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ABSTRACT

In this thesis the design, construction and performance of several diode-laser 
pumped continuous-wave neodymium lasers are described. These lasers were operated 
both around 1 jim and, by internal frequency-doubling, at 0.5 ]Lim. The main emphasis 

has been on the assessment of the various laser designs with regard to their potential for 
efficient, high-power visible operation.

A variety of pumping geometries, resonator configurations, gain media and 
internal frequency-doubling schemes were investigated, and their relative merits 
explored. Both side-pumping and end-pumping arrangements were employed, with 
Nd:YAG, Nd:YLF and NdiYVO^ being used as gain media. Travelling-wave and 
standing-wave resonator designs were used. The polarisation-rotation effect in non- 
planar ring resonators was investigated and used to obtain single-frequency output.

Single-frequency 0.5 |im  powers up to 1.2 W were generated, and the highest 
0.5 jxm output power achieved was 4 W on two-longitudinal modes spaced by 450 
MHz. The highest 1 jim output power achieved was 10 W, with a slope efficiency of 

43%. Maximum pump powers for the lasers were in the region 15 - 35 W.
A review of diode-laser pumped devices is included, with particular emphasis 

on the role of the spatial distributions of the pump and signal fields, because this is an 
important limiting factor in the performance of diode-pumped bulk laser systems. The 
criteria governing the harmonic output power when internally frequency-doubling are 
discussed. Issues relating to noise in the harmonic output, and techniques for its 
avoidance, are also discussed.
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1

REVIEW OF DIODE-LASER PUMPED SOLID-STATE LASERS

1.1 Overview

1.1.1 General
Probably the first use of a semiconductor source to pump a solid-state material 

was by Newman in 1963 [1.1], who found that radiation in the region 865 - 890 nm 
emitted by GaAs LEDs could excite 1.06 pm fluorescence in Nd^+iCaWO^, a material in 

which laser action had been achieved in 1961 [1.2]. Newman recognised some of the 
advantages of semiconductor pump sources, such as high electrical-to-optical efficiency, 
compactness and the possibility o f good spectral overlap with the strong absorption 
bands o f rare-earth ions such as neodymium. In 1964 Ochs and Pankove demonstrated 
an LED-pumped laser o f Dy^+iCaF^, in which a rod o f the gain material was 
transversely pumped by 10 arrays of 10 GaAsP LEDs arranged in a cylindrical 
geometry. 100 mW of pump power at 720 nm could be applied to the rod during 200 
ms pulses, giving laser action at 2.36 pm [1.2a]. The low energy of the lower laser level 

and the primitive LED technology meant that the entire laser had to be cooled in liquid 
helium. Two years after the development of the first GaAs diode-lasers [1.3-6] Keys 
and Quist took advantage of this brighter and more powerful pumping technology and 
operated the first diode-laser pumped solid-state laser (DPSSL) [1.7]. This consisted of 
a 3 mm diameter, 4 cm long rod U^+:CaF2 rod with confocal end faces side-pumped by 
five GaAs diode-lasers. The experimental aiTangement is shown in Figure 1.1. The 
pumping system could deliver 4.5 W of average power at 840 nm in 3 ms pulses at 10 
Hz. The lasing wavelength was 2.613 pm. This device also had to be cooled to liquid 

helium temperatures. Keyes and Quist recognised the advantages of diode-laser 
pumping over flashlamps, and predicted fewer thermal problems in high power systems 
due to the more efficient use of the pump light. However, due to the poor performance 
of early pump devices, where CW operation was difficult even at cryogenic 
temperatmes, little attention was paid to these early DPSSLs.

After the development of Nd^+iYAG and its flashlamp-pumped laser operation 
by Geusic et al in 1964 [1.8], interest was firmly shifted to ions of the rare-earth 
elements, especially neodymium. These elements possess many narrow fluorescent 
transitions in the near infia-red, relatively unaffected by crystal field effects due to the 
shielding of the 5p and 6s electrons. The pump-bands o f these ions conveniently 
coincide spectrally with emission firom what where then (and still are) the most
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Figure 1.1. The first diode-laser pumped solid-state laser [1.7].
F

technologically advanced diode-lasers, namely double heterostructures of the GaAs - 
AlxGai.xAs system. To date, diode-pumped laser action has been demonstrated in Pr^+, 
Pm^+' Ho^+, Er^+, Tm^+ and YW+. Ross demonstrated the first diode-laser
pumped Nd3+:YAG laser in 1968 [1.9]. This consisted of a rod side-pumped by a single 
GaAs diode-laser, and there followed a number of reports on side-pumped schemes. 
That of Ostermayer et al{\.\Qi\ owed something to flashlamp technology, 64 dicrete 
diode-lasers being coupled into a Nd^+:YAG rod by a semi-elliptical reflector. Conant 
and Reno [1.11] noted that the higher brightness of diode-lasers produced greater 
inversion and higher gain compared to lasers pumped by LEDs. After a short delay, 
end-pumped lasers were developed in parallel with their side-pumped counterparts. The 
more efficient collineai* pumping due to better mode-matching and a longer absorption 
path was first utilised by Rosenkrantz [1.12], who end-pumped a Nd^+:YAG rod at 
8 6 8  nm using a pulsed single-stripe device. Some hybridisation of the side- and end- 
pumped geometries occured in the use o f "tightly-folded resonators" (TFRs) [1.13], in 
which the signal mode undergoes many total internal reflections across a side-pumped 
slab of gain material and is therefore "quasi-end-pumped". These devices are noted for 
very high efficiencies. During the last 15 years many novel pumping geometries have 
been demonstrated, all o f them having beneficial impacts on thresholds, slope 
efficiencies, maximum output power and longitudinal and transverse mode quality.

In addition to the investigation of various active species, considerable effort has 
been devoted to the study of host materials. Ease of fabrication, low scatter losses,
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hardness and chemical inertness are desirable in all laser host materials, however the 
choice of a particular host material for a given type of laser device also requires attention 
to thermal conductivity, absorption coefficient, spectral width of absorption and 
emission features, birefringence effects and change of refractive index with temperature. 
It is impossible to generalise about which hosts are "better" than others without 
laiowledge of the pai'ticular application for which a host is intended.

In the early 1980s, diode-lasers and diode-laser arrays of the GaAs - AlxGai.xAs 
system became available which could be operated pulsed or CW at room temperature in 
the region 780 - 810 nm at the multi-watt output level, giving scope for vast 
improvements in rare-earth ion lasers in a variety of host materials. Commercially, the 
main driving force behind this development was diode-laser usage in mass markets such 
as CD players, laser printers and optical memories. Their use in DPSSLs was seen to 
arise from tasks requiring efficient, reliable, diffraction-limited laser output, such as 
remote sensing from satellites, space-based communications and wind-shear sensing 
from aircraft or at airports.

The modern DPSSL can be viewed as a device which combines the advantages of 
diode-laser bars (compactness, longevity, robustness, efficiency) with the features of 
conventional laser resonators, i.e. coherence, directionality and brightness. When 
operated above thieshold we essentially have a beam quality, wavelength and coherence 
converter. For every n pump photons per second input to the laser above threshold, we 
obtain p n photons per second out of the laser, where p is the slope efficiency of the 

device. However, the output photons have improved properties compared to the pump 
radiation: they are coherent, they have been wavelength converted, and they are now 
contained in a diffraction limited beam. In addition, we have in the case of a free-space 
system an external resonator which can be accessed for a variety of applications, for 
example frequency conversion or short-pulse generation.

1.1.2 Non-Bulk Forms of Diode-Pumped Solid-State Laser
In addition to side and end-pumped bulk amplifiers in external resonators, there 

have been several evolutionary extremes of the diode-pumping concept, each with its 
own particular advantages, limitations and uses.
1.1.2.1 Fibre Lasers

The concept of doping optical fibres with ions of the rare-earth elements to form 
fibre lasers and amplifiers was implemented soon after the operation of the first laser. 
Although these devices were initially flashlamp-pumped by winding the fibre directly 
onto the lamp [1.14, 15] the main method of excitation has been by end-pumping with 
diode-lasers. Active fibres have several advantages. The long pump-signal interaction 
length results in low thresholds and high efficiencies [1.16-18], immunity from thermal

Ann< n-nH n 11 n r » n p r o + i n n  o f  w p p V  +rqnc;ition< Tn f iH flit inn Io 'ïv i n f r i n c i r
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fibre losses allow the use of weak absorption bands and the exploitation o f weak 
nonlinearities. Most glass fibre devices have broad linewidths allowing tuning and short 
pulse operation. The technology can also accommodate in-fibre devices such as gratings, 
couplers and étalons. The most important application of the fibre architecture is the 
erbium-doped silica fibre amplifier, which operates near 1.54 |xm [1.19], and can be 
pumped at 980 nm and 1.48 pm : this system is used for long-haul optical 
communications. The development of low-phonon energy glasses such as ZBLAN has 
given rise to visible up-conversion lasers operating in the range 455 - 635 nm, by 
pumping in the region 650 nm -1 pm. Fibre lasers have also been extended to high power 
operation by use of cladding-pumping technology, in which an inner active monomode 
core of «  10  pm diameter confines the signal radiation, and a much larger surrounding 
core {e.g. 400 pm diameter) confines the pump. The use of a large-diameter pump-core 

allows more pump radiation to be coupled into the system due to the higher etendue. 
Recently, such a device has produced over 9 W of output power at 1070 nm for a pump 
power of 35 W at 810 nm [1.20].
1.1.2.2 Planar and Channel Waveguide Lasers

Active waveguides combine the advantages of low thresholds and high 
efficiencies with the opportunity for integration into monolithic devices, and therefore 
much of the work in this area has concentrated on materials with high electrooptic and 
nonlinear coefficients such as LiNbOs and LiTaOg. Several fabrication methods exist, 
including ion-implantation, ion-exchange and epitaxial growth.

lon-implantation has been used to create Nd^+-doped active waveguides in YAG 
[1.21, 22], YAP [1.23], Mg0 :LiNb0 3  [1.24] and GGG [1.25], as well as other rare- 
eaith systems such as Tm^+:lead germanate glass [1.26], and Er^+:glass [1.27,28.]. The 
process involves the bombardment of a polished surface of the doped material with He'*' 
ions with energies of several MeV. Initially, the ions are slowed by electronic excitation, 
forming colour-centres which can subsequently be removed by annealing. After several 
microns, the ions undergo nuclear collisions, creating a well-defined low-index optical 
barrier. Light launched into the top few microns of the implanted crystal will be 
confined by the crystal-air interface and the low-index barrier. However, it has been 
found that in many materials such as YAG, LiNbOa, BeAl2 0 3  (alexandrite) and 
LiCaAlFô there is also a small increase in refractive index in the electronic stopping 
region.

Channel guides can be formed by coating the surface with a suitable metal (e.g. 
chromium or gold) followed by a layer o f photoresist and then using standard 
photolithographic techniques to define the channels, which are typically 4 - 2 0  \im  
wide. Ion bombardment is used as before and the remaining metal masking is removed. 
The additional pump and signal mode confinement provided by the channel architecture 
has led to order-of-magnitude reductions in threshold pump powers compared to planar
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devices. For example in [1.29], a channel guide Nd^+iYAG laser was reported to have a 
threshold of 500 jiW; planar structures typically require several milliwatts o f pump 

power to achieve threshold.
Epitaxial growth of Nd:YAG planar waveguides can be achieved by dipping a 

pure YAG substrate into a Nd-doped melt to form a 10 - 50 |xm active layer, followed 
by a pure YAG melt to form a 50 - 100 jxm cladding layer. Pumping with single-stripe 

AlGaAs diode-lasers has produced thresholds of a few milliwatts and slope efficiencies 
as high as 40% [1.30]. Epitaxially grown Nd^+:YAG waveguide lasers have also been 
side-pumped [1.31], and operated on the weak ^Fg/g - 4 9 /2  946 nm transition [1.32].

Planar guides have also been developed with nonlinear materials as the high-index 
layer; for example in KNbOg [1.33]. These systems provide very high conversion 
efficiencies (up to 30%) and can be monolithically integrated with waveguide lasers. 
Similarly, self-doubling materials such as NdiYAB show enhanced conversion efficiency 
over bulk devices.
1.1.2.3 Monolithic Micro-lasers

A simple extension to the diode-pumped laser concept is to create very small 
laser oscillators by coating dielectric mirrors directly onto small pieces of gain material. 
Two examples of this approach are the microchip laser and the monolithic non-planar 
ring oscillator (NPRO).

A microchip laser consists of a small piece of gain material typically a few 
millimeters square and 300 - 1000 |xm in length (depending on the gain material) with 
dielectric coatings deposited directly on the ends. They are normally end-pumped by 
diode-laser arrays. There has been considerable interest in these devices due to their 
highly desirable operating characteristics, such as single longitudinal and transverse 
mode operation, high efficiency, tunability and a naiTow linewidth, which can be as low 
as a few kHz. Their compactness, reliability and cheapness have made them taigets for 
commercial mass production. Thermal guiding has been shown to be the predominant 
mechanism that gives cavity stability, either through a change o f refractive index with 
temperature or a thermally induced bulge on the mirror suifaces, although in quasi-three- 
levels devices, such as Yb: YAG, soft aperture guiding by off-axis reabsorption loss may 
also be involved [1.34]. Nd^+ doped devices operating around 1.06 |im  have been 
demonstrated in a variety of hosts including YAG [1.35], YLF [1.36], YVO4 [1.37], 
GSGG [1.38] and LMA (LaMgAlnOip) [1.39]. Since very short cavities are required 
for single frequency operation and wide tunability, materials with a strong absorption at 
the pump wavelength are required. Nd^+ microchip lasers have also been operated at 1.3 
jam [1.40, 41]. Tuning has been achieved over tens of MHz by the use of electrooptic 

materials in composite cavities [1.42], separate piezoelectiic-mounted cavity mirrors 
[1.43], heating of the gain medium [1.44], and modulation of the pump power [1.45].. 
Other rare-earth systems have also been operated, such as Ho, Tm:YLF [1.46], and
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Tm:YV0 4  [1.47]. These form compact sources for the eye-safe 2 |Lim region. Tm:YV0 4  

can be pumped around 800 nm by AlGaAs diodes, with emission at 1.9 |xm. This 

emission coincides with strong absorption in Ho doped materials; the Tm:YV0 4  

microchip laser is therefore an attractive alternative to relatively inefficient InGaAsP 
diodes for Ho pumping. Other candidates for microchip materials are those that can be 
highly doped with the active species without concentration quenching, such as Cr^+ in 
coloquirites [1.48] (e.g. LiSAF, LiCAF, LiSGaF) and stochiometric materials such as 
LNP [1.49]. Telecommunications applications have been accommodated by Er, Yb:glass 
devices operating at 1.53 jxm. [1.50]; the Yb concentration being adjusted to give strong 

absorption at 980 nm for pumping with InGaAs diode-lasers.
The current lack o f reliable room-temperature blue and green semiconductor 

lasers has given rise to much effort in the frequency doubling of 1 |xm microchip lasers 

for data storage applications. Generally this is achieved using composite cavity 
N d :Y V 0 4  systems [1.51, 52] although self-doubling in Nd:YAB has also been 
demonstrated [1.53, 54]. Output powers up to hundreds o f milliwatts have been 
achieved.

Diode-laser pumped monolithic non-planar ring oscillators (NPROs) have been 
studied since the mid-1980s [1.55]. These devices, made from Nd:YAG, consist of a 
single piece of gain material, cut such that the path of the laser oscillator describes an 
out-of-plane path inside the Nd:YAG itself. This non-planarity produces a reciprocal 
rotation of polarisation around the ring. NdiYAG has an appreciable Verdet constant 
and by applying a magnetic field to the monolithic device, a non-reciprocal Faraday 
effect can be produced. These two effects are combined to give a small differential loss 
between the two directions resulting in unidirectional single frequency operation by 
elimination of spatial hole burning. The dependence of the reciprocal rotation on non
planarity in a bulk ring laser forms an important part o f the experimental work in this 
thesis, and is fully described in Chapter 4. NPROs have shown exceptional frequency 
stability of less than 500 Hz [1.56] due to the rigid resonator. Frequency tuning over 
100 MHz has been achieved by using a piezo-electric material bonded to the device, 
allowing efficient second-harmonic generation by external doubling in a monolithic 
nonlinear device [1.57]. Diode-pumped monolithic NPROs have been scaled to output 
powers at the 1 - 2 W level [1.58], and have shown slope efficiencies up to 60% [1.59].
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1.2 Active Ions and Host Materials for Diode-Laser Pumping

1.2.1 Neodymium, Nd^+

Nd^+ was the first rare-earth ion to be used as a laser species, and has by far 
received the most attention, both in terms of operating wavelengths and number of host 
materials. The main reason for this is the strong absorption near 808 nm, which has 
allowed efficient and reliable AlGaAs diode-laser pumping. For 30 years YAG has been 
the principal crystalline host for Nd^+ due its good thermal conductivity, chemical 
inertness and hardness. Within a few years of the first laser operation of Nd:YAG [1.8] 
samples of high optical quality were available. The cubic structure o f YAG favours 
narrow linewidth transitions, allowing the generation of highly coherent output. 
Absorption and fluorescence spectra are shown in Figures 1.2 and 1.3. Nd:YAG has 
found particular application in high power systems, where heat removal and high 
rupture stress are the main considerations, although its isotropy can give rise to 
thermally induced birefringence, limiting its performance. In addition, any kind of 
pumping with poor spatial overlap of pump and signal modes generally leads to an 
upper limit on power output due to thermal lensing. Concentmtion quenching of the 
upper state lifetime limits the Nd^+ concentration to « 1.5%.

Laser oscillation has been achieved between the manifold and all four 
manifolds of the 4  configuration by diode-laser pumping; the principal transitions to 
each terminal manifold are summarised in Table 1.1. The - ^Ii5/2 gives weak 
emission at 1.833 pm [1.60]. Although flashlamp operation was achieved on this line in

1 .0  —

0  9

0 3

0 6

0 5

O

0 0
0,70.4 0.5 0.6 0.80.3 0.9

X [pm]

Figure 1.2. Absorption spectrum ofNd'.YAG [1.81].
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the 1960s, there are very few reports of its diode-pumped operation, probably due to the 
existence o f more feasible eye-safe alternatives (Section 1.2.2 - 5). The advent o f high 
power diode-laser devices has allowed exploitation of the quasi-three-level 4p 3/2 - 4 15/2 

946 nm transition [1.61 - 64] with its associated opportunity for blue light generation by 
frequency doubling [1.65, 6 6 ]. Efficient operation on this line has required

Upper and 

lower laser 

manifolds

Upper and 

lower Stark- 

split laser 

levels (cm"*̂  )

Emission

wavelength

(nm)

Stimulated 

emission 

cross-section 
(10-23 m2)

Upper state 

lifetime (ps)

Fluorescence

linewidth

(GHz)

4F3/2-^Ii 5/2 11502-958 1833

^^3/2-‘̂ h3/2 11502-4028 1338 0.9 [1.73] 120 [1.85]

^f3l2"^h3l2 11502-3921 1319 120 [1.85]

4F3/2~*̂ I 11/2 11502-2111 1064 3.4 [1.73] 244 [1.73] 180 [1.84]

"^F3/2“̂ l9/2 11414-848 946 0.58 [1.831 230 [1.631

Table 1.1. Principal laser transitions in Nd:YAG from '^Fs/2  to the I  manifolds.

I j  1 I I I I I L 1 1 t  1 I I I I M  I I M  I I I I I I I

11502 cm"

2146

2̂029
2001

10801 10701 10601 10501
Wavelength (A]

Figure 1.3a. Fluorescence spectrum ofNd'.YAG near 1 pm  [1.81].

GG00&G800&9000K

Figure 1.3b. Fluorescence spectrum ofNd'.YAG, 0.8 -0 .9  pm  [1.82].
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diode-pumping due to the high inversion needed, reabsorption losses and the low 
stimulated emission cross-section, which is an order of magnitude lower than that for 
the ubiquitous 1064.15 nm line. The transition results in emission on two
lines with roughly equal gain, 1319 nm and 1338 nm. These lines have attracted interest 
for telecommunications and frequency doubling to « 0.65 pm. Several diode-pumped 

devices have been demonstrated [1.67 - 70]. The 1064.15 nm line results from the 
- "^Iii/2 transition and is the most commonly used transition because of its high gain. 
The energy level diagram for this line is shown in Figure 1.4.
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Figure 1.4. Energy level scheme fo r 1064 nm laser operation in Nd. YAG [1.81J.

1.2.1.2 Nd:YLF (Nd:LiYF4)
The positive uniaxial scheelite-structured host yttrium lithium fluoride was first 

investigated as a host crystal for Nd^+ by Harmer et al in 1968 [1.71], and more recently 
by Ryan and Beach [1.72]. Initially, the quality of the crystals was relatively poor, but 
substantial improvements have taken place over the last decade and this host now has a
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firm foothold for certain applications. Strong absorption occurs at 797 nm for a  
polarisation (perpendicular to the c axis) and at 797 and 792 nm for % polarisation 

(parallel to the c axis). Absoiption spectra are shown in Figure 1.5. - ^ Iii /2

radiative emission occurs at 1047.1 nm (k, extraordinary) and 1053.0 nm (a, ordinary). 
Although the stimulated emission cross-sections are roughly half that for Nd: YAG, the 
upper state lifetime o f 480 jxs allows high energy storage and makes the material 
attractive for diode-pumping and Q-switching. Its broader gain bandwidth makes it a 
more promising choice for 1 pm  mode-locked systems than NdrYAG, and the 
absorption peaks are also wider than YAG, particularly at 792 nm, giving improved 
spectral overlap with the emission of AlGaAs diode-laser arrays. Absorption spectra 
are shown in Figure 1.5. Typical reviews of Nd3+ hosts [1.73, 73a] indicate that the gain 
at 1047.1 nm is « 40% higher than that of the 1053.0 nm line, although the 1053 nm 
transition is useful for matching the peak gain o f Nd-doped phosphate and 
fluorophosphate glasses used in amplifier chains. Emission spectra are given in Figure 
1.6 .

In certain situations the uniaxial nature of YLF can be beneficial; its natural 
birefringence eliminating any thermal depolaiisation that can occur in isotropic hosts 
such as YAG. CW laser operation of YLF was first demonstrated by Poliak et al in 
1982 [1.74]. This work showed that YLF has negative dn/dt and is therefore less 
susceptible to thermal lensing than YAG. However the thermal conductivity of YLF (6

"i Î
I

Figure 1.5. Absorption spectra o f Nd: YLF for (J (left) and k  (right) polarisations [1.72].

= 2
Ut 0

Figure 1.6. Emission cross-sections for Nd: YLF near 1 pm and 0.9 pm [1.72].
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W cm"  ̂ K-i) is only around half that of YAG, making it prone to fracture under hard 
end-pumping. YLF is therefore not a good choice for high power end-pumped lasers.

The 4p 3/2 - "̂ Ii3/2 1.3 pm system has also been demonstrated [1.68], emission 
occurring on the two lines 1321 nm (tc) and 1313 nm (0 ). The gains are around one 

quarter of that for 1047.1 nm.

Yttrium orthovanadate was first investigated as a host material for Nd^+ in 1966 
[1.75, 76] with spectroscopic investigations being carried out up to the mid-1970s 
[1.77-80]. Initially, the simultaneous crystallisation of the meta- (YVO3) and ortho- 
crystal phases made production of good quality samples difficult. In the early 1970s, 
better growth methods revived interest, but its low thermal conductivity proved a 
serious disadvantage in flashlamp-pumped lasers. Additional improvements in optical 
quality over the last 2 - 3  years has now restored the fortunes of this host, and YVO4 is 
now a serious choice for diode-pumped solid-state lasers.

The crystal is strongly biréfringent (positive uniaxial) and is characterised by 
very strong peak absorption at 808.5 nm of « 40 cm"i (k , polarisation parallel to the c 
axis) which is around five times that of Nd: YAG. The very short absorption depths 
possible have made the material especially attractive for microchip lasers where the 
pump light has to be efficiently absorbed within a few hundred microns. Bulk lasers 
have also benefited from enhanced efficiency. In addition, the stimulated emission cross- 
section for the 4F3/2 - " Îii/2 1064.1 nm 0  line is an order of magnitude higher than that 
o f Nd:YAG, although this can lead to significant amplified spontaneous emission, k 

polarised operation is possible without any polarisation selection element. One 
disadvantage is its relatively short upper state lifetime (~ 90 |is), making it less 

attractive for Q-switching than other hosts.
The cross-section for the "̂ F3/2 - "̂ Ii3/2 1342 nm line is larger than that of the 

1064.15 nm transition in Nd:YAG, making YVO4 attractive for 1.3 |am operation [1.86].

1.2.1.4 Nd:Glass
Glass is a mixture of oxides. Its main constituents are non-metal oxides, such as 

Si0 2 , B2O3 and P2O5. Different metal oxides alter the structure in various ways, making 
it possible to obtain a wide variety of properties. A large range of Nd-doped glasses can 
be produced, although among those commercially available, only silicates and 
phosphates have sufficient optical and mechanical properties to form the basis of laser 
systems. All are isotropic. The 1.05 p.m stimulated emission cross-sections of 
phosphate glasses are in the region 3.0 - 4.3 x 10'̂ "̂  m^, which is typically around 50% 
higher than for the 1.06 \im  lines in silicates. Both have fluorescence lifetimes in the 
region of 300 jis for doping levels of a few percent o f Nd2 0 3 . Some of the important 
physical and optical properties of commercially available phosphate and silicate glasses
nrm qnmrnorisÇ'H in  Tntilm 1 9
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Properties LG-760

Phosphate

(Schott)

Q-88

Phosphate

(KIgre)

LG-670

Silicate

(Schott)

Q-246

Silicate

(Kigre)

Peak Wavelength (nm) 1054 1054 1061 1062

Cross-Section (10"^^ m^) 4.3 4.0 2.7 2.9

FWHM Linewidth (nm) 19.5 21.9 27.8 27.7

Fluorescent Lifetime (ps) 330 330 330 340

Refractive Index 1.503 1.545 1.561 1.568

Thermal Conductivity (Wm"'*K"'*) 0.67 0.84 1.35 1.30

dn/dt (20 - 40 “O  (10'6 K'^) -6.8 -0.5 2.9 2.9

Table 1.2. Properties o f  Nd-doped glasses [1.81].

A major disadvantage of glass as a host is its low thermal conductivity, typically 
around 1 W m'^K'^ compared to 13 W m’^K'^ for YAG. This makes Ndiglass 
particularly susceptible to thermal effects, such as thermal lensing, thermal birefringence 
and thermal damage. However, Ndiglasses have useful spectroscopic properties. Unlike 
many crystals, the concentration of Nd^+ ions can be relatively high without significant 
concentration quenching o f the upper state lifetime. For example, phosphates can be 
doped to approximately 7% o f NdaOj. The absorption peaks in Nd: glass are much 
wider than in Nd:YAG and have less fine structure. The absorption spectrum of 
Nd:glass is given in Figure 1.7. The peak around 802 nm has a FWHM of 14 nm, making 
it highly compatible with diode-laser pumping, even with little attention to the 
regulation of the diode-laser temperature. For 3% Nd2 0 3  doping, the absorption 
coefficient is comparable to that of 1% doped Nd:YAG. The fluorescence linewidths of 
the 1 iLim transitions in Nd:glass are around 20 nm wide (FWHM) allowing the 
generation o f sub-picosecond pulses at this wavelength from mode-locked devices. This 
large bandwidth, which is around 50 times larger than for the 1.06 p,m transition in 

Nd:YAG, is due to the amorphous structure of glass, which causes the Nd^+ ions to 
"see" slightly different surroundings. This makes their energy splittings vary slightly, 
and consequently different ions radiate at slightly different frequencies, causing a 
broadening o f the spontaneous emission spectrum. The broader linewidth also allows 
the storage o f larger amounts of energy in the amplifying medium for the same linear 
amplification coefficient. Thus, glass and crystalline lasers compliment each other. 
Glasses are more suitable for high-energy pulsed operation, whilst crystalline lasers 
provide higher gain and greater thermal conductivity, making them more suited to CW or 
high repetition-rate operation.

Although flashlamp-pumped Nd:glass lasers were investigated in the 1960s 
[1.87], diode-laser pumped oscillation was not demonstrated until 1986 [1.88]. The gain

12
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Figure 1.7. Absorpton spectrum ofNd doped ED-2 glass [LSIJ.

medium was LHG-5 phosphate glass doped with 3.8% wt of Nd2 0 3 . A CW output 
power of 3 mW was achieved for 10 mW of input power from a single-stripe AlGaAs 
device; the slope efficiency was 42%. Hughes e t al[l.S9] showed substantial scaling by 
double end-pumping a LG-760 phosphate glass disc (8 % wt Nd2 0 3 ) using four 500 
mW diode-laser arrays. The maximum CW output power was 420 mW with 32% slope 
efficiency. Melting o f the glass was cited as a problem for input powers o f « 600 mW at 
a single point. Fan achieved > 0.5 W CW output power by using a rotating glass disc 
[1.90]. Zig-zag path slabs, rotating discs and moving slabs have been proposed for 
further scaling [1.91,92].
1.2.1.5 Nd:YAP (Nd:YAlOs)

In 1969, yttrium orthoaluminate (or yttrium aluminium perovskite, YAP), a 
crystal host derived from the same physical-chemical Y2O3-AI2O3 system as YAG 
became commercially available [1.93]. The crystal has a distorted perovskite structure 
with an orthorhombic unit cell, making it optically negative biaxial. Growth and crystal 
features were first reported by Weber et al [1.94]. There were early reports on the 
possible use of YAP as a replacement for YAG, e.g. [1.95]. This early enthusiasm was 
based on the high thermal conductivity of YAP (approximately the same as YAG), and 
its birefringence which eliminates thermal depolarisation problems and allows polarised 
operation with no intracavity polarisation selector. Difficulties with purity in crystal 
growth eventually led to loss of interest in the material. However in the mid-1980s, 
crystals of high optical quality became available at the same time as the new generation 
o f high power laser-diode devices, and this revived interest in the host particularly for 
DPSSLs [1.96]. Detailed spectroscopic and crystallographic investigations o f the 
material were carried out in the late 1970s and early 1980s [1.97, 98]; Figure 1.8 shows 
the polarised absorption and emission features.

13
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Figure 1.8, Polarised absorption and emission features ofNd:YAP [1.101],

The laser transition is at 1079.6 nm with the signal light polarised along the b 
axis in the Pnma system, with maximum absorption of 14 cm‘  ̂ also occurring for this 
polarisation at 803 nm. This value of local absorption wavelength together with its 
FWHM of around 3 nm makes the material attractive for diode-pumping. Oscillation 
with E||b is also possible at 1072.5 nm and 1084.5 nm. With E||a and E||c laser operation 
is also possible at 1064.5, 1090.9 and 1098.9 nm, although with substantially lower 
gain. Diode-pumped Nd:YAP was first demonstrated in 1988 at 1.34 pm by Scarl et al 
[1.99]. The laser comprised a rod end-pumped with a 500 mW diode system, and 
around 10 mW of CW output were obtained. The slope efficiency was only 5% due to 
poor mode-matching. Hanson obtained emission at 1.08 and 1.34 pm by side pumping a 
b axis rod with six quasi-CW arrays at 803 nm [1.100]. Slope efficiencies of 27% and 
20% were obtained for operation at 1079.6 and 1341.4 nm respectively. Hanson and 
Poirier [1.101] have very recently side-pumped an a axis rod obtaining E||c operation at 
1064.3, 1072.5, and 1099 nm using a birefingent filter.
1.2.1.6 Other Garnets

Several variations of YAG have been grown and investigated as possible hosts 
for Nd and other rare-earth ions, principally Ho and Er. Substitution of Gd for Y and Sc 
and Ga for A1 has led to YGG (YgGagO n ) ,  YSGG (Y3S c2G a3 0 12), GSGG
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(GdgScgGagO 12), GGG (GdgGagO 12), GSAG (Gd3 S c2A l3 0 12) and YSAG 
(Y 3 SC2A I3O 12). Most of the literature is concerned with Cr3+ sensitisation for 
flashlamp pumping. This is not helpful in the case of diode-laser pumping, due to the 
low absorption of the Cr^+ 4%"̂  level neai' 800 nm. Nd:GSGG has attractive features for 
high average power Q-switched, diode-pumped operation. It can be grown in large core- 
free boules, allowing the fabrication o f large aperture rods and slabs. It can be doped 
more heavily than YAG without concentration quenching due to its larger lattice 
parameter and lower phonon energies. The peak absorption at 808 nm is roughly twice 
that o f YAG for 1% doping, and its lower emission cross-section allows higher energy 
storage before the onset of amplified spontaneous emission (ASE). Caffey et arZ [1.102] 
reported a slope efficiency of 41.5% for a pulsed side-pumped rod device. Diode- 
pumped Nd:GGG has formed the basis of highly frequency-stable non-planar ring 
oscillators [1.103, 104]. Diode-pumped operation of Nd:YSAG was investigated in 
1990 [1.104a].
1.2.1.7 Nd:BEL (Nd:La2Be20s)

Lanthanum beryllate (BEL) was reported as a new host crystal in 1975 [1.105]. 
BEL is positive biaxial and has monoclinic symmetry so that two o f the three 
independent polarisation directions are along axes of the index ellipsoid which are not 
crystallographic directions. The strongest 1 pm transition is at 1069.8 nm for light 
polarised with E||x which has an emission cross-section of 2.1 x 10-^4 m^ [1.106]. For 
operation with E||y and E||z, the 1079 nm line has the highest gain. The absorption 
feature near 810 nm has a FWHM of « 3.5 nm giving good spectral overlap with the 
emission of diode-lasers. The fluorescence linewidths at 1069.8 and 1079 nm are both 
30 cm'^ (compared to 6  cm-i for Nd:YLF) allowing picosecond pulse generation in the 
mode-locked regime. The upper state lifetime is typically quoted as -  150 ps for a 
doping level o f 1%. Efficient diode-pumped CW [1.107] and mode-locked [1.108, 109] 
systems have been demonstrated.
1.2.1.8 Nd:LMA (Nd.'LaMgAljjOjg)

Lanthanum magnesium aluminate (LMA) is a negative uniaxial crystal first 
reported in 1981 [1.110]. Optical properties have been reported in [1.111-113]. The 
main features are high thermal conductivity (14 and 10 Wm-^K-^ perpendicular and 
parallel to the optic axis respectively) and low concentration quenching; samples are 
typically doped to 15 - 20 at. % without reduction in the upper state lifetime of 260 - 
270 ps. Laser oscillation can be achieved on two lines, 1054.7 and 1082.0 nm, with 
highest gain occurring for light a  polarised perpendicular to the optic (c) axis. Several 
local absorption maxima occur near 800 nm, the stongest being at 794 nm for the o  

polarisation. The 1054.7 nm line has a fluorescence width of 26 cm"i [1.114] and is 
therefore useful in mode-locking applications, especially for seeding glass amplifier 
chains. The 1082 nm line is of use in the optical pumping of helium atoms. The broad
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linewidth at 1054.7 nm results from the fact that there are three different Nd^+ 
fluorescing sites in the crystal, each experiencing a slightly different crystal field [1.115]. 
Diode-laser pumped CW lasers have been reported by Hamel et a l[ \ . \ \6 \  and Fan and 
Kokta [1.117]. Fan suggested that pump and signal excited-state absorption (ESA) 
could be responsible for the unremarkable slope efficiencies seen from end-pumped 
systems. FM [1.118] and APM [1.119] mode-locked lasers have been demonstrated, 
the latter giving 600 fs pulses at 1054 nm.
1.2.1.9 Other Crystalline Hosts

Recently, Nd:YAB (Nd-doped yttrium aluminium borate, YAl3(B 0 3 )4) has 
emerged as an efficient self-frequency-doubling material for its 1063 and 1320 nm lines. 
The self-doubling concept was first demonstrated in Nd:MgO:LiNb0 3  [1.122]. Diode- 
pumped devices offer compact sources of visible light although at present output 
powers are less than 100 mW [1.123, 124]. Another new diode-pumpable material is 
NdrBZAG (NdiBaaZnGeaOy) [1.125]. Apatite crystals have also been investigated 
recently; principally S-FAP (Ca5(P0 4 )3F) and S-VAP (Srs(V0 4 )3F) [1.126].
1.2.1.10 Stoichiometric Materials

Stoichiometric materials are compounds which contain the laser species, rather 
than a host into which the active species is doped. The motivation for research into 
these materials is to increase the concentration of the active ion, increasing the gain of 
lasers and allowing the possibility of miniatuiisation. Most diode-pumped devices have 
been concerned with microchips o f lithium neodymium tetraphosphate, LiNdP4 0 i2 or 
LNP, which has about thirty times the Nd concentration of 1% NdiYAG with a similar 
cross-section. Diode-pumped operation o f LNP has been shown at 1.05 [1.127] and 
1.32 jxm [1.128]. The very short absorption length in LNP has allowed diode-end- 
pumping by close-coupling with no collimating or focusing optics [1.129].

1.2.2 Holmium
Diode-pumped eyesafe 2.1 jim Ho^+ lasers have potential use in diverse 

applications such as altimetry, ranging, low altitude wind shear detection and 
atmospheric remote sensing tasks, for example Doppler lidar wind sensing and water 
vapour profiling. Ho^+ has mainly been operated in YAG or YLF co-doped with Tm3+ 
in order to provide absorption near 800 nm suitable for AlGaAs diode-laser pumping. 
Absorption peaks at 781.5 and 785.5 nm (both 3 - 4 nm FWHM) can be used to pump 
the Tm3+ level. For high enough Tm^+ doping (normally » 6  at. %), this is mainly 
followed by a cross-relaxation process whereby one excited Tm ion in the ^F4 level de- 
excites to produce two Tm ions in the ^H4 level. Fast spatial energy migration of these 
ions leads to population o f the level in Ho^+ and subsequent - ^Ig three-level 
laser action at 2.1 pm. The 10 ms upper-state lifetime makes the system viable. Ho 
doping levels have normally been in the range 0.5 - 2 at. %. 2097 nm diode-pumped
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Host material ^sig
(nm )

^PP
(nm )

AXpp (nm) 

(FWHM)

Gain

bandwidth

(GHz)

Upper

state

lifetime

(gs)

Thermal

conductivity

(Wm-^K-l)

Nd:YAG 1064.1 807.
5

1.2 [1.120] 180 [1.84] 230 [1.81] 13 [1.81]

NdiYLF o, E||a 

7C, E||c

Nd:YV04  n, Ej|c

1053.0

1047.1

1064.1

806.

0

792.

5

808.
5

2.8 [1.120] 

1.7 [1.120]

20 [1.120]

360 [1.71] 

210 [1.79]

480 [1.73] 

98 [1.73]

6 [1.74] 

6 [1.74]

5.2 [1.86a]

Nd:glass (LG760) 1054 802.
0

20 [1.81] 5400 [1.81] 330 [1.81] 0.67 [1.81]

NdiYAP E||b 

E||c

1079.6

1064.5

802.

0

797.

0

2.5 [1.101]

2.5 [1.101]

360 [1.98] 150 [1.100] 11 [1.121]

NdiBEL E||x 

E||y 
E||z

1069.6

1079

1079

811.

0

811.

0

810.

5

1.2 [1.120] 

0.7 [1.120] 

0.4 [1.120]

900 [1.108] 140 [1.105] {a, 4.6 [1.105]} 

=b, 4.7 [1.105] 

{c, 4.7 [1.105]}

Nd:LMA n, E||c 

o, Ella

1054.7 798.

0

15 [1.118] 1190

[1.118]

270 [1.117] 10 [1.112] 

14 [1.112]
Table 1.3. Comparison o f  1 at. % Nd^"^-doped host materials fo r  1 pm operation.

operation in Ho:YAG was first reported by Allen a/ [1.130]; Henderson and Hale 
also obtained output at 2090 nm [1,131]. CW output powers have been limited to < 100 
mW. In the case of Ho: YLF, pumping is at 792 nm with lasing at 2067 nm; both n 
oriented [1.132]. An important recent breakthrough is the pumping of singly doped 
Ho:YAG with InGaAsP and GalnAsSb diode lasers operating at 1.9 pm. Nabors et al 
have recently obtained 700 mW CW output at 2.079 pm [1.133]. The improved 

quantum efficiency resulted in a slope efficiency of 35%.
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Host material dn/dT Stimulated Refractive Max. Peak
(10-6 K-1) em ission  

cross-  

section  
(10‘23 m2)

Index dope

cone

(%)

absorption

coefficient

(cm"1)

Nd:YAG 7 [1.74] 3.4 [1.73] 1.816 [1.81] 1.6 8 [1.86a]

NdiYLF 0 , Ejia -4.3 [1.74] 2.6 [1.73] 1.4481 [1.81] 2 8.6 [1.86a]

E||C -2.0 [1.74] 3.7 [1.73] 1.4704 [1.81] 32.1 [1.86a]

Nd:YV04 7C, Ej|c 8.5 [1.86a] 6.2 [1.73] 2.168 [1.121] 3 40.7 [1.86a]

0, E||a 2.9 [1.86a] 1.958 [1.121] 101.5

[1.86a]

Ndiglass (LG-760) -6.8 [1.81] 0.43 [1.81] 1.503 [1.81] 8 10 [1.81]

Nd:YAP E||b 9.75 [1.101a] 4.6 [1.100] 1.929 [1.98] 1 14 [1.101]

E||c 14.52 [1.101a] 1.5 [1.101] 1.952 [1.98] 12 [1.101]

Ella 1.943 [1.981

Nd:BEL E||x

Elly

Ellz

{a. 7.0 [1.105]} 

=b. 7.9 [1.105] 

{c. 9.5 [1.105]}

2.1 [1.106] 1.9641 [1.105] 

1.9974 [1.105] 

2.0348 [1.1051

1.4 2.82 [1.106]

NdiLMA Ej|c 

0 . Ella

4 [1.111] 1.7692 [1.112] 

1.7766 [1.1121

20

Table 1.3 cont'd. Comparison o f  1 at. % Nd^^-doped host materials fo r  1 pm operation.

1,2.3 Erbium
Interest in Er3+ has mainly been confined to Er doped silica fibres and mode- 

locked systems for low-loss, high-bit-rate fibre communication. However, bulk devices 
are also of interest for eye-safe applications such as coherent laser radar and medical 
research. Three diode-pumping schemes are possible: AlGaAs pumping o f the ^1^/2 

level near 800 nm, 975 nm pumping of the 1̂ ^ /2  level using strained-layer InGaAs, and 
1.48 p,m pumping of 15/2 using more established InGaAsP diodes. CW lasing at 2.8 
|im  has been achieved on the - "̂ Ii3/2 transition in Er:YLF by AlGaAs pumping at 
797 nm [1.134]. Although the lifetimes of these levels (4 and 13 ms respectively) would 
normally make the system self-terminating, a cooperative up-conversion (energy- 
transfer) process causes "̂ Ii3/2 -> "̂19/2 repopulation of the upper level allowing lasing. 
Pumping near 800 nm has, however, the disadvantage of ESA of the pump radiation. 
The development of strained layer InGaAs diode-lasers has allowed enhancement of 
4Ii3/2 - 4iij/2 1.5 and 1.6 jiim laser action. These devices have higher output powers 

than the longer wavelength InGaAsP lasers. In addition, pumping near 975 nm can be 
made more efficient by using Yb3+ as a sensitiser; highly efficient energy transfer from
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Yb(2p 5/2) to Er (4111/2) occurs for suitable doping levels. This scheme allowed the first 
room-temperature CW operation o f 1.5 jam Eriglass in 1991 [1.135], and 1.6 jam 

Er:YAG in 1995 [1.136]. Mode-locked bulk Eriglass lasers are capable of generating 
picosecond pulses at 1.5 jam [1.137].

1.2.4 Ytterbium
Strained-layer InGaAs devices have also opened up the possibility of efficient 

lasing in ytterbium itself. Previously its usefulness was limited because the trivalent ion 
has only one 4 /manifold, located at approximately 10 000 cm'^; the next higher level is 
in the 5d configuration at ~ 100 000 cm’f  The Yb laser is a three-level system and the 
lack of higher-lying states has hitherto limited it to inefficient AlGaAs pumping at liquid 
nitrogen temperatures [1.138]. The newer InGaAs diode-lasers have given a pumping 
solution, and allowed some of the advantages of Yb to be exploited. The lack of higher- 
lying levels means that there is no problem with excited-state absorption or up- 
conversion. The system cannot suffer from concentration quenching, so that high doping 
levels {e.g. 15 at. %) can be employed, mitigating the tliree-level nature of the laser. 
Broad absorption in Yb:YAG occurs at 941 nm with a FWHM of 18 nm; temperature 
regulation of diode temperature is therefore not an issue. The local absoiption maximum 
at 968 nm has a FWHM of 4 mn. The strongest fluorescence occurs at 1030 nm. The 
first CW room-temperature diode-pumped YbiYAG laser was reported in 1991, 
producing 345 mW with a slope efficiency of 31% [1.139]. The 1.2 ms upper-state 
lifetime has allowed efficient Q-switched operation [1.140]. Widely tunable high-power 
CW operation has recently been demonstrated in YbrYAG [1.141]; this laser, 
comprising a YbiYAG disc pumped by fibre-coupled diodes, produced more than 9 W 
at 1030 nm, and 2.5 W at the tuning extremities of 1020 and 1050 mn.

1.2.5 Thulium
Laser emission from the ^H4 - ^Hô transition in Tm^+ at 2.02 jxm is another 

useful source of eye-safe coherent radiation. In TmrYAG, AlGaAs emission at 785 nm 
is efficiently absorbed, populating the ^F  ̂manifold. At Tm^+ concentrations above = 3 
at. %, cross-relaxation efficiently populates the ^Ĥ . level, from where laser action to a 
high-lying level in the ^H^ manifold takes place. This cross-relaxation mechanism makes 
TmiYAG efficient in CW operation, one absorbed photon leading to two ions in the 
upper laser level. Q-switched performance in TmiYAG is aided by the 11 ms (4 at. %) 
fluorescence lifetime [1.142]. 35 ps pulses have been generated by AO mode-locking, 
under Ti:Al2 0 3  laser pumping at 785 nm [1.143]; a AlGaAs diode-pumped approach 
should also be possible.
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Figure 1.9. Energy levels and laser transitions o f  RE^^ ions in YAG [1.121].

1.3 Review of Four- and Quasi-Three-Level Bulk Laser Action

1.3.1 Longitudinally-Pumped Devices
1.3.1.1 Threshold and Output Behaviour

Although the basic principles of laser behaviour are well understood, treatments 
accounting for the spatial overlap of pump and signal modes are a comparatively recent 
development and so considerable emphasis is given here to this aspect. Quasi-tliree 
level systems are included since diode-laser pumping has allowed efficient operation of 
lasers such as 0.9 pm Nd^+, 2.1pm Ho3+ and 2.0 pm Tm^+. The starting point for quasi- 

three-level operation is the generalised energy level diagram shown in Figure 1.9. The 
lower and upper laser levels are denoted a and 6 , with respective population densities 
Na and N^. The lower and upper manifold population densities are N i and N 2 . It is 
assumed that the populations of the Stark levels within each manifold aie in quasi- 
thermal equilibrium at all times; the probabilities of occupation of the lower and upper 
laser levels within their respective manifolds are therefore given by Boltzmann factors fa 
and fh- Four-level behaviour can be obtained by taking the lim it^  ^  0. The populations 
o f the upper and lower laser levels are

N .  = / , N ,  = / „ N „ -

N i~  No (the total dopant concentration), as the ground state depletion is assumed to be 
small. Under steady-state conditions at or below threshold, the population of the upper
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Figure 1.10. Energy level scheme fo r  laser action.

manifold is given by
dNf t )

=  0 N,(r) + Rp{r), (1.1)
dt T

where x is the fluorescence lifetime, R the pumping rate into the upper manifold, and 

p(r) is the normalised pump mode intensity distribution, i.e.
JJ|rfYjE7(r) = l,

crystal

where the integration is over the volume of the laser crystal. The pumping rate is related 
to absorbed pump power by

R
hv„

(1.20

where 7]i is the pump quantum efficiency. (1 .1) gives the population of the upper laser 

level:
fV»(r) ==y»tRp(r). (1.3)
The threshold condition is

J J J  d^r.2y{T)l =  J J J  rf^r.2 <r/ANj,,(r)s(r) = <5 .(1.4)
crystal crystal

where 7  is the small signal gain, <7 the stimulated emission cross-section (assumed 
equal to the absorption cross-section), / the laser crystal length, 8 the distributed total 
loss (excluding reabsorption loss) and Mlth(r) is the threshold population inversion 

given by
A N ,^ (r)= /A ,p (r)T -/.N „ . (1.5)

s(r) is the normalised signal mode intensity distribution:
JJJd^r.s(r) = l.

crystal
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Rth
AT 2 at

( 1.6)

The signal is assumed to comprise only the fundamental TEMqo Gaussian transverse 
mode. From (1.4) and (1.5), the threshold pumping rate is given by

J_

h
where
A = JJJ^^T.p(r)s(r) (1.7)

crystal

is the pump-signal overlap integral. For perfect spatial overlap of pump and signal, Ji 
will have a certain maximum value. In practical situations (especially under diode-laser 
pumping) J i is less than this, raising the threshold. The lower laser level population, 

faNo.> causes additional (re-absorption) loss in a quasi-three-level laser; in a four-level 
system this term is zero. For a four-level laser (1.6) gives the single pass gain at 
threshold as

( 1.8)

The quantity 1/lJi is the effective pump area. The pump-signal overlap integral J i 
determines threshold, slope and overall efficiencies and, where pump power is limited 
or restricted, the maximum output power.

Steady-state operation above threshold is described using equations for 
population inversion density and cavity photon number, S. In the steady-state, the rate 
o f change of inversion is given by

= 0 = (/„ +A )R p(r) -  AN(r)Ss(r) (qu-3-lev), (1.9)

= 0 = /tKp(r) -  - h}£2. AN(r)Ss(r) (4-level), (1.10)
dt T n

where in (1.9),

N f  and Nb^ being the thermal-equilibrium populations of levels a  and b respectively 
when the laser is not pumped, n is the refractive index of the active medium. The 
steady-state cavity photon number is given by the balance in the rate at which photons 
are output from the laser and the rate at which they are generated by stimulated 
emission;

^  = 0 = —  f f f d V A N ( r ) S s ( r ) - |^ .  (1.11)
n JJi, 21n

From (1,9) and (1.10), the inversion above threshold is given by

AN (r ) = — A (quasi-three-level),  (1.12)

n

l+ < ^ ± Â ) £ ^ S s ( r )

n

AN(r) = ---- / /    (four-level). (1.13)
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Using (1.12) and (1.13) with (1.11), relations between pumping rate (or absorbed pump 
power) and cavity photon number can be obtained for quasi-three-level and four-level 
lasers:

n
In (1.14), AN^ < 0 so that the last term is an additional (re-absorption) loss due to the 
significant lower level population. This loss is saturable, so that when the laser is 
operated well above threshold, i.e. S  is large, the term in APN is negligible. Well above 

theshold therefore, quasi-three-level and four-level lasers behave in the same way.
To precisely model laser output therefore requires two things. Firstly the 

functional forms of p(r) and s(r) must be known; this will depend on the pumping 
device, the pump-signal interaction geometry {e.g. side-pumping, end-pumping) and the 
extent of diffraction of the pump and signal modes inside the laser crystal. Secondly, 
the volume integrals in (1.14) and (1.15) must be evaluated, and this is not, in general, 
possible analytically. Numerical methods can be employed for this, e.g. [1.144], 
however, a simple approximation [1.145] leads to a heuristic description for output and 
slope efficiency. An approximation is made for the integral J?, where

n
Soon after threshold is reached, the second term in the denominator of the integrand 
dominates. The approximation is

l „ l  + ü ^ ± A ^  (1.16)
Jl  / l

where
t?2 = jjjf^^r.p(r)

V

and V is the common volume of the pump and signal fields. The output power in terms
of the cavity photon number is given by 

c 
2\n

where T is the output coupling. Using (1.6), (1.15), (1.16) and (1.17) the slope 
efficiency, e, can be obtained:

( 118)
ak abSftfi s

(1.18) can be rewritten as

=5;kv, %:--T (1.17)
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(1.19)

where = 1 /  //j is the effective pump area, fa t the saturation intensity,

I  =  !lYi___

L the internal loss (5  = L + T’) and = Z/gZ the round-trip gain. The single pass 

unsaturated gain is given by

=  (1.20) 
nVp

In the case of a unidirectional ring laser, the output power is given by

In this case, = y f  so that the single-pass unsaturated gain at threshold is doubled,

but the slope efficiency is the same as for a standing-wave laser. P 2 and J\, both
measures o f the extent o f spatial overlap of pump and signal, are therefore key factors 
in laser perfomiance. Two useful results obtainable from (1.19) are the optimum output 
coupling for a given pumping level,

(1.21)
and the maximum output power possible at a given pumping level (i.e. the power output 
when the output coupling is Topt):

Rout,msx~'^^2^sat^effi^[8Q~'^) * ( 1.22)

For a unidirectional ring laser, we have

R o u t ,m a x  ~  B 2 ^ s a t ^ e f f i 2 J S o  ~  *

Figure 1.11 shows the idealised output power of a Nd: YAG laser as a function of output 
coupling for a fixed unsaturated gain of go = 0.4 for various internal losses, and for go = 
0.2 a fixed internal loss of 3%. The results were generated assuming 1.1% Nd^+ doping 
and pump and signal 1/e^ waists of 500 and 750 jam respectively. 772 was taken as 1, and 

the Nd:YAG rod length as 8 mm. (go values of 0.4 and 0.2 correspond to absorbed 
pump powers of 12.6 and 6.3 W respectively, using (1.20).) It is also quite straight 
forward to use (1.14) and (1.15) to numerically calculate the output of four- and quasi- 
three-level lasers under various operating conditions. Figure 1.12 shows the output 
power of a four-level 8 mm 1% NdiYAG rod laser for various values of output coupling 
and internal loss. Pump and signal modes are assumed Gaussian and non-diffracting 
with 1/e^ radii of 200 and 350 jam respectively. Figure 1.13 shows the output power 

from the same laser for 10% output coupling and 2% internal loss with and without 
reabsorption loss. Well above threshold the slope efficiencies become equal. (In the 
case with reabsorption loss, fa  has been taken as 0.5 to exaggerate the effect of
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reabsorption loss; in actual quasi-three-level lasers, for example the 946 nm Nd:YAG 
laser, the value is

^  5
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Figure L i t .  Output power versus output coupling for various pumping levels and
internal losses.

much smaller, around 0.007.)
1.3.1.2 Estimation and Effect o f  Pump-Signal Spatial Overlap

The extent of pump-signal spatial overlap influences both threshold and slope 
efficiency, through Jy and % respectively. The maximisation of these quantities is 

especially important for diode-laser pumped lasers, since the loAv brightness of 
semiconductor pump devices limits the pump-signal interaction length. The magnitude 
and effect o f pump-mode overlap is most easily evaluated for the case o f non- 
difffacting Gaussian pump and signal modes. Although in the case of diode-laser 
pumping the pump profile is neither diffraction-limited nor Gaussian, it is useful to 
consider the effect of overlap in this case as it gives insights into the behaviour of all 
types o f laser regardless o f the pumping scheme. The normalised signal and pump 
intensity functions are

s { r ) - p(r,z) = 2ae'
311
wJ

(1.23)
TUwff ' ' ' ' ' (1 - g

where I is the length o f the crystal, a  the absorption coefficient (8  cm-^ for 1% 
Nd:YAG) and r,z the cylindrical coordinates with respect to the axis of the NdiYAG 
rod. The overlap integral is

1 oo
f i  = 27cjj s{r)p{r, z)rdrdz. (1.24)

0 0
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Figure 1.14 shows the effect on *// and slope efficiency when the pump waist is 
varied between zero and 350 (xm in die case of an end-pumped 8 mm long 1% NdiYAG 
rod laser with 10% output coupling, 2% internal loss and a signal mode radius of 350 
|Lim. Clearly a small pump mode is desirable to give the highest slope efficiency, 
although for very small pump mode sizes < « 20 |im, overlap and slope fall rapidly. The 
fall off of as (Op approaches is not as rapid as the drop in the value of the overlap 

integral might suggest. In terms of practical laser physics, therefore, the adjustment of 
(Op to maximise slope efficiency is not a critical or difficult one.
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For non-diffracting Gaussian beams, the threshold absorbed power can be 
obtained analytically from (1.6) and (1.23):

Figure 1.15 shows the variation of threshold absorbed power with Wp for the laser 
described above, and also the absorbed pump power required to maintain an output 
power of 2 W.

Diffraction of the pump beam can be accounted for by assuming a pump 
intensity function

2r%

with

w /(z )  = Wg/ 1 + A -l;  % = ” ■ (1.27)
% y

wop is the pump beam waist and Xp the pump wavelength. The absorption factor e-^  
remains valid since the beam is diffraction-limited; even if  the waist is focussed to 5 
pm, the far field diffraction angle is only 1.6“. The value of the overlap integral (1.24) 
obtained using (1.26) departs from that obtained by using (1.23) only for very small 
values of the pump mode waist wop. This is intuitively obvious because significant 
spreading of the pump beam occurs only in the regime of relatively tight focussing. The 
departure of Ji from the non-diflFracting case is also predictable; the fall off as wop —> 0 
is less rapid, the diffraction effect increasing the extent of the overlap. Figure 1.16 
shows the variation of the overlap for wop between 5 and 30 pm, with a signal mode 
waist of 350 pm. For wop> 30 pm, the two calculations differ by only « 0.5%, and, 
since this is the domain where Ji is maximum, the assumption of no diffraction of the 
pump beam is accurate for practical purposes.

An estimate of the optimum confocal parameter for the case of a diffracting 
Gaussian pump beam can be made by defining an average pump mode waist within the 
crystal:

(128)

Using (1.27), and minimising <Wp> in order to maximise overlap, the optimum pump 
mode waist is 

f  IX

The optimum confocal parameter is therefore on the order of /, a result similar to that 
for optimum focusing in nonlinear optical parametric processes such as second 
harmonic generation. Several other accounts of optimum overlap are given in the
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literatui'e [1.146- 150].
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Figure 1.16. Overlap integral for small pump mode radii calculated for diffracting and
non-diffracting pump beams.

1.3.2 Photometric Aspects of End-Pumping with Diode-Laser Devices
1.3.2.1 Pump Beam Quality; Brightness, Etendue

Although the use of diode-laser-based devices as pump sources offers the 
potential advantages of compactness, reliability and efficiency, the output beams of 
these sources are generally poor in quality, being many times diffraction-limited and 
often highly astigmatic. This limits the extent of the spatial overlap of the pump mode 
with the fundamental T E M qo signal mode, and some measure of pump beam quality is 
useful to assess the potential of a given source for end-pumping. Brightness and etendue 
are the principal parameters used for this.

Figure 1.17. Energy transmission from a surface element.

Figure 1.17 shows an emitting surface S, not necessarily plane, and a surface 
element dS under consideration. The amount of power radiated into elemental solid- 
angle dQ  in the direction 6, (j) is
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( fP  = B{Ç,p,0,(l>).cosa.dSdQ.. (1.30)

^  ,7] are any convenient set of curvilinear coordinates on S. a is the angle between the 
normal to dS and the direction 6, (p A n  the case of most pump devices we can assume 
that the brightness B is independent of position on S and is isotropic (independent of 6 , (p 
). B is then simply a constant. The etendue of the source is defined by [1.151]
(B = n^ j j  cos a. dS.dQ, (1.31)

and the brightness of a source of total power P is therefore

B = (1.32)

Etendue is the volume of "radiance space" occupied by the output beam of the diode-laser 
device and governs the depth of focus possible in the gain medium: sources with low 
etendue can be focused to a small spot size over a greater distance. From (1.31) the 
characteristics of a good pump device are therefore a small emitting aperture and a low 
solid-angle. The emitting surface is plane in most cases, and we can assume for design 
purposes that a is small so that
(E = n"Sa. (1.33)
A TEM(X) Gaussian beam from a bulk laser is diffraction limited (or close to the limit) and 

therefore has the highest brightness for a given power of any practical source:
^ G au ssian  (1-34)
The etendue of a typical diode-laser device is tens of thousands of times greater than this 
diffraction-limited case.

(1.30) can be useful for calculating the intensity profiles of pumping devices. 
Figures 1.18 and 1.19 show the intensity profiles of a fibre-coupled diode-laser system at 
5 mm and 10 |xm from the fibre-tip respectively. B is assumed to be a constant.
1.32.2 Brightness Theorems

Pump light from diode-laser based devices is normally coupled into the end of a 
laser rod via some optical system, for example low /-number lenses. Two important 
theorems govern the radiation through an optical system and into the laser rod itself. The 
first is the brightness theorem [1.152] which states that if the object and image spaces 
have equal refractive index, the brightness of the light distribution produced by an optical 
system B i  cannot be greater than the original source brightness Bq, and the two can only 

be equal if the losses in the system are negligible:

r »  Y^  Bg. (1.35)
v^oy

(1.32) and (1.35) have the important consequence that if the losses in the optical system 
are zero so that no power is lost, the etendue is a constant. In practice this means that 
focused pump spot size and divergence angle are not independent variables but are
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Figure 1.18. Far-field intensity pattern from a fibre-coupled diode-laser.
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Figure 1.19. Near-field intensity pattern from a fibre-coupled diode-laser.

constrained by (1.33). The second, related theorem [1.153] states that the brighmess of a 
collection of mutually incoherent (but otherwise identical) sources cannot be increased 
by a passive optical system to a level greater than the single brightest source. There are, 
however, certain cases where the total brightness of a laser array can exceed the
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brightness of the individual elements. First, if mutual coherence is established across 
the array, the entire source behaves as a single spatial mode and the phase and 
amplitude can in principle be made uniform. This is limited to individual low-power 
diode-laser arrays; high power diode-bars consist of arrays of arrays, and this method 
cannot be applied to them.

A second way to increase radiance is to use lasers with different average 
properties, such as wavelength or polarisation. Passive optical elements such as 
diffraction gratings and polarising beam splitters can then be used to multiplex the 
individual beams.
1.3.2.3 Photometric Requirements o f  Diode-Laser Pumps

Given the poorer beam quality of diode-laser pumps, optimum focusing is more 
difficult to describe quantitatively. Most attempts have been extensions o f Gaussian 
beam models [1.154]. A simple model which gives the brightness requirements o f the 
pump source assumes that the pump mode is entirely contained within the signal mode 
over a fixed crystal length L [1.155], as shown in Figure 1.20. The pump mode is 
assumed to have the form
Wp(z) = Wop+lziap (1.36)

where wop is the waist radius at the centre of the crystal and Op is the corresponding 

divergence angle. The non-diffracting signal mode has a 1/e^ radius Wg. Optimum 
focusing is achieved by minimising the pump radius at the ends of the crystal, Wp(L/2). 
An azimuthally symmetric pump with an emitting aperture of radius r and divergence 
a , has an etendue
€ =  {1- c o s a )  ~ ( 7 m r o f . (1.37)

Pum c
beam

2 m

►

Figure 1.20. Pump beam and laser mode in the gain medium.

Minimizing Wp(L/2) using (1.36) subject to the constraint (1.37), the optimum pump 
spot size and divergence are

(1.38)'U’op.cpt = «
1/4

27m
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One result implied by (1.38) is that if the emitting dimension of the pump source were to
be increased (to obtain higher power, for example) at constant far-field angle and fixed L,
then the pump beam could be focused to a spot that increases with only the square root of
the emitting dimension. This seems counter-intuitive, but occurs because L is not
increased as well. The etendue clearly limits the minimum spot size. Using (1.38), 

lor
[w , (L /2 )]^^  = e ‘' ^ J ^ .  (1.39)

 ̂ 7m
This is therefore the maximum Wg for given L  and C. Increasing L  from the fixed value 

used to obtain (1.39) may improve interaction length but there will be a trade off 
eventually with actual overlap and hence threshold and slope efficiency. If Wg is fixed 
there is a limit on the etendue of the pump source in order to preserve the overlap defined 
above:

A.
(1.40)

Ag is the cross-sectional area of the signal mode. The corresponding minimum brightness
in air of the pump is 

4ÛP

Azimuthal symmetry of the pump is also an important factor in beam quality. For 
example, fibre-coupling of a diode-laser bar may be a better alternative to pumping with 
just a diode-bar alone, although other issues such as overall laser efficiency also need to 
be considered. The etendue of an asymmetric pump source with perpendicular emitting 
dimensions rx, ry and emission angles Ox, 0 y can be approximated by 
€  « nf7trjy.7iO^O^ = inTur^aJinjur^a^) = (1.42)

The effect of astigmatism can be modelled if and are made unequal. For example, 
in the case of a high-power diode-laser linear bar, the output beam is diffraction limited in 
the plane perpendicular to the junction, and typically more than 800 times diffraction- 
limited in the plane parallel to the junction. If

where Q is an asymmetry factor greater than 1, and the minimum brightness is calculated 
as before, the result is 

4LPQ 
A /» '

(1.41)

(1.43)

In other words the required pump brightness is Q times larger than than for a symmetric 
pump beam.
1.22.4 Pump Focusing Criteria fo r  Diode-Pumped Solid-State Lasers

Generally, the signal mode radius Wg in the gain medium is determined by 

resonator design. For example, in the case of intracavity-doubled lasers, the resonator
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geometry is often fixed by arranging for a given waist size and confocal parameter in the 
nonlinear medium. Even if this is not the case, Wg is usually only slightly variable for a 
given resonator configuration. Given that for a particular pump source the etendue C is 
also a constant, only the focusing, crystal length and pump wavelength are generally 
available as variables in laser head design. Although in section 1.3.2.3 the crystal length 
L  was fixed to give pump brightness requirements, here it is assumed to be a variable 
since commercial crystals can be obtained with any desired length. For maximum 
efficiency and output, the usual design aim is to maximise the physical pump-signal 
interaction length by varying the focusing, subject to the constraint of constant etendue
(1.37) and the requirement that all the pump mode be contained inside the laser mode, as 
in Figure 1.20. If the pump spot size and divergence are arranged as wop. Op , and the 
pump and signal waists are made equal at the front end of the laser rod, then the length 
over which the pump is contained inside the signal is

(1.44)
tan0p

Since etendue is constant for all focusing, the condition
€  = (n7TWop0p)̂  (1.45)

can be used with (1.44) to find the (optimum) value of wop which maximises /. (1.45) 
can be used to find the corresponding optimum Op.

Figure 1.21 shows the focusing behaviour for a circular symmetric source of 
radius 300 jim and numerical aperture 0.37 when used to pump a signal mode of radius 
750 |im. (These are the characteristics of the B030 fibre-coupled diode-laser system 
available from OptoPower Corporation.) The graph also shows the percentage fill factor 
as the pump spot size increases, i.e. the percentage of the signal mode volume overlapped 
with the pump beam. Variation of the overlap length with pump spot size is shown in 
Figure 1.22. This graph has a simple intuitive explanation. Initially, as the pump spot size 
increases from a very small value, the pump divergence falls rapidly, as shown in Figure 
1.21. The pump spot therefore moves further into the crystal, increasing the overlap 
length. As the pump spot size increases further, however, the pump divergence decreases 
much more slowly and the pump spot has to move back toward the front end of the laser 
rod if pump and signal are to maintain equal waists at the front surface. The benefit of a 
lower etendue is shown in Figure 1.23, which shows the maximum overlap length as the 
signal mode size is varied, using the OptoPower B030 system and the SDL 3450 P6 
fibre-coupled diode system. The latter has a much lower etendue as the fibre has a 250 
|im radius core and a numerical aperture of 0.2. Geometrically, the SDL system has the 
advantage, giving a longer interaction length. (However, this may not be the only 
consideration as lower etendue means that the system is capable of delivering less power. 
Nonetheless, if the two are run at full power, the 12 W SDL device is more than twice as 
bright as the 28 W OptoPower system. )
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1.3.2.5 Elimination o f  Asymmetry in Diode-Laser Pumps; Reshaping and Stacking o f  
Diode-Laser Devices.

The idea of reshaping the output beams from low-power broad-area diode-lasers 
using anamorphic prism pairs is well known to improve their quality [1.156]. Recently 
there has been considerable interest in reshaping the output from high-power linear 
diode-laser bars to reduce asymmetry [1.157, 158], and their subsequent use in end- 
pumping. The results obtained to date show this to be a highly effective method of end- 
pumping [1.159, 160]. The success o f this method is due to the fact that, 
notwithstanding their asymmetery, diode-laser bars have high brightness due to the fact
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that perpendicular to the emitting junction, the output beam is diffraction-limited. For 
example, a 20 W SDL 3460-S diode-bar has a brightness of 3.2 x lO^  ̂Wm-^sr-^, which 
is thi’ee orders of magnitude brighter than the 28 W OptoPower BO30 fibre-coupled 
system, which is based on two 20 W diode-bars. Reshaping is a route to very high 
brightness and azimuthally symmetric pump sources.

In reshaping, the output beam is first collimated by a fibre lens and then split 
into several sections in a direction peipendicular to the emitting junction. These sections 
are then stacked vertically in an attempt to make the output beam an equal number of 
times diffraction-limited in the planes parallel and perpendicular to the emitting 
junction. In the notation o f (1.42) and (1.43), VCx and VCy are made more equal to 
reduce the asymmetiy factor Q.

For example, in the scheme of Edwin [1.158] as adapted for the 1 cm 20 W SDL 
3460-S diode-laser array, the output is first collimated to a 100 pm beam with 0.4° 
divergence perpendicular to the junction, using a cylindrical lens. Parallel to the 
junction, the divergence remains at 5°. The device then slices this 1 cm beam into 12 
833 pm  sections which are stacked on top of each other. The improvement in the beam 
quality is evident from Table 1.4. Although the brightness is unaffected, the beam is 
now much more symmetric.

A similar concept was introduced by Fan et al [1.161], in which several 500 
mW broad-area diode-lasers are stacked vertically to reduce asymmetry. For an 
asymmetiy factor of Q, it can be shown that Q diode-lasers can be vertically stacked to 
eliminate the asymmetry in the aperture-divergence product for the two planes parallel 
and perpendicular to the emitting junction.

Aperture

D ivergence

Q
Ratio of M2

N orm al d io d e  -bar o u tp u t R e sh a p e d  ou tp u t

Parallel 

1 cm  

5°

12

8

Perpendicular 

1 jdm 

40°

50

00

Parallel 

833 jdm 

5°

8

8

Perpendicular 

1.2 mm  

0.4°

.6

.7

Table 1.4. Effect o f  reshaping  SDL 3460-S diode-bar [1.158].

1.3.3 Transverse and Hybrid Pumping Geometries
1.3.3.1 Basic Side-Pumping

Relatively little work on the theory of pump-signal overlap in side-pumped 
lasers has been published, although a large number of side-pumped systems have been 
reportea. m e imoaiaiice is due to me laet that, compareu to iongiLudiiiai pumpmg, die
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scope for novelty of design is very much wider in the case of transverse pumping. Each 
design has its own overlap properties which need to be discussed on a system-by- 
system basis, and so generalisation is difficult. In the 1970s, some theoretical work was 
carried out for side-pumping laser rods with LEDs [1 .162-4], but today these are of 
limited use in the design of multi-watt diode-pumped lasers.

The aim in side-pumping is the same as for end-pumping: to efficiently absorb 
as much pump power as possible inside the TEMqo mode volume of the resonator. 
Simple devices, such as a side-pumped rod with the laser mode along its axis, have the 
disadvantage o f low interaction length, which is often only the diameter of the signal 
mode. In addition, there is significant absorption in the region between the edge of the 
rod and the signal mode. Even if the pump light is collimated and wavelength-tuned 
exactly to an absorption peak, the thresholds and slope efficiencies of CW systems do 
not compare favourably with end-pumped lasers. Poor spatial overlap also means that 
the transverse signal mode control is more difficult.

Diode-bar

Figure 1.24. Side-pumped laser rod.

Side-pumped systems do have certain advantages, and simplicity is certainly 
one. Such systems are also amenable to scaling which can be useful if pump devices are 
not limited in number, although expectations in terms of "output watts per dollar" 
cannot be high. The distributed nature of the pump also means that thermal lensing, 
thermal birefringence and thermal damage are much reduced, appearing only at high 
pump powers.

A simple model of basic side-pumping, which ignores refinements such as
multi-passing of the pump light, assumes that the gain material is one absorption length
thick, as in Figure 1.24;

1
/ =

N ct.
(1.46)

N  is the number density of active ions and Oa the absorption cross-section. If the gain 
medium is o f length L and height f, and is illuminated from the side by a collimated
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diode-bar of CW power P , then the steady-state population inversion n in the absence of 
stimulated emission is

(1.47)

T is the upper state lifetime, Pabs the absorbed power, and rp the pump quantum 
efficiency. The behaviour of the unsaturated gain is therefore
Q = oc . ( 1.48)

The main point to notice is the very strong dependence on /g. For 1% NdiYAG pumped 
at 807 nm, /« « 2  mm, leading to the requirement o f high pump powers, and in most 
materials la cannot easily be reduced by higher doping with the active species because 
o f concentration quenching. Typical signal-mode diameters are only in the region of a 
few hundred microns.

Given the restriction on absorption length, incident pump power is the main 
experimental variable. Pulsed diode-laser devices are able to produce very high peak 
powers which are easily coupled into large volumes. The most successful side-pumped 
lasers have therefore been operated in the pulsed regime. O f course, if  cost and 
complexity are no object, one can simply use multiple amplifiers to obtain the desired 
CW output power.
1.3. S. 2 Gain Profile Shaping in Side-Pumped Lasers

Most side-pumped designs have included features to increase the useful 
absorption of the pump. In slab systems, the laser mode can be made to follow a "zig
zag" path inside the gain medium, increasing the pumped path length and bringing the 
laser mode closer to the edge of the gain medium [1.165]. HR coating the side o f the 
rod or slab to reflect pump power unabsorbed after the first pass has allowed pulsed 
slope efficiencies up to 47% to be achieved [1.166]. The most effective designs, 
however, have been those where some attempt has been made to preferentially deposit 
the pump energy in the TE M qo mode volume at the centre of a rod, thereby avoiding the 
pump wastage characteristic of transverse pumping which leads to low performance and 
multi-transverse mode operation. Brioschi et al [1.167] used 12 diode-bai s focused with 
/  # 0.6 cylindrical lenses to circumferentially pump a 25 mm long, 6  mm diameter 
NdiYAG rod. By adjusting the focusing, a bell-shaped gain profile of « 5 mm diameter 
could be produced at the centre of the rod. Smaller inversion peaks near the edge of the 
rod could be reduced by using more diode-bars. In the scheme by Welford et al [1.168] 
near-Gaussian pump energy deposition was achieved in a rod of semi-circular cross- 
section, side-pumped by a SDL 3230 quasi-CW 5 bar diode-stack. The rod was pumped 
through the curved side and was HR coated on the other to double-pass the pump. The 
system gave 22% slope efficiency in the pulsed mode. More recently, Jackson and 
Piper [1.169] gave an analysis of a novel design in which a NdiYAG rod was embedded
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inside a right-angled glass prism using index matching epoxy. The rod was close to the 
90* comer and the system was pumped through the prism face opposite the right-angle. 
This design resulted in highly efficient pump light absorption. This type of ingenuity is 
essential if  side-pumped systems are to compete on an efficiency basis with end- 
pumped lasers.
1.3,3.3 Hybrid Pumping Schemes

Some hybridisation of diode-side-pumping and end-pumping has occurred in the 
case o f slab lasers where the laser mode undergoes a very high number of passes 
through the gain medium in order to extract as much inversion as possible. These tightly 
folded resonators (TFRs) show good efficiency while having simple designs. The first 
example was reported by Baer et al [1.170]. Figure 1.25 shows the arrangement. The 
reflection points are located opposite the individual arrays of the diode-bars, resulting in 
multiple end-pumping o f the laser mode, while the overall system has the simplicity 
associated with side-pumped lasers. Multi-watt CW TEMqo output was achieved at 45% 
slope efficiency. There were ten pump regions, each providing an effective small signal 
gain of about 35%. The total gain was therefore 350%, or about 15 dB. It is interesting 
to note that this hybrid design has the highest gain of any bulk solid-state laser reported 
to date.

r n i m m n m

Diode-bar

Figure 1.25. Tightly folded resonator (TFR).

1.4 Concluding Remarks

In this chapter, the general concept of diode-pumped systems has been 
introduced. In the case of bulk lasers, the various possible host materials for Nd̂ **" have 
been reviewed. The concept o f pump-signal overlap has been discussed in detail. As 
will be seen in the experimental work described later, resonator design in general and
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the spatial distributions of pump and signal fields in particular, is the key factor 
governing performance whether the laser is operated at 1 |im or intracavity-doubled to 
0.5 jim.
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2.1 Introduction

The benefits o f semiconductor pump sources outlined in Chapter 1 have resulted 
in diode-laser devices being the preferred excitation mechanism for solid-state lasers. 
The main restrictions on their use arise from the absorption wavelengths of the laser 
medium, which cannot always be matched by available devices, and the maximum 
brightness and/or power obtainable at the desired pumping wavelength, which has to be 
considered together with the err product of the laser. As research continues on 

semiconductor lasers, the prospects for pumping a wider variety of active ions in host 
materials improve.

Single-stripe and broad-area devices have been employed in a variety o f lasers, 
but it is the development of the diode-laser array that has greatly improved the 
performance of Nd lasers. Arrays have been investigated since the late 1970s. Initially, 
the aim was the production o f high-power, coherent, diffraction-limited beams for 
applications such as free-space optical communication, optical signal processing and 
laser printing. However, around 1983 interest arose in spatially incoherent arrays as 
efficient pumps for solid-state lasers, and this remains the most widespread use of such 
arrays. Without the requirement of coherence to impede the progress of these pump 
devices, output powers were quickly scaled up to the multi-watt level. The most 
important development came in the mid 1980s with the commercial production of 
diode-bars consisting of multiple arrays spaced on a single wafer, and two-dimensional 
stacks o f diode-bars. Commercial CW diode-bars such as the SDL 3400 series can 
deliver up to 20 W of power, while quasi-CW 2D stacks such as the SDL 3200 series 
are capable o f up to 5 kW peak power in a 400 ps, 2 J pulse. Unfortunately, the cost of 
bars and stacks remains relatively high due to the labour-intensive production process, 
although increased demand and automation should lead to cheaper devices in the future.

High-power coherent arrays are also an important area, as they may soon 
replace bulk or microchip lasers for certain applications. Progress here has been much 
slower. Up until 1988, diffraction-limited coherent powers were restricted to around 
100 mW, which is almost the same as that available from a single-stripe device. The 
original approach of evanescent-wave coupling of adjacent stripes in arrays (modelled
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by the coupled-mode theory) failed because it did not lead to strong overall coupling as 
intended. This “series coupling” resulted in weak overall coherence and poor 
intermodal discrimination. Parallel coupling could only be achieved by weakening the 
optical mode confinement, thereby making the devices vulnerable to thermal- and/or 
injected-carrier- induced variations in dielectric constant. This resulted in higher-order 
mode oscillation and instabilities at high drive levels. The breakthrough came with the 
development of antiguided (or negative index guided) arrays which support so-called 
"leaky-wave" modes, which are favoured to lase when gain is preferentially placed in 
the low-index regions of the array. The modes of these "resonant optical waveguides" 
(ROWs) comprise the fundamental element modes coupled in or out of phase. Strong 
overall coupling can be achieved simultaneously with strong optical mode confinement. 
Coherent powers up to 2 W have been achieved in a single-lobed, diffraction-limited 
output [2 .1].

2.2 Review of Single-Stripe Heterostructure Devices

2.2.1 Basic Properties of AlGaAs Heterostructures
The double heterostmcture laser was introduced in 1969 by Hagashi et al [2.2], 

a development which turned the semiconductor laser from a laboratory curiosity into a 
practical room-temperature device. Devices based on GaAs, having been widely 
researched, are the most advanced. Typical heterostructures based on this material 
consist of an active layer of AlGaAs 100 - 200 nm thick sandwiched between two 
AlGaAs cladding layers of opposite doping. To define a potential well for injected 
charge carriers in the active layer, the fraction % of substituent aluminium in the 
cladding layers is significantly higher than that of the active layer. % is normally in the 
range 0.3 - 0.7. The cladding layers are contacted by GaAs layers of the same doping- 
type. Epitaxial growth of these devices is possible because of the near perfect lattice 
match of AlxGai-xAs to GaAs over the entire range % = 0 to 1. The band-gap of 
AlxGai.xAs is given by
E^{eV) = lA 2  + l,27x , (2.1)

with the result that a 1% change in the aluminium content of the active layer results in a 
« 1 nm change in wavelength. The change in band-gap energy, AE  ̂=127% is split

between the conduction and valence band edges according to

A E ,= |a E ,;A E „  = |a E ^ .  (2 .2 )

The charge-carrier potential well and index-step produced by the active layer allow 
efficient operation due to the spatial coincidence of the population inversion and optical 
mode. The high gain (typically 150 cm'i) and high refractive index (e.g. 3.6 for GaAs)
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mean that simple cleaving o f the device perpendicular to the plane o f the active layer 
provides sufficient optical feedback for lasing.

As far as is known, a direct-band-gap active layer is an essential requirement for 
laser operation [2.3]. Optical transitions between bands are restricted by the selection 
rule A k = 0, so that in an indirect gap material a phonon must be absorbed to provide 

the necessary momentum change. This requirement of the simultaneous interaction of a 
phonon and a photon sharply reduces the probability o f radiative recombination, 
compared to direct-gap materials.

For conventional heterostructures, the density of states in the conduction band in 
terms of the transition firequency CO is given by

p(m) =
1 CO— -n (2.3)

where mr is the reduced mass of the electrons and holes in the active layer. This can be 
used to obtain the small signal gain coefficient y(co)

2 \ 3/ 2 /  £  \ l /2

p  is the matrix element for transition, and the factors gfco) ,gv(co) are the probability 
distributions at the frequency co for electrons in the conduction band and holes in the 
valence band respectively, gc(co) is given by the Fermi-Dirac function

8 c(^)=  [̂Eciœ)-E,c]

where Epc is the quasi-Fermi level for electrons in the conduction band, i.e. the energy 
(or transition frequency) for which the occupation probability is 1 /2  under steady-state 
conditions. A similar expression applies to the distribution of holes in the valence band, 
gv(co)‘ From (2.4), a frequency œ  will experience gain provided

or equivalently
Epc -  Epj, >tico. (2 .6 )

The maximum fi-equency amplified therefore depends on the energy separation of the 
quasi-Fermi levels which is fixed by the pumping current level; in fact the lowest 
amplified frequency is also dependent on the pumping level because the band-gap is a 
function of the injected-carrier density.

Some fine tuning of the operating wavelength may be carried out by adjusting 
the temperature o f the diode-laser. In AlGaAs lasers, the peak emission shifts by 
typically +0.3 nm/°C. The full spectral width of the emission is typically 3nm. The 
threshold current is also a function of temperature, following the empirical relation

(2.7)
where I q is a constant and To « 120 K for AlGaAs, so that a 10 K rise in temperature 
causes a « 9% increase in tlie threshold current. Significant reduction in threshold
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Figure 2.1. E - k  diagram for laser operation.

current can be achieved by doping the active layer. This reduces the rate at which 
charge carriers have to be injected before inversion occurs, «-type doping is more 
effective in this regard than />-type, due to the higher E - k  curvature of the conduction 
band. However, there is a balance to be struck: heavy doping leads to the formation of 
so-called "band-tail" states. These additional continua of states at the band edges 
contribute to spontaneous emission and therefore increase the thieshold. In some cases 
transitions between band-tail states have sufficient gain for lasing to occur on them.

The threshold current is also affected by the thickness o f the active layer. 
Although reducing the active-layer thickness generally lowers the threshold, 
concomitant reduction in the optical mode confinement means that this is only effective 
for thicknesses down to « 1 0 0  nm.

Theoretical and experimental investigations have shown that the gain 7  is 
approximately linearly dependent on the injected carrier density n [2.4],
7 (M) = a(M -«o), (2 .8)

where a  is a constant and no is the carrier density required for transparency, ano is the 
absorption coefficient o f the unpumped material. To determine threshold in a real 
system, the actual gain is taken to be
G = r 7 , (2.9)
where T is the confinement factor, representing the fraction of the optical mode energy 

contained in the active layer. Threshold is achieved when G is equal to the sum of 
mirror and internal losses:
T7 = a„,+«int. (2 .10)

From (2.8) and (2.10), the thieshold carrier density is
oc... + a.int

Ta
+ n0»

and the threshold current density 

Jth -  '
\,th

(2.11)

(2.12)
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where d is the active layer thickness, q the electronic charge and Trjh the recombination 

time at threshold.
The output power can be obtained by considering the steady-state rate of photon 

generation inside the cavity:

= — . (2.13)
¥  '̂ ph

N  is the photon number density inside the cavity, and Tph is the photon lifetime, given by

(2.14)
where is the group velocity. The output power per facet is

P = ^ho)Vga„NV, (2.15)

where V is the volume of the active layer. Using (2.13) and (2.14), (2.15) may be written 
as

P = ^  S» ( / _ !  A/,), (2.16)
a„ + «tai

where AIi represents any increase in leakage current, i.e. current that does not flow 

through the active layer.
Since efficiency is cited as a major advantage of DPSSLs, the efficiency of diode- 

lasers merits some consideration. Before the onset of saturation, the slope dPtdl is 
approximately constant. The external or differential quantum efficiency is defined by

Pext =  ^int =  ^int / ” > {2.11)

where is the internal quantum efficiency, and are the photon generation and 

escape rates respectively. Above threshold, stimulated recombination dominates so that 
rjint ~ 1. Under steady-state conditions, photons are generated at a rate l/Tph and escape 
from the laser at a rate Vga^ , giving

Internal losses are therefore the principal limiting factor for r\ext>

2.2.2 Lateral Waveguiding Schemes in Single-Stripe Lasers
Although a simple heterostructure can be operated as a "broad area" laser, most 

devices have some built-in lateral features to restrict the injection current and optical mode 
in the plane of the junction. This allows fundamental-mode operation in the plane of the 
junction, in addition to lowering the threshold current and heat-sink requirements. A 
lower threshold means a generally lower level of drive current, which increases the 
lifetime of the device.
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2.2.2.1 Gain Guiding
Gain guiding can be achieved by restricting the area to which the injection 

current is applied. Two standard designs for this are the oxide-stripe laser, where a SiO] 
stripe confines the current flow to a small region thi'ough an opening in a top dielectric 
layer, and the proton (or deuteron) stripe laser where implanted protons (or douterons) 
create a region of high resistivity ai ound an unimplanted region.

ION
p-lnOaASP IMPLANTED

n -ln P

n - ln P inGOASP
(ACTIVE)

n - l n p

p-lnp

Figure 2.2. Oxide- (left) andproton-stripe InGaAsP gain-guided lasers [2.4J.

2.2.2.2 Weak Index Guiding
In weak index-guiding, the laser structure is modified so as to introduce an 

effective lateral index-step of ~ 10 '2, which is larger than the caiiier-induced reduction. 
This requires the thickness of at least one layer to be laterally non-uniform. Two 
common generic designs are the ridge- and rib-waveguide structures. In a ridge-type 
system, the injection current and optical mode are both confined by a ridged contact 
layer, while the rib-type devices give optical guiding by either a ribbed active layer or 
an additional ribbed layer next to the active layer.

inGQASP
(WAVEGUIDE)

p-InG O A SP

p-inp
P-InGOASP

P-Inp

n-lnp

n -in p
(SUBSTRATE)

^n-InGOASP.
(WAVEGUDG)

n - in p
(SUBSTRATE)

Figure 2.3. Ridge- (left) and rib-waveguide structures [2.4].

2.2.2.3 Strong Index-Guiding
In strongly-index guided lasers, the active region is buried in higher-band-gap 

layers on all sides; hence they aie often referred to as buried-heterostructure lasers. The 
lateral index-step along the plane of the active layer is ~ 0 .2 , which is two orders of 
magnitude greater than carrier-induced effects. Lasing characteristics are primarily
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determined by the rectangular waveguide that confines the active layer. Figure 2.4 
shows one example of a strongly-index guided design.

p - l n p  /  n - i n p

InGOASP
(ACTIVE)

n - i n p  
(SUBSTRATE)

Figure 2.4. Etched-Mesa Buried Heterostructure [2.4].

2.2.3 Quantum Well Systems
2.2.3.1 Single Quantum-Well (SQW) Devices

If the thickness o f the active layer is reduced to the region of 5 - 20 nm, i.e. an 
order of magnitude thinner than in a typical conventional heterostructure, the trapped 
charge carriers display quantum-mechanical effects because the well width is of the 
order o f the de Broglie wavelength. The principal physical feature of a quantum well is 
the quantised density of states function which arises from the "particle in a box" nature 
of the system in the direction perpendicular to the junction, which is given by:

Pqw (^)
n = l

(2.19)

where is the mass of an electron in the conduction band, H  is the Heaviside function, 
and Enc is the energy of the «th quantum state in the conduction band:

2 » (2.20)

Lz being the well thickness.
Most of the advantages that QW lasers have over conventional systems are due

B\X

£M.

941
Figure 2.5. Bulk and QW density o f  states. The unit o f p  is m fK  h^; the unit o f energy

is Tt^h]/2mc^Lz^.
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to this modification of the density of states [2.5]. The main benefits are: 
lower threshold current, typically an order of magnitude 
much greater gain difference between TE and TM modes (favouring TE mode) 
narrower linewidth
reduced chirping (due to reduced refractive index change with current level) 
lower optical absorption at the laser wavelengh, which is useful for monolithic

integration with passive QW waveguides. 
In addition to the normal band-gap engineering, emission wavelength can also be 
influenced by the thickness of the active layer L^.

The much reduced active layer thickness means that additional optical 
confinement perpendicular to the active layer is required. This "separate confinement" 
can involve abrupt or graded-index (GRIN) steps as shown in Figure 2.6.

The first demonstration of a SQW laser-diode was by Van der Ziel et al in 1975
[2.6]. The performance (at 15K) was limited by the immaturity of the epitaxial 
technology of the time. Room-temperature AlGaAs SQW devices were first operated by 
Depuis et al [2.7] and Holonyak et al [2.8] in 1978.
2.2.3.2 Multiple Quantum-Well (MQW) Devices

To produce higher gain, several quantum wells can be epitaxially grown on top 
of each other, separated by high-band-gap barrier layers thick enough to prevent 
quantum-tune 1 ling. At low drive currents, the smallness of the inversion factor [gc-gv] 
means that the total gain can be less than that for a SQW laser [2.9], but for high current 
levels, the gain can be several times higher, in part due to the larger optical confinement 
factor r  of multiple well lasers. Figure 2.7 shows the performance of a typical MQW 
system.
2.2.3.3 Strained-Layer Quantum-Well Lasers

The range of wavelengths available from bulk and QW AlGaAs lasers is
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approximately 0.75 - 0.88 \xm. The long wavelength limit is set by the band gap of 

GaAs, and either AlGaAs or the quantum size effect, or both, may be used to shift the 
emission to shorter wavelengths. This wavelength range covers several important 
applications, including the pumping of Nd^+iYAG at 0.81 |im . Extension to longer 

wavelengths can be achieved by the use of lUxGai.^As as the active layer, but there is 
no suitable binary substrate that can lattice match this system for the wavelength range 
of interest. The In^Ga^.^As lattice parameter can be up to 3.6% larger than that of 
GaAs; conventional heterostructures require differences of the order o f 0.1%. The 
solution has been the use of quantum-well devices in which the active layer is below a 
certain "critical thickness", allowing the strain to be accommodated elastically without 
misfit dislocations. Although the band-gap reduction introduced by the In is somewhat 
offset by the increase due to strain, the emission range 0.88 - 1.1 |Lim can be covered by 
these lasers.

2.3 III-V  M aterial System s and W avelengths

2.3.1 Band-Gap Engineering
Most semiconductor devices, including lasers, use elements in the second, third 

and fourth periods of the periodic table: group III elements Al, Ga, In and group V 
elements P, As, Sb. The range of properties (of which band-gap is the most relevant 
here) o f the nine binary compounds can be extended by the use of ternary compounds, 
such as AlGaAs and InAsSb and quaternary compounds such as InGaAsP and AlGalnP. 
In ternary and quatenary systems, the ratio of group III to group V atoms is kept at 1:1, 
but either or both of the two classes of atom (III and V) consist o f a mixture. Figure 2.8 
shows the relation between band-gap and lattice constant for III-V systems. By 
choosing the right proportions for the mixture, a range of band-gaps can be selected. 
Lattice-matching for epitaxial layers is the other important consideration. For example, 
Ino.75Gao.25Aso.44Po.56» which is grown on an InP substrate, produces photons of energy 
1 eV. The lattice match to InP defines the lattice parameter and the band-gap defines the 
photon energy. To obtain a higher energy photon, the ratio of P:As would be increased 
and the ratio of Ga:In decreased to bring the lattice constant back to match InP.

Ill - V devices are capable of covering the spectral pump requirements of a large 
range o f solid-state lasers, in addition to the useful 1.3 and 1.55 |rm fibre- 
communication wavelengths. Wang and Groves have reviewed new materials for 
pumping applications [2.12]. The main active-layer systems are summarised in Table 
2 .1.

59



Diode-Laser Devices fo r  Pumping Solid-State Lasers

AlAsAIP AlSb

OaSbGap .'.y/:— GaAs '
Indirect 

Direct ïnP  InAs------
System topoloj^

InSb
AlAs

GaP
2

I AlSb
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Figure 2.8. Variation o f  band-gap with composition fo r III-V semiconductors [2.11].

Active Layer X Range (jLim) Applications
AlGaAs 0.78 - 0.87 « 0.8 film pump for Nd, 

Tm/Ho, Er, Tm
InGaAs 0.78-1 .1 -  0.97 jim pump for Er, 

Er/Yb;
0.94 iLim pump for Yb

InGaAsP 1 . 2 - 2 . 0 1.3,1.5 pm telecom.; 
1.9 pm pump for Ho

AlGalnP 0.63 - 0.69 = 0.67 pm pump for Cr in 
LiSAF, LiCAF, BeA l204

Table 2.1. Applications o f  III-Vlasers.

2.3.2 Review of Growth Methods for III-V Materials
2.3.2.1 Liquid Phase Epitaxy (LPE)

LPE was the first epitaxial technique to be widely used. A substrate slice is held 
in a graphite container and is slid into contact with liquid from which the epitaxial layer 
can crystallise out. To deposit AlGaAs on GaAs, the liquid would be GaAs and Al 
dissolved in molten Ga at about 750°C. The temperature is adjusted so that the substrate 
grows rather than dissolves. Typical growth rates are on the order of 1 jim min"h 
Multiple layers can be produced by sliding the sample between different reservoirs.
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2.3.2.2 Vapour-Phase Epitaxy (VPE), Chemical Vapour Deposition (CVD), Metal- 
Organic Chemical Vapour Deposition (MOCVD)

In these techniques, the atoms to form the growth layer are carried as volatile 
chemicals in a low pressure (0 .1  - 1 atm.) gas stream (usually H 2) over the substrate. 
The molecules decompose on meeting the heated substrate, leaving the group III or V 
atoms to build up the epitaxial layer. Compounds used include AsHg, PH3 , AsCl], PCI3 , 
A1(CH3)3 and Ga(CH3)3 . The composition o f the growing layer can be adjusted by 
changing the gas mixture flowing over the substrate. Growth rates aie o f the order of 
0.1  pmmin-i.
2.3.2.3 Molecular Beam Epitaxy (MBE)

The atoms to form the new growth layers are produced by evaporation in high 
vacuum in separate containers. A molecular beam of each required element falls on the 
substrate. The atoms only meet on the substrate, and the separate control means that 
MBE is more flexible than either LPE or CVD. Growth rates are low {e.g. 0.01 pm  min* 

0  and the equipment is complex and expensive. Multiple layers of binary, ternary and 
quaternary compounds can be deposited.

2.4 Diode-Laser Arrays; Diode-Bars and Stacks

2.4.1 Phase-Locked Arrays
Conventional narrow stripe ( 3 - 4  pm wide) single-mode lasers provide at most 

100 mW reliably. The early thinking on power scaling was that "large aperture" devices 
(>« 1 0 0  pm wide) were necessary to obtain coherent powers in the watt-range. 
Although such lasers do emit substantial powers, the injection current tends to break up 
into filaments rather than spread evenly through the active region. The concomitant 
filamentary lasing causes localised damage at the facet, thereby reducing the operating 
lifetime. By the late 1970s diode-laser arrays, consisting of several closely spaced 
narrow stripe lasers, were being investigated as a possible route to reliable high-power 
semiconductor lasers. The challenge has been to maintain a stable, diffraction-limited 
spatial mode to the multi-watt level.

Arrays of gain-guided stripes were the first to be investigated due to their ease 
o f fabrication. Unfortunately, these systems gave unstable beam patterns at high drive 
levels, and around 1983 the emphasis turned to arrays with "built-in" refractive index 
profiles. The aim here was to cause coupling of the stripes by evanescent-wave overlap. 
Some examples of these "positive-guides" are shown in Figure 2.9. Evanescent array- 
modes (i.e. with field maxima in the high-index regions) were successfully achieved by 
ensuring sufficient loss in the low-index interelement regions. These arrays invariably 
operated with adjacent stripes ISO’ out of phase, resulting in a dual-lobed far-field
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Figure 2.9, Ridge (top) and channelled evanescent-wave-coupled diode-laser arrays
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Figure 2.10. Arrays-modes o f  positive-guides (left) and their far-field patterns [2.15].

output which was clearly undesirable for applications, in particular the end-pumping of 
solid-state lasers. The array-modes were successfully modelled and linked to observed 
far-field beam patterns by, amongst others. Hardy and Streifer [2.13], and Kapon et al
[2.14]. The various types o f evanescent-wave array-mode and the corresponding far- 
field patterns are shown in Figure 2.10. The out-of-phase evanescent mode is favoured 
to lase in these systems simply because it has a greater degree of overlap with the gain 
regions than the in-phase mode.

Beam quality was also a problem, the outputs spreading rapidly from around 1.5 
times threshold so that diffraction-limited powers never exceeded 100 mW: roughly the
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same power as that available from a single stripe device. Research was therefore 
directed at achieving in-phase, stable, diffraction-limited operation to high current 
levels. Several approaches were tried including varying the lateral index profile, 
creating longitudinally non-uniform devices, and using K phase shifting coatings or 

plates on alternate stripes.
An important advance came with the introduction o f arrays o f antiguides, in 

which gain is preferentially placed in the low-index regions. The index depressions are 
in the region of 1 - 2 x 10-  ̂ for gain-guided arrays and 2 - 5  x 10'2 for strongly-index 
guided arrays. Array-modes for positive- and negative-index guides are shown in Figure 
2.11. In negative-index guiding, the field maxima are in the low-index regions o f the

j n _ r i _ r L

c

I
! i

Figure2.1L Array-modes: (a) Refractive index profile, (b) In-phase evanescent mode, 
(c) Out-of-phase evanescent mode, (d) In-phase leaky mode, (e) Out-of-phase leaky

mode.

array. Again, gain-guided arrays were the first to be tried due to their relatively simple 
structure [2.16]. These are naturally antiguided because the injected carriers cause a 
localised reduction in refractive index. Although radiation losses can be quite high for a 
single antiguide, they are significantly reduced for arrays, the lateral field leakage 
mainly serving the purpose of coupling the array elements. The first real-index 
antiguided array was realised by Ackley and Engelmann [2.17]. Although phase- 
locking was observed, the threshold was quite high ( 5 - 7  kAcm-2) because of the wide 
(«14 p,m) spacing of the active stripes. Practical devices have high-index regions with a 
width in the region of 1 - 3 pm. Modern devices are made by metal-organic chemical 

vapour deposition (MOCVD) and can be classified as either complementary-self- 
aligned stripe (CSA) or self-aligned stripe (SAS) arrays. Examples o f each are shown in
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Figure 2.12. In CSA devices, chemical etching and MOCVD regrowth are used in the 
interelement regions. In SAS schemes, the inter-element regions are built in during the 
initial growth, and the active stripes are defined by etching and MOCVD.

Single antiguided AlGaAs arrays are now able to deliver around 2 W of 
diffraction-limited optical power in stable beam, and are used for the end-pumping of 
Nd^+ lasers giving outputs in the region of 500 mW.
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Figure 2.12. CSA (above) and SAS antiguided arrays [2.18, 19].

2.4.2 Linear Diode-Bars
For the optical pumping of solid-state lasers, coherence of the ouput is not an 

important requirement, although diffraction-limited output is highly desirable. More 
important is brightness in the case of end-pumping and total power in the case of side- 
pumping. Individual diode-laser arrays which form the emitters in monolithic diode- 
bars are typically gain-guided with around ten stripes. In the 1 cm bars produced by 
SDL Inc., proton implantation is used to defines the stripes, as shown in Figure 2.13. 
The extended structure is shown in Figure 2.14. As an example, the SDL 3460 S  20W 
CW bar- consists of 48 arrays, each 100 pm  wide and spaced on 200 pm  centres [2.20]. 
The bar is bonded to a metal sub-mount, /?-side down to minimise thermal resistance. 
The arrays (emitters) are driven in electrical parallel. Reliability o f these bars is 
enhanced by the relatively low energy emitted per array and the heat spreading between 
arrays. SQW structures are used to enhance output and efficiency.

In addition to 20 W AlGaAs systems, other SDL arrays currently available 
include 1 W CW InGaAs (970 - 980 nm), 500 mW InGaAsP (2 pm ) and 500 mW 
AlGalnP (670-690 nm). Fibre-coupled devices, such as that shown in Figure 2.15, are 
also commercially available. In the case of AlGaAs these can deliver multi-watt output
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Figure 2.13. Structure o f  a commercial gain-guided array [2.21 J.
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Figure 2.14. Commercial 1 cm diode-bar [2.22].

Figure 2.15. Commercial fibre-coupled diode-laser bar [2.22].

from a multimode fibre. Such systems have the advantage of circularly symmetric 
output. Since there is no compunction to achieve high emitter packing density in the 
case o f fibre-coupled devices, the thermal mangement of these devices is less o f a 
problem. However, there is the drawback of emitter-to-fibre coupling losses.
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2.4.3 Two-Dimensional Stacks
A further stage in the integration of arrays is the extension of the bar concept to 

form two-dimensional arrays, or stacks. These are generally used to pump high-power 
industrial lasers. Removal of heat from the constituent bars is a key issue, and such 
systems are normally operated quasi-CW, i.e. in pulses o f several hundred 
microseconds. The duty cycle (or average power output) is entirely dependent on the 
thermal design. The three most common stacking schemes, shovm in Figure 2.16, are 
rack-and-stack micro-channel cooling, back-plane cooling and "bars-in-a-groove". In 
the rack-and-stack scheme, each bar has its ovm internal liquid heat exchanger; in the 
other two approaches, many diode-bars are mounted on one .liquid-cooled structure. 
Average powers of up to 100 W are commercially available from AlGaAs-based stacks; 
InGaAs stacks are available with up to 60 W average power. Some commercial multi
bar stacks are shown in Figure 2.17.

Q«A*

0.4 mm

" H h "

MiORKhsnmi Ofcida 
OQolH «nay

Coolant output

Laaar array
oulpU

to Inaura

and structurai
WagrUy

^  Clamping 
lore#

i -"Coolant Inpu

Bar bond pfata

(b )

Wira bond

insulating wira 
bond piata

Insulator

High Haatsink
conduetanca p |« a  
liquid oooiar

Lasar dioda outpU 

MataUkadom

Insulator

(e)

LasarM da

Figure 2.16. Cooling schemes for multi-bar arrays: (a) microchannel cooling, (b) pre 
assembled bars on heat sink, (c) bars directly mounted on common heat sink [2.21].

2.4.4 Degradation and Reliability of Diode-Laser Bars
Failure modes of diode-laser bars generally fall into three categories; rapid 

degradation, gradual degradation and catastrophic failure. “Bum-in” of each bar can 
readily eliminate the rapid failure mode from the commercial population. Gradual

66



Diode-Laser Devices for Pumping Solid-State Lasers

Figure 2.17. Commercial multi-bar stacks [2.22].

degradation is characterised by a gradual rise in the operating current, together with 
higher threshold and lower slope efficiency. During catastrophic failure, the bars 
exhibits a sudden large increase in the operating current and ceases to lase over a short 
period of time, usually several hours or less.

The main causes of degeneration are:
bulk degradation: this is associated with properties of the AlGaAs crystal which 

includes the epitaxial layers and the substrate.
facet degradation: this is brought about by the high power densities at the 

cleaved facets.
solder-related degradation: this is related to the soldered junction and the metal 

interfaces involved in the heat-sinking of the bar. Tens of watts of heat have to be 
dissipated during operation; inefficient heat-sinking raises the active-layer temperature, 
thus reducing lifetime.

Several tests of bar lifetime have been conducted. Sakamoto et al, of SDL Inc., 
tested eleven 20 W CW diode-bars for 4000 hours [2.23]. The bars’ packing density 
was 30%. The bars were run at full power, and the junction temperature was estimated 
to be 55“C. After 44 000 output-hours, the mean time between failures was 48 000 
hours, or about 5.5 years. In a test with the junctions at 65°C, the projected lifetime was 
10  0 0 0  hours.

2.5 Concluding Remarks

This chapter has given an overview of the technology of semiconductor pump 
sources. Although coherent, diffraction-limited arrays are highly desirable for end- 
pumping solid-state lasers, at present output powers are limited to a few watts. For 
DPSSLs with 1 |xm output powers in the 10 - 20 W range, the pump sources are
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invariably diode-bars comprising multiple incoherent arrays. These are the only devices 
capable of providing sufficient pump powers.

At present CW powers up to 20 W are available commercially from 1 cm bars. 
Unless the array packing density can be increased, this is unlikely to increase 
substantially. However, increased efficiency and lower threshold currents are likely in 
the near future, and this will lead to better overall performance of diode-pumped Nd 
lasers.
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INTERNAL SECOND HARMONIC GENERATION

3.1 Introduction

3.1.1 General
Compact solid-state lasers operating in the visible region have a variety o f uses 

in the display, medical and data-storage fields, as well as more quantum-electronic 
applications such as high quality pump sources for vibronic lasers and optical 
parametric oscillators (OPOs). Given the early success and continual dominance of 1 
p.m Nd lasers since the mid-1960s, it is not surprising that the frequency doubling of 

these lasers has long been seen as a route to the generation of high power visible 
radiation. It was also a natural step to place the non-linear crystal inside the laser 
resonator to access the high intracavity field and thereby dramatically increase the 
conversion efficiency. Geusic and co-workers [3.1] were the first to report internal 
frequency doubling of a CW Nd:YAG laser in 1968. By today’s standards the results 
were not impressive: 500 mW at 532 nm for 1.5 kW pump lamp input, representing an 
optical-to-optical conversion efficiency into the green of 0.03%. Overall efficiency was, 
o f course, even less than this. Nevertheless, the concept o f internal frequency doubling 
gained acceptance, and has been worked on ever since. Continuous developments in 
pump technology, laser crystals and nonlinear materials have led to highly efficient 
multi-watt visible sources based on diode-laser pumping. 10% optical conversion from 
pump light to visible output is now commonplace. Such lasers can form the pumping 
basis for efficient, compact and high performance short-pulse and widely tunable laser 
devices.

3.1.2 Second Harmonic Generation
The intense electric fields produced by lasers opened up the field of nonlinear 

optics in the 1960s. Second harmonic generation (SHG) is one of the simplest and most 
familiar effects. The basic theory is straightforward and widely known. Starting from 
the nonlinear' wave equation

= + (3.1)

where the nonlinear polarisation in the case of a material with a %( )̂ nonlinearity is 

given by
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(3.2)

the interaction between two fields with frequencies coi, 0)2 and their sum-frequency 
field CO3 = 0)1 4- 0)2 can be represented by three coupled equations giving the rate of 

change o f field amplitude with distance in the non-linear medium for each wave. For 
the special case of second harmonic generation, 0)i = 0)2 = O) and 0)3 = 2o>. For a plane 

wave incident on a nonlinear material of length L and effective nonlinear coefficent dgff 
= the single-pass conversion efficiency can be found as

P Tn  = = = 2
P I^ CO ^co

^  r P m l s i n ' ( A k L / 2 )

l A  j  ( M L / 2 ) '  '  ^ ^

where Ak = |k2m - 2 koj | is the wave-vector mis-match and A the cross-sectional area of 

the incident fimdamental beam. P  and I  represent total power and intensity respectively 
and the depletion o f the fundamental beam is assumed to be negligible. As is well 
known, 77 depends on crystal features such as double refi-action and absorption as well 
as optimisable parameters such as focusing strength and focal position in addition to 
wave-vector mis-match, so that (3.3) is somewhat removed from reality. The detailed 
analysis of the situation is a complex matter, and an exact general solution has not been 
given. However, in a comprehensive paper [3.2], Boyd and Kleinman showed that it can 
be simplified in several ways, so that numerical results can be obtained for any case of 
interest by using graphical data from computer solutions. For a uniaxial crystal, they 
demonstrated that maximum SHG conversion efficiency is achieved when double- 
refraction and absorption are both zero and when the focus is at the centre o f the non
linear crystal. In addition, the strength of focusing has to be such that U2zq is equal to 
2.84 (where zq is the confocal parameter of the fundamental beam in the medium) and 
the wave-vector mis-match A k = 3.2/L  Under these conditions the (maximum)

conversion efficiency is

The wave-vector mis-match is introduced to compensate for the phase shift due to the 
passage of the incident beam through its focus [3.3]. It should be noted that (3.4) is in 
the c.g.s. system of units. For practical use (3.4) is best stated in SI units: 

d H P
= 6 . 3 6 x 1 0 ^ - ^ .  (3.5)

^00^2(0^
Here [d] = m N , [L] ^  xa, [X] = m, [P] = ^ . The conversion efficiency is thus power 

dependent and a non-linear coupling coefficient can be defined:

= 6.36 X 10‘ W-i. (3.6)

For a given length of crystal L and effective d  coefficient (3.6) gives the maximum k , 
le. the value of K which will produce maximum conversion efficiency q for a given
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fundamental power • As an example, the effective non-linear coefficient for type I 
non-critically phase-matched SHG in lithium triborate (LBO) is 1.2 x 10-^2 n W . For a 
25 mm length of the crystal used to double a Nd:YAG laser, this gives k = 7.3 x lO-  ̂

W “h The conversion efficiency for a 50 W fundamental field is therefore ~ 3.5%, 
resulting in 532 nm output of 1.5 W. A 100 W field would give 7% efficiency.

(3.6) gives the maximum k  for a given length of crystal. Generally it will be 
assumed in what follows that the conditions of Boyd and Kleinman are satisfied so that 
the potential of a crystal is fully realised. Nonlinearity is then simply a linear function 
of L. The main reason for this is that in most practical lasers we want to obtain as much 
nonlinearity as possible; normally in bulk devices the maximum value is desirable. 
Notwithstanding the fact that in some cases a large nonlinearity can have a detrimental 
effect on performance (section 3.2.1), there are other good reasons why Boyd and 
Kleinman’s conditions are desirable and that nonlinearity should be controlled by the 
length of the crystal L rather than by altering the focusing conditions. The main reason 
is that if  L is no larger than necessaiy, scatter, absorption and other losses in the ciystal 
are minimised. Clearly this is important for the second harmonic, but the main reason is 
to reduce such losses for the fundamental power. As will be shown below, the loss at 
the fundamental frequency is the single most important limitation on the output power 
at the second harmonic. Another reason to minimise L where possible is that the effect 
on the laser mode when the crystal is removed from the cavity is reduced. This serves to 
simplify the issue of resonator design. Additionally, the cost of the nonlinear sample 
can be kept to a minimum.

3.2 Internal SHG in CW Lasers

3.2.1 Theoiy of CW Internal Frequency-Doubling
The maximisation of the power output at the second harmonic frequency is 

obviously a major objective in the design of these systems. The following is a simple 
general discussion for the case of continuous-wave (CW) lasers, similar to that given in 
[3.4 - 8 ] where longitudinal mode structuie is not explicitly considered. The transverse 
laser mode is assumed to comprise only the TEMqo mode.

Figure 3.1 shows schematics of two generic types of laser resonator. The first is 
a folded linear cavity that allows the frequency-doubled output to be extracted in one 
direction, given the right mirrors. The second is a ring laser, assumed to be 
unidirectional, thereby giving single-frequency output from a single point. Considering 
the linear cavity first, in the steady state we can equate round-trip gain and loss at a 
given pumping level;
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2/oZ
PI  + jLsl

= 6 + 2 kP,. (3.7)

sat

Psat is the saturation power o f the laser, % the small signal gain and / the length of the 
laser crystal, ô is the round-trip linear loss. The factor of two on the RHS is due to the 

double passing o f the fundamental light through the crystal. (3.7) assumes that the 
unsaturated gain is small, i.e.

H R HR
HR .N L  lo s s G ainHT @ 2(0 

H R @  (o

2(0 outputG ain
2(0  output NL lo s sHR

Ring cavityLinear cavity

Figure 3.1. Standing-wave and travelling-wave cavity designs.

(3.7) is quadratic in with solution

Pp) P f  + ip - { o c  +P)
p . ,  2)3

where a  and p aie measures o f linear loss over gain and non-linearity respectively: 
Ôa

2 ro^ rj-
The second harmonic output is

_ [^((% -^)^ + 4 ^  -((% + /))?

rJ-^sat

(3.8)

(3.9)

(3.10)

Figures 3.2 and 3.3 illustrate the behaviour of (3.8) and (3.10) over several decades of 
p. Maximising (3.8) with respect to P gives the optimum nonlinearity for a given loss a:

= (3.11)

This gives 
ÔKopt

2 P
(3.12)

sat

The resulting maximum extractable second harmonic output power is thus

P z o ,^  = ( 1 -V cë)^  (3.13)
Yô ŝat

Figure 3.4 illustrates why it is so important to keep linear loss in the laser to a 
minimum. From (3.11), (3.12) and (3.13) two important pieces of information emerge. 
Fkst, the optimum value o f K is directly proportional to the linear loss and independent
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Figure 3.2. Circulating fundamental power Figure 3.3. Second harmonic output power 
against non-linearity. against non-linearity.

of the gain. Secondly, if the linear loss is increased, not only does the maximum 
theoretical harmonic power output drop sharply, but the amount of nonlinearity required 
to extract this reduced maximum is increased.

1.25

0.75

Î
 0.25

0.5

o

Loss Fraction

Figure 3.4. Maximum extractable second-harmonic power versus loss fraction.

In the case of the unidirectional ring laser, (3.7) becomes
yJ- -

p - ô + kP„ (3.14)

sat
If Jo and / are the same as before, the gain per round trip is halved, and in addition there 

is now only one pass through the nonlinear crystal per round-trip, effectively halving 
the nonlinear output coupling. This latter point may or may not be detrimental, 
depending on the laser. (3.8) and (3.10) are the same as for the linear cavity except that 
a  is replaced by
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cd — — -, (3.15)
7o*

P remains as in (3.9) since both round-trip gain and nonlinear output coupling are 

reduced by a factor of two. The optimum nonlinear coupling coefficient is now

ôpi “ ’B” * (3.16)
sat

If gain and linear loss are the same as for the linear cavity, twice as much nonlinearity k  

is needed for optimum operation. The effect on the maximum harmonic output power is 
obtainable from (3.13) with a —> a \ l n  practice, the loss fraction a  may be more than 

doubled in going from a linear to a ring cavity due to the extra mirror and the 
unidirectional device. Harder pumping may recover the lost harmonic power, but 
clearly efficiency will be compromised.

The question naturally arises as to whether the laser is optimally output coupled 
when K = Kopt and is maximised. To see that this is the case, the effective nonlineai* 

output coupling under optimum nonlinear coupling needs to be considered. For the 
linear cavity,

S „ f  [2^1

sat

T . / ^  = 2 V [ P J „ = , = 2 ^ P , ,  = l 2 y J S - 8 ,  (3.17)

and for the ring cavity,

= V  [ P » W  = (3-18)
^ s a t  V V O

m  agreement with equation (1 .2 1 ).
As an example, Nd:YAG has a satuiation intensity of 3.4 kWcm"2. as calculated 

from the expression given in Chapter 1. If the effective laser mode radius inside the 
laser crystal is 300 pm, the saturation power is 9.6 W. If the linear loss is 2%, we then 
require K =  2.08 x  lO'^ W‘* for a linear cavity or alternatively 4.1 %.10-3 W-  ̂ for a 
unidirectional ring cavity. Previously we calculated the most favourable k  in a 25 mm 
piece of LBO to be 7.3 x  10""̂  under "Boyd and Kleinman" focusing, k  is therefore an 
order of magnitude below its optimum value. (It should be noted, however that 
notwithstanding its modest non-lineaiity, LBO has some distinct advantages. )

3.2.2 Single- and Multi-Longitudinal Mode Lasers
The optimisation of harmonic output power is a primary consideration in the 

design of intracavity frequency-doubled lasers. Another important concern is 
longitudinal mode stmcture. This will influence the behaviour of the system in terms of 
output power and amplitude stability, and set limits on the use o f particular devices. If 
the laser is required to have a narrow spectral bandwidth, clearly the best option is to 
internally frequency-double a single-frequency laser. Although this often means that the 
maximum harmonic output power is limited due to the losses of components which
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enforce the single-longitudinal mode lasing, we benefit in terms o f spectral purity. 
Single-frequency output is a necessity for any application which involves resonant 
enhancement o f the harmonic output, such as in an OPO cavity or a cavity in which 
further frequency-doubling is intended. Another valuable feature o f the single- 
frequency approach is that the harmonic output is amplitude-stable. Generally, low 
amplitude noise, or at least low power in the low-frequency end of the amplitude noise 
is an important feature if  the laser is to be used to pump other laser media having short 
upper-state lifetimes. There are many other uses for narrow-linewidth, amplitude-stable, 
bright, coherent visible light.

Single-frequency operation can be obtained either by the use o f a unidirectional 
ring resonator, or by suitable control of a linear cavity. The control could be provided 
by an intracavity étalon or étalons, by the use of some scheme to reduce spatial hole 
burning in a linear cavity (such as the “twisted mode” polarisation scheme) or it could 
be a feature of the laser itself, as in a microchip laser. Under these conditions, it is 
possible to have a single frequency O) which is doubled to another single frequency 2œ. 
If the single fundamental frequency has axial “quantum number” p, i.e. the length of the 
cavity is p/l/2, the amplitude of the standing wave inside the cavity at a distance z  from 

one end o f the cavity is given by
E p ( Z , f )  =

where €p is the maximum amplitude of an antinode and is the phase of the mode. At 

a fixed position z=  z ’ in the cavity, the amplitude can be written as

where

The average intracavity fundamental and second harmonic intensities are

( l J  = BA pA ,*=B® /, (3.19)

(3.20)

where B -  cEqI I  .
Another approach is to intracavity frequency-double a CW laser having more 

than one longitudinal mode, where the modes are randomly phased. The number of 
longitudinal modes could be anything greater than one, e.g. 2, 50, even 100 or more. 
The added complexity o f sum-frequency-mixing between different longitudinal modes 
as well as doubling of each mode can lead to instabilities, as detailed in section 3.2.3. 
O f course, the gain bandwidth o f the laser crystal and frequency bandwidth o f the 
nonlinear crystal will place a limits on the number of fundamental modes and the
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efficiency with which any two modes are mixed or summed. The intracavity field 
amplitude at a distance z  from one end of a multimode laser is

p=l

Again taking a fixed position z= z' from one end of the cavity, the total field amplitude 
can be written as

p=i
where 
A , = € / * ' ,

zf
t' = f H .

C

If all modes have the same maximum antinode field amplitude , the average total 
fundamental intracavity intensity is 
{ Q  = N B € ; .

The second harmonic intensity involves summing over pairs of modes, so that

4 .  = (3.21)
p  q r  s

(3.21) assumes perfect phase-matching for all pairs of modes, which is not necessarily
the case in practice. The detailed description of the interaction between the modes due
to sum-frequency mixing is complicated, and is reviewed in section 3.2.3. However, to
quantify the average harmonic power it is necessary only to seek out and sum the 
phase-independent terms in the sum in (3.21), le. the cases where 0 ' + 0 ' -  (j)' =

This situation occurs for the three cases p==q=r=s; p==r, q=s; andp^s, q ^r . Hence

i h . )  = ^ B ^ 2 ( A / / ) :  + 2 k B ^ ±  ± { A X f i A X f \
p = l  p = l q ( j i p ) = l

which reduces to
(fy J  = + 2N (N  -1 )], (3.22)

where again all the fundamental modes are assumed to have the same intensity. To 
make a direct comparison between the multi-mode and single-mode cases, we should 
consider one mode of N  times the average fundamental intensity given in (3.19), and a 
single-frequency average second-harmonic intensity times that in (3.20). We are 
then starting with two cases with the same average fundamental intensity, differing only 
in mode structure. (3.20) and (3.22) then give

{•^2 fi)} m u lt i-m o d  e  o  ^

{̂ 2o}singfe-mode ^
2 - — . (3.23)
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Although (3.23) implies that for a large number of modes there is an enhancement 
factor o f 2 in the average harmonic povyer generated, the phase-dependent terms will 
give rise to noiselike fluctuations on top of this mean power. The precise relation 
between the amount of noise and the number of modes is still the subject o f debate. 
Magni et al [3.9] found in practice that amplitude noise decreased as the number of 
modes was increased. The amount of amplitude noise will clearly place limits on the 
use o f a multi-mode internally doubled system.

3.2.3 Instabilities in Intracavity Frequency-Doubled Multi-Mode CW Lasers
3.2.3.1 General

Although the internal frequency-doubling of a multi-mode CW laser may lead to 
a higher average power output at the second harmonic than in the single-mode case, it is 
well known that non-linear coupling between different longitudinal modes by sum- 
ff equency mixing leads to various types of instability, collectively known as the “green 
problem”. Oscillations, bistability and chaos have all been observed and predicted 
theoretically.

An intracavity doubled multi-mode laser actually has two sources of nonlinear 
coupling between any two modes. First there is the coupling between any two modes 
arising from sum-frequency mixing by the nonlinear crystal. In the case o f a mode 
interacting with itself, this is simply frequency doubling. Secondly, there is the effect of 
cross-saturation between any two modes, i.e. one mode can help saturate the gain of 
another mode due to the finite linewidth of the laser transition. The detailed study of the 
behaviour of this type of system is a complicated topic in its own right and beyond the 
scope of this thesis. In fact there are many physical, chemical and biological systems 
that can be accurately modelled as a collection of globally coupled nonlinear oscillators. 
Essential dynamical aspects of Josephson-junction arrays [3.10], chemical turbulance
[3.11] and heartbeat rhythms [3.12] for example have been explained using such 
models. Trajectories in gain or intensity phase space, stable and unstable periodic orbits, 
stability criteria, attraction, repulsion and chaos have all been the subject of research 
over the last ten years [3.13 - 23]. The subject is by no means closed. At the time of 
writing, the most recent work on the subject was published in Optics Communications 
in January 1996 [3.24]. The cause of instability is usually given as the fact that chaotic 
attractors to certain regions of intensity or gain phase space have a large number of 
unstable periodic orbits associated with them.
3.2.3.2 Intracavity Frequency-Doubling o f  a Two-Mode Laser

The simplest case, involving the intracavity doubling of two fundamental modes 
has been extensively investigated by Baer [3.25]. In this work, a low power diode- 
pumped Nd:YAG laser internally doubled using KTP was investigated. Due to the 
birefringence o f the KTP, the two fundamental modes were linearly polarised along the
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two KTP axes. Given this polarisation scheme and the type II phase matching, it is not 
clear how Baer achieved the doubling of each mode in addition to sum-frequency mixing. 
Despite this he states that the green output comprised three peaks when viewed on a 
scanning interferometer. Probably this was not the simplest example to start with; a cavity 
with all the modes linearly polarised in a single plane and employing type I phase- 
matching would certainly give mixing and doubling. Nevertheless, the theoretical 
treatment has a satisfactory basis, and Baer’s rate equations have been restated in 
subsequent work [3.13 - 23].

A single intracavity-doubled mode can be modelled by the coupled equations

(3.24a)

(3.24b)
Tf Ty t ,

where I  and G are the instantaneous intensity and gain of the mode respectively, a is the 
linear loss, p  = l/Isat, ^  is the cavity round-tiip time and ÿ  is the upper state lifetime. 
GW is the unsaturated gain. To model two modes we need to account for sum-frequency 
mixing and cross-saturation, resulting in the system
T = (Gj - 2 id2 ) f  (3.25a)

TfC, = - a + p l ,  + P J 2 ) + (3.25b)

Tgi; = (G; -  « 2  -  Kf; -  2x7,)/; (3.25c)

T^G; = -(1 + + A 4  ) + G2"". (3.25d)
Px is the cross-stauration parameter. The last term in (3.25a) and (3.25c) accounts for the 
sum generation process. By numerical integration of (3.25), Baer predicted that the two 
modes would pulse on and off alternately. In addition he was able to accurately predict 
the pulse shape and duration. The results are shown in Figures 3.5, 3.6 and 3.7. Figure 
3.6 shows the calculated loss and gain of one of the modes with the amplitude as a timing 
reference. Baer described the cycle in terms of four distinct regions (a) to (d).

(a) Mode 2 pulses on increasing the sum-generation loss for mode 1 and causing 
mode 1 to fall below threshold and switch off.

(b) The intensity of mode 2 reaches a steady state, stabilising the losses for mode 
1. The gain of mode 1 rises approximately linearly with time passing threshold and thus 
oscillating.

(c) Mode 1 pulses on causing mode 2 to cease lasing due to sum-generation loss.
(d) The intensity of mode 1 stabilises and the gain of mode 2 rises approximately 

linearly with time until threshold is reached and the cycle repeats.
Baer also reported two other interesting effects. Firstly, the period of oscillation 

was only a weak function of the pumping level and secondly, the frequency of oscillation 
increased as the amount of nonlinear coupling decreased. As can been seen from Figure 
3.7, the extent of modulation also increases with nonlinearity. Weak
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Figure 3.5. Alternate pulsing in a two-mode Figure 3.6. Loss and gain o f  a single mode 
intracavity-doubled CW laser [3.26]. [3.26].
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Figure 3.7. Dependence o f  oscillation frequency on non-linear coupling [3.26].

nonlinear coupling gives rise to a small ripple on top of the average power output, 
whereas if the nonlinear coupling is strong, the system enters a pulsed regime. For a 
time interval t much shorter than the fluorescence lifetime, the rate of change of gain of, 
for example mode 1, is given by 
AG _ G/"’
T -  ■
Baer therefore stated the period of the oscillations to be

= (3.26)

where f s  is the steady state value of the intensity of mode 2. (3.26) is simply the 
amount of nonlinear loss to be overcome divided by the rate at which the gain is 
changing. is almost independent of the pump intensity because both f s  and Gj(^)
are both approximately linearly dependent on the pumping level.
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3.23.3 Intracavity Frequency-Doubling o f Multi-Mode CW Lasers
In considering the behaviour of multi-mode systems we need to account for the 

interaction of each mode with every other mode, assuming perfect phase matching. 
Although the Nd:YAG/KTP multimode system has been investigated by several 
researchers, e.g. Anthon et al [3.26], this system has the added complication of 
orthogonally polarised fundamental mode eigenpolarisations and type II phase-matching. 
Nonlinear coupling can therefore only occur between pairs of modes that comprise one 
mode from each polaiisation set. Frequency doubling can only occur if by accident the 
two modes happen to be frequency degenerate. (This is very unlikely in practice. For a 30 
cm cavity containing a 5 mm piece of KTP, the frequency spacing between degenerate 
modes in the two sets is ~ 350 GHz or ~ twice the gain bandwidth of Nd:YAG.) Anthon 
et al took account of this, but as in Baer's work it is not the simplest case. A more 
general system in which every mode can couple to every other mode was discussed by 
Magni et al [3.9], and employed type I phase-matching with all the fundamental modes 
linearly polarised in the same plane. The equations of motion for the zth mode in such a 
generalised iV-mode system are

ù . = ( G , - a , - - £ D „ i p / ,  (3.27a)
;=1

= -(1 + % A /,)G , + G,“ ' , (3.27b)
M

where
Dfj = K, i = j ,

= 2 k , i ^ j .

In the steady state, equations (3.27) reduce to a single equation:
p  ( 0)  N

;=i
i.e. gain equals loss. Since G/ increases with intracavity intensity, the gain does not 
remain clamped at threshold as in a laser with conventional output coupling. At any time, 
there are many modes that would be above threshold except for nonlinear losses. 
Generalised stability criteria have been examined by Wu and Mandel [3.13] and James et 
al [3.14].

Bistability and chaos are closely related to the existence of mode pairs that double 
less efficiently than they sum. If the laser is operating in one of these modes, it will 
induce a large nonlinear loss that will prevent the other mode from reaching threshold. 
This interaction is symmetrical so that stable operation on either mode is possible. In the 
absence of spatial hole burning, this makes a mode pair bistable and gives rise to mode 
hops that cause large spontaneous shifts in the laser output. Adding
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the slow feedback mechanism of gain saturation to the system causes the laser to switch 
back and forth between the two stable states, leading to oscillation and chaos.

Bistability can be observed when the pump level is cycled up and down. As the 
pump level is increased form zero, the first mode to operate will be the one with the 
highest gain. Once this is established, it introduces a nonlinear loss into all the other 
modes. If all the linear losses Cf,- are equal, a second mode will appear if
Gi — Djjlj < Gg —

while a mode hop will occur if
^2 “  ^ 22^2 > Gj “  >̂12̂ 2 •
For two modes to operate together is not impossible, but it requires a relatively close 
coincidence in the non-linear couplings. Regions of two-mode hops are often found in 
the vicinity of mode hops.

An additional problem, due to the effect of finite phase-matching bandwidth, 
can affect single-mode as well as multi-mode devices. The - ' ^h in  system in 
NdiYAG has a total of 12 transitions, all o f which will not be fully phase-matched. 
Lines at 1064.15 and 1064.4 nm are doubled while the next strongest transitions at 1061 
and 1074 nm are not. As the circulating fundamental field builds up, modes near 1061 
nm become viable because of the high nonlineai* loss at 1064 nm. Mirror losses at 1061 
nm can then become comparable to the nonlinear loss at 1064 nm. The 1064 nm gain 
will reach a fixed level and no further increase in green output will occur. This limits 
nonlinear conversion in lasers which have access to other transitions; the laser will 
simply shift wavelength to avoid the nonlinear output coupling.

A similar effect can occur with higher-order transverse modes. Nonlinear losses 
for the TEMoo mode are higher than for higher-order modes so that during high power 
operation, multi-transverse mode operation often results unless an intracavity aperture is 
used.

3.3 Internal SHG in Q-Switched and Mode-Locked Lasers

3.3.1 Q-Switching with Internal Frequency Doubling
Given the power-dependent efficiency of the frequency-doubling process, the Q- 

switching of an intracavity-doubled laser is a useful technique for raising the overall 
conversion efficiency from pump to visible output. The main situations in which this 
technique is useful are where nonlinearity and/or laser gain is limited, and where fuither 
nonlinear processes are intended for which a pulsed output would be beneficial. Early 
work on this method centred around the frequency-doubling of the main transitions of 
NdiYAG. One of the first devices was that of Wallace and Harris [3.27] who obtained a 
peak power of 2 kW at 473 nm by internally doubling a flashlamp-pumped Nd:YAG
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laser using KDP. Doubling of the 1064 nm line was achieved using Ba2NaNb5 0 i5

[3.28] and LilOg [3.29]. Massey and Yarborough obtained 6 W average power at 0,5 
pm by internal doubling o f an Nd:YAP laser using LiNbOg [3.30]. Modem diode- 

pumps and high quality nonlinear crystals have greatly improved the performance of 
these (^-switched systems. For instance, Hanson and Poirer [3.31] obtained 50 kW peak 
power at 532 nm from an Nd:YAG - LBO device. The overall optical - optical 
conversion efficiency was 10%. There is also current interest in using KTP both as the 
Q-switch and as the frequency-doubling crystal [3.32, 33]. This technique is of major 
importance in microchip lasers where gain is limited and compactness o f the device is 
an important design aim.

The numerical analysis o f -switching with intracavity doubling is quite 
straightforward, allowing the optimisation o f a given system. The speed o f the 
numerical approach also mitigates against the attempting of a full analytical solution, at 
least for the laser designer. The numerical approach was first reported by Murray and 
Harris [3.34]. For a particular laser the key variables are

the maximum (unsaturated) gain producible by the pump, G^
the linear loss, 5
the non-linear coupling, k

the cavity round trip time, %
the fluorescence lifetime, ^
and the laser saturation power, Pgat, which depends on the gain medium and the 

laser mode cross-section.
When the cavity quality-factor Q is high, the gain and intracavity fundamental 

power evolve according to the coupled rate equations

G(t) = — G“ - f l  + ( ^ ] G ( t )  (3.28a)
T/L V PsntJ .

P(f) = — [G (f)-5 -K P (f)F (t)-  (3.28b)
'̂ C

Gain build up when the cavity Q is zero can be obtained by putting P =0. The result is 
G{f) = G'’- ( G ” -G ,)e"'^’' ,  (3.29)

where G ; is the initial gain. The time required to establish a gain G2 starting from an 
initial value G; is

/  /~>0 ^
(3.30)T(Gi G2 ) — Tjrhi

G « -G ,y

To obtain the best results when internally doubling, the initial gain should be as high as 
possible, i.e. a short gain build-up time is traded for nonlinear conversion efficiency. 
For example, we might wait until G 2 = 0.99 G q before switching the cavity Q. Starting 
with zero population inversion, i.e. Gy = 0, this would give a gain build-up time for 
Nd:YAG of roughly 1 ms.
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To model the gain and intracavity fundamental power when the cavity Q is high, 
equations (3.28) can be put into iterative form and evaluated by any mathematical 
application, for example MathCad®©'^^:

G“ - ( l  +
V ^sa l J

Af

P, + — (G ,-5 -K P ,)A t
(3.31)

As the fundamental intracavity intensity increases, the loss resulting from second 
harmonic generation increases as the square of the fundamental power. Peak power is 
reached when this loss has increased to equal the gain. Once this point is reached, the 
laser power can no longer increase, and the remaining inversion serves to lengthen the 
pulse. If  the nonlinear coupling k  is substantially greater than that necessaiy to 

maximise the peak harmonic power, the majority of the inversion is used to lengthen the 
pulse. For such nonlinear couplings, there is a direct trade-off between pulse amplitude 
and duration, and the energy of the second harmonic pulse remains constant as a 
function of the nonlinear coupling.

Figures 3.8 - 3.17 show the results of a calculation based on (3.31) for the case 
of a Nd:YAG laser. The 1/e^ laser mode radius is taken as 300 pm, and the resonator 
length is 15 cm, giving a round-trip-time of 1 ns. Given the saturation intensity in 1 at. 
% Nd:YAG of 3.4 kW cm"2, this implies a saturation power of 9.6 W. The linear loss 5 

has been taken as 1%. Figures 3.8 to 3.13 show the intracavity fundamental and the 
second harmonic peak powers, energies and full-width half-maxima for various values 
of initial gain and non-linear coupling. Figure 3.14 shows the timing of the peak output 
for /c = 10'^ assuming an initial intracavity power of 1 mW at r = 0. In reality, switch-on 

is provided by the small amount of spontaneous emission reflected along the axis of the 
resonator. Figure 3.15 shows the variation in optimum nonlinear coupling with initial 
gain. Figures 3.16 and 3.17 show the time evolution of the gain, fundamental power and 
harmonic power once the cavity Q is switched high.

These results can be summarised as follows. Firstly, whatever the value of K , 

more initial gain always results in a higher peak harmonic power and total energy, and a 
faster rise time. Secondly, for a given initial gain, there is an optimum nonlinear 
coupling K. The optimum value of K decreases with initial gain, although once G^ is 

more than a few times above CW threshold it falls more slowly, so that for most 
practical systems it is only a weak function of the pumping level. Thirdly, optimum k 
is characterised by the shortest pulses, both fundamental and harmonic. Once the 
system is over coupled, the harmonic pulses get longer but the peak power falls so that 
the energy per pulse remains constant (See Figure 3.11 for K >= 10“^). Increasing k

beyond the optimum value gives a direct trade-off between peak power and pulse 
rInrBtion Tf the nonlinenr rnnnlinrr k* iq too  biab tVip Hop'? not f^ll bplnw  the C W
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Figure 3.10. Fundamental pulse energy. Figure 3.11. Harmonic pulse energy.

threshold so that the laser does not switch off at the end of the pulse.
In Figures 3.8 and 3.9, the peak fundamental and second haimonic powers for 

the case where K = lO-^ = 30% are 149 kW and 22.1 kW respectively, 

corresponding to a peak conversion efficiency of 15%. This is to be compared with CW 
internal conversion efficiencies on the order of 1%.
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3.3.2 Internal SHG in Mode-Locked Lasers
The internal frequency-doubling of modelocked lasers is another method that 

can be used to improve conversion efficiencies under certain conditions. Modelocking 
is generally used where high linear loss or low nonlinearity means that a CW laser is 
under-coupled for the extraction of the harmonic power. Modelocked harmonic output 
can be used inter alia for resonant redoubling [3.35] and the synchronous pumping of 
ultrashort-pulse lasers and OPOs [3.36].

Theoretical analyses of internally doubled actively modelocked lasers were 
carried out by Bemecker [3.37] and Falk [3.38] in the early 1970s. The principal feature 
is the lengthening of the pulses over those produced without internal doubling. This is 
due to the opposing actions of the nonlinear crystal, which attenuates the peak of a 
pulse more strongly than the wings, and the modulator which imposes minimum loss on 
the peak of the pulse. Hitz and Osterink [3.39] suggested that to a first approximation, 
the fundamental pulse duration would be that which minimised the sum of these two 
losses. Early neodymium lasers produced harmonic pulse durations on the order of 
hundreds of picoseconds, and often employed FM modelocking by applying an RE 
signal to the nonlinear crystal (generally LiNbOg or Ba2NaNb5 0 i5) rather than by using 
an additional loss modulator [3.39 - 41]. Both Bemecker and Falk correctly predicted 
significant pulse lengthening even at small values of nonlinearity and modulation depth. 
An important deduction by Falk was that if an internally-doubled CW laser is optimally 
coupled, its AM mode-locked counterpart can at best produce an average harmonic 
power which is a factor o f Vl lower than the ideal CW case. In terms of average 
harmonic power, therefore, AM modelocking is of assistance only in cases o f CW 
undercoupling. As mentioned above, this is generally brought about by an excessively 
high linear loss, or low nonlinearity in the doubling crystal.
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By 1980, the use of synchronously pumped mode-locked dye lasers allowed the 
generation of UV pulses as short as a few picoseconds to be demonstrated [3.42, 43] 
and later these pulse durations were reduced to 120 fs [3.44]. In 1994, Backus et al used 
a Ti:Al2 0 3  / LBO system to produce 14 fs pulses at 416 nm [3.45], which is the shortest 
reported pulse duration to date for this region of the spectrum. A theoretical analysis of 
the intracavity-doubled synchronously modelocked laser was given by Yamashita et al 
[3.46], in which rapid pulse lengthening was predicted for conversion efficiencies >= 
0 .1%.

The behaviour of passively  modelocked and internally doubled lasers was 
treated by Zhang et al [3.47]. The main findings were that for conversion efficiencies 
consistent with laser operation (<~ 5%), a stable modelocking regime always exists 
(although it narrows with increasing conversion) and that if the nonlinearity is increased 
both the original fundamental pulse duration and energy can always be restored by a 
suitable adjustment of the saturable gain and loss. This contrasts sharply with the 
synchronously-pumped and actively-modelocked cases as reported by Yamashita and 
Falk.

Diode-pumped internally-doubled Nd lasers are generally AM modelocked 
because they are usually employed as primary pump sources for other systems. Two 
typical diode-pumped Nd:YAG / KTP 0.5 pm  AM devices which together illustrate 
Falk's theory are those of Dimmick [3.48] and Marshall et al [3.49], which are 
summarised in Table 3.1. The average visible output power of both these lasers was 
increased by modelocking, although Dimmick saw the greatest improvement because

Dimmick [3.49] Marshall et a l  [3.50]
Pumping scheme Longitudinal: two 

multiplexed broad 

area d iodes

T ransverse cylindrical; 

two banks of 3-fold 

sym m etric d iode  

arrays

Maximum pump power 1.4 W 55 W

Repetition rate 250  MHz 160 MHz

Linear loss 5.5% 0.02%

Optimum output coupling 10% 4%
Conversion efficiency 1.53%  (ML) 

0.64%  (CW)

1.2% (ML) 

0.94%  (CW)

0.5 |im max. average 
output power

76  mW (ML) 

47  mW (CW)

3.0  W  (ML) 

2 .8  W  (CW)

Pulse duration 520  ps 260  ps
1 7 / 1 7 7  ? /-I 7i* ''■7/-\ 1 »7->
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of the presence of a large linear loss. Marshall et al had only 0.02% linear loss with the 
result that their CW laser was very close to optimum coupling. Falk's V2 factor 
therefore meant that relatively little additional harmonic power was extractable by 
modelocking the laser.

Recently, Lincoln and Ferguson reported an AM intracavity-doubled 1.3 pm 
diode-end-pumped Nd:YLF laser producing 300 mW of average power at 659 nm 
[3.50], which more or less represents state-of-the-art performance for this type of laser. 
Modelocking enhanced the conversion efficiency from 0.25% in the CW case to 1%. 
The average red output power showed a less-than-quadratic dependence on the 
intracavity fundamental power, which was attributed to the broadening of the 
fundamental pulses as the pump power is increased. At full pump power the red pulse 
FWHM duration was 2 ps. This laser was subsequently used as a pump source for a 
Kerr-lens modelocked CrrLiSAF laser [3.36].

3.4 N on linear Crystals for Internal Frequency-Doubling o f I pm  
Lasers

3.4.1 Introduction
For a crystalline material to exhibit a second-order optical nonlinearity, it must 

belong to a non-centrosymmetric crystal class. In addition to this. Miller [3.51] gave the 
useful empirical rule that a material should have a high refractive index if its non- 
linearity is to be high. The most familiar class having some of the largest nonlinear 
coefficients is the oxygen-octahedra ferroelectrics containing N b-0, Ti-0 and I-O 
bonds, such as LiNbOg, KNbOg, Ba2NaNb5 0 i2, KTiOPO^ (KTP) and LilO] Research 
on borate crystals has shown that the planar structure of (BgO^)^' in boron-oxygen 
compounds provides high non-linear effects [3.52]. Crystals such as beta-barium borate 
(p-BBO) and lithium triborate (LiBgOg) have been developed on this basis.

Frequency-doubling of 1 pm  radiation from Nd lasers based on hosts crystals 
such as Y AG, YLF, YVO4 and YAP has been achieved using a range of nonlinear 
crystals. From the 1960s to the mid-1980s the principal inorganic crystals used were the 
negative uniaxial crystals KH2 PO4 (KDP), KD2PO4 (KD* P), L ilO i, LiNbOg , P-BBO 
and the negative biaxial crystal Ba2NaNb5 0 i2 (Banana), all in a type I phase-matching 
geometry. In addition, frequency-doubling of 1 pm  lasers has been achieved in certain 
organic crystals such as saccharose (C12H 22O 11, negative biaxial, type I or 11 phase- 
matching), MAP (CioHnNgO^, positive biaxial, type II), and mNA (NO2 C6H4NH2 , 
negative biaxial, type I). Organic materials are generally not practical as they are soft 
and require special protective coatings. Often they are hygroscopic. Desirable
pi vjvui liCS ill u CA J OLui iiicititiw
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high conversion efficiency 
high damage threshold 
hardness
chemical inertness {e.g. non-hygroscopic)
wide transparency range, low residual absorption and scatter losses
wide phase-matching bandwidth
ease of fabrication and low cost.

Since the late 1980s, two crystals have come to dominate the 1 pm —> 0.5 p m  
application. These are potassium titanyl phosphate, KTiOPO^ (KTP), a positive biaxial 
crystal used with type II phase-matching, and lithium triborate, LiBgOg (LBO,) which is 
negative biaxial and is often used in a type I non-critically phase-matched geometry. 
These crystals will be reviewed in detail in sections 3.4.3 and 3.4.4.

3.4.2 Review of Biaxial Non-Linear Crystals
3.4.2.1 Optics o f  Biaxial Crystals; Phase Matching Conditions

Given the current importance of KTP and LBO for 1 pm  firequency-doubling, 
the emphasis here is placed upon the main features of orthorhombic biaxial crystals 
having point symmetery mm2  ̂ i.e. structures with two orthogonal mirror planes and an 
axis o f two-fold rotation symmetry. For this class the crystallophysical (xyz) and 
crystallographic (abc) axes coincide, although the exact correpondence depends on the 
particular crystal. Generally, it is accepted in the literature that for LBO x,y,z —> a,c,b, 
and for KTP x,y,z —> a,b,c. (A discussion of crystal nomenclature has been given by 
Roberts [3.52a]). For both crystals the principal refractive indices have the order 
Uz>ny>nx. The xz plane of the index-ellipsoid therefore contains the longest and shortest 
axes of the ellipsoid and also the two optic axes. The angle p  that the optic axis in the 

first octant makes with the z  axis is given by [3.53, 54]

tanjS = — .
fi  ̂— n ^

 V - (3.32)

A biaxial crystal is designated positive or negative depending on whether the optic axes 
make an angle less than or greater than 45° with the z axis, repectively. A general 
direction of wave propagation with unit wavevector s is specified by the polar and 
azimuthal angles 6  and 0 ,  as in Figure 3.18. As is well known, when light propagates 
in an anisotropic medium, it decomposes into two orthogonal linearly polarised waves. 
For a uniaxial crystal these are known as the ordinary and extraordinary rays. In biaxial 
crystals the same effect occurs although the polarisation directions cannot be labelled 
ordinary or extraordinary, but instead are referred to “fast” or “slow” depending on the 
two corresponding values of refractive index, n(P, nO . It can be shown that the two 
planes o f vibration of the electric displacement vectors D  are the internal and external
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Figure 3.18. Light propagation in a biaxial crystal.

bisectors of the angles between two planes, each of which contains the direction of 
propagation s and one of the optic axes [3.53]. With the assumption that > n(L , D(^) 
lies in the internal bisector plane and D(^) in the external bisector plane, for both 
positive and negative biaxial crystals, as indicated in Figure 3.18.

To determine the phase-matching conditions and other relevant optical features 
of a crystal, we need to know, for a given direction of propagation s(0,(j)), the two 

allowed directions of vibration for the electric field and displacement vectors E and D, 
and the associated two values of refractive index, n(^), n(^). Starting from Maxwell's 
equations, the components of the electric field vector are found to be 
^  _ s,n^(s»E) (3.33)

where i = x, y, z  and n can take on one or other of the two allowed values of refractive 
index. By multiplying both sides of (3.33) by Si and summing over x,y,z the Fresnel 
equation can he obtained,

+
n n. -1 + = 0, (3.34)

the solutions of which are the two allowed values of refractive index for given direction 
of propagation. (3.33) can also be used to obtain the components of the electric 
displacement vector:

s , n y ( s . E )  ̂ (3.35)
n -  Tt;

The components of the unit electric field and displacement vectors are therefore
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e, =

d; =

n - n % /

2 \

n - n
+

+
n n.z y

1 - 1/2

- 1 /2

% / n ny /

(3.36)

(3.37)

Since e and d  are unit vectors, (3.36) and (3.37) are also numerically equal to the 
direction cosines of e and d. In all there are six unit vector components consisting of 
three pairs o f the type where i = x , y , z  and I =1 , 2  (slow or fast) depending on

which of the two eigenpolarisations are under consideration, or equivalently wliich of 
the two allowed values of refractive index are chosen.

At a given frequency, the index-surface n(d, (f) ) consists o f an outer and an 
inner sheet: and nj^\0,(f>), with nj^\6,<p)>nj^\0,(f)) .  Normal

dispersion requires that at the second-harmonic frequency 2 m, the refractive indices are 
higher than at the fundamental m: where I = 1 , 2  indicates the two
possible values of refractive index associated with a given direction 9, <j). From this it 
follows that the refractive index surface n2j ^ \ 0 ,(l>) cannot coincide with n j ^ \ 0 ,(l)), 
whereas n2 j^\df(j>) caw coincide with n j ^ \ 9 , ^ )  and {1 / l ) [ n j ^ \ 6 ,(l>)-)rnj^\0 ,^ )\.

There are therefore two types o f phase matching to be distinguished: type I with
involving fundamental waves o f parallel polarisation, and 

type II with <j>) = { l /  2)[nJ^\9, ((>) + 0)], involving fundamental waves

of orthogonal polarisation.
The two values of refractive indices and (/ = i, 2) of the

fundamental and harmonic frequencies in the given direction s(0, 0) must satisfy the 

two Fresnel equations
sin 6 cos (j) sin Osin. <j>

-2

sin^ 0cos^ (f)

+ cos 9

sin^ 0sin^^

( f ) \ -2 =  0 .

+ cos^ 9
0>tz
,2

-2 0 ,

(338)

(3.39)
2 û ),2

2 and »2a),z/M20,y/^a,,z are the principal refractive indices for thewhere

fundamental and second-harmonic waves respectively. The phase-matching directions 
for type I and type II SHG are obtainable by numerical calculation, 9 and <j) satifying 
(3.38) and (3.39) and the refractive index condition quoted above. A procedure for this 
was given by Yao and Fabien [3.55]. Full analyses of phase-matching are given in [3.56 
- 60]. Phase-matching limitations in high efficiency conversion have been treated by 
Eckardt [3.61].
3.4.2.2 Effective Nonlinear Coefficient

The effective nonlinear coefficient for second harmonic generation is given by 
the scalar product
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d. Wd p (Dp (D' ô),k ’2m,i '̂ ijk'̂ ca,j <̂a,k > (3.40)

where, following convention, summation over repeated suffices is implicit, dyk is the 
nonlinear tensor, and the polarisation state of one of the two fundamental waves (/) 
depends on the type o f phase-matching used. Under the symmetiy conditions of 
Kleinman [3.62] there is no physical distinction between the cases ijk and iJg\ and the 
number o f independent elements in the nonlinear tensor is therefore reduced from 27 to 
18. Counting a particular j ,k  pair only once (3.40) can be written as

<ype I,

(2) (Dp (2)
(0,k ‘'ffl,; type II.

The notation is much simplified if the j ,k  pairs are re-labelled according to the rule 
j  = ]c = x=^ Cj = l
j  = k — y  q — 2  

j  = k = z=^ q — 3 
j  = y ,k  = z}j = z ,k  = y =^^ = 4 
j  = x ,k  = z ; j  = z ,k  = x=^ q = 5 
j  = x^k = y ; j  = y ,k  = x=^ q = 6

in which case the effective nonlinear coefficient is given by
(3.41)

The nonlinear tensor is thus reduced to the matrix
dll dn d-\-x dfji d-*12
21 2̂2 

do

13

*23

*14 *15

(̂ 24 doK d25 *26
doo do

(3.42)

*32 **33 **34 **35 **36 J

and the form of the vector /depends on the type of phase-matching. For a type I process

f =

f —

(h\ r rp (d \2 \
\̂ CD,X /

h
h ( A ./" ) '
A 2 ê (o,y <a,z ’

A 2P CD03,2
2P (%

for a type II process

r / i i
f  p (Dp (2)*̂03,z ^m,x

h P (Dp (2) 
o),y o),y

h P (Dp (2)*'03,2 *̂03,2
h p 0)p (2)., P (D*̂03,y *̂03,2 ~  *̂03,2
fs p (Dp (2)+p (D*'03,2 *̂03,2 ~ *'03,2

</6> p (Dp (2)+p (D\  03,2 *̂03,y ~ ̂ 03,y

(3.43)

(2)

(2)

5 (2)
'a>,x y

(3.44)
'Oi.y
'<o,x
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The electric field unit-vector components are given by (3.36). In most practical cases, 
(3.41) is considerably simplified. For the mm2 crystal class, the nonlinear matrix takes 
the form

0 0 0 0 d,. 0 '
0d = 0 0 0 d.

v 4 i do

*15
0
0 0*32 **33

and under Kleinman symmetry dis = djy, d2 4  = Both LBO and KTP are normally 
phase-matched in the xy plane (0 = 90°), so that the effective nonlinear coefficients for 

SHG are given by
4 # “ ^ (type I) = dgz COS <1), (3.45)
4 //^^  (type II) = dj5 sin^ ((> + d̂  ̂cos^ 0 . (3.46)

General expressions for the effective nonlinear coefficient for arbitrary direction are 
derived in [3.63, 64]. Dmitriev and Nikogosyan have given expressions for dgjy in the 
case of mm2  crystals for all possible assignments of the crystallographic axes abc to the 
dielectric axes xyz. [3.65].
3.4.2.3 Poynting Vector Walk-Off

In an anisotropic medium the directions of the vectors E  and D for a given 
polarisation do not generally coincide because of the relation

(3.47)
(D ,] r « / 0 0 ^ 'E /

0 n ; 0
0 « / J

Figure 3.19. Double-refraction angle p.

Although E  and D  lie in the same plane, a small double-refiraction angle p  exists 
between them, as shown in Figure 3.19, which is given by
cosp = e « d .  (3.48)
This angle also exists between the unit wavevector
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s =
D x H
iDxHl

and the unit Poynting vector
2  E x H  t =

|ExH |

Consequently, the direction o f wave propagation and the direction o f energy 
propagation do not coincide. Z), s and t  all lie in the same plane [3.53], with E, H , t  
and D, H, s forming mutually perpendicular sets o f vectors. In frequency-doubling, the 
result is that the energy propagation directions of the fundamental and second haimonic 
waves diverge, limiting the spatial extent of the interaction and hence the conversion 
efficiency, even though they have a common wavevector direction. The magnitude o f p  
depends on the particular crystal, the phase-matching direction and the type o f 
interaction. The walk-off angle w is the angle between the two most divergent Poynting 
vectors in the interaction. For a type I interaction, as in Figure 3.20, the walk-off angle 
is given by
cosw  -  cospj^^ cosp2e,^ \̂ (3.49)

[3.66]. This also holds good for a type II interaction (Figure 3.21) since the double- 
refraction angle p^J^^ is greater than or equal to , as found by calculation using

(3.49).
If the walk-off effect is significant, it will place an upper limit on the length of 

crystal that can be usefully employed. The more general effect of double refraction may 
also be a problem particular to internal frequency-doubling, because the deviation of 
the fundamental wave may cause some self-misalignment of the laser resonator. Both 
of these problems can be circumvented by the use of a non-critically phase-matched

Type I

2(0

Figure 3.20. Walk-off in type I  process.
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Type II

Figure 3.21. Walk-off in a type II process.

condition, in which s  and d  are along principal axes, thereby making p  zero, by (3.47). 
3 .4.2.4 Acceptance Parameters for SHG

Angular, spectral and temperature bandwidths are useful indicators o f the 
tolerance of the frequency-doubling efficiency to deviations from the optimum values 
of these parameters [3.67, 68]. Angular acceptance is a useful concept since this may 
limit the strength of focusing in a crystal. If  the angular width is small, it may be the 
case that the Boyd and Kleinman focusing condition used to obtain (3.6) is not the 
optimum value.

Although spectral bandwidth is not normally an important parameter from a 
practical viewpoint in the doubling of Nd^+ lasers, it can be useful when using a crystal 
with a particular cut in different lasers. For example, it may be required to know how a 
KTP crystal cut for the doubling of a Nd:YAG laser will perform if  used in a Nd:YLF 
or Nd: YAP laser.

If  the doubling crystal has to be heated for phase-matching pmposes, the 
temperature acceptance bandwidth is a useful measure of the temperature stability 
required of the heating oven.

The basic idea that underlies all of the acceptance parameters is the same. From
(3.3) we know that the nonlinear coupling parameter (and hence the conversion 
efficiency and the second harmonic power output) varies as 
x” oc sinc^(Ak/ /  2),
where A k  is the wavevector mismatch. A convenient measure o f the maximum

acceptable mismatch is when 
nAk = ±- (3.50)
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in which case the conversion efficiency falls to 40.5% of its optimum (Ak = 0) value. If a 
particular parameter X  is varied the mismatch varies as

m X )  = for type I, or

Afc(X) =

'*'0)
4:71 (1)

*2û> , for type II.

(3.51)

(3.52)

Expanding Ak in a Taylor series to second order about Ak = 0, the acceptance parameter 
AX is given by the smallest solution of the equation 

(AX)"" dAk

X=Xo (?X
(AX) =  ±

X =X n

E.
T ’

(3.53)

where X q is the value of the parameter at perfect phase-matching. (All otiier parameters 
are assumed constant and equal to their optimum values.) To evaluate the derivatives in 
(3.53), the allowed values of refractive index for the fundamental and second harmonic 
need to be differentiated with respect to the parameter X. This is a lengthy but 
straightforward procedure. The allowed values of refractive index are obtainable from the 
Fresnel equations (3.38), (3.39) as

( 0 _  I  2n and

(I)
^ - B 2 ± V b / - 4 Q  ’

where I is the polarisation state (1  = fast, 2 = slow, corresponding to + and - solutions) 
and C2 are functions of the direction 0 , (j) and the principal refractive indices

' with foims explicitly given in, for example, [3.55].

For critical phase-matching two angular acceptance parameters, A 8 ,A(j) are 
normally given. To calculate spectral acceptance, the Sellmeier equations for the principal 
refractive indices are required, and changes in the fundamental and second harmonic 
wavelengths away from optimum phase-matching are constrained by the relation 
AX^ = 2AA-2 .̂

In the case of temperature acceptance bandwidth, only the first-order term in 
(3.53), is important, so that

AT.I = ±

AT.l = ±

X (0 V

‘■20)
dT d r

-1

, for type I, and

4 dn
X,

(1)
2<m

dT
dn„r  , dn, (2) V

dT dT

-1

, for type II.

(3.54)

(3.55)
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3.4.3 Lithium Triborate, LiBgOg (LBO)
LBO was reported as a new nonlinear crystal in 1989 [3.69]. The lattice 

parameters have been given as a  = 8.45 A, b = 7.38 Â, c == 5.14 Â [3.70]. The crystal is 
chemically stable, non-hygroscopic and has a hardness similar to that of fused silica 
[3.69]. The transparency range has been given as 0.16 - 2.6 jiim [3.70] and 0.16 - 3.5 
jxm [3.71].

Wavelength (nm) nx ....... . ny ......... Hz
523.5 1.5791 1.6074 1.6223
532 1.5785 1.6065 1.6212
1047 1.5659 1.5907 1.6059
1064 1.5656 1.5905 1.6055

Table 3.2. Refractive indices o f  LBO [3.69].

Some refractive indices measured by Chen et al [3.69] aie listed in Table 3.2. 
To four decimal places they are consistent with the Sellmeier equations 

0.01177A^=2.4517 +

n "= 2 .5279  +

n "  =2.5818 +

A"-0.00921 
0.016521"

A"-0.005459 
0.014141"

-0.0096001",

-0.0011371",

-0.0014571".
1^-0 .001186

The highest effective nonlinear coefficient results from type 1 critical room- 
temperature phase-matching in the xy  plane, and is given by equation (3.45). At 1064 
nm the phase-matched direction is 0 = 90% 0 -  10.76% and for 1047 nm (the high gain 
line for Nd:YLF) 9 = 90% 0 = 13.36". These quite small values of 0 result in walk-off 

angles of 0.38" for the doubling of 1064 nm radiation, and 0.45" for 1047 nm based on 
Table 3.2 and equation (3.48). Xie et al characterised the SHG of Nd:YAG in this 
scheme [3.71a]. The phase-matching direction 0 is given by the solution of

nta,z n
1 + tan" 0

1+
(n  \

\ f r l c o , x  )

2

tan" 0

Given the closeness of the principal refractive indices  ̂ and  ̂ 1 and

0.5 p,m ( as illustrated by the quite low values of 0 needed for critical phase-matching 
in the xy plane), LBO may also be used for SHG in a non-critically phase matched 
(NCPM) type I geometry by temperature tuning [3.71 - 75]. This feature is extremely 
attractive since the angular acceptance is greatly enhanced, allowing tight focusing, and 
walk-off effects are eliminated so that there is no intrinsic limit on the interaction 
length. The fact that the fundamental wave experiences no birefringence in the type I
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interaction makes the use of LBO in this geometry veiy attractive for intracavity 
doubling, since it produces no complications relating to the internal polarisation states 
of the laser. Efficient harmonic generation can be achieved simply by using a Brewster 
plate inside the cavity. Velsko et al [3.70] measured the rates of change of the principal 
refractive indices with temperature in the range 20 - 70 °C, which gives a first estimate 
of the phase-matching temperature of 156 °C for the frequency-doubling of the 1064 
nm Nd:YAG transition. However, the thermo-optic coefficients are themselves 
functions of temperature, and most experimental reports give a lower temperature of 
148 - 149 'C. Figure 3.22 shows the variation in NCPM temperature with wavelength 
near 1 pm. Ukachi et al [3.73] measured the FWHM 1064 nm angular acceptances as A 
(jfji/2  = 9 9  1 mrad.cm^''2 A 6  = 71.9 mrad.cm^/^. For 25 mm crystal these values 

give 3.6° and 2.6° respectively. For temperature acceptance the same authors quoted 
AT.l = 3.9 °C cm at 148 °C for 1064 nm. Gontijo [3.75] quoted 4.2 °C cm. Figure 3.23 
shows the variation in FWHM temperature acceptance as a function of fundamental 
wavelength for a 3.9 mm length of crystal.

LBO crystals are normally grown by the top-seeded solution method. A typical 
crystal-growth procédure is as follows: a melt o f Li2 0 :B2 0 3  is kept in a platinum 
crucible at 814 °C, which is 3 °C above the liquidas temperature, for at least 24 hours. 
A seed crystal is then introduced and kept in contact with the surface of the melt for 
half an hour, at which time slight dissolution occurs. The melt is then cooled to a 
temperature just below the liquidas temperature, 811 °C, and maintained at this 
temperature until no growth takes place on the seed crystal for at least 24 hours. The 
melt is then cooled to 800 °C at a rate o f 0.5 °C per day. After growth, the crystal is

Ü
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slowly pulled up from the melt and cooled to room temperature at a rate of 3 °C per 
hour. Typically, a boule 20 x 20 x 15 mm can be produced by this procedure.

Chen et al [3.69] cited the helices of (B3 O7) units and the compact, wide- 
bandgap lattice as the major contributors to LBO's high damage threshold. They quoted 
the damage threshold as 25 GW/cm^ at 1064 nm (0.1 ns pulse). Furukawa et al [3.76, 
77] found the damage threshold to be dependent on wavelength and pulse duration. At 
1064 nm they quoted 45 GW/cm^ (1.1 ns pulse), and 11.2 GW/cm^ (25 ns pulse). At 
532 nm, they quoted 26 GW/cm^ (1 ns pulse). LBO has the highest bulk damage 
thresholds o f any inorganic nonlinear crystal developed to date.

[3.69] calc. [3.69] exp. [3.78] [3.70] [3.71]

Mail 0.94 1.15 + 0.09 1.4 ±0.1 - 1.15
M32I 1.13 1.24 ±0.09 1.5±0.3 0.83 ± 0.06 1.24
Maal 0.26 0.06 ± 0.006 0.08 ± 0.008 0±0.1 0.063
M24I - - 1.4 ±0.3 - 1.15
|di5| ” - 1.3 ±0.3 0.71 ± 0.05 1.24

Table 3.3. Nonlinear coefficients o f LBO in pm/V.

3.4.4 Potassium Titanyl Phosphate, KTi0 P04  (KTP)
KTP belongs to the family of mm2 compounds with formula MTiOXO 4 where 

M  can be K, Rb, Tl, NH4 , or Cs and X is  P, or As. The system KxRbi.xTiOPO4  was 
originally investigated by Zumsteg et al [3.79] in 1976. The lattice constants have been 
given as a  = 12.81 Â, 6  = 6.40 Â, c = 10.62 Â [3.80]. Each unit cell contains eight 
formula units. The structure is characterised by chains of TiO^ octahedra which are 
linked at two comers, and the chains are separated by PC 4 tetrahedra [3.80]. Alternating 
long and short Ti-O bonds occur along these chains, which result in a net z  directed 
polarisation and are the major contributor to the large nonlinear and electrooptic 
coefficients of KTP. The transparency range has been given as 0.35 - 4.5 pm [3.80a].

There are two main growth methods, which result in two types of crystal with 
slightly different sets o f principal refractive indices. In the hydrothermal growth 
process, the seed crystal and nutrient are sealed in a gold tube which is inserted into a 
high temperature - high pressure autoclave. The contents are kept at a constant pressure 
of « 1.7 X  10  ̂ Pa (25 000 psi) and a fixed temperature gradient, typically 600 °C at the 
nutrient and 550 °C at the seed. To produce a crystal boule measuring around 20 x 20 x 
60 mm takes around six weeks.

In the second method, the KTP crystallises on cooling a molten flux. This 
occurs at temperatures anywhere between 700 and 1000 °C depending on the
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Wavelength (nm) nx nv Hz
523.5 1.7808(1.7803) 1.7920(1.7912) 1.8896(1.8922)
532 1.7790(1.7785) 1.7900(1.7892) 1.8868(1.8894)
1047 1.7404(1.7386) 1.7481(1.7463) 1.8303(1.8309)
1064 1.7399(1.7381) 1.7474(1.7458) 1.8296(1.8302)

Table 3.4. Refractive indices o f  KTP [3.81, 82].

composition o f the flux. Growth sizes are o f the order of 60 x 55 x 30 mm, with the 
process lasting between 10 days and two months, depending on the apparatus used.

Some o f the retractive indices are summarised in Table 3.4. Flux-grown values 
are shown in parentheses. The Sellmeier equations have been given as [3.81,82] 

0.89188A^nf  =2.1146 +

«..'=2.1518 +

«.' = 2.3136 +

ü ' - 0.04352 
0.87862A' 

A '-0.04753  
1.00012A'

A '-0.05679  
for hydrothermally grown KTP, and 

0.83733A'

-0.01320A', 

-0.01327A', 

-0.01679A',

n ' = 2.16747 +

« /  = 2.19229+ p

A'-0.04611 
0.83547A'

«.'=2.25411 +

0.04970 
1.06543A' 

A'-0.05486

-0.01713A',

-0.01621A',

-0.02140A',

for flux-grown crystals.
The most efficient phase-matching scheme for the frequency-doubling o f 1pm 

radiation is type II with propagation in the xy  plane, i.e. 6  = 90". The effective 
nonlinear coefficient is given by (3.46). In the xy plane the birefringence is too small to 
compensate for dispersion over a large spectral range, so that SHG is limited to 
wavelengths near 1 pm, althongh in the xz and yz  planes, KTP is phase-matchable for 
SHG in the range 1 - >3 pm [3.80]. In the xy plane, the phase-matching direction (j) is 

the solution of

n.2(0,y
1 +  t a n  0

1 + ^ 2(0,y 
\^2 co ,x  J

tan^0

n03,y

\
l  + tan^0

(̂0,X y

2
1 + tan^0

+ n £0 ,2

For frequency-doubling of 1064 nmNdrYAG, (j> = 24.6° for flux-grown KTP and 26.5° 
for hydrothermal crystals. For 1047 nm, the angles are 37.5° and 38.0° respectively.
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Fan et al [3.82] calculated the full-width angular acceptances for SHG in flux- 
grown crystals as A^. I = 1.05°cm and AQ = 3.37°cm. For a 5 inm length of KTP, 

this corresponds to 2.1° and 4,8°. For frequency-doubling of both 1064 and 1047 nm, 
the walk-off angle is 0.27°, for both hydrothermal and flux-grown crystals.

The nonlinear coefficients of KTP aie summarised in Table 3.5. Although KTP 
has the advantage of high nonlinearity, the type II critical phase-matching scheme 
presents two particular problems when the crystal is used intracavity. The first problem 
arises from the fact that linearly polarised light must be incident on the crystal, with the 
direction of polarisation at 45° in the plane containing the z  axis and the allowed 
direction of polarisation in the xy plane, which is fixed by 0 , in order to achieve the 
type II phase-matching. The crystal therefore acts as a biréfringent element, and unless 
the birefringence is tuned-out either electrooptically or by temperature, some thought 
has to be given to stabilising the polarisation eigenstates within the laser cavity. The 
birefringence also means that the fundamental radiation will not be completely linearly 
polarised throughout the crystal, compromising the phase-matching along its length. 
The second problem is that of walk-off of one of the fundamental waves in the crystal, 
again due to the type II phase-matching. This will cause some self-misalignment of the 
laser resulting in loss which would not occur in for example, type I critically phase- 
matched LBO. The high nonlinearity of KTP is not therefore, a licence to build a laser 
with high linear losses, because to avoid these problems with KTP, the length of ciystal 
used for internal doubling should be kept as short as possible.

[3.79] [3.83] [3.84]

Mail 6.5 1.9 ±0.2 -

IdazI 5.0 3.5 ±0.3 -

|daal 13.7 - -
M24I 7.6 - 3.3
M15I 6.1 - 2.6

Table 3.5. Nonlinear coefficients o f KTP in pm/V.

The occurrence of laser damage, caused by an effect referred to as "grey 
tracking" in KTP crystals has limited the use of this material in high-average-power 
laser systems. The formation of grey tracks is initiated when the passage of a 1 qm  
beam produces photo-excited electron-hole pairs along the beam path by the generation 
of above-band-gap photons, for example by frequency-tripling of the fundamental or by 
two-photon absorption (co + co or eo +2co). Many of the pairs recombine; however, 
some become trapped at stabilising entities such as vacancies or impurities and form 
stable grey tracks. Halliburton and Scripsick [3.85] linked the effect in flux-grown
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crystals to the presence o f TP+ ions which occur where there is an adjacent oxygen 
vacancy. These sites trap electrons, while impurity Fe3+ ions trap holes to form Fe4+ 
centres. The half-life o f these entities was quoted as « 2 horn s at room temperature. The 
tracks cause absorption of the fundamental which can lead to catastrophic bulk damage. 
The presence o f 0.5 [im radiation alone is a necessary and sufficient condition to 

produce grey tracks [3.86]. The threshold for the appearance o f grey tracks depends on 
the individual crystal and the growth method, and ranges from tens to hundreds of 
MW/cm2. Jacco et al [3.86a] observed the onset o f grey tracks at a fluence o f 352 
MW/cm^ and catastrophic damage at 600 MW/cm^ using a Q-switched Nd: YAG laser. 
The problem does not therefore usually arise in the internal doubling o f CW lasers, 
unless the crystal is particularly impure. Modelocked and Q-switched devices can be 
limited by the effect.

A principal feature of grey tracks is their disappearance by annealing. At room 
temperature the tracks disappear over a period days to months. Heating to 65 °C was 
reported to remove the tracks in about an hour [3.87]. Grey tracking in KTP is similar 
to photorefractive damage in LiNbOg in that heating to 100 - 200 °C significantly 
reduces or elimates the problem [3.86].

3.5 Concluding Remarks

In this chapter, the theoretical aspects of intracavity frequency-doubling have 
been reviewed. In the practical systems described in chapters 4, 5 and 6, this knowledge 
was used both in the design of the lasers, and in the assessment of their harmonic output 
power performance. The avoidance of chaotic behaviour in the intensity of the second- 
harmonic output is an important subject because internally-doubled lasers are very 
often used as pump sources for other devices. Any practical internally-doubled laser 
design must therefore have regard to either the control or elimination of the nonlinear 
coupling between longitudinal modes. This chapter has also reviewed the properties of 
the two nonlinear crystals which are most commonly used for the internal frequency- 
doubling of 1 |xm Nd lasers, LBO and KTP.
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Chapter 4

Sm E PUMPED Nd:YAG SLAB RING LASER

4.1 Introduction
This chapter describes the design and performance of a ring laser which used a 

side-pumped slab o f NdrYAG as the amplifier. By using an optical diode in the 
resonator, highly reliable single-ffequency output was achieved at 1 pm with powers up 

to 2.6 W in a TEMqo beam, and by intracavity frequency-doubling up to 1.1 W of 
single-ffequency 0.5 pm  output was obtained. This laser system was used as a pump 
source for a CW OPO [4.1] and a holosteric TiiA^Og ultra-short pulse laser. The 1 pm  

laser was also operated with a non-planar ring resonator in order to investigate the 
phenomenon o f polarisation rotation in non-planar rings. The purpose of this was to 
examine the possibility of using a non-planar resonator to allow a reduction in the 
number o f intracavity elements in the laser, thereby reducing the internal losses and 
increasing the amount o f extractable second-harmonic power when intracavity 
frequency doubling.

4.2 Pump Sources

4.2.1 Power Output and Beam Properties
Two 20 W CW AlGaAs 1 cm diode-laser bars (model SDL 3460 S) were used as 

pump sources. The bars were consecutive production units and had very similar 
operating characteristics. These are summarised in Table 4.1. The beam divergence 
half-angle for containing 100% o f the output radiation was 40° in the plane 
perpendicular to the bar, and 5° in the plane parallel to the bar.

4.2.2 Dependence of Emission Wavelength on Temperature and Current
Temperature-tuning of the output wavelength was examined for both devices, by 

varying the bars’ heat-sink temperature at fixed drive current and scanning the output 
with a monochromator. Changes in wavelength with current at fixed heat-sink 
temperatures were also investigated. These measurements were important to establish 
the heat-sink temperature which would result in the coincidence o f the emission 
wavelength with the peak absorption wavelength for Nd:YAG of 807.5 nm at the
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GH 900 GH 901

Differential Quantum Efficiency 71% 73%

Threshold 10.2 A 10.3 A

Slope Efficiency 1.081 W/A 1.105 W/A

l @ 2 0 W 28.7 A 28.4 A
Specified X  @  25°C 808 nm 808 nm

Specified spectral FWHM 1.6 nm 1.7 nm

Power Output P = 1.081(1-10.2) P = 1.105(1-10.3)
Table 4.1. Diode-bar properties.

maximum pump level. A typical scanning monochromator trace is shown in Figure 4.1. 
The FWHM of the emission was measured to be typically (2 ± 0.2 ) nm and was 
independent of the heat-sink temperature and drive current. The variations in the 
emission wavelengths of the two bars with temperature at a fixed current of 17 A are 
shown in Figure 4.2. The temperature dependent wavelength shift was +0.27 nm/°C for 
GH 900 and +0.22 nm/°C for GH 901. Because the amplifier was side-pumped, the 
absorption path was relatively short so the two bars were operated with their heat sinks 
at 29 °C to obtain emission as close as possible to the peak absorption wavelength for 
Nd:YAG of 807.5 nm. The actual temperature of the bars’ active layers would have 
been significantly higher than this at full drive current.

The change in emission wavelength with drive current at fixed heat-sink 
temperature was also investigated. Figure 4.3 shows the behaviour for heat-sink 
temperatures of 18 °C and 28 °C. Bar GH 900 gave gradients of +0.15 and +0.19 nm/A 
at 18 °C and 28 °C respectively. Bar GH 901 gave +0.20 and +0.16 nm/A. Due to the 
narrow absorption features of NdiYAG together with the short absorption path in side- 
pumping, this drift in the bars’ wavelength with drive current was sufficient to have a

a

Figure 4.1. Scanning monochromator trace o f  diode-bar output wavelength. (Bar GH
900, 28 °C, 25 A.)
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detrimental effect on the maximum output power of the laser if  the heat-sink 
temeperatures were not carefully chosen. This is a particularly important consideration 

for side-pumped systems.
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4.2.3 Tem perature Regulation of Diode-Bars
The narrow absorption feature of NdiYAG at 807.5 nm meant that the diode- 

bars had to be temperature regulated. The arrangement used for this is shown in Figure 
4.4. The bar package is bolted to a brass or copper block in which a thermistor is 
embedded. High-purity 125 pm thick indium foil was used between the package and the 

block to establish good thermal contact. A thermo-electric cooler (Peltier cooler) is 
permanently bonded between this block and a water-cooled heat sink using thermally 
conductive setting epoxy. A commercial temperature controller supplies whatever 
current is necessary to the Peltier device in order to keep the upper block at the required 
set point. A typical Peltier cooler {e.g. Marlow DT 1089) is able to sink 20 - 30 W for a 
current of 2 - 3 A. The temperature controller's differential and integral time constants

controller 
(Marlow 5010)

Low voltage 
current supply 
(Kingshill)

125 pm indium foil

Diode-barDrive current

N IC  10K thermistor

TE cooler leads

Copp
T herm o -e îec te  cooler

Brass water-cooled heat-sink 

Figure 4.4. Diode-bar operating arrangement.

were set to give a fast response to changes in the heat load brought about by varying the 
bar's drive current. The drive current was provided by a low-voltage current supply. The 
cathode contact is the bar's upper casing; the anode contact is at the base of the package 
so that the copper block could be used for this. Copper multi-core switch-gear cable 
with a DC rating of 50 A was used to connect the current supply to the bar. Although 
the current supply was capable of driving the two bars in series, two separate supplies 
were used to allow greater flexibility in the pump power delivered to the slab.

4.3 A m p lif ie r
A plan view of the gain element used for the laser is shown in Figure 4.5. The 

Nd:YAG slab was of 1.1% doping and was cut into a slab measuring 6 mm high, 20 
mm long and 2.6 mm thick. No special dielectric coatings were used on any part of the
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slab which was mounted in a water-cooled brass block such that heat was removed via 
the top and bottom surfaces. Indium foil was used between the block and the mount to 
provide good thermal contact. The design of the slab was such that the laser mode, on 
entering the slab at the Brewster angle (polarising the laser in the horizontal plane) was 
first expanded and then effectively spread over a 1 cm length at one edge of the slab, 
thereby coinciding spatially with the emission of the first diode-bar. The mode 
undergoes a total internal reflection at this site (grazing angle 10.5°) and is reflected to 
the other side of the slab where it is pumped by the second bar. After a second total 
internal reflection the mode exits the slab, again at the Brewster angle.

The aperture of the slab (D in Figure 4.5) was designed to be 1.3 mm, which 
was estimated as the largest likely mode diameter at the slab for the ring resonator to be 
used. Inside the slab, the saggital mode diameter is expanded by a factor of 1.8 to about
2.4 mm (D' in Figure 4.5). This has two highly beneficial effects. First, the mode is 
expanded so that the full 1 cm emission width of the diode-bars is utilised. Second, the 
saggital expansion of the mode together with the mode's reflection at the edges of the 
slab results in half the width of the slab being filled with the laser mode at the sites 
opposite the diode-bars. The useful aborption path of the pump light was therefore 
about 1.3 mm, which is more than one aborption length at 807.5 nm. This is a 
considerable improvement over a simple side-pumped rod not only because of the 
increased pump-mode interaction length, but also because very little of the pump light

s a w . in s

mm

20 mm

Figure 4.5. Side-pumped Nd.YAG slab amplifier.
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is wasted outside the mode volume.
Another benefit of this amplifier design is evident from the equivalent pump 

scheme shown in Figure 4.6. The reflection of the laser mode at the edges o f the slab 
means that the mode is effectively pumped across its entire width, improving efficiency 
and allowing TEMqo transverse mode operation to be easily achieved. At the central 
portion of the slab's length where the mode overlaps the last few millimeters of the 
diode-bar, the mode reflection ensures that the absorption path is kept up to = 1.3 mm.

Although the saggital width of the laser mode is inflated within the slab, the 
astigmatism is removed when the mode exits the slab at the complementary Brewster 
angle. Thus the slab does not introduce any net astigmatism into the resonator mode 
which might have a detrimental effect on other aspects of the laser's performance.

The diode-bars together with their heat-sinking systems were mounted on 
xyztranslation stages and positioned so that the facets were as close as possible to the 
sides o f the slab. No special coupling optics were used. The aim was to absorb the 
pump in a short depth before the 40° divergence caused reduction in the pump-mode- 
overlap. Possibly this was the main weakness of the design; fibre lenses could have 
been used to collimate the bars' output, allowing the benefits of the slab design to be 
more fully exploited. However, this would have made the alignment of the laser much 
more critical in that the laser mode and the diode-bars' facets would needed to have 
been exactly in the same plane. Further mechanical positioning flexibility would have 
been required, adding to the complexity of the system.

Thermal lensing and thermal birefringence are well known to be limiting factors 
in the maximum output o f this type of laser. In this slab design the pumping and 
concomitant thermal load were distributed over a length of 20 mm so that these effects 
were miniinised.

This side-pumped design had the potential to be scaled up by simply adding 
further amplifier elements, should this have been required.

Figure 4.6 . Equivalent pumping scheme.
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4.4 Resonator

4.4.1 Estimation of Mode-Sizes; Stability Ranges
The full layout of the resonator for intracavity frequency-doubling is shown in 

Figure 4.7. A four-mirror bow-tie arrangement was used to keep the angles of incidence 
on the two curved mirrors to a minimum, thereby limiting the astigmatism in the output 
beam produced by these mirrors. In practice, the mimimum angle achievable was 
approximately 30° because of the size of the oven housing the LBO crystal, which had a 
diameter of 30 mm. A large oven was required to give thermal stability for the 
temperature-tuned LBO crystal.

TGG Faraday Zero-order 
rotator x/2 plate

Diode-bar

Plane, HR @ 1pm

Plane, HR @ 1pm 
or output coupler @ 1pm

,1pm
output

Nd:YAG
slab 

Diode-bar

ROC = 
-100 mm

HR @ 1pm

LBO crystal in 
heated oven

0.5pm output

ROC = 
-100 mm

HR @ 1pm, 
HT @ 0.5pm

Figure 4.7. Single-mode intracavity-doubled Nd.YAG slab ring-laser.

Estimation of the mode size at a given point for various cavity configurations 
was made by finding the relevant ABCD matrix for one round-trip and requiring that the 
complex beam parameter q reproduce itself after one trip round the ring. In other words 
we seek the solution of the equation

where the complex beam parameter q is given by
1 ^ 1  /A

q{z) R{z) 7tnw^{z)

Stable cavities are characterised by real values of the wavefront radius of curvature R(z) 
and the 1/e electric field radius w(z). For a round-trip matrix ABCD these quantities are 
given by
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2B

and

w  =
■■ 71

C { A - D f
-1/4

0 ^ 0B 2B̂
The results o f such an analysis for an empty four-mirror bow-tie ring with a 

plane mirror separation of 250 mm and an angle of 30° are shown in Figure 4.8. The 
cavity is stable for curved mirror separations between 100 and 115 mm. Even at the 
large separation end (towards 115 mm) where the saggital mode radius increases 
rapidly, the mode radius is less than 600 pm  so that the 1.3 mm aperture o f the slab 
amplifier is quite adequate. However, the astigmatism introduced by the large internal 
angle o f 30° is quite clear. Figure 4.9 shows the behaviour when the Nd: YAG slab is 
introduced into the cavity midway between the plane mirrors. The distance from the 
plane mirrors to the slab faces was taken to be 120 mm. The stability range remains the 
same as before although there is a significant increase in the mode radii. Figures 4.10 
and 4.11 model the mode radius in the slab and the waist radius at the focus of the ring 
when a 25 mm LBO crystal is placed midway between the two curved mirrors. The 
range o f curved mirror separations for which the resonator is stable is now 9 8 - 1 0 9  
mm. The tangential mode radius in the slab is now quite sensitive to the curved mirror 
separation. The waist at the focus of the ring is minimised by setting the cui ved mirror 
separation close to the stability limit of » 109 mm. At this point the astigmatism is quite 
severe, the saggital waist radius being around 60 pm  while the tangential waist radius is 
about 30 pm.

An important question to be answered was whether the Boyd and Kleinman 
focusing condition could be achieved in the LBO crystal while maintaining a stable 
cavity configuration. For a 25 mm length of LBO, optimum focusing is achieved for a 
confocal parameter o f 4.4 mm. The corresponding waist radius needed is given by

(4.5)
V Tvn

which in this case is 31 pm. The conclusion was therefore that by operating the laser 

with the curved mirrors as far apart as possible optimum focusing could be achieved in 
the tangential plane, although the « 60 pm  saggital waist meant that optimum nonlinear 
coupling could not be achieved. The fact that optimum nonlinear coupling coefficient 
could not be attained was unfortunate given that the modest non-linear coefficient of 
LBO and the modest gain over linear loss for a ring laser together meant that non-linear 
under-coupling was likely even if the Boyd and Kleinman conditions could be reached. 
However the use of a ring laser enabled single-frequency operation to be reliably 
achieved at all puming levels, and the type I non-critical phase-matching in LBO meant
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that the horizontally polarised laser mode was not disturbed by birefringence effects in 
the nonlinear crystal.
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Figure 4.11. Waist sizes in LBO crystal.

4.4.2 Unidirectional Operation
Single-longitudinal mode operation was achieved by causing only one of the 

two possible directions around the ring to lase. The travelling wave in the ring has the 
effect of eliminating spatial hole burning so that only the mode with the highest gain 
operates. Unidirectional operation is achieved in a ring laser by introducing a 
differential loss between the two directions so that the lower-loss direction is 
preferentially amplified and establishes itself, excluding the other direction. 
Unidirectional lasing was achieved in this case by inserting a Faraday rotator and a half
wave plate into the cavity, so that for one direction there was no loss on entering the 
Nd:YAG slab at the Brewster angle, while for the other direction, rotation of the (linear) 
polarisation out of the plane of the ring caused significant loss to be introduced. The 
principle is illustrated in Figure 4.12. The method relies on the non-reciprocal rotation
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B' A'CD'

Figure 4.12. Action o f an optical diode.

produced by the Faraday-rotator, i.e. the sense of rotation depends on the direction of 
travel for a fixed direction of the magnetic field through the TGG material. At point A 
in Figure 4.12, the laser is polarised in the plane of the ring. After passing through the 
Faraday rotator, the plane of polarisation is rotated, say in right-handed sense, by a 
certain angle which is typically a few degrees. The half-wave plate C is rotated so that 
one of its axes bisects the angle that the polarisation direction at B makes with the 
horizontal. Thus at D the polarisation is restored to the horizontal plane and no loss is 
experienced on entering the Nd:YAG slab at the Brewster angle. For the opposite 
direction (starting at A') the half-wave plate is encountered first, giving an effective 
rotation which is the same as that produced in going from A to B. The polariation at C  
is therefore the same as that at B. However on passing through the Faraday rotator the 
rotation sense is now left-handed so that the plane of polarisation is rotated further away 
from the horizontal plane rather than being restored. Consequently this direction will 
experience Fresnel loss on entering the NdiYAG slab.

4.5 Laser Perform ance

4.5.1 Operation at 1 |im

4.5.1.1 Output Power
The laser was operated at 1 |im by replacing one of the plane HR mirrors by a 

series of plane output couplers. Figure 4.13 shows the output obtained without the 
optical diode {i.e. bidirectional operation) and Figure 4.14 shows the unidirectional 
single-frequency performance obtained by inserting the optical diode into the cavity. 
For the bidirectional laser the highest output achieved was 3.04 W at 19.2% slope

n q i n r r  i  tV^p I p q p r  w n q  ■ r> r> pfn tpH
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unidirectionally the highest output obtained was 2.6 W at 17.4% slope efficiency. The 
optimum coupling remained at 5%. As can be seen from Figures 4.13 and 4.14, the 
output begins to roll off at about the 25 W pumping level. This was probably due to a 
combination of thermal lensing in the Nd:YAG slab affecting cavity stability, and 
thermal birefringence causing the laser mode to become slightly elliptically polarised. 
This causes loss at the ends of the slab.

In order to assess the performance of the laser when intracavity frequency- 
doubling, estimates of internal linear losses were made. This was done by comparing
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pairs of slopes in Figures 4.13 and 4.14. The ratio of two slopes 5 and s' obtained using 
output couplers T and T  is

where L is the internal loss. This gave the internal loss as 1.6% for the bidirectional 
laser and 4.5% for the unidirectional laser. The somewhat high value of L for the 
unidirectional laser was attributed to the loss introduced by the TGG Faraday rotator 
which probably accounted for much of the additional 2.9% loss.

Estimates of the amplifier's unsaturated gain were made by replotting the output 
power as a function of output coupling at certain fixed pumping levels. The results of 
this are shown in Figure 4.15. At the points Tz where the curves fall to zero, the gain is 
equal to Z + For the pump powers shown, the unsaturated gain was in the region of 
9 to 15%. At the full pump power of 25 W, the gain was approximately 25%.
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Figure 4.15. Output power against output coupling for the bidirectional (left) and 
unidirectional (right) ring laser. Incident pump powers are as indicated.

4.5.1.2 Beam Quality
The beam profile of the single-frequency 1 p.m output at a pump power of 23.5 

W was obtained by scanning its cross-section with a 5 pm  diameter pinhole over an 
ordinary silicon photodiode. A typical pair of horizontal and vertical profiles is shown 
in Figure 4.16. At this high pump level, the departure of the beam from a true Gaussian 
shape is pronounced, and the astigmatism predicted from section 4.4.1 is also evident. 
At pump powers of <« 10 W, the profiles were Gaussian, although the output was still 
astigmatic. The h4P factor of the beam in the horizontal and vertical planes was 
estimated at the 23.5 W pumping level by focussing the output beam with a lens and
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measuring the subsequent waist Wq and far-field diffraction angle 0, again using a 
scanning 5 p,m pinhole. The value is given by

(47)

The results obtained for the two planes are summarised in Table 4.2. The beam quality 
clearly deteriorates at high pumping levels, although this laser compares favourably 
with other side-pumped systems of similar output power.
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Figure 4.16. 1 pm beam profiles at 23.5 Wpump power.

Waist Wo (pm) Far-field angle #(mrad)

Saggital (Horizontal plane) 601 0.77 1.37

Tangential (Vertical plane) 258 1.72 1.31

Table 4.2. Beam parameters after focussing with f ^  200 mm lens. Pump level = 23.5W.

4.5.2 Operation at 0.5 |j.m

4.5.2.1 Output Power Behaviour
Single-frequency 0.5 jxm output was obtained by replacing the output coupler 

with a plane high reflector and inserting an oven-heated LBO crystal (length 25 mm) at 
the resonator focus. The oven was mounted on a small prism table which was itself 
mounted on an xyz translation stage. The crystal therefore had six degrees of freedom 
{xyz plus yaw, pitch and roll) allowing the visible output power to be fully maximised. 
Non-critical phase-matching was achieved at a temperature of 143 °C. The variation of 
the second harmonic output with temperature is shown in Figure 4.17. The FWHM 
temperature bandwidth was measured as 1.3 °C. In order to prevent drifting o f the
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Figure 4.18. 0.5 pm output power.

harmonic output power, a commercial temperature controller (Smatex model LAB 10) 
was used to stabilise the oven temperature to <± 0.01 "C. The maximum harmonic 
output power achieved for the maximum pump power of 25 W was 1.2 W, representing 
a conversion efficiency from 810 nm to 532 nm of 4.8%. However, the output power 
was limited to approximately 1 W on a régulai* basis. As for the 1 |xm operation, the 
single-frequency output was confirmed using a scanning confocal Fabry-Perot 
interferometer. The small amount o f 1 p,m leakage from one of the high reflectors was 

used for this. The best output power characteristic that was observed is shown in Figure 
4.18. This curve was obtained by "tweaking" the crystal position and orientation at each 
pumping level. Simply increasing the pump power was never sufficient on its own to 
achieve the full potential visible output for a given pumping level.

The theoiy outlined in chapters 1 and 3 can be used to assess the second- 
harmonic output-power performance of the laser. The maximum unidirectional, single- 
fi*equency 1 pm  output power was 2.6 W. The unsaturated gain Jo I at this output level 
was estimated to be « 25%, and the internal linear loss Ô o f the laser was estimated to 
be 4.5%. Assuming that this output was achieved at close-to-optimum output coupling,
the saturation power of the laser is given (approximately) by 

P.0) , out max.
sat

This gives Psat « 31 W. For a standing-wave cavity the relevant expression is
2P CO,out m a x

sat
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In both the travelling and standing-wave cases, so that the saturation

power figure is a measure o f the extent o f the pump-signal overlap. The optimum 
nonlinear coupling is given by (3.16) as 1.45 x lO'^ W“^ while the maximum 
obtainable from a 25 mm LBO crystal, using "Boyd and Kleinman" focusing is 7.3 x 
10-4 W L  Thus even with the most favourable focusing possible, the laser would have 
been under-coupled by a factor of two. Using equation (3.10) it can be shown that with 
"Boyd and Kleinman" focusing this particular laser should have produced 2.44 W at 
532 nm. The actual maximum harmonic output power o f 1.2 W, indicates an actual 
nonlinear coupling factor k  of ~ 15% of the "Boyd and Kleinman" value. Some o f this 
under-coupling may be attributed to inadequate focusing and the quite severe 
astigmatism of the laser mode in the LBO crystal, although it should also be noted that 
this calculation can only serve as a guide to the laser's performance. This is because the 
values for unsaturated gain, linear loss and saturation power were only estimates.
4.5.2.2. Beam Quality at 0.5 fim

The beam profile o f the harmonic output was scanned using a 5 pm diameter 
pinhole and photodiode as for the 1 pm  output. Again, the pump power was 23.5 W and 
at the time the scanning was carried out this resulted in 922 mW of green power. After 
collimation with a 100 mm focal length lens, a beam waist was produced using a lens of 
200 mm focal length. A typical pair of far-field profiles is shown in Figure 4.19. 
Although astigmatism is again evident, the harmonic beam profile is clearly much 
closer to a true Gaussian shape than the 1 pm beam at the same pumping level. This can 
be attributed to the dependence o f the green intensity on the square of the 1 pm  

intensity at a given transverse point in the beam cross-section.
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Figure 4.19. 0.5 pm beam profiles at 23.5 Wpump power.
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As for the 1 pm  case, the value o f the beam was obtained by locating and 

measuring the beam waist, and measuring the far-field diffraction angle. The results are 
shown in Table 4.3. The harmonic beam quality is clearly better than that in the 1 pm  

case, and this was again due to the nature of the doubling process.

Waist Wb(pm) | Far-field angle 0(mrad) /W2

Saggital (Horizontal plane) 114 1.48 1.11

Tangential (Vertical plane) 93 1 1.83 1.10

Table 4.3. Harmonic beam parameters after collimation and focussing. Pump level
23.

4.6 Use of Non-Planar Ring Resonators to Obtain Unidirectional, 
Single-Frequency Lasing

4.6.1 Introduction
In ring lasers it is well known that single-frequency operation can be obtained 

by enforcing unidirectional operation so as to eliminate spatial hole burning. To achieve 
such operation, it is necessary to introduce some small differential loss between the two 
lasing directions, so that the low-loss direction exclusively dominates the laser action. 
At present two methodologies exist for introducing the differential loss.

The first technique, based on the acoustooptic (AO) effect, can be implemented 
in two ways [4.2]. In the "intrinsic" method, a travelling-wave AO modulator is placed 
inside the laser resonator, and the resonator is aligned so that the circulating field is 
diffracted from the two sides of the modulator. Since the grating in the modulator is 
moving, the angles of incidence for which the Bragg condition is satisfied are slightly 
different for the two counter-propagating beams, and as a result they experience slightly 
different losses. The loss difference is usually more than enough to obtain unidirectional 
operation. In the "feedback" method, a single pathway through the modulator is defined 
and the diffracted beam is reintroduced to the main laser cavity via the modulator by a 
second ring. The diffracted beams for the two directions have different frequencies, and 
therefore experience different round-trip phase-shifrs in the feedback path. As a 
consequence, the counter-propagating beams in the main laser cavity are generally 
attenuated by different amounts, allowing unidirectional operation. The AO technique 
has been successfully demonstrated in several lasers [4.3 - 5].

The second method, which is more established than the AO schemes, uses the 
Faraday effect, and has been discussed in section 4.4.2. A variation on this method has
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been to use non-planar rings in place of the wave-plate to provide the reciprocal 
rotation, but keeping the Faraday effect to provide non-reciprocal rotation, as in for 
example [4.6]. In particular, the rotation effect of non-planar rings has been 
successfully combined with the Faraday effect in Nd:YAG in "monolithic non-planar 
ring oscillators" [4.7 - 10].

The laser so far described in this chapter was operated in a non-planar ring 
arrangement in order to investigate the possibility of removing the half-wave plate 
wliist still achieving unidirectional operation. For deformations of the ring of a specific 
kind (descibed below) the effect of the polarisition rotation was both measured and 
calculated. The calculation o f the amount of rotation was performed in two ways. The 
first used a standard method based on coordinate systems set in the beams between the 
mirrors. Other reseai'chers had used this method [4.11 - 14], although the non-planar 
geometries they had investigated were simple in comparison to the present laser, 
generally being skew-square rings (or slight variations thereof) in which the beam is 
confined to two planes only. This method was found to be quite complicated for the 
laser geometry used here and therefore a vector method was developed in parallel with 
the standard method which was much simpler. The two methods were consistent with 
each other and with experimental results [4.15].

4.6.2 Deformation of the Ring
The ring laser described above was rebuilt in the vertical plane for the purposes 

of the investigation. Elevation and plan views of the arrangement are shown in Figure 
4.20. The two curved mirrors M2, M3 were mounted on a rotatable aluminium bridge 
with axis of rotation X-X, such that the "non-planar angle" Ü  could be set to any 
desired value. The angle L2 was used as a measure of the extent of deformation and 
non-planarity of the ring. Various geometries were possible by varying the plane mirror 
separation L, the curved mirror separation D, and the perpendicular height h between 
beams 3 and 1. Two rings were investigated for the dependence of their amount of 
polarisation rotation on the angle 12.. In the first case the dimensions were L = 220 mm, 
D = 100 mm , h = 55 mm. For the second ring the values were L = 215 mm, D = 100 
mm, h = 85 mm.

4.6.3 Calculation of the Amount of Rotation
4.6.3.1 Beam-based Method

If we assume that beam 1 in Figure 4.20 is linearly polarised in the horizontal 
plane {i.e. in the plane of the paper in the "plan" view) the effect of the non-planarity of 
the ring is such that in moving from point P to point Q on the path M1-M2-M3-M4, the 
electric field vector is rotated so that at Q it makes some angle with the horizontal
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plane. This “characteristic rotation” of a given arrangement {i.e. for given values of L, 
D, h, Q) was denoted 6 c . The calculation of 0^ is a geometrical problem.

In the first method of calculation, a beam-based approach was taken, /. e. using 
coordinate systems set in the beams as shown in Figure 4.21 for the first reflection. An 
example program for the method is given in Appendix 1. In Figure 4.21, n i is the 
mirror normal and N i is the normal to the plane of incidence. The frames xiyizi and 
X] ’y 1 ’zi ’ are the beam-based coordinate systems before and after the first reflection 
repectively. To implement this method, the four angles of incidence have to be 
determined and also the angles between consecutive plans of incidence. In order to find 
these two sets of angles, the whole system is referred to the coordinate system ijk (see 
Figure 4.20) in which the j direction is collinear with the straight line joining the two 
plane mirrors and the k direction is in the vertical direction. The angle a  can be 

calculated given L, D and h. In addition the unit vectors representing the incident and 
reflected ray directions for each of the four reflections can be found. The scalar product 
of these two vectors leads to the angle of incidence while the vector products allows the 
normal to the plane of incidence to be found. The scalar products of such normals give 
the angles between the various planes of incidence.

The normal to the plane of incidence and the incident and reflected ray vectors 
can also be used to calculate the mirror normals. Although these are not required for the 
beam-based method they are required for the vector method described in section 4.6.3.2 
below.

With these geometrical preliminaries completed, the rotation calculation can be 
started. This begins on line 99 of the program given in Appendix 1. Starting with the 
part of beam 1 immediately before mirror M l, the field is taken here as horizontally 
polarised. A system of coordinates XYZ  is set up with Z as the direction of propagation 
andX  and Y parallel and perpendicular to the horizontal plane, as shown in Figure 4.22. 
In this system, the initial unit vector of the E field is (1,0,0). This is easily converted to 
the ijk system using the angle a . The scalar product of the E vector in the ijk system 
and the unit vector normal to the first plane of incidence (Nj) gives the angle between 
the horizontal plane and the first plane of incidence, and this is used to construct a 
matrix which transforms the E field components in the XYZ  frame to the frame xiyizj 
in the first plane of incidence. Given the E field components in this system, those in the 
xfyi 'zi '  frame (the coordinate system immediately after the first reflection) are the 
same except that the x component is reversed in sign. These components are then 
transformed into the frame which is the frame used for the polarisation of the
incident ray of the second reflection. The direction x% is parallel to the second plane of 
incidence, while the direction y 2 is perpendicular to this plane. Z] coincides with the 
beam direction between mirrors Ml and M2. To carry out this transformation the
Aj y 1 aiCiii  xa l u t u i c u  a u u u t  mC aAxa uy u i c  a i i^ ic a  u c i v v c c i i  inw i i i a t  ivvu p i u i i c a
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Figure 4.20. Elevation and plan views o f the non-planar ring resonator.
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Figure 4.21. Reflection at the first mirror.
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Figure 4.22. Relation between XYZ and ijk systems.

incidence. This process of reflection plus coordinate tranformation between consecutive 
planes o f incidence is carried out for all four reflections. Finally the components have 
to be transformed from the frame to xiyizi  so that the initial and final
polarisation states can be compared. The scalar product of the initial and final unit E 
field vectors gives the amount o f polarisation rotation produced by the ring 6  c .

Given the complexity of this method for this particular ring, a simple check on 
the various transformations was built into the program. If C(a,b) is the transformation 
between planes of incidence a and b {i.e. to transform between frames x j y j z j  and 
xyyyzy ) and R(a) is the transformation for reflection at mirror a (i.e. to transform 
b e t w e e n  f r am e s  XgyaZa a n d  x j y j z j )  t h e n  the  m a t r i x  
C(4,1)R(4)C(3,4)R(3)C(2,3)R(2)C(1,2)R(1) should be equal to the identity matrix, and 
this was found to be the case (see lines 190 - 192 in the program in Appendix 1).

The form of a transformation matrix C(a,b) is 
^ cos{ ± s in {  0^
+ sin §  cos{ 0

. 0 0 1,
i.e. a rotation about the Za axis where ^  is the angle between planes of incidence a and 
6, while that of a reflection R(a) is 
^ 1 0  0 
0 cos(;r~ 2zJ ± sin (;r-2 /^ )
0 + s in ( ;r~ 2 z j c o s ( ;r-2 z J

i.e. a rotation about the Xa axis where ia is the angle of incidence for the ath reflection. 
The choice of ± depends on the particular sense of coordinate-frame rotation.

As the non-planar angle Ü  is reduced, two critical points are reached where the 

form of some of the matrices in the program need to be changed. The first is when 
beams 1 and 2 (and beams 3 and 4) lie in a vertical plane; this occurs for £2 -13°.  The 

second, and more interesting, point is when the angle bewteen the first two (and last 
two) planes o f incidence is 180°. This happens when £2= a ,  i.e. when beams 1 and 3 
are parallel. At this point the net rotation produced by the ring is zero; further reduction
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of the non-planar angle O  causes polarisation rotation in the opposite sense. Thus 
although the ring is never exactly planar (due to the displacement of beam 1 by the 
NdrYAG slab) there is nevertheless a point of zero net rotation. To cover the three 
regimes, two others programs were written, both very similar to that given in Appendix 
1, but with the forms of some of the matrices slightly modified. The results of the 
calculation for the two rings under consideration are shown in Figure 4.23.
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Figure 4.23. Polarisation rotation versus non-planar angle.

4.6 .3.2.Vector Method
Although the beam-based method is easily applied to simple non-planar 

geometries, it is clearly unwieldy for the four-mirror system here. A much simpler vector 
method for the calculation of polarisation rotation was therefore developed. In this 
method, the polarisation vector incident on a given mirror is resolved into two orthogonal 
components in the plane containing the mirror normal n and the incident polarisation 
(electric field) vector p, as shown in Figure 4.24. One component is parallel to the mirror 
normal n, and the other is in the direction (pxn)xn. This latter component is reversed in 
sign upon reflection while the former remains unchanged. The input and output 
polarisation vectors ip and p ' respectively) for a reflection are thus 

,/v ..... f ,. ( p x n ) x n | ( p x n ) x n

, .... [ .  ( p x n ) x n ]  ( p x n ) x n

This procedure is applied to the four mirrors in turn, the output polarisation vector from 
one reflection forming the input polarisation vector for the next. The entire calculation is 
performed with respect to a single (laboratory) coordinate frame. As in the previous
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method the amount o f polarisation rotation is obtained from the scalar product of the 
initial and final polarisation unit vectors. The program for this method is given in 
Appendix 2, and produced exactly the same results as the beam-based method, although 
it is clearly much shorter.

Figure 4.24. Vector method fo r calculating polarisation rotation.

4.6.4 Polarisation Eigenstates of a Non-Flanar Ring
The analysis of the polarisation eigenstates of a non-planar ring can be carried 

out using the simple Jones matrix formalism. The electric field vector E at point P in 
Figure 4.20 can be referred to axes xy with y  as the vertical direction and x  horizontal, 
as shown in Figure 4.25. Suppose it makes some angle a  with the x  axis. After one trip 
round the ring to the point Q, the vector is rotated by the characteristic angle 6  c so that 
the angle with the x  axis is now a+Oc . If  there is no attenuation of the field on the path 
M1-M2-M3-M4 the field vector at Q will have the same magnitude as that at P:
|E'| = |E| = £.
In vector-matrix form

E' = RE
where

^ E s in a ^  f E s m ( a  + 9 J ^
E co sa

E'

and the rotation matrix 
^ COS0, s i n 0 . ^

E cos(a  + 0 J
C / J

R
■sin0. cos^,c j

If one of the mirrors causes loss (e.g. an output coupler) the magnitude of the field is 
reduced ( |E'| < |E|), although the amount of rotation is unaffected unless the components
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Figure 4.25. Polarisation rotation by angle 6 ,

parallel and perpendicular to the plane of incidence are attenuated by different amounts. 
This only occurs when the angle of incidence is quite large (>«10° ).

The partial polarisation of the Brewster surfaces can be introduced by the matrix

T =
0 1

where t is the electric field amplitude transmission, which can be obtained using the 
Fresnel equations. For example, for the Nd:YAG slab only, t = 0.7128; if  a glass 
Brewster plate is also introduced next to the slab (between P and Q), t = 0.6076. The 
experimental part of the investigation required measurement of the power reflected 
from the Brewster surface o f the Nd: YAG slab. However, because this was obscur ed by 
the cooling block for the slab, a glass Brewster plate was added into tlie cavity. The 
round-trip Jones matrix for the ring starting and finishing at Q and following the path 
M1-M2-M3-M4 is therefore

^ tcosO.. s in 0 .^
M = RT

■tsmd^ cos 6 .

where in the present case t = 0.6076. For general t the eigenvalues are

^ 1,2 -
_  ( 1 + f )c o s 6̂  ±  +  cos^ 0 ^ -A t

(4.8)

(4.9)

The intensity transmissions for the two eigenstates are

"̂ 1,2 “  l'^i,2l • (4.10)
There is clearly an upper limit on $c if linearly polarised eigenstates and comcomitant 
real eigenvalues are to be preserved. The critical characteristic angle above which the 
states are elliptically polarised is given by the discriminant in (4.9):

^ c .cr itica l

4f (4.11)
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The form of this function is shown in Figure 4.26. For the regime where the two 
eigenstates are linearly polarised ( 0  < 0  c) the angles of inclination of the electric field 

vectors to the x  axis are given by

V̂ i,2 = ta n -1( e  ^ (
— tan“^

I V

s in 0 .
(4.12)

C J

o  o tr  i

Figure 4.26. Variation o f  the critical (bifurcation) angle with t.

Graphs of the inclination angle of the low-loss state as a function of non-planar angle Q  

for the two rings are shown in Figure 4.27. The intensity transmission and angle of 
inclination for pairs o f eigenstates under different t values aie shown in Figures 4.28 
and 4.29 respectively. The points of bifurcation mark the onset of elliptically polarised 
states. The upper (low loss) branches of the intensity plots correspond to the lower (low

25

20

o o »n<N

40

30

20

-10
o
C O

ocsoo

Non-Planar Angle (*) Non-Planar Angle (')

Figure 4.27. Inclination angle xj/ (in degrees) o f  the low loss linearly polarised  

eigenstates fo r  the first ring (left) and second ring (right) as a function o f  non-planar
angle Q.
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Figure 4.29. Inclination o f  the linear states.

angle) branches of the inclination plots. In practice, only the low-loss (low angle) state 
was observed to lase; the other was always below tlneshold.

Two special cases are of interest for completeness. In the case r = 0, the two 
eigenvalues are cos 0 and zero, and the critical rotation angle is 90°. Thus there is only 
one possible state with intensity transmission cos^0 . The angle of inclination of this 
state to the horizontal axis is 
\ ( f=6 .

In the case t = 1, i.e. no attenuation at all, the two eigenvalues are so that both 
states have an intensity transmission of unity. Using (4.12), we find

indicating that the two polarisation eigenstates are right and left-handed circularly 
polarised.

Some examination of the general elliptical states is also of interest. If the 
characteristic rotation 0 c is above the critical value, (4.9) can be re-written 

(1 + 1) cos 0g + /-^ 4 f-( l  + t)^cos^ 0^
^ 1,2 - (4.13)

4f - 1 (4.14)

which reduces to

Interestingly, the intensity transmission is t and not t^, and is independent of the amount 
of rotation produced by the ring. The extent of ellipticity of the states can also be found. 
Analysis yields
E. 'y _ x  = tan

4t_____________ (1 + t)
( i- f )^ c o s ^ 0  0 - ~ t y

(4.15)
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(4.14) and (4.15) explain the constancy of Figures 4.26 and 4.27 in the elliptical region 
(after the bifurcations). (4.15) confirms that at the critical angle (4.11) the states are 
linearly polarised (% = 0) while for 6  = 90% % = 90°.

4.6.5 Experimental
The theory described above was tested for the two rings over a range o f non- 

planar angles Ü  by measuring the total power output (both directions) from mirror Ml 

(Pout) and the power reflected from one side of the Brewster plate (Pref)- For this. M l 
was a 2% output coupler. Assuming both directions have the same circulating power

(4.16)
Pref ^ (0.3843)"sin" yr 
Pm. 0.04

where yr is the inclination of the polarisation state to the horizontal. Calculation o f this 

function and measurements are shown for the two rings in Figure 4.30. An error of ±  2° 
in the non-planar angle for the experimental points has been introduced; this was the 
typical deviation o f the non-planar angle during lasing from that intended when the 
laser mirrors were arranged. The agreement between the theory and the measurements 
is close up to a non-planar angle of « 20°. "Large" values of Ü  (>~ 20°) result in angles 

of incidence on the four mirrors >« 10°. Under these conditions, the ratio P^ef /  Pcutis 
less than expected. A possible explanation for this is for large angles of incidence, the p  
and s reflection coefficients for the mirrors are not equal. For high reflectors comprising 
a quarter-wave dielectric stack, the p  coefficient declines more rapidly with increasing 
angle of incidence than the s coefficient. This has the effect o f reducing the amount of 
rotation, and hence also the inclination of the polarisation to the horizontal plane (see
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Figure 4. SO. Reflected power over output power for the first ring (left) and second ring
(right).
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Figure 4.27). The power reflected fi*om the Brewster plate would therefore be expected 
to diminish. Modification of the two programs was made to test this with the result that 
the calculated rotation was indeed reduced.

Having established the validity o f the model and computer programs, the value 
of 0 c required to match the 5° rotation of the Faraday rotator was estimated as « 18° for 
the first ring and « 14° for the second ring. By setting up the first ring accordingly, and 
inserting the Faraday rotator, a bi-directional output power of 1 W was converted to a 
unidirectional output power of 940 mW, indicating a good match between the rotation 
effects of the non-planar ring and the Faraday rotator.

4.7. Concluding Remarks

This laser had a number o f distinct advantages. The modified side-pumping 
scheme allowed higher efficiency than in conventional side-pumped-rod lasers. Both 
the laser head and the resonator were quite simple to align. The use of a ring resonator 
allowed highly reliable 1 pm  and 0.5 pm operation to be achieved at all pumping levels. 

The polarisation scheme in the frequency-doubled laser was uncomplicated due to the 
type I non-critical phase-matching in the LBO crystal. Overall the system was a reliable 
1 W single-frequency green souice suitable for pumping doubly resonsant CW OPOs 
and low threshold Ti:Al2 0 3  and Cr:LiSAF lasers.

On the negative side, the modest efficiency and limited 0.5 pm power were 
mainly a result of certain compromises in the overall design. For example, a side- 
pumped amplifier design has the benefit o f simplicity but cannot hope to approach the 
efficiency of end-pumped lasers. Lack of coupling optics may increase the maximum 
incident pump power but the high divergence of the diode-bars’ output drastically 
reduces pump-signal overlap. A unidirectional ring resonator will give reliable single
frequency operation, but the gain per round trip is half that of a standing-wave cavity 
and additional loss is introduced by the optical diode. Low round-trip gain over linear 
loss is the Achilles heel o f intracavity doubling, as seen in Chapter 3. Furthermore, 
although LBO is attractive as an intracavity doubler because of its type I NCPM 
scheme, its nonlinearity is quite modest, generally resulting in under-coupling. Finally, 
the large internal angle o f the ring added to the under-coupling of the laser when 
intracavity doubling, by preventing the achievement of Boyd and Kleinman focusmg. 
However, this is more of an engineering question; small ovens are now available, so 
that this problem can now be surmounted.

The concept of non-planar ring resoators was explored, theory and experiment 
being brought together. There are important conclusions for the use of this method in 
practical systems to obtain unidirectional single-frequency lasing. First, when such an

137



Side-Pumped NdiYAG Slab Ring Laser

arrangement is operating, the polarisation state makes some finite angle with the 
horizontal plane so that some loss is introduced to the lasing state. This can be kept to a 
minimum by using only slightly non-planar rings. Secondly, having introduced some 
extra loss, it is desirable to remove more loss than is introduced, especially if 
intracavity-doubling is desired. In the laser here the nonplanar ring allowed the removal 
o f the half-wave plate, but the Faraday rotator was kept in to provide the non-reciprocal 
rotation. Unfortunately, it was the rotator and not the waveplate that was responsible for 
most of the loss of the optical diode. To obtain low-loss operation using this technique, 
the Faraday effect in Nd: YAG needs to be exploited so that no intracavity elements are 
required, as in, for example, [4.6] or any of the monolithic non-planar ring lasers [4.7 - 
10].
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5.1 Introduction

In this chapter the design, operation and performance o f an end-pumped 
Nd:YLF ring laser is described, in which the laser head consisted of a truncated prism 
o f the active material. The design aim was to utilise end-pumping to allow greater 
efficiency and higher maximum output power for both the fundamental and second 
harmonic, whilst maintaining the ring resonator concept which allows single-ffequency 
operation to be easily achieved when an optical diode is used in the cavity. The design 
of the gain element was such that standing wave cavities were also possible if required. 
Intracavity frequency doubling was carried out using both LBO and KTP. The 
maximum single-frequency 1047 nm output power obtained in a TEMqo beam was 2.92 
W; the maximum single-fi*equency 523.5 nm output was 1.14 W (using LBO), with 1 W 
being achievable on a regular basis. The pumping powers for these results were 12 W 
and 15.8 W respectively, representing optical-to-optical efficiencies o f 24% and 7% 
respectively.

This laser system was used as a pump source for CW optical parametric 
oscillators based on LBO and KTP, but the main application was in the pumping of the 
first all-solid-state Ti:sapphire laser [5.1,2].

5.2 Pumping Arrangement

5.2.1 Diode-Bars
Two SDL 3460S 20 W AlGaAs diode bars were used as the pump devices. A 

summary of the bars' characteristics is given in Table 5.1. As in the side-pumped laser, 
two separate current supplies were used to drive the bars, giving greater flexibility in 
the delivery of the pump power. Mounting and temperature regulation of these bars was 
the same as in the laser described in Chapter 4. At 25°C the bars (serial numbers GC 
098 and GB 973) had specified wavelengths of 801 and 802 nm respectively so they 
had to be operated in the temperature range 15 - 24 °C to obtain spectral coincidence of 
the emission with the main absorption feature of Nd: YLF at 797 nm. Temperature
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Serial Number GC 098 GB 973

Differential Quantum Efficiency 
Threshold Current 
Slope Efficiency 
Current at 20 W 
Specified centre X  at 25°C 

Specified Spectral FWHM 
Power Output Characteristic

59%
11.2A 

0.9091 W/A 
33.2 A 

801 nm 
1.6 nm 

P=0.9091(l-11.2)

59%
12.0 A 

0.9091 W/A
34.0 A 
802 nm 
1.6 nm

P=0.9091(l-12.0)
Table 5.1. Diode-bar characteristics.

a axis

Diode-Bar

Cylindrical lens Nd:YLF block Power meter

Figure 5.1. Arrangement fo r  optimising pump-light absorption.

tuning of the bars' emission wavelengths to this absorption peak was carried out for a 
range of drive currents by minimising the power transmission through a suitably cut 
Nd:YLF sample, as shown in Figure 5.1. At a given current, the set-point temperature 
of the copper mounting block was adjusted via the temperature controller until the 
power received at the power meter was minimised. Figure 5.2 shows the resulting 
optimum current-temperature combinations for each bar. The slopes of these lines were

2 4

o
C 2 2

n
2  o

if
I I

20

14

GEJ97 3

GC 09

Current (A)

Figure 5.2. Optimum set-point temperature versus drive current fo r  the diode-bars.
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-0.84 "C/A for bar GC 098 and -0.62 "C/A for GB 073.

5.2.2 Coupling Optics
Two identical two-lens arrangements were used to couple the pump light from 

each diode-bar into the gain medium. The coupling arrangement is shown in Figure 5.3. 
Both lenses were AR coated to improve their transmission. A summary of the lens 
characteristics is given in Table 5.2. The main aim in the design was to bring both 
planes into focus at the same horizontal distance from the coupling system whilst 
keeping the arrangement relatively insensitive to any vertical misalignment with the 
diode-bar. The lenses were mounted together and could be moved independently of the 
diode-bar.

In the horizontal plane (parallel to the emitting junction of the bar) the emission 
diverges with a half-angle o f»  5". The principal plane of the condenser lens was located 
10  mm from the facet of the diode-bar, causing the horizontal plane of the beam to be 
brought to a focus 8.5 mm from this plane. The horizontal diameter of the focal spot in 
free space was 1.65 mm. The half-angle divergence to the focus in this plane was » 30°.

In the vertical plane (perpendicular to the plane of the bar) the diode emission 
was first captured by a cylindrical lens of diameter 5 mm placed 3 mm from the diode- 
bar facet so that the numerical aperture of this lens was fully utilised. After collimation 
and passage through the aspheric lens, a waist was produced 8.5 mm from the principal 
plane of the aspheric. Assuming negligible losses in the system, the divergence and

Diode-Bar Cylindrical
lens

Condenser
lens

Image
plane

Aspheric
surface

Horizontal
plane

Vertical 
plane

7 mm
3 mm 8.5 mm

Figure 5.3. Coupling optics for the diode-bars.
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L ens Cylindrical A spheric

Model 

Material 

Focal length f  

Diam eter 

f-num ber 

Front surface  

R ear surface

Spindler & Hoyer 

BK7 

5 mm  

5 mm (length 12 mm) 

1

P lane

Sem i-circular

M elles Griot 01LA G 000  

Optical Crown 

8 .5  mm  

12 mm  

0.71  

A spheric  

Spherical

Table 5.2. Summary o f  coupling lenses ’ characteristics.

vertical spot diameter at the focus were estimated to be 16° and 2.4 pm respectively.
Aspheric lenses are ideal for use in coupling the emission from diode-bars into 

laser crystals because they introduce no spherical aberration. This allows more energy 
to be concentrated into a small area, improving the pump-mode overlap and overall 
efficiency o f a laser. Aspheric lenses also have much shorter focal lengths than are 
possible with spherical glass lenses o f the same diameter. This allows compact coupling 
systems to be designed; in the present case, the distance from the diode-bar to the pump 
input point was 18.5 mm.

The power transmitted through the coupling optics was measured as a function 
of drive current, and for both bars was found to be higher than that specified by the 
manufacturer for currents up to « 16 A for GC 098 and « 20 A for GB 973. The results 
are shown in Figures 5.4.

GC 098 GB973
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Figure 5.4. Pump power available after coupling optics.
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5.3 Amplifier

The gain element for the laser consisted of a truncated prism of 1%-doped 
NdiYLF as shown in Figure 5.5. The longest edge measured 18 mm; the prism was 6  

mm wide and 2 mm high. The design was such that on entering the slab at the Brewster 
angle via the polished front surface, the laser mode was reflected by the sloping faces, 
exiting at the complementary Brewster angle, again via the front surface. Mirror 
coatings were applied directly to the sides of the prism to allow close positioning of the 
diode-bars and their coupling optics. The section of the laser mode between the two 
sloping faces of the prism was end-pumped from both sides. The prism was cut so that 
the c axis was perpendicular to this part of the beam, thereby giving polarised operation 
in the plane of the slab on the high-gain 1047 nm tc transition. The output from the 
diode-bars was polarised in the planes of their junction so that both pump and laser 
modes were polarised along the c axis.

The birefringence of the YLF crystal had to be taken into account in designing 
the prism. If  the laser mode enters the prism at the Brewster angle a ,  the 
complementary Brewster angle a ' is related to this angle by

1 cos  ̂a' sin  ̂a'
-— —  =  —  + ----- —  (5.1)tan  a
since a ' is also the angle that the mode makes with the optic axis on entering the YLF 
prism. The Brewster angle a  is given by the solution of

1 sin^ a  cos^ a
7 2 ”  2 2 ’ (^-2 )tan  a
since a +  a ' = 90°. Taking na = ng = 1.45 and ng =ng = 1.47 it is found that a  = 55.52°

HR @ 1047 nm; 
HT @ 792 - 798 nm

HR @ 1047 nm; 
HT @ 792 - 798 nm

PUMP
INPUT

PUMP
INPUT

6 mm

Polished front 
surface

18 mm

Figure 5.5. Plan view o f  the Nd: YLF prism amplifier.
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and a ' = 34.48°. The base angle of the prism is 45° + aV2 = 62.24° and the angle of 
incidence on the sloping faces is a/2 = 27.76°.

The Nd:YLF prism was contacted to a water-cooled brass mount using 125 pm 

thick indium foil allowing heat extraction from the bottom of the prism. Additional 
cooling from the top surface was also carried out for some of the time by using a brass 
cap in thermal contact with the base, although this was observed to have no beneficial 
effect; thermal damage to the prism was invariably caused when pumping > 8 W at a 
single point.

NdiYLF was chosen as the gain medium in order to investigate some of its 
alleged advantages. Its negative dn ! dt acts to lessen thermal lensing at high pump 
powers, so that cavity stability is maintained over a range of operating levels. Another 
important feature of YLF is its natural birefringence which far exceeds any pump- 
induced thermal birefringence. This is useful because the b and c axes of the crystal are 
therefore fixed with reference to the vertical front surface of the prism and are 
independent of the pumping level. On entering the front surface of the prism at the 
Brewster angle, the laser mode is therefore polarised along a fixed and known axis 
ensuring that the circulating field remains linearly polarised in the horizontal plane. An 
equivalent prism of YAG would suffer from thermal birefringence causing some degree 
of elliptical polarisation in the circulating field, with concomitant loss at the front 
surface of the prism and reduced conversion efficiency in the doubling crystal (LBO, 
type I phase-matching.)

The concept of internal folding of the laser mode inside the gain material is an 
extremely useful one. One fold allows potentially two pump input points. Multiple folds 
allow systems to be scaled up in power whilst maintaining the efficiency of end- 
pumped devices. Multiple pump input points also allow thermal problems to be avoided 
by distributing the heat load amongst the various pump ports. Probably the first such 
laser to use this concept was that of Scheps and Myers in 1991 [5.3]. The gain element 
was a simple cuboid of NdiYAG in which the mode was folded once; pumping was 
along both of the resulting two axes. Although the logical extremum of this concept is 
the monolithic non-planar ring oscillator, lasers combining internal folds with external 
resonators are useful for Q-switching, mode-locking or internal frequency-doubling. 
The tightly-folded resonator is one example of this type of combination [5.4]; however, 
"internally-folded lasers" (IFLs) with one or two folds allow greater flexibility in 
resonator design. The IFL amplifier described above allowed a ring resonator design to 
be combined with double end-pumping, giving efficient single-frequency operation. A 
high power version of this amplifier was reported by Alfrey [5.5] who used separate 
thin mirrors rather than HR coatings applied directly on the gain element in order to 
avoid bulging of the surfaces under high pump levels. Scheps and co-workers have 
suosequeniiy e x p io i t e u  liie d e s ig n  i i c x ib i lu y  u i  d ie  iF L  e o n c e p i  m  a u u n in e i  u i
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prismatic diode-pumped Nd lasers [5.6, 7]. As illustrated above for the case of YLF, 
they also pointed out the care in design needed when using biréfringent gain materials 
such as YVO4 .

5.4 Resonator

The layout of the resonator is shown in Figure 5.6. To build up the system, a 
standing-wave cavity was first aligned (typically with a 2 % output coupler and a 2  m 
high reflector) with pumping provided at one end only. The distances between the 
coupling optics and the prism and between the diode-bar and the coupling optics were 
then adjusted to give maximum output power. In addition, the angle of incidence of the 
pump light on the prism was adjusted to maximise the output. After repeating this 
procedure for the other diode-bar and set of coupling optics, the rest of the resonator 
was aligned using the output from the standing wave laser. A lens-curved mirror 
combination was used to provide a focus for efficient intracavity doubling.

Two lens-curved mirror combinations were used. In the first case a lens of focal 
length 50.2 mm and a curved mirror of radius 100 mm were used; in the second case the 
lens had a focal length o f 38.1 mm and the radius of the curved mirror was 85 mm. 
Both lenses were AR coated to reduce the internal loss o f the laser. The lens was 
mounted in a mirror mount (giving yaw and pitch control), which was itself fixed to an 
xyz translation stage. Adjustment o f the lens - curved mirror separation was an

20 W diode-bar 20 W diode-bar
and coupling optics 1% Nd:YLF prism and coupling optics

w

HR @ 1 pm 
NT 0>. 0.5 pm

LBO crystal in 
heated oven

coated

Plane, HR or 
output coup l^

TGG
Faraday
rotator

» 220 mm

Figure 5.6. Internally-frequency-doubled Nd. YLF single-frequency ring laser.
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important means of maximising the output power of the laser in both the visible and 
infrared. When frequency-doubling, this was an important means o f controlling the 
waist size in the nonlinear crystal.

As in the system described in Chapter 4, unidirectional, single-frequency 
operation was achieved by inserting a Faraday rotator and a half-wave plate into the 
cavity. The Brewster-angled entry points to the YLF prism gave the necessary loss- 
difference for the two directions in the ring. A zero-order wave plate was used to keep 
the internal loss to a minimum. When the laser was operated at 1047 nm, the half-wave 
plate was rotated so that the lasing direction was from right to left between the curved 
mirror and the plane mirror (see Figure 5.6). This allowed a series o f plane output 
couplers to be used in order to assess the performance at 1047 nm. When intracavity 
doubling (using LBO or KTP), the output coupler was replaced with a plane high 
reflector and the half-wave plate was suitably rotated to reverse the lasing direction. The 
output at 523.5 nm then issued from the 100 mm mirror. When using the laser as a 
green pump source, tlie visible output was collimated with a 100 mm focal length AR 
coated lens.

When internally doubling with LBO, the crystal mounting and heating 
arrangements were the same as that for the laser described in Chapter 4. The 
temperature o f the crystal was stabilised to ± 0.01 “C using a commercial device 
(Smatex LAB 10). The LBO crystal used was again 25 mm in length, with a square 
cross-section of side 3 mm. Positioning of the oven and crystal was again facilitated by 
a combination of an xyz stage and rotation/tilt platform. Six degrees of freedom were 
possible allowing the doubling efficiency to be fully maximised. Frequency doubling 
was also carried out using an AR coated cube of KTP of side 5 mm which was 
permanently mounted in a glass disc. An electrically heated brass oven was purpose- 
built to heat the disc in order to allow the total phase shift between the two fundamental 
beam polarisation components to be adjusted to a multiple o f 2 n . (Type II phase- 
matching was used in the KTP.) This reduced loss at the Brewster-angled entry points 
of the Nd:YLF prism. The temperature controller used for this (Marlow 5010) allowed 
stabilisation to ± 0.1 °C.

Estimates of the mode radius in the NdiYLF prism at the sloping faces and of 
the waist radius at the focus of the resonator were made using the ABCD-maXnx 
analysis described in Chapter 4. The results are shown graphically in Figures 5.7, 5.8 
and 5.9 which show the mode radii as a function of the lens-curved mirror separation. 
Figure 5.7 shows the mode size in the YLF prism without the LBO crystal present in the 
cavity. Figure 5.8 gives the mode size in the YLF when the LBO crystal is inserted at 
the resonator focus. Figure 5.9 shows the behaviour of the waist radius in the LBO 
crystal. The two sets of results for the 100 mm radius mirror with the 50.2 mm focal 
length lens and the 85 mm radius mirror with the 38.1 mm focal length lens are quite
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similar, with similar mode and waist radii being achieved with the shorter focal length 
optics for a smaller lens-mirror separation. In the 100/50 case the maximum separation 
was found to be « 108 mm, compared to » 90 mm for the 85/38 case. Insertion of the 25 
mm LBO crystal does not significantly change the mode radius in the YLF prism, 
although the astigmatism of the mode is slightly increased over the whole stability
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range. The waist size in the LBO crystal decreases with increasing lens-mirror 
separation, and this coincides with increasing mode size in the YLF ciystal: this is a 
useful coincidence which is not the case with all resonator designs. Thus nonlinear 
coupling and pump-mode overlap both increase with increasing lens-mirror separation. 
The 100/50 system requires a larger lens-mirror separation to achieve small waist radii 
in the non-linear crystal. As in the ring laser described in Chapter 4, the waist in the 
nonlinear crystal suffers from appreciable astigmatism. Both lens-curved mirror sets 
were capable of producing waist radii of 2 0  pm in the tangential plane and 40 pm  m the 

saggital plane; this is smaller than in the YAG ring laser but still involves a 100% 
difference between the two planes. Boyd and Kleinman focusing in the LBO crystal 
could therefore be only approximately attained. 30 pm  is the optimum waist size for a 
25 mm crystal, corresponding to a confocal parameter of 4.4 mm.

This ABCD-rmtnx analysis was consistent with the actual behaviour of the laser 
in that the power output was found to be greatest for both 1047 nm and 523.5 nm 
operation when the lens-mirror separation was set at the large-separation end o f the 
stability range.

5.5 Laser Performance

5.5.1 Operation at 1047 nm
5.5.1.1 Output Power

The laser was operated at 1047 nm using a series of plane output couplers. Two 
arrangements were analysed: the first using a 100 mm radius curved miiTor with a 50.2 
mm focal length lens, and the second using an 85 mm mirror with a 38.1 mm lens. 
Bidirectional and unidirectional output power characteristics for the first laser are 
shown in Figure 5.10 and 5.11. The highest bi-directional power achieved was 3.43 W, 
and the highest single-frequency unidirectional power obtained was 2.92 W. Both these 
results were obtained with a 5% output coupler and a total pump power of 12 W, 
representing optical-to-optical efficiencies of 29% and 24% respectively. The slope 
efficiencies were 34% and 29% respectively. The lens-curved mirror separation in both 
cases was 106 mm.

The second system, employing the shorter focal length optics, gave 2.29 W 
when operated bidirectionally, and 1.87 W when the optical diode was inserted. The 
pump power in both cases was 9.3 W, giving efficiencies of 25% and 20% respectively. 
The output coupling was again 5%. The respective slope efficiencies were 36% and 
29%. Figures 5.12 and 5.13 show the slopes obtained with other output couplers. In 
addition, this laser was operated with the frequency-doubling (LBO) crystal inserted at 
the resonator focus in order to obtain some estimate of the linear loss introduced by the
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Figure 5.11. Unidirectional output power characteristics fo r  ring laser with 100 mm
mirror and 50.2 mm lens.

crystal. Figure 5.14 shows the slopes obtained with this arrangement.
Comparing the slope efficiencies of the various arrangements as in Chapter 4, 

the internal loss for the first device was estimated to be 1.37% for the bidirectional laser 
and 4.13% for the unidirectional system. The loss introduced by the optical diode was 
therefore 2.76%. For the second laser (with shorter focal length optics) the internal loss 
for the unidirectional laser was estimated as 3.09%; this increased to 3.28% when the 
(room-temperature) LBO crystal was inserted. The linear loss o f the crystal was
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Figure 5.13. Unidirectional output power characteristics for ring laser with 85 mm
mirror and 38.1 mm lens.

therefore « 0 .2 %.
The loss of the rotator is similar to that estimated in Chapter 4, and, as in that 

laser, was an important limiting factor on the amount of extractable second harmonic 
power. The extremely low loss of the LBO crystal was encouraging and indicated high 
quality in both the AR coatings and the bulk material.

An estimate of the unsaturated gain of the lasers was made by plotting output
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Figure 5.14. Unidirectional output power characteristics fo r  ring laser with 85 mm 
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power against output coupling, as for the system in Chapter 4. The resulting curves for 
the two unidirectional lasers are shown in Figure 5.15. By estimating the point at which 
the curves cut the horizontal axis, the unsaturated gain at the highest pump power used 
(15.8 W) was estimated to be approximately 25%.
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5.5.1.2 Beam Quality
The end-pumping employed in this laser allowed high-quality TEMqo output 

even at the highest pump levels. Figure 5.16 shows profiles of the 1047 nm output beam 
at distances of 150 mm and 137 mm from the output coupler. The pump power was 12 
W. If  the small distortion of the output coupler is neglected, these represent the mode 
cross-sections at the front of the Nd: YLF prism and at the lens, respectively.
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Figure 5.16. Profiles o f  the 1047 nm output beam. Pump power = 12 W.

T E M qo operation was easily achievable at all pumping levels. Only if  the 
intracavity lens was significantly transversely displaced would higher order modes 
oscillate. Figure 5.17 shows 00, 10, and 20 modes inside the prism which were induced 
by moving the lens. The pictures were taken with a CCD camera; pump radiation was 
excluded using a RG 850 filter.

5.5.2 Operation at 523.5 nm
By using a plane high reflector and adjusting the optical diode, single-frequency 

output was obtained from the curved mirror at 523.5 nm when the oven-heated 25 mm 
LBO crystal was placed at the focus of the resonator. The phase-matching temperature 
for the 1047 nm —> 523.5 nm process was found to be slightly higher than for Nd:YAG 
at 151 °C. The FWHM temperature bandwidth was again « 1.5 “C. The visible output 
power characteristics for the system with each of the two sets o f optics are given in 
Figure 5.18. The highest visible output powers obtained were 1143 mW using the 100 
mm / 50.2 mm optics, and 790 mW using the 85 mm / 38.1 mm optics. The pump 
powers were 15.8 W and 14.5 W respectively, corresponding to optical-to-optical 
conversion efficiencies from pump to visible of 7% and 5%. Single-frequency operation
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Figure 5.17. TEMqo, TEMjq andTEM 2o transverse modes inside the Nd.YLF prism.

was confirmed by monitoring the 1 pm  leakage from the plane high reflector on a 
scanning confocal Fabry-Perot interferometer.

Although the power output using the short focal length optics was rather low, 
the efficiency obtained with the 100 / 50.2 mm optics was satisfactory, being 
approximately twice that typically obtained from the side-pumped Nd:YAG laser 
described in Chapter 4. Unfortunately this enhanced efficiency due to the end-pumped 
design could not be fully exploited because of the poor thermal conductivity o f the 
NdiYLF material. In common with other researchers, for example [5.8], it was found
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Figure 5.18. Harmonic output power for the intracavity-doubled ring lasers. Left - 
using 100 mm /  50.2 mm optics. Right - with 85 mm /  38.1 mm optics.
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that pumping above the ~ 8  W level at a single point invariably led to catastrophic 
damage to the bulk material. The benefits of reduced thermal lensing were not, 
therefore, seen. The roll-off of the slope efficiency characteristic o f Nd:YAG devices 
simply being replaced with a sharp cut-off at the pump power at which the prism 
became damaged.

As in the previous laser, some analysis of the harmonic output power 
performance can be made. For the device based on the 100 / 50 mm optics, the 
maximum unidirectional 1 |im  output power was 2.92 W, and the corresponding 
unsaturated gain was ~ 25%. The internal linear loss was estimated as -  4%. Assuming 
that the output coupling was near to optimum for this maximum output, the saturation 
power of the laser can be estimated as 33 W, and the optimum nonlinear coupling for 
the laser as 1.25 x lO'^ W 'h As mentioned before, the highest attainable nonlinear 
coupling using a 25 mm LBO ciystal (with "Boyd and Kleinman" focusing) is 7.3 x 
10"4 W “i, which is ~ 0.6 times the optimum value. Under the Boyd and Kleinman 
conditions, 2.64 W at 523.5 nm should have been extractable. The actual maximum 
harmonic power of 1.14 W indicates that the actual nonlinear coupling was only -  11% 
of the Boyd and Kleinman value. Again, this can be attributed to the less-than-ideal 
focusing in the LBO crystal and in particular to the significant astigmatism of the laser 
mode in the crystal.

5.5.3 Intracavity doubling with KTP
5.5.3.1 Harmonic Output Power Performance

The modest nonlinearity of LBO generally meant that the laser was under
coupled for intracavity frequency doubling with this material, even if Boyd and 
Kleinman focusing could have been achieved. This is generally tme of ring lasers 
because the optimum nonlinear coupling factor k is twice that of a standing-wave 
cavity with the same linear loss. The effective nonlinear coefficient of KTP is about six 
times that of LBO, allowing the possibility of achieving nonlinear coupling close to the 
optimum value. However, the type II phase-matching means that the birefringence of 
the crystal has to be compensated for. Using a 5 mm crystal with Boyd and Kleinman 
focusing should allow a coupling factor of 4.5 % 1 0 '  ̂ to be achieved, although this 
requires a waist radius of 13 |xm. A k value of this magnitude would optimally couple a 
laser with a 9% internal linear loss, assuming a saturation power of « 20 W. The idea 
was that the 4 - 5% internal linear loss o f the NdiYLF ring laser (using 100 mm and 50 
mm optics) would be quite easily accommodated by using KTP rather than LBO.

The 5 mm KTP crystal (cut for 1047 nm doubling) used in the present laser was 
mounted in a purpose-built electrically heated brass oven and maintained at a constant 
temperature using a Marlow 5010 temperature controller. Figure 5.19 shows the
 ̂ t T’ . .. • ................... ; 1  .. ,1 (1. , .
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was adjusted to give maximum output, in addition to positional adjustment. Maximum 
output was achieved using a lens-curved mirror separation of « 70 mm. The maximum 
output was around 500 mW. A probable reason for this low power output was damage 
to the AR coatings on the surfaces of the crystal.
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Figure 5.19. 523.5 nm output power with KTP as the doubling crystal.

5.5.3.2 Observation o f  Large Amplitude Fluctuations in the Harmonic Power
The observation by Baer [3.25] o f large amplitude fluctuations in the harmonic 

output from intracavity-doubled standing-wave lasers was discussed in Chapter 3. 
Similar pulsed output behaviour was observed from the present laser for certain 
positions of the KTP crystal. Simultaneous examination of the 1 |Lim and 0.5 |ULm output 
showed the laser to be pulsing on and off as shown in Figure 5.20. Figures 5.21 to 5.26 
show pulse trains and pulse shapes for pump powers of 6 ,10  and 12 W repectively. The 
pulse period was between 20 and 55 ps. As the pump power was increased to 12 W, the 
period became more constant in the 40 - 50 ps range. This is consistent with Baer’s 
observation that the period is only a weak function of the pumping level. For two-mode 
operation, he reported a period of 40 ps.

The pulse shapes (Figures 5.21,23,25) are very close to those observed by Baer 
although they are much shorter than those reported in [3.25]. Baer found pulse durations 
o f « 2 0  - 30 ps, whereas the pulses observed from the ring laser were » 2  ps in length.

The most likely cause of this behaviour is the birefringence of the KTP crystal 
reducing the efficacy of the optical diode. This may have resulted in bidirectional lasing 
and thus modulation o f the main output direction by intermodal coupling through the 
nonlinear process. The explanation for the short duration of the pulses is unclear.
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Figure 5.21. Fundamental pulses at 6 W pump level.

159



Internally-Folded End-Pumped Nd: YLF Ring Laser

%
— rG\

g  w S  

TTorru
(0 Of 
“3 01

II B n

• O O
0)00 !

gcoa
OCLO

ri*Q)(0OlvcfCD

II B a

oo*

i^ca

Figure 5.22. Harmonic pulse shape; 6 Wpump level.

160



Internally-Folded End-Pumped Nd:YLF Ring Laser

n n R !

•-JÜIÜÏ iovg. o  
0)00 ,O O 'c  3 cog

ct-< Ct ,to to

O O O  ? (D(D
I+ÛÏOJ J 
ÛJ'-i CO

rr

Q » !!

O O Ow (0 w

Figure 5.23. Harmonic pulses; 10 Wpump level.

161



Internally-Folded End-Pumped Nd:YLF Ring Laser

>  ^
1  C  

*

5 ^

3  MO* m3* 
“3® 
TCZXtM
atm  "3 to

ii n n

(ocjiru

a  (03
O 0.0

o o o  m ®
rfcom oscm  

r f
<

Ü a a

0  3 0

Figure 5.24. Harmonic pulse shape; 10 Wpump level.

162



Internally-Folded End-Pumped Nd:YLF Ring Laser
< ü )H O  3  rfkkO 
Q)Q}3* 
T3(© 
TTrfOTO
(D a t
3  CO 
I-* ro

it H B a

»- r̂otjncji
rovio*
• (jJ* o  
CD* o o  
O U I o  

IO C  
a  0 ( 0  3  
<  v*<
0  3CL0 
l-*CO M»l-* 
r+  <  rt* 
CO

a r t  
Q) O 
“3T3

CD
“3
ro

II II

Wi-̂
viix»
OCjJ
O I\3

a w
<o cwco
fi"
CO

a o a o
CD ® ® **'h
l—i#—
rfrfO* (0 Û)Q)«<CD 

rh
< H

II II H Ii 

I

• • M* 0
M-Uio*
O U I- UI
o o o o o  

ÜÎO 
3  451*03 
<  <  
0 C 3 0  
I~i0) CO ^  
d" ri' 
CO (0

Figure 5.25. Fundamental pulses; 12 W pump level.
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Figure 5.26. Fundamental pulse shape; 12 Wpump level.
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5.6 Concluding Remarks

The end-pumped internally folded design of this laser allowed the generation of 
1 |im  and 0.5 (iim output with much greater efficiency than the side-pumped system 
described in Chapter 4. Although the maximum single-frequency 1 |xm harmonic output 

power was «  1 W as was the case for the Nd:YAG ring laser, this result was achieved 
using about half as much pump power.

Although a much more promising laser than the side-pumped system, there were 
two principal obstacles to realising its full potential in terms of high power operation at 
the fundamental and second harmonic. The first was the choice o f host ciystal. The very 
poor thermal conductivity o f YLF meant that the pump power was limited to « 15 W: 
higher pump levels resulted in thermal damage to the material. An identical design in 
Nd:YAG would undoubtedly have allowed pump powers in the region of 30 W to be 
applied. Thermal lensing and birefringence would then be limiting factors but higher 
output power could probably have been achieved.

The second limitation was the strongly astigmatic pump beams from the diode- 
bars. Possibly the use of Nd:YV0 4  as the gain material would have reduced the pump 
absorption depth and therefore improved the pump-mode overlap, given that there was 
no attempt to remove the bars’ astigmatism. The use of fibre-coupled or beam-reshaped 
diode-bars would have improved threshold, efficiency and maximum power output.

Although the Brewster-angled entry and exit to the Nd:YLF prism was a 
convenient polarising system, it resulted in a 34° internal angle for the ring laser. This 
resulted in significant astigmatism in the laser mode, due both to the angle of incidence 
on the curved mirror and the Brewster surfaces themselves. This could be overcome 
either by redesigning the gain material shape to remove this Brewster surface (as in, for 
example [5.7]) or by using a simple folded resonator employing a simple rod of gain 
material, as in [5.5].

165



Internally-Folded End-Pumped NdiYLF Ring Laser



Internally-Folded End-Pumped Nd: YLF Ring Laser

References

[5.1] K. Lamb, D, E. Spence, J. Hong, C. Yelland, W. Sibbett: "All-solid-state 
femtosecond Ti:sapphire laser": Conf. On Lasers & Electroopt OSA Tech. Dig. 8  235 
(1994, paper CWI3)
[5.2] K. Lamb, D. E. Spence, J. Hong, C. Yelland, W. Sibbett: "All-solid-state self- 
modelocked Ti:sapphire laser": Opt. Lett. 19 1864 (1994)
[5.3] R. Scheps, J. F. Myers: "Scalable single-frequency diode-pumped ring laser": App. 
Opt. 31 1221 (1992)
[5.4] T. M. Baer, D. F. Head, P. Gooding, G. J. Kintz, S. Hutchison: "Performance of 
diode-pumped Nd:YAG and Nd:YLF lasers in a tightly-folded resonator configuration": 
lE E E J  Quant. Elec. 28 1131 (1992)
[5.5] A. J. Alfrey: "Simple 1 jiim ring laser oscillators pumped by fibre-coupled laser- 
diodes": lEEEJ. Quant. Elec. 30 2350 (1994)
[5.6] R. Scheps, J. F. Myers: "Efficient, scalable, internally folded Nd:YAG laser end- 
pumped by laser diodes": lEEEJ. Quant. Elec. 29 1515 (1993)
[5.7] R. Scheps, J. F. Myers, G. Mizell, K. Yates: "Internally folded Nd:YAG and 
Nd:YV0 4  lasers pumped by laser diodes": IEEE J. Quant. Elec. 30 2132 (1994)
[5.8] D. C. Shannon, D. L. Vecht, S. Re, J. Alonis: “High average power diode-pumped 
lasers near 2 jim”: SPIE 1865 164 (1993)

167



Nd LASERS PUMPED BY FIBRE-COUPLED DIODE-LASER BARS

6.1 Introduction

As discussed in Chapter 1, the fibre-coupling o f diode-laser bars is one route to 
an azimuthally symmetric pump beam. The symmetrical o f the resulting beam 
allows enhanced pump-mode overlap giving reduced thresholds, higher efficiencies and 
higher maximum output power at both 1 and 0.5 pm. When used together with folded 
resonators (discussed in Chapter 5) the result is highly powerful and efficient devices 
such as those recently demonstrated by the Spectra-Physics [6.1,2] and Coherent [6.3] 
corporations. These lasers have produced > 13 W at 1 pm  [6.1], 6  W multimode 0.5 pm  
output [6.2], and > 8.5 W single-frequency output at 0.5 pm [6.3], all in high quality 
TEMoo beams. The 1 pm device in [6 .1] was more than 50% efficient, while the 0.5 pm  
system in [6.3] had a pump-to-visible efficiency o f around 27%, which is the highest 
0 .5  pm  power and the highest efficiency ever to be reported from any diode-pumped, 

intracavity-doubled laser.
Fibre-coupling o f diode lasers and bars for end-pumping is not a new idea of 

course. An early system to use the concept was the LNP chip laser of Kubodera and 
Noda in 1982 [6.4]. The pumping system comprised seven discrete AlGaAs diode- 
lasers coupled to a fibre-bundle. Advances in fibre-coupled pump systems have 
followed developments in the diode-bars themselves. Thus by 1988, after the power 
scaling o f the mid-1980s, we arrive at systems such as the fibre-bundle coupled, end- 
pumped Nd:YAG laser o f Berger et al [6.5]. Seven diode-arrays were individually 
coupled into 110 pm core 0.37 NA fibres giving a bundle diameter of 330 pm . The 
maximum output power was « 2 W. The Nd:YAG laser gave « 700 mW of CW output 
power with a slope efficiency of » 35%. At this stage, the pump power losses due to the 
fibre-coupling of diode-bars were generally seen as something of an obstacle. The 
benefits for high-power lasers had yet to be demonstrated. By 1992, such scaling was 
well underway. Kaneda et al generated 7.6 W CW at 1 pm in a TEMqo beam by end- 
pumping a NdiYAG laser using a bundle of 19 fibres, each individually coupled to a 
separate 900 mW broad-area AlGaAs laser [6 .6 ]. The fibres had 125 pm  cores and a
0.35 numerical aperture. The total deliverable power was > 21 W. The 1 pm laser was 
reported to have a slope efficiency of 69% (76% is the theoretical limit) and an optical-
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to-optical efficiency of neai'ly 50%. The increased efficiency meant that thermal lensing 
was less of a problem, and the excellent beam quality {M^ of 1.01  ± 8%) coupled with 
high output power tended to eclipse reservations about coupling losses. Choosing to 
lose power in coupling diode-lasers to fibres was now seen to be preferable to poor 
mode matching in the laser crystal, which leads to thermal problems. The benefits of the 
fibre-coupled approach were especially seen in other raie-earth solid-state lasers such as 
Tm^+ and Ho3+ [6.7].

Intracavity frequency-doubling of these lasers initially involved linear cavities 
with KTP as the doubling material because of its high nonlinearity. Chaotic visible 
output was avoided either by obtaining single-frequency operation or by suitable 
manipulation of polarisation eigenstates within the laser cavity. For example, single
frequency operation could be selected by using a Brewster plate with the KTP crystal to 
produce a biréfringent filter [6 .8 , 9]. Careful arrangements o f the polarisation 
eigenstates were described by James et al [6.10] and Oka and Kubota [6.11]. The 
polarisation scheme of Oka and Kubota was reported to be reliable even during high 
power operation, and 3.5 W of two-mode 532 nm output was generated by this method 
[6.12, 13]. The other techniques for avoiding chaotic visible output tended to break 
down under high pump levels. In the case of the biréfringent filter method, this is due to 
insufficient loss discrimination between adjacent low-loss modes.

The birefringence problem of KTP in the type II phase-matching arrangement 
has meant that LBO has now come back into favour, due to its type I non-critical phase 
matching which allows a simple and reliable intracavity polarisation scheme to be 
established. This, together with its large angular acceptance and high damage tlireshold 
are now seen to outweigh its modest nonlinearity, which can be overcome by using a 
long ciystal length. In fact a long length of crystal can even be advantageous in that the 
requirement for a tight focus is relaxed. In addition to the resurgence of LBO, the ring 
laser has been shown to be the most reliable configuration for producing reliable high- 
power single-frequency output. A ring laser end-pumped by fibre-coupled diode-bars 
was reported by Alfrey [6.14] and this is likely to have been a prototype for the 
Coherent system [6.3]. This laser gave a reliable 8.5 W single frequency-output at 1 
pm. For linear cavities, the multimode approach to internal doubling now seems the 
only reliable high-power option, as in the Spectra-Physics laser [6.2].

In this chapter, details of three intracavity-doubled devices pumped by a fibre- 
coupled diode-bar system are described. The first is a Nd:YAG laser employing the 
scheme of Oka and Kubota [6.11]. The second laser used NdiYVO^ as the gain 
material. Both of these lasers were doubled with KTP. The third laser was an end- 
pumped Nd:YAG ring laser, intracavity doubled using LBO.
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6.2 Pumping Arrangement

6.2.1 Fibre-Coupled Diode-Bars
The pump source for the lasers described below was a commercial system 

{OptoPower model B030) which comprised two 20 W AlGaAs diode-bars (model 
B020) coupled into a 1.5 mm diameter 0.11 NA fibre bundle consisting of 38 individual 
fibres. (There were 19 emitters in each bar.) The two bars were driven in series using a 
single constant-current supply, but were separately heat-sunk on thermoelectric coolers. 
The specifications o f the two constituent bars are given in Table 6.1. Temperature 
regulation was achieved by the means described in Chapter 4. By varying the heat-sink 
temperature in the range 1 5 -2 8  “C, the output was tunable over the range 803 - 811 
nm. A typical scanning monochromator trace is shown in Figure 6.1. This tunability 
allowed control over the pump absorption depth. The spectral FWHM of the output was 
measured to be 2 ± 0.2 nm. Variations in the output wavelength from the fibre-bundle 
with heat-sink temperature and drive current are shown in Figure 6.2. The tuning rates 
were + 0.26 nm/'C and 0.22 nm/A, which is similar to the behaviour of the SDL 3460S

Serial Number 200557 200679

Threshold Current 

Slope Efficiency 

l @2 0 W  

Spectral FWHM 

Specified Peak X @ 27.5 °C 

Output Power Characteristic

5.02 A 

0.9 W/A 

26.69 A 

2.4 nm 

809.8 nm 

P= 0.91-4.52

4.33 A 

0.9 W/A 

26.51 A 

2.3 nm 

809.6 nm 

P = 0.91 - 3.90

Table 6.1. Manufacturer’s specifications for the individual diode-bars.

g

Figure 6.1. Scanning monochromator trace o f  the output from the fibre-coupled diode-
bars. Wavelength in nm. (20 A, 17 °C.)
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devices described in Chapters 4 and 5.
The fibre bundle was capable of delivering 35 W of output power at the full 

current of 30 A. Using a two-lens coupling device, 30 W could be coupled into a 600 
jxm core, 0.37 NA single multimode fibre, representing « 85% coupling efficiency. 17 
W (» 50%) could be coupled into a 400 |im core, 0.37 NA fibre. The 400 p-m fibre was 

preferable due its lower etendue, but in practice heating o f the fibre-tip due to 
uncoupled radiation at the coupler limited the output power to « 10 W. The 600 pm  

fibre was adopted as the main delivery system. The use of single fibres allowed the 
brightness of the source to be increased at the cost of a reduction in power. Figure 6.3 
shows the output power characteristics for the fibre-bundle and the 600 pm  and 400 pm  

fibres. The slope efficiencies were 1.37, 1.18, and 0.56 WA'^ respectively. A major 
advantage o f this OptoPower system was the much lower threshold current: ~ 5 A 
compared to » 11 A for the SDL 3460S bars.

6.2.2 Coupling Optics
The symmetrical output beams fi-om the multimode fibres allowed a veiy simple 

coupling optics system to be used. This comprised two identical AR-coated aspheric 
condenser lenses with their convex surfaces facing each other. For the linear cavities 
described below, the lens used was Melles Griot model 01 LAG 000/076. (The 
characteristics of this lens were given in Chapter 5.) The lenses were mounted in a 
single aluminium holder; the spacing between them at the closest point was < 1 mm. 
For the ring laser, a greater working distance between the coupling optics and the pump 
light image plane was required because of the requirement to tilt the thin mirror in order
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Figure 6.3. Output power from the bundle and the two multimode fibres versus current.

to produce the necessary fold in the beam path. This meant that the thin mirror was 
fuither away from the NdrYAG rod; hence the need for a greater working distance. In 
this case two much larger aspheric lenses were used : Melles Griot model 01 LAG 
019/076. The focal length, diameter and f# of this lens were 53 mm, 65 mm and 0.82 
respectively. The mounting system was similar to that used for the smaller lenses. An 
additional benefit o f the conical output from the fibre-coupled system was the fact that 
the coupling optics system produced no spherical aberration: unlike the system 
described in Chapter 5, both planes were brought to an image point exactly the same 
distance from the second lens, resulting in more efficient pumping. The power 
transmission of the coupling optics was measured to be 97%.

6.2.3 Positioning of Fibre-Tip and Coupling Optics
The fibre-tips were terminated with either standard SMA or FCPC connectors. 

These could be attached to a suitable socket mounted on 1 " aluminium disc fitted to a 
mirror mount. The fibre assembly and the coupling optics system were both fixed to xyz 
translation stages to allow the separations of the gain material, optics and fibre-tip to be 
adjusted. This gave flexibility in the pump spot size and divergence so that the pump
mode overlap could be maximised. 1:1 imaging of the pump radiation was obtained for 
the smaller lenses when the fibre tip was 12 mm from the first (plane) surface of the 
first aspheric lens; the pump spot was formed 12 mm from the plane surface o f the 
second lens. For the larger lenses, the 1:1 imaging distance was 40 mm.
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6.3 End-Pumped Nd;YAG Laser

6.3.1 In troduction
A diagram of this laser, as set up for intracavity doubling, is shown in Figure 

6.4. The pump light output from the fibre-tip was coupled through a thin (« 1 mm) A/4 

plate into a NdiYAG rod, which was heat-sunk with indium foil in a water-cooled 
copper block. Rods o f length 6  mm and 8 mm were used; the results given below are for 
the longer rod. The rod diameter in each case was 3.5 mm. The XIA plate was for 1064 

nm and was required for stable intracavity doubling (see section 6.3.6). The plate was 
AR coated for 808 nm on both sides, HR coated for 1064 nm on the side nearest the 
fibre-tip and AR coated for 1064 nm on the side nearest the Nd:YAG rod. The close 
proximity of the gain element to the end mirror was intended to reduce spatial hole- 
burning as described in [6.14], in order to more easily achieve lasing on one or two 
longitudinal modes when internally frequency doubling. For operation at 1 pm , the end 

plane high reflector was replaced by a plane output coupler. The total physical length of 
the resonator was « 330 mm. This simple three-mirror cavity was designed to achieve 
three main objectives. First, to produce as large a signal-mode diameter inside the 
NdrYAG crystal as possible, so that a large capture etendue was presented for the pump 
light and the overlap integral was maximised. Second, to simultaneously produce a

Single
multimode

fibre

Q

Coupling
system

Bundle of 
38 fibres

Fibre-tip

A/4
plate

Aspheric
condenser

lenses

NdrYAG
rod

Plane;
HR @ 1 pm 
HR @ 0.5 pm

Aperture

Low
finesse
étalon

20 W 
CW 1 cm 
AlGaAs 
diode-bar

20 W 
CW 1 cm 
AlGaAs 
diode-bar

-100 mm;
HR @1 pm 
HT @ 0.5 pm

275 mm

Figure 6.4. Intracavity-doubled Nd.YAG laser end-pumped by fibre-coupled diode-
laser arrays.
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small waist at the end plane mirror for efficient doubling. Thirdly, by using only three 
mirrors in a simple cavity scheme, it was hoped to keep internal linear losses to a 
minimum.

The mode radius inside the Nd:YAG rod and the waist radius inside the KTP 
crystal are shown as functions o f the separation between the curved mirror and the 
plane mirror in Figure 6.5. For separations in the region of 45 mm, a mode diameter 
inside the NdiYAG rod of « 1 mm can be combined with a spot diameter inside the 
KTP crystal of » 140 |Lim.

The laser was operated using both 600 and 400 p m  diameter core single 
multimode fibres to couple the pump from the bundle into the gain rod. Using the 
method described in section 1.3.2.4 the depth over which the pump is fully contained 
within the signal was calculated as 426 pm in the case of the 600 pm fibre, and 737 pm  
in the case o f the 400 pm  fibre. The smaller etendue o f the 400 pm  fibre is thus seen to 
be beneficial in terms o f pump-signal overlap. The corresponding optimum pump spot 
sizes were calculated as 601 pm in the case of the 600 pm  {i.e. roughly 1:1 imaging), 
while for the 400 pm fibre slight magnification was required, the optimum spot size 
being 525 pm.

t ,

I.

S’

T

%

%

3

st>

30 3 T  ^  é o 3a #  4r" JD 33T

Figure 6.5. Laser mode radii inside the YAG rod (left) and the KTP crystal (right) as a 
function o f  the separation o f  the curved and plane mirrors.

6.3.2 Power output at 1pm using 600 pm fibre
The 1064 nm output power characteristics obtained with various output couplers 

are shown in Figure 6 .6 . The pump power is that incident on the quarter-wave plate 
after passing through the coupling optics. For pump powers higher than « 20 W, the 
slope efficiencies dropped appreciably due to thermal lensing effects. The highest slope 
efficiency obtained was 43% (for pumping < 20 W), using a 10% output coupler. For a 
pump power of 30 W, 10 W of output power at 1064 nm were obtained. As predicted in 
section 6.3.1, maximum output and slope efficiency were obtained using a pump spot 
size of « 600 jiim in the NdiYAG rod, i.e. the fibre tip and the end of the rod were both

174



Nd Lasers Pumped By Fibre-Coupled Diode-Laser Bars

I.
I:
1 ;
Tf
s  1

0

o ' >7%
3% <

.  0 > <)

ï f
> 0

p
20°/

□  q
Ù 0

g 0

— 8  
- S o

^0
0
1—

I
QL

3
e
o
£
c

s
o

10

9

8

7

6
5

4

3

2
1

0
o  in o  lo o  >o
I—I ^  eN oi CO CO

10 ’/»o

, ,

0 3 <>
5%

8

0°2 » / )

a
â

0 A
A 30* 'b

o < n o > n o « n o i o
I I c s  c s  C O  CO

Pump Power (W) Pump Power (W)

Figure 6 .6 . 1064 nm Nd.YAG laser output using 600 pm fibre.

i i .:î w

W

I
3

t
0
E
c

1

Output Coupling %

Figure 6 .7. Output power against output coupling using the 600 pm fibre.

- 1 2  mm from the coupling optics. Other slope efficiencies were 34% using a 2% 
coupler, and 40% using a 5% coupler. By comparing the various slopes, the internal 
loss of the laser was estimated as « 0.6 %. Plotting output power against coupling for 
various pumping levels, the unsaturated gain at the full pump of 30 W was estimated to 
be in the region o f 45%. Given the very low internal loss o f the laser, the slope 
efficiencies can be used to give an estimate of the product Tnr\2  as described in Chapter
1. Given X p / Xg = 0.76, a slope efficiency of 0.43 indicates that 77 ; ~ 0.43 / 0.76 =

0.57.
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6.3.3 Power output at 1pm using 400 pm  fibre
The laser was also operated at 1 pm using a 400 pm  core mutlimode fibre to 

deliver the pump radiation. The available power from the fibre tip had to be limited to ~ 
10 W in this case in order to avoid damage to the bundle end of the fibre. Damage often 
resulted by excessive heating caused by the relatively inefficient (« 50%) coupling from 
bundle to fibre when using the 400 pm  fibre. Figure 6 .8  shows the various slopes 
obtained. Optimum operation was achieved when the fibre tip was ~ 9 mm from the 
coupling optics and the pump spot ~ 15 mm from the optics. The pump spot was 
therefore slightly magnified compared to the fibre-tip. A 10% output coupler again 
produced the best result, giving 3.27 W at 1064 nm for 9.7 W pump power. The slope 
efficiency was 39%. The efficiency at this pumping level was slightly higher than when 
using the the 600 pm  fibre, which gave 3.14 W at 9.7 W pumping. Given the smaller 
core, the 400 pm  fibre should also have produced a higher slope efficiency but this was 
not found to be the case.

By comparing slope efficiencies, the internal loss was this time estimated to be 
0.7%. Output power as a function of output coupling is shown in Figure 6.9 for four 
different pumping levels. At the 10 W level, the unsaturated gain was ~ 35%.

6.3.4 1 pm  beam quality
The factor of the 1064 nm output beam was measured at two pumping 

levels; the separation of the curved and plane mirrors for this was 45 mm. The pump 
radiation was delivered by the 600 pm fibre. The results are summarsied in Table 6.2. 

The beam diameter was measured immediately after the output coupler, and also at 
distances of 15 cm and 30 cm in order to determine the beam divergence. The far field
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Vertical plane Horizontal plane

Waist Radius Wq (pm) 78 (79) 75 (83)

Far field diffractiion angle 9 (mrads) 4.57 (5.11) 5.64 (5.40)

m2 1.0 (1.2) 1.2 (1.3)

Table 6.2. Beam quality measurements fo r  1064 nm. Pump power -1 2 .7  W; values for
19.3 Wpump shown in parentheses.
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(Pump power = 19.3 W.)

profiles are shown in Figure 6.10 and 6.11. These show the beam quality to be much 
better than those obtained from the two ring lasers, and this can be attributed to the 
superior quality of the pump-beam.

6.3.5 Intracavity frequency-doubling using KTP
6.3.5.1 Polarisation scheme o f  Oka and Kubota

The polariation scheme of Oka and Kubota [6.11] was used to avoid chaotic 
behaviour in the green output. Intracavity polarisation schemes are best analysed using 
Jones matrices to find the eigenvectors and eigenstates, as was described in Chapter 4. 
Several good reviews have been written on the method [6.15, 16, 4.9], which is 
applicable to any anisotropic resonator. For example, the scheme whereby a KTP 
crystal and a Brewster plate form a biréfringent filter giving single-frequency operation 
at low pump powers can be analysed by this technique [6.17,18].

The Jones method can be used to show that in any anisotropic resonator there 
are two possible polarisation eigenstates. The two states are linearly polarised, mutually 
orthogonal and aligned along the principal biréfringent axes. The round-trip Jones 
matrix in this case is 

0  ^

V. 0

where F  is the single-pass phase retardation. The eigenvalues are simply , 
indicating unity intensity transmission, as expected if there are no elements introducing 
loss, such as a Brewster plate. To find the polarisation eigenstates, the simplest method
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Figure 6 .12. Polarisation eigenstates fo r  a resonator with KTP. Left - without X /4
plate; right - with X /4 plate

is to work in a frame which is rotated from the biréfringent axes by 45°. The roimd-trip 
Jones matrix is then

cosF  îs in r^  
zsinP  cosF  )

The ratios Ey /  Ex of the components of the eigenstates for this matrix are 1 and -I, i.e. 
the two components have equal moduli and are either in phase or 180° out o f phase, 
corresponding to linearly polarised states polarised along the biréfringent axes. Thus 
simply by inserting a KTP crystal into an isotropic resonator will automatically give 
two polarisation eigenstates which satisfy the type II phase-matching requirement, as 
shown in Figure 6.12 (left). Unfortunately, this arrangement leads to the "green 
problem". If  the two states (modes) have frequencies (O i , (O 2  the intensity at the 
second-harmonic (or more accurately, the sum-frequency) is given by 

I{CÔ  + CO2 ) (^P{0 )i + 0)2 )P (n)i + 6)2)^ ~ êff I^l(^l)| 1̂ 2 ( ^ 2 )| “  A (^l)^z(^2) '

The coupling of the two modes by the nonlinear process leads to instability.
By using a quarter-wave plate inside the cavity, with its axes at 45° to those of 

the KTP crystal, as in the Oka and Kubota scheme, separate doubling o f the two modes 
is achieved, removing the nonlinear coupling of the fundamental modes. The Jones- 
matrix analysis of this arrangement is tiresome to caiTy out analytically, and is best 
done by computer. The round-trip Jones matrix (starting and finishing at the KTP 
crystal) is given by the product

0
0

f l
1 1 0 A ■1 1 0

0
- i r / 2

y
Here the laboratory frame coincides with the KTP axes. The central matrix accounts for 
the double-passing o f the quarter-wave plate. The round-trip intensity transmission of 
both states is unity for all F. The ai’guments of the component ratios Ey/Ex for the two 

states are shown in Figure 6.13 as a function o f the single-pass phase retardation o f the 
KTP, r . The moduli are always unity (independent of F  ). The relative phases o f the

179



-  ^ {|E ,(ffl.)|*  +|£,(û),)r -  2|E,(<0,)f |E,(û),)f (cos2[(®, -  co,)t-{f,  -  ÿj]>}

Nd Lasers Pumped By Fibre-Coupled Diode-Laser Bars

components for the two states rapidly switch between 180° and -180°, and the states are 
therefore linearly polarised at ± 45° to the KTP axes, as shown in Figure 6.12 (right). 
The polarisation at the sum-frequency of the two modes is

and the sum-frequency intensity is now given by 

l(ca, + V  -  E /(® 2)][Ei^(ffli) -  E/C®^)]*’

4 

4
The modes are therefore separately doubled and not coupled together by the nonlinear 
process. Even if  more than two modes are above threshold, no two modes are coupled: 
if  they have the same polarisation eigenstate they will not satisfy the type II phase- 
matching requirement.

One possible cause of instability in the Oka and Kubota system is the presence 
of significant birefringence in the NdrYAG rod, which may be produced at high 
pumping levels. As a simple demonstration of the effect this might have, a matrix of the 
form

0  ^

can be included in the round-trip Jones matrix, where y/ is the single-pass phase 
retardation of the NdrYAG rod. Taking y/ = 30° as an example, it is found that the 
moduli of the ratios Ey / Ex for the two eigenstates again switch rapidly between -180° 
and +180° as F  is increased from 0° to 180°. However the moduli no longer stay fixed 
at unity as F  varies, but behave as shown in Figure 6.14. This figure also displays rapid 
switching between the two egdes of the envelope. At a given F  the two states are on 

opposite edges. The implication is that the eigenstates at the KTP crystal are elliptically 
polarised, the extent of ellipticity increasing with increasing birefringence in the YAG 
rod. This may well cause the Oka and Kubota scheme to break down at high pump 
powers.
63.5.2 Output Power at 532 nm

Intracavity frequency-doubling was carried out by replacing the plane output 
coupler with a plane high reflector (at both 1064 nm and 532 nm) so that the visible 
light issued from the curved mirror. The KTP was placed as close as possible to the 
plane mirror in order to access the small mode size, and the crystal was rotated so that 
its axes were at 45° to those of the quarter-wave plate. An adjustable aperture was 
inserted into the cavity near to the NdrYAG rod to avoid operation on higher order
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Figure 6.13. Relative phases o f  the components o f the polarisation eigenstates versus 
phase retardation o f the KTP crystal in the Oka and Kubota scheme.
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Figure 6.14. Modulii o f the ratios o f  the components o f the eigenvectors versus phase 
retardation o f KTP; retardation o f Nd.YAG = 30°.
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Figure 6.15. 532 nm output power.

transverse modes. To restrict the number of longitudinal modes, a low finesse étalon 
was also inserted.

An example o f the 532 nm output power behaviour (when the pump light was 
delivered with the 600 pm  fibre) is shown in Figure 6.15. The highest visible power 

achieved was 3.98 W at the full pump power o f 30 W, representing an optical-to-optical 
conversion efficiency of 13%. Each of the points in Figure 6.15 represents the power 
achieved after full optimisation o f the system, i.e. adjustment o f the KTP crystal, 
apertuie, étalon, plane mirror, fibre-tip position and coupling optics. When operating 
stably, the laser oscillated on two fundamental longitudinal modes which were spaced 
by approximately 450 MHz. (The beat frequency in the visible output was measured on 
a spectrum analyser and found to be typically 900 MHz.) The resonator was typically 
320 mm long during visible operation, coiTesponding to a mode spacing o f 469 MHz. 
The slightly lower frequency spacing of the longitudinal modes indicates that the étalon 
selected one longitudinal mode from each polarisation set.

The 1 pm  leakage from the plane high reflector was monitored on a scanning 

confocal Fabry-Perot interferometer. A typical dual-peaked trace is shown in Figure 
6.16 (two scans are shown.) The laser operated quietly in this state for output powers up 
to « 2 W. At pump powers over 20 W, more than two modes generally oscillated and 
there was considerable instability in the output power. At full pump power, stable two
mode operation was not achieved for more than ~ 5 seconds. The instability was caused 
by two main factors. Firstly, although the étalons had free spectral ranges of 180 - 200 
GHz {i.e. greater than the gain bandwidth of NdrYAG) their finesses were low (in the 
range 1.4 - 3.8). For example, for one of the étalons used, the spectral FWHM was
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equivalent to 110 mode spacings. At high pump powers there was therefore insufficient 
discrimination between the longitudinal modes. Low finesse étalons were chosen in 
order not to restrict the visible power output, but at high pump levels there is clearly a 
compromise to be reached if quiet operation is to be maintained. Another reason for the 
instability may have been the presence of birefringence in the NdiYAG rod. As 
explained in section 6.3.5.1 above, this may have led to slightly elliptical polarisation 
eigenstates and therefore some nonlinear coupling of the fundamental modes, giving 
rise to chaotic operation.

The green power performance of the laser can be assessed as for the other lasers. 
The round trip unsaturated gain was estimated as « 45% and the internal linear loss ~ 
0.6%. Assuming that the maximum 1064 nm power was achieved at approximately 
optimum output coupling, the saturation power of the laser was

2 x 10
sat

( V Ô 4 5 - V 0. 006)
= 57W .

The optimum nonlinear coupling was therefore 
0.006
2 x 57

=  5. 26x l O " = W " ' .

Figure 6.16. Longitudinal fundamental mode structure o f the intracavity-doubled
Nd.’YAG standing-wave laser.
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The Boyd and Kleinman value for optimum nonlinearity in a 5 mm length of KTP is 
4.39 X 10“̂  although this is sometliing of an over-estimate due to Poynting vector 
walk-off. Nevertheless, the high effective nonlinearity of KTP coupled with the high 
gain and low internal linear loss of the laser would indicate that optimum coupling may 
have been achievable resulting in green output powers of perhaps 7 - 8 W. The 
generation of 4 W of visible power is equivalent to a nonlinear coupling two orders of 
magnitude below the optimum value. Although some loss of power may be attributed to 
under-coupling due to the relatively large (« 7 0  jxm) waist radius in the KTP, other 

factors such as the loss introduced by the étalon and self-misalignment of the laser due 
to walk-off in the KTP may have also been responsible for the green power not 
reaching its full potential.
6 .3.5.3 532 nm Beam Quality

The 532 nm beam quality was investigated at the 2 W level. A 50 mm focal 
length lens was used to produce a waist radius of 96 jxni (in both planes) and a scamiing 

pinhole was used to measure the far-held beam divergence. The beam divergence was 
measured as 4.23 mrad in the horizontal plane and 3.87 mrad in the vertical plane, 
corresponding to NF values of 1.2 and 1.1 respectively. A pair of profiles is shown in 
Figure 6.17. Careful use of the aperture allowed TEMqo visible output up to the full 
pump power of 30 W.

1500

.’̂ 1 2 5 0

D
g îooo
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6.4 End-Pumped Nd;YV0 4  Laser

6.4.1 Introduction
Recently, diode-pumped bulk NdiYVO^ lasers have shown very impressive 

performance both at 1 pm and when intracavity frequency-doubled [6.1, 2, 3], 

achieving unprecedented output powers and efficiencies. This new generation of high- 
power systems all have the common features of end-pumping with fibre-coupled diode- 
bars and the use o f NdiYVO^ as the gain material. In the past, the very strong tv 

absorption o f this gain medium has been exploited only in low-power and microchip 
lasers because of its very low thermal conductivity, which is even less than that o f YLF. 
However, the bright, symmetrical pump beams available from fibre-coupled diode-bars 
have allowed accurate end-pumping o f the laser mode-volume, and the short absorption 
depth o f Nd:YV0 4  has meant that almost all o f the pump light is absorbed before the 
spatial extent of the pump extends beyond that o f the signal. This high degree o f pump
mode overlap leads not only to very low thresholds and high slopes efficiencies (often > 
50%), but also to reduced heating and thermal lensing.

Given these ideas, the Nd:YAG system decribed in section 6.3 above was 
rebuilt with a 6  mm long block of Nd:YV0 4  as the gain element. The cross-section was 
square with side 3 mm. As before, the laser ciystal was heat-sunk with indium foil in a 
water-cooled copper block. The resonator was left unchanged. Both 600 jxm and 
400pm-core multimode fibres were used to deliver the pump power, and internal 

frequency-doubling was again carried out using KTP. A scanning monochromator trace 
o f the Nd:YV0 4  fluorescence is shovm in Figure 6.18. The principal radiative emission 
is at « 1064 nm.

6.4.2 Power Output at 1 |xm
Various slopes obtained using the 600 |xm fibre are shown in Figure 6.19. Using 

a 10% output coupler, the highest output power achieved was 5.1 W for a pump power 
o f 13.5 W. The slope efficiency using the 10% output coupler was 41.3%; this was 
actually less than that achieved with the same coupler in the Nd:YAG laser. Comparing 
slopes indicated an internal loss of « 1.5% which explains the reduced slope compared 
to the Nd: YAG laser. Since the rest of the laser was unchanged, it would seem that the 
quality of the YAG crystal was better than that of the YYO4 . At the 13.5 W pump level, 
the unsaturated gain was estimated at 35 - 40%.

The maximum pump power delivered using the 400pm fibre was 9.2 W. At this 

level, 3.27 W output was achieved with a slope efficiency of 40.8%, again using a 10% 
output coupler. As with the NdiYAG system, there was no increase in slope efficiency 
when using the smaller-core fibre. However the slope obtained with the YVO4 laser
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Figure 6.18. Nd:YV0 4  fluorescence.
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Figure 6.20. Nd:YV0 4  laser output using 400 pm fibre.

with the 400 |im  fibre was greater than that obtained with the YAG laser, but only by 
1.8%. Other slopes are shown in Figure 6.20. The internal loss and highest unsaturated 
gain were estirasted as 1.8% and 35% repectively.

6.4.3 Internal Frequency-Doubling Using KTP
Given the fact that the Oka and Kubota polarisation scheme works regardless of 

the retardation of the KTP crystal, it can be adapted easily for use with biréfringent gain 
media such as Nd:YLF and NdiYVO^. In the present case, the KTP was aiTanged with
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its axes coincident with those o f the NdiYVO^ crystal, and the quarter-wave plate was 
set with its axes at 45° to this frame. As with the Nd:YAG laser, stable two-mode green 
output was achieved up to 2 W, the mode structure being similar to that shown in 
Figure 6.16. For a pump power of 13.5 W (from the 600 pm fibre) 2.01 W green power 

was achieved, representing an optical-to optical efficiency of 15%.
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Figure 6.22. Visible output power from the intracavity-doubled Nd:YVO 4  laser.

6.5 End-Pumped Nd;YAG Ring Laser

6.5.1 Introduction
The concept o f internal beam-folding together with end-pumping can be easily 

extended to form a ring laser. When end-pumped by a symmetrical beam such as that 
from a fibre-coupled diode-bar or a re-shaped bar, efficient, quiet single-frequency 
visible lasers have been produced by internal frequency-doubling [6.3,19].

The fibre-coupled diode-bars used previously were used with the 600 pm fibre 
to pump such a ring laser, as shown in Figure 6.23. Given the thermal problems 
experienced with the NdiYVO^ sample, a 6  mm Nd:YAG rod was used as the gain 
medium. The simplicity of this ring meant that the internal angle could be reduced to ~ 
15°, almost eliminating astigmatism in the output beams. The limiting factors on the 
internal angle were the diameter o f the NdrYAG rod and the brightness o f the pump 
source. Unidirectional operation was achieved by the use o f a Faraday rotator, half
wave plate and a glass Brewster plate. Large aspheric lenses of focal length 53 mm 
were used to couple the pump light into the NdrYAG rod. These gave a working
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Figure 6.23. Intracavity-doubled Nd:YAG ring laser.

distance of 40 mm from the plane surface of the second aspheric lens to the pump 
image for 1:1 imaging from fibre-tip to the pump spot. This was required because of the 
folding of the beam patli.

The 1 jxm output performance of the bidirectional laser is shown in Figure 6.24. 

Unlike the standing wave YAG laser discussed in section 6.3, this device showed 
significant thermal problems in the output. The output power is also less; both problems 
were probably a result of lower pump-mode overlap because of the smaller mode size. 
The highest power output was 4.2 W at a pump power of 24.3 W. A 3% output coupler 
was used; the slope efficiency was 40%. Comparing the slope efficiencies at pump 
powers up to 12 W indicated an internal loss of « 0.2%. The unsaturated gain at full 
pump power (24.3 W) was « 15%.

The performance of the unidirectional laser is shown in Figure 6.25. The highest
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output power obtained was 2.28 W at a pump power of of 23.3 W. The output coupling 
was 5%; the slope efficiency was 20%. The low output power and slope were probably 
due to the loss o f the Faraday rotator, although comparison of the slope efficiencies up 
to «  14 W pump power indicated an internal loss of only « 1%. Given the internal loss 
and the maximum output and estimated unsaturated gain, the saturation power can be 
estimated as

2.28
P.sat

(V Ô Ï5 -V Ô Ô Ï)’
28W.

The optimum nonlinear coupling was therefore

Kopt =  3 .6 x lO ^ W
sat

With Boyd and Kleinman focusing, a coupling of 7.3 x 10"  ̂W-^ should be achievable 
in a 25 mm LBO crystal. The possibility o f extracting the full 2.28 W as green output 
should therefore have been possible. However, the maximum power generated at 532 
nm was only 1.29 W. This corresponds to the actual K being approximately 18 times 

less than the optimum value.
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Figure 6.25. Output power from the unidirectional laser: left -1064 nm; right - 532 nm.

6.6 Concluding Remarks

The lasers discussed in this chapter demonstrate the effectiveness of using fibre- 
coupled diode-bars as pump devices. The standing-wave NdrYAG laser in particular 
showed powers and efficiencies unattainable from simple side-pumped devices or lasers
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Figure 6.26. Output power versus output coupling fo r  the bidirectional laser.

end-pumped directly by the output of a diode-bar. Very low thresholds and high slope 
efficiencies in the region of 40 - 50% are now quite commonplace when these pump 
devices are used, the result being that lp,m powers in the 10 - 15 W range are quite 

readily achieved using only two bars, whereas two or three years ago such output could 
only be obtained from large side-pumped systems employing multiple stacks of bars.

191



Nd Lasers Pumped By Fibre-Coupled Diode-Laser Bars



Nd Lasers Pumped By Fibre-Coupled Diode-Laser Bars

8

193



Nd Lasers Pumped By Fibre-Coupled Diode-Laser Bars

References

[6.1] W. L. Nighan Jr., D. Dudley, M. S. Kierstead: "Diode-bar-pumped Nd:YV0 4  

lasers with > 13 W TEMqo output at >50% efficiency"; Conf. on Lasers & Electroopt. 
OSA Tech. Dig. 15 17 (1995) paper CMD5
[6.2] W. L. Nighan Jr., J. Cole: "> 6  W of stable 532 nm TEMqo output at 30% 
efficiency from an intra-cavity doubled diode-pumped multiaxial mode NdiYVO^ 
laser": Conf. on Advanced Solid-State Lasers (1996)
[6.3] M. D. Selker, T. J. Johnston, G. Frangineas, J. L. Nightingale, D. K. Negas: ">8.5 
W single-frequency 532 nm light fi’om a diode-pumped intra-cavity doubled ring laser": 
Conf. on Lasers & Electroopt. post-deadline paper CPD21 (1995)
[6.4] K. Kubodera, J. Noda: "Pure single-mode LNP solid-state laser transmitter for 1.3 
pm fibre-optic communication": App. Opt. 21 3466 (1982)

[6.5] J. Berger, D. F. Welch, W. Streifer, D. R. Scifres, N. J. Hoffman, J. J. Smith, D. 
Radecki: "Fiber-bundle coupled, diode end-pumped Nd:YAG laser": Opt. Lett. 13 306 
(1988)
[6 .6 ] Y. Kaneda, M. Oka, H. Masuda, S. Kubota: "7.6 W of continuous-wave radiation 
in a TEMoo mode from a laser-diode end-pumped Nd:YAG laser": Opt. Lett. 17 1003 
(1992)
[6.7] D. C. Shannon, D. L. Vecht, S. Re, J. Alonis, R. W. Wallace: "High average 
diode-pumped lasers near 2 pm": SP IE1865 164 (1993)

[6 .8 ] T. Y. Fan: "Single-axial mode intracavity-doubled Nd:YAG laser": IEEE J. 
Quant. Elec. 27 2091 (1991)
[6.9] H. Nagai, M. Kume, I. Ohta, H. Shimizu, M. Kazumura: "Low-noise operation of 
a diode-pumped intracavity-doubled Nd:YAG laser using a Brewster plate": IEEE J. 
Quant. Elec. 2S 1164 (1992)
[6.10] G. E. James, E. M. Harrell II, C. Brackiowski, K. Wiesenfield, R. Roy: 
"Elimination of chaos in an intracavity-doubled Nd:YAG laser": Opt. Lett. 15 1141 
(1990)
[6.11] M. Oka, K. Kubota: "Stable intracavity doubling of orthogonal linearly polarised 
modes in diode-pumped Nd:YAG lasers": Opt. Lett. 13 805 (1988)
[6.12] L. Liu, M. Oka, W. Wiechmann, S. Kubota: "Longitudinally diode-pumped 
continuous-wave 3.5 W green laser": Opt. Lett. 19 189 (1994)
[6.13] M. Oka, S. Kubota: "Second-harmonic generation green laser for higher-density 
optical disks": Jap. J. App. Phys. 31 513 (1992)
[6.14] G. J. Kintz, T. Baer: "Single-frequency operation in solid-state laser materials 
with short absorption depths": IEEE J. Quant. Elec. 26 1457 (1990)

194



Nd Lasers Pumped By Fibre-Coupled Diode-Laser Bars

[6.15] V. Ya. Molchanov, G. V. Strotskii: "Matrix method for the calculation of the 
polarisation eigenstates o f anisotropic optical resonators": Sov. J. Quant. Elec. 1315 
(1972)
[6.16] J. Junghans, M. Keller, H. Weber: "Laser resonators with polarising elements - 
eigenstates and eigenvalues of polarisation": App. Opt. 13 2793 (1974)
[6.17] T. Y. Fan: "Single-axial mode, intracavity doubled Nd:YAG laser": IEEE J. 
Quant. Elec. 112091 (1991)
[6.18] H. Nagai, M. Kume, I. Ohta, H. Shimizu, M. Kazumura: "Low-noise operation of 
a diode-pumped intracavity-doubled Nd:YAG laser using a Brewster plate": IEEE J. 
Quant. Elec. 2^ W64 (1992)
[6.19] W. A. Clarkson, K. I. Martin, D. C. Hanna: "High-power single-frequency 
operation and efficient intracavity frequency-doubling of a Nd:YAG ring laser end- 
pumped by a 20 W diode-bar": Conf. on Lasers & Electroopt. OSA Tech. Dig. 15 19 
(1995) paper CMD8

195



CONCLUSIONS

The intracavity frequency-doubling o f 1 pm  Nd:YAG lasers in the mid-1960s 

was one o f the pioneering topics of research in quantum electronics. The theory of 
internally doubled CW and Q-switched lasers was fully established by 1970; that of 
actively modelocked systems by 1975. The key physical principles involved are now 
well understood so that the further development of these devices rests primarily on 
technological advances rather than on any great scientific insight. The major design 
issues for high-power bulk intracavity-doubled systems are discussed below.

In most laboratory situations, only a few tens of watts o f pump power are 
normally available. To obtain high-power operation from a simple system therefore 
demands emphasis on efficiency, which tends to lead to longitudinal rather than 
transverse pumping. The experimental work described in this thesis has shown that, 
while side-pumping is simple and reliable, it cannot compete with end-pumping in 
terms o f raw power. O f course, for very high power 1 |xm operation where output 

powers of hundreds of watts are required, side-pumped designs are still common, but 
these are generally pumped by multiple stacks of diode-bars; efficiency is not a prime 
concern. The accurate deposition of pump energy within the laser mode volume that is 
associated with end-pumping leads to a number o f benefits. Most obvious is the 
increased pump-mode overlap integral due to better spatial matching of the pump and 
signal fields and the increased interaction length. In addition to reduced thresholds and 
higher slope efficiencies this pumping geometiy allows better transverse mode control 
and reduced thermal lensing, thermal birefringence and thermal damage caused by 
"wasted" pump energy, i.e. pump energy not absorbed within the mode volume. 
Reduced thermal problems lead back to even more output power; a higher operating 
level can be reached before thermal limitations set in.

The current high level o f interest in high-power diode-pumped lasers and their 
intracavity frequency-doubling has higlilighted the question of beam quality available 
from diode-laser devices. Symmetry and brightness are key issues in end-pumping as 
they govern the pump-signal interaction length. The fibre-coupling of diode-laser arrays 
is currently a popular route to a symmetrical pump beam. Achieving high brightness by 
the use low small-core low NA fibres is more important than raw power. The total 
pump power can be scaled up by using more than one input point, and this also has the
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advantage of distributing the thermal load. The advent of high-power, bright fibre- 
coupled systems has meant that coupling losses are now far outweighed by the 
improved efficiency from fibre-tip to laser.

Another current avenue of research on the improvement of pump beams is the 
direct reshaping of the output of diode-bars. The efficacy of this approach has been 
clearly demonstrated, and it has the potential to challenge the efficiency and reliability 
of the fibre-coupled methodology.

Resonator design must encompass a number of aims if efficient high-power 
harmonic output is to be achieved. High gain (discussed above) and low linear loss are 
the two principal goals for an intracavity doubled laser. One general principle is 
therefore to keep the ratio of gain to linear loss as high as possible. Maximising the 
mode size in the gain medium to improve pump-mode overlap while keeping the 
number of cavity elements to a minimum are generally desirable objectives. High gain 
and low linear loss mean that only modest nonlinearity is needed for a laser to achieve 
its full potential in terms of harmonic output power. Focusing requirements may be 
relaxed if these two objectives are met.

For several years, the issue of the intracavity doubling of single and multi- 
longitudinal mode lasers has been a subject of considerable interest. Quiet multimode 
operation has been achieved by the use of standing wave cavities in which a large 
number of modes are above threshold. Although several novel single-frequency 
schemes have been developed over recent years for standing-wave cavities, these tend 
to break down for high-gain lasers. High power single-frequency output now generally 
means the use of a unidirectional ring resonator.

Crystal technology is still an important aspect of the development of these 
lasers. Recently, the exploitation of the strong 808 nm absorption feature of NdiYVO^ 
has led to high-power operation at 1 and 0.5 |im , despite its low thermal conductivity. 

The use of LBO as the nonlinear crystal, as opposed to KTP, is now common to high- 
power 0.5 pm sources. The main reason for this is the possibility for type I non-critical 
phase-matching, eliminating birefringence and allowing a simple (linear) intracavity 
polarisation state. Although its nonlinearity is quite modest, the high gains now 
achievable mean that this is not quite the problem it once was; optimum nonlinear 
coupling for intracavity doubled lasers is falling as the 1 pm output powers continue to 

increase. The large angular acceptance bandwidth of LBO is ideal for focused beams. 
The absence of walk-off is another advantage. Given the extremely high intracavity 
powers that are now being demonstrated, the high damage threshold of LBO could 
prove to be its most important attribute.

The diode-pumped, intracavity-doubled Nd laser is now at a very high level of 
development, and high-power, high-efficiency devices are becoming commercially

• 1 1 1  T -  ,1  • • I 1 - 1  , 1 ,  .  1 .  . . . . .  1 • r  .1
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Conclusions

brightness from fibre-coupled diode-bars increases, or if  some brighter and equally 
reliable pumping technology is developed. The development of new Nd-host crystals 
with greater absorption coefficients and thermal conductivities would also have a 
beneficial impact on these lasers.
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