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Abstract

Ideal wavelengths for laser applications often do not align with commonly available laser
sources, particularly in the mid-infrared, where there are reduced laser options. Raman
lasers are a means of simultaneously extending the spectral coverage and enhancing
the brightness of existing laser technology. Historically, average powers in crystalline
Raman lasers have been restricted by poor thermal handling of the deposited heat,
which is intrinsic to the frequency shifting process. In addition, solid-state Raman
lasers traditionally are only reported in the visible and near-infrared, with operation at
longer wavelengths limited by material absorption and reduced Raman gain coefficients.
Synthetic diamond is a nonlinear frequency conversion material that has the potential
to challenge these limitations, with a high Raman gain coefficient, excellent thermal
properties and broad transmission. This thesis investigates the performance of pulsed

diamond Raman lasers across the near and mid-infrared regions.

Conversion of a 1.064 pm Nd:YAG laser to first (1.240 pm) and second (1.485 pm)
Stokes wavelengths was studied, with the quantum conversion efficiencies achieved
equivalent to, or exceeding, other Raman or optical-parametric-oscillator materials.
Mueller matrix modelling was used to determine the optimal crystal orientation and
pump polarisation. In particular, aligning the pump polarisation with a (111) crys-
tal axis produced a 33% enhancement in the Raman gain coefficient, compared to

previously utilised crystal orientations.

Knowledge of the Raman gain coefficient of diamond in the mid-infrared is vital

for designing long wavelength Raman lasers, due to the reduced gap between laser and

X1
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damage thresholds. Detailed investigations consider two measurement methods. The
first is a refinement of the pump-probe technique that examines the effect of correlating
intensity structure and laser linewidth. The second is a novel approach based on four-
wave-mixing, which removes the need to accurately characterise the spatial, temporal
and spectral properties of the lasers involved.

Extending the wavelength of diamond Raman lasers to the mid-infrared necessitates
overcoming the challenges of a diminished Raman gain coefficient, increased crystal ab-
sorption and weaker optical coatings. Demonstrations of tuneable first Stokes output
from 3.4-3.8 pm and second Stokes output at 7.3 pm represent the longest wavelengths
reported from a solid state Raman laser. Cavity losses restrict the obtainable conver-
sion efficiencies, and several methods, including four-wave-mixing and microstructured

facets, are considered as means to improve performance.
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Introduction

Since the invention of the laser, the demand for higher power, broader spectral cover-
age and increased efficiency has fostered development of numerous optical materials.
Progress in rare earth ions hosted in Yttrium Aluminium Garnate (YAG) or silica fi-
bres, for example, has yielded high average power and high beam quality laser output
in several wavelength bands from 1-2pum [1]. Access to longer mid-IR wavelengths is
typically more challenging and research into transition-metal-doped chalcogenide com-
pounds is an example of an optical material that has enabled moderate laser power
from 2-5pm [2]. However, directly emitting lasers, such as the examples above, may
not deliver the required laser parameters at the desired wavelength. This has led to
the need for nonlinear optical materials, such as lithium niobate, potassium titanyl
phosphate (KTP), and zinc germanium phosphide (ZGP), to transfer laser power to

shorter or longer wavelengths.
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High optical quality synthetic diamond is a ‘new’ nonlinear optical material that
has the potential to extend the wavelength of existing lasers into new spectral regions
with high efficiency, excellent beam quality and unmatched average power. Facilitating
the enhanced performance are a range of exceptional properties, such as unparalleled
thermal conductivity, broad transmission and extraordinary robustness [3, 4].

Despite the well known properties of diamond, for decades it has remained under-
exploited in laser applications due to the variable quality and high cost of natural
stones, limited quality and size of synthetic samples, and an inability to host large rare-
earth ions. The recent development of high purity, low birefringence, chemical vapour
deposition (CVD) grown single crystals [5] has unlocked its potential for a range of
photonic applications. Early use of CVD diamond in lasers was in a passive role, such
as high performance windows or intracavity heat spreaders [6, 7]. Employing diamond
as an active part of the laser generation process, by exploiting its high cross-section
for Raman scattering, enables wavelength conversion devices with unprecedented at-
tributes. The research presented herein describes seminal work in efficient near-IR
diamond Raman lasers (DRLs) and the first extension of the output wavelength to the

mid-IR, where there is great demand for new solid-state sources.

1.1 Raman lasers

Raman lasers employ Stimulated Raman Scattering (SRS) to convert the wavelength of
a pump laser. Focussing the pump laser into a Raman active material with sufficient
intensity excites longer wavelength Stokes photons, with a frequency difference, wg,
corresponding to a phonon mode of the crystal lattice (or a molecular vibration for
gases and liquids). Depending on the Raman laser characteristics and pump intensity,
energy may flow to higher order Stokes wavelengths or shorter ‘anti-Stokes” wavelengths
(see Fig. 1.1). Unlike weak spontaneous Raman scattering (1 in ~ 10% photons), SRS
produces an intense coherent beam that is capable of depleting a large fraction of the
pump. The pump intensity required to initiate SRS is proportional to the Raman gain

coefficient, gr, which decreases with increasing wavelength.
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FIGURE 1.1: (a) Energy diagram for an anti-Stokes (wag) and two Stokes (ws1, wga) shifts.
(b) Schematic of spontaneous and stimulated Raman scattering.

Raman lasers enable generation of wavelengths insufficiently serviced by direct las-
ing techniques. Direct laser action with the required efficiency, average/peak power,
linewidth and beam quality suitable for many applications is only available for limited
ranges of wavelengths, such as high beam quality, multi-kilowatt output near 1 pm from
Yb** or Nd** doped hosts [1]. Other wavelength regions are not as well serviced, and
Raman lasers are able to efficiently transition many of the key pump laser properties

to a new spectral region.

There is a natural comparison between Raman lasers and optical parametric os-
cillators (OPOs) as nonlinear methods for extending the wavelength of a pump laser.
OPOs require x® nonlinear materials, which in practical terms are limited to the class
of crystals that lack inversion symmetry (e.g. LiNbO,, KTP and BBO). The generation
of a pair of signal and idler photons in an OPO from a pump photon is analogous to
the pairs of Stokes photons and phonons of a Raman laser. Efficient conversion neces-
sitates mounting the crystals at specific orientations and temperatures to ensure phase
matching between the different wavelengths. Tuning the crystal angle or temperature
changes the phase matching conditions and thus changes the output wavelength, which

is the primary advantage of OPOs. Free running OPO spectral outputs are typically
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quite broad, spanning several to hundreds of wavenumbers, unless specific linewidth
narrowing elements are included in the cavity. Raman shifted linewidths, however, are
bounded by the pump linewidth or the Raman linewidth of the material, whichever is
broader. The Raman linewidth in diamond, for example, is ~1.5cm™! [8].

Unlike OPOs, Raman shifting does not require phase matching between the pump
and output beams for efficient conversion. Any phase mismatch is automatically com-
pensated for by the phonon field and precise temperature/angular control is not re-
quired. The absence of phase matching requirements also contributes to a process
called ‘Raman beam clean up’ [9, 10]. Phase distortions in an aberrated pump beam
are not transferred to the Stokes beam during amplification [11] and the resultant gain
profile in an oscillator converges towards a Gaussian distribution [9]. Thus high qual-
ity Stokes outputs have been demonstrated from poor quality pump lasers [9, 11, 12].
Similarly, the absence of phase matching means that it is possible to spatially com-
bine several pump beams in a Raman laser or amplifier to produce a single high beam
quality Stokes output [13]. In contrast, the beam quality of OPOs is often degraded
relative to the pump [14-17].

At high average powers, OPOs and Raman lasers both suffer from degraded ef-
ficiency and beam quality due to thermal lensing effects, and in the case of OPOs,
phase matching instabilities [18, 19]. Detrimental thermal loads in OPOs are largely
due to parasitic absorption, as the frequency conversion process does not intrinsically
generate heat. The deposition of heat in Raman lasers however, is an intrinsic part of
the conversion process. The creation of a Stokes photon in a Raman laser generates
a corresponding phonon (vibration), which manifests as heat. Thermal aberrations
counter the beneficial properties of Raman beam clean-up [18, 20] and as such, good

thermal properties are critical for high average power Raman lasers.

1.1.1 Raman laser technology review

Unlike the y® active materials required for OPOs, all materials have a x® Raman
response. Thus it is unsurprising that Raman shifting of pump lasers has been demon-

strated in many gases, liquids and solids. The earliest research, in 1962, consisted of
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placing organic liquids in a ruby laser cavity [21]. In the following year, experiments
with gases [22] and crystals (including diamond) [23] focussed a ruby laser beam into
external Raman generators, where conversion occurred during a single pass of the pump
through the Raman gain material. Very high peak powers are required to reach the
SRS threshold in Raman generators (100s of MW cm™2) and multiple Stokes and anti-
Stokes orders are often observed in rings around the pump beam (the rings arise from
phase matching of four-wave-mixing processes between pump and Stokes wavelengths).
In the following years, Stokes generation using cells filled with gasses such as hydrogen
and methane dominated investigations [24-27]. These enabled large changes in wave-
length from high peak power pulsed lasers. Although good conversion efficiencies were
obtained, there are several drawbacks that limit their practicality. Device sizes are
typically of the order of 1 m as the Raman gain coefficient of gases is low and optical
breakdown limits the pump focus intensity. Gas Raman generators are also limited to

repetition rates at the Hertz level unless the gas is cycled to reduce thermal blooming.

Since the 1990s, research into Raman lasers transitioned to the solid state regime,
with crystalline and optical fibre technologies receiving significant research interest [28—
30]. Crystalline Raman lasers are a compact means of extending the spectral coverage
of CW or pulsed lasers. Incorporating crystals with strong Raman responses allows
greatly reduced device sizes compared to gas cells, while improved thermal conductivity
permits increased average powers. Raman lasers have been demonstrated in a large
selection of crystals, including nitrates (Ba(NO,),), iodates (LilOy), vanadates (YVO,
and GdVO,) and tungstates (KGd(WO,),, StWO,, BawO,, CaWO,, and PbWO,)
[28].

Solid state Raman laser designs typically resonate the Stokes wavelength, with
single-pass Raman generators often reported in the context of material characterisa-
tion or broadband frequency generation [31, 32]. Placing the Raman crystal in a cavity
separate to, or shared with, the pump laser gain medium (external-cavity or intracav-
ity conversion, respectively) reduces the SRS threshold intensity and enables a degree
of control over the modal quality and the dominant Stokes output wavelength. Both

cavity configurations have demonstrated greater than 50% conversion of pump photons
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to a specific Stokes wavelength [28]. Historically, thermal deformation in the Raman
crystal has limited average powers to less than 20 W [33]. Thermal rollover is a partic-
ularly challenging problem in CW lasers, where small spot sizes in the Raman crystal,

and small out-coupling fractions enhance the sensitivity to cavity distortions.

Extending beyond Raman conversion in bulk materials has the potential to further
reduce thresholds and permit integration with photonic chip concepts. Ring-resonators,
whispering gallery mode devices and photonic crystal micro-cavities combine small
mode volumes with very high cavity Q-factors to greatly enhance the Raman amplifi-
cation process. Pump thresholds for a CW CaF, whispering gallery mode Raman laser
are as low as 3pW [34] and a similarly low 1 pW threshold is demonstrated in a silicon
nano-cavity [35]. These thresholds are more than six orders of magnitude lower than

bulk CW external cavity Raman lasers [36].

Linear waveguide structures also reduce Raman thresholds by tightly confining the
pump and Stokes light over longer distances than otherwise possible through geometric
focussing. Optical fibres are the classic example, where the low gain coefficient and poor
thermal conductivity of silica are overcome by interaction lengths of tens to hundreds
of metres in single mode fibre. In fact, a silica fibre Raman amplifier holds the record
for the highest reported average power from a Raman device. Up to 1.5 kW first Stokes
CW average power at 1.12 pm is demonstrated from a 2kW ytterbium pump laser [37].
The same factors that make fibre Raman lasers feasible also create challenges with
competing nonlinear effects. Induced spectral broadening limits higher Stokes order
efficiencies and the achievable peak power for pulsed applications. Hollow-core photonic
crystal fibres redesign the gas Raman laser by combining the Raman shifting capability
of gases with the high power, high beam quality, strengths of optical fibre. A high power
55 W hydrogen filled fibre converted essentially all (>99.9%) of the coupled pump light
to Stokes, with waveguide losses (100 dB/km) limiting the output conversion efficiency

to 70% [38].
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1.1.2 Extending Raman lasers to the mid-IR

The mid-IR and longwave-IR are regions of intense interest for laser research and a
compact, high brightness laser source is beneficial for many applications. Atmospheric
transmission bands at 3-5um and 8-12pum are extensively used for imaging thermal
signatures and are subsequently targeted by laser countermeasures [39]. Laser based
remote sensing also takes advantage of good atmospheric transmission to enable long
range detection of chemicals. The mid-IR fundamental absorption bands of many
molecular species are stronger than overtones at shorter wavelengths and thus aid in
detection of lower concentrations [40]. Similarly, stronger absorption in many com-
pounds is valuable for laser materials processing, as ablation is achieved with reduced
power and absorption depth.

The maturity and range of lasers in the mid-IR is far less than in its near-IR neigh-
bour. Only a limited number of wavelengths are accessible via rare earth ions, for
instance 2.9 pm (Er*") and 3.9 pm (Ho®'). While diode laser technology, particularly
quantum cascade lasers, has progressed substantially in recent years, the available aver-
age and peak powers are limited, especially at room temperature [41]. Transition metal
doped chalcogenides, such as Cr:ZnSe (2-3.3um) and Fe:ZnSe 4-5pm, have attracted
significant recent attention as tuneable mid-IR lasers. Pulse energies greater than 1J
and average powers up to 57 W have been demonstrated, with higher average powers
limited by strong thermal lensing [2, 42].

To access the mid-IR region from available near-IR laser technology, nonlinear fre-
quency conversion is often employed. OPO conversion is the most common approach,
and generates wavelengths spanning large segments of the mid-IR from efficient pump
sources such as Nd:YAG (1.06 pm) and Ho:YAG (2.1 pm). For wavelengths up to 4 pm,
several materials, including KTA and periodically polled LiNbO,, allow conversion di-
rectly from 1pm lasers. Accessing wavelengths beyond 4 pm from 1 pm pumps requires
materials like AgGaS,, which have very poor thermal conductivity (0.015W/m/K)
and low damage thresholds (~25 MW /cm?)[43]. Orientation pattered GaAs is an en-
gineered crystal that has a large x®) nonlinear response and is transparent from 0.9

to 17pm. Two photon absorption however, restricts efficiency using 1pum and 1.5 um
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pump sources. When pumping with wavelengths longer than 2pum, ZGP (Zinc Ger-
manium Phosphide) is a suitable material, with demonstrated tunable output from a
single device of 3.8 - 12.9um [44] and good thermal conductivity (35 W/m/K). The
maximum reported average power of a ZGP OPO is 41 W [45], with the free running
spectra spanning several hundred nanometres (3.7-4 pm and 4.4-4.8 pm) and a degraded
beam quality (M? = 4).

Raman conversion into the mid-IR has received far less attention, primarily due
the limited range of materials with sufficiently large gr and good mid-IR transparency.
Until recently, examples were almost exclusively bulky gas Raman lasers [25, 46, 47].
For example, the large Raman frequency of hydrogen (4155 cm™") allows access to the
mid-IR from two shifts of a near-IR pump source.

Practical and compact solid-state mid-IR Raman converters are limited to a few
select materials. Silicon is in the same periodic table group as carbon and shares many
physical properties with diamond due to an identical crystal structure. It has a high
gr, high damage threshold and good thermal conductivity. Like diamond, it has no
long wavelength absorption edge, but does have mild multiphonon absorption from 6.5
to 30 pm. There have been numerous proposals for mid-IR Raman lasers using silicon
[48-51], most of which seek to leverage extensive wafer fabrication capabilities to create
a range of on-chip devices. Despite the seemingly good properties for Raman lasers
and mature manufacturing capability, experimental demonstrations of mid-IR silicon
Raman lasers are limited to Raman amplification of a 3.4m HeNe beam in a bulk
silicon sample [49, 52].

Despite the transparency of tungstates such as BaWO, and KGW out to 5 pm, the
longest wavelength Raman lasers are 2.5 pm [53] and 2.9 pm [54], respectively. Fourth
order cascaded SRS has been demonstrated out to 3.7 pm in a BaWO, Raman generator
[55], indicating that, with appropriate mirrors, a Raman laser would be feasible.

As is the case with silica, long interaction lengths have enabled Raman lasers in
fibres drawn from mid-IR transmitting chalcogenide glasses. First and second Stokes
lasers at 3.34pm and 3.77 pm were demonstrated in 3m of As,S, fibre using a 3pm

Er** doped fibre laser pump [56, 57]. The slope efficiency of the first Stokes laser was
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39% of launched pump power. The second Stokes laser had a reduced slope efficiency of
8.7%, which was attributed to spectral broadening of the first Stokes and background
losses. Third Stokes conversion of a 1.88 pm thulium fibre to 2.35 pm was also demon-
strated in a As,S; micro-sphere resonator, but output powers were less than 1 pW [58].
Chalcogenide glass devices are suited to low average power CW applications due to
low melting points and poor robustness. This is a consequence of low phonon energies,

which are also the source of their increased mid-IR transparency.

1.2 The case for diamond

The strongly bonded lattice of low mass carbon atoms in diamond gives rise to a
range of properties capable of greatly expanding the parameter space of Raman lasers.
Combining the physical properties of diamond, with Raman beam clean-up and the
developing capability to manufacture advanced photonic structures potentially enables
a range of devices with high peak and/or average powers, good beam quality, small
footprints and new wavelengths.

Diamond is a versatile Raman laser material because its broad transmission spec-
trum enables laser operation across several important spectral bands (see Fig. 1.2).
Without phase matching requirements, it is possible in principle to operate Raman
lasers wherever the material is transparent. There is no long wavelength absorption
edge in diamond and the only features are a set of mild multi-phonon absorption peaks
spanning 2.5 pm to 6.5 pm. Providing the multi-phonon peaks can be negotiated, there
is the opportunity to build solid-state Raman lasers beyond the traditional near-IR
region, into the application rich, but laser source poor, mid-IR region. This has not
previously been demonstrated using alternative crystalline Raman materials.

Extending existing pump laser sources into new spectral regions often requires a
large change in wavelength. The single Raman line in diamond at 1332cm™! is the
largest frequency shift of all crystals, reducing the required number of Raman shifts
to transition a given spectral span. Figure 1.3 shows two potential applications that

utilize the large spectral shift in diamond. Conversion of common 1 pm laser sources,
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F1GURE 1.2: Internal transmission through a 1mm CVD diamond crystal. Wavelengths
longer than 2pm are measured using an FTIR spectrometer. Data for shorter wavelengths
is extracted from [3].

such as Nd:YAG, to less hazardous wavelengths is beneficial to outdoor applications
such as lidar and remote sensing. This is explored in more depth in Chapter 4. The
second example is a first Stokes DRL pumped by a high power Ho:YAG laser. The
emission at 2.9um is strongly absorbed in liquid water and hydroxyapatite (a major
component in bones and teeth) and thus is attractive for several surgical procedures
[59]. In addition, the high peak power and short pulse lengths typical of pulsed DRLs
are desirable to reduce collateral thermal damage to tissues [60]. Current medical
2.9 pm pulsed lasers use Er:YAG, which suffers from strong thermal lensing and poor

beam quality at high average power [61].

High quality diamond crystals cannot be grown as large as other common Raman
crystals (~1cm cf. ~5-7cm). This would typically be disadvantageous as the higher
pump intensities and tighter focussing required to reach threshold would increase the
susceptibility to damage and thermal lensing. The outstanding physical properties
of diamond however, eliminate any disadvantage associated with small crystal sizes.
The Raman gain coefficient, gg, is amongst the largest of all crystals [63], reducing

the pump intensities required to reach threshold. This is particularly important for
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FIGURE 1.3: (Red lines) Increase in maximum permissible exposure (MPE) after Raman
shifting a 1.064 pm Nd:YAG laser in diamond. (Blue lines) Increase in water absorption after
Raman shifting a 2.1 pm Ho:YAG laser. MPE data is calculated using the AS/NZS TEC
60825.1:2014 standard and a 10 kHz laser with 10 ns pulses. The water absorption coefficient
data is from [62].

longer wavelength Raman lasers, where g is diminished. Thermal management is a
critical issue for Raman lasers of even moderate average powers [28]. The thermal
conductivity of diamond is the highest of any material at room temperature and 142
times greater than YAG, a laser material that traditionally is associated with good
thermal performance. As such, adverse thermal effects are not expected in diamond
Raman lasers until output powers are 2-3 orders of magnitude higher than achievable
in other Raman crystals [64]. Finally, the damage threshold is similar to other high
performing optical materials [65]. The combination of a high gz, high damage threshold
and exceptional thermal conductivity enables efficient high power Raman conversion

from compact devices.

‘On-chip’ photonic devices are an active research area where linear and nonlinear
optical interactions are confined within waveguide structures. Combining the excellent
properties of bulk diamond with waveguides, enables DRLs with lower thresholds and
the ability to integrate with photonic chip components [66-68]. Compared to Raman

waveguide lasers etched into silicon, the larger bandgap of diamond eliminates the
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multi-photon and free-carrier absorption losses present for near-IR wavelengths [48].
Diamond also has advantages over silica micro-cavities, as a factor of 100 increase in
gr reduces the cavity Q requirements. Despite the hardness and chemical inertness of
diamond, fabrication of micro-structured features is possible using a range of processing

tools, such as reactive ion etching and focused ion beam milling [66].

1.3 Status of diamond Raman lasers

At the commencement of the research outlined in this thesis, diamond Raman lasers
(DRLs) were in their infancy and the first efficient DRL had just been reported [69].
Despite extensive prior research into diamond, several fundamental properties were
not well understood in the context of Raman laser design. Polarisation effects of DRLs
had not been studied, largely due to restrictions placed on experiments from Brewster
facets [69-71] or the chosen crystal orientation [72, 73]. The Raman gain coefficient
had been measured by several authors [72, 74, 75], but reported values were clustered
in the visible and near-IR, and varied by more than a factor of two.

Most prior experiments on Raman conversion in diamond consisted of Raman gen-
erators, where there is no cavity feedback and the conversion occurs with a single pass
of the pump. Multiple Stokes and anti-Stokes lines were reported in a natural diamond
sample pumped with a Ruby laser in 1963, not long after the invention of the laser
[23]. Arguably, the first DRL was reported in 1970 by McQuillan et al. [72]. The
Fresnel reflections from the facets provided weak feedback to form a laser cavity and
the estimated conversion efficiency was 0.25%. After a gap of several decades, a patent
was filed by Spectra Systems in 2004 detailing a basic Raman generator and external
cavity Raman laser [76]. The results listed in the patent indicate that only a Raman
generator had been demonstrated experimentally. A year later, a 2005 conference ab-
stract mentioned a microchip laser with intracavity Raman conversion using diamond,
but minimal details could be found on this work [77]. The first detailed report of a
DRL was published in 2008 using a square crystal tilted at Brewster’s angle [70]. It was
pumped by a Q-switched 0.5321m laser and predominantly generated a first Stokes



1.4 THESIS SUMMARY 13

output at 0.573 um. Significant birefringence within the crystal was reported to have
restricted performance and the total conversion efficiency was 22%. Improvements to
the crystal growth process led to the development of low birefringence samples [78],
which greatly enhanced laser performance. Research 1 conducted prior to the current
PhD research, demonstrated a 0.573um DRL with a slope efficiency of 75% and a
conversion efficiency of 63.5% [69]. At the peak of the pump pulse, the instantaneous
conversion of photons was measured to be 91%. These values were commensurate with
the best performing crystalline Raman lasers published to that date. No thermal ef-
fects were observed, as was expected for an average output power of 1.2 W. The same
low birefringence crystal was also incorporated into a synchronously pumped picosec-
ond DRL [71]. The laser generated 2.2 W average power at 0.573 pm with 21 ps pulse
durations. In parallel, a research effort into intracavity DRLs was commencing at the
University of Strathclyde, with the first Stokes light reported in 2009 [73].

Over the course of conducting research for this thesis, DRL technology has advanced
on many fronts including; high power CW and pulsed IR lasers [79-81], deep UV out-
put [82], femtosecond output pulses [83], tuneable output wavelength [84], monolithic
cavities [85] and low threshold waveguide structures [67]. Further details on these

advancements are presented, where relevant, within the subsequent chapters.

1.4 Thesis summary

This thesis examines the capability of synthetic diamond as a new frequency conversion
material, with a view to assessing its potential in the mid-IR. The following chapter
examines the intrinsic and growth induced properties of diamond, relevant to Raman
lasers, in more detail. Understanding attributes such as multiphonon absorption and
the Raman gain coefficient is vital for optimising DRL designs.

The effect of pump polarisation on laser threshold had not been previously con-
sidered and Chapter 3 describes the first experimental and theoretical investigations
on this topic. Mueller matrix modelling calculates the highest Raman gain crystal

orientations for both linear and elliptical pump polarisations. Several conclusions from
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the polarisation analysis are utilised in Chapter 4, which presents the first reported
efficient first and second Stokes infrared DRLs. The results are compared to existing
solid-state Raman and OPO materials and the implications for future DRL designs are
considered.

Existing measurements of the Raman gain coefficient, gg, in diamond vary sig-
nificantly and are concentrated in the visible and near-IR. Chapter 5 reports on gg
measurements relevant to the mid-IR, using both pump-probe and four-wave-mixing
experiments. The previously unconsidered influence of longitudinal mode beating on
pump-probe experiments is examined experimentally and through numeric modelling.

The lessons learnt in the near-IR, combined with mid-IR gg results are then applied
to developing a mid-IR DRL. Chapter 6 firstly examines feasible mid-IR wavelengths
and pump sources, before outlining the construction of a DRL with tuneable output
near 3.7 pm. Mixing of two pump wavelengths is investigated to reduce the threshold
of the DRL. Cascading the Raman process enables a 7.3um DRL operating on the
long wavelength side of the two phonon absorption region. Finally, several options to
improve mid-IR performance are examined in Chapter 7.

Alongside some technical calculations and tables, the appendices contain several
supplementary chapters. Firstly, Appendices A and B summarise the classical Raman
theory and derive several of the relationships underpinning the research in earlier chap-
ters. Secondly, the design of the OPO pump source used in the mid-IR experiments is
covered in Appendix C. In this chapter, linewidth narrowing using a diffraction grat-
ing in Littman-Metcalf and Littrow configurations is analysed in the context of their

suitability for pumping DRLs.



Properties of CVD grown diamond

The exceptional properties of diamond have been studied for decades, but due to the
cost and imperfections of natural crystals, using diamond in Raman lasers remained
virtually non-existent. It is only since 2009 that synthetic crystals of sufficient size
and quality have become available [78]. This chapter briefly outlines several of the
material properties and growth defects of diamond particularly relevant to Raman
lasers. The interest in diamond for use in lasers arises due to the many properties
that are unmatched by alternative materials. A table comparing several important
properties in diamond with other Raman materials is listed at the end of the chapter

(Table 2.1).

15
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2.1 Fundamental properties of diamond

2.1.1 Crystal structure

The remarkable attributes of diamond are directly linked to the three dimensional
arrangement of strongly bonded carbon atoms. Each carbon atom is covalently bonded
to four neighbours in a tetrahedral form (sp3 hybridisation). The resulting lattice can
be interpreted as inter-penetrating face-centred-cubic (FCC) sub-lattices. Each FCC
sub-lattice is diagonally offset by [z,y,z] = [0.25a¢,0.25a0, 0.25a¢], where aq is the
cube edge length (~ 0.178 nm). The unit cell of diamond is shown in Fig. 2.1(a) and
consists of a face centred cube (outlined in red) that also includes four additional
carbon atoms from an adjoining FCC cell. The arrangement of the carbon atoms
along several directions of high symmetry is presented in Figs. 2.2(a) to 2.2(c). Of
particular relevance for this thesis is the hexagonal pattern along the (110) direction
and the subsequent polarisation effects in DRLs (Chapter 3) (see the list of symbols
prior to the introduction chapter for axes nomenclature).

The first order Raman spectrum of diamond was first observed in 1930 [86] and

I at room temperature. The Raman frequency,

consists of a single peak at 1332.3cm™
wr, originates from the rigid vibration between FCC sub-lattices along the (111) direc-
tions connecting the carbon atoms. Figure 2.1(b) illustrates the vibration between two
isolated sub-lattices. Strong covalent bonding combined with the small atomic mass
for carbon results in an wg larger than other crystalline materials (see Table 2.1 at
the end of this chapter). Incident electromagnetic radiation with a small wavevector
compared to the Brillouin zone, i.e. A >> ag, as is the case in later experiments, will
excite a triply degenerate phonon mode and thus wg is independent of the direction of
propagation [87].

The strength of the Raman response is proportional to the change in polarisability,
0a/0Q), of the material as the atoms are displaced during vibration (@ is a coordinate
describing displacement during normal modes of vibration). Only the triply degenerate

phonon mode at 1332cm™! has a first order Raman response. Evidence of phonon

modes which are not Raman active (i.e. da/0Q = 0), can be observed in the second
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order Raman spectrum. Here, various two phonon interactions induce a change in
polarisability and create a continuous, multi-peak spectrum that spans 2130 cm™! to
2664 cm~!. The strength of the second order response is two orders of magnitude

weaker than the 1332 cm™! first order mode and thus is not considered further.

FIGURE 2.1: (a) The unit cell of diamond. The red carbon atoms highlight the FCC
Bravais lattice. The internal blue carbon atoms are contributed by a second FCC sub lattice.
The remainder of the blue FCC atoms are not shown. (b) Vibration of two inter-penetrating
FCC sub-lattices against each other along a (111) direction.

(a) (b) (c)

FIGURE 2.2: (a-c) Diamond lattice viewed along the (100), (110), and (111) directions,
respectively.
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2.1.2 Raman Linewidth

The 1332cm~! Raman mode has a finite linewidth, Awpg, resulting in an equivalent
spectral distribution in the spontaneously scattered light. Knowledge of Awg is im-
portant for designing pump lasers since the Raman laser threshold increases when
the pump laser linewidth approaches or exceeds Awg, as will be shown in Chapter 5.

Similarly, Awg is also required in Chapter 5 to measure the Raman gain coefficient.

When illuminated by a single frequency laser, the FWHM linewidth of Raman
scattered light is inversely proportional to the dephasing time of the lattice phonons,

1.

1
Awg(em™) = — T (2.1)
2

The linewidth can therefore be considered as the damping rate of the lattice vibrations.
Modelling the vibrations as a weakly damped oscillator returns a Lorentzian spectral

profile, which is consistent with measurements of high quality single crystals [88-90].

AwR/2

R(w) = (w—wr)?+ (Awg/2)?

(2.2)

Reported values of Awpg vary significantly and range from 1.1 to 4 em™! [91, 92].
The range of measurements is caused by experimental limitations, and variation in the
sample quality. The linewidth resolution of the spectrometers used is often a significant
proportion of the measured Raman linewidth, e.g. 0.2cm™' in [88] and 0.53cm™! in
[89], and the instrument contribution needs to be de-convolved from the measurement.
An alternative technique is to measure the decay rate of the coherent phonons in the
time domain. Such measurements are not limited by the slit-widths of spectrometers

and thereby claim a higher resolution, e.g. 0.07cm™! in [8].

Imperfections within the crystal reduce phonon lifetimes and lead to a broaden-
ing of the Raman profile. Imperfections may arise from impurities, dislocations and
boundaries in the crystal. Measurements of CVD samples with nitrogen impurities
increasing from 1 ppm to 827 ppm showed an increasing linewidth of 1.57 to 2.84 cm™!,

respectively [89]. Measuring phonon decay, the linewidth of a single CVD crystal
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FIGURE 2.3: Spontaneous Raman scattering profile for 0.532 pm excitation. The fit is

a Voigt profile, where the Gaussian instrument linewidth is 0.72cm™' and the Lorentzian

Raman linewidth is 1.5cm 1.

with <1ppm nitrogen impurity and low dislocation density was 1.5cm™! [8]. In the
same experiment, a natural type Ila sample with low impurities, but a high number
of dislocations and a HPHT (high pressure high temperature) sample with low dislo-
cation density, but 10-100 ppm nitrogen were both measured with a broader 1.9 cm™!
linewidth. Kirilov et al. measured a 1.68 cm™! linewidth for a high nitrogen content
(type Ib) HPHT single crystal, which was narrower than the low nitrogen content type
[Ta natural crystals also measured (1.87-2.16cm™') [88]. The density of dislocations
was not mentioned in the article, but can be quite high in natural crystals [93]. Poly-
crystalline diamond typically shows broader linewidths, with the degree of broadening

increasing with reduced grain sizes [88].

The crystals used in this work have low nitrogen content (<0.1 ppm) and have very
low birefringence (An < 107%), which indicates a low dislocation density [78]. Given
these properties, the Raman linewidth is expected to be consistent with the narrowest

reported results. Figure 2.3 shows spontaneous-scattering linewidth measurements on a
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diamond crystal of similar quality to those used in this thesis. The spectrometer (Hor-
bia Instruments, LabRAM HR Evolution) had an instrument linewidth of 0.72cm™
(Gaussian FWHM), resulting in a deconvolved linewidth of 1.5 cm™!. This result agrees
with the phonon decay measurements on high quality crystals [8], and correspondingly,

1

the calculations throughout this thesis assume a linewidth of 1.5cm™", or equivalently

Ty = Tps.

2.1.3 Transmission and multiphonon absorption

The transmission spectrum of diamond is one of the broadest of all solids, facilitating
the potential development of DRLs from the UV to mid-IR wavelengths. Unlike many
alternative Raman crystals, there is no first order phonon absorption, and thus diamond
is transparent in the longwave-IR band. A region of multiphonon absorption from
2.5 to 6.5 um is the only feature in the transmission spectrum beyond the UV band
gap absorption at 0.236 pm. In the process of developing a long wavelength DRL
it is inevitable that multiphonon absorption will be encountered, by either a pump
wavelength or one of the Stokes wavelengths.

The measured multiphonon absorption spectrum is presented in Fig. 2.4. The
wavelengths marking the start of the two and three phonon absorption regions are
clearly visible and correspond to two times and three times the first order Raman
frequency of diamond, respectively.

There is minimal absorption at single phonon frequencies due to the inversion sym-
metry of the crystal structure. The symmetry properties of the diamond crystal dictate
that no net dipole moment is formed between the atoms when the unit cells vibrate
against each other. As such, light is not absorbed at single phonon frequencies. How-
ever, a second order dipole can form on the creation of two phonons, which may lead
to light absorption. Absorption takes place when the frequency of the incident light is
equal to the sum of the frequencies of the two phonons. Phonon dispersion curves in
Fig. 2.5 show the range of available frequencies for optical (LO, TO, ¥O) and acoustic
(LA, TA, ¥ A) phonon modes. Unlike the first order Raman effect, which is only active
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FIGURE 2.4: Multiphonon absorption region of CVD diamond measured using a FTIR
spectrometer.

at 1332 cm™!, phonons from anywhere on the dispersion curve can participate in mul-
tiphonon events. Selection rules govern the combinations of the frequencies that are
allowed. In particular, the two phonons cannot be from the same branch in the phonon
dispersion curves, hence the minima in absorption at multiples of 1332 cm™!. Modelling
the density-of-states of the phonon modes along the dispersion curves predicts many
of the features seen in Fig. 2.4, with the strongest absorption peaks produced by com-

binations of high density regions [95, 96].
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This figure has been removed due to copyright restrictions

FIGURE 2.5: Phonon dispersion curves along the (100), (110) and (111) directions, respec-
tively. The figure is copied from [94]

2.1.4 Raman gain coefficient

The Raman gain coefficient, gr, describes the strength of the coupling between the
pump and Stokes photons. All else being equal, a larger gr lowers the SRS threshold
intensity and thus is a key parameter in Raman laser design. The strong Raman
response of diamond is comparable or exceeds other high performing Raman crystals
(see Table 2.1) [97], and facilitates efficient conversion from short crystal lengths.
The high gr observed in diamond arises from the low mass of carbon atoms and
the strong bonding between them. An equation calculating its magnitude is derived in

the appendix (Eq. (A.16)) and repeated here.

wsN(Ga/OQ)2
gr =

2npngc? Awgmeiwg

(2.3)

N is the number of Raman oscillators per unit volume, which for diamond is the number
of primitive cells per unit volume (8.81 x 10*2cm™3). Awg is the FWHM linewidth of
the Raman mode (1.5cm™!), np and ng are the refractive indices at the pump and
Stokes wavelength, wg is the Raman frequency, wg is the Stokes frequency and m is

the reduced mass (9.989 x 1072*g). da/0Q is the change in polarisability as the lattice
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is displaced. For the (100) cubic axes da/0Q) = d, where d is the single independent
component of the Raman scattering tensor. The variation of da/0@) and hence gr with
pump polarisation is explored in more depth in Chapter 3. Across infrared wavelengths,
d is approximately constant and gr varies proportional to the Stokes frequency. As the

band gap is approached, d increases and its dispersion was measured to fit

|d| = 6.5 x 1071 (?) B (2 - < - A;”) - - <1 + A;’) 05) (2.4)

where d is in cm? and )\, is the lowest direct band gap energy (0.206 pm) [74] *. This
fit agrees with recent computational modelling of the Raman polarisability [98]. The
increase in d and the refractive index in the visible and UV gives rise to a faster than
1/A change in gg. Although this resonant enhancement to gr is not relevant for the
infrared wavelengths investigated in this thesis, it is worth considering when comparing
diamond to silicon as a mid-IR Raman material. Several very high gr values have been
published for silicon [99-101], but these have been reported at wavelengths close to the
1pm band gap.

Measurements of gr or |d| for diamond have been reported over several decades
in time and use a variety of techniques. The majority of the reported values are at
wavelengths less than 1.1 um due to the availability of suitable lasers and the stronger
Raman response. Comparison of gg calculated from Eq. (2.3) with published values
is presented in Fig. 2.6. While the overall trend of decreasing gain with wavelength is
evident in the published data, results at the same wavelength vary by up to a factor of

five.

Many of the early studies were based on spontaneous scattering (solid squares) and
require accurate accounting of the collected light. Accuracies better than a few tens
of percent are challenging. To overcome this limitation, Grimsditch et al. calibrated
Raman scattering cross-sections (i.e. |d|) against Brillouin scattering cross-sections,

which can be independently calculated via elasto-optic constants [107]. More recent

1To convert da/OQ from cgs (cm?) to SI (C m/V) units multiply by /o x 10713
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FIGURE 2.6: Reported ggr values as a function of wavelength for pump polarisation aligned
with a (100) axis. Measurements are made using the following techniques: squares — sponta-
neous Raman scattering; triangles — SRS threshold; diamonds — pump probe.

measurements of gg are based on SRS thresholds (triangles) and pump-probe amplifi-
cation (diamonds), which require good spatial, temporal and spectral knowledge of the
lasers used. McQuillan et al. obtained 6.9cm/GW at 0.694 um from separate sponta-
neous Raman scattering and SRS threshold measurements in a natural diamond plate
[72]. The propagation through the crystal was along a (111) axis, which is different to
subsequent published measurements that use (100) or (110) axes. Analysis conducted
using the methods described later (Chapter 3), reveal that gg for linearly polarised
light propagating along a (111) axis should be the same as for a (100) axis. Using
the SRS threshold method, Kaminskii et al. recorded gr = 12.5cm/GW for a CVD
grown single crystal [75]. This result used a threshold comparison with an alternate
Raman material, C;;H,qN;O,, which in turn was compared against a lead tungstate
crystal [108]. The cascade of comparisons aggregates uncertainties in the final value.
In addition, the result appears to have been influenced by the diamond sample behav-

ing as a resonator. In SRS threshold measurements, grlpl =~ 25 is often used as a
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rough threshold benchmark to calculate gg [109, 110]. 45% conversion is claimed for
1.5 GW /cm? pump intensity, which corresponds to a much lower gplpL = 1.2. This
indicates that cavity enhancement from facet reflections is significant and the accuracy
of the measurement therefore depends on the cavity effects of the reference C,5H,oN;0,
crystal being similar to the diamond sample. Jelinkova et al. measured 64 cm/GW
and 48 cm/GW for 0.532 pm pumping by observing the SRS threshold for two unspec-
ified crystal orientations [103]. It is implied that birefringence is the source of the
difference, but the factor of 1.33 difference is precisely equal to the gr enhancement
observed when the pump polarisation is aligned with a (111) axis [111]. A study in-
vestigating the spectral variation of gg from the UV to the near-IR measured absolute
gr values using the pump-probe technique for six wavelengths between 0.355 pm and
1.280 pm [104]. Relative g values from the SRS threshold technique were also made
from 0.355 pm to 1.450 pm. While the overall trend of gr decreasing with wavelength
is apparent, the difficulty of obtaining accurate absolute values is highlighted. There
are several data points that don’t fit the trend, even after factoring in the reported
error bars. Firstly the measured gain coefficients from the pump probe experiment for
0.532 pm and 0.670 pm are very similar ((42 & 4) cm/GW and (41 £+ 4) cm/GW, respec-
tively), despite the 28% increase in Stokes wavelength. Similarly, when using the SRS
threshold technique, the relative gain measurement for 0.450 pm is slightly lower than
the value obtained for 0.532pm, when it should be higher. Finally, the linear trend
presented for gr indicates zero Raman gain for a pump wavelength of 2 pm, which if

true, would preclude the operation of a mid-IR DRL.

Analysis of published data highlights the challenge associated with making accurate
measurements of g and the difficulty in accounting for all the experimental parameters
that influence the result. The large variation in reported values at visible and near-IR
wavelengths decreases the confidence in extrapolating results to longer wavelengths.
It is because of this uncertainty that additional measurements at longer wavelengths

relevant to mid-IR DRLs are conducted in Chapter 5.
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2.1.5 Thermal properties

Thermal power handling is an essential property in high average power Raman lasers
because the energy difference between the pump and Stokes photons manifests as heat.
Crystalline Raman laser performance is degraded under excessive heat loads due to
thermally induced lensing, birefringence or fracture [28, 33]. Diamond has exceptional
thermal properties and is widely used in high power optical [112, 113] and electrical
[114] applications. The thermal conductivity, x, of diamond exceeds all other bulk
materials. At room temperature, x for a high quality diamond crystal is five times
greater than copper (2000 W/(mK) c.f. 400W/(mK)) and two to three orders of
magnitude greater than other laser and Raman crystals (see Table 2.1 for examples).
Heat transport in diamond is facilitated by phonons and the high stiffness of the sp3
bonding, low mass of carbon atoms and long mean-free-path of phonons in high pu-
rity crystals, ensure rapid heat dissipation. Diamond also has a low thermal expan-
sion coefficient (ar=1 x 107°K™!) and a moderate thermo-optic coefficient (dn/dT=
9.6 x 1079 K™!). Given that detrimental thermal effects are typically proportional to
(dn/dT)/k or ar/k [28], average powers unprecedented in crystalline Raman lasers are

expected. Section 4.5 discusses the potential power limits of DRLs in more depth.

2.1.6 Damage thresholds

To minimise laser thresholds, Raman crystals are almost always placed at the waist
of the pump beam and resonator modes. Damage initiated by the high field strengths
present often limit output energy, particularly for Q-switched lasers. Since pumping
with a confocal parameter less than the crystal length produces no overall increase
in Raman gain [110], laser intensities are similar throughout the crystal and damage

tends to occur on the weaker surfaces rather than in the bulk.

Klein reviewed published diamond laser damage thresholds for 0.532 pm, 1.064 pm
and 10.6 pm for a variety of pulse lengths and spot sizes [115]. After normalising the

laser parameters to a 1ns pulse with a 100 um spot using the Bettis-House-Guenther
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scaling law 2 the laser damage thresholds for 0.532pm, 1.064pm and 10.6 pm were
2GW/cm?, 8 GW /cm? and 11 GW /em?, respectively. These results are broadly con-
sistent with damage thresholds reported in high quality CVD samples (~ 6 GW /cm?
for 5ns pulses at 1.450 pm [104] and 2.480 pm [116]).

Coating damage will likely be the limiting factor if the crystal is antireflection
(AR) coated to reduce Fresnel reflections. Calculated peak intensities in the vicinity
of 1 GW/cm? damaged the AR coating for the DRL in Chapter 4. Actual intracavity
intensities are difficult to accurately measure due to rapid spikes in Raman inten-
sity. Interestingly, AR coatings in CW diamond Raman lasers survived intracavity in-
tensities substantially beyond damage thresholds reported for conventional substrates
(220 MW /em? cf. 1 MW /em? on silica) [81]. This was attributed to diamond acting as

a very efficient heat sink for the coating.

2.2 Diamond growth imperfections

Imperfections formed in the carbon lattice during the growth of the diamond crystals
may influence DRL performance. The samples used throughout this research were
single crystals grown using chemical vapour deposition (CVD). While CVD gives a
high degree of control over the growth process, producing large, low loss, defect free

diamonds is challenging.

Depolarisation through birefringence in the diamond crystal can be detrimental
to the efficiency of diamond Raman lasers [7]. Although diamond is fundamentally
isotropic, the presence of defects within the lattice creates stress birefringence. For
high quality single crystal CVD diamond, the primary source of stress arises from line
dislocations formed during growth. These can either originate at the interface between
the substrate and the deposited layer or from the continuation of defects contained in
the substrate [78]. In both cases, the defect will propagate in the direction of crystal

growth. It has been shown that the careful preparation of the substrate surface is crucial

2Idamage = Constant * spot size x pulse width®->
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to obtaining low defect density and thus low birefringence [78]. Propagation perpen-
dicular to the growth direction also significantly reduces the birefringence experienced
(see Fig. 2.7). The diamond samples used for this project had measured birefringence
values less than 5 x 107%, with large areas of the crystals less than 5 x 1077. As a
point of reference, 1% single pass depolarisation loss is calculated for a birefringence

of 5 x 107°, a crystal length of 7mm and a wavelength of 1.064 jm.

This figure has been This figure has been
removed due to removed due to
copyright restrictions copyright restrictions

(a) (b)

F1GURE 2.7: Birefringence images for a CVD single crystal measured using crossed po-
larisers (a) parallel and (b) perpendicular to the growth direction. The figure is copied from
[78].

The effect of birefringence on DRL performance, to a large degree, depends on the
cavity @ of the laser. For high cavity ¢ CW lasers, depolarisation losses approaching
1% per pass can cause significant degradation in output power [7] due to the many
passes through the crystal. The birefringence also induces interesting effects on the
Stokes polarisation. The output polarisation behaviour does not follow the selection
rules outlined in Chapter 3, but instead demonstrates a much more complex behaviour
[117]. For lower @) cavities, typical for pulsed DRLs, the sensitivity to depolarisation is
substantially less. Output coupling factors are typically tens of percent and the effects
of birefringence on polarization modes are insignificant.

There are numerous elements such as boron and silicon that can be incorporated,
deliberately or otherwise, in the diamond lattice during the CVD growth process. For
high quality, single crystal samples, designed for use in Raman lasers, nitrogen is the
main impurity of concern as it is used to speed up the growth process. The increased

concentration of nitrogen has been linked to an absorption ramp that increases from the
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near-IR to the UV [118]. At a wavelength of 1.064 pm, increasing the nitrogen concen-
tration from 20 to 100 ppb increased the absorption coefficient from ~ 5 x 10~*em ™! to
~5x 1072cm™! [5]. A calorimetry experiment, similar to [119], conducted on the crys-
tal used in Chapter 4, returned an absorption coefficient of 2 x 1072 cm ™! at 1.064 pm.
This is less than 1% loss per pass and will have a negligible impact on the low average

power pulsed DRLs considered here.

2.3 Raman properties comparison

Throughout this thesis, comparisons are made between diamond and alternative mate-
rials, with regards to their suitability for Raman lasers. Table 2.1 compares several of
the properties discussed in this chapter, for a selection of materials that are referenced
in this thesis. Across the optical and thermal parameters listed, the performance of

diamond is similar to, or exceeds, other materials.
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Polarisation properties of diamond Raman

lasers

The polarisation state of early DRLs was not a design parameter that was studied
in detail. Initial studies of SRS and Raman lasers used a variety of crystal cuts and
orientations, but without careful consideration of directions that are best suited for
optimizing performance [70, 72, 120]. DRLs either used Brewster’s angle facets to
minimise reflections [69, 70] or crystals cut with (100) orientated faces [121], which
prevented a thorough investigation of the polarisation properties. This chapter contains
the first detailed analysis of the relationship between pump polarisation and DRL
performance. The polarisation properties of diamond are briefly examined using Jones
matrices, which are commonly used to describe Raman scattering in crystals [122].

Following is a comprehensive study of DRL behaviour using Mueller matrix analysis,

31
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which has the advantage of being inherently capable of handling the depolarisation
effects observed in the Stokes output.

3.1 The tensor properties of Raman scattering in

diamond

The polarisation dependence of Raman scattering has been studied for decades as a
means of identifying materials and characterising the nature of the atomic and molec-
ular bonding [123]. Diamond was one of the earliest materials to be studied in depth,
due to a simple crystalline structure and strong Raman line [124, 125]. The variation in
the strength of the Raman response is governed by the relative change in polarisability,
0a/0Q, of the carbon atoms as they become displaced during vibration. As outlined
in Eq. (2.3), the Raman gain coefficient, gr, and hence laser thresholds, are directly
proportional to (Da/0Q)>.

Three tensors corresponding to the three degenerate phonon modes describe the
connection between the polarisation of the incident light and the Stokes light via

0a/0Q.

00 0 00 d 0do
Ri=10 0 d|,R=10 0 0|,R=1]d 00 (3.1)
0 d 0 d 0 0 000

where d is equivalent to da/0Q) and is weakly wavelength dependent for infrared light.
The basis for the tensors in Eq. (3.1) is the cubic unit cell principal axes, which are
designated by the red arrows in Fig. 3.1(a). The crystals used in experiments here are
cut with four {110} facets, as drawn in the same figure. For a given combination of
incident polarisation, ep, and scattered polarisation, eg, the sum of the contributions

from each of the tensors defines gg [122].

WSN
2

- 2N pngCEAWRMEWR [|€§R1€P|2 + |e§ Reep|* + |€£R3€P‘2} (3.2)
0

dr

Table 3.1 lists three examples for propagation along the [011] axis, as per the
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(a) (b)

FIGURE 3.1: (a) The cut of the diamond crystals used in the experiments in this thesis,
with respect to the cubic unit cell basis (red arrows) (b) The diamond crystal lattice viewed
along the [011] direction.

experiments detailed in Section 3.2. Pumping with [100] polarisation gives orthogonally
polarised first Stokes, while [OlT] pumping results in equal horizontal and vertical gg.

Finally, a 4/3 enhancement in gg is calculated for [1 ﬁ} pumping.

Pump Polarisation Jr
| to pump L to pump
[100] 0 2
011 d? d?
111 43 d? 1/3 d>

TABLE 3.1: Relative gr parallel and perpendicular to the pump polarisation for propaga-
tion along the [011] axis

3.1.1 Analysis of DRL polarisation using Mueller calculus

Although the three Raman scattering tensors were used to investigate numerous po-
larisation properties of DRLs, for many scenarios a Mueller matrix representation is
more informative. Mueller calculus is a powerful technique for determining polarisa-

tion states through an optical system, including those that include a Raman scattering
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medium. Unlike the Jones matrix representation in Egs. (3.1) and (3.2), Mueller matri-
ces enable the inclusion of partially polarised or unpolarised pump and Stokes states. In
Mueller calculus, the input and output intensity and polarisation states are described
by ‘Stokes® parameters’. Table 3.2 lists the ‘Stokes parameters’, Iy, I, I5, I3, along with

related equations describing the polarisation state and purity.

Total Intensity Iy
Linear horizontal (vertical) intensity I (<0)
Linear +45° (-45°) intensity I, (<0)

Right-hand (Left-hand) circular intensity | I3 (< 0)

Polarised Intensity, I, VIE+ 13+ 13

Unpolarised Intensity, lynpol Iy — Ip

Stokes polarisation angle, g Y2 arg(Iy + ily)
Polarisation ellipse major axis, A V0.5(Lpo + |11 + i)
Polarisation ellipse minor axis, B V0.5(Lp — |11 + il5])

TABLE 3.2: ‘Stokes parameters’ and derived polarisation properties

It is proposed here that gg is proportional to the total intensity in the calculated
polarisation state. The Mueller calculus splits out the unpolarised output, but half the
unpolarised intensity will pass through a polariser and thus equivalently will contribute
to gr. The revised version of Eq. (3.2) becomes

wsN(0a/0Q)?

- I ) 05[un 0 33
R 2npngct Awgpmeiwr [Tyt + pol] (3:3)

For a Raman scattering system, the scattered Stokes polarisation state is calculated

from - L
So Py
Sy P
=M (3.4)
So P,
Ss Py

where P4 and S;_4 are the ‘Stokes parameters’ for the pump and Stokes polarisa-

tion state respectively, and M is the Mueller matrix describing the Raman scattering

IThe Stokes parameters are not mathematically related to the scattered Stokes light. There is an
overlap in naming conventions.
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process. The Mueller matrix for Raman scattering in diamond was derived by Chan-

drasekharan [126], and when considering only forward scattering, is given by

M=
Gt [Elgmren,) |aimty
((:(Q)Sj(g?5sin2(2 ») ((:O—S;(n?g)bsin%m/;)). 2 ~05sin(4v)sin(0) | o
—cos?()(1-+cos’(20)) | T om0 L L e B0) | (s

e et

| 0 | 0 | 0

_1‘

TABLE 3.3: Mueller matrix for forward Raman scattering in diamond and other cubic
crystals with the same lattice structure. The angles 6 and v are the elevation and azimuth
of the propagation direction with respect to the (100) cubic basis. Note that the formula
contained within [126] for element (2,2) is incorrect and has been updated here.

For two of the commonly used crystal orientations the matrix reduces to:

1 0 0 0
_ _ 0 -1 0 0
(100) propagation: §=0°1=0°gives M 190y =

0O 0 1 0

0 0 0 —1
1.5 05 0 O
. . 05 —05 0 0

(110) propagation: 0=0°1)=45gives M 119y =

0 0 1 0
0 0 0 —1
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3.2 Polarisation properties of first Stokes DRLs with

linear pump polarisation

3.2.1 Experiment

An external cavity Raman laser was used to measure the polarisation properties of
DRLs. The layout of the laser is shown in Fig. 3.2 and further details of the laser design
are in Chapter 4. The polarisation and power of the first Stokes output was monitored
while rotating the pump polarisation via a half waveplate. Pump powers required to
reach threshold for different polarisation orientations were normalised against the [100]
axis result and inverted to provide a measurement of the relative Raman gain. Rotating
a polariser prior to the power meter determined the polarisation angle of the Stokes

output with respect to the [100] axis.

3.2.2 Results

An excellent fit between the Mueller matrix model using Eq. (3.3) and Table 3.3, and
the measured change in gg is seen in Fig. 3.3. Compared to the [100] axis, there is a 4/3
factor of improvement in gg when the pump polarisation aligned with the [1 1T] or [ﬁl]
axes, as also predicted by the earlier Raman tensor analysis in Table 3.1. Aligning the
pump polarisation with either the [1 lﬂ or [111] axes also yielded the only orientations

where the pump and Stokes polarisation align. The higher gg is therefore maintained

A4 Raman cavity

V2 ﬂ |
1064 nm
[011]

f=100mm
[011] [100]

FIGURE 3.2: The external cavity DRL used for investigating the relationship between
pump polarisation and Stokes output. The quarter waveplate was inserted in the case of
elliptically polarised pumping.

Power
IC 6.9mm OC Longpass meter

diamond filter

Polariser
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FIGURE 3.3: (Upper left) The measured and modelled relative gg for [011] propagation as
the pump polarisation is rotated. Also included are the polarised and unpolarised components
of the calculations. (Lower left) The measured and modelled Stokes polarisation angle with
respect to the [100] axis. The right hand plots are equivalent calculations for propagation
along the [001] axis.

for second and higher Stokes DRLs. The same calculations are also displayed in Fig. 3.3
for a cubic cut diamond, with all facets perpendicular to (100) axes, as used in [121].
The gain is constant for all pump polarisations, and the Stokes polarisation linearly
transitions between perpendicular and parallel to the pump. There is no depolarised

content as only one of the three phonon modes is excited at any time.

The angle of the Stokes polarisation becomes undefined when the pump polarisa-
tion is aligned with the [Olﬂ axis and the modelling indicates a purely unpolarised
state. Here, the combined response of the three phonon modes results in equal gain for

all Stokes orientations. Measurements of the relative transmitted and rejected pulse
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amplitudes from a polarising-cube-beamsplitter give a ratio that varies from pulse to
pulse (see Fig. 3.4). Individual pulses were measured as horizontally polarised, verti-
cally polarised or a combination of both. The output of each pulse is therefore not
unpolarised, but averaged over many pulses, the laser output is randomly polarised. It
is postulated that with no preferential orientation for gain, the random noise that seeds
the Stokes output determines the final polarisation state on a pulse-by-pulse basis. If
a polarising element is placed in the cavity, such as the Brewster facets in [69], or if
the Stokes is seeded by an external source, the DRL will run polarised without any

reduction in performance.

For most pump polarisation and crystal orientations there is Raman gain perpen-
dicular to the dominant Stokes polarisation, e.g. where I, > 0 in Fig. 3.3. Only
propagating along a (100) axis, or pumping with the polarisation aligned with a (100)
axis produces gg without a depolarising component. This may manifest as a reduction
in the polarisation purity of the DRL, and in the extreme case, the Stokes output is
‘randomly polarised’. The degree of depolarisation in the output will depend on the
relative strength of the perpendicular gain (see Fig. 3.5(a)), but since the dominant po-
larisation will strongly deplete the pump pulse the relationship is highly biased. The
polarisation extinction ratio (PER) of a DRL operating at approximately 2.5 times
threshold (700-800 mW output) is shown in Fig. 3.5(b). For the majority of the pump
polarisations the PER is around 15 dB, with an improved purity approaching 20 dB for
[100] pumping. It is only once the gain of the perpendicular polarisation is very close

to the gain of the dominant polarisation that there is an appreciable reduction in PER.

The ability to generate linearly polarised output despite a significant perpendicular
gr component is relevant to unpolarised pumping of DRLs. Pumping with either
[100] or [Olﬂ polarisations produces Stokes gain in the [Olﬂ direction. Therefore an
unpolarised pump will produce Stokes output with a preference for [Olﬂ polarisation.
Using Mueller calculus, the ratio of the horizontal to vertical gain is 2:1 and Fig. 3.5(b)

indicates good polarisation purity is likely.
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FICURE 3.4: [100] (vertical) and [011] (horizontal) polarisation content for three different
Stokes pulses in the case of pump polarisation aligned with [Oﬁ].

3.2.3 Dependence of gr on propagation direction

Discussion in the prior section restricted analysis to propagation along a (110) or
(100) direction in the crystal. To determine if alternative propagation directions allow
access to higher gr values, modelling was performed over all crystal orientations. The
modelled crystal orientation was changed by varying # and v in Table 3.3 from 0° to
90°. For each orientation, the linear pump polarisation was rotated through 180° and
the maximum gg recorded. The resultant surface plot is shown in Fig. 3.6, and confirms
that propagating along a (110) axis gives access to the highest ggr value. There is a
triangular ring of propagation directions that also have the same gg enhancement. All
of these directions are perpendicular to a (111) axis (not the [111] axis drawn) which
allows alignment with the electric field of the pump. The (111) directions align with
the C-C bonds in the diamond lattice (recall Fig. 3.1(b)) and the vibrations between
atoms. Co-aligning the pump polarisation in this direction maximises da/0Q).

The advantage of aligning the pump polarisation with a (111) axis has also been
identified for silicon [127] and GaP [128] waveguide Raman lasers, which both share
the same cubic crystal structure as diamond. The experiments described however, only

used (100) or (110) polarised pumping,.
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FIGURE 3.5: (a) Relative gain parallel and perpendicular to the dominant Stokes polarisa-
tion for [011] propagation. (b) Polarisation extinction ratio for a first Stokes DRL operating
2.5 times above threshold as the pump polarisation is rotated.
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FIGURE 3.6: Maximum obtainable gp, normalised to the [100] direction, as a function of
propagation directions. Note that only linear polarisation is considered.
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3.3 Polarisation properties of first Stokes DRLs with
elliptical pump polarisation

The Mueller matrix approach is also applicable to elliptically polarised states. Circu-
larly polarised pumping is a specific case that has applications in high power external-
cavity DRLs. Isolating the pump laser from undepleted light reflected from the output
coupler is critical to ensuring pump laser stability and potentially survival. Standard
Faraday rotating isolators capable of handling up to kilowatt average powers are very
large, expensive and subject to thermal lensing and depolarisation [129]. A polariser
followed by a quarter-waveplate (QWP) aligned to produce circularly polarised light
is a compact alternative that is less susceptible to thermal effects. The handedness of
the circularly polarised light changes upon reflection and after passing back through
the QWP, the light is orthogonally polarised to the input and thus rejected by the
polariser.

To confirm that the modelling accurately predicts performance for elliptical po-
larisations, the DRL output was investigated as a function of elliptically polarised
pumping. Rotating a QWP placed prior to the DRL cavity generated a selection of
elliptically polarised pump states, transitioning from linear to circular and back to
linear. This process was repeated for three initial linear polarisations.

Figure 3.7 shows that there are additional elliptical pump polarisations where a
factor of 4/3 increase in gp is achieved, and that the modelled I, + 0.5, relation-
ship holds. Several cases of interest are highlighted in Table 3.4. As with the linearly
polarised case, optimal gain is obtained when the pump and Stokes polarisation align.
The measured angle and ellipticity of the output (fs, A, B from Table 3.2) also agree
with the Mueller calculations as shown in the middle and lower plots of Fig. 3.7. A
Soleil-Babinet compensator set to act as a QWP at 1.240 pm was able to re-linearise
the Stokes output, thus confirming the polarisation was elliptical and not just ran-
domly polarised with an elliptical intensity distribution. Importantly for high power
DRLs, pumping with circularly polarised light produces high gain, with gr 98% of the

maximum.
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FIGURE 3.7: Top: Measured (points) and modelled (lines) relative gr for a selection of
elliptically polarised pump inputs. The polarisation states labelled (a)-(i) are displayed in
Table 3.4. Middle: Power ratio between the minor and major elliptical axes. Bottom: Angle
between the major axis and the [011] axis.

(h) (i)

TABLE 3.4: Pump (blue) and Stokes (red) polarisation states listed in Fig. 3.7. The Stokes
output for (e), (g) and (i) perfectly overlaps the pump, while (d) represents the randomly
polarised’ output described in Section 3.2.
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Figure 3.7 only displays a selection of polarisations and calculations of gi for all
elliptical polarisation states are mapped onto the Poincaré sphere in Fig. 3.8. When
the input is linear (the black equator) a maxima at +35.3° from horizontal, i.e. aligned
with either the [11ﬂ or [111] axes, is obtained as expected. It is found that there is
a band of elliptically polarised pump states that also achieve the same enhanced gain.
Entries (e) and (i) in Table 3.4 are two examples. The band of high gain corresponds
to polarisation states where S; = 1/35y. Converting the Stokes polarisation vector to
Jones vector notation, the origin of the band is more clearly observed. The Jones vector

form is given by

VI+S 2
L g V2 , where § = tan™" (SS> (3.5)

V2 | VT=Seh| V3 et 5

This is a vector with the same horizontal and vertical components as one aligned
with the [1 1ﬂ axis, but with an arbitrary phase between them. Thus any elliptically
polarised state, where the ellipse major axis has horizontal and vertical components in
a ratio of v/2 : 1, experiences maximum Raman gain when propagating along a (110)
direction.

The Poincaré sphere analysis was also applied to other crystal orientations. Prop-
agation along a (100) axis shows no variation in gain for all polarisation states, while
propagating along a (111) axis reveals increasing gr, towards a 4/3 factor of enhance-

ment, as the polarisation becomes circular.
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FIGURE 3.8: Relative gg over all elliptically polarised states for [011] propagation mapped
onto a Poincaré sphere.

3.4 Application of DRL polarisation effects

The work outlined in this chapter was the first detailed investigation into DRL polari-
sation effects and the concepts shown have been applied to subsequent DRL research.
Optimising thresholds, polarisation conversion and the use of high power isolators are
three areas where the understanding of polarisation properties of DRLs has been piv-
otal to their design. Following publication of the variation in gr with linear pump
polarisation [111], polarisation studies by other researchers began emerging. Using a
pump-probe experiment, Savitskii et al. measured gr parallel and perpendicular to
the pump polarisation for both (100) and (110) propagation [105] and replicated the
Stokes output behaviour shown in Fig. 3.3. Feve et al. measured the polarisation
properties of spontaneous Raman scattering from a diamond sample in a high Q cavity
[130]. Although the overall trends in [130] agree with the theory in Section 3.1, some
variation due to birefringence was seen as the sample was translated. The high number
of round trips, and low gain per pass through the crystal, amplified the influence of
birefringence compared to the experiment in Fig. 3.2. A study on the effect of bire-
fringence on thresholds and Stokes polarisations in high-Q CW DRLs by Kitzler et al.
revealed threshold variations that did not precisely replicate the theory and abrupt 90°
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shifts in Stokes polarisation angle [117]. The shifts in polarisation angle were linked to
the laser transitioning between the fast and slow axis of birefringence, depending on
which axis had the highest gain.

The DRL threshold benefit associated with aligning the pump polarisation with a
(111) axis has been widely adopted. In contrast to earlier devices [69, 121], subsequent
pulsed [80, 131}, CW external cavity [36, 81] and CW intra-cavity [84, 132] DRLs have
employed (111) pumping to improve performance.

Recent progress in high power DRLs has utilised circularly polarised pumping to
protect the high power CW pump laser from feedback [81]. Feedback protection using
a QWP isolator demonstrated significant advantages over geometric isolation, where a
slight angle (1 mrad) between the optical axes of the pump and Stokes was introduced.
SRS thresholds with the QWP isolator were a factor of four lower and the beam quality
improved from ‘TEMayy-like’ to TEMqg.

Consideration of the relative polarisations and crystal orientations is likely to be
important in on-chip DRLs with curved waveguides, such as the racetrack structures
in [67]. As the beams propagate around corners, and thus along different crystal orien-
tations, the gain will vary. Incorporating the full Mueller matrix defined in Table 3.3
into DRL models is likely to improve model accuracy.

In conjunction with spatial improvements through Raman beam clean-up, the crys-
tal properties of diamond offer a means of improving polarisation purity. This is partic-
ularly advantageous in high power applications where thermal depolarisation degrades
the output from solid state lasers [133]. Fibre lasers are also able to emit higher powers
prior to detrimental nonlinear effects if not restricted to running on a single polarisa-
tion. The conversion of an unpolarised pump laser to polarised Stokes output discussed
in Section 3.2 has recently been demonstrated [134]. An average PER of 23.9dB was
obtained with a slope efficiency and threshold similar to linearly polarised pumping.

Applying Mueller matrix analysis to the first CVD DRL [70] reveals additional
insights into the laser performance. The poor performance of the DRL was attributed
to high birefringence within the crystal in conjunction with Brewster angled facets.

Differences in gr between the high loss s-polarisation and the low loss p-polarisation
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may also be a factor. If it is assumed that the crystal was cut with {100} faces, then at
Brewster’s angle the pump is propagating at 22.6 ° to a (100) axis. Applying Table 3.3,

the Mueller matrix for this orientation is

1.25 025 0 0
025 —0.75 0 0
M5¢ 16 (100)
0 0 10
0 0 01

For a p-polarised pump, the calculations reveal that gz for the higher loss s-polarisation
is twice the magnitude of the low loss p-polarisation. Repeating the experiment with a

low birefringence crystal will reveal the effect of the gz mismatch on laser performance.

3.5 Chapter summary

This chapter explores the polarisation properties of DRLs as a function of pump po-
larisation. Mueller matrix modelling is able to accurately predict the observed change
in gg with varying pump polarisation for both linearly and elliptically polarised cases.
For the linear case, maximum gg is accessed when the pump polarisation is parallel
to a (111) axis. In this case, the pump electric field is aligned with the C-C bonds
which leads to an enhanced change in polarisability, 0o /0Q. If the phase between the
horizontal and vertical components of the (111) polarised pump is varied, the range of
elliptically polarised states will also experience maximum gg. High Stokes polarisation
purity was obtained, except for the specific case where the pump polarisation aligned
with the [Olﬂ axis, and the output was on average ‘randomly polarised’. Seeding the
Stokes or inserting a polarising element will re-establish polarised output.
Understanding the polarisation properties of DRLs aids in optimising their per-
formance, and several of the concepts have been applied in subsequent DRL de-
signs. (111) polarised pumping is widely employed across many DRL architectures
[36, 69, 80, 81, 84, 121, 131, 132] and circularly polarised pumping has demonstrated

advantages in high power external cavity DRLs [81]. In addition to the beam quality
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and wavelength transformation capability of Raman lasers, utilising the polarisation
properties of diamond gives the ability to convert an unpolarised pump source into

linearly polarised Stokes output [134].

3.5.1 Publications arising from the work in this chapter

Peer reviewed journal articles

Sabella, A., Piper, J. A., and Mildren, R. P., “1240 nm diamond Raman laser
operating near the quantum limit”, Optics letters, 35(23), 3874-3876, (2010).

Book chapter

Mildren, R. P., Sabella, A., Kitzler, O., Spence, D. J., and McKay, A. M., “Di-
amond Raman laser design and performance”, Optical Engineering of Diamond,

239-276, (2013).

Conference presentations

Sabella, A., Piper, J. A., and Mildren, R. P., “84% slope efficiency 1240 nm
diamond Raman laser”, at Europhoton, Hamburg, Germany, (2010). Oral Pre-

sentation

Sabella, A., Piper, J. A., and Mildren, R. P., “Impact of pump polarisation and
linewidth on the Raman gain coefficient of diamond”, at AIP congress, Sydney,

Australia, (2012). Poster Presentation

Sabella, A., Piper, J. A., and Mildren, R. P., “Polarisation dynamics of diamond
Raman lasers”, at MMI-Harvard Diamond Photonics Symposium, Melbourne,

Australia, (2012). Poster Presentation
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Near-IR diamond Raman lasers

Having established the polarisation dependence of the Raman gain, this chapter in-
vestigates the performance of a DRL pumped by a Q-switched 1.064 pm laser. The
high gz and low loss of this regime provides a convenient platform to establish the
design principles for efficient operation. Nd:YAG lasers operating at 1.064 pm are a
mature technology with a long history in scientific, industrial and defence applica-
tions. Correspondingly, there are many published examples of Raman and parametric
conversion with which to compare the performance of diamond (e.g. [28, 133] and
references therein). Compared to CW lasers, using high peak power Q-switched pulses
gives high round trip Raman gain and thus reduced sensitivity to lossy optical com-
ponents. This provides increased flexibility for trialling laser designs. Understanding
Q-switched pumped DRLs is also particularly relevant in transitioning to the mid-

IR region, in which high peak powers are anticipated to be necessary for overcoming
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reduced Raman gain and increased crystal absorption.

Experiments and modelling are used to investigate design parameters for optimis-
ing the efficiency of external-cavity DRLs, operating primarily at either the first or
second Stokes wavelengths (1.240 pm or 1.485pm). After evaluating the performance
of diamond, the chapter concludes with a discussion of applications for near-IR DRLs

and the implications for future DRL development.

4.1 External-cavity Raman lasers

External-cavity Raman lasers offer several practical advantages over other possible ar-
chitectures for Raman conversion (Fig. 4.1). Resonating the Stokes wavelengths signifi-
cantly reduces SRS thresholds, compared to a Raman generator. For example, a cavity
with a 50% output coupling can reduce the threshold by over an order of magnitude
[28]. Cavity optics also provide additional control over the output Stokes wavelength
and modal properties. In contrast to intracavity Raman lasers, an external-cavity de-
vice is a simple addition to any pump laser. No modification of the pump is generally
required and the Raman laser is easily adaptable between different pump lasers. Fur-
thermore, the separation of the pump and Raman cavities simplifies the analysis of

diamond, compared to the highly interactive behaviour intrinsic to intracavity designs.

External-cavity configurations have been demonstrated with quantum conversion
efficiencies of more than 60% to multiple Stokes orders for bulk Raman crystals pumped
by solid state lasers [135, 136] and for optical fibre Raman lasers [137, 138]. Research
into micro-resonator designs is also making progress in lowering Raman thresholds to
milliwatt power levels [34, 35]. The physical separation of the pump and Raman cavities
provides greater design freedom for optimisation and is a key reason why external-cavity
architectures report the highest average powers from CW [81] and pulsed [79, 80, 139]

crystalline Raman lasers.
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FI1GURE 4.1: Simplified Raman laser architectures.
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4.1.1 Modelling external cavity Raman lasers

Modelling of external cavity DRLs using the coupled Raman intensity equations [109,
140] aided in understanding the Raman dynamics and optimising cavity designs. Ap-
pendix A derives the underlying form of the equations, and extending the result to a

scenario with a pump beam (/p) and three Stokes orders (g1, Igo and Ig3), gives

dls - B .
Pr —gplp (I + 1g) — oplp
dc‘gl 2951151[("; +1p) = (Igy + Igy)] — 0415‘1-@1 +osp(Ifh + 1Ip)
+
déf =052l 5 [(I5, + I5y) — (Ids + 153)] — dlsoly + osp(Id + 1))
dgfg =953 5[(Id, + I5,)] — 'IE + osp(Id, + I5,) (4.1)

with boundary conditions:

I561.52.53(1C) =Ip g1 59 53(IC) - Ric(p.si,s2,59)
[13,51,52,53(00) :I§s1,32,53(00) : ROC(P,SLS?,S3)

I8 <3 =I%) 62.95(0C) - (1 = Roc(s1.s2,53))

and gain and loss parameters given by:

_ Wps1,82,83
gps1,52,53 =—— 1NgR
Ws1
/ ) gp.s1,$2.93, 0gp, @' in the crystal
grs1,52,53(2),05p(2), ' (2) = , ,
0 in the air

The equations are solved numerically for an arbitrary pump input pulse using either
the Euler or Runge-Kutta methods for both forward (+ superscript) and backward (-
superscript) travelling waves (see Fig. 4.2). ogp is the spontaneous scattering coefficient
and ap g 2,53 is the loss coefficient for each wavelength. The Raman gain coefficient,

gp,s1,52,53 incorporates a scaling factor, n, to account for the finite linewidth of the
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F1GURE 4.2: Conceptual diagram of the Raman modelling.

pump beam and is discussed later in Chapter 5. The reflectivity of the cavity input
and output coupling mirrors, R;c and Rpe, define the boundary conditions. The
Raman cavity is modelled in terms of optical path length, z, which allows the different
velocities of light in the air and diamond to be accounted for, i.e. a 1cm diamond
is modelled as a 2.38 cm crystal. The diamond properties such as gain and loss are
marked with a prime to indicate that they are scaled down by the refractive index
to compensate for the lengthening of the modelled diamond. Energy accumulates at
a given wavelength from stimulated and spontaneous Raman scattering of the prior
Stokes order. Depletion arises from energy cascading into the next Stokes wavelength
and other losses such as crystal absorption. Anti-Stokes wavelengths are generally not
observed with any appreciable power in collinear external cavity Raman lasers and are

not included in the model.

The model, as written, assumes plane wavefronts and matched Gaussian beam
profiles. The plane wavefront assumption is valid as the pump confocal parameter
in experiments exceeded the crystal length. Any expansion of the beam spot size in
the air filled parts of the cavity is inconsequential as ggr is zero. The assumption
of matched mode sizes is typically not met because the pump spot under-filled the
cavity mode and determining the Stokes beam size is complicated. Stokes growth will
largely occur in the central region of the pump beam, which is smaller in area than
the lowest order mode of the resonating Stokes field. The effective Stokes spot size will
likely evolve during the pulse. The profile of the pump beam will also evolve as the

high intensity regions are preferentially depleted. Where the relative pump and Stokes
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intensity profiles are known, the effective area of the interaction is

[ IpdA [ IsdA

[ IpLedA (42)

Aepr =

Incorporating temporally evolving variations in the spatial overlap adds to the
model complexity and computation time. The agreements seen here, and in the litera-
ture [79, 141], between models assuming constant spot sizes and experimental results,
is sufficient for designing and optimising pulsed external cavity Raman lasers. Further

details on the modelling and variables are presented in Appendix A.

4.2 First Stokes, 1.240 pm laser

4.2.1 Experiment

The first and second Stokes laser experiments used the external-cavity architecture
shown in Fig. 4.3. The dimensions of the CVD grown single diamond crystal were
6.9 X 5 x 1mm, with the long edge orientated along a (110) axis. The 5 x 1mm
facets were AR coated with the reflection minimum centred at 1.240 pm. The coating
reflectivity at 1.064pum, 1.240 pm and 1.485um was 2%, 0.5% and 1%, respectively.
Input and output coupling mirrors were placed as close as practical to the ends of
the diamond (1-2mm air gaps were typical). Reducing the cavity length lowers the
laser threshold, primarily by ensuring the spot size for the reflected pump has not
diverged significantly. A secondary benefit arises from the reduced cavity round trip
time leading to a more rapid accumulation of amplified Stokes photons [110]. For first
Stokes operation, the initial input couplers had high transparency (HT) at 1.064 pm
and high reflectivity (HR) at 1.240 pm and 1.485 pm, while the output couplers were
HR at 1.064 pm, 50% reflective at 1.240 pm and 3% reflective at 1.485 pm. Modelling
of the first Stokes output showed that 50% reflectivity is within the band of optimal
values and further details are presented in Section 4.3.

The pump laser was a linearly polarised co-planar folded slab (CPFS) Nd:YAG
laser similar to that described in [142]. Tt operated with up to 4.5 W average power
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FIGURE 4.3: Experimental layout of the first Stokes DRL.

with 5kHz, 10ns pulses and an M? of 1.5. The pump beam passed through an isola-
tor to protect the laser from back reflections from the Raman cavity output coupler.
A half waveplate prior to the isolator attenuated the power incident on the Raman
cavity, eliminating the need to adjust the pump laser during experiments. A second
half waveplate after the isolator adjusted the polarisation of the pump beam prior to

focussing into the Raman laser.

4.2.2 Results

The initial experiments were aimed at investigating the dependence of cavity and input
beam parameters on first Stokes output power and efficiency. Pump focussing lenses
with focal lengths of 75, 100, 125 and 150 mm were investigated to determine their
influence on threshold and slope efficiency. The resultant pump spot sizes and laser
performance is shown in Fig. 4.4(a). The 100mm focal length lens offered the best
performance. Longer focal lengths resulted in higher thresholds, while the shorter
focal length only provided negligible threshold improvement and resulted in damage to
the input coupler at high powers. For the three shorter focal length lenses, the slope
efficiencies were similar, as the pump spot sizes under-filled the cavity mode. For the
150 mm lens, the pump spot size was similar to the cavity mode size and the slope
efficiency decreased by 9%.

The Raman cavity mode size was adjusted by changing the radius of curvature
(ROC) of the input and output coupler. Input and output mirrors with 50, 200 and
1000 mm ROC resulted in calculated cavity mode diameters of 140pm, 200 pm and
300 pm, respectively, for a wavelength of 1.240 pm. Figure 4.4(b) shows that while there
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FIGURE 4.4: (a) DRL performance as a function of pump focus spot size. The input and
output mirror ROC was 200 mm. (b) Performance for cavity mirror ROCs of 50-1000 mm.
Both input and output coupler ROCs are matched. The pump lens focal length was 100 mm.
In both figures the solid and hollow symbols are first and second Stokes power levels, respec-
tively.

is a small reduction in the first Stokes threshold from tighter cavity mode confinement,
there is a substantial penalty at higher powers due to a lower threshold for cascading to
second Stokes. This issue is exacerbated by input couplers that were highly reflective
at both the first and second Stokes. Ideally the cavity @) at the second Stokes should
be as low as possible to prevent any build-up of power. For all further first Stokes
experiments, a plano input coupler with 50% reflectivity at 1.485 pm was used, which
reduced the rate of second Stokes conversion.

The third parameter that was varied was the pump polarisation. As detailed in the
previous chapter, there is a 25% reduction in laser threshold for a pump polarisation
aligned with a (111) axis, compared to the (100) or (011) axes. Aligning the pump
polarisation with a (111) axis gives a co-polarised Stokes output, facilitating lower
thresholds for higher Stokes orders. This effect is shown in Fig. 4.5 where a (111)
pump polarisation results in a lower first and second Stokes threshold. As a result, the
maximum first Stokes power is reduced due to increased conversion loss to the second
Stokes.

For both (100) or (111) pump polarisations, a maximum of 2.2 W total Stokes

output was generated, limited by available pump power. The total conversion efficiency
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was 65%, with a maximum 61% conversion to the first Stokes. Factoring in the ratio
of power in each Stokes wavelength, the quantum conversion efficiency peaks at 80%.
Prior to the onset of the second Stokes, the slope efficiency was 84% and close to
the quantum limit of 85.8%. To further investigate pump conversion efficiency, the
double passed residual pump was observed using the reflection from a slightly-tilted
(~10°) AR coated window (refer to Fig. 4.3). Figure 4.5 shows that below threshold
the residual pump increases linearly, as expected. Above threshold it rolls over with a
slight negative slope prior to the second Stokes threshold. In this range, each additional
pump photon results in the generation of fractionally more than one Stokes photon on
average. In the absence of parasitic losses in the cavity, the Stokes slope efficiency would
be greater than the quantum limit. Modelling shows that this effect arises due to the
rate dependence of Raman conversion on both the pump and first Stokes intensity. As
the Stokes intensity increases, the pump pulse is more effectively converted to Stokes.
Above the second Stokes threshold, reduced intracavity intensity of the first Stokes
power due to the cascade to the second Stokes, leads to a reduction in the rate of
pump depletion. Hence, the slight positive slope observed in the depleted pump after
the second Stokes threshold. This interaction between the different wavelengths is

explored in more depth in the description of the second Stokes laser in Section 4.3.

There is a good agreement between the modelled and measured first and second
Stokes thresholds and output powers. The modelled residual pump also shows a neg-
ative slope, but there is greater depletion of the pump than observed experimentally.
This effect was also seen in modelling of CW Raman lasers [143] and is attributed to

the model not accounting for the evolving spatial properties of the beams.

The temporal profiles were recorded using a fast InGaAs detector (Thorlabs DET-
01CFC) and a 1GHz oscilloscope. Figure 4.6(a) shows the pulse shapes just after
the second Stokes output reaches threshold (1.2W first Stokes output). The first
Stokes pulse width is 8 ns and, aside from the rapid rise in intensity when threshold is
reached, largely follows the pump profile. Correspondingly, the residual pump intensity
is rapidly depleted when the first Stokes reaches threshold. At the peak of the pulse,

greater than 85% of the pump is depleted by the Raman interaction.
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FIGURE 4.5: Stokes power and residual pump power for pump polarisation aligned with
the [111] axis and [100] axis.

Beam quality measurements were performed using Gaussian fits to images recorded
on a CCD beam profiler (Fig. 4.6(b)). Even though 1.240 pm is nominally beyond the
specified detection band of silicon, beam profiles were visible with sufficient incident
power. Insertion of multiple longpass filters confirmed that the signal was not the result
of pump leakage. The output was circular and near diffraction limited. In comparison
the Nd:YAG pump operated with a mildly elliptical beam and an M? of 1.5. Increasing
the pump power did not produce any observable thermal distortions.

Output spectra were measured with an optical spectrum analyser (Advantest Q8384
OSA - 0.19cm™! instrument linewidth at 1.240 pm) and a scanning Fabry-Perot in-
terferometer (Thorlabs SA210-8B - 0.002cm ™! resolution and 0.33cm™! free spectral
range (FSR)). A longitudinal mode spacing of 0.24 cm™! was recorded with the inter-

ferometer, which equates to a 20.8 mm cavity length (Fig. 4.7(a)), in agreement with
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FIGURE 4.6: (a) Temporal profile of the pump, first Stokes and second Stokes for 1.2°W
first Stokes output. (b) M? measurement for 1 W first Stokes output and an image of the
focused beam profile.

the measured optical path length of the cavity. The 0.24 cm™! mode spacing presented
some challenges in taking accurate readings of the laser spectra. The OSA resolution
was only sufficient to partially resolve the Raman laser modes (see Fig. 4.7(b)), whereas
the Fabry-Perot easily resolved the modes, but if more than two modes were present
the total linewidth exceeded the FSR. For output powers just prior to the detection
of second Stokes light (1 W output, ~3 times threshold), 2-5 longitudinal modes were

observed, usually with two dominant modes.

The results above describe the first efficient infrared DRL and the maximum output
power of 2.2W was equal with the highest power DRL reported at the time [71].
The total conversion of pump photons (80%) exceeds all prior DRL demonstrations.
Prior to this, the highest reported quantum conversion efficiency was 68% from a
0.532 pm pumped DRL using a Brewster cut crystal [69]. Increased losses, potentially
from birefringence and the Brewster facets, reduced the slope efficiency to 88% of the
quantum limit, compared to ~100% here. Brewster facets also expand the pump and

Stokes beams in one plane, leading to increased thresholds.
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FIGURE 4.7: (a) Scanning Fabry-Perot trace for first Stokes at 1 W output power. (b)
OSA spectrum for the same pump and cavity conditions showing partially resolved modes.
Dashed lines indicate the longitudinal modes observed.

4.2.3 Performance comparison with other Raman crystals

Table 4.1 shows a comparison of the present results with other external-cavity first
Stokes Raman lasers pumped by Q-switched 1.064 pm lasers. Conversion efficiencies for
diamond are similar to alternative crystals, and slightly better when taking the larger
wavelength shift of diamond into account. Pump pulse energies, crystal lengths, and
focussing conditions vary substantially between experiments. Many are operating with
higher energy (tens of millijoules per pulse) and with beam diameters in the Raman
crystal larger than 1 mm to avoid damage. Repetition rates and average powers are
not always reported, suggesting studies were conducted with long pulse periods and

negligible thermal loads.

Higher average power examples operate in a regime in which thermal lensing be-
comes important [33, 136, 139]. Up to 17W at 28% conversion efficiency has been
demonstrated using Ba(NO,), [139]. The induced thermal lens distorted the pump
and Stokes intensity profiles and the laser operated with degraded Stokes beam quality
(M? = 4 —5). The Ba(NO,), laser reported by Pask et al. used a pump laser with
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similar pulse parameters, and thus offers an opportunity for a direct performance com-
parison [144]. The conversion efficiency with Ba(NO,), was lower (45% c.f. 61%) and,
unlike the case with diamond, the beam quality of the Raman output degraded from
an M? of 1.4 at 0.63W to 3.0 at 1.32'W.

Using diamond, Feve et al. demonstrated a pulsed first Stokes DRLs with average
powers up to 24.5 W (two output beams of 12.7W each) [79]. No thermal degradation
was observed at this power level. The conversion efficiency of 13% is much lower
than achieved here and is due primarily to operation at input powers only 1.5 times
threshold. The observed slope efficiency was 57.6%, which suggests higher conversion
efficiencies for operation further above threshold, provided that damage can be avoided.

Thermal lensing is suggested by the authors of a recent report as the mechanism
for the reduction in observed efficiency of a first Stokes DRL operating with millijoule
pulse energy [145]. However, analysis of their results indicates that thermal effects are
unlikely to be the cause. There is no correlation between the thermal load and the
point at which the first Stokes rollover occurs. In addition, no rollover is observed
for the second Stokes lasers, despite a much higher thermal load. The cavity mirror
combinations used for the first Stokes DRLs are susceptible to cascading energy into
the second Stokes, which I suggest may be the actual cause for the loss of first Stokes
efficiency (the input coupler is highly reflective at 1.485 pm and the output couplers
have 8 to 99.9% reflectivity at 1.485um). Comparing the mirror reflectivity at the first
and second Stokes wavelengths with the rollover thresholds supports this hypothesis.
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Material — Length Average Pulse Conversion Ref.
Power Energy  efficiency %
(mm) (W) (mJ) Energy Quantum
Diamond 6.9 2.0 04 61 71 this, [111], 2010
Diamond 8 24.5 0.61 13 15 [79], 2011
Diamond 7.8 0.036 1.2 28 33 [145], 2016
Ba(NO,), 51  — 22 60 68 [146]
Ba(NO,), 50 13 0.33 45 51 [144]
Ba(NO,), 70 1.5 150 29 66 [135]
Ba(NO,), 70 17 14 28 32 [139]
Ba(NO,), 70 11 10 22 25  [33]
BaWO, 46  — 40 61 68 [147]
BaWO, 95 7.5 30 30 33 [136]
SIWO, 9 — 11 47 52 [148]
KGW 50— 11 45 50 [141]
PbWO, 90  0.35 7 20 22 [108]

TABLE 4.1: Summary of results for first Stokes external-cavity crystalline Raman lasers
pumped by Q-switched 1.064 pm lasers. The diamond references also include the year of
publication.

4.3 Second Stokes, 1.485 pm laser

Adapting the DRL for second Stokes output was achieved by exchanging the two cavity
mirrors to provide resonance at first and second Stokes wavelengths. All other aspects
remained consistent with the cavity presented in Fig. 4.3. The input coupler was highly
transmissive at 1.064 pm, highly reflective at the first and second Stokes wavelengths
and had a ROC of 100mm. Several output couplers were investigated, all highly
reflective at the first Stokes wavelength, but with a range of reflectivity values at the

second Stokes (see Table 4.2).

Output coupler Pump First Stokes Second Stokes  ROC

M1 >99% >99% 61% Plano
M2 >99% >99% 31% Plano
M3 >99% 98% 16% 500 mm
M4 53% >99% 8% Plano

TABLE 4.2: Reflectivity values of the output couplers at the pump and Stokes wavelengths.
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4.3.1 Results

The effect of output coupling on performance is shown in Fig. 4.8(a). The highest
second Stokes average power of 1.63 W was obtained using output coupler M3 and was
limited by available pump power. The output power increased linearly with pump
power above threshold. The slope efficiency was 56% and the conversion efficiency at
maximum pump power was 51% (quantum conversion efficiency of 71%). No significant
third Stokes power (<1mW) was observed as expected due to the low reflectivity
(<10%) of the cavity mirrors at 1.852pum. There is little change in the threshold for
each mirror, except for a slight increase for M4 due to its lower pump reflectivity.
The small variation arises from the rapid build-up in intensity of the first Stokes in
the high-Q cavity. Seeding of the second Stokes through four-wave-mixing between
the pump and first Stokes intracavity fields is also likely to contribute to the similar
thresholds [149]. The slope efficiency thus becomes the main determinant of laser
conversion efficiency. With output coupler M3, the slope efficiency was 5% higher than
with M2 and M4. If M4 had a higher pump reflectivity the slope efficiency would be
further improved. When using the highest reflectivity output coupler, M1, the slope
efficiency is 9% lower again. Improved slope efficiency for the lower reflectivity output
couplers corresponds to an increase in measured pump depletion (Fig. 4.8(b)). Unlike
the first Stokes DRL, the residual pump traces have positive slopes above threshold,
which is consistent with the lower second Stokes slope efficiencies (<56% compared to
the quantum limit of 72%).

To find the optimal output coupler reflectivity, modelled values ranging from 1%
to 90% are compared to experimental results in Fig. 4.9. For reference, the modelling
was also conducted for a laser cavity designed for first Stokes operation. In contrast to
the first Stokes optimised laser, there is a narrower band of output coupler reflectivity
values that provide efficient output. Efficient second Stokes output couplers are also
skewed towards lower reflectivity values. The model reveals that this is due to the
competition between power transfer from the pump to the first Stokes and from first to
second Stokes. A higher second Stokes mirror reflectivity increases the second Stokes

intracavity intensity and Eq. (4.1) shows that this increases the rate of first Stokes
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FIGURE 4.8: (a) Second Stokes output for the output couplers M1-4 listed in Table 4.2.
(b) Residual pump for M1-3.

depletion. It follows that a lower first Stokes intensity will reduce the rate of pump
depletion. The improvement in second Stokes performance using low reflectivity output

couplers was previously predicted [150], but without experimental confirmation.

The measured and modelled pulse profiles of the pump and Stokes wavelengths
in Fig. 4.10 support this explanation for the high optimal output coupling. A rapid
turn-on of the first Stokes is clearly seen, followed by an equally rapid decay coinciding
with the onset of the second Stokes pulse. The first Stokes then settles to a constant
intensity whereby any additional photons are converted to the second Stokes. With
higher intracavity second Stokes fields, a lower constant first Stokes intensity level
reduces the rate of conversion from the pump field and therefore reduces the conversion

efficiency.

The output beam profile was measured using a phosphor coated CCD camera (New-
port LBP-4-USB), calibrated for the nonlinear response and scattered phosphorescence.

The second Stokes beam quality was also excellent with an M? of 1.05 (Fig. 4.11(a)).

The output spectrum of the second Stokes laser reveals up to 10-12 distinct lon-
gitudinal modes under the envelope of the Raman profile (Fig. 4.11(b)), and largely
follows the first Stokes spectrum. This is substantially higher than the 2-5 modes seen
in the laser designed for first Stokes output, and reflects the higher Q of the first Stokes
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cavity as well as operation of the laser further above threshold.
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4.3.1.1 Polarisation properties

Intuitively, calculating the polarisation state of a second Stokes DRL would involve
applying the Raman tensors with the first Stokes laser in the place of the pump laser.
In particular, if the pump laser was [100] polarised, the first Stokes would be [OIT]
polarised, which would then lead to a randomly polarised second Stokes output. Ex-
perimentally this was not the case and the second Stokes output was strongly [100]

polarised.

Table 4.3 compares the tensor calculations and the experimental measurements
for the three main polarisations discussed. It is hypothesised that four-wave-mixing
(FWM) between the pump and first Stokes is seeding the second Stokes leading to a
strong preference for linearly polarised output. Calculations outlined in Appendix B
show that for the crystal class of diamond, mixing between [100] and [Olﬂ polarised

beams indeed produces a seed with [100] polarisation.

For the case when the pump is aligned with [O lﬂ , the first Stokes will be ‘randomly
polarised’. FWM calculations show that both horizontal and vertical first Stokes po-
larisations lead to a [Oﬁ] polarised FWM seed, which enhances the polarisation purity
of the second Stokes output.

Predicted = Measured
Pump 15* Stokes 2" Stokes  2"d Stokes

TABLE 4.3: Stokes polarisations predicted using only the Raman tensors compared to
measured second Stokes polarisation for [100], [011] and [111] pumping.
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Material — Length Output Average Pulse Conversion Ref.
A Power Energy efficiency %
(mm) (pm) (W) (mJ) Energy Quant.
Diamond 6.9 1.485 1.63 0.33 51 71 this,
131],
2011
Diamond 8 1.485  16.2 0.45 40 56 [80], 2013
Diamond 7.8 1.485  0.021 0.7 16 22 [145], 2016
Ba(NO,), 140 1.369 1.04 104 34 44 [135]
Ba(NO,), 70 1.369 9.5 8 16 21 [139]
BaWoO, 60 1325 — 22.8 35 44 [147]
BaWo, 95  1.325 24 10 9 11 [136]
KGW 45 1.316 — 24 48 59 [141]
KGW 45 1316 7.5 0.19 16 20 [151]
SIWO, 49 1325 22 48 60 [148]

TABLE 4.4: Comparison of second Stokes, external-cavity crystalline Raman lasers pumped
by Q-switched 1.064 pm lasers. The diamond references also include the year of publication.

4.3.2 Comparison with other Raman crystals

The results represent the first reported DRL designed to primarily output at the second
Stokes wavelength. Comparisons to other second Stokes Raman lasers pumped at
1pm in Table 4.4 show that the conversion efficiency obtained is higher than all other
materials, as also seen for the first Stokes laser. Furthermore, no thermal degradation
was seen, in contrast to multi-watt Raman lasers in other crystalline materials including
KGW [18], Ba(NO,), [33, 139] and BaWO, [136]. A further distinction is that the
wavelength shift of the DRL (2666 cm™!) is notably larger than other crystals (1500-
2000 cm™1), and is the only crystal that enables a second Stokes wavelength beyond
1.4 pm.

4.4 Conversion of 1pm lasers to eye-safer wave-

lengths

Although 1 pm laser technology is efficient, power scalable and versatile, a drawback is

the potential high degree of retinal hazard. This limits its use in applications where eye
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exposure is likely, such as rangefinding, lidar and remote sensing. Throughout the his-
tory of Raman laser development, conversion of Nd:YAG lasers to safer wavelengths is
a persistent theme [135, 152-154]. Traditionally, the so-called ‘eye-safe’ region spanned
1.5 - 1.8 um, where the defined safe energy densities were the largest [155] and light
propagates with excellent atmospheric transmission. Under the new 2014 laser safety
standard [156], the 1.3 - 1.4 pm wavelength region has the highest permissible energy
densities for lasers with repetition rates >1Hz, but in practical terms is limited by
numerous atmospheric absorption features. In either case, conversion of 1pm lasers to
1.240 pm first Stokes and 1.485 pm second Stokes wavelengths results in a substantial

increase in eye safety.
A first Stokes DRL is a simple and efficient means of converting 1 pm lasers to a
less hazardous wavelength. The degree of hazard reduction given by the laser safety

standard depends on the repetition rate of the laser. As an example, Fig. 4.12 shows
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a 9 times increase in maximum permissible exposure (MPE) is obtained for a 10 kHz
Q-switched first Stokes DRL. Figure 4.12 also shows that the first Stokes wavelength
of diamond is in a region of excellent atmospheric transmission and thus suitable for
long range applications. First Stokes Raman lasers using other Raman crystals (Ag; =
1.15 - 1.2 pm) are attenuated by water vapour.

A second Raman shift results in a further 2.2 times increase in MPE, however
1.485 pm is attenuated by water vapour and thus less suited to multi-kilometre propa-
gation. The use of a slightly longer pump wavelength, such as 1.080 pm from a Nd:YAP
laser, places the second Stokes wavelength in a region of high transmission (1.516 pm)

as well as high allowable MPE.
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For a second Stokes DRL, the 71% quantum conversion efficiency achieved here com-
pares favourably with alternative approaches for converting 1.064 pm Nd:YAG lasers
to the ~ 1.5um ‘eye-safe’ transmission window (Table 4.5). The highest previously
reported quantum conversion efficiency in a solid state laser was 63%, obtained for a
1.599 pm third Stokes Raman laser in Ba(NO,), [135]. Since the quantum defect to
wavelengths longer than 1.4pm is substantial, there is significant deposition of heat
when increasing average power. In Ba(NO,),, efficiencies are reduced at powers above
several watts due to the emergence of substantial thermal effects, even when using
thermal lens compensation, and mitigation through the use of large pump diameters
(33, 139]. In contrast, much higher powers are likely using diamond. Indeed, investiga-
tions subsequent to this work have demonstrated 16 W average power with no observed

saturation of output power and degradation in beam profile [12].

Included in the 1.064 pm conversion results in Table 4.5 are several crystalline Ra-
man examples shifting either the 1.319 pm or 1.338 pm Nd:YAG laser lines. Although
pumping at 1.3 pm simplifies the design of the Raman conversion stage, several impor-
tant advantages are obtained by using the higher gain 1.064 pm laser line. In addition
to being more widely available, the design of efficient pump lasers with short pulsed
Q-switched output, which is crucial for many applications, is typically simpler as a
result of the larger emission cross section at 1.064 pm. Moreover, Raman shifting from
1.064 pm transfers a larger proportion of the total thermal load from the laser crys-
tal into the Raman crystal (when considering the change in photon energy from the
diode/flashlamp to eye-safe output). Although this is normally a disadvantage, as
most Raman crystals have poorer thermal properties than the pump laser material, it

becomes an advantage when using diamond in the Raman stage.

A second Stokes DRL has advantages compared to non-Raman technologies such
as OPOs and Er:YAG. The conversion efficiency is similar to external-cavity OPOs
operating at 1.5um [14, 17, 160] (Table 4.5). Absorption of the idler wavelength at
3.41m in OPOs may lead to thermal degradation in output efficiency and beam quality,
particularly with commonly employed non-critically phase matched KTP crystals [14,
161]. OPO crystals such as KTA and LiNbO, have reduced idler absorption, but beam
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quality is still degraded at high power. As examples, an M? of 30 was measured for a
33W KTA OPO from a Nd:YAG pump laser with an M? of 5 [19] and a 46 W PPLN
OPO produced an M? of 2x6 from a Nd:YAG pump with an M? of 2 [17]. Narrower
free-running output spectrum is another advantage of DRLs. For DRLs, the linewidth
is bounded by the Raman profile and the measured FWHM is 0.62 cm™!. For a similarly
pumped OPO, the free-running output linewidth is typically several cm™' [162].
Resonantly pumped Er:YAG lasers are a technology capable of generating multi-
watt average power, Q-switched output at 1.617 pm or 1.645pm. In Q-switched op-
eration, the highest reported average powers are limited to the 10 W level [163, 164].
Energy transfer upconversion degrades efficiency at high powers, necessitating the use
of low Er** doping levels [165] and thus high brightness pump sources. The reduced
gain from low doping levels also leads to longer pulse durations at kHz repetition rates,

compared to Nd** doped lasers (>40ns [163] cf. ~5ns [166]) .

4.5 Implications for future DRL designs

The versatility of the external-cavity architecture presents opportunities for extending
the capability of the DRL designs presented above. Power, pulse duration and wave-
length are three fundamental output parameters that have substantial potential to be

extended.

4.5.1 Output power

Stokes output powers at the 1-2W level are clearly well below the level to induce ob-
servable thermal effects in diamond. Scaling the average powers of crystalline Raman
lasers is primarily limited by heat deposition from the inelastic Raman scattering pro-
cess. Increased heat loads degrade the efficiency and beam quality of Raman lasers
through thermally induced lensing, stress birefringence and eventually stress fracture
of the crystal (e.g. [33]). Considering the contribution of each of these effects provides

an estimation of the maximum average power of a DRL.
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Thermal lensing changes the size of cavity modes and potentially leads to the exci-
tation of higher order modes, reduced pump/Stokes overlap and unstable cavities. The
focal length of the lens depends on the temperature gradient, end face curvature and
photoelastic stress. Assuming the heat is deposited uniformly along the length of the

crystal, analysis derived for end pumped laser crystals gives [167]

2nkrg (d -1
f= ;:TO (d;i +(n—-1)(v+1ar+ n3aTCr7¢> (4.3)
ep

where £ is the thermal conductivity (2200 W /m /K), rg is the 1/e* beam radius, Py, is
the heat deposited, 9/ar is the thermo-optic coefficient (7.9 x 107¢ /K), v is Poisson’s
ratio (0.069) and ar is the coefficient of thermal expansion (1 x 107¢ /K). C, and Cy
are the radial (0.015) and tangential (-0.032) components of the photoelastic stress
tensor adapted from analysis of Nd:YAG, which also has a cubic crystal structure
[64]. For diamond, g is small compared to many materials and dn/ar is the largest
contributor to the lens strength. To destabilise the cavity in Fig. 4.3 requires a thermal
lens with a focal length <12mm, which equates to 1.6 kW first Stokes average power
for a 120pm beam diameter. This value must be treated as a rough approximation,
as an underlying assumption of Eq. (4.3) is that the focal length is much longer than
the crystal length. In comparison, similar plano-concave cavities using Ba(NO,), and
KGW crystals reported modal instabilities beyond ~ 0.7 W first Stokes [144] and ~ 3 W
second Stokes [151], respectively.

A second assumption in the lens calculation is that the pulse repetition rate is fast

compared to the thermal gradient relaxation time,

2C
T:TO P

. (4.4)

where (' is the heat capacity (0.5J /g /K) and p is the density (3.51 x 10%g /m?). For
a 120 pm diameter spot size, the high thermal conductivity leads to settling times in
diamond of 3pis. The thermal lens calculation therefore only applies for repetition rates

in excess of ~ 500kHz. At lower repetition rates the thermal gradients in diamond will



76 NEAR-IR DIAMOND RAMAN LASERS

almost completely relax between pulses and damage to the crystal and coatings are
likely to be the limiting factors. Increasing the pump and Stokes mode sizes to avoid
damage will increase the relaxation time, but also reduce the strength of the thermal

lens.

Stress birefringence reduces the polarisation purity of the DRL output, which may
be important in certain applications. Similar to the photoelastic stress component of

the thermal lens, the birefringence is given by [133]

3 2
Ap = ar@CBrg (4.5)
K

where Cp is a photoelastic coefficient (-0.023) and @) is the heat deposited per unit
volume. To achieve stress birefringence levels comparable to the background material

birefringence (107%) requires first Stokes average powers in excess of 1.5kW.

Increasing average powers further, the stress will eventually exceed the fracture
limit of the material. Adapting analysis of an end pumped laser crystal, the Stokes

output power at the stress fracture limit is [168]

4R 1 ROmaz
—_— here R =
ap As/ap-1 ) Wher ark

Pras = (4.6)

where ap is the pump absorption coefficient, E is Young’s modulus (1100 GPa) and
Omaz is the stress fracture limit (2.8 x 10° GPa). R is the ‘thermal shock parameter’
and indicates the ability of a material to withstand thermal loading without failure.
The thermal shock parameter of diamond (5.6 x 10 W/m) is almost four orders of
magnitude higher than YAG (800 W/m). Assuming the majority of the pump depletion
occurs over a distance of 5mm (ap ~ 4cm™1), the calculated maximum first Stokes

power is of the order of 10 MW.

The above analysis indicates that thermal lensing and stress birefringence require
consideration for Stokes powers above the kilowatt level. This power is orders of mag-
nitude higher than that obtainable using other Raman crystals and similar to CW fibre

Raman lasers [37]. Defects within the crystal or on the surface are not considered, but
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are likely to reduce the maximum achievable power by causing a weakness in the dia-
mond lattice or absorbing energy. Catastrophic failure will result if absorption raises
local temperatures in excess of the graphitisation temperature of diamond (~ 2000 K
or ~ 1000 K on a surface in contact with air).

Subsequent publications have reported up to two orders of magnitude increases in
average power over that demonstrated here. Pulsed external-cavity DRLs with 24 W
dual ended first Stokes [79] and 16.2 W second Stokes output [12] observed no thermal
effects, as expected. Interestingly, 154 W CW and 381 W QCW DRLs also exhibited no
thermal degradation, despite thermal lens calculations suggesting otherwise [81]. It is
suggested by the authors that the dispersion of acoustic phonons before they contribute

to the thermal load increases the effective volume of the heat deposition zone.

4.5.2 Pulse duration

The external cavity architecture is applicable to pump lasers with pulse durations longer
and shorter than the nanosecond regime demonstrated here. Longer pulse durations,
up to the CW limit, implies reduced peak powers. Since SRS is intensity dependent,
pump and Stokes spot sizes need to be reduced, and cavity lifetimes increased (higher
@ factors). As shown in Eq. (4.3) smaller beam spot sizes increase the susceptibility
to thermal lensing. This is the main reason why diamond is the only bulk material to
demonstrate appreciable CW Stokes powers in an external cavity architecture [36, 81].
The reduced Raman gain per pass, and hence increased number of cavity round trips,
increases the influence of intracavity loss and birefringence. Absorption due to high
nitrogen content severely degrades efficiency [143] and birefringence leads to Stokes
polarisation behaviour dependant on crystal position [117].

Transitioning to shorter pulses introduces a different set of challenges. As cavity
round trip times approach the pulse duration, there is reduced overlap between the
pump pulse and the build up of the Stokes photons in the cavity. Maintaining the tem-
poral overlap requires synchronous pumping, where the pump repetition rate matches
the cavity round trip time. Slight detuning of the cavity round trip time can lead to

increased compression of the Stokes pulse duration [71]. Pulse durations approaching
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the phonon lifetime (7 ps in diamond) reduce the effective g as the Raman interaction
is no longer in the steady state regime.

Initial demonstrations of picosecond visible [71] and UV [82] DRLs have been fol-
lowed by a 1.064 pm pumped DRL with 59% first Stokes and 21% second Stokes con-
version efficiency [169]. The second Stokes demonstrated similar behaviour to that
described in Section 4.3, where minimal cavity feedback is required to operate effi-
ciently. Recently, DRLs have progressed to the femtosecond regime. 194 fs pulses from
a Ti:sapphire pump laser generated 362 fs first Stokes pulses, which were compressed

to 65fs in an external prism compressor [83].

4.5.3 Wavelength

The broad transparency of diamond invites consideration of DRLs across many spectral
bands. Initial research using CVD diamond was in the visible, where gp is high. Q-
switched [69] and modelocked [71] 0.532 pm pump sources were efficiently converted
to 0.573pm. UV DRLs have been demonstrated in the deep UV (0.273 pm) where
operation is complicated by two-photon absorption and an unresolved UV-induced
damage mechanism to the diamond [82]. Wavelengths longer than 1.6 pm [157] have
not been investigated. Adapting designs to longer wavelengths and into the mid-IR is

the subject of the following chapters.

4.6 Chapter summary

This chapter has investigated two 1.064 pm pumped DRLs configured for generating
first and second Stokes wavelengths. Both wavelengths provide a large increase in max-
imum permissible eye exposures and are therefore attractive options for conversion of
high power 1pm lasers to less hazardous wavelengths for lidar and remote sensing ap-
plications. Each laser demonstrated over 70% quantum conversion efficiency at power
levels of approximately 2 W. These efficiencies are slightly higher than other high per-
forming Raman crystals and commensurate with external-cavity pumped OPOs. It was

found that the optimisation of output coupling is markedly different for the two lasers.
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For the second Stokes laser, the coupling of the pump with two Stokes wavelengths
necessitates reducing the second Stokes intracavity intensity to allow efficient power
transfer from the pump to the second Stokes output. As a result, the optimal output
coupling is much higher for the second Stokes laser. No thermal effects were observed in
either laser and beam qualities remained near diffraction limited. A simplified analysis
suggests that output powers above 1 kW are feasible with similar cavity architectures,

which is significantly higher than obtainable with other Raman crystals.

4.6.1 Publications arising from the work in this chapter
Peer reviewed journal articles

Sabella, A., Piper, J. A., and Mildren, R. P., “1240 nm diamond Raman laser
operating near the quantum limit”, Optics letters, 35(23), 3874-3876, (2010).

Sabella, A., Piper, J. A., and Mildren, R. P., “Efficient conversion of a 1.064
m Nd: YAG laser to the eye-safe region using a diamond Raman laser”, Optics

express, 19(23), 23554-23560, (2011).

Book chapter

Mildren, R. P., Sabella, A., Kitzler, O., Spence, D. J., and McKay, A. M., “Di-
amond Raman laser design and performance”, Optical Engineering of Diamond,

239-276, (2013).

Conference presentations

Sabella, A., Piper, J. A., and Mildren, R. P., “84% slope efficiency 1240 nm
diamond Raman laser”, at Europhoton, Hamburg, Germany, (2010). Oral Pre-

sentation

Sabella, A., Piper, J. A., and Mildren, R. P., “Efficient diamond Raman lasers
operating at 1240 nm and 1485 nm”, at AIP congress, Melbourne, Australia,
(2010). Oral Presentation
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Sabella, A., Piper, J. A., and Mildren, R. P., “Efficient 1064 nm conversion to
the eye-safe region using an external cavity diamond Raman laser”, at CLEO

PacRim, Sydney, Australia, (2011). Oral Presentation



Mid-IR Raman gain coeflicient of diamond

In extending the operation of DRLs to longer wavelengths, the expected decrease in
gr makes Raman laser design more challenging. The resulting increases in intensi-
ties required to achieve laser threshold narrow the gap between the laser and damage
thresholds and thus reduce the maximum achievable conversion efficiency. An accurate
knowledge of gr becomes crucial to modelling and optimisation. Chapter 2 discussed
several limitations of reported values and although extrapolation of near-IR values pro-
vides an indication of the expected mid-IR values, the uncertainty is large. As can be
seen from Fig. 5.1, the projected mid-IR values of gr differ by approximately a factor

of five.

This chapter aims to increase the accuracy of our knowledge of gr at wavelengths in
the mid-1R. Potential errors resulting from mode beating when using multi-longitudinal-

mode lasers are examined in detail and used to enhance the accuracy of the pump-probe

81
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FIGURE 5.1: Extrapolation of near-IR gr measurements for (100) pump polarisation. The
boundaries of the shaded area are defined by scaling Eq. (2.3) to encompass the reported
data.

technique. An alternative method is also developed based on four-wave-mixing. This
novel technique potentially offers improved accuracy by removing the requirements to

accurately characterise the beam spatial, spectral and temporal properties.

5.1 Measurement techniques for gp

Methods for determining gr are based on spontaneous and stimulated Raman scatter-
ing. Measurements of spontaneous Raman scattering cross sections require accurate
accounting of collected light and accuracies better than a few tens of percent are chal-
lenging. Stimulated Raman scattering measurements of gp are a more direct approach
and are based on examining the growth of Stokes beam from an initial seed or from a
spontaneous seed.

Prior to the onset of significant depletion of the pump, the amplification of Stokes

light within a lossless Raman medium is exponential for monochromatic beams. As
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derived in Appendix A, the calculated Stokes output after propagating a distance L

through a Raman material is given by
Is(L) = Is(0)e9rrk (5.1)

where Ig and Ip are the Stokes and pump intensities. Ig(0) is the initial seed intensity
at the start of the Raman medium. Equation (5.1) forms the basis for the SRS threshold

and pump-probe methods for measuring gg.

5.1.1 SRS threshold technique

The SRS threshold method involves focussing a high-peak-intensity pump laser into the
material of interest and measuring the intensity required to obtain a Stokes intensity
1% of the pump. The Stokes signal grows from amplified spontaneously scattered
photons and, assuming a spontaneous scattering rate for diamond of the order of 10714
[4], an amplification factor of 10'? is required. Solving Eq. (5.1), this corresponds to
grlIpL = 27.6, which is similar to the ggrlpL = 25 rule of thumb used for determining
gr from threshold intensities [109, 110]. The extremely large degree of amplification
leads to measurements that are very sensitive to any unwanted feedback, such as facet
reflections. Numerical modelling indicates that introducing just 0.1% feedback on a
1mm sample will reduce the SRS threshold by a factor of two.

The spatial and temporal properties of the pump laser also need to be well known
to accurately calculate Ip. To remove some of the experimental uncertainties, the
threshold intensity is often compared to a known material and a relative ggr value is
derived. A concern with this approach is that comparisons often cascade over several
materials, leading to cumulative errors. For example, the diamond gr measurement in
[75] was made relative to a C,;H,4N;O, crystal, which in turn was measured against a
lead tungstate crystal [170].

A further drawback of this technique is that the required pump intensities are
typically very high and potentially exceed the damage threshold of the Raman crystal.
The required pump intensity for a lem crystal is of the order of 25/gr GW /cm? which



84 MID-IR RAMAN GAIN COEFFICIENT OF DIAMOND

J,M Raman Detector

Attenuator amplifier

Pump laser

Longpass
filter

Raman

generator/laser “ |V‘4
— | — Mo

FIGURE 5.2: A standard configuration for measuring gr using the pump-probe technique.

corresponds to multiple GW /cm? for most Raman crystals. Savitskii et al. were unable
to measure the gr at wavelengths longer than 1.450 pm using the threshold technique
due to damage of the crystal (8ns pulses) [104]. This technique cannot be applied in

the mid-IR using the available nanosecond laser source.

5.1.2 Pump-probe technique

The pump-probe technique, a standard configuration of which is shown in Fig. 5.2,
records the small signal amplification of a probe source at the Stokes wavelength as
the pump intensity is increased. In this case I5(0) is known and the probe is typically
only amplified by a few tens of percent, compared to ~ e¢?® in the previous case. This
makes the measurement much less susceptible to reflections. The required intensity of
the pump beam is also much lower, allowing the measurement of smaller values of gg
or the use of thinner crystal samples. The main disadvantage is the requirement for
two laser wavelengths, separated by the Raman frequency of the material.

Accurate knowledge of the spectral, spatial and temporal properties of both lasers
is required. In a practical pump-probe experiment, the spatial and temporal profiles
of the Stokes and pump beams are unlikely to be matched. To account for the actual
overlap of the two beams an effective area, A.ss, and pulse width, t.;s, are given by

[171).

[ IpdA [ I5(0)dA [ 1pdt [ Is(0)dt
[Is(0)IpdA "7~ " [ 14(0)Ipdt

Aefy =
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Calculating the integrals numerically using measured profiles is particularly impor-
tant when the pump and probe beams are not spatially and temporally Gaussian. By
inserting A.ry and t.5y into Eq. (5.1), gg can now be expressed in terms of pump and

probe pulse energies, Jp and Jg, respectively.

Js(L)
M <Js(0>) Acyrters (5.3)
gr Tn T .

Several published pump-probe measurements [104, 171-173] assume a small factor
of amplification, with negligible pump depletion, and use the approximation ¢* ~ 1+ x
to linearise Eq. (5.1). The linear approximation of Eq. (5.1) leads to significant errors
(>10%) for amplification factors as small as 20%. This effect may have led to reported
gr values being inflated by 10% [172] and up to 18% [104].

5.1.3 Pump-probe measurements with multi-mode beams

Lasers with multiple longitudinal modes contain fluctuations in the phase (FM noise)
and amplitude (AM noise) due to mode beating. A broader linewidth laser will have
higher frequency (shorter duration) fluctuations.

Ideally, pump-probe measurements are performed using single longitudinal mode
(SLM) lasers, since this avoids the effects of amplitude and phase fluctuations on
gain. However, SLM sources are often complex and expensive and it is generally much
more convenient to perform experiments with more readily available multi-longitudinal-
mode lasers. In addition, the most common method of generating a probe beam is to
build a Raman laser from a second sample of the Raman material under test, e.g.
[13, 104, 105, 171]. Even if the pump is SLM, it is unlikely the generated probe will
be, unless line-selective elements or cavity stabilisation is used to restrict the number
of modes.

In principal, the multi-mode lasers may be CW, Q-switched or modelocked. Unless
the average power exceeds several hundred Watts, the single pass amplification from
CW beams is too low to accurately measure over typical crystal lengths. Modelocked

lasers have the advantage of having a well defined pulse structure and high peak power,
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but if the laser pulse durations are not longer than the phonon decay time, 75, the
Raman amplification will be reduced. Q-switched lasers have suitable peak powers and
pulse durations, but often suffer from strong phase and amplitude noise from mode
beating. The remainder of this section considers the influence of mode beating on

pump probe measurements.

5.1.3.1 Linewidth correction factor

It is often assumed, although not always correctly, that for pump and/or probe linewidths
similar to, or larger than, the Raman linewidth, the measured Raman gain coefficient,
Jmeas, 18 reduced according to a correction factor, gmeas = Ngr. A calculation of n is

presented in [174]
_ 9meas o AWR
O gr  Awpg+ Awp + Awg

(5.4)

where Awpg, Awp and Awg are the FWHM of the Raman profile, pump and probe
beams, respectively. Several authors have used variants of this equation to scale geas
[99, 104, 171]. Equation (5.4) is based on the assumption that the lineshape of the
Raman, pump and probe spectral profiles are Lorentzian. This is often invalid for the
pump and probe and a general formula involving the convolution of arbitrary spectral

profiles is more appropriate [175],

n= / [R(w) ® P(w)] S(w)dw (5.5)

where S(w), P(w) and R(w) are the Stokes, pump and Raman spectra, respectively.
Equation (5.5) reduces to Eq. (5.4) in the case of Lorentzian profiles. To highlight the
importance of considering actual spectral profiles, the difference in n approaches a factor
of two when comparing Lorentzian and Gaussian laser profiles with the same FWHM.
This is due to the comparatively larger area in the wings of the Lorentzian profile.
The actual lineshape of the laser spectra are typically not reported with published gr
results. Note that it is important here to distinguish between amplitude and phase
noise. The reduction in Raman gain accounted for in Egs. (5.4) and (5.5) is the result

of linewidth broadening due to phase fluctuations.
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5.1.3.2 The validity of the linewidth correction factor - correlations

On the basis of the linewidth correction factor, it might be expected that broadening
the pump linewidth will increase the threshold intensity for SRS. The validity of 7
however, depends on the more subtle assumption that the fine structure in the electric
fields, arising from mode beating in the pump and probe beams, is uncorrelated.

Correlations between the pump and probe structure result in Raman amplifications
in excess of what otherwise would have been predicted. Early Raman experiments
showed SRS thresholds were uniform for a range of pump to Raman linewidth ratios.
Bocherov et al. observed a constant SRS threshold for a liquid nitrogen Raman gen-
erator despite the pump laser linewidth changing by five orders of magnitude [176].
Trutna et al. demonstrated that the threshold energy for a hydrogen Raman generator
was similar for pumping with a 0.003cm™" or 0.5cm™" linewidth Nd:YAG laser [177].
Thresholds for both pump linewidths followed the same trend as the gas pressure was
varied to change the Raman linewidth from 0.008 cm ™! to 0.02 cm™!. The independence
of threshold with pump linewidth arises from the pump beam driving the phase of very
weak initial Stokes noise into correlation well before threshold is reached. Correlations
in phase between the pump and Stokes beams increase the observed gain up to the SLM
value [178]. Experimental verification of such enhancement was neatly demonstrated
by Stappaerts et al. using a pump-probe experiment similar in design to Fig. 5.2, but
with the addition of a variable delay line [179]. Diverting a fraction of the pump to
generate the probe in a hydrogen Raman generator created a pump-probe pair with
correlating phase structure. When the pump and probe path lengths were matched,
Gmeas Was close to the SLM value for both 0.86cm™! and 0.33 cm™! pump linewidths.
Delaying the probe relative to the pump reduced the small signal Raman amplification
by up to 90%. The broader linewidth pump tolerated less path length mismatch due
to the more rapid variations in the phase structure. For large amplification factors
however, the pump imparted its phase structure on the probe and the measured gain
increased to near monochromatic values, regardless of the path mismatch.

The experiments of Trutna et al. and Stappaerts et al. in the previous paragraph

were conducted using hydrogen, which has a narrow Raman linewidth (0.013cm™! to
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0.13cm™! for gas pressures from 8 atm to 60 atm, respectively [177]). The bandwidth
of the Raman response was smaller than the pump laser and in this case only phase
noise is important [180]. In contrast, for Raman linewidths similar to, or broader than,
the laser field linewidths, as is generally the case with most crystal Raman lasers,
correlations in amplitude fluctuations are expected to significantly affect the Raman
gain. In the temporal picture, a broader Raman linewidth translates into the phonon
field more rapidly reaching its equilibrium value and as such a greater proportion of
amplitude variations are in the steady state regime. As a result, amplification factors
for correlated amplitude spikes increase above the SLM value [181-183]. In such cases
the application of a linewidth correction factor only exacerbates the error in the pump-
probe measurement.

Correlations are only a concern if the fine structure is not resolved and included
in Eq. (5.2). Resolving the structure is generally challenging as the time-scale of the
of the modulation is usually too fast to be directly captured by photodetectors. For
a Lorentzian frequency distribution with a FWHM linewidth of Awp, the time-scale
of the fluctuations is of the order of 2/Awp which, for example, corresponds to 10 ps

(100 GHz) for a typical 1cm™! linewidth Nd:YAG laser.

5.2 Improving the pump-probe technique

5.2.1 Modelling of multi-longitudinal-mode Raman amplifica-
tion

Numeric modelling of multi-mode Raman interactions overcomes some of the restric-
tions in studying probe amplification caused by the inability to directly measure the
high frequency intensity structure. There are several approaches to modelling broad-
band Raman amplification. In essence, the difference between the models is whether
the pump and probe lasers contain only phase noise or both phase and amplitude noise.

Several authors have used a ‘phase diffusion” model where the pump laser linewidth

is modelled by continuous variations in phase, with no change in amplitude [178, 184].
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Whilst this does predict the phase locking of the pump and probe at high gains to
produce thresholds independent of laser bandwidth, amplitude noise is not included.
As a result the model is not capable of predicting the enhancement of gain in excess

of the SLM value that occurs with correlated amplitude structure when Awr 2 Awp.

Chaotic models describing broadband Raman interactions include both phase and
amplitude noise [185, 186], but the assumption that Awr > Awp is not applicable

here.

Considering the pump and Stokes spectra as a series of longitudinal modes with
randomly distributed phases is an alternative approach that captures both phase and
amplitude noise of a pump laser [177, 180, 181, 187-190] and is suitable for the expected

experimental conditions.

5.2.1.1 Model Description

The electric field of the probe and pump are described by sums of monochromatic

modes with initial phases, ¢,, and ¢,, and longitudinal mode spacing, 2.

E(0) = Z S ei(mt+em)

Ep(0) =) P,e!netton) (5.6)

Sm and P, are the slowly varying complex amplitudes of the probe and pump beam,
respectively. The interference between the randomly phased modes causes intensity
and phase fluctuations on timescales shorter than the pump cavity round trip time,
27 /Q. It is assumed that the individual modes vary slowly and thus the intensity
pattern repeats every cavity round trip. With multiple longitudinal modes present,
there are numerous routes to the excitation of a given Stokes mode. Considering the

SRS as a FWM process, the rate of change for a given Stokes mode is

oS
8—: x Pg(SaP%) - RP (w) (5.7)
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FI1cURE 5.3: Four of the possible 25 routes for generating light at Stokes mode S3 from
five pump longitudinal modes.

where P4 and Pp are the electric fields of two pump modes and S4 and S are two
Stokes modes. The pairs of modes may be degenerate (i.e. P4 = Pp and/or Sy =
Sg). RP(w) describes the Raman response when the frequency difference between the
interacting electric fields is detuned from the Raman resonance.

The first route for generation of a particular Stokes mode is the resonant, dou-
bly degenerate case (Py = Pp, Sa = Sp, wp —wg = wg ), which is the trivial case
corresponding to SLM pumping. Here a single pump mode interacts with a single
Stokes mode that is separated by the Raman frequency (Fig. 5.3(a)). If the frequency
separation between the pump mode and the Stokes mode under consideration is not
equal to the Raman frequency, the induced vibration is detuned and the Raman inter-
action is weakened according to R”(w) (Fig. 5.3(b)). From a FWM perspective, the

pump and Stokes are both doubly degenerate in the previous two examples. Mixing of
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two different pump modes with an additional Stokes mode may also excite the Stokes
mode under consideration. Just as with the degenerate cases, the interactions are ei-
ther resonant (Fig. 5.3(c)), or off-resonant (Fig. 5.3(d)) with the Raman frequency.
The combined effect on a given Stokes mode, S;, from all the previously considered

interactions is captured in the following equation [179, 187]

E § : (Awg) k —k _
— P u S P* 7’( P(t—u) P(117u)+k5(71) kS(t))Z 58
— IR - o) AwR—qu (5:8)

Similarly, the evolution of each pump longitudinal mode is described by

The calculations are performed with ¢, u and v spanning the number of modes modelled.
When u # 0 the interaction is off-resonant and the multiplication is reduced by the
Raman profile, (Awgr)/(Awg—1iuf?), which is a Lorentzian when converted from electric
field amplitude to intensity. The final terms in Eqs. (5.8) and (5.9), in the form of
e'(AR)z - describe the effect of group velocity dispersion on the travelling pump and
Stokes waves. If dispersion is strong, walk-off occurs between amplitude and phase
features in the pump and Stokes beams. In particular, correlations imparted on the
probe by the pump desynchronise and reduce the effective gain. The approximate

propagation length before which the structure in the pump and probe are no longer

overlapped is given by [188]

2 c
Lionhase = 5.10
deph Awp <np—n5) ( )

where np and ng are the group refractive indices of the pump and Stokes, respec-
tively. For the experimental conditions considered in this chapter, the pump and probe
wavelengths of 1.86 um and 2.48 pm have maximum linewidths of 3cm™!, yielding a
dephasing length in diamond greater than 20 cm. As the crystals studied are less than
lem long the dispersion component of Egs. (5.8) and (5.9) is not implemented, to

reduce computation time. If the pump and Stokes beams are non-collinear, such as in
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a Raman beam combination experiment, then the group velocity mismatch is larger
and dispersion may need to be considered. For counter-propagating beams the dephas-
ing length is short (200 um for the previous example) and only the doubly degenerate
modal interactions generate significant contributions (i.e. Fig. 5.3(a),(b)).

Many prior applications of the longitudinal mode model studied hydrogen Raman
lasers [177, 180, 187-190] and care must be taken when analysing the outcomes in
the context of diamond. To simplify the mathematical analysis the authors assume
that the pump laser longitudinal mode spacing is greater than the Raman linewidth
(Q > Awg). This assumption is partially valid in the context of hydrogen gas Raman
lasers at low pressures, where the Raman linewidth is similar in magnitude to the
longitudinal mode spacing of the flashlamp pumped Nd:YAG lasers used. In this case
each pump longitudinal mode forms a pair with a corresponding Stokes mode, with
minimal off-resonance contribution from other pump modes. This removes the sum
over ‘u’ from Egs. (5.8) and (5.9) and allows several analytical relationships to be
derived. The Raman linewidth of diamond is 10 to 100 times broader than hydrogen,
depending on the gas pressure, and typically Awg > Q. This dictates that the off-

resonant contributions must be considered and a full numerical calculation is required.

5.2.1.2 Modelling results

The effect of multi-longitudinal-mode beams on pump-probe measurements was investi-
gated for the cases where the pump and probe linewidths (Awpg = 1 cm™") are broader,
equal to and narrower than the Raman linewidth (Awg = 0.01,1 and 10 cm ™!, respec-
tively). The pump and probe lasers have 71 longitudinal modes with = 0.083 cm™!
under a Lorentzian spectral profile (Fig. 5.4(a)). The phases of each of the pump
longitudinal modes were randomly generated. The phases of the probe were either
randomly generated, or set to be the same as the pump, depending on whether the run
was for uncorrelated or correlated beams, respectively. The average initial intensity
of the pump beam was 100 times that of the probe. An example of an uncorrelated

pump and probe intensity profile for one cavity round trip is shown in Fig. 5.4(b) and

as expected the minimum width of the amplitude spikes is approximated by 2/Awpg.
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FIGURE 5.4: (a) Normalised Raman and laser spectral profiles. (b) An example of temporal
pump and probe intensity profiles for uncorrelated beams with spectra as shown in (a).

The relative linewidths of the Raman and laser spectra determine the gain response
to the instantaneous intensity structure. Figure 5.5 shows that when Awp < Awp and
for initially correlated beams, the amplification factor is constant across the probe
structure. Broadening the Raman linewidth decreases the steady state phonon field
response time and the amplification of the probe becomes proportional to the instan-
taneous pump and probe intensity. Subsequently, the peaks in Fig. 5.5 are amplified

exponentially more than the troughs and the probe becomes a exaggerated copy of the

pump.

For the case of an initially uncorrelated probe, correlations develop as the stronger
pump defines the amplification the of the probe. Figure 5.6(a) shows the amplified
probe structure more closely resembling the pump structure for both narrow and broad
Raman linewidths. The three largest peaks in the pump intensity are highlighted in
the figure as examples. Again, when Awgr 2 Awpg, enhanced amplification of high

intensity features, such as the spike near 40 ps in Fig. 5.6(a), result in a distorted copy

of the pump.

The strong dependence of instantaneous Raman gain to the size and relative posi-

tion of high intensity features in the pump and probe produces noise in the amplified
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FIGURE 5.5: Gain dynamics for correlated beams: (top) Intensity of the probe temporal

structure after amplification for Awg = 0.0lcm™! and Awr = 10cm™!. The input pump

and probe intensities are 1 and 0.01 GW /cm, respectively, gr is 5cm/GW and the crystal
length 0.1cm (i.e. grlpz = 0.5). The pump and probe are initially correlated and thus the
input pump perfectly overlays the probe after scaling. Traces are normalised to the average
input probe intensity. (bottom) Instantaneous amplification of the probe.

beam. Even when the pump and probe are fully correlated, there is variation in the am-
plification, as shown in Fig. 5.6(b). The two outlying runs that have the highest initial
slopes represent cases that contain a particularly large intensity spike (i.e. accidental
partial mode-locking). The spread in the traces is greater for the uncorrelated runs
due to the range of spike sizes coupled with the varying overlap of the intensity spikes
between the pump and probe. There is substantial literature on the noise statistics of
SRS [191, 192] which is not explored in any depth here. To enable comparisons with
experimental observations, the modelled data contained in Figs. 5.7, 5.8, 5.11, 5.13(b),
5.14 and 5.15 are averaged over at least 20 runs with different randomly generated

initial phases.
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FIGURE 5.6: (a) Gain dynamics for uncorrelated beams - Intensity structure of the probe
after amplification by an uncorrelated pump. Conditions are the same as Fig. 5.5, except
that the crystal length is 1.2cm. A longer crystal length was used to more clearly show
the developing correlations of the probe. Traces have been scaled and offset for clarity. (b)
20 correlated and 20 uncorrelated amplification calculations where the starting longitudinal

mode phases are randomly generated for each run. The pump, probe and Raman linewidths

are all 1cm™1.

Similar to a pump-probe experiment, the Raman amplification for three material
linewidths is displayed in Fig. 5.7. Curves are calculated for initially correlated and
uncorrelated pump and probe. The model includes pump depletion, which leads to a
roll-over above 20 times amplification (In(J,u¢/Jin) > 3). The amplification required
to induce roll-over is proportional to the ratio of the initial pump and probe pulse
energies. When the pump and probe are correlated beams and Awr < Awpg, the
amplification is equal to the SLM gain until pump saturation. For uncorrelated beams,
phase noise suppresses the initial small-signal gain to less than 2% of the SLM value.
As correlations develop during amplification the instantaneous gain (i.e. the slope)
increases towards the SLM value. These results are consistent with the literature on
hydrogen Raman lasers, but are not relevant for pump probe experiments with crys-
talline Raman materials. In the case where Awp 2 Awpg a large proportion of the
intensity variations are in the steady-state regime and the gain for correlated beams
initially exceeds the SLM value. Subsequent amplification accentuates the probe in-

tensity spikes leading to even higher gain, until pump depletion intervenes. Conversely
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FI1GURE 5.7: Amplification of a probe beam by correlated and uncorrelated pumps for

three different Awg. The dotted line is the SLM amplification with no pump depletion. The

laser linewidths are both 1em™!.

for uncorrelated beams, phase noise suppresses the small-signal gain proportional to
1. The subsequent development of correlations during amplification however increases

the instantaneous gain beyond the SLM value.

The slope of the small signal amplification region near the origin is the most rel-
evant to pump-probe gg measurements. It is also with respect to this region that
the linewidth correction factors are applied (Egs. (5.4) and (5.5)). Where the pump
and probe are initially correlated, the amplification is equal to or greater than the
SLM case. Thus the use of linewidth correction factors will only exacerbate the error
in the measurement. This leaves the application of a linewidth correction factor to
experiments where the pump and probe are initially uncorrelated. Figure 5.8 shows
the measured gp relative to the SLM case as amplification is increased. Also shown
is the calculated gain after Eq. (5.5) has been used to scale the values, to compen-
sate for the broad linewidths. The corrected gg is approximately equal to the SLM
case as desired, but only for small levels of amplification. As amplification increases,

correlations develop and the linewidth corrected gain overestimates the SLM value.
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F1GURE 5.8: The Raman gain coefficient that would be measured normalised to the SLM
value as a function of probe amplification. The traces are obtained by taking a subset of the
uncorrelated data in Fig. 5.7, up to a given In(Jyut/Jin) value, and calculating the line of
best fit. The dot-dashed lines include a linewidth correction factor.

These results imply that amplification factors no greater than 10-20% should be used
in multi-longitudinal-mode pump-probe measurements, particularly when the pump
linewidth is not significantly narrower than the Raman linewidth. From an experimen-
tal perspective, only measuring small amplification factors may be challenging due to

the inherent noise in multi-longitudinal-mode Raman amplification.

5.2.2 Broadband pump-probe experiment

The effect of correlations on pump-probe measurements was investigated by adjusting
the initial correlation and laser linewidth of the pump and probe beams. The OPO
laser developed for the mid-IR, DRL experiments provided a convenient means of vary-
ing the pump-probe linewidth and correlation (Fig. 5.9), and details on the design are
presented in Chapter 6 and Appendix C. Tuning the signal and idler frequency separa-
tion to match the Raman frequency of diamond generated the pump and probe beams.

Given that a signal /idler photon pair are created from a common pump photon, a high
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FIGURE 5.9: Layout for the pump-probe experiment. (1) Nd:YAG pump input, (2) HR
mirror, (3) KTP crystal, (4),(8) dichroic mirrors, (5) diffraction grating, (6) output coupler,
(7) collimating lens, (9) half-waveplate, (10) polariser, (11) wedge, (12) 2x telescope, (13)
focussing lens (14) 8 mm diamond crystal, (15) 2.5 pm bandpass filters.

degree of correlation was expected. Adjusting the relative path length between the two

wavelengths changed the degree of correlation in the diamond amplifier.

Blocking the light diffracted from the grating and inserting a broadly reflective
output-coupling mirror in the OPO, switched the output linewidth from narrow (Awpg <
Awpg) to broad (Awps > Awpg). Representative spectral traces of the signal and idler
for both configurations are displayed in Fig. 5.10. The approximate FWHM linewidths
for the narrow and broad idler are 0.5cm™! and 3cm™!, respectively. Similarly, the

narrow and broad signal linewidths are 1em™! and 3em ™.

A dichroic mirror split the signal and idler of the OPO into the pump and probe,
respectively. The pump beam passed through a half-waveplate and polariser to make
its polarisation parallel to the probe and simultaneously allow variable attenuation
of the energy. The probe beam propagated through a delay line before recombining
with the pump and focussing into the diamond sample. The effective area of the
overlapping pump and probe spots was determined by numerical analysis of magnified

images captured on a Pyrocam III camera. A.s; for the narrow and broad linewidth
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FIGURE 5.10: Representative linewidths of the OPO in narrowed and free-running op-
eration. The broader, free-running traces are single-shot spectra, captured by imaging the
monochromator output (Acton 2500 monochromator with 600lines/mm grating) on a Py-
rocam III camera (0.53cm ™! instrument resolution). The linewidth narrowed traces are
captured with a detector behind 20 1m monochromator slits (0.29 cm™! instrument resolu-
tion) and each point is the averaged over >50 pulses. Further details are in Appendix C. The
central wavelengths of the pump and probe are 1.864 pm and 2.480 pm, respectively.

spots was 1.52 x 10~*cm? and 1.42 x 10~* cm?, respectively. Translating the variable
delay mirrors by 25 mm (50 mm change in path length), did not change the measured
size of the focussed spots. Maximising the observed amplification of the probe in the
diamond crystal confirmed a signal and idler frequency separation of wg. The pump
and probe polarisation was aligned to the [Oﬁ] crystal axis and the crystal was tilted
slightly to reduce the influence of Fresnel reflections. The pump and probe energy
values were measured using PbS detectors (Thorlabs PDA30G). Calibration of the
peak-recorded voltage against energy meter readings (Coherent JIOMB-HE) confirmed

a linear relationship.

In order to adapt the model in the previous section to the experiment, the pump and

Land

probe spectral profiles were set to have Gaussian profiles, with linewidths of 1 cm™
0.5cm™!, respectively, for the narrow linewidth case, and 3em™! each, for the broad

linewidth case. Based on an OPO cavity length of 10 cm, the longitudinal mode spacing
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for both beams is assumed to be 0.05 cm™!. This is not an entirely valid assumption as
the OPO signal is non-resonant and its spectral profile is the convolution of the resonant
idler and the Nd:YAG pump laser. It will therefore contain additional spectral features
with a spacing equal to the Nd:YAG laser. An estimated Nd:YAG laser cavity optical
path length of 75cm equates to a mode spacing of 0.0067 cm™!. This corresponds to
modelling over 1000 modes and impractical computational requirements, as the number
of times Eqgs. (5.8) and (5.9) are run is proportional to the number of modes cubed.
Increasing the mode spacing, while decreasing the number of modes to keep the overall
linewidth constant, decreases the round trip time, but has little impact on the duration
of the phase and intensity features. As such, varying the modelled mode spacing did
not change the average amplification significantly and for computational convenience

a 0.05cm™! mode spacing was retained.

5.2.3 Broadband pump-probe results
5.2.3.1 Correlation measurement

Translating the delay line through the path matching condition confirmed the presence
of correlations between the pump and probe. With the pump and probe average
energies held constant (200 pJ and 11 pJ, respectively), Fig. 5.11 shows that there is a
region of enhanced gain due to correlating structure in the electric field of the OPO
signal and idler. Fitting gr = 3.5cm/GW gave excellent agreement between the narrow
linewidth model and experimental data, suggesting Eqs. (5.8) and (5.9) are suitable.

Unlike the model predictions and published results [179, 190], the width of the
enhanced region did not narrow with the broader linewidth pump and probe. In theory,
the broader linewidth leads to higher frequency phase and amplitude fluctuations,
which reduces the tolerable path mismatch before the electric field structure misaligns.
An additional disagreement is in the magnitude of the Raman amplification for zero
delay. The lower than expected experimental gain suggests that the correlation between
the broad pump and probe is not perfect prior to entering the diamond crystal.

The difference between the expected and observed results arises from the method of
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FIGURE 5.11: Measured (points) and modelled (lines) Raman amplification as the relative
delay between the pump and probe is varied.

generating the pump and probe beams. Published examples generate the probe beam
by Raman shifting a fraction of the pump beam [179, 190]. Any increase in the pump
linewidth reduces the timescale of the temporal fluctuations which are subsequently
mapped onto the probe beam. In the case here, the timescale of the fluctuations
of the pump and probe is partially determined by the fluctuations of the Nd:YAG
laser used to pump the OPO. Since obtaining direct measurements of the spectral
and temporal fine structure of the pump and probe was not possible, the broadband
nanosecond OPO model in the SNLO software package was used to provide some insight
[193]. A 1.064pm input pulse with 0.8 cm™! linewidth and 0.0067 cm™! longitudinal
mode spacing was injected into a model of a singly resonant KTP broadband OPO.
Figure 5.12(a) shows the modelled Nd:YAG pump, signal and idler temporal structure
for broadband operation. The signal and idler have rapidly oscillating components,
but they are contained under a more slowly varying envelope corresponding to the
longitudinal mode interference of the Nd:YAG laser. The timescale of the Nd:YAG
oscillations is independent of the OPO linewidth and thus there is structure in the

signal and idler intensity that is also independent of the linewidth. This provides an



102 MID-IR RAMAN GAIN COEFFICIENT OF DIAMOND

explanation as to why the width of the observed correlation peak does not decrease
for the broadband OPO. Correspondingly, the width of the calculated Nd:YAG self-
correlation, shown in Fig. 5.12(b), is consistent with the observed correlation width in
Fig. 5.11.

The alignment of the finer structure in the signal and idler did not produce the
expected enhancement shown in Fig. 5.12(b) at zero delay. A proposed reason is that
for a singly resonant OPO, not operating near threshold, some of the high frequency
correlation is washed out. Figure 5.12(b) shows a reduction in the height of the sharp
correlation peak with the addition of cavity mirrors to the simulation. Walk-off within
the OPO crystal is a second proposed mechanism for washing out correlating fine
structure. For the KTP crystal orientation used, the walk-off angle between the idler
and the two other wavelengths is 42 mrad. This corresponds to a separation of 0.84 mm
for a single pass through the 20 mm crystal. Given that the beam diameters are of the
order of 1 mm, the spatial separation is a very large fraction of the total beam area.
This will result in increasing degradation of correlation between the overlapping and
non-overlapping regions. The spatial variation in correlation is well understood in the
quantum optics domain where parametric generation is used to generate entangled

signal /idler photon pairs [194, 195].

5.2.3.2 Probe amplification and gz measurement

To demonstrate the potential pitfalls of performing gr measurements with multi-
longitudinal-mode beams, pump-probe readings were taken at combinations of high /low
correlation (0ps/60ps delay) and narrow/broad linewidth. The average probe energy
was 15uJ and the pump was continuously varied up to 400uJ by rotating a half-
waveplate prior to a polariser.

Increasing noise in the raw data with larger amplification factors is evident in
Fig. 5.13(a). Measurements of gg are performed for small amplification factors, which
avoids the high noise region. Reducing initial correlation and increasing laser linewidth
both increased the degree of noise in the amplified output.

Sampled averages of the 500 pulses recorded per trace allowed the trends to be
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FIGURE 5.12: (a) Temporal structure of the signal and idler, overlayed with the structure
of the Nd:YAG pump laser. The data is obtained using the BBOPO function of the SNLO
software package [193]. (b) Modelled correlation between the signal and idler with and
without a singly resonant cavity surrounding the KTP crystal. The results are compared to
the self-correlation of the Nd:YAG pump laser.

more clearly observed and Fig. 5.13(b) shows the averaged probe amplification for each
combination of initial correlation and linewidth. The initial slopes give gpeqs ranging
from 1.4 to 5.6 cm/GW. The slope of the narrow-correlated condition remains constant
with pump intensity, confirming a high degree of initial correlation between the pump
and probe, while the slopes for both uncorrelated cases increase with pump intensity, as
expected. As with Fig. 5.11, applying gg = 3.5 cm/GW in the modelling gave the best
overall agreement, although there were several discrepancies. The broad correlated data
starts out with a lower than expected slope, before the rate of amplification increases.
This presumably is due to developing correlations and supports the previous suggestion
that the broad linewidth pump and probe are not perfectly correlated to begin with. A
second inconsistency is the faster than expected rise of the broad uncorrelated probe.
Unseeded broadband OPOs contain complex spectral evolutions [196] that are not
captured in the simplified static Gaussian representation used in the modelling.

The accuracy of ggr, as estimated through the modelling, is dependent on several
assumptions and it is preferable to obtain a direct measurement. Figure 5.14 dis-

plays the results of pump-probe measurements limited to initially uncorrelated beams
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FIGURE 5.13: (a) Raw amplification data for the narrow uncorrelated case. (b) Measured
(points) and modelled (lines) Raman amplification for four combinations of pump-probe
linewidth and correlation.

and less than 20% amplification. Employing Eq. (5.5) with the measured narrow
and broad spectral profiles returned average values of n = 0.71 ' and n = 0.38,
respectively. Scaling the collected data by 7 returns gg = (3.6 +0.6) cm/GW and
gr = (4.04+0.3) cm/GW for the broad and narrow pump-probe linewidths, respec-
tively. The two gg values are consistent, within the calculated uncertainty, supporting
the use of linewidth correction factors in uncorrelated pump-probe experiments. Com-

bining both scaled data sets gives gr = (3.80 £ 0.35) cn/GW.

In of 0.85, used for modelling 2.48 um pumped DRLs (see the list of modelling parameters in
Table A.2), is calculated using only the idler spectral profile.
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FIGURE 5.14: Small signal amplification of uncorrelated pump and probe beams, for both
narrow and broad OPO output. Linear fits to the data are scaled by linewidth correction
factors, 1, to calculate gp.

5.2.3.3 Implications for published gr measurements using the pump-probe

technique

All pump-probe measurements for diamond reported to date have used broadband
lasers. Our preliminary gr measurements at 1.864 pm, reported in [197], used a similar
experimental set up, except the path difference between the pump and probe was fixed.
Measurement of the path lengths returned a difference less than 5mm and the higher
value reported in that work (4.8 cm/GW) is attributed to a partial correlation between
the two input beams.

The first published pump-probe experiment in diamond split off a fraction of the
pump beam from a multi-longitudinal mode Q-switched Nd:YAG laser to generate a
probe in a second diamond crystal [105]. The reported gg is notably higher than other
results at 1.064 pm, but over-evaluation of ¢. s due to insufficient detector bandwidth is
the likely predominant reason, as discussed in Section 2.1.4. Additionally, a linewidth
correction factor isn’t used despite a pump linewidth of ~ 1em™" [198]. For the (110)
propagation data, the probe was amplified by a factor of 1.4, which is sufficiently high to
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carry the dual risk of inflating results from both developing correlations and exceeding
the region where a linear approximation to e is valid. This may explain the difference
between the (110) and (100) propagation results (16 cm/GW cf. 14 cm/GW), which
are amplified by factors of 1.4 and 1.1, respectively, whereas both measurements should

yield the same result.

A second publication by the same authors measured the gr of diamond for wave-
lengths spanning 0.355um to 1.450 pm [104]. An OPO was used to create a tuneable
pump wavelength, a portion of which was used to generate a probe beam in a second
diamond crystal. The linewidth of the OPO was relatively broad, with an example
given of 2cm™! when the Nd:YAG pump laser was injection seeded, and 5cm™! when
the Nd:YAG laser was unseeded. Pumping of broadband OPOs with injection seeded
lasers may lead to purely phase noise broadened output [199], while non-seeded pump-
ing induces both phase and intensity fluctuations. In either case the application of a
linewidth correction factor is only relevant if correlations are not present between the
pump and probe. Private communication with the authors indicate that the pump
and probe path lengths were similar (contrary to the published layout), although it is
not known if they are matched to an accuracy that will result in correlating structure,
i.e. to within a few millimetres. The gain values were corrected for pump linewidth
using a variant of Eq. (5.4) and, unless the pump spectra have Lorentzian profiles,
there is scope for miscalculation of gg, as noted in Section 5.1.3.1. In addition, probe
linewidths were not accounted for and without further details on its spectral profile it

is difficult to fully assess the accuracy of the results.

Pump-probe experiments conducted on Ba(NO,), and BaWO, used two laser sources
[172, 200]. A single longitudinal mode pump laser was used for the 0.532pm and
1.064 pm data points, which therefore are not influenced by multi-longitudinal-mode ef-
fects. The intermediate measurements from 0.74 pm to 0.9 pm employed a Ti:Sapphire
laser with a 0.03cm™! linewidth. The experimental layout suggests a high chance
of path matching between the pump and probe, particularly since the narrow pump
linewidth requires >5cm path mismatch before complete decorrelation. A linewidth

correction factor is not applied, which is appropriate, as the pump laser linewidths are
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over an order of magnitude narrower than the Raman profiles. The multi-longitudinal-
mode data points are in relative agreement with the SLM data, suggesting correlation

effects are not significant.

5.2.3.4 Implications for published gz measurements using the SRS thresh-
old technique

In the SRS threshold technique for determining gg, the large amplification factor (~
e?) ensures a high degree of correlation develops between the pump and Stokes well
before the SRS threshold is reached. Therefore, there is a significant opportunity for
enhanced gain to reduce thresholds and inflate gr measurements. Figure 5.15 shows
that the observed threshold may be lower than the monochromatic pump threshold and
applying a linewidth correction factor will exacerbate the error in the measurement.

Most published crystalline SRS threshold measurements use mode-locked picosec-
ond laser sources, e.g. [75, 103| for diamond. The phases of the longitudinal modes
in a mode-locked laser are aligned, which results in the generation of a single intense
spike every cavity round trip. Providing the intensity of the spike is well characterised,
and transient Raman effects factored in if required, the calculated gr should not be
influenced by the multi-longitudinal-mode effects discussed here.

A measurement of gr in diamond as a function of pump wavelength contained SRS
threshold readings that used a Q-switched OPO source [104]. The threshold values
are corrected for linewidths using a variant of Eq. (5.4). As correlations develop well
before threshold, the application of a linewidth correction factor is unnecessary. The
end effect may be inconsequential as no absolute gz measurements are reported, instead
the relative SRS thresholds are scaled until they match the pump-probe data.

Raman threshold results published by Cerny et al. [31] may have inadvertently
demonstrated inflated gz measurements obtained by non-mode-locked pumping, similar
to the red or green traces in Fig. 5.15. The calculated gr for 0.532 pm in KGW was
18.6 cm/GW using 5.1 ns Q-switched pulses. Pumping with a 35 ps mode-locked laser
at the same wavelength gave 11.8 cm/GW. The phonon decay time for KGW is ~1.5 ps

[8] so both lasers should be in the steady state regime and the same gp measured.



108 MID-IR RAMAN GAIN COEFFICIENT OF DIAMOND

1.0 \ L
——-=SLM pump | [l
—— 3cm” pump linewidth | Lo
0.8 4 —— 1.5cm™ pump linewidth | Fod _—
-~
- —— 0.75cm™ pump linewidth { } : : /
2 | Lo
2 06+ | .
5 \ Lo
g | ol
° 04 C
e [ \
2 \ \
@ | \
0.2 |
\
|
0.0 T
0 10

FIGURE 5.15: Modelled Raman generator thresholds for three different pump laser
linewidths (Lorentzian profiles). The Raman linewidth is 1.5cm™!. The dot-dashed lines
mark the point at which 1% pump conversion is reached and where the relative gg reading
would be taken.

5.2.3.5 Implications for laser thresholds

From the preceding discussion, it is clear that Raman gain values above the SLM value
are obtainable when Awp 2 Awg. It is interesting to consider how this may be applied
to reduce thresholds and increase laser efficiency. For Raman oscillators, enhanced
Raman gain is not generally relevant and practical benefits are only obtainable for
amplification on a single pass. As the Stokes field is resonating it experiences gain
from the counter propagating pump. This is effectively a case of very large dispersion,
and correlations do not develop. In addition, for external cavity lasers, on each round
trip the Stokes field is introduced to a fresh pump field and any previous correlations
are now irrelevant. It may be possible to obtain a threshold reduction by matching
the cavity round trip times of the pump laser and the Raman laser, such that the
fresh pump field and the existing Raman field contain some correlations, as has been
demonstrated in OPOs [201] and in synchronously pumped Raman lasers [71].

Due to the generally poor conditions for developing correlations in external cavity

Raman lasers, the effective Raman gain coefficient under broadband pumping is less
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FIGURE 5.16: (a) Spectra of the free running and etalon narrowed pump compared to the

Raman linewidth of diamond, KGW and Ba(NO,),. (b) Calculated (Eq. (5.5)) and measured

ratios of the laser threshold between a pump linewidth of 1cm™" and 0.1 cm™!.

than gr. An experiment was conducted to compare the change in threshold with the
change in gpeqs predicted by Eq. (5.5). Threshold intensities of first Stokes Raman
lasers were compared using three different Raman crystals and two pump linewidths.
External cavity Diamond, Ba(NO,), and KGW Raman lasers were pumped by a
1064 pm Nd:YAG laser with a removable etalon that reduced the linewidth from 1 cm™!
to 0.1cm™! (Fig. 5.16(a)). The measured ratio of the threshold with broad and narrow
linewidth pumping is shown in Fig. 5.16(b). KGW has a Raman linewidth (5.4cm™!)
broader than both pump laser linewidths and therefore should demonstrate minimal
change in threshold. The KGW measurement therefore serves as a reference, as any
observed changes to the threshold are likely to be from the etalon changing the spatial
and temporal properties of the pump beam. Given that the KGW threshold remained
relatively constant, the changes observed using other crystals can be attributed to spec-
tral influences. Ba(NO,), has a narrow Raman linewidth (0.4 cm™") and the threshold
halves as the pump laser linewidth is narrowed. The diamond linewidth is between
those of KGW and Ba(NO,),, and accordingly the observed threshold reduction is
not as large as Ba(NO;),. The results for all three crystals agree with the change in

effective gain calculated from Eq. (5.5).
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5.3 Measurement of gp using coherent Stokes Ra-

man scattering

Pump-probe experiments require accurate, absolute measurement of the spatial, tempo-
ral and spectral profiles of both laser beams. Characterising the beams to the required
accuracy may be challenging, particularly for multimode beams. In addition, pulse-
to-pulse fluctuations in amplification add uncertainty to the readings. This section
describes an alternative method for determining gz which removes the need to charac-
terise the spatial, temporal and spectral laser profiles and requires only measurement
of relative intensity and absolute wavelength.

Mixing two wavelengths in a material, as their frequency difference tunes through
the Raman resonance, produces Stokes and anti-Stokes signatures. These signatures
form the basis for the widely used Coherent Stokes Raman Scattering (CSRS) and Co-
herent Anti-Stokes Raman Scattering (CARS) spectroscopic tools [202]. In the 1970s
Levenson and Bloembergen used CARS to measure the third order electronic suscep-
tibility, XS), of materials by using known spontaneous Raman scattering values to fit
curves to the collected data [102]. Here, the reverse process is used. Modern measure-

ments of Xg’), typically made using the z-scan technique [203], are referenced to allow

determination of the Raman susceptibility and hence gg.

5.3.1 Raman Susceptibility

Spatially and temporally overlapping two beams of wavelengths w; and ws in a material
creates Stokes and anti-Stokes photons through a degenerate four-wave-mixing (FWM)

process. Considering only the Stokes photons,
wg = 2wy — Wy (5.11)

where ws > w;. When the frequency separation of the incident beams approaches

the Raman frequency, the total induced polarisation contains terms describing both
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Raman amplification and FWM. The increase in the Stokes field is then given by

Jw .
(ws)| Er[*Es + ——=x\? (we) B2 By elPhn—he)2 (5.12)

dES . 3in (3)
dz  nge XR 2ngce

where Xg) and X;?) are the Raman and FWM susceptibilities, respectively. See Ap-

pendix A and [140] for a more detailed derivation of this equation. The degeneracy
of wy in the FWM process gives a factor of two difference in the definition of x®, i.e.

XD = 239 [140].

The field strength of the incident beams is typically much greater than the Stokes
field and under the assumption of perfect phase matching (2k; — ko = 0), the growth
of the Stokes light is largely due to the FWM term

dES 3in (3)
dz 2ngce

(ws)ETE; (5.13)

where Xg) (wg) is given by [140]

3) B N(0a/0Q)?
Xir (ws) = 3eomwk — (w1 — w2)? + iAwg(wy — wo)] (5.14)

as the frequency difference between w; and ws is tuned through the Raman frequency.

2
, has a Lorentzian

The FWM-generated intensity, which is proportional to ‘ng’)
distribution. However, interference with non-resonant components of the nonlinearity
produces an asymmetric intensity profile and background. These may originate from
residual contributions from neighbouring Raman modes and the third order background
electronic susceptibility, XS). In the case of isolated Raman transitions (as for the first

)

order Raman mode in diamond) only XS is relevant. Including X(é’), the total third

order susceptibility becomes

X (@s) = X2 (ws) + X (5.15)



112 MID-IR RAMAN GAIN COEFFICIENT OF DIAMOND

The measured intensity at the Stokes wavelength will therefore be proportional to

2
I(ws) o [x(ws) + 1§ (5.16)
(3)

Over the frequency range in question, x,’ can be considered a real constant, giving

I(ws) ox [Re (1§ (ws)) + X2 + il (1§ (ws)) i (5.17)

Breaking Eq. (5.14) into real and imaginary components gives

Re(xj (ws)) = N(gz)/W?Q) Wk — (w1 uiRw;)E;l;XZ%(m — wy)? (5.18)
Im(® (ws)) = N(9ar/9q)? —Awg(w — ws) (5.19)

Beom  [wh — (w1 — w2)?]? + Awh(wr — wa)?

Amplitudes of the real and imaginary components of XE? in the vicinity of the Raman
frequency, along with a constant background Xg), are plotted in Fig. 5.17. When the
two wavelengths are resonant with the Raman frequency, the real component is zero
and the Raman susceptibility is negative imaginary, with a negative peak at Xg;g’;k. The
effect of Xg) in creating an asymmetry to the intensity profile is clearly seen in the
lower figure. Notably, a minima is created when the non-resonant component is equal
in magnitude, but opposite in sign, to the real component of the Raman resonance.
At this frequency separation the imaginary component is typically negligible. If the
Raman response is strong, as is the case with diamond, ]Xg;k/xg’” > 1 and the peak

intensity will occur close to the Raman frequency. In this case the separation between

the maxima and the minima is approximated by

(3)
X Aw
AWpeak:—trough ~ ( F(?f) 9 & (520)
XE

Thus if Xg) and Awpg are known, Xg) can be calculated through only a measurement

of wavelength and relative Stokes intensity.

For SRS the increase in Stokes intensity is given by the first term of Eq. (5.12).
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Using the product rule and I = 2ceqn|E|* gives
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— =————1Im wg)) 11, 5.21
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FIGURE 5.17: Top - FWM and background susceptibilities near the Raman resonance.
Bottom - Intensity of the Stokes output, normalised to the background susceptibility, as the
frequency difference of the mixing beams is tuned through the Raman resonance.
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5.3.2 Third order background electronic susceptibility

Knowledge of Xg) at the wavelength of interest is essential for this technique of measur-

ing gg. Xg) is responsible for a range of non-linear processes such as self-focussing and

self-phase modulation. Fortunately, diamond is a heavily studied material and several

)

measurements of Xg) , or equivalently the nonlinear index of refraction, are reported

[68, 102, 204-206]. The conversion between XS) and the intensity based nonlinear

refractive index is

(3)
3X
I E
= 5.23
2 4ndeqc (5:23)

The published data for XS) in diamond is collated in Fig. 5.18. The results reported by
[102, 205-207] assume a different definition of the electric field than that used here (see
Appendix A) and therefore, require their values to be scaled up by a factor of four [208].
The values in Fig. 5.18 show discrepancies in both magnitude and sign. Particularly
concerning is the difference in sign between the two z-scan measurements at 0.355 pm,
as the sign of Xﬁj) is an obvious feature of a z-scan trace. The limited available data
at longer wavelengths does appear to be more consistent, but the longest reported
wavelength for direct measurement of XS) using the z-scan technique is 1.064 pm [207].
A susceptibility value for 1.550 pm, inferred from threshold measurements of diamond
ring resonators [68], is also plotted. To obtain values of XS) at longer wavelengths, esti-
mations are made using a two-parabolic-band model of susceptibility [203]. This model
has been used to accurately predict the dispersion of Xg) for numerous semiconductors
[209], but it has been acknowledged that the accuracy of the model is reduced for large
band gap materials, such as diamond, in the two photon absorption region [210]. In ad-
dition, the model was developed for direct band gap materials, so the short wavelength
fit for diamond is expected to be poor [204]. Values far from the two photon absorption
region are of interest here and the limited available data shows better agreement with
the model at longer wavelengths. A calculated value of XSEB) =3.12x 1072'm? V2 for

a pump wavelength of 2.480 pm is subsequently used to determine xﬁf’)-

The values presented in Fig. 5.18 are for one particular orientation of the inci-
(3)

Besse: Where the polarisation of the four mixing wavelengths are

dent wavelengths, x
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FIGURE 5.18: Modelled electronic susceptibility [203] with measured data points from the
following references: Red diamonds, z-scan [207]; green squares, z-scan [205]; purple down

triangle, Kerr effect measurement of X(E‘?zw converted assuming Xg111:3xgiz12 [206]; blue

up triangles, CARS [102]; aqua circle, micro resonator threshold [68].

aligned with the (100) axes of the crystal. Xg) is a tensor and thus the resultant effec-
tive susceptibility will change depending on the relative orientation of the crystal and

polarisation of the beams. The effective susceptibility used with Eq. (5.20) is
X(E‘?’gff = [le;(jx)xw + d2X§:?;)yy + d3X§::;)acy + d4X§:§/)yx] (524>

where the four x® symbols are the independent non-zero components of the suscepti-
bility in cubic materials. The x and y subscripts denote the polarisation orientation of
each of the fields. The coefficients d;_, are calculated through multiplication of the XS’)
tensor with the relevant input polarisation states, summarised in Appendix B, with the

final results in Table 5.1. Equation (5.24) can be simplified further assuming Kleinman

symmetry. Away from resonant features, i.e. in regions of minimal Xg) dispersion, the
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following condition holds [211].

Leveneson et al. reported a factor of 2.6 instead of 3 for diamond, which may be

influenced by the fact that the measurement was taken in a region of increased XS)

dispersion [102]. The key result in Table 5.1 is that under the condition of parallel

3)

input polarisations, the background susceptibility is approximated by X(Emm, which

allows direct comparison with the data in Fig. 5.18.

Input polarisations ‘ di dy ds dy ‘ Xg)sz assuming Kleinmen symmetry
woy, wi, wg parallel to (100) |1 0 0 0 X(zB;)wz
wa, wi, wg parallel to (110) | 1/2 12 12 1/2 [1/2)(;{)}% + 3/2)(&?;)3,@,] = Xé?;)m
wa, w1, wg parallel to (111) | 1/3 2/3 2/3 2/3 [1/5)(&‘1)931 + 6/3)(5;)%] = Xf;)m

wy parallel to (100),

(3)
wi, wg parallel to (010) 0 0 0 1 Xayyz

TABLE 5.1: Effective background electronic susceptibility for several input polarisation
orientations.

5.3.3 Experiment

Tuning the spectrally narrowed OPO used in the pump-probe experiment generated the
required wavelengths, with wy = Wigier and wy = Wgignar. Mixing wigre, =2.46-2.52 pm
with Wgigna =1.88-1.84 pm produced Stokes output spanning 3.57-4.0 pm. Alterna-
tively, the anti-Stokes intensity could have been recorded, but at the time instrumen-
tation was configured for 3.7 pm generation.

The signal and idler beams were incident on the diamond crystal with an angular
separation of 50 mrad (Fig. 5.19). This results in a 21 mrad internal crossing angle,
which is approximately equal to the theoretically predicted phase matching condition.
Average pulse energies in each wavelength were constant throughout the experiment at

3501J, prior to the crystal. Rotating the crystal sequentially aligned the parallel signal
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and idler polarisations with the [100], [1 ﬁ] and [Olﬂ crystal axes. The output Stokes
light passed through two longpass filters and a dichroic mirror to reject the pump
wavelengths. An uncooled PbSe detector (Thorlabs PDA20H-EC) measured the signal
strength around the resonant peak. The anti-resonant intensity was several orders of
magnitude weaker and required the use of a liquid nitrogen cooled detector (Teledyne

J10D-M204-R01M-60).

Longpass filters

) and attenuators
Polariser Diamond

I L | ‘
\

=
Detector

Monochromator

=3 -

2.52 - 2.46 um

FIGURE 5.19: Experimental layout for measuring the FWM signal strength as a function
of OPO signal and idler wavelength separation.

5.3.4 Results

Aligning the input polarisations with the [11T] or [011] axes produced clearly observ-
able resonant and anti-resonant regions of Stokes intensity in Fig. 5.20 as wsignai — Widier
was tuned through wg. Conversely aligning polarisations with the [100] axis displayed
no Raman resonance, as predicted by the Raman tensors. The [100] readings were used
to normalise the other orientations and calibrate out losses due to multiphonon absorp-
tion, which varied from o = 0.72cm ™! to 4.2 cm ™! across the output tuning range. The
measured minima are not as deep as predicted, possibly due to spontaneous Raman
scattering from the OPO idler (ideally the output would be measured using a monochro-
mator to discriminate between the spontaneous Raman and FWM photons). Fits to
the data using Egs. (5.17) to (5.19) determined the frequency separation between the
maxima and minima (Awpeqk—trough), and the associated uncertainties. Calculation of

gr is then achieved by inserting Awrp = 1.5cm™! and Xg’):?).l? x 107! m?/V? into
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Eq. (5.22). The results for [Olﬂ and [111} polarised beams are summarised in Ta-
ble 5.2.

Ai‘c‘trough [01T]
A®peak ~ OR o Aoyougn (117]
10000 : —
Lol
[
1000 - i i Signal, idler
i i polarisation
> 100 - i i = [100]
2 > N [ e [011]
c \ _
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FIGURE 5.20: Measured FWM signal strength as the frequency difference of the OPO
beams is tuned through the Raman resonance. The input polarisations are successively
aligned with the [100], [Olﬂ and [1 IT] directions. The data points have been normalised to
the average non-resonant [100] signal strength. Each point is an average of at least 50 pulses
and the uncertainty is similar to the symbol size.

(3)

IHPUt AWpeak:—trough Xng dr (2480 pm pump)
Polarisation  (em™) x%k/xg’gﬁ (10722 m?V—2) (cm/GW)
CSRS  Pump-probe
=01T= 47+ 2 63 9.83 3.33 2.5
111 59 +3 79 12.3 4.18 3.4

TABLE 5.2: Susceptibility and gr values in diamond measured using CSRS with pump
beams tuned around 1.864 pm and 2.480 pm.

The agreement with the pump-probe measurement (scaled for wavelength) is within
25% and the ratio between g values with polarisations aligned with [011} and [1 ﬂ] is
1.26, which is within 5% of the theoretical value of 1.33. Uncertainties are only listed

for the peak-trough separation, not calculated gr values, as the inconsistencies in Xg)
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mentioned in Section 5.3.2 need resolving. Considering only the uncertainty of XS) at
1.064 pm from [207], would give an overall uncertainty in gg of +15%.

These results confirm that there is potential for CSRS to be a viable alternative
technique for measuring gr, with the important advantage of not relying on the details
of the spatial, temporal and spectral properties of the interacting beams. Reducing the

(3)

uncertainty in x .’ is required to improve confidence and further z-scan measurements

of XS) at infrared wavelengths would aid in resolving the inconsistencies in Fig. 5.18.

5.3.5 Application of the CSRS technique to other crystals

The application of CSRS to finding gr is particularly suitable for diamond due to
the single Raman peak and availability of published XS) data. In the case of other
Raman crystals, X(;’) data is available for common Raman crystals such as Ba(NO,),
and KGW [212, 213], but separate z-scan experiments may be required for less well
studied materials. There are empirical relationships that relate the linear and nonlinear
refractive indices [214, 215], but measured magnitudes often deviate several tens of
percent from the predicted value. An additional factor for consideration is that the total
background susceptibility includes the off-resonant contribution of any surrounding
Raman modes. The 768 cm™! mode of KGW for example, has a side lobe that would

need to be accounted for in Xg)g s [63].

5.4 Chapter Summary

This chapter reports new considerations and approaches for making gz measurements
with multimode lasers. The pump-probe experiment examined the effect of correla-
tions between the pump and probe fine structure. Although studied in the context
of early gas Raman lasers, recent gr measurements in crystals do not consider the
possibility of correlations inflating the Raman gain. Applying this knowledge, a gr of
(3.80 £ 0.35) cm/GW for 1.864 pm pumping was determined using uncorrelated beams
and accounting for the spectral width of the pump and probe relative to the Raman

profile. Summing multiple longitudinal modes to produce a modelled electric field with
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phase and amplitude noise reproduced many of the experimental observations.

To overcome the challenges associated with accurately characterising the pump and
probe beams, a second measurement method based on CSRS was devised. Tuning the
OPO signal and idler frequency difference through wg produced a Stokes intensity

profile with maxima and minima determined by the ratio of Xg) and XSEB).

Using
published Xg’) data, a gr of 3.33cm/GW was calculated for a pump wavelength of
2.480 pm. Scaling the value measured using the pump-probe technique to 2.480 pm
returns gg = 2.5cm/GW, which is 25% smaller. Further improvements in accuracy
may be obtained in future by using single longitudinal mode sources in the case of the
pump-probe technique and higher accuracy long-wavelength measurements of XS) for
the CSRS technique.

A comparison of results from both methods with the calculated gg dispersion curve
and previously published experimental data is presented in Fig. 5.21. Both values lie
well within the boundaries defined through extrapolating shorter wavelength measure-
ments and broadly support the applicability of the calculated gg dispersion curve for

determining mid-IR gr values. These results will assist in developing models of mid-IR

DRLs, details of which are presented in the following chapter.
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FIGURE 5.21: Reported gr measurements as a function of wavelength. Values are scaled for
(100) (or equivalently (110)) pump polarisations. Measurements are made using the following
techniques: diamonds — pump probe; triangles — SRS threshold; squares — spontaneous Raman
scattering. The solid lines represent upper and lower limits defined by extrapolating visible
and near-IR data. The dashed-dot line is calculated from Eq. (2.3).

5.4.1 Publications arising from the work in this chapter
Peer reviewed journal articles

Sabella, A., Piper, J. A., and Mildren, R. P., “Pump-Probe Measurements of
the Raman Gain Coefficient in Crystals Using Multi-Longitudinal-Mode Beams”,
IEEE journal of Quantum Electronics, 51(12), 1-8, (2015).
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Mid-IR diamond Raman laser

The excellent performance of diamond demonstrated in the near-IR is promising for
extending the output wavelength in the face of decreasing gr and increased absorption.
Prior to this work, 1.6 pm was the longest wavelength reported in a DRL [157] and solid
state Raman lasers had not been demonstrated beyond 3 pm. This chapter investigates
the feasible mid-IR wavelengths obtainable with diamond, and demonstrates a DRL
with tuneable output around 3.7pm. The role of multiphonon absorption in limiting
efficiency and the effect of seeding the Stokes output on thresholds are examined, before
designing a second Stokes laser to Raman shift over the two phonon absorption region
to produce 7.30 pm output. The chapter concludes with a discussion on the current

limitations of mid-IR DRLs.

123
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FIGURE 6.1: Measured diamond absorption and calculated gr in the mid-IR region. The
gr curve is presented as a function of pump wavelength. The red and green boxes represent
spectral regions covered by the first and second Stokes, respectively, for pump wavelengths
spanning 1.8 to 3.8 pm (the blue box).

6.1 Potential mid-IR wavelengths

The challenges involved in developing a mid-IR DRL are heightened by the multi-
phonon absorption region, diminishing gr and increasing diffraction (i.e. larger cavity
mode sizes). Figure 6.1 overlays the first two of these parameters with the span of po-
tential first and second Stokes wavelengths for pump wavelengths ranging from 1.8 pm
to the start of the strong two-phonon absorption region near 3.8 ym. For a Raman
laser or amplifier to be feasible, the Raman gain needs to be greater than the intrin-
sic absorption loss at the Stokes wavelength. This condition sets a baseline for the

consideration of other sources of loss, such as Fresnel reflections.

Modelling of a single pass Raman amplifier using Eq. (4.1) with the gr and absorp-
tion parameters in Fig. 6.1 returns the relative performance for different pump/Stokes
pairs shown in Fig. 6.2. With the pump intensity set near the facet damage threshold,
the results demonstrate that there are several regions where strong amplification is

possible. Stokes wavelengths less than 3.75pm show the highest gain, followed by a
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FIGURE 6.2: Modelled single pass SRS amplification of a low power, 12.7W/cm?, seed
beam by a 3 GW /cm? pump beam with the wavelength tuned from 1.8 to 7 pm.

band spanning 6.2-7.5pm. When the Stokes seed is in the two-phonon absorption re-
gion (3.8-6 pm) the Raman amplification is unable to compete and net loss occurs. For
Stokes wavelengths from 10-30 pm the pump is in the two-phonon absorption region
and is attenuated before it has a chance to significantly amplify the seed. Both pump
and Stokes experience relatively little absorption for output wavelengths beyond 30 pm,
but gg is very small and again negligible amplification occurs. Figure 6.2 confirms what
is intuitively discerned from the multiphonon absorption profile in Fig. 6.1; the best
mid-IR wavelengths for DRLs are at multiples of the Raman frequency (1332cm™! =
7.5nm and 2664 cm~'=3.75pm). Characterisation of DRLs at these wavelengths will
provide a good foundation for determining the potential range of lasing wavelengths,
and accordingly, the first mid-IR DRL was designed to produce Stokes output near the

local absorption minima at 3.75pm.
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6.2 Pump laser selection for 3.75 pm output

A 3.751m DRL requires a pump laser at 2.50 pm and the following paragraphs outline
the requirements for several important laser parameters.

Pulse energy/pulse width: Increased losses in diamond at 3.75pum necessitate high
peak power pulses to reach threshold. Pulse durations in the nanosecond regime were
deemed the most attractive as the required peak powers are readily available from
Q-switched sources and the pulse durations are long enough to be in the steady state
Raman regime. Standard external cavity configurations perform well, without the
complications of synchronous pumping, as required for picosecond Raman lasers. The
minimum spot size to maintain a confocal parameter longer than an 8 mm diamond
crystal is 80 um, assuming a high beam quality 2.5pm laser. With an 80 um pump
spot, numerical modelling, coupled with gr measurements from Chapter 5, indicated
that a peak intensity of 1 GW/cm? was required to be comfortably above threshold for
a bns Q-switched pulse. This corresponds to 250 pJ pulse energy.

Beam quality: Given that one of the key attractions of Raman lasers is beam-clean-
up, perfect beam quality is not a requirement. However, subsequent changes to the
spot size and confocal parameter will increase the pulse energy requirements.

Linewidth: To achieve optimal thresholds, ideally the linewidth should be less than
lem™ (0.63nm at 2.50 pm). Evaluating Eq. (5.5) returns the expected increase in
threshold relative to the SLM case.

Tuneablility: Whilst not a necessity, having the ability to tune the pump wavelength
allows for investigation of performance as a function of wavelength and a more detailed

analysis of the role of multiphonon absorption.

6.2.1 Pump laser options

In the context of evaluating diamond as a mid-IR material, an OPO is a flexible
pump source that meets the previously listed requirements. The ability to generate
the required pulse energies, with narrow linewidths, across a broad tuning range, is well

documented [216-218]. Tt also is a simple addition to an existing 1.064 pm laser, which
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reduced development time and cost, and allowed for the research effort to be primarily
focussed on the mid-IR performance of diamond. A fortunate consequence of converting
1.064 pm to 2.480pum, which is close to 2.50 pm, is that the signal-idler frequency
difference is equal to the Raman frequency of diamond, as shown in Fig. 6.3(a). The
dual wavelength output was exploited to produce a seed at 3.70 pm through FWM as
well as used to conduct the gr measurements in Chapter 5.

Several directly emitting laser technologies were considered as alternatives. Cr:ZnSe
naturally lases in the vicinity of 2.5 ym and has been the subject of significant recent
research [2]. Thulium doped lasers on the other hand lase near 1.9 pm and thus could
act as a pump source where the second Stokes is 3.75 pm. Each of these technologies
are able to generate high peak power nanosecond pulses with the potential for broadly
tuneable output wavelength. Published examples of tuneable, narrow linewidth opera-
tion however, are almost exclusively CW [219-222]. Commonly used birefringent Lyot
filters have insufficient out of band suppression for high gain pulsed operation [223],
requiring investigation of alternative tuning elements, such as volume Bragg gratings.
Although not selected here, extending the spectral coverage of these pump sources us-
ing diamond remains a potential research path, and the OPO pumped results provide

an excellent measure of potential performance.

6.2.2 OPO output parameters

The experiments detailed in this chapter used the same custom built OPO as in Chap-
ter 5. A summary of the output parameters is listed in Table 6.1, with further details
on the OPO design and performance presented in Appendix C. Maintaining a suit-
ably narrow linewidth was the main challenge, with the final design using a diffraction
grating in a Littman-Metcalf configuration to narrow the resonant idler linewidth to
less than the diamond Raman profile, as shown in Fig. 6.3(b). A linewidth correc-
tion factor of 0.85 was calculated from the idler profile using Eq. (5.5). The width of
the non-resonant signal was broader as it is approximated by the convolution of the
resonant idler and 1.064 pm Nd:YAG pump spectra.

The type II phase matching present in the OPO creates orthogonal signal and idler
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Signal Idler
Wavelength span (pm) *  1.84 - 1.96 2.33 — 2.53
Linewidth (cm™!) ** 1.2 0.55
Pulse Energy (mJ) 1.9 1.3
Pulsewidth (ns) 4 4
M2 *x 2.5 1.7

TABLE 6.1: Littman-Metcalf OPO output parameters. * Represents the tuning range
tested, not the maximum possible tuning range. ** At approximately 1 mJ idler pulse energy.
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FIGURE 6.3: (a) Angular tuning curve for KTP with Type II phase matching in the XZ
principal plane. The 1.064 pm pump and the signal are polarised parallel, while the idler
is perpendicular.(b) Littman-Metcalf OPO signal (1.864 um) and idler (2.480 pm) linewidths
for 1 mJ idler output.

polarisation. Whilst this could be used to pump a DRL, it is advantageous to have
both polarisations aligned with a (111) axis. The signal and idler wavelengths were
split using a dichroic mirror to allow independent adjustment of the polarisation and

energy. The two wavelengths were then recombined and focussed into the DRL.

6.3 3.70 pm diamond Raman laser

Although the prior analysis highlighted 3.75 pm as the desired Stokes wavelength, the
ability to seed the DRL through mixing the OPO signal and idler wavelengths changed
the design wavelength to 3.70 pm. The development of a 3.70 pm DRL drew on several
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important lessons in the near-IR, such as gain enhancement when the pump polarisa-
tion is aligned with a (111) axis and laser alignment techniques. Operating at longer
wavelengths also introduced new challenges associated with the higher required inten-
sities, increased loss and lower coating damage thresholds. In particular, the required
pump intensities were deemed too high for AR coating the diamond facets. The use of
an uncoated rectangular crystal provided a performance benchmark from which future
design concepts, such as those discussed later in Chapter 7, could be compared.

In the progression to longer wavelengths, diffraction increases cavity mode sizes by
VA. The subsequent reduction in intracavity Stokes intensity increases SRS thresh-
olds, as Stokes amplification depends both on pump and Stokes intensity. Employing
cavity designs with strong confinement such as concentric and hemispheric resonators
is therefore beneficial to achieving the gain required to overcome multiphonon absorp-
tion. These cavity types have a secondary benefit, in that the surrounding cavity optics
are in a region of low intensity. This is critical for mid-IR DRLs where the increased
thickness of the dielectric coatings reduces the damage threshold to many times less
than the threshold intensity of the laser.

Numeric modelling of near-concentric and hemispheric cavities assumed a constant
spot size within the cavity. Whilst this is clearly not valid for the cavity as a whole,
as Figs. 6.5(a) and 6.5(b) show, the predicted intensity within the diamond crystal is

relatively constant.

6.3.1 Concentric cavity results

The first successfully implemented mid-IR. DRL had a concentric cavity, as shown in
the inset of Fig. 6.4 and Fig. 6.5(a). The 8 mm, uncoated diamond crystal was rotated
along the long edge by 35°to align the [llﬂ axis with the horizontal polarisations of
both OPO pump wavelengths. The CaF,, 50mm ROC cavity mirrors resonated the
3.70pm Stokes with an out-coupling of 40% and double passed the 2.48 ym pump.
CaF, lenses were placed either side of the diamond crystal to decrease the effective
radius of curvature of the cavity mirrors. The increase in intracavity loss from the

lenses is minor compared to the diamond multiphonon absorption and was offset by
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FIGURE 6.4: OPO pumped mid-IR DRL layout. (1) HT 1.864pm, HR 2.480 pm; (2)
HR mirror; (3) half-waveplate; (4) polariser; (5) wedge; (6) CaF,, singlet; (7) ROC=50 mm,
HT 1.864pm, 2.480 pm, HR 3.70 pm; (8) f=20mm CaF, singlet; (9) 8 mm uncoated CVD
single diamond crystal; (10) HT 2.480 pm, HR 3.70 pm; (11) HR 2.480 pm; (12) ROC=50 mm,
HR 2.480, 60%R at 3.70 pm; Energy meters: (13) Double-pass residual pump, (14) 3.70 pm
output, (15) Single-pass residual pump.

reducing the cavity length, which aids in threshold reduction.

The output of the Raman laser is shown in Fig. 6.6(a). The high intracavity loss
restricted the slope efficiency to 13% and the conversion efficiency to 10%. Both values
are presented with respect to the pump energy entering the crystal. It was proposed
that the laser performance would improve by increasing the output coupling fraction
and thus reducing the average time Stokes photons spent in the cavity. Numeric mod-
elling in Fig. 6.6(b), using the model outlined in Chapter 4 and Appendix A, clearly
demonstrates that with the higher cavity losses in the mid-IR, lower output coupler
reflectivities are favourable. This is in contrast to a near-IR first Stokes DRL, where

the modelled optimal reflectivities range from 30 to 60%.
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FIGURE 6.5: Modelled pump propagation and Stokes cavity mode for the (a) near con-
centric cavity and (b) near hemispheric cavity configurations. Optical component heights are
not drawn to scale.

6.3.2 Hemispheric cavity results

To improve the output performance, the Raman cavity was redesigned to reduce losses
from multiphonon absorption. In the absence of a lower reflectivity output coupler,
the Fresnel reflection from a diamond facet (16.7%) formed a viable alternative. Fig-
ure 6.6(b) indicates that the combination of a 16.7% reflectivity output coupler and an
8 mm crystal is close to optimal. Forming a hemispheric cavity with the facet maintains
a high cavity intensity in the crystal and reduces the Raman cavity length. In addi-
tion, only one diamond facet now acts as a parasitic loss. To compensate for the low
pump reflection from the facet, an external lens and mirror was used to more efficiently
double pass the pump. Figure 6.5(b) shows the relative sizes of the pump and Stokes
beams in the cavity. The pump waist remained in the centre of the crystal, while the
Stokes waist is now on the right hand facet. Output Stokes light that originated from
the left hand facet reflection could be spatially filtered out due to the different distance
from the pump-collimating lens. For modelling of this cavity, a partially reflecting
output coupler was placed at the diamond facet and a second output coupler that only
reflected pump light was moved 8 cm further back.

The laser performance displayed in Fig. 6.6(a) improved as expected with the in-
creased output coupling. The slope efficiency more than doubled to 29%, while the
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FIGURE 6.6: (a) Measured and modelled 3.70 pm output with the concentric and hemi-
spheric cavities. The parameters used in the modelling are listed in Table A.2. (b) Modelled
quantum conversion efficiency (%) of a 3.70 pm first Stokes DRL for varying output coupler
reflectivity and crystal length. The 4 ¢cm near-concentric cavity is assumed to have ideal mir-
ror coatings, low loss facets and a SLM pump. 700 pnJ of 2.48 pym pump energy is focussed to a
110 pm diameter spot and double passed. The two squares are indicative of the experimental
cavity configurations.
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FIGURE 6.7: (a) Temporal pulse profiles for 5351J pump input at 2.480pum and the
subsequent double passed residual pump and Stokes output. (b) M? measurement for the
same conditions. Insets show imaged focus profiles for the pump and Stokes beams.

threshold only increased moderately by 150 1J. The combined effect was an improved
average output energy of 80 pJ and a conversion efficiency of 15%. Taking into account
the large change in photon energy the quantum slope and conversion efficiencies are
44% and 22%, respectively.

The temporal and spatial properties exhibited a similar profile to the near-IR DRLs.
The Stokes temporal pulse profile had a 4ns FWHM and peak power in the vicinity
of 20kW (Fig. 6.7(a)). The beam quality, shown in Fig. 6.7(b), was excellent and the

Stokes output was circular, in contrast to the elliptical, astigmatic pump input.

6.3.3 Effect of multiphonon absorption loss

The Stokes output wavelength of 3.70 pm is in the three-phonon-absorption band and
subsequently laser performance is degraded compared to the near-IR results. Calculat-
ing the amount of Stokes light lost through multiphonon absorption requires knowledge
of the amount of pump light that has been converted. The double passed residual pump
was measured using a wedge prior to the Raman cavity to sample the returning pump
beam. The portion of this energy that had reflected from surfaces up to and including

the first diamond facet was subtracted from the measurement to provide an estimation
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FIGURE 6.8: Unconverted pump (solid points) and the complementary converted pump
(hollow points) after a single and double pass through the DRL. Values have been scaled to
account for reflective and absorptive losses.

of the energy that had passed twice through the crystal. The data points were then
scaled such that the slope prior to threshold with respect to the pump entering the
crystal was unity. In this way an absolute scale is obtained that factors out all losses
due to reflections after the first facet and any deviation from the initial slope is due
to depletion from Raman conversion. There is a complicating factor however, as the
portion of the conversion that occurs on the second pass has now been scaled for losses
in the pump retro-reflection optics, when those losses are not relevant in this case.
This leads to the residual pump data over estimating the amount of pump that has
been converted. To make a more accurate determination of the converted pump the
ratio of the Raman conversion that occurs on the first pass to the second pass needs
to be known. The single pass residual pump was measured via leakage through the
pump reflecting mirror and is also shown in Fig. 6.8. The energy difference between
the measured single and double pass data above threshold is scaled by the loss factor

of the rear of the cavity to give the final double pass values presented.

For the highest input pump energy point in Fig. 6.8, 207 1nJ of pump is calculated

to have been depleted due to the Raman process from 543 J entering the crystal.
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This corresponds to 1391J of Stokes light after accounting for the change in photon
energy. The measured Stokes output is 80 uJ, which leaves 59 nJ (42%) that has been
lost primarily due to multiphonon absorption, with a secondary contribution from
facet losses. Comparing the areas under the input pump, residual pump and Stokes
pulse traces (Fig. 6.7(a)) in a similar manner, confirmed that approximately 40% of
the generated Stokes light was missing. Correspondingly, given the low cavity @, the

magnitude of the loss is similar to the 44% single pass absorption loss at 3.70 pm.

6.3.4 Tuneable output

Tuning the OPO idler wavelength continuously varied the Raman wavelength. Fig-
ure 6.9(a) shows tuneable Stokes output from 3.38 pm to 3.80 pm, for 700 pJ average
pulse energy incident on the Raman laser. The linewidth of the Stokes output was
less than the 0.55 cm™ resolution of the monochromator. On the long wavelength side
of the tuning curve the limiting factor was increasing two phonon absorption. Multi-
phonon absorption coefficients above 2cm™! prevented the SRS threshold from being
reached. On the short wavelength side of the tuning curve, a combination of increasing
three-phonon absorption and reduced reflectivity of the input coupler at the Stokes
wavelength defined the tuning limit. Given the three-phonon absorption coefficient is
below 2cm™!, it should be possible, with improved cavity optics, to tune across the

three-phonon band.

Figure 6.9(b) shows the outcome of numeric modelling for several scenarios. The
blue curve is for a case that closely matches the experimental conditions and the
prediction of the tuning range is good. Changing the input coupler to one that remains
reflective at all Stokes wavelengths gives the green tuning curve, confirming that it is
possible to traverse the three-phonon region. Finally the purple curve presents the
predicted output energies for an idealised scenario with ideal optics, low loss on the
first diamond facet and a SLM linewidth pump. The conversion efficiency at 3.70 pm

is approximately doubled compared to the current case.
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FIGURE 6.9: (a) tuning capability of the DRL for 700 pJ average pump energy. Also
shown is the multipohonon absorption and input coupler reflectivity. (b) Comparison of
experimental and modelled tuning capability for three cavity optic scenarios.

6.3.5 Threshold reduction through four-wave-mixing

The reduced gr and substantial Stokes absorption lead to high threshold pump in-
tensities in mid-IR DRLs. Typically the Stokes intensity in Raman lasers needs to
build up from very weak sources such as spontaneous scattering. Tuning the OPO
wavelengths such that their frequency separation equals wg produces seed photons at
3.70pm through FWM. Seeding of Raman lasers through FWM processes has been
investigated for higher order Raman generation [149, 224] and secondary pump lasers
([25, 46] and Section 7.2). The approach here is a combination, where the secondary

pump is also at the anti-Stokes wavelength.

6.3.5.1 SRS modelling with four-wave-mixing

The intensity based Raman model used prior is not suitable for modelling FWM as it
does not include the relative phases of the propagating beams. An equivalent set of

equations expressed in terms of the electric field is given by [149, 225].
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where j is the Stokes order and the momentum vector mismatch, Ak;, is given by
ko + kj — 2k;_1. The E*E*e*** term describes the FWM process and the superscript
FE on the Raman gain, spontaneous Raman and loss coefficients indicates that these
variables are converted to their electric field form. Table A.1 in Appendix A lists
the conversion factors. Only degenerate mixing is considered, as in regions of normal
dispersion, non-degenerate mixing has a larger Ak [149]. Similarly FWM between
counter propagating waves is not considered as Ak is extremely high and the net

impact negligible.

Dispersion in the crystal refractive index leads to poor phase matching between
the collinear pump and Stokes beams. The usual cyclical flow of energy between
wavelengths is however strongly biased by the Raman process, which does not rely
on the same phase matching requirements. Figure 6.10(a) shows the large change in
second and higher Stokes thresholds in a Raman generator with and without FWM
included in the modelling. Strong FWM coupling, as is often found in Raman gases,
is not always beneficial. It disperses the energy among several Stokes and anti-Stokes
orders instead of the desired Stokes wavelength [226]. Higher normal dispersion found
in crystals might actually be beneficial in some scenarios. The energy flow to shorter
wavelengths with high dispersion is hindered, while lower thresholds are achieved at

higher Stokes orders where dispersion is lower [149].

Unlike the commonly encountered case of the pump and first Stokes mixing to seed
the second Stokes, the experiments here used two pump wavelengths. Stokes seed
photons are immediately created and the large modelled threshold reduction compared

to a single pump wavelength is apparent in Fig. 6.10(b).
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FIGURE 6.10: (a) Single pass SRS intensities with and without FWM included in the
modelling. The model does not include absorption, and dispersion is equivalent to diamond
in the mid-IR. (b) Modelled single pass Stokes output as a function of crystal length for
5GW /cm? of total pump input. Dispersion and absorption are indicative of actual diamond
values. Dashed lines are for a single 2.480 pm pump, while solid lines represent pumping with
1.864 pm and 2.480 pm, in an experimentally representative 1:6 ratio.

6.3.5.2 Results with FWM

Laser performance with and without the Stokes seed was performed concurrently with
the previous experiments by blocking and unblocking the separated 1.864 pm beam (see
Fig. 6.4). The threshold pump intensity, shown in Fig. 6.11, approximately halved, even
after accounting for the energy in both pump wavelengths. For the higher efficiency
hemispheric cavity, the maximum 3.70 pm output increased by 44% to 1151J and the

conversion efficiency, including both wavelengths, was 18%.

In the current OPO based scenario where the 1.864 pm wavelength is available as
a by-product, it would be ideal to focus as much energy as possible into the crystal to
maximise 3.70 pm output. Laser damage to the facet and bulk of the diamond crystal
however place a limitation on the total intensity. The slope efficiency for increasing
2.480um energy was higher than for increasing 1.864 pm energy (29% cf. <16%).

Thus, the decision was made to attenuate the 1.864 pm energy relative to the incident

2.480 pm energy.
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F1GURE 6.11: Comparison of modelled and experimental data with and without the FWM
seed. (a) Concentric cavity with 60% reflectivity output coupler (b) Hemispheric cavity with
diamond facet output coupler.

The controlled FWM conditions available with the dual wavelength pumping as-
sisted in validating the numeric models used for predicting the performance of DRLs
operating beyond 6 pm. At these longer wavelengths the reduced dispersion and lower
gr in diamond increase the importance of incorporating FWM in the modelling. Fig-
ure 6.11 shows the ability of the electric field based model to calculate the relative
changes in laser output with and without FWM. The agreement, while not perfect, is
sufficient to assess the viability of different techniques for longer wavelength Raman

lasers.

6.3.6 Laser induced damage of the diamond crystal

The high pump intensities required for mid-IR DRLs create a high risk of damage to
the diamond crystal, and limits energy output. For example, the peak pump power
incident on the facet at threshold for the hemispherical cavity configuration exceeded
1.5GW/cm? (3 GW /cm? in the centre of the beam profile). Damage was observed on
input and output facets, depending on numerous factors such as surface contaminants
and the exact location of the incident and reflected pump waists. Damage became in-
creasingly likely as the total estimated intracavity peak intensity exceeded 6 GW /cm?.

Complete cleavage of the crystal was observed on three occasions along a (111)
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plane, the weakest plane of diamond for sheer stress fracture [227]. The consistent factor
on each occasion was the creation of a beam waist in the crystal that had a confocal
parameter shorter than the crystal length. This led to intensities surpassing the bulk
damage threshold prior to the surface damage threshold. Internal graphitisation leads
to the formation of large stresses, as graphite is less dense than diamond by a factor
of 1.6 [228]. Tt also is highly absorbing, which is presumed to cause a chain reaction of
damage, leading to the propagation of large planar cracks or crystal splitting (Fig. 6.12).

The first incidence of cleavage occurred after tightening the pump focus in an at-
tempt to reduce thresholds. Both OPO wavelengths were focused into the crystal
and as the damage was unexpected, exact details on the intensities are not known.
The second and third cases were related to the formation an unstable cavity whilst
adjusting the input coupler. Each time the damage occurred at relatively low pump
energies (~100pJ) as the input coupler was brought into alignment. Subsequent anal-
ysis revealed that the spacing between the crystal and the input lens/mirror was too
great leading to an unstable cavity. It is hypothesised that any reflections from the
output facet were tightly re-focussed in a strongly pumped region of the crystal and
subsequently amplified to damaging levels (see Fig. 6.13). The intensity of the ampli-
fied 3.70 pm beam is unknown and again there is insufficient data to obtain a damage
threshold. Due to the destructive nature of the testing and limited available samples,

no further systematic study of this damage mechanism was conducted.

6.3.7 Mid-IR DRL performance comparison

In order to evaluate the mid-IR performance of diamond it is important to benchmark
it against nonlinear frequency conversion with other materials. Given the challenges
associated with solid-state mid-IR Raman conversion there is a limited list of pub-
lished examples with which to compare diamond (Table 6.2). KGW and BaWO, have
reported good efficiencies to wavelengths less than 3pum [54, 229]. Both crystals are
transparent out to 5pm, so providing the Raman gain remains high enough to avoid
damage, there is scope to extend their wavelengths further.

Numerous proposals exist for waveguide based mid-IR silicon Raman lasers [48-51],
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FIGURE 6.12: : (a),(b) End and top view of bulk damage, initiated approximately 750 pm
behind the facet. In this instance, the damage did not lead to a complete cleavage of the
crystal. (c) End view of cleavage of the crystal due to internal damage. Also seen are two
previously existing facet damage spots.

Material Length  Pump A Stokes A QCE Ref.
(mm)  (pm) (nm)

Diamond 8 2.48 3.70 22 (48)  this work
KGW 50 1.9 23,29 46 [54]
BaWo, 20 2.1 2.6 17 229]
Silicon amplifier 25 2.88 3.39 neg. [49]
As, S, fibre 3000 3.0 3.34 22 [56]
As,S, fibre 2800 3.0 3.77 3 57]
ZGP OPO 14 2.1 3.55 62 [230]
QPM LiNbO; OPO 40 1.06 3.84 58 [17]

TABLE 6.2: Quantum conversion efficiencies (QCE) for solid-state mid-IR Raman lasers.
The value in brackets for diamond is the predicted efficiency with an optimal hemispheric
cavity. Also included are examples of efficient 1 pm and 2 pm pumped mid-IR, OPOs.

but small-signal amplification of a 3.4 pm HeNe laser in bulk silicon is the only exper-
imental report [49]. A possible reason for the lack of experimental results could be
that higher than expected threshold intensities are leading to damage of coatings and
crystals. Numeric analysis of mid-IR silicon Raman lasers typically scale the referenced
near-IR g with pump frequency, using 20 cm/GW at 1.427 pm [99]. Measurements of
gr near 1.5pm vary substantially, with reported values ranging from 9.5cm/GW to
37cm/GW [99, 231] and are complicated by nonlinear absorption [232] and waveguide
losses. Scaling gr values obtained at 1.5 pm with frequency potentially overestimates

the mid-IR value, due to the proximity of the silicon bandgap at 1.1um. The only
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FI1GURE 6.13: Proposed route to internal damage of the diamond crystal due to the for-
mation of an unstable cavity.

measurement at mid-IR wavelengths estimated gz to be 5cm/GW for a pump wave-
length of 2.88 um [49], which after scaling for wavelength, is at the low end of reported

values.

Chalcogenide fibre Raman lasers are suitable for low peak and average power Raman
conversion of CW lasers. Spectral broadening degrades conversion to second and higher
Stokes orders and high average powers are likely to be challenging due to the low melting
point of the glass [57]. Raman conversion in chalcogenide glass micro-resonators has
also recently been reported [58], with 3! Stokes conversion of a 1.88m pump out to
2.35pm. Thresholds are low (sub-mW), but conversion efficiencies are a fraction of a

percent.

Frequency conversion to mid-IR wavelengths using OPOs has demonstrated high
average powers [45] and broad tuning across the mid-IR and longwave regions [44]. The

maximum reported quantum conversion efficiencies from 1pm and 2 pm pump sources

is around 60% [17, 230].

An optimised DRL is a competitive option for wavelength conversion of pulsed

3+ 3+
, Ho

lasers, such as those based on Tm and Cr:ZnSe, to longer mid-IR wavelengths.
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The larger Raman frequency gives diamond a deeper extension into the mid-IR per Ra-
man shift compared to other solid-state Raman materials. The larger fractional change
in photon energy when converting longer pump wavelengths increases the heat load,
which diamond is better placed to handle. Clearly the multiphonon absorption is dis-
advantageous, but the demonstrated quantum conversion efficiency of 22% is predicted
to more than double to 48% under optimal conditions (see Figs. 6.6(b) and 6.9(b)),
placing it on par with the other efficient mid-IR Raman results [54]. In the near-IR,
Raman and OPO conversion efficiencies are similar, however in the mid-IR, absorp-
tion of Stokes light reduces optimised DRL performance by ~ 25%. Although less
efficient, mid-IR DRLs do have beam quality and linewidth advantages. As previ-
ously described, the beam quality of high power OPOs are generally worse than the
pump [17, 45, 233, 234], compared to the improved quality discussed in Chapter 4
and Fig. 6.7(b). The free running linewidth here was less than 0.55cm™! compared to

linewidths up to 150 cm™! in OPOs [45].

6.4 Wavelengths longer than the two-phonon ab-

sorption region

Previously, Raman lasers operating with Stokes wavelengths beyond 5pm have been
limited to a few demonstrations using gases [25, 46, 47, liquids [47] and atomic vapours
[235]. Each of these approaches require large (> 30 cm) Raman cells and are limited
to low average powers. Most high performing solid-state Raman materials are not
transparent in this wavelength region and the results listed in Table 6.2 represent the

longest reported wavelengths.

Raman shifting over the two-phonon absorption features in diamond accesses the
transparent region beyond 6.5um. Developing a DRL beyond 6.5 pm is challenging
as coupled with diminishing gg, it necessitates pumping in a region of multiphonon
absorption. Using the equation set described by Eq. (6.1), the predicted range of

wavelengths for ideal first and second Stokes lasers (~ 3.75pm and ~ 2.5um pump
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lasers, respectively) is shown in Fig. 6.14. As expected, targeting the local absorption
minima at multiples of the Raman frequency provides the greatest output. The effects
of two phonon absorption bound both the upper and lower limits of the tuning range.
On the short wavelength side, increasing two-phonon absorption directly depletes the
output. Conversely, the long wavelength tuning limit is set by increasing absorption of
pump wavelengths beyond 3.75 pm. The larger pulse energy shown for the first Stokes
case is due to the reduced quantum defect; the quantum conversion efficiencies are
similar.

The 6-8 pm tuning range is in a region of high atmospheric absorption as shown in
the upper plot of Fig. 6.14. The atmosphere will also attenuate sunlight and a laser in
the 6-8 pm band may be of interest for short range outdoor sensing applications, where
the reduced background light will reduce detector noise. Laser wavelengths between
6.1 and 6.45 pm are also in demand for surgical applications, where the overlap of water
and protein absorption bands result in tissue ablation with reduced collateral damage
and improved healing [236].

While pumping with 3.75 pm is conceptually the simplest option, a second Stokes
laser pumped at 2.5 pm offers several advantages. FWM between the 2.5 pm pump and
the 3.75 nm first Stokes aids in reducing the threshold intensity. A second Stokes laser
is also compatible with the previously developed OPO.
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FIGURE 6.14: (Lower) Modelled tuning ranges of first and second Stokes DRLs near 7 pm
under optimised conditions (4 cm cavity, low loss facets and narrow pump linewidth). The
shaded rectangles indicate the span of the tuneable pump lasers. Pump energy is constant
at 700pnJ. (Upper) Atmospheric transmission for a 1km path 2m above the ground. Data
generated with MODTRAN 5.

6.4.1 7.30 pm laser experiment

The design of the 7.30 pm DRL cavity, shown in Fig. 6.15, was similar to the origi-
nal concentric 3.70 pm DRL (see Fig. 6.5(a)). The cavity mirrors were changed to be
highly reflective at 3.70 pm to encourage conversion to the second Stokes. To reduce
absorption losses, the output mirror substrate was ZnS, while the input coupler sub-
strate remained as CaF,. Once again the goal of the concentric cavity was to maximise
the intensity in the crystal to reduce thresholds, while reducing the intensity on the
mirrors to prevent damage. Another difference with the 3.70 pm DRL was the removal

of the intracavity CakF, lenses to lengthen the cavity and further reduce the intensity on
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F1GURE 6.15: Calculated pump and cavity beam sizes in the 7.30 pm Raman laser cavity.
Optic heights are not to scale.

the input coupler. Although the modelling indicated that this would increase the SRS
threshold, it was necessary to compensate for the very low measured mirror coating
damage threshold of approximately 30 MW /cm?. Without the intracavity lenses, the
focal length of the main focussing lens (item (6) in Fig. 6.4) was reduced from 100 mm
to 50 mm to maintain a similar pump spot size in the crystal (120 pm diameter). As
with previous experiments, the pump polarisation was aligned with the diamond [1 ﬁ]

axis.

Prior analysis of the near-IR second Stokes DRLs demonstrated that low reflectivity
output couplers improved performance (Section 4.3). In the present case, since the
operation point will be close to threshold, the higher output mirror reflectivity of 65%
is advantageous. Coarse alignment and length adjustment of the cavity was performed
by initially using an output coupler designed for 3.70 pm and maximising the first
Stokes energy. The second Stokes output coupler was then inserted and a detector

monitored for evidence of 7.30 pm output.
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FIGURE 6.16: Measured 7.30 pm pulse profile with 700 pJ pump.

For 700 pnJ of pump energy incident on the cavity, Fig. 6.16 shows the observed signal
on a fast detector (Vigo PEM 10.6, 1ns rise time). Insertion of additional longpass
filters confirmed that the signal was not leakage of shorter wavelengths. With the signal
maximised, the energy meter readings were of the order of 1 nJ. Accurate readings were
inhibited by the proximity of the readings to the lower limit of the energy meter (0.3 pJ
for a Coherent J-10MB-LE sensor). Attempts to increase the confinement of the cavity
mode in the crystal by increasing the cavity length, resulted in the damage of the
crystal and prevented further measurements. The results agree with the modelling
in Fig. 6.17 which shows that for the current experimental conditions, the threshold
intensity is similar to the damage threshold.

Despite the low efficiency, this result demonstrates, for the first time, that it is
possible to make a DRL at wavelengths on the long wavelength side of the two-phonon

absorption peak. Prospects for improving performance are discussed in Chapter 7.



148 MID-IR DIAMOND RAMAN LASER

120 . -
' /
3 ] | %
2 10 . !
100 H 3 / ! //
3 / o
g 05 /
2 80 > / '/
A o
% R 0.0 / /:/Damage
3 600 700 800 7/ threshold
3 7
5 60 2.48 pum pump energy (uJ) |
5 !
= —— Experimental parameters |
~ 401 —— ARcrystal facets 7 |
———Improved cavity/pump // |
B Measured data e |
20 A Ve
Ve
s
//
0 L = T T i T
\
0 200 400 600 800

2.48 pm pump energy (uJ)

FIGURE 6.17: Modelled second Stokes output for experimentally representative parameters
(red line), with AR facets (blue line), and a 4 cm cavity length with a SLM pump (blue dashed
line). The inset enlarges the region near threshold.

6.5 Current limits of mid-IR performance

Intracavity loss is the main factor impeding mid-IR DRL performance. The loss of
approximately 40% of the 3.70 pm Stokes light through multiphonon absorption was
discussed in Section 6.3.3 and the rapid increase in absorption beyond 3.75pum also
limited the tuning range of the DRLs. A second large factor was Fresnel reflections
from the crystal facets. The uncoated facets degraded the 7.30 pm DRL performance in
particular, as three wavelengths are each experiencing ~17% per facet loss entering and
leaving the crystal. Figure 6.17 demonstrates the calculated improvement in output if
the facet reflections are eliminated. Fresnel reflections from the CaF, intracavity lenses
used in the first Stokes DRLs also introduced an additional 3% per surface loss. Unlike
the diamond facets, the lenses are not placed in the beam waist and dielectric AR
coatings are feasible. Two alternative options for reducing diamond facet reflections,

that also have high damage thresholds, are presented in Chapter 7.
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The mid-IR DRLs required longer cavity lengths, compared to the near-IR exper-
iments, to reduce the laser intensity on the mirrors and compensate for the increased
cavity mode size at longer wavelengths (through the use of concentric and hemispheric
cavity designs). Lengthening the cavity increases the build up time of the Stokes pho-
tons and subsequently raises the SRS threshold. Shortening the total cavity length
from 10cm to 4 cm by reducing the mirror ROC from 50 mm to 16 mm is the domi-
nant factor behind the improved performance seen with the dashed line in Fig. 6.17.
A drawback of a shorter cavity is that the mirrors are closer to the pump waist and
subject to higher pump intensities. The damage threshold of the mirrors would need
to increase by a factor of 5 over the current samples to accommodate the modelled

change in cavity length.

Efficiency and average power were also limited by the pump laser. The 2.5pm
OPO output had a measured linewidth correction factor of 0.85, which indicates that a
further 15% reduction in the SRS threshold is possible through further linewidth nar-
rowing. The pump average power was also six orders of magnitude below the potential
diamond power limits discussed in Chapter 4. High peak and average power holmium
and thulium lasers available near 2 pm generate up to 100 W of average power [45, 237]
and are potential sources to combine with diamond to generate new wavelengths from

2.5 to 2.9 pm with high average power and brightness.

Modelled examples in Figs. 6.6(b), 6.9(b), 6.14 and 6.17 demonstrate that combin-
ing the improvements to loss, cavity length and pump linewidth results in maximum
quantum conversion efficiencies in excess of 40% for both first and second Stokes lasers.
Multiphonon absorption accounts for the remainder of the difference between the quan-
tum conversion efficiencies in excess of 70% demonstrated in the near-IR. While mul-
tiphonon absorption is an unavoidable intrinsic property of the crystal, some concepts

for manipulating the absorption profile are explored in Chapter 7.
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6.6 Chapter Summary

This chapter describes the performance of first and second Stokes mid-IR, DRLs. Both
output wavelengths are the longest demonstrated from a solid State Raman laser.
The first Stokes laser had a tuning range spanning 3.38 pm to 3.80pm and at the
local minima between the two and three phonon absorption features the quantum
conversion efficiency was 22%. The Raman conversion of the pump was actually much
more efficient, with approximately 40% of the Stokes light absorbed in the crystal prior
to exiting the cavity. The output beam quality was near diffraction limited, in contrast
to the pump which had lower beam quality and substantial astigmatism. Modelling
and experiments confirmed that increasing the output coupling fraction lowered the

Stokes absorption and improved performance.

The smaller gg and increased losses at mid-IR wavelengths led to high pump inten-
sities to reach threshold. Damage to the crystal facet limited the maximum permissible

2. As a means to reduce the required pump in-

intensity to approximately 6 GW /cm
tensity to reach threshold, seeding the Stokes output through FWM between the OPO
signal and idler approximately halved thresholds and led to a 50% increase in the Stokes

output.

A second Stokes 7.30 pm DRL was demonstrated, with output pulses of the order
of 1pJ (175W peak power) generated near the facet damage threshold. Modelling
suggests that with reduced Fresnel losses, a shorter cavity, and a SLM pump, a quantum

conversion efficiency in excess of 40% may be possible.

6.6.1 Publications arising from the work in this chapter
Peer reviewed journal articles

Sabella, A., Piper, J. A., and Mildren, R. P., “Diamond Raman laser with contin-
uously tunable output from 3.38 to 3.80 pm”, Optics letters, 39(13), 4037-4040,
(2014).
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Conference presentations

Sabella, A., Piper, J. A., and Mildren, R. P., “Mid-infrared diamond Raman
laser with tuneable output”, at SPIE LASE, San Francisco, USA, (2014). Oral

Presentation
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Strategies for improving mid-IR

performance

The mid-IR DRL quantum conversion efficiencies were considerably less than achieved
in the near-IR (Chapter 4). While reduced gr and increased absorption will always
affect performance, there are opportunities to improve the Stokes output. The crystals
used in the experiments were uncoated rectangular samples, which led to large Fresnel
losses. Brewster cut facets and anti-reflecting microstructures are considered as two
high damage threshold options for reducing loss. Multiphonon absorption is an intrinsic
property of the diamond crystal and therefore impossible to completely remove. It is
however possible to manipulate the absorption profile by changing the isotopic content
and cryogenic cooling. These approaches are examined as means to alter the span and

strength of the absorption, respectively. The previous chapter demonstrated that FWM
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was an effective means to reduce SRS thresholds, but required a specific secondary
pump wavelength. Modelling of an alternative pumping scheme with an arbitrary
second pump wavelength is investigated as a method to reduce the threshold of long

wavelength DRLs.

7.1 Modification of the diamond crystal

7.1.1 (111) Brewster cut crystal

In conjunction with multiphonon absorption, facet reflections are the largest source of
loss (16.7% loss per surface). The high pump intensities required at longer wavelengths
however, are not compatible with traditional AR coatings. Cutting laser crystals with
facets at Brewsters angle is a well-known method for reducing Fresnel losses for a single
polarisation that does not require coating the crystal [133]. The first reported DRL of
substantial efficiency used a Brewster cut crystal that was low loss for [Olﬂ polarised
light [69]. Cutting the diamond crystal such that the low loss polarisation aligns with
an (111) axis will maximise gr and reduce the SRS threshold compared to the [011]
cut crystal.

Figure 7.1(a) compares the cut of the original [Oﬂ] Brewster crystal to one that
is low loss for [llﬂ polarisation. Rotating the crystal 35.3°, whilst maintaining the
same geometric ‘Brewster planes’ defines the revised end facets. Relative to the optical
table, the pump is horizontally polarised in both cases.

Whilst Brewster facets offer broadband low loss, the penalty is that the beam
diameter is expanded by a factor of 2.6 in the p-polarised plane (horizontal plane in
Fig. 7.1(a)). As gain is proportional to intensity in Raman lasers, SRS thresholds
also increase by a factor of 2.6. Figure 7.2 compares the modelled performance of
an uncoated rectangular crystal and a Brewster cut crystal with the ideal case of an
AR coated rectangular crystal. Figures 7.2(a) and 7.2(b) show that for high gain,
low absorption cases, such as in the near-IR, the Brewster crystal offers improved

performance over the uncoated rectangular crystal. For a first Stokes laser, the larger
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threshold penalty is quickly overcome by the higher slope efficiency. For a second Stokes
laser the Brewster crystal is also clearly more favourable. The rapid increase in first
Stokes intensity in the high @ cavity (recall Fig. 4.10) leads to a minimal additional
penalty from the expanded spot size. The uncoated square crystal on the other hand
experiences Fresnel losses at all three wavelengths and performance suffers.

The situation is different in the mid-IR. The higher absorptive losses, coupled with
lower ggr, lead to lasers that cannot be operated as high above threshold before crystal
damage becomes a concern. Pump pulse energies higher than possible with normal
incidence pumping are required to achieve larger pulse energies with a Brewster crystal.
In theory this should be achievable due to the elongated pump spot in the crystal. If
the Bettis-House-Guenther (BHG) scaling law outlined in Chapter 2 holds, the 2.6
times increase in beam area results in v/2.6 = 1.6 times reduction in damage threshold
intensity. Thus the predicted maximum pulse energy for Brewster’s angle under the
current conditions is 1120 pJ.

An 8 mm long, low birefringence crystal with low loss for [HT] polarisation was
manufactured by Element 6. Unfortunately the crystal damaged at less than half the
expected pump intensity, based on the BHG scaling law, and no significant mid-IR
results were obtained. The reason for the lower than expected damage threshold is

unknown and further investigation of the surface condition is required.
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Brewster
planes

FIGURE 7.1: (a) LHS: Original Brewster cut used in [69]. RHS: Enhanced gr Brewster
crystal. The red polarisation arrows are all horizontally polarised with respect to the grey
table plane. (b) Photo of the revised Brewster crystal in an external Raman laser cavity.
Note that the crystal has been highlighted using photo editing software to increase visibility.
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FIGURE 7.2: Modelled first Stokes (LHS) and second Stokes (RHS) DRLs pumped at
1.064 pm (top) and 2.48 pm (bottom). Note that the pump and cavity parameters are different
between the two pump wavelengths. The near-IR, DRL parameters are as used in Chapter 4.
The mid-IR DRL model uses the parameters in Table A.2, with a short 4cm cavity and a

SLM pump.
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7.1.2 Anti-reflecting microstructures

Anti-reflection micro-structures (ARMS) are a technology that offers broadband AR
performance with damage thresholds similar to the bulk material [238]. Figure 7.3(c)
displays the improved transmission for several diamond windows with ARMS surfaces
designed for an incident wavelengths from 8-12pm. Unlike Brewster facets there is no
expansion of the spot size or restrictions on polarisation, and the improved modelled
performance is shown by the blue curves in Fig. 7.2.

Abrupt changes in refractive index are the source of Fresnel reflections as light is
incident on the diamond facet. ARMS surfaces are designed to present a gradual change
in the effective refractive index seen by the light and thus suppress reflections. To avoid
diffraction effects, the period of the structured features must be sub-wavelength, i.e.
p < A/ng, as labelled in Fig. 7.3(a). The height of the features must also be greater
than half the design wavelength (h > A\/2). For optimum performance there should be
a high fill factor of the surface features, and Fig. 7.3(b) shows several commonly used
profiles. Taking the 2.48 pm pumped second Stokes DRL as an example, broadband
AR performance is required from 2.48 pm to 7.3 pm. This requires a feature period less
than 2.48 1m/2.38 = 1.04 pm and feature heights greater than 7.3 um/2 = 3.65 um.

A key benefit of ARMS surfaces is a potentially high damage threshold. The limited
data presented in [238] shows variation in the structured surface damage thresholds of
diamond, ranging from a third to double the untreated surface. More comprehensive
studies of other materials show laser damage thresholds of AR structured surfaces are
comparable to the untreated surface [238].

Difficulty of fabrication is the main drawback of ARMS surfaces. This is particularly
true of diamond, which is difficult to machine or etch. Laser ablation [240], ion beam
milling [241], substrate patterning [242] and plasma etching [243] have all been used
to create AR structures in diamond. Of these, plasma etching appears to be the most
promising for creating large uniform arrays on single crystal diamond facets.

ARMS technology has the capability to benefit DRLs of all wavelengths, not just
the mid-IR, as it provides increased laser damage thresholds, chemical inertness and

scratch resistance, compared to dielectric coatings. The recent commercial availability
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of polycrystalline diamond windows with ARMS surfaces for high power CO, laser
applications is promising for incorporating ARMS technology in future DRLs [244].
Similar microstructured features may also be designed to create photonic band gaps
that act as a filter and reflect certain wavelengths [245, 246]. This approach may be an
option for overcoming the low damage thresholds typical of the thick dielectric coat-
ings used on the mid-IR cavity mirrors. The thickness and number of deposited layers
required for microstructured reflectors is greatly reduced compared to standard dielec-
tric coatings [246]. Initial trials in the visible and near-IR reported damage thresholds
lower than standard thin film coatings [247], but the authors predict improvements by

utilising techniques proven for high damage threshold thing film coatings.

7.1.3 Waveguides

Waveguides have been proposed in the near-IR to reduce thresholds and improve ef-
ficiency of CW DRLs by tightly confining the pump and Stokes field over extended
lengths [67, 248]. Although a CW DRL in a racetrack waveguide structure has been
recently demonstrated at 1.9 pm with a 100 mW pump threshold [67], analysis suggests
that waveguides are unlikely to offer significant benefits in the mid-IR, where intrinsic
absorption losses dictate the minimum waveguide loss and hence limit the cavity Q.
For linear waveguides that have their length limited by the crystal dimensions, facet
damage limits the minimum pump spot diameter, and since the confocal parameter
in Chapter 6 is already longer than typical crystal lengths, linear waveguides provide
little benefit. In the case where pump peak powers are significantly lower, smaller spot
sizes are required and linear waveguides may provide an advantage. As a means to re-
duce the facet intensity, tapered waveguides are a potential path to restrict the highest

intensity to within the bulk crystal, where the damage threshold may be higher.
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b Figure has been removed due
to copyright restrictions

This figure has been removed due to copyright restrictions

(¢)

FIGURE 7.3: (a) Potential AR micro-structure cross section. (b) Overhead and eleva-
tion scanning electron microscope images of AR micro-structures in several optical materials
(diamond is top left). The figure is copied from [238]. (c) Transmission through diamond
windows with AR micro-structures designed for 8-12pm light. The window is only treated

on a single side so the maximum possible transmission is 83.4%. The figure is copied from
[239].
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7.1.4 Carbon-13 crystal

Changing the carbon isotope in the diamond crystal changes the Raman frequency
and hence shifts the multiphonon absorption spectrum to slightly longer wavelengths
249, 250]. There are two stable isotopes of carbon, 2C and '3C. Natural diamond, and
the CVD grown crystals used here, are predominantly 2C based (98.9%). Using "*CH,
methane in the CVD growth process will result in diamond comprised of *C atoms.
The additional nuclear mass from the extra neutron reduces the Raman frequency from
1332cm™! to 1282cm™! (scaled by m~%%). The multiphonon absorption region will
also shift accordingly (see Fig. 7.4), and the absorption minima previously targeted for
Raman lasers will shift from 2.5 pm, 3.75 pm and 7.5 pm to 2.6 pm, 3.9 pm and 7.8 pm,
respectively. The higher atomic mass will also reduce gg, but this is only expected to
be by a few percent, as given by Eq. (2.3)

Using a '3C crystal, an efficient DRL could be operated with minimal absorption
loss out to 2.6 pm. The corresponding pump wavelength of 1.95 pm is also at the peak
of the thulium gain profile [222, 251], facilitating the use of existing high average power
laser technology. A possible application is in the pumping of gain-switched iron doped
chalcogenide lasers, which are attracting interest for generating 4-5pm laser output
[2]. Fe:ZnS and Fe:ZnSe crystals have stronger pump absorption at 2.6 pm compared
to 2.5um [2] and extending the DRL wavelength should improve device efficiency.

7.1.5 Cryogenic cooling

Cryogenic cooling reduces or narrows the multiphonon absorption region in many ma-
terials including related group IV crystals, silicon and germanium [252]. Whilst heating
increases the degree of absorption in diamond, unfortunately the temperature depen-
dence is relatively weak below room temperature [95, 96, 252-254]. Figure 7.5 shows
the variation in multiphonon absorption with temperature for several wavelengths. The
three phonon absorption region is of particular relevance in this thesis and the 3 pum

data points in the lower right of Fig. 7.5 show minimal improvement below 300K.
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Figure has been removed due to copyright restrictions

F1GURE 7.4: : Comparison of the two phonon absorption spectrum of natural diamond
and a diamond with >99% 3C content. The figure is copied from [249)].

Figure hase been removed due to copyright restrictions

FIGURE 7.5: Measured (points) and modelled (lines) of crystal absorption for several fixed
wavelengths with varying temperature. The figure is copied from [253].
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7.2 Coherent Raman mixing

So far, reducing the SRS threshold through FWM in Section 6.3.5 required a second
pump at the anti-Stokes wavelength. Coherent Raman mixing is an approach to reduce
thresholds of first Stokes Raman lasers through FWM, without the requirement for a
specific second pump wavelength, and has been used to overcome the low g of long
wavelength gas Raman lasers [25, 46]. Two Raman lasers operate simultaneously in the
same medium; the first Raman laser is pumped by a shorter wavelength pump (short
pump) and readily generates first Stokes output due to the higher gain. The two shorter
wavelengths mix through FWM with a longer wavelength pump (long pump) to create

a seed at the required output wavelength.

WFWM output — WLong pump — (wShort pump — WShort Stokes)

= WLong pump — WRaman (71)

As the individual pump wavelengths are not important to the mixing process, the
laser used for the short pump can be chosen for convenience, providing it is suitable
for pumping a DRL. Equivalently the long pump can be tuneable and the frequency
mixing will generate photons at the appropriate wavelength.

Figure 7.6 shows a conceptual example to extend the tuning range of an OPO
beyond 7pm. A single Nd:YAG laser pumps both the OPO and the short wavelength
DRL. With all the wavelengths collinear, perfect phase matching is not achieved, but as
discussed in Section 6.3.5, this is not required for significant threshold reductions. One
drawback is the complexity of the cavity mirror and crystal coatings. The 1.240 pm
DRL does not need to be efficient, allowing for the assignment of very loose tolerances
on the coatings. It also would be possible to pump the short and long wavelength
Raman lasers along different optical axes, each having separate optics. In this case,
the effect of the relative propagation directions on the FWM phase matching condition
becomes an additional parameter.

To model coherent Raman mixing requires a slight modification of the electric field

based equations used previously in Section 6.3.5. The main difference is that there
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FIGURE 7.6: Possible layout for a 7.3pym DRL with coherent Raman mixing to reduce
thresholds.

is no Raman relationship between the two shorter wavelengths and the two longer
wavelengths. A second difference is that only non-degenerate FWM is relevant which
changes the phase mismatch parameter, AK, defined below. The adjusted set of

equations becomes

Short A Raman pair

dEl 1.064

dz

dET _ _
d1224 =+g [(|E1 064|2 + |E1.064|2)(Efc.24 + UJSEP(Efom + E7064))

NN < + B
+E 64 Ers(Eiy) e ] — By a0y

= 1 064 [(’E 24’2 + [EY 94 )E1i064 + By 24E§7(E%3)*31AKZ] El 0640‘1 064

Long A Raman pair

dEF . .
d;ﬂ = [(|E73|2 + |E7 5P ES; + By Ef ey (Egy) e } E3 a8,
dEZ ~ _
Wm =+ gv4 [(|E§r7|2 + |Es7 ") (B + 05p(Ef7 + E37))
+E§7E%24(Ef064)*€iAKZ] EZ 30,
AK =ky 64 + k73 — (k37 + k1.24) (7.2)

The modelled performance of a DRL with a configuration similar to Fig. 7.6, for an
uncoated crystal and a crystal with reduced facet reflections is presented in Fig. 7.7.

The greatest benefit is obtained near threshold, as the FWM process diffuses energy
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FIGURE 7.7: Modelled 7.3 pm DRL output energy using coherent Raman mixing for three
secondary 1.064 pm pump levels.

amongst multiple wavelengths, leading to an initial reduction of the 7.3 pm slope effi-
ciency. As the 3.7 um pump is increased, the slope efficiency asymptotically approaches
the single pump case. The utility of coherent Raman mixing will likely depend on the

planned operating point of the laser.

7.3 Chapter Summary

This chapter has considered several strategies for improving the performance of mid-IR
DRLs. With multiphonon absorption a largely unavoidable impediment, the greatest
benefit comes from reducing Fresnel reflections from the facets. Brewster cut facets
provide a broadband reduction in Fresnel loss for a single polarisation and have a high
damage threshold. The main drawback is the threshold penalty from the expanded spot

size. Orientating the facets such that the low loss polarisation aligns with a (111) axis
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optimises gr and mitigates part of the threshold penalty. Etching microstructured fea-
tures on the crystal facet also provides broadband AR performance with high damage
thresholds, but with the advantage of not expanding the spot size in the crystal.

Using the existing diamond samples, strong increases in absorption at 2.5 um and
3.75um hinder or even prevent operation at longer wavelengths. Applications that
require slightly longer wavelength output may benefit from changing the isotope of the
carbon atoms to '3C. The reduction of wg from 1332cm™" to 1282 cm™! shifts the two
and three phonon absorption limits to 3.9 pm and 2.6 pm, respectively.

Waveguides and cryogenic cooling were two other approaches considered as they
have demonstrated benefits at shorter wavelengths and in other materials. Unfortu-
nately the absorption properties of diamond are likely to prevent these techniques from
improving performance in high peak power mid-IR DRLs.

Finally, coherent Raman mixing is investigated as an approach to reduce the thresh-
old of long wavelength DRLs. By introducing an arbitrary second, shorter DRL
pump wavelength, seed photons at a longer Stokes wavelength are generated through
FWM. Modelling demonstrated significant reductions in thresholds for a 7.3 pm first
Stokes DRL, but initial slope efficiencies were reduced due to FWM distributing en-
ergy amongst several wavelengths. The requirement for a secondary pump laser and

challenges associated with cavity optics are drawbacks of this approach.



Conclusion

High optical quality synthetic diamond is a ‘new’ material with an array of exceptional
properties able to extend the capability of Raman lasers. The transmission band,
Raman gain coefficient, Raman frequency and thermal conductivity equal or exceed
alternative nonlinear frequency conversion materials, enabling the generation of new
wavelengths at high power, across a broad spectral range. This thesis describes the
design, characterisation and optimisation of the first efficient infrared DRLs and the
extension of the Stokes output to mid-IR wavelengths. In addition to the laser demon-
strations, the thesis also expands and refines gz measurement techniques, and describes

the first investigation of polarisation effects in DRLs.

The polarisation properties of DRLs were studied in detail in Chapter 3 and consid-
ered the tensor properties of Raman scattering in diamond. Unlike prior experiments

that were restricted by the crystal cut used [69, 70, 121], probing a rectangular crystal
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along a (110) axis allowed the excitation of all three degenerate phonon modes. Mueller
matrix modelling and experimental results demonstrated several important advantages
of understanding DRL polarisation behaviour. Aligning the input polarisation with a
(111) axis increased gr by a factor of 1.33 over (100) or (110) polarised pumping and
thus reduced SRS thresholds by the same factor. Modelling confirmed that alignment
with a (111) axis gives the highest possible gg, over all crystal orientations. Since the
publication of this result, pumping with polarisation aligned to a (111) axis has been
incorporated in many DRL designs [36, 69, 80, 81, 84, 121, 131, 132]. Varying the phase
between the horizontal and vertical components of a (111) polarised pump produces a
series of elliptically polarised states that also experience optimal gain. While not ex-
actly optimal, circularly polarised pumping produces a gz 98% of the maximum and is
compatible with quarter-wave-plate isolators subsequently used in high average power
experiments [81]. In addition to improving the spatial brightness of pump lasers, DRLs
are also able to improve polarisation purity. Pumping with an unpolarised pump laser,
when propagating along a (110) direction, produces linearly polarised Stokes output.
A recent demonstration reported minimal efficiency difference with linearly polarised
pumping [134]. Finally, in progressing DRLs to chip based architectures, the ability to
predict the changing polarisation interactions as the beams propagate around curved

waveguides will be important to optimising designs.

The 1.064pm pumped DRLs in Chapter 4 represent the first reported efficient
infrared DRLs and confirmed diamond as a high performing nonlinear conversion ma-
terial. As both Stokes wavelengths provide a substantial increase in eye-safety over
the pump laser, the results are of interest for converting existing 1 pm laser sources for
lidar and remote sensing applications. The first Stokes laser had quantum limited slope
efficiency and both first and second Stokes lasers demonstrated quantum conversion
efficiencies in excess of 70%, equivalent to prior high performing Raman crystal and
OPO results. The beam qualities were excellent, as expected for the modest output
powers. Scaling the results presented in this thesis to high average output powers,

whilst maintaining high efficiencies and beam quality, is an area where diamond has a
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distinct advantage over alternative materials, and is a future research direction. Simpli-
fied analysis suggests detrimental thermal effects are not expected until output powers
reach the kilowatt level. This is commensurate with the record held by fibre Raman
lasers, but with the advantage of reduced spectral broadening and increased compat-
ibility with high peak powers. Successive research has demonstrated over an order
of magnitude increase in pulsed first and second Stokes output (~20W) [12, 79] and
154 W of CW first Stokes power [81]. Each of these results have reported no evidence
of detrimental thermal effects, in contrast to multi-Watt examples in other Raman
crystals [18, 136, 255].

Having established diamond as an efficient frequency conversion material in the
near-IR, research efforts were directed to the more challenging mid-IR region. There
are very few reports of crystalline Raman lasers operating in the mid-IR due to reducing

gr and the absorption cutoff of many materials.

In extending DRLs to longer wavelengths, the gap between SRS and damage thresh-
olds is decreased. Determining an accurate value of gr for diamond in the mid-IR is
therefore important for modelling and designing mid-IR DRLs. Published values in
the visible and near-IR vary by up to a factor of 5 and extrapolating to the mid-IR
produces similar discrepancies. Chapter 5 refines the existing pump-probe method for
measuring gr and proposes a new technique based on FWM. Prior measurements of gg
in diamond using the pump-probe method employed multi-longitudinal-mode beams
[104, 105]. Modelling and experiments show that such measurements may be suscep-
tible to errors through enhanced gain caused by correlations in the pump and probe
mode structure. Ensuring mismatched pump and probe path lengths and amplifying

the probe by less than ~20% minimises the influence of correlating structure.

A drawback of the pump-probe approach is that accurate knowledge of the spatial,
spectral and temporal properties of the beams is required. The novel FWM approach
to measuring gr circumvents many of these requirements, providing XS) and Awg are
known. The technique based on coherent Stokes Raman spectroscopy (CSRS) only

requires the measurement of the frequency spacing between the maxima and minima

in the CSRS spectrum (or the equivalent anti-Stokes CARS spectrum). While diamond
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is a heavily studied material and several studies of xg’) are available, their values vary

substantially.

The g measured using the pump-probe technique was 25% smaller than the CSRS
value (2.5cm/GW cf. 3.3cm/GW at 2.48 um). Compared to the factor of 5 variation
in gr obtained through extrapolating values at shorter wavelengths, the 25% difference
is relatively minor. Within the uncertainties, the values agree with the semi-empirical
gr dispersion curve of Grimsditch et al. reported in 1981 [74]. Future refinements
to improve the accuracy include performing the pump-probe measurements with SLM

beams and conducting additional measurements of XS).

With assistance from the measured gr values, several mid-DRL designs were mod-
elled in Chapter 6 and tested. The Raman cavities used concentric and hemispheric
architectures to increase the Stokes intensity and overcome the combined challenges
of reduced g¢g, increased absorption, increased diffraction and weak mirror coatings.
Tuning the wavelength of a custom OPO pump, a DRL generated narrow linewidth
tuneable output spanning 3.4-3.8 pm, with the range limited by multiphonon absorp-
tion and cavity coatings. In conjunction with subsequent results at 7.30 pm, they are
the longest wavelengths ever reported from a solid state Raman laser. The combination
of a reduced g, increased absorption and facet reflections led to conversion efficiencies
less than an equivalent near-IR DRL. Analysis of the pump depletion and Stokes out-
put in fact revealed that the conversion of pump to Stokes is actually quite efficient,
but almost half the Stokes is absorbed prior to exiting the Raman cavity. Modelling
indicated that under improved operating conditions, quantum conversion efficiencies
for 3.70 pm Stokes output could exceed 40%. Whilst the efficiency of an optimised
mid-IR DRL is less than an equivalent OPO, a DRL is likely to have beam quality
and linewidth advantages, particularly for high pulse repetition rates, without thermal

degradation.

The OPO laser was an excellent pump source for characterising the performance of
diamond in the mid-IR, but did not take advantage of the average power capability of
diamond. Extending the spectral coverage of existing high power ~2 pm sources, such

as Tm®*" or Ho®™ doped lasers, is a possible future research direction. For example,
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the first Stokes shift of a 2.1 pm Ho:YAG laser is 2.9 pm, which is near the peak of the
water absorption profile and is beneficial for several surgical applications [59].

Advancing the Stokes wavelength beyond the two-phonon absorption enters a novel
and challenging spectral region for solid-state Raman lasers. A maximum recorded
output of ~ 1pJ was demonstrated at 7.30 pm using an uncoated crystal in a second
Stokes cavity. Although the second Stokes wavelength was in a region of low loss,
absorption of the first Stokes and Fresnel losses increased the SRS threshold to an
intensity similar to the crystal facet damage threshold.

Chapter 7 reviews several possible approaches to increasing 7.30 pm output and
improving mid-IR DRL outputs in general. Fresnel reflections represent a large source
of loss, and of the available options to reduce reflections, ARMS surfaces offer the best
outcomes. They provide broadband reductions in reflectivity with high damage thresh-
olds, and unlike Brewster cut facets, there is no SRS threshold increase from expanded
beam spot sizes. ARMS technology is also likely to benefit DRLs at shorter wavelengths
through increased robustness of the facet surface over dielectric coatings. Seeding the
Stokes output is another path to reducing threshold intensities and improving effi-
ciency. The approach demonstrated in Chapter 6 used a second pump wavelength at
the anti-Stokes frequency, but degenerate FWM with an arbitrary shorter wavelength
pump and its first Stokes will also seed a long wavelength DRL. Although modelling
indicated improved 7.30 pm output, increased cavity complexity and the requirement
for a second pump wavelength are limitations of this approach.

In the six years since the commencement of the research for this thesis there have
been great developments in DRL technology. The results presented here, in conjunction
with parallel research, have made it clear that diamond outperforms other materials
in many aspects of Raman laser design. DRLs set the benchmark for average power,
efficiency and spectral coverage in a number of Raman laser categories. In the coming
years average powers will inevitably increase alongside improved capability for incor-
porating the performance demonstrated with bulk diamond into on-chip designs. This
long studied material will continue to capture the imagination of researchers for years

to come.
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Classical stimulated Raman scattering

theory

Raman interactions have been analysed using quantum mechanical, semi-classical and
classical approaches [109]. The classical method derives the key Raman relationships
relevant to this thesis, and is presented in the following section. Steady state con-
ditions are assumed as the experimentally representative pulse widths (4—10ns) are
significantly longer than the decay time of the phonon field in diamond (7 ps) [8]. The
equations define the electric field as E(z,t) = Ee'**=rt) 4 cc.. which follows the
conventions used in textbooks by Boyd [140] and Sutherland [211]. An alternative def-
inition, F(z,t) = Bf2e'**=wP) 1 c.c. used by some authors (e.g. [102, 203]), results in
a factor of four reduction in derived third-order susceptibilities and thus a scale factor

difference for several of the equations derived below.
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A.1 Raman Susceptibility

Linear and nonlinear optical effects may be described by the interaction of the electric
field component of an electromagnetic wave with the charged particles in a material. At
optical frequencies, the oscillations are too fast for the heavy nuclei to follow. However,
the lower mass electrons strongly follow the rapid field oscillations. The displacement of
the electrons induces an electric dipole moment, u(t) = —er(t), where e is the charge of
an electron and r(t) is the displacement. The macroscopic polarisation, P, is obtained
by adding up all N electric dipoles per unit volume and leads to the introduction of

the material susceptibility, x.
P(t) = Nu(t) = eoxE(t) (A1)

In the presence of a sufficiently strong driving electric field, a linear relationship can no
longer be assumed and an accurate description of the polarisation requires the inclusion

of nonlinear electron motions.
Pt)=e¢ XVE@#) + xPE*t) + XPE(t) +...] (A.2)

The first order term, ") , governs linear interactions such as refraction. The higher
order terms describe nonlinear interactions. Second order, x?), effects are responsible
for the nonlinear processes in harmonic generation and OPOs. Y is only non-zero
in non-centrosymmetric materials and therefore not relevant to diamond. Third order
non-linearities, governed by x®), are present in all materials and importantly for this

work include stimulated Raman scattering and four-wave-mixing.

As previously mentioned, the incident light is usually at a much higher frequency
than the natural vibration of the material and thus the nuclei oscillations are not driven
efficiently and the scattering response is very weak. However in the presence of two
light fields with different frequencies, the slower beat frequency may induce a strong
interaction. Perturbations to the nuclei will affect the potential seen by the electrons

and thus the induced polarisation. The effect of nuclear motion on the polarisation
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can be described by
P(t) = Na(t)E(t) (A.3)

where a(t) is the polarisability of the material. The change in polarisability with nuclei
vibration is given by
alt) = a0 + 55Q00) (A4)
where () is a coordinate describing normal modes of vibration. A key requirement
for Raman scattering is that the polarisability changes during the nuclear motion, i.e.
(0a/0Q) # 0. Here (0ar/0Q) is treated as a scalar, but for most crystalline materials,
such as diamond, it is necessary to consider its tensor properties. This is explored in
more depth in Chapter 3.
Describing the motion of the nucleus as a simple harmonic oscillator, with damping

constant Awg, the time varying solution depends on the frequency difference between

the two light fields,
Q(t) = Q(wp — wg)e'thr=hs)z=((wr=ws)t) 4 ¢ . (A.5)

where the amplitude function is

(0a/0Q)

miws, — (wp — wg)? — iAwg(wp — wg)]

Qwp —ws) =

EpE; (A.6)

Substituting the motion of the nucleus back in to Eq. (A.3) via Eq. (A.4) and only
considering the second non-linear polarisation term in Eq. (A.4) we obtain an expression

for the interaction with two light fields

Ja
Q)
X [Epei(kpf“”’t) + Egeitbs—wst) 4 c.c.] (A.7)

PNL(Z’ t) =N [Q(wp — ws)ei((kp—ks)z—(wP—WS)t) + C.C.}

Isolating the Stokes frequency component leaves us with.

_ N(9a/0Q)* T
Plws) = mlwy — (wp — ws)? + iAwg(wp — ws)] ErEpEsc” (4.8)
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We now have an expression in the form of the third order term in Eq. (A.2), P(wg) =
Degx B EyEs. D is a degeneracy factor, which accounts for the number of distinct
permutations of the electric fields. Since we have 3 distinguishable fields: Ep, Fp*

and Eg, D is equal to 6 [140]. We can now define the third order susceptibility due to

Raman interactions,

@ N(90/0Q)’ R
X (ws) = Geom[w? — (wp — wg)? + iAwg(wp — wg)] (A.9)
Near resonance this is approximated by
N(0a/0Q)?
X8 (ws) = (00/0Q) (A.10)

 12epmwg|wr — (wp — wg) + iAwg/2]

The Raman susceptibility is complex and the real and imaginary components are plot-
ted in Fig. A.1. When the beat frequency between the incident pump and Stokes light
is equal to the resonant frequency, the susceptibility is negative imaginary. This leads
to a positive feedback scenario where Stokes light beats with the pump to increase the

vibrations, which then leads to the creation of additional Stokes photons.

— Real
—— Imaginary

o

Susceptibility (m?V?)

O
Frequency Separation (0p-0g)

FI1GURE A.1: Real and imaginary components of the Raman susceptibility.
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A.2 Coupled Raman Intensity Equations

Having defined the Raman susceptibility, the next step is to derive the evolution of the
pump and Stokes beams as they propagate through a material. Setting Eq. (A.8) to

act as the driving term in the wave equation, delivers solutions of the form [140]

dEs Bws  (3) 2
— = ——= Ep|°FE A1l
2 = 20 ) EnPEs (A1)

Using the product rule and I = 2cegn|E|? to convert to intensity® we obtain

d-[S —3w5 (3)
& npnsce Ipl A12
dz  npngc3e m(xp (ws))Ipls ( )

The change in Stokes intensity is proportional to the imaginary component of the

Raman susceptibility. Using Im(z) = 1/2i(x — 2*) with Eq. (A.10)

~ —N(0a/0Q)* Awp/2
 12egmwp  [[wr — (wp — ws)]2 + (Awg/2)?]

Im(x ¥ (ws)) (A.13)

This is a Lorentzian distribution centred at wgrp and with a FWHM equal to Awg.
Substituting into Eq. (A.12) we get
d[g B wSN(aOé/aQ)Q ALUR/Q

— = Ipl A.14
dz — 4dnpnsmewr ([wi — (wp — ws)2 + (Awr/2)4 " s ( )

When the pump and Stokes are resonant with the Raman vibration (wp — wg = wg)

Eq. (A.14) reduces to

% . wSN(8a/8Q)2

dz  4dnpng®meiwrAwr/2

Ipls (A.15)

This allows us to define the Raman gain coefficient,

wsN(0a/0Q)?

R =
2npngc?me3Awrwr

(A.16)

1T = cegn|E)?/2 is used in some publications due to an alternative definition of the electric field.
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and we now have

dlg
—= =grlpl Al
dz gripls ( 7)

which we can solve to obtain the classic expression relating the Raman amplification

of an initial Stokes intensity, I5(0), along a Raman medium with length L.
Is(L) = Is(0)eIr!rL (A.18)

Thus far, we have ignored the pump field and assumed that it remains constant. In
reality, at some point the magnitude of the Stokes wave will be such that the depletion
of the pump becomes significant. Following the same set of steps that were used to

derive the change in Stokes intensity the change in pump intensity is

dl w
TP = —lgRIpIS (Alg)
z Wws

Equations (A.17) and (A.19) form a pair of coupled equations that describe the inter-
action between two wavelengths. In a practical laser there are additional factors that
influence the output behaviour. As the Stokes intensity builds it may reach a level
intense enough to act as a pump in its own right, leading to further coupled equations
describing the energy flow into higher order Stokes wavelengths. In addition, since
phase matching is not required for SRS, both the forward and backwards travelling
beams contribute to the Stokes output and need to be accounted for. Including spon-
taneous Raman scattering is also important for most Raman lasers where there is no
incident Stokes beam to seed the process. Finally, any practical system has sources of
loss, such as absorption or non-ideal mirrors. Introducing these additional factors to
Egs. (A.17) and (A.19), we arrive at the set of coupled intensity equations in Chapter 4
(Eq. (4.1)) that form the basis for much of the modelling conducted. To complement
the description of the modelling in Chapter 4, the following section lists the variables
used, in addition to the conversion factors for using the modelling in the electric field

domain.
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A.3 Modelling parameters

Electric field model

Variable Intensity model
Field conversion

Reflectivity R;
Raman gain coefficient, gr Jr = gr/n
Loss coefficient, «; o =a;/n

Spontaneous scattering
coeflicient, ogp

I = 2C€0n0’E‘2

osp = 0sp/n

F =

E
9r
E
;
E

Osp

I
cegno

[\

R;

9?%060
al/2

Vosp

TABLE A.1: Conversion between intensity and electric field based variables. Note that the
crystal parameters are divided by the refractive index to compensate for the crystal being

modelled in terms of optical path length.
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Variable Symbol  Units  Near-IR model Mid-IR model
Pump wavelength A pm 1.064 2.480
Raman frequency WR cm ™! 1332 1332
Raman gain coefficient - (100) Jr cm/GW 8.5 2.9
Crystal length L cm 6.9 8
Pump linewidth correction n 0.83 0.85
Pump spot diameter pm 120 100
Pump pulse length (FWHM) ns 10 4
Spontaneous scattering rate ogp cm™! 10~13 10713/2
Refractive index - pump np 2.391 2.3824
1% Stokes ng1 2.389 2.3813
2nd Gtokes ngo 2.386 2.3806
15¢ anti-Stokes  nag 2.3839
Absorption - pump ap cm~! 0.003 0.1
1%t Stokes  ag cm™! 0.003 0.72
2nd Stokes g9 cm™! 0.003 0.18
1t anti-Stokes g cm~! 0.003
Facet Loss - pump % 2 17
15 Stokes % 0.4 17
284 Stokes % 1 17
15 anti-Stokes % 17
Grid size dz cm 0.01-0.04 0.01-0.04

TABLE A.2: Baseline variables used in the intensity based DRL modelling.



Tensor form of the third order susceptibility

In the context of Raman lasers, FWM between two or more wavelengths may affect
the laser threshold and Stokes polarisation. FWM also forms the basis for the gg
measurement technique described in Section 5.3. The intensity and polarisation of
the generated light depend on the polarisation of the mixing wavelengths and the

orientation of the crystal, and therefore the tensor form of XS) is required.

The third order polarisation at wy, = ws + w3 + wy is given by

P (ws) = 0D Y Xt~ w1, wa, w3) By (1) B (w2) Bu(ws) (B.1)
jkl
where 1, j, k, [ are the orientation of the polarisations of wy, w1, ws, ws, respectively. D

is a degeneracy factor that takes into account scenarios where wi,ws and ws may be
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representing the same field.

1 all fields indistinguishable
D® =3 two fields indistinguishable

6 all fields distinguishable

Equivalently the nonlinear polarisation can be written in matrix form.

Ey(w1) Ep(w2) Ex(ws)
P& (w) e Xy o Y| | Bo(w) Ea(ws) By (w3)
PP (w)| = €D | Xitoe Xiooy - Xyoes : (B.2)
PP (w) Xe Xy - X Ds| | Ba(wn) Ea(w2) Ey(ws)
_EZ<W1)EZ(C02)EZ<W3)_

where the directions ¢, j, k,[ have been replaced with the coordinates x,y, z that
correspond to the [100], [010] and [001] crystal axes, respectively. In general ng,ll is a

tensor with 81 elements. Due to symmetries in the diamond lattice only 21 are non-zero

and of these only 4 are independent values. Applying

e=x, =x¥, =x¥,

_@3 _ 3 _ 3 _ (3 _ 3 _ 3
f _Xg(/y)zz - ng)yy - ng)mz - sz)zz - X;x)yy - Xg(/y)zz

B B3 6 0 B8 0
9 _Xyzyz - Xzyzy = Xewzz = Xazzz = Xxyxy - wayz

h=x®., =x8 . =x8. =x¥, =x8.=x2, (B.3)

reduces the y® tensor to
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X(3) -

e 000 Ff000Ff0gO0gO0O0O00O0OOSGOO0OO0TAhHOO
0dO0gO00000Ff000eOO0O0FfO0O0000O0SGOHhDO
00AhOODO0gOO0O0000O0AROCOFfO0O0O0TFO0O0O0e

(B.4)

If the four wavelengths are away from resonant features, Kleinmann symmetry
reduces the number of independent values to one.

Example 1: Effective susceptibility calculations

The gr measurements in Section 5.3 require the effective susceptibility for a given

combination of input polarisations and crystal orientations, which is defined as [211].
3
X(ngf = [dlxgrgm):r:z: + dQX:SC??z:)yy + d3X:(E?;/)xy + d4xg/)y:r] (B6)

As an example, aligning all polarisations along the (111) direction gives

Ey(w) | = [ Eylw2)| = |Eylws)| = |Y/v5 (B.7)

where wy = w3 = Wigier and W1 = Wgigna- Substituting Eq. (B.7) into Eq. (B.2) gives

ngg) (w) S_B/Q(X;Sx)zw + 2X§:3;c)yy =+ QXQJ)W + QX;??’J)WU)
P?fs) (W) = oD S_B/Q(Xa(v?;c)m + QXa(v?;c)yy =+ QX;z)wy + 2X§c??’4)yw) (B'S)
Pz(3) (w) 3_3/2(X§c?;c)m + 2Xa(v3;c)yy =+ QXQW + 2X§c?z’/)yw)

From Eq. (B.8) we can see that changes to X;?m will change the ‘length’ of the nonlinear
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polarisation vector by a factor of \/(37%2)2 4 (3-%/2)2 4 (3-%2)2 = /3. Therefore d, =
1/3. Similarly we get dy = d3 = dy = 2/3 for changes to Xg)yy, X%)Iy and ngw.
Following the same approach for different input polarisation combinations gives the

values listed in Table 5.1.

Example 2: Second Stokes DRL polarisation for [100] polarised pumping

The second Stokes DRL in Section 4.3 produced [100] linearly polarised light when
pumped with a [100] polarised pump beam. In this configuration the first Stokes output
is [OIT] polarised and Mueller matrix analysis indicates the second Stokes output is
therefore ‘randomly’ polarised. It is hypothesised that degenerate FWM between the
pump and first Stokes is seeding the second Stokes output.

For degenerate FWM, second Stokes photons are created via wgy = 2wg; — wp,
which gives wy = wge, Wy = w3 = wg; and w; = —wp in Eq. (B.1). With respect to the
standard cubic basis vectors, the corresponding normalised electric field vectors for a

[100] polarised pump and [01T] polarised first Stokes are

B (ws) Ey(ws) 0 Ey(wr) 1
Ey(w)| = | Eyws) | = | V/v2 Ey(w)| = [0 (B.9)
E.(ws)| [ E:(ws) —/vz E.(w)] [0
Substituting Eq. (B.9) and Eq. (B.4) into Eq. (B.2) we get
0.5f + 0.5f
PP (wy) = 3¢ 0 (B.10)
0

The generated light is polarised in the [100] direction and thus seeds the second

Stokes laser to operate on this polarisation.



OPO development

Underpinning the experiments in Chapters 5 and 6 was a custom OPO laser, designed to
produce tuneable narrow-linewidth output near 2.5pm. For most of the experiments
the idler wavelength was set to 2.48 pm, so that the signal wavelength was at the

diamond anti-Stokes wavelength of 1.86 pm.

Obtaining the desired pulse energy (~ 1mJ) was straightforward, and the main
challenge was restricting the linewidth to less than 1cm™!. The linewidth of an OPO
depends on many factors including dispersion and reflection properties of the cavity,
spectral bandwidth of the crystal, in addition to the linewidth, pulse duration and
divergence properties of the pump [217]. Obtaining narrow spectral output from a
relatively broad pump is possible for the resonant wavelength in a singly-resonant-OPQO.
However the non-resonant wavelength will have a broader linewidth approximated by

the spectral convolution of the pump and resonant wavelength. Given that the 1.064 pm

185



186 OPO DEVELOPMENT

pump laser had a linewidth of approximately 1cm™! it is important that the OPO
resonate at 2.48 pm to ensure it is the wavelength with the narrower linewidth.

The OPO cavities constructed were plane-plane with a diffraction grating acting as
a linewidth narrowing element. Both Littrow and Littman-Metcalf architectures were
investigated (see Fig. C.1) and used a blazed 600 lines/mm grating (Thorlabs GR25-
0616). The AR coated KTP crystal was 10 x 10 x 20mm and was cut at 57° to the
crystal axis for type Il phase matching at 2.46 pm. To operate at 2.48 pm the crystal
was rotated ~0.4° from normal. As Fig. C.2 shows, the crystal could also have been
cut at 47.6° to obtain the same wavelength combination. A 57° cut was chosen as it
had an increased nonlinear coefficient (2.79 c.f. 2.4pV/m) and reduced gain bandwidth
(16 c.f. 29 em™" - em), to reduce thresholds and encourage narrow linewidth operation,
respectively. The output coupling mirror was HR at 1.064um and 67% reflective at
2.48 um. To protect the diffraction grating from the pump intensity a dichroic mirror

was used at 45° to reflect the pump light, and pass the p-polarised idler with low loss.

R=10%

Nd:YAG, 500 mJ, 7ns, 10 Hz

Thin Film
Polariser

HR 1.064
65%R 2.48

— s - - - - = = =

1.064 umin
HR 1.064 Diamond
65%R 2.48

FicUure C.1: 1.064 pm pumped Littman-Metcalf and Littrow OPO designs.
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FiGure C.2: Angular tuning curve for KTP with Type II phase matching in the XZ
principal plane. The 1.064 pm pump and the signal are parallel polarised, while the idler is
perpendicular.

The pump laser for the OPO was a Surelite Nd:YAG laser capable of delivering
500mJ, 7ns pulses at 10Hz. A dichroic mirror diverted approximately 10% of the
pulse energy, which was sufficient to obtain several millijoules of output from the OPO.
The linewidth of the Nd:YAG laser was measured to be approximately 1cm™! and the
M? was 2 in both axes. A waveplate and a thin film polariser were used to control
the pulse energy incident on the OPO. This was followed by a 5x telescope to reduce
the diameter of the beam to 1.2mm, prior to directing the laser into the OPO (see
Fig. C.1).

An Acton 2500 monochromator with a 600 lines/mm grating was used to measure
the OPO linewidths. Imaging the dispersed output on a Pyrocam III camera gave
pulse-by-pulse linewidth measurements, while higher resolution averaged readings were
taken with a detector behind 20 pm slits. The resolution limit of the Pyrocam and
slit based detector methods was 0.53 cm™! and 0.29 cm~! FWHM, respectively, when
measured using a single longitudinal mode fibre laser at 2.1 pm. The narrowest idler
linewidth measured (slit detection) had a FWHM of 0.43cm™!. If both the instrument

profile and measured profile are assumed to be Gaussian, the deconvolved linewidth is
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0.32cm™!. A change in linewidth from 0.32cm™! to 0.43 cm™! results in a 5% change
in the calculated effective g for diamond (Eq. (5.5) in Chapter 5). The non-resonant
OPO signal linewidths were broader and thus the uncertainties in measurement were
lower. Given the small impact on the final results, the data presented in this section

is uncorrected for the influence of the measurement system.

The OPO evolved through several designs to achieve the required laser parameters.
Initially a broadband silver rear mirror provided a performance reference and assisted
with optimising the alignment of the cavity elements. Once the cavity was aligned,
the broadband mirror was replaced with a diffraction grating in the Littrow configura-
tion (Fig. C.1). The pulse energies and linewidths are shown in Figs. C.3(a) and C.4.
Although the linewidth narrowed significantly, it was still broader than desired. In
particular the idler spectra often contained two peaks, separated by approximately
lem™!. A possible source of the dual peak output is Fabry-Perot effects in the output
coupler, the second side of which was uncoated. To suppress the second peak a spare
I mm thick diamond crystal was used as an etalon. The 2cm™! free spectral range
conveniently placed a transmission minima on the second peak, suppressing the ma-
jority of its intensity, as shown in Fig. C.4(b). The FWHM measured linewidth was

0.6-0.8 cm ™!, with a small remnant of the second peak still present.

Whilst the OPO could now be operated with the desired characteristics, it was an
impractical source. Any tuning of the wavelength required adjustment of the KTP
crystal, the diffraction grating and the diamond etalon. In addition the stability of the
single peak operation was poor, particularly at higher pump powers. The etalon had

to be continually adjusted to suppress the second peak.

To improve the stability of the linewidth, the OPO cavity was changed to a Litmann-
Metcalf configuration. With the light now striking the grating at grazing incidence the
number of lines illuminated, and hence spectral selectivity, is enhanced. In addition
the resonated light diffracts off the grating twice per round trip, further narrowing
the linewidth. Whilst grating angle in the Littrow configuration is fixed (for a given
wavelength), in the Littmann-Metcalf design there is some flexibility in the grating

angle. Using a shallower angle of incidence on the grating will, up to the limit of the
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FIGURE C.3: (a) Signal (1.864pm) and idler (2.480pum) pulse energies for three OPO
cavity configurations. Note that the Littrow results presented do not include the etalon. b)
M? measurement for the signal and idler in the Littman-Metcalf cavity.

physical grating size, decrease the linewidth of the output, but at the expense of higher
thresholds. An incident angle of 80° resulted in a good balance between linewidth
and pulse energy. The measured FWHM linewidth at 2.48 pm was approximately
0.6cm™!, which was similar to the Littrow case with an ideally aligned etalon. The
main advantage was the increased spectral stability. Figure C.5 shows the improved
pulse to pulse linewidth stability, for a small sample of 9 consecutive pulses. The long-
term stability was also greatly improved, with the Littmann-Metcalf cavity able to
operate for long periods without the need to constantly readjust the OPO alignment.

The beam quality of the signal and idler was 1.7 and 2.5 times diffraction limited,
respectively, similar to the 1.064 pm pump (Fig. C.3(b)).
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F1aure C.4: Sample measurements of the spectral profiles of the (a) signal and (b) idler
for four OPO cavity configurations. Idler pulse energy is approximately 1mJ.
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FicUure C.5: Effective gr for 9 consecutive pulses for three OPO cavity configurations.
The values are normalised to the SLM pump case. Calculations are performed using Eq. (5.5)
in Chapter 5.
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