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Abstract

Solid-state Raman lasers are a convenient technology for shifting the wavelength of conven-
tional lasers to exotic wavelengths with enhanced brightness. Recently, diamond has emerged
as an outstanding Raman medium due to its capacity for power handling with demonstrations
of very high output powers (hundreds of watts) in the continuous wave regime. To date,
these demonstrations have been performed in the near-infrared. However, there is demand
for continuous high brightness output at shorter wavelengths (visible and UV). This thesis

aims to address this challenge by intracavity nonlinear frequency mixing.

As nonlinear mixing is a polarization dependent process, the polarization behaviour of
the Raman laser is critical to efficient operation. Thus as a first step, this thesis investigates
the polarization properties of external cavity diamond Raman lasers including a detailed

investigation of anomalous polarization effects that had been previously reported.

In-grown stress-induced birefringence in the diamond is identified as critical to the polar-
ization behaviour. Birefringence was characterized using Mueller polarimetry, a technique
that provides a complete description of the Mueller matrix. Surprisingly, substantial circu-
lar retardance is observed in some locations of the sample and of sufficient magnitude to
induce errors in measurements obtained using more standard polarimetric techniques such
as Metripol. The analysis finds that the most significant parameter influencing the laser
performance is the linear birefringence axis direction. This parameter is found to dictate
the threshold for laser operation and the polarization of the Stokes output. These outcomes
provide a firm basis for selecting crystals, optimizing the beam location in the crystal and

optimizing the input pump polarization.

The knowledge was used to develop a high power intracavity frequency doubled CW
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diamond Raman laser operating in quasi-CW mode. Using an external cavity Raman config-
uration and 1064 nm pumping, a 620 nm laser of output power 30 W and M?<1.1, parameters
that are difficult to achieve presently using any other laser technology. The critical design
parameters that affects the visible conversion efficiency was evaluated experimentally. Fur-
thermore, a model was developed to predict design parameters for optimum laser performance
and power scaling.

The concepts were also adapted to a DRL pumped at 532 nm. First Stokes output in the
yellow (573 nm) was demonstrated with 15 W and 22.7% conversion efficiency. A model
for the laser is presented to optimize efficiency and further increase power. The results were
used to predict the design for deep-UV generation, a wavelength range that is otherwise very

challenging to generate with high power in the CW regime.
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Introduction

With the advent of the first laser in 1960 by Theodore Maiman [1]], lasers have become
an integral part of the modern world, with applications ranging from bar code readers and
media disc players to communication, sensors, military equipment, medical diagnostics and
therapeutics. Over the last five decades, various laser technologies have been developed
based on gas, liquid, and solid-state gain media covering wavelengths ranging from deep
ultraviolet (UV) to far infrared (IR) in discrete as well as continuously tunable wavelengths.
These lasers operate over a wide range of timescales, from pulsed (with pulse duration less
than a femtosecond) to the continuous wave (CW) regime, with varying powers and energies.
Among these technologies, solid-state lasers are preferred over fluid-based lasers as they are
practically more convenient to handle and are generally more compact. The most widely
used solid-state lasers are based on glass/crystalline host materials doped with rare-earth or
transition metal ions [2, [3] generating high average powers and/or high pulse energies and
high beam brightness from ultrashort pulses to continuous wave output with low production

and maintenance cost.
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CW lasers are often necessary for applications where uninterrupted and highly monochro-
matic radiation are required. They have a wide range of applications such as in spectroscopy,
flow cytometry, atom cooling, remote sensing, laser inspection, material processing, foren-
sics, laser displays, and medical diagnostics and treatments. The first CW laser was demon-
strated in 1961 using a He-Ne gas mixture as the gain medium and emitting at 1153 nm [4].
A year later, the first visible CW laser, emitting at 633 nm, was demonstrated using the same
gain medium [3]. Since then, the major thrust has shifted towards developing efficient and
powerful CW lasers operating over a wide range of wavelengths. The 1960s witnessed some
other notable developments including argon ion lasers, CO, lasers, dye lasers, Nd: YAG lasers,
and semiconductor lasers [6-10]. Gas/fluid lasers were initially the most successful owing
to their better thermal management capability. However, owing to their practical difficulties,

the research focus has progressively shifted towards solid-state laser technologies.

Although many solid-state technologies have been investigated, there is still an ongoing
need for high power and high brightness sources at many wavelengths. For example, semi-
conductor diode lasers cover a wide wavelength range from UV to mid-IR, but suffer from
poor beam quality at high powers. This is a result of the fact that power scaling involves
increasing emitting apertures size and by using diode emitter arrays, thus leading to highly
divergent output. On the other hand, solid state lasers, including fiber lasers offer high output
powers with good beam quality but have a limited range of wavelengths [11]. Many of
the above mentioned CW laser applications are not adequately fulfilled by current sources.
Hence there is a need for new technology that simultaneously address both the wavelength

diversity and brightness, especially in the visible and ultraviolet (UV) spectral region.

1.1 Frequency conversion of CW lasers

Currently, nonlinear frequency conversion is relied upon as the main tool for generating the
wavelengths that are otherwise difficult to achieve using conventional laser technologies.
Nonlinear frequency conversion is the result of interaction of a light wave with the material,
leading to changes in the spatial and temporal distribution of electric charges. The magnitude
of induced polarization (dipole moment per unit volume) depends on the applied electric

field (E) and optical susceptibilities by [12],
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P(t) = yVE@®) + Y PE*() + xPE (1) + ... (1.1)

where y! is the linear susceptibility, y® and y©® are the second-order and third-order
non-linear optical susceptibilities. Here, )((1) is a second-rank tensor, )((2) is a third-rank
tensor, y® is a fourth rank tensor and so on. For large electric field strengths, the second
and third terms become significant giving rise to a wide range of nonlinear optical phenom-
ena. The second term gives rise to second-order nonlinear effects such as second harmonic
generation (SHG), sum frequency generation (SFG) and difference frequency generation
(DFG) whereas the third term gives rise to third-order nonlinear optical effects such as third
harmonic generation, intensity-dependent refractive index (also called optical Kerr effect),
saturable absorption, two-photon absorption, stimulated Raman scattering (SRS) and stim-
ulated Brillouin scattering (SBS). While third-order nonlinearity occurs in all the materials,

second-order nonlinearity is exhibited only in non-centrosymmetric crystals.

(2) , Nonlinear crystal
Single longitudinal
mode lasers
(b) Inversion gain Nonlinear crystal

Periodically poled
(c) Inversion gain m X crystal

M
Figure 1.1: Basic concepts for nonlinear frequency conversion in the CW regime: (a)
external cavity resonant enhancement, (b) intracavity, and (c) single pass conversion using

periodically-poled crystals.

Nonlinear frequency conversion in the CW regime is challenging because of the large
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intensities needed to drive the nonlinear process. Hence, resonant schemes are usually
employed, such as external resonant cavity frequency conversion [13H19], and intracavity
frequency conversion [20-25] in which the fundamental and/or frequency shifted beams are
resonated in the cavity (Fig.|l.1|(a) and (b)). In an external cavity, the mirror spacing requires
precise locking to provide a resonance with the laser frequency, so the technique is only
suitable for single longitudinal mode pump lasers precisely tuned to the cavity mode. The
intracavity frequency conversion technique, which utilizes a single resonator for both the
fundamental as well as the frequency converted beams, provides an approach for efficient
conversion of multi-mode pump lasers. Another approach is the use of periodically-poled
materials (Fig[I.T](c)) which provide a method to phase-match in materials and for propagation
directions that yield a high nonlinearity [26H33]. Due to their high effective nonlinear
coupling, periodically-poled crystals enable efficient conversion of external beams without

resonant enhancement.

From a commercial point of view, the most widely used and simplest approach is based
on intracavity SHG of rare-earth based crystalline lasers. Many laser pointers and visible CW
lasers for ophthalmology, for example, are based on SHG of Nd** doped solid state lasers
using crystals such as lithium triborate (LBO) and Potassium titanyl phosphate (KTP). The
concept has been readily extended to frequency tripling and quadrupling to generate a range

of discrete wavelengths [34-39].

Sum frequency mixing is also employed for frequency shifting rare-earth doped crystalline
lasers. For example, 50 W of 589 nm laser was developed from SFG of 1064 nm and 1320 nm
outputs from separate Nd:YAG lasers using LBO crystal [40, 41] for applications in laser-
guide stars. However, these approaches provide only a limited range of new wavelengths

according to the available pump wavelengths and their sum frequency combinations.

Optical parametric oscillators (OPOs) offer the important property of shifting to longer
wavelengths and provide wide wavelength tunability ranging from blue to far-IR spectral re-
gions covering almost the entire visible spectrum [42-49]. However, like SHG and SFG, these
systems require strict phase-matching conditions and temperature stability for its operation
and hence are more sophisticated.

A significant development in exploring a wide range of wavelengths is the vertical external

cavity surface emitting lasers (VECSEL) that generate wavelengths ranging from blue to red

up to 20 W in the yellow region [21},150] and up to 64 W in the green [S1/]. However, obtaining
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good beam-quality at higher powers is still a challenge.

Power scaling in these systems based on the y(®) nonlinearity is challenging as stability and
efficiency are influenced by an effect called thermal dephasing. Although the nonlinear optical
crystals used are ideally non-absorbing, small amounts of absorption become important as
the heating of the crystal perturbs the relative phase of the intensity fields (phase-matching),
which is critical to achieve high conversion efficiency [27, 29, 30]. In addition, the beam

quality is difficult to maintain at higher powers [26, 52]].

1.2 CW Raman lasers

Raman lasers, based on SRS, are another important technology for frequency conversion,
where the pump photons interact with the material optical phonons to generate Stokes photons
frequency shifted by the phonon frequency w, as shown in Fig.[T.2] The process is considered
to be automatically phase-matched as the phase mismatch between the pump and Stokes
photons are taken up by the optical phonons (further discussed in Sec 1.1.2), thus making
the process insensitive to temperature and angle. The principle of automatic phase-matching
forms the basis for Raman beam clean-up, where an aberrated pump beam generates a
diffraction limited Stokes beam. The process also allows the generation of higher-order

Stokes via cascading of lower order Stokes photons.

Virtual state

»

hvp h(ve - v,)

hv

[ —

Stokes

Figure 1.2: Energy level diagram of Raman sacttering.
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1.2.1 Stimulated Raman scattering

Raman scattering was first theoretically predicted by Smekal ez al. in 1923 [53]] and was first
observed by Raman and Krishnan in 1928 [54]. SRS was first observed by Woodbury and Ng
in 1962 [55] of Hughes Aircraft Company while working with a pulsed ruby laser. Eckhardt
et al. gave the explanation for the new line observed, as the Raman line of the NO; functional
group from nitrobenzene in the Kerr cell used for Q-switching the ruby laser [56]. Since
then, many scientists have contributed to the theoretical description of SRS [57H60]].

The theory of SRS will be briefly introduced here in preparation for developing the
concepts used to model CW Raman laser operation in this thesis. A quantum mechanical
treatment of Raman scattering was performed by Penzkofer ef al. [S7] by describing the
physical system as a Hamiltonian consisting of components representing the molecular system
Hp,, electromagnetic field Hep and the interaction between the molecular vibration and the
electromagnetic field Hj,.. The interaction of a quantized electromagnetic field with a two
energy level quantum system results in Raman scattering.

The interaction of the electromagnetic field with the material induces a polarization which
is proportional to the dipole moment p and the number of molecules Ny. The induced dipole

moment is

p(z1) = aE (z,1), (1.2)

and the polarization vector is

P = NoeE (z,1), (1.3)

where E is the electric field and the molecular polarizibility « is expanded as a function of

the local coordinate g according to Placzek [61],

a:ao+a—aq+.... (1.4)
dq

When an electromagnetic field interacts with the material, the molecule oscillates thereby
periodically changing the polarizability. This results in the modulation of refractive index in
time (n (¢) = € (t)l/ 2=[1+4nNa (t)]l/ 2) of the coherently oscillating molecules resulting
in frequency side bands separated by the resonant frequency of the oscillator w,, which results

in Stokes and anti-Stokes frequency shifts.
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The total scattered Stokes generation rate is the difference between the number of Stokes
photons generated at the expense of the pump photon and the reverse process of loss of Stokes

photons and the generation of pump photons [57],

dmg N ((904)2 473

ar ' \oq 2

w
ZS (ep.es)? (1 +ms + my) S (ws — wp +w;),  (1.5)
S

P
npngmc
P ks r

where mps , are the occupation numbers for the pump, Stokes mode and phonon vibration,

N = Ny/V; Ny is the number of molecules in the interaction volume V, Ip is the pump

fiwpe
npV

intensity Ip = ( ) ;mp, wps; are the angular frequencies of pump, Stokes and phonon
vibration and epg are tﬁe polarization vectors of pump and Stokes.

Equation. [I.5|consists of three terms. The first term (with the 1 in the bracket) corresponds
to the spontaneous Raman scattering. The second term (proportional to mg) corresponds
to growth in the Stokes mode due to stimulated Raman scattering. The third term, which
corresponds to the material vibration, is small due to large damping of the optical phonons
and can generally be neglected.

From Eq. [I.5] the rate of growth of an individual Stokes photon with wave number ks
is [57]

dm (ks) _

da\* 4n
dt N( a) . IP;Z_f(eP-es)z(l+m(ks))p(ws—wP+wr)’ (1.6)

dq npngmc

where p (w) is the spectral distribution determined by the molecular transition and linewidth
of the pump laser. For a homogeneous broadening of the molecular transition and narrow

linewidth pump laser, the spectral distribution p (w) is expected to be Lorentzian [S7],

I'/n

(ws — wp + w,)? + T2

p(ws —wp +wy) = (1.7)

where I' denotes the linewidth which is inversely proportional to the dephasing time 7 of
the physical system. From Egs. [I.6] and [I.7] it is seen that the growth of Stokes photons
depends on the frequency of the Stokes photons and the linewidth I'. When the occupation
number m (ks) > 1, an exponential growth of the Stokes photons is predicted by Eq.[I.6] The
maximum small-signal gain gs for Raman scattering is obtained at the centre of the Raman

line (ws = wp — wy) [57],
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(1.8)

npnsc2mw,

dar\ 47’ wg
dq

gs=N(

2
Thus, gs is proportional to the material parameter (g—ﬁ;) and 7>. Also, gs depends on the

wavelength; higher gain is expected for shorter Stokes wavelengths.

From Eq. [[.6] the rate of growth of Stokes photons depends on the dot product of pump
and Stokes polarization vectors, which is valid in the case of a two energy level molecular
gas system. However, in general, the polarizability described by Eq. is a tensor (the
Raman tensor, R = g—;‘) with off-diagonal elements according to the symmetry of the mode
of vibration. In this general case, the Raman gain coefficient is,

47 Nws

gs = ———5——(epRes)”. (1.9)
nsnpc mw,I’

1.2.2 Raman laser intensity equations

Initially the Stokes power increases linearly due to spontaneous scattering and when a suf-
ficient number of Stokes photons are present, growth becomes exponential due to SRS with
the small-signal Raman gain given by Eq.[I.9] Once the number of Stokes photons are large,
the dynamics may be readily described by a classical treatment of electromagnetic field [[12].
Here the vibrational mode is described as a simple harmonic oscillator with resonant fre-
quency w; and damping constant y due to the influence of the pump laser field. The equation
of motion for the molecular vibration is [12]
&?q ,dg o _F@®

2 +2y5+qu— — (1.10)

where F (¢) is the force inducing the molecular vibration and m is the reduced mass. When

both pump and Stokes fields are present, the total electric field is written as

E (z,t) = Apexp[i (kpz — wpt)] + Asexp [i (ksz — wst)] + c.c, (1.11)
and the amplitude of the molecular vibration is [[12]

(52) AvAg

2 2 : ’
m (wr — Wpg — lepsy)

q (wps) = (1.12)

where wps = wp — ws. From Eq.[I.3] the nonlinear part of the polarization is given by,
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) . . .
PNz 0) = N (a_(;) |7 (wps) e KersD 4 c.c| [Ape!remerD 4 AgelsemesD] - (1.13)

where K = kp — ks. The nonlinear polarization contains several frequency components,
of which the one oscillating with frequency ws is the Stokes polarization. The complex
amplitude of the Stokes polarization helps in determining its spatial evolution and is given

by [12]

oa * i i
P (ws) = N(%) q" (wps) Ape™s* = 6o xy (—ws; wp, —wp, ws) |Ap|* Ase’™s%,  (1.14)

where the third order nonlinear susceptibility Xs ) is [62]

¥ (8 (0} - k)~ (32)" 20msy

Xy (ws; wp, —wp, ws) = : (1.15)
6eom [(wrz — “)1235) + 4wPSy ]
and is related to gs by,
6ws
8s = —— Imy{. (1.16)
cegnsnp

The rate equations for the pump and Stokes fields for a Raman laser are obtained from
Helmholtz’s equation of interacting waves (propagating in the z direction), assuming that the

interacting waves are harmonic in time (second derivatives are neglected here) [63]],

HE (9E 1 ]
n go_tw

= PnL. 1.17
c ot (9 260cn 2epcn NL ( )

Here, the induced polarization Pyy. due to the material vibration described by Eq. [I.13]is the
driving term for the electromagnetic waves in Eq. The spatial evolution of Stokes and
pump wave amplitudes and intensities (I = |E|? cneg/2) obtained from Eq. and Eq.
are given by [62]

dAg 3ws)(l(f) (ws)

P |A3| As. (1.18)

3

dA 3w (wp)

dP _ OPXR TP |43 Ap., (1.19)
Z cnp

dr 6w
d_s = 2—ImXR)(wS)IpIS, (1.20)
Z c-€pnsnp
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dI 6
T = Iy (@) Ipls. (1.21)
< c“epgnsnp

From Eq. the spatial evolution of the Stokes wave depends on |Ap|? and thus is
independent on the phase of the pump wave. As a result, phase distortions in the pump wave
are not directly transferred to the Stokes wave — this forms the basis for the aforementioned
automatic phase matching of the SRS interaction. Since wps = wp — ws is positive, the
imaginary part of XI(S ) (ws) is negative and Eq. implies that the Stokes is amplified.
Also, using the susceptibility identities, )(](S ) (wp) is positive, indicating that the Stokes
wave grows at the expense of the pump wave. The amplified Stokes wave, in turn, beats
more strongly with the pump beam, resulting in stronger molecular oscillations and further
amplification of the Stokes.

The steady state rate equations for CW Raman lasers (pump and Stokes waves are time-

independent) are obtained from Eq. [1.16] [1.20] and [1.21] after introducing absorption loss

coeflicients for pump and Stokes apg [38, 164, 165]],

olp

5. gpelpls — aplp,
b4

dls

a— :gSIPIS - a’sls. (1.22)
Z

where gs = gpws/wp is the small-signal gain coefficient given in Eq.[I.8] These equations

form the backbone to the CW diamond Raman laser models developed in Chapters 4 and 5.

1.2.3 CW Raman laser technologies

The first CW Raman lasers were demonstrated in ammonia [66, [67]], neon [[68]] and sodium
vapour [69]. These lasers used near atomic/molecular resonant Raman transitions to attain
enough gain for Stokes conversion in a single pass; however, the pump can be tuned only
over narrow regions near the resonance. The first "off-resonant” CW Raman laser was
demonstrated by Brasseur ef al. in H utilizing a resonantly pumped cavity [/0] opening up
the potential for widely tunable CW Raman lasers. Gases have often been the preferred
Raman media owing to their lower scattering losses, large Raman shift (~ 2900-4200 cm™")
and higher threshold for other detrimental nonlinear effects such as self-focussing [[71]. Hj,

D, and CH4 were the most widely used [[70,71] owing to their higher Raman gain among the
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other gaseous media. However, they suffer from severe thermal effects, low gain (compared
to crystalline counterparts), optical breakdown and large physical size which sets a limit on
their range of applications [71]. In order to access a wide range of wavelengths with high
power and brightness, a combination of properties such as high Raman gain, good thermal

and mechanical properties and wide transmission band is highly desired.

In parallel with these developments, optical fibers were also being used as promising
Raman gain media as they allow high pump intensities to be maintained over a longer
distance due to optical confinement [72]]. In addition, the heat generated can be distributed
over a longer distance, thus enabling simplified management of the thermal load. CW output
powers up to 1.28 kW with a lower threshold at 1120 nm has been demonstrated with Raman
fiber lasers [72H74]. However, they suffer from linewidth broadening at elevated powers

which poses problems for subsequent harmonic conversion.

Crystalline Raman media exhibit higher Raman gain, much smaller spectral broadening
than glasses (but higher than gases), and wide transmission. The first bulk crystalline CW
Raman laser was demonstrated by Grabtchikov et al. using barium nitrate as the Raman
medium as it has the highest Raman gain amongst common Raman crystals [75]. Since then,
a variety of Raman crystals have been used including Ba (NOs3),, BaWO,, KGd (WO,),,
KY (WOy),, silicon and so on (comparison of properties of selected Raman crystals are
provided in Sec.1.3). Recent research in CW Raman lasers has mainly focussed on crystalline

Raman media and glass and hollow-core gas-filled fibers.

As SRS is a third-order nonlinear optical effect, pumping at high intensities is required
to reach the threshold for net gain (typically much higher than the y® processes). In order
to minimize the threshold, the cavity is often made resonant for the Stokes, and the pump
is either resonated together with the Stokes or single/double passed in the cavity. The basic
Raman laser configurations can be broadly divided into two categories: intracavity (Fig.[I.3|

(a)) and external cavity configurations (Fig. (b) and (c)).

In an intracavity Raman laser configuration, the Raman gain material is placed inside
the pump laser cavity [/6-80], which is made resonant for both the fundamental and first
Stokes. This enables efficient energy extraction from the laser gain medium as well as efficient
conversion of fundamental to the first Stokes in the Raman crystal. Intracavity Raman lasers
are an important technology providing efficient, low-threshold wavelength conversion from

diode lasers to exotic wavelengths. The major concern for this class is the significant thermal
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Figure 1.3: Basic configurations used in CW Raman lasers: (a) intracavity (b) doubly-

resonant and (c) singly-resonant.

loading arising from the laser gain medium as well as from the Raman gain medium. Hence,
such resonators need to manage two thermal lenses and this has put a limit on the maximum
power achieved to a few watts [/6]. A variation of intracavity Raman laser is the self-Raman
laser in which a single crystal (e.g. KGd (WOy),, Pb (WOy4),, GAVO,4 doped with Nd** and
Yb3* ions) is used for the generation of the fundamental wavelength as well as frequency shift
through SRS process [81,182]]. This design is utilized for developing very compact and robust
laser sources. However, the combined heat load due to the inversion and SRS processes also

makes power scaling challenging.

In an external cavity Raman laser configuration, the Raman medium is placed in a
resonator entirely separated from the pump laser. As a result, the thermal effects in the
laser and the Raman gain medium can be managed separately. The external cavity Raman
lasers include doubly-resonant cavity with resonating pump and Stokes (Fig. [1.3] (a)) and
singly-resonant cavity with only Stokes resonating in the cavity (and the pump is either single
or double passed)(Fig. [I.3] (b)). Resonantly-enhanced pumping has been demonstrated in
gaseous Raman media [70, [83H85]] with thresholds as low as a few milliwatts. But like
resonantly-enhanced second harmonic generation, these systems require single longitudinal

mode pump sources that are locked to a cavity resonance (or vice versa). Moreover, it
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requires more complex mirror coatings to resonate both the pump and the Stokes. In order to
avoid these complexities, non-resonant (single/double pass pumped) external cavity Raman
lasers are used at the expense of a much higher threshold. Hence, strong focusing and low
intracavity losses are critical for reducing the threshold and for efficient operation [86]]. In all
Raman crystals but diamond, the combination of high threshold and low thermal conductivity
makes efficient operation problematic [75}[87]]. That is, the pump powers needed to achieve
threshold are typically enough to cause substantial thermal degradation (through impurity

absorption as well as SRS) so that practical efficiencies have not been achieved.

Recently, diamond has emerged as an important high brightness CW conversion material
due chiefly to its high thermal conductivity but also useful because of its wide transparency
range and large Raman shift [88H91]]. A further key advance has been its use together with
the external cavity configuration to further simplify thermal management of the system. An
external cavity diamond Raman laser (DRL) was first reported by Kitzler et al. with 10 W
of 1240 nm Stokes output with 49.7% slope efficiency in the near-IR [87]]. Output power
has since been further increased to 381 W for periods of 10 ms (approximately a thousand
times longer than the transient thermal time-constant) with conversion efficiencies as high as
61% [92,93]]. To date, the pumps used have been exclusively limited to Nd and Yb lasers
operating near 1064 nm, however the technology is promising for being readily adaptable to

other CW laser pumps.

1.2.4 CW Raman laser technology with intracavity frequency conversion:

Visible and UV generation

The wavelength diversity of Raman lasers is greatly increased by combining intracavity
frequency mixing techniques such as SHG and SFG. The first intracavity frequency mixed
Raman laser was demonstrated in the pulsed regime by Ammann in 1979 using an arc-lamp
pumped Q-switched Nd : YAIOj3 crystal and an intracavity lithium iodate crystal. Lithium
iodate, having both second and third order nonlinearity, was used as the Raman crystal and
frequency mixing crystal to generate four lines in the yellow to red spectral region [94].
Much later, in 2007, Dekker et al. demonstrated the first CW intracavity doubled Raman
laser using Nd : GdVOy as the laser crystal, KGW as the Raman crystal and LBO as the
frequency doubling crystal generating 704 mW CW power at 588 nm and 1.5 W of quasi-CW
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power [95]]. Since then, intracavity Raman lasers with intracavity doubling have demonstrated
arange of wavelengths in the yellow and orange spectral region with up to 10 W of CW power
using a range of pump lasers, Raman crystals and doubling crystals [96-107].

External cavity Raman lasers with intracavity doubling have been reported in the pulsed
regime to generate visible and UV outputs [108, [109], but to date not in the CW regime.
Since diamond solves a major thermal problem, the high intracavity powers (of the order of
tens of kilowatts) in an external cavity DRL open up the possibility of exploring wavelengths

in the visible by intracavity frequency mixing and is the central topic of this thesis.

1.3 Diamond as a Raman medium

Diamond is an extreme optical material and has a range of applications in optics such as
in nano-photonics and optomechanics, intracavity heat spreaders, high power laser win-
dows, synchrotron and x-ray optics and quantum information processing, apart from Raman
lasers [111H115]. High thermal conductivity, wide bandgap and wide transmission window
are a few of its outstanding properties pertinent to optical and photonic applications. As this
thesis is focussed on the application of diamond as a Raman gain medium, properties in this
context will be introduced here. A comparison of such properties with other commonly used
Raman crystals is presented in Tab. [I.1]

The Raman gain coefficient is a fundamentally important parameter determining Raman
laser performance. A high gain coefficient provides lower threshold, relaxed constraints
on optical coatings and allows the choice of shorter crystals. The Raman gain of diamond
is relatively high compared to most other Raman crystals (See Tab. [I.T)) due to its high
density, small mass and large da/dg (deformation potential) [119]. Like all Raman crystals,
the Raman gain coefficient of diamond increases with decreasing Stokes wavelength (see
Eq.[1.9) as shown in Fig.[T.4] Measurements by several groups at various pump wavelengths
range from 8-15 cm/GW in the IR and 15-20 cm/GW in the visible [120-122].

The power range of Raman lasers is limited, primarily due to thermal effects arising from
the decay of optical phonons involved in the SRS process and impurity/defect absorption.
The thermal conductivity of diamond, which is orders of magnitude higher compared to
other commonly used Raman crystals and those listed in Tab. [I.1] is thus an outstanding

feature for providing a high power advantage. Furthermore, diamond possesses a positive
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Figure 1.4: Raman gain coefficient as a function of wavelength measured using various

techniques [120]].

and moderate value of temperature coeflicient of refractive index (dn/dT). From all these
parameters, heating in diamond results in positive thermal lens of magnitude several orders
weaker than other Raman crystals.

Diamond has a transparency range from UV to IR because of its UV absorption edge and
the absence of first-order infrared absorption. As shown in Fig.[I.5] the absorption spectrum
is featureless from the wavelength range 230 nm to 2600 nm and beyond 6200 nm. The
major features that affect the wavelength dependence of absorption are UV-edge absorption
(wavelength less than 225 nm) and infrared lattice absorption of moderate strength between
2600-6200 nm [119].

Synthetic diamond typically contains a host of defects and impurities, especially nitrogen,
arising from growth conditions (the details of which are given in Sec.1.3.2) that affect the
absorption properties. Fig. [I.6] shows the dependence of absorption coefficient of CVD
grown diamond on the amount of nitrogen concentration, determined using laser calorimetry
at 532 nm and 1064 nm. Crystals with 100 ppb nitrogen content have an order of magnitude
higher absorption coeflicient than crystals with 20 ppb nitrogen content. It is also to be noted

that the absorption coefficient is higher in the visible, with values around 0.001-0.005 cm™!
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Figure 1.5: Intrinsic absorption spectrum of diamond from UV to far IR [123]].

at 532 nm, as opposed to less than 0.001 cm™' at 1064 nm. The diamond crystals used
in this thesis have approximately 20-40 ppb nitrogen content and hence have an absorption

coefficient in the range 0.001-0.004 cm™!.

1.3.1 Polarization dependence of SRS in diamond

Like y® nonlinear interactions, SRS is a polarization dependent process (see Eq.[1.9), and
gain is dependent on the pump and Stokes polarisations. The polarization behaviour is deter-
mined by the Raman scattering tensors associated with its crystal structure. Understanding
the polarization behaviour of the Raman gain medium is critical to performance optimization.

Like silicon, diamond has a cubic structure, where each carbon atom is covalently bonded
to four other carbon atoms. It belongs to 0171 — Fd3m consisting of two interpenetrating
face-centered cubic (FCC) lattices displaced along the body diagonal of the cubic cell by
one-quarter of the length of the diagonal, as shown in Fig.

The major crystallographic directions and dimensions of the single-crystal diamond used
in this thesis are shown in Fig. [I.§] The diamonds are grown by CVD along the [100]
direction. The long dimension of the crystal [110], which is perpendicular to the growth

direction, is typically used as the propagation direction [87, 92,124, [125], owing to lower
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Figure 1.6: Absorption coeflicient of single crystal CVD diamond with nitrogen concentra-

tions of 20, 50 and 100 ppb at (a) 532nm and (b) 1064 nm. The error bars are attributed

to the uncertainty in the calorimetric measurements and due to variations in the growth

conditions [123]].

residual stress along this direction (discussed further in Sec.1.3.2).

The first-order Raman scattering corresponds to the vibrational modes involving the

relative displacement of carbon atoms along the direction of carbon-carbon bonds ((111)

direction — see Fig. [I.7). At the zone centre of phonon dispersion, the longitudinal and two

transverse vibrational branches converge resulting in a triply degenerate Raman mode. The

Raman frequency w, at room temperature is 1332.3 cm™' [119].

The triply degenerate Raman tensors for propagation along (110) propagation direction
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Figure 1.7: Diamond crystal structure showing the two interpenetrating FCC lattices (in red
and blue) [119]. The arrow (in blue) shows the direction of Raman vibrational mode along

[111].
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Figure 1.8: Dimensions and crystallographic orientation of diamond samples (a) side view

and (b) end view.

are given by [126],
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By substituting in Eq [1.9] it can l_)e readib_/ shown that the ;gain coeﬁicient is a strong function
of pump and Stokes polarization. A maximum value is obtained for the pump and Stokes
polarizations oriented parallel to (111) direction [116], which is oriented at an angle 54.7°
from the [001] direction for the chosen propagation direction, as shown in Fig.[I.8|(b). More
details on the polarization dependence of Raman gain in the diamond will be discussed in

Chapter 3.

1.3.2 Stress in diamond and its effect on optical properties

Recent studies have shown that the polarization behaviour of CW diamond Raman lasers de-
viates significantly from that predicted by the Raman tensors [93}[127]. In the pulsed regime,
the Stokes polarization varies continuously with pump polarization, which is consistent with
the Raman tensors. For example, for a vertically polarized pump, the Stokes polarization
is horizontal and for a horizontally polarized pump, the Stokes polarization is randomly
oriented. Also, for a pump polarized along (111), the Stokes polarization is collinear with
the pump (see Sec. 3.1 for more details). However, in the CW case, the Stokes polarization
remains fixed and switches between two orthogonal polarizations as the pump polarization is
rotated (see Sec. 3.3.2 for more details). This deviation in the polarization behaviour has been
proposed to be due to stress induced birefringence present in the diamond [93}127]. Hence,
it is necessary to understand and characterize the causes and effects of stress in diamond to
obtain a more complete picture of the polarization behaviour.

Although diamond is a cubic crystal and ideally isotropic, stress causes anisotropies that
affect its optical properties. Stress induced birefringence is the most obvious effect, but
another of potential importance is that it lifts the degeneracy of the phonon modes resulting
in splitting and/or a shift in the Raman line [128-137].

The stress is caused by defects and impurities (especially nitrogen) introduced during
growth. Of the two main categories of growth — high-pressure-high-temperature (HPHT)
technique and chemical vapour deposition (CVD) technique — CVD has been considered

to be the most viable technique for producing high optical quality single crystals with low
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absorption and birefringence ("Type IIa").

CVD growth utilizes a hydrocarbon gas, such as methane diluted in hydrogen. The
hydrogen dissociates in the chamber and facilitates preferential deposition of diamond instead
of graphite. The atomic hydrogen helps in etching away any sp>-bonded phases. Growth
takes place at low pressure (0.01-0.1 bar) and substrate temperatures around 700 — 1400°C.
The gas mixture is ionized in order to produce reactive species for high-quality crystal
growth [111, [123]. The ionization activation is achieved using techniques such as the
hot filament, arc-jet, combustion flame, and microwave plasma. Microwave plasma CVD
(MPCVD) is currently the most effective technique for majority of optical and electronic
applications [[111}123]].

To date, single-crystals have only been grown homo-epitaxially and usually on a {100}
— oriented diamond substrate [[123]]. Other substrates yield polycrystalline diamond which
suffers much larger scattering, particularly for near-IR wavelengths and shorter [123]. Also,
due to the random orientation of crystal domains, the effective Raman gain coefficient is not

as high as that achievable for single crystal.

A controlled amount of dopant, such as nitrogen, is added to the gas phase in order to
accelerate the growth process as well as for surface stabilization [[111} 123]. Impurities may
also be introduced through air leaks in the chamber and/or from impurities in the source
gases. These impurities lead to the formation of lattice defects, which increase in density
with the growth rate. Thus, there is a trade-off between the absorption loss and the growth

rate [123]].

In general, there are three types of defects that lead to stress: point defects, line defects,
and planar defects [123]. A 2-dimensional representation of the major types of point and
line defect are depicted in Fig. [[.9 Point defects may be caused by self-interstitial carbon
atoms, foreign interstitial atoms, edge substitutional atoms and vacancies resulting in spatial
variation in the lattice structure. However, the density of point defects is usually lower in
high optical quality diamond and hence does not play a significant role in contributing to
birefringence [123]].

Line defects (shown in Fig. [[.9) are caused by dislocations originating either in the
substrate or in the epitaxial interface [139-142]]. This is mainly due to the lattice errors
caused by the substrate damage or surface contamination at the epitaxial interface. It may

also be caused by dislocations in the substrate that propagate up to the growth layer [123]].
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Figure 1.9: 2-D depiction of defects in diamond. (a) Point defect due to self-interstitial
carbon atom, (b) point defect due to a vacancy (c), line defect due to edge dislocation, (d)
point defect due to an edge substitutional atom and (e) point defect due to a foreign interstitial

atom [[138]].

X-ray topographic studies of single crystal CVD diamonds show that the dislocations have
directions close to the [001] growth direction and are predominantly of two types: edge
dislocations and 45° mixed dislocations [[143]. Edge dislocations normally arise when there
are groups of dislocations originating in isolated points. Edge dislocations have been shown
to produce a petal-shape birefringence pattern as shown in Fig. [141]. 45° mixed
dislocations were also observed when the substrate surface was deliberately damaged before

growth and can be largely avoided by careful substrate preparation [143]].

Planar defects are generally caused by twinning of lattice planes [123| [144]. Twinning
in diamond generally occurs in the {111} plane, where the twinned domain is rotated by
180° with respect to the parent crystal. This leads to incoherent lattice boundaries between
neighbouring twinned and untwinned regions leading to planar defects [123]. The twinned

domain may grow into macroscopic defects that exert strain on the neighbouring lattice.

The aforementioned defects lead to complex and non-uniform birefringence patterns with
spatially-varying axis directions of linear birefringence. The magnitude of birefringence has
been observed to be reduced significantly by minimising the density of edge dislocations,
achieved by selecting growth substrates with a low density of surface dislocations and dam-

age [123,11435]]. The effect of dislocation density on the birefringence is detailed in Ref. [[123]]
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Figure 1.10: Petalled birefringence pattern due to edge dislocation [141]]. The small dashed

lines in the map show the direction of the birefringence axis.

and is shown in Fig. [I.T1] It is seen that the birefringence magnitude is decreased from
samples A to C as the edge dislocation density is reduced. Also, the linear birefringence
magnitude is usually an order of magnitude higher along the growth direction than along
the perpendicular [110] direction. For sample C, with the lowest dislocation density, the
birefringence An is of the order of 107 in the growth direction and of the order of 107 along
the [110] direction [123] [145]. An was found to be greater than 10~ for regions with dense

clusters of dislocations [[123]].

The diamond material used in Raman lasers has been almost exclusively CVD-grown and
oriented perpendicular to the growth direction for low residual birefringence. This type of
material has led to efficient DRLs (> 50%) under a wide range of pulse formats (ultrafast,
nanosecond and CW) and wavelength range (UV to mid-infrared). For the CW regime, further
investigation is required to understand the detailed role of stress in influencing threshold, effi-
ciency, and perturbing polarisation away from the expected behaviour (from Raman tensors).
Understanding stress effects is crucial for optimizing performance and further diversifying

the wavelength range through (polarization-dependent) nonlinear harmonic mixing.
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Figure 1.11: Birefringence map of three samples A, B and C with decreasing edge dislocation

density. The top row shows X-ray topographic images of three samples (A to C) with
decreasing edge dislocation densities. The middle and bottom rows show birefringence maps

viewed parallel and perpendicular to the growth direction respectively [123]].

1.4 Thesis outline

The primary aim of this thesis is to extend the wavelength range of CW DRLs using intracavity
doubling to generate high power and high beam quality lasers in the visible and UV spectral

regions.

Chapter 2 presents a detailed birefringence characterization of laser-grade CVD-grown
diamond including an examination of linear and circular components. The birefringence
was characterised for several samples along the propagation direction using the Metripol
technique and also the more complete Mueller polarimetric technique. The latter revealed

that significant circular birefringence occurs in some crystal locations. The significance of
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the presence of circular birefringence on Metripol measurement accuracy and laser behaviour
was analysed using Jones calculus. Stress effects along the growth direction were also char-
acterized to further elucidate their role in perturbing laser performance as well as interpreting
the birefringence behaviour observed in the propagation direction. This chapter provides a
firm basis for analysing the DRL behaviour as a function of polarisation.

The detailed effects of birefringence on external cavity DRL performance is presented
in Chapter 3. The dependence of threshold and output polarization is characterized as
a function of input polarization and compared with the polarization behaviour of DRLs
reported to date. An analysis based on the Raman tensors is used to yield insights into the
Raman gain behaviour in the presence of birefringence and better understand the departure
from the behaviour seen to date in pulsed lasers. Design rules for crystal selection and low
threshold operation are established. The results of this chapter are also likely to be relevant to
polarization behaviour of other high-Q factor diamond lasers such as intracavity CW DRLs
and synchronously pumped ultrafast DRLs.

Intracavity frequency doubling in a DRL is investigated in Chapter 4. A linear cavity
using an intracavity LBO crystal is used to obtain high power output with high beam quality at
620 nm, using a 1064 nm quasi-CW pump. The choice of the nonlinear crystal is discussed.
An analytical model is presented to provide guidance for increasing efficiency and further
increasing power. By considering the thermal effects in diamond and LBO, output saturation
is forecast for the case of indefinitely long CW durations.

In chapter 5, the wavelength range is extended further by utilising a 532 nm pump
laser. A first Stokes laser at 573 nm laser is demonstrated and analysed to understand the
behaviour in the visible and contrast it with that seen in the near-infrared. Ways to improve
the laser performance by varying the design parameters are investigated using an analytical
model. Extending this system to incorporate intracavity frequency doubling to generate UV
is discussed by considering the choice of nonlinear crystal and laser design.

Finally, Chapter 6 summarises the major findings and future implications.
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Stress effects in laser grade single crystal

CVD diamond

This chapter presents a detailed characterization of the in-grown stress present in laser-grade
diamond samples with the underlying motivation to decipher its effect on the polarization
characteristics of Raman laser behaviour. The two major consequences of stress — birefrin-
gence and Raman frequency shift — are investigated in detail. While the birefringence is
anticipated to affect the polarization characteristics of Raman lasers, perturbations to the
centre Raman frequency along the line of sight may result in a reduction in the overall Raman
gain (if the shifts are greater than the Raman linewidth). To date, the birefringence character-
ization of CVD diamond has only been focussed on linear birefringence, predominantly using
Metripol technique. This chapter provides a comprehensive birefringence characterization
along the propagation direction of Raman lasers ([110] direction) and along the (orthogonal)

growth direction ([001] direction).

Firstly, characterization of the magnitude and direction of linear birefringence for two
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diamond samples is investigated using Metripol polarimetry. The study was further extended
to include other birefringence effects such as circular birefringence and dichroism using the
more complete technique of Mueller polarimetry. Significant circular retardance was mea-
sured in at least one of the samples causing inaccuracies in the measured values of linear
retardance. Furthermore, the origin of birefringence along the [110] direction was investi-
gated by measuring the stress effects including linear birefringence and Raman frequency

shifts along the perpendicular direction in the crystal (the growth direction [001]).

2.1 Techniques for characterizing stress

The birefringence properties of a sample can be deduced by analyzing the polarization of
the incoming and outgoing beams. Birefringence characterization using a pair of crossed
polarizers is the simplest and most commonly used technique, however, it is limited to the
measurement of the magnitude of linear birefringence alone [146, 147]]. The information on
both the magnitude and direction of linear birefringence is obtained by utilizing a polarization
modulation technique where the sample is placed in between a circular polarizer and a rotating
linear analyzer. Although this technique has been widely used for precisely measuring the
linear birefringence, the process is highly time-consuming [146| [148]]. A variation of this
technique that is less complicated is the Metripol technique, which is extensively used in this

chapter.

2.1.1 Metripol polarimetry

The Metripol method [149] was performed using an in-house system to determine both the
magnitude and direction of linear retardance of the optical sample. The experimental setup
for the Metripol polarimetry is shown in Fig. 2.1} It consisted of a collimated, narrow-
band, incoherent beam (in this case from an incandescent lamp, 589-nm notch filter and a
collimating lens) passing through a rotatable polarizer, the optical sample, followed by a
quarter waveplate and an analyzing polarizer. The analyzing polarizer was set to 45° with
respect to the fast axis of the quarter waveplate and a 10 cm focal length lens was used to

image the end face of the diamond onto a silicon CCD camera (Spiricon SP620U).

The amplitude of the emerging light is obtained by multiplying the Jones matrices of all
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Figure 2.1: Experimental arrangement of the Metripol technique. The upper inset diagram
shows the angle variables used in the text as viewed along the propagation direction through

the sample.
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for 6 = @ — ¢, where « is the polarizer rotation angle (with respect to the horizontal), ¢ is
the orientation of the linear retardance axis of the sample (with respect to the horizontal) (see
Fig.[2.I) and ¢ is the magnitude of linear retardance.
The normalized intensity of the transmitted light after passing through the sample and
the polarization elements is given by
1

—=A" A= l [1+sin2 (@ — ¢)sind] (2.2)
Iy 2

thus the transmitted intensity as a function of rotatable polarizer angle is a sine curve whose
amplitude is sin ¢ and phase is ¢. The birefringence An is then obtained from ¢ using the

relation
oA

An = —
" 2rL

(2.3)

where A is the wavelength of the light used and L is the length of the sample.
The polarizer was rotated in steps of 10° and the transmitted light was captured by the
CCD camera. The intensity recorded at each pixel, corresponding to a specific location in

the diamond, was fitted to a sine curve as a function of @ from which the amplitude and
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Figure 2.2: Intensity of the exiting beam as a function of rotation angle of the polarizer for a

selected location in the diamond. The curve shows the fitted sine curve to the data points.

phase values were extracted to provide the magnitude and direction of linear retardance. The
fitting of the experimental data to the sine curve was done using a custom Matlab code.
Fig. [2.2] shows the intensity of the exiting beam as a function of the rotation angle of the
polarizer for an arbitrary pixel. For this pixel, the magnitude of linear retardance is 29° and
the corresponding direction is 12.5°. The process is repeated to obtain a map showing the
magnitude and direction of linear retardance at each location in the sample. The measurement
uncertainty was calculated to be +2.5° (An = +5 x 1077) due to imperfect waveplate used in

the experiment.

2.1.2 Mueller polarimetry

The Metripol technique is limited to the measurement of linear birefringence only and may
lead to measurement inaccuracies if other polarization properties such as circular birefrin-
gence and/or dichroism are present. Multiple photoelastic modulators have been used to gain
more information on these additional birefringence effects and thus to accurately measure
linear birefringence [[150-153]]. The technique used in this chapter, Mueller polarimetry,

utilizes four photoelastic modulators to measure the complete birefringence characteristics
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Figure 2.3: Basic experimental arrangement of Mueller polarimetry.

of CVD diamond.

Mueller polarimetry, the principles of which are described in Ref. [151], was performed
using a commercially available Mueller polarimeter (Exicor 150 XT from Hinds Instru-
ments). The basic experimental arrangement of the Mueller polarimetry consists of a He-Ne
laser (operating at 632.8 nm), four computer-controlled polarization modulating photoelastic
modulators (PEM), two linear polarizers, the optical sample and a photodetector as shown
in Fig. 23] A linear polarizer and a pair of PEMs acts as the polarization state generator
(PSG), that generates any elliptical state of polarization. Similarly, another set of PEMs and
a linear polarizer acts as the polarization state analyzer (PSA), that can achieve the extinction
of the known elliptical state of polarization generated by PSG. Here, the instrument launches
a variety of known polarization states from the He-Ne laser and PSG, which passes through
the length of the sample, whose polarization is modulated by the birefringence in the sample.
At the same time, the transmitted state of polarization from the sample corresponding to
each launched state of polarization is analysed using PSA and a photodetector. Through the
Mueller analysis of the recorded data (Ref. [[151]), the system calculates all sixteen Mueller
matrix elements of the sample under test, thereby providing a complete polarization behaviour
of the sample.

Note that, both the Metripol and Mueller polarimetry are based on intensity variations
as a function of polarization and are therefore unaffected by scattering and absorption in

diamond.

2.1.3 Raman microscopy

Apart from birefringence, stress also leads to a splitting and/or a shift in the Raman frequency
of the material. Raman microscopy with spatially resolved techniques such as mapping and

depth profiling is employed, in order to determine the magnitude of stress and its spatial
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distribution in the crystal.

A confocal microscope equipped with Raman spectrometer (Renishaw RM 1000 Micro-
Raman spectrometer) was used to record the Raman spectra as a function of position in
the diamond sample. A 2400 lines/mm grating and 50 pm slit provided 5 cm™! spectral
resolution. A frequency doubled Nd: YAG laser at 532 nm was used as the excitation source.
A 50x objective lens with numerical aperture of 0.75 provided a 1 um probe beam spot size.
A motorized stage was used to raster the sample in the X-Y plane in 25 um steps. As discussed
below, no splitting of the spectrum was observed. Thus it was sufficient to characterize the
Raman spectra at each point using a Gaussian function that captured the width and the peak
position. The resolution of the peak shift measurement was 0.17 cm~! for a single pixel.
By averaging over many pixels in a particular region of interest, the effective resolution of

1

the peak position increased to 0.025 cm™" or approximately 50 times less than the Raman

linewidth.

2.2 Linear and circular birefringence along [110] direction

This section presents the stress characterization of two laser-grade diamond samples (A and
B) with dimensions 8 X 4 X 1 mm typically used in Raman lasers. Both the samples are from
the same batch, with nitrogen impurity content approximately 20-40 ppb. The dimensions
and crystallographic orientations are illustrated in Fig. [I.§] (see Sec.1.3.1).

Figures. [2.4] shows the maps of the magnitude and direction of linear retardance and
circular retardance along the [110] direction (through the 1 X 4 mm end) obtained using
Metripol and Mueller polarimetry of two samples A and B.

For sample A, the qualitative features from the two methods are similar, showing a com-
plex birefringence pattern across the sample. Both the Metripol and Mueller measurements
reveal extended features in the growth direction in the central region of the crystal, and to
the right of centre, with linear retardance up to 55° (An up to 1.2 x 107>) as measured using
Mueller polarimetry and up to 50° (An up to 1.1 x 107>) using Metripol. From Fig. it can
be seen that the values obtained using Mueller substantially differ from the Metripol values
depending upon the magnitude and handedness of circular retardance (refer bottom map).
Both measurement methods also show that the direction of linear retardance varies markedly

across the sample from —90° to +90°. Quantitatively, the linear retardance direction obtained
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Figure 2.4: Metripol and Mueller polarimetry-obtained values of linear retardance magnitude,
direction and circular retardance for samples A and B. Positive and negative values correspond

to dextro and levo rotation respectively. 0° represents the [110] (horizontal in figure) direction.

using both techniques differ from each other by approximately 5° to 15° across the map. This
is attributed to two causes: small errors in the orientation and the quality of the broadband
quarter waveplate used in the Metripol measurements. In addition, as with the magnitude
of linear retardance, there are notable discrepancies between Metripol and Mueller in the
central of the crystal where there is significant circular retardance. In this sample, circular

retardance values of up to 28° are observed in some locations in the sample. As a stack
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of waveplates with varying magnitude and direction of linear retardance can be reduced to
a single waveplate and rotator [154-156]], some circular retardance is expected. However,
it is interesting that the magnitude of circular retardance is up to approximately half of the

maximum linear retardance observed in the crystal.

For sample B, the qualitative features obtained from both the techniques are similar to
sample A. Fig. shows that both the magnitude and orientation of linear retardance is
uniform across the large central region of the sample. The magnitude of linear retardance is
measured to be up to 25° (An up to 5.5 x 107%). Negligible circular retardance is measured
across the whole sample except at a small region towards the left corner with a circular
retardance of about 13°. The magnitude of linear retardance measured using Mueller is
systematically higher than for Metripol across the sample by up to 7°. This offset is slightly
higher than for sample A and is attributed to an offset error in the analyzing polarizer
orientation (see Fig. with respect to the quarter waveplate. The linear retardance direction
obtained using each technique are generally consistent within a small margin (5°) consistent
with the small circular retardance over most of the sample area. Note that the retardance
values towards the edges in Mueller measurements might contain invalid data (and thus the
larger discrepancy between Metripol and Mueller) due to beam blocking.

Of the other polarization characteristics measured using Mueller polarimetry (eg. linear
and circular dichroism), none were detected in significant quantities in either of these samples.

Although the two samples characterized here are from the same batch, there is a con-
siderable difference in the birefringence properties exhibited by both the crystals. Sample
A exhibits relatively large linear and circular retardance magnitudes and more complex

behaviour of these across the sample.

2.2.1 Effect of circular retardance on Metripol measurements

Since it was observed that the linear birefringence (especially the orientation of linear bire-
fringence) measured using the two techniques deviate significantly in the regions with circular
retardance, it is necessary to quantify the effect of circular retardance on the accuracy of the
Metripol determined linear retardance.

The Jones matrix of the sample in Eq.[2.T]assumes that the sample possesses only linear

retardance. When the circular retardance y is introduced into the Jones matrix of the sample
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Figure 2.5: Shift in Metripol measured magnitude (dashed lines) and direction (full lines) of
linear retardance as a function of circular retardance. Black and red lines indicate the values

for 6 = 30° and ¢ = 60° respectively.

under test, it can be expressed as [149]]

sin &
sin 5

0

_2)(

sin § i)
2 2

2x—5 e

(2.4)

Thus the Jones matrix that describes the transmitted intensity through the entire Metripol
setup becomes

P}
s1n2

= cosf sind| |1

ni (2.5)

1
21 1| |o F 2x —sin@ cosd| |0

The effect of non-zero y causes a shift in the amplitude and phase of the Metripol curve
which thus affects the Metripol measured magnitude and direction of the linear retardance.
Fig. [2.5] shows the shift in Metripol measured magnitude and direction of linear retardance
with circular retardance. The magnitude and direction of linear retardance increases with
positive circular retardance and decreases with negative circular retardance. The shift is
higher for larger values of linear retardance magnitude. For example, for a region in the
sample having maximum linear retardance magnitude of 55° oriented at 75°, and circular
retardance of 25°, the Metripol-determined values for the magnitude and direction of the linear

retardance are 53° and 60° respectively. Accordingly, in the Metripol birefringence map of
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Sample A (Fig. [2.4)), areas that have significant circular retardance have errors attributable
to circular retardance of up to 5° in magnitude and 27° in orientation. In the central region
of sample A, the Metripol-determined values of magnitude and direction of linear retardance
are found to be higher than the Mueller-determined values because of negative circular
retardance in this area. Thus, in regions of the crystal with significant circular retardance,
the Metripol-determined values of linear birefringence magnitude and direction are deduced

to be perturbed and inaccurate.

2.3 Birefringence and piezo-Raman effect for the (001) plane

2.3.1 Measurements

In order to elucidate the cause of circular birefringence observed through the [110] face
in sample A, the stress effects along the perpendicular direction ([001] growth direction)
was investigated in detail using Metripol polarimetry and Raman microscopy, as shown in
Fig.[2.6] The Metripol polarimetry was used here, as the primary interest was to characterize
the stress distribution through the [001] face rather than the details of each Mueller matrix
component. Also, it was more convenient to use Metripol as it was an in-house system and
therefore more accessible. As seen in Figs. [2.6] (a) and (b), the magnitude and direction of
linear retardance as viewed along the [001] direction shown complex behaviour across the
crystal face. Magnitudes up to 60° are observed, which, given the much shorter path length
through this direction of the crystal, correspond to An values up to 1.1 x 107 or an order
of magnitude higher than the linear birefringence measured along [110] as expected for the
growth direction (see also Sec.1.3.3) [[145, 157]. Here again, we can see a clear correlation
between the patterns in magnitude and birefringence axis direction. On the left side of the
image, there are patterns aligned nearby the [010] direction. A notable feature with two-fold
symmetry is observed on the right-hand side slightly above centre.

Fig. (c) shows the shift of the Raman centre frequency for back-scattering along the
[001] direction. No broadening of the peak was observed within the measurement uncertainty
indicating that the sampling volume is smaller than the granularity of the stress pattern. The
shift is calculated with respect to the minimum stress value obtained at the bottom left-hand
side of the birefringence map. A similar map is obtained for the laser focused 0.5 mm below

the sample surface, indicating that the map is representative of the stress field throughout the
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Figure 2.6: (a) Magnitude, (b) direction of linear retardance across (001) plane obtained
from Metripol (0° represents [110] direction) and (c) a map of the shift in the Raman centre

frequency as measured by Raman back-scattering from the (001) surface of sample A.

1 mm-thick sample. Both positive and negative shifts in Raman frequency were observed
but the individual spectra showed no splitting of the Raman line. This is consistent with

the polarization selection rules for Raman scattering studied by Kaenel ef al., where only a
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singlet peak is observed for back-scattering from a (001) surface, in the cases of uniaxial
or biaxial stresses acting in the (001) plane [130]. In diamond, positive and negative shifts

correspond to compressive stress and tensile stress respectively [[134, 137, [158]].

The Raman frequency map contains features that correspond to the two main features
in the Metripol images; stress features that are elongated in the [010], and a region of large
frequency shift that coincides with the two-fold symmetric pattern (on the right-hand side
above centre). Itisinteresting to note that this latter region has the largest frequency shift while
having relatively low birefringence. The maximum peak shift is +0.7 cm~!, approximately
half the Raman linewidth in diamond (1.5 cm~! [119] 159, 160]). On-average along the
length of the crystal (along [110]), the magnitude of the shift is less than 0.13 cm~!. Since
this is a small fraction of the Raman linewidth (1.57") and occupies only a fraction of length,
we do not expect a significant stress-induced decrease in the Raman gain of this crystal for

beams propagating along the [110].

The correspondence between the birefringence and Raman frequency shift observed
can be understood by considering the effect of stress on the piezo-Raman and piezo-optic
tensor, and is described below. The analysis below is focussed in particular on interpreting
the observed behaviour in the anomalous region right-of-centre in the maps showing low

birefringence and a large Raman shift.

2.3.2 Piezo-optic effect

This section evaluates the effect of stress on birefringence in terms of piezo-optic (or stress-

optic) tensor components.

For a linear strain, the stress (0;) and strain (€;;) tensors are related by Hooke’s law

as [161]]

€ij = SijklO ki (2.6)

where s;;4; is the 4th rank elastic compliance tensor. For diamond, a cubic crystal, the elastic

compliance tensor in the Voigt abbreviated notation (see Appendix A for more details) is
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given by [131]

S11 S12 S12 0 0 0
sz st s2 00 0
sz sz su 0 0 0
s = , 2.7)
0 0 0 S44 0 0
0 0 0 0O s44 O

0 0 0 0 0 S44

Hooke’s law can also be written as
Oij = Cijki€kls (2.8)

where c;jy; is the 4th rank elastic stiffness tensor and the elastic stiffness and compliance

tensors are related by [161]]

S11+ 812
cll = ,
(s11—812) (8511 +2512)
—512
C12 = ,and
(s11—812) (8511 +25712)
1
C44 = —. (2.9)
S44

The change in dielectric impermittivity tensor (which is related to An) due to an applied

stress o is given by [162]
Gij = mijok 6L j k=123, (2.10)

where 7;;y is the fourth rank piezo-optic tensor (or stress-optic tensor), or in terms of strain

is given by
$ij = pijki€kt L j, k1 =123, (2.11)
where p; ;i is the fourth rank photoelastic tensor which is related to the piezo-optic tensor by

ﬂ-ljkl = pljmnsmnkl i’ j’ k’ l’ m’ n= 1’ 2’ 3- (212)
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For a biaxial stress, Eq. in the Voigt abbreviated notation becomes

11 T2 712 0 0 0
011
T2 11 72 0 0 0
(o))
o w2 ;o 0 0 0 0
{y = (2.13)
0 0 0 my O 0 0
0 0 0 0 mg 0f]°
0
0 0 0 0 0 7maa| )
011711 + 022712
011712 + 02271
011712 + 022712
= , (2.14)
0
0
0
where the birefringence An is given in terms of , as
n n
An = (ng — ?Zl) — (no - EQ)' (2.15)

When the birefringence is viewed along the [001] direction, which is the case in Fig.[2.6]

Eq.[2.15|becomes
3
n

AHZEO(O'zz—O'n)(ﬂn—ﬂlz)- (2.16)
Hence, for a biaxial stress along the [001] direction, the birefringence is proportional to the

difference between the stress components 011 and o, (along [010] and [100] directions).

2.3.3 Piezo-Raman effect

As discussed in Chapter 1 (Sec.1.2.1), the Raman signal depends on the pump and Stokes
polarization vectors according to Eq. The three Raman tensors correspond to the three
first-order Raman modes of the diamond lattice which, in the absence of strain, are degenerate
(wp). In the presence of strain, the degeneracy may be lifted and the Raman lineshape is

broadened. In order to understand the role of stress in forming the observed piezo-Raman
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map, an analysis was performed similar to that of Wolf [131] for silicon. Here the Raman
frequency shift for backscattered polarization components of the incident light are evaluated.
For a linear strain, the frequencies w; of the optical phonon modes of diamond are given

by the solution of the eigenvalues of the secular equation given by [128, 131, [163]]

Pé]] + Q(622 + 633) -1 2R612 2R€31
2R612 Peyp + Q(€11 + 633) -A 2R623 =0,
2Res 2Rens Pess + O(e11+€p)— A4

(2.17)
where P, Q and R are the phonon deformation potentials (the parameters that describe
the dependence of phonon frequencies on the strain), €11, €27, €33 are the normal strain
components and €17, €33, €31 are the shear strain components and A; = a)iz - wg. This
equation has three solutions for the eigenvalues A1, A5, 43 and thus three frequencies w1, w;
and ws.

The stress induced Raman shift for each peak is given by Aw; = wi — wp. In most cases,

the frequency shift (less than 1 cm~! for diamond) is small compared to wg (1332 cm™') and

hence w;+wo =~ 2wg. Hence

A
Aw; = w; — wg = Z_w() i=1,273. (2.18)

If we assume the shear stress components are zero, then using Eq. [2.6| the stress tensor can

be expressed as [131]]
€11 = 511011 + 512022 + 5120733,
€22 = 85120711 + 811022 + §120733,

€33 = 5120711 + 812022 + §110733,

€12, €23, €13 = 0, (2.19)
and Eq.[2.17|becomes
Pey1 + Q(exn +€33) — A 0 0
0 Pexyy + Q€11 +€33) — A 0 =0,
0 0 Pexz + Q(€11 +€2n)— 4
(2.20)

from which the eigenvalues is solved as

A1 = Peyy + Q(€x + €33)
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A2 = Pexy + Q(€11 + €33)

/13 = P€33 + Q(E]] + 622). (221)

From Eqs. 2.18] 2.19)and 2.21], the shift in Raman peaks is expressed as

1
Awy = —[(Ps12 + Q(s11 + 512)) (022 + 033) + (Ps11 + 20s12)0 111,

20)0
1
Aw;y = z—wo[(Pslz +Q(s11 +512))(011 +033) + (Psy1 +20512)022],
1
Awsz = z—wo[(Pslz + 011+ s12) (011 + 022) + (Ps1y +20s512)033]. (2.22)

The intensity of each of these Raman shifted frequencies is calculated to determine the Raman
frequencies that are visible for a chosen polarization direction of the incident and scattered

light. The total Raman intensity is given by [131}164]

1=CY df} (2.23)

where C is a proportionality constant and f; is defined as

S eopess + e3pens
f=1f2| = |espers + erpess | (2.24)
f3 eipers + epeis

where ep and eg are the polarization vectors of the incident and scattered light given by
ep = [elP eop €3P] ,es = [els e2s 635] : (2.25)

For backscattering from the diamond surface along the Z direction ([001] in both crystal
direction and Cartesian direction), only the X ([100] Cartesian direction or [110] crystal
direction) and Y ([010] Cartesian direction or [110] crystal direction) components of the

polarization vectors will be non-zero. Hence, the polarization vectors are given by

ep = [elP exp 0] ,es = [els ess 0] : (2.26)
Eq. 2.24] thus becomes
0
f= 0 ; (2.27)

ejpezs + expels
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and hence only the third peak Aw3z will be visible in this configuration, consistent with the
observations in Sec.2.3.

For a biaxial stress in the (001) plane observed by back-scattering along the [001] direction,
the shift in Raman frequency can be obtained from Eq. as

1
Awpg = Yo [(11 +022)(Psi2 + Q(s11 + 512))]
o)

= —-8.1576 x 10710y + 022). (2.28)

Evaluation of Eq. [2.2§ enables the stress values to be determined. The values of P and
Q were calculated from the mode-Gruneisen parameter yg (yg= — (P + 20Q) /6w(2)) and the
factor (P — Q) /ng given in Ref. [165]. The values of s1; and 51, were calculated from
the elastic stiffness constants ci; and cj, given in Ref. [166] using Eq. [2.9] The maximum
frequency shift of +0.7 cm™! corresponds to biaxial stress (o711 + 022) of 0.86 GPa. For the
case of uniaxial stress (stress features elongated in the [010] direction), the maximum peak
shift is approximately 0.25 cm~! which corresponds to a stress value of 0.3 GPa. Regions of
the crystal with negative frequency shift indicate the action of tensile biaxial stress.

From the piezo-optic and piezo-Raman analysis, birefringence is proportional to the
difference between the stress components and the Raman frequency shift is proportional to
the sum of the stress components for a biaxial stress acting along the (001) plane. Hence,
the two-fold symmetric feature of low An and high Awpg seen in Fig. [2.6is consistent with
a transversely isotropic stress field (o7 approximately equal to o) in the (100) plane. For
uniaxially stressed regions (o1; or o5, approximately equal to 0), Awpg increases with An

which is consistent with scenarios on the left-hand side of the crystal.

2.3.4 Correlation between top and end-on mapping

Fig.|2.7|reveals that the extended stripe feature in the birefringence map as viewed end-on in
the [110] direction coincides with the strong two-fold feature in the (001) birefringence map
(and thus also the corresponding feature in the piezo-Raman map, described in Sec.2.3.1).
Following the discussions in Sec.1.3.2, bundles of edge dislocations lying near parallel to
a (001) direction give rise to stress induced birefringence patterns with a 2-fold symmetric
petals as shown in Fig. [I.10] [141] which is similar to the two-fold symmetric birefringence
pattern of sample A in the (001) plane (Fig. [2.7). Hence, the most likely cause of this

symmetric pattern in the (001) plane which results in the extended stripe pattern when
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Figure 2.7: Maps of linear birefringence magnitude an measured through the (110) and top

(001) faces for sample A.

viewed end-on (along the [110] direction) is due to the such edge dislocations and thus may

be the cause of large circular retardance observed in Fig.[2.4]

2.4 Discussion

As discussed in Chapter 1, the polarization behaviour of CW DRLs deviated significantly
from that predicted by the Raman tensors and this has been attributed to stress-induced
birefringence [93, [127]. Hence, the detailed birefringence characterization performed in
this chapter can be used to understand the influence of birefringence in the polarization
behaviour of CW DRLs and is the main theme of Chapter 3. Sample A is appropriate for
evaluating the birefringence dependence on polarization behaviour as it exhibited the largest
variation in the birefringence properties, thus providing a sufficiently large set to understand
the polarization behaviour as a function of birefringence. Sample B, with its relatively

uniform and lower birefringence, is anticipated to be a more suitable candidate for DRL
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operation. The investigation on the dependence of laser performance on birefringence in the
following Chapter will assist in the choice of selecting the appropriate diamond samples and
the optimum locations within each crystal.

Apart from Raman lasers, stress induced birefringence in diamond is known to influence
the properties of polarization sensitive devices such as intracavity heat spreaders [[112]. Low
loss operation was found to be achieved by rotating the sample to match the direction of linear
birefringence or by using a diamond with lower birefringence. The detailed characterization
including circular birefringence presented here is likely to provide a more comprehensive
understanding of the birefringence dependence on polarization sensitive devices such as

intracavity heat spreaders.

2.5 Chapter summary

The birefringence properties of two single crystal CVD diamonds along the [110] were
characterized using Metripol and Mueller polarimetry. One sample (B) showed a uniform
birefringence with negligible circular retardance over most of the sample region. The other
(A) revealed much more varied behaviour with an extended feature along the growth direction
as well as significant circular retardance almost of the order of linear birefringence. The effect
of the circular component in the linear retardance measurement of Metripol was studied using
Jones matrix analysis. It was found that the presence of circular retardance leads to errors
in Metripol measured linear birefringence. Hence, a complete polarization characterization
technique such as Mueller polarimetry is a generally more appropriate tool for characterizing
CVD diamonds.

The stress characterization using Metripol and Raman microscopy in the perpendicular
plane ((001) plane) provided insights into the origin of the observed birefringence along [110].
It was found that the region of high linear and circular birefringence (along [110]) coincides
with a two-fold symmetric pattern characterized by large Awg but lower birefringence (as
viewed along the (001) plane). The most likely cause of this pattern is the edge dislocation
originating from the growth substrate surface.

Tensor analysis showed that the two-fold symmetric pattern is consistent with a biaxial
stress field which perturbs the Raman frequency but has little effect on the birefringence

1

magnitude. Raman shifts of up to 0.7 cm™" were measured which correspond to biaxial stress
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values of up to 0.86 GPa. Along the length of the crystal ([110] direction), the average Raman
shift is less than 10% of the Raman linewidth. Hence, a reduction in the Raman gain is not
expected along the usual propagation direction for Raman lasers. Uniaxial stresses were also
observed with maximum Raman shift up to 0.25 cm™'.

The comprehensive stress characterization presented in this chapter, apart from being
important for Raman lasers, may also impact other polarization sensitive devices such as

intracavity heat spreaders and on-chip diamond lasers.

The main results of this chapter were published in Hadiya Jasbeer, Robert J. Williams, Ondrej Kitzler,
Aaron McKay, Soumya Sarang, Jipeng Lin and Richard P. Mildren, "Birefringence and piezo-Raman analysis
of single crystal CVD diamond and effects on Raman laser performance", JOSA B, Vol 3, No 5, pp. B56-B64
(2016).



The effects of diamond birefringence in CW

DRLs

Birefringence is known to affect the operation of various laser systems such as Nd:YAG
lasers [167], VECSELs [168], and microchip solid-state lasers [[169]]. In this chapter, the
effect of birefringence on the performance of CW DRLs is investigated in detail.
Polarization characteristics of low-Q (such as nanosecond pulsed) DRLs were found
to be in accordance with the theoretically predicted polarization dependence of Raman
gain [124]. However, as introduced in Chapter 1, the polarization behaviour in the CW
regime deviated significantly from those theoretical predictions. Moreover, the observed
variability in Stokes polarization as a function of pump polarization was attributed to stress-
induced birefringence in diamond [127]. Since the Raman gain depends on both the pump
and Stokes polarizations, any deviation of the polarization behaviour affects the Raman gain
and thus the laser performance. Hence, it is critical to study the impact of birefringence on

the polarization dynamics as a means to optimize its performance.
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The comprehensive birefringence characterization of CVD single crystal diamond per-
formed in Chapter 2 is utilized here to study the laser performance across the crystal. Laser
characteristics such as threshold, output polarization, and pump depolarization were mea-
sured as a function of pump polarization across the crystal with a range of birefringence
properties. The results were compared with the polarization behaviour of pulsed DRLs. In
order to better understand the discrepancy between both the cases, an analysis based on Raman

tensors was used to provide insights into the Raman gain in the presence of birefringence.

3.1 Polarization dependence of Raman gain in diamond

Following the discussions in Chapters 1 and 2, the Raman gain coefficient corresponding to

the triply degenerate Raman tensors is obtained from Eq. [[.9]

47°Nwg

3
8= ———5 —— ) (epRes)” (3.1

nsnpcimw, I —

Here, the total Raman gain may be broken down into contributions from each Raman mode
to provide additional insights into the functional polarization dependence. Fig.[3.I|shows the
individual components of Raman gain (g1, gs» and g3, corresponding to the three Raman
modes), and their linear combination gg as a function of pump and Stokes polarizations. The
0° in Fig represents the horizontal (110) direction.

When varying the pump polarization, the Stokes output polarization is expected to follow
the maximum Raman gain. The first two gain coeflicients, g;; and g, are similar, with a
maximum value of 0.5 (represented by white loci in Fig.[3.1I). The third component, g,3, has
a maximum gain along 0° (parallel to (110)) for all the pump polarizations.

The total Raman gain, g, exhibits the following behaviour: For a (110)-polarized pump,
the gain is uniform for all the Stokes polarizations. For small angles of pump polarization,
the gain has a maximum for a Stokes polarization near 45°. This angle counter-rotates as the
pump polarization angle is increased. For a (111)-oriented pump, the Stokes polarization
is collinear and the Raman gain attains its maximum value which is 33% higher than for
0° and 90° pump polarizations. Upon further rotation of the pump polarization, the Stokes
polarization continues to rotate until at a pump polarization angle parallel to (110} there is

a flip in the Stokes polarization by 90°. Note that when the pump polarization is parallel
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Figure 3.1: The normalized Raman gain for propagation along the (110) direction as a
function of pump and Stokes polarizations. The first three panels represent the individual
components of Raman gain (gs;, gs2 and g43) corresponding to the three Raman modes and
the fourth panel represent the total gain (gs). Notable directions in diamond are represented

by white dashed lines and the maximum Raman gain is shown by the white loci.

to (111), the pump and Stokes polarizations are parallel to the two interpenetrating face-

centered cubic lattices that vibrate against each other to generate the first order Raman mode

(see Fig.[I.7] Sec.1.3.1) [116] 124} [170].

3.2 Polarization properties of low-Q pulsed DRLs

The polarization characteristics of pulsed (low-Q) DRLs reported by Sabella et al. [124]

agrees well with polarization dynamics of Raman gain described in the previous section
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(Sec. 3.1). The diamond sample used in their experiment was a 6.9 mm long AR coated type
IIa single crystal CVD diamond (Element Six, UK) with birefringence An of the order of
107 (along [110] direction) as measured using Metripol polarimetry. A linearly polarized
Q-switched Nd:YAG laser at 1064 nm with powers up to 4.5 W, pulse duration of 10 ns at
5 kHz repetition rate was used for pumping the DRL. The output coupling for the first Stokes
was 50%, making it low-Q for the first Stokes.
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Figure 3.2: Threshold and Stokes polarization as a function of pump polarization angle in a

low-Q diamond Raman laser. Figure taken from Sabella ef al. .

Fig. [3.2] shows the measured (full circles) and calculated (dashed line) threshold and
measured Stokes polarization angle (full triangles) as a function of pump polarization. Note
that here, angles are measured from the [100] crystal direction. A minimum threshold
(maximum Raman gain) was obtained when the pump polarization is aligned to the (111)
direction and the maximum thresholds were obtained when aligned to the [110] and [100]
directions, all consistent with the Raman gain plot of Fig. 3.1l Likewise, the measured
Stokes polarization as a function of pump polarization is also consistent with that predicted
by the locus of maximum gain in the plot. For the case of pump polarized along [110], the

Stokes polarization was linearly polarized but in a random direction as expected for the two
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orthogonal Stokes components of equal gain.

3.3 Polarization properties of high-Q DRLs

In this section, the laser performance is characterized for several selected locations across
the diamond and correlated with the measured birefringence data at each location. The
Stokes polarization, threshold, and pump depolarization were measured as a function of
pump polarization angle by selecting regions in the crystal with a range of birefringence
properties. Sample A (characterized in Chapter 2) is chosen as the Raman gain material as
it exhibited the largest variation of birefringence along the laser propagation direction ([110]

direction).

3.3.1 Experiment

Photodetector
i---Raman oscillator--~
cr1| ) : Diamond : cP2
@ vV pU D 1ase
=
1064 nm ol
HWP1  F IC Heatsink HWP 2
104 mm
PD 1 PD 2

Figure 3.3: Experimental arrangement for measuring laser threshold and polarization char-
acteristics: CP-cube polarizer, HWP-half wave plate, FL-focussing lens, IC-input coupler,

OC-output coupler and PD-photodiode.

Fig.[3.3|shows the experimental arrangement providing simultaneous characterization of
the Stokes polarization, lasing threshold and pump depolarization. The pump source was a
quasi-CW-pumped Nd:YAG laser with horizontally polarized output at 1064 nm, operating
at 40 Hz repetition rate and 1% duty cycle (pulse duration approximately 250 us). Variable
attenuation of the pump beam was achieved with a half-wave plate and polarizing cube. The
diamond laser cavity was a 104 mm-long near-concentric resonator consisting of concave

mirrors with 50 mm radii of curvature. The input coupler was highly transmitting (>97%) at
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the pump and highly reflecting (99.98%) at the 1240 nm first Stokes. The output coupler was
highly reflecting at the pump and provided 0.5% transmission at the first Stokes wavelength.
The AR-coated diamond (Sample A) was placed in the centre of the cavity. A 50 mm focusing
lens was used to focus the pump beam into the middle of the diamond.

The diamond was placed on an X-Y-Z translation stage, allowing different regions in
the crystal to be investigated. An IR camera was used to monitor the pump spot in the
diamond in order to correlate the position in the diamond with the birefringence map, with
an accuracy of 0.3-mm. This procedure enabled regions of the crystal to be probed across
a range of birefringence parameters. Since the beam sizes (~ 40 um) are much smaller
than the birefringence features (typically > 500 wm — refer Chapter 2), it is valid to use the
polarimetry maps to obtain accurate values for birefringence parameters that are applicable to
the entire beam area. Note that the mounting procedure for the diamond, which is similar to
the polarimetry measurements, adds negligible stress to the crystal compared to the in-grown
values. Our experience has shown that large forces are required to perturb the stress field.

The six regions (marked A, B, C, D, E and F in Fig. were selected as these provided a
range of 9, ® and y values and was a sufficiently large set to characterize the observed features
in polarization behaviour. Regions A and F have the least amount of circular retardance (2°);
B, C, D and E have circular retardance of 12°, 18°, —13° and 17°, respectively. The magnitudes
and directions of linear and circular retardance for these regions are summarized in Tab.[3.1]

A half-wave plate (HWP 1 in Fig.[3.3) was used to rotate the injected pump polarization.
In the following sections, the polarization angles are quoted with respect to the (110) direction
(the horizontal direction in the laboratory frame of reference). The total output Stokes power
was monitored using an InGaAs photodiode (PD 1 in Fig. [3.3). The Stokes degree of
polarization and its principle direction were determined using a half-wave plate and cube
polarizer combination (by rotating the half-wave plate and measuring the extinction).

The depolarized pump power was monitored as a function of injected pump polarization
as a check of the linear retardance axis measured using the Metripol technique and verifying
the region in the diamond with respect to the birefringence map. This was achieved by
removing the input coupler and measuring the backreflected, depolarized pump power on a
photodetector.

Measurements were performed for six regions of the crystal as shown in Fig.[3.4] Table[3.]]

shows the summary of the laser characteristics such as the Stokes polarization, threshold and
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Figure 3.4: Metripol and Mueller polarimetry-obtained values of (a) linear retardance magni-

tude and (b) direction. (c) Circular retardance obtained from Mueller polarimetry for sample

A. 0° represents the [ITO] (horizontal in figure) direction. The black circles A, B, C, D, E

and F mark the six regions that were characterized under Raman laser operation. The circle

diameter (0.3 mm) indicates the uncertainty in location of the laser spot.
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pump depolarization for all the six regions investigated. The major focus of the follow-
ing result is on the four regions A-D, which exhibit a range of representative polarization

behaviours.

3.3.2 Results

Fig. 3.5/ shows the output Stokes polarization (top row), measured and calculated threshold
(middle row) and pump depolarization (bottom row) as a function of pump polarization. In
each case, the Stokes polarization remains fixed to either of two orthogonal linear polarizations
depending on the pump polarization. This is distinctly contrasting behaviour to that seen in
low Q DRLs. For all regions except D, the Stokes polarization is observed to switch between
the orthogonal polarizations at a point in the cycle. The switching points, and the orthogonal
polarizations, vary substantially for each region. The minimum threshold for the different
regions ranges from 18 to 55 W.

For region A, which has low circular retardance (2.5°), the linear birefringence axes
obtained from Metripol (40°) and Mueller (46°) are in fair agreement. The two Mueller-
obtained axis values closely match the two orthogonal Stokes polarizations (45° and 135°).
Region F also exhibited a similar behaviour (see Tab.[3.1]). No significant pump depolarization
was observed for region A as expected because of the low linear birefringence value (An =
1.6 x 107°).

Regions B and C have significant circular retardance which substantially perturbs the
Metripol-determined direction of linear retardance. The direction obtained using the pump
depolarization measurement matches the Metripol measurement as expected, since both
measurements are unable to deconvolve the contributions of circular and linear retardance
(see black dotted lines coinciding with the minimum of pump depolarization). For both
the regions, the Stokes polarizations are aligned closer to the Mueller-determined linear
retardance axis. Region E also exhibits a similar behaviour as seen in Tab. [3.1]

As for B and C, region D also has large circular retardance and thus large difference
between the linear retardance directions obtained using Metripol (24°) and Mueller (2°)
polarimetry. Here, as the circular retardance is negative, the Metripol determined axis
direction is overvalued unlike B, C and E. Region D is also unique in that the output
Stokes polarization state is constant at 178° for all pump polarizations, closer to the Mueller

determined birefringence direction. The reason for this is explained in the following section.
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Figure 3.5: Laser properties as a function of pump polarization for regions A, B, C and D. Top row: Stokes polarization (black and red triangular

marker) along with the linear retardance axis direction obtained by Metripol (black dotted line) and Mueller (green dashed line). Middle row:

threshold for the orthogonal Stokes polarizations measured (black and red rectangular markers) and calculated (black and red dashed and full lines).

The full lines indicate the calculated threshold corresponding to the polarization state with the highest Raman gain. Bottom row: measured pump

depolarization (violet circular markers). As for the top row, the Metripol and Mueller measured linear retardance axis directions are also shown.
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The Metripol determined linear birefringence direction again coincides with the direction

obtained using pump depolarization measurement.

3.4 Analysis and discussion

The above results reveal that the Stokes polarization is, in all cases, fixed to either of the
axes of linear retardance. This is in stark contrast to the case of low-Q (nanosecond-pulsed)
diamond Raman lasers whose polarization dynamics are dictated by the Raman tensors.

Insights into the cause of the contrasting behaviour are obtained by calculating the Raman
gain (and hence threshold) as a function of pump polarization for the measured output Stokes
polarization. The dependence of Raman laser threshold on pump polarization was calculated
according to the Raman gain in Eq. [3.1] using the measured Stokes polarizations for each
region. This was then scaled to the measured threshold to account for the variations in
diamond coating losses, surface quality, and cavity alignment. The middle row of Fig.
shows the measured threshold (red and black rectangular markers) and calculated threshold
(red and black full and dashed lines) using the observed Stokes polarizations.

It is seen that the Stokes polarization is fixed to the retardance axis that provides the
highest gain according to the injected pump polarization. For example for A, the threshold
for 45° Stokes polarization is less than the threshold for 135° for pump polarizations in the
range 0° to 91°, whereas the threshold for 135° Stokes polarization is less than for the 45° for
pump polarizations in the range 92° to 180°. Hence, we observe that the output polarization
switches between birefringence axis directions according to which has the highest gain.
A similar behaviour is observed for B, C, E and F. For D, the threshold for 178° Stokes
polarization is less than its orthogonal polarization over the entire range of pump polarization
angles which is consistent with the absence of a transition in the measured Stokes polarization.
Note that the dashed curves in Fig. [3.5|represent the gain behaviour for the Stokes polarization
of lower gain than its orthogonal counterpart.

The maximum gains for all the spots except D are each of a similar magnitude because
their birefringence axes are oriented close to the (111) crystal direction (see Fig. [3.1). This
is consistent with the similar minimum threshold observed for these regions (18-28 W). The
minimum threshold for D (50 W) is notably higher, partially due to the Stokes polarization

being well away from the direction of maximum gain. Note that slight variations in the



58 The effects of diamond birefringence in CW DRLs

coating and surface quality at each location, as well as precise alignment (which affects the
pump/stokes mode overlap), also contribute to the spread of observed thresholds.

These results show that even weak stress-induced birefringence in the diamond crystal
(An ~ 107%) affects the performance of CW DRLs, fixing the output polarizations to the local
birefringence axes, and thereby determining the maximum Raman gain coefficient achievable
as a function of pump polarization. As the Stokes polarization is fixed to the local linear
birefringence axis, pumping along (111) no longer provides maximum gain in all cases but
only when Stokes polarization is aligned to (111). Hence, if the birefringence axis is not
parallel to (111), the gain coefficient is less than the maximum achievable.

The results, for regions A-F and all other regions investigated, show no clear correlation
between the magnitude of linear or circular retardance and DRL performance, although a
more careful measurement over a wider range of linear and circular retardance might reveal
some effects.

The cause of the observed characteristic behaviour in the high-Q regime is explained in
broad terms by considering the number of round trips of the Stokes photons before exiting

the cavity given by

.
N = =<, (3.2)

7
where the average intracavity Stokes life-time 7. = m T, = % is the round-trip time

for the resonator of length /, c is the speed of light, T is the transmission of the output coupler,
L4 is the length of the diamond, a4 is the distributed loss including absorption and scattering
losses and « includes other losses such as coating, birefringence, and diffraction losses. Here,
[ 'is 104 mm, T is 0.5%, Lq is 8 mm, @4 is approximately 0.2%/cm and « is approximately
0.3%, hence the Stokes photons make around 100 round-trips inside the cavity and in each trip
accumulate phase retardances. For typical birefringence values in the diamond (107°), the
accumulated retardance over such a number of trips equates to the order of 1-2 wavelengths
and thus is expected to be an important factor in dictating polarization state behaviour.
In contrast, for low-Q DRLs using an output coupler of 50%, the Stokes photons make
approximately 2 round-trips and hence the accumulated effects of birefringence are greatly
reduced. This provides an intuitive explanation for the contrasting polarization behaviour of
low and high Q DRLs. Further investigation is required to more fully understand the cavity-Q
dependence of the competition between birefringence and Raman gain in determining the

Stokes polarization. This involves the development of a comprehensive model for solving the
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polarization eigenmodes of the resonator, for example, by utilizing Jones matrix formalism.
Such a model is also expected to elucidate the contributions of the magnitudes of linear and
circular retardance in determining the polarization behaviour.

The severity of problems associated with birefringence may be reduced by improving
the diamond growth conditions and thereby reducing the defects that cause birefringence.
Indeed, it is apparent that material quality has already improved over the period of this thesis
work with more recent diamond crystals exhibiting more uniform birefringence across the
whole aperture with magnitudes of the order of 107%. Use of diamond grown by other
techniques such as the high-pressure high-temperature (HPHT) technique may also provide
a way to alleviate birefringence problems. In addition, engineering the stress in diamond so
as to have a uniform stress distribution with the birefringence axis closer to (111) would aid
in improving the laser performance.

Although the effect of stress was investigated in an external cavity DRL, the results
can readily be extended to other high-Q DRLs such as in intracavity Raman lasers and

synchronously pumped ultrafast diamond Raman lasers.

3.5 Chapter conclusions

The Stokes polarization in the investigated CW DRL is determined primarily by the local
birefringence axis direction unlike the case of nanosecond-pulsed DRLs for which the output
polarization follows the maximum Raman gain for a given pump polarization. Since the
Raman gain is dependent on both pump and Stokes polarizations, a minimum threshold
is obtained for locations in diamond where the retardance axis and pump polarization are
aligned close to the (111) direction. This result explains why some crystals or some regions in
the crystal exhibited an improved performance compared to others, and thereby provides the
design considerations for selecting the appropriate crystal. The greater susceptibility of CW
devices to birefringence is attributed to the much greater number of round-trips for the Stokes
beam through the diamond medium. These results have direct implication for improving the
performance of CW DRLs and intracavity doubled DRLs. Apart from diamond, the results
are also likely to impact Raman lasers based on other isotropic Raman media such as silicon

and barium nitrate. These results may also be of importance to other high-Q systems, such
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as intracavity diamond Raman lasers and synchronously pumped ultrafast Raman lasers.

The main results of this chapter were published in Hadiya Jasbeer, Robert J. Williams, Ondrej Kitzler,
Aaron McKay, Soumya Sarang, Jipeng Lin and Richard P. Mildren, "Birefringence and piezo-Raman analysis
of single crystal CVD diamond and effects on Raman laser performance", JOSA B, Vol 3, No 5, pp. B56-B64
(2016).



CW visible generation by intracavity

frequency doubling

This chapter focusses on developing high power and high brightness lasers sources in the
visible, specifically addressing the red spectral region. Many applications ranging from
optical storage, laser scanning and printing, interferometry, atom cooling and spectroscopy
would benefit from laser sources in the red. Also, red lasers find its place in photodynamic
therapy (PDT), as the majority of PDT sensitizers are activated in this spectral region.

The most prominent technologies for red generation are intracavity frequency dou-
bling of 1.3 um transition of rare-earth doped lasers [39, 171H173], frequency doubling
of semiconductor disk lasers (SDLs) [174, [175]], Pr3+-d0ped LiYF, lasers [[176H178]], VEC-
SELs [179, 180] and laser diodes [181]. However, these technologies are either limited in
power (maximum achieved up to approximately 15 W), beam quality or both.

As discussed in Chapter 1, external cavity DRLs have proved to be an excellent platform

for generating high power and high brightness output at exotic wavelengths. To date, CW
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DRLs have been demonstrated in the near-IR achieving high output Stokes power (381 W)
and conversion efficiency (61%) with greater than 20 kW intracavity Stokes power [92]. The
high intracavity Stokes power in these systems is convenient for enabling efficient intracavity
frequency doubling to the red spectral region. Also, the approach offers the advantage of
being applicable to multi-longitudinal mode pumps since the cavity is non-resonant with the
input, in contrast to alternatives based on external resonant enhancement cavities (see also
Sec.1.1 for more details).

This chapter presents the first demonstration of intracavity frequency doubling in a CW
DRL. The critical design parameters affecting the visible conversion efficiency are evaluated
experimentally. A model for the laser is presented and used to identify the route to optimized
efficiency at current and elevated power levels. In addition, the prospects for scaling this

technology to power levels in excess of 100 W output power are analyzed.

4.1 Choice of the nonlinear crystal

A linear cavity is utilized to demonstrate intracavity frequency doubling in a CW DRL, as
this type of cavity offers simplicity in mirror alignment and system analysis, and reduced
mirror losses compared to more complex folded cavity designs. Such complex cavity designs
may be used to further optimize the frequency doubling efficiency by generating a separate
waist in the LBO, thus providing additional design flexibility. However, in such cases, the
increased losses introduced by the additional mirror surface and astigmatic effects need to
be considered in the design. In order to achieve efficient conversion of the near-IR Stokes to
the visible, the first step to consider is the choice of the nonlinear crystal compatible with the
chosen linear cavity design.

The primary crystal parameters to be considered for efficient frequency doubling are

obtained from the conversion efficiency equation [3],

sin’ (%)

P = LXZKX—(AkLﬂ)Z , 4.1)
2

where P, is the frequency doubled power, P, is the fundamental power (in this case

intracavity Stokes power), L, is the length of the nonlinear crystal, A = ﬂwiBo is the

area of the fundamental beam (in this case the Stokes beam) with radius wy go in the LBO,
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K = 2n3w§d§ﬁ, n = m = 377/ng [V/A] is the plane-wave impedance, ws is the
frequency of the Stokes beam, and d.g is the effective nonlinear coefficient of the crystal.
The units of d.g is [As/V?] which includes €y and is equivalent to 8.855 X 107124, rf m/V]
when € is excluded. Ak is the phase mismatch between the fundamental wave and the second
harmonic wave, given by Ak = % (n1 — ny), where Ag is the wavelength of the Stokes beam

and n; are the indices of refraction for the fundamental and frequency doubled beams.

For the case where perfect phase-matching is satisfied (Ak = 0), Eq. .1]becomes [3]],

P
P,

L? K
where I = % From Eqgs. and the key parameters for efficient frequency conver-

sion are d.g and crystal length as well as acceptance angle and bandwidth to ensure Ak = 0.

-TP,, (4.2)

Since the divergence of the Stokes beam in the linear cavity used here is approximately
9.4 mrad, the acceptance angle of the nonlinear crystal should ideally be greater than this
value. Non-critical phase matching is preferred over critical phase matching due to smaller
beam walk-off, wider acceptance angle and practical simplicity in laser alignment (as the
crystal may be temperature tuned).

Table. .1] compares key properties of potential nonlinear crystals that are feasible for
frequency doubling 1240 nm Stokes. Among the nonlinear crystals listed, BBO, BIBO
and LilO3 offer type I phase matching with relatively high d.g. However, these crystals
are critically phase-matched and hence suffer from a larger walk-off angle, smaller angular
tolerance, and narrower acceptance angle. LBO, on the other hand, allows non-critical phase
matching and thus possesses smaller beam walk-off, larger angle tolerance, wider acceptance
angle and band-width, with a moderate d.g value. Hence, LBO is better suited to SHG
conversion of 1240 nm Stokes in the present resonator design.

In order to achieve non-critical phase matching in LBO, the crystal should be cooled to
approximately 282 K, which is below room temperature. However, this would likely lead to
condensation and a high risk of coating damage. Alternatively, the crystal can be operated at
elevated temperatures and close to non-critical phase matching, providing tolerable walk-off
and acceptance angles, by choosing a crystal cut with phase matching angles close to 90°.
In these experiments, an LBO cut at 8 = 85.8° and ¢ = 0° and heated to 310.8 K is used for

implementing SHG of Stokes.
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Crystal Phase-matching  deg(pm/V)  walk-off (mrad) Angle tolerance Acceptance angle Acceptance band-width
configuration [w(e), w(0),2w] (mrad cm) (mrad cm) (cm™'em)
[e, 0] [e, 0]
LBO Typel 0.824 3.78,3.78,0 10.25 20.50, 20.50 317.5,317.5
BBO Typel 2.00 0,0,51.6 0.73 1.46, 1.46 70.35, 70.35
Type 11 1.48 65.09,0,6593 1.12 85.99, 1.14 35.00, 351.66
BIBO Typel 2.22 0,0, 16.56 2.10 4.21,4.21 34.02, 34.02
Type 11 1.97 0, 83.36,0 0.78 0.78 14.84,103.42
KDP  Typel 0.264 0,0, 27.38 1.52 3.04, 3.04 60.51, 60.51
Type 11 0.315 17.66, 0,23.29 2.89 15.04, 3.58 77.10, 32.79
LiIO3  Typel 2.09 0, 0, 66.62 0.50 1.00, 1.00 19.72, 19.72
Type II 0.106 76.77,0,79.66 0.81 23.50, 0.84 12.69, 47.66
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4.2 Experimental arrangement
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Diamond LBO
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! stage !

R Raman oscillator with ------ 4
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Figure 4.1: Experimental arrangement of an external cavity DRL with intracavity frequency
doubling: HWP-half-wave plate, FL-focussing lens, HR-higly reflecting mirror, IC-input

coupler, and OC-output coupler.

Figure. 41| shows the experimental arrangement for the CW DRL with intracavity fre-
quency doubling to generate 620 nm visible output. The pump source was the same as
that used in Chapter 3: a quasi-CW-pumped Nd:YAG laser at 1064 nm, operating at 40 Hz
repetition rate and 1% duty cycle with a pulse duration of 250 us. A half-wave plate (HWP
1) and a polarizing cube were used to achieve variable attenuation of the pump beam and a
Faraday rotator provided isolation from the back-reflected pump. A half-wave plate (HWP 2
in Fig. .T)) was used to control the pump polarization with respect to the diamond axes.

The Raman laser cavity consisted of a 107.5 mm long near-concentric resonator consisting
of an input coupler (radius of curvature = 50 mm), diamond as the Raman gain medium, LBO
as the frequency doubler and an output coupler (radius of curvature = 50 mm). A focusing
lens (50 mm focal length) was used to focus the pump beam into the middle of the AR coated
diamond, which was sample B, characterized in Chapter 2. The LBO (temperature tuned to
310.8 K) was placed on a translation stage so as to change its position with respect to the
waist of the Stokes mode, thus controlling the width of the Stokes beam in the LBO and
thus the nonlinear output coupling. The input coupler was highly transmissive for the pump
(>97%), highly reflective for the 1240 nm first Stokes (99.98%) and partially transmissive

for the 620 nm second harmonic output (66%). The output coupler was highly reflective for
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the pump and provided 0.5% transmission for the first Stokes and 30% transmission for the
second harmonic output. Since the input and output couplers are neither AR nor HR coated
for 620 nm, the generated SHG power exits through both the cavity mirrors. The generated
SHG power was measured from one of the HR mirrors (as indicated in Fig. and calibrated
using the transmissivities of the output coupler, input coupler, focussing lens (FL), half-wave

plate (HWP 2) and the HR mirror at 620 nm.

4.3 Experimental results - Laser performance
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Figure 4.2: Photograph showing 620 nm laser emission in the intracavity doubled CW DRL.

The red beam on the lower left has been digitally enhanced for clarity.

After optimizing the LBO position (as discussed further below), the laser behaviour was
characterized. Fig. 4.3 shows the generated SHG power, Stokes power leaked through the
output coupler (as a result of 0.5% T at 1240 nm) and residual pump power as a function
of injected pump power. At a pump power of 97 W, the onset of 1240 nm residual first
Stokes output and 620 nm second harmonic output (as shown in Figld.2) was observed
simultaneously. Above threshold, the SHG power increased monotonically up to a maximum
of 30 W limited by the available pump power (204 W) achieving a maximum conversion
efficiency of 14.9%. Fig. 4.4 shows the beam quality measurements for the SHG output,

revealing an M? of 1.1.
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Figure 4.3: On-time SHG and Stokes power (top figure) and residual pump power (bottom
figure) as a function of incident pump power for wypo = 155 um for a diamond-LBO
separation of 12 mm. The error bars indicate the variation of measured power in the power

meter.

The Stokes power leakage from the output coupler was 11.6 W for a pump power of
204 W. As a function of injected pump power, the residual pump power increased linearly
until threshold and then remains approximately constant up to 180 W of injected pump due
to pump depletion by the first Stokes. Beyond 180 W, the residual pump was observed to
increase monotonically up to the maximum injected power. Although an increase in residual
pump power may signal the onset of cascaded second Stokes generation (1485 nm), however,
in this case, the threshold pump power for second Stokes generation could not be attained

owing to the high transmission of 1485 nm for both the input and output couplers (T at
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Figure 4.4: Beam radius as a function of position through the beam waist, which was used to

calculate the M? of 620 nm output at the power level of 30 W.

1485 nm for input coupler is 98% and output coupler is 84%). Other explanations may
include poor overlap between the pump and Stokes mode, owing to slight misalignment of
the cavity. Further investigation at higher pump powers is required to understand the cause

of this behaviour.

[001]diamond

r N

[1 10] diamond

—
\ [1io]diamond
RO £ \p=58 |

Figure 4.5: Relationships between the ordinary and extra-ordinary rays in the LBO (cut at 6

= 85.8°) and the diamond crystallographic orientation. Z indicates the optic axis.
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The SHG and the first Stokes output was measured to be vertically and horizontally
polarized respectively for all pump polarizations. Since the dominant birefringence element
in the cavity is LBO with its optic axis in the horizontal plane containing the diamond (110}
(see Fig. {.5), the measured Stokes polarization is consistent with the results in Chapter
3. The vertical SHG polarization is consistent with the type I phase matching conditions

(1240(e)+1240(e) = 620(0)).
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Figure 4.6: On-time Stokes power leakage (top figure) and SHG power (bottom figure) as
a function of diamond-LBO separation for pump power of 200 W. The beam width of the

Stokes in LBO is shown in the top X-axis.

Fig.[d.6]shows the laser output power as a function the diamond-LBO separation distance.

The Stokes beam radius in the LBO (see top axis) was calculated using PSST software
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(used for modelling laser cavity) using the radii of curvature of input and output couplers,
measured cavity length and the distance between the diamond and LBO. The Stokes leakage
(top figure) from the cavity increases with separation distance. This is consistent with the
expected offsetting of SHG to higher power and hence greater build-up of intracavity Stokes
power. Over the same range, the SHG power (bottom figure) increases initially up to the
30 W maximum at a diamond-LBO separation of 12 mm (corresponding to a Stokes beam
width in the LBO of 155 wm) and decreases thereafter. For separations less than optimum,
over-coupling occurs where the high rate of Stokes-SHG conversion leads to low Stokes field,
hence reduced pump depletion and lower SHG power. Conversely, under-coupling occurs
for larger than optimum separations and in which Stokes-SHG conversion is low despite the
high Stokes field and strong depletion of the pump beam.

The detailed output characteristics for the under-coupled regime are shown in Fig. 4.7
When compared to the optimum condition (Fig. [4.3), this regime is characterized by a much
higher intracavity Stokes field and consequently much higher depletion. (Note that operation
in the over-coupled regime was not investigated in detail due to a higher risk of LBO coating
damage under extended operation.)

The output spectrum (see Fig. 4.8 acquired with an Ocean Optics spectrometer) shows
a strong second harmonic output at 620 nm and a weak SFG output at 573 nm between the
pump and the first Stokes. The SFG signal is weak as the phase-matching conditions are
not fulfilled, however, shows the potential for extending the wavelength range of DRL using

SFG.

4.4 Laser model

A model has been developed to provide guidance for improving the performance and predict-
ing the performance at elevated power levels of an intracavity doubled CW DRL. This model
was adapted from an analytical model for CW DRL by Kitzler et al. [86]. The rate equations
for the pump and Stokes intensity fields described in Sec.1.2.2 (Eq. are adapted to
include a nonlinear output coupling loss term for the intracavity Stokes field corresponding
to the SHG output. Also note that this model explicitly includes the depletion of the pump
beam. The major assumptions used in the model are:

- the pump, Stokes, and SHG beams are all Gaussian;
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Figure 4.7: On-time SHG and Stokes power (top figure) and residual pump power (bottom
figure) as a function of incident pump power for w;po = 550 um (under-coupling) for a
diamond-LBO separation of 40 mm. The error bars indicate the variation of measured power

in the power meter.

- a low gain system in which the z-dependence of the intracavity Stokes intensity inside
the cavity is taken to be constant;

- thermal effects are negligible (these are considered separately in Sec. 4.7).

The growth of the intracavity Stokes field and the depletion of the single pass pump beam
are given by (from Sec.1.2.2) [86]]

dIir (r, 2)

dZ — gSIPIént _ as][l’ll”
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Figure 4.8: Output spectrum obtained when pumping with 1064 nm laser. The inset corre-
sponds to the signal at the sum frequency of the pump and Stokes. Note that the small peaks

at 547 nm and 613 nm account for the room light emissions.

dlp(r, ~
P(” Z) _ _g_SIPIISnt — aplp, (43)
dz n

where Ip and Ié”’ are the pump and intracavity Stokes intensities respectively, n = Ap/Ag is
the quantum defect of the inelastic Raman scattering process, and as, ap are the parasitic
losses at the Stokes and pump wavelengths respectively.

Assuming that the losses are small in a single pass of the Raman crystal , the volume
integration in polar coordinates (r from 0 to co and 6 from O to 27) of the equation for pump
depletion in [#.3|becomes [86]

dPp(2) _ _Lﬁ
dz m

Pp(2) P (2) (4.4)

W) + W3 )
where wp g is the pump and Stokes beam waists. Above the threshold, the pump power decays
rapidly on passage through the crystal as is necessary for an efficient single- or double-pass
pumped laser. Since the dependence of intracavity Stokes intensity on z is neglected, Eq.[4.4]

can be solved by separation of variables to give |86} [127]]
Pres = Ppexp (-GPY"), (4.5)

where Pge is the residual pump power and G is the Raman gain in the focussed geometry
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given by
2gs arctan ({)

G =
n A

(4.6)

The dimensionless parameter £ depends on the the diamond length L4 and confocal parameters

of pump (bp) and Stokes (bs) according to

Lq n’ + bps
= \/ , 4.7)
¢ \bpbs \ ’bps + 1

where bps = bp/bs and ' = /li)//l’s = (/lpnlef) / (/lsansz). The parameter A, defined as

1|, 1 1
A= E /lP/lSJ(n + ;) + (l’)ps + b—PS), (48)

contains the gain reduction factor for the pump and Stokes wavelength mismatch (first bracket

in Eq. and beam overlap mismatch (second bracket in Eq. 4.8).

The Stokes power generated Pg “ according to the conservation of energy is the difference

between the pump and residual pump power scaled to the quantum defect

Pgen:n(PP_PRes)

=nPp [1 - exp (-GPJ")]. (4.9)

The intracavity Stokes power generated is lost from the cavity via three ways: absorption
and scattering loss from the diamond and the LBO (Péo”), first Stokes leaking through the
output coupler (PSO €), and nonlinear output coupling due to frequency doubling (Psyg). The
total crystal loss for the Stokes, which include distributed losses terms for absorption and
scattering loss (aq for diamond and « ,, for LBO) as well as reflection losses from the crystal

faces (k — total reflection loss from diamond and LBO) is given by
P = (aaLa + oLy + k) P (4.10)

In a linear cavity, half of the intracavity power propagates towards right and half towards the
left. The Stokes power leakage through the output coupler with transmission 7 for the Stokes
is given by

T

PJ¢ = Epg’". 4.11)

The nonlinear output coupling due to SHG is (from Eq. 4.2))

Psug =T (Pg’”)2 . (4.12)
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Substituting Eqs. .10}, @.11] and 4.12] in Eq. leads to a solution predicting the required

pump power for a certain intracavity Stokes power (and thus generated SHG)
. N2
(T +20aLa + 2a 2Ly + 2) P + 2T (P")

2n [1 — exp (—GPé”’)]

The first term in the brackets takes into account the Stokes leakage through the output coupler

Pp =

(4.13)

and parasitic losses in the cavity. The second term which depends on the square of the
intracavity Stokes power corresponds to the SHG. Eq. .13] can be also written in terms of

SHG and output coupled Stokes power:

(T +2aqLlq + 2C¥X2LX2 + 2K) PSOC + T Psug
_ oC
i [i-on ()

The threshold pump power Plt,h is obtained by limiting the intracavity Stokes power in Eq.

Pp =

(4.14)

to zero
(T + 2ade + 2CYX2LX2 + 2K)

2Gn
Thus the threshold pump power depends on the Stokes output coupling, parasitic crystal

th _
Py =

(4.15)

losses, Raman gain coefficient and pump and Stokes focussing parameters.
In the experiment investigated above, the pump undergoes two passes through the diamond
(the output coupler is HR for the pump) and thus experiences additional depletion. Assuming

that the residual pump follows the same path during the second pass (from Eq. #.5)
Ppres = Ppexp (—2GPJ"). (4.16)

The relation between pump and intracavity Stokes power for second harmonic output given
by Eq. d.13|becomes

(T + 2aaLa + 20 oL 2 + 2) P 42T (Pim)’

Pp = , , (4.17)
2n [1 - exp (-2GPY")]
Likewise the threshold pump power given in Eq. @d.15|becomes
T +2aqLq +2a oL > + 2k
Py = ( vl 2] (4.18)

4Gn ’
and thus reduces by half compared to single pass. Eqs. .16} [4.17 and [4.18] can be used to

predict the key trends in Stokes, SHG, and residual pump power. Fig.[4.9]shows examples of
model output corresponding to the over-, optimally- and under-coupled regimes for a general

set of parameters which highlight the contrasting behaviour in each.
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Figure 4.9: SHG, Stokes and residual pump as a function of pump power for wy go=450 um
(top figure), 155 pm (middle figure) and 70 pm (bottom figure) featured by under-, optimum
and over-coupling regimes respectively. The parameters used for these plots are T = 0.5%,
k =0.9%, ag =0.37%/cm, @, = 0.37%/cm, Lq = 8 mm, L, = 10 mm, wp = 42 um, ws =

47 um, M3 = 1.5, and M3 = 1.0.

4.5 Model comparison with experiment

In this section, the model predictions are compared with the SHG and Stokes power char-
acteristics of intracavity doubled DRLs investigated in Sec 4.3. Tab. §.2] summarizes the
parameters used for fitting the model results with the experimental results. The measurable
parameters such as the output coupling, length of the diamond, length of the LBO, M? value
of the pump and Stokes and second-order nonlinear coefficient des (taken from SNLO) are
taken as fixed parameters. The values for gs, wp, ws, and parasitic losses (a4, @ 2, and k)

are taken within a nominal range to fit the model results with the experiment. The Raman
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Figure 4.10: Modelled SHG and Stokes power (top figure) and residual pump power (bottom
figure) as a function of incident pump power for Stokes beam radius in the LBO of (a) 155 um
and (b) 550 um for experimental conditions given in (TabJ4.2). Experimental points are
included for comparison. The dashed lines represent the model results and markers represent

the measured results.

gain coeflicient gg of 8 cm/GW used for fitting the experiment is within the range of the
reported values in the literature (8-15 cm/GW at 1064 nm, see also Sec.1.3) [116,120]. The
parameter g which accounts for the absorption and scattering losses in diamond is taken
to be 0.37%/cm which is within the range expected for diamond samples with 20-40 ppb
nitrogen content [123,[145]. The parameter @, which accounts for the absorption and scat-
tering loss for the LBO is taken to be 0.37%/cm which is slightly higher than the absorption
coeflicient value of about 0.1%/cm at 1064 nm given by the manufacturer (Castech Inc.). The
reflection loss parameter « is the sum of the reflection losses from diamond (approximately
0.1% per surface) and LBO (approximately 0.13% per surface) from the manufacturer’s data
sheet [182]. The pump and Stokes waist sizes are 35+5 wm and 40+5 um, respectively.

These values were calculated using LACAD laser design software from the known values



4.5 Model comparison with experiment 77

of incident pump beam radius, the focal length of the input lens, radii of curvature of the
input and output couplers and cavity length, with the associated uncertainties determined
by uncertainties in the pump beam parameters (M? and incident beam radius) and cavity

parameters respectively.

Table 4.2: Simulation parameters used to model the optimum and under-coupled regions
corresponding to the results in Fig. 4.3] (in the second column) and Fig. (in the third

column).

Optimum Under-coupled

Variable 30 W SHG power 10 W SHG output

T [%] 0.5 0.5
K [%] 0.9 0.9

aq [Yo/cm] 0.37 0.37

@ 2 [%o/cm] 0.37 0.37
L4 [mm] 8 8
L, [mm] 10 10

det [As/V?] 8.5x 107 8.5x 107

gs [cm/GW] 8 8

wrpo [um] 155 550
wp [um] 42 31
ws [wm] 47 36
M} 1.5 L5

M? 1.06 1.06

Figures. (a) and (b) shows the measured and calculated SHG, Stokes and residual
pump powers as a function of incident pump power for optimum- and under-coupling regimes.
In both the regimes, the modelled threshold, Stokes power, and SHG power fit well with
the experimental results. The measured threshold values in the under-coupling regime are
notably lower than near optimum-coupling regime, which is attributed to variations in cavity
alignment. The values for wp and wg in both the regimes are within the range expected for
a given focusing lens, input and output couplers, the radius of the injected pump beam and
position of diamond in the cavity.

There is a notable discrepancy between the measured and calculated residual pump powers
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Figure 4.11: Measured and calculated Stokes power leakage (top figure) and SHG power
(bottom figure) as a function of wi o at 200 W pump power. The parameters used for fitting

the model plot is the same used for 30 W SHG power given in Tab. @

at higher injected pump powers (see Fig.[.10](a) and (b)). This is a well-known problem [86],
which is assumed to be a result of the absence of a full two-dimensional model including
the effects of diffraction. Hence, the deviation of the experimental residual pump power
from the model indicates that the model derived loss and/or gain coefficients are likely to be
over-estimated.

Figure. show the measured and model-calculated Stokes leakage and SHG power as
a function of the Stokes beam radius in the LBO at 200 W of pump power. The calculated

values agree well with the measured values, except for consistently lower measured values of
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SHG power for wi o greater than the optimum value. This discrepancy is attributed to the
progressive misalignment of the cavity as the LBO was moved from the diamond towards
the output coupler. Although the cavity was adjusted to compensate for the progressive
misalignment, this was practically difficult to achieve due to highly sensitive laser behaviour
with mirror adjustment. In addition, the discrepancy could also arise from the uncertainties

in the fitting parameters such as the pump and Stokes beam-waist radii and loss parameters.

4.6 Optimization of parameters

The model presented in Sec.4.4 reasonably fits well with the observed laser behaviour with
acceptable values of loss and Raman gain coefficients. Hence it can be used for optimization
and predict its performance at higher pump powers.

Fig. #.12] (a) shows the SHG power dependence on nonlinear output coupling I', which
includes def, L2, and area of the Stokes beam (or wigo) in the LBO. The two design
parameters in the nonlinear output coupling term that may be varied for optimizing the
output are wigo (by changing the distance between diamond and LBO) and L . Figs.@.12]
(b) and (c) shows the variation of the SHG power with wigo and L, for fixed loss and
focusing parameters. In practice, one of these parameters is fixed, and the other is varied to
obtain the maximum SHG output. For a fixed L,, = 10 mm, the optimum value of wy go is
approximately 150 um as expected from the experimental results (see the red dashed circle
in Fig. (b)). Similarly, for a fixed distance between the diamond and LBO, the optimum
value of L, is 10 mm. In most of the cases, the length of the crystal is preselected and
wLBo is varied to obtain the maximum SHG power. Smaller crystal length may be used for
reducing the losses, in which case the LBO should be placed closer to diamond (wy go should
be smaller).

The diamond length is another important design parameter (Fig. d.13) to maximize the
SHG power. The intracavity Stokes power increases due to the increase in gain-length product
and reaches a maximum point before succumbing to the increasing role of distributed losses
in the crystal. As the SHG power depends on the intracavity Stokes power, it also follows
the same trend. For the experimentally-derived optimal parameters (Column 1, Tab. 4.2),
the optimum L is approximately 15 mm. This opens up the potential for further increase in

SHG power by utilizing a longer diamond (for fixed focusing conditions).
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Figure 4.12: SHG power as a function of (a) nonlinear output coupling (b) beam width at
LBO and (c) LBO length for pump powers in the range 100-300 W for T = 0.5%, « = 0.9%,
aq = 0.37%/cm, a2 = 0.37%/cm, gs = 8 cm/GW, wp = 42 um and ws = 47 um. The red

dashed circle represent the investigated range for 30 W SHG output.

The pump and Stokes beam-waist radii are also important design parameters to be op-
timized for improving the laser performance. Fig. [#.14] shows the variation of SHG power
as a function of wp, assuming Stokes beam-waist is mode matched to the pump (wp = 0.9 X
ws obtained from the experimental conditions given in Tab. §.2) for fixed loss and diamond
length. A tighter focusing is preferred for maximizing the SHG power, however, the SHG
power saturates below a certain pump radius (approximately 25 um for 200 W of pump
power) and any further reduction in beam-radius would only result in a marginal increase
(Iess than 5%). Hence, this plateau region is preferred, as smaller spot-size increases the

possibility of laser-induced damage and may exacerbate the thermal effects when operating
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Figure 4.13: SHG power as a function of diamond length for pump powers in the range
100-300 W for T = 0.5%, « = 0.9%, aq = 0.37%/cm, a > = 0.37%/cm, g5 = 8 cm/GW, wp =
42 um, ws = 47 um, L,, = 10 mm and wygo = 155 um. The red dashed circle represent the

investigated range for 30 W SHG output.

at elevated power levels. Since the wp for the 30 W SHG is larger than the optimum value
(see the red-dashed circle in Fig.[d.14), an increase in the SHG power is expected with tighter
focusing.

Losses in the laser cavity are crucial parameters determining the efficiency of the laser.
Although losses will always be present, it can be reduced by improving the optical coatings
and material quality. Fig.d.I5|shows the SHG power as a function of the total losses in the
cavity including crystal losses (absorption, scattering and reflection losses) and Stokes output
coupling loss. As expected, SHG power increases with reduced losses. The red dashed circle
represents the estimated losses in the crystal for 30 W SHG output which is approximately
3.7%. For Stokes mirror leakages reduced from 0.5% to below 0.05%, which is easily within
the capability of conventional laser mirror coatings, the SHG power may be increased from
30 W to 42 W (see black-dashed circle in Fig. #.15). In addition, sourcing higher quality
diamond and LBO (with lower absorption and scatter loss), will enable increased powers at

the rate depicted in Fig.[4.13]
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Figure 4.14: SHG power as a function of wp for pump powers in the range 100-300 W for
T =0.5%, k =0.9%, aqg = 0.37%/cm, a,, = 0.37%/cm, g5 = 8 cm/GW, Lg =8 mm, L, =
10 mm and wy o = 155 um. The red dashed circle represent the investigated range for 30 W

SHG output.

4.7 Thermal effects in diamond and LBO

The thermal effects in LBO and diamond need to be considered when increasing the pump
power and pulse duration to the CW regime. In the quasi-CW regime used here, with 250 us
pump pulses, the steady state thermal gradients are established rapidly in the diamond (within
a few tens of microseconds), due to its high thermal conductivity [93]. In contrast, the LBO

requires approximately one thousand times longer due to its low thermal conductivity.

4.7.1 Thermal effects in diamond

In diamond, the major heating mechanisms are the decay of the optical phonons in the
process of Stokes generation and the Stokes absorption due to impurities and defects in
diamond. However, the nature of the decay of optical phonons and heat deposition is not
completely understood and evidence suggest that the actual thermal lens is much weaker than
calculated [92]]. Nevertheless, an upper bound for the lens strength can be determined and is

presented here.
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Figure 4.15: SHG power as a function of total loss including crystal losses and Stokes output
coupling loss for pump powers in the range 100-300 W for gs = 8 cm/GW, wp =42 um, wg =
47 um, L, = 10 mm and wigo = 155 um. The red dashed circle represent the investigated
range for 30 W SHG output and the black-dashed circle represents the projected SHG power

when the Stokes output coupling loss is reduced to less than 0.05%.

The thermal lens strength is calculated by assuming a uniform heat deposition along the
crystal and is given by [116, [183]]
1 _ P, dep dn

= — +(m-1)(v+ ar+n’arC 4.19
T = Tekond | dr T T DO Dar s rarG (4.19)
where Pgep is the total heat load deposited, 3—; is the thermo-optic coefficient, n is the

refractive index, v is the Poisson’s ratio, C, 4 are the photoelastic coeflicients in the cylindrical
coordinates, Kc is the thermal conductivity (2200 W/mK), and ar is the thermal expansion
coefficient. Diamond has a moderately high j—; and unusually small et and hence the major
contributor to lensing in Eq.[4.19]is due to the thermo-optic term [116] and is the only term
considered here.

The heat load due to phonon-decay is
P = (25 1) pOC
ph = - S (4.20)

and impurity absorption is

Pabs = PJ"aqLy. 4.21)
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From Eq. the heat load due to phonon decay for 11 W of Stokes generated is calculated
to be 1.82 W. From Eq.[4.21] and given the intracavity Stokes power of 4 kW and absorption
coefficient of 0.1 %/cm (taken from Fig. [I.6]in Sec.1.3), the heat load contribution due to
impurity absorption is calculated to be 3.2 W. With the same focussing parameters for 30 W
SHG, the thermal lens focal length in diamond is calculated to be 33 cm. (Note that, the
model determined a4 is not relevant in this context as it includes contributions from scattering
and other parasitic losses in the cavity that do not lead to crystal heating). The current cavity
can accommodate a thermal lens of focal length up to 2.6 cm (calculated using PSST) by
adjusting the cavity length and hence the calculated thermal lens is an order of magnitude
weaker.

In addition to lensing due to the thermal gradient, the absolute temperature rise is consid-
ered, in order to check its importance on Raman gain properties. The temperature rise due
to SRS and impurity absorption is calculated using the equation (assuming a top-hat beam

profile and unrestricted heat flow from the laser crystal to the heat sink) [[184],

2m 2KC

where Ti,x is the maximum temperature reached in the diamond, 7t is the coolant temperature

Pyor 1
Toax = To + —P d[ (1+21nr—0)], 4.22)

(the temperature of the copper block where the diamond is mounted), and r¢ is the radius of
the laser crystal (approximately equal to the width of the diamond). Provided that the coolant
temperature is approximately 20°C, the temperature gradient is calculated to be 5.5°C. Since
the Raman gain or linewidth is only expected to be affected for temperature rise greater than

500 K, the absolute temperature rise is deduced to be negligible [119, [185].

4.7.2 Thermal effects in LBO

The major cause of heating in LBO is the absorption of the intracavity Stokes power due to
the presence of defects and impurities. The thermal lens strength in LBO has been derived

as [186]]

1 PM"a L, d
=S ﬁlnz (4.23)
fiBo  mKcwig,

where it was assumed that the end-face bulging of LBO was small and where dn,/dT

-9.3x 107 /°C, dny/dT = -13.6 x 107 /°C, and dn./dT = -8.9 x 107 /°C, Kc(xy)
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Figure 4.16: Thermal lens focal length in LBO as a function of input pump power for @ ,, =

0.1%/cm and « ,, = 0.05%/cm.

3.97 W/mK and K¢, = 3.03 W/mK. Since the thermal conductivity is anisotropic, the lens
will be strictly astigmatic. However, the anisotropy is fairly small and hence it is neglected
here, in order to obtain a first pass estimate of the lens strength. The minimum value of
thermal conductivity along the z-direction is taken to predict the upper bound of the lens
strength. Also, dn;/dT is taken as the polarization is closely aligned to the z-axis. The
absorption coeflicient «,, of LBO, as given by the supplier’s specification (Castech.Inc), is
0.1%/cm (here again, the model determined absorption coefficient is not taken due to the
reasons described above). For an intracavity power of 4 kW, the total heat deposited in the
LBO due to Stokes absorption is approximately 4 W. Additional heating due to red absorption
is likely to be approximately 0.12 W, which is negligible compared to the contribution from
Stokes absorption. The thermal lens strength in LBO is calculated to be more than an order
of magnitude stronger which, like the time to attain steady-state profile, is a direct result of its
much lower thermal conductivity compared to diamond. Hence the thermal effects in LBO
is deduced to be the major limiting factor in power scaling.

Fig. shows the thermal lens focal length f1po as a function of the incident pump
power for two different @, values, 0.1%/cm (as given in the data sheet) and 0.05%/cm (high

optical quality LBO given in [187]). At the current operating pump level (204 W) with « ,»
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Figure 4.17: Stokes laser cavity after introducing -6 mm thin lens.

= 0.1%/cm, a thermal lens of focal length -1 cm is calculated. It is seen that by adjusting
the cavity length, a thermal lens of up to -0.6 cm can be accommodated in the cavity (see
Fig. obtained using PSST). This implies that the pump power may be increased up to
320 W which would potentially yield up to 95 W of SHG output power. By using a low-loss
LBO with a,, = 0.05%/cm given in Ref. [187], f is calculated to be approximately -2 cm
at the current pump level (204 W) which potentially generates up to 50 W of SHG. The
pump power may be increased up to 560 W, predicting SHG power of approximately 290 W
before thermally-induced saturation. Although in this case the thermal lens may perturb the
divergence of the Stokes beam in the cavity, this may be compensated by a combination of

translating the LBO and adjusting cavity length.

4.8 Discussion

The laser demonstrated here shows the potential of intracavity doubled DRL to generate high
power in the red spectral region. The power demonstrated here is high compared to other
competing technologies such as frequency doubling of rare-earth doped lasers [39, 171+
173]], semiconductor disk lasers [[174}[175]], VECSELSs [[179, [180] and laser diodes [|181]. In
addition, the DRL approach has the advantage of good beam quality at higher output power
(ie., high brightness) as a result of the combined effects of Raman beam clean-up in generating
output of the fundamental spatial mode and the lack of thermally-induced saturation in the

diamond.
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As discussed in Sec.4.6, further improvement in SHG power may be attained by reducing
the Stokes resonator loss, diamond and LBO crystal losses, increasing the diamond length
and tighter pump focussing. For example, when T<0.1%, agq <0.2%/cm (for 20 ppb CVD
diamond, see also Fig. , a2 = 0.1%/cm (approximate absorption and scattering losses
for low-loss LBO), Lg = 15 mm, and wp = 30 um (which is within the range for the current
cavity), the SHG power potentially increases to more than 90 W with approximately 45%
conversion efficiency at the current power level of 204 W (see Fig. {.18)). In addition, with
these parameters, the SHG power may be increased up to 280 W for a pump power of 480 W

without thermally-induced saturation.

350
1 —— Projected power with current parameters R ’
300 1 —— Projected power with optimized parameters”
250 1 =  Currently measured power —>»>
S '
": 7
g 200 — e
8 150
o | Strong
I s .
9 100 - - thermal lensing
| 1 in LBO
50 A I >
] I
0 ' I T T T T I T T T T
0 100 200 300 400 500

Pump power (W)

Figure 4.18: Projected SHG power with optimized parameters 7<0.1%, aq = 0.17%/cm, a ,»
=0.1%/cm, wp = 30 wm and L4 = 15 mm. Other parameters remains the same as 30 W SHG
power. The measured and calculated SHG power with the current parameters are also shown

for comparison. The red and black dashed lines represent strong thermal lens regime.

Furthermore, note that the Stokes was horizontally polarized and thus the Raman gain
in the current configuration is 75% of the maximum achievable value. Improved laser
performance is thus expected by orienting the LBO phase-matching plane, and hence the
Stokes polarization, parallel to a (111) direction of the diamond (35.3° from horizontal).

The concept described in this chapter offers the potential to further explore more wave-

lengths in the visible and UV spectral regions by making use of higher order Stokes wavelength
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as well as by using visible pump lasers. Although the design parameters for intracavity dou-
bling of higher-order Stokes will be different, the basic principles are likely to be similar.
High brightness output at 742.5 nm, for example, is feasible by making use of the second
Stokes (1485 nm) and subsequent intracavity doubling. The secondary output lines of Nd
lasers near 1320 nm may potentially enable generation of 1600 nm first Stokes or 2035 nm
second Stokes with associated SHG wavelengths generates 800 nm (as an alternative for
Ti:Sapphire laser) and 1018 nm respectively. Further wavelength options are also presented
by using the broad tuning range offered by high-power Yb-doped fiber lasers. Fundamen-
tal output between 1010 nm and 1070 nm [[188]], for example, may be utilized to generate
tunable first Stokes wavelength in the diamond from 1167-1248 nm and second Stokes from
1381-1496 nm and subsequent frequency doubling generates wavelengths ranging from 584-
624 nm and 690-748 nm. This provides an alternative that is simpler and potentially more
cost effective and that may be able to address applications in laser guide stars (589 nm) and
atom cooling.

The concept is also further developed in the next chapter (Chapter 5), by utilizing a
frequency-doubled Nd:YAG at 532 nm to generate 573 nm first Stokes output and with the

view to intracavity frequency doubling to the deep-UV.

4.9 Chapter summary

The frequency extension of high power DRLs to visible wavelengths by intracavity frequency
doubling has been demonstrated. A type I phase matched LBO was used in an external cavity
DRL to generate quasi-CW 30 W output power at 620 nm with 15% conversion efficiency
and excellent beam quality (M? = 1.1) for 204 W of available pump power. The first Stokes
and the frequency doubled output was measured to have horizontal and vertical polarization
respectively which agrees with the polarization behaviour of CW DRL described in Chapter
3. The SHG power as a function of the distance between the diamond and LBO was studied
and found that the positioning of the LBO was crucial in determining the nonlinear output
coupling and thus SHG efficiency.

A model was presented to provide insights for optimised operation and power scaling
over a range of design parameters. Comparison of model and experiment provided a good

understanding of the laser behaviour as a function of nonlinear coupling. It was found that
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the length of the diamond, losses in the diamond and LBO, Stokes output coupling and pump
focussing are the parameters to be optimized to generate more than 90 W of 620 nm at the
current pump level.

Extension to higher power and from quasi-CW to CW operation was considered by
examining the thermal effects that are expected to come into play in the diamond and LBO. In
steady-state CW operation, the thermal lens strength in LBO is calculated to be more than an
order of magnitude higher than in diamond, owing to the relatively low thermal conductivity
of LBO and is the crucial factor in limiting the power scaling. The current cavity design
and design parameters predicts CW power approaching 100 W for 320 W pump powers
before thermal effects are likely to impact upon the performance. In addition, with optimized
Stokes output coupling, low-loss LBO and diamond, focussing parameters, and length of the
diamond, the SHG power may be increased to greater than 90 W at the current pump level
and up to 280 W for 480 W pump power without significant thermal effects.

These results show the prospects for extending the wavelength range of diamond Raman

lasers further by utilizing higher order Stokes as well as different pump wavelengths.
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532 nm-pumped DRL: CW yellow and

deep-UV generation

The previous chapter demonstrated a DRL operating in the IR with intracavity frequency
doubling to generate visible output. The same approach is extended here, to generate Stokes
in the yellow region by utilizing green pump source with the aim of further extending it to
the deep-UV by intracavity frequency doubling.

CW yellow lasers find applications in skin and vascular medical treatments, ophthal-
mology, and laser displays. In the UV, applications include spectroscopy, atom cooling and
trapping, photolithography, and material processing. High power CW lasers, especially in
the deep-UV spectral region, are challenging due to scarcity of gain materials in this spectral
range. To date, the main route to deep-UV has been through the SHG and SFG using cavity
resonant frequency conversion [[135, [16} [189-192] and intracavity frequency doubling [[193]].
An alternative technology is Ce doped lasers with emission in the deep-UV spectral re-

gion [194, [195]. However, the maximum power achievable using these technologies are
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limited to few hundred milliwatts except at 266 nm with power reported up to 12 W. Also,
at higher powers, it is difficult to maintain the beam quality. Hence, there is a need for high
average power and high beam quality laser technology in this wavelength range.

Diamond Raman lasers pumped in the visible with intracavity frequency doubling offer
the most promising technique for high power and high brightness lasers in the deep-UV
spectral region. This chapter presents a DRL pumped with 532 nm CW pump laser to
generate 573 nm Stokes. The basic laser design is presented and the fundamental laser
characteristics are investigated. An analytical model is presented to provide insights into the
characteristics and operation of visible DRL compared to near-IR. Also, ways of improving
the laser performance by optimizing various design parameters are presented. These results

were used to predict designs for high power deep-UV generation.

5.1 Experimental arrangement

Hy
532 nm

L i Raman oscillator Bfetiatar |

F
Diamond
‘ m \ plate “

HR o M
Heat sink ¢} \ _
60 mm |C 5 Mirror
50 mm = 50 mm

£

Power meter

Figure 5.1: Experimental arrangement for a green pumped DRL. HWP - half-wave plate, CP

- cube polarizer, QWP - quarter-wave plate, FL - focussing lens anf IC - input coupler.

The experimental arrangement for the green pumped DRL is shown in Figure.[5.1] The
pump source used was a CW frequency doubled Yb-doped fiber laser (Model GLR 100,
IPG photonics) with single longitudinal mode (line-width<1 MHz) and vertically polarized

output at 532 nm. An optical chopper with 50% duty-cycle at 613 Hz frequency (0.8 ms pulse
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duration) was used as a means of improving the safety. The thermal gradient in diamond
establishes within a few tens of microseconds [93] enabling steady state operation within this
pulse duration. A half-wave plate (HWP) and cube-polarizer (CP) (shown in Fig. [5.1)) was
used to provide variable attenuation of the pump power. The cube-polarizer and quarter-wave
plate (QWP) provides optical isolation from the back-reflected pump beam resulting in a
circularly polarized pump beam. This type of isolator works effectively when the pump
polarization state is maintained throughout the laser cavity. Hence, any depolarization such
as due to stress-induced birefringence in the diamond will reduce the optical isolation.

The Raman laser cavity consisted of a 104 mm-long near-concentric resonator consisting
of an input coupler (radius of curvature = 50 mm), diamond as the gain medium, an end mirror
(radius of curvature = 50 mm) and Brewster plate as the output coupler. A 60 mm focussing
lens (FL in Fig. [5.1)) was used to focus the pump beam into the centre of the diamond with
a Rayleigh range of approximately 2 mm. The diamond used was an 8 X 4 X 1 mm single-
crystal CVD diamond, the same type as used for IR pumping (that is ultra-low birefringence
material, Element Six Ltd) and was AR coated at 573 nm. The input coupler was highly
transmitting for the pump beam (T>98%) and highly reflecting (R>99.9%) for the first Stokes
at 573 nm. The same mirror was used as the end mirror providing a single pass for the pump
and high-Q for the Stokes with near-zero transmission (T<0.1%) for the Stokes. Unlike the
case of Chapters 2 and 3, single-pass pumping was used here due to the lack of a suitable
Faraday isolator in the green and subsequently the concern of the strong depolarization in the
diamond. A fused-silica Brewster plate was used to provide tunable output coupling for the
Stokes beam.

Rotating the Brewster plate changes the reflectance of the p and s-polarized beam ac-
cording to the Fresnel reflection. For the fused-silica (n=1.46), the Brewster angle is 55.4°
where the reflection loss for the p-polarized light is zero. The s-polarized light, however,
undergoes high reflection loss of 12.5%, and hence will not reach the threshold for lasing.
For small angles of incidence from the Brewster angle, the total reflectance of the p-polarized
light for double passing through both the Brewster plate surfaces is approximately four times
the single surface reflectance. Fig.[5.2]shows the total reflectance of the p-polarized Stokes
beam as a function of Brewster plate angle over the working range used in the experiment.
It can be seen that the reflectance increases, as the Brewster plate is rotated away from the

Brewster angle of 55.4° and the output coupling of the Stokes beam varies from 0.036% to
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Figure 5.2: Reflectance of the p-polarized Stokes beam as a function of Brewster plate angle

over the working range used in the experiment.

2% for a Brewster plate rotation from 54.5° to 46.5°.

5.2 Experimental results

Figure 5.3: Photograph showing 573 nm Stokes generation in the Raman laser cavity.

At the Brewster plate angle of 54.5°, the onset of lasing was observed at a threshold pump

power of 25 W generating 573 nm Stokes laser. Fig. [5.3] shows the photograph of 573 nm
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Figure 5.4: Output spectrum obtained when pumping with the 532 nm laser.

Stokes generation and Fig. shows the output spectrum measured using Ocean Optics
spectrometer. The spectrum shows pump, first Stokes as well as second Stokes photons. The
second Stokes appeared as a ring around the first Stokes, a characteristic pattern of Raman-
enhanced four-wave mixing of two Stokes photons and a pump photon [[196]]. No anti-Stokes
was detected up to the maximum pump power (66 W).

The polarization of the Stokes was measured before and after placing the Brewster plate.
Before inserting the Brewster plate, the Stokes beam leakage through the end mirror was
measured to be horizontally polarized. Fig.[5.5]shows the Metripol determined birefringence
map of the diamond sample along the [110] direction used in this experiment. It is seen that
the magnitude of linear retardance is relatively uniform except for a small region towards the
left-hand side with a maximum linear retardance up to 25° (An up to 5 x 107%). The linear
retardance axis direction is also uniform across most of the crystals area and near 0° with
respect to the horizontal. Hence, the measured DRL Stokes polarization is in good agreement
with the results described in Chapter 3. Note that, the birefringence was characterized using
Metripol technique and hence any effect of circular retardance (if present) on the linear
birefringence measurement accuracy has not been taken into consideration. However, the
circular birefringence is expected to be low (much less than 20 degrees) in this crystal as
the overall retardances are substantially smaller than the crystal investigated in Chapter 2.
The Brewster plate was inserted into the cavity with the tilt direction chosen to maintain the

polarization in the horizontal direction.
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Figure 5.5: Metripol determined maps of linear birefringence (a) magnitude and (b) direction.

0° in the linear retardance direction map represents (ITO) (horizontal axis).

Fig.[5.6]shows the dependence of the Brewster plate reflectivity, Stokes power (for a pump
power of 66 W), threshold and slope efficiency on the Brewster plate angle. The absolute
Brewster plate angle was calibrated using the angle giving the minimum slope efficiency
(and hence lowest reflection). As the Brewster plate is rotated away from the Brewster angle
(55.4°), the output coupled Stokes power increases, reaches a maximum value (15 W Stokes
output) and then decreases. Above the optimal output coupling region, the losses in the cavity
become higher, resulting in a reduction in intracavity Stokes power and thus a reduction in
output power. The threshold pump power increases with output coupling as higher pump
powers are required for compensating the output coupling loss. Also, the slope efficiency
increases with increasing output coupling (Fig. [5.6] (d)) as expected due to the diminishing
impact of parasitic losses.

Fig. [5.7] shows the Stokes power and the residual pump power as a function of pump
power for the optimum Brewster plate angle 49° (output coupling ~ 1.2%). Starting with a

threshold of 40 W, the maximum Stokes power of 15 W was obtained with a slope efficiency
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Figure 5.6: (a) Brewster plate reflectivity (Stokes output coupling) (b) Stokes power at 66 W
of pump power (c) threshold pump power (d) and slope efficiency as a function of Brewster

plate angle.

of 53.7% and maximum conversion efficiency of 22.7% and was limited by the available
pump power (66 W). Note that, for the lower power measurements, the chopper was routinely
removed to confirm that the 0.8 ms burst results are representative of genuine CW operation.
The residual pump power increases with the incident power until it reaches the threshold,
and then slightly decreases and remains approximately constant. The residual pump power is

expected to decrease monotonically after the lasing threshold as a result of the pump depletion
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Figure 5.7: Measured Stokes power (top figure) and residual pump power (bottom figure) as

a function of pump power for a Brewster plate angle of 49°.

by the growing Stokes intensity (see also Sec.5.3). However, depletion is highly sensitive
to alignment and it is also likely that, in the limit of very large depletion, the conversion is
hampered by deterioration in the spatial properties of the heavily depleted pump beam.
Measurement of the residual pump power enables a power budget for the laser to be
constructed. Fig.[5.8|shows the flow of optical power from 532 nm pump to 573 nm Stokes at
the maximum Stokes power level. The depleted pump power is distributed between the Stokes
output coupling and the losses in the cavity. The ratio between the Stokes output coupling
and the cavity losses determine the useful output. Here, the measured residual pump power is

32.8 W (at the maximum pump power), indicating 50% pump depletion. The pump depletion
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depends on the pump power as well as the mode overlap between the pump and Stokes. A
higher depletion is expected with higher pump powers and for better overlap between the
pump and Stokes mode, as will be discussed in the next section. Out of the 33.3 W of
depleted pump power, 7.2% of the power is lost due to quantum defect and the remaining
30.9 W is available for the generation of intracavity Stokes field. The measured Stokes
power was 15 W (48.6% of the total Stokes generated), and hence the remaining 15.9 W
(51.4%) is attributed to the losses inside the cavity such as absorption, scattering, reflection
and birefringence losses. Using the Stokes output coupling (approximately 1.2%) and the
intracavity Stokes power, the combined absorption and scattering coefficient is deduced to
be approximately 0.8-0.9%/cm. This is slightly higher than the absorption coeflicient value
(0.1-0.5%/cm at 532 nm) for low nitrogen (20 ppb) single crystal CVD diamond previously
reported by the manufacturer [145]]. Hence, the diamond crystal used here is likely to have a
nitrogen content slightly higher at approximately 40 ppb. Further improvement in the Stokes
output power, slope efliciency and conversion efficiency is predicted by improving the quality

of the diamond as well as better overlap between the pump and Stokes fields/modes.
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5.3 Laser model

The analytical model of the CW Raman laser of Kitzler et al. [86] is adapted here to understand
the CW DRL characteristics in the visible. The model assumes that the pump beam, Stokes
beam, and SHG beam are all Gaussian and the intracavity Stokes intensity is constant, owing

to small gain and losses in the cavity. Following the equations from Chapter 4 (Sec.4.4),
Pres = Ppexp (~GPY") . (5.1)

And the total intracavity Stokes power generated is distributed between the output coupling

loss Pg C and other resonator losses Pé””, such that

PE" = Py [1—exp (-GPI)]
= PJC + PP, (5.2)
where Pé)c is (as given in Sec.4.4)
T .
PJ¢ = S P (5.3)

Resonator losses Pé"” includes absorption and scattering loss from the diamond (a4) and
the Brewster plate (@) as well as reflection loss from the diamond («). The reflection loss

from Brewster plate is the output coupling PJ™.

2aqlq + 2a’L" + 2k
= Pc. (5.4)

loss _
Py =

where L’ is the thickness of the Brewster plate.
The equation relating pump and Stokes power is obtained by substituting Eq.[5.3]and [5.4]
in[5.2] (86, 127]

T +2agqLlq +2a’L" + 2k
Pp = oo s (5.5)
nT [1 —exp (—?PS )]

The residual pump power is obtained by substituting Eq.[5.3]and [5.4]in Eq.[5.1]

T +2aqLq +2a’'L + 2KP0C

2G
PRes = Ppexp (—7PSOC) = Pp - T < (5.6)

The maximum conversion efficiency o, is the slope of the Stokes versus pump power in the

limit of infinite pump power (where the residual pump power approaches zero)

nT
o= .
T +2aqLq +2a’L’ + 2«

(5.7)
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Figure 5.9: Output characteristics of green pumped DRL for T = 1.2%, agq = 0.5%/cm, o’ =
0, wp =17 pm, ws = 35 pum, Lg = 8 mm, M7 = 2.0 and MZ = 1.0.

The threshold pump power is obtained by limiting the Stokes output Pg € to zero

T +2aqLq +2a’L" + 2«
2gs arctan (¢)

Py = (5.8)

Fig. [5.9] shows the behaviour of Stokes power, residual pump power and conversion
efficiency as a function of pump power. Stokes power increases steeply just above threshold
and thereafter approaches the linear rate according to Eq.[5.5] Above threshold, the residual
pump power decreases following Eq. [5.6] For approximately 5 times above the threshold,

the residual pump power closely approaches zero, and the conversion efficiency is given by

Eq.[5.7

5.4 Model comparison with experiment

In this section, the calculated Stokes and residual pump power from the analytical model
in Sec.5.3 is compared with the experimental results from Sec.5.2. Here, the measurable
parameters such as the output coupling, length of the diamond crystal and length of the
Brewster plate are taken as fixed parameters. The Raman gain coeflicient gs of 14 c/GW
used was close to the previous measurements in the literature of approximately 15-20 cm/GW

at 532 nm along the (110) (also refer Chapter 1). The beam widths of the pump and Stokes
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Figure 5.10: Measured (rectangular markers) and calculated (dashed line) Stokes power (top
figure) and residual pump power (bottom figure) as a function of pump power for an output

coupling of 1.2%.

were estimated using the LASCAD software for laser design (from the known values of pump
beam radius of approximately 1.25 mm, radii of curvature of input and end mirrors and cavity
length of 104 mm) to be approximately 17 wm and 35 um respectively. The beam quality of
the pump was not measured but was estimated to be approximately 2.0 as the pump beam
passes through a series of optics including cube polarizer, a half-wave plate, quarter-wave
plate and turning mirrors before it enters the DRL cavity. The Brewster plate precludes
the straightforward measurement of MS2 considering the double image of the Stokes beam,
however, is estimated to be 1.0 owing to the Raman beam clean-up and the consistently low

M§ values measured for all CW external cavity (or EC) DRLs to date. The parameter a4,
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which is the combined absorption and scattering coefficient of diamond at 573 nm is taken
to be 0.9%/cm as determined from the power budget analysis in Sec.5.2. The reflection

coeflicient of the AR-coated diamond at 573 nm has been taken to be « = 0.1% per surface.

Table 5.1: Simulation parameters used to model the experimental conditions corresponding

to Fig.

Variable 15 W Stokes power

T 1.2%

K 0.2%
aq 0.9%/cm
a’ 0.03%/cm
Lg 8 mm
L 2 mm
Ap 532 nm
As 573 nm
gs 14 cm/GW
wp 17 um
ws 35 um
M3 2.0
Mg 1.0

Fig.[5.10| shows the measured and calculated Stokes and residual power as a function of
pump power and Tab. [5.1] summarizes the parameters used for fitting the model predicted
results with the experimental results.

As shown in Fig. the experimental results reasonably fit well with the model results.
The notable discrepancy is in residual pump measurements where the experimental results
indicate relatively low pump depletion, the reason for which was explained in Chapter 4. The
poor pump depletion results in the deviation of Stokes output power from the calculated value
when operating well above threshold.

Fig. [5.11] shows the measured and model determined maximum Stokes power (at 66 W
of pump power), the threshold pump power and the initial slope efficiency as a function of
output coupling. The maximum Stokes power and slope efficiency are slightly lower than

the model predicted values due to the aforementioned problems with the model in replicating
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Figure 5.11: Measured (rectangular markers) and calculated (dashed line) Stokes power (at
66 W of pump power) (top figure), threshold pump power (middle figure) and initial slope

efficiency (bottom figure) as a function of output coupling.

pump depletion at higher power. The measured thresholds fit well with the model predicted
thresholds.

5.5 Optimizing laser performance

The model presented in Sec.5.3 is found to adequately describe the laser behaviour and hence

it is valid to use it to study the influence on performance over a larger range of parameters.
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In this section, we investigate parameters for optimising laser performance and predicting

behaviour when using higher pump powers.
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Figure 5.12: Stokes power as a function of output coupling 7 for different pump powers for
wp = 17 um, wg = 35 um, Lg = 8 mm and a4 = 0.9%/cm. The region of operation for the

15 W Stokes for 66 W of pump power is indicated by the black dashed circle.

Fig.[5.12)shows the Stokes power dependence of output coupling for various pump powers.
As the output coupling increases, the Stokes power also increases, reaches a maximum value
and then decreases as discussed in Sec.5.2. The optimal output coupling increases for higher
pump powers as shown the Fig. [5.12] as the output coupling affects the threshold and slope
efficiency according to Eqs.[5.7]and [5.8] The plot was obtained for fixed focusing and loss
parameters (from the Tab.[5.1). The region of operation of the 15 W Stokes power (indicated
by the black dashed circle in Fig. [5.12)) is the optimum output coupling for 66 W of pump
power as expected (also shown in Fig.[5.T1).

Fig. [5.13] shows the Stokes power as a function of the length of diamond crystal for
various pump powers for fixed focusing and loss parameters (given in Tab. [5.1). Like the
Stokes dependence of output coupling, there is an optimal length of the diamond crystal which
results from trade-offs between Raman gain and parasitic losses. The optimum crystal length
is found to increase slightly with pump power as higher parasitic losses can be tolerated.

The model suggests that diamond length used in the experiment was slightly longer than the
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Figure 5.13: Stokes power as a function of length of the diamond L4 for different pump
powers for wp = 17 um, wg = 35 um, 7' = 1.2% and a4 = 0.9%/cm. The region of operation

for the 15 W Stokes for 66 W of pump power is indicated by the black dashed circle.
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1.2%, a4 = 0.9%/cm and Ly = 8 mm. The region of operation for the 15 W Stokes for 66 W

of pump power is indicated by the black dashed circle.

optimum value of 6-7 mm (see dashed circle in Fig.[5.13).
The pump and Stokes beam-waist radii are also important design parameters that can
be varied to improve laser performance. Fig.[5.14] (a), shows that the ratio of wp and ws

to obtain the maximum Stokes power is approximately 0.4. For a mode-matched pump and
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Stokes beam (wp = 0.4 X ws), Fig.[5.14] (b) shows the dependence of Stokes power with wp.
It is seen that tighter focusing is preferred for obtaining higher Stokes power, however, the
Stokes power saturates below a certain pump beam radius (approximately 15 um for 66 W of
pump power) and any further reduction in the beam radius does not increase the Stokes power
considerably. Hence, this wp value is considered optimum as a further reduction increases
the probability of laser-induced damage to the optical coatings and, if operating at very high

power, exacerbates the thermally-induced lens as discussed in Chapter 4.
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Figure 5.15: Stokes power as a function of absorption coefficient @y and (a) crystal length
Lg, (b) pump waist radius wp, (c) output coupling 7. The region of operation for the 15 W

Stokes for 66 W of pump power is indicated by the black dashed circle.

The above plots were obtained when the diamond absorption coefficient a4 is kept at
0.9%/cm as derived from fitting the model results to the experimental results. In Fig. [5.15]
(a), (b) and (c), the Stokes power dependence (for fixed pump power) as a function of @4 and
L4, wp, and T respectively are shown. As expected, for a fixed pump power, the Stokes power
decreases for higher crystal losses. The optimal crystal length also decreases for higher losses

since, for a fixed focusing geometry, the round-trip losses increase at a faster rate than the



108 532 nm-pumped DRL: CW yellow and deep-UV generation

gain-length product. A tighter focusing in concert with shorter crystals are thus beneficial
when using lossy crystals. For a given pump power, the optimal output coupling reduces with

absorption loss (Fig.[5.15](c)) in order to alleviate the impact of the loss on raising threshold.

5.6 Discussion

Although the 15 W Stokes power demonstrated here is in the quasi-CW regime, a significant
reduction in the laser power or efficiency is not expected in the true CW regime as the Stokes
power demonstrated here is much smaller than the previously demonstrated CW Stokes power
of greater than 150 W in the IR [92]. Hence, the 15 W on-time Stokes power demonstrated
here is likely to be readily achieved in the true CW regime.

The laser behaviour presented here in the visible is qualitatively similar to the previously
reported near-IR CW diamond Raman lasers [86l]. Higher efficiencies are predicted with a
combination of reduced losses, shorter diamond, and tighter pump focussing as in the case of
near-IR pumping. The major distinguishing factors in the visible are the higher Raman gain
and absorption loss coefficients - approximately two and three times higher respectively. Also,
the pump beam confocal parameter is longer in the visible (due to reduced diffraction), so that
the optimum pump waist radius in the visible (approximately 20 um) is smaller compared
to the near-IR (approximately 40 wm). The combined result of these effects increases the
optimum coupling in the visible to approximately 1-2% from 0.3-0.8% in the near-IR at
comparable pump power levels.

In the present case, a Brewster plate was used to output couple the intracavity Stokes power
which results in the output being distributed between two exiting beams (refer Fig.[5.1I). Also,
the Brewster plate may introduce additional losses in the cavity for regions in the diamond
that suffer birefringence. Hence, replacing the Brewster plate with a mirror output coupler at
the calculated optimum output coupling (1-2% 7T) would enable output that is more efficient
and single-ended.

Furthermore, the end mirror was highly transmitting for the pump so that the diamond
was only pumped with a single pass. Lower threshold and higher efficiency can therefore be
obtained when using an end mirror highly reflecting for the pump beam. In this case, Eq.[5.5]
and [5.§] becomes:
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T +2a4qLlq +2a’L" + 2k
Pp = v R (5.9)
nT [1 — exp (_TPS )]

T +2a4qLlq +2a’L + 2k
nT

4G
PRes:PPeXp(_?PSOC):PP PSOC, (510)

and

pih _ T+2a/01LG|+2a/’L’-4-2/<A 5.11)
P 4gs arctan ({) ' '

From Egs. [5.10] and [5.T1] the threshold halves compared to single pass pumping while the

slope efficiency in the limit of higher pump power remains the same.
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Figure 5.16: Predicted thermal lens focal length as a function of incident pump power.

The model presented in Sec.5.3 is only valid when the thermal lensing is weak and does not
significantly change the pump and Stokes beam radii [86]. The thermal lens strength may be
calculated by applying again here Eq.[4.19] which assumes that the thermo-optic contribution
dominates over the photo-elastic and end-face curvature effects. Again, it should be noted
that the calculations substantially over-estimates the lens strength [92]] (see also Sec.4.7) and
hence provides an upper bound of the real value.

The thermal lens is the result of the decay of Raman-generated optical phonons and impu-
rity/defect absorption. The heat load deposited due to phonon-decay (Py, = (ﬁ—i - ) ch )

for 15 W of Stokes output equates to 1.16 W. In addition, the heat load contribution due to
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impurity absorption (Pyps = Pg”’ X ag X Lqg) is determined to be approximately 12 W based
on the inferred intracavity Stokes power of 2.5 kW and the expected absorption coefficient
of 0.6%/cm. Here, the absorption coeflicient value is taken from Fig. [[.6]in Sec.1.3. (Note
that the model-determined value for a4 of 0.9%/cm is not appropriate here, due to reasons
discussed in Chapter 4). The thermal lens focal length f calculated as a function of incident
pump power is shown in Fig.[5.16] At the current pump power (66 W), f is approximately
6 cm. The DRL cavity can accommodate a thermal lens of up to 2.6 cm by adjusting the
cavity length, beyond which the Stokes mode radius increases by a factor of 1.5 above the
no-lens case (determined using PSST). Thus a significant thermally-induced change in the
pump and Stokes radii is not expected at the current levels and indeed up to pump powers up
to 100 W. An f of 2.6 cm corresponds to a pump power of 114 W, which could potentially
generate 40 W of Stokes output. In view of the fact that the thermal lens calculations only
provide an upper bound, this analysis suggests output powers greater than 40 W are possible

without thermally-induced saturation.

5.7 Extending the wavelength to deep-UV - intracavity fre-
quency doubling

The high intracavity power (approximately 2.7 kW at 15 W Stokes power level) at 573 nm is
sufficient to achieve further intracavity frequency conversion and highlights the potential to
generate high power UV at 286.5 nm. Compared to the analogous near-IR pumped system
generating visible output, the design becomes more complex due to the more limited options
for the second harmonic crystal in the deep-UV. Following the discussions in Chapter 4, high
nonlinear coefficient, wider acceptance angle, wider acceptance band-width, larger angular
tolerance and smaller walk-off angle are the key parameters to consider for the appropriate
choice of the nonlinear crystal. The divergence of the Stokes beam in the investigated linear
cavity is less than 5 mrad and therefore, the nonlinear crystal should have an acceptance angle
greater than this value, which further constrains the choice of the second harmonic crystal.
From Tab.[5.2] only type II phase-matched BBO crystal has a sufficiently wide acceptance
angle but suffers from a smaller nonlinear coefficient, smaller angular tolerance, and larger
walk-off angle compared to other crystals. In addition, the polarization behaviour of the

CW DRL complicates the use of type II phase matching. For type II phase matching, the
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polarization of the fundamental beam (in this case Stokes polarization) must be 45° with
respect to the BBO optic axis. However, the polarization behaviour of CW DRL does not
naturally satisfy this condition as it was found that the Stokes polarization orients itself parallel
to the linear axis of the dominant birefringence element. One method around this problem
may be found by inserting a 45° linear polarizer in the cavity. An additional complication
arises due to the waveplate-like action of the BBO crystal, where the e- and o-rays experience
a phase offset due to natural birefringence of the BBO. In this case, the polarization of
the fundamental beam in general becomes elliptical as it propagates through the BBO and
thus perturbs the polarization behaviour away from the ideal for both Raman conversion and
harmonic generation. This may be avoided by introducing an intracavity quarter-wave plate at
an appropriate orientation in order to restore the fundamental beam polarization [197]]. Itis to
be noted that efficient CW UV generation relies on obtaining low-loss components (coatings
and crystals) which become especially challenging in the deep-UV. On the flipside, higher

losses can be tolerated when using visible pumping, due to higher Raman gain coefficient.

M1 M2
532 nm W Diamond
ﬁ 1
N —
—
BBO
M3

Figure 5.17: Folded Raman laser cavity with intracavity frequency doubling.

An alternative approach is to make use of a different cavity arrangement such as a folded
cavity so as to enable collimated Stokes beam for the doubling crystal. Such a design
would permit the use of crystals with narrower acceptance angle and type I phase matching.
Fig. shows one suggested basic arrangement using a single additional mirror to collimate
the Stokes beam. Here, mirror M2 is highly reflecting for both the pump and Stokes and
highly transmitting for UV and mirror M3 is highly reflecting for both Stokes and UV. Note
that the folded cavity offers an additional advantage of avoiding passage of the UV through

diamond, thereby reducing losses and the UV photo-chemical etching of the diamond surface
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Table 5.2: Comparison of various nonlinear crystals. Data were taken from SNLO software.

Crystal Phase-matching  d.rr(pm/V) walk-off (mrad) Angle tolerance Acceptance angle Acceptance
configuration (w(e), w(0),2w) (mrad cm) (mrad cm) (e¢,0)  band-width
(em™Yem)
(e,0)
LBO Typel 0.283 0,0,11.40 1.55 3.11,3.11 11.64, 11.64
BBO Typel 1.84 00,0, 83.92 0.20 0.41, 0.41 7.14,7.14
Type 11 0.306 50.6,0,57.22  0.54 5.53, 0.60 5.68, 15.52
BIBO Typel 1.32 0,0,31.37 0.47 0.93, 0.93 1.99, 1.99
KDP  Typel 0.422 0,0, 23.79 0.80 1.60, 1.60 14.05, 14.05
NLBO Typel 0.181 0,0,7.71 1.97 3.95,3.95 4.84, 4.84
CLBO Typel 0.71 0,0, 36.78 0.52 1.04, 1.04 12.43,12.43
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that was observed in Ref. [[198]. Suitable candidates for this type I phase-matching approach
include BBO, CLBO and BIBO which offer moderately high d.g compared to crystals listed
in Tab.
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Figure 5.18: Predicted UV power as a function of pump power. The parameters used are 7'
<0.05%, aq = 0.9%/cm (same as used in Sec.5.4), @, (absorption and scattering coeflicient
for BBO) = 1%/cm (from manufacturers data sheet), « (reflection coefficient of diamond and
BBO) = 0.6%/cm (from the manufacturers data sheet), wp = 17 um, ws = 35 um, Mlg =2.0

and MS2 = 1.0 (same as used in Sec.5.4)

The model described in Sec.4.4 (Eq.[#.14) can be used to predict the UV power achievable,
for example, in type | BBO, which has a relatively high d.g compared to other commonly used
crystals (see Tab.[5.2). With the same gain, loss, and focusing parameters used in Sec.5.4, the
model predicts UV output power of up to approximately 6.5 W at 45 W pump power as shown
in Fig.[5.18] Thermal lensing arising from impurity absorption in BBO is expected to be the
major factor limiting the output power owing to its comparatively low thermal conductivity
(Kc = 1.2 W/mK) compared to diamond (K¢ = 2200 W/mK). The associated thermal lens
focal length in BBO is calculated using Eq.[4.23| given in Sec.4.7, from the given parameters:
dn/dT = -9.3x 107° /°C, « v2 = 1%/cm (taken from manufacturer’s data sheet [199]), L ,»
=5 mm, and beam waist of the Stokes in the BBO = 125 um. As the dn/dT is negative, the
focal length of the lens is also negative. The current cavity can accommodate a lens with

focal length -3 mm by adjusting the cavity length beyond which the cavity becomes unstable
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(determined using PSST software for laser design), indicating that the thermal lens above
6.5 W will be too strong to maintain cavity stability in the current design.

Experiments to date have focussed on using a BBO crystal cut for type II phase-matching
(theta=66.8°). It was verified that it is indeed crucial to introduce the above-mentioned
polarizer and waveplate to enable efficient generation. Unfortunately, it was not possible
within the timeframe of this thesis to source these components with sufficiently low loss
to enable deep-UV generation. Future experiments may also benefit from using higher
peak power pump pulses (eg. Q-switched) to more readily achieve the thresholds needed to
investigate UV generation.

While the concept is promising for deep-UV generation based on visible pumps, it is
also noted that a similar approach may also allow extension to even shorter wavelengths. By
utilizing other convenient pump sources such as mature 355 nm CW lasers based on frequency
tripled Nd:YAG, outputs at the 373 nm first Stokes and 186 nm frequency doubled output
may be realized. Such a system would take advantage of the very high Raman gain at this
shorter pump wavelength. However, there are various challenges involved in this vacuum-
UV (VUYV) spectral region such as the scarcity of suitable doubling crystals and requirement
of low-loss optics and coatings. The potential options include RbBe,BO3F, (RBBF) and
KBe;BOsF, (KBBF) [200, 201] with relatively low deg (in the range 0.2-0.3 pm/V) and
narrower acceptance angle (0.4-0.5 mrad). Hence, such schemes would require the use of

folded or ring cavity designs with optimized focusing conditions.

5.8 Chapter summary

An external cavity CW DRL for frequency conversion from green to yellow has been demon-
strated. A maximum Stokes power of 15 W for CW periods of 0.8 ms at 573 nm with
53.7% slope efficiency and 22.7% conversion efficiency was obtained. The Stokes power
dependence on output coupling was studied by utilizing a Brewster plate from which it was
found that the optimum output coupling was approximately 1.2%.

A model was presented to provide insights into design optimization and predict perfor-
mance over a greater range of parameters. When compared to the CW DRL performance
in the near-IR, the visible operation is qualitatively similar, with the major exception that

the optimum output coupling is higher (1-2% compared to 0.3-0.8% for the near-IR) as a
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result of the higher Raman gain and loss coefficients in the visible. A combination of lower
crystal losses, shorter crystal (6-8 mm), lower output coupling (1-2%) and tighter pump beam
focussing (13 - 19 wm) are the key parameters for optimising the laser performance. Further
power scaling to up to 40 W Stokes is predicted by the thermal lens calculations based on
our current understanding of heat deposition in diamond, however, much higher power levels
are expected, as previous evidences suggest that the lens strength is much weaker than the
calculated value.

The chapter concluded with a study of the potential for CW deep-UV generation using
intracavity frequency doubling. The nonlinear crystal choice and possible cavity designs were
considered. A design based on Type II phase-matched BBO is attractive since its acceptance
angle is better matched to the current cavity design. In order to satisfy polarization constraints,
it was found to be necessary to insert an intracavity 45° linear polarizer and a quarter-wave
plate. An alternative approach based on type I phase matching would require the use of
folded cavity design. This has the advantage of permitting the use of nonlinear crystals with
smaller acceptance angle and higher effective nonlinear coefficient such as type | BBO, BIBO
and CLBO. For BBO, an output power of up to 6.5 W is predicted at the 45 W pump power,
limited by the thermal lensing in the BBO.

The results in this chapter show the prospects of wavelength coverage of DRLs and
opens up the potential for high brightness CW lasers in the challenging spectral region at

wavelengths less than 300 nm.
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Conclusion and future perspectives

This thesis builds on the recent developments in diamond Raman lasers — a highly promising
technology for high power and high brightness wavelength conversion in the CW regime.
To date, most work has been concentrated on the near-infrared. The work in this thesis has
extended development to the visible and UV by combining the basic design with intracavity
frequency doubling and using shorter wavelength pumps. A particular over-arching focus
has been in understanding design issues for operation in the deep-UV to address the scarcity

of high brightness CW technologies in this spectral region.

6.1 Summary of major findings

Since nonlinear frequency conversion is a polarization dependent process, understanding the
detailed polarization behaviour of CW DRLs was the first step to understanding the factors that
influence design. In anticipation of the importance of crystal birefringence on laser behaviour,

the investigation in Chapter 2 has characterized in detail, birefringence and stress effects in
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laser grade CVD single crystal diamond. Stress was found to induce substantial linear and
circular birefringence when measured along the usual propagation direction ([110] direction).
Surprisingly, the measured circular birefringence values, at least in one sample, were of the
same order of linear birefringence. As well as this being an important consideration for
Raman laser operation (Chapter 3), this knowledge may impact other areas in diamond optics
such as on-chip diamond photonics and intra-cavity heatspreaders. In addition, the presence
of circular birefringence is important to consider when characterizing birefringence using
techniques that are unable to separate linear and circular components(such as Metripol).

The causes of birefringence were further investigated by measuring stress effects in the
perpendicular direction and in the crystal growth direction ([001] direction). A complex pat-
tern with spatially varying magnitudes and directions of linear birefringence were observed
whose integrated effect results in circular birefringence along the [110] direction. Measure-
ments of the stress-induced Raman frequency shift showed that, uniaxial and biaxial stresses
present in the (001) plane, shift the Raman line by up to 0.7 cm™! (corresponding to stress
values up to 0.86 GPa). These results provided insights into the origin of depolarization
along the laser axis and showed that piezo-Raman effects have negligible effect on the Raman
gain.

In Chapter 3, the effect of these crystal anisotropies on the performance of CW diamond
Raman lasers were investigated. By characterizing the Stokes polarization and laser threshold
dependence on pump polarization, it was found that the output polarization is determined
primarily by the local linear birefringence axis as measured along the beam axis. That
is, the output polarization is parallel to the linear birefringence axis. This is in contrast
to that observed previously in nanosecond pulsed (or low-Q cavity) DRLs where the Stokes
polarization follows the maximum gain when pump polarization is rotated. This result enabled
a greatly improved understanding of why some crystals, or some regions of a given crystal,
exhibited large variations in threshold and polarization behaviour. Also, the results show that
the threshold is lowest for regions in the diamond where the local linear birefringence axis is
close to (111) and is pumped with a polarization close to (111). Although the experiments
were conducted here for an external cavity Raman laser, the results are likely to be pertinent
to other high-Q DRLs such as intracavity Raman lasers and synchronously pumped ultrafast
lasers. The outcomes of this chapter form a firm foundation for understanding design and

operation characteristics of intracavity frequency doubled external cavity DRLs.
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Chapter 4 presented the first demonstration of a CW intracavity frequency doubled laser
based on an external cavity crystalline Raman laser. A type I phase matched LBO crystal
was used to generate 30 W of second harmonic at 620 nm with 15% conversion efficiency
over periods of 0.2 ms. The output beam quality was excellent (M?=1.1) as expected due to
the high quality Stokes mode typically generated from diamond. The polarization behaviour
was consistent with the results deduced from Chapter 3. The positioning of LBO crystal was
crucial in the current design as the beam waist size, which dictates the nonlinear coupling,
is a steep function of diamond and LBO separation. An analytical rate-equation model was
found to adequately describe the observed laser behaviour and provided a useful tool for
optimization. The model showed that the length and positioning of the LBO crystal in the
cavity was near optimal at current pumping level. However, higher efficiencies are predicted
by reducing the Stokes output coupling, increasing the length of the diamond crystal, tighter
pump focussing as well as by using lower loss diamond and LBO. With such approximations,
approximately 90 W of SHG power with 45% conversion efficiency is predicted using the
current pump power level (200 W). Although thermal gradients in the diamond rapidly reach
steady-state within the on-time pulse duration, this is not the case in the LBO. By calculating
the thermal lens strength induced in the LBO crystal, laser performance in the steady-state
CW regime was predicted. Due to the relatively low thermal conductivity of LBO, the lens
strength was calculated to be an order of magnitude stronger than in diamond — given typical
impurity absorption coefficients for LBO. The present cavity design is calculated to enable up
to 95 W in the CW regime, above which the thermal lens in the LBO is expected to severely
impact efficiency and beam quality.

The wavelength extension to shorter wavelengths was further investigated in Chapter 5
by using a pump laser at 532 nm. First Stokes output at 573 nm was demonstrated at 15 W
for CW periods of 0.8 ms and with 53.7% slope and 22.7% overall conversion efficiency.
Performance was analysed using a model similar to that developed in Chapter 4. Compared to
performance in the near-IR, behaviour is qualitatively similar except for variations in threshold
and efficiency that are consistent with the higher coefficients for Raman gain (approximately
double) and loss (by approximately 3 times) for diamond in the visible. The higher losses
increase the optimum output coupling to approximately 1.2%. As with operation in the near-
infrared, higher efficiencies are predicted by using a combination of reducing loss, shorter

diamond (6-8 mm) and tighter pump focussing (13-17 um). Thermal lens calculations suggest
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that much higher Stokes powers (>40 W) are achievable before temperature gradients induced
in the crystal are likely to impact upon the performance.

The results obtained in Chapter 5 were used to predict the design considerations for
deep-UV generation by utilizing intracavity frequency doubling. Design is more complex
compared to that for the near-infrared pump, as there are greatly reduced options for the second
harmonic crystal in the deep-UV. The choice of harmonic crystal is further constrained in the
investigated linear cavity design due to the large acceptance angle required. Type II phase-
matched BBO was considered owing to its larger acceptance angle, however, the polarisation
mode properties of the CW DRL makes implementation non-trivial. Nevertheless, one
approach based on adding additional polarization elements has been proposed that enables
the polarization requirements of the Raman and y® process to be fulfilled. A potential
alternative is to use type I phase-matched BBO, CLBO, or BIBO crystal in combination with
a cavity design (such as a folded cavity) designed to provide a more collimated Stokes beam

through the doubling crystal.

6.2 Implications and future outlook

There are number of outcomes from this thesis that may trigger novel research directions and

warrant further investigation.

6.2.1 Birefringence and polarization behaviour of Raman lasers

The birefringence and polarization studies of Chapters 2 and 3 provide a firm basis for
optimizing the threshold and efficiency of high-Q DRLs and intracavity doubled DRLs.
DRLs with high-Q cavities correspond to designs that are aimed to achieve a low threshold
and hence operate efficiently at low power. Birefringence effects need to be considered, and a
custom birefringence analysis of the diamond sample is found to assist in reducing threshold,
increasing efficiency and understanding polarization behaviour. The impact of birefringence
diminishes for lower-Q DRLs, however, which is attributed to the reduced number of round
trips of the Stokes field. This indicates that higher power DRLs, for which lower-Q cavities
are optimally used, may readily avoid birefringence problems. In this case, the threshold and
polarization behaviour return to values predicted by the Raman tensor calculations. A more

direct approach to avoiding birefringence is through higher quality diamond synthesis. Lower
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birefringence material is likely to be available in the future, either by CVD or HPHT growth.
Since birefringence analysis of each diamond sample may be time-consuming, higher quality
material will be an advantage. A further method for diminishing the effect of birefringence
may be through tailoring the birefringence direction by applying stress to the diamond. This
idea is speculative at this stage but may warrant investigation.

Further investigation is required to understand the disparity between the low-Q and high-Q
DRLs. It would be interesting to study the cavity-Q dependence of the competition between
the polarization-dependent Raman gain and birefringence and its role in determining the
output Stokes threshold and polarization. A theoretical investigation could be developed
based on solving for the polarization eigenmodes of the resonator (using for example a Jones
matrix formalism). The contribution of magnitudes of linear and circular birefringence in
determining polarization behaviour thus would be elucidated. The increased understanding
would enable development of a comprehensive theory for predicting polarization behaviour
across a wide range of laser designs and crystal birefringences.

This would not only provide an enhanced understanding of the polarization characteristics
for diamond but also for other isotropic Raman media such as silicon and barium nitrate.
Furthermore, the model may be readily extended to other cavity designs such as ring cavity

and folded cavity designs.

6.2.2 Further wavelength extension and power scaling

The intracavity-doubled DRL presented in this thesis is a versatile technology for high
brightness laser sources in the visible and UV and opens up prospects for further power
scaling and wavelength coverage.

The current design enables power scaling to greater than 100 W power level by a careful
choice of the design parameters derived from the analytical model (presented in Chapter 4 and
5). Since the impurity content in the nonlinear crystal was found to be a crucial parameter,
utilizing a lower loss crystal would benefit threshold, power, and efficiency. Improved thermal
management of the harmonic crystal also provides a path to further increase power. This could
be achieved, for instance, by sandwiching the nonlinear crystal between two thin sapphire
plates, thus enhancing the heat dissipation [202]. Such high power lasers in the visible may
be of significant interest for use in applications such as laser guide stars and long range remote

sensing.
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As well as deep-UV generation by intracavity doubling of the yellow laser, other wave-
lengths may be targeted across the UV. For example, for a 355 nm pump source may enable
a method for generating CW VUV at wavelengths less than 200 nm. The major challenge in
this spectral range is the scarcity of appropriate nonlinear crystals — potential options include
RbBe;BOsF, (RBBF) and KBe,BO3F, (KBBF) [200, 201]]. Due to narrower acceptance
angle in these crystals, alternative cavity designs such as folded cavity, z-cavity, and ring
laser cavity are required to be considered for efficient frequency conversion. The require-
ment of low-loss crystals and optics are yet another challenge in this wavelength region.
Deep UV wavelengths, which are especially challenging to generate in CW mode, are of
interest for applications such as material processing, semiconductor photolithography and
super-high-resolution photoemission spectrometers.

Another natural extension of intracavity harmonic in DRLs is to utilize higher-order
Stokes generation to further diversify wavelength choice through either second harmonic or
sum frequency generation. The design parameters, in this case, would be different from
first Stokes due to the presence of additional interacting fields, however, the over-arching
dynamics are likely to be governed by similar principles. For the example of a 1064nm
pump, and when considering combination of the first and second Stokes fields, this would

enable wavelengths at 620 nm, 573 nm, 676 nm and 743 nm.
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Figure 6.1: Schematic representation of the spectral coverage of external cavity diamond
Raman laser with intracavity frequency mixing for the example case of tunable Yb fibre laser

of nominal tuning range 1010-1070 nm.
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Advances in high power and tunable Yb-fibre lasers provide an opportunity for developing
continuously tunable output [[188]]. A DRL pumped with tunable Yb-doped fiber laser from
1010-1070 nm, for example, would provide first and second Stokes wavelengths up to 1496 nm
and subsequent frequency doubling generates wavelengths in the range 584-624 nm and 690-
748 nm. Fig. [6.1] shows the wavelength range achievable by utilizing higher order Stokes
and frequency mixing. Temperature-tuned non-critical phase matched LBO crystal provides
a suitable candidate for tunable operation in this wavelength range. Applications specific to
atom cooling, photodynamic therapy, and atomic clocks would benefit from this wide range
of wavelengths.

Clearly, intracavity mixing in DRLs in combination with higher order Stokes and tun-
able pump sources provides a novel and highly versatile approach to high brightness CW

wavelength sources across the visible and UV.

6.2.3 Output linewidth

A further interesting direction for future work pertains to the linewidth of the frequency
mixed output. In principle, single longitudinal mode operation in the current laser design
may be readily achieved due to the absence of energy storage in the gain medium and thus
the avoidance of the usual spatial hole burning mechanism that destabilizes longitudinal
modes in standing wave inversion lasers. As shown recently [203]], multi-watt Stokes output
has been obtained without the use of any active frequency selective elements if the thermal
expansion of the Raman medium (which leads to shifts in the effective cavity length and
hence resonance frequency) is carefully managed. Hence, narrow-linewidth pump sources
together with active cavity length stabilization are expected to also result in single mode
frequency doubled output.

Lasers with high spectral purity are used in a range of applications such as in remote
sensing of molecules, atom cooling, and spectroscopy. For example, the lasers in the visible
to near-infrared with single longitudinal mode operation would be of particular interest in
atom cooling experiments and spectroscopy. For example, 698 nm represents the wavelength

of the 1Sy — 3Py clock transition in strontium atomic clocks [204]).
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6.3 Closing remarks

In short, the thesis provides a detailed birefringence characterization of laser grade single
crystal CVD diamond with the underlying motivation to understand its role in high-Q diamond
Raman lasers. The results enabled a detailed understanding of laser threshold, efficiency and
polarization behaviour. As well as enabling diamond crystal selection and pump polarization
optimization, the results aided design of external cavity devices employing intracavity har-
monic generation. Devices in the red (620 nm) and yellow (573 nm) were demonstrated at
power levels 30 W and 15 W in a temporal regime (quasi-CW) in which temperature gradients
in the diamond were in steady-state. It is concluded that diamond Raman lasers are highly
promising for the efficient generation of high brightness output at wavelengths in the visible

and UV.
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Voigt abbreviated notation

For a linear strain, stress (o7;) and strain (¢;;) tensors are related by Hooke’s law as [[161]]
Eij = Sijklo_kl i,j, k,l = 1,2,3 (Al)

where s;jy; is the 4th rank elastic compliance tensor. In the abbreviated notation, Eq. is

written as
€1 = SAu0 (A.2)
where
€1 = €j ijed=1,2...6,
Ou=0% kl & u=1,2,...6,

skl ij e A=12 .6kl u=1723
Sap = (A.3)
2sijir ij o A =126kl & =456



130 Voigt abbreviated notation

The relationship between the indices is written using the following convention

11 22 33 23,32 31,13 12,21
1 2 3 4 5 6

(A4)
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Defect-induced stress has been mapped in optical-grade synthetic diamond (chemical vapor deposition grown,
low nitrogen, low birefringence) using Metripol polarimetry, Mueller polarimetry, and Raman microscopy. Large
circular retardance was observed in the 8 mm long (110) cut crystal with values up to 28° for some paths along the
major axis. Metripol-determined values for linear birefringence magnitude and fast-axis direction in such regions
have significant error. Stress-induced shifts in Raman frequency were observed up to 0.7 cm™, which we deduce
result from uniaxial and biaxial stresses up to 0.86 GPa. We also elucidate the effect of stress on diamond Raman
laser performance. For high cavity Q Raman lasers, the direction of the linear birefringence axis is found to be a
primary factor determining the laser threshold and the input-output polarization characteristics. ~ ©2016 Optical
Society of America

OCIS codes: (140.4480) Optical amplifiers; (260.1440) Birefringence; (190.5650) Raman effect; (180.5655) Raman microscopy;

(310.4925) Other properties (stress, chemical, etc.); (310.5448) Polarization, other optical properties.

http://dx.doi.org/10.1364/JOSAB.33.000B56

1. INTRODUCTION

Diamond is an extreme material that has a suite of properties of
interest for applications in optics such as in nanophotonics and
optomechanics, intracavity heat spreaders, high-power laser
windows, synchrotron and x-ray optics, quantum information
processing, and Raman lasers [1-9]. High thermal conduc-
tivity, a wide bandgap, high Raman gain, and a wide transmis-
sion window are a few of its outstanding properties pertinent to
optical and photonic applications. In recent years, advances in
synthesis by chemical vapor deposition (CVD) has enabled pro-
duction of material with reduced impurity content and lower
residual stress [10—12] and has been an important driving factor
for a range of new optical applications. Nevertheless, stress in
diamond, an isotropic crystal, plays an important role in influ-
encing the behavior of polarization-sensitive devices [2,13,14].
To date, characterization of defect-induced stresses built in
CVD diamonds have been reported using the Metripol method
[12], a simple and widely used technique for characterizing the
magnitude and direction of linear retardance [15,16]. However,
Metripol is unable to detect other polarization properties, such
as circular birefringence and dichroism, and its accuracy can be

0740-3224/16/030B56-09$15/0$15.00 © 2016 Optical Society of America

compromised if these other polarization characteristics are also
present [16]. Stress also causes splitting and/or a shift in the
spontaneous Raman line in crystals via the piezo-Raman effect
[17-26]. A complete characterization of CVD diamond has not
been reported in the literature to date, despite the fact that these
are important for optimizing the performance of polarization-
dependent diamond devices.

In this paper, we have characterized stress effects in optical-
grade synthetic diamond using Mueller polarimetry, which
provides a complete characterization of the polarization proper-
ties of the sample [27,28], and Raman microscopy. Significant
circular retardance was observed in some locations within
the diamond, causing significant inaccuracies in the Metripol-
measured values for linear retardance. Raman microscopy
was used to determine the magnitude of stress and its
spatial distribution in the crystal. As an example of the effects
of stress in an optical device, the diamond was investigated as
the active medium in a continuous-wave (cw) Raman laser.
The behavior was characterized for several locations in the
diamond sample and correlated with the local birefringence
characteristics.
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2. CVD DIAMOND CHARACTERIZATION
A. Experimental Methods

1. Diamond Sample

The dimensions and crystallographic orientation of the dia-
mond sample are illustrated in Fig. 1. The sample was an 8 x
4 x 1 mm CVD diamond (Raman-grade or “ultra-low birefrin-
gence,” Element Six Ltd) with nitrogen impurity of approxi-
mately 20 ppb and birefringence <10~ perpendicular to
the growth direction (indicated also in Fig. 1). This crystal
was selected out of a batch of three as it contained the largest
variation of birefringence features as viewed through the long
direction of the sample. This direction is featured in our char-
acterization as it is also the direction of beam propagation in the
Raman laser experiments in Section 3.

2. Metripol and Mueller Polarimetry

The Metripol method was performed using an in-house system
to determine both the magnitude and direction of linear retard-
ance of the optical sample, the details of which are described in
Ref. [16]. It consisted of a collimated, narrow-band, incoherent
beam (in this case from an incandescent lamp, a 589 nm notch
filter, and a collimating lens) passing through a rotatable polar-
izer, the optical sample, followed by a quarter-wave plate and an
analyzing polarizer. The analyzing polarizer was set to 45° of the
fast axis of the quarter-wave plate and a 10 cm focal length lens
was used to image the end face of the diamond onto a CCD
camera (Spiricon SP620U).

The normalized intensity of the transmitted light after pass-
ing through the diamond and the polarization elements is given
by [16]

I 1 . .

— = —[1 + sin 2(a - @) sin ], (1)

I, 2
where @ is the polarizer rotation angle, ® is defined as the angle
between the linear retardance axis of the sample and the hori-
zontal, and & is the magnitude of linear retardance. The trans-
mitted intensity as a function of rotatable polarizer angle is a
sine curve whose amplitude is sin § and phase is ®.

The polarizer was rotated in steps of 10°, and the transmitted
light was captured by the CCD camera. The intensity recorded at
each pixel, corresponding to a specific location in the diamond,
was fitted to a sine curve as a function of a from which the
amplitude and phase values were extracted to provide the
magnitude and direction of linear retardance. We calculate
the measurement uncertainty in linear retardance to be £2.5°
(An = £5 x 107), due to imperfect polarizers and wave plates.

>
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Fig. 1. Dimensions and crystallographic orientation of the diamond
sample.
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Mueller polarimetry, the principles of which are described
in Ref. [27], was performed using a commercially available
Mueller polarimeter (Exicor 150 XT from Hinds Instruments).
The instrument launches a variety of known polarization states
from a He—Ne laser (operating at 632.8 nm), polarizer, and
computer-controlled polarization modulating photoelastic ele-
ments. The modulated light passes through the length of the
sample whose polarization is further modulated by the birefrin-
gence in the sample. The instrument uses another pair of
photoelastic modulators along with a polarizer, and photodetec-
tor to analyze the transmitted state of polarization from the
sample under test corresponding to each launched state of
polarization. Through the Mueller analysis of the recorded data
(Ref. [27]), the system calculates all sixteen Mueller matrix
elements of the sample under test. Metripol and Mueller polar-
imetry are based on intensity variations as a function of polari-
zation and are therefore unaffected by scatter and absorption in
diamond. Dichroism is found to be negligible in all cases.

3. Raman Microscopy

Raman spectra were recorded as a function of position in the
sample using a confocal microscope equipped with a Raman
spectrometer (Renishaw RM 1000 Micro-Raman spectrometer).
A 2400 lines/mm grating and 50 pm slit provided 5 cm™ spec-
tral resolution. The excitation source was a frequency-doubled
Nd:YAG laser with 532 nm output. A 50 x objective lens with
N.A. 0.75 provided a 1 pm probe beam spot size. A motorized
stage was used to raster the sample in the X-Y plane in 25 pm
step. To accurately determine the Raman shifts at each point in
the crystal, each spectrum was fitted using a Gaussian function,
thus enabling greatly enhanced resolution of the peak shift
measurement to 0.17 cm™'. Furthermore, averaging over many
pixels in a particular region of interest increased the effective
resolution of the peak position measurement to approximately
50-100 times greater than the Raman linewidth (depending
on the chosen sample area for averaging), thus enabling very
small shifts to be resolved.

B. Results and Discussion

1. Linear and Circular Birefringence

Figures 2(a) and 2(b) show maps of the magnitude and direc-
tion of linear retardance through the 1 x4 mm end face ob-
tained using Metripol and Mueller polarimetry. The
qualitative features from the two methods are similar, showing
a complex birefringence pattern across the sample. Both mea-
surements reveal extended features in the growth direction in
the central region of the crystal, and to the right of center, with
linear retardance up to 55° (A7 up to 1.2 x 107%) as measured
using Mueller polarimetry and up to 50° using Metripol. The
values obtained using Mueller are systematically higher or lower
than for Metripol, due to the contribution of circular retard-
ance as discussed below. The direction of linear retardance like-
wise varies markedly across the sample from -90° to +90°
showing some correlation with the linear retardance maps.
Also, as with the magnitude of linear retardance, the orienta-
tions obtained using Mueller depart significantly from those
obtained with Metripol in the central region of the
crystal. Figure 2(c) shows the circular retardance map measured
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Fig. 2. Metripol and Mueller polarimetry-obtained values of (a) lin-
car retardance magnitude and (b) direction. (c) Circular retardance
obtained from Mueller polarimetry. Positive and negative values
correspond to dextro and levo rotation, respectively. 0° represents
the [110] (horizontal in figure) direction. The black circles A, B,
C, D, E, and F mark the six regions that were characterized under
Raman laser operation. The circle (0.3 mm diameter) indicates the
uncertainty in location of the laser spot.

using Mueller polarimetry. Significant circular retardance of up
to 28° was measured at different locations in the sample. Some
circular retardance is expected as the equivalent optical element
for the path through a medium with varying magnitude and
direction of linear retardance can be reduced to a single wave-
plate and rotator [29,30]. It is interesting, however, that the
magnitude of circular retardance is up to approximately half
of the maximum linear retardance observed in the crystal.
Of the other polarization characteristics measured using
Mueller polarimetry (e.g., linear and circular dichroism), none
were detected in significant quantities in this sample.

Research Article

2. Effect of Circular Retardance on Metripol Measurements

In order to quantify the effect of circular retardance on the ac-
curacy of the Metripol-determined linear retardance, we intro-
duce circular retardance y into the Jones matrix of the sample
under test, which for y < §/2 can be expressed as [16]

in g
sin §

s
M= [ ’21?}. @
2 —* ez
Thus, the Jones matrix that describes the transmitted inten-
sity through the entire Metripol setup becomes

in g
sin §

A,,_g{l 1” 0} 4yt
211 1flo e l|g,ms 2

5

cos @ sinf@][1
| J[o) @
-sinf@ cos @] |0

where
0=a-®. (4)

In this case, when the normalized intensity of the exiting beam
is plotted against the rotation angle of the polarizer, there is a
change in amplitude and phase of the sine curve which in turn
affects the Metripol-measured magnitude and direction of
linear retardance. Figure 3 shows the shift in magnitude and
direction of linear retardance with circular retardance. The
magnitude and direction of linear retardance increases with
positive circular retardance and decreases with negative circular
retardance. For example, for a region in the diamond having
maximum linear retardance magnitude of 55° oriented at 75°
and circular retardance of 25°, the Metripol-determined values
for the magnitude and orientation of the linear retardance are
53° and 60°, respectively. Accordingly, in the Metripol birefrin-
gence map of Fig. 2(a), areas that have significant circular
birefringence have errors attributable to circular birefringence
of up to 5° in magnitude and 27° in orientation. In the central
region of the crystal (the region of the crystal marked as D), the
Metripol-determined values of magnitude and direction of
linear retardance is found to be higher than Mueller-
determined values because of negative circular retardance in
this area as is evident from Fig. 3.

3. Birefringence and Piezo-Raman Effects for the (001)
Face

In order to elucidate the cause of birefringence observed
through the [110] face, the stress pattern for the major face of
the crystal was revealed using Metripol polarimetry and Raman
microscopy, as shown in Fig. 4. The Metripol polarimetry tech-
nique was used here as we were primarily interested in the stress
distribution through the [110] face rather than the details of
each Mueller matrix component. The linear and circular bire-
fringence of Fig. 2 is the result of the integrated effect of
stressed regions distributed along the 8 mm length. The mag-
nitude of linear retardance [Fig. 4(a)] shows a complex pattern
with values up to 60°. This corresponds to Az values up to
1.1 x 1074 which, as expected for the line-of-sight along the
growth direction, is an order of magnitude higher than in
the perpendicular direction [10,12]. Again, the magnitude
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Fig. 3. Shift in Metripol-measured magnitude and direction of lin-
ear retardance as a function of circular retardance. Black and red solid
lines indicate the shift in linear retardance direction with circular re-
tardance for = 30° and 6 = 60°, respectively. Black and red dashed
lines indicate the shift in linear retardance magnitude with circular
retardance for § = 30° and § = 60°, respectively.

and direction maps show some correlation. Stress features
aligned along the [010] direction are observed on the left-hand
side of the image. A notable feature with twofold symmetry is
observed on the right-hand side slightly above center.

Stress may also cause splitting and/or a shift in the Raman
line in crystals [17-26] depending upon the magnitude of the
stress tensor components. Figure 4(c) shows the Raman fre-
quency shift for backscattering along the [001] direction.
No broadening of the peak is observed within the measurement
uncertainty, indicating that the sampling volume is smaller than
the granularity of the stress pattern. The shift in Raman peak is
calculated with respect to the minimum stress value obtained at
the bottom left-hand side of the birefringence map. A similar
map is obtained for the laser focused 0.5 mm below the sample
surface, indicating that the map is representative of the stress
field throughout the 1 mm thick sample. Positive and negative
shifts in frequency were observed, but the individual spectra
showed no splitting of the Raman line. This is consistent with
the polarization seclection rules for Raman scattering, where
only a singlet peak is observed for backscattering from a
(001) surface in the cases of uniaxial or biaxial stresses acting
in the (001) plane [19]. In diamond, positive and negative
shifts correspond to compressive stress and tensile stress, respec-
tively [23,26,31]. The Raman frequency map contains features
that correspond to the two main features in the Metripol im-
ages; stress features that are elongated in the [010] and [100],
and a region of large frequency shift that coincides with the
twofold symmetric pattern (in the right-hand side above
center). It is interesting to note that this latter region has
the largest frequency shift while having relatively low birefrin-
gence. The peak shift is +0.7 cm™!, which is approximately
half the Raman linewidth in diamond, 1.5 cm™' [32-34].
On average along the length of the crystal, the magnitude of
the shift is less than 0.13 cm™'. Since this is a small fraction
of the Raman linewidth of diamond and the region only occu-
pies a minor portion of the total length, we do not expect a
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Fig. 4. (a),(b) Magnitude and direction of linear retardance across
(001) plane obtained from Metripol (0° represents [110] direction),
and (c) Raman peak shift map measured by backscattering from
the (001) plane.

significant stress-induced decrease in the Raman gain of this
crystal for beams propagating along [110].

The correspondence between birefringence and Raman
frequency shift can be understood by considering the piezo-
Raman and piezo-optic tensor in diamond. The change in
dielectric impermittivity due to an applied stress o; is given

by [35]
ikl =1,2,3, (5)

$ij = TijpiOw

where 7, is the fourth-rank piezo-optic tensor. For a biaxial
stress, Eq. (5) (in the abbreviated notation) becomes
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where the birefringence A7 is given in terms of {; as

AnZ(n —n—gij)—<n —n—gé'> (8)
0= 61 0m5 62 )

which when viewing along [001] becomes

3
7
An:f(ﬁzszfn)(ﬂ'n - 713). 9)

Thus, the birefringence due to biaxial stress is proportional to
the difference between the stress components oy, and 65,.

In contrast, the shift in Raman frequency Awp due to
biaxial stress is proportional to the sum of the stress compo-
nents [20]:

ACUR=2L%[(011 +02)(pS1, + (S +512))] - (10)

= -8.1576 x 1075, + 65,), (11)

where p and ¢ are the phonon deformation potentials, and Sy;
and §j, are the elastic compliance tensor components.
Evaluation of Eq. (11) enables the stress values to be deter-
mined. The values of p and g were calculated from the mode
Gruneisen parameter y and the factor (p - ) /2w? given in
Ref. [36]. The values of S;; and S, were calculated from the
elastic stiffness constants Cy; and Cy, given in Ref. [37].
The maximum frequency shift of 40.7 cm™ corresponds to
biaxial stress (61, + 6,,) of 0.86 GPa. Regions of the crystal
with negative frequency shift indicate the action of tensile
biaxial stress.

Hence, the region of low A7 and high Awp of the twofold
symmetric pattern is consistent with a transversely isotropic
stress field (o}, approximately equal to 6,,) in the (100) plane.
For uniaxially stressed regions (61, or 6, approximately equal
to 0), Ay, increases with Az which is consistent with scenarios
on the left-hand side of the crystal.

3. EFFECTS ON RAMAN LASER BEHAVIOR

The combination of diamond’s high Raman gain coefficient,
damage threshold, and thermal conductivity, along with its
low thermal expansion coefficient and wide transmission band,
has led to the development of Raman lasers featuring outstand-
ing output power capability approaching kW [13], high
efficiency [38-43], and wide wavelength operating range
[7,42,44-46]. However, understanding absorption losses and
impurities, especially those of nitrogen, is important to laser
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design and optimization [7]. In cw Raman lasers in particular,
minimization of intracavity losses is crucial to attaining high
efficiency [7,10] due to their typically lower gain compared
to pulsed devices. Recently, the presence of small amounts
of birefringence has also been found to perturb performance.
Furthermore, the polarization behavior of cw Raman lasers has
been found to substantially deviate from that predicted from
the Raman tensors, an effect that has been proposed to be
due to stress-induced birefringence in the diamond [13,14].
In order to gain a more complete picture of Raman laser
optimization, the effect of birefringence on laser performance
is investigated here in detail.

The Raman gain coefficient is dependent on pump and
Stokes polarizations according to [47]

3
&=k (eRie)?, (12)
i=1

where the Raman tensor components R, R,, and R corre-
spond to triply degenerate F,, vibrational modes of diamond
[48], and ¢, and ¢, are the pump and Stokes polarization unit
vectors, respectively. The proportionality constant # is given by
k= 4n2Na)5/n$n1,c(2)ma)Rl", where /V is the number density of
molecules, ; is the angular frequency of the Stokes photons, 7,
and 7, are the refractive indices of diamond at the Stokes and
pump frequencies, respectively, ¢, is the speed of light in vac-
uum, 7 is the reduced mass, and I' is the Raman linewidth.

The Raman gain as a function of pump and Stokes polariza-
tions for beam propagation along the [110] direction is shown in
Fig. 5. The following behavior is shown: for a (110)-polarized
pump (labeled X in Fig. 5), the gain is uniform for all Stokes
polarizations. For small angles of pump polarization, the gain
has a maximum for a Stokes polarization near 45°. This
angle counter-rotates as the pump polarization angle is
increased. For a pump polarization of (111), the Stokes polari-
zation is collinear and the Raman gain attains its maximum
value. Upon further rotation of the pump polarization, the
Stokes polarization continues to rotate until at X there is a flip
in the Stokes polarization of 90°. Such polarization dynamics
have been observed previously in a low-Q diamond Raman laser
pumped with nanosecond pulses [41] and in similar lasers [40]
investigated by some of the present authors when using diamond
samples from the same batch and possessing similar birefrin-
gence characteristics to the sample used in this report. In these
lasers, birefringence is not observed to influence the output
Stokes polarization. However, for cw diamond Raman lasers
in which the cavity Q is typically much higher, the circulating
Stokes field experiences a large number of round trips before
coupling out of the resonator. As a result, the influence of dia-
mond birefringence on the polarization of the Stokes beam is
increased leading to a substantial perturbation of the output
polarization from that predicted by the Raman tensors [13,14].

A. Experiment

The Raman laser threshold, Stokes output polarization, and
pump depolarization were studied as a function of pump
polarization for areas of the diamond sample that provide a
range of birefringence properties. Note that our current sample
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Fig. 5. Normalized Raman gain coefficient for propagation along
the (110) direction as a function of pump and Stokes polarizations.
Notable directions in diamond are represented by black dashed lines,
and the maximum scattering efficiency amplitude is shown by the
white loci.

under test is of the same type as that typically used in previous
reports of cw diamond Raman lasers [13,14,38,39]

The diamond was placed on an X-Y-Z translation stage,
allowing different regions in the crystal to be investigated.
An IR camera was used to monitor the pump spot in the dia-
mond in order to correlate the position in the diamond with the
birefringence map, with an accuracy of 0.3 mm. The six regions
marked A, B, C, D, E, and F in Fig. 2 were selected as these
provided a range of 8, @, and y values and was a sufficiently
large set to characterize the observed features in polarization
behavior. Regions A and F have the least amount of circular
retardance (2°); B, C, D, and E have circular retardance of
12°, 19°, -13°, and 17°, respectively, as shown in Fig. 2. The
magnitudes and directions of linear and circular retardance are
summarized in Table 1.

Figure 6 shows the experimental setup providing simultane-
ous characterization of the Stokes polarization, lasing threshold,
and pump depolarization. The pump source was a quasi-
cw-pumped Nd:YAG laser with horizontally polarized output

Table 1.
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at 1064 nm, operating at 40 Hz repetition rate and 1% duty
cycle (pulse duration approximately 250 ps). Variable attenu-
ation of the pump beam was achieved with a rotatable half-
wave plate and a polarizing cube. The diamond laser cavity
was a 104 mm long near-concentric resonator consisting of
concave mirrors with 50 mm radii of curvature. The input cou-
pler was highly transmitting (>97%) at the pump and highly
reflecting (99.98%) at the 1240 nm first Stokes. The output
coupler was highly reflecting at the pump and provided
0.4% transmission at the first Stokes output wavelength. The
antireflection-coated diamond was placed in the center of the
cavity. A 50 mm focusing lens was used to focus the pump
beam into the middle of the diamond. A half-wave plate
(HWP 1 in Fig. 6) was used to rotate the injected pump polari-
zation. In the following sections, the polarization angles are
quoted with respect to the (110) direction. The total output
Stokes power was monitored using an InGaAs photodiode
(PD 1 in Fig. 6), while the degree and orientation of the
Stokes polarization were determined using a half-wave plate
and cube polarizer (rotating the half-wave plate and measuring
the extinction). The depolarized pump power was monitored as
a function of injected pump polarization as a check of the linear
retardance axis measured using the Metripol technique and
verifying the region in the diamond with respect to the bire-
fringence map. This was achieved by removing the input cou-
pler and measuring the backreflected, depolarized pump power
on a photodetector.

B. Results

Figure 7 shows the output Stokes polarization (top row), mea-
sured and calculated threshold (middle row), and pump depo-
larization (bottom row) as a function of pump polarization for
the four out of six regions shown in Fig. 2. The four regions
A-D were selected as they were representative of the polariza-
tion behavior seen in all regions. The Stokes polarization,
threshold, and pump depolarization for all the six regions
investigated are given in Table 1. In each case, the Stokes
polarization remains fixed to either of two orthogonal linear
polarizations depending on the pump polarization. For all re-
gions except D, the Stokes polarization is observed to switch
between the orthogonal polarizations at a point in the cycle.
The switching points, and the polarization directions, vary
substantially for each region. The threshold for the different
regions ranges from 18 to 55 W.

Summary of the Magnitude and Direction of Linear and Circular Retardance (Measured Using Metripol and

Mueller Polarimetry), Pump Depolarization, Stokes Polarization, and Minimum Threshold for the Crystal Locations A, B,

C, D, E, and F Indicated in Fig. 2

Region A Region B Region C Region D Region E Region F
An (Metripol) 1.4x10°° 2.5x10°° 4.5x10°° 7.2x10°° 2.2x10°° 4.8x10°°
An (Mueller) 1.6 x 107 3.9x10°° 5.3x10°° 6.7 x 107 3.1x10°° 52x10°°
Principle axis (Metripol) 40° 40° 46° 26° 43° 41°
Principle axis (Mueller) 45° 59° 71° 1.7° 59° 37°
Circular retardance (Mueller) 2.5° 12° 18.3° -13.2° 17° 2°
Depolarization axes — 40° 50° 30° 40° 40°
Stokes polarization 45° and 135° 50° and 140° 62° and 152° 178°-no flip 52° and 142° 34° and 124°
Minimum threshold 18 W 24 W 25 W 53.5 W 27 W 28 W
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Fig. 6. Experimental arrangement for measuring laser threshold and
polarization characteristics: CP, cube polarizer; HWP, half-wave
plate; FL, focusing lens; IC, input coupler; OC, output coupler;
PD, photodiode.

For region A, which has low circular retardance (2.5°), the
linear birefringence axes obtained from Metripol (40°) and
Mueller (46°) are in fair agreement. The two Mueller-obtained
axes values closely match the two orthogonal Stokes polariza-
tions (45° and 135°). A similar behavior is also observed for
region F (Table 1). No significant pump depolarization was
observed for region A as expected because of the low linear
birefringence value (Az = 1.6 x 107°).

Regions B and C have significant circular retardance which
substantially perturbs the Metripol-determined linear retard-
ance direction. The direction obtained using the pump
depolarization measurement matches the Metripol measure-
ment as expected, since both measurements are unable to
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deconvolve the contributions of circular and linear retardance.
For both the regions, the Stokes polarizations have directions
closer to the Mueller-determined linear retardance axis. From
Table 1, it can be seen that region E shows a similar behavior.

As for B and C, region D has large circular retardance and
thus also a large difference between the linear retardance direc-
tions obtained using Metripol (24°) and Mueller (2°) polarim-
etry. However, as the circular retardance is negative, the
Metripol-determined axis direction is overvalued in this case.
Region D is also unique in that the output Stokes polarization
state is constant at 178° for all pump polarizations. The reason
for this is explained in the following section.

C. Analysis and Discussion

The above results reveal that the Stokes polarization is fixed to
either of the axes of linear retardance. This is in stark contrast to
the case of low-Q (nanosecond-pulsed) diamond Raman lasers
whose polarization dynamics are dictated purely by the Raman
tensors. In regions of large circular retardance, it is found that
Mueller polarimetry is more suitable for predicting the output
Stokes polarization.

Using the measured directions of the lasing Stokes polariza-
tions, we have calculated the Raman laser threshold as a func-
tion of pump polarization according to the scattering efficiency
[Eq. (12)]. The middle row of Fig. 7 shows the measured
threshold (red and black rectangular markers) and calculated
threshold using the observed Stokes polarizations. The calcu-
lated threshold has been scaled to the measured threshold to
account for variations in diamond coating losses, surface
quality, and cavity alignment.

It is seen that the Stokes polarization is fixed to the retard-
ance axis that provides the highest gain according to the in-
jected pump polarization. For example, for A, the threshold
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Fig. 7. Laser properties as a function of pump polarization for regions A, B, C and D. Top row: Stokes polarization (black and red triangular
marker) along with the linear retardance axis direction obtained by Metripol (black dotted line) and Mueller (green dashed line). Middle row:
threshold for the two orthogonal Stokes polarizations measured (black and red rectangular markers) and calculated (black and red dashed and
solid lines). The solid lines indicate the calculated threshold corresponding to the polarization state with the highest Raman gain. Bottom
row: pump depolarization (violet circular markers). As for the top row, the Metripol- and Mueller-measured linear retardance axis directions

are shown.
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for 45° Stokes polarization is less than the threshold for 135°
for pump polarizations in the range 0° to 91°, whereas the
threshold for 135° Stokes polarization is less than for 45° for
pump polarizations in the range 92° to 180°. Hence, we observe
that the output polarization switches between birefringence axis
directions according to which has the highest gain. The same
behavior is observed for B and C (also for E and F). For D, the
threshold for 178° Stokes polarization is less than its orthogonal
Stokes polarization over the entire range of pump polarization
angles consistent with the absence of a transition in the
measured Stokes polarization.

The maximum scattering efficiencies for A, B, C, E, and F
are of a similar magnitude as their birefringence axes are closely
oriented to a (111) crystal direction. This is consistent with the
similar minimum threshold for these five regions (18-28 W)).
The minimum threshold for D (50 W) is notably higher, par-
tially due to the Stokes polarization being well away from the
direction of maximum scattering efficiency. Note that slight
variations in the coating and surface quality at each location, as
well as precise alignment (which affects the pump/Stokes mode
overlap), also contribute to the spread of observed thresholds.

These results show that weak stress-induced birefringence in
the diamond crystal (An ~ 107°) affects the performance of cw
diamond Raman lasers (DRLs), fixing the Stokes output polar-
izations to the local birefringence axes and thereby determining
the maximum Raman gain coefficient achievable as a function
of pump polarization. As the Stokes polarization is fixed to the
local linear birefringence axis, pumping along (111) no longer
provides maximum gain in all cases but only when Stokes
polarization is aligned to (111). Hence, if the birefringence axis
is not parallel to (111), the gain coefficient is less than the
maximum achievable. Our results, for regions A~F and all other
regions investigated, show no clear correlation between the
magnitude of linear or circular retardance and DRL performance.

4. CONCLUSIONS

Here we have characterized the birefringence properties of sin-
gle-crystal, CVD diamond and elucidated the effects of bire-
fringence on cw Raman lasers. The sample showed significant
circular birefringence in addition to linear birefringence, and
thus the Mueller technique is a more appropriate tool for char-
acterizing the birefringence magnitude and direction of CVD
diamonds. We observed uniaxial and biaxial stresses in the
(001) plane leading to shifts in the Raman line up t0 0.7 cm™!
and corresponding to stress values up to 0.86 GPa.

We have shown that the Stokes polarization in cw Raman
lasers is fixed to the local birefringence axes, in contrast to nano-
second-pulsed diamond Raman lasers for which the Stokes
polarization follows the maximum Raman scattering efficiency
predicted by Raman tensors. The greater susceptibility of cw
devices to birefringence is attributed to the much greater num-
ber of round trips for the Stokes beam through the diamond
medium. Since the Raman gain is dependent on both pump
and Stokes polarizations, the Raman gain is maximized for lo-
cations in diamond where the retardance axis and pump polari-
zation is aligned close to the (111) direction. These results have
implications for optimizing high-Q cavity diamond Raman
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lasers and are expected to provide insights into the performance
and optimization of other diamond-based optical devices.
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Abstract: We report a quasi-continuous-wave external cavity Raman laser based on
potassium yttrium tungstate (KYW). Laser output efficiency and spectrum are severely
affected by the presence of high gain Raman modes of low frequency (< 250 cm™) that are
characteristic of this crystal class. Output spectra contained frequency combs spaced by the
low frequency modes but with the overall pump-to-Stokes conversion efficiency at least an
order of magnitude lower than that typically obtained in other crystal Raman lasers. We
elucidate the primary factors affecting laser performance by measuring the Raman gain
coefficients of the low energy modes and numerically modeling the cascading dynamics. For
a pump polarization aligned to the N, crystallo-optic axis, the 87 cm™' Raman mode has a
gain coefficient of 9.2 cm/GW at 1064 nm and a dephasing time 7, = 9.6 ps, which are both
notably higher than for the 765 cm™ mode usually considered to be the prominent Raman
mode of KYW. The implications for continuous-wave Raman laser design and the possible
advantages for applications are discussed.

© 2016 Optical Society of America
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1. Introduction

Solid state Raman lasers are convenient and efficient devices for extending the wavelength
range of inversion based lasers [1]. External cavity Raman lasers (ECRLs) offer simplicity
and flexibility over other configurations for designing the resonator in terms of thermal-lens
management and mirror reflectivities by placing the Raman crystal in a separate cavity singly
resonant to the Stokes wavelength [2]. However, achieving continuous-wave (CW) operation
is challenging as high-intensity pumping, small mode sizes and low-loss resonators are
required to achieve moderate lasing thresholds [3—5]. The first CW ECRL used barium nitrate
and was limited to 5% conversion efficiency and 164 mW output power due to strong thermal
lensing in the crystal [3]; whereas more recent work using diamond has enabled conversion
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efficiency exceeding 60% and output powers up to 380 W due to diamond’s excellent thermal
properties and high Raman gain [6]. However, since the Raman shift in diamond is relatively
large (1332 cm™), there is still demand for crystalline Raman lasers with greater flexibility in
terms of output wavelength, despite having less output power potential.

Table 1. Comparison of KYW Properties with Other Raman Crystals Used in CW-

ECRLs

Barium nitrate Diamond KYw

(cubic) [7] (cubic) [7] (monoclinic) [8,9]
Raman shift (cm™) 1047.3 1332.3 765 (E || Ny)

905 (E || Nim)

Raman gain for 1064 nm pumping 11 10* 3.6 (765 cm™)
(cm/GW) 3.6 (905 cm™)
Thermal Conductivity (W/m.K) 1.2 2000 3.3°

“For polarizations parallel to a [111] direction [10].
®Average value over the three principal directions.

The class of double metal tungstates—of which potassium gadolinium tungstate
(KGd(WOy),, KGW) and potassium yttrium tungstate (KY(WO,),, KYW) are prominent
examples—offer the distinct advantage of two strong phonon modes around 765 cm™ and
905 cm™' that have similar Raman gain coefficients and can be accessed separately by
changing the polarization state of the pump radiation with respect to the crystallographic axes
of the crystal [8, 9]. As shown in Table 1, they also have thermal conductivity approximately
three times that of barium nitrate [11], a moderate Raman gain coefficient, a high optical
damage threshold and robust mechanical properties [12, 13]. The two aforementioned modes
correspond to the symmetric stretching vibrations of the WOOW and WO molecular groups,
respectively [14—16]. Although most reports on double metal tungstate Raman lasers utilize
these two phonon modes, others have been observed. Kaminskii et al. [9] and Hanuza and
Macalik [16] reported strong Raman modes of frequency 87 cm™' and 225 cm™ in the
spontaneous Raman spectrum of KYW that have been attributed to a librational mode of WO,
and a translation mode of Y** ions, respectively. Laser operation on a low frequency mode
(84 cm™") was observed in an intra-cavity KGW Raman laser which was designed for lasing
on the prominent 768 cm™' mode [17]. In this work, the output wavelengths resulted
successive Stokes shifts from the 768 cm™ and 84 cm™' modes. Following [18], we refer to
this process of cascaded stimulated Raman scattering (SRS) via two or more different
phonons as cross-cascading. Cross-cascading has also been observed in single-pass excitation
of other crystals. On the other hand, lasing on the 225 cm™ phonon mode has not been
observed to our knowledge. Similar cross-cascading processes have been utilized for multi-
wavelength Raman lasers in other double metal tungstate devices [19]. Therefore double
metal tungstate crystals offer a greater choice of Stokes wavelengths than diamond or barium
nitrate, in addition to reduced susceptibility to thermal effects compared with barium nitrate.

In this paper, we demonstrate a quasi-CW ECRL employing KYW pumped at 1064 nm to
generate laser radiation at 1158 nm and 1177 nm, corresponding to the first Stokes
components of the two prominent high-energy phonon modes. However, we find that cross-
cascading involving the 87 cm™ and 225 cm™ Raman modes plays a critical role in
determining the output spectrum and laser efficiency. Polarization-dependent spontaneous
Raman spectra of the crystal have been recorded to understand the manifestation of the
observed phonon modes for different pumping conditions, and a numerical model was
developed to analyze the role of cross-cascading and its impact on ECRLs. The 87 cm™' mode
has been found to have a gain coefficient, significantly higher than the two modes often
regarded as the primary Raman modes.
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2. Experimental setup

2.1 Raman laser setup
Optical isolator

! KYW
QCW pump ' | J Stokes
laser h [— = . — : e
1
1
1

Half- wave plate

Raman laser
Fig. 1. Schematic diagram of the experimental setup. IC = input coupler; OC = output coupler.

The pump source was a polarized Nd:YAG laser, multimode at 1064 nm, delivering 200 W of
power in 250 us pulses at 40 Hz repetition rate and having M? less than 1.5 [20]. A half-wave
plate was utilized to align the pump polarization along either the N, or N, crystallo-optic axis.
The pump beam was focused into a 50 mm long KYW crystal which was placed in a near
concentric 120 mm long cavity, as shown in Fig. 1. The end faces of the KYW crystal were
coated with broadband AR coatings from 1000 to 1200 nm to reduce reflection losses.

First and cross-cascaded

Stokes lines
Pump

100.0 T

99.8

99.6

99.4

99.2 1

Reflectance (%)

99.0

98.8

98.6 1 T T T T T T T
1060 1100 1140 1180 1220
Wavelength (nm)

Fig. 2. Reflectance of the input coupler (IC) and the two output couplers (OC1 and OC2) used
in the KYW Raman laser. The measurement uncertainty is 0.2% and 0.5% for measurements
of OC1 and OC2, respectively. The vertical dashed lines indicate the reflectance at pump and
different Stokes wavelengths observed experimentally (as shown in Fig. 3(b)).

Fig. 2 shows the reflectance spectra of the input coupler and output couplers which
formed the linear Raman oscillator, obtained using a spectrophotometer (Cary 5000). The
input coupler (IC) was highly transmitting (7' = 96.8%) at 1064 nm and highly reflective (R >
99.9%) at the first Stokes wavelength (1158 nm) and at the observed cascaded Stokes
wavelengths which are indicated by vertical dashed lines in the figure. The following
experiments were carried out using two different output couplers OCl and OC2, with
reflectance of 99.89% and 98.6% at 1158 nm, respectively.

The Stokes output power was measured using a thermal power sensor. The output
spectrum was recorded using a spectrometer (Ocean Optics NIR 512), and the spatial beam
profile was measured employing a CCD camera (WinCamD, DataRay Inc.).

2.2 Raman microscopy

A high-resolution (< 1 cm™") Raman spectrometer (LabRAM HR Evolution, HORIBA Ltd.)
incorporating a 532 nm laser was employed to record the spontancous Raman scattering
spectra. The probe beam was propagated along the crystallographic b-axis (the lasing
direction) with its polarization vector varied using a half-wave plate.
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3. Results

3.1 Laser performance

For OCI1, the first Stokes at 1158 nm had a threshold of 18 W. Above 60 W of pump power,
the Stokes output increases with a slope efficiency of 0.1%, reaching a maximum conversion
efficiency of 0.04% (see Fig. 3(a)). The efficiency was fifty times lower than that obtained
with a CW barium nitrate ECRL [3] and a thousand times lower than in a CW diamond
ECRL [6]. There was no evidence of output saturation and the spatial beam profile of the
Stokes output remained TEM, across the investigated power range (see inset of Fig. 3(a)).
Therefore, the cause of the inefficiency was deduced to be primarily non-thermal in nature.
The time constant for establishing steady-state thermal gradients in KYW for a pump spot
radius of 23 um is approximately 500 ps [20, 21], thus the laser pulses are in a regime of
thermal non-equilibrium and the temperature gradients are even smaller than expected for the
stated output power. Measurements of the residual pump power show that the amount of
pump depletion in the Raman crystal was negligible, confirming that a non-thermal
mechanism was inhibiting power transfer in the Raman crystal.
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Fig. 3. (a). Output Stokes peak power versus pump peak power when using OC1. The pump
polarization direction was parallel to the N, axis. The inset shows the Stokes beam profile at
92 W pump power. (b). Laser output spectrum at 50 W pump power, containing the pump line
at 1064 nm and various Stokes components. The brackets indicate the Raman modes
responsible for the various output wavelengths (765 cm™, 905 cm™ and 87 cm™, respectively).

The Raman laser output spectrum shown in Fig. 3(b) reveals, in addition to the first
Stokes lines at 1158 nm and 1177 nm corresponding to 765 cm™" and 905 cm™ shifts, several
emission lines spaced by approximately 10 nm which is consistent with the 87 cm™ phonon
mode in KYW. At pump powers near the Raman laser threshold, only the first Stokes line at
1158 nm was attained. However, when the pump power was slightly increased (less than 1.2
times threshold), cross-cascaded Stokes generation involving the 87 cm™ mode occurred,
generating radiation at 1168 nm. With further increase in pump power to about 26 W, the
Stokes line at 1177 nm corresponding to the 905 cm™ Raman mode was also observed,
followed by a Stokes shift from 1177 nm to 1188 nm via the 87 cm™' Raman mode. This is
followed by further cascaded Stokes shifts from 1168 nm to 1182 nm and from 1182 nm to
1194 nm via 87 cm™' Raman mode.
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Fig. 4. Output Stokes peak power versus pump peak power when using OC2. The laser output
spectrum in the inset was measured at 110 W pump power and the pump intensity is attenuated
using a long pass filter. (Note that the shoulders on the short-wavelength side of the more
intense lines in the inset is an artifact of the spectrometer.) The brackets indicate the Raman
modes responsible for the Stokes wavelengths (765 cm™ and 87 cm™, respectively).

For OC2, which showed higher transmission at the Stokes wavelengths, the laser
exhibited a higher threshold pump power of 90 W, as expected. The Stokes power increased
linearly with a slope efficiency of 4%, as shown in Fig. 4. The maximum conversion
efficiency was 2% which is comparable to the aforementioned CW ECRL based on barium
nitrate [3]. As for OCl1, thermal effects in the Raman laser were negligible and the output
spectrum exhibited a cross-cascaded spectral line due to the 87 cm™ mode. At 110 W pump
power, the output spectrum contained the primary 765 cm™' Stokes mode and a single cross-
cascaded line at 1168 nm (see inset of Fig. 4).

In a further experiment, we oriented the pump laser polarization along the N, crystallo-
optic axis using OC1, which suppressed lasing on the 765 cm™' shift and enabled first Stokes
lasing via the 905 cm™' Raman mode. The threshold was 42 W, while cross-cascading to
1209 nm involving the 225 cm™' mode was observed for pump powers above 50 W (see Fig.
5). For 90 W of input power, the first cross-cascaded line was stronger than the 905 cm™
shifted line which we attribute in part to a higher transmission for the longer wavelengths for
this output coupler. The threshold pump power for the second 225 cm™ Stokes shift to
1241 nm was 90 W.

1209

1177
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Fig. 5. Output spectrum at 90 W pump peak power for the pump polarization aligned to the Ny,

axis and when using OC1. The spectrum shows the pump wavelength at 1064 nm and three

Stokes-shifted wavelengths generated from the 905 cm™ and cross-cascaded 225 cm™ phonon

modes. The brackets indicate the Raman modes responsible for the first and cascaded Stokes

wavelengths (905 cm™ and 225 cm™, respectively).
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Similar to the observation for a N, pump polarization, the higher output coupling provided
by OC2 led to an increase in threshold (to 120 W). Cross-cascading by the 225 cm™ mode
was observed at a pump power of 130 W.

3.2 Raman spectrum of KYW

Although the 87 cm™ and 225 cm™' Raman modes have been previously identified, their gain
coefficients have not been previously reported. In order to determine the gain coefficients for
these shifts, we recorded high-resolution spontaneous Raman spectra for the two principal
crystallo-optic directions.
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Fig. 6. Spontaneous Raman spectra of KYW for the pump polarization (E) parallel to (a) the N,
and (b) the N, crystallo-optic axis. The insets to (a) and (b) show fitted line shapes (after
baseline correction) of the 87 cm™ and the 225 cm™' modes, respectively.

For the pump polarization oriented parallel to Ny, as shown in Fig. 6(a), there are three
main lines at 87, 765 and 905 cm™'. The peak value of the 87 cm™ mode is substantially
higher than for the 765 cm™, indicating a higher stationary Raman gain coefficient. As is
clearly apparent in the figure, the linewidth of the 87 cm™ mode is much narrower than that
of the 765 cm™ mode, which suggests that the higher gain coefficient is in part attributable to
a much longer dephasing time. Voigt profiles were fitted to the individual peaks of the
instrument-broadened spontaneous Raman spectra after baseline correction in order to
determine the Raman linewidths as well as the ratio of the gain coefficients. The results,
summarized in Table 2, show that the stationary Raman gain coefficient of the 87 cm™ mode
is higher than that of the primary modes. It has a Raman linewidth of 1.1 cm™, corresponding
to a dephasing time T, = 9.6 ps which, for comparison, is slightly longer than the first-order
mode in diamond (T, = 7.1 ps), but shorter than for the primary (A,) mode in barium nitrate
(T, =26 ps) [7]. For the pump polarization aligned parallel to N, shown in Fig. 6(b), the
905 cm™ line has the highest peak value with the 225 cm™ line slightly lower. The linewidths
of the primary Raman modes at 765 cm™' and 905 cm™ are in agreement with previously
published values to within measurement uncertainty [22]. By referencing to a reported value
of 3.6 cm/GW in the literature for the 905 cm™ gain coefficient [9] and comparing the
relative peak intensities of the respective Raman modes, we determined the gain coefficients
at 1064 nm for the 87 cm™" and 225 cm™ to be 9.2 cm/GW and 2.5 cm/GW, respectively.
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Table 2. Linewidths and Relative Peak Intensities of the Raman Modes for N, and N,

Axes
Raman mode (cm™) Linewidth (cm™)?* Relative peak intensities”
87 1.11 £ 0.01 E || N, 2.564+0.013E || N,
0.57+0.02 E || N 0.51 £ 0.03 E || Nn
765 8.69+0.02E | N, 1.21+£0.05E|| N,
8.82+0.02E || Nm 0.39+0.04 E || N
905 6.88 £0.003 E || N, 1.0£ 0.0l E|| N,
6.89 + 0.003 E || N 1.0+ 0.01 E || N
225 589+ 0.013E || N 0.7+ 0.03E || N

“Error values are derived from fits to Voigt profiles.
4. Model analysis

We have observed that the presence of the low-energy Raman modes has a profound effect on
the quasi-CW performance of a KYW ECRL. However, according to previous reports of
KYW and KGW Raman lasers in other configurations (i.e. either pulse-pumped, intra-cavity,
or both) [12, 23, 24], highly efficient operation (many tens of percent) can, in principle, be
obtained without noticeable impact from low-energy modes. In order to elucidate the
disparity between our observations and previous work, we have developed a numerical model
to describe the power performance and spectral properties of the KYW ECRL. It is based on
coupled rate equations describing the amplification and depletion of the pump and different
Stokes fields via SRS [25, 26]. In this model, the pump and Stokes intensities are considered
uniform as a function of position inside the cavity, and anti-Stokes generation, Raman four-
wave mixing and dispersion effects are neglected. The generalized equations for the pump
and first Stokes fields are:

di_ Ipu»w _ 2l g, 2l g, 77— L _log(RlpRZP)I
— A

LIy ’ !
dl tn tn p-a tn trt P ( )

dal, 2] 2l L —log(R, R 2K1

o, _ Rgana Ipla _ Rgcnc Ialai _ Og( la Za) Ia + R Ia , (2)

dt ty Ty Ly I

di, 2l 21 L —log(R,R,,) , 2K

a, _ Rgbn}, Iplb _ Rgcnc Ihlbi _ s Og( 1b 2b) Ib + lR Ib . (3)

dt s rt Ly "

where /,m, is the initial pump intensity, g, and g, are the gain coefficients of the primary
Raman modes at 765 cm™ and 905 cm™', respectively, g. denotes the gain coefficient of the
87 cm™' mode, at the pumping wavelength, and #; is the quantum defect for the i™ Stokes shift
from the pump. K is the spontaneous Raman scattering factor, /i is the Raman crystal length,
t¢ is the round-trip time of the cavity, L, is the dissipative loss excluding the out-coupling
loss, and R;, and R,,, and Ry, and Ry, are the input and output coupler reflectivities at the
pump and Stokes wavelengths, respectively. The mirror reflectivities at each of the Stokes
wavelengths were obtained from transmission measurements of Fig. 2. The cavity length was
120 mm and the pump spot sizes were 23 um and 39 um for OC1 and OC2, respectively. The
model agreed well with the experimental observations when the round trip intracavity
dissipative losses (scatter and absorption) were taken to be in the range 0.8% to 1.0%. ;, is the
intracavity intensity for the pump, /,;, and I, are the intracavity intensities for the first
Stokes and cascaded Stokes components respectively. Equations for cascaded Stokes fields
were also used in the model, where the pump field is replaced by the first or next-lower order
Stokes field. These intracavity intensities were solved numerically using Mathematica, and
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the corresponding output powers were calculated and compared to the experimental data. The
best agreement was achieved when the ratio of the gain coefficients for the 87 cm™ and
765 cm™' modes with respect to the 905 cm™ mode was set to 2.5 and 1.25, respectively,
which are within the uncertainty range of the gain coefficients derived from the spontaneous
Raman spectra (compare Tables 2 and 3).

Table 3. Raman Gain Coefficients Obtained by the Numerical Model (for Pump
Polarization Parallel to N,, Pump Wavelength: 1064 nm) by Comparison with

Experiment
Raman modes (cm™) Gain coefficients (cm/GW)
87 9.0
765 4.5
905 3.6

The model yields the intensities for each Stokes wavelength as a function of pump power.
For a visual comparison with the experimental laser spectrum along N,, we plotted the model
results as Lorentzian lines at each Stokes wavelength with a linewidth of 0.7 nm. The
modelled spectra are shown as dashed lines in Fig. 7(a) and (b) for OC1 and 2, respectively,
along with the measured spectra (solid lines). Since we used an ECRL configuration which is
non-resonant at wavelengths near the pump, first Stokes laser operation at 1074 nm generated
directly from the pump via the 87 cm™' mode does not reach threshold.
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Fig. 7. Measured spectra (solid lines) and corresponding modelled spectra (dashed lines) for
(a) OC1 at different pump powers and (b) OC2 at 110 W.

In all cases the model qualitatively reproduces what was observed experimentally: the
onset of cascaded Stokes shifts at low thresholds accompanied by poor pump depletion and
poor conversion efficiency. Using the coefficients in Table 3, the calculated laser threshold at
1158 nm for OC1 was 17.8 W in close agreement with the experimental value of 18 W. The
model also shows that, with only a slight increase in pump power of about 2 W, the threshold
for cross-cascaded Stokes at 1168 nm is achieved. This leads to clamping of the intracavity
first Stokes intensity which subsequently stalls the transfer of pump power to the first Stokes.
This is confirmed by a stepwise increase in residual pump power (not shown here). For a
further rise in pump power by 5 W, the first Stokes related to the 905 cm™" mode (at 1177 nm)
is also seen, followed by a cross-cascaded Stokes line at 1187 nm owing to the interaction
with the 87 cm™ mode. The OC1 reflectivities for all the Stokes wavelengths are high and
approximately equal (99.7 = 0.1%), and thus promote the cross-cascading process.

In the case of OC2, the calculated threshold for lasing at 1158 nm (765 cm™' mode) is
95 W, which is close to the measured threshold of 90 W. The first Stokes component
corresponding to the 905 cm™ mode (at 1177 nm) is obtained after an increase in pump power
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of approximately 30 W. These values agree well with those measured, confirming the
accuracy of the model and the deduced Raman gain coefficients. It is evident from the model
that the number of cascaded Stokes wavelengths is larger for OC1 compared to OC2 owing to
the former’s higher reflectivity.

Although cross-cascading leads to clamping of a first Stokes line accompanied by stalling
of the Stokes conversion efficiency, the model also shows that for pump powers higher than
the threshold for a further cascade leads to a large recovery in the slope efficiency. This is
because the cross-cascaded Stokes intensity becomes clamped which in turn unclamps the
first Stokes intensity and power transfer from the pump. Indeed, using the model it was found
generally that the slope efficiency changes from low to high values in an alternating fashion
for odd and even number of cascades. The reason the laser efficiency remains poor overall is
because the threshold for the odd-order cascade is very close to the previous one causing the
slope efficiency to remain low for most of the power range. Although model derived
thresholds are highly sensitive to losses, it reproduces well the higher efficiency observed for
OC2 compared to OC1 and confirms that this is facilitated by the offsetting of cross-
cascading to higher powers.

5. Discussion

The experimental results and the model show that the low frequency Raman modes have a
major impact on the performance of the KYW laser, due to their high gain and the high output
coupler reflectivity at wavelengths within 250 cm™ of the first Stokes lines. The resultant
low-threshold cross-cascaded Stokes shifting obstructs the efficient conversion of power from
the pump to the first Stokes line, thus limiting the overall conversion efficiency. Therefore the
impact of these modes must be taken into account when designing Raman lasers based on
KYW or crystals with similar Raman spectral features. However, there have been numerous
reports of efficient Raman lasers using double-metal-tungstate crystals such as KYW and
KGW (which has a very similar structure and Raman spectrum to KYW) [12, 17, 19, 23, 24,
27-31], and only one that considers cross-cascading as a power-limiting factor [32].

One possible reason that these devices exhibited higher efficiency and were not apparently
severely impacted by cross-cascading is that they operate with pump polarization along the
N,, axis where the gain coefficient of the 225 cm™ mode is lower than the 87 cm™ and
905 cm™' Raman modes [12, 19, 23, 24, 27-29]. In addition to the lower gain for this mode,
the cross-cascaded wavelength is about 20 nm apart from the first Stokes so the output
coupler reflectivity for the cascaded shift may be more differentiated from that of the first
Stokes. Nevertheless, cross-cascading from the first Stokes mode (901 cm™) via the
204 + 3 cm™' mode in KGW (equivalent to the 225 cm™ mode in KYW) has been reported in
a nanosecond-pulsed ECRL [30]. In that case they could not achieve slope efficiency similar
to that obtained in other ECRLs and attributed it mainly to thermal effects in the crystal and
the poor pump beam quality (cross-cascading was not discussed).

There are several papers which have reported cross-cascading in KGW lasers with pump
polarization along N,. In the case of a ns-pulse pumped KGW ECRL with a low-reflectivity
output coupler [32], cross-cascading via the 84 cm™' mode was observed at elevated powers,
coinciding with a sudden decrease in slope efficiency. This may be evidence that cross-
cascading is playing a similar role in limiting efficiency as observed in our work. In some
CW intracavity and self-Raman lasers operating with low output coupling, cross-cascading on
the low frequency Raman mode has been observed, although any adverse effects of cross-
cascading on the laser efficiency was not discussed [17, 31]. Since the boundary conditions
for power flow in intracavity Raman lasers are different to ECRLs, we cannot directly
compare their results with our observations. Finally, there are other reports of efficient KGW
and KYW lasers operating in the same orientation in which cross-cascading was not observed
[12, 19, 23, 24]. This could be due to the specific loss properties of the resonators used (e.g.
mirror coatings) or insufficient resolution in the characterization of the output spectrum.
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Typically cross-cascading would be considered a parasitic process that should be avoided
to improve laser efficiency. This can be achieved by tailoring the OC reflectivity at the first
and cross-cascaded Stokes wavelengths in order to extend the range of pump power between
the first and cascaded-Stokes thresholds. However, this would require sophisticated mirror
coatings with significant changes in reflectivity (tens of percent) over a spectral range of only
a few to a few tens of nanometers. This is likely to be costly and impractical. Introducing
wavelength selective elements such as etalons or gratings into the cavity is an alternative
approach for suppressing cross-cascading.

Even though the low frequency Raman mode at 87 cm™ reduced the efficiency of this
laser, it may be advantageous for other applications. This high gain mode could be used to
simultaneously generate multiple closely spaced wavelengths which may be of use in
spectroscopy or in terahertz radiation generation at integer multiples of 2.6 THz (87 cm™)
through difference frequency mixing of first and/or cross-cascaded Stokes waves.
Furthermore, Raman beam conversion for the purposes of either brightness enhancement [33]
through the Raman beam cleanup effect, or beam combination [34], can be enabled with
much lower quantum defect than with conventional Raman modes in crystals. This may pave
the way for an alternative approach to diamond in terms of high-power Raman lasers with
possible advantages arising from the ease of growth of large tungstate crystals with good
damage threshold and moderate thermal properties.

6. Conclusion

We have demonstrated an external cavity quasi-CW KYW Raman laser operating at multiple
Stokes wavelengths. Cross-cascading involving the 765 cm™ mode and the 87 cm™ mode
was observed when the pump polarization was aligned along the N, axis, while a similar
effect was present via 905 cm™' and 225 cm™' modes when the pump polarization was parallel
to the NV, axis. Numerical modelling and experimental results confirmed that the early onset
of cascaded Stokes components severely limits the pump depletion and thus, lowers the
overall conversion to the output Stokes beam. The gain coefficients and dephasing times of
the low frequency modes were calculated from high-resolution spontaneous Raman spectra. It
is concluded that for a Raman crystal with one or more strong, low-frequency Raman modes,
cross-cascading can be a major factor for consideration in Raman cavity design, particularly
for CW systems that rely on highly-resonant cavities. The high gain coefficient of the 87 cm™
Raman mode in KYW (9.2 cm/GW at 1064 nm) indicates potential for future applications as
multi-wavelength laser sources of high beam quality and as a low-quantum-defect Raman
material for brightness enhancement and/or beam combination.
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