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ABSTRACT

A miniature Nd:YAG laser that was transversely pumped by a quasi-cw laser-diode «

array has been designed and constructed. This laser was injection seeded by a i

continuous wave single-frequency Nd:YAG laser that was also pumped by a laser- 

diode array. This was the first reported holosteric, or all-solid-state y laser that was 

capable of generating single frequency pulses in a high quality single transverse mode 

beam which it achieved at peak powers up to 7 kW.

Two different types of laser-diode array were used in this work, and both have been 

characterised with respect to their use as pump sources for solid-state lasers. A fibre- 

coupled type SDL-2430-H2 laser-diode array, which emitted 100 mW from the end of 

a 100 |lm core diameter fibre at the Nd:YAG absorption wavelength of 809 nm, was 

used to longitudinally pump a continuous wave Nd:YAG laser. Spatial hole-burning 

encouraged this laser to operate on several longitudinal modes, with an output power of 

up to 31 mW. With the addition of an étalon and a Brewster angled plate to the cavity 

of this laser, single longitudinal mode operation was achieved at an output power level 

of 10 mW. The frequency from this laser was stabilised against thermal drift by phase 

sensitive locking to the resonance of an external reference cavity.

The pump source for the transversely pumped Nd:YAG laser was an SDL-922-J quasi- 

cw laser-diode bar, which emitted from its 1 cm wide aperture pulses of 200 jis 

duration with energies up to 5 m j at repetition rates between 10 - 100 pps. The 

characteristics of this laser-bar that were measured include a frequency chirp of 5 nm 

through the pulse, which was found to have a significant effect on the pumping of the 

Nd:YAG medium. An analysis of the pump-rate distribution throughout the Nd:YAG 

laser-rod was undertaken with reference to the transverse mode structure of this laser.

This was used as the basis of a full rate-equation-based model of the transversely 

pumped laser. Fundamental transverse mode pulses with energies of 1.1 mJ were



generated when the aperture provided by the Nd:YAG rod itself was used to suppress 

higher order modes.

Upon Q-switching the transversely pumped laser using an acousto-optic modulator, 

single transverse mode pulses with peak power of up to 13 kW were produced. This 

laser was induced to operate on a single longitudinal mode by injection seeding with the 

single frequency diode-pumped laser. Operating at a peak power of 7 kW, this 

holosteric laser was particularly "well-behaved" with a pulse-to-pulse intensity stability 

of 6% over 100 pulses. A LiNbO] electro-optic Q-switch configuration was 

implemented as optical damage to the acousto-optic component had limited the 

intracavity flux intensity. Development of these lasers towards higher peak power 

microlaser systems for applications including range-finding and surgery is continuing.
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Chapter 1 

Introduction

1 .1  A short history of holosteric lasers

The first use of semiconductor sources to pump a solid-state laser was by Newman in 

1963, who showed that gallium arsenide (GaAs) incoherent light emitting diodes 

(LEDs) with emission wavelengths of 880 nm excited fluorescence at 1.064 pm in 

Nd:CaW04  [1.1]. Newman was aware of the technological significance of his work, 

though it was to be over 20 years before its potential would be realised in a truly 

practical system. Laser action was observed in a gallium arsenide diode by Hall et al in 

1962, and it is the great advancement in semiconductor laser technology since then that 

has fostered the interest in holosteric lasers [1.2]. The first pumping of a solid-state 

laser by a laser-diode, which was reported by Keyes and Quist in 1964, consisted of 

five GaAs laser-diodes (A, = 840 nm) which pulse pumped an U3+:CaF2 crystal rod (X 

= 2.613 |i), with the entire laser enclosed within a liquid helium filled dewar [1.3].

Nd:YAG crystal became a popular gain medium in the 1960's because of its excellent 

optical and spectroscopic characteristics and was established as an obvious candidate 

for excitation by laser-diodes. This was duly achieved by Ross in 1968 with a 

transversely pumped laser employing a single GaAs laser-diode cooled to 170 K to 

pump the weak 867 nm absorption band [1.4]. Pumping of the stronger 810 nm 

absorption band by a gallium-arsenic-phosphide (GaAsP) LED was reported in 1973 

by Draegert [1.5], who also noted that this pump wavelength was achievable at room 

temperature by gallium-aluminium-arsenide (GaAIAs) laser-diodes; a combination that 

was later to prove most effective.

Longitudinal pumping was demonstrated as an alternative to transverse pumping of 

holosteric lasers by Chesler & Draegert in 1973, when they used a GaAs? LED to
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pump a Nd:YAG rod at 860 nm [1.6]. As the brightness of this source was low, the 

sides of the thin rod were coated to reflect unabsorbed pump light to maintain a high 

pumping intensity along the length of the rod. This waveguide approach to increasing 

pump power densities was extended though the use of fibres as the active medium by 

Stone & Burrus in 1974 with the pumping of a Ndiglass fibre laser by a GaAs laser- 

diode [1.7]. Diode-pumped fibre lasers have since increased in importance to become a 

distinct and technologically important topic which now includes erbium doped fibre 

amplifiers operating at 1.5 p,m [1.8].

The first instance in which the enhanced brightness of laser-diodes over LED sources 

was used to advantage was by Rosenkrantz in 1973 when he used a GaAs laser-diode 

to longitudinally pump a bulk Nd:YAG laser [1.9]. However, as the concentration of 

the Nd^+ in YAG is limited to a maximum of 1.4% by crystal stress, attention turned to 

stoichiometric materials in which the active ion is not a dopant, but is a component of 

the crystal lattice itself. Laser-diode pumping of the stochiometric N dPsO u (NPP) 

was reported by Chinn et al in 1975 [1.10], though LiNdP4 0 i2 (LNP) became the 

preferred stochiometric material because of its yet higher neodymium concentration and 

its resultant lower threshold was demonstrated by Saruwatari in 1976 [1.11]. LNP is 

now receiving renewed interest because of its use in “micro-chip” or “cube-lasers”, 

because the short cavity lengths and resultant single-longitudinal mode operation that 

the high absorption permits [1.12,1.27].

The recent upsurge of interest in holosteric lasers had to await the development of high 

power coherent laser-diode arrays by Scifres et sà in 1982, which opened the way to 

sources of significant brightness and intensity [1.13]. It was not though until 1985 that 

the first pumping of a Nd:YAG laser with a laser-diode array was reported by Sipes 

[1.14]. In 1987 the practicality of such a laser was demonstrated by Berger et al who 

achieved cw output power of 370 mW in a single-transverse mode from a Nd:YAG 

laser pumped by a single array [1.15]. Berger and coworkers then increased the pump 

power to a longitudinally diode-pumped laser to 1.9 W by using optical fibres to couple

J
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together the output from seven laser diodes [1.16]. Ongoing research into increasing 

the brightness from laser-diodes includes further developments such as surface emitting 

laser-diodes, with the prospect of increasing further the power which may be 

effectively coupled into longitudinally pumped lasers [1.17].

The quality of the output achievable from a holosteric laser was first realised by Zhou et 

ai in 1985, with the demonstration of a monolithic Nd:YAG laser which had frequency 

jitter of less than 10 kHz [1.18]. Motivated by the need of a source for gravitational 

wave detection using laser interferometry, linewidths have been reduced with the aid of 

active stabilisation to around 1 mHz [1.19]. Narrow linewidth holosteric lasers have 

have also been injection locked and it is conceivable that relatively high powered lasers 

may be constructed from phase-locked laser modules [1.20].

With the development of the high power quasi-cw laser-bar by Hamagel et al in 1986, 

research interest was reawoken in the transverse pumping configuration that had 

previously employed LED’s [1.21]. The greatly enhanced power and intensity from 

these laser-bars made the transverse pumping configuration eminently more practical 

and effective as highlighted by Hanson & Haddock in 1988 [1.22]. Stacking of laser- 

bars has since resulted in an efficient pump module capable of delivering 60 mJ, which, 

along with the obvious scalability of the transverse pumping configuration, has 

encouraged the belief that laser-bars will progressively replace the comparatively 

inefficient flashlamp. The potential of the combination of high output power with 

excellent beam quality that was demonstrated by the injection-seeded transversely 

pumped Q-switched laser of Norrie et al [1.23], has recently been dramatically 

manifested by Burnham et al in a laser/amplifier combination that was capable of 

generating green frequency doubled 450 mJ pulses in a single longitudinal mode

[1.24].

In the recent flurry of research into holosteric lasers, the monolithic non-planar 

Nd:YAG ring laser demonstrated by Kane & Byer in 1985 has been particularly
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significant [1.25]. Designated not too attractively as the MISER, this laser produces a 

cw single longitudinal mode beam with a frequency stability of 1 kHz in 1 ms [1.26].

Another example that shows holosteric lasers to be a distinct laser genre rather than a 

hybrid of laser-diodes and flashlamp pumped lasers is represented by the tightly folded 

resonator laser. This miniature Nd:YAG slab laser uses the distinct multiple dual-lobed 

beam pattern from a monolithic bar of ten coherent diode-arrays, to combine the scaling 

capability of transverse pumping with the efficiency of longitudinal pumping. 

Demonstrated by Baer and colleagues in 1989, this laser generated a remarkable 3.8 

Watt cw in the fundamental transverse mode when pumped by a single 10 W cw laser- 

bar [1.28].

1 .2  Thesis outline

Fundamental to the progress made in the field of holosteric lasers has been the 

remarkable advances made in the performance of laser-diodes. In Chapter 2 this 

progress is traced from the basic homojunction laser-diode through to the phase-locked j

laser-diode array and the laser-bar, with the emphasis on the high-brightness operation > 

required for longitudinal pumping of holosteric lasers and the high power required for 

transverse pumping. Two types of laser-diodes with emission wavelengths around 809 #

nm were used in this research; a fibre-coupled continuous-wave SDL-2430-H2 which 

emitted 100 mW and a quasi-cw SDL-922 laser-bar which emitted 5 mJ pulses at 

repetition rates up to 100 pps, A full characterisation of these laser-diodes including 

their output power, their transverse and longitudinal modes, and the influence of 

temperature on their performance, all of which are critical to an understanding of the 

pumping process, are discussed in later chapters.

In Chapter 3 the design, construction and optimisation are described for a cw Nd:YAG 

laser which was longitudinally pumped by a fibre-coupled laser-diode array. The 

pumping process is examined in terms of the optimum pump and cavity mode waists to
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ensure oscillation in the fundamental transverse mode. A full rate-equation-based 

model is derived which relates the output power to pump power, with theoretically 

predicted results compared with those taken experimentally. This cw laser was 

designed and constructed as a source for injection seeding the transversely pumped Q- 

switched laser described in chapter 5. To achieve the necessary single longitudinal 

mode for injection seeding, both étalon based and twisted-mode cavity schemes were 

investigated. The influence of relaxation oscillations on the frequency stability of this 

laser is discussed together with with results take when active stabilisation was 

employed.

Progress towards higher power and higher energy operation of holosteric lasers has 

involved pumping of the gain medium transversely to the axis of the resonator as a 

larger number of laser-diodes may be employed in the pumping process. Chapter 4 

describes the operation of a Nd:YAG laser that was transversely pumped by a single 

quasi-cw laser-diode bar and is an initial step towards considerably higher power. 

Because of the transverse nature of the pumping, careful cavity design was necessary to 

attain TEM qo operation from this laser. This prompted a detailed theoretical and 

experimental investigation of the pump rate distribution within the Nd:YAG, which 

developed into a rate equation model generalised to obtain the output power of the 

TEMqo and the TEMqi modes.

The exploitation of the long upper-state lifetime in solid-state materials such as 

Nd:YAG crystals, and the ability of these microlasers to be Q-switched, is a 

contributory reason for the interest in diode-pumped lasers as opposed to laser-diodes 

alone. Central to chapter 5 is the Q-switching of a transversely pulse-pumped Nd:YAG 

laser, which allowed very high peak pulse powers from the Nd:YAG laser to be 

generated using only modest average pump powers. Using both acousto-optic and 

electro-optic Q-switches, a full analysis was undertaken of the power characteristics of 

this laser which possessed excellent beam quality. Longitudinal mode characteristics of
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this laser are then presented along with results from injection seeding using the 

stabilised single-frequency cw holosteric laser described in chapter 3.
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Chapter 2 

Laser-diode pumps for solid-state lasers

2 .1  Introduction to laser-diodes

In a laser-diode, the forward bias injection of charge across a p-n junction creates 

electron-hole pairs that subsequently recombine, with the simultaneous emission of 

optical radiation [23]. If the injected current is sufficiently great a population inversion 

in the active region is created which causes gain proportional to the density of the 

electron-hole pairs. With resonant optical feedback provided by the cleaved facets of 

the crystal, laser emission will occur when the available gain exceeds the loss.

The diode in which laser action was first demonstrated was a homojunction diode of 

gallium arsenide (GaAs) in which the active layer was formed at the junction between 

n- type and p- type layers of the same semiconductor. Improved laser performance was 

subsequently exhibited by the double heterostructure laser-diode, in which the active 

layer was sandwiched between layers of greater bandgap energy. These outer layers of 

gallium aluminium arsenide (GaAIAs) improved the confinement of both the optical 

field and the charge carriers in the plane parallel to the diode junction.

The introduction of a particular fraction of aluminium into the active layers allowed the 

bandgap of the lasing transition to be specified. In this way, laser-diode composition 

could be tailored, between -680-860 nm, to the peak absorption of the solid-state 

material to be pumped. Fine control of the bandgap energy and hence the wavelength 

can be achieved by controlling the operating temperature of the laser-diode. Progress 

towards high power has been greatest in laser-diodes composed of GaAIAs because of 

the relative simplicity of these structures. However, high-power is in prospect from 

laser-diodes composed of indium gallium arsenide phosphide (InGaAsP) in which the 

accessible wavelength range has been extended to cover between 1.0-1.7 p,m.

i
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2 . 1 . 1  Single-stripe laser-diodes

Having confined charge-carriers and flux in the plane parallel to the junction by the 

double heterostructure, consideration was given to their confinement in the plane 

perpendicular to the junction. The width of laser action in this plane may be controlled 

by gain-guiding, in which a metallic contact stripe on the upper layer defines the width 

of carrier diffusion, and consequently defines the gain width. A laser-diode of this 

type, with around 20 |im stripe width, the Telefunken TXSK 2103, was used by 

ourselves for initial optical pumping experiments. This laser-diode emitted up to 20 

mW output power in a single transverse mode and in several longitudinal modes [2.4].

In applications such as telecommunications and compact-disc players, it is a common 

requirement that the laser-diode should emit in the fundamental transverse mode, such 

that the beam may be focussed to a small diffraction-limited spot. This is often 

achieved through the use of index guided lasers in which a waveguide constrains the 

optical mode in the lateral plane.

One type of index-guided laser-diode is the buried heterostructure stripe laser, in which ^

the lasing filament is entirely embedded in material of wider bandgap that strongly %

guides the optical mode. An example of this type is the Hitachi HLP 1400, which was 

used by A. Finch as a pump for a miniature Nd:YAG laser [2.5,2.6]. Emitting up to 

15 mW output power, the high beam quality from this single transverse mode, single 

longitudinal mode laser ensured a low pump threshold.

Using the latest structures, index-guided GaAIAs laser-diodes have been shown to 

operate in single longitudinal mode and single-transverse mode at power levels up to 

150 mW [2.7]. However, the maximum output power from index-guided laser-diodes 

remains less than from gain-guided devices, as the tight optical mode causes 

catastrophic facet damage at a lower power level, as described in section 2.1.3.
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2 . 1 . 2  Quantum-well laser-diodes

A breakthrough towards high power laser diodes suitable for diode-pumping was the 

advent of the quantum-well semiconductor laser. Quantum-well laser-diodes show 

reduced susceptibility to thermally induced degradation that limits high power 

continuous operation in conventional laser-diodes. Quantum-well devices are 

characterised by an active layer composed of one or more sublayers each of a few 

nanometers thickness. The extreme thinness of these sublayers necessitates that 

quantum-well lasers are grown by one of the epitaxial techniques of liquid-phase- 

epitaxy (LPE), molecular-beam-epitaxy (MBE), or chemical-vapour-deposition (CVD). 

As the thickness of the active layer becomes comparable with the quantum mechanical 

wavelength of the electrons, the properties of the material change. The resultant 

quantization of energy levels enhances carrier recombination, with the consequence that 

threshold currents of quantum well lasers are substantially lower than for conventional 

“bulk” semiconductor lasers. This reduces the heating-load on the semiconductor, so 

that higher continuous output powers can be achieved without sacrificing the lifetime of 

the device.

The width and the number of layers determines, through the overlap between the optical 

mode and the gain, the properties of the quantum-well laser-diode. Single-quantum- 

well (SQW) laser-diodes have only one layer within the active area. SQW laser-diodes 

exhibit the least optical loss and have the lowest threshold and highest differential 

quantum efficiency. They are also able to dissipate heat most readily, and are often the 

preferred option for operation at high continuous powers.

2 . 1 . 3  Catastrophic facet damage

An upper bound on the optical power available from laser-diodes is imposed by 

catastrophic facet damage, (CED). In this process, a surface-state effect prevents an 

inversion of charge-carriers from being created in the region near the facet. As loss at
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j:
the facet is greater than gain, the material is absorbing and the facet region becomes i

locally heated. At power densities of around 1 MWcm*^ [2.8], heat generation in 

GaAIAs occurs faster than heat transfer, and the temperature of the facet rises. This «

causes a localised reduction in the bandgap energy, and even greater absorption in the 

region close to the facet. Thermal runaway progresses until the active region near the 

facet melts in catastrophic fashion. For laser-diodes with an aperture 10 pm * 1 pm, 

the CFD limit corresponds to an output power of 100 mW.

Progress towards higher output power was achieved by spreading the optical power 

over a larger area at the facet. This was done in the perpendicular plane by increasing 

the gain-guiding stripe width, though this is limited to around 200 pm, beyond which 

filamentary lasing occurs in the lateral direction.

Several structures have also been developed in order to widen the optical mode in the 

plane parallel to the junction, as in a conventional double-heterostructures the active 

region in this plane is less than 1 pm wide. One of the most successful has been the 

separate confinement heterostructure (SCH), see figure 2.1. In this device, there are 

two outer cladding layers with less aluminium in the GaAIAs, and hence lower 

refractive index. The outer heterojunctions confine the optical mode to a larger volume 

than the inner heterojunctions which confine the charge carriers. An example of a 

broad stripe separate confinement heterostructure laser is the Sony SLD 304, which 

emits at a power level up to 1 Watt from an 100 pm wide active region, [2.9]. The 

laser-diode beam has a single-lobed far-field pattern, but its beam divergence is 

considerably greater than the diffraction limit [2.10].

A further increase in the catastrophic damage limit has been achieved by fabricating a 

“window” at the facet region, in which there is reduced absorptivity [2.11]. Through 

various possible techniques, including the diffusion of impurities, the bandgap of the 

material at the facet is increased so that the window is more transparent to the lasing 

wavelength.
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2 . 1 . 4  Coherent linear arrays

Enthusiasm for diode-pumping of solid-state lasers came with the development of the 

laser-diode array at Spectra Diode Laboratories [2.12-13]. An array consists of a 

number of laser-diode elements side by side on the same semiconductor substrate, as 

shown in figure 2.2. As with broad-stripe laser-diodes, amplified spontaneous 

emission limits the lateral emitting length to around 200 pm. Consequently the number 

of 10 pm wide individual emitters in an array is limited to around twenty. Arrays were 

the first type of laser-diode from which the output power was significantly above the 

required threshold for optical pumping of solid-state materials [2,14].

A coherent phased array is one in which the optical mode in each laser stripe influences 

the phase of the two adjacent stripes in a process called evanescent coupling. This 

occurs when the stripes are in close proximity, and the confinement of the optical 

modes by gain guiding is not absolute. Evanescent coupling ensures that there is a 

precise phase relationship between the modes in adjacent stripes, which defines the 

transverse “supermode” emitted by the array. If the phase difference between adjacent 

stripes in a diode-array is zero, then all the radiation from the phased array is emitted in 

the fundamental transverse mode. Zero phase difference between stripes has 

unfortunately been difficult to achieve in practical devices [2.15]. Most coherent 

phased-arrays tend to oscillate with the adjacent stripes locked in anti-phase, causing a 

dual-lobed transverse mode in the far-field, [2.16], of greater divergence than that from 

a diffraction limited single-transverse mode. In most low pump-power configurations 

the presence of this dual-lobed far-field pattern degrades the coupling efficiency as the 

brightness of the laser-diode is reduced. However the dual lobed pattern is used to 

advantage in the tightly folded resonator pump geometry which combines the efficiency 

of a longitudinally pumped laser with the scaling capability of a transversely pumped 

laser [2.17].
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An example of a coherent phased array is the SDL-2420-H1 which emits up to 200 mW 

of optical power into a dual-lobed far field pattern [2.18]. This coherent array consists j

of 10 gain-guided SQW-SCH elements across a width of 100 pm. This was the pump ?

laser used in the holosteric laser system described in chapter 3, though in this case a 

fibre-coupled package was used.

The arrays that are currently commercially available are specified at 0.5 and 1.0 W, 

with 100 pm and 200 pm apertures respectively, and have estimated lifetimes of

40,000 hours [2.19]. Since the specified output power level is commonly set at around 

a quarter of the catastrophic facet damage limit, these lasers may be driven harder, 

though this is at the expense of longevity. These arrays, and also the broad-stripe Sony 

laser-diode which emits 1 Watt of optical power, achieve this high power at the expense 

of brightness, as their beams exhibit only partial spatial coherence.

One interesting approach to achieve single transverse mode operation from high power 

laser-diodes is injection-locking. This involves coupling an optical beam from a high- 

quality master laser-diode into the semi-coherent laser-diode, in order that the slave 

laser should take on the characteristics of the master. This has shown to improve the 

characteristics of weakly gain-guided arrays and broad-stripe lasers, and is an approach 

that lends itself to integration within the laser-chip [2.20].

Recently, the maximum output power from arrays with 100 pm and 200 pm wide 

active areas, has been increased to 6 Watts and 8 Watts respectively [2.21]. These high 

powers were achieved by the application of non-absorbing coatings called windows to ^

the facets of the arrays, which overcame the problem of catastrophic facet damage. The 

power from these arrays is presently limited by an overheating which occurs 

throughout the entire active region.
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2 . 1 . 5  Laser-diode bars

For end-pumped solid-state materials, the brightness of the source is of prime 

importance, whereas for side-pumped configurations raw optical power is often more 

important. The laser-diode bar has successfully achieved this higher power. Laser- 

bars consist of a number of independent semiconductor lasers on a single substrate. 

These individual sources, which can be broad-stripe devices or coherent-arrays, are 

optically isolated from one another. As up to 50 individual emitters can be packed onto 

a single 1 cm wide substrate, the intensity from a laser bar is considerably greater than 

that which can be achieved from a battery of individual laser diodes. Although 

expensive at present, diode-bars are a scalable and inherently cost effective way of 

achieving the high pump powers necessary for transverse pumping of solid-state 

materials.

2 . 1 . 5 . a Cw laser-bars

Recent milestones in the output power from cw laser-bars have been extremely 

impressive, with a maximum of 76 Watts cw output power reported for a 1 cm wide 

SQW-SCH laser-bar [2.22]. In this bar, the packing density (ie, the ratio of total active 

aperture width to substrate width) was particularly high at 30%. Devices with lower 

packing densities benefit from lower temperatures at the active region, and 

commensurately longer lifetimes. With a packing density of 20%, devices similar to 

the commercially available SDL-3490, which is rated at 10 W, have an extrapolated 

lifetime of over 17,000 hours [2.18, 2.24]. These bars are of the “20 * 10” type, in 

that they consist of 20 coherent arrays each comprising 10 SQW-SCH elements. Such 

laser-bars should prove to be good pump sources for cw transversely pumped solid- 

state lasers.
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2 .1 .5 .b  Quasi-cw  laser-bars

A device that successfully circumvents the limitations of thermal dissipation, and one 

that has particular applicability in the pumping of Nd:YAG, is the quasi-cw laser-bar

[2.25]. Developed primarily by Spectra Diode Laboratories, this quasi-cw laser-bar 

emits high-power pulses of typically 200 }xs duration at repetition rates up to 100 Hz. 

Using a low-order multiple quantum well structure with 3 layers, these laser-bars have

1,000 stripes on 10 |im centres across a 1 cm substrate, with each stripe defined by 

proton bombardment. Every 250 p.m along the bar there are 10 pm wide grooves 

etched in the active layer to prevent lateral amplified spontaneous emission. 

Consequently, quasi-cw laser bars typically comprise 40 coherent-arrays each of 25 

stripes. The SDL-3220-J laser-bar, which emits pulses with 25 Watts peak power, 

was the pump source for the transversely-pumped lasers described in chapters 4 and 5.

Commercial single-bars which are currently available have peak powers of up to 60 

Watts [2.18]. The maximum reported peak power prior to catastrophic facet damage 

from such a laser-bar is 134 W, at an average power of around 1 Watt [2.26]. In future 

both the average power and the peak power from quasi-cw bars should increase, as 

SQW-SCH structures and facet windows are adopted to improve the thermal 

dissipation and increase the CFD limit.

2.1 .5 .C  Stacked bars

To further increase the output power for optical pumping, linear laser-bars have been 

stacked with interleaved heat-sink spacers [2.27] . Laser-bars can in principle be 

stacked to any height to create a 2-dimensional pump module. However, as waste heat 

from the diode must be transferred by the spacers to the common heatsink at the back, 

the thermal resistance of the assembly is increased. Stacked bars commercially 

available include the C VD-450 with an emitting area of 1 cm2 with output power greater 

than 1.7 kW for pulses of 400 ps duration [2.28]. As the spatial coherence from these
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stacks is poor, stacks can be regarded as efficient solid-state narrow spectral band 

flashlamps. I

In a single linear laser-bar, the impedance is low as the individual laser-diode stripes are 

electrically biased in parallel. When stacked, laser-bars are connected in series, giving 

the benefit of increased impedance which reduces the line losses from the supply 

[2.29]. It is perhaps prudent however, for configurations involving a number of 

stacked bars, to connect the stacked bars in parallel with a constant current supply. In 

addition, the present high cost of these devices should encourage consideration as to the 

advisability of an independent power supply for each stack.

2 . 1 . 6  Surface-emitting laser-diodes

The pump source of the future is considered by many to be the surface emitting laser- 

diode. These devices differ radically from other laser diodes, in that they emit 

perpendicular to the substrate. As such, surface emitters allow the fabrication of 

monolithic 2-D planar arrays. Surface emission has been achieved in two ways.

Type I surface-emitters lase parallel to the surface and deflect the light perpendicular to 

the surface by etched reflectors or gratings. Most interest has focussed on grating 

surface emitters ,(GSEs), as their waveguide structure allows coherent coupling of the 

arrays, though maintaining coherence across a large area is problematic [2.30]. In 

pulsed operation, multimode output power of 16 W at a slope-efficiency of 65 % has 

recently been reported from a GSE [2.31]. The coating of a protective passivisation 

layer on the grating of a GSE remains a difficult practical problem.

Type II surface emitters are those with a vertical cavity with the feedback mirrors 

parallel to the top and bottom surfaces of the semiconductor wafer. Though type II 

devices have demonstrated low threshold currents of about 1 mA and packaging 

densities of more than 1 million lasers/cm^ [2.32], the present short gain length of ~10 

)im will limit their use to low power though high brightness applications.
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A challenge common to all surface emitters is the removal of waste heat, as the active 

region is separated from the heat sink by the thickness of the crystal substrate. Whilst 

progress towards surface-emitting laser-diodes is still in the research phase, they offer 

the prospect of monolithic 2-D arrays with very high powers and narrow beam 

divergences.

2 .2  Cw laser-array characterisation

The GaAlAs laser-diode selected to pump our cw Nd:YAG laser was a Spectra-Diode 

Labs SDL-2430-H2 [2.18]. This laser-diode consists of an array of ten elements of the 

multiple-quantum-well separate-confinement-heterostructure type, and is supplied 

mounted in a hermetically sealed TO-3 can, with a fibre pigtail as illustrated in figure

2.3 a. Coupling loss into the 100 p.m core diameter fibre of around 50% reduces the 

nominal 200 mW of optical power emitted from the facet to a maximum specified 

output power of 100 mW from the fibre.

The good spatial quality of the beam from the fibre, which is discussed in section 

2.2.3, was an important consideration in the selection of a fibre-coupled laser-diode. 

Using this good quality beam, simple coupling optics are all that is required to achieve 

efficient pumping of the Nd:YAG crystal. In addition, optical feedback, which can 

cause instability in the output of laser-diodes that are directly accessible, is 

circumvented by fibre-coupling.

The SDL-2430-H2 laser-diode was driven by an SDL-800 driver, in which provision 

was made for transient suppression protection circuitry for the laser-diode. This driver 

provided dc current up to 1000 mA, and had analogue modulation capability at 

frequencies up to 100 kHz. Connections to the laser-diode head from the driver 

enabled the laser-diode optical power to be monitored, and allowed stabilised thermo­

electric control of the laser-diode temperature. It was considered that the selection of

 -J._____ '_______ -  :    - . ,  ,
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this laser-dicxle/driver package offered the most direct approach to pumping solid-state 

materials,

2 . 2 . 1  Optical power calibration

Initial characterisation of the laser-diode involved the measurement of optical power 

against drive current, at three different operating temperatures, as shown in figure 2.4. 

The optical power was measured with a Scientech power meter, and the current reading 

displayed by the driver was confirmed using a coil meter. At an operating temperature 

of 20 °C, the threshold current, Ith, was 235 mA and the differential slope-efficiency, 

T|s> was 0.65 mW/mA. The photodiode within the laser-diode package was Cj^librated 

using figure 2,4, to ensure the accuracy of the laser-diode optical-power readings as 

displayed by the driver.

Increasing the operating temperature from 273 to 293 K increased the threshold current 

from 205 to 235 mA, as a result of a change in the Boltzmann distribution of carriers. 

The temperature dependence of threshold current is given by

(2., ,

where To for our multiple-quantum-well laser-diode is typically 130 K, [2.35]. The 

ratio of threshold currents for the 20 K temperature shift shown in figure 2.4 is 1.14, 

which is in acceptable agreement with the value of 1.16 obtained from the above 

equation. A consequence of this effect is that temperature tuning the laser wavelength 

to match the absorption peak of a solid state material also affects the output power from 

the laser diode.

2 . 2 . 2  Electrical-optical efficiency

Laser-diode electrical-optical efficiency is given by the ratio of laser output power to 

electrical input power. The optical power is obtained from the product of the

 ̂V -ï i-.. . ■ V -  /  " ' ...
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differential slope-efficiency and the current above threshold. The electrical power is 

obtained from the product of the drive current and the applied voltage.

Necessary to the formulation of the electrical-optical efficiency is the voltage/cuirent 

relationship, which is illustrated in figure 2.5. This is characterised by a breakover 

voltage, Vb, which is nominally the bandgap energy of 1.53 V, and a series resistance, 

Rg, of around 1.25 Q [2.36].

The electrical-optical efficiency as a function of drive current is shown for our laser- 

diode in figure 2.6. This was obtained fi'om the measured optical/current characteristics 

shown in figure 2.4, and the typical voltage/current curve displayed in figure 2.5. At 

an output power of 100 mW, the electrical-optical efficiency is relatively low, at around 

13%, and may be attributed to the -50% efficiency for coupling into the optical fibre 

[2.35] and is not to be confused with the “wall-plug efficiency”, which also includes 

the electrical requirements of the thermo-electric cooler and of the driver itself.

As the resistive losses in the diode are proportional to the square of the current, the rate 

of increase in efficiency tails off with increasing current. Within the drive current limit 

set by catastrophic facet damage, the efficiency will actually start to decrease, such that 

the current at which maximum efficiency occurs does correspond to the current for 

maximum optical power.

2 . 2 . 3  Transverse mode structure

The window-packaged version of the laser-diode that we employed was the SDL-2430- 

H1 [2.18]. As discussed in section 2.1.4, the beam from this coherent array has a 

dual-Iobed transverse mode structure in the far-field. Effective focussing of this pump 

beam is therefore rather difficult.

In the SDL-2430-H2 an optical fibre pigtail of 1 m length is butted close to the facet by 

the manufacturers. This 0.3 NA step-index multi-mode fibre is made of fused silica,
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and has a 100 |xm diameter core, 140 )xm diameter cladding and an outer plastic jacket 

with 0.5 mm diameter [2.35]. The fibre pigtail acts as a spatial mode converter, with 

the dual-lobed far-field beam pattern from the diode spatially scrambled by the 

multimode fibre. The beam emerges from 1 metre of fibre with a symmetrical profile 

that is somewhere between a top-hat function and a Gaussian function, with nearly all 

the energy contained within a cone of 14° half-angle [2.35]. As the beam from 1 m of 

fibre is spatially incoherent, there is no transverse mode in the Gaussian sense, and 

geometrical optics is applicable. Output from a shorter fibre results in a more featured 

spatial profile which may degrade pumping efficiency.

2 . 2 . 4  Longitudinal mode structure

As expected for a gain-guided device, the laser-diode was found to lase on several 

longitudinal modes as illustrated by the frequency spectra in figure 2.7. Measured at 

five different output power levels with a i m  long monochromator (Monospek 1000), 

the number of longitudinal modes above threshold increased as the drive current 

increased. With seven modes oscillating at an output power of 80 mW, the spectral 

width was around 2.5 nm. The intermode spacing of 0.34 nm corresponds to a laser- 

diode cavity length of 270 |im.

A feature evident from figure 2.7 is the fine structure that appears on the individual 

modes at higher output powers. This is attributed to the presence of laser-diode-airay 

“supermodes” which are similar to transverse modes in other lasers. For our laser- 

diode, the transverse mode structure is scrambled by the multimode optical fibre, so the 

presence of these supermodes is of only slight importance in the pumping of solid-state 

materials.

Spectra similar to those shown in figure 2.7 were taken for a fixed output power of 50 

mW, with the temperature of the diode varied using the internal Peltier cooler. The 

information from these spectra was amalgamated and is displayed as a “dot-diagram” in
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figure 2.8. This demonstrates the variation in frequency of individual modes as a 

function of heat-sink temperature, with the dot-size giving an approximate indication of 

the relative intensity of a particular mode.

Demonstrated by figure 2.8, the rate of shift in wavelength of individual modes as a 

function of temperature is 0.06 nm/°C. This is attributed to the variation of the 

refractive index , and hence the cavity length, of the laser-diode with temperature. 

More significantly, due to a change in the band-gap energy, the central wavelength 

tunes with temperature at the rate of 0.23 nm/^C.

2 .3  Laser-bar characterisation

The type of laser-diode bar selected to transversely pump our long pulsed and Q- 

switched Nd:YAG lasers was the SDL-3220-J, shown in figure 2.9 [2.18]. 1000 

individual MQW-SCH elements form 40 coherent arrays spaced uniformly along the 1 

cm * 1 )im emitting area, as described fully in section 2.1.5.a. Pulsed at repetition 

rates up to 100 pps, it is termed “quasi-cw” because of its long pulse durations of up to 

200 p.s. The rated peak power of 25 Watts corresponds to a maximum pulse-energy of 

5 mJ, and a maximum average power of 500 mW, which places the laser-bar at the 

upper end of the class Illb safety category.

An SDL-922 high power quasi-cw laser-diode driver was used to provide current for 

the quasi-cw laser-diode bar. Optimized for low impedance laser-diode bars, the driver 

is designed to produce pulses free from overshoot or ringing which would damage the 

laser bar. Specified to give a maximum current of 100 A, this driver provides relatively 

long pulses of 20 - 200 \is duration at low duty factor with repetition rates of 10 - 100 

pps. The output from the driver’s current monitor was confirmed by an external 

current probe, which showed a rise time and a falltime of -15  |Jis and -1 0  ps 

respectively.

- %
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2 . 3 . 1  Laser-bar protection

As with other semiconductor devices, the laser-bar is susceptible to damage from static 

discharge so protection in transit was provided by an anti-static container and a shorting 

contact across the connections. Similarly, a grounded wrist strap was worn when the 

laser-bar was placed in a mount, which was itself in electrical contact with an earthed 

optical table.

Supplied mounted on a J-type heatsink, the facets of the laser-bars are open to the 

environment and are susceptible to “mechanical” damage. To protect the laser-diode 

bar from dust particles the entire laser mount was enclosed within a large perspex box. 

As the laser-diode was operated at temperatures close to 0 °C, dry-nitrogen was flowed 

across the facet to prevent moisture condensing on the facet. Placing a small sachet of 

dessicant in the rear of the laser-bar housing proved difficult, though this option is 

worth consideration for future systems.

During the work described in this thesis, three laser-diode bars have undergone 

complete or partial failure. The first sign of failure for each was a drop in output power 

which, on inspection, was found to be caused by the extinction of emission from one 

or more groups of individual emitters. It appears that the electrical characteristics of the 

failed elements were unaffected, such that failure mechanism could be catastrophic facet 

damage or a dislocation within the stripe. The one laser-bar that has been operated 

beyond this partial failure stage suffered complete failure shortly afterwards at which 

point the device became an open circuit, indicating an alternative failure mechanism.

After the failure of the second laser-bar it was decided to operate subsequent laser-bars 

at 10 pps rather than 100 pps. This reduced both the thermal loading on the diodes and 

also the number of shots in a given period and has had a beneficial effect on their 

lifetime.

J
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Responsibility for the demise of the first laser-bar was accepted by the manufacturers, 

who were at this time having difficulties with product reliability. Nevertheless, 

subsequent confidence in their product has led SDL to market quasi-cw laser-diode bare 

with peak powers more than doubled to 60 Watts. Claims by SDL for improved 

product reliability in subsequent batches of production, cannot be substantiated by our, 

admittedly qualitative, findings. The adoption of a shot-counter within a future current 

driver would allow more substantive statements on device lifetimes to be made.

2 . 3 . 2  Optical power characterisation

Initial characterisation of the pulsed laser-diode involved a comparison of the optical 

power against the drive current throughout the 200 jj.s duration of a pulse. 

Demonstrated in figure 2.10, the optical power does not follow the smoothed top-hat 

shape of the current pulse, but diminishes throughout the length of the pulse. This can 

be attributed to a continuing temperature shift and resultant increase in threshold current 

throughout the pulse.

Initially absolute measurements of the energy and power from laser-bars proved 

difficult to make with the available detectors, as the beam from laser-bars is large. For 

the first laser-bar, measurements of peak power and hence energy were taken from the 

characterisation data supplied by the manufacturer. It was later found possible to 

remove the thermal enclosure from a Scientech detector head, to allow the laser-diode to 

be brought into close proximity of the absorbing sheet. However, without the thermal 

enclosure the detector head was susceptible to fluctuations in temperature from the 

atmosphere caused in part by the laser-bar Peltier coolers, and the effect of which was 

most pronounced when the laser was operated at 10 Hz. A detector which has 

overcome these problems is the Molectron J25 HR, which is a pulsed energy meter and 

which uses the pyroelectric effect to give absolute measurements of pulse energy.

Results taken with the detector for the pulse energy against current are shown in figure M

2.11 for pulse repetition rates of 10 Hz and 100 Hz respectively.
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As with the cw laser-diode the voltage/current relationship is characterised by a 

breakover voltage of 1.53 V, and a series resistance. However, as the laser-bar 

consists of 1000 elements in parallel, the resistance is shown by data-sheet no.4 to be 

correspondingly much lower at around 0.0075 Q [2.38]. Under room-temperature 

operation at 40 A, 30 pps repetition-rate and 200 |xs pulse-duration, the 25 Watts peak 

optical power is achieved with 35% electrical-optical efficiency.

2 .3 .3  Transverse mode struc tu re

The far-field transverse mode pattern from a laser-bar was dual lobed in the plane 

perpendicular to the junctions, and is consistent with the overlap of the dual-lobed 

patterns from the individual coherent phased arrays that make up a laser bar. This was 

confirmed upon focusing the beam, in which the image of each of the 40 individual 

arrays was discernible. In the near field, the full width half maximum divergence in the 

plane of the junction was measured for a laser-bar to be 21.8°.

2 .3 .4  T em perature control of laser-bars

For efficient pumping of solid-state lasers that have narrow spectral absorption bands, 

such as Nd:YAG, the wavelength of the laser-diode source must be at a specific value. 

As the wavelength of a laser-diode is temperature dependent (-0.3 nm/°C), temperature 

control of the laser-diode allows wavelength tuning to the peak of the absorption band. 

As the lifetime of a laser-diode is extended by operation at lower temperatures, the 

central wavelength of each laser-bar was specified to be 809 + 5 0 nm at 25 °C. This 

usually necessitated that each laser-bar was cooled to a temperature of around 5-10 °C. 

Running laser-diodes at lower temperatures has been shown to extend their lifetime, as 

there is reduced generation of thermal defects within the semiconductors [2.3]. An 

additional consideration relevant to the temperature control of laser-bars is that their 

facets are open to the environment. Even with dry nitrogen flowing across the facet, 

the danger of water-vapour condensing discouraged their operation below the humidity 

dependent dew point temperature of -4  °C.
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Unlike the cw laser-diode used for end pumping, (SDL-2430-H2), quasi-cw laser bars 

are supplied without integral temperature control, which made it necessary for the 

system described in this section to be constructed. The cooling system which was 

adopted utilized Peltier cooling elements and radiative heat-dissipation and is shown 

schematically in figure 2.12.

2 . 3 . 4 . a Temperature control system

To ensure low thermal resistance between the brass heatsink of the laser-bar and the 

Peltier cooler, a copper housing was constructed with zinc oxide paste between it and 

the laser-bar. Care was taken that the thermal grease was not close to the facet of the 

laser-bar, as grease “creeps” and can damage unprotected facets. Indium foil, thermally 

conductive epoxy and low-temperature solders are alternatives to thermal grease.

The thermo-electric heat pumps were both single stage Peltier coolers, (Marlow 

MI1063), and were chosen for their large heat removal capacity. The square heat- 

pumps had 29.64 mm long sides and at the maximum drive current of 6 A the applied 

voltage was -7.5 V. When current passes from the n- to the p- type semiconductor 

material, the temperature T q of the interconnecting tab decreases and heat is absorbed 

from the surroundings. This heat is conducted through the semiconductor materials by 

electron transport to the other end of the junction, Th, and released. As Peltier elements 

are not 1(X)% efficient, the heat to be dissipated by the hot-side heatsink is the sum of 

that to be removed from the cold-side and the heat generated internally by the Peltier 

elements.

Heat generated at the hot side of the Peltier coolers was dissipated by convection using 

finned heat-sinks. Initially the cooling system utilized a single MI 1063 Peltier cooler, 

with an aluminium block clad with extruded fins as the heatsink. This system proved 

inadequate when the laser-bar was operated at 100 Hz, and so was replaced by a pair of 

Peltier heatpumps with the more extensive heatsink illustrated in figure 2.12. More

■I
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detail about the performance of the heatsink is given in the section below on the 

thermal-account of the system.

To keep the temperature of the laser-bar constant, a controller was used which 

compared the resistance of a thermistor in thermal contact with the laser-bar, to that of a 

variable bridge resistor. The initial temperature controller which was built in-house 

was capable of delivering a constant current up to 4 A, at around 4 V [2.6]. Coarse 

switching of the drive current to the Peltier elements involved a mechanical relay, which 

was activated if the thermistor resistance was well above the set-point. Fine 

temperature control was provided by a solid-state relay, which gave proportional 

control through current pulses of variable length within 75 ms time slots. This 

controller could maintain the temperature of the laser-bar to within 0.1 ° C , however, as 

the mechanical relay was found on occasion to cause the laser-bar supply to switch off, 

a temperature controller which used all-solid-state-relay was adopted. The controller 

chosen was a Photon Control model 290 (special) bipolar peltier driver, that was 

capable of driving 3.5 A at t  12 V.

To monitor the cold heatsink temperature independently from the thermistor a k-type 

thermocouple was inserted into one of the holes within the laser-bar brass heatsink 

adjacent to the thermistor and connected to a digital temperature indicator (RS 616- 

419). This thermocouple did not measure the temperature of the active region within 

the laser-bar. It is shown in the later section on temperature tuning, that when the bar is 

running at full specification, the active-region was a time-averaged 27 °C hotter than the 

thermocouple.

2 .3 .4 .b  Therm al account

When laser-bar no. 4 was operating within a room whose temperature was 25 °C*, the 

cold-side heat-sink was maintained at a temperature Tc of 5 °C, which resulted in a

* At 10 pps with pulses o f 200 ps duration and current o f 40 A.

©
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temperature for the hot heat-sink Th of 31 °C. It can be shown that the temperature of 

the cold side would be 3 °C were the same amount of work done by the Peltier element 

at a hot side temperature of 27 °C [2.37]. The voltage applied to each Peltier stage was 

measured to be 3.5 V, which corresponds to a current through each stage of 1.8 A. At 

this drive current level the effective cold side temperature in the absence of a thermal 

load is -1 °C.

From the 4 °C difference between the effective cold-temperature that was achieved, 3 

°C, and the effective cold-temperature that is anticipated from the known level of 

current, -1 °C, it can be shown that the active heat-load that was dissipated by each 

heat-pump was -2.5 Watts. The active heat-load that was generated internally by the 

laser-bar was around 100 mW at 10 Hz, rising to 1 Watt at 100 Hz. This is calculated 

from the -35% electrical-optical conversion efficiency determined in section 2.3.2. The 

heat load dissipated by the heat-pump, Qa, was, however, dominated by the -5  W of 

heat that is absorbed at the cold-side of the Peltier coolers by the laser-bar and its 

surrounding copper block.

The ratio of active heat removed by each Peltier, Qg/2 -  2.5 W, to the power supplied 

to each Peltier, Qp = 6.3 W, is respectably high at 0.40. Though this system proved 

satisfactory in the short-term, upward drift in the laser-bar temperature would occur 

when the room-temperature was high, or the laser-bar was operated at greater than 10 

Hz. This temperature rise has been attributed to the heat-sinks, which with a thermal- 

resistivity of -0.7 W/°C are operating at the limit of their heat dissipation capability. 

Although a fan was effective in increasing the heat dissipation from the heat-sinks, this 

had the disadvantage for our particular laser design that it disturbed the air within the 

cavity, causing fluctuations in the optical length of the cavity.

To reduce the heat-load absorbed by the system, a reduction in the mass of the copper 

block, (presently 110 g), is being implemented. This will have the additional advantage 

of improving the response time of the cooling to new settings in temperature. More
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significantly, liquid-cooling of the heat-sinks is being implemented for this system as 4

this allows greater heat-dissipation, and removes the dependence of the cooling system 

on the temperature of a laboratory environment. Liquid cooling is certainly the 

favoured option for stacked-bars, where the heat-dissipation requirements and 

dimensional constraints are more severe.

2.3 .4 .C  Temperature tuning

Each of the laser-bars was purchased with its central wavelength, Xp, selected to be 809 

(+ 5,'0) nm at 25 °C. Wavelength specifications given by SDL were obtained under the 

condition of pulses of 200 |is duration, at a repetition rate of 30 pps. Operation of 

these laser-bars at the peak absorption wavelength of Nd:YAG (808.5 nm), required 

tuning of the wavelength by changing the temperature of the laser-bar’s own heatsink to 

between 5 and 10 °C.

Further, it became evident, as shown in figure 2.13 that the wavelength of operation 

was a function of drive-current and repetition rate. This can be attributed to the heating 

of the active area caused by increased current and higher repetition rate. From an 

extrapolation of data illustrated in figure 2.13, the shift in wavelength from 0 A to 50 A 

is 9 nm when the repetition rate was 100 Hz. This is equivalent to a local temperature 

increase of ~ 27 °C which is generated by the ~2 Watts of heat dissipated in the active 

region. Hence, the thermal resistivity of the laser-bar is -13.5 °CyWatt.

Operation at a fixed wavelength is of particular concern in the pumping of solid-state 

materials, such that the base temperature must be altered appropriately to maintain a 

fixed wavelength during measurements of optical-power from the laser-bar against 

drive-current. In addition, active temperature control of the base heatsink is required to

compensate for changes in internal heating with changing pulse repetition rate.

.......... . ....
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2 . 3 . 4 . d  Longitudinal mode structure

To obtain the maximum information about the frequency structure of the pulsed laser 

diode, the spectrum was measured as a function of time. With the laser array operated 

at maximum average-power (25 W, 200 |xs, 100 Hz), portions of the output beam were 

imaged onto the input slit of a 1 m scanning monochromator (Monospek 1000). 

Throughout the 200 fxs pulse-interval, a fast photodiode monitored the radiation 

transmitted by the monochromator at a fixed wavelength. This procedure was repeated 

as the monochromator was stepped at 0.05 nm intervals over the range from 804 to 816 

nm. From this large amount of data, the spectral content of the laser emission was 

analysed at eight instants during the laser pulse, and the time-resolved spectrum plotted 

in three-dimensions, as shown in figure 2.14. The time resolved spectrum shows that 

the individual laser modes are spread over an instantaneous bandwidth of some 2 nm, 

which is comparable with that from the c.w. laser arrays described in the previous 

section. The mode separation of 0.27 nm corresponds to a diode cavity length of 340 

jim.

Significantly, the centre of this spectral band shifts by 4.8 nm over the the 200 ps 

duration of the pulse, as shown in figure 2.15. This is due most probably to the 

thermally-induced change in the bandgap of the GaAlAs. The linearity of the 

wavelength shift indicates that there is only slight diffusion of heat away from the active 

region throughout the pulse [2.14]. It is interesting to note that the wavelength shift of 

4.8 nm during the 200 ps pulse corresponds to a rise in temperature of 16 °C. 

Therefore the active-region of the laser-diode is increasing in temperature at the rate of 

some 80,000 °Cs T

With the 1 cm laser bar consisting of 1000 elements, it was felt necessary to investigate 

the variation in frequency of the emission across the array. The radiation from 18 

portions of the facet was analysed with the monochromator. Across the laser bar, it 

was found that there was a variation in the central wavelength of 1.5 nm, see figure

I
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2.16. Although these measurements were taken for only the first pulse diode-array, 

our data complement those taken by the manufacturer for a range of diode-arrays 

[2.14]. It has been suggested that there are two likely sources of wavelength spread 

along the facet; nonuniformity in the growth of the epi-layers and non-uniform bonding 

which will cause temperature variations across the array. Spread caused by the former 

should appear even at low power levels, whereas that caused by the latter should appear «

only at high power levels, where the heat dissipation becomes significant. For most of 

the cw laser-bars tested by the manufacturers, the spread is much smaller at lower 

power levels and widens with power level, indicating that the latter factor has larger 

significance than the former at 10 W.

The shift in wavelength throughout the pulse is significant with respect to the width of 

the absorption feature in Nd:YAG at 809.5 nm. When the wavelength shift is 

combined with the spatial variation in frequency across the facet, the effective linewidth 

is around 6 nm. The implications of this increased linewidth are discussed in chapter 4.

2 .4  C onclusions

It is clear that developments in diode-pumping technology are for the most part led by 

the advances in the laser-diode technologies. It has been noted that diode-powers have 

doubled every 2-years for the last decade, though the power from a single diode may 

now be close to its fundamental maximum. Partly motivated by optical satellite 

communications, research is ongoing towards development of high-powered single- 

transverse-mode cw laser-diodes. The improved coherence of such devices will offer 

some advantage to bulk end-pumped solid-state lasers, though the major beneficiaries 

are likely to be waveguide-lasers and fibre-lasers.

Though stacks and surface emitting diodes consist of a number of individual lasers, 

they should be considered not such much as “laser” pump sources but more as 

flashlamps having a narrow spectral bandwidth. Consequently, side-pumped
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geometries are more appropriate to these sources of raw optical power than are end- 

pumped geometries. It is anticipated that advances in high power laser-bars will cause 

the replacement of flashlamps by laser-bars at increasingly high powers. Presently, 

only low duty cycle quasi-cw bars are stacked together because of the constraint arising 

from heat dissipation. The stacking of cw bars is obviously more demanding, such that 

fibre coupling of cw bars is a likely approach towards a cw high power solid-state laser 

[2.33].

J
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Eiectrlcal-to-optical conversion efficiency for a typical SDL type 2430-H2 

laser-diode against current. Coupling the light into the optical fibre reduces 

the efficiency for this fibre-coupled laser-diode to around half of that for the 

window packed laser-diode type 2430-H1.
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Figure 2.9 Quasi-cw laser-diode bar type SDL-3220-J with emission over a length of 1 

cm.
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Figure 2.10 Quasi-cw laser-bar current (top) and optical power (bottom) as a function of 

time through the 200 ps pulse duration.
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Chapter 3 

Cw Nd:YAG laser longitudinally pumped by a cw 

laser-diode array

3 .1  Introduction

This chapter is concerned with a study of the Nd:YAG laser, longitudinally pumped by 

an 100 mW SDL-2430-H2 fibre-coupled laser-diode array. An introduction to 

Nd:YAG discusses the properties of the material and details the spectroscopic 

parameters relevant to laser-diode pumping and lasing at 1.064 pm. A ray-tracing 

model of the pump-coupling process determines the spot size and the beam divergence 

of the pump beam within the Nd:YAG laser rod. The design criteria for the Nd:YAG 

laser cavity are presented along with the theory behind a full rate-equation based model 

for the steady-state performance of this laser.

Characteristics of the transverse and longitudinal mode structure are presented with 

emphasis on single longitudinal mode operation and frequency stability. Several 

techniques that enable single longitudinal mode operation to be achieved from a diode- 

pumped cw Nd:YAG were analysed, with a étalon based laser along with a twisted 

mode cavity laser implemented experimentally.. A discriminant for the active 

stabilisation of the étalon based laser was provided by a dither oscillation of the piezo- 

ceramic in combination with a temperature stabilised reference cavity.

The analogue modulation capability of the laser-diode provided an effective means to 

study experimentally the dynamic laser behaviour of the Nd:YAG laser. The relative

modulation of the Nd:YAG laser beam is examined as a function of the pump beam 

modulation with respect to the frequency of relaxation oscillations A heterodyne 

measurement of the beat frequency of two steady-state laser-diode pumped Nd:YAG 

lasers shows that relaxation oscillations are a source of frequency noise.
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3 .2  Nd:YAG gain medium

Well-known as a laser material for many years, neodymium doped yttrium aluminium 

garnet, Nd:YAG is still overwhelmingly the most commonly used flashlamp pumped 

solid-state laser material [3.2]. The YAG host lattice is robust enough to allow 

conventional rod fabrication techniques, has high thermal conductivity and can be of 

good optical quality. Ions such as neodymium within the YAG lattice typically exhibit 

fluorescence of narrow spectral linewidth, such that the corresponding laser transitions 

can benefit from a high stimulated emission cross-section. In consequence, Nd:YAG 

oscillators can have low pump power thresholds that are suitable for excitation by laser- 

diodes.

Nd^+ dopant ions substitute with Y^+ ions during the crystal growing process to 

become incorporated randomly into the lattice, such that dopant level of neodymium is 

restricted to <1.5% (atomic) as crystals of higher neodymium concentration suffer from 

strain, concentration quenching and reduced thermal conductivity. For the cw end- 

pumped lasers a doping level of nominally 1.0% was selected, though uniformity of 

doping throughout the boule is tO.1%, to give good optical quality and low laser 

phase-front distortion in the crystal. Nd:YAG with a higher percentage of neodymium, 

nominally 1.3% atomic, was selected for the transversely pumped laser described in 

chapter 4, as pumping efficiency is more critically dependent upon absorptivity for this 

laser than for the end-pumped counterpart.

An important consideration in the selection of quality laser material was the degree of 

birefringence observed when the Nd:YAG boule cross-section was placed between 

crossed polarisers and illuminated by a tungsten lamp. Axially symmetric strain 

induced birefringence was visible in the boule, along with distortions at the core 

induced by the Czochralski growth process. For lasers which have intracavity 

polarisation selective elements, such as the twisted mode cavity laser and the linearly
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polarised laser described in section 3.7.2, good laser performance is dependent upon 

selection of material with a minimum of birefringence.

3 . 2 . 1  Spectroscopy of Nd:YAG

The active ion in Nd:YAG is the trivalent neodymium ion, for which a diagram of the 

energy levels is given in figure 3.1 [3.1]. Pumping with laser-diodes emitting around 

809 nm excites Nd^+ ions from the ground state manifold to the pump bands of the 

4p5/2 and % g /2 manifolds. These excited ions emit non-radiatively, decaying rapidly 

to the metastable '^p3/2 level which has a fluorescence lifetime of ~230 ps [3.32]. Split 

into two levels, R% and R2, of slightly differing energy, this manifold contains the 

upper levels for all the common lasing transitions in Nd:YAG. A full listing of the 

possible transitions, the lasing wavelengths and the branching ratios is given by 

Koechner [3.2].

The laser transition with the highest transition probability is the 1.064 pm line, from the 

upper R2 level of the ^P3/2 manifold to the ^In/2 state. Rapid thermal replenishment 

from the Ri level, <10 ns, ensures that the Boltzmann distribution determines that 39% 

of all the ions in ^p3/2 state exist in the R2 level at room temperature [3.3]. The short 

lifetime of <10 ns of the lower level is due to rapid decay of the neodymium ions to the 

ground state, though as the lower ^ In /2 level is essentially unpopulated, the 1.064 pm 

transition can be considered for most purposes as a four-level laser transition [3.3]. 

The parameters relevant to laser action in Nd:YAG at 1.064 pm, are summarised below 

in table 3,1,
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Nd atom density (1% atomic), Ntot 1.4 * 10̂ ® cm“3 [3.2]

Stimulated emission cross-section at 1.064 pm, Ge 7.4 * 10-19 cm2 [3.31] i
Fluorescence lifetime of'^p3/2 state, i2 230 ps [3.32] ?
Fraction of ions in ^P3/2 state in level 2 39% [3.12]
at room temperature, fz

Refractive index of NdtYAG at 1.064 pm, nL 1.82 [3.2] 1

Table 3.1 - Spectroscopic laser parameters of Nd: YAG

Although the 946 nm transition is not considered in this work, it is perhaps worth 

noting that the laser model for this wavelength is significantly different from the 1.064 

pm transition in two aspects. Firstly, the upper laser level is the Ri level in the ^p3/2 

manifold, rather than the ; R^ level in the case of the 1.064 pm transition. More 

significantly, the lower laser level for the 946 nm transition is in the ground state 

manifold, As there is significant thermal population of the lower level, the 946 

nm NdrYAG laser acts as a quasi-3-level system.

3 . 2 . 2  Diode-array pump absorption in Nd:YAG

The absorptivity of 1% doped Nd:YAG across the spectrum that is accessible to 

GaAlAs laser-diode pumps is shown in figure 3.2 [3.1]. The dominant feature is a 

peak centred at 808.5 nm of approximately 1 nm width, at which the maximum 

absorptivity is -0.8 mm l

The laser-diode array selected to pump our cw laser was a Spectra-Diode Labs SDL- 

2430-H2, which emitted on several longitudinal modes with an overall spectral 

bandwidth of -2  nm, as shown in figure 2.12. To obtain the optimum pump efficiency 

of the Nd:YAG laser, the laser-diode wavelength was temperature tuned to obtain 

maximum pump absorption by maximising the overlap, or convolution, of the laser- 

diode spectrum and the Nd:YAG absorption peak at 808.5 nm. The percentage of "A

-'A - k'
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pump light transmitted by a sample of Nd:YAG measured as a function of laser-diode 

temperature is shown in figure 3.3. For the laser-diode operating at 100 mW, the 

maximum absorptivity of 0.70 mm'l was found to occur at 15 °C. It should be noted 

that this absorptivity is an approximate figure and that each of the laser-diode’s 

longitudinal modes experiences a different absorptivity such that a single exponential #

decay term cannot strictly be used to express the overall transmitted intensity.

Changes in laser-diode temperature necessitated corrections in the laser-diode drive- 

current to maintain a constant output power, as the threshold current for the laser-diode 

was a function of temperature.

It is worth noting that in laser designs that require maximum absorption, there may be a 

role for index-guided laser-diodes. The emission from an index-guided laser-diode is 

normally single longitudinal mode, and as such emits with a spectral width that is 

narrow compared to the absorption peak at 808.5 nm. Though index guided laser- 

diodes are generally of lower power than gain guided devices, the higher absorption 

efficiency is of benefit in pumping lasers, such as microchips, which have a short 

length of crystal in which to absorb the pump light.

3 .3  Miniature end-pumped laser-cavity

The Nd:YAG laser rods employed for the end-pumped laser were cylindrical and of 

length 5 mm [3.4], such that around 91% of the pump light entering the rod was 

absorbed within a single pass. For the four level 1.064 pm transition, the rod length is 

not a critical dimension as the scattering loss and reabsorption in Nd:YAG are slight. 

For convenient handing of the rods, they were specified to be 3 mm in diameter, which 

is around 10 times greater than the width of either the pump mode or the lasing mode. 

The plano-plano polished surfaces were slightly wedged at 0.5-1.0° with respect to 

each other, to inhibit étalon effects between the rod surfaces.
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In order to focus tightly the pump light into the NdiYAG it was necessary that a short 

focal-length lens be place closed to the rod. This called for one of the Nd:YAG cavity 

reflectors to be coated directly onto the surface of the rod, rather than the use of a 

discrete mirror. The dichroic coating on the rod was specified to be highly reflecting at 

the laser wavelength, (>99.5% at 1.064 pm), and of high transmittance at the pump 

wavelength, (84% at -810 nm)*.

The application of an anti-reflection coating at 1.064 pm to the opposite side of the rod, 

gave flexibility in cavity design as it allowed the cavity length, along with the 

reflectivity and radius of curvature of the output coupling mirror, to be altered. 

Although this was at the expense of increased parasitic loss from the introduction of 

two additional surfaces, access to the cavity was necessary to facilitate the inclusion of 

mode-selecting elements.

A photograph of the experimental breadboarded laser is shown in figure 3.4, with a 

schematic of the cavity design given in figure 3.5. Alignment of this cavity was found 

to be straight-forward, and could be achieved by adjustment of the position of the 

focused pump beam, or by tilting the output coupler, such that there was maximum 

overlap between the pump volume and the lasing mode.

3 . 3 . 1  M ode-waist-geom etry

An important consideration in the design of low power diode-pumped lasers is the 

minimization of the pump threshold. For end-pumped lasers, with the pump beam 

concentric with the cavity mode, the threshold pump power, Pjjj, may be derived from 

the mode overlap integral between the pump and laser beams [3.6],

P t h  =  ^  ^  (w f+  W p )  (3.1)
CleX2 4

* Initial coatings performed by Technical Optics, Onchan, Isle of Mann. 
Latterly, the Nd:YAG rods were coated by Laser Optik, Germany.

J
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where \)p is the pump frequency, pt is the total round trip loss and wj and Wp are the 

squares of the mean mode radii of the laser and pump beams.

In this case, where the waist of the Gaussian 1.064 [im laser-beam is located at one end 

of the laser rod, the square of the mean mode radii of the laser beam, wj, is related to 

the mode waist, w^j, by.

- 2  _ 2 
^1-W ol

XiL
t w l W o i  j

(3.2)
V V

where n^ is the refractive index of the medium, A-i is the laser wavelength and L is the 

interaction length between laser and pump [3.7]. For our laser, L may be approximated 

to the absorption depth of the pump beam which was 1.4 mm. The laser mode waist 

for which the threshold pump power is a minimum, is found by

differentiating equation (3.2) with respect to the mode waist.

(  XiL V /2
wol(optimum) V 3 7 t n L  J

CL3)

Substituting values for n^ =1.82, Xi =1.064 iim and L =1.3 mm gives an optimum 

laser mode waist of 12 |im. However, in section 3.4.2 on diode-pump configurations, 

it is shown that for a fibre-coupled pump source, the pump beam waist w^p is -75 |im.

Consequently, there was little benefit in choosing a cavity design having the optimum 

beam waist, as the pump waist size would dominate in equation (3.1) for the pump 

threshold. The criterion that was more important than threshold was that to ensure 

single transverse mode operation, it was necessary for the pump volume to lie within 

the volume of the TEMqo cavity mode. Consequently, mirror radii of curvature and 

cavity lengths for the Nd:YAG lasers described in this chapter were selected to give a 

mode waist of -75 |im.



Chapter 3 Cw end-pumped Nd: YAG laser page 38

3 .3 .2  Dye laser excitation

Laser emission from the microlaser cavity was initially achieved by pumping with a 

Spectra-Physics 380 D ring dye laser, the emission from which was of better quality 

and narrower linewidth than that from a laser-diode. It was visibly apparent when the 

dye laser wavelength was tuned to the peak of the 588.6 nm absorption in NdiYAG. 

With output couplers of nominally 100% and 99% reflectivity, the threshold pump 

power was 2 and 5.5 mW respectively, whilst the slope-efficiency was 0.6 and 13% 

respectively. Dye-laser pumping proved an effective way to align the cavity prior to 

laser-diode pumping.

Recently there has been considerable development of the titanium-doped sapphire laser, 

which is tunable in the near-infrared between 670 and 1100 nm. Offering excellent 

beam quality, at an output power of hundreds of milli-Watts, this solid-state laser has 

been used to simulate the action of diode-lasers pumps [3.8].

3 .4  Pum ping with fibre-coupled laser-diodes

The selection of a fibre-coupled laser-diode, rather than a laser-diode with an open 

facet, was based largely on the relative simplicity of the pump coupling optics. 

Experimental details of the pump arrangement are given in this section along with a ray- 

tracing based analysis of the focussed pump beam. The effect of the pump optics in 

inducing aberrations in the focussed pump spot is detailed, with the results obtained 

used later in this chapter in the full rate-equation based model of laser performance.

3 .4 .1  Experim ental arrangem ent

A schematic of the fibre-coupled/single spherical lens pump arrangement is shown in 

figure 3.5. The multimode fibre had a core diameter of 100 pm and beam divergence 

from the fibre of 14° half-angle, as described in section 2.2.3. In order to achieve a



* Melles Griot 06 LMS 205, 5 mm diameter, 0.34 N.A. anti-reflection coated 
with MgF2
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tight focus of this highly divergent beam in the Nd:YAG rod, a spherical lens with a 

high numerical aperture was used*. The separation between the fibre-end and the A

spherical lens was adjusted by hand to be -1 mm, with both fibre and lens clamped in 

place within a machined aluminium block. A more elegant engineering solution would 

involve a commercial fibre-holding chuck. This assembly was mounted on a 3-axis 

translation stage which allowed the lens to be positioned about 1 mm from the centre of 

the dichroically coated surface of the Nd:YAG rod.

As evident from the basic analysis in section 3.3.1, there is an optimum pump focus 

spot-size at which the threshold-pump power is a minimum. This occurs when the 

mean square of the waist of the pump is a minimum over the interaction length with the 

laser mode. The effect of pump spot size upon threshold pump power and total output -Î

power was experimentally examined, and the results are shown in figure 3.7. The 

spot-size was altered by adjusting the distance between the fibre-end and the lens. As 

the size of the focussed spot was small it proved difficult to measure the spot-size 

directly. Consequently, spot-sizes were obtained by measuring the angle of divergence 

of the focussed pump beam, and citing the conservation of brightness for the emission 

from the fibre, (50 pm radius, half-angle divergence of 14°). These calculated spot 

sizes are a lower bound to the actual spot sizes, as no account was taken for aberration 

through the lens. Nevertheless, it is shown in figure 3.7 that an exact separation 

between fibre-end and spherical lens was not critical for efficient focussing of the pump 

beam.

3 . 4 . 2  Modelling of fibre-coupling

To assess the effect of aberrations upon the focussed spot size, a computer program 

was developed to trace the paths of a large number of rays from the fibre, through the 

spherical lens, and into the Nd:YAG rod. The arrangement that was modelled is shown

■" • • ■ ■ .   •• ' - • ' • -------— '■ J-----La—V.:.    < - > -J ' .---------------.
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in figure 3.8. The fibre face was modelled as a 2-dimensional array of one thousand 

emitting points, with a radial Gaussian intensity distribution. From each of these 

points, a cone of rays with a 14° half angle was propagated through the lens and into 

the rod. The rod was divided into a number of elements, with the number of rays 

entering an element taken as a measure of the power density. A profile of the calculated 

intensity distribution in the rod, which takes into account the absorption of the pump, is 

shown in figure 3.9.

Using this model, the pump beam in the Nd:YAG rod was ascertained to have a 

divergence angle of 5° and a 70 pm waist. The model also confirmed that the focussed 

spot size was not critically dependent upon the fibre-sphere distance, but was 

determined for the most part by spherical aberration and coma. A summary of the 

pump characteristics is given below in table 3.2.

Optical power after lens 100 mW

Transmissivity of dichroic to pump 84%

Beam waist radius 70 pm

Divergence in crystal 5°

Position of waist in crystal 0.7 mm into crystal

Peak absorption cross-section at 810 nm, Ga 5.1 * 10-20 cm2*

Table 3.2 Fibre-coupled pump beam characteristics

To check the validity of this model, ffee-space spot sizes were compared with those 

obtained from the model in which the refractive index of the Nd: YAG rod was set to 

unity; it was obviously impossible to measure the pump beam intensity inside the rod 

directly. Values for the beam waist near the focus were calculated by the ray-tracing

This is calculated from Ntot 1° table 3.1, and an absorptivity of 0.70 mm" 1
as found in section 3.2.2.

- 'A., W
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model and also measured with a scanning photodiode with pinhole, and are in good 

agreement as shown by figure 3.10.

3 . 4 . 3  Overcoming aberrations

Because of the high numerical aperture of the spherical lens, the aberrations in the 

pump beam introduced by this simple lens were particularly severe. Consequently, it 

was felt that the pumping efficiency could be improved by the use of two spherical 

lenses to reduce the refraction at each surface. Somewhat surprisingly, when the two 

spherical focusing lenses were incorporated the output power from the Nd: YAG laser 

was markedly lower. It was noted, however, that the output power from the Nd:YAG 

laser increased when the second sphere-to-rod distance was decreased, and that the 

output power was still increasing when the second sphere was at the surface of the rod.

This indicates that the distance between the back surface of the second sphere and the 

back focal plane is very small, and that optimum coupling required the pump light to be 

focussed some way into the rod as shown in figure 3.6.

A possible alternative to the spherical lens is the gradient index lens, in which the 

refractive index varies radially, so that images are formed by continuous refraction 

[3.9]. The amount of aberration that a gradient index lens would introduce in this *

instance needs to be quantified. Sophisticated multi-element lenses are also available to 

compensate for spherical aberration, coma, astigmatism and sphero-chromatism. Such 

lenses were found to be necessary for the 946 nm diode-pumped laser which required a 

particularly tightly focussed pump beam [3.30]. However, modelling described later in 

section 3.6 shows that this is not the case for lasing from the four-level 1,064 |im 

transition.
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3 .5  Perform ance of diode-pum ped cw NdtYAG laser

3 .5 .1  O ptical power characteristics

Measurement of the optical input power from the diode is described in chapter 2.2.1, 

and the output power at 1.064 pm was measured by a Scientech power meter. A 

coloured glass filter absorbed the residual 810 nm pump radiation. The initial laser 

configuration shown in figure 3.5 had an output coupler with 5 cm ROC and 98% 

reflectivity, and a mirror-rod spacing of 4.5 mm. Due to the poor quality of the coating 

on the rod the pump threshold was 18 mW, and the slope efficiency was only 18%. 

Improved performance was obtained with a new laser-rod, for which the output coupler 

was changed to a 7.5 cm ROC with 98-99% reflectivity. This laser had a measured 

threshold of 21 mW, a slope efficiency of 39%, and a maximum output power of 31 

mW when pumped with 100 mW as shown in figure 3.11. This performance is equal 

to that achieved in a similar commercial laser*.

3 .5 .2  T ransverse mode struc tu re  and beam divergence

The spatial profile of the output beam from the Nd:YAG laser was scanned with a 

pinhole apertured photodiode at a distance of 1 m from the Nd:YAG rod. The 

comparison between the experimental points and a Gaussian function in figure 3.12 

show that the transverse mode structure was a clean symmetrical Gaussian mode. 

Further studies showed that single transverse mode could be reliably obtained, without 

resorting to a pinhole within the cavity, by ensuring that the pump mode volume was 

no larger than the volume of the fundamental cavity mode.

* Spectra-Physics - 7200Y1 pump module,7900Y-106 laser head - specified at 
35 mW randomly polarised at 1.064 pm.

4'

— z  -
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Beam scans were repeated at other distances from the laser, with measurements of the 

half-width at the e'2 intensity points showing a full angle divergence of 0.83°. Based 

on a beam waist of 58 pm, which was calculated from the geometry of the resonator, 

the anticipated divergence after taking into account the output coupler which acts as a 

diverging lens, was 0.96°.

3 . 5 . 3  Loss measurements

To determine the amount of parasitic loss in the cavity, a glass plate was used as a 

variable reflectivity output coupler in a laser with a 10 cm ROC high reflectivity mirror. 

This plate which was mounted close to the Brewster angle constrained the plane of 

polarisation, such that the percentage of light reflected out of the cavity could be 

determined as a function of plate angle using the appropriate Fresnel equation [3.35]. 

The accuracy of this technique was confirmed by showing that the calculated 

transmittance of the nominally high reflectivity mirror was constant at 0.04% over 

almost the entire range of plate angles, and was in acceptable agreement with the 

experimentally measured value of 0.06%.

The total measured output power is plotted as a function of the calculated total output 

coupling in figure 3.13. This shows that the net single pass gain, go, was 8% and the 

optimum transmissivity was 1.6%. Also determined from this graph was the total 

parasitic loss in the cavity, Pp, which is related to the optimum output coupling, Popt, 

and maximum output coupling while still lasing, pm, by [3.15],

Pp = P°Pt (3.4)
Pm - 2Popt

This gives a value for the parasitic loss of 0.53%, which however includes scattering 

loss introduced by the output-coupling plate which reduced the maximum output power 

from this laser from 31 mW to 17 mW. As the introduction of the Fresnel plate 

doubled the number of intra-cavity surfaces, the parasitic loss in the absence of the plate 

has been estimated at 0.3% in subsequent modelling of the laser.
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3 .6  Output power model for cw microlaser

In order to obtain a greater understanding of the pumping process, a rate-equation 

based model was formulated to determine the laser output power as a function of the 

relevant pump and cavity parameters. This allowed us to theoretically optimise the laser 

and to assess potential improvements quantitatively. The pump model is fairly general, 

and is applicable to 3- and 4-level longitudinally pumped lasers for which the pump 

light is symmetric, and concentric with the cavity axis. In addition to analyses of 

Nd:YAG lasers, the model has been applied to a comparison between diode-pumping 

and Ti-sapphire pumping of NdrMgOrLiNbOs [3.8]. The code for the programs was 

written in FORTRAN by Andrew Wray [3.33].

The pump parameters are those given in table 3.2 namely: pump power, waist size, 

divergence and position of the pump waist, the transmissivity of the dichroic mirror and 

the absorption cross-section. The cavity parameters and their respective values are 

given below in table 3.3.

Beam waist 75 pm

Crystal length 5 mm

Parasitic loss, pp 0.3%

Output coupling transmissivity, pout 2%

Table 3.3 Cavity parameters used in model

As the pump beam and cavity mode were circularly symmetric and concentric, each of 

the 600 axial slices within the rod was further divided into circular annuli as shown 

schematically in figure 3.15. The width of each annulus was increased exponentially 

with radius so that each annulus has the same flux although a different flux density.
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3 .6 .1  Pum p beam  profile

The model described differs from those proposed for a three-level laser by Fan and 

Byer [3.12] and Risk [3.13]. These models were based upon non-diverging Gaussian 

pump and Nd:YAG beams. It is felt that the approach taken here, which also takes into 

account the divergence of the pump beam, is likely to be more accurate.

As discussed in section 3.4.2 on pump coupling, the beam waist is dependent upon 

aberrations induced by the high numerical aperture spherical lens. The result of the 

model was to show that the pump beam within the Nd:YAG rod may be taken as a 

Gaussian converging beam of 5° half-angle and waist of 70 pm. Rather than a 

Gaussian beam profile, a top hat distribution with width equal to the Gaussian waist 

and a triangular distribution with width equal to 1.3 times the Gaussian waist were 

chosen for the model. Either profile appears satisfactory, with values obtained from 

each being in close agreement with experimental results.

3 .6 .2  Pum ping ra te

In a determination of the output power from the model, the pumping rate, R, and its 

relationship to the pump power is necessary. The rate of pumping is the rate at which 

ions are excited from the ground state to the upper laser 4F3/2 manifold per unit 

volume. All ions excited into the pump bands subsequently reach this manifold, so the 

pump rate may be expressed in terms of the change in pump intensity, dip,

R = - ^  (3.5)
h'Dpdv

where hi)p is the energy of a pump photon, and dv is unit volume. The change in 

pump intensity, dip, can be related to the pump absorption cross section, cta, and the 

density of ions in the ground state. No, through,

dip = Ip G A No dx , (3.6)
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where Ip is the pump intensity and dx is an incremental length along the cavity. The 

density of ions in the ground state may, in turn, be written in terms of the saturation 

pump intensity term, Isa, and the total density of active ions, Ntot,

No <3.7)

The saturation intensity, Isa, is defined as the pump intensity required to reduce the 

ground state population to one half of the total number of active ions, and may be 

expressed as [:|.33],

+ . (3.8)

The first term gives the saturation intensity in the absence of stimulated emission. This 

term is equivalent to the flux intensity that is achieved by one pump photon being 

incident upon an area equal to the absorption cross-section of the medium in a period 

given by the fluorescence lifetime of its upper-state. For NdrYAG pumped at 808.5 

nm, this saturation intensity term is 12.8 kWcm'2. The second term in equation (3.8) 

for the saturation intensity is the pump flux required to compensate for repopulation of 

the ground state by stimulated emission. For an estimated intracavity flux of 3 Watts at 

1.064 pm, this term is equal to 42 Wcm'2 and is small in comparison to the first term. 

Though included in the model, the saturation of the pump is not an important 

consideration in the laser we consider, as the peak pump intensity in our laser was only 

~ 650 Wcm“2, which is small compared to the saturation intensity.

The change in pump intensity, dip, can then be obtained from equations (3.6) and 

(3.7),

= 1 A p / t a  <3-^0)

from which, along with equation (3.5), the following expression for the saturated 

pump rate is obtained
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R = ------k   (3.11)
hDp 1 + Ip/Isa

In the computer model a routine obtains an array of values for the saturated pump 

intensity throughout the rod. The values for the pump intensity. Ip, at each annulus in 

the first section are found from a consideration of the pump power and the pump 

profile. The intensity profile incident upon the next section was found by subtracting 

the absorbed pump power, obtained using equation (3.9), and redistributing the 

transmitted power into the specified profile shape. This revised pump profile, whether 

rectangular or triangular, takes account of pump divergence.

3 . 6 , 3  Rate equation analysis

The basis for the rate equations used in this model is the Nd:YAG energy level diagram 

shown in figure 3.1. As discussed in the section on the spectroscopy of NdrYAG, 

lasing occurs from level Rz, and it is an expression for population in this level, N r2, 

that is determined in this section. This is the upper of the two levels of similar energy

that make up the ^p3/2 manifold. The relative populations of levels Ri and R2 are

assumed to be constant, since there is rapid thermalisation between them [3.3]. That is, 

the population of the Rz level is a constant fraction of the total upper level population,

N rz = f2 (N r i + N rz) , (3.11)

where f% is obtained from the Boltzmann distribution and is constant for a given 

temperature. As the lifetime of the ^Ii 1/2 lower level was short at <10 ns [3.3], all of 

the ions in the upper laser level contributed to a population inversion. The differential 

equations for the populations of the ground-state level, and the two upper levels, Ri 

and R2, are [3.15],

+ + + (3.12)
T2 %2 hi)

^  = R . N R 2 . 2 M a N R 2 . K 2 , N R 2  + Ki2NRi (3.13)
Î2 hi)
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. H&l + K21NR2 - K12NR1 (3.14)
at T2

where R is the rate of pump excitation per unit volume from the ground state to the 

4p3/2 manifold, I I  is the intracavity flux intensity at 1064 nm, and K12 and K21 are 

thermalisation coefficients for the transition from N r i  to N r 2. Equations 3.12 - 3.14, 

which may all be equated to zero for steady-state cw operation, may be simplified to 

one equation involving level R2, the upper state for the 1.064 |xm lasing transition. 

This allows one to write the rate equation for the population of the upper laser level, 

N r2, as,

= fjR - ^  (3.15)
X2 hl)L

where f2 is the fraction of ions in level R2 of the ^p3/2 manifold, (39%). The first 

term, f2R, is the pumping rate of the upper state and the other two terms express the 

depopulation of the upper level by spontaneous and stimulated emission respectively. 

Included in the stimulated emission term is a factor of two which accounts for flux 

propagating in the cavity in both directions.

In steady state cw operation, the time derivative of the upper state population is zero, so 

that the upper level laser population is given by,

N r2 = ...................   —  (3.16)
1 + 2Î2 -

hi)L

Well above threshold, stimulated emission is dominant in the denominator of the above 

equation, so that the upper level laser population may be rewritten as.

-4
with the upper state population proportional to the square root of the pumping rate.

. Æ ,
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3 .6 .4  Single-pass gain

The model involves the determination of the saturated gain over a single pass of the

cavity, otsp, which is found by determining the saturated gain over successive sections

of the laser rod. The gain within a cylindrical section, ttsection. is found from the 

product of the stimulated emission cross section, Gs, and the upperstate population 

integrated over the length of the section.

Ô section “  j N f t Z ^ s d x  (3.18)
section

The increased flux intensity from all the annuli gives the total power increase for a 

particular section. In the model the laser mode propagates down the cavity, and the 

increase in intensity is calculated at each section. This increased optical power is then 

used to set the magnitude of the Gaussian intensity profile entering the next section. 

The justification for this flux redistribution is that diffraction within the stable cavity 

geometry acts to maintain a Gaussian radial intensity distribution.

The laser mode within the cavity was taken to be cylindrical, with a radial Gaussian 

intensity distribution. This is justifiable, as the mode size does not differ much from 

one end of the rod to the other. For cavities that utilise a tightly focused resonator, for 

instance the diode pumped 946 nm laser, this assumption is invalid [3.30].

The single pass saturated gain is found from the difference between the optical power 

before the flux passes down the rod, Pio(start)» and after the flux has undergone a single 

pass of the rod, Pio(end)»

(3.19)

where the laser power in the section at the end of the rod is compared with the laser 

power in the section at the start of the rod.
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In the program the initial circulating power Pio(start) is taken as 0.025 W. Given this 

initial value, the saturated pumping rate is computed, and from this the single pass 

saturated gain is obtained. For steady state operation of the laser, the saturated round- 

trip gain is equal to the round trip loss. If the saturated gain is greater than the single 

pass loss, V2 Piti where,

V2Prt = V 2 ( Y + l n f ^ ^  (3.20)

then the value of the initial circulating power is increased for the next iteration of the 

program. Upon obtaining parity of gain with loss, the output power is calculated from 

the final value of the intracavity optical power, using.

Pout = i/2 (1 - R2) Plo(start) (3.21)

where R2 is the reflectivity of the output coupler.

The output power as a function of the pump power is obtained by running the entire 

program at different pump powers.

3 .6 .5  R esu lts

Using the pump and cavity parameters in tables 3.2 and 3.3, the model was run to 

obtain the output power against pump power and the results for both the triangular and 

the rectangular pump beam profiles were plotted in figure 3.16. The calculated pump 

threshold of 18 mW and slope-efficiency of 35% are in fair agreement with the 

experimental values of 25 mW and 39% as obtained from figure 3.11. .

The model was also run with the output power computed as a function of the 

transmissivity of the output coupling mirror. The results, plotted in figure 3.14, show 

a value for the net small-signal round-trip gain of 10% that is close to the 8% that was 

experimentally determined using the Fresnel plate in section 3.5.3. In addition, the 

model confirms that our selection of an 1.5% transmissivity output coupler was close to 

the optimum to obtain the maximum output power of -30 mW from this laser.

- -  -L- ■ ■  ... - ■ ■ . . If . - r- .   . '4,, -■ 3 ... -
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Further results from the computer model included the dependence of the output power 

upon the length of the Nd: YAG rod, as shown in figure 3.17. For the given pump and 

cavity parameters and with a single-pass of the pump light, it is predicted from figure 

3.17 that for the microchip lasers described in section 3 ,12A  the output power from a 

1 mm long rod would be around of that from a rod in which there was full 

absorption of the pump.

3 .7  Longitudinal mode characteristics

A necessary property of a cw laser-source that is used for the injection-seeding is that 

the cw source operates in a single longitudinal mode. Unfortunately, Nd:YAG lasers 

commonly lase on a number of longitudinal modes, due to an effect called spatial hole- 

burning, which is discussed below. Also described, are means of achieving single 

longitudinal mode operation in diode-pumped lasers. Furthermore, the frequency 

stability, both short term (jitter) and long-term (drift), are discussed with particular 

reference to injection-seeding.

3 . 7 . 1  Spatial hole burning

Spatial hole burning is an effect in which the first longitudinal mode to lase causes 

periodic saturation of the gain along the axis of a standing wave laser cavity. This 

results in a “spatial-grating” of undepleted population inversion, which encourages 

modes at additional frequencies which are out of phase with the main longitudinal mode 

[3.14].

The frequency separation between modes as measured with a scanning confocal Fabry- 

Perot interferometer was 17 1 2 GHz. The comparatively large uncertainty was caused Î
i

by non-linearity of translation in the piezo-ceramic scanner. The mode spacing between j

adjacent modes of the laser was calculated from the length of the cavity to be 3.543 t  ]

0.(X)4 GHz, which means that every fourth or fifth cavity mode was oscillating. ;j
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3 .7 .2  S ingle-frequency ope ra tion

3 .7 .2 .a In tracav ity  étalon mode selection

The use of intracavity étalons to establish single longitudinal mode operation is a well 

established technique in which multiple-reflections within the étalon suppress those 

frequencies which do not fall within the pass-band of the filter. As the resonator length 

for the diode-pumped laser was typically a few centimetres, the inter-mode frequency 

spacing was large which necessitated the use of thin étalons with suitably large free- 

spectral range to achieve single longitudinal mode operation.

The free-spectral range, FSR, of the étalon is given as a function of the optical 

thickness of the étalon, FSR = c/2nd. For a 1 mm thick étalon of refractive index 1.5, 

the maximum free-spectral-range is 100 GHz, and is -70  GHz when the étalon is at an 

angle of 45° to the laser propagation direction.

A range of solid uncoated glass étalons between 0.115 mm and 1.0 mm thick were 

inserted in the cavity shown in figure 3.18. These étalons, which exhibit low scattering 

loss, were mounted on a galvanometer (General Scanning G208) which was used to 

adjust the angle of the étalon and hence the optical thickness. The étalons cannot be 

oriented at too great an angle, otherwise transverse walk off reduces the finesse and 

more importantly increases loss at any frequency in the laser [3.15]. The 1.0 mm thick 

étalon was found to be the most effective when used in the laser and up to 14 mW of 

single frequency output power was obtained for 1(X) mW pump power.

It was subsequently observed that this ostensibly SLM laser actually emitted two 

closely spaced frequencies of orthogonal polarization. This existence of two 

polarizations was attributed to the coupling of energy between polarizations by the 

birefringence of the Nd:YAG crystal. Upon insertion of a plate at the Brewster angle

true single frequency operation was achieved at the further reduced output power of 10 

mW.
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3 . 7 . 2 . b  Twisted cavity mode laser

An alternative method for ensuring single longitudinal mode operation is the twisted 

cavity mode technique. In such a laser a polarising element, eg a plate mounted at the 

Brewster angle, defines a plane of polarization. Light polarized linearly by this element 

becomes circularly polarized after passing through a quarter wave plate, and into the 

gain medium. A second quarter wave plate after the laser rod acts to make the light 

linearly polarised again, so that upon reflection at a cavity mirror the reflected flux is 

circularly polarised with opposite sense upon its second pass through the gain medium.

In consequence the amplitude of the electric field vector, and hence the intensity of the 

flux, is uniform along the laser rod. This prevents spatial hole-burning in which nodes 

of undepleted gain encourage alternative longitudinal modes to oscillate.

Work done by Nigel Gallaher within the group at St.Andrews on a diode-pumped 

twisted cavity mode Nd:YAG laser has resulted in approximately 8 mW of cw TEMqo ]

singe frequency output at k = 1.064 fxm from 100 mW of 809 nm pump light. In this j

laser, the rod is placed between two low order (5X/4) quarter wave plates, with one of 

the quarter wave plates acting as a dichroic mirror for the pump and laser radiation.

An advantage for this laser over the étalon mode selection technique is that the structure 

is more stable as there are no moving parts such as galvanometer mounted efalons.

Further, there is potentially higher efficiency as all of the inverted gain medium along 

the optic axis can contribute to the lasing mode intensity. Care must be taken in the 

selection of low birefringence Nd:YAG material, as birefringence disrupts the 

polarization state between the quarter wave plates. The twisted cavity mode technique 

is obviously unsuitable for highly biréfringent materials such as Nd:YLF.

3.7 .2 .C Unidirectional ring laser configuration

The ring laser is a highly successful way of obtaining single longitudinal mode 

operation in many laser types, and this configuration is used in a number of commercial



Chapter 3 Cw end-pumped Nd:YAG laser page 54

lasers systems. Ring lasers consist in essence of three of more mirrors, with an optical 

diode that ensures that the flux travels around the ring in only one direction. As the 

flux is a travelling wave, the intensity is uniform along the axis of the laser cavity and 

so spatial hole burning is avoided.

A recent attractive development, and one stimulated by advances in laser-diode 

excitation, is the ring laser within a single piece of laser material [3.16]. The 

monolithic nature of this laser and the low intensity noise from the laser-diode pump 

combine to create an intrinsically stable source. This laser which has been named the 

MISER* is presently the only laser used commercially to injection-seed flash-lamp 

pumped Q-switched lasers, and as such it offers a bench mark for the design of a stable 

cw single mode laser*.

3.7.2.d M icrochip lasers

A concept that is a partial solution to the problem of spatial hole burning is the 

microchip laser in which the cavity length is particularly short, and in consequence the 

intermode spacing is large [3.18]. If the intermode-spacing is greater than the 

bandwidth of the gain medium, then no more than one longitudinal mode can have 

sufficient gain to oscillate. The location of that mode can be centralised within the gain 

bandwidth by thermal or piezo-tuning of the cavity length [3.19]. Microchip lasers 

have also been referred to as Fabry-Perot lasers, since the cavity mirrors themselves act 

as a mode selection étalon. The highest single-mode-cw output power reported to date 

from a diode-pumped Nd:YAG microchip is 22 mW [3.18].

Increased interest in the microchip laser concept resulted from a demonstration of a 

laser operation with a chip with plane mirrors. This has obvious benefits for 

fabrication costs as it allows a large number of lasers to be diced from a single wafer of

MISER - Monolithic Isolated Single-mode End-pumped Ring laser
Lightwave Electronics - Series 100 Injection Seeding System.
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gain material. As plano-plano cavities are normally unstable, it is thought that thermal |

lensing by the pump or cavity flux introduces stability. Divergence of the TEMqo 

output beam was shown to vary with pump power, though at high pump powers 

unpredictable results were observed [3.18].

Microchip lasers are particularly suitable for diode laser pumping, with direct close- 

coupled pumping without intermediate optics. Increased pump efficiency results from 

the use of stoichiometric materials which have high pump absorption. These materials, 

of which LNP is an example, have the active ion as an intrinsic part of the crystalline ?

structure rather than as a dopant [3.21]. With the reduction in length of cavity in 

microchip lasers there is a decrease in the cavity lifetime. One beneficial effect of this is 

the ability for microchip lasers to produce pulses of tens of nanoseconds duration by 

gain switching the pump medium. Of recent interest is microchip hosts that exhibit 

nonlinear optical properties. These hold out the prospect of single frequency electro- 

optically tunable lasers, and also the self-frequency-doubling of microchip lasers.

3 ,7 .3  F requency stab ility

Stable narrow linewidth lasers have a number of applications, including injection 

seeding of Q-switched lasers, high resolution spectroscopy, gravity wave detection, 

and coherent communication. Contributions are being made by laser-diode pumped 

lasers in all these areas, due to their good inherent short-term frequency stability. This 

frequency stability is demonstrated by a free running linewidth of around 10 kHz, 

which compares with -100 kHz for the distributed feedback laser-diode, and -1 0  MHz 

for the flashlamp pumped Nd:YAG laser [3.1]. This section deals with the 

construction and performance of a stabilised cw laser for injection seeding, and with the 

general aspects of narrow linewidth cw diode-pumped lasers.
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3 .7 ,3 .a Cw laser for injection seeding

The single frequency cw laser used for injection-seeding was the experimental laser 

arrangement illustrated in figure 3.18, except that the mounting of the output coupler 

was adapted to include a high-voltage piezo-ceramic tube to permit active stabilisation.

To enable heterodyne measurements of the frequency stability of this laser, a second 4

similar laser was constructed. Although having the same elements, the second laser i

benefited from a more solid construction, being built within a substantial invar cylinder.

The output coupler for this second laser was mounted on a miniature low-voltage piezo­

electric mount (Photon Control ASM 20), that enabled alignment of the laser cavity as 

well as control of the cavity length.

The short-term linewidth and the drift in the laser was determined by a measurement of 

the heterodyne beat signal between the two lasers. This was achieved by mixing the 

beams from the two lasers on a high-speed photodiode (BPW 28), taking care to ensure 

good matching of the phase-fronts from both lasers. The beat signal was monitored on 

a HP 7CKX)0 series spectrum analyser which had a bandwidth of 10 Hz - 2.9 GHz.

The short-term heterodyne signal between the lasers showed a 5(X) kHz linewidth in a 

sweep of 10 ms, and a long term drift between the lasers of 25 MHz in 1 minute.

Upon enclosing the lasers within a lead clad chip-board box, and moving them to a 

quieter laboratory, the free-running linewidth was reduced to 10 kHz. This 

measurement was limited by the resolution bandwidth of the spectrum analyser.

For the purpose of injection seeding, active stabilisation of the laser was necessary to 

reduce the frequency drift of the open cavity laser. This involved the use of a reference 

cavity as a frequency discriminant, with the stabilisation implemented through an 

electronic-based servo system. The three principal stabilisation techniques which use 

the frequency discriminant provided by a reference cavity are side-of-fringe locking, 

r.f. modulation locking, and dither or phase-sensitive-detection (PSD) locking. An

. . .
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experimental implementation of the PSD locking scheme is described below, along with 

a discussion of some of the features of the other two locking schemes.

The PSD locking scheme that was implemented involved the scanning of the laser 

frequency by the application of a dither signal to the piezo-ceramic mounted mirror, 

which was made to oscillate in position at a frequency of 700 Hz. The modulated laser 

beam was passed through the reference cavity described below and the transmitted 

intensity detected by a photodiode. Upon passing the signal through a phase-sensitive 

detector an error signal is obtained which is equal to the derivative of the reference 

cavity transmission. The zero crossing providing the null point to which the laser was 

locked. The servo electronics were constructed within the department from a design 

obtained from the National Physical Laboratory [3.36].

The reference cavity was a 10 cm long Fabry-Perot confocal interferometer having a >

free spectral range of 750 MHz. The cavity formed by 99% reflectivity mirrors had a 

measured finesse of 60. These mirrors were replaced with nominally high reflectivity 

mirrors which had a finesse of 135 which corresponds to a transmission peak of 5.5 

MHz FWHM. The cavity was constructed from a cylinder of invar, which has a low 

coefficient of thermal expansion of 0.9 * 10’̂  Enclosed within a polystyrene 

housing, the cavity was thermally stabilised using a platinum resistance thermometer, a 

nichrome wire heater, and a CAL temperature controller.

To enable optimum frequency discrimination, the dither signal was set such that the 

frequency excursion of the laser was 3 MHz, which was 0.35 times that of the 

reference cavity linewidth [3.22]. This frequency excursion was measured over a 

sweep period of 50 ms, which was necessarily greater than the dither period of -1 .4  

ms. In spite of being thermally stabilised, the reference cavity will itself suffer thermal 

and pressure drift, and as such will only provide an absolute frequency reference if it is 

locked to an rf frequency reference or hyperfine transition such as that in molecular 

iodine.

■ f'- ■■■------
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3 .7 .3 .b  Considerations for the fu ture

In general, the method that is chosen for active stabilisation is dependent upon the 

frequency noise spectrum of the free-running laser, after whatever passive stabilisation 

is used, and the frequency spectrum over which a low noise source is required. A 

particularly severe stabilisation specification is that for a future laser for gravitational 

wave detection, which is required to emit around 100 W of output power with noise of 

less than 10~̂  Hz/VHz at frequencies between 10 Hz and 10 kHz [3.23]. 

Notwithstanding the somewhat extreme requirements for the laser for gravitational- 

wave detection, the low free-running phase-noise common to diode-pumped lasers 

means that it is not always necessary to employ elaborate active stabilisation.

By monitoring the reflection from stable ultra-high finesse reference interferometers, 

measurements of the linear spectral noise density can be made. Frequency fluctuations 

in the laser signal are converted to intensity fluctuations, which are detected by a 

photodiode and sampled by a spectrum analyser which performs a fast Fourier 

transform. This provides information about the frequency of the noise, and enables the 

source of noise to be ascertained more readily. This technique was used to find that the 

high voltage transducer to the piezo-controlled mirror mount was generating noise at 

-14  kHz, and that the power supply to the scanning galvanometer mounted étalon was 

causing noise at -1  kHz.

As diode-pumped lasers are intrinsically low-noise sources, there can be considerable 

advantage in using passive stabilisation to shield these lasers from parasitic outside 

influences. As was described above, the short-term frequency noise was reduced from 

-500 kHz to < 10 kHz by enhanced acoustic damping. Passive stabilisation can also be 

used to reduce the long-term frequency drift through thermal expansion. This can be w

achieved by using materials with a low coefficient of expansion such as invar, or by 

using a composite cavity in which the thermal expansion of the materials cancel out 

[3.34].
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The locking technique that is perhaps the most straightforward is side-of-fringe 

locking, in which the laser frequency is locked half-way down the transmission peak of 

a reference cavity. Variations in the transmitted or reflected intensity provide an error 

signal for the servo loop that controls the frequency of the laser. In this technique it is 

necessary that the signal from the interferometer is compared with that from the laser 

directly, to prevent fluctuations in the intensity of the laser being interpreted as 

frequency fluctuations. Though side-of fringe locking is an appropriate technique for 

reducing jitter in diode-pumped lasers, it may introduce long-term drift due to inexact 

matching of the photodiodes that monitor the laser intensity and the reference cavity.

Perhaps the ultimate technique is radio-frequency (RF) sideband locking, which was 

developed by Drever and Hall [3.24]. This technique involves applying an rf phase 

modulation to the laser signal through an electro-optic device external to the laser- 

cavity. An error signal is provided by mixing the laser signal with that reflected from 

the reference cavity, which is operated in reflection mode for reduced response time. 

This provides noise rejection over a bandwidth right up to the RF modulation rate. 

When applied to a diode-pumped Nd:YAG laser, this technique has been shown to 

reduce the white spontaneous noise to around 1 mHz, which is well below the 

Schawlow-Townes limit for this laser of 130 mHz [3.25]. This scheme, which has 

been applied to a number of lasers, is overly sophisticated for injection seeding.

3 .8  Dynamic laser behaviour

3 . 8 . 1  Relaxation oscillations

Relaxation oscillations are periodic fluctuations in the intensity of a laser-beam which 

result from a perturbation to the gain or loss of the laser. In diode-pumped solid-state 

lasers, relaxation oscillations are evident when there is a sharp rising edge to the pump 

pulse. Rather than following the intensity of the pump pulse, the output from the laser
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consists initially of spiking, followed by quasi-sinusoidal oscillations which are 

damped exponentially. Relaxation oscillations occur in lasers in which the lifetime of 

the excited state is substantially greater than the laser cavity decay time. This is the 

situation with the diode-pumped Nd:YAG laser, in which the upper-state lifetime of 

230 ps is much greater than the typical cavity decay time of -10  ns.

The experimental examination of relaxation oscillations involved the application of a 

square wave from a signal generator to the analogue input of the diode driver. This 

raised the pump power to the Nd:YAG crystal from zero to a level well above 

threshold, causing an instantaneous population inversion with little flux and the 

consequent relaxation oscillations, as shown in figure 3.19

The ringing in the laser oscillator is analysed by Siegman using rate equations for the 

population inversion and the intra-cavity flux for a single-longitudinal mode laser; the 

results of which are presented here [3.15]. It is difficult to obtain an analytic solution 

to the coupled rate equations for the spiking at the start of the laser emission, as the 

upper state population and the intracavity flux are changing rapidly. In the regime after 

the spiking, a small signal analysis of the coupled rate equations does yield the 

following explicit expression for the intensity of the damped quasi-sinusoidal 

oscillations.

P(t) = Pss + Pi e x p ( ^ ) c o s ( V ( r - D V c  t ) ,  (3.22)

where P(t) is the instantaneous laser power, Pss is the steady state laser power, P i is a 

constant related to the amplitude of the oscillations and r is the amount of times above 

threshold the laser is being pumped. \  is the decay rate of the upper level, and \  is the 

cavity decay rate.

It was not possible to determine upper state lifetime from the exponential decay of the 

oscillations, as beating between longitudinal modes partially masked the effect. 

Measurements of the period of the small signal oscillations as a function of pump rate
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above threshold can however establish a value for the cavity decay rate, and hence the 

loss within the cavity. For the initial system which was operating at a low output 

power due to a defective coating, this method confirmed that the degradation in 

performance was due to high value of parasitic loss of 2%.

3 . 8 . 2  Small amplitude modulation of pump

The relaxation oscillation frequency is also evident in the response of solid-state lasers 

to small modulations of the pump rate. At modulation frequencies that arc small 

compared to the intermode frequency separation, the solid-state laser acts as a weakly

damped oscillator with a resonance at the relaxation oscillation frequency. On solving

the differential equations for the population inversion and the intracavity flux in the 

presence of a small perturbation, one obtains a transfer function between the 

modulation depth of the laser intensity, h i, which is related to the pump modulation 

depth, Rpi, by a linear transfer function [3.26].

ê î  = -----■ ---------  (3.23)
P COsp - COm + 2jYspO)m

where cOsp = > 7sp = r Y2 / 2, and cOm is the modulation frequency.

This transfer function was demonstrated experimentally by modulating the laser-diode 

pump to the Nd:YAG laser, and monitoring the intensity of the laser-diode and the 

NdiYAG laser simultaneously on an oscilloscope [3.26]. With the laser-diode biased 

such that the NdrYAG laser was 1.5 times above threshold, the modulation depth of the 

laser-diode was 6.5% of the dc laser-diode power over that required to reach threshold 

for the Nd:YAG laser.

The resultant transfer function shown in figure 3.20 demonstrates that at low 

modulation frequencies the NdrYAG laser intensity follows that of the laser-diode, but 

that at a frequency of 130 kHz the modulation depth of the NdrYAG laser increased 

from 6.5% to 81%. When the modulation frequency passed through the relaxation
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oscillation frequency of 130 MHz there was a phase change of 90° between the diode 

modulation and the NdrYAG modulation. This frequency provided an upper limit to 

the rate at which the intensity of this NdrYAG laser could be modulated and beyond 

which the modulation depth diminished

The resonant enhancement of small signal perturbations at frequencies near the 

relaxation oscillation frequency has a deleterious effect upon the noise characteristics of i

the laser. This was illustrated by the sidebands at the relaxation oscillation frequency in 

the heterodyne frequency measurements for an unmodulated laser.

3 .8 .3  Large amplitude modulation

In the analysis of small amplitude modulation in the previous section, the linear transfer 

function was dependent upon the modulation depth being small in comparison to the dc 

pump level. If the modulation depth is increased, then the transfer function from diode- 

pump to NdiYAG laser output is nonlinear, and controlled repetitive spiking of the 

Nd:YAG output can occur [3.27].

With the Nd:YAG laser biased at 1.5 times the threshold level, (a laser-diode pump 

power of 30 mW), repetitive spiking was demonstrated upon application of a sinusoidal 

modulation with amplitude of 20 mW to the pump beam at a frequency of 67 kHz. The 

resultant spikes of 2 jis duration are shown in figure 3.21, with the peak output power 

in the spikes being ten times that at the cw bias level. At this modulation depth, a 

decrease in the modulation frequency caused a train of relaxation oscillations to appear 

on each cycle, whereas an increase in the modulation frequency caused the peak 

intensity of the spikes to decrease. Modulation at other frequencies and modulation 

depths can result in more complex spiking patterns involving harmonics and 

subharmonics of the relaxation oscillation frequency.

As the upper-state has a long fluorescence lifetime and acts as a buffer to modulation of 

the pump rate, to achieve intracavity modulation of the laser intensity requires
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modulation of the loss within the cavity. By careful selection of the loss function to 

maintain as near uniform single-pass gain, it is theoretically possible to achieve binary 

intensity modulation with an index of 45 at a rate of 50 Mbits"^ from a miniature solid- 

state laser [3.28].

3 .9  C onclu sion s

The choice of the fibre-optic package for the cw laser diode provided a straightforward 

and effective approach to coupling the pump radiation into the longitudinally pumped 

NdtYAG crystal laser. The ray-tracing model of the pump beam profile determined the 

effect of aberrations in the pump-coupling optics and provided the pump profile within 

the Nd:YAG laser rod. The pump profile was input into the rate equation based-model 

of the output power of the Nd:YAG laser; the results from which were in good 

agreement with those obtained experimentally.

To achieve single longitudinal mode from a cw NdiYAG laser an étalon based 

technique and a twisted mode cavity technique were implemented experimentally. With 

the étalon scheme, a Brewster angled plate was included to ensure the oscillation of a 

single linear polarisation, and it was also necessary to have a galvanometer controlled 

étalon mount which was an additional source of frequency noise. The twisted mode 

cavity laser proved the more satisfactory with regard to jitter as it was intrinsically more 

rigid. Long-term drift in the frequency of the étalon based laser was reduced by 

locking the frequency of this laser to a temperature stabilised reference étalon, and as |

such this laser was able to provide a suitable source for injection seeding as described 

in chapter 5.

JJJ-—' '    ;------ ----—--
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Figure 3.1 Energy-level diagram of Nd:YAG crystal.
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Figure 3.4 Photograph of "bread board" cw NdiYAG laser, end-pumped by a  fibre- 

coupled 100 mW laser-diode array.
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Figure 3.5 Schematic diagram of "bread board" cw NdiYAG laser, end-pumped by a 

fibre-coupled 100 mW laser-diode array.
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Figure 3.6 Schematic diagram of overlap between the pump volume and the cavity 

mode. The pump beam is characterised by an absorption depth of around

1.3 mm, and a waist of -75  pm ,0.7 mm Into the NdiYAG rod. The cavity mode 

radius at -7 5  pm is constant over the absorption depth of the pump.
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Chapter 4

Long-pulse operation of a Nd:YAG laser 

transversely pumped by a quasi-cw laser-diode bar

4 .1  Introduction

In this chapter the operation of a miniature NdiYAG laser that was transversely pumped 

by a quasi-cw laser-diode bar is described. Both lens-coupled and close-coupled 

pumping configurations were examined, with the goal of obtaining the maximum 

output power in the fundamental transverse mode of the NdiYAG laser at 1.064 pm. 

Because of the transverse nature of the pumping, the NdiYAG laser was found to 

favour multi-transverse mode operation, and the attainment of TEMqo operation with 

good efficiency presented a greater challenge than for the end-pumped laser described 

in chapter 3. A variety of cavity geometries were studied with regard to the overlap 

between the pumped volume and the cavity mode. As a result it proved possible to 

obtain TEMoo without resorting to an additional aperture within the cavity.

An experimental study of the pump rate distribution involved measurements of the 

absorption in the NdiYAG crystal and the effect of the frequency chirp on the small- 

signal gain throughout the pumping interval. To obtain a picture of the pump power 

distribution in the rod, spatially resolved measurements of the small signal gain were 

taken along with images of the fluorescence from the ends of the rod.

An extensive model of the pumping process was based upon a ray-tracing program 

which determines the rate of pumping throughout the NdiYAG rod. This computer 

generated distribution of pump power is compared with that from the spatially resolved 

study of the single-pass small-signal gain. With this model it is then possible to 

determine the output power from the NdiYAG laser, with particular consideration being 

given to the transverse mode structure. Using a rate equation analysis of the overlap
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between the pump power distribution and intracavity flux, a calculation is made as to 

whether the TEMqo or the TEMqi mode has the lower pump threshold, and its value is 

ascertained. The pump power threshold for the second mode is then determined after 

taking into account the intracavity flux from the first mode which saturates the gain. 

With the third and final part of the model values for the output power of the NdiYAG 

laser as a function of input power are generated. This shows a non-linear slope 

efficiency, discussed in section 4,5.5, which is attributed to the asymmetric pump 

power distribution.

4 .2  NdiYAG laser configuration

The transversely pumped NdiYAG laser was initially constructed in a “breadboard 

fashion” on an optical table, as shown in figure 4.1, but was transferred to an 

aluminium subrail as the cavity design became more mature. The pump source was a 

single laser-diode bar (SDL-3220-J) as described in chapter 2. To match the emission 

wavelength of the laser-bar to the 810 nm absorption peak in NdiYAG, the temperature i

of the laser-bar was actively controlled using Peltier elements that were in thermal !

contact with a heavily finned copper heatsink.

In all the transversely pumped lasers that were studied here the active material was a 

NdiYAG crystal which had a nominal atomic neodymium dopant concentration of 

1.3%. This dopant level was higher than that for the end-pumped laser, as higher 

absorptivity was necessary for improved transverse pumping efficiency. The NdiYAG 

crystal was cut and polished into rods which were 12 mm long, and 1,1.5 and 2 mm 

in diameter. The end surfaces of the rods were either at Brewster’s angle or 

perpendicular to the axis of the rod; in the latter case they were anti-reflection coated for 

1.064 pm. Each rod was given a low grade polish around its barrel to increase the 

transmission of the pump light. This could be improved upon further by the adoption 

of an anti-reflection coating at the pump wavelength. Rods were mounted in a close
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fitting polished brass housing which acted as a back reflector for pump light that was 

not absorbed in a single pass. Improved reflectivity would be achieved by the 

application of a reflective coating to the brass housing or the back of the rod [4.1].

At the 25 W pump power level that was available from the single bar, it was necessary 

to have a small pump volume within the NdiYAG to maximise the population inversion 

and hence the gain. The extent to which this could be realized was dependent upon the 

spatial distribution of the pump light from the laser-bar which was emitted from a I cm 

* 1 pm area, with a FWHM divergence of 22® in the plane parallel to the laser-bar 

junctions. The pump beam was shown in chapter 2 to be partially coherent, and 

consequently not conducive to tight focusing.

In the first transversely pumped laser started in this project the pump configuration 

involved a pair of lenses* which collimated and focused the pump light into the 

NdiYAG rod. The primary reason for the use of coupling optics was that the lenses 

could be integrated into the laser-bar mount to protect the facets of the laser bar from 

contaminants such as dust and condensation. The degree of protection offered by this I
primitive window, which is shown in figure 4.2, was not proven, though it is most I

likely that a hermetically sealed package would contribute to device longevity. For the 

NdiYAG laser configuration that is shown in figure 4.3, the peak long-pulse multi- 

transverse mode output power was 1.9 W. The low level of pumping efficiency that 

this represents is attributed to a combination of aperture loss and coma; problems which 

might be overcome by specialised aspheric lenses.

On removing the coupling lenses, and coupling the pump light from the laser-bar 

directly into the NdiYAG rod, the output power from the above cavity configuration

increased to 6.5 W. For optimum pumping efficiency the laser-bar was positioned 0.2 

mm from the side of the rod. The rod was aligned with respect to the cavity axis using

* Lenses were both anti-reflection coated at 800 nm, and were of 25 mm
focal length and 0.4 N.A.

li
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a helium-neon laser, and the correct positioning of the laser-bar with respect to the rod 

was ensured using a CCD camera which monitored the fluorescence at 1.064 pm from 

both ends of the rod. An example of the resultant images is given in section 4.4.2.

Care was taken that the upper contact to the laser-diode did not touch the brass housing 

of the NdrYAG rod, as this would have caused the drive current to short circuit the 

laser-bar.

4 .3  Characterisation of long-pulse operation

The temporal profile of a typical NdrYAG output pulse in long-pulse operation is 

shown along with the laser-bar drive current pulse in figure 4.4. The distinct NdrYAG 

laser relaxation oscillations are a consequence of the sharp rising edge of the pump 

pulse. After a short period of spiking at the start of the pulse, the relaxation oscillations 

in the output damp down to a continuous level of output power. The delay between the 

start of the pump pulse and the onset of lasing is the time required for a population 

inversion to build up in the NdrYAG rod. To maintain the same output pulse 

characteristics from the NdrYAG laser at repetition rates between 10 and 100 Hz, the 

laser-bar temperature had to be altered to maintain the same output power and 

wavelength.

4 .3 .1  Transverse mode structure

The transverse mode characteristics of a laser depend upon the spatial overlap between 

the pump-distribution and the fundamental mode volume of the cavity [4.6]. In the 

longitudinally pumped lasers described in the previous chapter, the symmetry between 

the co-axial pump and cavity modes encouraged TEMqo mode. However, as the pulsed 

laser was side-pumped by a single laser-bar, the pump-rate distribution was highly 

asymmetric and at one side of the rod. As a result, the constraint of this laser to operate 

efficiently in the fundamental-transverse-mode presented a greater challenge than it did 

for the end-pumped laser.

'  : i

.
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The cavity configuration that was first adopted consisted of a rod, with faces cut at 

Brewster’s angle, positioned at the waist of a cavity formed by two 10 cm ROC mirrors 

that were 14 cm apart. This is shown schematically in figure 4.3. The Brewster­

angled faces induced the mode area of fundamental mode of the cavity to be elliptical 

within the rod, though the polarisation was linear, as shown schematically in figure 

4.5. For the cavity illustrated in figure 4.3, the waist (HWe-^M) was 225 pm in the 

horizontal plane and 125 pm in the vertical plane. The transverse-mode pattern from 

this laser was typically TEMg o, with the mode structure in the horizontal plane as 

shown in figure 4.6. This multimode pattern indicates that the mode-waist within the 

rod was significantly less than the pumped waist in the horizontal plane. When the 

laser-bar was close-coupled to the rod, the peak output power increased from 1.9 to 6.5 

W, whilst a similar multi-transverse mode structure was observed.

The conventional technique for reducing a multimode laser to single transverse mode is 

the introduction of an aperture at a focus within the cavity which presents additional 

loss for higher order transverse modes. However, it was felt that aperturing of higher 

order modes could be achieved by the edge of the NdiYAG rod itself. Single 

transverse mode operation was achieved when the Brewster-angled rod of 2 mm 

diameter was replaced by a similar rod with a diameter of 1.0 mm. Unfortunately, the 

maximum pump power to excite the smaller rod was limited to 15 W, as catastrophic 

facet damage had reduced the number of active elements in the laser-bar. 

Consequently, the influence of aperturing by the rod in achieving single mode operation 

cannot in this instance be differentiated from the level of pump power.

The rod with faces at Brewster’s angle was replaced by a 1.5 mm diameter NdiYAG 

rod with AR coated faces that were perpendicular to the cavity axis, that was to allow 

for the twisted cavity mode technique to be introduced and which is described in section 

3.7.2.b. The reconfigured cavity, which is shown schematically in figure 4.7, had a 

beam waist in the rod of 425 pm (HWe'^M) which resulted in single transverse mode 

operation as shown in figure 4.8. It is felt that increased pumping efficiency would
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probably have resulted from a return to the Brewster angled 2 mm rod, with the cavity 

configured to give a beam radius in the horizontal and vertical planes of ~600 pm and 

~330 pm respectively.

4 .3 .2  O u tpu t power

For the laser shown schematically in figure 4.7, measurements were made for the 

TEMqo output energy as a function of the laser-bar pump energy. The energies of the 

pump pulses and the 1.064 pm laser pulses were converted into peak powers by 

dividing by the respective pulse durations. The resultant graph of output power given 

in figure 4.9 shows a threshold pump power of 9.2 W and a slope efficiency of 21.8% 

for TEMqo operation.

It should be noted that obtaining the pump power for the slope-efficiency graph is 

somewhat complicated, since the pump power from the laser-bar cannot be measured 

directly whilst the laser-bar is pumping the rod. The pump power must be calculated 

from the laser-bar drive current. The complication arises in that the wavelength of 

operation, which must be kept fixed to maintain the same pump absorption, is a 

function of current. Consequently, as the current is altered the temperature of the laser- 

bar must be altered to maintain the laser-bar at the same wavelength. Unfortunately, the 

threshold drive current to the laser-bar is a function of temperature, so as a result the 

laser-bar output power is not linearly proportional to the drive current.

It was of particular interest for this laser to calculate the amount of parasitic loss, as the 

amount of clipping of the laser beam by the laser rod is a key parameter in the 

characterisation of this laser. This was achieved using the Fresnel plate output coupling 

method described in chapter 3, with the resultant graph of output power against output 

coupling plotted in figure 4.10. This shows a maximum output coupling of 28% and 

an optimum output coupling of 6-7%, from which the parasitic loss was determined 

using equation 3.4 to be 2.25-3.5%. When the laser was running with the Fresnel

-1
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plate in the cavity there were 10 surfaces per round trip with each surface contributing 

to the total parasitic loss. Hence, it is only possible to estimate the clipping loss of the 

optical flux by the edge of the NdiYAG rod to be ~ 1.25 - 2.5%.

4 .3 .3  Long itud inal mode charac terisation

The study of the longitudinal mode characteristics of the long-pulse laser involved 

alternative techniques to the scanning confocal interferometer that analysed the spectrum 

of the cw laser. For a scanning interferometer to make a single shot measurement of 

the spectrum of the long-pulse laser would have required that the piezo-driven mirror be 

oscillated at a rate of ~ 50 kHz, which was beyond the capability of the available driver. 

In practice the main technique employed was a static plane-parallel interferometer with 

computer aided monitoring that permitted observation of the entire fringe from 

individual pulses. Measurements of the pulse-to pulse stability of the long pulse laser 

obtained using a slow scanning interferometer are also given, as well as a description of 

a novel system for intra-pulse frequency measurement that is presently under 

construction.

To monitor the single-shot frequency spectrum of the long-pulse laser, a static plane- 

parallel interferometer was used along with a particular computer aided interferometry 

(CAIN) package. This technique, which was also employed to monitor the frequency 

spectrum of the Q-switched laser in chapter 5, is shown schematically in figure 4.11. 

The pulsed beam from the NdiYAG laser was expanded, then focussed to diverge 

through a static plane-parallel Fabry-Perot étalon made of plates of 97% reflectivity and 

separated by 1.03 cm. The resultant concentric circular fringes were imaged at the back 

focal plane of the imaging lens such that approximately 2 free-spectral-ranges were 

within the detector area of the CCD camera, (8.5 mm * 6.4 mm).

The fringes were detected and analysed by a computer aided system that was built 

within the department by James Wade and Michael Lusty to study the frequency
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characteristics of a distributed feedback dye laser [4.3]. This used a charge coupled 

device (CCD) camera*, which provided a high resolution video output that exhibited a 

linear response to flux intensity. The video output of the CCD camera was digitized by 

the video-frame store which was triggered by a TTL signal from the driver of the 

pulsed-laser diode. Upon the user pressing the “sample” key on the dedicated 

Archimedes computer, a frame was captured by the frame-store and displayed on the 

monitor. The frame-store could then be interrogated by the computer, and the image 

displayed in pseudo-colour with 7-bit resolution.

The pictures obtained were linearly distorted because the image from the CCD camera 

had an aspect ratio of 4:3 which was mapped onto computer memory with an aspect 

ratio of 1:1. Thus, the circular interference fringes that were observed using this 

system appear elliptical in figure 4.12. The presence of 5 longitudinal modes was due 

to spatial hole burning which has already been discussed in detail for the end-pumped 

laser in chapter 3.

With a routine for the computer a horizontal scan of 5 adjacent lines was taken across 

the entire width of a given interference pattern, and the radial intensity distribution 

plotted. As this was wasteful of the available information, a more sophisticated routine 

was used by which the intensity could be averaged radially around the fringes. To 

obtain a frequency spectrum in which the radius of the fringes was linearly related to 

frequency, further software was developed in the department by Stuart Fancey [4.4]. 

For a plane-parallel interferometer the fringe radius, r, is related to the laser 

wavelength, X, using the following equation [4.5],

m X = 2 d ( l - ‘̂ )  (4.1)

* EEV P46110 photon camera
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where m is the order of the fringe, d is the mirror spacing and f is the focal length of the 

lens used to image the fringes. Expressing this equation in terms of the frequency 

increment, A\), gives,

A\) = 2k (r^m-o - (4.2)

where m^ and m^+Au are the orders at those particular frequencies, k is a scaling factor 

given by

k = • (4-3)

which is a constant over a single free-spectral-range (FSR) of the étalon. To make the 

radial coordinate linear with frequency over a single order, the user was required to 

define a free-spectral-range on the stored data. This was done by marking equivalent 

points in adjacent orders of the non-linear radial intensity distribution with the cursor. 

The computer program was then implemented to produce a linear frequency spectrum 

such as that shown in figure 4.13. A scaling was provided for the frequency 

difference across the spectrum by the free-spectral-range of the étalon, which was 

measured from the plate separation. When this calibration was applied, the intermode 

spacing for the long-pulsed laser was found to be 2.37 GHz, which corresponds to 

laser oscillations on every third cavity mode.

To measure the pulse-to-pulse frequency stability, a plane-parallel interferometer was 

used in a slow scanning mode. A collimated laser beam from the pulsed-laser was 

injected into an interferometer, a mirror of which was scanned over a couple of free- 

spectral-ranges in a period of 10 s*. During this time interval, the central fringe of the 

fringe pattern was detected by a fast photodiode (BPW 28), and the signal fed into the 

digitizer unit of a spectrum analyzer*. The sample base of this digital storage facility 

consisted of 15,000 points, from which the peak search facility selected those data

* Photon-Control ASM-20 piezo-mount.
* Hewlett Packard 70700 digitizing unit
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points which corresponded to the detection of a laser pulse. The 1000 points obtained 

in this way, each one from a separate laser pulse, are displayed in figure 4.14 as a 

composite frequency spectrum. This confirmed the results from the single shot 

computer aided interferometry; showing that the long-pulsed NdiYAG laser was 

operating on five longitudinal modes, each separated by ~2.3 GHz. The fact that a 

clear mode structure is discernible in this spectrum shows that over the sample period 

of 10 s the pulse-to-pulse frequency jitter is less than the intermode spacing.

A further technique is under development to allow the measurement of frequency shifts 

within the duration of the laser pulse. As with the computer aided interferometry 

system outlined above, light from the pulsed laser will be focussed through a static 

interferometer. But rather than monitor the entire 2-dimensional fringe pattern once per 

laser pulse, a linear slice across the centre of the fringe pattern will be detected about 20 

times throughout the pulse. This will require the information detected by the CCD to be 

read out faster than 10 ps which is beyond the capability of available linear CCD arrays 

which must shift the charge serially along the array

To overcome the limitation imposed on the scanning rate by the serial extraction of the 

signal, a novel array is under construction in the department by Matthew Emberson. 

This will utilize a 2-dimensional CCD, in which all the pixels are masked from light 

with the exception of a single horizontal row. After the 10 ps detection time slot the 

charge generated in the unmasked row will be shifted in parallel in <1 ps to the masked 

row of pixels below. In this way the masked pixels of the array will act as an almost 

instantly accessible temporary store for the charge generated in the unmasked row. 

This process of shifting the charge down within the 2-dimensional array will be 

repeatable up to -5 0  times, building up a historical record of the flux incident on the 

linear array every 10 ps. At the end of this detection phase, the charge will be available 

to be accessed at a more leisurely rate by a personal computer. It is expected that this 

device will find additional applications to that for which it has been designed.
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4 .4  Pum p-ra te  d istribu tion

The pump rate distribution (PRD) is the rate of excitation of active ions at all points 

within the NdiYAG rod. The PRD is the link between the characteristics of the 

pumping laser and the output from the NdiYAG laser, and is the prime feature in the 

computer model of the pump process which is described later in this chapter.

The pump-distribution model required several experimentally determ ined input 

parameters including the diode beam divergence, the distance between the diode facet 

and the rod, and the absorptivity of the NdiYAG rod to the pump light. A discussion 

follows on the important effect that absorptivity has on the pump rate distribution, and 

consequently the performance of the transversely pumped laser.

To check the validity of the computer modelled PRD that is given in section 4.5.2, 

spatially resolved measurements were taken of the small signal gain throughout the rod. 

This involved using a probe beam from the cw diode-pumped NdiYAG laser, which 

was focused axially through the NdiYAG rod, and scanned in raster fashion to build up 

a 2-dimensional array of gain measurements. These gain measurements, and the 

pumping rate values obtained from them, are presented for comparison with the 

computer generated pump distribution.

4 . 4 . 1  A bsorp tion of lase r-bar pump em ission by NdiYAG crystal

A key consideration in the modelling of the pump process was the absorption 

characteristics of the NdiYAG rod to the laser-bar pump radiation. The absorptivity can 

be calculated from a convolution of the absorption spectrum of the laser crystal with the 

spectral profile of the pump laser. The time-resolved frequency spectrum of the pulsed 

laser-bar (shown in figure 2.17) indicates that about 5 modes were oscillating with an 

instantaneous bandwidth of 2 nm. A calculation of the absorption is made more 

difficult by the shift in central wavelength of -5  nm throughout the pump pulse
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duration, as shown in figure 2.18. The magnitude of the shift in wavelength is quite 

significant with respect to the width of the 810 nm absorption feature in the NdiYAG 

crystal, as shown in figure 4.15 [4.2].

To examine the effect of the frequency sweep on the absorption, the single-pass small- 

signal gain of the close-coupled pulsed NdiYAG laser was studied. The experimental 

arrangement is shown in figure 4.16. The single frequency 1.064 |xm output from the 

cw diode-pumped NdiYAG laser was focused through the NdiYAG rod, and the 

temporal response of the small signal gain monitored by a BPX 65 photodiode. The 

intensity of the probe beam was low enough at -1 mW to ensure that the population 

inversion was not significantly depleted by the probe beam. Consequently, the change 

in intensity detected by the photodiode as the laser-bar was pulsed gave a measure of 

the small-signal gain.

The frequency sweep throughout the laser-bar pulse manifested itself in a change in 

pump absoiptivity. This introduced a temporal variation into the pumping rate which 

translated into a variation in the small-signal gain. This effect was observed by 

temperature tuning the laser-bar to 4, 8 and 2(PC, such that the wavelength at the start 

of the pulse changes with respect to the absorption feature in the NdiYAG crystal. The 

relative gradients of the three profiles at different times throughout the pump pulse give 

an indication of the time dependent absorptivity, as shown in figure 4.17.

By varying the laser-bar temperature it was possible to temperature tune the initial laser- 

bar wavelength to maximise the total gain available, as was the case for long-pulse laser 

operation. Alternatively, the temperature could be lowered, such that the gain available 

at the end of the pump pulse was maximised as was appropriate for Q-switched 

operation. Jn this way there was maximum pump absorption at the end of the pump 

pulse such that fluorescent decay was minimised.

The influence of the time varying spectrum of the laser-bar on the PRD in the crystal 

could not be excluded from having an effect upon the transverse mode of the laser.
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When the cavity mode volume within the rod was slightly less than that required to 

achieve TEMqo mode, the transverse mode structure was found to change from TEMqq 

to TEMqi during the pulse. This may also be due to the increase in unsaturated gain in 

the wings of the fundamental mode throughout the pump pulse.

To prevent over complexity in this first attempt at modelling the transversely pumped 

laser the pumping rate was taken as constant, even though the frequency chirp of the 

laser bar causes a time dependent absorption. This was achieved by a time-averaged 

convolution of the frequency spectrum of the laser-bar with the absorption profile of 

NdiYAG. The absorption spectrum of the 1.3% doped NdiYAG in the wavelength 

range of the diode-pump, which is shown in figure 4.18, was measured using a 

Til sapphire probe beam. The diode-spectrum shown in figure 2.17 was convolved 

with the NdiYAG absorptivity at 7 instants throughout the pulse for the case when the 

diode spectrum was most closely matched to the NdiYAG absorption. From these the 

time averaged absorptivity was computed to be 0.52 mm'^

It is recommended that when rods are fabricated for transverse pumping, a thin blank of 

the same material should also be cut and polished. Direct measurement of the 

transmissivity of the test sample to the emission from the laser-bar, whether pulsed or 

cw, would give more accurate information on the absorptivity of the material, which is 

necessary for a better model of the pumping process.

4 .4 .2  Small-signal-gain distribution

The pumping-rate per unit volume for the transversely pumped laser has been modelled 

in a computer program called SIDEPUMP, which is detailed in section 4.5.2. This 

section contains a description of the experimental small-signal gain measurements that

were used to check the validity of this pump distribution model.

The experimental arrangement which is shown in figure 4.16 consisted of a 1.064 pm

cw probe beam, focussed axially into the rod. After passing through the rod, the
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intensity of the probe beam was monitored by a photodiode. By monitoring the relative 

change in the intensity detected by the photodiode as the laser-bar was pulsed the small- 

signal gain could be deduced. The probe beam was focussed by an 8 cm lens to give a 

free-space spot size of 60 pm. This was scanned in the x and y planes by two 45° 

mirrors on translation stages. An array of values for the small signal gain was obtained 

with 100 pm resolution.

At the low intensity level of the probe beam used for the small signal measurements, the 

upper state population was not significantly depleted by the probe beam. Hence, the 

probe beam intensity after passing through the crystal is given by,

I(zc) = 1(0) exp [ N (t) o  zc ] ,  (4.4)

where G is the stimulated emission cross-section, and Zc is the length of the crystal.

The instantaneous population inversion, N (t), can then be obtained in terms of the 

single pass small signal gain, a , defined by

a  = I(zc)/I(0), (4.5)

using

N( t )  =  d / a z c ) l n [ a ] .  (4 .6 )

For our condition of pumping for a finite interval, Tp, the population at the end of the 

pumping interval, N (Xp), is related to the pumping rate, Rp, by

N (Xp) = Rp X2[ 1 - exp ( - V '^2 ) ] ♦ (4.7)

where X2 is the fluorescence lifetime of the upper laser level. Hence, the pumping rate 

can be found from a measurement of the single-pass small-signal gain at the end of the 

pump pulse,

Rp = p Y * (4.8)
ciZcX2 [1  - exp (“V 'C 2)J

For the parameters for the transversely pumped laser, this becomes
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Rp = 9.26 * 1027 In [a] (4.9)

The spatially resolved measurements of the small signal gain were converted into a grid 

of natural logarithms by the program EXP. These were stored in a grid file called 

EXPCON, and plotted out with contours proportional to the pumping rate density in 

figure 4.19. The contours are spaced at intervals of ln[a] of 0.1.

The general features of the pump rate distribution shown in figure 4.19 arc confirmed 

by the false-colour image in 4.20 which depicts the fluorescence at the end of the laser 

rod when it was pumped by the laser-bar. The curved front surface of the rod acted as 

a lens to collimate the pump light, such that the pump light predominantly fills a strip 

across the laser rod, with a “hot-spot” at the side of the rod from which the pump light 

emanated. This picture was taken with a filter placed between the rod and the CCD 

camera to absorb the 810 nm pump light whilst transmitting the fluorescence at 1.064 

|xm. The magnified image of the end of the rod was transferred to the computer aided 

frame store system described in section 4.3. Images obtained by this system were 

useful in the alignment of the laser-bar with respect to the laser rod. Although 

qualitatively informative, the contours cannot be equated with particular levels of 

population inversion because the camera is not detecting light from a single plane.

4 .5  Modelling of quasi-cw side-pumped Nd:YAG laser

4 . 5 . 1  Introduction

The purpose of the model was to determine the output power of the quasi-cw NdiYAG 

laser as a function of input power. The first part of the model is a calculation of the 

steady state pump-rate distribution within the NdiYAG rod. This is then used to 

determine whether the TEM qo mode or the TEMqi mode has the lower pump threshold, 

and the value of the threshold pump power. Particular consideration was given to the 

transverse mode structure of the laser output, as it was important to achieve operation in
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the fundamental transverse mode. At a subsequent stage in the model the threshold is 

determined for the other mode in the presence of gain saturation by the first mode. The 

final part of the model is then to obtain a table of output power against input power for 

the laser over the pump range in which there is only one transverse mode lasing.

The rate equation analysis follows that of Kubodera and Otbuka [4.6], and involves a 

calculation of an integral of the product of the pump rate distribution and the flux 

density over the volume of the laser crystal. The formalism behind this approach is 

presented along with the theory behind the pump threshold and output power 

calculations. The computer code based on this model was developed in the department 

by a summer-student called Andrew Wray [4.8].

4 .5 .2  Pum p-ra te  d istribu tion

The first stage in the general modelling of the transversely pumped laser was to obtain 

the rate of excitation of active ions at all points within the NdiYAG rod. To obtain this 

pump rate distribution, a program was written which traced 3300 individual rays from 

the laser-bar as they passed through the NdiYAG rod. Although Gaussian beam optics 

can in principle be used to describe the propagation of a beam from a laser-diode, the 

description of the wavefront when it was only partially inside the rod was found to be 

complicated. The program that determines the pump-rate distribution, SIDEPUMP, 

produces a data-filc which can be passed to other programs for threshold and output 

power calculations.

The pump light from the laser bar is taken to have a Gaussian intensity profile in the 

plane of the laser-bar junctions with a divergence that was measured to be 21.40 

FWHM. The lesser divergence in the axial direction of the rod resulted in a pump

distribution that was fairly uniform along the length of the rod, and permitted the 

calculation of the pump distribution to be restricted to two dimensions. Each of the

total of 3300 rays had an initial weighting of one unit, and was labelled by its angle to
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the pump axis. The Gaussian intensity profile with its measured divergence determines 

the angular spread of the rays. The on-axis peak of the intensity profile resulted in the 

largest number of rays having an initial angle of divergence close to zero, with the 

maximum ray angle corresponding to 1.7% of the peak intensity.

Propagation of each ray is accomplished by determining the point on the crystal surface 

at which each ray is incident, and the angle of incidence for that particular ray, as 

shown in figiu-e 4.21. The fraction of that ray's weighting that is lost due to Fresnel 

reflection is calculated, and subtracted from the ray's weighting as it enters the rod. 

The angle of incidence is also used to determine the refracted angle of each ray as it 

enters the rod. The crystal is divided into a 2-D array of 100 x 201 pixels, in which 

each pixel corresponds to a thin filament that runs the length of the rod. The degree of 

pumping of a pixel by a particular ray is given by the loss in that ray's weighting due to 

absorption in that pixel. This is dependent upon the angle of the ray, and the position at 

which the ray enters and leaves the pixel.

Upon crossing the crystal, the rays are then reflected by the back surface of the rod and 

by the reflective brass rod housing. The procedure for modelling the back reflection is 

similar to that for the front surface. The pump distribution is calculated for only the 

half of the rod above the x-axis because of the symmetry of the pump profile.

Conversion of the theoretical data of absorbed rays per pixel N(x,y) into a distribution 

giving pump rate per unit volume R(x,y) involves multiplication by a factor, K,

R(x,y) = K. N(x,y) (4.10)

where K is given by

Pp/h'U is the pump output power divided by the energy of a pump photon, and is the

rate of photon em ission by the pump-diode. Elj. = 3300 is the sum of the initial ray
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weightings, and v is the pixel volume which is given by the cross-sectional area of a 

pixel multiplied by the crystal length. K is printed with each contour plot and can be 

applied to the numerical value shown at any point in the plot.

The program SIDEPUMP determines the pump-rate distribution after the relevant pump 

parameters, which are given in table 4.1 along with their values, have been entered. To 

make this contour plot comparable with that obtained from the small signal gain 

measurements in section 4.4.2, a program called COARSE averages the 100 x 201 

array into a 14 x 28 array of 105 pm squares. The resultant low resolution contour plot 

obtained using the parameters in table 4.1 is shown in figure 4.22, and is stored in the 

grid file RUFCON.

Radius of crystal 0.75 mm

Separation of diode and crystal 0.2 mm

FWHM divergence of pump 21.40

Absorptivity of NdrYAG to pump 0.52 mm*i

Back reflection by brass mount 30%

Table 4.1 - Pump rate distribution parameters

A comparison between the computer generated pump distribution and that obtained 

from the measurements of the small signal gain (figure 4.19) shows that the computer 

generated distribution fills a narrow strip across the rod, and is in consequence of a 

higher intensity. It is not known at this stage whether the model or the experiment is 

responsible for this deficiency.

Upon calculation of the pump rate distribution, routines within the program 

SIDEPUMP allow the user to create graphical cross-sections, contour plots and data

...
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files containing all the information about the distribution and its associated parameters*. 

The fraction of the pump power that is absorbed within the rod, TJa> is also calculated 

using the program. This is a parameter that is necessary for the calculation of the pump 

thresholds described in section 4.54. These data files may then be accessed by 

programs by which the thresholds and slope efficiencies for the NdiYAG laser can be 

determined. The program SIDEPUMP has the potential to be developed to give the 

absolute population inversion distribution at the end of a diode pump-pulse. This 

would allow a detailed pump model for the Q-switched transversely pumped laser 

described in chapter 5.

4 .5 .3  M ode-overlap Form alism

On obtaining the pump rate distribution, the calculation of the output power from the 

NdiYAG laser was based upon rate equations for the population inversion density and 

the intracavity flux density. The three-dimensional rate equations for the population 

inversion density n(x,y,z) for the situation of more than one transverse mode is given 

by [4.6],

d n f e M  = r(x,y.z) - - fj S  Si (x.y.z) . (4.12)
dt 12 "1 i

where r(x,y,z) is the pump rate density distribution, and Si(x,y,z) is the flux density 

distribution of the i-th transverse cavity mode. The second and third term on the RHS 

of equation 4.12 take account of the depopulation of the upper lasing level by 

spontaneous emission, and stimulated emission by all transverse modes, respectively. 

The other parameters and their values are given in table 4.2.

The three dimensional rate equation for Sî  the number of intracavity photons in the i-th

transverse mode is given by

" All the data files and programs are in SAVA directory (PHRAW), and their 
associated contour plots are in the gridfile CONTOUR.
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(4.13)

The first term on the RHS of this equation denotes the increase in intracavity flux due to 

stimulated emission, whilst the second term denotes both parasitic and output coupling 

loss from the cavity. is the fractional round trip loss for the i-th transverse mode, 

which includes output coupling, scattering and absorption loss, and mode-clipping 

loss. T r t  is the cavity round trip time, such that T r t / S î is the cavity decay time for the 

i-th mode.

Stimulated emission cross-section at 1.06 pm, a 7.4* 10-^9 cm2 [3.31]

Fluorescent lifetime of ̂ Fg/2 state, t 2 230 ps [3.32]

Fraction of ions in '^F3/2 state in level 2, f2 39% [3.12]

Refractive index, ni 1.82 [3.2]

Table 4.2 - Spectroscopic laser parameters of a NdiYAG crystal

It proves useful to introduce normalised distributions for the pump rate density and the 

flux density, which are defined such that,

r ’(x,y,z) = ^ r(x ,y ,z) JJJ r ’(x,y,z) dv = 1 (4.14)
c a v ity

where R is the total number of atoms excited per second in the laser crystal, and

s ’i(x ,y ,z) =  ^ j ( x ,y , z ) z) dv = 1 (4.15)
c a v i t y

where Si is the total number of intracavity photons in the i-th mode.

In the steady state, the rate equations for the population inversion density and the 

intracavity flux may be equated to zero, such that,

Rr’(x,y,z) = + f  ̂ ^  S-s/ (x,y,z) (4.16)
"1 i
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1 = I I I n(x,y,z) Sj’(x,y,z) dv for alii. (4.17)
ôini cav i t y

Expressing equation 4.16 explicitly in terms of the inversion density one obtains,

n(x,y,z) = R r’(x,y,z) ^ Z s A ' ( x , y . z )
T2 "1 ,

(4.18)

Equations 4.17 and 4.18 are then combined to eliminate the population inversion, and 

in so doing the flux density is directly related to the pumping rate distribution by,

r ’(x.y.z) s,-(x.y,z)
i  = f2COXĵ .j'X2
R Si"! J

cav i t y
—  2j  SjS; (x ,y ,: 

1 1

c a r , ,
1 + f 2 "TT” Z i  SjSj’(x ,y ,z )  J

In this overlap integral the pumping rate is related to the loss and the intracavity flux of i

the i-th transverse mode. The replacement of the population inversion by the pumping |

rate makes the saturation of the gain by the intracavity flux explicit in the denominator W

of this equation. ]

'1
4 .5 .4  Thresholds for bo th TEMqo and TEM qj modes J

j
jTo determine which transverse mode, the TEMqo or the TEMqi, has the lowest j

threshold a program called OVERLAPD has been written. Though the model |
j

accommodates the possibility of either mode being the first to lase, all the scenarios so j

far modelled have involved the TEM qq mode lasing first, it is this situation that is |

considered here for simplicity. On obtaining the threshold for the first transverse j
I

mode, OVERLAPD calculates the threshold of the TEMqi mode, whilst taking into I

1
account the intracavity flux from the first mode. The saturation of the gain by the first ij

I
mode increases the threshold for the second mode by depleting the available gain. At j

4
increased rates of pumping, higher order transverse modes such as TEMq2 will also 

reach threshold but they are not included in this treatment.

At the first threshold, the intracavity flux for both modes is zero, that is.
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Sj = 0 for all i.
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(4.20)

Substituting this into equation 4.19, the threshold for the fundamental transverse mode 

is given by,

1

100
f2CO'Tĵ 'j>T2

z) s ’oo(x,y,z) dv
c a v i t y

(4.21)

To find the threshold for the TEMqi mode, gain saturation by the TEMqo mode is 

included in equation 4.19, such that.

R th o i —
ÔOIO]

f2C

r ’(x,y,z) s’Qj(x,y,z)

. , caXry
_civ i t y  1 + fa l i ; -S o o S ’oo(x,y,z)

dv
-1

(4.22)

But Sqo» the intracavity fundamental flux at the TEMqi threshold is unknown at this 

stage. However, the threshold pump power for the TEMq  ̂ mode may also be 

expressed in terms of the flux distribution of the TEMqq mode.

Rthoi _ Sooni
f2CaTĵ j'T2

r  r ’(x.y,z) s’oQ(x,y,z)
dv

CGZ<
ity   ̂ ^  ^2 ^ 0 0 ^ ’o o ( ^ ’y » ^ )

(4.23)

Equating 4.22 and 4.23,

Soo

r ’(x,y,z) s’oo(x,y,z)

c a v i t y

COT?
1 + fz “S p  SooS’ooU-y-==)

dv
r*(x,y,z) s \ /x ,y ,z )

1 +f2^-^SooS’oo(x,y,z)
dv

(4.24)

The solution is found by varying Sqq, the intracavity photon number of the fundamental 

mode, until equality is achieved. Once a value for Sqq has been found for the pump 

threshold of the TEMqi mode, then the value of the pump rate RthQi can be obtained 

from equation 4.22.

The values for the pump thresholds for both transverse modes are calculated using the 

relation,
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f*thi~ ^ Rth| (4.25)
Ba

where is the fraction of the pump power absorbed in the Nd:YAG rod and is 

calculated in the SIDEPUMP program.

For the situation in which the TEMqi mode lases first, and the threshold for the TEM qq 

mode is sought, the analysis is very similar. The result in this case would differ only in 

that the saturation term in the denominator of the above equations would include the 

flux distribution for the TEMqj mode, SQiSQi(x,y,z), rather than the flux distribution 

for the TEM qq mode.

The threshold for the TEM qq and TEM qj transverse modes were calculated using 

OVERLAPD for the pump-rate distribution with parameters given in table 4.1 and for 

the cavity parameters given in table 4.3. The results, which are plotted in figure 4.23, 

show that the threshold for the TEM qq mode is lower than that for the TEM qi all 

positions across the rod. However, when the mode position is close to the axis of the 

rod, then the threshold for the TEMqj mode is less than the available pump power, 

such that both modes will lase.

This was confirmed experimentally with a laser configured according to the parameters 

in table 4.3. Both the model and experiment concur in the finding that when the cavity 

mode was positioned close to the laser bar then only TEMqq mode would lase. This is 

attributed to the edge of the rod acting as an aperture which caused greater clipping loss 

for the TEMqi mode than for the TEM qq mode.
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Cavity length 240 mm

Mode waist in rod 420 pm

Parasitic losses 1%

Output coupling 10%

Lateral position of mode within rod 0.4 - 1.1 mm

Table 4.3 - Laser parameters used in OVERLAPD 

4 .5 .5  Single transverse mode ou tpu t power

The steady-state Nd:YAG laser output power is calculated by the program called 

OVERLAPB as a function of laser-bar pump-power. This program produces a table of 

output against input power for either the TEMqq or TEMqj mode in the presence of 

saturation of the mode-overlap integral by the intracavity field. As the program is 

unable to deal with the situation in which more than one transverse mode is lasing 

simultaneously, the program OVERLAPD must be used first to ascertain that pump 

regime is one in which only one mode is lasing.

OVERLAPB solves equation 4.19 numerically for a particular mode j. The program 

may be thought to work in reverse in that it determines the input power from the output 

power. The intracavity flux is obtained from the output power using the relation.

S. =
' T ho)i

(4.26)

From this value of intracavity flux, the saturated gain as represented in equation 4.19 

can be found for the particular transverse mode that is lasing. The pumping rate R is 

then determined by integrating the cavity mode distribution/pump distribution product 

in the presence of the saturation term for a given output power. The input pump power 

is then related to the pumping rate by
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Pjui = — E R. (4.27)

OVERLAPB generates a table of input powers P^  ̂against output powers Pg^, which 

can then be displayed graphically.

Program OVERLAPB was run for a laser with the pump and cavity parameters given in 

tables 4.1 and 4.3*, and with a mode-position of 0.525 mm into the rod from the laser- 

bar. At this mode position it was computed using OVERLAPD that the Nd:YAG laser 

would oscillate solely in the TEM qq mode at 25 W pump power. The graph of output 

power against pump power is shown in figure 4.24 for the TEMqq mode. This shows 

a cw pump threshold of 6 W and a slope efficiency which increases with pumping rate 

of approximately 20%.

An interesting result from the OVERLAPB program is that the slope-efficiency 

continues to increase at pump levels well above threshold. This may be explained by 

considering the slope-efficiency as the product of four contributory efficiency terms.

Bsl — Bqu Ba Boc Hov (4 .28 )

where Tjqu is the quantum efficiency = 0.76 (Xp/Xi),

Ba is pump efficiency, = 0.55 (SIDEPUMP)*

Boc is the output coupling efficiency = 0.68 (T/(T+8q+L))*

Bov is the overlap efficiency. T 0.70 (OVERLAPS)*

The overlap efficiency is a measure of the efficiency of extraction of flux from the 

inversion in the NdiYAG rod. As the flux intensity increases with pumping rate above

* The output coupler was optimised at 6.5%
* This is the fraction of pump power absorbed within the Nd:YAG rod, 
calculated by the model SIDEPUMP for the parameters given in table 4.1.

* The output coupling efficiency is the ratio of output coupling loss to total 
flux loss in the cavity. T is the transmissivity of the output coupler (6.5%), 
and 5q is the round trip cavity loss for the TEMqo mode calculated in the 
program OVERLAPD (2%), and L is the other parasitic losses (1%)

* The overlap efficiency is not calculated explicitly by OVERLAPB, but is 
obtained from the computed slope-efficiency.
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threshold, stimulated emission increasingly dominates over spontaneous emission. As 

such, the overlap efficiency is the only term in 4.28 which is a function of pump 

power. For most lasers the slope efficiency increases with pump power when the laser 

is just above threshold, but soon becomes constant. This is the case for the end- 

pumped laser described in chapter 3, in which the pump distribution is coaxial with the 

cavity mode, giving good saturation of the gain by the intracavity flux.

The reason for the nonlinear slope-efficiency shown for the transversely pumped laser 

in figure 4.24 is the asymmetry of the pump-rate distribution. In the region of the rod 

near the laser-bar the pump-rate density is at its highest, but the optical flux intensity is 

low as this corresponds to the wings of the mode. In consequence, there is poor 

extraction of the inversion close to the rods at low pump powers. As the pump power 

increases stimulated emission dominates increasingly, and a slight nonlinearity in the 

slope-efficiency arises.

The graph of Nd:YAG laser output power against pump power that was obtained 

experimentally, for the quasi-cw operation with transverse pumping is shown in figure 

4.9. This gives a cw pump threshold of 9.2 W and a slope efficiency which also 

increases with pumping rate of approximately 21.8 %. There was no obvious evidence 

for the nonlinear slope-efficiency due to the latitude of error on the experimental data.

4 .6  C onclu sion s

The approach used in the design of the long-pulsed laser described in this chapter was 

to maximize the gain by achieving the maximum pump power density. In addition, the 

intrinsic asymmetry of the pump distribution in the NdrYAG rod was exploited such 

that the aperture provided by the rod inhibits higher order transverse modes. This 

proved successful with quasi-cw operation at 1.064 jxm achieved in TEMqo mode with 

a threshold of 9.2 W and a slope-efficiency of 21.8%.

v-rt . ■■■ ‘
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Work is continuing to determine the source of the inconsistency between the modelled 

pump rate distribution, and the pump rate distribution as determined from the 

experimental small-signal gain measurements. It is expected that this will remove the 

discrepancy between the threshold value as computed by the OVERLAPB program and 

the threshold value obtained experimentally. Once the computer model is validated, it 

will be a valuable basis for the design of multiple-pump laser-rod configurations 

currently under consideration.
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Figure 4.1 Photograph of directly coupled transverse system, with acousto-optic Q-switch 

and extracavity frequency doubling crystal.
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Figure 4.2 Schem atic of twin lens diode focussing schem e.
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Figure 4.3

Schem atic showing the pumping schem e and cavity configuration for the first transversely 

pum ped laser constructed by ourselves. When the lenses were removed it w as discovered 

that the close-coupled pump geometry w as considerably more efficient.
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The lower trace shows the current pulse to the SDL-3220-J laser bar. The upper trace shows 

the temporal response of the Nd:YAG laser In long-pulse mode, when pumped by a  close- 

coupled laser bar. The laser configuration w as that shown In figure 4.3, In which the output 

w as 6.5 W in a multimode transverse beam  pattern.
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refractive index = 1.82 
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Figure 4.5

Schem atic to show how the Brewster angle in the Nd:YAG rod stretches the cavity mode 

waist in the plane parallel to the laser bar. With an aspec t ration of n:1, this elliptical mode 

overlaps with the pumped volume better than a circular mode.
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Figure 4.6
Position (mm)

Transverse mode structure of the NdiYAG laser in the horizontal plane, m easured using a

linear CCD array. The laser was set up as described in figure 4.3. There was only one mode in 

the vertical plane.
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Transverse mode structure in the horizontal plane for the laser shown in figure 4.7 showing a
single transverse Gaussian mode.
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Output power against pump power for Nd:YAG laser In long-pulse TEf^oO operation. The 

laser-bar was pumping 25 Watts in pulses of 200 ps duration at a  repetition rate of 10 Hz, and 

the laser cavity configuration w as that a s  shown in figure 4.7. The duration of the output 

pulses was measured in order to calculate the peak output power from the Nd:YAG laser.
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Figure 4.10 Output coupling (%)

Output power against output coupling for the Nd:YAQ laser shown in figure 4.7, with a  the

output coupling mirror replaced by a  HR mirror. An intracavity plate w as rotated in order to 

ac t a s  a  variable reflectivity output coupler a s  described in chapter 3.XXXX.
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Schematic of computer aided plane-parallel interferometer that was used to monitor the single 

shot frequency characteristics of the NdiYAG in both long-pulsed and Q-switched operation. 

The plate spacing w as -1 cm, giving a free spectral range of ~15 GHz.
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Figure 4.12 Photograph of interfererence fringes for laser in long-pulse mode taken using a 

computer aided interferometry system  showing the laser operating on 4 

longitudinal modes.
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Frequency scan obtained from an average radial intensity distribution of the interference 

pattern shown in figure 4.11. This shows that the intermode frequency spacing is -2 .3  GHz, 

corresponding to three times the cavity mode spacing of 0.75 GHz.
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Composite frequency spectrum obtained over a  slow scan sweep of 10 s  duration by the slow 

scanning Fabry-Perot interferometer, which had a  free spectral range of 14.6 GHz. Recorded 

from 1000 pulses, this confirms the frequency spectrum ob tained by the single-shot static 

Fabry-Perot, and shows that there Is good pulse to pulse frequency stability.
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Figure 4.15

Absorption spectrum of Nd:YAG with the spectral output of the diode array near the start and 

end of the pulse superimposed upon it. The 50% lined indicates the absorptivity at which half 

the pump light is absorbed in a 2 mm path length.
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Figure 4.16

Schem atic diagram of the experimental configuration for the single p ass  small-signal gain 

m easurem ents of the Nd:YAG rod when transversely pumped. In the experiment described in 

section 4.41 on the temporal profile of the gain, the scanning mirrors w ere not used. In the 

experiment described in section 4.4ion the spatial distribution of gain within the rod, the peak 

small-signal was monitored.
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Small-signal gain in the side-pumped Nd:YAG rod m easured duing the 200 p s  long, 25 W 

pump pulse, with ditferent tem peratures of the d iode-laser heat-sink and therefore different 

wavelength of the diode array-output: 4 ^ 0  (dotted curve), 8 ^ 0  (thin curve) and 20^0  (thick 

curve).
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Figure 4.18 Wavelength (nm)

Absorptivity of 1.3% doped Nd:YAG m easured using a  Tiisapphire laser probe beam  scanned 

over the 809 nm absorption feature.
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section of Nd:YAG rod with 0.75 mm rad ius

contour units 9.26 * 10^7 m“3s-i

Figure 4.19

Contour plot of the pumping rate per unit volume which w as obtained from the sing ie-pass 

sm ail-signal-gain m easurem ents. The program  EXPCON g ives a  plot with con tours 

proportional to In [a], In increments of 0.1, so that a  conversion factor of 9.26 * 10^7 m-3g-i ;g 

requ ired to convert the con tour values given in this plot into a pumping ra te  density 

distribution.



Figure 4.20 Pseudo-colour image of the fluorescence from the end of the transversely

pumped Nd.YAG rod.
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Figure 4.21

Schematic diagram of the ray-tracing geometry used in the SIDEPUMP 
program. The Gaussian intensity distribution of the pump light is 
transformed into the angular distribution of 3300 individual rays, each of 
unity weighting. These rays are then refracted at the rod surface, with 
the Fresnel reflection loss removed from the weighting of each ray. 
Reflection by the back of the rod and the reflective housing is also taken 
into consideration.
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Figure 4.22

Contour plot from the program SIDEPUMP which determ ines the pumpng rate of ions per unit 

voiume in the NdrYAG rod side-pumped by a  laser-bar. This contour plot w as obtained with 

the param eters shown in table 4.X. This contour plot w as m ade to have the sam e 100 pm 

resolution a s  the experimentally determ ined plot of the pumping rate distriixition by using the 
program COARSE.
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Figure 4.23

Thresholds for the TEMqo and TEMqi m odes modelled by the program OVERLAPD as a 

function of lateral position of the m ode within the rod with respec t to the edge of the rod 

adjacent to the laser bar. The param eters used for this figure are those given in tables 4.1 

and 4.3, but for a  mode radius of 420 pm and an output coupling mirror of 90% reflectivity. 

The experimental findings for this laser were in qualitative agreem ent in that the laser would 

only operate in the fundamental mode when the mode w as centred either close to the laser 

bar, or towards the back surface in which c a se  the output power w as dim inished. This 

indicates that the NdrYAG laser is being used to aperture the higher order transverse modes.

A
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Figure 4.24
Pump power (W)

TEMoo output power obtained from the OVERLAPB program. This indicates that one might 

expect the slope efficiency from the transversely pumped laser to be slightly non-linear at 

pump power levels well above threshold. This non-linearity Is due to the asymmetric pump 

volume which reduces the saturation of the gain at low pump powers. The experimental 

m easurem ents of the output power aga inst input power w ere not sufficiently precise to 

confirm this finding.
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Chapter 5

Q-switching of holosteric NdzYAG lasers

S . 1 In troduc tion

Q-switching is a process whereby the energy storage capacity of laser materials with 

long upper-state lifetimes of typically greater than 100 ps is utilised to create relatively 

short optical pulses of around 20 ns duration and of high peak power [5.1]. The 

potential for Q-switching of flashlamp pumped solid-state lasers was realised at an early 

stage, and it was a natural progression for this technique to be applied to diode-pumped 

lasers [5.2,5.3]. As laser-diodes have short upper-state lifetimes of around a 

nanosecond, Q-switching of laser-diodes themselves is neither useful nor practical.

A listing is given in this chapter of the considerations necessary for good pumping and |

extraction efficiency of a diode-laser pumped Q-switched NdiYAG laser along with a 

description of the acousto-optic and electro-optic Q-switching mechanisms that were 

exploited in this work. Two acousto-optic and one electro-optic Q-switch were used 

during this project, and their characteristics are given in the appendix to this chapter.

Repetitive Q-switching was applied in the first instance to the longitudinally cw diode- 

pumped NdiYAG laser that is described in chapter 3. A key component of this chapter 

is the Q-switching of the transversely pulse-pumped NdiYAG laser described in chapter 

4, and a full characterisation of the dependence of the output power on pump power 

shows the well-behaved nature of this laser. An analysis of the frequency 

characteristics of this laser preceded the use of the stabilised single-frequency cw a|

holosteric laser for injection seeding which resulted in high quality Q-switched pulses #
i

in a single-longitudinal and single transverse mode. To satisfy the sometimes
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conflicting demands of single transverse mode and good extraction efficiency from the 

transversely pumped laser using an acousto-optic Q-switch proved difficult, and the 

alternative scheme involving an electro-optic device was adopted. This was more 

appropriate to the high powers from this laser.

5 . 1 , 1  Pumping interval

It is necessary during the pumping interval that there is sufficient intracavity loss 

introduced into the cavity to prevent the onset of lasing. This state of low intracavity 

flux due to low Q allows the build up of a large population inversion in the NdrYAG 

gain medium. Once the cavity loss is removed such that a high cavity Q is restored, the 

large gain available results in the population inversion being extracted in pulses of high 

peak power and durations that are typically 20 ns. An illustration of the temporal 

evolution of a Q-switched pulse with regard to loss, population-inversion and optical 

flux is given in figure 5.1.

The first part of the Q-switching process is the pumping interval, in which the Q-switch 

prevents the oscillation of flux within the cavity. During the pumping interval a 

population inversion builds up from zero to approach a maximum asymptotically. The 

instantaneous population inversion is given by,

N(t) = Rp %2 0  - ' (5.1)

where Rp is the pumping rate into the upper laser level and i 2 is the upper-state lifetime. 

This instantaneous population inversion when plotted for NdrYAG as a function of the 

pumping interval is illustrated in figure 5.2. Once the population inversion approaches 

its maximum, N^ax = Rp%2 , further pumping has a minimal effect upon the inversion 

as the rate of increase in population inversion is close to the rate of decrease in 

population due to spontaneous emission.
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The reduction in the population inversion due to spontaneous emission can be 

characterised by the fluorescence efficiency, Tif. This is the ratio of the total number of 

ions that remain excited at the end of the pumping interval, Ni, to the number of ions 

that have been excited during the pumping interval, Np,

. _ N l _  n  - exp(-Tp/t2) ^ (5.2)
yTp/T2

The fluorescence efficiency which is plotted for Nd:YAG in figure 5.2 as a function of 

pumping interval, shows that 67% of the excited ions remain so at the end of a 200 \is 

pumping interval. A comparison between the curve for fluorescence efficiency and that 

for population inversion shows that the goal of maximum Q-switched pulse energy is 

necessarily achieved at the expense of pumping efficiency.

5 .2  A cousto-op tic Q -sw itching

Acousto-optic (AO) devices are well suited as Q-switches in low gain lasers as the 

amount of passive loss they present to the cavity is small. They are particularly suitable 

for the Q-switching of continuously pumped lasers, as they may be operated at 

repetition rates of several kilohertz. An additional feature of acousto-optic devices is 

that the drive circuitry operates at low voltages, which is in contrast to electro-optic Q- 

switches which operate at potentials above a kilovolt.

In a laser using an acousto-optic Q-switch, the high-loss/low-Q state is achieved by the 

creation of a phase-grating within the cell which diffracts optical flux from the cavity. 

This phase-grating is created by the application of a radio frequency acoustic wave to a 

piezo-electric transducer which induces an acoustic strain field in the normally 

transparent material. Acousto-optic Q-switches are normally single-pass devices which 

have an absorber such as lead at the opposite side of the Q-switch from the transducer 

that prevents the reflection of the acoustic wave. The acoustic strain field is coupled 

into a modulation of the refractive index of the material via the photoelastic effect. The
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effect of the sinusoidal refractive index grating is to diffract light incident on the grating 

when the Bragg condition is met. That is, when

mX = 2A sin0 , (5.3)

where m is the order of diffraction, X is the optical wavelength in the material, A is the 

period of the acoustic wave in the material, and 0 is the angle for the diffracted light

Two acousto-optic Q-switches were employed at different times in this work: these 

were a Newport N30027-FS10 and an Isle-optic QS080, and are described in the 

appendix. Both of these were operating in the Raman-Nath regime causing the 

transmitted light to be diffracted into several orders. The angular dispersion of the 

diffracted light is not important with regard to Q-switching, and it is only the fraction of 

the incident light diffracted from the zero order, Tidiffraction» that is of concern. It was 

found experimentally, as described in section 5.4.1, that the gain from the transversely 

pumped laser was such that the 15% diffraction efficiency of the Newport Q-switch 

was insufficient to achieve hold-off when the reflectivity of the output coupler was 

greater than 80%. This necessitated its replacement with the Isle-optics device which 

had a diffraction efficiency of greater than 45%.

After a large population inversion has developed in the laser material, the rf drive-signal 

is switched off, and the Q-switch returns to a state of high optical transmission. This 

provides the conditions necessary for lasing to occur. As the laser is then well above 

threshold with a large amount of stored energy a short pulse with high peak power can 

develop [5.6]. It is essential that the Q-switch opens in a time shorter than that for the 

flux to build up in the cavity to a significant level, to prevent the residual loss from 

attenuating the emerging pulse. For the second cavity configuration of the transversely 

pumped holosteric laser it is shown in section 5.4.2.b that the minimum pulse build-up 

time was 130 ns. Consequently the two cavity configurations for the acousto-optic Q- 

switched lasers were designed to have relatively small beam radii of 110 |im and 145
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|im in the AO Q-switches, which correspond to Q-switch opening times of ~70 ns and 

90 ns respectively.

5 .3  Repetitive acousto-optic Q-switching of cw-pumped laser

Acousto-optic Q-switches have low insertion loss and high switching rates so they are 

well suited to use in cw diode-pumped lasers which exhibit low gain. Nd:YLF lasers 

are commercially available with peak output powers of 2 kW at pulse repetition rates of 

1 kHz [5.4], and have applications in micromachining, surgery and second-harmonic 

generation. These lasers are likely to be eclipsed shortly in the laser market by a Q- 

switched Nd:YLF laser which will produce pulses with 30 kW peak power at 1 kHz 

[5.5].

As a preliminary experiment to Q-switching of the laser-bar pumped Nd:YAG laser, the 

longitudinally pumped laser described in chapter 3 was Q-switched by the Newport AO 

device (described in the Appendix). The cw diode-pumped laser cavity was lengthened 

to ~8 cm to allow the insertion of the Q-switch component. The cavity was completed 

by an output coupler which had a radius of curvature of 10 cm and reflectivity 98-99%, 

as shown in figure 5.3. When pumped with 100 mW from the fibre-coupled SDL- 

2430-H2 laser-diode, the low output coupling was such that the 15% loss induced by 

the Q-switch was insufficient to prevent lasing when the Q-switch was in its high loss 

state. On the reduction of the pump power to 50 mW, pulses with energy of 1.8 pJ 

and 86 ns FWHM duration were produced at a repetition rate of 1 kHz. The pulse peak 

power of 21 W which this represents, is considerably less than the lower repetition 

pump pulsed Q-switched lasers described later in this Chapter.

It is worth noting that for repetitively Q-switched lasers, the maximum energy per pulse 

and also the maximum peak power occurs at a low pulse repetition rates, whilst the 

maximum average power occurs at high repetition rates and that an approximate value 

for the cross-over repetition rate between these regimes is 1 kHz for NdiYAG.

- ■ - 3 .
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5 .4  Synchronised AO Q-switching of pulse-pumped laser

The attainment of high peak power pulses from a holosteric laser required the 

application of the Q-switching technique to the transversely pumped Nd:YAG lasers 

described in Chapter 4. The SDL-922-J laser-diode-bar pump source emitted pulses of 

200 ps in duration which resulted in a fluorescence efficiency of 67%, as described in 

section 5.1.1. With a peak pump power of 25 W, the laser-bar offered the potential for 

pumping well above threshold with commensurately high extraction efficiencies as 

discussed in section 5.4.2.b.

5 . 4 . 1  Initial cavity configuration

The pulse-pumped Q-switched laser configuration that was initially constructed was 

adapted from the transversely pumped free-running laser shown in figure 4.3. This 

involved lengthening the cavity to 19 cm, such that focussing in the cavity supported a 

wide difference in mode-sizes along the cavity. In this cavity, which is shown in figure 

5.4, the Newport Q-switch was inserted at a point where the beam waist was just 110 

pm. For this beam waist, the Q-switch opening time was ~70 ns, which was 

comfortably less that the measured pulse-build up time of 130 ns.

In the Nd:YAG rod the cavity mode waists were 230 pm in the vertical plane and 420 

pm in the horizontal plane. It was anticipated that operating the laser in a Q-switched 

mode rather than in a long-pulse mode might make the laser more inclined to operate on 

a higher order transverse mode. This did not prove to be the case, and the good 

overlap between the pump volume and the fundamental mode volume, together with the 

aperture provided by the Nd: YAG rod itself, acted to ensure that the laser operated in a 

TEMoo mode.

It was not possible to achieve stable Q-switched operation when the reflectivity of the 

output-coupler was increased above 80%, as the 15% loss provided by the Newport Q-
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switch would not prevent lasing during the pumping interval. With the 80% reflectivity 

output-coupler the average power from the laser when operating at 100 pps was 26 

mW, which is equivalent to 0.26 mJ per pulse. These pulses were detected by a 

BPW28 photodiode and monitored by an Hewlett-Packard HP54111D oscilloscope, 

and the recorded data indicates that the pulses were of 37 t  2 ns duration (FWHM), 

corresponding to peak powers of about 7 kW. No optical damage was observed on the 

Q-switch element even with the optical flux density at ~ 100 MWcm"2 which was twice 

the specified damage limit of the device.

5 . 4 , 2  Second cavity configuration

In the second Q-switched laser cavity configuration the Nd:YAG rod with facets cut at 

Brewster’s angle was replaced with one which had anti-reflection coated faces parallel 

to the cavity axis. A result of this was that the cavity mode volume within the rod was 

transformed from elliptical to circular. In order to maintain single transverse mode 

operation it was necessary to change the mirror geometry such that the cavity mode 

waist in the plane that was parallel to the pump direction matched the pump depth in this 

plane. It was also necessary to maintain a small beam waist within the cavity at a 

position accessible for the acousto-optic Q-switch.

The solution was an almost hemispherical cavity with a mirror of 10 cm ROC, as 

shown schematically in figure 5.5. This had a circular mode within the rod with a 

beam radius of 420 jim, and a waist size at the plane mirror of 150 jxm. This resulted 

in a Q-switch opening time of 90 ns, which is necessarily less than the pulse-build up 

time of around 130 ns. As the waist size at the plane mirror becomes increasingly small 

as the cavity is lengthened towards the stability condition, care was required in 

choosing the length of the cavity so as to prevent optical damage to the plane mirror.
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5 . 4 . 2 . a Transverse mode structure

As with the free-running transversely pumped laser, operation in the fundamental 

transverse mode, and the suppression of higher order modes, was a prime 

consideration. For all of the transversely pumped laser configurations that were 

studied, this was achieved by implementing resonator designs that gave the optimum 

beam waist within the rod, combined with self-aperturing by the laser-rod to ensure that 

the TEMoo has lower clipping loss than next higher-order transverse mode.

It was anticipated that operation of the Q-switched laser in a single transverse mode 

would be more difficult than for the long-pulsed laser as there would be less time for 

the dominant mode to saturate the gain. In addition, the undepleted gain in the wings 

can encourage higher order modes to oscillate some time after the start of lasing of the 

fundamental mode, resulting in dynamic changes in the output beam profile. These 

fears proved to be unfounded, and the combination of matching the cavity mode to the 

pumped region close to the diode and using the clipping loss of the TEMqi mode by the 

Nd:YAG rod to suppress higher order modes proved effective. Fundamental mode 

operation in the vertical plane occurred routinely without consideration of the mode 

volume or its position within the cavity.

5 . 4 . 2 . b  Output power characterisation

Despite the high intensities and short pulses obtained from Q-switched lasers, useful 

results can be obtained from a simple rate-equation model. The basic rate equations for 

instantaneous population inversion N(t) and the flux intensity I(t) are given by,

^  = Rp - ^  - cOs N(t) I(t) , (5.4)

^  = casN (t)K t) - ^  , (5.5)
Xcav

where Rp is the pumping rate per unit volume, Tcav is the cavity decay time, and a® is

the stimulated emission cross-section. A solution for the pulse envelope of a Q-
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switched laser cannot be derived analytically and must therefore be obtained by 

numerical techniques. However, expressions for the key characteristics of a Q- 

switched pulse may be derived from the above equations by combining them to 

eliminate the temporal dependence. This is done in Siegman’s treatment, and the 

derivation for all the following expressions may be found there [5.6].

Pulse build-up interval

When the cavity Q is switched, there are almost no photons within the cavity, so that 

there is a short but finite time interval before the pulse occurs. This is the pulse build­

up time, Tb, which is arbitrarily defined to be the time between the opening of the Q- 

switch, at which time a few photons contribute towards the flux intensity I|, and the 

time when the flux has reached a level that is equivalent to the steady state flux 

intensity, Igg. The relationship between the pulse build-up time and the rate of pumping 

above threshold is given by,

Tb = (5.6)

where r which is the ratio of the inversion at the end of the pump interval to the 

threshold pump inversion which is also equivalent to the ratio of the pump energy to the 

threshold pump energy under the same conditions.

r = g  = | :  (5.7)

The ratio between the flux intensity li when the Q-switched is opened to the steady flux 

intensity Iss» is typically around 10"̂ ®, so the pulse build-up time may be approximated 

to,

Tb -  25 Icav. . (5.8)
(r-1)

For the Q-switched laser in the second cavity configuration, the pulse build-up time is 

plotted in figure 5.6 as a function of the pumping energy. This was measured from the 

instant the trigger pulse was delivered to the drive unit, and as such it is substantially
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longer than the true pulse build-up time. When the pulse build-up time is plotted 

against 1/r-l, it can be seen from the extrapolation of the graph that the true pulse-build 

up time is 130 ns when the laser is pumped 2.2 times above threshold. In addition the 

slope of the straight line fitted through the points in figure 5.7 shows that the cavity 

decay time is ~5 ns, which corresponds to a parasitic round trip loss of 9%.

Ptll5g gnçrgy

The total energy delivered to the Q-switched pulse is the difference between the energy 

stored in the population inversion before the Q-switch is opened, and the energy 

remaining in the inversion after the pulse. This can be expressed as,

E = Nx h\) V Tie r , (5.9)

where V is the pumped volume, and ht) is the energy of a lasing photon and T|e is the 

extraction efficiency, which is itself a function of the rate of pumping above threshold.

r = (5.10)
Be

The solution to this equation is given graphically in figure 5.8 and shows that the laser 

must be pumped at around 5 times above threshold for an extraction efficiency close.to 

100%.

The energy per pulse from the laser was obtained from a measurement of the output 

power from the laser with a Scientech power meter. Division of this measured power 

by the pulse repetition rate of 100 pps gives the pulse energy as plotted in figure 5.9 as 

a function of the pump energy. The slope of the graph of pulse energy against rric. 

which is given in figure 5.10, shows that VhoNx = 0.24 mJ, which gives a threshold 

population inversion of 8.3 * lOl^ cm'^.
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Pulse duration

The pulse durations of the Q-switched pulses were measureed with a BPW28 

photodiode and a Hewlett-Packard HP54111D oscilloscope, and are shown as a 

function of pump energy in figure 5.11. Pulse duration is related to the pumping rate 

above threshold by the following expression,

Tp = %cav • (5.11)
r-l-ln(r)

The plot of the pulse duration as a function of rq which is given in figure 5.12
r-l-ln(r)

confirms the cavity decay time as 5.1 ns.

Peak power

Values for the peak power of the Q-switched pulses were determined by division of the 

pulse energy by the pulse duration, and are are shown in figure 5.13 as a function of 

pump pulse energy. The relationship between the peak power and the pumping rate 

above threshold is given by,

V t ^  ( r - l - ln ( r ) )  . (5.12)
tcav

The good linearity of the peak power when plotted as a function of (r - 1 - ln(r)) in 

figure 5.14 highlights the well-behaved nature of this laser.

Because the laser was operating at a maximum of only 2.2 times above threshold, 

greater extraction efficiency and consequently higher output power could be achieved if 

this laser was pumped further above threshold. To this end, the 80% reflectivity output 

coupler was replaced with one of 90% reflectivity. This had the unfortunate 

consequence that the damage threshold for the coatings on the Isle-Optics acousto-optic 

Q-switch were exceeded. This occurred at a power density of around 100 MWcm'2, 

which was 20 times the manufacturers’ stated maximum. It was not possible to move 

the Q-switch to a position in the cavity with a larger beam waist as the opening time of

-,'î
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the Q-switch had to be less than the pulse build up time. This constraint imposed by 

the optical damage limit was a prime motivation behind the later adoption of electro­

optic Q-switching as the mode size in an electro-optic Q-switch does not affect its 

switching time. As it is envisaged that a number of laser bars will be used in a 

subsequent transversely pumped laser to increase the output power, the use of an 

electro-optic Q-switch becomes imperative.

5 .4 .2 .C  Long itud inal mode s truc ture

To measure the longitudinal mode structure of this laser, the static plane parallel 

interferometer described in chapter 4.3.3 was used. The results from this 

interferometer take the form of an interference pattern that was recorded by a frame- 

store based imaging system that was controlled by an Archimedes computer. A typical 

single shot interference pattern is shown in figure 5.15. This shows that in the absence 

of any longitudinal mode control the laser operated on around 10 cavity modes. Each 

laser mode was not necessarily oscillating on each shot, but came in and out almost at 

random. The bandwidth covered by these modes was calculated from the free-spectral 

range of the interferometer to be -25 GHz.

Injection-seeding

A common technique to obtain single longitudinal mode operation is to include one or 

more étalons within the laser cavity to provide additional loss for all but the centremost 

mode. This is less successful for Q-switched lasers than for cw lasers, as the 

intracavity flux makes fewer round-trips so there is less time for the dominant mode to 

saturate the gain. For this reason, the approach taken to achieve single longitudinal 

mode was injection seeding, in which one longitudinal mode received additional flux 

during the pulse build-up interval [5.7]. This involved injecting the narrow linewidth 

flux from a single longitudinal mode laser into the Q-switched laser cavity at a 

frequency close to that of a longitudinal mode of the Q-switched cavity. As this mode
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saturates the available gain, the pulse builds up in this mode preferentially over the 

other modes which must build up from optical noise.

It is worth highlighting the difference between injection seeding and injection locking. 

In the former, the injected signal provides one of the modes of the slave laser with 

additional flux at the start of the pulse and the pulsed laser oscillates at its own 

frequency. There is no phase relationship between the modes in the two lasers. In the 

latter, the injected signal dominates the slave cavity entirely such that the output from 

the slave is phase-locked with respect to the master. Injection locking, for the most part 

has been achieved with cw lasers, though it has also been shown to be applicable to Q- 

switched CO2 lasers [5.8].

The experimental arrangement for injection seeding is shown schematically in figure 

5.16. The injection seeding laser which is described in detail in chapter 3 consisted of a 

miniature Nd:YAG rod that was longitudinally pumped by a fibre-coupled laser-diode 

array. The cavity was formed by a dichroic coating on the NdiYAG rod and by a 10 

cm ROC 1.5% T output coupling mirror. A quartz étalon and a plate at Brewster’s 

angle were introduced into the cavity to constrain the laser to operate on a single­

longitudinal-mode. The short-term linewidth was 40 kHz, and the long-term frequency 

drift was minimal as the laser was locked to the transmission peak of a confocal Fabry- 

Perot interferometer.

A number of different arrangements for coupling the cw seeding laser into the pulsed 

laser cavity were evaluated, but the most convenient configuration was the injection 

seeding of the 0.2 mW of cw radiation through the nominally high reflectivity mirror of 

the pulsed laser cavity via suitable mode-matching optics and a Faraday isolator. The 

length of the cavity of the Q-switched laser was controlled via the piezo-ceramic 

mounting for one of its mirrors. The cavity length of this laser was adjusted to match 

the frequency of one mode of the pulse-laser to that of the injecting beam. The pulsed 

laser was then induced to operate on a single longitudinal mode as seen by the
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transmission characteristic of the Fabry-Perot interference given in figure 5.17. 

Seeding the laser in this way proved to be both straightforward and reliable.

Self injection seeding

An alternative technique that was examined for achieving a single longitudinal mode Q- 

switched laser was self injection seeding. This technique involves adjusting the 

intracavity loss introduced by the Q-switch such that at the end of the pumping interval 

the laser is oscillating just above threshold. This introduces flux of a single­

longitudinal mode into the cavity, that will saturate the gain more effectively on the 

opening of the Q-switch than the other modes which must build up from noise.

Self-injection seeding was achieved in the cavity shown in figure 5.5 using the Isle- 

Optic s Q-switch which had its hold-off adjustable via the rf power supply. Typical 

values for the normal and the self-injection seeding bandwidths were 20 GHz and 2 

GHz respectively, with the laser occasionally operating on a single longitudinal mode. 

To reduce the effect of spatial hole burning on the generation of additional modes, a 

twisted cavity mode laser was adopted. The AR coated Nd:YAG rod was placed 

between a pair of quarter wave plates so that flux passing through the rod was 

circularly polarised. This prevented a standing wave from forming in the gain medium 

with nodes at which undepleted gain might encourage alternative longitudinal modes. 

The change to the twisted mode cavity resulted in more reliable self-injection seeding, 

though it was still not wholly satisfactory as the Q-switch was not guaranteed to open at 

the instant at which the seeding flux was circulating within the cavity.

More effective self-injection seeding is achievable through the use of an electro-optic Q- 

switch allied to a photo-diode to monitor the instant at which the Q-switch should be

opened. The result of pumping the laser just above threshold is that the laser operates 

on a small gain switched spike or relaxation oscillation. To achieve effective self-
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seeding the Q-switch must be opened at the instant at which the self-seeding flux is at 

its maximum which necessitates the use of a fast Q-switch.

Effect of seeding on pulse profile

Further examination of the longitudinal mode structure and the effect of injection 

seeding involved looking in detail at the temporal evolution of the Q-switched pulses. 

The three aspects of the pulse envelope that were studied were high-frequency 

amplitude modulation, average pulse amplitude and the build-up time for the pulse with 

respect to the opening of the Q-switch.

Mode-beating between longitudinal modes manifests itself in an amplitude modulation 

on the pulse profile at the difference frequency between the modes. If there are only 

two longitudinal modes this modulation is sinusoidal whereas a more complex profile 

results from the presence of more than two modes, though the underlying modulation 

remains at the difference frequency.

The pulse envelope for an unseeded laser which is running on several longitudinal 

modes is shown in figure 5.18. The intermode frequency was 684 MHz which 

corresponds to an effective cavity length for the cavity of 21.9 cm. Measurement of 

this effect required the full 2 Gbits’  ̂ sampling rate of the Hewlett Packard 5411 ID 

digital oscilloscope. When seeded the modulation disappeared, and the smooth 

temporal profile of a single-longitudinal-mode Q-switched pulse was obtained as 

shown in figure 5.19. The measurement of the amplitude stability of these pulses was 

limited by the noise of the detector to be better than +6% over 100 pulses as shown by 

figure 5.20.

The effect of injection seeding upon the temporal response of the Q-switched pulses is 

also evident in the reduction in the pulse build-up time. A number of consecutive 

pulses were stored using the digital oscilloscope as the laser was injected seeded, and 

are shown in figure 5.21, This shows that for a remarkably low injected power of 165

'' - .I . '. ' . . . '- ' - .   — :----------------------- i-Jl!— 1-
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nW there was a reduction in the pulse-build up time of 45 ns between the unseeded 

pulses and the seeded pulses.

Also evident from figure 5.21 is the reduction in total energy within the Q-switched 

pulse with the unseeded pulses and seeded pulses having energies of 0.36 mJ and 0.25 

mJ, which corresponds to a seeding efficiency of 70%. The reduction in output energy 

was due to spatial hole burning within the Nd:YAG medium which left a fraction of the 

total gain which could not be accessed by a single standing-wave cavity mode. To 

overcome this, a pair of quarter-wave plates were place at either side of the NdiYAG 

rod to convert the laser into a twisted-mode configuration. This encouraged the total 

extraction of the energy within the Nd:YAG rod after seeding, but the power in the 

seeded pulse remained the same as that for the standing-wave cavity because the 

inclusion of the two quarter-wave plates had introduced intracavity losses.

The dependence of the pulse build-up time upon the power in the cw seeding laser was 

examined experimentally, and the results are shown in figure 5.22. Injection seeded 

pulses appear at a shorter time after opening the Q-switch because the pulses built up 

from the injected signal rather than noise. The relationship between the level of initial 

intracavity flux and the pulse build-up time has been shown to be [5.6],

Tb = • (5.13)

Iss/Ii is the ratio between the flux intensity I* when the Q-switched is opened to the 

steady flux intensity Igs-

A servo-loop arrangement based upon the pulse build-up time [5.9] may be used to 

lock the pulsed-cavity resonance to the cw oscillator. In practice, the stability of the 

holosteric system was sufficient that only occasional adjustment of the pulsed cavity 

length was necessary to maintain effective seeding. With 0.2 mW from the seeding 

laser incident on the 0.02% transmitting mirror of the pulsed laser, the detuning 

tolerance was approximately ±150 MHz.

i t!- ' '1 j,..
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5 .5  Elec tro-op tic Q-switching of pum p-pulsed laser

In the work of the previous sections on Q-switched diode-pumped lasers acousto-optic 

devices were used. These offered the advantages of low switching voltage, low 

insertion loss and high repetition rate. However, optical damage proved to be a serious 

problem which could only be alleviated through the use of an electro-optic Q-switch in 

which the mode waist may be larger, and for which the optical power density is 

correspondingly lower. The Lasermetrics electro-optic Q-switch that was chosen is 

detailed in the Appendix. This LiNbOg device had a maximum repetition rate of 1.5 

kHz, which was more than adequate as the pump laser-bars had a maximum repetition 

rate of 100 pps. Though the device was specified to have low loss of <1% per pass, 

care was necessary to minimise the losses from the Pockels cell/polariser combination 

and to obtain extraction efficiencies comparable with acousto-optic Q-switching.

A schematic of the electro-optically Q-switched laser which was set-up in the quarter- 

wave design is shown in figure 5.23. The polariser acts to ensure that only linearly 

polarised light that is oriented at 45° to the axes of the Pockels cell may circulate within 

the cavity, and to direct orthogonally polarised light from the cavity. During the 

pumping interval, an electric field is applied to the Pockels cell to introduce a quarter 

wave retardation between the orthogonal components of the incident beam. The 

application of the quarter-wave-voltage converts the linearly polarized light into 

circularly polarized upon a single pass through the Q-switch. Upon reflection by the 

cavity mirror, this circularly polarized light returns through the Q-switch to exit with a 

linear polarization that is perpendicular to the original direction. This light is then 

ejected from the cavity by the polariser, and the cavity is in its high loss, or low Q state.

At the end of the pumping interval, the voltage is switched to zero in <10 ns. In the 

absence of a transverse field, the uniaxial Pockels cell has the same refractive index for 

both orthogonal polarizations of the incident beam. Hence, when there is no voltage
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applied to the Q-switch, the incident beam is unaltered, and the cavity is in a state of 

low loss and high Q. This switch in the Q of the cavity causes a rapid build up of 

cavity flux from the large stored population inversion, which exits through the output 

coupler as a short intense pulse.

5 .5 .1  Cavity configura tion

As with the other transversely pumped lasers, to obtain operation of the electro- 

optically Q-switched laser in a single transverse mode it was necessary that there should 

be a good overlap between the cavity mode volume and the pump volume. Since 

electro-optic Q-switches do not require the tight focus that is necessary in acousto-optic 

Q-switches, this constraint on the cavity configuration was removed. This allowed the 

cavity configuration shown in figure 4.7 that was used to obtain a TEMoo mode in free- 

running mode to be adapted for use in the electro-optic Q-switched laser. Fundamental 

transverse mode operation was achieved by having a plane output coupler and a high 

reflector of 1 m ROC that were separated by ~20 cm, as shown in figure 5.23. This 

made the beam radius 450 |im within the NdiYAG rod. It was found that on 

lengthening the cavity further, single transverse mode operation was maintained but at 

reduced output power.

As there was no limitation imposed on the reflectivity of the output coupler by hold-off 

problems or optical damage, an output coupler with 90% reflectivity was chosen. 

Operating free running with and without the polariser the output energy was 0.48 and 

0.40 mJ respectively when pumped by 5 mJ. Upon Q-switching the maximum pulse 

energy in the TEMqo mode was 0.32 mJ, which in a pulse of 48 ns duration 

corresponds to a peak power of 6.7 kW. The increased output power that was 

envisaged by pumping further above threshold was not observed as this was negated 

by the reduced output coupling efficiency.
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As for the acousto-optically Q-switched laser, the output energy and the pulsewidth 

were measured as a function of pump energy, with the analysis showing a round-trip 

parasitic cavity loss of 10%. As was shown in chapter 4, the intracavity loss for the 

side-pumped system is around 3.5%, due in part to aperturing by the laser rod. To 

reduce the remaining loss, an étalon mounted in the cavity at Brewster’s angle was used 

instead of the polariser. This increased slightly the Q-switched pulse energy to 0.34 

mJ, but the pulses suffered from prelasing as the Brewster plate provided insufficient 

hold-off. Subsequent examination of the polarizer by a probe beam at 1.064 jim 

showed the polarizer presented a round trip loss of 6%, and as such is largely 

responsible for the high overall parasitic loss in the electro-optically Q-switched laser.

5 .5 .2  Cav ity dum p Q-switching

A technique that is currently being tackled is the use of cavity-dump Q-switching to 

generate shorter optical pulses with commensurately higher peak power [5.10]. 

Alternatively called transmission-mode Q-switching, this technique involves using the 

electro-optic Q-switch to dump the flux out of the side of the cavity when the pulse has 

built up to a maximum. The first advantage of cavity-dump Q-switching over 

conventional Q-switching is that through the use of a high-reflector “output-coupling” 

mirror, the laser will be operating higher above threshold and, as such, the rising edge 

of the Q-switched pulse is shortened. Cavity-dump Q-switching also shortens the tail 

of the optical pulse as the cavity decay process no longer acts as a limit on the time 

required to extract intracavity flux.

Of the alternative cavity configurations for cavity-dump Q-switching, the one that has 

been selected is shown in figure 5.24. During the pumping interval both terminals are 

high at the 1/4 voltage, such that the retardation introduced by the X/4 plate acts along 

with the polariser to put the laser in a state of low-Q and inhibit oscillation. Upon 

switching one of the terminals to ground via a chain of avalanche transistors, the 

LiNbOg cell will act as a quarter-wave plate and allow the build-up of oscillation within
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the cavity. At the peak of the optical pulse, the other terminal is switched to ground in 

less that 4 ns, so causing the flux to be ejected from the cavity. It is envisaged that 

when the conventionally Q-switched laser described in this chapter is adapted to cavity 

dump Q-switching, the pulse duration and the peak power will be around 5 ns and 50 

kW respectively. Conversely, the extraction of the flux from the cavity can be 

controlled through a feedback loop to the electro-optic Q-switch to obtain pulses of up 

to around 1 fis which have lower peak power [5.11].

5.6 C onclusions

The use of acousto-optic Q-switches in holosteric lasers was extended in this work 

from longitudinally cw pumped lasers to quasi-cw transversely pumped lasers, from 

which optical pulses with peak powers of up to 15 kW were obtained. Acousto-optic 

devices were in the first instance chosen in preference to electro-optic Q-switches 

because it was considered that their lower insertion loss was a significant advantage. 

This advantage was found to be marginal, and that the peak power achieved from the 

transversely pumped laser was restricted by the capabilities of acousto-optic devices.

It had been a concern that whilst Q-switching the transversely pumped laser the 

achievement of single transverse mode would prove to be more difficult than was the 

case when the laser was free-running. This fear proved unfounded, and single 

transverse mode Gaussian-profile pulses were achieved. An examination of the 

longitudinal mode structure showed that the number of longitudinal modes oscillating 

was adversely effected by Q-switching. To induce the laser to operate on a single 

longitudinal mode this laser was injection seeded, which proved straightforward and 

effective.

The use of an electro-optic Q-switch eliminated the problem of optical damage to the Q- 

switch as it allowed the cavity mode size to be enlarged in the Q-switch. In addition, as 

electro-optic Q-switches have more hold-off than acousto-optic devices, they are the
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necessary option for holosteric lasers that are pumped by a larger number of laser-bars. 

Furthermore, the fast switching time of the electro-optic device of around 4 ns should 

permit cavity-dump Q-switching, as well as pulse-lengthening and effective self­

injection seeding.

In summary, a table of the relative efficiencies of the acousto-optic and electro-optically 

Q-switched lasers is given below in Table 5.1. Based on these figures, the modelled 

results show that an increase in the pump power to 240 mJ would result in significant 

increases in the efficiencies of absorption, extraction and output coupling, with a 

predicted overall optical conversion efficiency of 17%. The results recently obtained by 

Fibertek for an injection seeded electro-optically Q-switched oscillator pumped by 400 

mJ which are also shown in the Table demonstrate the feasibility of this level of 

performance

-  ù j ; .  - '■4 ■ ...



Efficiency Single 5 mJ pump 240 mJ pump 4(X) mJ pump 

(Fibertek)!

Pump Fresnel-coupling 0.90 : 0.85 3 0.95

absorption in NdrYAG 0.61 4 0.87 5 0.90

pump/mode overlap 0.65 6 0,757 0.80

Nd: YAG Stokes shift ̂ 0.76

quantum defect ^ 0.95

fluorescence decay 0.67

Output Q-switch extraction
AO

0.76 12
EO

0.80 13 0,98 14

0.50 18output coupling 0.68 15 0.50 16 0.94 17

injection seeding 0.69 19 not-seeded 0.69 20

Calculated optical efficiency 6.1 % 6.9 % 17.1 % 16.5 %

Calculated output energy 0.30 mJ 0.35 mJ 40.8 mJ 66 mJ

Experimental efficiency 4.8 % 7.0 % 18.7 %

Experimental output energy 0.25 mJ 0.36 mJ 75 mJ

Table 5.1 Summary of diode-pumped Q-switched efficiency

Modelled efficiencies given for Fibertek system are those presented by
Fibertek at an MOD colloquium for a total pump energy of 800 mJ. 
Experimental efficiencies, were presented for a pump energy of 400 mJ 
in paper CMF3 at CLEG 90.
This value was obtained from the SIDEPUMP program (chapter 4) for 
Fresnel coupling loss for uncoated Nd:YAG and a diverging source.
An increased value of Fresnel-coupling loss is given to take into 
account loss from concentric flow cooling tubes.
Value obtained from the SIDEPUMP program (chapter 4) for a 1.5 mm
diameter rod, with an experimentally determined absorptivity of 0.52 
m m -I and 30% reflection from the back face of the rod.
This approximate value for the absorption efficiency, is the single-pass
percentage absorption for 4 mm of laser medium and pump light 
absorptivity of 0.52 mm"^. Less control of the laser-diode temperature 
will reduce the absorptivity, such that consideration may be given to a 
rod with a larger diameter though this would adversely affect the 
extraction efficiency and output coupling efficiency.
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Obtained from program OVERLAPB (chapter 4) for the pump/mode 
overlap integral in the presence of flux that saturates the gain. A more
accurate evaluation of this factor is important with regard a full design
study.
This approximate value for the pump/mode overlap is based on
improved parity between the pump volume and the fundamental-mode 
volume, and also the increased pump symmetry that is commensurate 
with operation at higher power.
Stokes shift is obtained from the ratio between pump wavelength and 
lasing wavelength.
This figure is the fraction of absorbed pump photons that yield ions 
within the upper lasing level of Nd:YAG. Values from the literature are 
not definitive and vary between 0.9 and 1.
Alternatively called the storage efficiency, this is the fraction of 
pumped ions that are in the upperstatc of the 1.064 pm transition,
(fluorescence lifetime 230 ps), given uniform pumping for 200 ps. This 
accounts for both radiative and non-radiative decay from the upper 
level level.

11 The Q-switch extraction efficiency, is the fraction of inversion
available at the end of the pumping interval which is extracted in the Q- 
switched pulse. The extraction efficiency is a nonlinear function of the 
pump inversion above the threshold pump inversion, r.

12 This extraction efficiency corresponds to a pumping rate above 
threshold of r = 1.88

13 This extraction efficiency corresponds to a pumping rate above 
threshold of r = 2.00

14 The extraction efficiency asymptotically approaches its maximum value 
of unity at a value of r around 5, which should be achieved with 240 mJ 
of pump power.

1 5 Total parasitic loss for the AO-Q-switched laser was 9%, as determined by
the cavity decay time. This includes around 2.5% loss from clipping loss
for the mode by the edge of the laser rod, as shown by model OVERLAPD.
The output coupling mirror was nominally 20% transmitting.

1  ̂ Total parasitic loss for the EO-Q-switchcd laser was 10 %, as determined
by the cavity decay time. The output coupling mirror was nominally 
10% transm itting.

17 The anticipated increase in output coupling efficiency is due to the
increased gain, which should allow efficient energy extraction with a
50% transmitting output coupling mirror.

18 FIBERTEK do not individually list the factors involved in the extraction 
e ffic iency .

19 This was the fractional power in single longitudinal mode obtained 
upon injection seeding of the Q-switched standing wave cavity laser.

20 This value should be closer to unity upon implementation of a ring 
cavity or a twisted-mode cavity which would reduce spatial hole 
burning. However, there would be the penalty of increased loss from 
the additional intracavity elements, which will manifest itself in lower 
Q-switch extraction efficiency and/or lower output coupling efficiency.
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5 .7  Chapter 5 Appendix - Q-switch devices

5 . 7 . 1  Newport AO Q-switch & driver

The Q-switch head was from the Newport N30027 system and consisted of a block of 

optical quality SFIO Flint glass with a piezoelectric transducer bonded to it. For an 

input beam aperture of 1.0 mm the minimum rise time was 285 ns, loss modulation 

was >15% , and the maximum optical power density was rated at 50 W cm ‘2.

The driver for the Newport Q-switch was a Spectra-Physics model 7250 Q-switch 

driver, which is commercially available as part of a package for a Q-switched diode- 

pumped laser system. Consequently, it was necessary to provide the 7250 driver with 

a +5 V and t l 2  V.extemal power supply Otherwise, the driver was well-packaged 

with integral control of the Q-switch pulse repetition rate between 10 Hz and 9.99 kHz. 

The RF power module supplied an internally set 4 W at 27.12 MHz.

5 . 7 . 2  Isle Optics AO Q-switch & driver

The Isle-Optics Q-switch head was a LM080 (LM = Laser Modulator) which had 

modified connections to allow it to act as a Q-switch. This modified device was later 

released as a product in its own right as the QS080 (QS = Q-Switch). The lead 

molybdate, PbMo0 4 , interaction material device was biréfringent, so it was necessary 

to align the axis of the Q-switch with that of the preferred polarisation of the cavity. 

The polarisation independent diffraction efficiency was >45% at 1.064 pm for 1 W of 

RF, with a rated maximum RF input power of 2 W. With a beam diameter of 1.0 mm, 

the rise-time was 275 ns, and the maximum optical power density was specified at 5 

MWcm'2.

The rf driver for the QS080 Q-switch was an Isle-Optics MD080 package consisting of

an electronic switching circuit with an 80 MHz crystal with power amplifier. Specified
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with a rise time of less than 5 ns, the RF power was user controllable to greater than 1 

W. A summary of the relevant parameters for both Q-switches is given in table 5.1.

Q-switch type Newport N30027 Isle-Optics QS080

Interaction material SFIO glass lead molybdate

Interaction length L (cm) 1.4 1.7

Acoustic-frequency (MHz) 27.12 80

Refractive index 1.73 2.62

Acoustic-velocity (kms’l) 3.50 3.63

Rise-time for 1.0 mm aperture (ns) 285 275

Diffraction efficiency (%) >15 > 45 (1 W RF)

Max. optical power density (Wcm’2) 50 5

Table 5.2 - Acousto-optic Q-switch parameters 

5 .7 .3  Laserm etric EO Q-switch & driver

A LiNbOg Pockels cell was chosen primarily because it offered low insertion loss. A 

further advantage lies with the LiNbOg in that a transverse modulation geometry can be 

employed without introducing intrinsic birefringence. This ensures a lower switching 

voltage than KD*P which is normally modulated longitudinally. The general 

disadvantage of LiNbOg, namely a lower damage threshold, is not significant at the

current power levels of diode-pumped lasers. An additional consideration was that the 

relevant electro-optic coefficient, T22» is less sensitive to temperature, which could be an 

important consideration for practical laser designs.

The Pockels cell that was chosen to act as a Q-switch was a Lasermetric LiNbOg model 

3904-106. This had an 8 mm clear aperture, and was specified to have a quarter-wave 

voltage of 1.26 kV at 1.064 |im. Its surfaces were protected by removable fused silica 

protective windows which had "V" type AR-coatings giving a specified overall
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transmissivity for this device of >99%. The maximum optical power density of the Q- 

switch was specified at 350 MW/cm^, The polariser was a high quality Glan-Taylor 

calcite polariser with anti-reflection coatings and a recommended maximum optical 

power density of 150 MW/cm^, It was specified by the manufacturer that the optical 

axes of the Pockels cell was to be coaxial with the cavity axis to within 2 arc-minutes, 

so a gimbal mount was required to mount the Pockels cell.

The Pockels cell was driven by a Lasermetrics model 8042 supply, which has 

switching voltage ratings of 3 kV at up to 1.5 kHz. The driver consisted of two 

modules; br avalanche transistor high voltage switching circuit (model 8037) and a high 

voltage power supply and triggering unit. It was found that the quarter wave voltage of

1.2 kV was insufficient to cause breakdown in the avalanche circuit upon triggering, so 

it was necessary to short out four of the transistors in module 8037.
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Figure 5.1 Illustration of the evolution of a Q-switched pulse in a pulse-pumped

oscillator. In a  real laser the duration of the Q-swltched pulse at around 20 ns 

is much less than the pump pulse interval. Schematic by Siegman [5.6]
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Figure 5.2 Population inversion and fluorescence efficiency in a Nd:YAG crystal as a function of
pumping rate.
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Figure 5.3 Acousto-optically Q-switched Nd:YAG laser longitudinally pumped by a  fibre-

coupled cw laser-diode.
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Figure 5.4 Acousto-optically Q-switched laser, with a  Brewster angled NdiYAG rod

transversely pumped by a  quasi-cw laser bar. The output from this laser w as

in a  single transverse mode at pump powers up to 15 W.
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Rgure 5.5 Acousto-optically Q-switched laser, with an AR coa ted NdiYAG rod

transversely pumped by a quasi-cw laser bar. The output from this laser w as 

in a single transverse mode at pump powers up to 25 W.
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Figure 5.6 Pulse build-up interval as  a  function of pump energy for the transversely 

pumped acousto-optically Q-swltched Nd:YAG laser shown in figure 5.5.
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Rgure 5.8 Efficiency of extraction of population inversion from a  Q-swltched laser as a 

function of the pumping rate above threshold.
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Figure 5.9 Pulse energy as  a  function of pump energy for the transversely pumped 

acousto-optically Q-switched Nd:YAG laser shown in figure 5.5.
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Figure 5.10 Q-switched pulse energy a s  a  function of rn@, where T|e is the extraction

efficiency.
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Figure 5.11 Pulse-duraîion a s  a  function of pump energy for the transversely pumped 

acousto-optically Q-switched Nd:YAG laser shown in figure 5.5.
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Figure 5.12 Q-swltched pulse-duratipn a s  a  function of with linear regression which 

indicates a  cavity decay time of 5.1 ns.
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Figure 5.13 Peak power as  a function of pump energy for the transversely pumped 

acousto-optically Q-switched Nd:YAG laser shown In figure 5.5.
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Figure 5.14 Q-swltched peak power a s  a  function of r-1-lnr with linear regression.
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Figure 5.15 Photograph of inlerfererence fringes for the acousto-optically Q-switched

laser, taken using a computer aided interferometry system, and a linear scan 

across the pattern. This shows the O-swltched laser In figure 5.5 operating

on around 10 longitudinal modes.



Cw diode-pumped NdiYAG laser 
operating on a  single longitudinal mode
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Faraday rotator 
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Acousto-optically Q-switched Nd:YAG laser 
transversely pumped by a  quasi-cw laser bar

A:SDL 2430 H2 fibre-coupled laser-diode array
B:5 mm diameter spherical lens
0:5  mm long NdiYAG rod with dichroic and a.r. coatings
D:1 mm thick étalon
E [Etalon at Brewster's angle
F [Output coupling mirror on piezo-adjustable mount
G [Beam splitter
H[10 cm long reference cavity with 97% reflectivity mirrors 
J [ photodetector providing signal for PSD control of cw laser 
K[20 cm ROC output coupling mirror on piezo mount,

10% transm ittance 
L:1.5 mm diameter Nd:YAG rod 
M[lsle Optics acousto-optic 0-switch 
N [Plane mirror with 0.02% transm ittance at 1.064/im.

Figure 5.16 Schematic of a frequency stabilised laser-diode pumped single-longitudinal 

mode NdiYAG laser injection seed ing a transversely pumped acousto- 

optically Q-switched Nd:YAG laser.
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Figure 5.17 Photograph of interfererence fringes for the Injection seeded  transversely 

pumped Q-switched laser, taken using a  computer aided interferometry 

system, and a linear scan across the pattem. This shows the laser operating 

in a  single longitudinal mode.
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Figure 5.18 Mode beating on the pulse envelope from a unseeded Q-switched pulse 

indicating laser operation on more than one longitudinal mode.
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Figure 5.19 Clean pulse envelope from a pulse from the injection seeded Q-switched 

laser indicating laser operation on a  single longitudinal mode.
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Figure 5.20 100 consecutive Q-switched pulses showing that the amplitude stabiRty is

better than 6%.
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Figure 5.21 A number of consecutive Q-swltched pulses showing a  reduction In pulse 

build-up interval and pulse energy upon Injection seed ing.
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Figure 5.22 Reduction in pulse build-up interval as a function of optical power injected 

into the cavity.
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Figure 5.23 Schematic of the electro-optic Q-switched cavity configuration.
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Chapter 6 

General conclusions and future work

The work on the cw SDL-2430-H2 laser-diodes in chapter 2 showed that this fibre- 

coupled laser was well behaved and that the drive-current threshold for the laser-diode 

that was purchased in April 1987 increased only slightly over the 3 years during which 

it received extensive use. Temperature tuning of these laser-diodes to match the 

absorption peak of the NdiYAG medium was achieved using small internal Peltier 

components. This proved convenient in practice and, although the laser-diode 

threshold is also a function of temperature, the internal photodiode allows one to 

maintain a given output power. The choice of a fibre-optic coupling for the laser-diode 

proved satisfactory, with the symmetric beam pattem that emerges from the optical fibre 

allowing simple and effective pumping with a spherical lens. Results from a ray- 

tracing programme show that pump spot size is dominated by aberrations, but that the 

pumping intensity within the NdiYAG rod proved sufficient for high gain on the 1.064 

jim line. For lasers that require a particularly high pump intensity, such as the 946 nm 

transition in a NdiYAG crystal, fibre-coupled laser-diodes are not appropriate as the 

optical fibre acts to decrease the brightness of the emission.

It was shown in chapter 3 that the end-pumped NdiYAG laser required either an 

intracavity étalon or a twisted cavity mode configuration to obtain single-longitudinal­

mode operation. The short-term stability of the etalon-controlled laser was <10 kHz in 

10 ms which was more than adequate for the injection seeding of the transversely 

pumped Q-switched laser. This frequency stability compares poorly with the 

monolithic NdiYAG ring laser though neither this technique nor the twisted cavity 

mode technique can be applied to biréfringent gain materials such as NdiYLF. In 

consequence a source for injection seeding of a Q-switched NdiYLF laser would have 

to include an étalon or use the microchip approach.
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For the lasers described in chapters 4 and 5 the use of the Peltier cooler to temperature 

stabilise the laser-diode-bar was essential to obtain adequate pump absorption. This 

was due to a combination of the narrowness of absorption peak of NdiYAG at 809 nm, 

the dynamic frequency chirp in the output of the laser bar, and the level of pump 

intensity which necessitated a small pump volume to ensure sufficient gain. The poor 

efficiency of Peltier coolers becomes important for more powerful lasers pumped by 

multiple laser bars so making it desirable that Peltier coolers should be replaced by 

water-cooling. The necessity for high absorption in such a high power laser will 

however be relaxed by the larger pump volume, though gain materials with broader 

absorption features should also be considered.

The computer modelling of the transversely pumped laser described in chapter 4 has 

proved valuable and aided our understanding of the nature of the pump process. 

However, the discrepancy between the calculated threshold pump power and that 

measured experimentally prevents us from regarding this model as wholly satisfactory. 

Deficiencies may be attributed to an incorrectly modelled pump rate distribution which 

was in rather poor agreement with the pump rate distribution as determined by the 

small-signal gain measurements. It is perhaps also necessary to include time-varying 

absorption within the model because of the frequency chirp of the laser-diode, though 

this would not be required to allow modelling of a true cw laser pumped by the recently 

available 10 W cw laser bars. Extending the model to Q-switched laser operation, 

multiple pump sources and arbitrary laser-crystal geometries such as slabs would 

further increase the usefulness of this model.

It was shown in chapter 5 that the Q-switching of the transversely pulse pumped laser 

could be effectively achieved with an acousto-optic Q-switch but that flux limit imposed 

by optical damage necessitates that the electro-optic Puockels cell which was also 

investigated will be essential for a laser which is pumped by more than one laser-diode 

bar. The fast switching time of the electro-optic Q-switch should also allow more 

reliable self-injection seeding, shorter cavity pulses through cavity-dump Q-switching
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and longer pulses through controlled extraction of the optical flux. Enhanced frequency 

stability can be anticipated from the use of a sealed mechanically stable laser cavity.

The recent reduction in the cost of laser-bars has enhanced the prospect for a more 

powerful Q-switched laser to be built with a pulse energy of between 30 and 100 mJ. 

In Table 5.1 it is shown that the overall optical/optical efficiency for an injection seeded 

Q-switched NdiYAG laser should be approximately 17%. This could be increased 

further through more efficient extraction of the pump energy that is deposited around 

the circumference of the multiple pumped rod. This may be achieved by the use of 

super-Gaussian mirrors or variable reflectivity biréfringent filters that would create a 

“flat-topped” mode which would also improve the extraction efficiency from a 

subsequent chain of optical amplifiers.

The work undertaken in the course of this thesis on diode-pumping has provided a 

basis for other research activity within the department which seeks to exploit the quality 

nature of holosteric lasers. The cw laser has been developed with progression towards 

a source of increasing frequency stability to be used as a master oscillator. Expertise 

gained with regard to effective diode-pumping has been exercised pumping the more 

difficult 946 nm transition in NdiYAG, and which has resulted in blue frequency 

doubled Q-switched pulses. The excellent beam from the transversely pumped Q- 

switched NdiYAG laser is now acting as a source for the ongoing research into the 

generation of tunable light through optical parametric oscillation.

Historically the development of holosteric lasers has depended largely upon the 

capabilities of laser-diodes, and it is envisaged that surface emitting arrays will provide 

a further impetus to this progress. Economics is also significant, with the historical 

trend towards reduced cost per watt for laser-diode pump power. This is stimulating 

increasing interest in more powerful diode-pumped lasers, which may perhaps result 

eventually in holosteric lasers used for fusion research.

f



SINGLE-FREQUENCY OPERATION OF 
DIODE-LASER-ARRAY 
TRA N SV ERSE-PU M PED  Q-SW ITCHED 
Nd: Y A G  LASER

Indexing terms: Lasers and laser applications. Optics, Q- 
swilching

Single-longitudinal-tnode and single-transverse-mode oper­
ation of a miniature Nd: YAG laser transversely pumped by 
a quasi-CW diode-laser array is described. By injection- 
seeding this oscillator with a diode-laser end-pumped 
Nd : YAG microlaser, single-frequency g-switched pulses of 
0-25 mJ energy and 35 ns duration were generated.

D iode laser pum ped solid-state lasers are becom ing increas­
ingly a ttractive sources of high-quality coherent rad ia tion.’ In 
their end-pum ped configurations the excellent spatial and 
spectral match of the pump and lasing modes ensures efficient 
T E M qo operation, w ith single-longitudinal-mode power levels 
up to 490 mW reported.^ End-pum ping geometries are lim ited 
in the am oun t of diode-laser power that may be focused into 
the solid-state laser, whereas transverse pumping, which uses 
diode-laser arrays of larger dimensions, perm its much higher 
power opera tion.’’̂  However, the poorer spatial overlap of 
pump and lasing modes encourages m ultitransverse mode 
operation so tha t few TEM qo systems have been described, 
and none has been operated in a single-longitudinal mode. We 
report here single-transverse-mode and single-longitudinal­
mode performance characteristics of a transversely pumped 
N d:Y A G  m icrolaser. This has been achieved w ith an optical- 
optical (809-1064 nm) slope efficiency of 13%.

We designed and constructed the N d : YAG laser shown in 
Fig. 1. The pum p source was a 25 W, 200/is pulsewidth diode

diode - laser-pum ped  
single - frequency  

Nd YAG loser

referen ce  
cavity with  
feed back to 
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and
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la se r  diode
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------------------- p la te------------------

transversely  pumped laser
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Fig. I Injection-seeded laser system

laser array (SDL 3220J), which had 1000 em itting stripes 
across its 1 cm-wide facet. The Nd : YAG laser rod was 12 mm 
long w ith antireflection coated end faces; the curved side of 
the 1-5 mm -diameter rod acted as a lens for the diode-laser 
rad iation and a polished brass housing was used to reflect any 
transm itted pum p light back into the rod. (The thermally 
induced frequency sweep of the diode-laser-array ou tpu t 
reduces the average am oun t of absorp tion in the rod.)'* A 
resonator geometry was chosen to ensure that the fundam en­
tal cavity mode filled a substantial part of the pumped 
volume. A highly reflecting plane m irror and an 80% reflec­
ting 20 cm radius-of-curvature m irror were separated by 
19 cm, leading to a beam d iam eter (full w idth l/e^ maximum) 
of 0 8 mm in the rod. L inear polarisation (better than 100:1) 
was obtained by incorporating an intracavity Brewster-angled 
plate, and Q-switching was accomplished using an acousto- 
optic Q-switch (Isle Optics model LM080). «

W hen free-running this laser produced 0-36 mJ, 27 ns pulses 
at up to 100 Hz (the recommended limit on the repetition rate 
of the diode-laser-array). Although this opera tion was in a 
single transverse mode, many longitudinal modes were oscil­
lating, as seen by the m odulation a t the interm ode frequency 
on the pulseshape reproduced in Fig. 2a. Analysis of the 
Reprinted from ELECTRONICS LETTERS 17th August 1989

Fig. 2 Tetnporal profiles o f (a) unseeded la.ser pid.se, (b) seeded la.ser 
pidse, and (c ) .several superimpo.sed .seeded and tiitseeded la.ser pid.sc.s

pulsed rad iation w ith a plane-parallel F abry-P e ro t interfer­
ometer confirmed this multifrequency operation.

Injection-seeding flashlamp pumped solid-state lasers to 
produce single-longitudinal-mode operation is now an estab­
lished technique.^ This was the approach that we adop ted to 
create an entirely solid-state (holosteric) single-frequency Q- 
switched system. The seeding laser, which consisted of a 5 mm 
long N d:Y A G  rod, a  1-5% reflectivity ou tpu t coupler and a 
quartz  étalon, was longitudinally pumped by a fibre-coupled 
diode-laser array (SDL-2422-H2). 10 mW of single-frequency 
1064 nm rad iation was generated w ith a short-term  (jitter- 
induced) linewidth of 40 kHz, and long-term thermal drift was 
reduced by locking the laser to a transm ission peak of a con- 
focal F abry-Pe ro t interferometer. A number of different 
arrangements for coupling the CW seeding laser into the 
pulsed laser cavity were evaluated, but the most convenient 
configuration was the injection of the CW rad iation through 
the high-reflectivity m irror of the pulsed laser cavity via su it­
able mode-matching optics and a Faraday isolator (Fig. I ).

Seeding the pulsed laser was found to be bo th straightfor­
ward and reliable. W hen the pulsed laser cavity length was 
adjusted to match the frequency of a mode of the pulsed-laser 
to tha t of the injecting beam, the transm ission characteristic of 
the Fabry -P e ro t interferometer condensed into that of single­
frequency laser. The sm oo th tem poral profile of a single­
longitudinal-mode pulse obtained from this system is included 
in Fig. 2b. These 0 25 mJ pulses had durations of 35 ns 
(FW H M ) with 7kW  peak power. The reduction in pulse 
energy was due to spatial hole burn ing effects which left some 
residual gain in the rod. (This effect was elim inated when the
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rod was surrounded by quarter-wave plates, but the extra 
intracavity loss introduced by these elements merely reduced 
the ou tpu t power level to that of the original system.) A 
number of consecutive pulses were stored on a digital oscillo­
scope and are shown as Fig. 2c. The right-hand traces are of 
multimode unseeded pulses, as evidenced by the mode- 
beating. The left-hand traces are of the single-longitudinal­
mode pulses, which appear a t a  shorter time after opening the 
Q-switch because they build up from the injected signal rather 
than the lower power noise. These pulses exhibited excellent 
stability and the absence of mode-beating is also evident. 
Despite the lack of special precautions the am plitude stability 
was measured to be ± 6 %  over 100 pulses.

A servoloop arrangem ent based upon the pulse build-up 
time** may be used to lock the pulsed-cavity resonance to the 
CW oscillator. In practice, the stability of the holosteric 
system was sufficient that only occasional adjustm ent of the 
pulsed cavity length was necessary to maintain effective 
seeding. W ith 0-2 mW from the seeding laser incident on the 
0 02% transm itting m irror of the pulsed laser, the detuning 
tolerance was approximately +  150 MHz.

We believe that this is the first report of an injection-seeded 
d iode-laser-array side-pumped laser system. The excellent 
spatial and spectral beam quality make it useful for applica­
tions where reliability and efficient operation are required. 
O ne advantage of injection-seeding over prelase Q-switching 
is that the Q-switched pulse can be of a well defined frequency, 
determ ined (w ithin a small tolerance) by that of the frequency- 
stabilised seeding laser. M oreover, the inherent scalability of 
the side-pumping geometry perm its the same techniques to be 
scaled to much higher energy levels.
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M easurem ent of frequency sweep in 
a quasi-c*w. diode-laser array, and its im plication for 
pumping solid-state lasers
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Abstract. Temporally and spatially resolved measurements of the spectral 
output of a commercially available 25 W quasi-c.w. diode-laser array have been 
made. T he 5 nm temperature-induced wavelength sweep during the 200 ps pulse 
reduces the effectiveness of the array as a pump for solid-state lasers. By using a 
reflector behind a side-pum ped Nd : YAG rod to minimize the effects of the 
wavelength sweep, the 1 06 pm laser produced 6 5 W, 180 ps pulses, and 6*1 kW, 
44 ns pulses when Q-switched.

1. Introduction
High power quasi-c.w. monolithic diode-laser arrays [1-4] are currently 

attracting attention for the efficient side-pumping of m iniature solid-state lasers 
[5, 6]. Such arrays are commercially available at specified power levels as high as 
25 \V [7], and linear arrays rated at 40 W have recently been advertised. One major 
advantage of diode arrays over flashlamps is their narrow spectral-ou tpu t which may 
be tem perature tuned to match an absorption peak in the solid-state material. We 
report on a time and space resolved study of the spectral ou tpu t of a 25 W quasi-c.w. 
array manufactured by Spectra D iode Laboratories [7] and the implications that 
these results hold for the transverse pumping of a N d : YAG m icrolaser.

T he use of continuous-wave diode-laser arrays for end-pum p ing solid-state 
lasers is well established [8], T his form of pumping is highly efficient due to the good 
spectral match of the diode-laser ou tpu t to the absorption peak in the solid-state 
material and the good spatial-overlap between the pum p beam and the cavity mode. 
Optical-optical pum p ing efficiencies as high as 64% have been obtained, w ith overall 
wall-plug efficiencies of 15*8% reported [9]. Because this type of pum p ing is not 
readily scalable to high powers, side pum ping of solid-state rods or slabs is attractive 
in configurations where many diode-laser arrays may be used to increase the total 
power. Although the overall efficiency of the system is lower due to the poorer 
spatial overlap of pum p and laser modes, the constraints on the brightness of the 
pum p beam are relaxed as compared to the end-pum p ing case. T his allows diode- 
laser arrays with large em itting areas to be used, where the individual stripes need 
not be mutually phase-locked. T he diode-laser array used in our work was 
comprised of 1000 stripes across a 1 cm long GaAlAs crystal facet [7]. Its operation 
may be described as ‘quasi-c.w .’ because the 200 ps maximum pulse-length of 
injection current reflects the lim itation arising from the problem  of removing heat 
from the active region sufficiently quickly to perm it true c.w. operation. T his 200 jis
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puise length is particularly well suited for pum p ing a Nd : YAG gain medium  which 
has an upper laser-state lifetime of 230 ps [10].

Although it is well known that c.w. diode-laser arrays have a narrow bandw idth 
which closely matches the absorption peak in N d : YAG at 809 nm, it is not generally 
appreciated that the spectral matching is worse for the quasi-c.w. operation of high- 
power diode-laser arrays. T he rise in tem perature of the active region of the diode 
laser during the driving current pulse may be expected to cause a shift in wavelength 
of 0 25 nm °C and any variation in composition and tem perature across the 1 cm 
wide laser-array facet may also cause a spatial non-uniform ity of lasing wavelength.

2, Experim ent
We operated the laser array at maximum average-power (25 W, 200 ps, 100 Hz) 

and imaged portions of the ou tpu t beam onto the inpu t slit of a 1 m scanning 
monochromator (Monospek 1000). T he spectral content of the laser em ission was 
analysed at eight instants during the laser pulse and the results are presented in figure 
1. It can be seen that the individual laser modes are spread over an instantaneous
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Figure 1. (o) Spectral output of the diode-laser array measured at several instants during the
200 ps long pulse (100 Hz repetition rate, 25 W pulsed power). (6) Sweep of the central 
wavelength as a function of time into the current pulse.
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Figure 2. Variation in lasing wavelength of the laser array across its 1 cm emitting facet
(conditions as for figure 1).

bandw idth of some 2 nm (comparable to that observed from sim ilar c.w. laser 
arrays), bu t the centre of this spectral band shifts during the pulse, due most probably 
to the thermally-induced change in the bandgap of the GaAlAs. T he sweep of the 
central wavelength was 4*8 nm in 200 ps, which corresponded to a time-averaged 
bandw idth of some 5 nm. T he centre wavelengths of the ou tpu t from different 
portions of the array were also measured using the same method and the results are 
shown in figure 2. This spatially resolved study of the ou tpu t shows a variation in 
wavelength of 15 nm across the laser bar. This may be attribu ted to slight non­
uniform ities in the grow th of the structure, or tem perature variations across the 
array. (Although we have perform ed these measurements on only one such laser, our 
data suitably complement those taken by the m anufacturer for a range of diode- 
arrays [G. L. Harnagel 1988, private communication].) A combination of these two 
effects resulted in a linewidth of approximately 6 nm when the laser was operated at 
maximum average-power, and it is to be expected that this increased linewidth will 
adversely affect the pum p ing efficiency of the N d : YAG laser.

T he observed 4 8 nm wavelength sweep during the pulse is considerably greater 
than the 2 nm f.w.h.m. absorption peak in Nd : YAG at 809 nm (see figure 3 [11]). 
T he absorptivity of N d ; YAG drops to 0 34 m m “  ̂ at the sides of a 6 nm bandw id th, 
which corresponds to only 50% absorption in the 2 mm diameter of the m iniature 
Nd : YAG rod that was used. This rod was 11 mm long w ith Brewster-angled faces, 
and had a polished fiat along its length for coupling in the pum p radiation (the small 
diameter was necessary to increase the amount of usefully pum ped material). In 
order to improve the pum p ing efficiency we used a reflective m oun t for the rod, to 
focus the transm itted pum p-light back into the active medium, thus reducing the 
deleterious effects of the frequency sweep of the pum p radiation on the operation of 
the N d iY A G  laser.

The influence of the frequency sweep on the small signal gain in the N d : YAG 
rod was studied- A d iode-laser-pum ped single-frequency c.w. N d iY A G  laser was
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Figure 3. Absorption spectrum of Nd : YAG with the spectral output of the diode-laser 
array near the start and end of the pulse superimposed upon it. The 50% line indicates 
the absorptivity at which half the pump light is absorbed in a 2 mm path length.
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Figure 4. Small-signal gain in the side-pumped Nd : YAG rod measured during the 200 ps 
long, 25 W pum p-pulse, with different temperatures of the diode-laser heat-sink (and 
therefore different wavelengths of the diode-array output): 4"̂ C (dotted curve), 8°C 
(thin curve) and 20*'C (thick curve).

used to provide T5 mW  of T06 pm radiation which was focused axially through the 
side-pumped rod. F igure 4 shows the rate of rise of small-signal gain (seen as the 
gradient of the detected power) falling at the start or end of the pum p ing pulse for 
tem peratures below or above the optim um , respectively. W hen the diode-laser was 
tem perature-tuned to the optim um  range of swept wavelengths the final gain (see as 
the maximum detected power) is greatest, and the rate of rise of small-signal gain
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remains tolerably high throughou t the pulse. Although the reflector eased the effects 
of the decreased absorption due to the frequency sweep, the diode-laser radiation 
still had to be closely spectrally-matched to the op tim um  absorption band. An 
alternative approach to reducing the effects of the wavelength sweep would have 
been to use a solid-state m edium w ith broader absorption bands, such as Nd : YVO4
[9].

Lasing was obtained when two 10 cm rad ius-of-curvature m irrors were suitably 
incorporated to form an optical cavity, for which an ou tpu t coupling of 5% was found 
to be near op tim um . W hen pum p light was coupled into the N d : YAG rod using 
either lenses or close coupling, pulsed outpu t-powers at 106 pm of 1 9 W and 6 5 W 
were obtained respectively. T he 106 pm laser ou tpu t consisted of damped 
relaxation oscillations, delayed by 35 ps from the start of the injection current pulse 
to the diode array. This amplitude modulation of the ou tpu t had decreased to 5% 
about 100 ps after the onset of lasing. A slope efficiency of 22% was measured w ith the 
5% ou tpu t coupler and close coupling of the pum p light into the rod. This is to be 
compared with the 31% efficiency that we obtained for an end-pum ped c.w. system, 
and shows that if suitable steps are taken to lim it the adverse effects of frequency- 
sweeping in the diode-laser array then good efficiencies may still be retained at high 
powers. These data were taken for the laser operating in a multi-transverse mode.
Single transverse mode operation was obtained when the resonator was arranged to 
give a larger beam-waist (0 26 mm full-w idth) and the rod diameter was reduced to 
1 mm. In this case, with a 15 W  quasi-c.w. pum p, L3 W  of T E M qo L06 pm radiation 
was produced, with no intra-cavity apertures required.

We have undertaken prelim inary studies of Q-switched versions of this laser 
system. A Newport Electro-Optics 9N SI acousto-optic Q-switch was inserted into 
the cavity, and the ou tpu t coupling was increased to 20%. W hen the Q-switch was 
opened at the end of the 200 ps pum p-pulse the laser produced 44 ns, 6 1 kW peak 
power pulses in multi-transverse mode operation, and 50 ns, 1 -2 kW pulses in a single 
transverse mode, using the modified system.

3. Conclusions
Substantial frequency sweep in the ou tpu t of a quasi-c.w. diode-laser array has 

been measured. We have shown, that relatively simple measures can reduce the 
effects of the wavelength variation, and we have constructed a N d : YAG laser 
operating at 1*06 pm which produced 6 5 W, 180 ps pulses, and a Q-switched version 
of this laser which produced peak powers of 6kW . Such devices have considerable 
potential for many applications including sem iconductor processing, coherent light 
detection and ranging (LID A R), and remote-sensing.
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