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In recent years, advances made in semiconductor diode lasers have led to a resurgence
in the development of solid-state lasers. Diode-pumped solid-state lasers (DPSSLs) are
typically more compact, efficient, reliable and economical than alternative laser sources.
In this thesis two areas of research in the field of DPSSLs have been investigated,
namely single frequency ring lasers and high power diode bar pumped solid-state lasers.

Single frequency laser sources are important in a wide range of applications, and a
number of methods are available for producing single frequency operation. In this work
an acousto-optic modulator was used in a ring laser cavity to enforce unidirectional
operation, which in turn can produce single frequency output. Acousto-optic devices can
provide a simple, low-loss means of enforcing unidirectional operation in ring lasers,
compared to other methods. Previously, the means by which this was accomplished was
not understood. Here, two distinct mechanisms are described that can be used to
enforce unidirectional operation, experimental verification is provided, and the
implications that this has for the development of single frequency sources are discussed.
Ring lasers were also constructed which operated at wavelengths of 1.3um and 2um,
using acousto-optic modulators to produce unidirectional operation.

Diode bar lasers have recently emerged as one of the most economical pump sources
for solid-state lasers, and are capable of producing high output powers in side-pumping
geometries. In this thesis, the use of diode bars in end-pumping configurations 18
explored, as such systems potentially offer much higher efficiencies than side-pumping,
and should be more suitable for output powers up to a few tens of watts. A significant
problem with diode bar end-pumped systems is that the dimensions of the diode bar
(10mm x 1pum) make it difficult to effectively couple their output into the lasing mode
of a solid-state laser. In this thesis, initial attempts to end-pump lasers are described.
Some degree of success was obtained. Also presented is a novel optical arrangement
that manipulates the diode bar output to produce a beam with a much higher degree of
symmetry, and hence, suitability for end-pumping. This system, using just two mirrors
to chop up and rearrange the diode beam, has applications in a wide variety of
situations involving laser beams with a large difference in dimensions and divergence
properties in two orthogonal directions, and should allow diode bars to be effectively
used for end-pumping solid-state lasers. Preliminary results for end-pumping a solid-
state laser are presented, which offer great promise for optimised laser systems.



to Paula...
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Chapter 1
INTRODUCTION

1.1 Background

Diode-pumped solid-state lasers have been a major area of growth in laser
physics in recent years. The development of more efficient and reliable diode lasers,
coupled with novel solid-state laser designs has led to the opening up of many new
areas of research. Two areas in particular have aroused much interest, with many
potential applications in each. These areas, high power diode bar pumped solid-state
lasers, and single frequency ring lasers, are explored in this thesis, with emphasis on

the means of implementing them in practical systems.

The advent of high power diode-laser structures in the form of linear arrays (or
bars) which offer tens of watts of output power from an active area only lcm wide has
offered the promise of solid-state laser performance with powers an order of magnitude
greater than with conventional diode lasers. These devices are by far the cheapest
source of laser photons for pumping solid-state lasers, in terms of price/Watt, and the
ability to use them efficiently and effectively is becoming more important as researchers
seek higher powers for a variety of applications. These diode bars pose some difficulties
when it comes to using them to end-pump solid-state lasers, and in this thesis a number
of means of efficiently exploiting their high power output are explored, with a novel,
and we believe, highly useful method being described in Chapter 4. We expect that this
method could be used to improve the performance of many conventional diode end-
pumped laser systems, and may lead to diode bars becoming a more attractive pump

source for solid-state lasers.

A second area of much interest is the development of single frequency sources
for applications such as laser radar, micromachining, injection seeding, remote sensing,
gravitational wave detection, and as pump sources for non-linear systems. Unless

special steps are taken, most lasers tend to oscillate on more than one axial mode,
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which leads to instabilities in the output power and wavelength. There are a number of
ways of removing these extra axial modes to achieve single frequency operation. In
solid-state lasers, a common way of doing this is to eliminate spatial hole burning in
the gain medium, which provides gain for additional axial modes to lase. This is
accomplished by constructing a ring laser which is made to oscillate unidirectionally,
hence removing standing waves in the cavity and thereby the spatial hole burning that
accompanies them. Unidirectional operation is enforced by some form of optical diode,
and in this thesis we describe how the acousto-optic effect can be used to implement an
optical diode. Previously, it had been observed that using an acousto-optic modulator
in a ring laser could lead to unidirectional operation, but no explanation of the
underlying mechanism responsible was available. In this thesis we describe the physical
basis responsible for unidirectional operation via the acousto-optic effect, and in fact
we describe two distinct mechanisms that we have identified. We also present a number

of applications of the acousto-optic effect to particular solid-state ring laser systems.

These two themes of solid-state laser development have been examined
separately in this thesis, and at first appear to be totally distinct areas of study.
However, we expect that the diode bar end-pumping scheme we describe should be
suitable to pump a ring laser. This would ultimately enable us to construct a high-
power, diode-bar pumped single frequency ring laser, for which a number of uses can
be anticipated, with a particular interest being pumping a cw optical parametric

oscillator.
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1.2 Diode Pumped Solid-State Lasers

In recent years diode-pumped solid-state lasers have emerged as efficient, stable,
compact and versatile sources of laser radiation. Advances made in semiconductor diode
lasers in the last decade have made this possible, with much improved reliability, cost
and performance providing an ideal pump source for many solid-state lasers. A number
of extensive reviews on this subject have been written, e.g. [Byer, 1988], [Fan, 1988],
[Malcolm, 19917, [Hughes, 1992] and the reader is referred to these for a detailed
overview of this field. In this section an introduction to the main points of interest for

the work presented in the following chapters will be given.
1.2.1 History

Diode lasers were first produced over 30 years ago [Hall, 1962], [Nathan,
1962], [Holonyzk, 1962]. It was realised from the outset that the emissioi from GaAs
or GaAlAs diodes, which is around 800nm would overlap with a strong absorption band
of the trivalent ion of the rare earth element Neodymium (Nd3+), as shown in Figure
1.1(a) and (b). Newman [1963] was the first to show that the output from a GaAs diode
(LED as opposed to laser) could excite fluorescence near 1.06um in Na3+ doped
CaWOQy,. Keyes and Quist [1964] demonstrated the first diode laser pumped solid-state
laser, using a GaAs laser to pump CaF2:U3+, and suggested that a GaAs diode would
be ideal for pumping a Nd3* laser. The first diode-pumped Nd: YAG laser was then
constructed by Ross [1968], where a number of comments made about its performance
still hold true today. After noting that 1.2mJ of flashlamp pump was required for
lasing, compared with only 0.06mJ of diode laser power (with the diode cooled to
170K), he commented that "..a YAG laser acts as a temporary energy storage device
so that many pulses from many semiconductor diode lasers can be collected together
and emitted as one giant pulse ... the YAG laser acts as an energy director ... the
spectral width of the YAG laser is many times narrower than semiconductor lasers".
All these are still very important reasons for the use of diode-pumped solid-state lasers

today.
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After further work on diode-pumped lasers, including room temperature
operation of a Nd:YAG laser [Ostermayer, 1971], the use of diode pumping did not
advance as rapidly as might have been expected, mainly due to the short operating
lifetime of diode lasers and the low powers available from them. Advances made in
fabrication techniques during the 1980’s has led to what has been termed a renaissance
of solid-state lasers, due to the availability of cheap, reliable, compact diode laser
sources with output powers continuing to rise year by year, with an increasing number
of different diode laser devices. Since the mid 1980’s, when highly efficient miniature
diode end-pumped Nd: YAG lasers were demonstrated [Zhou, 19851, [Sipes, 1985], the
performance of diode-pumped solid-state lasers has continued to improve, driven by the

development of ever more powerful and sophisticated diode laser sources.

1.2.2 Basic Properties of Diode lasers

While semiconductor diode lasers have been in existence for over 30 years, it
is only relatively recently that significant advances in their performance have heen
made, with new structures being manufactured, resulting in vastly increased output
powers and a greater variety of devices being available. The basic principle of operation
remains the same: light is generated in an active region by the recombination of
electron-hole pairs after charge injection across a forward biased p-n junction. The laser
cavity is defined by the cleaved ends of the semiconductor material (e.g. GaAlAs,
InGaAs, AlGalnP), where the reflectivity is sufficient to enable lasing to occur,
although the rear facet can be made into a high reflector with appropriate dielectric
coatings. It is the nature of the junction formed that has undergone the greatest change,
with more complex and miniaturised structures resulting in more efficient devices.
These changes have been made possible by advances in fabrication techniques such as
molecular beam epitaxy (MBE) and metal-organic chemical vapour deposition
(MOCVD).

The evolution of diode lasers has followed the path from single heterostructures,
where the active region of GaAs is bounded on the p-side by a GaAlAs layer, to double
heterostructure where the active region is bounded on both sides by a material of

different composition, to double heterostructures with smaller active regions. Reducing



Chapter 1

the dimensions of the active region lowers the threshold current for lasing, which has
led to the development of quantum well lasers, where the active layer thickness is less
than 30nm, of the order of the de Broglie wavelength of the electron. Typically,
quantum well lasers are configured as either muitiple quantum well (MQW), graded-
index separate confinement heterostructures (GRINSCH) or single quantum well,
separate confinement heterostructures (SQW-SCH). These devices can have overall
electrical to optical conversion efficiencies exceeding 50%, which has led to them

becoming the preferred pump source for solid-state lasers.

The operating wavelength of diode lasers can be changed by altering the
composition of the materials used, thus changing the size of the bandgap at the junction.
For example, in diode lasers around 800nm, the material used is Gaj_ Al As, where
x=0.09 for devices operating on the 807nm Nd:YAG absorption line. By varying the
aluminium concentration the emission wavelength can be tuned over the range 630-
900nm [Striefer, 1988], although the performance and lifetime drops sharply at the
extremes of this range, and commercial devices are usually in the range 780-860nm.
Changing the material entirely allows different wavelength ranges to be accessed, e.g.,
InGaAs for 900nm-1.1um and AlGalInP for 630-690nm. At present, much work is
devoted to achieving reliable room-temperature blue wavelength diodes, as these would
allow much greater densities to be achieved in optical storage systems, but commercial
products have not yet been realised. Fine tuning of the lasing wavelength can then be
achieved by varying the operating temperature of the diode. For GaAlAs lasers the
wavelength is tuned by approximately 0.25nm/°C. Typically, Peltier coolers can
provide a 40° temperature range, resulting in a wavelength tuning range of 10nm. This
easily allows the diode output to be accurately matched to the peak of the solid-state

laser absorption.

Other factors which make diode lasers attractive in many applications include
their long lifetimes (in excess of 10° hours extrapolated from elevated temperature
tests), ease of production (e.g. for the many millions of compact disc players, optical
storage devices and laser printers), ability to modulate them at high frequencies
(> 10GHz), compactness and versatility of devices available. To illustrate the range of

semiconductor diode lasers commercially available (let alone those that exist only in
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laboratories), the following list presents a selection of diodes currently in the

marketplace (Spectra Diodes Labs 1993 Catalogue) :

GaAlAs Diode lasers (780-860nm)
20W cw diode bar (10mm x lum emitting region)
100W quasi-cw diode array (10mm x lum)
5000W quasi-cw stacked array (10mm x 19.6mm)
3W diode array (500um x lum)
100mW single longitudinal and axial mode
10W cw fibre coupled diode lasers
4W cw high brightness (500um x Ium, single emitting area)

InGaAs Diode lasers (910-1020nm)
IW cw diode array (100um x 1 pm)
60W quasi-cw linear array (10mm x lum)
360W quasi-cw stacked array (10mm x 2mm)
W cw single transverse and axial mode master oscillator/power amplifier

(MOPA) monolithically integrated laser package.

ALGalnP Visible Diode laser (670-690nm)
500mW cw (250um x 1 pum)
3W cw fibre couple diode laser bar (400um fibre diameter)

1.2.3 Advantages of Diode laser Pumped Solid-State Lasers

It is worthwhile to briefly consider why diode-pumped solid-state lasers are used
rather than just the diode laser itself, which would be much more efficient, and why
they are preferred to flashlamp pumped lasers, which have been extensively used for
the last 30 years. To address the second point, the output from diode lasers is in a
relatively narrow spectral band (2-3nm) and can be readily tuned to overlap the

absorption bands of many solid-state laser materials. This can lead to very efficient
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optical pumping whereas the broad band output of flashlamps is not absorbed very well,
which can result in low efficiency and excess heat generation. Total electrical to optical
conversion of up to 15.8% [Fields, 1988] with diode-pumped solid-state lasers has been
reported, compared to 8% in a lamp-pumped system [Mak, 1984], which was an
atypical configuration. More typical lamp-pumped systems give around 5% efficiency.
The water cooling required for flashlamp pumped systems increases the technical noise
of the system, which means that the laser linewidth is greater than that of diode-pumped
systems. Whilst flashlamps have traditionally been used for very high power operation
of solid-state lasers, rapid recent advances in diode laser technology has meant that
diode-pumped systems with in excess of 1kW cw powers [Comaskey, 1993] have been
developed, so that the potential exists for similar output powers to that obtained by all

but the largest flashlamp pumped systems.

While diode lasers provide a cheap source of "raw" photons for pumping solid-
state lasers and are compact, robust, efficient and reliable devices, the output from them
is often not suitable to use directly. Emission from diode lasers is typically only
partially coherent, has a large frequency spectrum compared to solid-state lasers, poor
spatial properties and they are restricted in the maximum output available. By pumping
a solid-state laser we can achieve a number of significant improvements over using just

the diode laser, as the following points outline:

@ The output will usually be in a diffraction limited beam, thus improving
the spatial quality.

(b)  We can increase the output power by either coupling the output from
many diode lasers into a single laser rod or by using the long upper laser level lifetimes
of solid-state materials to store energy from the diode pump and releasing it as high
power Q-switched pulses.

© Diode lasers are restricted in the range of frequencies that can be
produced, but using different solid-state lasers allows a much wider choice of
frequencies to be selected.

(d) The fundamental limit on laser linewidths is given by the Schawlow-

Townes equation [Schawlow, 1958]:
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hv
2nt P

Av= (1.1)

where Av is the linewidth in Hertz, 7, is the cavity decay time, hy the photon energy
and P the laser output power. For diode-pumped solid-state lasers the fundamental
linewidth limit is less than 1Hz for ImW output [Zhou, 1985]. Diode lasers, on the
other hand, have fundamental linewidths some 6 orders of magnitude greater, due to
the short length of their cavities and low reflectivity of their facets which gives a cavity

decay time 10-3 times that of solid-state lasers.

In summary, diode laser-pumped solid-state lasers can provide spectral and
spatial brightness "amplification” of the diode lasers, and operate more economically

and efficiently than any flashlamp-pumped system.

1.2.4 Diode laser Coupling Schemes

An important issue to resolve with the use of diode lasers is the best way to
efficiently collect and couple their output into the lasing mode of the solid-state laser.
Diode lasers almost always have different dimensions in the x and y planes, and hence
different beam properties in these two directions. A typical single-stripe device could
have an emitting region with dimensions 3 um x 1 um, leading to an elliptical output
beam which would usually need to be circularised to match the lasing mode. One way
of doing this is to first collimate the output, either with a single spherical lens or
compound lens, and then use an anamorphic prism beam expander to magnify the beam
in one direction so that the two dimensions are equalised. Such an expander can
produce a magnification of 3-7 times in one direction. The same technique can be used
for larger diode laser arrays, although further elements such as crossed pairs of
cylindrical lenses may be necessary to equalise the x and y spot sizes. If the lenses and
prisms used are antireflection coated at the diode wavelength, the throughput can be

very high, at least 90%.

If the requirements for equal spot sizes do not have to be met, a simpler and

more compact means of collecting and focusing the diode output may be to use a

9
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gradient-index (GRIN) lens [Zhou, 1985]. There may be some loss in overall efficiency
due to the mismatch of pump and laser mode sizes in one dimension, but the simplicity

of the laser system (Fig 1.2) may be attractive in some applications.

An alternative method is to use an optical fibre to collect the output, and then
deliver this to a remote laser. Multimode fibre (with, say, 100-400 um core diameter)
placed close to the diode laser facet can collect around 50% of the output. While not
as efficient, such systems are convenient to use, and are particularly suited for fibre
laser and medical applications. This approach has also been used for diode laser bars
where a separate fibre is used to collect the output of each emitting region. The fibres
are bundled together to circularise the output and then focused down. This method is
inefficient (around 50% throughput in commercial devices) and produces a highly

divergent output beam.

Laser
Diode Nd:YAG
GRIN lens Laser rod 1064 nm
G
HR at 1064 nm
« 50 mm »
Fig 1.2 Schematic of laser as used by Zhou [1985]. The diode laser

output is collected and focused by the GRIN lens, which pumps a monolithic
Nd:YAG laser, to give TEMy, output at 1.064 um. The monolithic laser has
curved ends which have a highly reflecting dielectric coating applied to them.

10
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1.2.5 Laser-diode end-pumping of solid-state lasers

In the work described in later sections of this thesis, most of the systems use
diode lasers to end-pump (or "longitudinally-pump") solid-state lasers. In this section
some of the basic properties of such systems are considered, with reference to lasing
threshold, slope efficiency and output beam quality. As most pump bands in solid-state
laser materials can be well matched to diode laser wavelengths, thermal problems only
arise for high power operation, and will not be considered at this stage. A schematic
of a typical laser-diode end-pumped solid-state laser is shown in Fig 1.3. Other
configurations are also widely used, e.g. using the laser rod as the cavity itself, as
shown in Fig 1.2 above, but the example shown here is of the general type used in

much of the work described in this thesis.

Curved output
Mirror

Collimating

/
y'/

d1

T i i 1:64
S 0 /NAYAG\ hm
Anamorphic : \
Laser _ P _ ,/ rod Output
. Prism pair \
Diode, HR e AR e
Heatsink, 1064nm 1064nm
TE cooler
< 20 cm 2
Fig 1.3 Diode laser end-pumping. The output from the diode, which is

mounted on a heatsink and cooled with a thermo-electric (TE) cooler, is first
collimated and then expanded up by the anamorphic prism pair, finally being
focused into the laser rod. The laser cavity comprises a dielectric mirror coated
on one end of the laser rod, which is highly reflecting at the lasing wavelength
and transmits the pump, and an output coupler.

11
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The first point to consider is the nature of the lasing mode in this resonator. The
lasing mode can in general be a combination of higher order transverse Hermite-
Gaussian modes, but the best spatial properties are obtained for the lowest order mode,
i.e. the TEMy; mode, which has a purely Gaussian profile. It is this mode of operation
that we seek to establish in our diode-pumped lasers. Misalignment of the pump beam
with the lasing mode, or having the laser’s fundamental mode much smaller than the
pump spot size can allow higher-order transverse modes to lase, but this can often be
corrected. The lasing mode will propagate as a Gaussian beam, i.e. for a beam
travelling in the z-direction, the beam radius w, will evolve as:

Mz-zy) \2 "

wizy=w,|1+ — (1.2)
-

where \ is the laser wavelength, and wy is the laser waist size (radius) located at zg ,
the waist position (i.e. where the beam wavefront is plane), which will be located at the

plane mirror in the rod and be given by:
wi=2 G- (1.3)
n

where R is the radius of curvature of the output coupler and d the effective length of
the cavity. The effective length is the sum of the free-space cavity length and equivalent
length of the laser rod in air, which is £/n , where ¢ is the physical length of the rod,
and n is the refractive index of the medium. The effective length of the rod is used, as
the wavelength of the laser beam is reduced by 1/n in the medium, and hence the
diffraction of the beam is reduced by the same amount. This then determines the
Gaussian beam propagation. Referring to Fig 1.2, the effective length of the cavity is
d=£/n+d;.

Knowing the lasing mode size we then need to match the focused spot-size of
the diode laser pump to it to achieve as efficient operation as possible. As shown by
Clarkson [1989], the threshold (Py,) and slope efficiency (n), just above threshold, for

end-pumped 4-level laser systems are given by

12
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) _ -1
g rhy L f exp(-a2) dz } 1.4
40,T,0.M 0 (szx+Wé)1/2(v,/§y+‘vvizy)mj
and
Tv
1 =i—;-11[1 ~exp(~ocp!2)]n Myt (1.5)
p

where Y is the pump frequency,
vy is the lasing frequency,
L is the round trip loss in the cavity,
T is the output coupler transmission,
7 is the fluorescence lifetime of the upper laser level,
ap is the absorption coefficient of the pump in the laser medium,

¢ is the length of the laser medium, and

q is the pumping quantum efficiency, i.e. the fraction of the absorbed pump

photons producing upper state population of the laser.

The pump and laser spot sizes in the x and y planes, wpx(z), wpy(z), wi x(2),
wLy(z) can in general be different and have a z-dependence, and are assumed to be
Gaussian beams (TEMy). The Mpy term in the slope efficiency is given by the effective

overlap of the pump beam with the lasing mode inside the medium:

i 1
. 22\ 7wl N2
WLV y(2wpx+wu) @Qw o tWiy) (1.6)

2,2 2.2
(Wpx "W (W *W1y)

If we take the simple case of wy, = Wy, and WLy = Wpy (i.e. matching pump
dimensions to lasing mode) then ’7p1=0-75 , and further assuming that the w’s have no
z-dependence (reasonable for large mode sizes over an absorption length), (1.4) and
(1.5) reduce to

13
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Znhv L
P,= .
b 4ot (1-exp(-a D)

WL Wy, (1.7

and

3TVan
3 {—exp(—g 1 (1.8)
Linrroy (1-exp(-a D)

P

Generally, with diode end-pumped lasers, the length of the laser medium is
chosen to be of the order of 1 or 2 pump absorption lengths long, as pump light which
diverges more rapidly than the fundamental lasing mode can excite higher order
transverse lasing modes. With these relationships for threshold pump power and slope
efficiency it is possible to optimise the design of miniature diode-pumped solid-state
lasers, by, for example, changing the output coupling (T) or reducing the net loss in the
cavit; (L). Reducing the lasing mode size may help to reduce :hreshold, but the diode
laser pump is usually limited in the extent to which it can be focused down to match
the lasing mode, due to its poor spatial properties (as will be explained further in
section 4.1). If the lasing mode is too small, the effective overlap pl will reduce, thus
degrading the laser’s performance. Compromises therefore have to be made in cavity
design, but because it is larger power diodes that are generally more difficult to focus
to smaller sizes, the increase in threshold is compensated by the greater amount of

pump power available and hence greater overall output will be obtained from the laser.

14
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1.3 Outline of Thesis

After this brief introduction to diode pumped solid-state lasers, two main
subjects will be considered in the remainder of this thesis. In Chapter 2 the use of
unidirectional ring lasers as single frequency sources will be discussed, with particular
reference to the use of the acousto-optic effect to enforce unidirectional operation. The
underlying mechanisms responsible for this behaviour will be described, and details of
experimental verification and applications of these techniques are described. The use
of diode bars as pump sources will be discussed in Chapters 3 and 4. In Chapter 3 an
introduction to the use of these devices will be given, along with initial experiments that
sought to end-pump solid-state lasers. Chapter 4 describes a novel beam shaping system
that allows the output from diode bars to be focused to spot sizes that can readily be

used by conventional end-pumped systems and presents results using this system.

The work described in this thesis has been carried out under the supervision of
Professor D.C. Hanna and Dr W.A. Clarkson. Whilst a substantial part of this thesis
is my own original work, much of the work described in Chapter 2 was in collaboration
with Dr Clarkson, as this was a continuation of work he was already engaged in, and
is still working on. Chapters 3 and 4 feature much work that is my own, but input from

Dr Clarkson in a supervisory role has been given.
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Chapter 2
ACOUSTO-OPTICALLY INDUCED
UNIDIRECTIONAL OPERATION OF RING LASERS

2.1 Introduction

In the previous chapter we saw how diode-end-pumped solid-state lasers can
produce fundamental transverse mode (TEMp) lasing output. However, many lasers
will still oscillate on a number of axial modes as the frequency separation of adjacent
cavity modes is less than the laser gain bandwidth. In many solid-state lasers the
phenomenon of sparial hole burning (see next section) allows axial modes to access
regions of undepleted gain in the laser medium, leading to multimode operation. In
standing wave lasers frequency selective elements such as etalons [Carr, 1985] or thin
metallic films [Culshaw, 1971] can be used to enforce operation on one axial mode, but

this can be very lossy and not suitable for low-gain lasers.

It is usually preferable to construct a ring laser that would normally operate in
both counter-propagating directions, and then use some means of forcing it to oscillate
in one direction only. When operating unidirectionally there will be travelling wave
rather than standing wave oscillation, which ,in homogeneously broadened solid-state
laser media, can eliminate spatial hole burning and allow single frequency operation to
occur. Since unidirectional ring lasers saturate the gain medium more uniformly, with
no spatial nodes along the axial direction, they can extract more power in a single
mode. Ring lasers can also offer scope for greater flexibility in cavity design, as well
as reduced sensitivity to external back reflections. The main disadvantages are the
increase in system complexity and the fact that the gain medium is accessed only once
per round trip, as opposed to twice for a standing wave cavity, which can result in
lower output from low-gain systems, where the reduced gain requires a smaller

transmission from the output coupler.

A number of methods can be used to enforce unidirectional operation of ring
lasers. The simplest is probably to use an auxiliary external mirror to reflect back one
of the counter-propagating beams and return it to the main cavity, thus leading to
preferential lasing in the opposite direction (Fig 2.1). However the other lasing

direction is generally not completely suppressed since it is this wave which is fed back
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Gain Medium
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cw o
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Fig 2.1 Ring laser in which unidirectional operation is encouraged by use

of an external mirror. Any counter-clockwise (ccw) oscillation is fed back,
enhancing clockwise (cw) operation.
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by the external mirror. So this method may not be suitable for achieving true single
frequency operation [Faxvog, 1980]. It is much more usual to employ some form of
"optical diode" within the ring cavity. This diode is used to produce a "non-reciprocal”
loss, i.e. a different loss for the two propagation directions, and hence force the laser
to oscillate in one direction only. The optical diode most commonly used is shown in
Fig 2.2, of which the principle element is a Faraday rotator. A plane-polarized wave
passing through the rotator has its plane of polarization rotated in a sense which is
different according to whether the light propagation is parallel or antiparallel to the dc
magnetic field of the Faraday rotator. The optically active element, e.g. a quartz
polarizer, cancels out the Faraday rotation for one direction of propagation through the
optical diode, which means that the beam can pass through the Brewster plate
unattenuated. A beam propagating in the opposite direction will have a net polarization
change through the rotator and polarizer and experience a loss at the Brewster plate.
From a detailed analysis of the polarisation changes at all elements and surfaces, one
can derive the eigenpolarisations for the counter-propagating waves, their net round trip
loss and hence their loss-difference. From this it can be determined if unidirectional
operation will occur. Systems such as these have been implemented in a number of ring
lasers, including monolithic structures [Kane, 1985], [Trutna, 1987], Q-switched
rhomb-ring cavities [Clarkson, 1989], intracavity frequency doubled ring lasers [Scheps,
1990] and they perform well. There are a number of drawbacks however, in that
additional birefringent components in the cavity (e.g. frequency doubling crystals and
laser media such as Nd:YLF) alter the polarisation properties of the beam, Faraday
rotators with large Verdet constants (i.e. large polarization rotation for a given d.c.
magnetic field) also tend to be highly absorbing at optical wavelengths, and the
additional components increase the complexity of the ring laser system. Other
mechanisms that have been described include using a Kerr lens and slit in a ring cavity
[Heatley, 1993], where the counter-propagating beams have different waist positions
and beam widths, and the non-linear Kerr lens introduces a non-reciprocity in the net
loss in the cavity. Another non-reciprocal device is a pair of counter-acting frequency
shifters with a Fabry-Perot filter inserted between them ([Sabert, 1993]. The
transmission through the filter is frequency dependent, and the counter-propagating
beams will have different frequencies between the two frequencies shifters, leading to

a non-reciprocal transmission through the system. In some ways this has similarities to
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the scheme we describe in section 2.5, where an acousto-optic Q-switch acts as a
frequency shifter, and an external Fabry-Perot ring cavity acts as a frequency filter.
With our scheme, only one frequency shifting device is required, as the output from the
frequency filter is fed back to the to the opposite side of the Q-switch, giving a second

frequency shift that cancels the first exactly.

An important alternative means of implementing an optical diode is to use a
travelling wave acousto-optic modulator in the ring cavity [Golyaev, 1987], [Roy,
19871, [Neev, 1988]. Initially the mechanism responsible for enforcing unidirectional
operation was not known, which meant that there was no logical strategy for optimising
the device. Work carried out during the course of this PhD has revealed that two
mechanisms are responsible for unidirectional operation, and these are discussed in
sections 2.4 and 2.5. First, in section 2.2 the role of spatial hole burning is discussed
in more detail, and then the acousto-optic effect is introduced in section 2.3.
Application of this technique to particular ring laser systems is given in sections 2.6 and
2.7.
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Fig 2.2 Ring laser incorporating Faraday rotator as non-reciprocal optical
diode.
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2.2 Spatial Hole Burning

In most solid-state laser media the transition linewidth is homogeneously
broadened, i.e. the gain profile of every atom in the material is the same, which gives
rise to a Lorentzian gain profile. In contrast, for inhomogeneously broadened lasers the
individual atoms will in general have different gain profiles. A simple example of the
latter arises from the different thermal velocities of molecules in a gas laser and the
consequent Doppler broadening of their gain profiles. As we shall not be dealing with
inhomogeneously broadened laser systems, only homogeneously broadened lasers will

be considered further in this section.

To illustrate our discussion of a homogenously broadened laser medium, we
show a schematic gain profile in Fig 2.3 below. Here we also show a number of
adjacent cavity axial modes falling within the gain bandwidth of the transition. Axial

modes have a frequency separation given by

Av=—- 2.1

where L is the optical length of the laser cavity. For example, in Nd:YAG miniature
diode-pumped lasers, the gain bandwidth at 1.064um is around 156GHz [Danielmeyer,
19717 whilst the axial mode spacing will typically be of the order of a few GHz. Above
threshold, in the steady-state, the net gain of the highest gain axial mode will be unity,
so that the other axial modes, having lower net gain, are below threshold. We could

then expect single axial mode operation to result, on the highest gain axial mode.

However, in standing wave lasers, not all the gain available is used by the
highest gain axial mode, due to spatial hole burning. This phenomenon occurs as a
result of the interference of waves travelling in opposite directions in the gain medium.
If we consider two waves with different amplitudes, E; and E,, with the same
frequency w, travelling in the opposite direction, the resultant total field strength will
be:

e(z,t)=Re[E, (z)expi(wt-kz) + E,(z)expi(wt+kz)] (2.2
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1'g(v) Highest gain
axial mode

g-1 qgth g+1 14
mode

Fig 2.3 Homogenously broadened gain profile, g(v),with a number of
laser axial modes superimposed. The higheést gain axial mode is the first to lase.
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Now, in the gain medium, the stimulated rate of emission is proportional to the energy

density of the stimulating radiation, which in this case is given by the proportionality

Energy
Density

R

le(z,0)]?
E,@|* + @) 2.3)
E, (2)E,(2)exp i(2kz) + c.c.

H

+

If we were considering one oscillating wave only in the gain medium, the energy
density would be essentially uniform. However, when two counter-propagating waves
interact in the gain medium, the spatial modulation resulting from the interaction of the
waves is important. The spatial variation in the total energy density field is given by

a standing wave of the form

I(z) = 1,(2) + L(2)+21,L,cos(Zkz+) 2.4

where I} and I, are the intensities of the two waves independently and ¢ is the relative

phase of the two waves. This is shown in Fig 2.4(a)

Now, in an homogeneously broadened laser medium, this standing wave will

produce a spatially varying gain saturation of the medium, given by [Siegman, 1986]

AN(z) - 1
ANO 1 + KZ_)_ 2.5
I

sat

where AN is the initial population inversion before lasing commences and I, is the
saturation intensity for the laser medium (i.e. the intensity at which the gain coefficient
is reduced to half its small-signal value). In this expression the total intensity, I(z), is
proportional to the energy density, and has the same spatial variation. This periodic
depletion of the gain medium is referred to as sparial hole burning and is shown
schematically in Fig 2.4(b). Thus there are regions in the gain medium where there is
still significant gain available to other laser modes. As shown in Fig 2.5, if the qth axial
mode is the first to oscillate, then the (q+ 1) mode can significantly overlap regions

of undepleted gain, thus reducing gain competition between the modes, and may allow

24



Chapter 2

Fig 2.4(a) Standing wave spatial intensity field in the gain medium of a
standing wave laser that arise from the interference between two oppositely
travelling waves with the same frequency.

o — AN

AN(z)

A4

Fig 2.4(b) Spatial hole burning in the laser inversion that results from the
above standing wave.
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both modes to lase. When the (q-i-l)th (or indeed (q—l)‘h) mode lases, further spatial
hole burning results, reducing the available gain, but there may still be sufficient gain

for other axial modes to lase.

We have seen, therefore, that the existence of standing waves in the gain
medium can lead to spatial hole burning in homogeneously broadened lasers, which in
turn can result in more than one axial mode lasing. The elimination of standing waves
by creating a travelling wave unidirectional ring laser can produce single axial mode
operation, which is preferable in many applications. The complete analysis of spatial
hole burning is rather more complex than that outlined here, and depends on the
particular laser resonator, the pump distribution (which determines the spatial
distribution of gain in the medium), gain bandwidth, axial mode spacing, and spatial
overlap of pump and laser beams. Further discussion of spatial hole burning is to found
in, for example, [Danielmeyer, 1971] and [Clarkson, 19901, and also in sections 2.6
and 2.7 where we see some limitations in eliminating all spatial hole burning effects in

ring lasers.
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gth mode
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Fig 2.5 Schematic showing how adjacent axial modes can access the

regions of undepleted gain caused by spatial hole burning. Here the entire laser
cavity is depicted as being filled with the gain medium. In the centre of the
cavity we see that the (q+1)th mode is out of phase with the qth mode, and is
therefore able to access the undepleted gain.
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2.3 The Acousto-Optic Effect

The interaction of light with acoustic waves in optical materials was predicted
in 1922 [Brillouin, 1922] and verified 10 years later [Debye, 19321, [Lucas, 1932].
Although the acousto-optic (A-O) effect can be used for a number of applications
including light modulators, beam deflectors, signal processors, tunable filters and
spectrum analyzers [Adler, 1967], in this work we are primarily interested in the loss
produced by diffraction of light in the acousto-optic medium and the effect this has on
beam propagation in a ring laser cavity. In this section we shall introduce the standard
analysis of the A-O effect with respect to diffraction, before pointing out how
approximations made in this overlook effects which, in the case of ring lasers,

significantly alter the lasing behaviour.

An acoustic wave in a medium consists of a sinusoidal strain field which in turn
results in a variation in the refractive index, n, of the medium. This periodic refractive

index variation for an acoustic wave of velocity v, can be expressed as

An(z,)=An sin(o t-kz) (2.6

where w, = vk is the acoustic frequency and kg the acoustic wavenumber (27/Ng).

The refractive index change (for isotropic media), An, is given by [Yariv, 1984]

An=-1n%p% @.7
where p is the effective photoelastic constant and S the effective strain component.

Figure 2.6 shows a typical device used for A-O modulation of light. A piezo-
electric transducer driven at r.f. frequencies (10’s to 100’s of MHz) generates sound
waves which travel through the medium at that frequency (vg). In many A-O devices,
and in particular for the modulators we have used in our ring lasers, the acoustic wave
is a travelling wave. This is achieved by having an acoustic absorber at one end of the
medium and also by cutting that face at an angle to the acoustic wave. Therefore the
periodic variation in refractive index moves at the sound velocity, v, typically 1-
10x103 ms-l. As the velocity of light is some 5 orders of magnitude greater, the

periodic variation can in effect (to a first approximation) be treated as a stationary
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Fig 2.6 Travelling-wave acousto-optic modulator ~schematic. The
modulators we used typically had a piezo electric transducer (PZT) of length
17mm (L), with the modulator itself being 10mm high by 4mm thick.
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grating. We can then characterise the refractive index variation as a series of partially
reflecting mirrors, separated by the sound wavelength Ag. If we now consider a beam
of light incident at angle 6; to the acoustic wave (Figure 2.7), it will in general have a
diffracted beam and a transmitted beam. This treatment is valid only when the diameter.
D, of the light beam is at least of the order of several acoustic wavelengths (D > 5,

[Sapriel, 1979]), which is the case in our experiments, where D = 400um, Ag =4Tum.

Incident Diffracted

Beam Beam
\V \\;\~\ >\S B V_%

\\ T = * -
= A D v
s — f@\\\\ ) - » S
61 \\\\\ e . 61‘
B -~ C
X ‘-\\\\ \_}\ v

Transmitted
Beam

Fig 2.7 Schematic of diffraction from an acoustic wavefront along x. The
light beam and acoustic waves are not drawn to scale.

The diffracted beam emerges at angle .. For diffraction to occur in a given
direction it is necessary that all points from an acoustic wavefront contribute in phase
to diffraction in that direction. Thus from points such as B and C in Fig 2.7, the optical
path difference AC-BD must be an integral multiple of N/n, the optical wavelength in

the medium. This means that
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x(cosei-cosﬂr)=g}f- ; m=0,+1,+2,... 2.8)
n

For (2.8) to be satisfied along the plane, i.e. for any X, m must be 0, which means that
§. = 6;. In addition, we require that the reflection from all acoustic wavefronts also add
in phase along the diffraction direction. As shown in Fig 2.8, the path difference
between reflection from adjacent optical planes is AO+OB and this must be equal to

Nn. Simple trigonometry gives the condition that

sin GB:EAZ (2.9)
where §g = 6; = 6. This angle which satisfies the condition for peak diffraction is
known as the Bragg angle (8g), because of the similarities with X-ray diffraction in
crystals. This diffraction of light by sound waves is therefore known as Bragg
diffraction. Lead molybdate (PbMOy,), an acousto-optic medium [Pinnow, 1969] which
we use extensively in our experiments, has the following material properties: n = 2.3,
vy =3.75x 103 ms™L. Typically, we operated the modulator at a frequency of 80MHz,
corresponding to A, = 47um, and used 1.06um lasers. This gives a Bragg angle

(measured in the medium) of g = 0.28°, which, if measured in air is 0.65°.

: Diffracted
Incident
Beam Beam
.~ Moving
}\1 - Acoustic
s wave
- .
Fig 2.8 The path difference (AO+OB) for beams reflected from adjacent

optical planes must be one optical wavelength to add up in phase.
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It is also possible to describe acousto-optic diffraction using a particle model of
light and sound. Here the light beam consists of photons with momentum fik and energy
#w. The acoustic wave can similarly be considered as being composed of phonons with
momentum #k, and energy #wg. The diffraction of light at incident frequency w; by an
approaching phonon (frequency wy) is shown in the wavevector diagram of Fig 2.9(a).
This can be considered as a collision of a photon in the light beam with a phonon in the
acoustic wave. In this collision a single photon and single phonon are annihilated and
a new (diffracted) photon is created, with frequency wy, which then propagates in the

direction of the reflected beam. Conservation of momentum requires

kd :ki +k5 (2 . 10)

and energy conservation requires

W =0, 0, .10

Thus the diffracted beam is shifted in frequency by an amount equal to the acoustic
frequency. In this case, the phonon energy is added to the photon energy (frequency
upshified). If the acoustic wave is receding from the light beam, then the situation 1S
that a new photon and new phonon are created, with the incident photon annihilated

(Fig 2.9(b)). Conservation of energy now gives
APEIARS AN 2.12)
so the diffracted beam is down-shifted in frequency in this case. We can now derive the

Bragg condition from the conservation of momentum requirement. Because w; > wg,

then (2.11) and (2.12) reduce to w; = wy. SO
kgl = k| =k 2.13)

From Figure 2.9, we can calculate the magnitude of the wave-vector as

k =2k sin6 (2.14)
Substituting for k and k
sin6,=—> (2.19)
20k,

as before.
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Fig 2.9 Wavevector diagrams showing incident photons with momentum
k; interacting with phonons of momentum k¢ approaching (a) and receding (b)
from the light beam to produce diffracted photons with momentum k.
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In addition to knowing what the Bragg angle is for an acousto-optic modulator,
of equal importance is the diffraction efficiency of the modulator, both at the Bragg
angle, and at angles around this. The diffraction efficiency (at the Bragg angle) is
derived by considering a coupled-mode analysis of the incident and diffracted beams,
assuming an infinite plane wave and single frequency of both optical and acoustic beams
[Yariv, 1984]. If multifrequency A-O interactions occur, then this analysis is
insufficient, and an approach that has been used is to consider Feynman Diagrams of
all the possible interactions [Xu, 1992]. The result obtained from coupled-mode analysis
is

Litaced _ oo 2.16
incident

where ? is the interaction length between the acoustic and optical waves (in practice this

is the length of the A-O transducer) and « is a coupling constant given by

(=205 2.17)

where « is the incident optical frequency, n the refractive index of the medium, p the
effective photoelastic constant and S the effective strain component. Equations (2.16)
and (2.17) can be reduced to more useful forms by using the relationship for acoustic
intensity

1 1 332 (2.18)

acoustic_.—pv S :

2

where p is the mass density of the medium and v is the acoustic phase velocity ("speed

of sound in the medium"). Using the definition of the acousto-optic diffraction figure

of merit:

)

n

M= 2.19)

|

pv’

and substituting it and (2.18) into (2.16) we get

I
diffacted :siHZ(_ﬂ m) (2.20)

incident \/E A



Chapter 2

and it is also apparent that the coupling constant x can be rewritten as
o= | Macose 2.21)
A 2

In practice, however, it is difficult to accurately predict the exact diffraction loss
produced by an A-O modulator. Factors such as acoustic intensity, acoustic divergence,
optical beam size and divergence, interaction length and even photoelastic constant can
be difficult to measure and/or incorporate fully into any model. For example, given a
typical situation used in our experiments, we had a lead molybdate Q-switch with the
following parameters:

Acoustic Power (i.e. applied r.f. power) = 0.5 Watt
Acoustic Beam cross-section = 17 mm x 1 mm
S Leousic = 29 x 104 W m™?
¢ = path length in acoustic beam = 17 mm
n = 2.298
p = 0.28
p = 6.95x 103 kg m-3
v = 3.75 x 10% ms’!
M = 31.5x 10755 §3/kg
k= 63.8 m!

At A = 1.064um, this predicts a peak diffraction efficiency of 77.4%. When
a measurement was made under these conditions with a beam width of around 0.6mm,
we found that the diffraction loss was 42.7%. As the power to the modulator is varied,
we found that the degree of difference from the predicted value changed and suggested
that at low powers, agreement with equation (2.20) is better. Thus at 0.1W applied r.f.
power the predicted loss is 21.7% compared to a measured value of 16.7%, whereas

for 1W applied we predict 99.8% compared to 71.6% measured.

When we move away from the Bragg angle, say by Af, the expression becomes

more complex [Yariv, 1984]:
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Idiffracted - K2
I

2.22)
incident 2 (

with k¢ being the acoustic wavenumber. This expression is important as it enables us
to determine the diffraction loss at angles of incidence other than the Bragg angle.
Tracing out the diffraction loss as a function of incidence angle gives us the diffracrion
bandwidth of the modulator, which as we shall see in the next section, is of
considerable importance in determining the loss-difference in a ring laser. For angles
away from the diffraction peak, Eq (2.22) can be rearranged to show that the shape of

the diffraction bandwidth is simply a sinc-squared function:

I. 2
diffracted =(KQ)2sincz[Kﬂ\l 1 (ﬂAS) ] (2.23)

Py

XA

incident 5

In view of the previously described difficulties in accurately predicting the

diffraction loss, perhaps a more practical definition is given by:

2

I, L_ mA© 2.24

L(A e) = diffracted - Lmaxsincz Lmu+ max ( )
I KA

incident
where L(A9) is the diffraction loss as a function of the angle of incidence relative to the
Bragg angle (6;-0g) and L, is the measured peak diffraction loss for the experimental

arrangement. In many practical situations of interest we find that ( TA0)/(kAg) > 1, which

means that

L(AB) =Lmsinc2(“‘;‘36) (2.25)
3

A typical case is shown below (Fig 2.10) for the diffraction bandwidth of a travelling-

wave lead molybdate A-O modulator, comparing the theoretical shape of eq. (2.25) to

experimental points obtained by passing a collimated Nd: Y AG beam through a Q-switch

that was rotated around the Bragg angle. The experimental details were the same as

those described above for an applied r.f. power of 0.5 Watts.
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The description of the A-O effect presented so far is the conventional one, and
uses what seems to be quite justifiable assumptions. However, one assumption, that the
speed of sound is so much smaller than the velocity of light that we can treat the
refractive index grating as being stationary, whilst satisfactory for most situations, has
very important consequences in ring lasers. In the next section we shall see how
avoiding this assumption explains one of the mechanisms for acousto-optically induced

unidirectional operation of ring lasers.
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Fig 2.10 Experimental diffraction loss curve compared to the model
described in equation (2.25). The points were measured at an applied r.f. power
of 0.5W.
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2.4 Intrinsic Mechanism for Unidirectional Ring Laser Operation

Acousto-optic modulators have been used in a number of ring laser cavities to
successfully enforce unidirectional (and hence, single-frequency) operation. Early
demonstrations in lamp-pumped Nd:YAG [Golyaev, 1987], Ti:Sapphire [Roy, 1987]
and dye [Neev, 1988] ring lasers were followed by diode pumped Nd:YAG [Bromley,
19911, [Clarkson, 1991a] and Nd:YLF [Clarkson, 1991b] single frequency lasers. In
all these cases, no adequate explanation of the mechanism responsible was offered, so
there was no obvious strategy for optimizing the performance of these lasers.
Observations of these ring laser systems indicated that two distinct mechanisms may be
responsible for unidirectional operation. When the angle of tilt of the A-O modulator
was altered it was observed that the direction of propagation could change sign, with
an angular region where bi-directional operation occurred. This behaviour occurred
around the Bragg angle (i.e. maximum diffraction loss) and suggested that an effect
intrinsic to the modulator was present. We shall examine this effect in detail in this
section. The other observation was that displacing the cavity mirrors by a small amount
could reverse the direction of oscillation. and that placing apertures in the cavity
suppressed this effect, with only the angle of the A-O modulator now being important.
This suggested that the diffracted beam was re-entering the cavity, and interacting with

the laser beam in the cavity in some way, and this is discussed in section 2.5.

2.4.1 Theory

The intrinsic ‘non-reciprocity’ of a travelling-wave acousto-optic Q-switch is a
consequence of the fact that when light is reflected from a moving surface, the angles
of incidence and reflection are no longer identical. Light which is incident on the Q-
switch experiences partial reflection from moving refractive index variations caused by
the acoustic waves propagating through the medium. When the angles of incidence and
reflection are such that the reflected contributions are in phase then the Bragg condition
is satisfied, and the amount of reflected light is at a maximum. However, a
consequence of the travelling grating is that the Bragg condition is satisfied for the two
counter-propagating beams at different angles of incidence, and as a result they

generally experience different diffraction losses. At first sight it might be thought that
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this angular difference is negligible. However we show here that under certain
conditions a significant loss-difference results. It should be noted at this point that other
authors offered similar explanations for the intrinsic mechanism at approximately the
same time as our paper [Clarkson. 1992a], these being by Zinov’eva[1992] and
Reed[1992]. Our work was independent of theirs, and the model and experimental

verification presented here is more extensive than either of these papers.

In order to obtain an accurate estimate of the loss-difference it is necessary to
know the difference in the incidence angles for the two counter-propagating beams
which satisfy the Bragg condition. It is convenient to refer to these angles as the Bragg
incidence angles, shown in Figs. 2.11(a) and 2.11(b) as 68+ for the beam propagating
in the forward (+) direction, which we define as a beam with a wavevector component
in the same direction as the acoustic wave), and g~ for the counter-propagating beam
in the (—) direction. It is important to distinguish these angles from the nominal Bragg
angle as defined in eq. (2.5), and a more general statement of the Bragg condition may

be written as

(2.26)

sin(B5+65)=

A

ni
S

where 9d+ and 64~ are the diffraction angles for the two counter-propagating beams,

X is the wavelength of light in a vacuum, X is the wavelength of sound in the acoustic

medium and n is its refractive index. Thus, the Bragg incidence angles are related to

the Bragg angle 5 by
05 +03=20, (2.27)

The difference Afg between the Bragg incidence angles for the two counter-
propagating beams can be calculated quite simply from energy and momentum

conservation considerations. Conservation of momentum requires that
. s (2.28)
ki ;ks=kd

where K is the wavevector for the acoustic wave and kii ,kdi are wavevectors for
the incident and diffracted laser beams respectively. Resolving into components

perpendicular to kg we obtain, using equation (2.26)
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Fig 2.11 (a), (b) Wavevector diagrams showing the Bragg condition for the
(+) and (-) counter-propagation directions, respectively.
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k,cos(63) =k, cos(26,-65) 2.29)

where k; is a common symbol for k; ™ and k;”, recognising that k" =k, . Since
|Afg| <1and |§g= | <1, then from equation (2.29) we obtain the following expression
for AOB

- Lt 2.30)
k(K (
AB, = 05-0y = ok k)
kykysin26,
In order to satisfy energy conservation
2mny, (2.31)

k~kg==
c

where v is the acoustic frequency. By substituting equations (2.26) and (2.31) into
(2.30) and using the approximation that kizz(kd"")(kd'), we obtain a simplified

expression for Afg, namely

2nv 2.32)

where v is the velocity of sound in the acoustic medium. For most acousto-optic
materials, values for v lie in the range 1kms™ ! to 10kms ™! and values for n in the
range 1.5 to 2.5. Thus we expect to find values for Afg to be of the order of a few tens
of microradians. At first sight this seems almost insignificant, and might be expected
to produce almost no loss difference. However, it is not only Afp but the diffraction
bandwidth of the modulator which determines the loss. As we shall see later, it is the
ratio of the Bragg angle shift to the diffraction bandwidth which determines the

maximum available loss-difference.

We now define the loss-difference between counter-propagating beams to be
AL =L; - L4 (2.33)

where Ld+ and L~ are the diffraction losses for the (+) and (-) propagation directions.
This loss-difference can be calculated by simply considering two diffraction loss versus

angle curves offset by angle Afp. From equation (2.25), we see that the diffraction
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losses in the counter-propagating directions, Ld+ and L4~ for a beam incident at angle

9; are given by

A

s

L;-L_ sinc 2( mia e*) (2.34)

+ +
where AT = 01 - QB‘

We can express this in terms of the angular width (FWHM) of the diffraction loss curve
(A1), which along with L, can be easily determined experimentally, to give the

result that

N

L;=L_ sinc?
AD

172

where Afy,=0.89\/¢. Since Af/; is typically ~1 mrad and hence Alg<Afy;, the

loss-difference can be expressed as:

AL AB
d « 2sinc [0,891\; AB)[sinc(O'ggnAG) - 008(0.8911: ABH B (2.36)

‘max 1/2 12 12 AB

where A§ = 6; - §g is now the angular shift from the nominal Bragg angle. As with
section 2.3 dealing with the acousto-optic effect, the above theory is only strictly valid
for plane-wave conditions. In practice this will not be the case, however the model
should be approximately valid providing the divergence of the laser and acoustic beams
are small compared to Af| 5, which is the case in our experiments. From (2.36) we can
show that the loss difference is a maximum when the angle of incidence with respect

to the Bragg angle is

AD  mi— S 2.37)

at which angle the loss difference is
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AL, 17048,

L A
max : (2.38)

AD
=152
A

2

The results of this model for a typical experimental configuration at a lasing
wavelength of 1.06um are as follows. A lead molybdate A-O modulator, with
transducer length 17mm, when operated at 80MHz has an acoustic wavelength (A of
47um, and Ay = S8urad. The diffraction bandwidth is 2.5 mrad. The maximum loss
difference obtainable, relative to the diffraction loss at the Bragg angle, as given by
(2.38) is 3.6%, which is achieved by tilting the modulator away from the Bragg angle
such that Af_,, = +1.1 mrad. For the purpose of further discussion all of the angles
quoted are those measured in air, since these can be compared directly with
experimental results. In this case the values of Af, Afg and Af 5 must be multiplied
by an extra factor n. For the above example, this gives Afg = 0.0076°, Al =
4+0.145° and Af 5= 0.33°.

Theoretical plots of diffraction loss for counter-propagating beams and the
resultant loss-difference for this example are shown in Fig 2.12. In Fig. 2.12(a) it can
be seen that at any particular incidence angle 6; the diffraction loss is generally different
for opposite directions of propagation. For §; <#fp the diffraction loss is lowest for the
(+) direction and lasing occurs preferentially in this direction for a ring laser. For the
situation where 6;=0p, the loss-difference is zero and lasing is likely to be
bidirectional. However, when §;> 0 the loss is lowest for the (—) direction and this
is now the preferred lasing direction. In Fig. 2.12(b) the predicted value for
loss-difference as a fraction of the peak diffraction loss is plotted as a function of the
angular deviation (f;—6p) from the Bragg angle. In this particular case it can be seen
that the loss-difference AL is a maximum around A, =|6;—0g|=0.15° and has
a value which is approximately 3.6% of the maximum diffraction loss (at §; =0p), and
5.0% of the actual diffraction loss at that angle. While this represents the maximum
loss-difference which can be achieved for this particular Q-switch operating under the

conditions described, it can be seen from Fig. 2.12(b) that a potentially better situation
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Fig 2.12 (a) Diffraction losses L™ and L~ for the counter-propagating beams,
as predicted by eq (2.35). The angles (in degrees) shown are as measured in air.
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Fig 2.12 (b) Loss difference (scaled to maximum diffraction loss),
AL = L™ - L as a function of incidence angle, as predicted by eq (2.36)
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for cw unidirectional operation is to tilt the Q-switch so that |6;—0g| =0.3°. Here
the loss-difference is decreased slightly, but is now approximately 14% of the
diffraction loss at that angle. The net result is that for a particular value of loss-
difference, the diffraction loss and hence the effective insertion loss for the Q-switch
is now reduced. Clearly in any situation, for unidirectional operation to be realized, the
loss-difference must be sufficiently large to overcome any coupling between the two
lasing directions. Hence the value of the loss-difference required depends on the
particular laser. For many miniature solid-state lasers this can be very small (~0.01%)
[Clobes, 1972]. A net loss-difference of 0.01% would require in an increase in cavity
loss of only 0.07% in this example, which can be considered negligible in most lasers.
At any particular orientation of the Q-switch the ratio of the loss-difference to the
diffraction loss should remain constant as the r.f. power is increased, as shown by eq.
(2.34) since the shape of the diffraction loss versus angle curve does not vary with

power. Hence loss-difference is expected to increase linearly with diffraction loss.

2.4.2 Experimental Verification

In order to verify that the Bragg condition is indeed satisfied at different
incidence angles for counter-propagating beams, we made direct measurements of the
Bragg incidence angles for a lead molybdate Q-switch. In order to ensure that the
counter-propagating beams were exactly aligned, the measurements were made in a
standing-wave laser. For this purpose a diode-pumped Nd: YAG laser utilising a folded-
cavity design [Maker, 1989], with the A-O Q-switch placed in the collimated arm of
the resonator (Fig 2.13) was used. In order to measure Afg, when a radio frequency
(r.f.) signal at 80MHz was applied, the diffracted outputs in both the (+) and (—)
directions were monitored independently, and an optical lever system employed to
measure small angular tilts of the A-O Q-switch. It was found that the diffraction
maxima did indeed occur for slightly different orientations of the A-O Q-switch
resulting in a measured value for Afg (in air) of 0.009°+0.002°. This is in good
agreement with the theoretical value of 0.0076° predicted by equation (2.32).
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Fig 2.13 Laser cavity used to measure difference in Bragg incidence
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Using this same arrangement it was also possible to directly measure the diffraction loss
in each direction as the modulator was tilted, and from this the loss-difference could be
calculated. The actual diffraction loss was measured by comparing the power of the
transmitted laser beam with that of the diffracted beam emerging from the resonator.
The results are shown in Fig 2.14, which demonstrates excellent agreement with the
predicted loss-difference curve. This method of measurement of loss-difference is rather
crude, however, as the signal levels detected were very small, and relied on very stable

operation of the laser over the period of measurement.

An improvement to this standing-wave cavity is a ring laser incorporating the
lead molybdate A-O Q-switch. A number of measurements were made on a diode
pumped Nd:YAG ring laser, incorporating the lead molybdate acousto-optic Q-switch.
Care was taken to use a resonator design such that the beam size in the Q-switch
exactly matched that used previously in the determination of the diffraction loss versus
angle curves. The resonator design used was a triangular ring configuration similar to
that described in [Bromley, 19917, but with a much longer perimeter (~ 100cm) and
with the Nd: YAG rod pumped by two polarization coupled one-watt diodes (Fig 2.15).
The lead molybdate Q-switch was positioned mid-way between the two mirrors defining
the longest arm of the ring resonator. This arrangement with the relatively long
perimeter of the resonator ensured that any diffracted beams completely left the
resonator and did not interfere with the operation of the Q-switch. When a low power
(~0.01W) r.f. signal was applied to the Q-switch and it was orientated close to the
Bragg condition, but with §,<6p, unidirectional lasing was observed in the
(+) direction, as expected. When tilted slightly so that 8;> 0, the direction of lasing

reversed, also as predicted (see Fig. 2.12(b)).

To provide further confirmation of the proposed mechanism, the loss-difference
was determined from observations of the transient behaviour of the ring laser. The
procedure involves Q-switching the laser using a second A-O Q-switch, which was
positioned quite close to the lasing mode waist. Since the loss-difference is generally
quite small compared to the laser gain, it takes many round-trips of the resonator before
lasing is suppressed in the higher loss direction. This does not usually occur on the time

scale of build-up of a Q-switched pulse, hence Q-switched pulses are obtained for both
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lasing directions. These pulses do however have different build-up times as a
consequence of their different overall gains. If a measurement is made of the ratio vy of
the output powers, near the beginning of the pulses (so that the inversion has not been

depleted significantly and the gain is effectively constant), the loss-difference AL is

where q is the number of round-trips and L. is the round-trip loss of the cavity. The
results obtained are shown in Fig. 2.16. It can be seen that the values are in good
agreement with those predicted by the model. When the r.f. power was increased, for
a particular orientation of the Q-switch, we observed a linear increase in loss-difference
with diffraction loss, and at |6,—fgz|=0.3° we found the loss-difference to be
approximately 11% of the diffraction loss. Accounting for experimental error, this is

in good agreement with the predicted value of 14%.

7
Q ,,

/
-/

/. —1W Diode—

/

< S

" Collimating
Optics

Prism n
Ll Cylindrical
Focusing
> Lenses
/ /Nd:YAG
O\ \\\/
_____ 2‘\1/\ \\/
e +0/P
AOM i /
%-socm Q""SW'tCh - O/P
T=2%
Fig 2.15 Ring resonator used to measure loss-difference.

48



LOSS-DIFFERENCGCE/

=
~ 3
%)
%)
o 2
-
< 1
o
|_.
5 0
<
-y
L
LL
a -2
% -3
=
Fig 2.16

Chaprer 2

N

RN
- -
AN
Tt
i N
1+t
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
ei - GB (deg)

Experimentally determined loss difference in the ring cavity. The

solid line shows the predicted value from eq (2.36).

49




Chaprer 2

2.4.3 Optimisation and Discussion

Further enhancement in the loss-difference with respect to the peak diffraction
loss can be achieved by reducing the diffraction bandwidth (A1 /7=0.89N/?) by, for
example; using a longer Q-switch, operating at a higher acoustic frequency or using a
larger laser beam with a smaller divergence. Alternatively, the ratio of loss-difference
to applied diffraction loss at any angle can also be increased by using an acousto-optic
medium in which the speed of sound is higher. One such material that is an excellent
acousto-optic medium is tellurium dioxide (TeO,). We had a TeO, modulator fabricated

with the following parameters:

n=2.35
v = 4.2)(103 ms |
v, = 250MHz S A = Tum

This modulator has a Bragg angle of 1.8° (in air) at lum and a Bragg angle shift of
0.0089°. Using eq (2.38) we see that we should be able to obtain a loss-difference
equal to 10% of the peak diffraction loss. This is approximately 3 times that possible
with the lead molybdate modulator already described. As yet, this modulator has only
been used in a 2um ring laser (section 2.7), and appears to work very well as a

unidirectional device, requiring only low r.f. power to enforce unidirectional operation.

It is worth noting that the requirements for efficient cw unidirectional operation
are not necessarily the same as those for unidirectional Q-switched operation. This can
be seen in Fig. 2.12(a) and (b). For cw operation it is desirable to have a high loss-
difference but a low diffraction loss. For unidirectional Q-switched operation however,
it is necessary to use the technique of prelase Q-switching and allow sufficient time
between pulses to allow a unidirectional single frequency prelase to be established prior
to opening the Q-switch. In this case it is desirable to have both a high loss-difference
and a high diffraction loss. Clearly the choice of acoustic medium and orientation of
the Q-switch will depend to a large extent on the desired mode of operation. However,
since for many miniature solid-state ring lasers the loss-differences required are very
small, it is often the case that a compromise can be made allowing either unidirectional

cw or Q-switched operation to be achieved without adjusting the Q-switch.
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2.5 Feedback Mechanism for Unidirectional Operation

When acousto-optic modulators were initially used as unidirectional devices in
ring lasers, it was observed that two distinct mechanisms seemed to produce
unidirectional operation. The first, described in the previous section, was an intrinsic
property of the A-O effect, and only required the angle of the modulator to be altered.
In some cavities, when resonator mirrors were moved. the oscillation direction
repeatedly reversed, on a movement scale less than a millimetre. This occurred only
when the diffracted beam was able to re-enter the modulator and then be diffracted back
into the laser cavity. Thus, by using a sufficiently large cavity or using an aperture to
block the diffracted beam, only the intrinsic mechanism could operate. When the
diffracted beam could re-enter the modulator, the second mechanism could dominate

the intrinsic mechanism.

This second mechanism, the "feedback" mechanism, is described in this section.
It relies on the diffracted beam being resonated (either in an external cavity or in the
main laser cavity) and fed back into the main beam, modifying the diffraction loss in
a non-reciprocal manner. Although it is inherently more unstable than the intrinsic
mechanism (this can be reduced, as discussed in section 2.5.2.3), it can provide loss
differences of up to 100% for low insertion loss, and may be of use in a number of

situations.
2.5.1 Theory

The basic principle of the feedback mechanism is shown in figure 2.17(a). The
light wave in the laser resonator is of frequency ». We shall consider only one axial
mode of the laser resonator, for ease of discussion, although in principle there can be
a number of frequencies oscillating in the laser. In the case shown, the light beam
incident from the left on a travelling-wave A-O modulator is partially transmitted (at
frequency ») and partially diffracted, at frequency »-v, where v is the frequency of the
acoustic wave. The diffracted wave is then returned to the A-O modulator via a ring
path involving three mirrors. The returning light wave is again partially diffracted by

the acoustic wave, but now is frequency up-shifted so that the original frequency v is
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Fig 2.17 Basic principle of feedback mechanism. In (a) the laser beam
propagating in the (+) direction produces a diffracted beam (shown as dashed
line) which is frequency downshifted and returned to the main laser cavity,
whilst in (b), frequency upshifting occurs, producing a phase difference in the

feedback cavity.
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restored. If the feedback mirrors are correctly aligned, the original direction of
propagation is also restored. The effective transmission of the incident light wave at the
A-O modulator then depends on the round-trip phase shift of the resonated diffracted
beam. A similar situation exists for the counter-propagating beam, shown in figure
2.17(b). Here the diffracted beam is initially frequency up-shifted to »+w,, before being

restored to its original frequency and direction on the second diffraction.

The two counter-propagating diffracted waves in figures 2.17a and 2.17b
therefore have different frequencies (by twice the acoustic frequency) as they circulate
around the feedback cavity, and must in general experience different phase shifts in this
cavity. As a consequence the counter-propagating beams in the main laser cavity
experience a different effective transmission at the A-O modulator. This attenuation at
the modulator can be considered as an effective diffraction loss (e.d.1.), which can differ
considerably from the diffraction loss in the absence of a feedback cavity. It can be
shown, using a Fabry-Perot analysis (see Appendix A), that the effective diffraction
losses, L+eff and L™ for laser beams of frequency » propagating in the (+) and (-)
directions respectively are related to the single pass diffraction loss (in the absence of
feedback) L4 and to the round-trip loss Ly of the feedback cavity (excluding diffraction

loss), in the limit where Ly < 1 and Ly < 1, by the expression

S 4Lde

eff =

(2.40)

+

(Ld+Lf)2+16sin2(—6—2~J

where 6T is the round-trip phase shift for the resonated diffracted beams produced in
the counter-propagating directions. We have assumed here that the A-O modulator is
operated close to the nominal Bragg angle so that Ld+ = L4 This phase shift is
related to the optical path length (. of the feedback cavity and acoustic and optical

frequencies by

A 2.41)

C

We have also assumed that the counter-propagating beams have identical

feedback paths, which is only strictly true if Afg=0, which will not be the case, as
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shown in the previous section. However, the approximation is valid if Afg is small
compared to the laser beam divergence. From equation (2.40) it can be seen that the
effective diffraction loss is at a maximum when 6T = 2qr (q an integer), and is given
by

4L L,

max oo . .5 2.42)
(L Ly
whilst the e.d.l. is at a minimum when 6= = (2q+ 1) and is given by
L. :E‘ﬁ (2.43)
min 4

Eq. (2.42) shows that we expect the maximum e.d.l. to be much larger than L,
and could approach 100% when the diffraction loss is matched to the feedback cavity
loss (i.e. Ly = Ly). It is also apparent that for Ly<1 the minimum e.d.l. is much
smaller than L. The actual values of e.d.1. for counter-propagating beams will depend
on the phase shifts for the (+) and (-) directions. Ideally all axial modes propagating
in one direction (say +) would have phase shifts of 5T = 2qw and all counter-
propagating modes to have 6~ = (2g+1)=. In this situation the loss-difference between

the two directions is

AL =L__-L_ (2.44)

as all modes propagating in the (+) direction will have a net loss that is greater by this
amount. Unidirectional lasing would then occur preferentially in the (-) direction. The
effective insertion loss for the device is then simply given by L_;,. As this is an
interferometric technique, the phase-shift and hence lasing direction is very sensitive to
relative changes in the length of the laser and feedback cavities. The lasing direction
reverses with each half-wavelength change in difference between the lengths of the
cavities. As we show in [Clarkson, 1992b], the loss-difference is large only close to the
resonance condition, which at first suggests that unidirectional operation should only
occur near resonance. However, since the loss-difference required for unidirectional
operation can be very small (e.g. ~0.01% [Clobes, 1972]), it should be possible to

operate the feedback cavity far from resonance and still obtain unidirectional operation.
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2.5.2 Experimental Verification

The experiments described in this section were not necessarily performed in the
order given here, but are described in this way to present a more logical sequence of
verification of the theory described previously. First we look at the concept of effective
diffraction loss (e.d.l.) and attempt to isolate this from the complex ring laser/feedback
cavity system described in the theory section. Having established that e.d.l. operates as
expected, we construct a ring laser with external feedback cavity and examine its

behaviour. Finally the performance of self-feedback cavities is investigated.

2.5.2.1 Effective Diffraction Loss

To investigate e.d.l. the system shown in Figure 2.18 was used. The output
from a single frequency rhomb ring laser (see, for example, Section 2.6 and
Clarkson[1991a]) was fed into the triangular ring cavity which contained a lead
molybdate A-O modulator. A single frequency source was used to simplify the
comparison between theory and experiment as we do not need to consider adjacent axial
modes. The input beam passes through a highly reflecting curved mirror and is incident
on the A-O modulator at the nominal Bragg angle. After passing through the modulator,
the input beam then reflects off the plane mirror and leaves the cavity (i.e. it is not

resonated) where a detector connected to an oscilloscope monitors its amplitude.

The diffracted beam produced when the A-O modulator is operating is resonated
around the cavity (out of the plane of the diagram) before being returned to the
modulator at the same angle as it left at. Here it undergoes a second diffraction, and
depending on its round-trip phase shift will modify the diffraction loss experienced by
the input beam. The input HR mirror is mounted on a piezo-electric transducer (PZT)
so that the cavity length can be rapidly scanned, thus altering the phase shift of the
resonated beam. The oscilloscope trace (Fig 2.19) shows a typical example of the effect
on the input beam. The large dips in the output correspond to a large e.d.1 (>90%) for
an applied diffraction loss of only a few percent. This occurs only at the resonance
condition for the diffracted beam, and off-resonance the e.d.1. is almost negligible (i.e.

low insertion loss).
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Fig 2.18 Experimental system used to measure effective diffraction loss.
The dashed line shows the nondiffracted, unresonated beam that is detected, and
from which the effective diffraction loss is determined. The diffracted beam is
resonated in the ring cavity formed by the curved mirror, plane mirror and
prism, and is inclined out of the plane of the page.
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Fig 2.19 Oscilloscope trace showing effective diffraction loss as the
feedback cavity length is scanned.
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As shown in the theoretical development of this technique, the peak e.d.l. is
obtained when the applied diffraction loss is matched to the loss in the feedback cavity.
In the experiment here, the loss in the resonating cavity is mainly determined by the
transmission (T) of the plane mirror. The cavity losses (excluding diffraction loss) were
calculated to be approximately 1% when T=0 (i.e. HR mirror) was used. These losses

are mainly due to imperfect AR coatings on the A-O modulator and losses in the prism.

We used a variety of plane mirrors with different transmissions and varied the
diffraction loss to examine how the peak e.d.l. (on resonance) changed. The results for
three mirrors are shown in Fig 2.20. It is clearly seen that the peak e.d.l. occurs when
the applied diffraction loss is matched to the cavity loss (output transmission + 1%),
and in each case was greater than 90%. This value is probably less than 100% due to
factors such as the existence of some higher order diffracted beams which are not
resonated, and the possibility that the diffracted beam does not have perfect Gaussian
beam profile. Also of interest is the e.d.l. for very small diffraction losses, especially
for low loss cavities. An e.d.l. of 46% was observed for an applied diffraction loss of
~0.2% and 16% for ~0.06% when the HR mirror was used. This shows that the
feedback technique could be used to produce a large e.d.l. even for materials that are
not normally considered to be good A-O media. These experiments successfully verified
the concept of effective diffraction loss, and show that it could have applicability to
situations other than unidirectional ring lasers, where a large effective diffraction loss

is required for only a small available diffraction loss.
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Fig 2.20 Peak effective diffraction loss for cavities with different losses.

The output coupler used in each case is shown. E.d.l. is a maximum when the
applied diffraction loss is equal to the cavity loss.

59



Chapter 2
2.5.2.2 External Feedback Cavities

The next stage in verifying the feedback mechanism is to use an external
feedback cavity to return the diffracted beam to an A-O modulator in a ring laser
cavity. The experimental set-up shown in Fig 2.21 was used, consisting of a Nd:YAG
triangular ring laser pumped by two polarisation coupled one-watt diode lasers and is
similar to that described in section 2.4.2. The lead molybdate A-O modulator was
positioned approximately at the mid-point of the longest arm of the ring cavity, which
had a perimeter of 1 metre. The Nd: YAG rod, anti-reflection coated at 1.06pm at both
ends, was positioned near the beam waist, and the pump light was incident at a small
angle to the normal, as shown. The laser had a threshold of ~600mW incident pump
power and an output of ~400mW for 1.8W of pump power. The A-O modulator
produces a diffracted beam inclined at twice the Bragg angle with respect to the laser
beam. This angle is small and determined the length of the ring resonator used, as we
have to be able to access the diffracted beam without clipping the main laser beam. This
was achieved using a prism and a high reflecting 50cm curved mirror placed,
respectively, just above and just below the main beam (out of the plane of the diagram).
The feedback cavity was completed using a high reflector mounted on a PZT so that
the length of the feedback cavity (and hence the phase of the resonated beam) could be
varied. This feedback cavity closely resembled the main cavity and was of

approximately the same length.

The A-O modulator was operated at the nominal Bragg condition to eliminate
any contribution from the intrinsic mechanism. This was achieved by blocking the
feedback cavity and then adjusting the angle of the modulator around the Bragg
condition until bidirectional operation resulted. The feedback cavity was then restored
and its length adjusted until unidirectional operation resulted. This was confirmed to be
single frequency with a scanning confocal Fabry-Perot interferometer with a free
spectral range of 7.5GHz. The minimum r.f. power required to enforce unidirectional
operation was less than 0.005W which corresponds to a single pass diffraction loss, Ly
of less than 0.5%. From a comparison of the laser thresholds with and without the
modulator operating and a knowledge of the laser round-trip loss (approximately 6.7%

excluding diffraction) it was estimated that the effective insertion loss for the modulator
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Fig 2.21 Schematic of ring laser with external feedback cavity to enforce

unidirectional operation. The feedback cavity is shown with the dashed lines and
is inclined out of the plane of the page. The curved HR mirror in the feedback
cavity is below the main laser resonator and the prism is above the main cavity.
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(excluding its imperfect antireflection coatings) is <0.1%. This is negligible compared

to other resonator losses.

For relatively low values of diffraction loss (< 10%, single pass), the insertion
loss was found to increase linearly with diffraction loss as expected, but its value
(~0.1Ly was significantly larger than the value 0.002L predicted by equation (2.43)
and based on a known value for the round-trip loss of the feedback cavity of ~1%.
This discrepancy was thought to be due to a combination of imperfect mode matching,
and the fact that a significant fraction of the light was also diffracted into other orders

which were not resonated in the feedback cavity.

A direct measurement of loss difference predicted by equation (2.44) has not
been made. Measurement techniques based on transient laser behaviour as earlier in
section (2.4.2), would be complicated by the fact that for a high finesse feedback cavity
it takes many round-trips for the loss difference to buildup. Instead, to gauge some
idea of the magnitude for the loss difference, we have scanned the feedback cavity
length over several microns using the piezo length adjustment whilst monitoring the
laser outputs for both lasing directions. A typical oscilloscope trace (Fig. 2.22) shows
the situation where Ly~ 1%. It can be seen that the lasing direction reverses as the
feedback length is changed, as expected. In addition one also sees that unidirectional
lasing is maintained over a range of feedback path lengths far from the resonance
condition and that the change in lasing direction occurs rapidly over a very small cavity
length change of ~A/30. This is consistent with our expectations that more than
sufficient values of loss difference to provide robust unidirectional operation are indeed

attainable via this technique.
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2.5.2.3 Self-feedback cavities

One obvious disadvantage of this feedback technique is the sensitivity of the
direction of oscillation to relative changes in the length of the feedback and lasing
cavities. As shown in Fig 2.22, every A/2 change in relative length leads to a change
in lasing direction, which is unsatisfactory for practical laser systems. One possible way
of overcoming this problem is to use the laser resonator itself as the feedback cavity.
In this way the laser and feedback cavities are coupled together and relative changes in

length are greatly reduced.

Such a "self-feedback" cavity is readily achieved in a miniature ring laser, such
as the rhomb-ring laser described in [Clarkson, 1991a and 1991b], and in the following
sections in this chapter. Indeed, we believe that many of the early observations of
acousto-optically induced unidirectional operation of ring lasers were as a result of the
diffracted beam being resonated in the laser medium after re-entering the A-O
modulator. When an aperture was inserted in the cavity to block the diffracted beam,
the sensitivity of direction of lasing to cavity length disappeared, and only the angle of
the A-O modulator was important. In the rhomb-ring laser which we have used, the
direction of oscillation reverses for a 0.2mm change in length of the cavity, some 400

times greater length stability than for an external feedback cavity.

We also constructed a triangular ring resonator (Fig 2.23) where the diffracted
beam is fed back into the A-O modulator by the main laser cavity, which in this case
is defined by the dielectric mirror coating on the Nd:YAG rod, a curved mirror and a
prism. This self-feedback cavity required only a very low applied diffraction loss to
enforce unidirectional operation, with an insertion loss (neglecting imperfect AR
coatings) of <0.1%. The cavity was also relatively insensitive to length changes, with

a change in lasing direction being produced by a 0.4mm change in cavity length.

These self-feedback cavities provide a practical means of using the feedback
technique to enforce unidirectional operation, as no special stabilisation is required to
maintain the direction of lasing. In lasers where the A-O modulator is also the laser

medium, this may be the only way of achieving a high enough loss-difference to enforce
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unidirectional and hence single-frequency operation, and will therefore become

important in the development of monolithic single frequency lasers.

Output
Diode A-O Coupler

Pump Modulator V
P I >

Nd:YAG
rod Prism

Fig 2.23 Triangular ring laser where the diffracted beam is fed back into
the acousto-optic modulator by the cavity mirrors. In this diagram the main laser
beam and resonated diffracted beam lie on top of each other, with the diffracted
beam angled out of the plane of the page relative to the laser beam.
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2.6 A 1.3um Unidirectional Ring Laser

Having identified the mechanisms responsible for unidirectional ring laser
operation, we extended the diode-pumped work at lpm to the 1.3um transition in
Nd:YAG [Neilson, 1993]. This transition (4F3/2 - 4113/2), whilst weaker than the
1.064pum transition (cross-section ~3 times smaller [Singh, 1974]), can be made to
oscillate by appropriate mirror coatings to suppress the 1um line. The fact that the A-O
effect can be a low-loss means of enforcing unidirectional operation suggests that it is
ideal for use on a low-gain transition such as this. Initial expectations were that this
experiment would demonstrate the applicability of this technique to a low-gain transition
that is also of interest in a number of applications. However, behaviour we had not
expected occurred. We were able to obtain stable, simultaneous single frequency
operation on two closely spaced transitions around 1.3um. Although other papers have
observed this behaviour [Trutna, 1987], [Grossman, 1990], no explanation was offered
to explain how two single axial mode frequencies could stably oscillate together. The
explanation behind this effect is described in section 2.6.3 below, and demonstrates that
very small amounts of spatial hole burning can result in gain being available for other

frequencies to oscillate.
2.6.1 Experimental Details

The experimental arrangement is similar to that described in previous papers
[Clarkson, 1991a and 1991b], and is also shown in figure 2.24. The laser cavity
consists of only three elements; a Nd: YAG rod, a lead molybdate A-O Q-switch, and
an output coupler. The Nd: YAG rod was coated at its input face to be highly reflecting
(>99.8%) at 1.3um and highly transmitting (>95%) at the pump wavelength (~
800nm), with its other face antireflection coated at 1.3um. The rhomb-shaped lead
molybdate A-O Q-switch defines the ring path in the resonator, acts as a polarizer, and
is used to enforce unidirectional operation. The output coupler had a radius of curvature
of 50 mm, and reflectivity of 96% at the lasing wavelength. Output couplers with
transmissions ranging from 0.7% to 10% were tested, with the 4% output coupler
giving the maximum output power. Comparing laser threshold for each of these output

couplers allowed the loss in the cavity (excluding the output coupling) to be determined
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Nd:YAG Acousto-optic
rod Q-Switch
Fig 2.24 Schematic of rhomb-ring laser used in 1.3um single frequency
experiments.
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as 1.4%. The short cavity length (physical length of 35 mm) is advantageous, since it
increases the discrimination between adjacent axial modes (eq. (2.1)), thus facilitating
single frequency operation, and also leads to shorter Q-switched pulses. The ring laser
was pumped by two 0.5W laser diodes (SDL-2430), each collimated and compensated
for astigmatism using anamorphic prisms and then polarization coupled and focused into
one arm of the ring cavity with spot sizes matched to the lasing mode size. When
combined, these diodes, temperature tuned to the peak of the Nd: YAG absorption, gave

a maximum incident pump power of 850mW.

Unidirectional operation of the ring laser can be achieved using either the
intrinsic or feedback mechanisms described in sections 2.4 and 2.5 respectively. The
intrinsic method is implemented by placing an aperture in the cavity to prevent the
diffracted beams from being fed back into the cavity, and then tilting the Q-switch to
bias it slightly to one side of the Bragg condition, as explained in section 2.4.
Alternatively, without the aperture, the diffracted beam can be fed back, via a second
A-O diffraction, into the main resonator as described in section 2.5, thus introducing
a large loss difference between the counter-propagating waves and thereby favouring
one direction of propagation. The intrinsic method required more r.f. power to the A-O
modulator than the feedback method for unidirectional operation, leading to an increase
in loss in the cavity of ~2% under the conditions of this experiment. By comparison,
the feedback mechanism only required sufficient r.f. power to produce ~0.025%
diffraction loss, resulting in only a marginal increase in laser threshold and no observed

change in maximum output power.
2.6.2 Results

Initially, when the laser was operated bi-directionally (i.e. with no applied r.f.
field), it was noted that two wavelengths were lasing, corresponding to the 1.319um
and 1.338um transitions of Nd:YAG. When the laser was made to operate
unidirectionally by applying r.f. power to the A-O modulator, it continued to lase at
these two wavelengths. Using a scanning Fabry-Perot plane-plane interferometer with
a free spectral range of 37.5GHz, it was confirmed that for both of these lines lasing

occurred on a single axial mode, i.e. just two lasing modes were being supported (Fig
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2.25). It was observed that by applying a higher r.f. power, the 1.319um line could
be suppressed completely. This is consistent with the fact that the diffraction loss is
inversely proportional to the square of the optical wavelength (for small diffraction
losses), thus an increase of r.f. power leads to a greater increase (by ~3%) in loss for
the 1.319um transition compared to the 1.338um transition. This difference in
diffraction loss for the two wavelengths means that the 1.319um transition will be the
first to be suppressed at higher r.f. powers. It was also noted that the 1.319um
transition had the lower lasing threshold of the two transitions for all the output
couplers tried. Thus if the losses in the cavity could be increased uniformly for both
wavelengths (which is not possible with just an A-O modulator), eventually only the
1.319um transition would lase, as indeed observed by Trutna[1987], suggesting that this

transition has the higher gain of the two.

The CW performance of the laser, as shown in figure 2.26, was as follows.
With a 4% output coupler the threshold incident pump power was 285mW, and a slope
efficiency of 28% (summing the output at the two frequencies) was achieved, with
155mW output for 850mW incident power. The output power at both frequencies was
approximately equal under these conditions and their relative intensities (as well as the
total output) remained stable. If the laser is Q-switched by building up from noise the
output is observed to be multi-axial mode, as noted in [Clarkson, 1991a], since there
is then insufficient time to establish unidirectional operation, and Q-switch pulses are
then produced in both directions. To ensure single frequency Q-switched operation, we
operate the laser with a low level unidirectional single-frequency prelase {Hanna, 1972].
At low prelase powers, i.e. 1-2mW output, operation on the 1.338um line alone was
observed, whereas for higher prelase powers simultaneous Q-switched pulses at both
1.319um and 1.338um were produced with single frequency operation on both of these
lines. This is consistent with the earlier observation that the diffraction loss is higher
at 1.319um and hence with the higher r.f. power required to maintain a low prelase
level, this transition can be suppressed. A scanning Fabry-Perot interferometer was used
to confirm that the Q-switched pulses which build up from the prelase were single
frequency. When the laser was operated Q-switched with only the 1.338um transition
operating single frequency, pulse energies of 30uJ were obtained at a 500 Hz repetition

rate, with pulse widths of 40 nsec (Fig 2.27), corresponding to a peak power of 630 W.
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2.6.3 Explanation of Two-Frequency Operation

The stable simultaneous operation on two lines is at first sight surprising, since
the two transitions share the same upper laser level (4F3 ) and hence compete for the
same excited population. Single frequency operation is achieved in most unidirectional
ring laser systems with adjacent mode frequencies of slightly lower gain suppressed
once spatial hole burning is eliminated. On the same basis the expectation would be that
one or other of the 1.3um transitions would dominate since gain on the two transitions
would be unlikely to be equalised to such a degree as to allow stable simultaneous
operation. The mechanism that is responsible relies on the fact that spatial hole burning
is not completely eliminated, there being a small degree of spatial hole burning at the
high reflector of the laser rod, where there is an overlap between the incident and
reflected beam. Thus, when the laser operates on a single frequency there is some gain
available at the nodes of the standing wave pattern in the overlap region, as shown
schematically in figure 2.28. For another frequency to access this gain it must be
sufficiently well spaced from the oscillating frequency that its standing-wave pattern
gets out of step with that of the oscillating frequency, within the overlap region, i.e. its
antinodes fall on the nodes of the first frequency. Further, the gain of the second
frequency must be close enough to that of the first frequency so that the extra gain it
can access in the overlap region will allow it to reach threshold and oscillate
simultaneously with the first. These requirements are both met under the conditions of
our experiment for the 1.319um and 1.338um lines in Nd:YAG [Clarkson, 1993a].
Stable operation occurs because competition between the two frequencies is removed
where the nodes of one standing-wave pattern overlap the antinodes of the other. All
other frequencies are suppressed since near-neighbouring axial modes have antinodes
closely coincident over the overlap region with antinodes at the already oscillating
frequencies and thus find insufficient extra gain available to them. Stable, simultaneous

two-mode operation is thereby achieved on these transitions.

The observation that a small degree of spatial hole burning can produce stable
oscillation on more than one isolated frequency (i.e. with no neighbouring modes
oscillating) has implications for many unidirectional ring laser systems [Clarkson,

1993b]. Complete elimination of spatial hole burning would require the gain medium

72



Chapter 2

Reflected

Overlap Beam

Mirror region

’J
|
llllll.-.
\ /
Vo
¥
7

N

/"

Nodes Laser Incident

Medium Beam
Fig 2.28 Schematic of spatial hole burning at the overlap region in the ring

laser, and the resultant nodes that allow a second frequency to lase.
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to be moved away from the high reflector. Attention may also have to be paid to
residual reflections from antireflection coatings. Conversely the mechanism can be

exploited for deliberate two (or more) frequency operation, and in this case control over
the degree of spatial hole burning can be achieved by controlling the distance by which
the high reflector is displaced from the gain medium, and by changing, for example,

the mode size and beam angles in the gain medium.

2.6.4 Future Work

The measured losses in our cavity (1.4%) proved to be higher than
expected, based on typical figures for lum lasers. The cause of this is not certain,
however with an improved cavity design (i.e. lower resonator loss) we would expect
to see a marked improvement over the powers reported here. A CW output of in excess
of 200mW and Q-switched pulses of 40uJ should be readily realizable for 1W of pump
power. With appropriate mirror reflectivities it would be easy to discriminate between
the two lines and hence ensure operation on only one of the two lines. On the other
hand the stable two mode operation that we have described is also of interest and may
have a number of applications, including the generation of short wavelength microwave
radiation, and the generation of high frequency phonons. The same principle can be
extended to other lasers by deliberately equalising the (net) gain of two transitions, or
inserting a Fabry-Perot etalon so as to give two equal (net) gain peaks within a single

laser transition.
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2.7 A 2um Unidirectional Tm:YAG Ring Laser
2.7.1 Introduction

Lasers operating at wavelengths around 2um are of interest in a number of
fields, including medicine and laser radar (lidar). Because 2um radiation is considered
to be "eye-safe" compared to 1.06um radiation it is suitable for atmospheric
propagation in applications such as coherent Doppler velocimetry, DIAL measurements
of CO, and H,0, and as sources for upconversion to detect NO and CO molecules.
Around 2um there are also many atmospheric "windows" which allow long range lidar
work, if the laser can be tuned to the appropriate wavelength. Two of the most common
sources for 2um radiation are the trivalent Holmium and Thulium ions, either in
crystals on their own, e.g. Tm:YAG [Storm, 1989a], [Suni. 1991], [Pinto, 1992], in
crystals using energy transfer between the two ions, e.g. Tm:Ho:YLF [Hemmat,
19891, Ho:Tm:YAG [Storm, 1989b] or intracavity pumping of Ho3" ina Tm:YAG

laser [Stoneman, 1992].

These lasers can be pumped at around 785nm, making them diode laser
pumpable and hence suitable for making compact, efficient sources that can, for
example, be flown on aircraft. We have used Tm:YAG to construct a unidirectional
ring laser, as single frequency sources are needed as master oscillators for coherent
Doppler applications such as windshear detection or global wind speed measurements
from a satellite. Tm:YAG is a quasi-three level laser system, which is tunable over
200nm [Stoneman, 1990]. This tunability arises from the fact that the phonon
broadening of the Stark transitions is much larger than in crystals such as Nd: YAG, and
the multiplicity of transitions is much greater than in Nd:YAG. The upper laser level
(3F4) is one of 9 Stark levels, and the lower (3H6) is one of 13, giving a large number
of possible transitions. The ring laser described in this section, whilst only producing
single frequency output for low powers, is potentially a diode-pumpable, high power,
single mode laser, which should be easily tunable with the inclusion of an etalon or

similar tuning device.
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2.7.2 Experimental

The rhomb-ring laser used is of similar construction to that described in the
previous section and for 1.06um [Clarkson, 1991a] and 1.3um [Neilson, 1993] lasers.
Here the laser medium is a 4.3 at. % doped Tm:YAG rod, 4.2mm in diameter and 4mm
long. The rod is HR coated at 2um on its input face and AR coated on the opposite
end. The Tm:YAG rod is wrapped in indium foil and cooled with a Peltier effect heat
pump to reduce the lower level laser population of this quasi-three level laser and thus
reduce the threshold and increase efficiency. When the Tm:YAG rod was cooled,
condensation and icing up of the rod became a major problem. To prevent
condensation, the entire laser cavity was sealed and purged with oxygen free nitrogen
gas whenever the laser was operated below room temperature. Initially the lead
molybdate rhomb modulator described earlier in this chapter was used in the laser, but
a better optimised Q-switch became available during the course of these experiments.
This A-O modulator was a Tellurium Dioxide (TeO,) rhomb, with sides of length
15mm. This A-O modulator was operated at an acoustic frequency of 250MHz, which
produces a larger Bragg angle shift Afp, as discussed in section 2.4.3. The output
coupler used was a SO0mm radius of curvature mirror with 2% transmission at 2um. The
physical length of the cavity was 47mm, producing lasing mode sizes of w,=121um
and wy=114;xm at the plane mirror on the Nd:YAG rod. As no diode lasers were
available to us that could pump at the peak Tm:YAG absorption of 785nm, we used an
argon-ion pumped Ti:Sapphire laser tuned to this wavelength. As shown in Fig 2.29,
the output from this laser was split into two beams, which could then be used to pump
each arm of the ring laser cavity. This was done to reduce the reabsorption loss
inherent in this quasi-three level laser. Without this measure, the unpumped arm of the
laser rod would have produced a loss due to reabsorption of the laser beam, thus
degrading the performance of the laser. The Ti:Sapphire laser produced up to 2.3W of
power at 785nm, and after losses from the optics used to split, steer and focus the

beam, we typically had around 2W incident on the Tm:YAG rod.
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Fig 2.29 Schematic of 2um rhomb-ring laser. The Ti:Sapphire pump laser
is split using the half-wave plate (WP) and polarising beam splitter (PBS) and
directed using the turning mirrors (TM). It is focused with lenses (L) into the
Jaser medium (LM). The TeO, rhomb (R) enforces unidirectional operation, and
a 2% output coupler (OC) is used.
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2.7.3 Results

Initial results using a standing wave laser (i.e no rhomb element) demonstrated
the importance of cooling the Tm:YAG rod to achieve good performance. At room
temperature (~26°C) the lasing threshold was around 300mW and the slope efficiency
was 30%, whereas when cooled to -15°C, the threshold was 150mW and slope
efficiency was again ~30%, with a peak output of 250mW for 1W of input pump
power (using one of the two pump beams). The lasing wavelength was measured using
two different monochromators, and was found to be 2.013um. No other wavelengths

were observed to be lasing.

When the ring laser was constructed, the intrinsic mechanism was used to
enforce unidirectional operation. At first, the modulator was operated 0.11° from the
Bragg angle to maximise the total loss-difference, with 0.17W of r.f. power being
required for unidirectional operation, corresponding to a diffraction loss of ~0.9%.
Later the modulator was tilted further from the Bragg angle to increase the loss-
difference with respect to diffraction loss, resulting in a greater output power, as
discussed in section 2.4.1. To achieve unidirectional operation, the Q-switch was tilted
0.24° from the Bragg angle and required 0.23W of r.f. power to be applied (~ 1%
diffraction loss). The Bragg angle for this modulator at 2um is 3.6°, much larger than
we had used in other ring laser systems. This may have led to increased losses in the
cavity due to non-Brewster angles of incidencé of the cavity beams and perhaps
birefringence in the modulator. A possible solution to this problem is to cut and polish
the modulator so that the transducer is angled at the Bragg angle when the modulator
is at normal incidence to the laser beam at the desired wavelength. The advantage of
operating away from the Bragg angle was demonstrated when the ring laser was
operated at room temperature, where the threshold for bidirectional operation was
~550mW with no applied r.f. power. Near the Bragg angle, the threshold for
unidirectional operation rose to 780mW, but when tilted by 0.24°, the threshold was
only 620mW. When operated at this angle, the lasing threshold for the cooled rod rose
from 300mW (no r.f. power) to 330mW. The cw performance of the laser when
operated at both room temperature and at around -17°C, is shown in Fig 2.30, where

we see that a peak unidirectional output of 380mW was obtained.
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Fig 2.30 Unidirectional operation of 2um Tm:YAG ring laser. Room
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Having achieved unidirectional operation, we next attempted to determine the
axial mode properties of the output, to confirm single frequency operation. This was
difficult to achieve, as no suitable high quality mirrors for constructing a Fabry-Perot
interferometer were available. After experimenting with a number of mirrors we chose
2 mirrors that were 4% transmitting at 2.013pum. The finesse of the Fabry-Perot was
very poor, probably due to a combination of reflections from uncoated, unwedged back
mirror surfaces and poor quality coated surfaces. However, it seemed that at least three
modes were oscillating when the ring laser was operating at peak power, although these
modes were not adjacent, but appeared to be separated by ~ 20 axial mode spacings.
When the pump power was reduced, the output appeared to be single frequency only
up to 15mW of output. With the poor mode discrimination, this could not be absolutely
determined, but the Fabry-Perot output appeared more stable when one mode only was
oscillating. A priority for this experiment is acquisition of suitable Fabry-Perot mirrors
to enable a proper study of the output of this ring laser. At present we can only say that

more than one mode appears to be oscillating at higher output powers.
2.7.4 Discussion

With the lack of a suitable Fabry-Perot interferometer to evaluate the frequency
performance of this ring laser, it was not possible to investigate the causes of the
additional axial modes that appeared to be oscillating, and we have not eliminated them
at this time. The development of a more detailed theory of residual spatial hole burning
[Martin, 1993] may allow us to evaluate the source of this problem. To make this laser
practical we would also need to pump it with a laser diode and achieve tunability over
at least 0.5nm, as there are many sharp peaks in the atmospheric absorption separated
by < 1nm. Ideally we would like to tune the laser to around 2.022um, where there is
an excellent atmospheric window. The overall performance of this laser was not as
good as might be expected when compared to other end-pumped Tm: YAG lasers, where
slope efficiencies of around 50% are achieved [Stoneman, 1990], [Suni, 1991]. Possible
explanations for this include: a mismatch betweén the pump and lasing mode sizes,
which in addition to reducing the efficiency as explained in section 1.1.5, could also
lead to increased reabsorption losses if the pump was too small or slightly misaligned,

or poor Tm:YAG rod coatings.
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2.8 Future Work

Now that the mechanisms responsible for acousto-optically induced unidirectional
operation of ring lasers have been identified, there are a number of avenues of research
that can be followed. We have already briefly discussed the optimisation of A-O
modulator designs using the intrinsic mechanism (section 2.4.3) and this is an ongoing
area of research. Although there are restrictions on the range of A-O parameters

available (e.g. v, n), improvements can possibly be made in design areas such as

&
interaction length and operating frequency. Differing requirements for cw and Q-
switched operation may dictate the optimal modulator design for each of these modes
of operation, but as already discussed, a design compromise should be possible that
would allow satisfactory operation either cw or Q-switched, with no need to alter the

modulator orientation.

In addition to optimising the design of A-O modulators, the results that we have
obtained here suggest that materials that are not normally considered to be acousto-optic
media can be used in laser cavities to produce unidirectional operation. In particular,
using the laser medium itself as the acousto-optic modulator is an attractive option, as
it reduces the system complexity and offers the potential of monolithic single frequency
devices. We have had A-O modulators fabricated from Nd3* doped phosphate glass
and Nd: YAG, which do not have high A-O figures of merit, but nevertheless, using the
feedback techniques, it is possible to produce single frequency output [Clarkson, 1993c]

from a laser where the gain medium is also the unidirectional device.

A design for a monolithic Nd: YAG unidirectional ring laser has been developed,
and it is anticipated that this device should be fabricated in the near future. This
monolithic laser should be a compact, robust and efficient source of single frequency
output, which can be used either on its own or as the master oscillator for an injection
seeding system. Further work that is envisaged includes end-pumping with a diode bar
to produce high power single frequency output, which could then be used as a pump

for a non-linear system such as frequency doubling or an optical parametric oscillator.
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Chapter 3
DIODE BAR PUMPED SOLID-STATE LASERS

3.1 Introduction

Semiconductor diode lasers have made dramatic advances in recent years in
terms of efficiency and performance. As described in section 1.2 this has led to a
renaissance in solid-state lasers. However, a serious shortcoming of diode lasers is the
limitation on overall power that they can provide. The maximum output power is
restricted either by thermal limitations or by catastrophic failure. Catastrophic failure
occurs as a result of localised melting and damage at the facet of the laser and can be
caused either by inadvertent optical feedback from external components, or ultimately
by absorption of the laser light in unpumped regions of the active layer near the facet.
This occurs at intensities of a few MW cm™2. Thus for a typical double heterostructure
quantum well laser with emitting dimensions 3um x 1um, the maximum output would

be limited to around 30mW.

Two ways of increasing the output power are to increase the dimensions of the
emitting region, or conversely by making an array of closely spaced lasers. As the
dimensions of a single emitting area are increased, however, the lasing output may no
longer be confined to a single transverse mode, and the operational lifetime can also be
degraded. The output beam from such a device will be elliptical, and at present
commercial devices of up to 4W with dimensions 500um x lum are available. Diode
arrays consist of a large number of emitters spaced on (say) 10um centres, with the
individual stripes being partially coherent due to evanescent coupling between adjacent
stripes. Coupling between the stripes, while giving the benefit of increased coherence
also places upper limits on output power, as the number of stripes must be restricted
to prevent transverse lasing and other parasitic effects. Thermal effects also place limits
on the maximum power that can be obtained. At present, the most powerful
commercially available device is the SDL-2480, which produces 3W cw from an overall

aperture of 500um x lum.

The next step on the route to higher powers is the laser diode bar. In this

structure a number of arrays are grown on a single substrate. A typical device (SDL-
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3490-S) consists of twelve 200um emitters on 800um centres producing a total of 10W
of cw output from a lcm x 1um device. The overall length of the bar is constrained by
the growth process used. All the emitters are electrically connected in parallel, but there
is little or no coupling between adjacent arrays, resulting in incoherent output. In
addition there tends to be a wavelength spread across the bar of 2-3nm due to
difficulties in precisely controlling the manufacturing process. Diode bars of 5W, 10W,
15W and 20W are commercially available for cw mode operation and up to 100W for
quasi-cw operation. There are also available two-dimensional stacked arrays of bars
(with dimensions up to lcm x 2cm) which can emit up to SO00W in quasi-cw operation,
but these are not discussed any further here, as it does not seem that they will become
practical cw devices in the foreseeable future due to the massive thermal dissipation

required, and we did not use any of them in our experiments.

On the other hand, cw diode bars potentially offer high power, compact,
efficient, stable, cheap sources for solid-state laser systems. For example, a 10W diode
bar (Heimann OPUS 3237) costs around £100 per watt of output. The operating
lifetimes of diode bars are also very good (> 5000 hours), orders of magnitude better
than the main alternative pump source, flashlamps. One of the main problems to be
solved with them is how best to couple their output into the lasing mode of a solid-state
laser. At first sight the obvious answer might be to use them to side-pump the laser,
which has been done in a number of systems, e.g. [Reed, 1988], [Burnham, 1989],
[Ajer, 1992]. This allows simpler coupling of the light, but the mode matching is not
as good, and overall efficiency is not as high as for longitudinal pumping for smaller
diode devices. The main advantage of such systems is that scaling to higher powers is
more easily achieved, as the output of more diodes can be coupled in, compared to end-
pumped systems. At present, the highest average power system is a 1000W Nd:YAG
slab laser pumped by two diode bar modules, each module incorporating 80 diode bars
[Comaskey, 1993].

An attractive solution to the use of diode bars is the tightly folded resonator
(TFR) design developed by Baer and his colleagues [Baer, 1989 and 1992]. The TFR
is shown in Fig 3.1, and is pumped by a 10W diode bar with ten IW emitters. The

output is roughly collimated by a fibre lens of 0.3mm diameter, and then close-coupled
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into the lasing medium (either Nd:YAG or Nd:YLF). The lasing mode is defined by
the external mirrors and dimensions of the laser slab such that the intracavity TEMy
mode bounces back and forth between the opposite sides of the slab, with vertices
located at each 1W emitter location to extract maximum gain. This provides excellent
overlap between the laser mode and the diode bar pump. Thus the advantages of a side-
pumping type geometry are combined with the efficiency of an end-pumped laser
resonator, giving good pump and laser mode overlap and high operating efficiencies.
Output of over 3.5W from a Nd: YAG TFR has been reported [Baer, 1992], along with
Q-switching and frequency doubling. The TFR is available as a commercial product,

and appears to provide a reliable, compact source of either 1um or blue-green output.
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Fig 3.1 Schematic of tightly folded resonator (TFR) as described by Baer[1992].
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In this work, however, our primary interest is in producing a beam from a laser
diode bar that can be used to longitudinally pump a solid-state laser. As power
requirements for various applications are continually being increased, it seems likely
that for some time to come, the most economical and practical means for achieving
watts of output from solid-state lasers will be diode bars. The ability to efficiently
couple the diode bar output into the lasing mode will therefore become more important.
End-pumping offers the advantage of being able to apply all the successful techniques
employed in other end-pumped cavities, allowing a wide variety of different systems
to be constructed. One would also expect a greater operating efficiency compared to
side-pumped systems. While not being able to compete at present with side-pumped
lasers in terms of total output power, end-pumped systems should offer advantages in
terms of efficiency and cost at output power levels of the order of a few tens of watts,
which is adequate for a wide variety of applications. The fundamental problem that
must be addressed when trying to end-pump with diode bars is that in one plane there
is a diffraction limited beam from a lum aperture, whilst the other plane is a > 1000
times diffraction limited beam from a 10mm aperture. Treating this beam with
conventional optics is difficult, and can result in asymmetric beams, spherical

abberation, high divergence of focused beams, inefficient coupling, etc.

Some of the main approaches to producing a beam suitable for end-pumping are
presented in the remainder of this section. The initial studies that we undertook with the
diode bar involved side-pumping of laser slabs, and this work is discussed in section
3.2. In section 3.3 some resonator designs are described with which we attempted to
produce end-pumped lasers, with varying degrees of success, before a novel and

successful method was developed. This method is presented in the next chapter.

3.1.1 Fibre Bundles

A system that offers ease of use is a fibre-coupled diode bar where individual
fibres collect the output of each emitting region, and are bundled together to form a
circular cross-section array, which can then be focused. Thus the 1D diode array is

converted to a 2D fibre array. A commercially available device (SDL-3490-P5)
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produces a fibre bundle 400um in diameter, with up to 10W output. A trade-off that
has to be made with fibre coupled systems is between high collection efficiency (using
large diameter fibres), and good spot sizes (using smaller fibres with better fill factor).
Optimised systems [Graf, 1993] using a fibre lens to first collimate the output achieve
a transmission of 67% with uncoated optics. Fibres with square cross-section, whilst
more difficult to manufacture, offer a better fill factor, and have also been tried
[Morris, 1993].

These fibre coupled systems are useful for remote delivery of the diode output
in applications such as materials processing and medicine, and can also be used for end-
pumping solid-state lasers [Berger, 1988], [Keirstead, 1993]. Similar schemes can also
be used to couple the output of many separate laser diode arrays to increase the total

available power for end-pumping [Kaneda, 1992].

3.1.2 Compound Lens Systems

As we have already noted, the dimensions of a diode bar make it difficult to
manipulate the output with conventional optics. A number of lasers have been devised,
however, which use multi-element lens systems to collect, collimate and focus the
output from diode bars. A seven element system has been used to pump the quasi-three
level Tm:YAG 2um transition [Lynn, 1991]. A three lens system described by Shannon
[1991] was used to end-pump a Nd:YAG laser with a 10W diode bar and produced
1.9W of cw output. This system is described in more detail in section 3.3, and was
used in a number of our initial experiments. Marshall et al [1993] used a similar system
to end-pump an astigmatic Nd: YLF cavity, giving up to 3.3W of TEM(y, output using
a 15W diode bar.

An approach somewhere between fibre bundles and multiple element lens
systems is to use an array of Gradient Refractive Index (GRIN) lenses to collimate the
output from each element of a diode bar, and then use a single focusing lens to produce
the final spot. [Yamaguchi, 1992]. In this system, 20 GRIN lenses, each 500um wide,
were used to collimate the output from an individual diode array, with a total efficiency
of 86%.
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3.1.3 Cylindrical Microlenses

One attractive option for collimating the output of a diode bar in the "fast"
(diffraction limited) plane is to use specially fabricated cylindrical microlenses [Snyder,
1991a, 1991b, 1993]. These lenses can effectively give a collimated, diffraction limited
beam in one plane, which then leaves the problem of the non-diffraction limited plane
to be solved separately. Our use of these microlenses is covered in detail in the next

chapter, and here we introduce some of their main characteristics.

The lenses that we used are manufactured by Blue Sky Research, and are known
as Single Axis Collimators (SAC) microlenses. One surface is polished to a hyperbolic
cross-section (Fig 3.2) while the other side is flat. Thus one surface is made to perform
all the collimation tasks. This hyperbolic surface, when properly designed, gives a
collimated beam free from spherical aberration to all orders at the wavelength of

interest. The shape of this hyperbola is given by

2
z= <y 3.1)

) 1+/1-(1-eHcy?

where ¢ is the curvature of the surface and e the eccentricity of the conic section. The
curvature is related to the index of refraction in the lens, n, and the working distance

f between the source and the vertex of the hyperbolic curve by

- (3.2)
f(n-1)

The eccentricity, e, in this situation is simply given by e=n.

These lenses are fabricated by first polishing a glass preform to the desired
shape. The preform is then heated to the minimum drawing temperature and pulled out

as a fibre to the appropriate cross-sectional dimensions. The fibre so drawn will have

89



Chapter 3

an identical shape of cross section to that of the preform. In addition, the fibre surface
will be fire polished in the drawing process, resulting in much higher surface quality
than in the original preform. The fibre typically has dimensions of a few hundred
microns, compared to the preform which is around 2cm on each side. Thus the fibre
lens is easy to produce in quantity, making it relatively inexpensive. It is also possible
to polish other shapes in the preform to perform different tasks, for example,
circularising the output of visible laser diodes. As we shall see in the next chapter, the
SAC microlenses can produce a high quality collimated output from a diode bar, but

some effort is required to do so.

300um
110|Jm < >
A
--------------------------------------- > |
el 250um
Laser S o R
Diode | ‘ v
A
Y |
L .
Fig 3.2 Cross-section of cylindrical microlens showing the action of the

hyperbolic surface. The dimensions shown are for a SAC900 microlens. Here
f=110um, n=1.61.
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3.14 Binary Optics Systems

A particularly sophisticated attempt to transform a diode bar output into a form
suitable for end-pumping is the use of binary optics arrays to image the 1D diode bar
to a 2D array [Leger, 1992]. The problem was addressed by considering the radiance
theorem [Boyd, 1983] and the fundamental limits this places on how well the diode
output can be focused. The radiance here is defined to be the power per unit area per
unit solid angle. The main points are that the radiance of the image produced by the
lens system cannot be greater than the original source radiance, and that the radiance
of a collection of mutually incoherent sources (e.g. the discrete elements of a diode bar)

cannot be greater than the radiance of the single brightest source.

Initially a system was devised that consisted of two planes of optical elements,
one approximately 500um from the diode and the other ~26mm from the diode. In
both planes, separate cylindrical lenses were used to expand and collimate the output
from each element of the diode bar, and prisms were used to steer the output to form
a 2D array from the 1D bar. This square, collimated array can then be mode-matched
into a lasing mode with an appropriate focusing lens. This optical system involves a
large number of components and would not be a practical means of producing an end-

pumped system.

Instead, the action of each optical plane can be defined by an optical phase
function, ¢(x,y) that produces the equivalent result on each subarray of the diode bar.
Evaluating ¢(x,y) for each subarray means that the system of cylindrical lenses and
prisms can be replaced by diffractive optical velements. These diffractive optical
elements can be fabricated as binary optics arrays using microlithography and dry
etching to create the phase function over a number of discrete steps. In the experiment
described by Leger, the phase function was quantised into 8 discrete levels and
fabricated in three etching stages. This approach has the advantage that having correctly
specified the phase function, copies of the binary optics can be made relatively

inexpensively and easily, under computer control.

The beam produced by this system, after focusing by a 38mm focal length lens,
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produced a circular spot size of 57um (radius), having an approximately Gaussian
profile in both planes. The limit to the beam quality appeared to be that the diode bar
facet is slightly bent by around 5-7um over its 10mm length, resulting in a slight
misalignment of the optical system. The major drawback to this technique is that the
total transmission of the system is only around 20%, as each set of binary optics has
a diffraction efficiency of only 50%. This can be improved by using more steps in the
fabrication process to construct the phase function, but for (say) 5 phase levels, the
efficiency for each plane is still only 90% at best. This method produces very good
beams, but at the present efficiency levels, it may well be that conventional diode arrays

would give better overall performance.

3.1.5 Multi-Diode Bar End-Pumped Lasers

In addition to schemes which couple the output from a single diode bar into a
solid-state laser, much effort has been put into systems which are end-pumped by many
diode bars, to achieve high output powers. Although the limit on total output power
may be less than that possible with side-pumped systems, the efficiency of these end-
pumped systems exceeds that of side-pumped lasers. At these high power levels,
thermal effects in the laser medium have to be carefully considered, as thermal lensing
[Koechner, 1973 and 1988] can considerably change the fundamental mode performance
of the laser, and ultimately thermal fracture limits the pump power that can be used
[Cousins, 1992]. Tidwell [1992] derives an expression for the thermal lens focal length
of an edge-cooled, end-pumped Nd:YAG rod which has a radius ry:

7.6 12
£ - )
P

3.3)

abs

where the focal length is in meters, rg in millimetres, and Py is the absorbed pump
power in watts. Here the assumption is made that the pump spot size (rp) is uniform

over the length of the rod, and is chosen to be as large as possible with respect to the
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rod to limit the temperature rise. In the derivation of eq (3.3), Tidwell has chosen Iy
= 0.57 x 1. In addition, it is assumed that 30% of the absorbed pump power produces

the heating of the laser rod.

Some of the main problems that have to be addressed with these systems are
engineering ones: how to physically pack as many diodes as possible around the laser
rod and how to cool the diodes and rods and reduce thermal distortions. Early work by
Pfistner [1990] showed how 4 diode arrays could be arranged to efficiently end-pump
a Nd:YAG slab. Tidwell [1991] arranged four 10W bars around a Nd:YAG rod to
produce 15W of multimode cw output. A recent paper by Tidwell et al [1993], uses two
Nd:YAG rods in the laser cavity, each rod being end-pumped by four angularly
multiplexed 15W diode bars at each end. They achieved 92W of multimode power and
60W of TEM( output for a total diode input power of 235W, with a TEMyy mode
diameter of 2.4mm. They corrected for thermal distortions in the laser rods (thermal
focal length = 25.7 c¢m) by using an aspherical lens located between the rods, while
thermally induced birefringence is corrected by placing a quartz polarization rotator
between the two rods. The beam produced was 1.3 times diffraction limited, which is

acceptable for many applications.
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3.2 Initial Experimental Investigations

The initial interest in diode bar pumped lasers in this work was to reproduce the
results obtained by Baer with the TFR and to extend his work to produce a versatile
high power laser. Our design for this laser called for a Brewster-angled Nd:YAG slab
with very precise dimensions to define the TFR cavity. It was soon realised that the
tolerances required for the design were impractical and expensive, with the result that
simpler systems were investigated at first, to establish what difficulties one could expect
with a TFR, and with using a diode bar. The diode bar that was initially available to
us was a SW cw device (SDL-3480-L), which consists of 20 ten-stripe phase-coupled
arrays (the currently available version of this device has 12 arrays and is packaged
differently). Whilst not having sufficient power to enable a proper study of TFRs to be
carried out (due to the relatively high thresholds), it was expected that it would be
adequate to demonstrate the principle of operation of diode-bar pumped solid-state

lasers, later moving to higher power devices as they became more affordable.

The first systems that we studied were side-pumped Nd:YAG and Nd:GGG
(Gadolinium Gallium Garnet) slabs, setting up standing wave cavities with the gain
medium in the centre of the cavity. The idea was to collimate the diffraction limited
output of the diode bar using a length of optical fibre and couple this collimated light
into one side of the slab, while letting the beam in its non-diffraction limited direction
expand at an angle of 10°, as this would not represent a significant change over the few
millimetres length of the crystal slab. The slabs were cut at Brewster’s angle at both
ends to eliminate the need for antireflection coatings at the lasing wavelength. The laser
cavity is then defined by the external cavity mirrors. The length of the cavity could be
altered to allow the lasing mode in the crystal to be matched to the dimensions of the

collimated output of the diode bar.

The first problem to be addressed, then, was how to best collimate the diode bar
output in the "fast" direction, i.e. the 1um diffraction limited plane. A 200um diameter
optical fibre was used at first, but this proved unsuccessful and also unsatisfactory from
the point of view of potential damage to the diode. The working distance of the fibre

was estimated to be ~ 100um, at which distance from the diode facet the fibre was
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hidden by the diode case (the facet is recessed in its case). As the fibre had a spherical
cross-section, and was not optimised in any way for use as a lens, the spherical
aberration was very large, which made the quality of collimation rather low. This then
presented the possibility of accidentally moving the fibre into the diode facet while
adjusting for a collimated output, with potentially fatal consequences for the diode. As
will be seen in the next chapter, the positioning of an optimised fibre lens in front of
a diode bar for collimation is a non-trivial task, and we now appreciate that the mounts
and techniques used with this simple fibre lens would never have allowed a satisfactory

beam to be produced.

In an effort to increase the working distance, a 4mm diameter glass rod was next
used as a collimating lens. This gave a much safer working distance, but spherical
aberration was still a major problem. When the collected light was focused, a spot size
of only around 300um could be achieved, with a significant amount of scattered light
and very poor beam quality. As this rod was not designed to be of optical quality, such

problems were not unexpected.

Higher quality cylindrical lenses were next used to collimate the output. The
shortest plano-convex lens commercially available had a 6.4mm focal length, with a
working distance of 2.9mm. Used in conjunction with an 18mm focal length aspherical
lens to focus the light in both directions, a reasonable quality beam was produced, with
dimensions of approximately 200pxm x 4mm, which was too large to consider using for
end-pumping. For side-pumping it was decided to just use a cylindrical lens to collect
and focus the beam in the plane perpendicular to the diode junction, and allow the non-

diffraction-limited beam to expand at 10°.
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3.2.1 Nd:YAG Side-Pumped Laser

The Nd: YAG slab that we used was 13mm long, 0.9mm high and 1.6mm deep,
and was doped with 1 at. % Nd3+ (Fig 3.3). The crystal was mounted on a Photon
Control 5-axis micropositioner to allow full translation and rotation of the slab with
respect to the pump beam. The end-mirrors used had a 10cm radius of curvature, with
one being highly reflecting at 1.06um, and the other transmitting 2.5% at that
wavelength. The calculated lasing mode sizes in the centre of the Nd:YAG slab that
resulted from this arrangement were wy, ~ 180um and Wiy ~ 100um. An analysis
of slope efficiency and threshold for side-pumped lasers was made, based on the results
obtained in Clarkson[1989] for end-pumped systems, which are outlined in section
1.2.5. The results of this analysis are very similar to that described for side-pumping
Nd: YAG crystal waveguides [Hanna, 1992], where a detailed derivation is given, but

were carried out independently, and show that the pump threshold for lasing is

nhv L te, Wi
th™ Jrh, (wsy‘“wx%y)llz'exp["f‘ml‘; p] 3.4
\/io'cfn a%p
and the slope efficiency 7 is
Tv, wLy(2w§y+w§y)1’2 te 3
n= v > 2 ~°‘p\/;r_WLxﬂle ry 3.5)
P Wy " Wiy
where
Vp, VL are the pump and lasing frequencies;

L = total round-trip loss;

¢ = laser transition cross-section;
74 = fluorescence lifetime;

nq = quantum efficiency of pump photons;

ap = pump wavelength absorption coefficient in crystal;

t = thickness of the crystal;

T = output coupling;

Wixs WLys Wpy are the lasing and pump mode sizes respectively. The pump

"size" in the x direction is determined by the pump absorption in that direction.
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Fig 3.3 Schematic of cavity used for side-pumped Nd:YAG laser.
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For the Nd: YAG slab used, o)) = 3mm, t = 1.6mm, o = 3.5x101 em?, 7
= 230usec. For a pump diameter of ~200um and output coupling of 2.5%, with an
assumed cavity round-trip loss (excluding output coupling) of ~0.5%, which was based
on previous experience with end-pumped lasers, a threshold of around 630mW and
slope efficiency of 4.4% would be expected. On these figures, the total output would

be approximately 200mW for 5W of input pump power.

In fact, the laser could not be made to lase using conventional alignment
techniques, and a rigorous alignment procedure was necessary to establish any lasing.
This involved using a beam from a diode end-pumped Nd: YAG alignment laser, passing
it through the Nd:YAG slab along the path of the lasing mode, and maximising its
throughput. If the input beam is correctly aligned at Brewster’s angle, then the
transmission should be 100%. Next the diode bar is turned on and used to pump the
Nd:YAG slab as an amplifier. The transmitted beam from the alignment laser is
monitored to maximise the gain produced by the Nd: YAG slab as the diode bar focus
and slab orientation are adjusted. In this way the diode should be optimised for pumping
a lasing mode set up along the same path as the alignment beam. The cavity mirror
(M1) on the opposite side of the Nd: YAG slab to the alignment laser is then put into
place, and used to direct the beam back through the Nd:YAG slab. To ensure that the
beam was aligned back on itself, apertures were used to define the laser path, and a
portion of the beam was extracted from a slightly misaligned Brewster plate located
between the alignment laser and the Nd: YAG slab, as shown in Fig 3.4. When mirror
M1 was aligned, the second cavity mirror (M2) was put in place and the transmitted
output from M1 was monitored. What we now have is a regenerative amplifier, where
a Fabry-Perot cavity (defined by the cavity mirrors) with a circulating signal (supplied
by the alignment laser), has a gain element (the Nd: YAG slab). As the Fabry-Perot is
better aligned, and the gain is increased, the magnitude of the Fabry-Perot transmission
peaks will increase rapidly. As the magnitude of the round-trip gain in the cavity is
increased to a limiting value of unity, the transmission gain through the regenerative
amplifier will suddenly shoot up towards infinity, as a result of regeneration in the laser
cavity. At this point the side-pumped laser will lase of its own accord, and the

alignment laser can be removed.

98



Chapter 3

When this procedure was adopted, the Nd:YAG slab laser did lase, although
with a poor performance. The threshold (power actually emitted by the diode) was
~3.7W, and only 6mW (TEM,) output was produced, which explained why such an
involved procedure had to be adopted to observe any lasing. Comparing the thresholds
for a cavity with two HR mirrors to that comprised of one HR mirror and one 2.5%
output coupler, revealed that the round-trip cavity‘ loss (excluding output coupling) was
around 6.5%, which was significantly higher than expected. This may have been due
to imperfect Brewster-angled ends of the slab, or intrinsic losses in the Nd:YAG slab,
which was polished from offcuts. In addition, if the diode collection system was not
operating as efficiently as expected, again the performance of the laser would be
degraded. With a measured intra-cavity loss of 6.5%, the performance predicted by
equations (3.4) and (3.5) would give Ppm=l.9W and n=1.5%. With the uncoated
optics used, and allowing for Fresnel reflections at the input face of the Nd:YAG, the
collection efficiency would be ~74%, which would correspond to a total laser output
of only 27mW, corresponding more closely to what was actually observed. This poor
performance led us to consider using materials that might be more suitable for side-
pumping. In the next section, one such material, Nd:GGG was used, with an

improvement in performance resulting.

99



Chapter 3

Diode
Bar
HR E
I ‘
ﬁ\\\ | Coupling
(M1) S . Optics
7 w
| / I . | BP
Aperture . SN n
A
Nd:YAG slab h
) \\E/ﬁ\\\\
Detector » / “
N
o \
NG /
N
Nd:YAG
Alignment
Laser
Fig 3.4 Setting up regenerative amplifier to allow alignment of laser

cavity. The signal light, after passing through the gain medium twice, is aligned
by monitoring the reflection off the Brewster plate (BP).
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3.2.2 Nd:GGG Side-Pumped Laser

Whilst YAG (Yttrium Aluminium Garnet, Y3Al50;,) is the most widely used
host for Nd> T lasers, other materials can be used in a variety of applications such as
material processing, medicine, dentistry, military range-finding and target acquisition.
Common alternatives to YAG are YLF (Yttrium Lithium Fluoride, YLiF,), GSGG
(Gadolinium Scandium Gallium Garnet, Gd3ScyGa301s), YAP (Yttrium Aluminate,
YAIO3) and silicate or phosphate glasses. Another option is Nd:GGG (Gadolinium
Gallium Garnet, Gd3GasO,), which was first used in a laser almost 30 years ago
[Geusic, 1964] and has been extensively studied, e.g. [Bagdasarov, 1974], [Kaminskii,
1978], [Maeda, 1984]. Some of the main advantages of Nd:GGG over Nd:YAG are that
it can be grown as a crystal at greater rates and to larger sizes, and is capable of being
doped to higher Nd3* concentrations with less concentration quenching problems. It
is perhaps best suited to high power lasers [Yoshida, 1988] because of this higher
doping concentration, but has also been used in waveguide lasers [Field, 1991 & 1992]
and frequency stabilised ring lasers [Day, 1990]. In our case, the higher Nd3+
concentration and consequent shorter pump absorption length should allow better
matching of the pump beam distribution to the lasing mode, and hopefully better

performance.

The Nd:GGG slab used was 12mm long, 2mm thick and 7mm high, with
Brewster surfaces polished at each end (Fig 3.5) and was 2.7 at. % doped with Nd3*.
The crystal was slightly green in appearance, in contrast to the pink/purple colour
normally associated with Nd:YAG, and also with a 3.35 at. % Nd:GGG crystal that we
had available for comparison. The absorption spectrum of the 2.7% doped crystal
showed a very strong UV absorption compared to the 3.35% doped sample, suggesting
that there were significant differences in the composition of the crystals. It also had
noticeable striations in the laser propagation direction. These factors may have been
significant in the later performance of this laser. The relevant material properties of this

Nd:GGG slab are:
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Fig 3.5 Schematic of side-pumped Nd:GGG laser.
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For the laser cavity shown in Fig 3.5, the mode sizes at the centre of the
Nd:GGG crystal were wy, = 190um, WLy = 100um. The output coupling used was
2.5%, and an additional intracavity loss of 0.5% was assumed. From equations (3.4)
and (3.5), the calculated values for pump threshold and slope efficiency are: Ppm =
700mW, n = 6%, which implies a total output of ~260mW. The same alignment
procedure described in the previous section for Nd:YAG was used to set up the
Nd:GGG laser. As the lasing wavelengths of Nd:YAG (1.064um) and Nd:GGG
(1.062um) are sufficiently different to not allow a Nd:YAG laser to be used as the
signal for a regenerative amplifier, a Nd:GGG alignment laser had to be constructed.
This was made from a 2mm thick piece of 2.7 at.% doped Nd:GGG, oriented at
Brewster’s angle (to eliminate the need for coatings) in a plano-concave cavity (Fig
3.6). When the alignment procedure described in the previous section was followed, the
side-pumped laser did not lase, until we observed that blocking and unblocking the
pump beam allowed lasing to occur. The laser power dropped exponentially to half of

its peak value after 15 sec, indicating that thermal problems were a major consideration.

Collimating Curved output

Lens f=25mm Mirror
{
‘ /7 f— /// j
D<1 — ™~ | I
| ~ T 1R i >
| \‘J‘ : ‘d .‘\ / i
| / a 1062nm
Anamorphic /
Laser oo . / OQutput
rism pair ,,
Diode, HR @ Nd:GGG
Heatsink, 1062nm
TE cooler
Fig 3.6 Mini-GGG laser used to produce the signal injected into the

Nd:GGG regenerative amplifier.
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An optical chopper with a 50% duty cycle was used to allow a measurement of
peak power. The performance is shown in Fig 3.7, where the pump power transmitted
into the Nd: GGG slab is corrected for losses in the focusing lenses and Fresnel losses
at the input face of the slab (10%). The threshold for lasing was 1.4W, and slope
efficiency was 3.9%. The cavity loss was calculated to be ~1.2% by comparing the
thresholds for three different output couplers. This would suggest that the threshold
should be 880mW and slope efficiency 5%. Again we see that the performance achieved
is less than might be expected from theory, but that the main discrepancy is in terms
of lasing threshold. We have already noted the unusual colour and striations in the
crystal, and the thermal problems experienced must also play some part in the poor
performance of the laser. With a better quality piece of Nd:GGG., the performance may
be expected to improve. The thermal effects may have been associated with the
striations in the crystal, as these problems should not have occurred at these power

levels for a normal crystal of Nd:GGG.

What these side-pumped systems do show, however, is the low efficiency of
side-pumping, even in the theoretical limit. While the system is, in theory, easier to
pump as we only have to worry about the pump dimensions in one direction, the
difficulties of mode matching will mean that poorer performance than an end-pumped
system is likely to result. In our situation, where only a SW diode bar was available,
we had insufficient pump power to satisfactorily explore the high power possibilities of
side-pumping. Generally, a lot of power is required for side-pumping, and most
experiments have tended to use a number of 10 or 15W devices to give a high overall
output. These high powers were not available to us and we therefore decided to
concentrate on end-pumping schemes for which much lower pump powers can be used.
Our aim, then, was to achieve moderately high powers from pumping with one or two

diode bars, where low thresholds and high efficiencies are possible.
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Fig 3.7 Performance of side-pumped Nd:GGG laser, using a chopper to

measure peak output power.

105



Chapter 3

3.3 Diode Bar End-Pumping

The method used to collect and focus the diode bar output for the end-pumped
laser systems described in the remainder of this chapter is that described by Shannon
& Wallace [1991], and is shown in Fig 3.8 below. The rod and cylindrical lenses
collect and roughly collimate the output in the plane of the diode junction. The
aspherical lens is used to focus the beam in both directions. This system produces an
asymmetric focused beam of around 1.1mm x 150um (diameter), which still presents
mode matching problems for end-pumping for which a variety of solutions can be tried.
This method has the advantage of using readily available optics, simplicity of design,
and compatibility with any diode bar (unlike many approaches which are specific to the
diode bar geometry such as the TFR and fibre-coupled schemes). Shannon and Wallace
used intracavity beam expanders to produce an elliptical laser mode to match the pump
focus, and in the rest of this chapter a number of alternative methods for doing so are

examined.

The system that we constructed used cylindrical and aspherical lenses that were
antireflection coated at 800nm, with an uncoated rod lens, giving a total throughput of
around 85%. The focused spot size depended on the particular separation of the three
lenses and the diode, but a typical case for the SW diode bar used, produced a focused
spot in the non-diffraction limited plane of around 1.5mm in diameter (Fig 3.9). Some
evidence of a two-lobed structure is seen, which was much more pronounced with a
10W bar used later. The focused spot in the other plane was typically around 200um.
This arrangement is very compact, with the overall length of the lens system being only

14mm, with the focused spot being produced ~4mm from the final lens element.

Using this spot, two end-pumped resonators were designed to attempt to match
up the cavity mode size to the diode pump beam and hence achieve good efficiency.
These approaches are described in sections 3.3.1 and 3.3.2, and whilst not proving to
be totally successful, are interesting alternatives to end-pumped systems described
elsewhere [Shannon, 1991], [Marshall, 1993].
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Parallel
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10W laser
diode bar

/ \ A;bheric
Rod lens (£=8.5mm)
(f=1.2mm) Cylindrical '
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(f=6.4mm)

Perpendicular
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Fig 3.8 Diode bar focusing scheme. The 1.2mm focal length rod lens and
6.4mm focal length cylindrical lens collect and collimate the output in the
diffraction limited plane. The 8.5mm focal length aspheric lens focuses in both
planes. The lenses are separated from each other by ~ 1mm, with the rod lens
~ Imm from the front facet of the diode.
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Fig 3.9 Focused spot profile in the non-diffraction limited plane.
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3.3.1 Cylindrical Mirror End-Pumped Resonator

An initial attempt at a design for an end-pumped Nd: YAG laser was made using
a cylindrical mirror as the output coupler in a standing wave cavity (Fig 3.10). Here
the cylindrical surface is used to determine the mode size in the plane of the diode
junction, and in the other plane the cavity is plane-plane, where the intention was that
the cavity would select a lasing mode size that matched the pump dimensions and so
minimise threshold. The mirrors were fabricated from high-quality concave cylindrical
lenses (with as good a surface finish as possible, to minimise cavity losses), which were
coated to be either 2% or 5% transmissive at 1.06um, with the rear plane surface
antireflection coated. Mirrors with different radii of curvature (R.) were obtained to
evaluate what was most suitable for our pumping arrangement. These radii were 37mm,

75mm and 125mm.

Side View

Diode Focusing Nd:YAG Output
Bar Optics Coupler

|

T ]

v

Plan View

Fig 3.10 End-pumped laser cavity using cylindrical mirror as the output
coupler. In the plane of the non-diffraction limited pump beam, the cavity is
plane-plane.
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The initial performance of lasers using these mirrors was encouraging, with
pumping thresholds as low as 200mW (measured after the lens system) being observed.
The different reflectivities and radii mirrors were tested in the cavity, with typical
values of threshold being under S00mW, and the output from the Nd: YAG laser being
in excess of 400mW for 3.7W of input pump power. The performance of the best
cavity is shown in Fig 3.11, which used R ,=125mm, T=2%, with cavity length of
6cm. The threshold was 0.6W, with total output of 600mW for 4.3W of incident pump
power (here the diode was operating at 11.2 Amps, a current exceeding manufacturers
specifications), giving a slope efficiency of around 18%. Thus, for a 10W diode bar we

would expect that over one watt of output from the Nd:YAG laser could be achieved.

The mode quality of this laser was not very good, however, with many
transverse modes being observed in the vertical (i.e. plane-plane cavity) direction. The
output in the other plane appeared to be single transverse mode. At output powers of
up to 200mW, the laser output seemed to be TEMy, with more modes being excited
as the power was increased. When operating on a single mode, the mode-size in the
vertical direction appeared to be only around 200um, much smaller than the pump
dimensions. This mismatch in laser and pump spot sizes led to the additional transverse
modes lasing. Thus this simple approach to end-pumping was shown to be not adequate
for producing TEM(y mode beams, with some means of actively increasing the mode

size to match the pump dimensions being required.

110



Output Power (mW)

Chapter 3

600

500 -

400 ~

300 -

100

Fig 3.11

1 2 3 4
Incident Pump Power (Watts)

Output from end-pumped laser with R =125mm.

111




Chapter 3

3.3.2 Variable Curvature Mirror End-Pumped Resonator

One approach to the problem of increasing the lasing mode size to match the
diode bar output is to deliberately bend a plane output coupler to make the laser cavity
approach the geometric stability limit in the plane of the large non diffraction-limited
pump beam. This is shown in exaggerated fashion in Fig 3.12, where the variable
curvature mirror (VCM) is bent by applying a force at one edge, while being held at
the opposite edge. The mirror is bent until the output is made to oscillate on a single
transverse mode in the plane of bending. In effect, we are attempting to increase the
lasing mode until it expands to match the pumped volume of the gain medium, by
compensating for the thermal lensing in the laser medium. In the diffraction limited

plane, the mode size is selected by Fresnel diffraction losses in the plane-plane cavity.

It is unclear whether the resonator we describe here is geometrically unstable,
or if it is just close to the limit for stable operation. The concept of "resonator g
parameters” (e.g. [Siegman, 1986]) is a standard way of describing the stability of a

two mirror resonator. These parameters are given by

L . L
gIEI——R— , gfl"l—{: (3.6)
1

-

where R and R, are the radii of curvature of the resonator mirrors and L is their

spacing. The spot sizes at the two mirrors are then given by

wild | B2 w2=LA & 3.7
m N g(1-g,8) Tomy g(1-g.8y)

Finite solutions for spot sizes are only obtained if the g, and g, parameters are confined

to a stability range defined by

0<gg <1 3.8)

Thus, for example, a plane-plane cavity would have a gyg, product of 1 and be

precisely on the border of being stable.
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In the laser described in this section, we initially began with a plane-plane cavity
defined by the HR dielectric mirror coating on the laser rod, and a plane output
coupler. However, when end-pumped by the diode bar, the rod experiences thermal
lensing (eq. 3.3), which results in the resonator mode size decreasing, leading to the
multi-transverse mode operation observed. Bending the output coupler in the opposite
direction can compensate for this thermal lensing to some extent, and can place the
resonator very close to the stability limit. It may even be the case that the resonator is
marginally unstable, in the sense that g;g,>1 and the mode size is increasing on

successive round trips.

If this resonator is unstable, then it differs from the usual types employed for
flashlamp pumped lasers [Siegman, 1965 and 1974], [Anan’ev, 1972]. There the beam
is either extracted from around the edges of the mirrors [Herbst, 1977], [Latham,
1982], or from cavities with variable reflectivity mirrors (VRM) with a Gaussian or
supergaussian reflectivity profile [Zucker, 1970], [Chester, 19721, [Casperson, 1974].
The first approach suffers from problems with diffraction "ringing" of the output beam
from the hard edges of the mirrors, and is usually annular in cross-section. The
difficulty in mounting the mirror so that the beam can pass around it without being
attenuated by the mirror mounts is also a problem. Unstable resonators with VRMs
have much better output beam properties, with well defined modes. Our resonator
perhaps resembles VRM unstable resonators as it has a "soft-edged" aperture defined
by the gain distribution in the laser medium which is in some way analogous to the
varying reflectivity of the VRM output mirror. The gain distribution in the laser rod
will only amplify the expanding laser mode until it reaches the same size as the gain
profile, hence contributing some beam shaping on the resonator mode. If the resonator
is marginally unstable, the gain profile will act as an aperture to restrict the size of the
largest mode that experiences net gain. Thus, is some sense, the gain distribution acts
as a soft aperture that assists in the mode selection in an analogous manner to a VRM
unstable resonator. However, the output beam in our resonator is not extracted through
this soft aperture, as is the case with VRMs, but at the opposite end of the cavity,
through a plane mirror with variable curvature. This system is less complex than those

using VRMs, as no special techniques are required to fabricate the mirrors.
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Initial investigations with non-optimised mirrors (ordinary Imm thick glass
microscope slides coated to be 99.5% reflective at 1.088um) were promising. The laser
rod used was a Nd: YAG rod 6mm in diameter, 10mm long, coated to be HR at 1.06um
and highly transmitting at 810nm on the input face, and antireflection coated at 1.06um
at the other end. The length of the laser cavity was around 40mm. Bending the mirror
slightly made the output change from very multimode to a few modes and then to one
distinct mode in the plane of the large pump dimension. The mode size in the two
planes was measured to be 270um x 580um, which corresponded well to the dimensions
of the pump beam. The threshold was around 0.6W and 200mw of output was produced

for 3.6W of incident pump power.

In an attempt to improve on these initial resuits, laser quality 0.5mm thick
mirrors with 3% output coupling were obtained, and an improved mount for bending
the mirror was constructed. Again it was found that bending the mirror could enforce
single transverse mode operation for all pump powers. The radius of curvature of this
mirror in the vertical plane was calculated to be 2.4 metres, which was obtained by
displacing the upper edge of the 1" diameter mirror by 0.085mm. The performance of
this laser is shown in Fig 3.13, which indicates that thermal effects do not seem to
produce any deterioration in performance. The lasing threshold for a 5W diode bar was
2.03W, with a maximum output of 480mw for 4W of incident pump, with a slope
efficiency of around 30%. After performing these experiments, we were later to receive
a 10W bar, with which a peak single transverse mode output of 1.6W was obtained for
8.2W of incident power, which agreed with an extrapolation of the output power from
the SW diode. This result compares favourably with that of Shannon [1991], using the
same pumping arrangement, where 1.9W of TEM output was obtained, with a cavity
that used intracavity prisms to expand the lasing mode to an elliptical shape. Direct
comparison is not possible, as they used a higher value output coupler (8%), giving a
higher lasing threshold (3.23W). The stability of this laser was not as good as from
similar length stable cavities pumped by diodes, but still respectable. Over a 15 minute
period, the output power dropped by less than 2%, and had a typical amplitude jitter
of ~ 1%, although occasionally a large fluctuation of the order of 20% was observed
as a second transverse mode oscillated briefly. As we are operating near the stability

limit, any small changes in cavity parameters such as bend on the mirror, degree of
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thermal lensing, length of cavity, etc, will have a pronounced effect on the mode
quality and size. In turn, this may lead to instabilities in the output power from the

laser.

An important parameter of this system is the beam quality in the vertical
direction (i.e. in the plane of the diode junction). Increasingly the concept of "M2" s
used to define the quality of a laser beam [Sasnett, 1989], [Johnston, 1990], [Siegman,
1992] rather than the usual notion of "times diffraction limited" [e.g. Siegman, 1986],
although the two concepts are similar. A beam which "looks" Gaussian and to have a
TEM(y transverse mode can in fact have a number of other higher-order modes
oscillating, which degrades the spatial quality of the beam and changes the way it

propagates through an optical system. M? can be defined by the propagation equation:

r 9 1/2

MZJ\.(Z—ZO) (3.9)
] nWé

W(z) = Will+

where W(z) and W are the measurable ("real") beam sizes and beam waists
respectively, and z is the location of the beam waist. The M? concept is highly
versatile, as it is a single number that expresses the laser beam quality of any arbitrary
beam. Knowing MZ, and measuring Wy and zg, everything is known about how the
beam propagates. One way of visualising how M? can be used is to imagine an
"imbedded Gaussian" beam in the real beam, that propagates as in eq (1.2), but with
wo=Wg/M. The real beam will propagate in exactly the same way as the imbedded
Gaussian, but will be M times larger at every point. It will have the same focal point
and complex radius of curvature, and also the same Rayleigh range. A "perfect" laser

beam would have an M? value of 1, but in practice this can be difficult to achieve.

A difficulty in determining the quality of a laser beam is actually knowing what
the beam diameter is at any given point. If a beam is not truly Gaussian, then the usual
definition of the beam width being defined by the 1/e? intensity points may not be

meaningful, and we find that there are a number of ways of defining and measuring the
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beam size, of which the main ones are:

(1) Finding the radius at which the intensity drops to 1/e? of the peak
intensity, as we would with a true Gaussian beam;

(i)  Finding the radius of a circular aperture that passes all but 1/% of the
total power in the beam;

(iii)  Finding the radius at which the intensity drops to 1/e2 of the outermost
peak in the beam profile;

(iv)  Computing the radius from the second moment of the intensity
distribution.

This fourth method, which is used in a commercially available "M>2-meter"
(Coherent Modemaster™), uses the following definition of the second moment of the

intensity distribution:

%0

1?2 = frZI(r)dA (3.10)
0

where I(r) is the normalised intensity distribution, and the area of integration, A, is

centred on the beam axis. Thus for modes with circular symmetry:

20

12 = 2z [r’I)de (3.11)

=0

and the beam radius W is defined as:
W= \o3 (3.12)

which gives the same result for a pure TEM;y mode in that the radius is the distance

at which the intensity falls to 1/€2 of the peak value.

Each of the four methods described above can give a different value of M? for
the same beam, depending on the particular beam parameters, and it is suggested by
Sasnett[1989] that the method using the beam second moments may be the best one, as
it at least produces a value somewhere between that of the other methods. When

measuring Mz, it is important to use the same method of measuring beam dimensions
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throughout. M2 is then determined by measuring Wy at a focus and W at at least two

other positions, and then finding the best fit of M2 to eq. (3.9)

The profile of the laser beam in the vertical plane at a number of (z-) positions
was measured using a thin slit, and some of these shown in Fig 3.14, where it can be
seen that they appear to have a Gaussian profile. Using method (i) to measure the beam
radius, we calculated that Wy = 530um, and from (3.9) the best fit M? value was 1.17,
which suggests that the beam is very close to being a pure TEMgg Gaussian. Johnston
[1990], suggests that an M? of less than 1.2 is a practical definition for an effectively

fundamental-mode beam.

These results were very encouraging, as they showed that a relatively simple
system could be used to produce good quality laser beams. Problems with stability need
to be addressed, however, and mechanical and thermal stabilisation should improve the
overall stability of the system. Improved thermal handling of the laser rod, such as
reducing the dimensions of the rod and better heat sinking of it should reduce thermal
lensing, while more robust mounts for the thin mirror will reduce mechanical
instabilities. The output powers produced, whilst not spectacular, are perhaps sufficient
to warrant further work using this approach, but at present the system described in the
next chapter looks to have the greatest potential for realising a convenient means for

end-pumping solid-state lasers.
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Chapter 4
DIODE BAR BEAM SHAPING TECHNIQUE

4.1 Introduction

In the previous chapter we reviewed various attempts that have been made to
produce a beam from a diode bar suitable for end-pumping solid-state lasers. These
systems all use conventional optics (lenses, prisms, etc) to manipulate the diode beam,
and typically produce focused beams that are too large to be effective in end-pumping
applications. In this chapter we describe a beam-shaping technique that reconfigures the
transverse intensity profile of the diode bar beam so that a more circularly symmetric
pump beam with its orthogonal divergences approximately equalised can be produced.
This reduces the restrictions on the laser cavity design that is required to mode-match
with the pump beam, allowing simple cavities to be constructed. In addition, we are
able to produce much smaller spot sizes than are usually achieved with diode bars,
producing a much higher gain, thus allowing transitions with low gain to be accessed.
This system should prove important in the development of efficient diode bar end-

pumped laser systems.

In the remainder of this introduction, the M2 concept will be examined in more
detail than in Chapter 3, showing some of the fundamental limitations for end-pumping
with diode bars using conventional optics, and how it would be advantageous to alter
the divergence properties of the diode bar output in its orthogonal emission planes. In
section 4.2 we describe a novel system for re-shaping a diode bar beam that allows
much more symmetric beams to be produced, and present results from a particular
implementation of this technique in section 4.3. The method that we describe is highly
versatile, and some further applications of this technique to other laser systems are

discussed in section 4.4, as are some additional benefits of this system.

In section 3.2.3 we introduced the concept of M2 as a way of characterising the
spatial quality of a laser beam. A fundamental result from this is that a beam with a
particular M?2 value will have a far field divergence M? times greater than a diffraction

limited beam with the same waist dimension. For end-pumping, an important
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consideration is how well the pump beam is matched to the TEMy; lasing mode size
over the length of the laser medium, or over approximately one absorption length,
whichever is the shorter. If the pump beam diverges much more rapidly than the lasing
mode over an absorption length, then the extra gain produced in the wings of the
fundamental laser mode may excite additional transverse lasing modes, and in any case,
will result in a lower operating efficiency than a pump beam which is properly matched
to the lasing mode size. A parameter that indicates the suitability of a pump beam for
end-pumping is the minimum average beam size that can be maintained over a given
length (e.g. an absorption length). Referring to eq (3.9), which describes the
propagation of a beam M? times diffraction limited, we can calculate that for a given
focused spot size, wy, the average beam size over a length ¢, centred around the focal

plane is:
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and the minimum average spot size over length ¢ is then given by the condition that

45 (wuM)=0 (4.2)
dw

0
When this expression is evaluated numerically, it can be shown that the minimum

average spot size a beam can be focused to is proportional to M, and is given by

= Mkt 4.3)
min~ 7 308

For a pump wavelength of 807nm, the minimum average spot sizes maintained over a
length ¢ (in air) are shown in Fig 4.1, where the M? is varied from 1 to 100. It is
important to note that the wavelength, A, is different in a laser medium, and is reduced
by a factor of n, the refractive index of the medium, relative to its value in air. This
means that the minimum average spot sizes derived from (4.3) will in fact be reduced
by a factor of J/n. For Nd:YAG, where n=1.82, the minimum average spot size will

be reduced by 1.35 times. If we now consider a diode bar beam, where the M? value

125



Chapter 4

Minimum average spot size
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Fig 4.1 The minimum average spot size (Wq;,) a pump beam at

A=807nm can be focused to over lengths of 3 and 6mm (in air) is shown here.
Wi Scales linearly with M.
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in one plane can be >1000 times that in the perpendicular plane, we see that the
minimum average spot size in the two planes differs by a factor of ~40 (e.g. over a
3mm length, for M2=1, Wi =20.5um, whereas for M2=1500, Wi =800um). Thus,
conventional optics, which preserve the relative M? values in the perpendicular planes
of emission will be restricted to producing highly asymmetric pump beams, which in
turn restricts the choice of resonator design. If, for example, we simply try to focus the
pump beam down to match its size at the focus to the laser waist size in the gain
medium, we see from eq (4.1) that the average spot size produced over a given length
will scale approximately with M?, as shown in Fig 4.2, which again has important
consequences for end-pumping with diode bars. In the example shown, if we tried to
match a lasing mode waist size of 67.5um by focusing to a waist size of 67.5um, an
average beam radius over a length of 3mm of 67.58um for M2=1, and 4.3mm for
MZ2=1500 would result. To produce an acceptable beam from a diode bar, what we
clearly need is some means of altering the respective M2 values in the orthogonal
planes, reducing it in the many times diffraction limited plane, while increasing the M2
of the near diffraction limited plane by at least the same amount, to allow more

symmetric beams to be produced. We shall now describe such a system.
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Average Pump Spot Size
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Fig 4.2 For a focused spot size of 67.5um, the average spot size over a

given length increases approximately linearly with M. In the example shown
here, the average spot size over a 3mm length in air for A=807nm is shown.
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4.2 Beam Shaping Technique

In this section we describe a novel beam shaping technique which can be used
to re-configure the transverse spatial intensity profile of a laser beam such that the M2
in one plane is reduced, whereas in the orthogonal plane it is increased. This technique
is also suitable for use with any other laser which produces a beam with highly
asymmetric diffraction properties where, for many applications, it is desirable to obtain
a final focused beam which has a nearly circular spot with far field beam divergences,
in orthogonal planes, which are similar. Some of these additional applications are

discussed in section 4.4.

In the description of this beam shaping technique, and in the rest of this chapter,
two sets of axes are used to denote the orientation of the diode beam and the beam
shaper. The principal set (x-y-z) is set in the blane of the diode beam, which is
propagating along the z-axis, and whose x- and y-planes are as shown in Fig 4.3, which
also shows a schematic of a typical diode bar and its emitting regions. The primed set
of axes (x’-y’-z’) is oriented to be orthogonal to the mirrors of the beam shaper, as
shown in Figures 4.4 and 4.5, and is rotated at angle 6 (x->x’) and angle « (y=y’) to

the principle set of axes.

Emitting

region
0.8mm , Diode Bar

adbal i ,case

. AR A

AT

10mm

Fig 4.3 Diode bar schematic showing dimensions of the emitting regions
and dead spaces, as well as the axes used to define the direction of diode beam
propagation.
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The method uses two parallel mirrors, facing each other, to chop up and
rearrange the diode bar output to produce a more symmetric beam. The basic principles
of operation are shown in Figures 4.4 and 4.5, where a beam from a diode bar is
shown approaching the Multiple Reflection Beam Shaper (MRBS), inclined at angles
0 and o« to it. The diode bar beam here is assumed to have been collected and
collimated by conventional optics (e.g. cylindrical and spherical lenses), and is
approximately diffraction limited in the y-z plane and has an M2 of >1000 in the x-z
plane. The two mirrors of the MRBS (M1 and M2) are separated by a distance d
(typically of the order of a few mm), and are offset from one another by small distances
w and h in the orthogonal directions x’ and y’ respectively, so that small sections of
both mirrors are unobscured by each other. The two mirrors are nominally aligned
parallel to each other, but if required, can be angled slightly to each other, depending

on the particular pump optics used and the divergence properties of the diode beam.

The main principle of operation of the MRBS can be explained by considering
the incident laser beam to be made up of a number of adjacent beams. The number of
beams depends on the width L of the incident beam, the mirror separation, d, and the
incidence angle in the x’-z’ plane, §. We use §=45° in our implementation of the

MRBS, which means that the total number of beams is simply given by:

- L @.4)
J2d

To simplify this discussion of the principle of operation of the MRBS, the incident
beam has been arbitrarily chosen to consist of 5 parallel beams (labelled (1)-(5) in Fig
4.4 and 4.5). Beam (1) is not incident on either M1 or M2, since it passes above mirror
M2 and by the side of M1, and so emerges from the MRBS with no change to its
original direction. The width of this beam is set by the position of the MRBS relative
to the incident beam, and should be chosen to match the widths of the other beams

produced by the MRBS, which from eq.(4.4) can be seen to be:

s=/2d @.5)
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Beam (2) however, passes above mirror M2 but is incident on mirror M1, where it
is reflected at angles 6 and « so that it strikes M1 immediately below beam (1). Beam
(2) is then reflected from M1 and emerges from the MRBS underneath beam (1), and
propagating parallel to it. The separation of beams (1) and (2) is determined by the
mirror separation and inclination angle o in the y’-z’ plane. If the mirrors are
parallel, this separation will be maintained, after the beams emerge from the MRBS,

and is given by:

Ay=dtan2« | (4.6)

Beam (3) is also incident on M1 and is reflected onto M2, directly underneath the
point where beam (2) was reflected onto M2. It is then retlected back onto M1 a
second time, is again reflected onto M2, and then emerges from the MRBS parallel
to beams (1) and (2), but separated vertically by a further factor Ay from beam (2).
Beams (4) and (5) undergo similar muitiple reflections between Ml and M2,
eventually emerging from the beam shaper stacked underneath the other beams, but

propagating parallel to them, as shown in Fig 4.5.

Thus the action of the MRBS is to effectively chop the incident laser beam
into a specific number of equal sized beams and to re-arrange these beams so that
they emerge from the beam shaper stacked on top of one another (i.e. with orthogonal
displacements relative to their original displacements). If the original beam is initially
many times diffraction limited in the x-z plane (i.e sz > 1), then the net effect of
the MRBS is to decrease the beam width in the x-z plane, but without significantly

2 1s reduced

increasing its divergence, thus reducing sz. The amount by which M
is determined by MRBS parameters such as mirror separation d, angle of incidence
9, parallelism of the mirrors and position of the MRBS with respect to the incident
beam. It should be noted, however, that significant reductions in the sz value of the
incident beam can only be achieved if the initial sz value is much greater than 1.
If this is not the case, then the beam emerging from the MRBS will experience
significant diffraction effects at the edge of M1, and the divergence will increase so
that the final MX2 value cannot be less than unity. In the y-z plane the beam size is

effectively increased, but the divergence remains approximately the same, provided
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that the mirrors are parallel, hence the emerging beam has its My2 value increased.
The factor by which My2 is increased is approximately equal to the total width of the
emerging beam in the y-direction, divided by the width of an individual beam (in the
y-direction). To minimise this increase in M 2 itis necessary to choose the mirror
separation d and inclination angle « to minimise the gap between adjacent beams (eq
(4.6)), without degrading the transmission of the MRBS by clipping at the top edge
of mirror M2. A satisfactory compromise is to set the beam separation Ay to be at
least 3 beam radii at the input to the MRBS, as this reduces any clipping to less than
1%.

Clearly the MRBS can be used to chop the incident beam into an arbitrary
number of beams to match the orthogonal M?2 properties of the emerging beam to any
desired degree. However, as the number of beams produced increases, practical
problems such as the reflectivities of the mirrors used becomes important, as the
beams undergoing many multiple reflections will become progressively attenuated as
they propagate through the MRBS. If a beam is chopped into n segments, then the
total transmission of the MRBS will be

.1 (1-R*™) 4.7
n 1-R?

where R is the mirror reflectivity (assumed to be the same for both mirrors), and it
is also assumed that the first beam segment is not incident on either mirror. If the
mirrors have a 99% reflective coating, then chopping the beam into 12 segments will
mean that the total transmission is around 90%. Clearly, we would want the mirrors
to have as high a reflectivity as possible to maximise the transmission, and also to
maintain a more equal distribution of power in the individual beam segments. In the
system we describe in the next section, chopping the beam into 12 segments gave a
transmission of only around 70%, implying that the mirror reflectivities were only
of the order of 96.5%, a situation that can easily be improved by specifying higher
quality dielectric coatings. With coatings of >99.8% reflectivity at the pump
wavelength, it should be possible to achieve a transmission of around 98% (in the

absence of any clipping), which would be considered negligible in almost all applications.
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To summarise then, the MRBS re-configures the transverse intensity profile
of a laser beam which is many times diffraction limited in one plane such that the
number of times diffraction limited in that plane is reduced, and in the orthogonal
plane is increased, without a significant loss of power. The factor by which the M2
is reduced is approximately equal to the number of beams into which the incident
beam is chopped (providing that the incident beam is greater than this number of
times diffraction limited and that the emerging beams are of approximately equal
width). In the orthogonal plane, the M? value is increased by at least the same factor.
By appropriate selection of the parameters of the MRBS (e.g. d, h, w, 4, ), it
should be possible to transform a laser beam with highly asymmetric diffraction
properties to one with nearly symmetrical diffraction properties. The beam that is
produced by the MRBS can then be simply focused using an appropriate arrangement

of lenses (e,g, either a single spherical lens or a crossed pair of cylindrical lenses).
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4.3 Experimental Implementation

4.3.1 Introduction

The principle of operation of the Multiple Reflection Beam Shaper (MRBS)
which was outlined in the previous section can be implemented in a number of
different ways. For a diode bar, there are two immediate possibilities for re-
configuring the beam to have more equalised beam divergences and spot sizes. The
first is not specific to the actual geometry of the diode bar, and treats the bar as a
single emitter with dimension 10mm x lum, with M? values that differ by a factor
of a thousand or so in these two planes. The output beam from such a diode bar
would first be collimated in the diffraction limited plane, and then chopped into an
arbitrary number of beams in the non-diffraction limited plane by the MRBS, the
number of beams being determined by the degree by which one wishes to reduce the
M2 in the non-diffraction limited plane. This approach, which is non-specific to the
diode architecture, has the advantage of being suitable for any type of linear diode
bar, and is simple to implement. However, in our initial experiments we decided to
exploit the geometry of the diode bar available to us in such a way as to improve the

overall brightness of the diode as a whole, as will be explained in this section.

Diode bars consist of a linear array of smaller laser sources ("emitting
regions") which are separated from each other by non-emitting regions ("dead-
space"), this separation mainly being determined by thermal considerations. The diode
bar which was available to us consisted of 12 emitting regions, each with dimensions
of approximately 1um by 200xm, with a centre to centre spacing of ~800um, giving
a total emitting region of luym x 10mm. A schematic of the emitting region of the
10W diode bar used is shown in Fig 4.3. Each of these emitting regions has a
particular sz value, which we estimate to be of the order of 30-40. These individual
emitters combine to give the diode bar an overall sz of >1000, as the overall
divergence of the diode bar is the same as for an individual emitter, but the diode bar

is 50 times the size of an individual emitter. Instead of treating the output from the
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diode bar as a single beam > 1000 times diffraction limited, in this situation it is
advantageous to use the MRBS to chop up the output in such as way as to stack up each
emitting region above one another, thereby effectively removing the dead-space between
the emitters. In this way, by chopping the output up into only 12 beams, the sz value
should be able to be reduced very significantly. In addition, as the emitting regions only
occupy a fraction of the total emitting dimension, it should be possible to chop the
beam up so that the edge of each "cut" falls in a dead space, reducing any diffraction
effects from mirror M1. The system that we proposed to implement then, required that
the diode bar emitting region be imaged onto the MRBS, which would then chop up and
stack the emitting regions so that they were displaced vertically rather than horizontally,

and with a much smaller amount of dead space between them.

4.3.2 Pumping scheme

A schematic of the system developed to end-pump a solid-state laser is shown
in Fig 4.6 (side view) and Fig 4.7 (plan view). Here the MRBS is depicted in block
form, with a more detailed view of its operation being shown in Figures 4.8 and 4.9.
The 10W diode bar was mounted on a water cooled heat sink, the temperature of which
could be altered to allow the output wavelength to be tuned to the peak of the solid-state
laser absorption. As the temperature for matching to the Nd: YAG absorption was less
than 10°C, the diode bar and mount were encloséd in a chamber purged with oxygen
free nitrogen, to eliminate condensation. The first stage in the implementation of this
system is to collimate and image the diode bar beam onto the MRBS. This is
accomplished with a combination of fibre lens, spherical lens and cylindrical lens. The
fibre lens used is the SAC900 lens described in section 3.1.3, and is positioned
approximately 110um from the output of the diode bar. When aligning this fibre lens,
it was observed that the output from the diode bar could not be collimated to a single
line, but appeared to have some degree of curvature relative to the fibre lens in the y-z
plane. After verifying that the lens was indeed straight (by focusing a Helium-Neon
laser onto the fibre lens and observing the direction of reflection), it was determined
that the diode bar was curved by approximately 6um (maximum displacement of one
element relative to any other) along its length. We therefore needed to bend the fibre
lens by the same amount to enable an essentially diffraction limited beam to be

produced in this plane. An additional problem encountered was the thermal

139



Chapter 4

-aonoead ur oq pinom Aoy uey) 2213op IojeaId yonw B 03 pajesedas umoys are suredq

ndino ayy “‘Ayurepd 1o, “1eq apoip e jo suoidar Sumiwa g 9y dn yoris 01 pasn 3uraq SHAN JO MmI1A SIS pajrernd {p 31
N1 (SIN) A X
| W : A
sweag 1ndinQ %
7 5
y4

weoag induj

140



Chapter 4

“IOLITW 19Ul uo juapioul Suidq jou snooj Isowsaddn y) yim ‘pajedrpul
s1 s1opwe asay) Jo osuepd [eooy oy, “suoidor Sumiwe padewt g1 oy dn Jurddoyd umoys ‘STYW JO mdlA ueld 6'v S

‘ A
. duj
W) \ weag 1n

Ve
o
X
A \\\
= |/ \
\\
E \ \\ \\ \\\\
/ v o
El ' S
aue|d |8004 1 \
N i
11 1 .
“ a2 b
II E \n
}r “
H /« 2 4 +
Mmoo
. - ‘\\ \\ —
e
H - /
e \\ -
e s \\ X |
- \..\ \
e S o

sweag 1ndinQ

141



Chapter 4

expansion/contraction of the diode bar heat sink, which could easily alter the position
of the fibre lens relative to the diode bar. Various heat sinking techniques were
employed to minimise this effect so that the diode bar could be operated with minimal
adjustments to the fibre lens position being necessary. Ultimately, the best solution
would involve directly mounting the fibre lens onto the diode bar case, as all
components would then share the same thermal variation. It is intended that we shall
try to mount a fibre lens in such a way in future implementations of this experiment.
When the fibre lens was positioned as accurately as possible, the far field divergence
of the collimated beam suggested that the beam radius at the lens was ~34um. As the
fibre lens is ~ 110um away from the diode bar, and the output from the diode diverges
at approximately 1 radian (full angle), we would expect the beam diameter at the point
where it is collimated by the fibre lens to be ~ 110um. The far field divergence from

the fibre lens is therefore consistent with the beam being diffraction limited (M2 <1.2).

The beam emerging from the fibre lens is then collimated by a 40mm focal
length plano-convex spherical lens (f1), positioned ~40mm from the diode bar. This
re-collimates the beam in the y-plane, thus reducing the divergence in this plane, and
collimates each individual emitting region of the diode bar. A 100mm focal length
plano-convex cylindrical lens (f2), positioned at approximately the sum of its focal
length and the focal length of the spherical lens away from the spherical lens (i.e.
140mm away), is then used to focus the beam in the x-z plane to form an image of the
diode bar emitting regions approximately 100mm away from this lens. The individual
emitting regions are magnified in the x-z plane by the ratio of the focal length of the
cylindrical lens (f2) to the spherical lens (f1), i.e. by ~2.5 times. The MRBS is then
placed close to the focal plane of the cylindrical lens, where the collimated beam from
the diode bar is ~0.7mm wide (y-z plane), and each emitting region is focused to a
diameter of around 0.5mm (x-z plane), with a dead space between these regions of
~ 1mm. It was also observed that three of the twelve emitting regions of the diode bar
did not appear to be operating at all, thus reducing the maximum available output
power. Fig 4.10 shows the diode beam at its focal plane, with the relative peak outputs
of each emitting region being indicated. As the dead emitting regions were located near
the centre of the diode bar, it was not thought thét this would invalidate our initial test

of the MRBS. This might have been the case if all the dead emitters were positioned
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Fig 4.10 Diode bar emitting regions at the beam focus. The dashed
emitters are those that did not appear to be working, and the numbers under
each emitter represent the relative peak output of each emitter, as measured with
a thin slit.
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near one edge, as the effective size of the diode bar would be decreased, reducing the
initial M2 value. The results that we obtain with this particular diode bar should be no

better than one with all emitters operating.

The action of the MRBS on the imaged beam is shown schematically in Figs 4.8
and 4.9, and in the experiment described here, used square plane mirrors that were
50mm along each side. The mirrors had a dielectric coating which was supposed to be
highly reflecting around 800nm at a 45° angle of incidence, but in fact only seemed to
be around 96.5%. This lower than expected reflectivity may have been due to the large
angle we were operating the mirrors at (~350° overall angle of incidence) and losses
due to the polarisation properties of the diode bar. Although these mirrors were
designed be polarisation insensitive, it was found that the inclusion of a waveplate to
rotate the diode polarisation could improve the throughput of the MRBS by ~ 10%, and
when tested on a polarised Ti:Sapphire output, a waveplate could make >350%
difference to the overall transmission. Apart from the high reflectivity, two other
features of the mirrors are important: the side edge of mirror M1, where the beam
emerges from the MRBS, and the top edge of mirror M2, where the beam enters the
MRBS, should be well-defined and straight, with the high reflectivity coating going
right up to these two edges. This was achieved by polishing the edge of the mirrors
down to the coating. This ensures that losses due to clipping are minimised and
increases the throughput of the system. To chop up and rearrange the focused image
of the diode bar, appropriate values of d, 8, o, w and h were chosen. The 1.5mm width
of focused emitting region and accompanying dead space meant that the mirror
separation was required to be 1.06mm (eq (4.5)) for a 45° incidence angle 6. In the y-z
plane, we selected a spacing between adjacent stacked beams that was 3 times the radius
of the collimated beam in the y-plane. For the given mirror spacing, d, and the input
beam radius of ~0.35mm, this required that the MRBS be angled at 22° (eq. (4.6)).
The mirror offset distances, w and h, were chosen to exceed the transverse width (in
the x’-z’ plane) of the output beam at mirror M2 and the depth (in the y’-z’ plane) of
the incident beams at mirror M1. In practice both w and h were at least Smm, to allow

a large margin of error.

The beam shaper is positioned so that the focused image of the uppermost
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emitting region (as shown in Fig 4.9) is located at the output edge of mirror M1. Each
subsequent emitting region from the diode bar will then be stacked underneath this first
emitting region (Fig 4.8), with a centre-to-centre spacing of around 3 beam radii,
producing a stack of twelve beams. The M2 values for the vertical (y-z) plane should
increase by approximately the total beam width divided by the individual beam width
(i.e. by a factor of 1.5 x 12), which assuming the collimated input beam was essentially
diffraction limited, would give rise to an emerging M2 of 18-20. In the horizontal
plane, the M? should be approximately the same as for that of an individual emitting
region, of the order of 30-40. If we define the effective M? value of the total beam to

be the geometric mean of the M? values for the orthogonal planes, i.e.

M2= /M; M; (4.8)

then the effective M? for the output from the MRBS is approximately /800, i.e. 28.
This is a significant improvement over the initial total M? of the diode bar, which is
of the order of /1500, i.e. 39. This improvement is possible only because we have
effectively removed the dead-space between the individual emitting regions, increasing

the effective brightness of the diode bar source.

The output beams from the MRBS are collimated in the x-z plane with a plano-
convex cylindrical lens (fc) of focal length ~80mm. This beam is then focused
separately in the x-z and y-z planes by a pair of crossed cylindrical lenses (fx and fy,
respectively, as shown in Figures 4.6 and 4.7). This enables the focused waist sizes to
be matched more exactly than with using a single lens, giving an extra degree of
flexibility in these initial investigations. Separate lenses also allow the waist positions
in the two planes to be positioned more accurately. Using final lenses with fy=20mm,
f,=12mm, we were able to obtain a focused spot with dimensions pr=45/um,
wpy=40/,cm, but with a divergence which we considered to be too large to be suitable
for end-pumping. Whilst producing small focused beams may be useful in some
applications, for solid-state laser end-pumping, it the average spot size over a given
length that is more important, as discussed in section 4.1. A more suitable combination
of lenses was found to be fy=60mm, f,=20mm, which produced a focused (1/e2) spot

size of 67.5um in both planes. The spot profiles are shown in Fig 4.11, where it can
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Fig 4.11 Profiles of the focused beam from the MRBS system in the x-
plane (upper diagram) and y-plane. In both cases a gaussian curve with 1/e2
radius of 67.5um is fitted to the measured profile points (+).
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be seen that the beam in the y-plane is a much closer approximation to a Gaussian than

the beam in the x-plane.

The beam size in both planes was measured at a number of positions around the
focal point, and from these the M? values for both planes could be calculated. This is
shown in Fig 4.12, where best-fit values of MX2=4O and My2= 19.2 were obtained,
which are the values that might be expected when chopping the beam up into the
individual emitting regions as we have done. This demonstrates that we are able to
achieve M? values close to the theoretical limit for this particular implementation of the
MRBS, and that little extra diffraction is produced by it. Over a 3mm path length in
air, these M? values would produce average beam diameters of ~ 190um and 280um
in the y-z and x-z planes respectively. Such beam sizes can be readily matched to the

mode size of simple solid-state laser cavities, as we now describe.
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Fig 4.12 Beam radii measured around the focal plane of the beam from the
MRBS. In both the x- and y-planes, the solid line is a fitted curve for the
propagation of a beam with waist size wy=67.5um with the M2 values shown.
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4.3.3 End-Pumping Performance

With the focused beam produced using the system described above, we
constructed a number of simple Nd: YAG lasers to demonstrate the effectiveness of this
system for end-pumping. The first laser used a Nd:YAG rod Smm long, 4mm in
diameter, which was coated to be highly reflecting at 1.064um at one end and
antireflection coated at the other (Fig 4.13). The laser cavity was completed with a
concave mirror as the output coupler. A variety of output couplers were used, with the
best results in terms of mode quality being obtained for a mirror with a 25cm radius
of curvature and 10% output coupling. The laser cavity was ~ 8cm long, which means
that the calculated lasing mode size at the HR end of the Nd:YAG rod was ~200um
(radius).The pump power threshold for lasing was 320mW, with a 40% slope efficiency
being obtained (Fig 4.14). As we have already mentioned, the diode bar we were using
had a number of its emitting regions not lasing, reducing its output power to under 7W.
For the maximum available input power of 3.4W (the 50% throughput is due to the
coating loss on the mirrors of the MRBS and some non-anti-reflection coated lenses
used in the system), we obtained 1.16W of output, in a beam that appeared to be
TEM(. At higher pump powers, there appeared to be a slight degree of non-TEMy,
structure in the wings of the lasing mode, which may have been due to thermal
deformation on the HR end of the laser rod. At the pump powers available to us, we
may be just on the border of experiencing significant thermal lensing effects with the
Nd:YAG rod. A detailed study of this thermal lensing will require higher pump powers

than we currently have available.

We next used a Nd: YAG rod that was antireflection coated at 1.06um at both
ends and employed a high reflector that was separated from the rod, to determine if the
mode quality could be improved. Now the input face of the Nd: YAG rod will not be
a cavity mirror, and it was expected that any thermal abberations would be less
pronounced. Again, a 25cm radius of curvature output coupler with 10% transmission
was used, and the laser power performance was virtually identical to that of the HR-AR
rod shown in Fig 4.14. The output beam was focused down with a 10cm focal length
lens, and the beam profile measured at a number of points to determine the M2 value

of the beam. Within the measurement error of the focused spot size (which was
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measured with a S5um pinhole), the beam had an M2 of < 1.05, i.e. it was entirely

diffraction limited and TEM.

Output
Nd:YAG Coupler
. rod N
Diode Bar, MRBS and —— : >
focusing optics | —
: | L 1064nm
output
HR e AR @
1064nm 1064nm

Fig 4.13 End-pumping of a simple Nd: YAG laser using a diode bar beam
shaped by the MRBS and focused to a spot size of 67.5um.
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Fig 4.14 Performance of Nd:YAG laser when end-pumped by the MRBS
system. A slope efficiency of ~40% is obtained for an essentially diffraction
limited beam.
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4.3.4 System Improvements

The focused spot size that we produce from the MRBS (67.5um) with the
current arrangement of lenses, may in fact be smaller than is desirable. As noted, the
laser cavity produced a waist size of 200um, so we may have been better off with a
larger pump spot size, as this would have better matched the lasing mode size, a;ld
would not have diverged as rapidly. For example, the pump beam that we have
produced with a waist size of 67.5um will have an average spot size (over 3mm in air)
in the x-plane of 138.3um and in the y-plane will be 92um. On the other hand, a
focused spot size of 200um with the same M? values would produce a beam with
average beam radii of 205um and 201um over a 3mm length. which obviously would
give a much better match to the lasing mode in the cavity we have constructed, and
would be less likely to produce problems with excitation of higher-order transverse
modes. At the time of performing these experiments, we did not have suitable
cylindrical lenses to produce such a focused spot, but it is anticipated that these lenses
will be available shortly, allowing a much more suitable beam for end-pumping to be

produced.

There are a number of other simple improvements that can be made to the
performance of this system. The first is in the area of diode heatsinking, as in the
present experimental set-up, we have difficulty in cooling the diode to properly match
the peak of the Nd:YAG absorption. We have an pump absorption length of ~3mm,
which should be able to be improved to around 2.5mm, based both on previous
experience with diode-pumped lasers, and on reported values from other diode-bar
pumped systems [Tidwell, 1992]. A second issue to be addressed is that of cross-talk
between adjacent emitting regions. This could oceur if adjacent regions overlap as they
emerge from the beam shaper and is exacerbated by the fact that the laser beams from
individual emitting regions travel different distances to reach the output of the MRBS.
In the system we have described, each emitting region will be defocused to a different
amount as they propagate through the lasing MRBS, and may spread enough to overlap
with adjacent beams. As shown in Fig 4.4, beam (1), which is not incident on either
of the MRBS mirrors, travels the least distance, and as each subsequent beam

undergoes more multiple reflections they will travel a progressively greater distance to
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reach the exit of the beam shaper. The effect of cross-talk is to increase the M? value
in the x-z plane for a particular output beam relative to its value without cross-talk, as
the output beam may be composed of more than one emitting region in each x-z
segment. A simple solution to the problem of cross-talk would be to insert a prism
between the focusing lens and MRBS, as shown in Fig 4.15, which is designed to
equalise the effective optical paths of all the laser beams in the x-z plane (i.e. the
effective path length for diffraction, where the wavelength in the prism is reduced to
A/n, with n the refractive index of the prism) at the exit of the beam shaper. This would
place the focus of each individual emitting region at the same z-position as that of the
emitter which is not incident on either of the two mirrors, so that all beams will have

the same propagation properties when they reach the focusing lenses.

Thus, at the diode pump powers available to us, we were able to demonstrate
efficient, low threshold, TEM, operation of an end-pumped Nd:YAG laser with a
simple resonator design. With better coatings on the lenses and mirrors used, it should
be possible to pump the laser with >80% of the output from the diode bar. As we
move to higher powers, however, thermal problems will become more pronounced, and
our laser rod and cavity will need to be modified to reduce these effects. With a 20W
bar used as the pump source, at least 6W of TEMy, output at 1.06um should be
possible, which would allow other applications such as frequency doubling to be
considered. Other possibilities such as polarisation-coupling two diode bars together and
then using a single MRBS to re-configure their beams are also envisaged for the future.
The pumping scheme we have described here allows great flexibility in pump sizes and
divergence properties, and with optimised coatings should allow great versatility in the

design of diode bar end-pumped solid-state lasers.
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4.4 Discussion

The beam shaping technique which we have described in this chapter should
prove to be very useful for altering the beam from a diode bar to produce a more useful
pump distribution for end-pumping solid-state lasers. In this way it will help in the
development of efficient, moderately high power (~ 10W) diode pumped lasers. In
addition to this important application, there are a number of other possible applications
for the MRBS in a variety of laser systems [Clarkson, 1993]. Any laser which produces
a non-diffraction limited beam may have its spatial properties changed by the MRBS,
and in particular lasers such as laser diode arrays, broad stripe laser diodes, planar
waveguides or thin slab lasers, which all have output beams with one plane that is many
more times diffraction limited than the other, could be made more symmetrical with the
MRBS. The ability to improve the beam quality from non-diffraction limited lasers in
this way would allow them to be used in a number of applications where previously
difficulties may have been encountered. Particular examples of this include end-
pumping of bulk solid-state lasers, and being able to more efficiently couple light into
a fibre, either for remote delivery of high powers for medical or machining

applications, or as a pump source for a fibre laser or amplifier.

Another range of applications could use the MRBS in the reverse direction, i.e.
taking a stack of laser outputs and converting them into a single beam, and then using
a second MRBS to stack up the beam again, but with a different vertical spacing. In
high power quasi-cw diode lasers, a commonly used architecture is to stack up a
number of diode bars in a single physical unit (e.g. 5 bars to produce S00W quasi-cw),
with the spacing between the individual bars being restricted be thermal and mechanical
limitations, 400um spacing being typical. Using the MRBS in the reverse direction
would allow a single elongated beam to be produced, which could then be re-configured
with a second MRBS (with different d and o parameters) to produce a stack of beams
with much closer spacing, thus increasing the effective brightness of the original source,
as the "dead space" between the individual bars has been much reduced. This is shown
schematically in Fig 4.16. This same technique can be used on any stack of lasers that
have a large physical separation compared to beam diameter, to reduce the spacing of
the output beams. Increasing the brightness of a collection of sources in this manner

may be attractive for both side-pumped slab lasers and end pumped lasers.
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Side View
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Fig 4.16 Schematic of system using 2 MRBS units to rearrange the outputs

from a quasi-cw diode bar stack to be much closer together. MRBS 1 converts
the vertical stack of diode emitters to a single plane of emission, which is then
chopped up and stacked much closer together by MRBS 2.
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An additional important advantage of the MRBS system, with its ability to
produce small focused spots, is in the area of thermal effects at higher pump powers.
As yet, we have not experienced severe thermal problems, but as we upgrade to higher
pump powers, this will have to be considered more caretully. An analysis of thermal
effects in diode end-pumped Nd:YAG lasers [Tidwell, 1992], shows that in almost all
respects, smaller pump beam sizes are better. For situations where the laser cavity is
assumed to a half-symmetric stable resonator (i.e. g=0.5 in the nomenclature of eq
(3.6)), and where the pump size is matched to the lasing mode size in the gain medium,
it is theoretically shown that the round-trip losses in the cavity from thermal aberrations
increase quadratically for pump powers up to ~ 10W, and then increase at around pl4
for pump powers from [SW-40W, in both cases the loss increasing faster than the gain,
which increases linearly. This effect dominates the extraction efficiency of the laser
(i.e. pump power converted into lasing output), but it is shown that the effect is less
severe for high gain (i.e. small spot-size) lasers. The spot sizes that we have been
discussing here for the MRBS are in fact smaller than any discussed in [Tidwell, 1992],
and should allow much higher slope efficiencies than is typically possible with high
power end-pumped lasers. As the pump power is increased, the slope efficiency
decreases, and above a certain power, which depends on the gain of the system, the
output power will actually decrease for increased pump power. However, for the small
spot sizes possible with our system, this point is not expected to be reached at pump
powers up to the fracture limit of Nd: YAG, which corresponds to around 70W of pump
power absorbed at one end of the rod. In addition, as the pump power increases, the
M2 value of the solid-state laser beam increases due to thermal aberrations, but again
this effect is less severe for smaller pump sizes, due to the strong guiding effects of the
gain region. Tidwell[1992] suggests that the M2 from an end-pumped laser pumped
with a 20W pump focused to a radius of 250um should be less than 1.2, and as we
anticipate smaller mode sizes than this, the beam quality should be correspondingly
better. In this discussion, it is assumed that the pump spot is as large as possible with
respect to the laser rod used, to limit the temperature rise of the rod. We would
therefore have to consider using smaller laser rods to reduce thermal effects, with the
suggested rod radius being around three times the pump radius (i.e. three times the

average spot size over the length of the rod). Thus, the high gains possible with the
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MRBS system are not only beneficial for producing efficient operation and allowing low
gain transitions to be accessed, but help to reduce thermal effects, and may enable us
to avoid having to actively compensate for thermal distortion by placing additional
components in the laser cavity. If this expectation is realised, then efficient, high
power, diffraction limited beams should be able to be produced from relatively simple

laser cavities.
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CONCLUSIONS AND FUTURE WORK

In this thesis I have addressed two main areas of research, single frequency ring
lasers and diode bar end-pumped solid-state lasers. Both these areas are ongoing
research topics, and in this section I will discuss some of the future directions that this

research may take.

In the field of acousto-optically induced unidirectional operation of ring lasers,
the explanation of the mechanisms presented in Chapter 2 is important, as it for the first
time allows optimisation of such ring lasers, and exploration of other acousto-optic
materials that may be more suited to particular applications. Thus we can now specify
the most suitable material for either cw or Q-switched single frequency operation,
design cavities to take advantage of one or the other of the two techniques described in
Chapter 2, or use laser materials as acousto-optic elements in ring cavities. Laser media
usually do not have very good acousto-optic properties, and hence in the past have been
thought unsﬁitable for use as modulators. However, as we have shown, using the
feedback mechanism, large loss-differences can be produced for only very smail
diffraction losses, and so laser media could be used as acousto-optic unidirectional
devices, with an appropriate choice of resonator design. Such work has already been
carried out in Nd doped phosphate glass, and is currently being extended to Nd:YAG,
which has a very low acousto-optic figure of merit. Monolithic designs for acousto-
optically induced unidirectional operation of ring lasers have been devised where the
laser medium is the acousto-optic modulator, and such devices would be useful in areas

such as injection seeding of high power single frequency lasers.

Thus far, we have not attempted to frequency stabilise or tune the output from
our ring lasers, but this can be important in a number of applications, and it is
anticipated that we shall begin to work on these areas in the coming year. Developments
in the theory of residual spatial hole burning can also be expected to reveal new ways
of operating our ring lasers to obtain higher levels of single frequency output, and it
will be necessary to understand fully these effects as we progress to pumping ring lasers

with high power diode bars.
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In the area of diode-bar end-pumping of solid-state lasers, there are a number
of immediate improvements to be made to the system we have outlined in Chapter 4.
The dielectric coatings on the two mirrors used to rearrange the diode beam need to be
better optimised for the tilt angles used, and be more highly reflecting for all
polarisations. This should increase the MRBS transmission from around 70% to more
than 95%. We now have available a new fibre microlens with larger numerical aperture
and better optimised antireflection coatings which should allow an improved collection
efficiency of the diode bar output, and which, because of its dimensions, should be less
sensitive to alignment with respect to the diode bar. Obvious improvements such as
antireflection coatings for all the cylindrical lenses are also planned. Practical
difficulties in mounting the fibre lens so that it does not need continual adjustment are
also being addressed, with the aim being to mount the fibre lens so that it is directly
mechanically and thermally coupled to the diode bar to reduce the effects of thermal

variations and vibrations.

As yet, we have not had sufficiently high powers available to make thermal
effects a major consideration with the performance of our end-pumped lasers. As we
improve the transmission of our system and upgrade to higher power diodes, attention
will need to be paid to the thermal handling of the laser rod. Issues such as rod
dimensions, heatsinking, pump spot size,‘ modematching, etc will have to be considered
to reduce the thermal distortions that can impair the mode quality and efficiency of the
laser. As we have already discussed in Section 4.4, the higher gain that we are able to
produce with our end-pumping scheme helps to reduce the effects of thermal
aberrations, which may prove to be extremely useful at higher pump powers. We also
need to address the issue of diode heatsinking, as we believe that we have not been able
to adequately temperature tune the diode bar output to match the peak of the Nd:YAG
absorption. This results in longer absorption lengths which can impair mode quality,
as more pump light will be absorbed in the w‘mgé of the lasing mode, and reduces the

overall efficiency of the laser.

There are a number of experiments which should be ideally suited to this end-
pumping scheme, in particular low gain transitions in laser media such as Nd:YAG.

The high gains possible with the small pump sizes our system produces should allow
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wavelengths such as 1.3um, 940nm, 1.8um, and other low gain transitions to be
operated as lasers relatively efficiently. With higher power diode pump sources (e.g.
20W diode bars, either used on their own or polarization coupled together), the
prospects for frequency doubling, either intracavity or in an external cavity, look

promising.

It is also hoped that we will be able to construct a unidirectional ring laser
pumped by a laser diode bar, giving a high power single frequency source. Attention
will have to be paid to residual spatial hole burning, as this may place upper limits on
the maximum single frequency output power possible. It may be necessary to construct
a ring laser where the gain medium does not lie in the overlap region of the laser mode.
A stable, single frequency high power source such as this could be used as a source for
frequency doubling. The eventual aim would then be to pump a cw optical parametric
oscillator with this frequency doubled output, resulting in a compact, efficient, stable,

tunable source of coherent radiation.
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FABRY-PEROT ANALYSIS OF FEEDBACK
MECHANISM

A feedback cavity for a ring laser (Fig Al and section 2.5) can be considered to
be equivalent to the Fabry-Perot ring cavity shown in Fig A2. In this analysis we shall
examine the behaviour of the Fabry-Perot ring cavity and relate it to the manner in which
the feedback cavity can produce a non-reciprocal effective diffraction loss different to the

applied diffraction loss that depends on the phase shift in the cavity.
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Fig Al. Ring laser with feedback cavity. Only one direction of propagation
is shown for clarity. E; is the beam from the main laser cavity that enters the A-
O modulator, E ., is the diffracted circulating beam in the feedback cavity and

E, ans is the total transmission through the modulator.
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Fig A2. Equivalent Fabry-Perot ring cavity to the feedback cavity in Fig Al.
E;,. and E_.;; denote the incident and reflected amplitudes just outside the input
mirror. E . is the circulating signal amplitude just inside the mirror.
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We begin the analysis by noting that the single pass diffraction loss of the A-O

modulator, Ly, can be related to the reflectivity of the Fabry-Perot input mirror, Ry, by

R, = 1-L, (4D

where we assume that we have a lossless acousto-optic modulator (i.e. all incident light
is either transmitted or diffracted into a first order beam). In this situation Ly = Ty, the

Fabry-Perot mirror transmission, where Ty = tdz.

The amplitude reflectivity from the input Fabry-Perot mirror is given by rd=\/ Ry,
and is equivalent to the amplitude transmission of the laser beam through the A-O Q-
switch. What we are seeking here is the effective diffraction loss, L., at the output of the
acousto-optic modulator (AOM). By analogy, this is found from the effective total

reflection at the input mirror of the Fabry-Perot cavity:

(A2)

To complete the analogy between the feedback cavity and the Fabry-Perot cavity
we recognize that:

1) The amplitude of the laser beam that is diffracted and hence enters the
feedback cavity is the same as the amplitude transmission of the incident beam entering
the Fabry-Perot cavity, i.e. t4

(i)  The amplitude of the resonated diffracted beam transmitted through the A-O
modulator on re-entry to the modulator after one round-trip is equivalent to the amplitude
reflectivity of the beam in the Fabry-Perot cavity reflected by the output mirror on each
round trip, i.e. 1y’

(iii) The amplitude of the resonated diffracted beam being diffracted on re-entry
to the A-O modulator and hence re-entering the main laser cavity is equivalent to the
amplitude transmission of the recirculating beam that leaves the Fabry-Perot cavity after

each round trip, i.e. ty’.

With these reference points between the feedback resonator and a Fabry-Perot
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cavity, we shall now examine the behaviour of the Fabry-Perot cavity to determine the
effective total reflection from the input mirror of the Fabry-Perot. We shall use the
notations and conventions of Siegman [1986], and assume that there is no internal
attenuation of the beam in the Fabry-Perot cavity (i.e. ap=0 in his notation). The
circulating amplitude just inside the Fabry-Perot cavity (and hence the feedback cavity) is

given by

E . =it 72 (W)E ;. (A3)

m

where g (w) is the net complex round-trip gain (or loss) of the Fabry-Perot cavity. The
net loss in this case is given by the reflectivity of the output mirror, ry’, the reflectivities
of other mirrors completing the Fabry-Perot cavity, ry, and the round-trip phase shift,
exp(-iwly/c). In this phase shift term, {y is simply the length of the cavity, and the
frequency takes on one of two values, depending on the direction of propagation
considered. As the frequency in the feedback cavity is up- (or down-) shifted by the
acoustic frequency v, we can write the net round-trip gain term (changing from w to »)

as

-j2m v :vs))

ot 228

(A4)
=ryrexp(-j %)

For ease of presentation § will be used in future equations instead of 6% until the
final result is obtained. We can now calculate that the circulating field after one round trip

of the Fabry-Perot cavity is

E e =Epptdatexp(-jd) (A3)
and after n round trips:
Ec(z')c =Emctd(rér f)n.exp( *j nd) (A6)

We now consider the total reflected electric field just outside the Fabry-Perot

cavity, which is given by
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t48a(V)
refl :rdEinc * A—%“Ecirc (A7)
Iy

E

where we divide by ry’, because the circulating beam is passing through the output

mirror, rather than being reflected by it. Expanding (A7) we find

Ereﬂ :E'mcrd +Einctdtc;rfexp( ‘j 6) (AS)
+B,_ ttirexp(~j 8)[ra.exp(~j )]+

and summing up all terms gives

E tt = E tt
B Byt —520 Y (roryP exp(-jnd) -—242 (A9)
I‘d n=0 Id

where the summation can be reduced to

/ /
E r- Eielala Eictata 1
refl  “incTd ;

E .
g 1y (1-rgeexp(=j8))

(A10)

With this expression for E . we can calculate R,y from (A2). Eventually we

obtain:
tir, ()’ o (A11)
e dz_ dd/d+ adly) /d d .(1~(r§rf)2)
g YOy (d)
where
¥(8)=1+(141)" ~2r/r cosd (A12)

We are now in a position to calculate the effective diffraction loss of the feedback cavity.
The losses in the feedback cavity, L, are due to leakage through the feedback mirrors,

material losses through the modulator, and can be expressed as

L=1-R,=1-1] (A13)
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Clearly, ry =14’ = Y Ry as the input mirror must have the same reflectivity for beams
passing in and out of the cavity, and likewise t; = -ty'. Using the fact that Lyg = 1 -
R,¢ we obtain from (All) that

_L1-(-Lyd -L))-Li1-L) (A14)
off v(8)

which, for Ly, Ly <1 approximates to

Ly

~ (A15)
T y()
v(8) can be simplified using the approximations that:
(1) Lylyd =0
(i1) (Lyg+Lp < 16
to give
_(Ly+Ly?+16sin*(3/2) (A16)

v(8)

4

If we now allow for counter-propagating beams with phase shifts §7 and & we
obtain the final expression for effective diffraction loss in the presence of a feedback

cavity:

4L L,
(v :vs)) (A17)

k4
Leff -

(Ly+Lo+ 165in2( -

L4 being the applied diffraction loss, and Ly the loss in the feedback cavity,

excluding the diffraction loss.

Reference:

Siegman, A.E., Lasers, University Science Books, Chapter 11. (1986)
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