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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

OPTICAL COOLING OF SOLIDS AND LAGUERRE-GAUSSIAN
MODE GENERATION

by Kristian Philip Thaller

This thesis covers two areas of laser physics: optical cooling of rare-earth-
doped solids by anti-Stokes fluorescence and the generation of pure
Laguerre-Gaussian laser modes using a ring-shaped pump beam.

A novel laser-based approach to determining local variations in the
temperature of transparent samples is developed. This technique is based on
monitoring the frequency-shift of the axial modes of a simple, diode-pumped
solid-state laser resonator in which the sample is placed. A theoretical
resolution of <4.5mK is calculated for a perfectly isolated probe resonator.
The technique is validated by comparison to thermocouple measurements of
a control sample. The advantages of this diagnostic technique have been
demonstrated for the discrimination of local optical cooling from parasitic
heating effects. Local cooling of 1.4%£0.1K has for the first time been
observed in Yb3*:CaF, using this measurement technique.

During the course of the optical cooling experiments regular pulse packets
have been observed for sustained self-pulsing in a fibre laser operating
significantly above the lasing threshold. This regular pulsing behaviour is
observed to break down to irregular pulsing behaviour close to threshold.
Extending the resonator length has been demonstrated as a technique for the
suppression of self-pulsing.

A hollow-core-fibre beam-shaping technique has been developed to
selectively generate pure Laguerre-Gaussian laser modes. An astigmatic
mode-converter analysis of these modes has proven that an axial mode
cannot simultaneously possess both senses of azimuthal phase. The sense of
the azimuthal phase has been observed to flip around the peak of the gain
spectrum.
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Introduction

In the rapid generation of cryogenic gases, the delicate manipulation of biological
molecules, vibrationless experiments and micromachining: science and engineering
advance hand-in-hand, opening paths to new understanding and next generation
technologies. This work is divided into two parts that apply laser physics in very
different ways to make separate contributions to scientific knowledge and the future
of technology.

Part 1 of this thesis covers optical (laser) cooling of rare-earth-doped solids by
anti-Stokes fluorescence. This is the principle that a sample that is optically pumped
above its mean fluorescence wavelength will radiate more energy than it absorbs, the
difference coming from thermal lattice vibrations. The motivation for developing a
novel temperature measurement technique to allow the spatial investigation of
optical cooling in a crystal is explained. Existing research in the field of optical
cooling is reviewed and the theory derived for the Yb**:YAG and Yb®**:CaF, samples
used in this work. To enable cooling experiments and open avenues of future
research, a tuneable Yb-doped fibre laser was developed for operation at
wavelengths below the 1.02pum mean fluorescence wavelength of Yb**:YAG. During
this design process interesting self-pulsing features were observed. A method for the
suppression of self-pulsing was validated. A novel laser-based temperature
measurement technique enabling the identification of local cooling in solids was then
developed. This employs a Fabry-Pérot interferometer to monitor a shift in the
longitudinal modes of a bulk laser inside which is placed the sample. A theoretical
resolution of <4.5mK is calculated for a perfectly isolated probe resonator. The
usefulness of this approach was demonstrated with the first reported observation of
local optical cooling by 0.15+0.05K from the initial temperature and 1.4+0.1K
relative to the bulk sample temperature in an Yb*:CaF, sample. A spatial

investigation of the optical cooling effect in this Yb**:CaF, crystal highlighted the

1



difficulties encountered when optically cooling solids and the advantages that the

developed temperature measurement technique can offer were thus proven.

Part 2 of this thesis covers a novel beam-shaping technique for selective intracavity
generation of pure Laguerre-Gaussian laser modes. Existing methods for generating
Laguerre-Gaussian modes are reviewed. The theory is derived for controlling the
overlap of a ring-shaped pump beam to select individual modes. The singularity at
the centre of a Laguerre-Gaussian mode is due to a 2zl phase shift around the beam,
where | is an integer describing the mode order. Thus the Poynting vector in a
Laguerre-Gaussian beam spirals around the axis of propagation with either a
left-handed or right-handed sense. This azimuthal ‘sense of phase’ was investigated
for a generated LGo; mode by means of a purpose-built astigmatic mode-converter. It
was observed in this work that the sense of phase was opposite on different sides of

the gain spectrum.

This thesis ends with a brief conclusion that summarizes both aspects of this work.
The combined contributions of the novel techniques for temperature measurement
and Laguerre-Gaussian mode generation open new avenues of scientific research and

technological development.
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Chapter 1

Introduction to Optical Cooling

Section 1.1 of this chapter discusses the motivation for studying optical cooling in
rare-earth-doped solids and the reasons for developing a laser-based technique for
temperature measurement along an arbitrary path within in a transparent sample are
outlined. Section 1.2 summarizes the aims of Part 1 of this thesis and Section 1.3
outlines its structure. Section 1.4 reviews the historical background to optical cooling

and recent advances in this field.

1.1 Motivation

Climate change is one of the greatest current threats to the survival of humanity. The
damage to our ecosystem is being accelerated by ever increasing quantities of carbon
dioxide that are released into the atmosphere, not least by slow and inefficient
processes for producing and maintaining liquefied gases. Rapid optical cooling by
anti-Stokes fluorescence (laser induced refrigeration) has recently allowed a decrease
in temperature to 155K from ambient to be realized [1]. Reliable optical cryocoolers
could reach cryogenic temperatures over short enough timescales to allow
experimental set-ups and super-cooled devices to be shut down without wastage of
the coolant fluid whenever they were not in use. Although this approach would never
be economically or ecologically viable for home refrigeration units, the energy that
could be saved in attaining cryogenic temperatures could make a valuable

contribution towards the preservation of our world.

Apart from such ‘real world” applications, the performance characteristics of optical

cryocoolers could also indirectly contribute to other scientific advances. As
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non-vibrational, rapid refrigeration devices they may be applied in a wide variety of

experiments requiring noise-minimized fine temperature control.

New record temperatures are constantly being set in the field of optical cooling of
rare-earth-doped crystals, however the sample specific cooling effect is not reliable
enough to become a commercially viable technique. The main stumbling block still
facing the optical cooling community is the sourcing of samples that are of suitably
high purity and quality to avoid parasitic heating effects. A simple technique that can
spatially discriminate any optical cooling effect within a crystal from variations in
the ambient temperature and fluorescence reabsorption would be an indispensable

tool for initial crystal selection.

1.2 Part1 Aims

No experiments for improving the optical cooling power can be performed unless
rare-earth-doped crystals that exhibit cooling are first identified. Rare-earth-doped
crystals are known to be highly sensitive to impurities and defects; different parts of
a single crystal may not respond in the same way to pumping. The aim of this work
was to develop a simple, robust temperature measurement technique that could
discriminate optical cooling from parasitic heating effects by investigating spatial

variations in the cooling effect.

1.3 Part 1 Outline

The background and theory to optical cooling is covered in two parts.

Section 1.4 begins the discussion of optical cooling with a review of the historical
background to the field. Recent advances in cooling rare-earth-doped crystals are

summarized and the method is placed in context with other refrigeration techniques.
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Chapter 2 of this thesis discusses the basic theory of optical cooling by anti-Stokes
fluorescence, including the fundamental and practical limits to the technique. The
two Yb-doped host crystals investigated in this work — Yb**:YAG and Yb*":CaF, —
are evaluated spectroscopically as cooling candidates. Chapter 2 concludes by
considering the parasitic heating effects of fluorescence reabsorption and

nonradiative decay.
The experimental component of this work is divided into three parts.

Chapter 3 covers the development of pump sources that are suitable for optical
cooling applications both in the context of this work and for future research. During
the course of this work an insight was also gained into the poorly understood
phenomenon of self-pulsing in fibre lasers. The discussion in Chapter 3 identifies a
distinctive ‘pulse packet’ as a characteristic feature of sustained self-pulsing in the

fibre lasers used in this work.

Chapter 4 covers the design, development and validation of the laser-based
thermometer that formed the central aim of this project. Alternative laser-based
approaches to temperature measurement are discussed and an empirical comparison

to photothermal deflection presented.

Chapter 5 reports the investigation of optical cooling in Yb*:YAG and Yb**:CaF
samples. The practicality and usefulness of the developed temperature measurement
technique is clearly demonstrated in a spatial investigation of cooling in Yb*":CaF.
No significant net cooling was measured, but this work does present the first report
of local cooling in an Yb*":CaF, crystal by 0.15+0.05K from the initial temperature

and 1.4+0.1K relative to the bulk sample temperature.

Chapter 6 concludes Part 1 with a review of the benefits that the temperature
measurement technique developed in this work brings to the measurement of optical
cooling. The conclusions that may be drawn from this work are discussed and

potential avenues of future research outlined.
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1.4 Background to Optical Cooling

This section reviews the field of optical cooling by anti-Stokes fluorescence. It is
important to note that this laser-based cooling technique should not to be confused
with laser-Doppler cooling (see Section 1.4.3). Recent advances in optical cooling of
rare-earth-doped crystals are placed in context with other established refrigeration

techniques.

1.4.1 Historical Background

Shortly after the discovery by Raman & Krishnan in 1928 that scattered light
contains lines of lower (Stokes) and higher (anti-Stokes [2]) frequencies than the
incident light [3], Pringsheim first postulated a theory of optical cooling in sodium
vapour [4]. He proposed pumping the 1°Sy, — 22Py, transition (D line) using the
filtered D; 0.5896um transition from a separate sodium lamp source. The pressure of
the vapour would be kept low enough to ensure that nonradiative decay processes
were minimized while remaining sufficient to allow thermalization of the 2°Py, and
2°Py, energy levels. Decay would predominantly be fluorescence on the
22P3, —> 1Sy, transition (D2 line) at the shorter wavelength of 0.5890um.
Pringsheim’s groundbreaking theory extended Raman & Krishnan’s observations to
a pumped system, but faced much controversy. While it was accepted that individual
photons could be anti-Stokes shifted due to atomic thermal energy, there was
disagreement as to whether the average scattered/emitted energy could be greater
than the pump energy. Pringsheim argued that as the cooling system is not closed
(there is a pump source doing work) cooling of the gas does not violate the Second
Law of Thermodynamics. The prevalent opposing view was that for the conservation
of entropy on a macroscopic scale, any anti-Stokes emission has to be balanced by

Stokes-emission and thus a net cooling effect could not occur.

A direct public challenge to Prinsgheim’s position did not appear until the end of

the Second World War when in the space of one year a quartet of papers were
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published on the ‘thermodynamics of the photoluminescence yield’ (ratio of the
fluorescent energy to the pump energy). In 1945 Vavilov [5] argued that an
excitation-fluorescence cycle had to be reversible. If the energy yield were greater
than unity, when operated in reverse there would be complete transfer of heat into
work. Pringsheim immediately responded [6] to Vavilov’s case by arguing that as a
unidirectional monochromatic pump beam is being converted into isotropic broad-
band fluorescence, the process cannot be reversible. In his 1945 paper Pringsheim
also briefly outlined the fundamental conditions required for cooling, namely that the
system must have sufficient time to reach thermal equilibrium (short thermalization
timescale) and that the quantum efficiency® should be as close to unity as possible.
Vavilov countered [7] Pringsheim’s defence by citing an apparatus designed in 1743
that could collect and re-collimate fluorescence (converting it back into a
unidirectional beam as is the pump). In his rebuttal Vavilov also described an optical
cooling experiment that included both a Stokes-shifting sample and an anti-Stokes
shifting sample in the same cavity. His analysis of this system was that there would
be work-free transfer of energy from the hotter to the colder reservoir, again in
violation of Carnot’s theorem. Later in 1946 Landau finally presented a sound
thermodynamic proof that the photoluminescence energy yield can exceed unity [8].
Integrating over the spectral range and solid angle for a photon gas described using
Bose statistics, he showed in terms of an ‘effective (pump) temperature’ that the
cooling effect is proportional to the difference in mean energy between the pump and
the fluorescence. Although Landau (and subsequently Vavilov) dismissed this effect
as being insignificant, it nevertheless proved that optical cooling was theoretically

possible.

At this time the absence of sources for pumping atoms at reasonable powers above
their mean fluorescence wavelength prevented any substantial progress in the field of
optical cooling. The experiments with sodium and iodine vapours proposed by
Pringsheim [4, 6] were, however, refined by Kastler [9] who in 1950 proposed the
use of an inert ‘buffer’ gas such as helium or argon to minimize ‘collisional
quenching’ (nonradiative decay) and the thermalization timescales. Practical

constraints meant that Kastler never performed these experiments and even

! Not to be confused with the photoluminescent/fluorescent energy yield.
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concluded his theoretical work by saying, “this effect is likely to remain a scientific
curiosity rather than a practical technique for obtaining low temperatures.” The
revolutionary advent of the laser in 1959, however, meant that all that was about to

change.

In the interim, the absence of adequate optical pump sources led to scientific
interest turning to the use of electroluminescence for cooling. First observed during
the early 1950s [10-12], electroluminescence cooling is theoretically very similar to
optical cooling by anti-Stokes fluorescence. In 1953 Lehovec noticed that the
shortest wavelength photons emitted by a semiconductor exceeded the applied
electrical energy [13] and proposed that this is due to the withdrawal of internal
(thermal) energy from the lattice. In 1957 Tauc developed this idea, discussing the
possibility of harnessing the phenomenon to achieve luminescence cooling in a
semiconductor [14]. Dousmanis et al. subsequently proved experimentally that the
average electroluminescent photon energy from a GaAs diode can exceed the energy

supplied by the bias voltage [15].

The similarity between electroluminescence and photoluminescence was first
recognized by Weinstein who in 1960 published a generalized approach to the
thermodynamic issue of converting heat to light [16]. The theory continued to be
developed and in 1961 Yatsiv presented the definitive prototypical optical cooling
cycle for solid-state cooling [17] based on a rate-equation analysis for Gd**. As early
as 1959 Scovil & Schulz-DuBois had discussed the theoretical limiting factors to
cooling in a 3-level system [18]. This analysis was taken further by Kafri & Levine
who in 1974 emphasized entropy considerations in this model and the benefits of
4-level over 3-level systems [19]. More recently the theory has been developed in the

context of high intensity pumping by Geva & Kosloff [20] and Palao et al. [21].

In the years following the successful demonstration and rapid development of the
laser, attention shifted back to using anti-Stokes fluorescence for cooling. A range of
experiments were designed using available lasers for the cooling of heteronuclear
diatomic gases such as carbon monoxide [22-24], organic dye solutions and
rare-earth-doped crystals. By 1968 Kushida & Geusic had demonstrated the potential

for optical cooling achieving ‘reduced heating’ in a Nd:YAG crystal placed within a
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Nd:YAG laser cavity [25]. In this experiment a 0.1inch x 2inch Nd:YAG rod was
supported in vacuo on three needles to minimize thermal contact with the
surroundings. The temperature was measured using a thermocouple and compared to
the temperature measured in an undoped YAG rod. The authors attributed their
inability to achieve cooling to sample impurities. Although not noted as a cause by
the authors, the vacuum chamber in this experiment was gold plated and fluorescence
trapping probably contributed a significant heating effect. Although not reported by
the authors this may have been the cause of the heating. In 1981 Djeu & Whitney
finally tested a scheme for pumping carbon dioxide that achieved cooling of 1K from
600K [26]. In this experiment a mixture of CO, (partial pressure 64mtorr) and buffer
xenon (partial pressure 0.2mtorr) gas was placed in a sample cylinder whose walls
were maintained at 600K. The walls of the cylinder were a matt black to prevent
trapping of the fluorescence. A 300W CO, pump laser was used to excite the gas on
the 10.6um 100 — 001 vibrational combination transition. Decay was then on the
43um 001 — 000 transition. This was the first reported observation of optical
cooling. Despite this achievement and later reports of microwatt-level cooling in
rhodime 6G dye solutions [27, 28], the field of optical cooling did not really advance
until optical cooling of Yb**-doped glass was reported by Epstein et al. in 1995 [29].

1.4.2 Optical Cooling of Rare-Earth-Doped Solids

The use of rare-earth-doped crystals for optical cooling was first proposed by Kastler
in 1950 [9]. He suggested that a rare-earth-doped salt crystal could be pumped in the
anti-Stokes region to achieve cooling. The principle advantage of rare-earth dopants
— specifically the lanthanide series — is that they have optically active 4f levels that

are shielded from other atoms by filled outer 5s and 5p shells.

In the Yb*":YAG and Yb*":CaF, crystals used in this work, one electron from the
6s” level and another from either the 5d or 4f level bond with neighbouring oxygen or
fluorine atoms. Normally a single 4f electron is involved in the bonding and the
dopant ions have a 3+ electric charge. It is possible, however, to have other bonds for

which the ions have a 2+ or 4+ charge. This can lead to parasitic heating effects. The
11
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result of 4f level bonding is that the 5s and 5p outer shells remain filled, thus
decreasing the probability of the atom interacting with the lattice. This reduces the
potential for multiphonon nonradiative decay. Importantly the spherical symmetry of
the filled outer shells means that they do not have a significant impact on the
optically active 4f electrons. As the optical transitions occur within a manifold, there
are narrow spectral lines corresponding to Stark split sublevels. The result is a higher
pump absorption than could be achieved with other dopants. These three properties

make rare-earth-dopants ideal for optical cooling applications.

Apart from the single report of reduced heating by Kushida & Geusic [25], no
progress was made in the optical cooling of rare-earth-doped solids until Epstein et
al. reported cooling of 0.3K in a 2.5x2.5x6.9 mm® 1%-doped Yb*":ZBLANP glass
sample in 1995 [29]. The sample was cooled in vacuo from room temperature using a
tuneable Ti:sapphire pump source and the temperature measured using spectral
imaging of gold foil in thermal contact with the sample. Edwards et al. improved on
this work achieving cooling of 48K from room temperature [30]. In wavelength-
controlled experiments they pumped a 12mm x 10mm Yb*":ZBLAN cylinder using a
Ti:sapphire laser. Cooling of 48K was achieved with 1.6W of 1.030um. The
experiment was performed in a vacuum chamber coated for high fluorescence
absorption and low thermal emissivity to minimize parasitic heating. Mungan et al.
extended the work reported in [29] to a fibre sample geometry. This geometry
increased pump absorption and with 770mW of 1.015um pump cooling of 16K from
298K in a 1%-doped Yb*:ZBLAN fibre was reported [31]. Increasing the pump
power to 1360mW in a similar experimental set-up, Luo et al. improved on these
results achieving cooling in a Yb**:ZBLAN fibre of 21K [32]. Employing a high
reflector to double pass the substantial residual pump light through the fibre and
reducing thermal contact by use of fibre supports, Gosnell measured a temperature
drop of 65K from room temperature using a thermocouple [33]. This demonstrated
the importance of isolating the cooling sample when performing low power cooling
experiments. In his paper Gosnell reported that the external heat load is the only
limiting factor in this case. Although only achieving a temperature drop of 13K using
0.85W of 1.015um pump, the work done by Rayner et al. [34] confirms the above
findings of the team at Los Alamos National Laboratory (LANL) into the optical
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cooling of Yb**:ZBLAN(P). At LANL Thiede et al. since demonstrated the record
reported cooling for Yb**:ZBLAN of 88K in from room temperature [35]. In this
experiment a 2%-doped 12mm x 10mm cylinder was pumped with ~10W of
1.026um light and monitored using a thermocouple. The sample was pumped for one
hour before reaching its minimum equilibrium temperature. An alternative pump
scheme has been reported by Heeg et al. [36] who used intracavity pumping to cool
Yb*:ZBLAN by 6K. This experiment involved the use of a rectangular sample
placed inside an Yb**:KYW bulk laser cavity operating at 1.039um. Yb**:ZBLAN(P)
has been the most widely used cooling material to date and holds the distinction of

having been the cooling medium in the first optical refrigerator [37].

In the lpm-regime attention has shifted from Yb*'-doped glasses to crystals.
Yb*":YLF has recently been used by Seletskiy et al. as the cooling sample in record
cooling to a temperature of 155K [1, 38]. A theoretical analysis shows that by
increasing the absorbed pump power at 1.020um it is theoretically possible to reach
temperatures as low as 100K using their set-up [39]. Yb**:YLF has also been used to
build an optical refrigerator for cooling a semiconductor sample to 165K [40]. It
should be noted that the semiconductor sample in this experiment had a thickness of
only 2um and thus the practical application of this optical refrigerator has not been

proven.

The experiments reviewed in this section focus on achieving cooling for the
ultimate objective of building optical refrigeration devices. Another application is to
offset heat generation in lasers thereby mitigating the thermal degradation effects
discussed in Section 1.2.4. This was first considered by Bowman [41] and has since
been discussed in a more practical context by Nemova & Kashyap [42] who propose

co-doping a fibre with separate lasing (Yb*") and cooling (Tm**) rare-earth ions.

A range of other Yb* -doped glasses and crystals have been investigated for
cooling [43-46] and a substantial body of work discusses the difficulties in finding
suitable samples [34, 47, 48]. In cases when optical cooling is identified in a sample
it is often observed only as a local effect and net temperature decreases are not
reported [44, 46, 49].
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Although Yb*'-doped solids have been the most widely investigated due to the
ready availability of pump sources and diagnostic equipment in the 1um-regime, the
benefits of other rare-earth-dopants have also been studied. Fernandez et al. have
demonstrated cooling of 0.7K in Er®*-doped KPb,Cls crystal and 0.5K in
Er¥:CNBZn glass [50]. The authors account for their discrepancy between the
empirical and theoretical cooling powers by the reabsorption of fluorescence in the
sample and upconversion effects that are more pronounced than for Yb®*. Also in the
1.5um-regime Nemova & Kashyup have presented detailed theoretical models for
the cooling of Er**-doped solids [51]. They do not discuss the role of impurity
reabsorption. In the 2um-regime Tm>*:ZBLANP glass has been cooled by over 30K
[52, 53] and Tm3":BaY,Fg has been used to measure cooling of 3.2K [54, 55].

1.4.3 Context of Optical Cooling

The successful optical cooling experiments reviewed in Section 1.4.2 above are all
performed in vacuo to avoid convective heating effects and the two reported
refrigerators [37, 39] use very thin samples to prevent fluorescence heating of the
samples dominating the cooling effect. Thus optical cooling does not currently have
practical applications as a refrigeration technique. To assess the potential benefits
that an optical refrigerator could provide, this section compares qualitatively the
cooling powers and minimum temperatures that can be attained by optically cooling
samples to other refrigeration techniques. The distinction between laser cooling by

anti-Stokes fluorescence and laser-Doppler cooling is clarified.

The most widely used method of refrigeration is the Joule-Thomson process
(sometimes known as the Joule-Kelvin process) [56]. This involves applying work to
force a gas through a valve from a region of small to large volume. As the gas
expands to fill the volume it cools and, provided that the system is isolated, the net
temperature of the gas will decrease. Repeating this process leads to an incremental
cooling cycle. The minimum temperature that can be achieved using the
Joule-Thomson process is theoretically limited only by the Third Law of

Thermodynamics.
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The other common refrigeration technique uses the thermoelectric effect, more
specifically the Peltier effect. If a voltage is applied across the junction of two
different conductors, the charge carriers will transfer thermal energy from one
material to the other in an attempt to re-establish equilibrium. This results in the
continuous transfer of heat from one surface to the other, the flow of which will
depend on direction of the voltage applied. The maximum temperature change that
can be achieved using a Peltier controller is limited (depending on the specific

design) to approximately +80K [57].

The principal drawbacks of the Joule-Thomson process are its slow and mechanical
nature. The temperature of such a refrigerator cannot be rapidly adjusted and
vibrations due to the active components can seriously impact on sensitive scientific
experiments. The current solution is to use semiconductor Peltier coolers for such
applications. Although these offer rapid, controllable, non-vibrational cooling, the
achievable temperature changes are limited. Optical refrigerators would offer all the
advantages of Peltier coolers, but with the added benefit that they cover a much
broader temperature range. The theoretical analysis presented in Chapter 2 shows,
however, that while cryogenic temperatures may be reached with an optical
refrigerator, the fundamental cooling limit is not governed by the Third Law of
Thermodynamics. Thus for reaching ultra-low temperatures the Joule-Thomson
process and related regenerative/recuperative cycles are the only available

refrigeration techniques.

The term ‘laser cooling’ is most commonly applied to the technique of
laser-Doppler cooling of gases [58]. This uses a pump beam that is slightly offset
from the absorption line of the cooling atoms. The offset is adjusted such that the
Doppler-shifted wavelength for atoms travelling towards the pump beam is then
matched to the absorption line. Thus only atoms moving directly towards the pump
beam will experience photon absorption and momentum transfer. The result is a
gradual decrease in the momentum/energy of the atoms and the gas will cool. In
‘optical cooling’ as covered in this thesis, fluorescence removes energy from the

system rather than a directional momentum transfer process.
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Chapter 2

Theory of Optical Cooling

This chapter covers the theory of optical cooling. In Section 2.1 the general
theoretical background to optical cooling is discussed in the context of Yb**:YAG
(Yb**:Y3Als012). The fundamental principles of optical cooling are reviewed
alongside the spectral analysis required for sample selection. Section 2.2 extends the
theory as derived for Yb*":YAG to consider Yb**:CaF; as an alternative candidate
for cooling in the 1um-regime. Section 2.3 concludes this chapter with a discussion
of the parasitic heating effects in optically cooled crystals: fluorescence reabsorption
and nonradiative transitions due to ion-ion interactions. Parasitic heating is discussed

in the context of both dopant and impurity ions.

2.1 Optical Cooling in Yb*>":YAG

The theoretical analysis of cooling in Yb*:YAG is divided into two parts.
Section 2.1.1 covers the fundamental principles of optical cooling and the relevant
spectral analysis of Yb**:YAG as a candidate for cooling. Section 2.1.2 reviews the
two principal constraints on the attainable cooling. The fundamental absorption limit

to cooling is first discussed and then the practical constraint of bleaching is derived.
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2.1.1 Fundamental Principles

Optical cooling by anti-Stokes fluorescence is founded upon the principle that at a
given temperature the fluorescence spectrum from a sample remains unchanged
regardless of the wavelength that is used to initially excite the electrons

(Vavilov’s Law [5]). This statement is true if:
Tfl > Ttn (21)

where 77 is the fluorescence lifetime of excited electrons and =y, is the thermalization
timescale of upper manifold. For Yb**:YAG the fluorescence lifetime is 951pus,
significantly greater than the typical ~Ius thermalization timescale of the crystal

manifolds. Thus it is a suitable candidate for optical cooling.

The fluorescence spectrum F(4) may be modelled as pure emission at some mean

wavelength A, that can be calculated by:

_JFM) x ) da
™ [F(A)dA

(2.2)

In the first work on optical cooling in dye suspensions, Erickson [59] used this
equation to calculate the mean fluorescence energy. In his model Erickson showed
that if a sample were pumped above this wavelength (i.e. at a lower energy), the net
effect would be the removal of energy from the sample by the fluorescence.
Conservation of energy requires that this energy difference is provided by phonons in
the cooling medium (i.e. thermal energy). Thus a pure sample that is pumped above
this mean fluorescence wavelength should exhibit cooling. Erickson’s model was,
however, incorrectly based on the assumption that the mean fluorescence wavelength
calculated in Equation 2.1 corresponded to the mean photon energy. A more rigorous
analysis shows that to find the mean wavelength /5 above which cooling occurs, the

fluorescence spectrum must be normalized by photon energy:

f(@xlz)d/l
(B2 x2)aa

(2.3)
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For many samples this difference is relatively insignificant (e.g. for Yb**:CaF
Am = 1.008um, Aq = 1.009um), however for Yb**:YAG (An = 1.019um, Ay = 1.024pm)
the difference significantly shifts the optimum pump wavelength. Assuming that for
each absorbed pump photon one photon is emitted at Aq the theoretical cooling
efficiency® #7001 that can be achieved is then determined by the difference in energy
between the pump wavelength 4, and this mean fluorescence wavelength:

) A=Ay _ A
cool 1 1

(2.4)

D D

Although rare-earth-dopants are well shielded from the lattice, in reality a certain
fraction of the decay will be due to nonradiative multi-phonon decay and ion-ion
cross-relaxation (see Section 2.4). To account for this Equation 2.4 must be modified

to include a quantum efficiency factor #q describing the fraction of radiative decay?:

Afy
Necoot = Mo </1L - ) (2.5)
14

Modelling of the Emission Cross-Section

A rate equation analysis for a crystal requires that values for the absorption ga(4)
and emission oe(4) cross-sections are known. Absorption data is readily available
either in terms of cross-section or absorption coefficient a(4) which are related by the

simple equation [60]:

a = o,N (2.6)

where N is the atomic number density.

! In this definition a negative value for 7. corresponds to cooling.

2 j.e. Q = 1 corresponds to purely radiative decay.
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Yb:YAG Absorption Spectrum in terms of Cross-Section
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Figure 2.1 — Yb*":YAG absorption spectrum in terms of absorption

cross-section, found from absorption coefficients after [60].

Emission data, however, is usually presented in terms of fluorescence intensity. It is
therefore useful to be able to calculate the emission cross-section from measured
absorption cross-sections. This is most commonly performed using the McCumber
relation [61, 62] (also known as the reciprocity method) discussed below. Alternative
techniques are: the Fiichtbauer-Ladenburg equation [63], the - method [64], small

signal analysis [65] and direct measurement of saturated gain [66].
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The absorption cross-section from the lower n manifold and emission cross-section
from the upper m manifold may be expressed in terms of the individual cross-

sections within each Stark-split manifold. In this case:

an dn dmanm exp (__En)

o = kg (2.7)
Z
—Ep
. = an dndmo-mnexp (1637) (2.8)
. =

Zy

where d, and dp, are the level degeneracies, E, and E,, are the energy levels measured
from the lowest level in each manifold, ks is the Boltzmann constant, T is
temperature and the partition functions of the lower Z, and upper Zy manifolds

respectively are given by:

7= Z d;exp (ki—‘T) 2.9)

Employing the reciprocity relation:
Onm = Omn (2.10)

and defining the ‘zero-line energy’ Ego as the spacing between the lowest energy
level in each manifold, the spacing between any two energy levels is related to the

energy of the photon involved in the transition by:

Dividing Equation 2.8 by 2.7, substituting 2.11 and rearranging to give o, in terms of

oa the McCumber relation is derived:

h
Z; Eoo — 76
o,(1) = Ua(}t)Z—exp T (2.12)
u B
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The Stark-split energy levels of the Yb*":YAG lower 2F7, and upper *Fs;, manifolds
found by Oberg & Lundberg [67] are shown in Table 2.1 and Figure 2.2.

Level Energies (cm™) No. Levels
*Foro 0, 566, 613, 786 4
*Fsp 10328, 10625, 10680 3

Table 2.1 — Stark-split energy levels in Yb**:YAG after [67].

10680 cm™
10625 em’
10328 cm
=
g g g E 8 E
=) E E = =] —
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o
786 cm’
613 cm’

566 cm’

0cm'

Figure 2.2 — Stark-split energy levels for the °F7;, and 2Fs;, manifolds in
Yb**:YAG after [67] showing the wavelengths of the various transitions.
Level energies shown in units of cm™ with respect to the lowest level of

the 2F-, manifold.

Applying Equation 2.9, the partition functions of the 2F7;, and 2Fsj,; levels can be
calculated to be 1.137 and 1.418 respectively. This is in agreement with the values
calculated by Straesser & Ostermeyer [68]. Thus the McCumber relation can be

applied to the Yb*:YAG absorption values in Figure 2.1 to give the emission

cross-section (Figure 2.3).
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Figure 2.3 — Yb®":YAG absorption (red) and emission (blue)
cross-sections and the mean emission wavelength (green) at 1.024um.
Emission cross-section calculated using the McCumber relation using

absorption values after [60].
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Optimum Pump Wavelength

Equation 2.5 shows that the cooling efficiency increases with pump wavelength.
However, as the pump wavelength increases the pump absorption coefficient in a
sample falls off. Thus there is an absorption limited effective cooling efficiency 7col”
(Equation 2.13) and there will be an optimum wavelength A, (found from
Equation 2.14) at which the attainable cooling power that can be achieved, assuming
no parasitic heating effects other than the multiphonon transitions described by

parameter 7o, will be maximized.

. Afy _
Ncool = Ncool X Nabs = Mg X <AL - ) X (1 —-e a(/lp)l) (2.13)
14
d d A
w i _ —a(,)\| —
— = — X 1])x(1 P =0 2.14
d/lp (Meoot ) dlp an </1p ) ( e )l ( )

where | is the pumped sample length and #aps is the absorption efficiency. Selecting
pump sources that can reach and maintain the temperature dependent optimum pump

wavelength is important for achieving high cooling powers.

It can be seen in Figure 2.4 that the optimum pump wavelength for optical cooling
in a thin Yb*:YAG sample (i.e. no fluorescence trapping) that undergoes pure
radiative decay at 300K is 1.030pm. This is in agreement with the value presented by
Epstein [69]. The plateau effect at observed at 1.040pum is due to the limited
precision of available absorption data at these wavelengths and should drop to zero.
If accurate analysis of the effective cooling efficiency at longer wavelengths is
required, applying the McCumber relation to values for the emission cross-section
would give the absorption coefficient with a lesser degree of experimental

uncertainty.
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Figure 2.4 — Room temperature effective cooling efficiency #nco Of
Yb**:YAG with an optimum pump wavelength at 1.030um. ‘Plateau’ at
long wavelengths due to increasing uncertainty in values for the

absorption coefficient (approaching noise limit).
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2.1.2 Limits To Optical Cooling

There are two principle limits to the minimum temperature that can be reached with
an optical refrigeration set-up. Firstly there is a fundamental absorption/emission
limit for cooling due to the temperature dependence of the absorption/emission
cross-sections. Bleaching also places a practical limit on the cooling powers and
thus, in a system that is not perfectly isolated, the temperatures that can be achieved.
This section discusses in detail each of these limits and concludes with a review of
their relative impact in practical cooling applications. Sample isolation and the
availability of pump sources will place other practical limits on the cooling that can
be achieved.

Absorption/Emission Limited Cooling

The absorption and emission spectra of a sample depend on the Boltzmann
distribution of electrons within the lower and upper manifolds and thus have
temperature dependence. As discussed by Kafri & Levine [19], in a quasi-3-level
system (Figure 2.5a) as the sample cools an increasing fraction of the excited
electrons lie in the lower sub-levels of the manifold until the probability of
Stokes-emission dominates the cooling® [18]. This is ‘emission limited cooling’. In a
4-level system (Figure 2.5b), however, as the fluorescence transitions terminate in a
lower level than that from which they are excited, anti-Stokes emission can be
observed for as long as there is pump absorption. If the pump wavelength is fixed, at
low temperatures quasi-3-level operation is reached (i.e. the lower sub-level for the
pump transition is depleted) and there will no longer be any pump absorption.
Calculation of this temperature thus defines a fundamental limit to the maximum
achievable cooling. This is ‘absorption limited cooling’. From this discussion it can
be seen that crystals having a pronounced 4-level energy structure are favourable for

cooling.

% i.e. an increasing mean fluorescence wavelength.
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Figure 25 - Pump, anti-Stokes and Stokes transitions in
(@) quasi-three-level and (b) four-level optical cooling systems showing

the ?Fy, and ?Fs;, manifolds of Ytterbium.

Unless the pump transition starts in a particularly high sub-level of the lower
manifold (rapid depletion with temperature decrease), in practical optical cooling
experiments as the temperature drops the increasing mean fluorescence wavelength
is initially the dominant effect [70, 71] in reducing the cooling efficiency.
Equation 2.14 shows that this shifts the optimum pump wavelength to longer values,
reducing the cooling efficiency. In the work reviewed in Section 1.4.2, for which
substantial temperature drops were observed, fixed pump wavelengths were used.
The abilities developed in this project for tuning the pump source allow the optimum
pump wavelength to be maintained as temperature decreases thereby improving the

theoretically attainable cooling efficiencies.

As substantial temperature drops are achieved, the decreasing absorption
cross-section becomes the principal limiting factor in Equation 2.14. This decreasing
absorption has the effect of reducing the optimum pump wavelength. At some
temperature Tmin the optimum pump wavelength approaches the mean fluorescence

wavelength. A pump wavelength at which the absorption is no longer sufficient to
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offset any parasitic heating effects will in practice limit cooling before the

fundamental absorption limit is reached.

A complete and useful model for the evaluation of Tnmiy due to emission/absorption
limited cooling requires detailed spectroscopic measurements of the individual
cooling samples with temperature. This project did not have the scope to perform
such an analysis. The theory does, however, show that the tuneable pump sources
developed in this project allow for more efficient cooling to lower minimum

temperatures than have been attained in previously reported work.

Bleaching Limited Cooling

Bleaching is defined as the point at which the probability of emission is equal to the
probability of absorption. Above the bleaching threshold no additional pump photons
can be absorbed and a material becomes transparent to any further increase in pump
intensity I,. The absorption/emission limit discussed above gives a fundamental limit
to cooling in the ideal case, however the effect of bleaching will constrain the
minimum temperature that can usefully be attained. It also limits the maximum
achievable cooling rate. As the absorption cross-section has a significant dependence
on temperature, the bleaching threshold intensity Iy derived below decreases with

temperature.

Considering that at the bleaching threshold the total probability of absorption must

be equal to the total probability of emission:

1
NLTLO'a == NUTLO'e + NU T_ﬂ (215)

where Ni_ and Ny are the populations of the lower and upper manifolds respectively

and n is the common photon number (/photon flux).
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As the total population Nt of electrons must be:
NT = NL + NU (216)

combining equations 2.15 and 2.16 the population of electrons in the lower manifold

can be expressed as:

1
3 Nr (nae + T_ﬂ) B NT(rflnae +1)
L

- = (2.17)
n(o, + o.) + - tan(og + o) + 1

Defining a more practical criterion for the bleaching condition, that the absorption
has dropped to half the weak-signal absorption:
Nrno,

Nyno, = > (2.18)

Substituting Equation 2.18 for N and rearranging to give an equation for n at the

bleaching condition:

1
" TG, 0 ¢39)

The common photon number is related to the pump intensity by:

_ b

N (E) (2.20)

Ap

Substituting Equation 2.20 into 2.19, the bleaching threshold intensity is given by:

Iy = —1° 2.21)
v Tfl/lP (Ue - Ua) .
This is equivalent to a bleaching threshold power of:
hctw}
Py, (2.22)

B Tfl/lP (Ue - Ja)

where wj, is the mean radius of the pump beam in the sample.
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Increasing the total number of dopant ions will not affect the bleaching intensity as it
is the ratio of excited to ground-state ions Ny / N that determines the bleaching
threshold. Increasing the number of dopants will, however, increase the pump
absorption bringing the pump below the bleaching threshold over a shorter sample

length.

For the typical case of a 1.032um pump beam having mean radius 0.75mm incident
on a 5%-doped Yb*:YAG rod of length 15mm at room temperature:
= 951ps, oa = 8.43x10%cm?, g = 1.21x10%cm? the maximum useful pump
intensity is 1.8x10*W cm™ and the maximum useful pump power is 318W. This
shows that at room temperature for lightly-doped Yb**:Y AG the bleaching threshold
does not need to be considered as a possible limiting effect to the useful cooling
power that can be achieved with a simple single or multi-pass pump scheme. In the
case of resonant pumping schemes, however, for which substantial pump powers will
be absorbed, it must be taken into account when calculating the maximum cooling

power.

Comparison of Cooling Limits

The temperature dependent absorption and emission spectra place the only
fundamental limit on the minimum temperature that can be achieved by optical
cooling. The effect of bleaching, however, must also be considered when calculating
the cooling power as this may place a limit on the useful cooling that can be achieved
at a higher temperature than the fundamental limit. A detailed spectroscopic analysis
to find the absorption and emission cross-sections as a function of temperature of the
samples used is required to accurately calculate both the fundamental and useful

temperature limits.
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2.2 Yb*":CaF, for Optical Cooling

The absorption and emission spectra for Yb*:CaF, (Figure 2.6) show the higher
pump absorption above the mean fluorescence wavelength compared to Yb**:YAG.
The photon energy normalized fluorescence spectrum yields a mean fluorescence
wavelength of 1.009um a decrease of 0.015um with respect to Yb*":YAG. Thus
Yb®:CaF, improves the effective cooling efficiency by having both increased
absorption and an increased cooling efficiency (for the same pump wavelength).
Performance is further improved by the lower phonon energies in CaF, decreasing
the probability of nonradiative decay due to multiphonon transitions. Another
advantage of Yb®":CaF; is the longer fluorescence lifetime of 2200ps, lowering the

quasi-3 level thermalization limit to cooling.

Comparison Plot of Ybh:CaF Absorption and Emission Spectra

— Absorption

—— Emission

—— Mean Emission

Absorption / Fluorescence Intensity (/AU)

o
o

850 900 950 1000 1050 1100
Wavelength (/nm)

Figure 2.6 — A comparison plot (in arbitrary units) of the absorption
(red) and emission (blue) spectra of Yb®**:CaF, showing the mean

emission (green) at 1.009um. [72]
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The relevant energy levels in Yb*:CaF, are shown in Table 2.2 and

Figure 2.7 [72, 73].

Level Energies (cm™) No. Levels
*Fore 0, 456, 520, 588 4
*Fspo 10332, 10410, 10766 3

Table 2.2 — Stark-split energy levels in Yb**:CaF; after [72, 73].
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Figure 2.7 — Stark-split energy levels for the F7;, and ?Fs;; manifolds in
Yb®*:CaF, after [72, 73] showing the wavelengths of the various

transitions. Level energies shown in units of cm™ with respect to the

lowest level of the 2F7/2 manifold.

Thus the partition functions of the lower 2F7, and upper 2Fs;; manifolds at 300K may
be calculated to be 1.249 and 1.418 respectively. The McCumber relation
(Equation 2.12) can then be applied for calculating the emission cross-section. From

Equation 2.14 the optimum pump wavelength for a thin Yb%*:CaF, sample
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undergoing pure radiative emission at room temperature (Figure 2.8) can be found to
be 1.035um. There is only a minimum loss in performance down to a pump

wavelength of 1.020pum.

Yb:CaF, Effective Cooling Efficiency

Nmax = 1035.0nm

Effective Cooling Efficiency (au)

1000 1010 1020 1030 1040 1050

Wavelength (nm)

Figure 2.8 — Effective cooling efficiency neoor Of Yb3*:CaF, with the
optimum pump wavelength at 1.035um. Irregularities in the curve with
increasing wavelength due to rising uncertainty in values for the

absorption coefficient.

For the typical case of a 1.035um pump beam having mean radius 0.75mm incident
on a 3%-doped Yb**:CaF, rod of length 15mm at room temperature:
= 2200ps, 62 = 4.27x10%cm?, 6. = 1.07x10%cm? the maximum useful pump
intensity is 850W cm™ and the maximum useful pump power is 15W. This shows
that due to the longer fluorescence lifetime, at room temperature lightly-doped
Yb*":CaF, is much more sensitive to bleaching than Yb**:YAG. Thus the bleaching
threshold must be considered as a possible limiting effect to the useful cooling power
for Yb**:CaF,. The advantages of Yb**:CaF, over Yb*:YAG outlined above mean,
however, that in most cases it would still be the preferred choice for an optical
cooling sample.
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2.3 Parasitic Heating Effects in Optical Cooling Samples

Sections 2.1 and 2.2 have discussed the background theory to optical cooling and the
respective advantages offered by two different Yb-doped host crystals. In this
section the parasitic heating effects that may limit or prevent cooling are discussed:
reabsorption of fluorescence by rare-earth dopants (Section 2.3.1) and dopant-dopant
or dopant-impurity interactions resulting in nonradiative decay transitions
(Section 2.3.2).

2.3.1 Fluorescence Reabsorption

As the pump wavelength must lie above the mean fluorescence wavelength, a certain
fraction of the dopant fluorescence spectrum overlaps with the absorption spectrum.
Thus part of the fluorescence will undergo single or multiple reabsorption events
before it can escape the sample. This reabsorption may be modelled as absorption at
a pure mean reabsorption wavelength A.aps that can be defined by:

Joa(A) - 0, (2) - A dA

Araps = To.(D) -0,(0) dA (2.23)

As this overlap is mainly in a band below the mean fluorescence wavelength the
mean reabsorption wavelength will be shorter than the mean fluorescence

wavelength and radiative decay results in a heating effect #peat:

/1fl - Arabs _ Afl

Nheat = -1 (2-24)

Arabs Arabs

As in the case of cooling, a certain fraction of the transitions will be nonradiative and

the quantum efficiency factor nqo must be included:

Afl
Nheat = Mo * F -1 (2.25)
rabs

34



Optical Cooling of Solids Chapter 2

Including a term for the total probability of fluorescence reabsorption #raps
Equation 2.25 can be combined with Equation 2.13 to give an expression for the
effective cooling efficiency accounting for fluorescence reabsorption by rare-earth

dopants:

. Agy Afy
Ncoot = Nabs |\ Mo * A_ — 1)+ Nyabs No '/1 -1 (2.26)
D rabs

The heating effect will generally be of similar order to the cooling efficiency
(e.9. Yb**:CaF, has Araps = 0.986pum, #heat = 2.3% C.f. #7c00 = 2.5%), Equation 2.26
shows therefore that it is critical to quantify the reabsorption #raps. This may be
calculated by applying a geometrical analysis that defines the mean path length that a
fluorescent photon takes through the sample to the absorption coefficient at the mean
reabsorption wavelength. Considering the case that the cooling and heating
efficiencies are exactly balanced, if this mean pathlength is greater than the pumped
sample length, the net effect will be heating in the sample. Thus it is important that
the unpumped region of the sample is minimized requiring small sample dimensions

or complex pump geometries [69].

The analysis of the mean path length must account for total internal reflection (TIR)
and Fresnel reflection at the sample-air interface that leads to fluorescence trapping.
The effect of multiple-reabsorption events, at each of which fluorescence may be
considered to be emitted isotropically, must also be included. Several studies of
deleterious fluorescence reabsorption have been performed in different fields [74,
75]. The incorrect TIR analysis in the two dimensional approximation developed by
Heeg et al. [76] for the investigation of cooling in Yb**:ZBLAN glass has since been
shown by Bigotta [54] to differ significantly from the three dimensional model. The
Monte Carlo simulations presented by Bigotta demonstrate the requirement for case-
specific complex mathematical modelling if the fluorescence reabsorption effect is to

be accurately evaluated.

As this work did not involve growing the crystals used in the optical cooling
experiments or an independent spectroscopic analysis of these crystals, a detailed

theoretical analysis for fluorescence reabsorption in these samples is not performed.
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Precisely to avoid the necessity for such complex modelling, the novel diagnostic
developed in this work allows heating due to fluorescence to be discriminated from

any cooling.

Fluorescence that escapes the sample will be incident on the surroundings
(e.g. vacuum chamber, mounts etc.) and result in ambient heating. This will result in
radiative and, depending on the experimental conditions, convective heating of the
sample. Measures to limit this secondary source of fluorescence heating must be

considered when designing an experimental set-up.

2.3.2 lon-lon Interactions

The other parasitic heating process that may be observed is nonradiative decay in
which the transition energy is absorbed in the crystal as phonons. In the discussion in
Section 1.4.2 it was shown how individual rare-earth dopant ions are shielded from
the lattice. However, closely spaced dopant or dopant-impurity pairs/clusters with
similar energy levels offer the potential for phonon-assisted transitions in which

energy can be deposited in the crystal.
The relaxation rate S of the upper manifold in a pure crystal may be expressed as

1

Tfl
where £ is the cross-relaxation parameter, a term describing the probability of
nonradiative decay due to dopant-dopant interactions. In this equation no term has
been included for upconversion as this effect is an order of magnitude lower than the

cross-relaxation in Yb**-doped samples [77].

A thorough model for cross-relaxation in a sample requires an empirical analysis of
the nonradiative decay time with dopant concentration C. In the event that

cross-relaxation increases linearly with the dopant concentration, it may be
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concluded that a single type of energy transfer — probably due to a static process — is

responsible for the effect [78]. Further, if the relationship:

2

SORIACY 229

holds [79], where & is the cross-relaxation parameter at concentration C,, it may be
concluded that dopant-dopant interactions are the dominant nonradiative decay

process.

This work did not have the scope to grow and test crystals of different doping
concentrations. Based on the work of other authors, however, the simple energy level
structure of Yb**-doped materials means that dopant-dopant cross-relaxation is not a
problem for the low doping concentrations in the Yb**:YAG and Yb**:CaF, samples
used [72, 77].

Equation 2.27 must be modified for an imperfect crystal by the inclusion of a

cross-relaxation term ¢ describing the probability of dopant-impurity interactions.

S=—Ny <i + &N + {NT> (2.29)
Ty
Once again a full analysis of the effect of impurity decay requires an empirical
characterization of the crystal in which the decay time is measured. Comparing any
discrepancy between the measured and theoretical decay and having characterized
the nonradiative decay rate due to dopant-dopant interactions &, the contribution due
to impurities can then be evaluated. As in the case of dopant-dopant interactions, this
work did not have the scope to empirically investigate the nonradiative decay rate.
The novel diagnostic that is developed in Chapter 4 does, however, allow the effect

of ion-ion interactions to be discriminated from fluorescence reabsorption heating.
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Chapter 3

Developing Pump Sources for Optical Cooling

To verify the longitudinal mode-shift relative thermometry (LMRT) technique as a
useful diagnostic for identifying optical cooling, a 1pum pump source was required
for pumping Yb-doped samples. A suitable laser was developed to be both tuneable
and power scalable in order to facilitate its use in future optical cooling research.
Section 3.1 of this chapter provides a brief introduction to the benefits of fibre lasers
and the reasons that a fibre rather than a bulk laser geometry was initially selected.
Section 3.2 covers the developmental process of the fibre laser pump source and an
incidental investigation into the phenomenon of self-pulsing. In Section 3.3 an
alternative Nd:YLF bulk laser that was used for maximizing pump absorption by

intracavity-pumping of samples is described.

3.1 From Bulk to Fibre Lasers

Although not as compact or of as high efficiency, diode-pumped rare-earth-doped
solid-state lasers offer major advantages over simple diode lasers. Flexibility in the
choice of resonator design and the mode of operation extends the range of operating
wavelengths, introduces tunability and offers the potential to scale to much greater

average powers than could otherwise be achieved whilst preserving high brightness.

Dominant quantum defect heating, alongside lesser energy transfer upconversion
[80] and concentration quenching [81] processes, contributes to significant heating
[82, 83] of a gain medium. This leads to issues of thermal lensing [84], stress-
induced birefringence [85] and ultimately catastrophic failure of the gain medium

itself. Various cavity configurations and external beam-shapers may be used to
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partially compensate for lensing and birefringence effects [86, 87], but thermal
management of the gain medium is preferred for minimizing beam degradation. The
importance of diode-pumped solid-state lasers in every aspect of modern life can be
seen from the volume of published research into various approaches for thermal
management. Apart from advanced heat-sinking set-ups [88, 89] the documented
work focuses on gain medium geometry (Figure 3.1) and even distribution of the

pump beam.

heat flow

laser

£y <

Figure 3.1 — Various solid-state laser geometries.

The optimum geometry for thermal management in a solid-state laser will maximize
the surface area through which heat can be lost and the pumped area (i.e. giving a
uniform temperature deposition profile) with minimum degradation of beam quality.
This optimum is offered by the narrow-core optical fibre laser [90, 91]. The
comparatively long length of the fibre distributes the heating throughout the gain
medium while the small radius means that this heat is generated close to a surface of
large relative area. The narrow core will discriminate against higher order transverse

modes leading to a high brightness, high quality output.

A pumped rare-earth-doped optical fibre will emit a broad spectrum. Choosing a
suitable dopant(/s) to cover the region(/s) of interest (e.g. Yb* at ~1pm,
Er®* at ~1.5um and Tm** at ~2um) the operating wavelength of a fibre laser may be
selected anywhere within this spectral range. An external diffraction grating or
volume Bragg grating (VBG) [92, 93] may be used build a widely tuneable source.

Alternatively a fibre Bragg grating (FBG) [94] may integrated for narrow linewidth
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single-wavelength selection in an all-fibre design. Changing the fibre length, Raman
scattering of the emission spectrum can be used to reach a wider range of

wavelengths than can be achieved with a short (e.g. rod) gain medium.

Depending on the required fibre length and the absorption at the available pump
wavelength, a fibre laser may either be core-pumped to maximize the absorption per
unit length or cladding-pumped to maximize the free-space coupling efficiency. In
addition there is a degree of flexibility in designing the fibre cross-section thereby
allowing asymmetry to be employed for maximizing the pump absorption in a

cladding-pumped configuration.

The high beam quality, broad tunability and good thermal performance discussed
above make fibre lasers ideal power scalable pump sources for optical cooling

experiments.

3.2 Tuneable 1um Fibre Lasers

The design process for the cooling pump source was undertaken with the aim of
having a power scalable tuneable laser that could pump a crystal both above and
below its mean fluorescence wavelength. Such a pump source could be used to
extend optical cooling research using samples identified by means of the newly
developed LMRT technique. To satisfy the power scaling and tunability
requirements a fibre rather than bulk laser geometry was preferred. The challenges
that this raised in achieving the required minimum operating wavelength are

discussed within the context of the laser development process.

The principal reason that the 1um-regime rather than the 2pm-regime was selected
for the study of optical cooling was a greater availability of samples, optics and
diagnostic equipment. Firstly an Yb-doped crystal was required that would have its
mean fluorescence wavelength within the tuning range of a practical 1um pump
laser. At 1.024um, Yb**:YAG has a longer mean fluorescence wavelength than most

other Yb-doped crystals; a wavelength that is achievable using an Yb-doped fibre
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laser. The first part of this project centred on developing a high beam quality, robust
cooling pump source that could be tuned down to at least 1.020um. Although the
same source was ultimately used to pump Yb®":CaF,, the initial aim of this design

process was to satisfy the requirements for Yb**:YAG pumping.

3.2.1 Simple Tuneable 1.02um Fibre Lasers

To generate a high quality cooling beam (the quality could be important in future
research) with substantial output power, an in-house' D-shaped double-clad
9.6um-core®, 150pm-inner-cladding Yb-doped fibre with a numerical aperture (NA)
of 0.075 was selected for the gain medium. This was pumped at 0.976pum with an
Apollo Instruments Inc. 125um-core, 0.15 NA fibre-coupled diode source®. The
output from the pump source was collimated using an 8mm focal length aspheric lens
and focused into the gain medium with an identical lens. The front (/pumped) end of
the fibre was plane cleaved while the back end had a 12° angle-polished face to
prevent feedback from the facet. The back end output from the fibre was collimated
using an 8mm focal length aspheric lens. Using a dichroic mirror with high
transmission at 0.976pum and high reflectivity at 1.030um to separate the pump light
from any amplified spontaneous emission (ASE) signal, the pump power transmitted
through the fibre was measured using a thermal power meter as a function of length |
(Figure 3.2). For these measurements the pump source was operated at 8W.
Accounting for Fresnel reflections the coupling efficiency was 97% and the fibre had

a measured absorption loss of 0.21 dB m™.

! This fibre was fabricated at the ORC prior to the author joining the department. The spool number
and fabricator are unknown.

2 core/cladding sizes are specified in terms of diameter

¥ model: F40-976-1
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Cutback Results for 9.6um-core Fibre
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Figure 3.2 — A plot of power transmitted through the 9.6um-core fibre
having an absorption loss of 0.21 dB m™ as a function of length for 8W of

coupled 0.976um pump.

Lasing was achieved using the 4% Fresnel reflection at the pumped end of the fibre
and a retro-reflecting (i.e. single-pass per round trip) diffraction grating for
wavelength selection at the other (Figure 3.3). A slightly angled dichroic mirror with
high transmission at 0.976um and high reflectivity at 1.030um was situated between
the front end lenses to separate the output from the pump beam. Using an initial
length of 6.15m of active fibre, 4.75W of 1.039um output* was achieved with a slope
efficiency of 82% (Figure 3.4). In this work laser thresholds are not found from the
intercept of plots of slope efficiency but by monitoring the resonator output using a
Thorlabs DET10A/M nanosecond rise time silicon photodiode with a Tektronix
TDS5053B digital oscilloscope. The threshold is defined as the pump power at which
relaxation oscillations are first observed. The threshold in this laser was measured to
be 50mW.

* All measured values for wavelength are found using an ANDO AQ6Q17B optical spectrum analyzer
with a 200pm-core collection/input fibre.
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f'= 8mm aspheric lens

J f=8mm

f=8mm
125um core dia. 9.6um core dia. Vi
\ 4 — — + D-shaped Yb-doped fibre 4
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Figure 3.3 — Schematic of a tuneable lum fibre laser based on a
9.6um-core, 150um-inner-cladding D-shaped Yb-doped fibre gain
medium with an external feedback cavity including a retro-reflecting
diffraction grating for wavelength selection.

Slope Efficiency of a 9.6um-core Fibre Laser
Output Power vs. Absorbed Pump Power
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Figure 3.4 — A plot of laser output power as a function of absorbed pump
power for the 9.6um-core fibre laser operated at 1.039um with a slope
efficiency of 82%. A slight discontinuity in gradient is observed due to

the loss of one decimal place in measurements of power above 3W.
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After attenuating the laser output by a series of three 10% reflecting mirrors, the
collimated beam was focused using a 200mm focal length lens. The beam diameter
was measured as a function of position through the focus using a DataRay Inc.
Beamscope ™-P7 silicon two-slit beam profiler. Making the paraxial approximation
within the Rayleigh range Zg, values for the spot size w, (radius) and Zg may be
found from a plot of beam diameter vs. position (Figure 3.5) and Equation 3.1
applied to calculate the M? parameter of the measured beam.
_ nawg

M? = 3.1
Zi 3.1)

where n is refractive index (i.e. unity in air) and 1 is wavelength. Performing this
analysis the 9.6um-core fibre laser was measured to have an M? parameter of 1.2

when operated at 1.039um.

350.0 - Beam Radius vs. Position for a 9.6um-core Fibre Laser
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Figure 3.5 — A plot of beam radius vs. position within the Rayleigh range
for the 9.6um-core fibre laser with M 2 = 1.2. The +5um uncertainty
corresponds to fluctuations in the beam radius measured using a two-slit

beam profiler.
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Over the 6.15m active fibre length, the minimum achievable wavelength was
limited to 1.035um. In order to reach lower wavelengths the relationship between the
tuning range (minimum attainable wavelength) and fibre length was studied
(Figure 3.6). The objective of 1.020um operation could be reached with 1.7m of
fibre, however limited pump absorption over this length meant that only 200mW of

output power could be achieved.

Plot of Minimum Lasing Wavelength vs. Fibre Length
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Figure 3.6 — A plot showing the minimum lasing wavelengths achieved as
a function of fibre length for the 9.6um-core fibre laser. 1.020um
operation can be achieved with a fibre length of 1.7m. The ‘step’ effect in
this data may be ascribed to peaks in the gain spectrum for Yb-doped

silica.
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To resolve the power constraints incurred by using short active fibre lengths, a
27um-core, 150um-inner-cladding, 0.22 NA double-clad fibre was designed and
fabricated® to replace the gain medium. The scaling of the core-cladding area ratio
was determined to allow 90% of the pump power to be absorbed over 1.2m.
Performing cutback experiments as for the 9.6um-core fibre, this corresponds to a

measured absorption loss of 2.05 dB m™ (Figure 3.7).

Cutback Results for 27um-core Fibre
Transmitted Power vs. Fibre Length
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Figure 3.7 — A plot of transmitted power as a function of length for the

27um-core fibre with an absorption loss of 2.05 dB m™.

The 9.6um-core fibre was replaced in the set-up shown in Figure 3.3 by the
27um-core fibre and the experimental procedures repeated. Sacrificing beam quality
— measured M? parameter of 3.2 (Figure 3.8) — a minimum operating wavelength of
1.014um could be achieved (Figure 3.9) using 1.23m of active fibre. At this

extremity to the tuning range the output power was limited to only 2.1W. At the

® The author gratefully acknowledges Jayanta Sahu for fabricating this fibre to the author’s

specifications at the Optoelectronics Research Centre. Fibre code.
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objective operating wavelength of 1.020um, however, 11.9W of output was achieved
with a slope efficiency of 86% (Figure 3.10). The threshold was measured to be
50mW. Although resulting in a loss of beam quality, increasing the core-cladding
ratio was preferred to core-pumping a short single-mode fibre as it is less sensitive to

misalignment.

Beam Radius vs. Position for a 27um-core Fibre Laser
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Figure 3.8 — A plot of beam radius vs. position within the Rayleigh range
for the 27um-core fibre laser with M 2 = 3.2. The *5um uncertainty
corresponds to fluctuations in the beam radius measured using a two-slit

beam profiler.
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140 - Single-Pass Wavelength Selection Tuning Curve
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Figure 3.9 — Tuning curve for a 1.23m, 27um-core fibre laser with

single-pass diffraction grating wavelength selection.
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Figure 3.10 — A plot of laser output power as a function of absorbed

pump power for the 27um-core fibre laser with a slope efficiency of 86%.
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Two attempts were made to improve the measured 99nm tuning range. The first
was to introduce a high reflector at the back end of the resonator to double-pass the
diffraction grating per round trip (Figure 3.11). The double-pass configuration
narrowed the laser linewidth, however the tuning range was slightly reduced. This
was attributed to the increased cavity losses. The second approach was to replace the
diffraction grating in the double-pass configuration with a volume Bragg grating
(VBG) specified® at 1.032um purchased from Optigrate. The double-pass
configuration was required as a VBG will only retro-reflect at the specified
wavelength. The combination of narrow linewidth selection and high reflectivity
offered by VBGs allowed wavelengths as low as 1.010um to be reached, however

the VBG was specified at 1.032um severely restricting the maximum operating

wavelength.
HR @ & = 1.030pm mirror
= 8mm aspheric lens
N f=8mm - . .
125um core dia. v 27um core dia. l Yb-doped fibre
- R NAZp22 gy S LU > 7
O NA=0.15 \\\ 0 deg O 12deg’ <«
A= 0.976um laser diode X ~— f=8mm
] 3= 0.976um \\ 150um cladding dia. diffraction grating
HT @ .= 0.976pum 2 =109
HR @ % = 1.030um A= 1.020pm output

dichroic mirror

Figure 3.11 — Schematic of a tuneable Ium fibre laser based on a
27um-core, 150um-inner-cladding Yb-doped fibre gain medium with an
external feedback cavity including a diffraction grating for wavelength

selection in a ‘double-pass’ configuration.

Although the various resonator configurations using the 27um-core fibre satisfied
the 1.020pm wavelength requirement for pumping Yb**:YAG, this fibre was highly
prone to catastrophic damage by self-pulsing. Given the nature of self-pulsing it is
difficult to define the stability of the lasers built using this fibre. Catastrophic

damage could occur within seconds or useful operation could be maintained for up to

® The specified wavelength for a VBG is the reflected wavelength at normal incidence, i.e. the longest

wavelength that can be reflected by a VBG.
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3 hours. To perform repeatable cooling experiments without losing considerable time
re-polishing fibres and characterizing the laser, the self-pulsing issues had to be
resolved. As self-pulsing is very specific to individual optical fibres — sometimes to
the extent that it varies over a single spool — an expedient approach was to use a fibre
shown not to demonstrate significant self-pulsing behaviour for seeding an amplifier;
this approach is discussed in Section 3.2.2. Alternatively self-pulsing could be

directly suppressed with the cavity designs discussed in Section 3.2.3.

3.2.2 Seed-Amplifier Pump Source

As an interim solution to self-pulsing, a laser based on the 9.6um-core fibre was used
to build a low power 1.032um’ seed source (Figure 3.12). Limiting the seed power
was intended to reduce the probability of catastrophic pulsing. The pump
configuration and output coupling remained as described in Section 3.2.1, however a
VBG at normal incidence was used to maximize feedback and provide narrow
linewidth wavelength selection at the back end. This set-up was not tuneable in an
attempt to remove possible causes of instability (i.e. potential triggers for self-
pulsing). A 1.75m length of the 27um-core fibre was used as a single-pass amplifier.
Both ends of the 27um-core had 12° angle-polished facets in order to ensure that it
could not act as a resonator (thereby introducing the risk of self-pulsing). The seed,
separated from the pump source by means of the dichroic mirror, was focused into
the 27um-core fibre using an 8mm focal length aspheric lens. The higher NA and
larger area of the 27um-core fibre (0.22 cf. 0.075) would allow a good coupling
efficiency to be achieved between the seed and the amplifier. The amplifier was
pumped from the opposite end to the seed input using a Unique Mode 0.976um
200um-core, 0.15 NA fibre-coupled diode®. The output from the diode pump source
was collimated using an 8mm focal length aspheric lens and focused into the gain

medium with an identical lens. A dichroic mirror with high transmission at 0.976um

" The optimum pumping wavelength for Yb*":YAG is 1.030um.

¥ model: UM254-200-20-976
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and high reflectivity at 1.030um was situated between these lenses for separation of

the amplified signal from the counter-propagating pump light.
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Figure 3.12 — Schematic of a seed-amplifier pump source based on a
9.6um-core low power seed laser with an external feedback cavity
including a VBG for 1.032um wavelength selection coupled into a

27um-core single-pass fibre amplifier.

For 273mW of 1.032um seed coupled with 81% efficiency into the amplifier, 7.4W
of 1.032um output could be achieved with a slope efficiency of 87% (Figure 3.13).
Applying the same methodology as described in Section 3.2.1, the M? parameter of
the seed-amplifier pump source was measured to be 3.5 (Figure 3.14). The 0.8nm
linewidth of the seed source was preserved through the amplifier with little ASE
background being introduced (Figure 3.15) in a temporally stable output. This output

was suitable for use a pump source in optical cooling experiments.
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Amplifier Output Power (/W)

Chapter 3

Amplifier Output Power vs. Absorbed Pump Power
seeded with 273mW of 1.032um
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Figure 3.13 — A plot of amplifier output power as a function of absorbed
pump power for the seed-amplifier pump source seeded with 273mW of
1.032um output from the 9.6um-core fibre laser with an amplifier slope
efficiency of 87%. The ‘bunching’ of points at increasing power is due to
the roll-off in output of the diode pump source with measurements taken

at fixed current intervals.

53



Optical Cooling of Solids Chapter 3

Beam Radius vs. Position for a Seed-Amplifier Pump Source
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Figure 3.14 — A plot of beam radius vs. position within the Rayleigh
range for the seed-amplifier pump source with M* = 3.5. The *5um
uncertainty corresponds to fluctuations in the beam radius measured

using a two-slit beam profiler.
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Figure 3.15 — The spectral output from the amplifier operated at 7.4W

when seeded with 273mW of 1.032um output from the 9.6um-core fibre

laser.
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3.2.3 Self-Pulsing in Fibre Lasers

Self-pulsing is a common problem in rare-earth-doped fibre lasers. It is the
phenomenon that a fibre laser can, without apparent external influence, start
operating in a pulsed mode. Self-pulsing behaviour divides into two categories:
sustained self-pulsing (SSP) and self mode-locking (SML). The theoretical analysis
performed by Brunet et al. [95] shows that SSP is associated with relaxation
oscillations [96], however the precise mechanism by which it is triggered remains a
topic of debate. The work by Fontana et al. [97] demonstrates that SSP is
exacerbated by a short cavity photon lifetime. The findings of Guan & Marciante
[98] have shown that extending the cavity photon lifetime by using a long cavity can
therefore be used as a self-pulsing suppression mechanism. Brunet et al. postulate
that the SSP peak powers can trigger stimulated Brillouin scattering (SBS) which
combines with the underlying SSP to give intense irregular pulses [99-101] that may
reach the threshold for stimulated Raman scattering (SRS) and cause catastrophic
damage to a fibre gain medium. SML is a term that is broadly applied to cover pulses
triggered by saturation gain [102] that are directly related to the cavity photon round-
trip time. Although more commonly observed at higher pump powers than for SSP
[98], SML can also be observed close to the lasing threshold [95].

To investigate self-pulsing, a 1m length of the 27um-core, 150um-inner-cladding
Yb-doped double-clad fibre (highly prone to pulsing) was used as the gain medium
in a simple fibre laser (Figure 3.16). Lasing was achieved using 4% Fresnel
reflection at the pumped end of the fibre and a retro-reflecting diffraction grating for
wavelength selection at the other. The back end of the fibre was angle-polished at 12°
to prevent parasitic lasing from the facet. Pumping the fibre using the 125um-core
fibre coupled 0.976um laser diode, the laser was operated at 1.040pum and pumped
close to its threshold power of 50mW found from relaxation oscillations as described
in Section 3.2.1. Based on the author’s experience in developing the 1.020um pump
source, these operating conditions were predicted to promote self-pulsing behaviour.
The front end output was collimated using an 8mm focal length aspheric lens and
separated from the pump using a dichroic mirror having high transmission at

0.976um and high reflectivity at 1.030um. The temporal stability of the laser output
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was monitored using a nanosecond rise time silicon photodiode detector and digital

oscilloscope (Figure 3.17).
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Figure 3.16 — Schematic of the 1.040um fibre laser used for the
investigation of self-pulsing. The laser is based around a 27um-core,
150um-inner-cladding Yb-doped fibre gain medium with an external

feedback cavity including a retro-reflecting diffraction grating for

wavelength selection.
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Plot of Laser Output vs. Time - 'Pulse Packets'
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Figure 3.17 — Self-pulsing ‘packets’ in the fibre laser based around a 1m
length of 27um-core Yb-doped fibre gain medium and pumped close to
the lasing threshold. The spacing between consecutive pulses,
consecutive ‘pulse packets’ and the width of the ‘high power’ pulse are

shown.

Figure 3.17 clearly shows that there is self-pulsing in the fibre laser. There is a
repeated pattern of 4 small pulses followed by a single high (approximately x2
relative power) pulse. From the trace it is apparent that not all these ‘packets’ have
the same power. This offers a possible explanation as to why catastrophic damage is
not necessarily immediate or always observed. As self-pulsing behaviour is first
observed in this system close to the threshold power, from the literature discussed
above it may be concluded that SSP rather than SML is the dominant self-pulsing
effect. This conclusion is supported by observing that when a temporally stable
output can be achieved above the lasing threshold, self-pulsing behaviour is not
initiated unless the pump power is brought down close to the threshold, i.e. the

powers for which the relaxation oscillations with which SSP is associated are once
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more reached. Although the 5-peak ‘pulse packets’ are a recurrent feature of the self-
pulsing observed in this fibre, Figure 3.18 shows that irregular self-pulsing may also

be observed.
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Figure 3.18 — Irregular self-pulsing in the fibre laser based around a 1m
length of 27um-core Yb-doped fibre gain medium and pumped close to
the lasing threshold.
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3.2.4 Suppression of Self-Pulsing

The build-up of SSP is described by the interaction of the photon and inversion
populations (field and gain), even though the exact trigger mechanism(/s) remains
disputed. Changing the relaxation oscillation dynamics, i.e. the interaction between
the field and the gain), thus impacts on the SSP build-up. Various techniques for
changing the relaxation oscillation dynamics to suppress self-pulsing have therefore
been extensively explored. Mizrahi et al. [103] used active electronic feedback to the
pump source, adjusting the gain and phase to minimize the relaxation oscillations.
Luo & Chu [101] demonstrated that resonant pumping close to the lasing wavelength
also reduces relaxation oscillations. Alternatively a semiconductor optical amplifier
may be included in the laser cavity [104] to prevent signal build-up or a
uni-directional ring cavity configuration adopted [105] to remove SBS as a potential

trigger mechanism.

Guan & Marciante [98] demonstrated a different approach; as the frequency of
relaxation oscillations fro is inversely proportional to the square root of the cavity
round trip time zr (Equation 3.1), extending the laser cavity photon to increase the

round-trip time changes the relaxation oscillation dynamics.
(3.2)

where L describes the resonator losses, Pca, is the intracavity power and Egy is the
saturation energy (i.e. the pulse energy that reduces the gain to i of its original

value). This technique offers the benefits of an all-fibre set-up. Various approaches
for incorporating a 150m length of single-mode passive fibre into the pump laser
were therefore considered for extending the cavity round-trip time by more than two

orders of magnitude.

Preferring to avoid the use of free-space coupling, the first approach was to splice
the 1m length of the 27um-core active fibre used for the investigation of self-pulsing

to the 5.8um-core passive fibre. As was expected, power loss at the splice — residual
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pump and stimulated emission — due to the extreme core mismatch resulted in splice

damage. Free-space coupling was therefore pursued.

An 18.4mm — 4.51mm telescoping arrangement (Figure 3.19) was used to match the
fundamental mode-field diameters (MFD) of the active and single-mode passive
fibres found using the Marcuse formula (Equation 3.3). Matching the fundamental
modes of the two fibres aimed to provide single mode operation from the multi-mode

27um-core fibre.

w 1.619 2.879
— =~ 0.65 +

a Vi T Ty (3.3)

where w is the mode radius, a is radius of the fibre core and the VV-number is found

from,

V=—a¢ (3.4)

where ¢ is the numerical aperture.

As the active fibre had a NA of 0.22 and the passive fibre a NA of 0.15, the coupling
efficiency in the active-to-passive direction was limited even for the case of perfect
alignment. The rear end of the active fibre and both ends of the passive fibre had 12°
angle-polished facets to ensure that the system acted as a single laser resonator.
Free-space coupling allowed the inclusion of a dichroic mirror with high
transmission at 1.030um and high reflectivity at 0.976um to remove any residual

pump light that could damage the passive fibre facet.

This set-up could be operated in two configurations: taking the laser output from the
active fibre or taking the laser output from the passive fibre. Taking the output from
the passive fibre would have offered the benefit of optimizing beam quality, any
residual higher order modes resulting from mismatch of the MFDs being stripped out
before the output. As 80% of the power is generated on the second pass through the
gain medium this would, however, severely limit the power. As in optical cooling
applications power is much more critical than beam quality, the active fibre was

selected for the output. Pumping with the 125um-core fibre-coupled 0.976um laser
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diode, 1.030um lasing was achieved using 4% Fresnel at the front end and a retro-
reflecting diffraction grating for wavelength selection at the other. The front end
output was collimated using an 8mm focal length aspheric lens and separated from
the pump using a dichroic mirror having high transmission at 0.976um and high
reflectivity at 1.030pum. The output was attenuated using a series of three 10%
reflecting mirrors (0.999% attenuation) and a sequence of neutral density (ND)
filters. This was then viewed using a Spiricon IEEE-1394 (LBA-FW-SCOR20) CCD

digital camera.
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Figure 3.19 — Schematic of a set-up for free-space coupling between a
27um-core active fibre and 150m of single-mode 5.8um-core passive
fiore for the suppression of self-pulsing in a fibre laser. Output is
monitored using a Spiricon CCD camera and a nanosecond rise time

silicon photodiode.

Good fundamental mode operation could be achieved (Figure 3.20), however this
was extremely sensitive to alignment and optimum coupling would be lost within
30mins due to drift in the translation stages on which the two fibres were mounted.

Thus to build a practical system a rigid set-up was pursued (see below).
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Figure 3.20 — Fundamental mode laser output from a 27um-core active

fibre mode-matched to a 5.8um-core passive fibre.

To evaluate the suppression of self-pulsing, the laser output was monitored with
when operating on the fundamental mode (well aligned) and when operating on
higher order modes (slight misalignment). This was to ensure that the fundamental
mode selection was not contributing directly to the suppression of self-pulsing. The
output (Figure 3.21) was monitored continuously for 15mins and no self-pulsing
behaviour was observed in either case. This work supports the published findings of
Guan & Marciante [98] that self-pulsing in a fibre laser is suppressed by extending

the cavity photon round-trip time so as to change the relaxation oscillation dynamics.
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Plot of Laser Output vs. Time - Suppression of Self-Pulsing
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Figure 3.21 — Suppression of self-pulsing (blue line) using a 150m length
of single-mode passive fibre free-space mode-matched with a 1m length
of 27um-core active fibre. Plot shows the output of the active fibre alone

for comparison (red line).

After demonstrating the effectiveness of this approach for the suppression of
self-pulsing, the project focused on building a robust set-up that would not require
continuous realignment. A set-up was designed that fixed the two fibres and the
4.51mm coupling lens at their optimal positions. The position of the 18.4mm lens
was then adjusted by means of a purpose built jig while the alignment was assessed
by using the Spiricon CCD camera to view an ASE signal transmitted in the
passive-to-active direction. The ASE was generated by pumping a 2m length of the
9.6um-core, 150um-inner-cladding Yb-doped double-clad fibre with the 125um-core
fibre-coupled 0.976um laser diode. The back end of the 9.6um-core fibre had a 12°

angle-polish to prevent lasing. The output was collimated using an 8mm focal length
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aspheric lens and focused into the back® end of the passive fibre using an identical
lens. As this was a low power source for alignment purposes only, coupling into the
passive fibre did not have to be optimized, thus allowing the 1:1 telescoping
arrangement. Residual pump light was removed using a dichroic mirror having high
transmission at 1.030pum and high reflectivity at 0.976um situated between the
lenses. When fundamental ASE output from the active fibre was observed, the lens
was fixed in place with UV-glue. Despite much time and effort being put into
correcting alignment issues and ruling out other explanations, useful operation of this
rigid set-up could not be achieved. The conclusion drawn is that the rigid set-up does

not have sufficient degrees of freedom during assembly for effective coupling.

Having concluded that free-space coupling was not a viable option for a reliable and
timely solution, a single-mode active fibre was procured which could be spliced to
the passive fibre without significant loss. This fibre would be core pumped at
0.946pm which would allow even shorter fibre lengths to be used and potentially
lower wavelengths to be achieved. Due to the adoption of the intracavity cooling
scheme (Section 3.3) this set-up was never rigorously tested, however preliminary
experiments with a 6um-core core-pumped fibre laser employing a diffraction
grating for wavelength selection showed that operating wavelengths as low as
1.004um could be achieved at low powers. Significantly, this allowed pump
wavelengths shorter than the mean fluorescence of Yb**:CaF, (1.008um) to be

achieved in an Yb-doped fibre laser.

% relative to the active-passive fibre laser
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3.3 1pm Intracavity Pumping

A simple technique for the initial identification of cooling samples requires that the
cooling effect should be maximized in order to clearly distinguish it from other
thermal effects (e.g. ambient temperature fluctuations and uniform fluorescence
reabsorption). As most crystals have extremely low absorption above their mean
fluorescence wavelength, power scaling the pump source to increase the cooling
power is a highly inefficient method for achieving this. Increasing the cooling
efficiency (/pump wavelength) and the absorbed pump power are therefore preferred
ways to improve the cooling performance. The pump development work discussed in
Section 3.1 attempted to optimize cooling by employing a tuneable pump source,
thereby allowing the optimum pump wavelength to be reached and maintained. To
absorb more pump power one option is to use more highly doped crystals. This,
however, increases the probability of ion-ion interaction and parasitic heating effects.
A different approach widely used in the optical cooling community is to use various
multi-pass geometries for the pump beam. This section of the thesis discusses the
less commonly employed technique of intracavity pumping. The cooling experiments
reported in Chapter 5 report the first application of such a pump geometry in the case

that the sample and gain medium are different materials.

For intracavity (/resonant) pumping the cooling sample is placed inside a low loss
pump laser cavity. In non-resonant pump schemes, selecting a pump wavelength that
provides an optimal combination of absorption and cooling efficiency is critical.
Equation 3.2 shows that for an intracavity pump scheme with no other cavity losses
L, regardless of how small the double-pass absorption (as a fraction of the total pump
power) in the crystal 7y is, all of the available pump power will be absorbed in the
sample:

Naps = 72— (3.2)

(Mery + L)
Thus the absorption efficiency for a lossless cavity is independent of wavelength. In
practice, however, there will always be some cavity losses and the pump wavelength

must be selected such that the sample absorption remains the dominant effect.
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A Nd:YLF bulk laser operating at 1.047um was selected for pumping samples in
the 1um-regime as this wavelength yields relatively high cooling efficiencies whilst
the absorption coefficients for Yb**:YAG and Yb®*":CaF, of 0.314cm™ and 0.399cm™
respectively are still sufficient to dominate cavity losses. Adopting an established
bulk laser design, a low risk, robust source could be built (Figure 3.22). The practical
dimensions of such a cavity allow for the simple exchange of samples adding to its
usefulness. The high absorbed pump power negates any disadvantage that is incurred

by the lack of tunability.

collimating lens(/es)
focusing lens (typ. = 30mm)

v J B cavity length L (typ. = ROC / 2) N

- Nd:YLF sample ]
=0.792pm laser diode HT @ 2= 0.792um HR @ )= 1.047pm
HR @ A= 1.047pm curved mirror (typ. ROC < 300mm)

dichroic mirror

Figure 3.22 — Schematic of a typical intracavity pump set-up based on a
Nd:YLF bulk laser.

3.4 Summary

This chapter has covered the development of two possible pump sources for optical
cooling trials: a fibre-based seed-amplifier source tuneable in the range 1.010um to
1.095um (1.032um with a narrow linewidth wavelength selection VBG) and a
Nd:YLF 1.047um bulk laser suitable for intracavity pumping of Yb**:YAG and
Yb**:CaF,.

To build a robust fibre laser, the issue of self-pulsing suppression was addressed by
integrating a 150m length of passive fibre into the cavity. Analyzing the observed
temporal behaviour, the success of this suppression technique has been verified and
‘pulse packets’ observed as a characteristic feature of self-pulsing in the 27um-core
fibre used in this work. The final design for a tuneable fibre laser with self-pulsing
suppression offers a robust, power scalable source for use in future high power
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1um-regime cooling studies. The wide tuning range, power scalability and option for
adopting resonance-enhanced pump schemes gives this source advantages over

currently used Ti:sapphire and Yb-doped fibre laser 1pum tuneable sources.

The described Nd:YLF laser with an intracavity pump geometry employs a
conventional, bulk laser design to offer stable, reliable operation while maximizing
the pump absorption. Though not of novel design, the optical cooling experiments
reported in Chapter 5 cover the first application of such a scheme for 1.047um

pumping of Yb-doped samples.

Chapter 4 covers the development of a novel diagnostic for temperature
measurement in transparent samples. The pump sources described in this chapter are
then returned to in Chapter 5 which reports their use in cooling experiments with
Yb**:YAG and Yb**:CaF, crystals.
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Chapter 4

Developing a Laser-Based Thermometer

Section 4.1 of this chapter discusses the background to various high-sensitivity
temperature measurement techniques. Initial photothermal deflection studies of
pumped Yb**:YAG are presented in Section 4.2. Section 4.3 covers longitudinal
mode-shift relative thermometry (LMRT), a novel interferometric approach for

non-contact observation of thermal effects in transparent samples.

4.1 High-Sensitivity Thermometry

High-sensitivity non-contact thermometry falls broadly into two categories:
spectroscopy and techniques that are based on the temperature dependence of
refractive index. Spectroscopic thermometry relies on the fact that the emission
spectrum of a material has a temperature dependence. As the range of atomic energy
level transitions available to an electron decrease with thermal energy in accordance
with the changing Boltzmann distribution, for a well characterized sample the
varying spectrum can be directly linked to an absolute temperature. This technique
has been demonstrated as an effective non-contact method for continuous, high-
sensitivity monitoring of temperature in optical cooling applications [29]. It is,
however, limited in that it can only measure the bulk temperature of samples. The
necessity to have a detailed thermo-spectroscopic characterization of each sample is
another major disadvantage to this technique. A further constraint on the accuracy of
this technique is placed by fluorescence trapping shifting the emission spectrum to

falsely long wavelengths [31].
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A simpler and more commonly used method for measuring small variations in the
temperature of a medium is the photothermal deflection (PTD) technique® [106, 107].
This employs a low power probe beam at a wavelength that is not absorbed by the
material under investigation. A position sensor is then used to measure any beam
deflection caused by thermal lensing due to an induced refractive index gradient.
Able to be linked with mathematical models to yield absolute temperature values,
PTD has proven itself a very flexible technique whilst retaining a comparatively
simple set-up. The wide range of situations to which PTD has been applied include:
determining absorption coefficients [108], finding values for thermal diffusivity
[109], measuring flow velocity in gases [110], temperature/beam profiling [111] and
most recently for monitoring optical cooling [29, 47, 50]. In most practical situations,
PTD sensitivity is limited by the spatial resolution of available position sensors.
Although it improves on spectroscopic thermometry by allowing local thermal
effects to be measured, PTD is disadvantaged in that to experience a refractive index
gradient the probe beam cannot be collinear with the pump. It is therefore
particularly sensitive to non-uniform thermal effects elsewhere in a sample. Section
4.2 discusses in detail the theory of PTD and the results obtained for an Yb**:YAG

rod in an optical cooling set-up.

Interferometric techniques also rely on the temperature-dependence of refractive
index and can be used to obtain greater temperature resolution than is offered by
PTD. Interferometry offers the added advantage that both local and collinear
temperature measurements can be obtained. The high precision offered by two-beam
interferometry has been used to find various thermal coefficients [112, 113] and in a
Mach-Zehnder? configuration applied to optical cooling [53]. Section 4.3 of this
chapter covers the theory, development and evaluation of a laser-based technique for
measuring temperature changes along any path within a transparent sample to
interferometric precision without the complexity of a conventional two-beam

interferometer.

! This is sometimes referred to as ‘beam deflection’ or ‘optical beam deflection’.
2 A two beam interferometer in which one beam is shone through the sample and the other through an

equal distance of free space.
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4.2 Photothermal Deflection Technique

Prior to developing a new technique for temperature measurement, the established
PTD method was trialled to enable a comparison to be drawn. This section outlines
the theory behind PTD and reports a preliminary PTD investigation of optical
cooling in Yb*":YAG.

4.2.1 Theory of Photothermal Deflection

The temperature profile in a long cylindrically symmetric sample of length L. and
radius ro that is pumped along its centre by a beam of radius w; (i.e. assumption of

radial heat flow only) is described by the function:

Pra-e™
T(r,2) = |—a———
(r.2) [4nKC(1 — e~az)

X [{(1 -~ ;—;) +1In (;}i;)} 0(r2—w?) +1In (:iz) o(w? - rz)] (4.1)

where Py is the incident heating power, « is the absorption coefficient, K. is the
thermal conductivity and O@(R) is the Heaviside step function®. Equation 4.1 describes
a temperature profile (Figure 4.1) that is hyperbolic within the pumped region and

has a logarithmic fall-off outside this region.

¥ The Heaviside step function is defined as:
= OR)=1whenR<1
= OR)=0whenR>1
= JLRG)(R) = §(R) the Dirac delta function.
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Centre-Pumped Temperature Profile

Pumped
Region

Temperature (au)

-500 -300 -100 100 300 500
Sample Radius (au)

Figure 4.1 — Temperature profile in a centre-pumped cylindrically

symmetric sample.

The temperature gradient outside the pumped region is therefore given by:

i (4.2)

ar -1 ( P,-a-e ™ )_—ZA
)Y

T 4K (1 — e

and a thermal lensing effect will arise due to the radial dependence of refractive
index (/effective sample length):

n) = Lo X (ng + 2 (43)

where the thermo-optic coefficient Z—: describes the temperature dependence of

refractive index.

72



Optical Cooling of Solids Chapter 4

Defining the heating power as:

Ap
Ph = Pin X — (44)
Ast
where Pj, is the incident pump power, Ap is the pump wavelength and A is the mean

fluorescence wavelength, the focusing effect fq at radial position s is described by:

21K, s?

e —T (4.5)
h dr

leading to a linear beam deflection 4x given by:

A st 4.6
X = —— .
fa “o

where s is now defined as the radial separation between the pump and the probe

beams and | is the linear distance between the thermal lens and the monitoring plane.
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4.2.2 Measurements of Photothermal Deflection

For PTD measurements a Thorlabs single-mode, well collimated, narrow beam
17mW HeNe laser* was co-propagated through the sample with the 1.032um output
from the seed-amplifier pump source described in Section 3.2.2 (Figure 4.2). The
two beams were combined and separated by means of dichroic mirrors having high
reflectivity at 0.633um and high transmission at 1.030um for a 45° incident angle.
An additional alignment mirror having high reflectivity at 0.633um for a 45° incident
angle was mounted on a translation stage and used to introduce a 1mm centre-centre
radial offset in the path of the HeNe relative to the pump. Performing this procedure,
between the dichroic mirrors the probe beam propagated parallel to and outside of
the pumped region. The final position of the probe beam was monitored continuously
using the twin-slit DataRay Inc. Beamscope™ P7 beam profiler that had a linear
displacement tracking function. The bulk temperature of the Yb*":YAG sample was
measured using a thermocouple immediately before and after pumping. The
thermocouple was removed during pumping to avoid fluorescence absorption which
would lead to falsely high temperature measurements and could possibly be a source
of parasitic heating at the point of contact with the sample. The assumption that there
is a linear relationship between Ax and AT was then applied for a basic calibration
(Figure 4.4). Low-level fluorescence reabsorption within the sample was assumed to
be a uniform heating effect, not contributing to the temperature gradient in the
sample. PTD is therefore a measurement technique that is insensitive to low-level

fluorescence reabsorption parasitic heating effects.

* model: HNL170R
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17mm HeNe ") 45 deg HT @ &= 1.030um

HR (@ A = 0.633pm
L 7.=0.633um probe <— dichroic mirror
27um core dia. P E—
¢ NA-02 Yb:YAG rod v Q 45 deg
R | ) »
— oo
seed-amplifier pump source rr | A= 1.032um pump
I pump s 12 deg ‘ 45 deg 4 Imm offset
. ) HT @ A= 1.030um
=8mm =
aspheric lens HR (@ h=0.633um

dichroic mirror

deflection
BeamScope twin-slit beam profiler
with beam tracking function

Figure 4.2 — Schematic of an experimental set-up for photothermal

deflection measurement of temperature in an optically cooled sample.

A Scientific Materials Corp. 5%-doped 3mm x 5mm Yb**:YAG laser rod was
pumped at 1.032um for 5 minutes in a single-pass configuration. The sample
absorbed 912mW of the 6W incident pump corresponding to a measured absorption
coefficient of 0.97cm™. The sample was cleaned in an ultrasonic bath in order to
remove any surface contamination. The sample was then mounted on two supports
made from crossed microscope cover-slips (Figure 4.3) in order to minimize thermal
contact with its surroundings. The sample was not pumped in vacuo as convective
heat transfer would only limit the net cooling and not mask the local temperature

gradient being probed in these preliminary experiments.

Yh:YAG sample

| AN

Figure 4.3 — Low thermal contact sample mount.

microscope cover slips
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HeNe Position vs. Time

Calibrated Relative Temperature (K)
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Figure 4.4 — Photothermal deflection measurement of temperature in
Yb**:YAG pumped at 1.032um using a seed-amplifier source. Presented
temperature values are found by calibrating deflection data using a
thermocouple. Solid line shows 3x averaged data with typical data
points shown for clarity. Error bars show the +0.25K jitter-limited

resolution of the PTD technique.

Figure 4.4 shows approximately linear heating in the Yb*:YAG sample during
pumping. The relative temperature increase measured using the thermocouple was
2.7£0.05K followed by a three-minute drop-off during which pronounced ambient
temperature fluctuations were more noticeable. The poor jitter-limited resolution to
PTD of +0.25K is calculated from two standard deviations in the spread of the
measured beam positions at a fixed temperature. Repeating the experiment for
various pump periods between 3—5 minutes, the observed temperature rises were all
consistent with the PTD monitored heating being linear over this five minute pump

duration.
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4.3 Longitudinal Mode-Shift Relative Thermometry

This section covers the development of a more sensitive technique than PTD for
interferometric non-contact temperature measurement. The LMRT diagnostic
technique improves on PTD in that it can directly measure the relative temperature
within the pumped region of a sample. Such an approach offers the ability to prove
conclusively whether there is a cooling effect in the pumped region even if the net
temperature of the sample increases due to fluorescence reabsorption or other

parasitic heating effects.

The first concept solution to be explored in developing this diagnostic was a
two-beam temperature-gradient interferometer (TGI). This would have provided the
required precision and the ability to measure temperature changes along the path of
the pump beam. It would improve upon the conventional Mach-Zehnder
interferometer by being independent of variations in the ambient temperature (both
beams travelling equal free space and sample distances). Importantly the TGI would
yield values for cooling power that were not susceptible to uniform fluorescence
reabsorption in the sample. A second approach — discussed in this section of the

thesis — was preferred as a simpler, more robust set-up.

The LMRT technique developed in this work uses a scanning Fabry-Pérot
interferometer to monitor continuously the longitudinal modes of a bulk laser inside
which a sample is placed. Any change in the temperature of the sample will result in
a change in the effective cavity length (Figure 4.5). Thus there will be a shift in the
longitudinal modes supported by the probe resonator. This mode-shift and its
directionality can be related to the change in temperature and thus used as diagnostic
for continuous monitoring of the relative temperature in a sample. LMRT therefore
provides measurements of temperature to interferometric precision without the
complexity of splitting and recombining the probe beams as in conventional
interferometry. The linewidth of a single-frequency bulk laser is proportional to the
square of the bandwidth of the cavity resonances®. Thus observing individual

longitudinal modes offers greatly improved resolution.

® This is sometimes referred to as the ‘resonator bandwidth’.
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Figure 4.5 — Diagram showing the principles involved in longitudinal

mode-shift relative thermometry; (a) a probe cavity at the initial

temperature, (b) a probe cavity for a heated sample and (c) a cavity

equivalent to that for a heated sample showing the change in effective

resonator length.

To avoid parasitic heating, the probe laser must be selected to operate at a

wavelength for which there is negligible sample absorption. In the event that

intracavity pumping of the sample is to be used, the probe resonator should be

overlapped with the pump by means of a dichroic or a polarizer. The longitudinal

modes of the pump laser should not be monitored as the initial thermal expansion of

the gain medium will dominate the mode-shift and falsify the data.
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4.3.1 Theory

Frequency shifting due to thermal expansion of a fibre laser gain medium is used in
the latest generation of sensors for high sensitivity thermometry [114-116]. It has
not, however, been reported as a technique for measuring the internal temperature of
samples. This section of the report covers the theory behind a novel laser based
technique for continuous high-sensitivity relative temperature measurement by
monitoring longitudinal mode-shift in a laser cavity. This allows any path within a
transparent sample to be measured to interferometric precision while retaining a

comparatively simple and robust probe configuration.

Measurement of Relative Temperature

There are three contributions to the change in optical pathlength of a sample that is
subjected to a temperature change A7. A contribution due to the dependence on
temperature of refractive index 4L, (Equation 4.7) and two contributions —
stress-induced birefringence, physical elongation — due to thermal expansion ALt

(Equation 4.8). For a cylindrically-symmetric core-pumped sample of length I

dn
AL, = |l X — X AT 4.7
n dT (47)

a-cony 2mpg—1)-a-2s

ALy = |-
T 48(1—v)+ l

X AT (4.8)

where « is the thermal expansion coefficient, c, is a stress-related coefficient [85],
No is the original refractive index, v is Poisson’s ratio and s is the length over which
significant thermal elongation of the rod occurs (~twice rod diameter). The latter
term in ALx relates to end-face bulging and over the limited temperature changes for
which this technique is most useful dominates the net volume expansion of a sample.
Equations 4.7 and 4.8 can be rearranged and combined to give a thorough expression

for the change in temperature as a function of the effective length ALes:
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AT = [ dn  acnd n 2(110—1)'0."25] (4.9
dT  48(1-v) 1

The resonance condition for longitudinal modes of wavelength 1 in a cavity of

length Le is:

Lerr=q5 (4.10)

where g is an integer.
As the theoretical axial mode spacing 44 in terms of wavelength is given by:

/12

A1 =
ZLeff

(4.11)

Monitoring a shift in the longitudinal modes J4 as a fraction of the axial mode

spacing the change in effective length can be calculated:

oA A

Substituting Equation 4.12 into 4.9, the change in temperature in terms of the

fractional mode shift is then given by:

ﬁ.&]

— AL 2

A= [ Jan _ acend Z(no—n-a-zS] (4.13)
dT  48(1-v) l
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To be accurately resolvable, the mode-shift 54 should be greater than the linewidth®
Aw of the modes after taking into account the uncertainty due to noise. For a
perfectly isolated (noiseless) system, the linewidth 44, from the Schawlow-Townes
equation and thus the resolution of the LMRT diagnostic is related to the probe

cavity finesse F by:

mhc?A

Ay =
W am212 F2P,,

(4.14)

where m = 1 for a plane-plane cavity and m = 2 for a plano-concave cavity and Pp is

the output power of the probe laser assuming no resonator losses.

Combining Equations 4.13 and 4.14, the ideal temperature resolution 67 of this

technique is thus given by:

[ mhc? ]

_ 4mLF2PpL

6T — [ . d_n_ a-c,!-ng 2(n0—1)'a'ZS] (415)
aT  48(1-v) l

This technique employs two resonators: a laser ‘probe’ resonator in which the sample
is placed and a scanning Fabry-Pérot monitoring resonator. For a typical probe cavity
with 1% output coupling a finesse of >600 could reasonably be achieved. This
compares to a typical finesse of >1000 for current commercially available scanning

Fabry-Pérot interferometers. However, as the linewidth of the probe laser is

proportional to % whereas the bandwidth of the Fabry-Pérot interferometer is

proportional to % , the resolution of a perfectly isolated LMRT diagnostic will be

limited by the Fabry-Pérot cavity finesse.

® Full Width at Half-Maximum, FWHM, in units of length (m)
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The bandwidth of the Fabry-Pérot cavity being related to its finesse by:

/12

2Ly pF

combining Equations 4.13 and 4.16, the temperature resolution o7 of this technique

as limited by the Fabry-Pérot cavity finesse is given by:

A
&
_dn acynd | 2(me—1)-a2s
[ ar  48(1-v) ! ]

8T = (4.17)

Making the approximation valid for YAG that the change in refractive index is the
dominant thermal term accounting for 75% of the total change in optical

pathlength [84], applying Equation 4.15 to the case of a typical probe laser:
F = 1000, A = 1.064pm, Z—: = 7.3x10°K™ and sample of length 10mm, a minimum

resolution in temperature of <4.5mK is calculated. In all practical interferometric
techniques, frequency jitter due to vibrations of the probe laser and Fabry-Pérot
resonator components will substantially reduce this sensitivity. It should be noted
that if in a given probe resonator there is appreciable mode-hopping, this technique

cannot be applied.

Analysis of Cooling Power

If parasitic heating effects outside the pumped region (e.g. surface contamination,
fluorescence reabsorption) are greater than the cooling power, the net sample
temperature will increase and any cooling effect that is present will not be observed
by simple LMRT observation of relative bulk temperature. Application of a
steady-state model that compares the temperature in the pumped region of a sample
to that at the surface, however, allows the cooling power to be measured. Such a
temperature gradient analysis will not be affected by any parasitic heating that may

be assumed to be uniform throughout the sample.
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At thermal equilibrium, the cooling power is exactly balanced by heat flow into the
pumped region and no further change in temperature is observed. The cooling power

Pcool May therefore be defined for a cylindrically symmetric sample as:

AnKI(Ts — Ty)
1+ 2In (:—) (4.18)

p

cool =

where K is the thermal conductivity, | is the length of the sample, Ts & T, are the
temperatures at the surface and in the pumped region respectively and rs & r, are the

sample and pumped region radii.

Substituting Equation 4.17 into 4.18, the resolution in cooling power 6P for a long,

centre-pumped sample with co-propagating pump and probe beams is then given by:

5P 4KIA
B [2 + 4In (L)] x [l Jan_ aeenf 2(n0—1>-a-zs] (4.19)
Tp dT  48(1-v) l

For the typical case of a perfectly isolated system: K = 8.2W m™* K, rs = 3mm and
ro = 0.3mm,; this gives a theoretical resolution in cooling power of <1.08mW.
Although frequency jitter will substantially reduce this resolution, these calculations
prove that the LMRT technique is sufficiently precise to identify any significant

cooling effect.

Depending on the pump scheme, practical probe cavity lengths may have mode
spacings that are too small compared to the noise (/frequency jitter) to be usefully
resolvable. In this work it has been shown, however, that the property of laser
resonators that they do not necessarily operate on all the available longitudinal
modes can increase the noise-limit to resolution. Section 4.3.2 discusses a
preliminary experiment to validate the accuracy of the LMRT technique under

conditions of controlled temperature.
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4.3.2 Evaluation

Experimental Set-up

To validate the LMRT technique, a 1.064um Nd:YAG probe laser was built using a
plane 2% output coupler at the pumped end and a 300mm ROC high reflector at the
other. An AR/AR coated plane-plane 3mm x 10mm Nd:YAG’ rod was used as the
gain medium. This was supported in a water-cooled copper mount held at 17°C. The
crystal was pumped at 0.808um using a LIMO 200um-core, 0.15 NA fibre-coupled
laser diode® focused into the gain medium using a 30mm focal length spherical lens.
Measuring the Nd:YAG 1.064um laser output power as a function of absorbed
0.808um pump power (Figure 4.6) the slope efficiency was found to be 55%. The
high lasing threshold (P, = 2.5W from Figure 4.6) is ascribed to a poor overlap

efficiency for this resonator.

Two intracavity thin film polarizers were used to select n-polarized operation of the
Nd:Y AG laser. Such polarization selection was included to demonstrate the ability of
the probe cavity to be polarization-combined with a pump laser for optical cooling.
The probe wavelength of 1.064um was chosen as the absorption of Yb*":YAG at this
wavelength is — and was measured to be — negligible. Also, given that 1.064um is
longer than the mean fluorescence wavelengths of common Yb-doped samples, for
investigations of optical cooling any residual absorption will not heat a pure crystal.
An AR/AR coated 5%-doped Yb*:YAG 3mm x 15mm laser rod from Scientific
Materials Corp. was mounted in a copper heat sink connected to a Peltier cooler.
This was inserted close to the output coupler after a small aperture to minimize the

amount of rapidly diverging residual 0.808um pump light incident on the sample.

" manufacturer unknown
¢ model: FP-A0487
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Slope Efficiency of Nd:YAG Probe Laser

15 -

Output Power (/W)

0.5 - vl

Absorbed Pump Power (/W)

Figure 4.6 — Plot of output power vs. absorbed pump power for the
Nd:YAG probe laser operating at 1.064um. For a pump wavelength of
0.808um the slope efficiency is 55%.
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l = 30mm spherical lens Yb:YAG HR (@ 2 = 1.064pm
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%= 0.808um laser diode HT @ &= 0.8080pm Peltier
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Figure 4.7 — Schematic of a Nd:YAG laser resonator for evaluating
Longitudinal Mode-Shift Relative Thermometry using a Peltier cooled
Yb**:YAG control sample.
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The output from the Nd:YAG laser was separated from the 0.808um pump using a
dichroic mirror having high transmission at 0.808um and high reflectivity at
1.064um. The output beam was reasonably collimated by the 30mm spherical lens. It
was then passed through an external thin film polarizer and a quarter-waveplate to
prevent feedback from the Fabry-Pérot interferometer into the probe cavity. A
telescoping arrangement consisting of a 100mm focal length spherical focusing lens
and a 500mm focal length spherical re-collimating lens was used to ensure that the
beam was well collimated at the Fabry-Pérot interferometer. The collimated 1.064um
beam was then incident on a plane-plane scanning Fabry-Pérot interferometer. This
had a mirror spacing Lgp of 5Smm giving a free spectral range (FSR) of 30 GHz

calculated from:

FSR =

T (4.20)

where m = 1 for a plane-plane cavity and m = 2 for a plano-concave cavity. The
interferometer was connected to a Tektronix TDS5053B digital oscilloscope via a
simple, non-commercial® amplifier to maximize the signal-to-noise ratio. Setting the
timebase of the oscilloscope display such that two Fabry-Pérot resonances (spaced by
the FSR) could be observed, the horizontal scale was calibrated from the calculated
value for the FSR. Although a commercial Melles-Griot FPI-25 Fabry-Pérot
interferometer’® was used, information regarding the cavity losses (i.e. mirror
reflectivities) was not available. The finesse of the interferometer was therefore

calculated experimentally using:

FSR

Avgy

(4.21)

where Avgy is the measured bandwidth of the resonance peaks. For these initial
experiments the achieved finesse was only 50. This corresponds to a temperature

resolution of £0.09K calculated from Equation 4.17.

% The amplifier was built in-house by an unknown individual prior to the author joining the
department.

% Model: SW39, compatible controlled with the associated FPZ-3 ramp signal generator.
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The length of the Nd:YAG cavity was set at 170mm for which clearly separated
modes good be observed on the oscilloscope. The probe beam had a mean radius of
330um in the sample. As a significant mode-shift occurs during warm-up of the
Nd:YAG gain medium, the probe laser was allowed to stabilize for 45 minutes. This
initial mode-shift was used to define the directionality of the mode-shift
corresponding to heating/cooling. The ability to empirically define the directionality
before each experiment without a separate calibration diagnostic is a major
advantage to this technique. After stabilization the mode-shift was monitored for a
further 15 minutes before any measurements were taken to reference the residual

linear drift.

The temperature of the copper mount was controlled using the Peltier cooler and
monitored with a thermocouple. The edge-cooled sample was allowed to reach
thermal equilibrium with the mount before the mode-shift was measured. As LMRT
is a technique for relative temperature measurement, a reference point was taken at
296K (room temperature). Measurements of temperature were then taken down to
292K. For each controlled temperature, 6 measurements of mode-shift were taken

over a one minute period to compensate for jitter.

Results and Discussion

Figure 4.5 compares the drift-compensated measurements of temperature relative to
a reference of 296K taken using this technique to the thermocouple measured
controlled temperature of the mount. The plotted points show the mean of the 6
measured temperature values for each controlled temperature. Considering the
experimental uncertainty to be one standard deviation for each of these points at
+0.12K, the uncertainty is £0.03K above that calculated from Equation 4.17. This
demonstrates the noise-limited resolution of such a simple set-up deriving from jitter
in the Nd:YAG and Fabry-Pérot cavities. The red line shows the plot for ideal
measurements (i.e. gradient = 1), but it must be remembered that due to the
resolution of the thermocouple there is an uncertainty of +0.05K in the values for

controlled temperature. There is a 2% difference in gradient between the
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least-squares-fit LMRT plot and the real temperature. This is accurate within the
limits of experimental uncertainty, validating the LMRT as a technique for relative

temperature measurement.

LMRT Measured Temperature vs Controlled Temperature
296.00 +

295.50 + ¢ Analytic Temperatures

— Ideal
295.00 +

294.50 + H
294.00 +
293.50 +
293.00 +

Measured Temperature (K)
HH

292.50 + i

292.00 1 1 1 1 1 1 1 |
2920 2925 293.0 2935 2940 2945 2950 2955 296.0

Controlled Mount Temperature (K)

Figure 4.8 — Plot (blue line) of Yb*":YAG temperature measured using
the LMRT technique at various controlled temperatures between 292K
and 296K showing (red line) the expected values for an ideal
diagnostic. Errors shown correspond to jitter (vertical £0.12K) and
thermocouple resolution (horizontal £0.05K).

The principal error in this set-up resulting from jitter could be reduced by having a
rigid set-up and improving the vibrational isolation of the entire system. Shortening
the cavity lengths to limit operation to a lesser number of axial modes could
contribute to improving the resolution. Reducing the Nd:YAG output coupling and
using Brewster-cut samples to reduce cavity losses would increase the cavity finesse
and could further improve both the precision and accuracy of this technique. An

important point to note is that to operate orthogonally polarized lasers simultaneously
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with Brewster-cut sample interfaces (100% o-polarization loss), a waveplate that
leaves the m-polarized beam unchanged (full-waveplate) and rotates the c-polarized
beam by % (half-waveplate) would be required before the sample. This would reduce
the flexibility of the diagnostic as the pump wavelength would have to be determined
in advance and could not be tuned. The low measured finesse of the Fabry-Pérot

interferometer means that there is clear scope for improving the resolution of the

LMRT diagnostic by addressing this.

4.4 Summary

In this chapter two high sensitivity methods of thermometry have been discussed.
The PTD technique has been demonstrated for measuring heating in a pumped
Yb*:YAG rod and a novel laser-based diagnostic for monitoring the relative
temperature along any path in a transparent sample developed. Although the
application of this LMRT technique has been discussed in the context of identifying
optical cooling, its potential for use in other work requiring accurate spatial
temperature mapping has been demonstrated. Examples of possible uses include
detailed studies of thermal lensing in laser crystals and monitoring thermal detuning
in VBGs. Without introducing added complexity to the diagnostic set-up, LMRT has
given more precise values for relative temperature than those achieved using the
simple PTD set-up. Although both techniques have significant scope for
optimization, any such improvements would equally benefit both methods and not
change their relative performance. Having identified LMRT as the preferred
technique for temperature measurement, spatial investigations of optical cooling in
Yb**:YAG and Yb**:CaF, using this diagnostic are discussed in Chapter 5.
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Chapter 5

Optical Cooling Experiments

This chapter reports the investigation of optical cooling in Yb**:YAG and Yb*":CaF,
crystals using the pump source and the longitudinal mode-shift relative thermometry
technique described in the previous chapters. Local cooling relative to the bulk
sample temperature is identified in an Yb**:CaF, crystal pumped at 1.035um using
an Yb-doped fibre laser. The data is analysed exploiting the diagnostic advantages
offered by the LMRT technique. Possible parasitic heating effects are explored and

discussed.

5.1 Yb*>":YAG Experiments

Experimental Set-up

To investigate optical cooling in Yb*:YAG using the LMRT technique, the
AR/AR coated 3mm x 15mm 5%-doped rod used for the photothermal deflection
measurements in Section 4.2.2 was pumped at 1.047pm using a Nd:YLF laser in an
intracavity pump scheme (Figure 5.1). An AR/AR coated plane-plane 3mm x 7mm
Nd:YLF rod* was used as the gain medium. This was supported in a water-cooled
copper mount held at 17°C. The Nd:YLF crystal was pumped using an in-house
0.792um, beam-shaped laser diode stack®. The cavity included a thin film polarizer
to select c-polarized operation. The resonator was built using a plane mirror having

high reflectivity at 1.047um at the pumped end and a 300mm ROC mirror having

! manufacturer unknown
2 This stack had been assembled prior to the author joining the department. The laser had no serial

number and neither the identity of the originator nor laser parameters were available for reference.
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high reflectivity at 1.064um at the other. The resonator length of 170mm was
selected to be equal to that for the Nd:YAG laser resonator (see below). Thus the
pump and probe beam sizes would be perfectly overlapped with a mean radius of

330um through the sample.

The 1.064um m-polarized Nd:YAG probe laser described in Chapter 4 was
overlapped with the pump source at the polarizer. The resonator was built using a
plane 2% output coupler at the pumped end and shared the 300mm ROC high
reflector with the pump resonator at the other. The shared mirror was selected to
have high reflectivity at 1.064um to give conditions of optimized finesse
(i.e. minimized losses) for the probe laser. The 1.064pum output was separated from
the 0.808um pump light using a dichroic at near normal incidence and monitored
using the scanning Fabry-Pérot interferometer as described in Chapter 4. The
measured double-pass sample absorption was 7.8% at 1.047um and immeasurable

within the limits of experimental uncertainty at 1.064um.
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Figure 5.1 — Schematic for intracavity pumping at 1.047um using a
Nd:YLF laser overlapped with a LMRT Nd:YAG diagnostic laser for
optical cooling of Yb**: YAG.

The Nd:YLF cavity losses L were characterized using a Caird analysis. The

standard expression for the Caird formula can be arranged to give:

o

= (5.1)
/1L Nsi T '

where 4, is the pump wavelength, A_ is the lasing wavelength, #s is the slope
efficiency and T is the output coupling. The relationship between slope efficiency
and output coupling of the above resonator configuration — including the Yb**:YAG
sample — was investigated by exchanging the back 300mm ROC high reflector for
various 300mm ROC output couplers: 2.2%, 5%, 10% and 12.5%. The inverse slope
efficiencies were then plotted as a function of inverse output coupling (Figure 5.2).

The gradient of the least squares fit line gave a value for the total losses of 9.9%.
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Taking the measured Yb**:YAG double-pass absorption of 7.8%, the cavity losses
were thus found to be 2.1%. Such high losses — particularly problematic as the laser
was intended for intracavity pumping — were ascribed to the shared Nd:YAG and
Nd:YLF components making it difficult to optimally align both cavities. Based on
these values for sample absorption and residual loss, the Yb*:YAG sample was
calculated to absorb 85% of the available intracavity power. This corresponded to an
absorbed pump power of 3.40W and a predicted cooling power of 73mW calculated

using Equation 2.5.

Modified Inverse Slope Efficiency vs. Inverse Output Coupling
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Figure 5.2 — Plot of modified inverse slope efficiency (see Equation 5.1)
vs. inverse output coupling giving measured Nd:YLF cavity losses of
2.1%.

The sample was pumped for 15 minutes and the longitudinal mode-shift plotted
every 20s. The surface temperature of the sample was measured immediately before

and after pumping using a thermocouple. During pumping the thermocouple was
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removed to avoid fluorescence absorption giving falsely high temperature values and

being a source of parasitic heating at the point of contact with the sample.

Results

Figure 5.3 shows fluctuations of £0.2K in the ambient temperature. These are
greater than the +0.15K jitter-limited experimental uncertainty defined as one
standard deviation in the spread of the measured mode positions monitored at a fixed
temperature. Averaging out these fluctuations, a temperature rise of 1.6£0.15K is
observed within the pumped region. This is greater than the 1.4+0.05 K pre-post
surface temperature increase (accounting for ambient temperature fluctuations)
measured using a thermocouple at the surface. It is thus observed that there is a
heating effect within the pumped region. Applying the steady state analysis described
in Equation 4.18 of the previous chapter, a heating power of 90+60mW may be
calculated. During the first five minutes of pumping (i.e. before the equilibrium state
is reached), the observed temperature rise is linear. This is consistent with that found

by photothermal deflection as reported in Section 4.2.2 (Figure 4.4).
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Change in Temperature [dT] (K)

Yb3:YAG Sample A - Change in Temperature vs. Time
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Figure 5.3 — Plot of temperature vs. time for intracavity-pumped
Yb®*:YAG showing a temperature rise of 1.6+0.15K. The solid line
connects 3x averaged values with typical data points plotted for clarity.
The error bars show the *0.15K jitter-limited uncertainty in the

measurements for temperature.

Another identical AR/AR coated 3mm x 15mm 5%-doped Yb*":YAG laser rod

supplied by Scientific Materials Corp. was then also studied using the same

experimental set-up (Figure 5.4).
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Yb3*:YAG Sample B - Change in Temperature vs. Time
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Figure 5.4 — Plots of temperature vs. time for the second identical

intracavity-pumped Yb®**:YAG laser rod showing an initial dip to

-0.3£0.15K followed by a temperature rise of 1.6+0.15K. The solid line

connects 3x averaged values with typical data points plotted for clarity.

Error bars show the £0.15K jitter-limited uncertainty of the LMRT

technique.

Given the large (~66%) experimental uncertainty in the values for cooling power
calculated from Equation 4.18, the observed heating for the two samples is the same.
It is interesting to note, however, that the LMRT measurements for sample B show a
brief dip in relative temperature to -0.3+0.15K and no roll-off towards the end of the
pump period. This is indicative of some cooling within pumped region and a heating
effect predominantly outside this area. A temperature gradient is still observed from
a comparison of the LMRT values and the 1.3+0.05K pre-post thermocouple
measurement. Considering the substantial experimental uncertainty in the LMRT
value, however, this may be a lesser effect than the raw figures initially suggest.

Reconciling the observations of a temperature gradient and initial cooling, it may be
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reasoned that there is non-uniform heat removal/deposition along the path of the
pump beam. It is important to note that this observation of possible cooling in

Yb*:YAG could not be reliably achieved after exchanging the sample.

The ultimate goal of this work was to identify samples for use in future optical
cooling research. As each of the commercially obtained Yb*':YAG samples
demonstrated bulk heating, no more detailed studies were performed with these
crystals. Although temperature gradients could be resolved, these results show that
for accurate investigations of cooling power additional measures must be taken to

reduce jitter in the probe and Fabry-Pérot resonators.
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5.2 Yb>":CaF, Experiments

Although recognized as a good candidate crystal due to its low phonon energies
(i.e. reduced multiphonon nonradiative decay), cooling in Yb®":CaF, has not
previously been reported. As discussed in Section 2.2, it offers both a higher
theoretical cooling efficiency and pump absorption than Yb**:YAG when pumped at
1.047um. A high-purity 3%-doped Yb*":CaF, crystal of dimensions® 8x5x10.7mm?®
was grown at the University of Caen* by the Bridgman process. The crystal was left
uncoated to eliminate any possible end-face heating related to the coating

compounds.

5.2.1 Intracavity Pumping

Experimental Set-up

The experimental set-up described in Section 5.1 was modified by the inclusion of a
second intracavity thin film polarizer (Figure 5.5). This allowed the probe and pump
resonators to be fully independent and easily adjusted for temperature measurement
along an arbitrary path relative to the pump beam. The Nd:YLF resonator was now
completed using a 300mm ROC mirror with high reflectivity at 1.047um. The
Nd:YLF resonator length was kept matched to that of the Nd:Y AG laser at 170mm in
order to maintain good overlap with the probe beam. The low thermal contact mount
(Figure 4.3) was fixed to a 3D translation stage allowing the path of the pump beam
through the crystal to be readily shifted without requiring realignment of the cavity.
The entire Nd:YAG resonator was built on a single baseplate and special attention
paid to tightening all securing screws. Implementing these measures a jitter limited

resolution of +0.05K was achieved corresponding to one standard deviation in the

® These dimensions were selected to allow for the possibility of Brewster angled pumping in a future
set-up.
* The author gratefully acknowledges the support of Richard Moncorgé, University of Caen for

providing the Yb**:CaF, crystal.
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spread of measured mode positions at a fixed temperature. This precision is equal to

that for the thermocouples used in the cooling experiments.

The 500mm focal length collimating lens before the Fabry-Pérot interferometer was
replaced with a 1m focal length spherical lens to further improve the collimation of
the probe output beam. The finesse of the Fabry-Pérot interferometer calculated from
the free spectral range and resonance bandwidth using Equation 4.21 was now 135.
This corresponds to a decrease in the resonator losses of 7.9% found using the

approximation:

)
3
N

s

P (5.2)

where p is the fractional power remaining after one round-trip and L defines the
resonator losses. The most probable explanation for such a substantial improvement
is that the reduced jitter in the probe resonator has allowed the resonance bandwidth
to be more accurately measured than for the previous experiments. Applying
Equation 4.17 the theoretical temperature resolution of the LMRT probe is found to
be £0.044K. Thus the achieved jitter-limited resolution is within 6mK of the

theoretical value.
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Figure 5.5 — Schematic for intracavity pumping at 1.047um with a
Nd:YLF bulk laser overlapped with a Nd:YAG LMRT diagnostic laser
for optical cooling of Yb**:CaF.

The double-pass absorption of the Yb**:CaF, sample at 1.047um was measured to
be 8.1%, in close agreement with the predicted value of 8.2% (see Figure 2.6).
Performing a Caird analysis using the same methodology as described in Section 5.1
(Figure 5.6), the Nd:YLF cavity losses were found to be 0.9%. Comparing this value
to the 2.1% losses for the intracavity pump laser in Section 5.1, separating the
Nd:YAG and Nd:YLF cavities significantly improved the pump laser performance.
Taking the measured values for sample absorption and resonator losses, the
Yb*":CaF, crystal was calculated to absorb 90% of the available pump power. This
corresponds to 3.6W of absorbed power and a predicted cooling power of 130mW.
Although Yb%*:CaF, does not offer a significant improvement in absorption
compared to Yb*:YAG at 1.047um, the improved resonator alignment for this
experimental configuration has allowed an additional 5% of the available power to
be usefully absorbed for cooling. The doubling of the predicted cooling power is due

to the greater cooling efficiency of Yb*":CaF, (3.6% c.f. 2.1%). The sample was
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centre-pumped on its long axis for 15 minutes and the longitudinal mode-shift
plotted every 20s. The initial and final sample temperatures were measured using a
thermocouple. This was removed during pumping to prevent fluorescence
reabsorption giving falsely high results. The ambient temperature was measured
every minute within 20mm of the sample using a thermocouple that was shielded

from Yb**:CaF, fluorescence by gold foil.
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Figure 5.6 — Plot of modified inverse slope efficiency (see Equation 5.1)
vs. inverse output coupling giving measured Nd:YLF cavity losses of
0.95%.

Results

The plot for the Yb*":CaF, crystal centre-pumped on its long axis (Figure 5.7)
shows a temperature increase of 0.5£0.05K. This temperature rise is the same as the
pre-post temperature change at the surface measured using a thermocouple. It may
thus be concluded that any cooling effect is offset by parasitic heating within the
limits of experimental uncertainty. There is insufficient evidence to conclude from
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this data whether uniform fluorescence reabsorption is the cause of the increase in

bulk sample temperature.

Yb:CaF, Plot of Temperature vs Time
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Figure 5.7 — Plot of temperature monitored using LMRT vs. time for

Yb3*:CaF; intracavity pumped at 1.047um using a Nd:YLF bulk laser.

Immediately after the pump is turned on there is a consistently observed brief dip in
the measured temperature. This indicates that the component of heating along the
path of the pump beam may not quite offset the cooling and that the heating effect is
probably due to fluorescence reabsorption®. To establish whether fluorescence
reabsorption was the dominant parasitic heating mechanism, this experiment was
repeated with the sample pumped close to each of the four corners (Figure 5.8) where
~69% of the fluorescence ‘immediately’ escapes [54]. Figure 5.9 shows the

measured temperature changes.

® either by dopants or impurities
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Figure 5.8 — End-face of a 8x5x10.7mm?® Yb:CaF, crystal pumped along
its long axis showing (a) approximate positions of the pump paths for the
four cases of corner pumping and (b) approximate range of pump paths

used for pumping within the approximation of cylindrical symmetry.

Yb:CaF Corner Pumping - Relative Temperature vs Time
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Figures 5.9 — Solid lines show the 3x averaged relative temperature for
Yb3*:CaF, intracavity-pumped along each of the four corners. Typical
points are plotted for clarity with error bars showing +0.05K jitter-
limited resolution of the LMRT technique. The top left and bottom right
data (blue & purple lines) is offset by +0.1K for clarity.
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Accounting for the £0.1K fluctuations in ambient temperature, three of the pump
paths resulted in the net sample temperature increasing by between 0.1—0.2+0.05K
when measured before and after using a thermocouple. When pumping along the ‘top
right’ corner, no temperature change was measured within the limits of experimental
uncertainty. From these results there is clearly still a heating effect offsetting the
predicted cooling, however corner pumping has substantially reduced this when
compared to the center pumped data in Figure 5.7. Due to the asymmetric pump
arrangement, a simple temperature gradient analysis for evaluating the cooling power
cannot reasonably be applied. However, as corner pumping has substantially reduced
the net heating of the sample, it may be concluded that fluorescence reabsorption is

the dominant heating mechanism in the sample.

The absence of any initial temperature decrease in the LMRT data for three of the
corners indicates that there is parasitic heating along the path of the pump beam in
addition to the identified fluorescence reabsorption effect. Considering the difference
in performance between the corners, it is concluded that this parasitic heating in the

pumped region is not spatially uniform throughout the sample.

For each of the four cases the final temperature measured within the pumped region
was slightly less than that found using a thermocouple. This provides evidence that
there is a limited, local cooling effect within the pumped region of the sample. When
pumping along the ‘top right’ corner, a pronounced temperature decrease of
0.3+0.05K was seen before a slow temperature rise to an equilibrium value of
-0.15+0.05K. It is thus proven that by taking steps to minimize fluorescence
reabsorption an optically pumped region of an Yb*":CaF, sample can be cooled from

its initial temperature.
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5.2.2 In Vacuo Pumping

Experimental Set-up

To ensure that variations in the ambient temperature could be excluded as causing
the observed temperature changes, the Yb*":CaF, sample was placed in a vacuum
chamber® held at 3.6x10°mbar. For achieving significant cooling, it is important to
use low emissivity coatings in the chamber to minimize blackbody heating of the
sample. For the small temperature changes considered in these experiments,
blackbody radiation does not contribute significantly to the heating. Thus black

anodizing was used to absorb the fluorescence in the water-cooled vacuum chamber.

A 300mm ROC mirror having high reflectivity at 1.064um was inserted into the
vacuum chamber. A window with anti-reflection coatings at 1.064um allowed the
Nd:YAG probe laser discussed in previous sections to be built with the 0.808um
pump source, the gain medium and 2% output coupler situated outside the vacuum
chamber. The resonator length was increased to 230mm to accommodate the spatial
constraints placed by the dimensions of the vacuum chamber. A single thin film
polarizer was included between the gain medium and the vacuum chamber window
to select m-polarized operation. The 1.064um output was monitored using a scanning
Fabry-Pérot interferometer as described in Section 5.2.1. Although the 300mm ROC
high reflector was no longer mounted on the same baseplate as the other resonator

components, the same temperature resolution of £0.05K could be achieved.

For these experiments a variation of the seed-amplifier fibre pump source described
in Section 3.2.2 was used. The VBG was replaced with a diffraction grating for
wavelength selection and the unpolarized seed-amplifier operated at 1.035um, the
optimum pump wavelength for Yb**:CaF,. Despite modifying the seed source, there
was no significant change in the amplifier slope-efficiency (see Figure 3.13). The
1.035um pump beam collimated using an 8mm focal length aspheric lens was

overlapped with the Nd:Y AG laser at the thin film polarizer. As the fibre based pump

® The author gratefully acknowledges Lee Pearson for designing and arranging the manufacture of the

chamber prior to the author joining the department.
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system was unpolarized, this incurred a 50% loss due to m-polarized transmission at
the polarizer. The 300mm ROC mirror inside the vacuum chamber retro-reflected the
pump beam through the sample thereby doubling the absorption pathlength. The
double-pass absorption of Yb**:CaF, at 1.035um was measured to be 15.1%. This is
in reasonable agreement with the predicted value of 15.7% (see Figure 2.6). The
sample was calculated to absorb 314mW of 1.035um pump light. Applying Equation

2.5 this gives a predicted cooling power of 8mW.

The vacuum chamber had inputs for two thermocouples. Both thermocouples were
connected to gold strips of equal area. One was placed in contact with the sample and
the other slightly separated from it to reference the effect of heating on the
thermocouple. A continuous, accurate thermocouple measurement of the sample
surface temperature could then be monitored. Having identified spatial variations in
the parasitic heating from the analysis presented in Section 5.2.1, the sample was
pumped along various central paths (Figure 5.8b) in an attempt to locate a pump path
for which significant local cooling could be observed. Only central paths were
investigated in order to approximate cylindrical symmetry allowing the steady-state
analysis in Equation 4.18 to be applied for evaluation of the cooling power. For each
experiment (/path) the sample was pumped for 20 minutes and both the mode-shift

and thermocouple values plotted every 20s.
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Figure 5.10 — Schematic for in vacuo pumping of an Yb*":CaF, sample
pumped using a 1.035um seed-amplifier source and overlapped with a
Nd:YAG laser for LMRT measurement.

Results

Centre-pumping the sample (i.e. repeating the measurements presented in
Figure 5.7), a temperature increase was again observed in the pumped region. As this
was in agreement with the experiments performed in the previous section at
atmospheric pressure, it may be concluded that convective heating due to ambient
effects is not a significant contributing factor to the parasitic heating. Adjusting the
position of the pump beam, it was possible to find a path along which the
temperature T(p) in the pumped region of the Yb*":CaF, crystal was 1.4+0.1K lower
than the surface temperature T(su) (Figure 5.11). The temperature in the pumped
region returned to thermal equilibrium with the rest of the sample over 10 minutes.
Making the assumption that there is minimal heat loss from a sample held in vacuo,
the net (/equilibrium) temperature of the sample is observed to increase by

0.3£0.05K when pumped in this configuration.
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Yb:CaF Plots of Temperature vs. Time
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Figure 5.11 — Local relative cooling (blue line) measured using a
steady-state comparison of the thermocouple measured surface T(su)
and LMRT measured pumped region T(p) temperatures for Yb**:CaF,
pumped in vacuo at /.035um. Lines are plotted to a 3x moving average
with typical data points for clarity. Error bars correspond to the £0.1K

combined uncertainty from the thermocouple and LMRT measurements.

As discussed in Chapter 4, a sample experiencing heat deposition/removal
uniformly around its surface (e.g. due to surface contamination) will have a uniform
steady-state temperature profile (top hat). A sample experiencing heat
deposition/removal uniformly through its bulk (e.g. due to fluorescence reabsorption)
will also have a uniform steady-state temperature profile. The only steady-state
condition under which there will be a temperature gradient in a sample is the case
that there is non-uniform heat deposition/removal within the bulk of the sample. It
may thus be concluded from the results presented in Figure 5.11 that there is heat
being removed along the path of the pump beam. Taking the approximation of

cylindrical symmetry and applying Equation 4.18, this cooling effect is evaluated to
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be 5mW. This compares to the theoretical value of 8mW that is based on the

assumption of pure radiative decay.

As the net sample temperature increased, there must be heat deposition outside of
the pumped region offsetting this cooling effect. These results support the initial
findings drawn in Section 5.2.1 that there are at least two parasitic heating effects in
pumped Yb®":CaF,: a spatially variant component along the path of the pump beam
and a component that is approximately spatially uniform throughout the sample, the
most likely cause of which is fluorescence reabsorption. The results presented in this
section improve upon those in Section 5.2.1 in demonstrating the ability to achieve
local optical cooling in Yb®*:CaF,. The potential of this material for further
investigation is shown. The presence of the parasitic heating effects mentioned above
means, however, that this particular crystal in its current geometry is not suitable for

use in future optical cooling research.
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5.3 Discussion

There may be two parasitic heating effects in an optically cooled solid: decay
(radiative and nonradiative) of ions distributed uniformly throughout the sample due
to excitation by fluorescence reabsorption and nonradiative decay of ions (dopants
and/or impurities) in the pumped region. The distribution of dopants and impurities
in a sample grown to high purity may reasonably be assumed to uniform. In a ‘pure’
crystal isotropic, low intensity fluorescence means that reabsorption due to impurity
ions will be negligible and not contribute significantly to the heating. As discussed in
Section 2.3.1, however, fluorescence reabsorption by rare-earth-dopants has the
potential to completely offset the cooling power. The spatial studies of optical
cooling using the LMRT technique have allowed fluorescence reabsorption outside
the pumped region to be directly identified as a contributing factor to the parasitic
heating effect in an optically pumped sample. By reducing the mean pathlength for
fluorescent photons in the sample, the parasitic heating effect was observed to be
reduced. The LMRT technique has also enabled a heating effect in the pumped
region that is not spatially uniform throughout the sample to be distinguished from
the contribution due to fluorescence reabsorption. This effect, attributed to
nonradiative decay of ions in the pumped region, is demonstrated to be the critical

factor in observing cooling.

The initial investigation into Yb*":YAG gave the first direct evidence for the
conclusion that parasitic heating in standard commercial crystals occurs
predominantly in the pumped region. The core temperature of a centre-pumped
crystal was found to be greater than that at the surface, a steady-state temperature
profile requiring heat deposition of 90mW in the pumped region. This suggests that
optical cooling requires samples that are grown to higher purity than commercially
available laser crystals; a critical point to consider when planning any future

research.

The more detailed spatial investigation of the Yb**:CaF, crystal by means of the
newly developed LMRT technique demonstrated conclusively that the heating effect
in the pumped region is not necessarily uniform throughout the sample. A single
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crystal was observed to exhibit regions of local heating and cooling. Although for the
purposes of considering fluorescence reabsorption throughout the sample the
distribution of dopants and impurities was reasonably assumed to be uniform, slight
variations may arise during the crystal growth process. As pure nonradiative decay of
an ion contributes approximately -20x the cooling effect for purely radiative
transition, slight variations in the concentration of impurities will have much more
significant impact on the parasitic heating effect. This work provides a more rigorous
confirmation of published research identifying localized cooling in samples by
means of the photothermal deflection technique [29, 47, 50]. The investigation of
Yb®":CaF, reported in this thesis also demonstrated that even when pumped along
such a ‘cooling path’ fluorescence reabsorption throughout the crystal may still result
in net heating of the sample. The spatially-selective LMRT technique has allowed
local cooling in Yb**:CaF, to be identified despite net fluorescence reabsorption
heating. A cooling power of 5mW has been quantified using the steady-state analysis

described in Chapter 4.

This work did not have the scope to conduct independent detailed spectroscopic
evaluations of the samples used, but the concentration of impurities can reasonably
be assumed to be very low so as not to have been observed by the crystal growers
(Yb*:CaF, [117]). Assuming that impurity absorption of the pump light results in
purely nonradiative decay (i.e. worst case scenario) and that dopant absorption leads
to purely radiative decay (i.e. best case scenario, no multiphonon decay), Yb**:YAG
pumped at 1.032pm would require a relative impurity concentration’ of 0.70% and
Yb*':CaF; pumped at 1.035um a relative impurity concentration of 2.33% to exactly
balance the cooling. In practice the dopants may undergo multiphonon decay thus
reducing the effective cooling efficiency. This would further decrease the impurity
concentrations required to offset cooling. Other than multiphonon decay, there are
three other possible contributions to parasitic heating: dopant-impurity interaction,

dopant-dopant interaction (clustering) and structural defects in the crystal.

As the Yb*:CaF, crystal was grown to high purity in an academic environment

[72], it may reasonably be assumed that undetected structural defects are not the

" Percentage of impurities as a fraction of the dopant concentration.
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cause of these transitions. Section 2.3.2 of this thesis discusses the probability of
dopant-dopant and dopant-impurity interactions. In this discussion it is shown that
for the rare-earth-doping concentrations used, unless significant clustering of ions
occurs, dopant-dopant interaction is a negligible effect. The contribution of ion-ion
interactions due to impurities will be even smaller. Therefore the experiments
reported in this chapter, when compared with a theoretical analysis of the parasitic
heating processes in rare-earth-doped crystals, show that nonradiative decay of
impurity ions excited by absorption of pump photons critically limit the ability to
achieve optical cooling in solids. Thus it is essential that research in this field
includes involvement in the sample growth. It is also demonstrated that if net cooling
is to be achieved, a sample geometry that minimizes fluorescence reabsorption is
required. Suitable samples would either be closely matched to the dimensions of the
pump beam (pumping along a single path) or thin (for complex pump geometries). A

rectangular geometry should be selected to reduce fluorescence trapping.
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5.4 Summary

This chapter discussed in detail experiments for the identification of optical cooling
in Yb3*:YAG and Yb®*":CaF, crystals. Conclusions are drawn from these results
about the parasitic heating effects in cooling samples. It is shown in this work that
ultra-pure samples are a critical requirement if optical cooling is to be observed. The

role of sample geometry is also shown to be a factor in achieving net cooling.

Although in the course of these studies no suitable samples were identified for
further cooling research, the capabilities of the novel LMRT technique have been
proven in making the first reported observations of local optical cooling by anti-
Stokes fluorescence in Yb**:CaF,. Relative cooling by 1.4+0.1K is reported for a
local temperature rise of 0.1+0.05K. Minimizing fluorescence reabsorption the
pumped region of the sample has also been demonstrated to cool by 0.15+£0.05K
from its initial temperature. LMRT has been demonstrated as a diagnostic that can
usefully discriminate thermal effects within the pumped region of a sample from

ambient temperature fluctuations and heating due to fluorescence reabsorption.
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Conclusion and Future Work

6.1 Summary and Conclusions

The principal aim of the work covered in Part 1 of this thesis was to develop a novel
diagnostic for the measurement of temperature along any path within a transparent
sample in order to open new avenues of research in optical cooling. The requirement
for a simple and robust method for temperature measurement has been realized in the
novel laser-based technique of longitudinal mode-shift relative thermometry
(LMRT). The theory underlying this technique has been discussed and validated
empirically. The application of the diagnostic in its intended role for identifying
optical cooling by anti-Stokes fluorescence has been proven in a series of
experiments with Yb**:YAG and Yb**:CaF, samples. The demonstrated ability of the
LMRT technique to measure local temperature changes within transparent media to
interferometric precision while retaining a relatively simple set-up is a significant
step forward in the field of thermometry. The usefulness of LMRT as a diagnostic
extends well beyond the field of optical cooling, the observation of thermal effects in
laser crystals (e.g. thermal lensing) and detuning in volume Bragg gratings (VBGS)

being just two alternative applications.

The LMRT technique developed in this work offers the first reported approach for
measuring cooling within the pumped region of a sample independently of external
heating effects'. Localized cooling has been successfully discriminated from
fluorescence reabsorption and fluctuations in the ambient temperature. Thus LMRT

could be readily employed to identify the regions of a crystal that exhibit cooling,

! This is achieved by performing a steady-state analysis from the LMRT measured temperature.
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avoiding commercially critical time and money being lost in the preparation of

crystals unsuitable for use in optical refrigerators.

The cooling experiments performed to test the LMRT technique agree with
published research in that the optical cooling effect in solids is extremely sensitive to
crystal purity. The difficulty in finding crystals of the required purity has greatly
hindered further research in the field. The most important conclusion to be drawn
from the reported investigations into optical cooling is that the growth of ultra-pure
samples is a key area of research to pursue. If reliable sourcing of sufficiently pure
crystals is found, any future research would greatly benefit from the temperature

measurement capabilities developed in this work.

The other contribution that this work has made to the specific field of optical
cooling has been the first reported identification of local cooling in an Yb**:CaF,
crystal. A temperature difference of -1.4+0.1K relative to the bulk sample
temperature has been achieved corresponding to a measured cooling power of
5.1mW. In this experiment, however, the bulk sample temperature increased by
1.5K. Separately cooling to an equilibrium value of -0.15+£0.05K from the initial
sample temperature has been achieved. The potential of pure Yb**:CaF, for use in

future optical cooling experiments has thus been demonstrated.

In the course of the development and study of LMRT for optical cooling
applications, a contribution has been made to the characterization of self-pulsing in
fibre lasers. The frequent catastrophic failure of the designed fibre lasers due to
self-pulsing presented a major challenge to the building of a reliable pump source.
The subsequent investigation into self-pulsing led to the observation of ‘pulse
packets’ consisting of four small pulses followed by one large (~x2 amplitude) pulse
as a feature of sustained self-pulsing (SSP) in a fibre laser. The technique recently
published by Guan & Marciante [98] for the suppression of self-pulsing by extending
the cavity round-trip time using a long length of passive fibre was adapted for use
with the proposed pump source. It was integrated in such a way as to also achieve
fundamental mode operation with the multi-mode active fibre. Self-pulsing can

greatly impede progress in all areas of fibre laser research. Verifying this approach
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for the suppression of self-pulsing with the added feature of mode selection therefore

makes a useful contribution to the broader field of fibre lasers.

6.2 Future Work

Part 1 of this thesis covers a comprehensive evaluation of LMRT as a diagnostic for
observing thermal effects in transparent samples, particularly in the context of optical
cooling. Future application of this measurement technique in the field of optical
cooling would primarily involve the initial identification of suitably pure crystals at
the point of growth. There is also the possibility to employ LMRT as the diagnostic
in low temperature cooling experiments as a simpler non-contact diagnostic than
current spectroscopic and photothermal deflection methods. To be viable any such
cooling research should have access to ultra-pure crystals that are preferably grown
within the framework of the research establishment conducting the experiments. As
higher power bulk lasers are developed and VBGs increasingly used for narrow
linewidth wavelength selection, LMRT could also prove its value as a diagnostic in

more fundamental laser research.

LMRT would be of greatest value in studies to expand the range of candidate
samples, but future research into optical cooling should focus on maximizing the
available and absorbed pump. This could be most readily be achieved by increasing
the available pump power with higher amplification in the seed-amplifier source
developed in this work. Another approach that builds on this fibre pump source is to
maintain the cooling efficiency by active feedback wavelength tuning of the pump
source. Real-time digitally processed LMRT monitoring could be used as a controller
in such a set-up. A more radical solution is to use a resonance-enhanced fibre laser
[118] for intracavity pumping. This could combine the advantages of the fibre lasers
developed in this work with the high pump absorption offered by conventional
intracavity pump schemes. This latter approach could be combined with active
feedback tuning to maintain cooling powers that are an order of magnitude greater

than any that have been reported to date.
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6.3 Concluding Remarks

The work covered in Part 1 of this thesis began with the objective of identifying
rare-earth-doped crystals for use in optical cooling experiments. A novel, flexible
technique for the measurement of local thermal effects in transparent samples has
been developed for this purpose. This diagnostic has been demonstrated in the
context of optical cooling research with investigations of Yb*:YAG and Yb**:CaF,
crystals. Despite achieving relative local cooling to -1.4+0.1K and absolute local
cooling of -0.15+0.05K, no suitable samples were identified for further optical
cooling experiments. The diagnostic technique and pump sources developed in this
project have, however, established the foundations for continued research in this
field.
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Chapter 7

Introduction to Laguerre-Gaussian Modes

Section 7.1 begins this chapter with a discussion of the motivation for studying
Laguerre-Gaussian mode generation. Section 7.2 summarizes the aims of Part 2 of
this thesis and Section 7.3 outlines its structure. Sections 7.4 and 7.5 respectively

cover the historical and theoretical background to LG modes.

7.1 Motivation

Silicon chips and novel computing devices require machining to nanoscale precision.
No longer are the frontiers of medicine at the cellular level, but involve the study of
individual biological molecules. Conventional mechanical apparatus is rapidly
becoming too cumbersome to satisfy the needs of both researchers and industry, a
clear solution to which is the use of coherent light sources for momentum transfer at

the atomic scale.

Laguerre-Gaussian (LG) modes, also commonly referred to as ‘ring’ or ‘doughnut’
modes, are the cylindrically symmetric set of resonator eigenmodes. In contrast to
Hermitian-Gaussian (HG) modes which can have an arbitrary number of tranverse
nodes depending on the mode indices n,m, all LG modes other than the fundamental
are ring shaped with an arbitrary number of radial nodes depending on the mode
indices p,l. In this work only the p = 0 modes having a single central node are
considered. This central node originates from a 2zl azimuthal phase-shift around a
LG mode creating a phase singularity at the centre. This azimuthal phase-shift,
resulting in a Poynting vector that traces a helical path, gives LG modes the unique

property of an angular momentum component that is independent of polarization.
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Although the transfer of photon momentum is an established technique for the
manipulation of particles, most lasers carry only linear momentum in their direction
of propagation thereby limiting their usefulness. The angular momentum carried by
LG modes can, however, also be imparted to particles upon interaction with matter
making LG beams of interest in a wide variety of applications such as: ‘optical
bottles’ [119], ‘optical spanners’ [120], ‘optical tweezers’ [121], microdrilling [122],
light-driven micro-rotors [123] and even for laser cooling® [124]. With the possibility
of having controlled radial, azimuthal or linear polarization, a robust technique for
the generation of pure LG modes could have many applications in both science and

engineering.

7.2 Part 2 Aims

Current techniques for the generation of LG modes mainly rely on the conversion of
fundamental mode or plane wave inputs. The various approaches to mode-conversion
all lead to imperfect LG outputs. Limited research has been performed in the area of
intracavity LG mode generation by which clean modes can be obtained. The
published research in this area does not, however, provide a simple selection
mechanism for the desired mode order. The aim of this work was to selectively
generate pure, low order LG modes in a robust set-up that could be used for both

scientific and future industrial applications.

! Generation and trapping of Bose-Einstein condensates (BECs) by laser-Doppler momentum transfer,

not optical cooling by anti-Stokes fluorescence.
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7.3 Part 2 Outline

Section 7.4 of this chapter reviews the historical background to LG mode generation.
The theory of LG modes is developed in Section 7.5 where a mathematical
description for LG modes is extended to the two techniques for LG mode generation
that were investigated in this project: astigmatic mode-conversion and use of a

ring-shaped pump beam.

Chapter 8 of this thesis reports experiments performed using a novel
hollow-core-fibre beam-shaping technique for ring-pumped intracavity LG mode
generation. The output achieved using this method is compared to that from an
astigmatic mode-converter. Applying this same mode-converter as a diagnostic to
analyze the ring-pumped LG output, some new insights into the properties of cavity

LG modes are presented and discussed.

Chapter 9 concludes Part 2 by reviewing the effectiveness of the hollow-core-fibre
beam-shaping technique for LG mode generation. Possible avenues for future

research are discussed.

7.4 Historical Background

The first detailed theoretical analysis relating to the generation of LG modes was
performed by Tamm & Weiss in 1990 [125]. A separate theory of LG mode
generation was developed by Abramochkin & Volostnikov 1991 [126]. In this 1991
paper the authors present the first experimental data for LG mode generation using
an astigmatic mode-converter. Although the presented data shows conversion of
various HeNe TEM,, modes to closed structures, these are clearly not perfect rings
and the modes — if indeed they are really LG in nature — are of extremely poor
quality. The theoretical work performed by Tamm & Weiss was generalized by Allen
et al. in 1992 [127]. Also proposed in this paper is an improved design for an
astigmatic mode-converter. In 1993 Beijersbergen et al. performed these experiments

using a HeNe laser source [128]. The obtained modes results more closely resemble
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rings than those presented by Abramochkin & Volostnikov, but are still of poor
quality. The investigation by Beijersbergen et al. did, however, involve a rigorous
empirical analysis of the mode-converter using various azimuthal input angles for the
TEM,n» modes and a second mode-converter was employed to prove that the process
was indeed reversible. The detail of these experiments supports the conclusion that
the generated modes were really LG in nature. This was the first convincing

demonstration of LG mode generation.

An alternative approach to introducing the azimuthal phase-shift intrinsic to an LG
mode is to use a spiral phaseplate that gives varying phase retardation around a
fundamental mode input beam. Beijersbergen et al. first demonstrated such a
phaseplate in 1994 [129]. Although the authors successfully applied the technique to
generate ring modes using the fundamental mode output from a HeNe laser, the
segmented nature of a practical phaseplate limited the achievable mode purity. Two
years later Turnbull et al. performed similar experiments [130]. The reported ‘hot
spots’ in the phase-shifted output from an InP Gunn diode oscillator clearly show the
performance limiting nature the phaseplate approach to LG mode generation. The
design and manufacture of spiral phaseplates has significantly improved over the
subsequent two decades, however fabrication issues still limit the usefulness of this
technique [131].

At the same time as mode converters and spiral phaseplates were being developed,
holograms began to be explored as an interferometric method for generating LG
modes. In 1992 Heckenberg et al. published clear proof-of-principle data [132] using
a fundamental mode HeNe beam passed through a patterned Fresnel plate. The
output, although not of uniform intensity, had a clear ring structure. The absence of a
detailed intensity profile or further empirical analysis in the results presented by
Heckenberg et al. leaves questions as to whether the generated mode was purely LG
in nature. Holographic LG mode generation is currently used for most practical

applications.

The techniques discussed above all rely on the conversion of TEM, beams to
generate the LG modes. The practical constraints of beam manipulation mean that

such modes cannot be as pure as those generated within a laser cavity. This was
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appreciated by Harris et al. who in 1994 reported single-mode LG operation in an
argon-ion laser [133]. This was achieved by including a circular absorber in the laser
cavity to suppress the fundamental mode and employing an aperture to spatially
select the first order LG mode. Higher order LGy, and LGgs modes were also
observed, but insufficient evidence is offered for the conclusion that these were pure
(i.e. did not contain lower order mode components). The authors verified the LG
nature of the output using an interference analysis. In the course of their study
Harris et al. noted that a single-frequency laser cavity operating on an LG mode had

an equal probability of having a sense of phase that is left- or right-handed.

Progress in the area of LG mode generation stagnated over the following decade,
the work that was published focusing on refining the fabrication of components for
TEMnm mode-conversion. It was not until 2005 that Bisson et al. advanced
intracavity LG mode generation by ring-pumping a Nd:YAG laser [134]. This
beam-shaping was achieved by defocusing a diode pump source. This resulted in
poor beam quality and limited the modal selectivity that could be achieved. In other
recent progress a biaxial cystal has been used for intracavity mode-conversion [135]
and, in a similar approach to that by Harris et al., a cavity mirror defect employed to
suppress the TEMgo mode [136].

7.5 Theory

This section of the thesis first discusses the general theory of Laguerre-Gaussian
modes. This theory is developed to present a detailed mathematical analysis of the
two methods for generating LG modes that were studied in this work: astigmatic
mode-conversion and ring-pumping. Holographic and spiral phaseplate generation of
LG modes are not considered within the scope of this work, however for

completeness their theory is summarized in Appendix A.
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7.5.1 General Theory

Laser beams typically have intensity profiles that are described by a coherent
superposition set of Hermitian-Gaussian (TEMu») modes. Another complete set of
solutions to the wave equation describing the cylindrically symmetric case are the

Laguerre-Gaussian (LGp) modes.

A unique property of LG modes is that they have a 2z/ azimuthal phase shift around
the beam, where the index | is an integer describing the order of the mode. This leads
to a helical structure in the temporal phase profile of the beam (Figure 7.1). The
Poynting vector connects points of equal intensity and thus maps out the temporal
evolution of a phase front. Consequently the phase structure in LG modes may be
described by a Poynting vector that spirals around the propagation axis [137]. Except
for the fundamental LGy mode (LGoo = TEMyg), this phase-shift results in a
singularity at the centre of the beam and all higher order LG modes have an annular

structure.

LG, LGy

LG,., LG4z

Figure 7.1 — Helical phase structure of LGy, LGo1 and LGp, modes
showing the two senses of phase (I = £1) for the LGo; case; the green

arrow represents the Poynting vector [138].
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Mathematical Description

LG modes can be described mathematically [139] by modulating the amplitude
function A of the fundamental Gaussian mode by a periodic function of the azimuthal

angular variable ¢ given in Equation 7.1.

@ =tan~ (7.1)

y

where ky and ky are the x and y components of the wavevector respectively.

Applying the identity:

ky ik, = |K2 +K2- e (7.2)

this modulation is equivalent to using an amplitude function that is proportional to:
Ak, ky) o (e + iky)P - (K — ik )P (7.3)

Thus it is shown that the amplitude function for a LG mode has an
angular-dependence described by a function of the variable ¢. Applying this to the

fundamental mode field distribution:

Aky, ky) 2 5 N
E x Texp kyx +kyy+ [k*—ki—ky-z) dkydk, (7.4)

(kZ+k3)<k?

substituting Equation 7.3 into 7.4 an expression for the amplitude of the electric field

E can be obtained:
" 1 . p i p+l
Ep f f m(kx +iky) (ky —iky)" e Odk,dk, (7.5)

where p and | are the LG mode indices and S = k,x + k,y +/k? — k% —
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Equation 7.5 may be simplified as:
Epy o Eq - (3 +i9,)P - (3, — i9,)""" (7.6)

where Ej is the Gaussian electric field amplitude distribution for a beam of radius w

and Rayleigh range Zg:

1 x% + y?
Ey = —exp <—ikz — Zy - il,bg) (7.7)
w w

In Equation 7.7 the term y = 2p + | + 1 is equivalent to the M? parameter, w is the

1/e mode radius and ¢ is the Gouy phase shift.

The Laguerre polynomials are the set of canonical solutions to the second-order

linear differential Laguerre equation:
xy"+ (A —=x)y +ny=0 (7.8)

and are defined by Rodrigues’ formula:

X n

L) = (e (7.9)

Substituting Equation 7.7 into 7.6, applying the definition of the Laguerre
polynomials, converting to cylindrical (r,¢,z) coordinates and simplifying the
constants in a single factor C, the electric field amplitude distribution for an LG

mode is then given by:

C _ 2r2\IV? 212 ‘ rz
Ey = ;exp(illqo) ( ) Llp (F) exp <—Lkz i u/}g) (7.10)

w2

In the case discussed in this work that the index p is zero (single radial node), the

Laguerre polynomial is unity and Equation 7.10 simplifies to:

C ,),.2 |l/2| rz
Ep; = —exp(tilp) <—2> exp <—ikz -—- iz/;g) (7.12)
w w w

This is the general equation for a LG mode.
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Angular Momentum

A spiralling Poynting vector (Figure 7.1) has components not only in the direction
of propagation z but also azimuthally ¢. This means that there is an azimuthal
dependence to the energy flux. As electromagnetic energy E and momentum p are

related by the equation:
E =pc (7.12)

a LG mode clearly carries angular momentum. This is termed the orbital angular
momentum as distinct from the polarization dependent photon spin angular
momentum. Drawing an analogy between paraxial optics and quantum mechanics,
the term e®® in Equation 7.10 is the eigenfunction to the angular momentum

operator. The orbital angular momentum will thus be quantized at a value /7.

On interaction with matter the angular momentum carried by a LG beam may be
usefully transferred to molecules. This allows suitably high order beams
(i.e. carrying significant angular momentum) to be used for applications where
particles need to be trapped or moved. This is most frequently encountered in the
field of biophysics where biological molecules require non-contact manipulation
(optical tweezers). Three dimensional trapping of particles in a Steinmetz solid
potential well has a role to play in the fine positioning of particles for nuclear fusion
and collider experiments. Another use of blue-detuned LG modes is for

laser-Doppler cooling and trapping of Bose-Einstein condensates (BEC).

129



Laguerre-Gaussian Mode Generation Chapter 7

7.5.2 Astigmatic Mode-Conversion

A Laguerre-Gaussian mode may be considered as a superposition of
Hermitian-Gaussian modes combined with suitable relative phase (Figure 7.2). The

link between the TEM,n, and LGy, indices is given by the relationships:

" |=|n-m|

= p=min(n,m)

from which it follows that the LGy and TEMgy modes must be equivalent. All higher
order LG modes will display the characteristic annular structure. As only the zeroth
order p index modes (single radial node) are considered in the following analysis, to
simplify the notation the LG modes are expressed in this section only by the n,m
indices rather than p,l.

TEM(01) “ = = + .' LG(OL) o - : + .'
142 12 142 N2
o B -2+ 00 w0 Q-3+ 10
142 -142 142 -2
mo G -3 88 000 Q-3 -8 00
12 N2 12 1/2 N2 -1/2
TEM(20) "’ = s + :: + 000 LG(20) O = s + :: + 000

—
~
[ ]

142 172

—_
~
[ %]

-2 12

Figure 7.2 — Decomposition of TEMos 10, TEMo2,20, LGo1,10 and LGog 20
modes into their respective HG superposition sets, where the TEM and

LG modes are defined in terms of the n,m indices.
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A TEMon mode with its principal axis aligned at 45° to the x-y axes can be
decomposed into a set of Hermitian-Gaussian modes aligned with the x-y axes.

Figure 7.2 shows that this decomposition is identical to that for an LGom (/LGmo)
mode except that the components are all in phase. Introducing a g phase shift

between successive component modes in a 45° oriented TEMo,m mode will thus

generate the superposition mode set of the LG mode.

The relationship between LG, and TEM,», (HG) modes is given by [126, 127]:

N

LG, (x,y,2) = Z i/ ~b(n,m,j) - HGy_; ;(x,y,2) (7.13)
=0

where N = n + m, i = +v—1 and the coefficient b is defined as:

(N-PUNY? 1 dd ) .
W) Xj—!ﬁ[(l—t) X (1+18)"] =0 (7.14)

b(n,m,j) =<

The coefficient i corresponds to the ig phase shift between successive superposition

modes.

To introduce the required phase shift between the x-components and y-components
of a beam, an astigmatic set-up can be used. If two cylindrical lenses are used to
focus and re-collimate a circularly symmetric beam, an astigmatism will exist

between the lenses only. The Guoy phase " of a beam is [140]:

{= (n + %) Op + (m + %) {y =tan™! (ZiR) (7.15)

Thus the x-components and y-components of an astigmatic beam ({, # {,) will

experience different Guoy phase shifts over the astigmatic region. If the parameters

of the incident beam and focusing lenses are selected such that the difference in

phase shift between the components is g a LG mode will be generated.
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To successfully recombine the astigmatic components, the transverse radii of the

X- and y-components must be matched at two lenses separated by a distance 2d:

Zhe+d*  Zg,+d?
Zhe  Zhy

(7.16)

In addition the input and output beams must be mode-matched, requiring the focal
length f of the lenses to be [127, 128]:

d d -1
f= < > (7.17)

ZEL +d? ZZ, +d?

Substituting for Equation 7.17, 7.16 may be reduced to:

1/2
/dz _ d3/f\ 1 d/f 1/2
= | | =d

Ipy =| ——F— =d X =dxB (7.18)
§ KHd/f/ 1+9/
and
1/2
/d2+d3/f\ 1+d/ 1/2 .
ZRy=|—d| =d x df == (7.19)
() T

From symmetry arguments, the introduced difference in Guoy phase shift between

the two components will be:

Al = Al — A, =2 % ltan‘1 (Zi) —tan™! (i)l (7.20)

Rx ZRy
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Substituting for Equations 7.18 and 7.19 this simplifies to:

Al =2 x [tan‘1 (%) — tan‘l(B)] (7.21)

showing that the difference in Guoy phase shift is dependent only on the selected

lens focal length and lens spacing. Also demonstrated is that the introduced

phase-shift may range from 0 — x. Achieving a g phase shift thus requires that the

condition be satisfied:
d=— (7.22)

For a cylindrical lens with its astigmatism in the y-axis, Equation 7.19 for

mode-matching requires that the incident symmetric beam has a Rayleigh range:

1
ZRy=f+d=<1+ﬁ)><f=ZRx (7.23)

Applying the conditions in Equations 7.22 and 7.23 a practical mode-converter can

be designed.

It is important to note that mode-conversion is a reversible process and that an
incident LG mode will lose its relative phase-shift across such an astigmatic region.

The resultant output will be a TEMom,m mode at 45° to the x-y axes.

7.5.3 Ring Pumping

Most published techniques for intracavity mode generation rely on suppression of the
TEMgo central intensity maximum [133, 141]. An alternative technique first
demonstrated by Bisson et al. in 2005 [134] is to use ring-pumping so that no gain is
generated at the centre of the pumped region. This work improves upon the
experiments performed by Bisson et al. by using a novel beam-shaping method to

give a pump beam of good quality. The ring is formed by transmitting light from a
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diode pump source through the inner-cladding of a hollow-core-fibre. If a high beam
quality fibre-coupled diode pump source is used, the dimensions of the
hollow-core-fibre can be selected to preserve beam quality and simple, adjustable
telescoping can then be used to control the pump spot size in the gain medium. As
presented in the following derivation, a LG mode of desired order can thereby be

selected.

It can be seen from Equation 7.11 that as the order of the mode | increases, the 1/e?

mode radius b increases and the thickness of the ring b — a as a fraction of the mode
radius decreases (Figure 7.3), where a is the inner radius at which the pump intensity

drops to 1/e% Thus by carefully selecting the dimensions of the pump beam to match
the desired LGy mode, any mode may be individually selected. The ratio bb%a of the

ring thickness to the mode radius may also be used as a diagnostic for identifying the

order of an imaged mode.

Normalized Intensity Distributions
—LG00 T

—LGO01

Il

—LG02

Il

—LG03

Il
T

Il Il Il
T T

Normalized Intensity (/au)

Il

Radius (/au)

Figure 7.3 — Normalized intensity distributions for the LGgo
(fundamental), LGo1, LGg; and LGosz modes showing the different

positions and relative thicknesses of the rings.
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The threshold for a four-level laser system is given by [142]:

n (z—:) (L +T +20,f,NL,)

A

40_9Tf (fL * fU) 77(1bs ' (i) ' nov

Py = (7.24)

where 4, and A_ are the pump and laser wavelengths respectively, L and T are the
percentage loss and output coupling respectively, o, and o. are the absorption and
emission cross-sections, f. and fy are the fractional populations in the upper and
lower lasing levels respectively, N is the dopant concentration, I; is the resonator
cavity length, = is the fluorescence lifetime, #naps is the pump absorption efficiency

and 7,y is the overlap efficiency.

The overlap efficiency 7o is a term that describes how well the pump and laser

mode profiles are superposed and is defined as:

Noy = f s(r,,z) 1,0, ¢,2)dV (7.25)

cavity
where s and rp are the cavity mode and photon density distributions respectively.

A poor overlap efficiency means that either not all of the laser mode is being pumped
or much of the pump is being wasted. The pump profile may be selected, as in the
case of ring-pumping, such that a desired mode experiences a good overlap (LGo)
and the undesired mode experiences a poor overlap (TEM). In this case the desired
ring mode will reach threshold first and deplete the gain, thereby suppressing the

undesired fundamental mode.
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For a TEMg beam with a top-hat pump:

—Pump
Profile

— Laser
Profile

1/e?

N
A 4
N
\

Figure 7.4 — A TEMg, mode with a top-hat pump showing the 1/e? pump

wp and laser wo mode radii respectively.

5 o2 (7.26a)
5= nngC exp Wg
%e (7.26b)
Ty = ——>—— r<w 7.26
P T[Wgnabs P
r, =20 elsewhere

where L. is the length of the gain medium, wp and w, are the 1/e* cavity mode and
pump spot radii respectively, a, is the absorption coefficient and #aps is the

absorption efficiency. Thus the overlap integral is:

1 1 2wy 7.27
Nov = —TH exp W (7.27)
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For a LGo mode with a top-hat ring pump of inner radius a and outer radius b:

——Pump
Profile

— Laser
Profile

\ L.
Se

b
— 1/e? >€
i AN,

Figure 7.5 — A LGo; mode with a top-hat ring-pump showing the inner ‘a’

and outer ‘b’ laser mode radii respectively.

2 (2r2\' (22
s = — (=) exp . (7.28a)
l'mwgL, \ wg W,

a e—apz

_ p
(b2 — az)rlabs

n

» as<r<bh (7.28b)

r, =0 elsewhere

Thus the overlap integral is:

l 1—i =i
1 1 2a? —2a? 2b? 2b?
"°”zn(bZ—aZ)Lc;(l—iﬂKw_é) exp(w& )‘(T) ep(w_>l (7.29)

137



Laguerre-Gaussian Mode Generation Chapter 7

Substituting Equation 7.29, the threshold for a ring pumped laser operating on a LG
mode may be easily calculated from the standard equation for the lasing threshold
(Equation 7.24):

s (Z—C) (L+T+20,fin.L)
14

)
4UeTfo77abs ' Z

LG —
Pth -

. (7.30)

x 1-i 1-i
T 3 N 2 S
m(b2—a?)L; <=0 (1) w2 p wi w3 p wi

Taking Equations 7.27 and 7.29, the ratio of the LGg to the fundamental mode

threshold pump power is given by:

—ZWZZ,
PO _ (b? — a?) 1- eXp( — )

0

PiG B wy . 1 2a2\\7t —2q2 2p2\ 171 2b2
L — (= X (= xp (=
=0 (i) (wg) € p( w3 ) (wg) € p(w%)

(7.29)

Figure 7.6 shows plots of the threshold pump powers for different LGo modes for
two pump spot sizes. These plots show that it is possible to selectively excite

individual LGq modes by careful ring pumping.
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(a) LG Mode Threshold (Fyye, = 300um, Fiyner = 160um)
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Figure 7.6 — Plots of the LGy (fundamental), LGo;, LGo2 and LGos
mode lasing thresholds for (a) 300um and (b) 450um outer radius

ring-pumped LG mode cavities.
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Chapter 8

Generation of Laguerre-Gaussian Modes

This chapter covers the investigation of Laguerre-Gaussian (LG) modes that are
selectively generated by ring-pumping a gain medium. In Section 8.1 the novel
approach developed in this work of using a hollow-core-fibre for shaping the pump
beam is validated as a technique for generating high purity LG modes. As discussed
in Sections 7.1 and 7.5.1, a LG mode has a 2nl azimuthal phase-shift around the
beam leading to a Poynting vector that spirals around the propagation axis. The
directionality of the Poynting vector can thus be used to define a LG mode as having
either a left-handed or right-handed ‘sense of phase’. Section 8.2 presents a
hypothesis that each longitudinal mode in a resonator cannot simultaneously support
LG modes having opposite senses of phase. If a single longitudinal mode were a
superposition of two LG modes with opposite senses of phase, the resultant mode
would be a lobed TEM,,, structure. A Fabry-Pérot cavity was used with an astigmatic
mode-converter based on the theory described in Section 7.5.2 to split each
longitudinal mode generated using the set-up in Section 8.1 into its constituent
TEMnm components. The results of this analysis validate the above hypothesis.
During the course of this investigation some additional insights were gained into the

nature of cavity LG modes. These are discussed in Section 8.3.
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8.1 Laguerre-Gaussian Mode Generation

A Lumics 125pm-core, 0.15 NA fibre-coupled 0.808um diode laser! with a
maximum specified output power of 4W and an M? parameter of 36.3 was focused
into the 200pm-diameter, 0.46 NA silica inner-cladding of a passive optical fibre?
having a 105um-diameter hollow core. In this arrangement a 1.16W ring-shaped
output beam could be obtained. To improve the efficiency of this beam-shaping
technique, the hollow-core-fibre was tapered by heating the fibre in a splicer to
collapse the hole (Figure 8.1). This enabled all of the pump output to be coupled into
the hollow core fibre. In the ideal case the coupled light would then be guided around
the expanding hole. There was, however, still significant loss over the short taper
length which was not optimized for these initial experiments. Nevertheless a 25%
improvement in transmitted power was achieved (P; = 1.45W). The ring-shaped
output was collimated using a 60mm focal length spherical lens. Attenuating this
beam with two mirrors having 90% transmission at 1.064pum and a sequence of
neutral density (ND) filters, the shaped output was viewed using a Spiricon
IEEE-1394 (LBA-FW-SCOR20) CCD digital camera (Figure 8.2). The ring-shaped
pump beam had a measured M? parameter of 75.2. This was found by focusing the
output through an 80mm focal length spherical lens and measuring the beam size
around the waist position (/focal plane) using a DataRay Inc. BeamScope™-P7
silicon two-slit beam profiler. Taking data over the region for which the paraxial
approximation holds, a quadratic line of best fit based on a least squares fit analysis
(Figure 8.3) could be used to find the spot size and Rayleigh range. Applying

Equation 3.1 the M? parameter could then be calculated.

" model: LU0808T040
2 The author gratefully acknowledges John Hayes for fabricating the fibre. Fibre code: A0032.
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Figure 8.1 — (a) Tapered, (b) tapered and cleaved, (c) cleaved end-face

views of the hollow-core-fibre.

Figure 8.2 — Hollow-core-fibre beam-shaped pump.
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Beam Radius vs. Position for a Ring-Shaped 808nm Pump Beam
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Figure 8.3 — A plot of beam radius vs. position within the Rayleigh range
for the ring-shaped 808nm output of a 200um-cladding, 105um-core
hollow core fibre with M %= 75.2. The +12um uncertainty corresponds to

fluctuations in the beam radius measured using a two-slit beam profiler.

The ring-shaped pump beam was slightly defocused to give a diverging output. An

80mm lens was used to focus the pump into a 3mm x 10mm Nd:YAG rod. This was

supported in a water cooled copper mount held at 17°C. Adjusting the distance s

between the collimating and focusing lenses, the overlap between the pump and laser

modes could be controlled. A 130mm long resonator was built using a plane input

coupler having high transmission at 0.808um and high reflectivity at 1.064um. The

resonator was completed with a 200mm ROC 3% output coupler at 1.064um

(Figure 8.4). The average pump radius in the gain medium at 1/e? intensity was then

set at 340um to optimize overlap with the LGy, resonator mode that was calculated

using an ABCD ray matrix method.
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f'=8mm aspheric lens
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Figure 8.4 — Experimental schematic for ring-pumped LGy mode
generation in a Nd:YAG laser. The 0.808um pump beam is shaped using
a 300mm length of 200um-cladding, 105um-core hollow core optical
fibre.

Using this pump scheme, a ring-mode was generated (Figure 8.5). This had a
measured M? parameter of 2.05 found using the experimental procedure described
above (Figure 8.6). This is in close agreement with the theoretical® M? of 2 for a
LGo1 mode. The threshold power of 411mW was found by investigating the pump
power for which relaxation oscillations were first observed. This was performed by
monitoring on a Tektronix TDS5053B digital oscilloscope the output attenuated using
two mirrors having 90% transmission at 1.064um and detected using a Thorlabs
DET10A/M nanosecond rise time silicon photodiode. This is consistent with that
predicted for LGy, operation from Equation 7.30. The slope efficiency of this laser
was measured to be 67% (Figure 8.7). The ratio (b-a)/b = 0.82 as defined in Section
7.5.3 also compares favourably with the theoretical value of 0.84 for the LGo; mode.
This evidence all supports the conclusion that a pure LGo; mode was generated,
validating the hollow-core-fibre approach for ring-pumping a laser gain medium as a

technique for generating pure Laguerre-Gaussian modes.

SMiP=2p+1+1
145



Laguerre-Gaussian Mode Generation Chapter 8

Beam Radius (um)
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Figure 8.5 — Ring-pumped LGo; mode 7.064um output from a Nd:YAG

laser.
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Figure 8.6 — A plot of beam radius vs. position within the Rayleigh range
for an intracavity generated LGo; mode with M ? = 2.05. The +2.5um
uncertainty corresponds to fluctuations in the beam radius measured

using a two-slit beam profiler.
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LGO1 Mode Slope Efficiency of a Ring-Pumped Nd:YAG Laser
[ Output Power vs. Absorbed Pump Power

Output Power (/W)
.
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Figure 8.7 — A plot of LGo; output power as a function of absorbed pump
power for a ring-pumped Nd:YAG laser having a slope efficiency of 67%

and a threshold of 411mW (found from relaxation oscillations).
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8.2.1 Sense of Azimuthal LG Phase - Hypothesis

From Equation 7.11, the azimuthal dependence of phase in a LG mode is described

by the term:
etile (8.1)
where | is the LG mode index and ¢ is the azimuthal variable.

Thus a superposition of a left-handed and a right-handed LGg mode will have an

azimuthal phase dependence described by:
Y- = (etile 4 e7il0) x (7 + e*il?) = 4 cos?(lp) (8.2)
where ¥ and W* represent the wavefunction and its complex conjugate respectively.

Equation 8.2 describes a mode with 21 lobes. The superposition mode will therefore

be described by a Hermite-Gaussian function.

This mathematical consideration of the azimuthal phase dependence in a LG mode
may be followed to the hypothesis that a single longitudinal mode in a resonator
cannot simultaneously support LG modes having opposite senses of phase. This
argument does not preclude the possibility of a resonator simultaneously supporting
LG modes with different senses phase but at slightly different frequencies

(/longitudinal modes).

The discussion above only considers the phase at a fixed plane along the

propagation axis. There is an additional term for phase dependence with propagation:
e~ tkz (8.3)

where Kk is the wavenumber.
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The superposition of a left-handed and a right-handed LGy mode will thus have an

azimuthal phase dependence that varies along the propagation axis described by:
Y- P* = 4cos?(lg + kz) (8.4)

Equation 8.4 gives a mode in which the lobed structure described by Equation 8.2
rotates through 2m radians every half wavelength as it propagates along the z
(i.e. reproduces itself every quarter wavelength). Thus for simple observation using a
CCD camera, the time-averaged lobed superposition mode will appear to be a ring
even though it is not a pure LG mode. Thus an alternative technique must be applied
for verifying the above hypothesis.

As covered in Section 7.5.2 of the theory, a LG mode can be split into a TEMpy,
superposition set with a suitable phase shift between the different component modes.
Removing this phase shift, the resultant modes are the superposition set for a
Hermite-Gaussian (HG) mode. As shown in Figure 7.2, LG modes with a left-handed
sense of phase will split into a different superposition set to that for a right-handed
LG mode. Thus removing the phase difference between the component modes using
an astigmatic mode-converter, ‘opposite’ HGnyn modes (i.e. /2 rotated, e.g. HGo; and
HGio) will be generated for left-handed and right-handed modes respectively.
Isolating individual longitudinal LG modes by means of a Fabry-Pérot etalon,
investigating the modes in this way can demonstrate conclusively whether a single
longitudinal mode has both left-handed and right-handed LG components, only one
component or flips between the two. An astigmatic mode-converter was therefore
built in accordance with the theory described in Section 7.5.2 to prove the hypothesis

that individual longitudinal modes can only have one sense of azimuthal phase.
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8.2.2 Sense of Azimuthal LG Phase - Investigation

To fulfil the conditions described in Section 7.5.2 that are required to introduce a /2
phase-shift to successive components in the TEMpy, superposition set for a HG mode,

an astigmatic mode-converter must satisfy the criteria,

_f
a=7 (8.6)
T = (1 + i) X f = Zg 8.7)
\/7 y

where d is the separation of the two astigmatic lenses having focal length f and Zg is
the Rayleigh range of the beam incident on the mode-converter. Satisfying
Equation 8.5 introduces the m/2 phase shift between the components while
Equation 8.6 must be fulfilled to correctly mode-match the incident and output

beams.

The mode-converter built for this experiment used two cylindrical lenses having
focal lengths of 50mm in the vertical direction. The separation of the lenses was set
at 35mm to satisfy Equation 8.5. The cylindrically symmetric LG output from the
Nd:YAG laser described in Section 8.1 was focused using a 60mm focal length
spherical lens to a spot size (2w) of 480um. This gave a Rayleigh range of 85mm —
measured using the BeamScope™-P7 twin-slit beam profiler — as required by
applying Equation 8.6. The position of the focusing lens could be adjusted to
optimize the spot size and thus Rayleigh range of the beam incident on the

mode-converter.
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Figure 8.8 — Schematic for a % mode-converter.

Placing a slit oriented at 45° to the vertical inside the Nd:YAG resonator (i.e.
breaking the cylindrical symmetry of the cavity), TEMy; operation at 45° to the x-y
axes could be selected. Using this well-defined mode as the input beam, the
mode-converter could be optimized to give a ring output (Figure 8.9). It was
observed that even slight variations in the orientation of the TEMy; (i.e. slit) had a
significant impact on the mode-converter output. Although not quantified, the
importance of correctly aligning the mode converter was highlighted. Comparing the
slightly distorted ring mode in Figure 8.9 generated using an astigmatic
mode-converter with the clean LG mode in Figure 8.5 generated using a ring-shaped
pump beam to selectively excite the LGy; mode in a laser resonator, the improved
performance of the latter technique in this instance can be seen. The distortions in the
mode-converted output could be addressed by further optimization of the properties
(i.e. angle, quality, Rayleigh range, spot size) of the input beam and of the mode
converter itself (i.e. lens separation, lens alignment). Such improvements could make
the outputs from the two techniques comparable, but ring-pumping clearly offers a

simpler approach to achieving high quality LG modes.
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Figure 8.9 — (a) Incident beam and (b) mode-converter output.

To further verify the effectiveness of the astigmatic mode-converter, the LG output
was retro-reflected through the mode-converter from the output waist position. The
transmitted beam through an alignment mirror having 98% reflectivity at 1.064pum
and attenuated using a sequence of ND filters was then imaged using the Spiricon
CCD camera (Figure 8.10). The retro-reflected mode had been split into a TEMq;
mode at 45° to the axes with the same orientation as the input beam. This is as would
be expected for a reversible process. An important point to note from observing the
orientation of the TEMy; output is that it is in agreement with the theory that it is the
orientation of the TEMy,, input beam controls the sense of phase of the LG output
mode. Thus the astigmatic mode-converter built in this work was validated as a tool

for investigating the LG output from a laser pumped using a ring-shaped beam.

152



Laguerre-Gaussian Mode Generation Chapter 8

Figure 8.10 — Mode-converter output for a retro-reflected,

mode-converted beam.

Removing the slit from the Nd:YAG cavity, the single-pass output from the
mode-converter for an LGp; incident beam was observed (Figure 8.11). As the slit
had only been used to select the TEMy; mode used to align the mode-converter, no
adjustment of the laser resonator was required. Except for a slight vertical distortion
that could be explained by a slight azimuthal misalignment of the mode-converter
lenses, the output was unchanged compared to the LG input beam (Figure 8.5).
Repeating the alignment procedure to ensure that this was the true output from a well
aligned mode-converter, it could be concluded that laser output incident on the
mode-converter contained multiple LG modes having different senses of phase. In
this scenario the superposition of the resultant mode-converted output HG modes
rotated by 90° with respect to each other would be a ring, although not a LG mode as
the two HG components would be in phase. To confirm that this was the case and
that the output was not flipping between orientations over a shorter period than the
imaging time of the Spiricon CCD camera, one quadrant of the output was selected
using an aperture and monitored on the Tektronix digital oscilloscope by means of
the Thorlabs nanosecond rise time silicon photodiode detector. This was repeated for
each quadrant of the mode. In all cases the intensity remained constant and the above
conclusion that modes having opposite senses of phase were simultaneously present

could be reasonably justified.
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Figure 8.11 — Output from a n/2 mode-converter for a 1.064um

wavelength LGg; mode input beam.
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To test the hypothesis in Section 8.2.1, the Melles Griot FPI-25 scanning
Fabry-Peérot interferometer used in the LMRT experiments was inserted with a mirror
spacing of 5mm before the astigmatic mode-converter. Directly monitoring the
output from the interferometer on an oscilloscope using a silicon photodiode, five
longitudinal modes could be observed across the Nd:YAG laser gain spectrum.
Whilst monitoring the oscilloscope trace, the length of the Fabry-Pérot etalon was
then adjusted to match a single longitudinal laser mode. Removing the photodiode,
the mode-converter output for this incident mode was again observed using the CCD
camera. This process was repeated for each of the five longitudinal laser modes
(Figure 8.12).

For each longitudinal mode a clear two lobed structure at 45° to the x-y axes was
observed. The vertical distortion that can be seen in Figure 8.12 is worse than that in
the previous observations, but is probably due to poorer mode-matching as required
by Equation 8.6 following the inclusion of the Fabry-Pérot etalon or an additional
misalignment within the mode converter. The two outermost modes on each side of
the gain spectrum had a well-defined, temporally stable sense of phase and thus a
temporally stable corresponding HG,, output. The mode at the central maximum,
however, flipped between a HGo; and HG1o mode-converted output. At any one time,

however, the central maximum did show a single sense of phase.

Figure 8.12 — Mode-converter outputs on opposite sides of the laser

spectrum corresponding to (a) left-handed and (b) right-handed senses

of phase.
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This evidence supports the hypothesis presented in Section 8.2.1 that each
longitudinal mode in a laser resonator cannot simultaneously support LG modes
having opposite senses of phase. This evidence is in agreement with the findings of
Harris et al. [15] who found that for a single-frequency gas laser pumped using a
defocused ring-shaped beam the LG output always had a well-defined sense of
phase. This work builds upon the findings of Harris et al. by demonstrating that their
observation is in agreement with theory and is true for each longitudinal mode in a
laser resonator. This work also demonstrates that while each frequency must have a
well-defined sense of phase, different longitudinal modes may have different senses

of phase and that this sense of phase may flip during laser operation.

8.3 Observations and Discussion

In the Nd:Y AG laser used in this investigation, on each side of the gain spectrum the
modes were observed to have the same sense of phase and this sense flipped around
the central maximum. On one side of the gain spectrum all the modes would have a
left-handed sense (Figure 8.12a) and on the other side all the modes would have a
right-handed sense (Figure 8.12b). In general the central mode did not have a
temporally stable sense of phase and continuously flipped between left-handed and
right-handed operation. In repeat experiments, however, the central mode was
occasionally observed to have a well-defined sense of phase. There is no evidence as
to the cause of this, but it may be reasoned that this was due to a perturbation of the
laser resonator leading to a given mode depleting the gain close to the centre of the

gain spectrum.
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To the best of my knowledge, there are two scenarios that could explain the
observation that modes on opposite sides of the gain spectrum have different senses

of phase:

1. The two senses of phase have slightly different emission cross-sections

leading to an asymmetry around the gain peak (Figure 8.13).

2. Each longitudinal mode is in fact frequency split for the two senses of phase
meaning that on opposite sides of the gain spectrum different modes are

closest to the gain peak (Figure 8.14).

It must be emphasized that this work presents no physical explanation for either of

these scenarios, however the effect of each would lead to the reported observations.

There is no theoretical basis for the former scenario, however the latter, although no
physical mechanism has been identified, could possibly arise due to some astigmatic
effect in the laser gain medium leading to the two senses of phase experiencing
slightly different effective cavity lengths. In this event, the longitudinal modes for
the left-handed and right-handed senses of phase would be slightly (i.e. much less
than the free spectral range) separated. If for each longitudinal left-handed mode
there were a right-handed mode of slightly higher frequency, at the lower frequency
end of the gain spectrum the right-handed modes will be marginally closer to the
gain peak while at higher frequency end the left-handed modes will be marginally
closer to the gain peak (Figure 8.14). For each pair the mode closer to the gain peak
would experience slightly higher gain. Having greater amplification, this mode
would rapidly deplete the gain available to the other mode in the pair. A single
longitudinal mode with a well-defined sense of phase would thus be supported by the
laser resonator for each frequency-split pair. At the central maximum the left-handed
and right-handed frequency-split modes would fall on opposite sides of the gain
spectrum and thus experience similar gain. The competition between these modes
would then account for mode flipping at the gain peak. As the two modes would
have slightly split frequencies, this would not violate the argument in Section 8.2.1
of a single longitudinal mode requiring operation with a single sense of phase. The

central laser mode would be switching rather than a single longitudinal LG mode
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flipping senses. Although this discussion supports the conclusion that frequency
splitting is the most likely cause of the observations reported in this work, no
physical mechanism for this effect is being presented and this is therefore only a

hypothesis requiring further investigation (see Chapter 9).

8.4 Summary

In this chapter the generation of Laguerre-Gaussian resonator modes by selective
ring-pumping using the novel technique of hollow-core-fibre beam shaping has been
demonstrated. The improved output achieved using this approach has been compared
to that achieved by the more established technique of astigmatic mode-conversion.
The sense of phase of individual longitudinal LG modes has been studied using an
astigmatic mode-converter and substantive evidence provided that a single
longitudinal mode can only operate with one sense of LG phase. An interesting
relationship between the sense of phase of the LG modes and the laser gain spectrum

has been reported and discussed.
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Emission Cross-Sections for Left-Handed and Right-Handed Senses of
Phase Centred on Gain Peak

—— Left-Handed Sense

— Right-Handed Sense

Emission Cross-Section (au)

Frequency (au)

Figure 8.13 — Mechanism for mode selection by differing cross-section showing
higher cross-sections for left-handed and right-handed senses of phase on opposite

sides of the gain spectrum.

Left-Handed and Right-Handed Frequency Split Modes
within the Gain Envelope

—— Gain Spectrum

— Left-Handed Sense

— Right-Handed Sense

Gain (au)

Frequency (au)

Figure 8.14 — Mechanism for mode selection by frequency splitting of longitudinal
modes showing higher gain for left-handed and right-handed senses of phase on

opposite sides of the gain spectrum.
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Chapter 9

Conclusion and Future Work

9.1 Summary

A hollow-core-fibre has been used to generate a ring-shaped pump beam of
controlled dimensions within a Nd:Y AG bulk laser gain medium. This unique ability
to pump a laser with a ring-shaped beam of reasonable quality has enabled pure, low
order Laguerre-Gaussian modes to be selectively generated in good agreement with
theory.

To investigate the sense of azimuthal phase of the longitudinal LG modes in a laser
resonator, detailed analysis of the output beam was performed by using an astigmatic
mode-converter to remove the m/2 phase shift between successive TEMpny
components. The form of the resultant Hermite-Gaussian mode then gave
information as to the sense of phase of the incident LG modes. Employing a
Fabry-Pérot etalon to isolate individual longitudinal modes, the hypothesis that each

longitudinal mode can only have one sense of phase was verified.

The experiments to validate the above hypothesis also yielded some unexpected
insights into the properties of LG resonator modes. It was observed that the modes on
one side of the gain spectrum all had a particular well defined sense of phase whereas
the modes on the other side all had the opposite sense of phase. It is hypothesized
that this observation may be due to frequency splitting of the left-handed and right-

handed LG modes, but no physical explanation for this has been found.
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9.2 Future Work

Continuation of the study of LG modes begun in this work falls broadly into two
categories: furthering the hollow-core-fibre LG mode generation technique and

research that applies the generated modes.

For improving the LG mode generation technique, the first avenue of investigation
should be to increase the available beam-shaped pump powers by reducing the
hollow-core-fibre loss. This work would centre on extending the taper and improving
its quality to ensure that minimal light was coupled into the non-guiding core. The
second line of investigation, requiring fibre fabrication facilities, should involve
optimizing the core-cladding ratio of the hollow-core-fibre to achieve the ideal
mode-matching for higher order (thinner ring) modes. If these proposals were
implemented to make the hollow-core-fibre beam-shaping technique more flexible, a
wider range of pure LG modes could be investigated in further research. These
higher order modes would also be of greater interest in practical applications as they

carry more angular momentum.

Apart from applications that use the angular momentum of LG modes to manipulate
molecules, the LG mode generation technique opens the possibility of designing a
system that overlaps a LGg mode with a TEMgo mode. This could be used to achieve
high quality top-hat beam profiles. Such beams would be useful in applications
where temperature gradients are deleterious and uniform energy deposition is

required.

The mode-conversion techniques and relatively poor quality outputs in published
research have not allowed detailed, accurate investigations into the nature of LG
modes to be previously performed. The unique ability that has been developed in this
work to selectively generate pure resonator LG modes of low order offers wide scope
for further study of their fundamental properties. In order to identify and potentially
control the mechanism that leads to opposite senses of azimuthal phase being
supported on different sides of the gain spectrum, further experiments should initially

focus on detecting the frequency separation between the competing modes at the gain
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peak. This could be performed using the scanning Fabry-Pérot interferometer for
mode selection and a radio frequency spectrum analyzer. If a stable, small frequency
difference that is much less than the free spectral range is measured, it would support
the hypothesis presented in Section 8.3 that frequency splitting is responsible for the
observed effect. Such evidence would not, however, be in itself conclusive nor would
it give any insight into the physical mechanism behind this effect. Were frequency
splitting of the two senses of phase proven to be the cause of the observations
presented in this work and were it able to be controlled, possibilities for a range of

novel devices would be raised.

LG modes can be linearly, radially or azimuthally polarized (or a combination of
these, i.e. unpolarized). The symmetry in the polarization of radially polarized beams
makes them of particular interest in engineering. Thus the development of a selection
mechanism for radial or azimuthal polarization in a stable ring-pumped resonator
would have many practical applications. The theoretical property that a LGo; mode
could be focused more tightly than a TEMgy, beam is both of great scientific and
practical interest. Q-switching, mode-locking and frequency conversion are just some
of the other areas that could be explored now that a robust method for selective LG

mode generation has been developed.

Apart from opening new avenues of research into cavity LG modes, the simple
technique that has been developed for their generation will allow LG modes to be
used in other fields of scientific discovery as well as for engineering applications.
The non-contact trapping and particle manipulation capabilities that LG modes offer
could benefit experiments ranging from nuclear fusion to biophysics, while the
possibility of usefully employing LG beams for microengineering could advance

areas of life from personal computers to medical care.
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9.3 Concluding Remarks

Although the scope of the research into Laguerre-Gaussian modes covered in Part 2
of this thesis is in itself limited, the developed beam shaping technique establishes a
foundation for further studies. Applying the methods demonstrated in this project not
only offers the opportunity to further extend our understanding of Laguerre-Gaussian
modes, but also to advance diverse fields of scientific research. Aside from such
academic uses, in its potential application to engineering this work could one day

form a part of changes that ultimately impact on our day-to-day lives.
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Conclusion

This work has covered two distinct areas of laser physics: optical cooling of
rare-earth-doped solids by anti-Stokes fluorescence and Laguerre-Gaussian mode
generation. A novel laser-based technique for the measurement of temperature along
any path within a transparent sample has been developed alongside a new method for
selectively generating pure Laguerre-Gaussian laser modes. As discussed in
Chapters 6 and 9 of this thesis, the work performed in these two areas will make very
different contributions to scientific understanding and potential future research. For
completeness, however, it is worth noting the direct links that may be drawn;
particularly Laguerre-Gaussian pumping being used for the identification of optical

cooling.

The temperature within a cylinder heated evenly at its surface will be uniform. Thus
the temperature profile inside the region of an optically cooled sample that is pumped
using a Laguerre-Gaussian beam is approximately uniform. This fact could be used
to enable temperature measurement in the pumped region without suffering
resolution-limiting aberrations. In the simple cooling investigations for which the
longitudinal mode-shift relative thermometry technique was designed, such fine
optimization is not required. In future optical cooling research or for the investigation
of other transparent samples, however, this combination could usefully improve the

resolution.

In developing a novel diagnostic for optical cooling, detecting local cooling in
Yb®*:CaF, and demonstrating a practical technique for the generation of
Laguerre-Gaussian modes, this work has made only a limited contribution to our
understanding of these two fields. It has, however, laid the groundwork for much
future study in diverse areas of research and in this has made a novel and useful

contribution to science.
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Appendix

A. Holographic and Phaseplate Generation of LG Modes

Holographic Generation of LG Modes

The interference pattern between a LG mode of order | and a plane wave will be a
chiral pattern (Figure A.1) described by:

1 k-r?
o= (+n+= + Al
Lo (_n 2)” 2R (AL)

where ¢ is the azimuthal angle, k is the wavenumber, R is the radius of curvature of
the LG mode and the integer n describes the number of vortices in the interference

pattern, its sign defining the direction of the vortices.

(b)

Figure A.1 — Chiral interference pattern for a LGo; mode interfered
with a plane wave at normal incidence for the () | =1 and (b) | =2
modes [132].
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If the two waves do not interfere at normal incidence but with some small offset

angle y, an extra term must be added to the equation for the interference pattern:

2
r
+ krsiny cos ¢ (A2)

1
l-go=(in+—)n+

2 2R

and the phase singularity will now appear as a fork with | prongs in a more

conventional fringe pattern (Figure A.2):

Figure A.2 — Computer generated interference pattern showing the
three ‘prongs’ of an | = £3 LG mode interfered with a plane wave at a

slight angle [143].

If the interference pattern in Figure A.2 is printed onto a Fresnel zone plate and
illuminated with a coherent plane wave at normal incidence, the resultant output will
be an | = £3 LG mode at the angle £y (Figure A.3). The direction of the angle will
depend on the sense of phase of the output. By using such a hologram the left- and

right-handed senses can be separated.
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First-order diff racted beams

Incident
Threefold dislocation
hologram

Figure A3 — Generation of | = £3 LG modes using a computer

generated hologram [138].

Spiral Phaseplate Generation of LG Modes

A beam of wavelength A passing through a medium of thickness h having refractive

index n will have its phase y retarded by:
2
AY = (n—1)h X 7” (A3)

If the retarder is not of uniform thickness around the beam, then there will be an

azimuthal ¢ dependence of the phase shift:

M@ = (n— 1) x (h— Bh(9) X = (Ad)
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A phaseplate of smoothly varying thickness that satisfies the equation:

f h(p) dp = 1A (A.5)

where | is an integer will convert a plane phase front into an output that has a 2=l

azimuthal phase shift around the beam. This will be an LGy mode.

Figure A.4 depicts a segmented spiral phaseplate in the ideal case that the segments

combine to give a smoothly varying thickness.

h | Ah x

e

Figure A4 — A segmented spiral phaseplate for LG mode
generation [129].

In practice there will be a step change in thickness at each segment introducing
aberrations into the LG output beam. The more segments that can be built into the
phaseplate the smaller the individual step changes need to be and the closer the

output from such a phaseplate will be to the ideal.
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