium was measured

as a function of the current supplied to the laser diode as displayed in Fig. 4.8.

The size of both pump and fundamental laser fields need to be matched within
the gain medium to optimise laser conversion of the fundamental laser. Two
plano-convex lenses AR-coated at A =808 nm were used to collimate and
focus the pump beam into the centre of the self-Raman crystal with a 1:2
magnification ratio. As Fig 4.9 and 4.10 show, the pump beam waist along the
x and y axes were both measured at ~ 100 um with a ~ 7 mm Rayleigh range
for a diode pump power of 2 W, using a Thorlabs beam profiler (BP104-IR,
[4.27]).
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Fig. 4.10 Pump beam radii in y-axis corresponding to the distance along z-axis

The Nd:YVOa rod described in section 4.2 was wrapped with indium foil and
fixed in a home-made copper block which was water-cooled at 22 °C by a
recirculating chiller (from ThermoFisher Scientific, Neslab-ThermoFlex-1400
[4.28]). The c-axis of the crystal was located parallel to the horizontal plane,
which resulted in a horizontal polarisation for the laser outputs. Both side
surfaces of the crystal were AR coated with R<0.1% at A=1064,
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1109 - 1176 nm. The residual pump power transfer after passing through the
laser crystal was measured as a function of the laser diode current as
displayed in Fig 4.11.
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Fig. 4.11 Transmitted pump power after the Nd:YVO, crystal correspond to the driving
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Fig. 4.12 Absorbed pump power transfer within the Nd:YVO, crystal as a function of the

driving current
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Therefore, the absorbed laser diode pump power as a function of the diode
current can be estimated by the difference between the data displayed in Fig.
4.8 and 4.11 (see Fig. 4.12).

Fig. 4.13 Laser output beams view

The laser output beam emitting in the near-infrared could be observed using
an infrared sensor card (from Newport Corporation F-IRC4-S [4.29]). As shown
in Fig 4.13, the fundamental and Raman output beam overlapped in the small
bright spot in the centre, surrounded by a divergent pump beam. To separate
the different output beams, a prism-based system was built at the laser output
as shown in Fig. 4.14.
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Fig. 4.14 Schematic diagram for the measurement system

First, an optical aperture was used to block most of the pump beam. The
fundamental and Raman outputs could be separated by a prism placed at the
Brewster angle (~ 56 degree) in the horizontal plane. Using a Gentec-EO
power-meter (SOLO PE, [4.30]), the laser power reflected by the surface of
the prism was measured at ~ 1 % of the total laser power incident to the prism.
This reflected laser beam was focused using a f = 100 mm plano-convex lens
(lens 1) into a fibre-coupled optical spectrum analyzer (from Agilent
technologies, 86140B [4.31]). A f = 315 mm plano-convex lens (lens 2) was
employed to focus the refracted beams of different wavelength. Three plane
HR mirrors (R > 99.95 % at A = 1064 & 1109 - 1230 nm) were used to extend
the optical path. After this, the fundamental and Stokes Raman output beams
could be easily separated using a blade located near the focusing point of lens
2. As displayed in Fig 4.15, since longer wavelengths lead to larger refractive
angles, the distance between the two beam spots at A = 1064 nmand 1176 nm

(see Fig. 4.15(a)) is higher than that for the beam spots at A = 1064 nm and
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1109 nm. The total optical losses induced by this system were measured to be

~ 3 % of the total output power.

tl7enm 1064nm

(@) (b)
Fig. 4.15 Separated output beams (a) A = 1064 and 1176 nm and (b) A = 1064 and 1109 nm

4.4 Results

4.4.1 Fundamental field laser output at A = 1064 nm

First, the power transfer of the fundamental laser obtained using a T =10 %
output coupler and operating at A = 1064 nm was measured as shown in Fig.
4.16. The threshold of the fundamental field was achieved for an absorbed
laser diode pump power of 1.48 W. A maximum laser output of 11.5 W was
obtained for an absorbed laser diode pump power of 28.6 W corresponding to
an absorbed pump power to fundamental output power conversion efficiency
of 40.2 %. No sign of thermal rollover could be detected at this level of pump

power.
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Fig. 4.16 Fundamental field output power transfer at A = 1064 nm

4.4.2 First Stokes Raman laser at A = 1109 nm

The CW first Stokes Raman laser output at A = 1109 nm, based on the
secondary Raman shift of 379 cm™, was characterised using an output coupler
with T~0.2% atA=1109 nmand T >7 % at A = 1158 - 1176 nm. The pump
threshold for the first Stokes SRS was reached with an absorbed laser diode
pump power of 2.2 W. At this pump level, 64 mW of fundamental laser output
power (A =1164 nm) could also be observed. A maximum Raman output
power of 1.0 W was obtained for an absorbed laser diode pump power of
11.9 W while the A = 1064 nm fundamental output power was measured at
70 mW. This corresponded to an absorbed pump power to Raman output

power conversion efficiency of 8.4 %.
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Fig. 4.17 First Stokes Raman laser output power transfer at A = 1109 nm

The first Stokes Raman laser output power transfer is shown in Fig. 4.17. With
a change of the diode pump power, the dynamic laser oscillation is strongly
influenced by the variation of thermal lensing occurring within the gain medium.
This inevitably has a direct effect on the transverse mode profile of the
fundamental beam and therefore impacts the Raman conversion efficiencies
between the fundamental and first Stokes outputs or first Stokes and second
Stokes modes. It should be noted that the laser cavity was only manually
aligned to achieve maximum Raman laser output power at the highest
absorbed pump power (11.9 W). This is probably the reason behind the drop
in conversion efficiency between 6 W and 11.9 W seen in Fig. 4.17. The same
approach was also taken for the subsequent experimental Raman laser
configurations mentioned in this chapter. Moreover, in each Raman laser
configuration in this chapter, a thermal rollover of the desired Raman output
power could be detected when the laser diode pump was above the maximum
point shown for the four Raman configurations. This rollover might lead to a

significant power decrease or even directly to the instability of the laser cavity.

The beam quality factors M? along the x-and y axes of the laser outputs were

manually measured using a beam profiler combined with a f =200 mm
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focusing lens. The same approach was also taken for the subsequent Raman
lasers in this chapter.

As shown in Fig. 4.18 and 4.19, at the maximum Raman output power of
1.0 W, the beam quality factors of M? were measured at 2.3 and 3.1 at the x
and y axes for the first Stokes Raman output and 4.9 and 5.4 for the

fundamental laser output respectively.
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Fig. 4.18 Beam quality factors M? along x-axis at A = 1109 nm
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Fig. 4.19 Beam quality M? factors along y-axis at A = 1109 nm
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The output optical spectrum was recorded and is displayed in Fig. 4.20. The
far-field beam profiles for both fundamental and first Stokes fields were
captured using a laser beam profiling digital camera (from Data Ray,
WincamD-UCD12-1310 [4.31] ) and are displayed in Fig. 4.21.
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Fig. 4.20 Optical spectrum for the first Stokes Raman output at A = 1109 nm
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Fig. 4.21 Far-field beam profiles for (a) fundamental field and (b) A = 1109 nm first Stokes

mode
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4.4.3 Second Stokes Raman laser at A = 1158 nm

An output coupler with T ~ 1.2 %, 0.1 % and > 5.0 % at A = 1158 nm, 1109 nm,
and 1176 - 1231 nm respectively was utilised to obtain the A =1158 nm
Raman laser line resulting from the second Stokes conversion of the 379 cm-
L shift. The SRS threshold for the first Stokes (A =1109 nm) output was
achieved for an absorbed laser diode pump power of 2.9 W with 64 mW
fundamental output. The second Stokes Raman threshold was observed for
an absorbed laser diode pump power of 8.6 W, with the first Stokes and
fundamental output powers being 185 mW and 100 mW respectively. A
maximum output power of 700 mW at A =1158 nm was obtained for an
absorbed laser diode pump power of 12.9 W while the first Stokes and
fundamental output powers were measured at 200 mW and 150 mW
respectively. This corresponded to an absorbed pump power to second Stokes
Raman output power conversion efficiency of 5.4 %. As shown in Fig. 4.22,
the power transfer of the second Stokes output exhibited a linear trend without
significant influence of thermal lensing. A slight decrease of the conversion
efficiency could be observed starting already at the maximum point in Fig. 4.22.
Above this pump power, the Raman output power would drop significantly with

increasing laser diode pump power.
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Fig. 4.22 Second Stokes Raman laser output power transfer at A = 1158 nm

110



At the maximum Raman output power of 700 mW, the beam quality factors M?
along x and y axes were both measured at 1.2 for the A = 1158 nm laser output,
1.8 and 1.9 for the A =1109 nm laser output and 3.4 and 3.6 for the
A =1064 nm laser output. The optical spectrum was measured and is
displayed in Fig. 4.23 while the far-field beam profiles of each mode are shown
in Fig. 4.24.
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Fig. 4.23 Optical spectrum for the second Stokes Raman output at A = 1158 nm
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(©)
Fig. 4.24 Far-field beam profiles for (a) fundamental signal and (b) A = 1109 nm first Stokes

signal and (c) A = 1158 nm second Stokes signal

4.4.4 Second Stokes Raman laser at A = 1231 nm

A A =1231 nm Raman laser was observed resulting from the combination of
the first Stokes conversion based on the secondary 379 cm shift and the
cascaded second Stokes conversion on the primary 893 cm-? shift. The output
coupler for this laser was coated for T ~ 2.4 %, 0.5 %, 0.1 % and 2.5 % at
A=1231 nm, 1158 nm, 1109 nm and 1176 nm respectively. The higher
transmission (T ~ 2.5 %) at A = 1176 nm combined with the lower transmission
at A =1109 nm (T ~ 0.1 %) of the output coupler resulted in the fundamental
laser being first converted into the A = 1109 nm first Stokes mode based on
the 379 cm secondary Raman transition before experiencing the 893 cm*
transition. 1.3 W of absorbed diode pump power was required to reach the
threshold for the first Stokes conversion with a fundamental laser output power
of 40 mW. Beyond that, the threshold for the second Stokes Raman output
was observed with an absorbed diode pump power of 3.5 W. At this pump
level, 181 mW of output power at A =1109 nm and 68 mW of fundamental
laser output power were measured. This significantly reduced pump power
threshold, when compared with the previous one in subsection 4.4.3 (i.e.
8.6 W), could be attributed to the ~ 5 times higher Raman gain of the primary

Raman shift compared to the secondary one, even if the transmission of the
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output coupler at the second Stokes Raman output in this case (T ~ 2.4 % at
A=1231 nm) is twice higher than that in case 443 (T~12% at
A =1158 nm).

A Raman output power of 540 mW at A =1231 nm was measured for an
absorbed diode pump power of 10 W. At the same time, 350 mW of first Stokes
output power and 120 mW of fundamental output power were also present.
This corresponded to an absorbed pump power to A = 1231 nm Raman output
power conversion efficiency of 5.4 %. As described in subsection 4.4.2, a
reduction of the desired second Stokes Raman conversion efficiency could be
observed at a range of absorbed diode pump power between 5.9 W and 9.8 W
in Fig. 4.25.
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Fig. 4.25 Second Stokes Raman laser output power transfer at A = 1231 nm

At the maximum output power of 540 mW, the beam quality factors M? along
the x and y axes were measured at 1.2 and 1.3 for the A = 1231 nm laser
output; 1.8 and 2.3 for the A = 1109 nm mode laser output and 4 and 3.8 for
the fundamental field laser output.

The optical spectrum for the Raman laser output was measured as shown in
Fig. 4.26. It should be noted that, in this case, when the diode pump power

was slightly increased above the maximum level shown in Fig. 4.25, the
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Raman laser output suddenly collapsed, either induced by the strong thermal
lensing or the competition between different Stokes modes. With this collapse
of SRS conversion, all the laser diode pump power automatically converted to
the fundamental field. Due to the extremely high-Q for the fundamental field
inside the laser cavity (i.e. R >99.95 % at A = 1064 nm for the end mirror and
R >99.97 % at A = 1064 nm for the output coupler), an excessive intracavity
power intensity of the fundamental field was produced which resulted in
damage to the Nd:YVOs4 crystal coating. For this reason, the beam profiles of

the Raman output could unfortunately not be measured.
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Fig. 4.26 Optical spectrum for the second Stokes Raman output at A = 1231 nm

4.4.5 First Stokes Raman laser at A = 1176 nm

An output couplerwith T ~ 1.0 % atA=1176 nmand T ~ 0.2 % at A = 1109 nm
was used to obtain a "conventional" first Stokes Raman laser output at
A =1176 nm based on the main 893 cm shift. The threshold for the first
Stokes Raman output was observed with an absorbed diode pump power of
2.12 W. At this pump level, 70 mW of fundamental laser output power could
also be measured. A maximum Raman output power of 1.14 W atA = 1176 nm
and 200 mW of output power at A = 1064 nm were obtained with 12.2 W of

absorbed pump power. This corresponds to an absorbed pump power to
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Raman output power conversion efficiency of 9.3 %. The Raman output power
transfer was measured as shown in Fig. 4.27. At pump powers above 12 W, a

thermal rollover was observed.

1200 T y T v T T T T T T

® Raman output power @1176nm
1000 B

s .
E 800 ]
| .
% ]
2 600 . 4
5
o | |
£ 400 4
° -
E |
_ n a
g 200
(3] [ ]
¢
0 - ] -
T b T T T N T N T ¥ T ¥
2 4 3 8 10 12 14

Absorbed pump power (W)

Fig. 4.27 First Stokes Raman laser output power transfer at A = 1176 nm

At the maximum Raman output power, the beam quality factors M? along the
x and y axes were measured at 2.0 and 2.5 for the first Stokes mode laser and
both 2.7 for the fundamental field laser output. The optical spectrum and beam
profiles were measured and are shown in Fig. 4.28 and 4.29.
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Fig. 4.28 Optical spectrum for the first Stokes Raman output at A = 1176 nm

115



(o]

(@) (b)
Fig. 4.29 Far-field beam profiles for (a) fundamental field and (b) A = 1176 nm first Stokes

mode

4.5 Discussion

4.5.1 Compensation for the beam radii variation influenced by

the thermal lensing

As explain in subsection 1.3.4, thermal lensing scales directly with the Raman
laser output power and has been recognised as the main limitation in the
power-scaling of CW Raman lasers [4.33]. The fundamental (A = 1064 nm)
and Raman (A =1176 nm) TEMoo radii w at the centre of the gain medium
under the influence of thermal lensing with different focal lengths
(ftnt = 200 mm, 100 mm and 30 mm) could be simulated using an ABCD-matrix
software (Winlase 2.1 pro [4.34]). These calculations were undertaken for
different curvatures of output couplers ranging from 1m to 0.1m as displayed
in Tables 4.1-4.3.
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With fin = 200 mm | With fin = 200 mm | With fin = 30 mm

W1064nm 132 um 114 pm 88 um

W1176nm 139 pm 120 pm 93 pm

Table 4.1 The radii varying influenced by thermal lensing with a ROC = 1000 mm output

coupler

With finn =200 mm | With fin = 100 mm | With fin = 30 mm

W1064nm 127 pm 112 um 88 um

W1176nm 133 pm 117 pm 92 pm

Table 4.2 The radii varying influenced by thermal lensing with a ROC = 500 mm output

coupler

With finn = 200 mm | With fin = 100 mm | With fin = 30 mm

W1064nm 104 pm 98 um 83 um

W1176nm 110 pm 103 pm 88 um

Table 4.3 The radii varying influenced by thermal lensing with a ROC = 100 mm output

coupler

ROC =1000 mm | ROC =500 mm | ROC =100 mm

Aw1064nm 44 pm 39 pm 21 um

Aw1176nm 46 pm 41 pm 22 ym

Table 4.4 Summary of the variation ranges of the beam radii with different curved output

couplers

The variations of the fundamental and Raman single mode beam radii as
influenced by the varying range of the thermal lensing (from fun =200 to
30 mm) with output couplers of different ROC are summarised in Table. 4.4.
The ROC = 100 mm output coupler leads to a minimum variation in the single
mode beam size within the gain medium (~ half compared to the other cases)

for the fundamental and Raman fields during the built up of the thermal lens.
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This alleviation of the thermal lens effect will significantly benefit the Raman
laser output performance and the cavity stability under a relative high diode
pump power in the CW regime. However, using the strongly-concave output
coupler will lead to a high intracavity power intensity, which has the potential
to damage the AR coatings of the Nd:YVOa surfaces. Therefore, a balance
between avoiding coating damage and obtaining a good resilience to the
thermal lensing build up must be reached.

4.5.2 Raman clean-up effect

The spatial beam qualities of the different laser outputs are summarised in
Table 4.5. An improvement of the beam quality factor M? could be observed in
each of the Raman laser configurations either between the fundamental field
and the first Stokes field or between the first Stokes mode and the second
Stokes mode. This improvement is attributed to the Raman beam clean-up
effect which has been well reported in [4.35-4.37]. Due to the high power
intensity requirement for the SRS conversion, the weak Stokes signal
originating from spontaneous Raman scattering will be amplified from the
lowest-order propagation mode of the fundamental beam. In this way, SRS
conversion will feature the transfer of energy between fundamental and Stokes
fields without the transfer of distortions, even if the fundamental beam has a
poor beam quality or a multi-mode profile. The Raman clean-up effect may
then influence the beam profiles of the fundamental field due to the weak gain
at the lowest-order propagation mode of the fundamental field induced by SRS

conversion (i.e. Fig. 4.21 and 4.29).

An improved TEM of the first Stokes Raman output (~TEMoo) could be
observed if compared with the fundamental field (~TEMoz1) due to the Raman

beam clean-up effect which will be described in the discussion section.
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M2atA= | M2atA= | M2atA= | M2atA=| M2atA=
Type of output
1064 nm | 1109 nm | 1158 nm | 1176 nm | 1231 nm
First Stokes output 4.9 2.3
based on the (x-axis) (x-axis)
379 cm shift 5.4 3.1
(4.4.2) (y-axis) (y-axis)
Second Stokes 3.4 1.8 1.2
output based on (x-axis) (x-axis) (x-axis)
the 379 cm? shift 3.6 1.9 1.2
(4.4.3) (y-axis) (y-axis) (y-axis)
Combination of the 4.0 1.8 1.2
379 cm-?! shift with (x-axis) (x-axis) (x-axis)
the 893 cm-? shift 3.8 2.3 1.3
(4.4.4) (y-axis) (y-axis) (y-axis)
2.7 2.0
First Stokes output | (x-axis) (x-axis)
based on the 2.7 2.5
893 cm? shift (y-axis) (y-axis)

(4.4.5)

Table 4.5 Summary of the beam quality factors M2 in different Raman laser cavities

4.5.3 Comparison between the primary and secondary Raman
shifts in YVOq4 crystal

The conversion efficiency of the Raman laser emitting at A = 1109 nm (8.4 %)

and that of the A = 1176 nm Raman laser (9.3 %) were in the same range

despite the significant discrepancy in Raman gain transition — the 893 cm™

Raman gain being ~ 5 times higher than that of the 379 cm™! transition. This

can be explained by a combination of reasons elaborated in the following sub-

sections.
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4.5.3.1 Output coupling transmission

First, the output coupling transmissions at each first Stokes wavelength in
A T~02% at
A =1109 nm output coupler was utilised in 4.4.2 while a T~1.0% at

these two Raman laser configurations are different.
A =1176 nm output coupler was used in 4.4.5. To evaluate the influences
induced by different output transmissions and Raman gains on the first Stokes
Raman conversion efficiency, the modelling equations for CW intracavity
Raman lasers developed by Spence et al. [4.38] (which were described in

subsection 1.3.1) were utilised here:

Tg Ap Ts(Tg+Lg) Ap nw?
(Ts+Ls) As 4 As PpgrLgr

P /Pp = (4-2)

All relative parameters were summarised in Table 4.6 below.

Subsection 4.4.2 | Subsection 4.4.5
Fundamental beam radius (w) ~ 100 pm ~ 100 pm
Output coupling transmissions for ~0.03 % ~0.03 %
the fundamental field (TF)
Round-trip losses for the ~0.48 % ~0.48 %
fundamental field (Lr)
Output coupling transmissions for ~0.2% ~1.0%
the Stokes field (Ts)
Round-trip losses for the Stokes ~0.45% ~0.45 %
field (Ls)
Pump wavelength (Ap) ~ 808 nm ~ 808 nm
Fundamental wavelength (ArF) ~ 1064 nm ~ 1064 nm
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Stokes wavelength (As) ~ 1109 nm ~ 1176 nm

Laser diode pump power (Pp) ~12W ~12W
Crystal length (Lr) ~ 20 mm ~20 mm
Raman gain coefficient (gr) ~09cm/GW ~45cm/GW

Table 4.6 Summary of the relative parameters in subsection 4.4.2 and 4.4.5

Therefore, the first Stokes conversion efficiencies could be calculated at ~ 44%
and ~19% for the cases described in subsection 4.4.5 and 4.4.2,
corresponding to a ~ 2.3 times ratio difference. From the modelling equation
4.2, it is clear that the difference in output coupling and Raman gain
coefficients will significantly influence the first Stokes conversion efficiency.

4.5.3.2 Thermal lensing effect

The modelling described above relies on several assumptions such as no
optical losses due to the cavity alignment, fundamental beam radii in the gain
medium are not varying over time and a perfect mode match between the
fundamental and first Stokes lines is present. However, in a real experiment,
strong thermal lensing will significantly reduce the conversion efficiency as
calculated using the modelling equation. The similar Raman laser output
conversion efficiency observed in subsection 4.4.2 and 4.4.5 leads to the
assumption that the thermal lens effect in the A =1109 nm case is less
pronounced than in the A =1176 nm case. This can be attributed to the
guantum defect of the different wavelength conversions. The quantum defect
can be represented as a heat transfer originating from the difference of
energies between the pump photon of the Raman transition and its emitted

Stokes photon, which can be expressed using the following equation:

q = h* wf — h * wg (4-3)
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where q is the difference of energies due to the quantum defect, h is the Plank
constant (~6.63 x 103 m?kg/s), wr and ws are the frequencies of the

fundamental and Stokes photons respectively. This can be rewritten as,

1 1
q:h*c*(l—f—l—s) (4-4)

where c is the speed of light in vacuum, A+ and As are the wavelengths of

fundamental and Stokes photons respectively.

Equation (4-4) describes that, assuming the same fundamental wavelength, a
Stokes wavelength closer to the fundamental wavelength can lead to a lower
quantum defect (thermal loading) during the SRS conversion. Therefore, in
this work, the quantum defect in the As1 = 1176 nm case can be calculated to
be 2.4 times larger than that in the As2=1109 nm case based on the

fundamental pump wavelength of A = 1064 nm.

4.5.3.3 Spectral broadening effect

In 2014, Bonner et al. demonstrated that SRS conversion occurring in an
intracavity Raman laser configuration can extent the linewidth of the
fundamental laser field, which in turn reduces the effective Raman gain [4.39].
However, this effect is dependent on the linewidth of the Raman gain. With a
wider linewidth of the Raman transition, the SRS-induced loss of the
fundamental laser field becomes spectrally broader. Therefore, this effect will
discourage any side-stepping of the fundamental field wavelength. In this way,

the conversion efficiency will be increased.

According to the above points, self-Raman lasers based on the secondary
Raman shift have the potential to provide conversion efficiencies in the same
range as those measured in self-Raman laser based on the primary Raman

shift despite the significant reduction in Raman gain.
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During the laser characterisations presented in subsection 4.4.4 and 4.4.5,
both second Stokes (A = 1158 and 1231 nm) or first Stokes (A = 1109 and
1176 nm) Raman outputs could be observed simultaneously (see Fig. 4.30
and 4.31). This demonstrated a co-existing and competition state between
these two Raman lines based on the same Stokes order but different Raman
shifts. To deal with this competition and select the favourable wavelength, a
balance between the Raman gain and optical cavity losses for each Raman
laser configuration must be struck. Although the Raman gain in the primary
893 cm! Raman shift is ~ 5 times higher than that in the secondary 379 cm™
shift, the reduced thermal lensing and spectral broadening effects occurring in
the secondary Raman shift can partly compensate for this significant difference
in Raman gain. By carefully managing the cavity optical losses for each Raman
shift in the same Stokes mode such as changing the output coupler
transmission or manually aligning the cavity, a desired Raman output

wavelength can be optimised.
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Fig. 4.30 Laser output spectrum for the laser presented in subsection 4.4.4
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Fig. 4.31 Laser output spectrum for the laser presented in subsection 4.4.5

4.6 Conclusion

To the best of my knowledge, the first CW self-Raman lasers based on a
379 cm™' secondary Raman shift of Nd:YVOas crystal have been achieved and
presented in this chapter. The 5-times reduction in Raman gain did not
significantly impact the conversion efficiency of the Raman laser operating at
A =1109 nm. This was due to the significant reduction in thermal lensing and
spectral broadening effects. Four configurations were investigated resulting in
~ Watt-level CW Raman laser outputs at A = 1109 nm, 1158 nm, 1176 nm and
1231 nm. These lasers represent a first step towards the development of CW,
narrowly-spaced, visible lines in the green-lime-yellow region for a range of

medicine and bio-photonics applications.

In this work, the Raman laser output performances were mainly restricted by
the thermal lens and spectral broadening effects, which could be improved by
several approaches such as optimising the reflectivity of the output couplers,
swapping the pump wavelength from A =808 nm to A =880 nm to further
alleviate the thermal lens effect [4.8, 4.10, 4.40] and using linewidth narrowing
elements to alleviate the spectral broadening effect [4.39, 4.41]. In addition,

the significant thermal loading and internal Raman shifts competition both lead
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to some potential opportunities to implement adaptive optics techniques inside

self-Raman lasers to control the Raman laser output performance.
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Chapter 5

Advanced controllable continuous-wave
Nd:YVO;4 self-Raman laser using

Intracavity adaptive optics

5.1 Introduction

Solid-state Raman lasers enable the generation of an extended range of "hard-
to-reach” laser wavebands due to the wavelength conversion associated with
SRS [5.1, 5.2]. However, the power scaling of these Raman lasers operating
either in the CW regime or in the pulsed regime at high repetition rates is
severely limited by the thermal lensing occurring within the Raman gain
medium (especially for intracavity Raman configurations) [5.3, 5.4].

A number of approaches to reduce the thermal lens effect for a range of
specific CW solid-state Raman lasers in an intracavity configuration have been
introduced in sub-section 2.5.4. These methods are based on the use of
synthetic diamond or artificial composite YVO4/Nd:YVO4/YVO4 crystals as the
Raman gain medium [5.5-5.9], or on the lengthening of Raman active crystals
[5.10]. In addition, the quantum defect — one of the influencing factors for the
thermal lens effect - can be reduced by using a higher pump wavelength (for
instance, using diodes emitting at A =880 nm to pump Neodymium-doped

orthovanadate Raman crystals [5.4, 5.10, 5.11]).

In this chapter, a novel approach to reduce the detrimental effects of thermal
lensing during Raman laser oscillation is proposed, utilising adaptive optics

inside the laser cavity. This method has the potential to be utilised in all solid-
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state Raman laser configurations in order to power-scale the Raman laser
output performance. A CW Nd:YVOus intracavity self-Raman laser was used as
a test-bed for the implementation of this technique due to its simple cavity
design and the complex superposition of thermal lensing induced by the
residual pump loading and the non-elastic nature of SRS [5.3, 5.4, 5.11]. An
AO-based feedback control loop featuring an intracavity bimorph DM, a
photodiode sensor to assess the Raman output power and a PC-based control
system was implemented into the self-Raman laser platform leading to an
~ 18 % improvement of the Raman laser output power. In addition to power-
scaling, a wavelength control based on the selection of the primary or
secondary Raman shift of the Nd:YVOa crystal (which has been described in

chapter 4) was demonstrated using this AO technique.

Section 5.2 reviews several AO-closed-loops that were integrated in CW
intracavity solid-state lasers to enhance the laser output performances.
Section 5.3 describes the characterisations of five DMs using two different
measuring approaches. In section 5.4, a Nd:YVO4 self-Raman laser platform,
a system assessor and a PC-based control program will be introduced. In
section 5.5, the results for the Raman laser output power-scaling and
wavelength selection using this AO technique will be presented, while several

discussion points for the achieved results will be provided in section 5.6.

5.2 Reviews of the CW intracavity solid-state laser

improvement using AO-closed-loop

This thesis presents work on the development of an advanced controllable CW
self-Raman laser using AO techniques. A series of previous research related
to the AO-closed-loop implementing inside CW intracavity crystalline lasers is

reviewed below.

Using this concept, Lubeigt et al. improved in 2002 the laser output transverse

mode from TEMo1 to TEMoo while the laser output power was power-scaled
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from 20 mW to 120 mW by implementing an AO-closed-loop for the first time
inside an end-pumped all-solid-state Nd:YVOs laser cavity [5.23].

lens f=150mm
flat

mirror
808nm pump

diode laser deformable

membrane
mirror (DMM)

flat
mirror

curved
mirror

output coupler

Fig. 5.3 Nd:YVO, laser configuration featuring an intracavity DMM [image extracted from
5.23]

A 15 mm-diameter deformable membrane mirror (DMM) containing 37
actuators distributed in a hexagonal pattern, was used as one of the HR folding
mirror in a 6-mirror Nd:YVOa4 laser resonator shown in Fig. 5.3. During the AO
optimisation, two approaches were used to assess the laser output
performance. In the first method, the laser output intensity was detected by a
silicon photodiode with a 100 ym-diameter pinhole which was placed to
spatially filter the laser beam into a TEMoo mode. Alternatively, an advanced
measurement approach using a CCD camera in cooperation with a
programmed software aperture was developed and tested. A hill-climbing
search algorithm was employed to adapt the DMM shape providing an

improved laser output performance.

In 2006, Wittrock et al. demonstrated the use of an AO-based closed-loop
inside a solid-state laser cavity [5.25]. A feedback control network consisting
of an intracavity 10 mm-diameter DMM comprised of 19 actuators with a
hexagonal pattern was integrated within a 4-mirror Nd:YVOas laser
configuration (see Fig. 5.4). A “power-in-the-bucket” fithess assessor (a
photodiode sensor behind a far-field aperture) and a PC-based control

program were used for the closed-loop control. A genetic algorithm was
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developed to obtain an improved laser output performance. Compared to the
manual laser alignment for the same cavity, the beam quality factor M? was
enhanced from 5.0 to 3.6 after AO optimisation, while the maximum laser
output power was increased from 5.6 W to 6.1 W for the same absorbed laser
diode pump power of 26.6 W.

PC-based
control system

. |

photodiode in

integrating
sphere
I N\ ' ‘j:>u ccp Nd:YVO,
SEEEEERE .| S - crystal output
coupler
S i power-meter
i HeNe pump telescope
CccDh

Fig. 5.4 AO-closed-loop combined with a 4-mirror Nd:YVO. solid-state laser cavity [image
extracted from 5.25]

In 2007, several CW Nd:YAG lasers with different beam profiles (i.e. TEMua,
TEM1o0 and TEM20) were optimised into a TEMoo mode by compensating for
the thermal effects using an AO-closed-loop as reported by P. Yang et al.
[5.26]. As shown in Fig. 5.5, an intracavity 19-element piezoelectric DM with a
hexagonal actuator design was utilised as a cavity end-mirror of a flash lamp-
pumped 2-mirror Nd:YAG laser cavity. The output beam profiles were detected
using a PC-controlled CCD camera. The optimum DM pattern corresponding
to a TEMoo beam after optimisation was achieved by a genetic algorithm-based

search process.
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Fig. 5.5 AO-closed-loop in cooperation with the 2-mirror YAG laser cavity [image extracted
from 5.26]

Similarly, in 2008 Lubeigt et al. successfully integrated an AO-closed-loop into
two different side-pumped solid-state laser cavities to significantly enhance the
laser output beam qualities [5.27]. A 15 mm-diameter intracavity DMM was
utilised for both solid-state laser configurations. The DMM contained 37

electrostatic actuators designed in a hexagonal pattern.

2000mm

radius of curvature

v

laser output
204mm ROC

Nd:YAIO <

output coupler

Fig. 5.6 Side-pumped Nd:YAIO laser configuration [image extracted from 5.27]
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In the first instance, the AO-closed-loop featuring a genetic search algorithm
was implemented into a side-pumped Nd:YAIO laser platform, as shown in Fig.
5.6. A highly multi-mode laser output beam profile was improved to a single-
mode beam profile (M? < 1.3) with less than 5 % output power drop after the

AO optimisation.
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ROC DMM
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312mm

flat output coupler ROC

Nd:GdVO,

Fig. 5.7 Grazing-incidence Nd:GdVO. laser configuration [image extracted from 5.27]

In the second case, a grazing-incidence Nd:GdVO4 laser was constructed as
the AO optimisation platform as shown in Fig. 5.7. A similar genetic algorithm
was used to optimise the beam mode. In this case, the laser output
performance was assessed by a nonlinear KTP crystal since the conversion
efficiency of the SHG scales directly with the brightness of the incoming beam.
Therefore, it provided an indirect way to evaluate the incoming laser output
performance by detecting the SHG output laser intensity using a photodiode
sensor. After AO optimisation, the beam quality factors M2 were optimised from
27 to 9 in the tangential plane and from 10.5 to 3 in the sagittal plane with an
output power drop from 15W to 14 W. This corresponded to a brightness

improvement of one order of magnitude.

Furthermore, the investigation on CW intracavity SSL improvements using AO-
closed-loop control was reported in 2010 by J. Li et.al. [5.31]. A 25 mm-

diameter DMM containing 37 electrostatic actuators with a hexagonal
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distribution was used as a cavity end-mirror inside a 2-mirror Nd:YAG laser
cavity, which is similar to P. Yang’s previously reported laser platform [5.26].
A Shack-Hartmann wavefront sensor was used to detect the thermally induced
wavefront aberration of a probe HeNe laser for the global genetic algorithm
search procedure. As a result, the laser output beam profile was optimised
from TEMo1 to TEMoo while the laser output power was power-scaled from
230 mW to 546 mW.

All reports above have demonstrated the feasibility of AO-closed-loop
operation used in conventional solid-state lasers to enhance the laser output
performances, either in respect of the output power and/or the beam profile.
This shows the potential of the concept to be implemented inside Raman
lasers to correct for the more complicated and stronger thermal lensing

produced during SRS conversion.

5.3 Characterisations of INCAO bimorph DM

Five bespoke piezoelectric actuated bimorph DMs developed by BAE Systems
Advanced Technology Centre [5.32] were available for AO correction. Their
characteristics and performance will be described in this section and only the

most suitable one will be chosen for our subsequent investigations.

(a) (b)
Fig 5.8 (a) Test mirrors (INCAO1-3); (b) Final mirrors (INCAO 4, 5)
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The five DMs can be divided into the two groups of "test mirrors" and "final

mirrors" due to their different characteristics (see Fig. 5.8).

Each test mirror (INCAO 1-3) contains 31 piezoelectric actuators with a
corresponding driving voltage range from -50 V to 250 V [5.33]. As Fig. 5.9 (a)
shows, 15 actuators are arranged in a 7mm active aperture while the other 16
boundary actuators extend the total DM diameter to 15 mm. All test DMs have
a HR multi-layer dielectric coating for R > 99.8 % at A = 1064 nm. The working

principle of bimorph DMs has been described in chapter 3.

S )
oy

Y

() (b)

Fig. 5.9 Actuator designation of a) INCAO test mirror with 31 actuators, b) INCAO final mirror

15mm

with 37 actuators (looking at the mirror surface when the flexi-circuit is on the right side)

[image extracted from 5.33, 5.34]

37 actuators are allocated to the surface of the final mirrors (INCAO 4, 5), with
a similar radial distribution as used in the test mirrors which can provide a
higher spatial resolution for the wavefront correction (see Fig. 5.9 (b)) [5.34].
Both final DMs have a multi-layer HR dielectric coating of R>99.9 % at
A = 1064 nm. However, the INCAO mirror 4 could only be driven at a voltage
ranging from -30 V to 180 V while the INCAO mirror 5 has the same driving
voltage range as the test DMs (from -50 V to 250 V).

In order to individually address all actuators with the required voltage range,
the control system shown in Fig. 5.10 was developed. The 12-bit individual

digital signals were produced by a LabView-based control program and
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converted to a set of multi-channel voltages ranging from 0 to ~ 3.5 V using a
USB-DAC (from OKO technologies [5.35]). A high voltage amplifier (from OKO
technologies) was utilised to increase the voltage to the driving requirement of
300V or 210V, depending on the type of DMs used. An additional power
supply (fixed at either 50 V or 30 V for the maximum voltage of 300 V or 210 V
respectively) was used as a floating ground. In this way, a driving voltage range
from -50 V to 250 V (or -30 V to 180 V) could be achieved, which corresponded
to the full addressable range of the 12-bit values (from O to 4096) in the

LabView program.

Pc-based control program

multi-channel Voltage amplifier
low voltage

DAC

digital signals

multi-channel

high voltage
DM
r . v Home-made
L / . , actuator box
driven

voltage

fixed voltage

= = g~ Extra-power
HoosslisesB generator

Fig. 5.10 Schematic diagram of the DM control system

When the same multi-channel driving voltage was applied to all actuators
simultaneously, it led to a near-spherical deformation of the DM surface,
corresponding to a ROC variation of the DM shape. This deformation can be
guantitatively represented by the focusing power (F) that is commonly used to
assess a converging or diverging light beam path through an optical element.
The relationship between the ROC of the mirror surface and the focusing

power can be expressed as:
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F=-2 (5-1)

The response of the focusing power to variations in the DM actuation is a
crucial characterisation of the DM, especially when it is used to adjust the
defocus of each intracavity beam size to achieve a favourable mode matching
between the fundamental and Stokes fields of the Raman laser. Two optical
measuring approaches were undertaken to characterise the DMs in this work.
One was based on a white light optical profiling system, while the other was

using a Shack-Hartmann wavefront sensor.

The principle of the commercial white light optical profiling system used here
(Wyko NT1100 from Veeco [5.36], see Fig. 5.11) is based on a Michelson
interferometer. The focusing power responses of the three test mirrors were
measured along their x and y axes with a ~0.3 nm vertical resolution for
varying actuation voltages. [N.B. the x and y axes are as defined in Fig. 5.9].
The measurement results are displayed in Fig. 5.12-5.14, where the average
ROC was calculated from:

ROC4+ROCy

ROC = 5

(5-2)
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Fig. 5.14 Focusing power response of test mirror 3 measured using a white light
interferometer

Unfortunately, this measurement could not be achieved with the final DM as
its reflective surface was located too far away from the top of the protective
ring (see Fig. 5.15). As a result, the objective lens of the profiler could not be
moved close enough to focus on the mirror surface. Therefore, only the surface

of the test mirrors could be assessed using this experimental set-up.
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Fig. 5.15 Outlines drawing of INCAO final mirror [5.33]

To overcome the limitation of this measurement technique and to measure the

maximum curvatures of the final DMs, a surface profile measurement system

based on a Shack-Hartmann wavefront sensor was constructed as shown in

Fig. 5.16. Ax 4.5 telescope was used to expand a HeNe probe beam to ~ 3 mm

diameter in order to obtain a large illumination area on the DM. The wavefront

on the mirror surface plane was then imaged in the wavefront sensor using a

pair of f = 12.5 cm lenses. Both the illumination and light collection beam paths

were directed with a plane incident on the DM through the use of a 50 / 50

distribution beam-splitter.
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The Shack-Hartmann wavefront sensor from Thorlabs instruments [5.37]
(WFS150-5C) contains an array of miniature lenses (lenslets) which all have
the same focal length (~ 5 mm). When an incoming wavefront is incident on
the lenslets, it is split into an array of light beams which are each focused onto
a CCD detector. The Zernike Polynomials describing the properties of the
incoming wavefront can be computed using the deviations of the different
focus spots. The major Zernike coefficients relevant to this investigation were
Zs (defocus) and Zs (astigmatism) which can be used to calculate the ROC of
the wavefront as follows [5.38]:

Z5X = Z5 + ﬁ (5'3)

Zsy = Zs — 13 (5-4)
—d, 2

ROC, = ;=2 (5-5)
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_ Y

(5-6)
where Zsx and Zsy are the defocus term for the x and y axes respectively and
®x and ®y are the diameter of the measurement pupil along the x and y axes
respectively. The ROC along the x and y axes (ROCx and ROCy) can therefore
be calculated.

The focusing powers along the x and y axes for all five DMs were measured
for varying driving voltages and are displayed in Fig. 5.17-5.21 respectively.
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Fig. 5.17 Focusing power response of the test mirror 1 measured using a wavefront sensor
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Fig. 5.19 Focusing power response of the test mirror 3 measured using a wavefront sensor

145



1 1 1 I I I I T
0.2 -
A
.
0.0+ 2 .
(=] °®
= i
2 02- L] .
0
e
> i
= 0.4 -
57 A |
8 ° final mirror 1 §
L 0.6 - = along x-axis
' e along y-axis
: A general 1
Bz
-30 0 30 60 20 120 150 180

Driving voltage (V)

Fig. 5.20 Focusing power response of the final mirror 1 measured using a wavefront sensor

15 T T T T T T T T T T T
®
. o
1.0 4 "
[ ]
=) T - 1
‘:’ |
g 0.5 . -
0 A
o - 1
o
£ 0.0 i
w0
2 . o .
8 ] final mirror 2
L 0.5- = along x-axis| -
‘ ® along y-axis
| A general 1
a4
-50 0 50 100 150 200 250

Driving Voltage (V)

Fig. 5.21 Focusing power response of the final mirror 2 measured using a wavefront sensor

146



DM/Measuring Minimum Maximum Focusing
approach Focusing Power | Focusing Power | Power Range
(D) (D) AF (D)

Test mirror 1
using a white 0.01 0.89 0.88
light
interferometer
Test mirror 1

using a 0.03 0.92 0.89
wavefront
sensor
Test mirror 2
using a white -0.19 0.19 0.38
light
interferometer
Test mirror 2

using a -0.17 0.09 0.26
wavefront
sensor
Test mirror 3
using a white -0.17 0.66 0.83
light
interferometer
Test mirror 3
using a -0.14 0.60 0.74
wavefront
sensor

Table 5.1 Summary of the general focusing powers of test mirrors measured using a white

light interferometer and wavefront sensor

Table 5.1 compares the average achievable focusing powers of the three test
mirrors, measured using either the optical profiling system or the wavefront
sensor. Most of the results from both sets are in reasonable agreement (within
~ 10 %). Moreover, test mirror 1 and 3 exhibit a similar average focusing power
range (AF ~ 0.8 D) while the test mirror 2 has a significantly reduced response
range (AF ~ 0.4 D). In addition, test mirror 2 has a similar focusing power when
actuated at 250 V compared to an actuation of 175 V for the other mirrors. This
can possibly be explained by some unexpected faults that happened to the

actuators of test mirror 2, such as physical shock or overload.
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DM/Direction Minimum Maximum Focusing
Focusing Power | Focusing Power | Power Range
(D) (D) AF (D)

Test mirror 1 0.09 1.21 1.12
along the x axis

Test mirror 1 -0.05 0.59 0.64
along the y axis

Test mirror 2 0.02 0.21 0.19
along the x axis

Test mirror 2 -0.32 -0.02 0.30
along the y axis

Test mirror 3 -0.05 0.71 0.76
along the x axis

Test mirror 3 -0.28 0.49 0.77
along the y axis

Table 5.2 Summary of the focusing powers of test mirrors along x and y axes measured
using the wavefront sensor

Table 5.2 summaries the focusing power responses of all test mirrors along
their x and y axes using the wavefront sensor only. The correction ranges
observed along the x-axis are always larger than that observed along the y-
axis. As far as the maximum focusing powers of the three test mirrors are
concerned, the biases of the astigmatism between the two main axes were
observed at ~ 0.6 D, ~ 0.2 D and ~ 0.2 D corresponding to test mirror 1 to 3
respectively. It can therefore be concluded that all test mirrors exhibit a high

astigmatism.

The final mirrors were produced approximately one year after the test mirrors.
The dielectric coating and focusing power range were both improved through
advanced passive substrate materials and manufacturing. Table 5.3 displays
a summary of the focusing powers of the final mirrors measured using the
Shack-Hartman wavefront sensor. Final mirror 2 exhibits a much wider
average focusing power range of AF =1.86 D compared with final mirror 1
(AF = 0.83 D). This could be explained by the possibility of using an extended
driving voltage range applied on final mirror 2. In addition, a lower astigmatism

effect could be observed on both final mirrors compared to the test mirrors.
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DM/Direction Minimum Maximum Focusing
Focusing Power | Focusing Power | Power Range
(D) (D) AF (D)
Final mirror 1 -0.71 0.19 0.90
along the x axis
Final mirror 1 -0.66 0.09 0.75
along the y axis
Final mirror 1 -0.69 0.14 0.83
average
Final mirror 2 -0.74 1.03 1.77
along the x axis
Final mirror 2 -0.61 1.33 1.94
along the y axis
Final mirror 2 -0.68 1.18 1.86
average

Table 5.3 Summary of the focusing powers of final mirrors

In conclusion, only test mirror 2 had a limited correction range, corresponding
to the shortest general focusing power range of AF = 0.4 D. Since final mirror
2 presented the best focusing power range (AF =1.86 D) with a lower
astigmatism effect, it was chosen to be implemented inside the self-Raman

laser resonator.

5.4 AO-based feedback control network

The AO-control feedback loop integrated within a 4-mirror Nd:YVOa4 self-
Raman laser configuration is displayed in Fig. 5.22. The Raman laser output
power was recorded by a photodiode (Thorlabs PDA10CS-EC [5.37]) and sent
to the PC-based control program. An iterative search algorithm was employed
to find a shape of the DM that results in an improved Raman laser output power
according to the feedback signal. The AO optimisation process was terminated
after a pre-set loop iteration number was reached in the search algorithm.
Therefore, an automatic power-scaling of the Raman laser output could be

achieved.
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Fig. 5.22 Schematic diagram of the AO-based feedback control system

5.4.1 4-mirror Nd:YVOs self-Raman laser configuration

It is well known that, compared to the traditional A = 808 nm pumping which
involves the “lo2 to “Fs2 absorption transition in the Nd3* ion, pumping at
A =880 nm enables direct excitation of the upper laser level of 4Fz2. Bypassing
the non-radiative “Fs2 to “Fs/2 transition, it provides a lower quantum deficiency
and weaker absorption coefficient leading to an important benefit of reducing
the thermal load. Therefore, in this work, a A =880 nm pump source was
utilised to alleviate the significant thermal loading within the self-Raman crystal
and to allow the resonator to be operated at a higher pump power level [5.4,
5.10, 5.11, 5.39]. The laser diode (LM-B 0107, from LIMO [5.40]) was coupled
with a high-power fibre (g ~ 100 um, NA ~ 0.22, QMMJ-5HPM, from Laser
2000 Ltd [5.41]) with a maximum pump power of 32 W. A temperature
feedback controlled cooling system (Model OCP-11 from Elite Thermal
Engineering [5.42]) was utilised to keep the diode at a constant temperature of
24 °C. The absorbed pump power within the laser gain medium as a function
of the diode driving current was measured using a powermeter (PM100A, from
Thorlabs [5.37]) and is displayed in Fig. 5.23.
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Fig. 5.23 Absorbed pump power corresponding to the driving current

The pump light was collimated and focused into the centre of the self-Raman
crystal with a beam waist of 100 um (measured by a BP104-IR beam profiler,
from Thorlabs [5.37]) using a pair of plano—convex lenses. An a-cut, 2 mm-
diameter, 20 mm-long, 0.3 at.% doped Nd:YVOa4 rod was used as self-Raman
gain medium and mounted in a water-cooled copper block operating at 22 °C
(as previously described in section 4.3). The rod was placed so that the c-axis
of the Nd:YVOas crystal coincided with the x-axis of the DM. Therefore, the laser
oscillation was linearly polarised along this axis. To maximise the effect of the
intracavity DM to the oscillating laser field, a concave output coupler
(ROC =250 mm) and a curved folding mirror (ROC = 1000 mm) were used to
build a x 4 intracavity telescope to expand the laser spot size incident to the
DM. The spot diameter of the single transverse mode was calculated to be
~ 1.5 mm using an ABCD-matrix calculation software (Winlase 2.1 pro [5.43]).
The plane end-mirror and curved folding mirror had a HR coating with
R >99.95 % at A = 1064 and 1109 - 1176 nm while the concave output coupler
was coated for R>99.97 % at A=1064nm, T=1% at A=1176 nm and
T ~0.2% atA=1109 nm. A folding angle of ~ 5° was arranged for both output

coupler and HR mirror.
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As concluded in section 5.3, the final INCAO mirror 2 was selected and
inserted into this laser configuration. Since the DM was not coated for the
Raman wavelength, a flat dichroic mirror (R<1% at A=1064 nm and
R >99.98 % at A=1109 and 1176 nm) was used to divide the Raman laser
oscillator into a 3-mirror resonator and a 4-mirror resonator for the fundamental
laser. The distance between the dichroic mirror and the output coupler was set
to 380 mm to ensure mode matching of both Raman (A =1176 nm) and
fundamental laser (A = 1064 nm) fields inside the laser gain medium (TEMoo

mode radii calculated at ~ 100 um using Winlase).

5.4.2 System assessment
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Fig. 5.24 Raman laser output measuring system
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The schematic diagram of the Raman laser diagnostic system is shown in Fig.
5.24. Since the Raman laser output coupler acted as a cavity folding mirror,
two output beams were produced. The output power of the first output beam
(shown in orange in Fig. 5.24) was directly measured using a Thorlabs
powermeter for monitoring the laser output power during the AO optimisation.
It must be noted that a leakage from the fundamental laser field was also
collected by this powermeter. The system previously described in section 4.3
based on a prism placed at Brewster's angle was used to separate the
fundamental laser field from the Raman modes. The total optical losses
induced by the prism, lens 1 and two flat folding mirrors (M1 and M2) were
measured at ~ 5 %. The separated Raman output intensity was recorded by a
photodiode sensor (PDA10CS-EC, from Thorlabs [5.37]) and sent to the PC-
based control program via an ADC (206-4258, from RS [5.44]) as feedback
signal for the search algorithm. The laser output wavelengths were measured
using an optical spectrum analyser (86140B, from Agilent technologies [5.45])
while the beam quality factors M? were measured using a Thorlabs beam

profiler and a f =80 mm lens 2.

5.4.3 PC-based control system

Several search algorithms were considered in this work. The first search
algorithm considered was a hill-climbing search algorithm, which is a simple
procedure (corresponding to a low computer power requirement) with a

reduced search duration (~ few tens of iterations).

The hill-climbing search algorithm is a rather simple mathematical optimisation
approach. In Fig. 5.25 for instance, it starts with an initial variable (V1)
corresponding to a output power P(V1). Then, the initial variable is changed
with a fixed span (i.e. V2=V1+ C) before the new output power, P(V2), is
measured. If this leads to an improved solution (i.e. P(V2) > P(V1)), the change
will be accepted. If not, the change is rejected. The algorithm then goes to the

next iteration (i.e. Vs =V2 + C ) and the process is repeated n-times (n being
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chosen by the user). The returned solution corresponds to the variable used

after the last iteration.

Initial variable (V)

Change (V) to
(V+n*C)

Change to the next
iteration (n=n+1)
Yes No
3 Stop the loop,
P(V+n*C) > P(V) » the solution was found

Fig. 5.25 Flowchart of the hill-climbing search algorithm

This rather simple search pattern has a main limitation: it only tends to lead to
a local optimum result whereby the end result depends on the starting position.
Taking a simple 2-dimension search space as shown in Fig. 5.26 for example,
if the starting location is at A, the hill-climbing algorithm will lead to a local
optimum result. However, if the optimisation process is started from B, a global
optimum result will be located. In this work, the big size of the search space
(37 actuators with a driving voltage ranging from -50 V to 250 V) significantly
reduces the possibility to start at an initial position on the slope that would lead
to reaching the global optimum result. Therefore, the hill-climbing search
algorithm is not suitable to be applied in this platform. A more advanced search

algorithm is required to locate a global solution.
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Fig. 5.26 Graphic explanation for the local and global optimum in hill-climbing search

algorithm (the highest mountain in Britain - Ben Nevis, image extracted from

http://www.tarmachan-mountaineering.org.uk)

In [5.29], a number of more advanced search algorithms such as a genetic
algorithm, a simulated annealing algorithm and a random search algorithm
were tested on the same laser platform by Lubeigt et al. Although the genetic
algorithm [5.46] tends to always provide a global optimum, the high number of
iterations needed and the high requirement of computer resources were not
entirely adequate for this application. On the other hand, an adapted version
of the random search algorithm exhibited a satisfactory compromise between
a near-global optimum, reduced number of iterations needed and lower
required computer power in this application. This algorithm was therefore

chosen in the work presented in this thesis.

The only difference between a hill climbing and a random search algorithm is
that in the latter, each single element of the solution is randomly changed to
provide any local optimum results. In this work, the variable elements are the
voltages applied on each actuator of the DM while the Raman laser output
intensity recorded by the photodiode sensor is used as the system feedback
signal for assessing the influence of each actuator change.
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Fig. 5.27 Flowchart of the PC-based control system using a random search algorithm

An adapted version of the random search algorithm was developed using
LabView (from National Instruments Corporation [5.47]). The search algorithm
flowchart is displayed in Fig. 5.27. At first, the DM shape was initialised when
all actuators were addressed with a similar user-defined voltage. Next, a
random voltage was applied to the first actuator leading to a subtle deformation
of the DM shape. Each DM mirror change modified the intracavity laser field
leading to thermal changes within the gain medium. However, the
establishment of this new thermal equilibrium is not instantaneous. This so-
called thermal lag can vary in duration but is usually in the order of few
hundreds of micro-seconds as described in [5.29]. Therefore a delay (600 ms
used here) between the DM change and the output power measurement is
required in the optimisation procedure. After this delay, a comparison between
the new output power and the previous one was undertaken. If the output
power was improved, the DM surface change was accepted. Otherwise, the
DM surface was returned to its previous shape. This process was repeated on
each selected actuator in sequence until a pre-set number of iterations was
achieved. Consequently, the expected DM shape could be adapted
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corresponding to an improved Raman laser output power. In addition, by the
end of each loop, the Raman output power would be re-measured and utilised
as the new feedback signal to avoid any long term laser fluctuations induced

by mechanical or thermal instabilities.
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Fig. 5.28 LabView operation interface of the control system

The operation interface of the control system is shown in Fig. 5.28. In the red
square (top right corner), the actuators number was entered by the user
defining how many actuators were involved in each loop while the loop number
(also defined by the user) determined how many loops were to be undertaken
during the optimisation process. The optimised Raman output intensity
recorded by the photodiode sensor was shown as the final output power. The
blue square included a series of initial settings for the photodiode sensor
measurement. The 37 single patterns represent the actuators distributed on
the DM, while a range of 12-bit values from 0 to 4096 was used to express a

driving voltage range from -50 V to 250 V correspondingly.
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5.5 Results

In this section, two different types of experimental results are presented. In
subsection 5.5.1, an automatic AO-loop optimisation was achieved and
resulted in a power enhancement of the Raman laser output performance
operatingat A = 1176 nm. In subsection 5.5.2, a wavelength switching between
A=1176 nm and A =1109 nm was realised by manually changing the DM

shape.

5.5.1 Power-scaling

At the initial stage, the Raman laser was manually aligned with no voltage
applied to the actuators. This resulted in a maximum Raman output power of
500 mW for an absorbed laser diode pump power of 10.8 W. Without any
voltage applied to the actuators, the focusing power of the DM was measured
at -0.46 D and -0.38 D along the x and y axes respectively using the Shack-

Hartmann wavefront sensor-based diagnostic system described in section 5.3.

In the following "pre-optimisation” state, all 37 actuators were supplied with a
driving voltage of 60 V simultaneously, corresponding to a focusing power of
0.27 D along the x-axis and 0.50 D along the y-axis. Using the same pump
power, the laser was manually aligned resulting in a Raman laser output power
of 550 mW. Using the same method introduced in subsection 4.4.2, the beam
quality factors M? were measured at 1.3 and 1.4 along the x and y axes
respectively for the fundamental laser field at A = 1064 nm and both less than
1.1 for the Raman laser mode at A = 1176 nm. The Raman laser output power
transfer was measured as displayed in Fig. 5.29 (except the red point). A
thermal rollover could be observed for absorbed pump powers above 10.3 W

and the maximum Raman output power was equal to 550 mW.
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Fig. 5.29 Raman laser power transfer at pre-optimisation stage (the red point is the result

after AO optimisation)

Then, a range of near-spherical DM shapes with different ROCs were applied
by simultaneously applying the same voltage to all DM actuators. Past a
certain voltage value, the Raman laser ceased oscillating. This enabled to
define the boundary curvatures to be used in the forthcoming automatic
optimisation. It was found that the Raman laser could only operate in a stable
way with a driving voltage value applied to all actuators between 60 and 180 V
(corresponding to a general focusing power range between ~ 0 and ~ 0.80 D).
As a result, the voltage range used in this optimisation was limited to within
these boundary values.

With a starting shape providing a Raman laser output power of 550 mW, the
AO optimisation procedure using the random search algorithm described in
subsection 5.4.3 was automatically undertaken. To speed up the AO-loop
procedure, only the central 7 actuators were utilised with 6 loop iterations
corresponding to a search duration of ~ 5 minutes. After this optimisation, a
specific DM shape was found to deliver an improved maximum Raman output
power of 650 mW (red point in Fig. 5.29) which led to a ~ 18 % Raman output
power enhancement. The driving voltages applied on the central 7 actuators
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were displayed in Table 5.4 while the rest of the actuators remained in a

starting driving voltage of 112.5 V.

Actuator number Driving voltage (V)

1 90.5
2 150.6
3 169.8
4 67.8
5 105
6 109.8
7 62

8-37 112.5

Table 5.4 Driving voltages on each actuators for the specific DM shape after AO optimisation

The output power measurements during the search process were recorded as

shown in Fig. 5.30.
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Fig. 5.30 Output power measurements tracking during the random search algorithm process

The beam quality factors M? were measured at 1.2 and 1.1 along the x and y

axes for the fundamental field and both less than 1.1 for the Raman mode.

Zernike Starting | End Point Error
Coefficient Order Point (um) (pum) Range (pm)

1 (piston) -18.59 -18.49 0.01

2 (tipy) 14.79 14.76 0.01

3 (tip X) 3.87 3.78 0.01

4 (astigmatism +45°) 0.019 0.016 0.002

5 (defocus) -0.125 -0.118 0.002

6 (astigmatism +0°) 0.055 0.071 0.002

7 (trefoil y) -0.001 -0.004 0.001

8 (coma x) -0.004 -0.006 0.001

9 (comay) 0.002 0.011 0.001

10 (trefolil x) -0.002 -0.005 0.001

Table 5.5 Zernike coefficients before and after power scaling investigation
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Using the Shack-Hartmann wavefront sensor system described in Fig. 5.16,
the wavefront modification induced by the DM shape before and after the AO-
loop optimisation can be measured and the related Zernike coefficients are
shown in Table 5.5. The highest change revealed in Table 5.5 implies that the
astigmatism at 0° and coma in the y-axis of the wavefront correction played a

driving role for the high-order thermal lensing compensation.

5.5.2 Wavelength selection

Apart from the power-scaling of the 1176 nm Raman line, a wavelength
selection between two first Stokes Raman outputs at A=1176 nm and
A =1109 nm due to the use of two different Raman shifts in the Nd:YVOa4
crystal has also been undertaken. In this work, the DM mirror was used to

favour the oscillation of one Raman line over the other.
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Fig. 5.31 Optical power transfer of A = 1109 nm mode Raman laser outputs (the blue point is

the wavelength switching point)

In this case, to favour the first Stokes Raman laser output at A = 1109 nm, the
distance between the DM and the curved folding mirror was slightly extended

to 300 mm (see Fig. 5.22). At first, the Raman laser was manually aligned to
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only emit at A = 1109 nm with 0 V applied to all 37 actuators (corresponding to
a DM general focusing power of ~ 0.38 D). The optical power transfer of the
1109nm Raman output was measured as displayed in Fig. 5.31.

At absorbed pump powers above 8.2 W, the A = 1176 nm mode Raman output
could be additionally observed and competed with the A =1109 nm mode,
leading to a significant decline of the output power of the latter. With 10.1 W of
absorbed pump power, the A =1176 nm mode was measured at ~ 100 mW.
To avoid the parasitic oscillation of the A =1176 nm mode, the blue point
shown in Fig. 5.31 was considered to be utilised as the wavelength switching
point since it corresponded to an oscillation of solely the A =1109 nm mode
Raman output corresponding to a Raman output power of 275 mW for an
absorbed laser diode pump power of 8.2 W. The beam quality factors M? were
measured to be 2.2 and 1.9 along the x and y axes for the fundamental field

laser output and 1.3 and 1.6 for the A = 1109 nm laser mode respectively.

Using an optical spectrum analyser, the spectrum of the A = 1109 nm Raman
output beam was measured as displayed in Fig. 5.32. The full width at half-
maximum (FWHM) of the linewidth of the A=1109 nm mode could be
estimated to be ~ 0.15 nm with a resolution of 0.06 nm.
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Fig. 5.32 Optical spectrum of the A = 1109 nm mode Raman laser output at the switching

point

163



400 7 T T T T T T T T e ]
. L
350 1 -
—_ ®
L]
% 300 ° . =
g 250 ) .
° 1 « ° 1
2 200 - -
et
2 ] L ]
S 150 - |
[} . ]
S 100 -
E 1 ®
[
¥ 50 _ ]
1 | @ Output power @ 1176nm
0 e -
I K I T I T I T I T
5 6 7 8 9 10

Absorbed pump power (W)

Fig. 5.33 Optical power transfer of A = 1176 nm mode Raman laser outputs

At this pump power level, a driving voltage of 66 V was then applied to all
actuators simultaneously, corresponding to a near flat DM shape. This led to
the sole oscillation of the A =1176 nm mode with 340 mW of output power.
Using this DM surface shape, the optical power transfer of the A =1176 nm
mode was measured as shown in Fig. 5.33. Similar to the A = 1109 nm case,
both  Raman outputs (A=1176 nm and 1109 nm) could be observed

simultaneously at pump powers above 9.5 W.

At the switching point (blue dot in Fig. 5.33), the beam quality factors M? along
the x and y axes were measured to be 1.4, 1.9 for the fundamental field and
1.3, 1.6 for the A = 1176 nm mode respectively at the maximum Raman laser

output.

The FWHM linewidth of the A=1176 nm mode Raman laser output was
measured at 0.15 nm at a resolution of 0.06 nm (see Fig. 5.34). The transverse
beam profiles of the two first-Stokes Raman modes obtained before and after
wavelength switching are captured using the Thorlabs beam profiler and are

displayed in Fig. 5.35.
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Fig. 5.35 Beam profiles of the Raman output (a) before wavelength switching (A = 1109 nm),
(b) after wavelength switching (A = 1176 nm)

The related Zernike coefficients corresponding to the wavefront correction
induced by the DM shape deformation before and after the wavelength
selection are summarised in Table 5.6. The modification of the wavefront was
mainly focused on changing the defocus.
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Zernike Starting End Point Error
Coefficient Order Point (um) (um) Range (pm)

1 (piston) -19.32 -18.99 0.01

2 (tipy) 15.38 15.06 0.01

3 (tip X) 3.77 3.83 0.01

4 (astigmatism +45°) 0.016 0.016 0.002

5 (defocus) 0.121 -0.013 0.002

6 (astigmatism +0°) 0.043 0.048 0.002

7 (trefoil y) 0.002 0.001 0.001

8 (coma x) -0.001 -0.003 0.001

9 (comay) 0.004 0.002 0.001

10 (trefoil x) 0.003 0.001 0.001

Table 5.6 Zernike Coefficients before and after wavelength switching investigation

5.6 Discussion

Several discussion points were presented from these two AO-based

experiments.

In the power-scaling investigation, different orders of thermal lensing were
alleviated by two stages (i.e. pre-optimisation and AO optimisation). In the
initial state, the focal length of the first-order near-spherical thermal lensing
(ftn) was estimated to be ~ 50 mm when a maximum Raman output power of
500 mW was achieved for an absorbed laser diode pump power of 10.8 W (this
estimation was based on the thermal lensing measurements in a similar
Nd:GdVOs self-Raman laser system [5.4]). The comparisons of the
fundamental (A = 1064 nm) and the first Stokes (A = 1176 nm) fields beam radii
(TEMoo mode) at the centre of the gain medium with and without thermal lens
effect were calculated using the ABCD-matrix software and are summarised in
Table. 5.7.
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No Thermal Lensing | With fin =50 mm

Fundamental laser field

radius along x axis (um) 101 101

Fundamental laser field

radius along y axis (um) 95 95

First-Stokes laser mode

radius along x axis (um) 102 119

First-Stokes laser mode
radius along y axis (um) 103 119

Table 5.7 Radii of the fundamental and first Stokes fields affected by the thermal lensing

In this laser configuration, the fundamental and first Stokes laser fields were
resonating using two coupled cavities due to the insertion of the dichroic mirror
as represented in Fig. 5.36.

Flat end-mirror

==

Output coupler

380mm
Dichroic mirror
HR mirror DM
290mm
Fundamental field First-Stokes field
laser cavity _ laser cavity
24
3 Dichroic mirror 380mm

DM
290mm

Fig. 5.36 Separation of the resonators for the fundamental and first-Stokes laser fields for

visualisation purposes

As shown in Table 5.7, without thermal lens effect, the radii of the fundamental

and first Stokes fields presented a near-perfect mode match on both x and y
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axes. However, the strong thermal lensing led to a ~ 20 % increase of the first-
Stokes mode radii while the fundamental field radii were not affected.
Therefore, the Raman laser conversion efficiency was significantly limited due

to the mode mismatch under strong thermal lensing.

After the pre-optimisation corresponding to a large variation of the DM shape
from concave (i.e. -4.35 m along x-axis and -5.26 m along y-axis) to convex
(i.e. 7.41 m along x-axis and 4 m along y-axis), the TEMoo mode radii of the two
laser modes at the centre of the gain medium were calculated and are

displayed in Table 5.8.

Before pre- | After pre-

optimisation | optimisation

Fundamental laser field

radius along x axis (um) 101 121

Fundamental laser field

radius along y axis (um) 95 116

First-Stokes laser mode

radius along x axis (um) 119 119

First-Stokes laser mode

radius along y axis (um) 119 119

Table 5.8 Radii of the fundamental and first-Stokes fields affected by the pre-optimisation

A ~ 20 % radii increase of the fundamental laser field on both the x and y axes
is shown in Table 5.8 by the near-spherical deformation of the DM shape.
Meanwhile, the mode sizes of the Raman laser field were not modified since
the DM could not directly affect the first Stokes laser resonator. In this way,
compensating for the mode mismatch induced by the first-order spherical
thermal lensing enabled a ~ 10 % (i.e. from 500 mW to 550 mW) power-scaling

of the Raman laser output.

However, after the pre-optimisation, an obvious rollover of the laser power

transfer curve could still be observed with diode pump powers above 10.4 W
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as seen in Fig. 5.29. This was mainly due to the complex superposition of the
high-order thermal lensing which was difficult to alleviate by the near-spherical
compensation. After the automated AO-loop, the maximum Raman laser
output power at 10.8 W pumping was observed to be less influenced by this
rollover and improved back to the original linear trend observed at lower pump
power values (see the red point and blue line in Fig. 5.29). The fundamental
laser output power was measured and remained at 315 mW before and after
the AO optimisation. This experiment shows that the high-order thermal lens
effect has been reduced resulting in a measurable enhancement of the first
Stokes Raman laser conversion efficiency using this AO-based feedback
control loop.

In the wavelength selection investigation, the variation of ROCs along the x
and y axis on the DM could be calculated using the equations from (5-3) to (5-
6) and the defocus (Z5) and astigmatism (Z6) terms shown in Table 5.6. Before
the wavelength selection experiment (i.e. emission of the A=1109 nm line
only), the ROCx and ROCy of the DM were calculated to be -4.29 m and
=7.17 m respectively while an ROCx of >30m and ROCy of 13.8 m were
obtained post-wavelength selection (i.e. emission of the A = 1176 nm line only).
The TEMoo mode sizes of the fundamental laser field at the centre of the gain
medium before and after the wavelength switching were calculated and are

shown in Table 5.9.

Before wavelength | After wavelength
switching switching
Fundamental laser field
radius along x axis (um) 101 113
Fundamental laser field
radius along y axis (um) 95 109

Table 5.9 Radii of the fundamental field affected by the wavelength switching
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A ~ 15 % increase in the fundamental single mode size could be observed after
wavelength switching in Table 5.9. The origin of this effect is not currently clear
to us but the dynamic interaction of all intracavity laser fields will undoubtedly
play a part in this.

To make an easier comparison between these two Raman laser outputs before
and after the wavelength selection, the Fig. 5.31 and 5.33 were combined as
shown in Fig. 5.37.
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Fig. 5.37 Power transfer of Raman lasers resulting from different Raman transitions

The Raman thresholds for both first Stokes modes were achieved at 4.6 W and
5.0 W diode pump powers corresponding to the output wavelengths of
A =1109 nm and 1176 nm respectively. The lower Raman threshold for the
A =1109 nm mode was attributed to reduced cavity losses due to the reduced
output coupling used for the wavelength of interest (T =1 % at A=1176 nm
and T~0.2% at A=1109nm). For absorbed pump powers of 82W
corresponding to a single first Stokes mode operating for each wavelength, the
Raman output power at A=1176 nm was higher by ~23% than the
A =1109 nm mode. With diode pump powers above 8.2 W, the two first Stokes
Raman outputs coexisted and interacted with each other. However, the total
sum of both first Stokes Raman output powers appeared in line with the slope

efficiency observed at lower pumping levels. Further investigation would be
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required to explain the full interaction between these competing Raman

modes.

In addition, while the wavelength selection described in this work could always
be repeated with consistency, the power scaling experiment could not. This
could be imputed to the hysteresis phenomena inherent to bimorph deformable
mirrors. As shown in Fig. 5.38, significant focusing power discrepancies are
displayed by applying different driving voltage trends (either upward or
downward). The maximum hysteresis value observed at a driving voltage
range from 40 to 80 V resulted in a variation of focusing power of ~0.2 D. So
it can be concluded that, when a moderate surface change of the DM is
required (such as in the power-scaling case), the hysteresis phenomena will
significantly affect the optimisation. Whereas when a stronger correction is
needed such as in the wavelength switching, this hysteresis has less impact.
A possible solution for reducing this hysteresis effect will be mentioned in the
future work chapter.
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Fig. 5.38 Focusing power response of the final mirror 2 with the hysteresis phenomena
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5.7 Conclusion

In conclusion, for the first time, an AO-based feedback control loop was
successfully integrated to improve the performance of a Raman laser. In this
proof-of-concept experiment, a bimorph deformable mirror was inserted inside
a self-Raman laser in a coupled cavity configuration. At first, a ~ 10 % increase
of the first Stokes Raman laser output power (at A = 1176 nm) from 500 mW to
550 mW was achieved by manually adjusting the intracavity DM shape (i.e.
from -0.46 D to 0.27 D for the x axis and from -0.38 D to 0.50 D for the y axis)
for an absorbed pump power of 10.8 W. Based on this “pre-optimisation” point,
another ~ 18 % improvement of the Raman laser output power was
demonstrated from 550 mW to 650 mW by an automatic AO-loop optimisation.
The thermal rollover phenomenon observed at the pre-optimisation point in
Fig. 5.30 occurred at higher pump powers after the AO-loop optimisation. The
absorbed pump power was limited to 10.8 W to prevent any damage to the
self-Raman laser crystal coating in case the Raman laser oscillation collapses
during the AO-loop optimisation.

The shape of the DM was assessed using a Shack-Hartmann wavefront
sensor measuring a range of Zernike coefficients. High-order correction
(mainly involving astigmatism and coma) was found to play an important role
during the AO-loop optimisation since the first-order of the spherical thermal
lensing had mostly been compensated for by the defocus correction at the pre-
optimisation stage. From pre-optimisation to the AO-loop optimisation, the
beam quality factors M? were slightly enhanced for the fundamental field (i.e.
from 1.3 to 1.2 for the x axis and from 1.4 to 1.1 for the y axis) while the first
Stokes Raman laser outputs were always measured at less than 1.1 due to

the Raman beam clean-up effect described in sub-section 4.5.2.

As the DM used in this work was not coated at any of the Stokes wavelengths,
only the fundamental field was optimised during the AO-loop optimisation. This
probably restrained the improvement of SRS conversion efficiency (i.e.

~ 18 %) since the first Stokes mode was not directly optimised by changing the
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DM. However, it can be further improved using a new DM with an HR coating

for both fundamental and Stokes wavelengths.

In addition, repeatable wavelength selection between two first Stokes Raman
output wavelengths (A = 1176 nm and 1109 nm) has been demonstrated by a
large stroke variation of the DM shape (i.e. from a general ROC of — 5.25 m to
flat). The Raman laser output powers were measured to be 275 mwW and
340 mW for operating at A =1109 nm and 1176 nm respectively at the same
absorbed pump power of 8.2 W. The beam quality factors M? were measured
to be 1.3 and 1.6 for the x and y axis at A = 1109 nm while both were less than
1.1atA=1176 nm.

This proof-of-concept experiment represents an attractive method to improve
the solid-state Raman lasers to new power levels by alleviating the strong
thermal lens inherent to Raman lasers. It will benefit a wide range of
applications especially combined with nonlinear optical techniques (i.e. SHG
and SFG), for instance to obtain yellow Raman lasers for astronomy (guide
star generation [5.48]), and medicine (retinal laser photocoagulation [5.49]). In
addition, the wavelength selection of Raman laser outputs achieved using the
AO technique represents a first step towards the development of CW,
narrowly-spaced Raman lasers at visible lines, which is of significant interest
for medicine (carbon monoxide poisoning monitoring [5.50]), bio-photonics
(single-molecule detection [5.51]) and environmental remote sensing

(underwater detector [5.52]).
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Chapter 6

Power-scaling and intracavity second
harmonic generation of self-Raman lasers

using 2" generation deformable mirror

6.1 Introduction

In chapter 5, the power-scaling of a CW Nd:YVOs self-Raman laser has been
demonstrated using an AO-based feedback control loop system featuring an
intracavity bimorph DM, a photodiode sensor and a PC-based control system
[6.1]. As the DM used in that work was not coated at any of the Stokes
wavelengths (i.e. A=1109 or 1176 nm), the phase correction was only applied
on the fundamental laser field during the AO optimisation. Therefore, the
efficiency of the Raman laser power-scaling (which was shown as a ~ 18 %
output power improvement in the previous chapter) might have been
restrained since the first Stokes mode was not directly optimised by adjusting
the DM. To correct for both the intracavity fundamental and Stokes fields, a
new bimorph DM with high reflectivity coating for the fundamental and Stokes
wavelengths was inserted inside either a CW Nd:YVOs self-Raman laser or a
CW frequency-doubled Nd:GdVO4 Raman laser to obtain further Raman

output power-scaling.

Section 6.2 describes the characterisation of the new bimorph DMs using the
Shack-Hartmann wavefront sensor. Two Raman laser platforms (i.e. a
intracavity Nd:YVOas self-Raman laser and a frequency-doubled Nd:GdVOa4
Raman laser) combined with the AO-based feedback control network

described in section 5.4 will be introduced in section 6.3. In section 6.4, the
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power-scaling for both Raman laser outputs emitting at either the near-infrared
or the yellow regime will be presented, while several discussion points for the
achieved results will be provided in section 6.5.

6.2 Characterisation of new bimorph DMs

Two new bimorph DMs developed by BAE Systems Advanced Technology
Centre [6.2] were utilised in the work presented in this chapter. The general
characteristics of the DM diameter, driving mode, driving voltage range,
numbers of actuators and their distribution (shown again in Fig. 6.1) were

similar to the DM (i.e. final mirror 2) used in chapter 5.

15mm

Fig. 6.1 Piezoelectric actuator designation of new DM (looking at the mirror surface when the
flexi-circuit is on the right side, driving voltage can be delivered from -50 V to 250 V) [image
extracted from chapter 5 Fig. 5.9]

The main difference compared to the previous DM family is the HR coating for
both the fundamental and Stokes wavelength (i.,e. R >99.9 % @ A = 1064 nm
and 1170-1180nm) on these new bimorph DMs, which provides the
possibility to adjust for both the intracavity fundamental and Stokes fields
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during the AO optimisation. The actuation system of the new DMs is similar to
the one described in section 5.3, with the focusing power responses of these
two new DMs being measured using a Shack-Hartmann wavefront sensor and
displayed in Fig. 6.2 and 6.3.
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Fig. 6.2 Focusing power response of the new mirror 1 measured using a wavefront sensor
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Fig. 6.3 Focusing power response of the new mirror 2 measured using a wavefront sensor
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DM/Direction Minimum Maximum Focusing
Focusing Power | Focusing Power | Power Range
(D) (D) AF (D)
new mirror 1 -0.39 1.81 2.20
along the x axis
new mirror 1 -0.39 1.81 2.20
along the y axis
new mirror 1 -0.39 1.81 2.20
average
new mirror 2 -0.56 1.62 2.18
along the x axis
new mirror 2 -0.61 1.55 2.16
along the y axis
new mirror 2 -0.58 1.59 2.17
average
Final mirror 2 -0.74 1.03 1.77
along the x axis
Final mirror 2 -0.61 1.33 1.94
along the y axis
Final mirror 2 -0.68 1.18 1.86
average

Table 6.1 Summary of the focusing powers of new DMs compared with the final mirror 2

The focusing power responses along the x and y axes are summarised in
Table 6.1. The focusing power range and biases of the astigmatism were both
improved compared to those of the final mirror 2 that was utilised in chapter 5.
This is due to the advanced passive substrate material and manufacturing
processes used for these 2" generation mirrors. Since the new mirror 1
exhibited the longest focusing power range (AF =2.2D) and nearly no
astigmatism effects, it was considered to be the best candidate for the following

experiments in this chapter.
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6.3 Experimental platforms

6.3.1 AO-controlled intracavity Nd:YVO; self-laser system

As shown in Fig. 6.4, the AO-based feedback control network in this work was
similar to the one described in section 5.4. It included an intracavity bimorph
DM for the wavefront modulation, a photodiode sensor to measure the Raman
output intensity as a feedback signal and a PC-based control program
featuring a random-search algorithm to evaluate the shape of the DM
corresponding to an optimised Raman laser output. It should be noted that no
dichroic mirror was used in this platform since the new DM was coated at both

the fundamental and the Stokes wavelengths.

End-mirror Fitness assessor

y 4mm 20mm 160mm
f=20mm f=40mm J.Ql

output
Output
coupler

Pump source

Multi-channel voltage

Pc-based control system

Fig. 6.4 Diagram of the Nd:YVO. self-Raman laser incorporating the AO feedback control

loop
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6.3.2 AO-controlled frequency-doubled intracavity Nd:GdVO4

Raman laser system

y Fithess assessor
72mm

f;i=20mm f,=60mm

Nd:GdvO, BBO

X Pump source

@100 ym 300 %

coupler Fitness

HR mirror

Multi-channel voltage

200mm DM Pc-based control system

Fig. 6.5 Diagram of the frequency-doubled Nd:GdVO4 Raman laser incorporating the AO

feedback control loop

For the investigation of a frequency doubled Raman output, an a-cut,
4 x 4 x 13 mm-long, 0.3 at.% doped Nd:GdVOs crystal was used as both laser
and Raman gain medium as shown in Fig. 6.5. One end surface of the crystal
was HR coated at A = 1064 and 1173 nm and AR coated for A = 880 nm, while
the second end surface was all AR coated for A = 880, 1064 and 1173 nm. The
spontaneous Raman spectrum for the Nd:GdVOa crystal used in this work was
measured using a Renishaw Invia Raman microscope [6.3] with the same

operation procedures as described in section 4.2 and displayed in Fig. 6.6.
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Fig. 6.6 Spontaneous Raman spectrum for the a-cut Nd:GdVO; crystal

The crystal was end-pumped by a fibre-coupled laser diode (100 um core
diameter, NA ~ 0.22), capable of producing up to 25W pump power at
A =880 nm. Two plano-convex lenses were used to obtain a 300 ym pump
beam waist at the centre of the self-Raman gain medium. A four-mirror cavity
(including the HR coating at the end surface of the Nd:GdVO4 crystal) was
constructed with a similar configuration to the one in section 6.3.1. An
intracavity 4 x 4 x 7 mm-long BBO doubling-frequency crystal was used to
provide an efficient SHG process (see Fig. 6.7). The nonlinear crystal was AR
coated at A = 880, 1064 and 1173 nm and cut for type | critical phase matching
(6 = 21:5°, ¢ = 0). A narrow bandwidth optical filter (A = 1173 nm) was used to
ensure that only the Stokes wavelength could be detected by the photodiode

Sensor.
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Fig. 6.7 AO controlled intracavity frequency-doubled Nd:GdVO4 Raman laser operated in the
CW regime

6.4 Results

6.4.1 Power-scaling of intracavity Nd:YVO4 self-Raman laser

First, with 11.2 W of absorbed pump power and no voltage applied to the DM
(corresponding to an average focusing power of ~ 0.02 D), the laser cavity of
the Nd:YVO4 self-Raman laser was manually aligned to deliver a maximum
Raman output power of 380 mW at A = 1176 nm. Then, a pre-optimisation
experiment was undertaken with all actuators manually and simultaneously
changed to obtain a maximum Raman output power, which was measured at
420 mW with all actuators set at 17.5 V (corresponding to an average focusing
power of ~ 0.17 D). The beam quality M? factors of the Raman laser output
beam were found to be similar for both transverse axes and measured as less
than 1.1. The optical power transfer of the Raman laser was measured in Fig.

6.8. The black dots represent the power transfer after a pre-optimisation stage
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while the red dot shows the output power obtained after the full AO optimisation

described below.
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Fig. 6.8 Power transfer of the A = 1176 nm output (optimisation point for an absorbed laser

diode pump power of 11.2 W)

Subsequently, an AO optimisation procedure consisting of 42 actuator
changes (which corresponded to a search duration of ~5min) was
automatically run and returned a DM shape enabling a Raman laser output
power of 550 mW, showing a power improvement of ~ 31 %. The beam quality
factors M? along the x and y transverse axes were both measured as less than
1.1 for the first Stokes laser output. This optimised power value has been
added to the power transfer shown in Fig. 6.8 (red dot). The beam profiles of
the first Stokes output before and after AO optimisation are both displayed in
Fig. 6.9.
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(@) (b)
Fig. 6.9 Beam profiles of the A = 1176 nm outputs before (a) and after (b) AO optimisation

6.4.2 Power-scaling of intracavity frequency-doubled
Nd:GdVO4 Raman laser

At the initial stage, the laser cavity including the Nd:GdVO4 and BBO crystals
was manually aligned with no voltage applied to the DM actuators. This
resulted in a maximum yellow Raman output power of 320 + 20 mW for an

absorbed pump power of 11.3 W.
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Fig. 6.10 Power transfer of the A = 586.5 nm output (optimisation point for an absorbed laser

diode pump power of 11.3 W)
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Then, a pre-optimisation experiment was performed whereby all actuators
were manually and simultaneously changed to a driving voltage of 25V
(corresponding to an average focusing power of ~ 0.23 D). This mirror shape
led to a yellow Raman output power of 390 £ 20 mW. The power transfer after
this pre-optimisation is shown in Fig. 6.10. An automatic AO optimisation loop
was employed at this highest output power, which after approximately 50
actuator changes (which corresponds to a search duration of ~ 7 min) returned
an optimum mirror shape delivering a yellow Raman laser output power of
450 + 20 mW, resulting in a power improvement of ~ 15 %. The beam profile
of the first Stokes mode (A = 1173 nm) was measured from a first Stokes beam
leakage after the HR folding mirror and is displayed in Fig. 6.11. A significant

beam mode improvement can be observed after the AO loop optimisation.

@) (b)
Fig. 6.11 Beam profile of the A = 1173 nm outputs before (a) and after (b) AO optimisation

6.5 Discussions
Several discussion points are presented from these two AO-based
experiments.

For the power-scaling of the intracavity Nd:YVOas self-Raman laser, a distinct
rollover could be observed at pump powers above 10.4 W which is due to the
strong thermal lens effect within the Nd:YVOa crystal. After AO optimisation,
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the optimised point (red dot in Fig. 6.8) exhibited a linear trend with the output
power transfer obtained at lower pump powers. This disappearance of a
thermal rollover behaviour shows a significant reduction of the thermal lens
effect after the AO-loop optimisation. Most notably, a higher power-scaling
enhancement (~ 31 %) was obtained compared with the previous AO
optimisations presented in chapter 5 (~ 18 %). This is mainly attributed to the
phase correction applied to both the first Stokes and the fundamental fields
using the new intracavity DM. A further experiment to investigate the
influences of the thermal lens compensation by the intracavity wavefront
modulation applied on the fundamental or Stokes field individually will be

described in chapter 7.

For the power-scaling of the intracavity frequency-doubled Nd:GdVO4 Raman
laser, the power-scaling improvement (~ 15 %) is not as high as the previous
results presented in the Nd:YVOs self-Raman case. This could be mainly
explained by the intracavity multi-mode competition in the frequency-doubled
Raman laser regime. For the CW intracavity frequency-doubled crystalline
Raman laser, a strong output power instability was commonly observed at a
relatively high absorbed pump power (> 10 W) due to the complex coupling
between different intracavity modes from the fundamental laser conversion,
SRS, SHG and SFG [6.4-6.7] and also the complex superposition of thermal
lens effects induced by different intracavity modes. This high dynamic regime
was even more complicated when the intracavity DM modulation was involved.
A £ 20 mW yellow Raman output instability range was measured when the
absorbed pump power reached 11.3 W, corresponding to a high output noise
of 6.25 %. This amplitude fluctuation can significantly disturb the comparison
between each two adjacent feedback signals when the random search
algorithm of the AO loop was running. To obtain a relative accurate output
power measurement, a longer delay of 1000 ms (compared with the previously
chosen delay of 600 ms in chapter 5) between the DM changes and the output
power measurement was set during the AO optimisation procedure. Therefore,
a small expense of additional correction complexity of the search algorithm

and a slightly longer optimisation time has been necessary in this case. It
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should be noted that, since the HR coating at the yellow output wavelength
was applied on neither the end mirror nor any surface of the self-Raman and
frequency-doubling crystals, the yellow Raman laser output was also exiting
the laser cavity at the end mirror, with the output power being roughly
equivalent to the power measured on the output coupler side. In order to collect
as much yellow emission from one direction, an intracavity dichroic mirror (i.e.
AR at pump, fundamental and Stokes wavelengths and HR in the yellow
regime) could be inserted between the self-Raman and frequency-doubling
crystals in further investigations [6.5]. In this way, the amplitude fluctuation
may also be alleviated since the dichroic mirror will have the potential to reduce
thermal lens effects by preventing the absorption of yellow light within the self-

Raman crystal.

6.6 Conclusion

An intracavity adaptive optics system featuring a new DM, which was HR
coated for both the fundamental and the Stokes wavelengths, was
implemented inside two Raman laser platforms to automatically power-scale
the Raman laser outputs. A ~31 % power improvement of a CW intracavity
Nd:YVO4 self-Raman laser operating at A=1176 nm was achieved using an
AO-based feedback control network. The significant enhancement of the
power-scaling efficiency, compared with the previous results presented in
chapter 5, exhibited the potential of phase correction applied on both the
fundamental and the first Stokes fields for alleviating the detrimental effects of

thermal lensing in self-Raman lasers.

Moreover, for the first time to the author’s knowledge, an AO correction applied
in a frequency-doubled Raman laser emitting at the yellow regime was
demonstrated. A ~ 15 % power-scaling of a CW frequency-doubled Nd:GdVOa4
Raman laser was obtained after the AO loop optimisation. This technique
presented the potential to reduce the effects of thermal lensing in crystalline

Raman lasers and further push the boundaries of high-power yellow lasers for
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astronomy and medical applications [6.8, 6.9]. Further investigations should
focus on looking to apply the automatic power-scaling investigations at higher
pump powers (> 15 W) using a more advanced search algorithm (i.e. genetic
algorithm [6.10]).

193



6.7 References

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

R. Li, M. Griffith, L. Laycock, W. Lubeigt, "Controllable continuous-
wave Nd:YVOas self-Raman lasers using intracavity adaptive optics,"
Opt. Lett. 39, 4762-4765 (2014).

BAE systems advanced technology centre, Stirling Square, 6 Carlton
Gardens, London, SW1Y 5AD United Kingdom,

www.baesystems.com.

RENISHAW apply innovation, New Mills, Wotton-under-Edge,

Gloucestershire, GL 12 8JR, United Kingdom, www.renishaw.com.

J. Lin, H. M. Pask, A. J. Lee, and D. J. Spence, "Study of Amplitude
Noise in a Continuous-Wave Intracavity Frequency-Doubled Raman
Laser," IEEE J. Quant. Electron. 47, 314-319 (2011).

A. J. Lee, H. M. Pask, P. Dekker, J. A. Piper, "High efficiency, multi-
Watt CW yellow emission from an intracavity-doubled self-Raman
laser using Nd:GdVO4," Opt. Express. 16, 21958-21963 (2008).

A. J. Lee, D. J. Spence, J. A. Piper, and H. M. Pask, "A wavelength-
versatile, continuous-wave, self-Raman solid-state laser operating in
the visible," Opt. Express. 18, 20013-20018 (2010).

A. J. Lee, J. Lin, and H. M. Pask, "Near-infrared and orange—red
emission from a continuous-wave, second Stokes self-Raman
Nd:GdVO4 laser," Opt. Lett. 35, 3000-3002 (2010).

S. Wada, N. Saito, M. Kato, K. Akagawa, A. Takazawa, Y. Hayano, H.
Takami, "High Power Yellow Light Generation for Laser Guide Star," in
Advanced Solid-State Photonics, paper MB5, (2006).

J. H. Lock and K. C. Fong, "Retinal Laser Photocoagulation," Med. J.
Malaysia 65, 88-95, (2010).

194



6.10 W. Lubeigt, S. P. Poland, G. J. Valentine, A. J. Wright, J. M. Girkin,
and D. Burns, "Search-based active optic systems for aberration

correction in time-independent applications," Appl. Opt. 49, 307-314
(2010).

195



Chapter 7

Conclusion

The work presented in this thesis demonstrates the development of an
advanced controllable solid-state Raman laser operating in either the near-
infrared or the visible regime for astronomy and medical applications [7.1, 7.2].

The schematic diagram of the thesis work can be concluded in Fig. 7.1.

Advanced controllable
Solid-state Raman laser

Spectral
/ effects
Solid-state Compensate for Adaptive-
- Thermallens c_:l .
Raman laser effect optics system

; t deteriorate
Canbe

minimised by

Cavity optical — Self-Raman
losses crystals

Fig. 7.1 Schematic diagram of the thesis work

As shown in Fig. 7.1, this thesis was entirely focused on dealing with two major
issues restricting the output performance of intracavity solid-state Raman laser
operating in the CW regime, which are the thermal lens effect and spectral
effects.
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To minimise the cavity optical losses and provide a simple intracavity Raman
laser configuration design, two self-Raman crystals (i.e. Nd:YVOs4 and
Nd:GdVOa4) have been utilised in this thesis. This self-Raman configuration
was strongly influenced by the effect of thermal lensing, which therefore
represented an ideal test-platform for the investigations. In this thesis the use
of an AO-based feedback control loop system is proposed, for the first time to
the author’'s knowledge, to compensate for the strong thermal lens effect
inherent within the crystalline self-Raman laser configuration. A series of proof-
of-concept experiments were undertaken based on two different self-Raman
laser platforms at a relative low pump power (i.e. < 15 W). The power-scaling
of CW Raman laser outputs emitting at near-infrared and visible wavebands
has been demonstrated through the integrated AO optimisation. It exhibits a
great potential to alleviate the detrimental effect of thermal lensing using an
automatic intracavity AO correction and open avenues to enable solid-state

Raman lasers to reach new output power levels.

Regarding the intracavity Raman spectral effects, several novel CW Raman
output lines based on the primary and secondary Raman shifts of Nd:YVO4
have been obtained and characterised for the first time, using different Raman
output couplers. Comparing the Raman output performances of different
Raman transitions in the same laser configuration has led to the proof that a
wider linewidth of the Raman shift may have the potential to improve the
Raman conversion efficiency by restricting the spectral broadening effect.
Moreover, a wavelength switching between two Raman outputs based on
different Raman transitions has been achieved using an intracavity AO
modulation which represents the way towards automatic wavelength

selectable high power Raman lasers.

197



7.1 Summary

7.1.1 CW Nd:YVO; self-Raman lasers based on the 379 cm™?
and 893 cm! shifts

In chapter 4, the first CW Nd:YVO4 self-Raman lasers based on a secondary

Raman transition of 379 cm™* were demonstrated in a 2-mirror intracavity

Raman laser configuration using different output couplers [7.3].

absorbed
pump
desi M2 at | power to
esired max .
output coupler type of max desired
output e output
wavelength transmissions (T) output power output output
power power
conversion
efficiency
T=0.2% at 1st Stokes 2.3 along
A =1109 nm output of X-axis
1109 nm T>7% at the 379 cmr LW 3.1 along 8.4%
A=1158 - 1176 nm| ! shift y-axis
T=12% at
A =1158 nm 2nd Stokes 1.2 along
T=0.1% at output of X-axis
1158 nm A =1109 nm the 3p79 cm- 700 mw 1.2 along 54 %
T=5%at L shift y-axis
A=1176 nm
T=24% at
A =1231 nm combinatio
T=0.5% at n of the 1.2 along
A =1158 nm 379 cm? X-axis
1231 nm T=0.1% at shift with 540 mwW 1.3 along >4 %
A =1109 nm the 893 cm- y-axis
T=25% at L shift
A=1176 nm
T=1% at 1st Stokes 2.0 along
A=1176 nm output of X-axis
1176 nm T<0.4 % at the 893 cm- Liaw 2.5 along 93 %
A=1109 - 1158 nm| ! shift y-axis

Table. 7.1 Summary of Raman laser output performances at different wavelengths
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This was made possible by the use of strongly curved output couplers (i.e.
ROC ~ 100 mm) which alleviated the significant thermal lens effect inherent
within the self-Raman crystal. All Raman laser output performances based on

different Raman transitions were summarised in table 7.1.

Although the Raman gain coefficient of the 379 cm! shift was measured to be
~ 5 times lower than that of the 893 cm™" shift, no significant discrepancy was
shown between the first Stokes Raman conversion efficiency emitting at
A =1109 nm (~ 8.4 %) and that of the A =1176 nm Raman laser (~ 9.3 %).
This can be explained by a combination of multiple reasons, including 1) output
coupling transitions, 2) the thermal lens effect and 3) the spectral broadening
effect.

The strongly curved output coupler used in this work significantly reduced the
beam radius of the fundamental transverse mode inside the gain medium and
induced a high intracavity power intensity which has the potential to damage
the AR coatings of the Nd:YVOa surfaces. Therefore, a compromised solution
between maintaining a good resilience to thermal lensing and the avoidance
of coating damage limited the absorbed laser diode pump power level (~ 13 W).
Moreover, a strong thermal lens effect, originating due to the simultaneous
residual pump loading and the nonelastic nature of SRS occurring within the
self-Raman gain medium, also ultimately limits the maximum attainable output
powers. This could be enhanced by alleviating the significant thermal lensing
by for example changing the pump wavelength from A = 808 nm to A = 880 nm.
Finally, the Raman laser output performances could be also improved by

optimising the reflectivity of the output couplers for each output wavelength.

These lasers represent a first step towards the development of CW Raman
lasers emitting at narrowly-spaced green-lime-yellow regions when frequency-
doubled, benefiting many applications especially for medicine and bio-
photonics [7.4, 7.5].
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7.1.2 Intracavity AO control of CW Nd:YVOs4 self-Raman laser

In chapter 5, an AO-based feedback control loop including an intracavity
bimorph DM, a photodiode sensor and a PC-based control system featuring a
random-search algorithm was implemented for the first time inside a Nd:YVOa4
self-Raman laser configuration for Raman output power-scaling and
wavelength control [7.6]. A total ~30% Raman laser output power
improvement (i.e. from 500 mW to 650 mW for an absorbed pump power of
10.8 W) emitting at A = 1176 nm was achieved via two stages (pre-optimisation
and AO optimisation) corresponding to a first-order spherical thermal lensing
compensation and a high-order thermal lensing compensation respectively. At
the pre-optimisation stage, a near-spherical manually adjustment of the
intracavity DM shape was undertaken (from -0.46 D to 0.27 D for the x axis
and from -0.38 D to 0.50 D for the y axis) resulting in an power enhancement
of the Raman laser output from 500 mW to 550 mW. Then, a further Raman
output power-scaling was obtained from 550 mW to 650 mW after an
automatic AO-loop optimisation with the subtle changes of the DM shape
(mainly due to the astigmatism and coma wavefront correction). From the pre-
optimisation to AO optimisation, the beam quality factors M? were slightly
improved for the fundamental field (from 1.3 to 1.2 for the x axis and from 1.4
to 1.1 for the y axis) while the first Stokes Raman laser outputs were always
measured at less than 1.1 due to the Raman beam clean-up effect.

At the pre-optimisation stage, an obvious thermal rollover phenomenon could
be observed when the absorbed pump power increased above 10.4 W.
However, it was found to be eliminated after the AO optimisation at the same
pump level, which presented a significant reduction of the thermal lens effect
in the Nd:YVOa crystal.

However, as the DM used in this work was not coated at any of the Stokes
wavelengths (A =1109 to 1176 nm), the phase correction was only applied on
the fundamental field during the AO optimisation. Therefore, the power-scaling
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improvement (i.e. ~ 18 %) might be restrained since the first Stokes mode was

not directly optimised through the changes of the intracavity DM.

Moreover, a repeatable wavelength switching between A =1109 nm and
A =1176 nm has been demonstrated for the first time by manually changing
the intracavity DM shape corresponding to a near spherical surface
deformation from concave (~ -0.47 D along the x axis and ~ -0.28 D along the
y axis) to flat. The Raman laser output powers were measured to be 275 mW
and 340 mW at A = 1109 nm and 1176 nm respectively for an absorbed laser
diode pump power of 8.2 W. The beam quality factors M? along x and y were
measured at 1.3 and 1.6 for the A = 1109 nm Raman output and both less than
1.1 for the A = 1176 nm output.

7.1.3 Power-scaling of CW self-Raman lasers using new

intracavity DM

In chapter 6, a new intracavity DM coated at A=1063-1064 nm and
1173 - 1176 nm was utilised to control both the fundamental and the Stokes
fields during the AO-loop optimisation. It has been tested on two different self-
Raman laser platforms, an intracavity Nd:YVOa self-Raman laser and a
frequency-doubled Nd:GdVO4 Raman laser, showing power-scaling for both
the Raman laser outputs in the near-infrared (A =1176 nm) and the visible
yellow regime (A =586.5 nm). An output beam profile improvement was also

observed in both platforms.

Compared with the previous results presented in chapter 5, a higher power-
scaling enhancement (total ~ 45 %, from 380 mW to 550 mW for an absorbed
pump power of 11.2 W) has been achieved in a similar Nd:YVOa4 self-Raman
laser configuration than the one utilised in chapter 5. This could be attributed
to the dual-phase adjustment applied on both the intracavity fundamental and
Stokes fields.
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In addition, for the first time to the author’s knowledge, a yellow Raman output
power improvement has been achieved using an intracavity AO-loop
optimisation with a total power-scaling efficiency of ~ 41 % (from 320 mW to
450 mW for an absorbed pump power of 11.3 W). It represents the potential to
significantly compensate for the detrimental thermal lens effect and open
avenues which will enable crystalline Raman lasers to reach new output power
levels. Due to the highly dynamic intracavity competition between several
nonlinear effects (i.e. SRS, SFG and SHG) an output power instability of ~6%
was observed. This instability can potentially be reduced in future
investigations using an intracavity dichroic mirror to prevent the visible, yellow,
laser field from entering the self-Raman gain medium and therefore reduce

mode competition in it.

7.2 Future work

While a series of "proof-of-principle” experiments having been undertaken
which demonstrated a successful implementation of intracavity AO techniques
inside self-Raman laser configurations for solid-state Raman output power-
scaling and wavelength selection, there still remain several scopes in either

theoretical or experimental investigations for the future work.

7.2.1 Investigation of thermal lensing properties in self-

Raman lasers

Understanding the behaviour of thermal lensing in self-Raman lasers is
crucially important to power-scale crystalline Raman laser outputs. However,
it is difficult to characterise the effect since the thermal lensing occurring within
the self-Raman crystal is a highly dynamic and complex effect. Intracavity AO
techniques can be a desired "tool" to find out how intracavity phase changes
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affect the thermal lensing properties, which is vital for the thermal lensing

compensation.
Shack-Hartmann
wavefront sensor

St

\ Two-lens

/ imaging system
Collimated and

focusing IensesR End-mirror Output coupler

Pump source

HeNe probe laser

Self-Raman

HR mirror gain medium

Multi-channel voltage

Intracavity DM Pc-based control system

Fig. 7.2 Schematic diagram of the experimental set-up for monitoring the thermal lensing

within the self-Raman laser gain medium

To achieve that, a measurement system for monitoring the variation of the
thermal lensing in real-time during laser operating is required. The Shack-
Hartmann wavefront sensor measurement system described in chapter 5 to
measure the ROC of DMs can be considered for application in this experiment.
As shown in Fig. 7.2, a HeNe probe beam passes through the self-Raman gain
medium from the outside of the output coupler. The wavefront after the thermal
lens effect (assumed to be occurring in the middle of the self-Raman crystal)
will then be re-imaged on the Shack-Hartmann wavefront sensor via a pair of
imaging lenses. Therefore, the variation of thermal lens properties can be
described through the measured Zernike Polynomials in the Shack-Hartmann
wavefront sensor, corresponding to each phase modulation change by the
intracavity DM.
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A further investigation could even consider the use of two intracavity DMs (see
Fig. 7.3).

Shack-Hartmann
wavefront sensor

Two-lens
imaging system «—— @@

Collimated and

focusing lenses N

Pump source

End-mirror Output coupler
Self-Raman crystal

HeNe probe laser

Dichroic mirror Intracavity DM,

(for the Stokes

HR mirror field adjustment)

Multi-channel voltage
Intracavity DM,

(for the fundamental
field adjustment)

Pc-based control system

Fig. 7.3 Schematic diagram of the experimental set-up for the separate intracavity phases

adjustment

With this configuration it could be possible to modulate the spatial and spectral
properties of the fundamental or the Stokes fields separately by using different
DMs. This could have the potential to reveal how different intracavity modes
affect the properties of thermal lensing and the Raman laser output
performance, which may benefit the current analytic model research on CW
intracavity Raman lasers [7.7].
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7.2.2 AO technique implementation in different types of laser

sources

7.2.2.1 AO optimisation for a wavelength-versatile CW self-Raman laser

In chapter 6, an automatic AO-loop optimisation in an intracavity frequency-
doubled Nd:GdVOs4 self-Raman laser emitting in the yellow regime
(A =586.5 nm) has been demonstrated. More visible Raman lines can be
accessed in the same configuration by phase-matching the nonlinear crystal
for SHG or sum-frequency-generation of the fundamental and/or first Stokes
wavelengths. However, with the output wavelength tuning between different
lines a decreased Raman output performance compared to the optimisation
point would occur due to the spatial and spectral variation within different
intracavity laser modes. Nevertheless it could be possible to automatically
correct for this change using a further intracavity AO optimisation, which
exhibits the potential to further push the boundaries of high-power Raman

lasers operating in a multi-visible spectra produced in one laser cavity.

7.2.2.2 AO optimisation for Stimulated Polariton Scattering (SPS) THz

laser source

As described in [7.8], a crystalline laser source based on SRS and SPS
nonlinear optical processes provides an attractive potential to generate
frequency-tunable CW THz radiation at room temperature. The schematic

diagram of a possible experimental set-up is displayed in Fig. 7.4.
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Fig. 7.4 Intracavity coupled THz SPS configuration. The wavevectors representing the
interaction of the fundamental (Kr), Stokes (Ks) and THz fields (Ktxz) [image extracted from
7.8]

In this system, a 2-mirror (M1 and M2) Nd:GdVOa cavity was constructed
around the bottom surface of a MgO:LiNbOs3 nonlinear crystal to produce the
fundamental laser field. Then, a near-infrared Stokes field can be generated
via the SPS process in the 2-mirror Stokes cavity (M3 and M4). Simultaneously,
the polariton field was also generated corresponding to an output frequency
range between 1 and 4 THz and emitted from the Si prisms at an angle that
satisfies the conservation of momentum of the fundamental, Stokes and

polariton fields.

The main limitation of power-scaling the THz output is again due to the strong
thermal lens effect inherent within the Nd:GdVOas crystal, which leads to a
significant instability of the fundamental field. Moreover, a strong distortion of
the fundamental beam profile was also observed because of the free-carrier-
induced photorefractive effects within the MgO:LiNbOs3 crystal. Both of these
undesired issues represent a significant potential to implement AO techniques
inside SPS lasers to optimise the output performance of the THz generation
for a wide range of applications, especially in THz imaging and spectroscopy
[7.9-7.11].
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