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Abstract.
In this thesis the use of high spatial- and spectral-quality diode-laser pump sources
for solid-state lasers and continuous-wave optical parametric oscillators (cw OPOs)
is investigated. While diode lasers are potentially attractive, compact, low-cost pump
sources for solid-state lasers and cw OPOs, the difficulty in obtaining moderate
output powers, while retaining high spatial beam quality and spectral purity, often
limits the potential o f such lasers in these applications.
Techniques for obtaining high-power, high spatial- and spectral-quality output ftrom
diode lasers are reviewed and the design, development and characterisation o f an
injection-locked broad-area diode-laser system is described. This system produced
output powers o f «400mW in a near-difffaction-limited beam (M^wl.3) and with a
spectral width of <30MHz.
The injection-locked system was used as the pump source for a quasi-three-level 946nm Nd:YAG laser. End-pumped solid-state lasers of this type can offer potentially
efficient, low-threshold operation if a near-diffraction limited pump source is used
allowing optimal overlap with the laser mode. A model, including pump beam quality
effects, is developed for such lasers and used to highlight the advantages o f a neardiffraction-limited pump source, especially in the case of the 946-nm Nd:YAG
transition which suffers from low gain and significant reabsorption losses. A 946-nm
Nd:YAG laser pumped by the injection-locked system is described, yielding cw
output powers up to 120mW with a 46% slope efficiency, performance comparable to
Tiisapphire- or dye-laser pumping, and 27ns Q-switched pulses having peak powers
of 180W. 50W, 20ns pulses at 473nm were obtained by second-harmonic generation
inKNbOs.
The perfonnance and relative merits o f various cw OPO configurations, in the
context of diode-laser pumping, are discussed and the development o f a doublyresonant OPO (DRO) based on periodically-poled lithium niobate is described. When
pumped by the injection-locked system, this device showed a threshold o f 25mW and
.tuning of the outputs over 1.15- 1.25pm at the signal and 2.3-2.65pm at the idler was
obtained by variation of crystal temperature, PPLN grating period and pump

wavelength. When pumping with a lOOmW single-mode diode laser, a 15raW OPO
threshold was observed while retaining a similar tuning range. This represented the
first demonstration of a cw DRO directly pumped by a single-mode diode laser. The
achievement o f such spectral coverage while pumping with this source points to the
potential of such systems as compact, tunable sources in the near- to mid-infrared.
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1. Introduction.

1.1 Background.
The pumping of optical parametric oscillators (OPOs) and solid-state lasers with
semiconductor-diode-laser based sources has a number o f attractions. The high
efficiency and small physical dimensions o f diode lasers enable efficient, compact,
all-solid-state devices to be constructed. The wide range of operating wavelengths
for which diode lasers can be constructed allows pump-wavelength requirements to
be met for many solid-state laser materials and OPO configurations while the
tunability of individual diodes enables optimisation o f pump absorption in solid-state
lasers and tuning o f output wavelengths in OPOs. Finally, the fact that they are massproduced results in diode lasers generally being considerably less expensive than
equivalent laser systems based on other technologies.
Despite these attractive features, the inherent performance limitations of diode lasers
have, in many cases, proved restrictive in these pumping applications. Chief among
these limitations is the problem o f obtaining high output powers while maintaining a
high degree of spatial and spectral quality. The ideal pump source, in the majority of
applications, would have an output which was spatially diffraction-limited while
being spectrally narrow, exhibiting single longitudinal-mode operation. In the case o f
diode lasers based on the AlGaAs material system, which form the basis of all the
work described in this thesis, the maximum power density tolerable at the facet
before catastrophic damage occurs is of the order of 10^ Wcm'^ [1,2]. Given that
typical diode lasers have fact dimensions o f a few pm^ this damage restriction clearly
limits the output power to a few 10s o f mW. While the maximum output power can
be increased by broadening the active region in the plane of the semiconductor
junction, thus increasing the facet area, this results in multiple transverse mode
operation of the device and an output which is many times above the diffraction limit

in this direction. Such devices are also, in general, spectrally broad emitting on
multiple transverse and longitudinal modes over, typically, a few nanometers.
The need for optical confinement in the plane of the junction, a so-called narrowstripe geometry, if predictable transverse mode structures and, ultimately, singletransverse-mode operation are to be achieved, has long been recognised
[3,4,5].Combined with similar confinement of the current, this was also instrumental
in achieving low-threshold operation. This confinement has been achieved using a
variety of techniques over the years including gain guiding [6], buriedheterostructure construction [7] and growth over a channelled substrate [8].
Nevertheless, the restrictions imposed by facet damage remain and, although output
powers of several hundred mW have been demonstrated in isolated cases [9,10],
commercially available narrow-stripe single-mode diode lasers are currently limited
to output powers of «lOOmW. Although considerably higher output powers are
available from diode lasers, these are only achieved by broadening the active area
resulting in far from diffraction-limited performance.
Diode lasers have proved highly successful as pump sources for solid state lasers
[11,12] with the operating wavelengths available from AlGaAs based diodes being
particularly suited to the pumping o f Nd^^-doped gain media. It is important,
however, when discussing the effects of pump beam quality, to distinguish between
the two pump geometries commonly used in solid-state lasers. Solid-state lasers
pumped by flashlamps, and the earliest examples of diode-pumped solid-state lasers,
utilised a transverse pumping geometry allowing a number o f pump sources to be
arranged around the gain medium, pumping in a direction normal to the axis of the
laser. The pump power can, however, be coupled into the laser mode with
considerably higher efficiency by pumping longitudinally along the axis o f the laser
in an end-pumped geometry. This results in an improvement in the overlap between
the pump and laser modes, leading to higher efficiency and improved transverse
mode control.
The relatively high brightness available from high-power diode laser sources has
proved valuable in many end-pumped solid-state lasers. However, the poor beam
quality available from these devices, when compared to other types of laser, often

prevents the full potential of the end-pumped geometry for high-efficiency, lowthreshold operation from being exploited, as a large laser mode must generally be
used to maintain overlap with the non-diffraction-limited pump beam. To
demonstrate low-threshold, high-efficiency operation it would, therefore, be
desirable to obtain high output powers in a near-diffraction-limited beam from a
diode-laser-based pump source. This is particularly true in the case o f quasi-threelevel lasers (lasers based on transitions having a significant lower-level population),
where any increase in the laser mode volume results in increased reabsorption losses,
raising the threshold and reducing the efficiency [13].
In the case of OPOs the requirements are more stringent still. A diffraction-limited
pump beam, while desirable in the case o f solid-state lasers, is generally essential in
the case of OPOs. For reasonably low threshold pump powers, continuous-wave
OPOs generally require near-confocal focusing, and therefore small mode waists, in
relatively long crystals (10s of mm) over the length of which overlap between pump
and OPO modes must be maintained. It is also generally necessary, in the case o f cw
OPOs, to resonate several different wavelengths simultaneously in doubly-resonant
(DRO) or pump resonant devices if thresholds less than «1W are required. This
places stringent requirements on the frequency stability of the pump source,
essentially demanding a stable single-longitudinal-mode output, if stable operation of
the OPO is to be maintained [14]. If these requirements can be met, diode-laserpumped cw OPOs have the potential to be compact and efficient sources o f tunable
radiation in the important near-mid infrared region of the spectrum and several such
devices have been demonstrated [15,16].
The field o f cw OPOs has been transformed, within the timescale o f the work
presented in this thesis, by the widespread availability of quasi-phase-matched
nonlinear optical materials, in particular periodically-poled lithium niobate (PPLN).
These materials offer significantly higher effective nonlinear coefficients than
conventional birefringently phase-matched materials, resulting in reduced OPO
thresholds. Thus, they particularly lend themselves to the development o f cw OPOs
pumped by diode lasers and have allowed the demonstration o f an extremely lowthreshold diode-pumped doubly-resonant OPO [17] as well as a singly-resonant

device with a threshold low enough to allow pumping by a diode-amplifier system
[18].
The problem of obtaining diffraction-limited, single-longitudinal-mode performance
at high output powers from diode lasers has been approached in a number of ways
with varying degrees of success. Early attempts to produce phased arrays of
individual single-mode emitters [19,20] were largely unsuccessful, although further
development o f similar devices has led to significant near-diffraction-limited output
powers [21,22]. The use of various schemes which amplify the diffraction-limited
output of a low-power single-mode diode laser has been more successful. These have
included resonant amplification by standard broad-area diode lasers (usually termed
injection-locking) [23,24], broad-area travelling-wave amplifiers [25,26] and tapered
travelling-wave amplifiers [27,28]. This last method has resulted in the highest
output powers from a near-diffraction-limited diode-laser source to date, o f 5.25W
[28], although commercial devices o f this type are limited to «500mW. Tapered
amplifiers monolithically integrated with single-mode master lasers [29] have
become commercially available in recent years although, like commercially
available tapered amplifiers, they remain considerably more costly than conventional
diode lasers. The most recent development in this field has been the angled-grating
distributed-feedback laser or a-DFB, which uses an angled gain stripe and Bragggrating in a broad-area device to give single-mode diffraction-limited performance
[30,31]. A 500mW device based on this technology is commercially available.

1.2 Scope of work presented in this thesis.
The work presented in this thesis covers three fields. The first o f these is the
development and characterisation o f a diode-laser-based pump source having a
single-longitudinal-mode, near-difffaction-limited output o f several hundred mW.
Secondly, the end-pumping of quasi-three-level solid-state lasers is discussed and the
use o f the injection-locked diode pump source in such an application is demonstrated
by the pumping of a 946-nm Nd:YAG laser. Finally, the operation of cw OPOs is
considered and such a device is demonstrated, pumped both by the previously
developed source and a single-mode diode laser.

The remainder of this thesis is broadly divided into background theory and
experimental sections. In chapter 2 the theoretical background to the operation of
end-pumped quasi-three-level lasers is developed. Particular attention is paid to the
optimisation of the end-pumped geometry and the effects o f pump beam quality on
the operation of such lasers. A model for the end-pumping o f the 946-nm Nd:YAG
laser is developed, allowing the performance o f the system investigated
experimentally to be predicted. Chapter 3 sets out the basic principles o f nonlinear
optics which lead on to the operational theory o f optical parametric oscillators,
including threshold and stability. The stability criteria o f DROs are discussed in
some detail due to their relevance to the experimental work described later. The
relative merits of the various OPO configurations are compared in the context of
diode pumping. Having determined the requirements placed on a pump source by
end-pumped solid-state lasers and OPOs in the two proceeding chapters, chapter 4
discusses the various methods used to achieve these pump-source requirements with
diode lasers. The chosen technique, injection-locking of a broad-area diode laser, is
described in detail and theoretical modelling used to demonstrate some of the
properties of such a system. Each o f these three chapters also contains a more
detailed introduction to their respective field than the brief discussion o f section 1.1.
Of the experimental work, the design, construction and characterisation of the
injection-locked broad-area diode laser system is described in chapter 5. The design
and operation of a quasi-three-level 946-nm Nd: YAG laser pumped by the injectionlocked system is described in chapter 6. The results of cw, Q-switched and
frequency-doubled operation of this laser are presented and these results are
discussed in the context o f the pump source used and compared to those obtained
with alternative sources. Chapter 7 details the construction and characterisation o f a
doubly-resonant OPO based on PPLN. The operational characteristics o f the DRO
are investigated when pumped by the injection-locked system and directly by a lowpower single-mode diode laser. The threshold and tuning behaviour and electronic
stabilisation of the DRO are described. Finally, the work carried out is summarised
and conclusions drawn in chapter 8. Possible directions for future work in the fields
investigated are also discussed.

10

1.3 Relevant chronology.
To give a picture of the way in which the three fields of relevance to this thesis have
developed, some of the key historical results o f interest are presented here in
chronological order. Note that this table is by no means exhaustive for each field and
the results mentioned are generally those most directly relevant to the themes o f this
thesis. In particular, the references to diode-laser-pumped solid-state lasers generally
concentrate on end-pumped and quasi-three-level systems. Unless stated otherwise,
Nd:YAG laser references are for 1.064pm operation.

Fields o f relevance
D iode-laser-pum ped solid-state lasers
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. •

-

----- •

-

-

'

5:

Continuous-w ave optical param etric oscillators
High-quality diode-laser-based pump sources
Com ments

Year
1962

•

First dem onstration o f diode lasers (GaAs and GaAsP) pulsed

Refs.
[32,33]

operation at cryogenic tem peratures.
First dem onstration o f a diode-laser pumped solid-state laser.

1964

[34]

CaF^ U^^ gain medium.
1964

’•

1965

#

#

Dem onstration o f first N d:Y A G laser (lamp pumped).

[35]

First dem onstration o f optical parametric oscillation in near

[36]

degenerate LiN bO j D RO pumped by SHG o f Q-switched 1,06pm
N d:CaW 0
1967

•

4

laser.

Stripe geom etry used to control diode laser transverse modes

[3]

(pulsed operation at cryogenic temperatures).
First diode-laser pumped N d Y A G laser dem onstrated (pulsed

1968

[37]

operation, diode laser operated at 170K).
1968

•

First dem onstration o f cw O PO Degenerate DRO using

[38]

BazNaNb^Oi) pumped at 0.532pm. 45mW threshold.
1968

•

N on-degenerate, visible-signal cw OPO. LiNbOi DRO pumped by
0.5145pm Ar-ion laser. 410mW threshold.

11

[39]

Fields o f relevance
D iode-laser-pum ped solid-state lasers
Continuous-wave optical parametric oscillators
High-quality diode-laser-based pump sources
Comments

Year
1969

Pulsed N d:Y A G laser operation at 946-nm and doubling to 473nm

#

Refs.
[40]

dem onstrated. Flashlamp pumping, Nd YAG cooled to »-40°C.
1969

N on-degenerate ring-cavity D RO pumped by 0.5145pm Ar-ion

•

[41]

laser. 150mW threshold. Ring geom etry gave improved efficiency
and stability (no back-conversion).
1969

First cw Nd: Y A G laser pumped by a diode source (used GaAsP

-R'

[42]

LEDs at 77K rather than diode lasers).

1969

•

Single-heterostructure GaAs-AlGaAs diode laser operated at room

[43]

tem perature (pulsed operation).
1970

•

1970

•

Room -tem perature cw operation o f double-heterostructure diode

[45,46]

lasers.

i

1971

[44]

GaAs-AlGaAs diode laser.

:

1971

Room tem perature pulsed operation o f double-heterostructure

y
r

•

Room tem perature cw operation o f current-confining stripe

[47]

geom etry double-heterostructure diode laser
CW operation o f a diode (LED ) pumped Nd YAG laser with diodes

#

[48]

and laser crystal at room temperature.
1972

•

Proton-bom bardm ent used to define conductive stripe in stripe-

[6 ]

geom etry diode laser.
1972

End-pum ped operation o f an N d YAG laser pumped by a GaAs

•

[49]

diode laser. Pulsed operation, diode laser cryogenically cooled.
1973

Study o f stability o f cw D RO s highlights need for stable pump

•

[14]

frequency / D RO cavity length. N ear degenerate Ba^NaNb^Oi;
DRO pumped at 0.532pm and 0.5145pm shows single-mode
operation and 3mW threshold.
1974

•

Buried-heterostructure GaAs-AlGaAs diode laser shows low-

[7]

threshold room -tem perature TEMoo operation.
1976

•

Room -tem perature, cw operation Nd YAG laser end-pumped by an
AlGaAs superluminescent diode.

-u

[50]

Fields o f relevance
Diode-laser-pum ped solid-state lasers
Continuous-wave optical parametric oscillators
High-quality diode-laser-based pump sources

L..-.

Y ear
1977

1978

1978

t

Comments

CM
•

1
1
"If

Channelled-substrate planar diode-laser structure gives transverse

Refs
[51]

mode control with simple fabrication.
•

Room -tem perature operation o f GaAs-AlGaAs quantum-well diode

[52]

lasers grow n by M OCVD.
R oom tem perature, cw operation at o f 941-nm laser in

[53]

N d.CAM GAR. End pumping by argon-ion laser.
1979

•

Gain-guided 5-stripe diode laser array produces lOOmW/facet with

[19]

low divergence.
1983

1984

•

1

O utput pow er o f 2.6W per facet obtained from 40-stripe gain-

[54]

guided diode-laser array.

•«S',
Vl"

•

Stable (non-diffraction-limited) far field up to 250mW pulsed

[55]

output pow er obtained from ten-element index-guided diode laser
array.
1985

First Nd YAG laser end-pumped by a diode laser. AlGaAs diode

■ t

[56]

laser pump source, all room -tem perature operation, 2.3mW
threshold, 25% slope efficiency.
1985

•

105mW near diffraction-limited output from injection-locked 10-

[23]

element gain-guided array for 3mW input.
1986

•

lOOmW near diffraction-limited cw output from single-pass broad-

[57]

area travelling-wave diode-laser amplifier for 1.7mW input from
single-mode diode laser.
1986

•

Degenerate triply-resonant OPO using MgO LiNbO) pumped at

[58]

0.532pm used for investigation o f squeezed states o f light.
1987

#

Highly stable monolithic Nd YAG ring resonator axially pumped by

[59]

200mW diode-laser array.
1987

#

946-nm Nd YAG laser end-pumped at room tem perature by dye
laser. 11 5mW threshold, 11% slope efficiency.

13

[13]

1

Fields o f relevance
Diode-laser-pumped solid-state lasers

?

/# -

Continuous-wave optical parametric oscillators
High-quality diode-laser-based pump sources
Year

Comments

• ;
cl

CW diode-laser end-pumping o f room -tem perature 946-nm

1987

Refs.
[60]

Nd YAG laser. lOmW threshold, 16% slope efficiency close to
threshold.
CW operation and intracavity doubling o f 946-nm N d Y A G laser

1987

%
1987

end-pumped by diode-laser arrays. »25m W threshold and 40%
slope efficiency.
•

'Î

1987

[61]

510mW near diffraction-limited output from injection-locked 40-

[24]

element gain-guided array for 1 ImW input.
Type-II near-degenerate KTP D RO pumped by 0.528pm Ar-ion

•

[62]

laser with lOOmW threshold used to investigate squeezed states o f
light.

nfsd.

1987

N ear-degenerate type-II KTP DRO pumped by stabilised 0.528pm

*•

[63]

Ar-ion laser. 80mW threshold. Active stabilisation o f D RO cavity
used.
1988

4

•

200mW output with «70% in single, near-diffraction-limited lobe

[64]

obtained from ten-element index-guided diode laser array.

1988

•

400mW near-difffaction-limited output for «lOmW input from

[65]

injection-locked broad-area diode laser.
3. Im W blue light generated by intracavity doubling in KNbOs o f

1989

[6 6 ]

946-nm Nd YAG laser end-pumped by broad-area AlGaAs diode
laser.
1989

Monolithic near-degenerate ring DRO pumped at 0.532pm by SHG

•

[67]

o f diode-pumped N d Y A G laser. 12mW threshold and stable single
mode operation.
1990

•

500mW output pow er dem onstrated from commercial, nominally-

[6 8 ]

lOOmW single-mode diode laser.
1991

•

2.5W cw near diffraction-limited output from pulsed double-pass
broad-area travelling-wave diode amplifier for «lOOmW Ti:sapphire
laser input.

14

[69]

Fields o f relevance

Continuous-w ave optical param etric oscillators
H igh-quality diode-laser-based pump sources
Refs.

Com ments

Year

Q -switched operation o f 946-nm Nd. Y A G laser pumped by diode-

1992

[70]

laser array.
7.6W cw TEMoo output and 46% slope efficiency from N d YAG

1992

[71]

laser end-pum ped by fibre-coupled diode lasers.
1992

•

[25]

3.3W cw diffiaction-limited output from single-pass broad-area
diode amplifier for 400m W Tiisapphire input.

1992

•

2 1

[26]

W near-diffiaction-limited output from single-pass diode

amplifier for 500mW Tiisapphire input (pulsed).
1992

:

•

2W cw diffiaction-limited output from tapered diode-amplifier for

[27]

25m W single-m ode-diode input.
1992

@

)

•

[29]

I .IW cw diffiaction-limited output from monolithic integrated
diode m aster-oscillator/tapered amplifier.

Î -

N diY A G laser end pumped by multiple diode modules.

1993

•
Î

1993

[72]

60W cw TEMoo output w ith 26% efficiency obtained from

1993

[28]

5.25W cw near diffiaction-limited output from tapered diodeamplifier for 200mW Tiisapphire input.

f '

•

3W cw diffiaction-limited output from monolithic diode master-

[73]

oscillator/tapered amplifier (InGaAs).
1993

First cw SRO dem onstrated. Type-II near-degenerate KTP device

!' .
V-

1993

[74]

pumped at 0.532pm . 1.4W threshold.
•

•-,

600mW single transverse and longitudinal-mode output from index-

[1 0 ]

guided, triple-quantum -well diode laser.

1993

•

IW cw output w ith

1

.7 Xdiffiaction-limited central lobe from

2 0

-

[2 2 ]

element antiguided array.
1993

.

Semi-monolithic type-II K TP near-degenerate DRO pumped by

[75]

0.531pm K r-ion laser. 22mW threshold, stabilised single-mode
operation and signal-idler heterodyne locking demonstrated.
1994

•

Stabilised operation o f laser-diode-array pumped 946-nm Nd YAG
laser and tw o-stage doubling to 473nm and 237nm.

15
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Fields o f relevance
D iode-laser-pum ped solid-state lasers
Continuous-w ave optical parametric oscillators
High-quality diode-laser-based pump sources
Comments

Year
1994

•

640mW near diffraction-limited output from injection-locked 20-

Refs.
[77]

element diode-laser array. Used to pump Nd:LaSc 3 (B 0 3 ) 4
microchip laser.
1994

Type-II LBO cw D RO pumped by 364nm Ar-ion laser. Split cavity

•

[78]

used to obtain continuous signal-idler tuning with fixed pump
frequency.
1994

Type-1 LBO cw D RO pumped by Tiisapphire laser demonstrates

#

broad tuning through tuning o f pump.

1994

[79]

Pump-enhanced (pump and idler resonant) SRO with IW external

•

[80]

threshold using type-II LBO pumped by 0.514pm Ar-ion laser.
1995

N ear-degenerate type-II KTP DRO pumped at 0.523mm by SHG o f

•

[81]

diode-pum ped N diY LF laser. Single-mode operation and
continuous tuning by simultaneous control o f DRO cavity length
and pump frequency.
1995

•

•

N ear-degenerate doubly-resonant PPLN DRO pumped by 980-nm

[82]

monolithic diode m aster-oscillator/tapered amplifier. 61mW
threshold observed.
1995

•

•

Triply-resonant type-11 KTP OPO with 6 mW threshold pumped by

[83,15]

single-mode diode laser and injection-locked diode-laser array.
1995

•

•

Pump-enhanced (pum p and idler resonant) type-II KTP SRO with

[15]

50mW threshold pumped by single-mode diode laser and injectionlocked diode-laser array.
1995

#

•

305mW cw, 1 4xdifffaction-limited, 670-nm output for 15mW

[84]

input from injection-locked broad-area diode laser. Used to pump
single-mode cw C r^\L iS A F laser.
1996

•

•

300mW near diffraction-limited output from self injection-locked
670nm broad-area diode laser used to pump femtosecond
Cr^ iLiSAF laser

16

[85]

''7m

Fields o f relevance
Diode-laser-pum ped solid-state lasW##:^!,
.................. A ... A .

Ï ......... ....J iA r ...

.... ------

Continuous-w ave optical parametric oscillators
High-quality diode-laser-based pump sources
Comments

Year
1996

'

e IW single-mode diffraction-limited output from angled-grating DFB

Refs.
[30]

(a-D F B ) diode laser.
1996

CW SRO based on PPLN pumped by multimode diode-pum ped

•

Nd Y A G laser. 2.6-4.5W threshold.

0

1996

3W output w ith «33% slope efficiency obtained from end-pumped
2

1996

[8 6 ]

[87]

946-nm N d.Y A G laser pumped by beam-shaped diode-laser bar.

iS s S
# '

6

W w ith «43% efficiency obtained from Nd. Y A G laser end-pumped

[8 8 ]

by beam-shaped multiple diode-laser bar.
1996

'

Linear and ring-cavity PPLN SROs pumped by Nd Y AG laser.

s

Thresholds as low as 2.9W and 3.3W. Idler output pow ers as high

■ w .'
%

1997

[89]

as 3.6W.
CW K TP SRO located within Tiisapphire laser cavity. 4W external

•

[90]

threshold, near-optimum dow n conversion.
1997

#

l o w output from 40-element antiguided array with 60% o f pow er
in

1997

#

'i l

1997

2

2

[2 1 ]

xdifffaction-limited central lobe (pulsed).

.2 W cw diffraction-limited output from monolithic diode master-

[91]

oscillator/tapered amplifier.

ii-

•

«500m W diffraction-limited output at 672-nm from tapered diode

[92]

amplifier for «25mW input. U sed to pump Kerr-lens mode-locked
CriLiSAF laser.
1997

•

5W cw diffraction-limited output from InGaAs tapered diode-

[93]

amplifier for «165m W input from grating-tuned tapered-amplifier

I

master-oscillator.
1997

500mW output at 473nm obtained by external resonant doubling o f

[94]

output o f diode-pum ped monolithic-ring 946-nm NdiY A G laser.
1997

#

•

Pum p-enhanced (signal/idler resonant) RTA SRO pumped by diode-

[16]

laser tapered amplifier system.
1997

#

PPLN pump-enhanced SRO pumped by diode-pum ped Nd YAG
laser. 260mW threshold and stable, single-mode operation.

17

[95]

Fields o f relevance
Diode-laser-pum ped solid-state lasers
C ontinuous-w ave optical parametric oscillators
High-quality diode-laser-based pump sources
Year

€.

1998

. -y

Comments
Type-1 MgOiLiNbOa DRO pumped at 0.532pm by SHG o f diode-

•

Refs
[96]

pumped NdiY A G laser. Long-term stable operation and tuning by
use o f FM -sideband locking.

1998

'iS' •

PPLN SRO pumped by N diY A G laser. OPO and sum-frequency

[97]

mixing stages in single PPLN crystal to produce 2.5W cw at
0.629pm.

1998

N ear-degenerate Type-II KTP DRO pumped at 0.532pm by SHG

•

o f diode-pum ped N diY A G laser. 7mW threshold, long-term single

1
f
1998

[98]

m ode operation, signal-idler beat signal locked to external
reference.
•

•

Pum p-enhanced (pump/signal resonant) PPLT SRO with 360mW

[99]

threshold pumped by 925-nm InGaAs diode tapered-amplifier.
1998

Long-term (18h) single-mode operation o f type-1 near degenerate

•
;:4

1998

[1 0 0 ]

M gO LiNbO^ DRO by use o f FM-locking

e

•

48% cw slope-efficiency from 946-nm N diYAG laser pumped by

[1 0 1 ]

injection-locked broad-area diode laser.
1998

•

•

:
1998

1998

Singly-resonant cw PPLN O PO with 800mW threshold pumped by

[18]

diode tapered-am plifier system

i’-"' #

•

•

PPLN D RO with 16mW threshold pumped by injection-locked

[17]

broad-area diode laser and single-mode diode.
CW PPLN SRO intracavity to diode-pumped Ndi Y VO 4 laser.
3 lOmW external threshold, 70mW idler output.

[1

0 2

]
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2. Diode Laser Pumping of Solid State Lasers.

2.1 Introduction.
The potential of diode lasers as pump sources for solid-state lasers has been widely
recognised since shortly after the demonstration o f the first diode lasers [ 1 ,2 ], when
fluorescence in a solid-state laser medium (Nd^^iCaWO^) excited by the
recombination radiation emitted from a GaAs junction was observed for the first
time [3]. The authors noted the potential implications o f their results for the
development o f efficient miniature lasers and the demonstration o f the first diode
laser pumped solid-state laser [4] rapidly followed. Although this device utilised the
material Cap2 :U^^ (uranium doped calcium fluoride) the authors noted the particular
suitability o f this pumping technique for use with Nd^^ based lasers due to the
strongly absorbing pump bands this ion exhibits in the region of 800mn,
corresponding well with the emission range o f diode lasers fabricated from GaAs
based materials. They also pointed out that, by controlling the composition of the
semiconductor materials used, laser diodes could be tuned to absorption maxima
resulting in more efficient pumping and reduced heat dissipation compared to lamp
pumped systems.
The first (lamp pumped) Nd: YAG laser was demonstrated shortly after this [5] and
YAG rapidly became the host material o f choice for Nd based, lamp pumped
systems. In 1968 the first diode laser pumped NdiYAG laser was demonstrated by
Ross [6 ] who also pointed out several advantages of using laser diodes as pump
sources for solid state lasers rather than making use of their output directly. These
included the potential for energy storage in the solid-state laser medium, allowing
high peak powers to be achieved in pulsed modes of operation and the improved
spatial and spectral quality of solid-state lasers over laser diodes. The first
demonstration of continuous diode-pumped operation, using LEDs rather than laser
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diodes, followed soon after this [7]. Much subsequent diode pumped solid state laser
development was carried out using this material.
These early demonstrations were all carried out with the pump diodes, laser rod or
both cooled to cryogenic temperatures. This was done to improve the efficiency of
the diodes, reduce the threshold o f the laser, tune the diode emission to a wavelength
which was absorbed strongly in the gain medium, or for a combination o f these
reasons. In the case of the first cw, diode-pumped NdiYAG laser [7], the pump
source was GaAsP LEDs operated at 77K and emitting at «808nm to coincide with
the strongest absorption band in NdiYAG. It was pointed out that simple
compositional changes to the semiconductor material would enable this wavelength
to be achieved at room temperature, and diode technology soon progressed to the
stage where room-temperature pumping with LEDs at this wavelength was possible
in a cw device [8 ].
All these early diode pumped solid-state lasers were pumped in a transverse
geometry which allowed the output of many diode lasers or LEDs to be concentrated
into the gain medium. While this allowed the total pump power available to be
increased, the coupling of pump light into the laser mode volume was not
particularly efficient due to the limited spatial overlap between the two. This
geometry also limited the extent to which such lasers could be miniaturised as the
diameter of the laser rod had to be comparable to the absorption length o f the pump
light to ensure the majority o f the pump power was deposited in the gain medium.
Better overlap between the pump and laser modes, and therefore higher efficiencies
and lower thresholds, can be achieved in an axial or end-pumped geometry where the
pump light propagates colinearly with the laser light along the axis o f the laser rod.
The disadvantage o f this geometry is the limit on the number o f diodes that can be
used, however for low power operation it has many advantages. A pulsed NdiYAG
laser pumped in this geometiy by a GaAs laser diode was first demonstrated in 1972
[9 ] and progress was made toward room temperature devices pumped by single
LEDs [10,11]. Room temperature end-pumped cw operation was ultimately
demonstrated pumping with a superluminescent diode [12] and a single LED [13] in
the mid-1970s.
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It is interesting to look at the reasons why the authors of [ 1 2 ] chose to use a
superluminescent diode (SLD) as the pump source. This is essentially a device very
similar to a diode laser but with feedback suppressed and therefore producing a high
brightness, but incoherent, output by amplified spontaneous emission. They point out
that, "... narrower beam divergence and higher spectral radiance of the SLD ... lead
to a higher [efficiency] than when the domed LED is used.” They also state that,
“Laser diode use was abandoned, though higher overall efficiency is expected,
because the laser diode in high-power cw operation is more susceptible to
catastrophic damage than the SLD.” Clearly, the higher spatial and spectral
brightness o f a laser diode when compared to an LED were recognised as extremely
important for the development o f efficient, low-threshold diode-pumped solid-state
lasers, especially in an end-pumped geometry, but laser diode technology was not
sufficiently developed at this stage to enable reliable long-term operation at
relatively high powers. The superluminescent diode thus represented the best
available compromise.
Until this stage (the late 1970s) the development o f efficient laser diodes having
significant output powers and long term reliability at room temperature had been a
major limiting factor in the development o f diode-pumped solid-state lasers. Most
early work on diode-pumped solid state lasers was carried out with simple
homojunction devices requiring cryogenic cooling. The development o f single
[14,15] and double [16] heterostructure devices in GaAs-AlGaAs lead to room
temperature cw operation o f a laser diode in 1970 [17,18]. Steady improvements in
reliability throughout the 1970s [19,20] resulted in double-heterostructure devices
having a projected mean time to failure at room temperature of greater than
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years by 1977 [21]. Further improvements in efficiency and reliability came from the
refinement of epitaxial growth techniques, in particular metalorganic chemical
vapour deposition (MOCVD) [22,23] which was suited to large-scale production and
allowed the fabrication of complex multilayered structures, including practical
quantum-well devices [24], in GaAs-AlGaAs. The combination of a number o f diode
laser emitters in a coupled array [25] enabled significantly higher output powers than
were possible from a solitary, narrow emitter, laser diode to be achieved in a small
emitting area while retaining a stable far-field pattern, thus providing a route to very
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high brightness, high power sources [26]. Integration of many devices on a single
substrate [27] allowed the dense packing o f large numbers of individual diode lasers,
providing high power density pump sources [28].
As a result of these developments, in the early- to mid-1980s reliable room
temperature laser diodes tuned to emit at wavelengths coincident with the strongest
pump bands of NdiYAG and other solid state gain media, and having output powers
in the range of hundreds of milliwatts to several watts achieved widespread
commercial availability. A tremendous upsurge in diode-pumped solid-state laser
research took place and research activity in the field has continued at a high level to
the present day. The potential o f diode laser pumped solid state lasers for compact
simplicity and stable, low-threshold, efficient operation was demonstrated by the
first laser diode end-pumped NdiYAG laser [29]. Highly stable, narrow linewidth
devices have been developed [30] where the use o f diode rather than lamp-based
pumps avoids much pump-born and environmental noise. Extremely compact single
mode devices have also been demonstrated [31]. Advances in end-pumping
techniques have resulted in efficient, high power cw devices using novel pumping
geometries [32], fibre delivery [33], and beam-shaping methods [34]. Side-pumping
has delivered both high power cw devices [35] and high energy pulsed systems
[36,37] to rival those pumped by flashlamps. The potential o f diode-pumped solidstate lasers for reliability and robustness is now such that a wide range of
commercial devices are on the market and in routine everyday use.
Although this historical overview o f the field has been necessarily brief and largely
limited to developments of direct relevance to the work described in this thesis, a
number of extensive review articles exist covering the development of laser diode
pumped solid state lasers [38,39,40] and laser diode pump sources [41,42] and the
reader is directed to these for further information.
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2.2 Quasi-Three-Level Lasers.
A class of laser which has particularly benefited from diode pumping is that
generally described as quasi-three-level. Unlike the more common four-level
systems, in the quasi three level case the lower laser level is sufficiently close to the
ground state that it has a significant population at room temperature resulting in
reabsorption losses at the laser wavelength and thus in increased threshold and
reduced efficiency compared to a four-level laser having otherwise identical
characteristics. In this case, the ability o f laser diodes in an end-pumped
configuration to provide high pump power densities and efficient coupling o f pump
power into the laser mode can allow efficient low-threshold laser operation at room
temperature. The high coupling efficiency available through laser diode end
pumping, both spatially and spectrally, also reduces the dissipation o f excess heat in
the gain medium, thus avoiding excessive increase in the thermal population o f the
lower laser level.
Such transitions for which diode pumping has been demonstrated include those at
«1.6 pm in Er^"*" [43], «2.0pm in Tm^^ [44] and «0.94pm in Nd^^[45]. Interest has
been shown in this last transition, between the

levels o f the Nd^^ ion, in

recent years as a potential source o f blue light through second harmonic generation.
Although lasers operating on this transition had been demonstrated under lamp
pumping [46,47] they were generally inefficient and required cryogenic cooling to
achieve threshold. Room-temperature cw operation was achieved in the host
CAMGAR (CaYzMgiGegOiz) by end-pumping with an argon-ion laser [48] but
operation in NdiYAG was not possible due the inability to suppress the significantly
stronger 1.064pm transition. The close coupling between pump and laser mode
afforded by a Nd^"^ doped fibre laser pumped by a dye laser allowed efficient lowthreshold cw operation at room temperature [49]. Dye-laser end pumping was also
demonstrated in a bulk device [50], rapidly followed by laser diode pumping [45,
51]. Subsequent demonstrations have included intracavity doubling [52,53,54] and
stabilised operation [55,56], generation o f cw output powers o f several watts [57]
and diode-pumped Q-switched operation [58].
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2.3 Modelling of longitudinally pumped solid state lasers.
We now develop an analytical model for the study of longitudinally pumped solidstate lasers. The model described here includes the possibility o f a significant
population in the lower laser level and thus reabsorption o f the laser radiation in the
gain medium. This makes it applicable to four-level (by setting the reabsorption
losses to zero) or quasi-three-level systems. The model will enable some o f the
differences between these two systems to be investigated, the effects o f beam quality
and focusing to be studied, and performance predictions made for the practical
investigation o f a 946-nm NdiYAG laser described later in this thesis.

2.3.1 Development of theoretical model.
Modelling of end-pumped lasers having a significant thermal population in the lower
laser level was first carried out by Fan and Byer [50] and later extended by Risk [59]
to allow a more thorough investigation of the effects o f pump focusing, and the first
part of the model developed here is essentially based on these two works, although
other similar treatments have been published [60].
The energy level system under consideration is assumed to be similar to that shown
in Fig. 2-1. The laser transition is considered to take place between two energy
levels, a and 6 , which exist within manifolds of several energy levels,

1

and 2 ,

respectively. This is a simplified model of the situation which typically exists when a
rare-earth atom is doped into a crystalline host, such as Nd in YAG, where the
energy levels within a manifold are Stark split by the crystal field. The actual energy
level structure associated with the three most commonly used NdiYAG transitions is
shown in Fig. 2-2.
It can be seen that in the case of the 946-nm transition, the upper manifold,
equivalent to that designated

2

in our schematic model, is the '^F]/? and the upper

laser level, equivalent to b in the model, is the lowest Stark level within this
manifold, the R,. Similarly the lower manifold, designated 1 in the model, represents
the ^^19/2 manifold and the lower laser level, a, the Z5 Stark level. The designations o f
the Stark levels use a commonly employed notation where the manifolds are labelled
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Fig. 2-1

Schematic energy level system used in theoretical model. Pa: excitation
rate into pumping bands, R: excitation rate into upper laser manifold. I :
lower laser manifold, a: lower laser level, 2 : upper laser manifold, b:
upper laser level.

Z,Y,X,..R and the Stark levels within a manifold are numbered from that having the
lowest energy upwards [61].
It is assumed that the populations o f the energy levels within these manifolds are in
thermal equilibrium and can thus be described by a Boltzmann distribution. This
assumption relies on there being fast relaxation between the levels in the manifold.
The phonon spectrum of NdiYAG has a range o f frequencies with an upper limit of
around 850-860 cm'^ [62]. Since non-radiative transitions, such as those between
levels in a manifold, are generally due to phonon interactions it can be assumed that
those having energies less than or similar to the upper limit o f the phonon energy
will generally have a high probability o f occuring. It can be seen from Fig. 2-2 that
the energy levels within all the manifolds o f interest meet this requirement and,
indeed, the intra-manifold transitions typically occur on a time scale of lO'^s or less
[62].
This being the case, the relative population o f a particular energy level,/, which is in
thermal equilibrium with a number o f other levels (such as within a manifold) is
given by its relative Boltzmann occupation probability:
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Energy level structure associated with common laser transitions
inNd:Y AG (energy level spacings not shown to scale).

kT
f,

(2-1)

where gy, g, are the degeneracies o f the states j and /, /z (v j-a n d h{vrVo) are their
energies relative to that of the lowest level o f the group in thermal equilibrium and
the summation is over all the energy levels in this group. In the case of Nd:YAG each
level has a degeneracy o f 2 and thus gy and g, cancel in practice.
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Thus, the populations of the upper and lower laser levels, Nh and

respectively, are

given by:
7 /,= A A ,

(2 -2 a)
(2 -2 b)

where N 2 and N j are the upper and lower manifold populations.
To include the effects of overlap between the pump and laser modes, it is necessary
to defijie functions describing the spatial distribution of the laser mode intensity and
o f the gain within the gain medium. A hemispherical cavity is assumed with both the
pump and the laser modes being Gaussian TEMoo and having their waists at the end
of the gain medium which forms tlie plane mirror of the cavity and through which
the pump beam enters. The pump beam and laser mode are assumed to be coaxial
and, at this stage, the effects o f diffraction are ignored (their inclusion is discussed
later on) so the radius o f both beams is assumed to be constant within the gain
medium. It is also assumed that the lengths of the gain medium and the cavity are
identical and that the upper laser level population has the same spatial distribution as
the pump beam
Considering the pump beam first, the non-normalised power distribution in the
crystal is given by:

R J r , z ) = exp(-az)exp

(2-3)

where Wp is the pump waist radius and oris the pump absorption coefficient in the
laser crystal.
Integrating this expression over all transverse space and the length of the crystal
gives the result:

rY f
mv
j J J 77^{r,z)rd rd O d z = - — (l - exp(- a l ) )
,

0 0 0
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,

(2-4)

where L is the length of the crystal. Thus, the pump intensity distribution normalised
over the laser crystal is given by;

^ ]e x p (-a z )

(2-5)

Similarly the normalised intensity distribution of the TEMoo laser mode is given by :

2

= — TTGxp

(2-6)

where w i is the waist radius o f the laser mode and it is assumed that the intensity
does not vary longitudinally.
In the steady state, at or below threshold, the population o f the upper laser manifold
can be described by the rate equation:
(2-7)
at

T

^

where Tis the fluorescence lifetime o f the levels in the upper manifold and R is the
excitation rate into the upper manifold, related to the absorbed pump power. Pa, by:

7^ =

^

(2-8)

hVp

where rjp is the pumping efficiency into the upper manifold.
The round-trip gain is given by the expression:

G = l l \ 2 L a s ^ { r ,z )^ N { r ,z )d V

(^-9)

where the integration is over the volume of the laser crystal and the inclusion o f the
spatial dependencies o f the laser mode and the population inversion allows the
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effects of their overlap to be included. The stimulated emission cross section, cr, and
the absorption cross section for the laser transition are here assumed to be the same,
although there is evidence that the stimulated emission cross section is up to 25%
larger than the absorption [63]. The density of the inversion between the upper and
lower laser levels is given by:
AM{r,z) = N^{î\z)

-

N^ {t\z)

(2-10)

or, from (2 -2 ):

(2- 11)
Assuming that the total population is distributed only among the levels of the upper
and lower manifolds, i.e. that:

(2-12)
where N q is the doping concentration, (2 - 1 1 ) becomes:

AAf = U + / > 2 - / , A

Determining

(2-13)

in the steady-state case at threshold from (2-7) and using (2-8), we

can rewrite (2-13) as:

(2-14)
At threshold, the round-trip gain must be equal to the round-trip loss, Ô. Thus, from
(2-9) and (2-14):

2L<j Sq( i\ z )

(2-15)
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where Pajh is the absorbed pump power at threshold. The loss figure 5 includes all
losses apart from the reabsorption loss due to the thennal population of the lower
laser level and can be defined as:
=

(2-16)

where or, represents length-dependent losses intrinsic to the laser crystal such as
scattering and absorption by impurities and 4 represents extrinsic losses. This can be
broken down further into output coupling losses, 4c, and parasitic losses such as and
reflection at interfaces, 4 , that is:
+

(2-17)

The reabsorption loss can be considered as an additional loss mechanism by
introducing the substitution:
o:/ =

(2-18)

Making this substitution, and remembering that (2-6) results in the integral o f so(r,z)
over the laser crystal volume being unity, (2-15) can be rewritten as:

(2-19)
Finally, substituting (2-5) and (2-6) and evaluating the integral gives:

~

I f

+ ’^p)(‘^+2a,Z.)'

(2.20)

It should be remembered that this expression gives the absorbed pump power at
threshold. The corresponding threshold in terms o f pump power entering the gain
medium is related to this by the expression:
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p
1-

exp(- aL)

^)

Above threshold, in the steady state condition, the rate equations describing the
populations o f the upper and lower laser levels take the form:

(2 -2 2 a)

(2 -2 2 b)
n

where

is the unpumped upper laser manifold population in thermal equilibrium

and S is the cavity photon number. The three terms in the main body o f both
equations represent pumping from the lower to the upper manifold, spontaneous
emission from the upper to the lower manifold and stimulated emission from the
upper to the lower laser level, respectively. Using (2-12), equation (2-22b) can be
rewritten as:

n

This now allows a rate equation describing the population inversion between the two
laser levels to be obtained by subtracting (2 -2 2 c) from (2 -2 2 a) to give:

(2-23)
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The thermal-equilibrium population inversion in the absence of pumping is defined
as:
(2-24)
where it is assumed that in the unpumped case the entire population resides in the
ground-state manifold.
The above-threshold steady-state rate equation describing the cavity photon number
is:
dS

C(J

dt

n

JJJ à N { r ,z ) S s ^ { r ,z )d V

C Ô

2n7,

6' = 0

(2-25)

The inversion can be obtained by solving (2-23) for A N and allowing this to be
substituted in (2-25) to give an expression relating the pump rate and the cavity
photon number:

2 aL

= U + /> 2 (2-26)
6/1/

It can be seen that this expression simplifies to that for threshold, (2-19), when 5=0,
as would be expected.
While (2-26) can be solved wholly analytically in the case of Gaussian pump beams
and integer values of

[50], it is more useful for the purposes o f general

calculations to simplify the expression as far as possible and obtain a form for which
relatively straightforward numerical solutions can be found. Making the substitutions
for rp(r,z) and So(r,z) using (2-5) and (2-6) and evaluating the second integral
completely and the first as far as possible gives the expression:
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1

exp - 2 r

1
—

w

rdr

,

2 (/j+ /„ )c o tS
H------------ i-:----- exp
n m v ^L

(2-27)
TiLnw',

2 ( /4 + A ) c<tîS

In

TiLnwi

Expressing 7? in terms of input pump power and A d f in terms o f the reabsorption
loss, «/, via (2-18) and (2-24), an expression relating cavity photon number to input
pump power is obtained:
7"[l-exp(-a5)]?7p

TlWpL

hv.

exp

f
■X

-1

1+

(2-28)

W ,

dx

1+ 2 — exp(- x)

where the substitutions:

2N

(2-29)

w ,

(/j+ /» )c o T

(2-30)

have been made. S q can be considered to be the saturation cavity photon number i.e.
that which results in the rate at which photons are emitted by stimulated emission
being equal to the spontaneous emission rate. Again, it can be seen that (2-28)
simplifies to (2-20) when 5=0.
The output power is related to the cavity photon number, 5, by the expression:
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( 2 -31 )

where T is the output coupler transmission,

is the frequency o f the laser light and

Lcav is the laser cavity length.

As mentioned earlier, when the normalised mode distributions were defined, it has
been assumed that the cavity length and the crystal length are identical, i.e. that
L cm ^nL where n is the refractive index o f the laser medium. This does not prevent

the model developed here being used for any cavity length as long as the ciystal
length is used as the cavity length both in the mode distribution defined in (2 -6 ) and
in the output expression (2-31). Use o f the actual cavity length in both definitions
would result in a proportional increase in the cavity photon number, 5, obtained from
the rate-equation analysis and thus in the same output power from (2-31) as in the
case of assumed equality of cavity and crystal length. However, normalising both the
pump and laser modes over the crystal length simplifies the calculation of the
overlap integral and is thus the approach used here.
Having developed the basis for theoretical modelling o f an end-pumped solid-state
laser, we can now go on to investigate some aspects o f the calculated behaviour
comparing the performance of quasi-three-level to four-level systems having
otherwise similar properties and, specifically, that o f the 946-mn transition in
Nd:YAG to the more familiar one at 1064 nm. To do this, the values for various
parameters used in the modelling must first be defined for both transitions.
Beginning with the intrinsic material properties, the Nd^"^ ion concentration is taken
to be the typical value for Nd:YAG o f 1.1% atomic, giving a doping concentration by
volume ofNo=1.518 x 10^^ cm'^. The fluorescence lifetime of the

manifold is

taken as x = 230ps[64] and the stimulated-emission cross sections for the 946-nm
and 1064-nm transitions are taken to be 0 945 - 4.0x10"^® cm^ and aio64 ^ 65x10"^°
cm^, respectively [65]. In calculating the fractional populations of the upper laser
levels for the two laser transitions, it is important to remember that the 946-nm
transition occurs from the Rj level o f the '‘F3/2 manifold, while the 1064-nm
transition occurs from the R2 level. From the energy levels shown in Fig. 2-2 and
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applying ( 2 - 1 ) fractional populations for the levels in the %
therefore for the upper levels o f the to laser transitions, o

/2

manifold, and

f = 0.602 and fb jo 64 =

0.398 at 300 K are obtained. A number o f authors [39,64] define an effective
stimulated emission cross section as the product of the transition cross section and
the fractional population o f the upper laser level namely:
(2-32)
and use this in calculations rather than stating the cross section and upper-level
fractional population explicitly. From the values above, we obtain <JeffS46 ^ 2.4x 10'^^
cm^ and cTeffjQ64 = 25.9x10'^^ cm^
When considering the fractional populations o f the lower laser levels, most
treatments assume the entire lower-level population resides in the ground-state ("^19/2 )
manifold and that there is rapid relaxation from the \ \ n manifold into the "^19/2 . This
results in the fractional lower-laser-level population for the 946-nm transition being
calculated using (2 - 1 ), with the summation taken across the five levels o f the "^19/2
manifold, and that for the 1064-nm transition being zero, as would be expected for a
4-level laser. For consistency o f treatment, however, the two lower manifolds should
be assumed to be in thermal equilibrium and the summation of (2 - 1 ) taken across the
eleven levels for both transitions. In practice this makes veiy little difference to the
final result, yielding values o f ^

0.0078 andfa jo 64 = 1.87x10'^ at 300 K and thus

allowing the fractional population for the 1064-nm transition to be assumed to be
zero for all practical purposes. Having calculated the fractional populations o f the
lower laser levels, we can now use these values, along with the doping level given
earlier, in (2-24) to detennine the unpumped population inversions for the two
transitions as ANq^946 = -1.184x10^^ cm'^ and ANqjo 64 = -2.839x10^^ cm '\ Making use
of the stimulated-emission cross sections given earlier and, as previously mentioned,
assuming equality of stimulated-emission and absorption cross section in both cases,
the use of (2-18) allows the reabsorption loss coefficients to be calculated as ai^ç46 =
0.0474 cm"' and aijo 64

0.0018 cm"'.

The strong ''l9/2->'^F5/2 absorption band in Nd:YAG corresponds to a pump
wavelength of 808.5nm. With the pump source tuned to have its peak emission at
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Value.
Parameter.
^ ion concentration
(1.1 at.% doping).

"*F3/2—
( 1064nni) transition.

"*^3 /2 "
( 946- nm)
transition.

Symbol.
No

1.518 X 10^° cm'^

U pper state manifold fluorescence
lifetime.

T

230p,s

Absorption/stimulated emission cross
section.

a

4x10'^° cm^

65x10*'° cm '

Fractional population o f upper laser
level (300K).

fb

0.602

0.398

Fractional population o f low er laser
level (300K).

fa

0.0078

1.87x10"'

2.4x10"'° cm '

25.9x10"'° cm '

Effective cross section (300K).
Unpumped population inversion
(300K).

ANo

-1.184x10** cm"'

-2.839x10*' cm"'

Reabsorption coefficient (300K).

ai

0.0474 cm"*

0.0018 cm"*

D istributed crystal losses.

CCi

0.002 cm *

Pum p absorption coefficient
(2j,=808.5nm).

a

5-12 cm'*

Pumping efficiency.

Up

1

Refractive index.

n

1.82

Table 2-1 Parameters used in the modelling of end-pumped Nd:YAG lasers.

this wavelength, the pump absorption coefficient, <%
, is dependent on the degree o f
spectral overlap between the pump emission and the absorption bandwidth and,
therefore, on the spectral bandwidth of the pump source. The peak absorption
coefficient is typically quoted as 12 cm'* [65], however experimental values for 1.1
at.% doped material range from 9.5 cm * for an infra-red dye laser pump to 5.2cm'*
in the case of laser diode array pumping [51]. It is, therefore, instructive to calculate
the laser performance for various pump absorption coefficients, allowing the effect
of the spectral quality of the pump to be gauged. Finally, the crystal scattering losses
were taken to be «;• = 0.002 cm * [64], the pumping efficiency was assumed to be
;;^=1 [64] and the refractive index «=1.82 [65]‘. The various parameters used in the
modelling are summarised in Table 2-1.
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2.3.2 Threshold of four-level and quasi-three-level systems.
When considering the laser threshold, it can be seen from (2-20) and (2-21) that in
the quasi three level case there will exist an optimum length o f crystal which
achieves the best compromise between effective absorption o f the incident pump
light and minimising the reabsorption loss occurring over the length o f the crystal.
From (2-20) and (2-21) the expression:

L

a exp(- a l )

1
2(a, + a ,)

=

(2-33)

0

is obtained which, when solved for I , gives the optimum crystal length for minimum
threshold. This effect can be seen in Fig. 2-3 where the threshold is plotted as a
function of crystal length for the 946nm transition at OK and 300K, and the 1064nm
transition at 300K, with the values of fb^fa and «/ being calculated for these
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Fig. 2-3

Variation of normalised threshold pump power with laser crystal length
for 946-nm transition at BOOK and OK, and 1064-nm transition at OK
(4==2%, w„=^M^/=20pm, o=8cm’^).
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temperatures. The round-trip extrinsic losses were set to ^=2%, the waist radii of the
pump and laser modes to w^=w/=20p,m and the pump absorption coefficient to
df=8cm'’. All other parameters took the values specified in Table 2-1, and the plotted
values have been normalised to the optimum values for the 1064-nm transition at
300K.
The existence of an optimum crystal length in the case of the 946-nm laser at 300K
is immediately apparent as is the change in the behaviour of the 946-mn laser when
cooled to OK. In this case, the thermal population o f the lower laser level, and
therefore the reabsorption loss, becomes zero and the laser is now a four-level
system showing essentially the same behaviour as the 1064-nm laser at 300K. In
these two four-level cases, the minimum threshold is obtained for crystal lengths a
few times the pump-light absorption length (marked 1/a in Fig. 2-3). For crystals
longer than this optimum length the threshold shows only an almost imperceptible
increase due to the distributed crystal losses

and, in the 1064-mn case, to the

small reabsorption loss which can be seen from Table 2-1 to be o f a similar
magnitude. The difference in the final threshold value for the two four-level cases is
due to the difference in the cross section o f the two transitions, the ratio o f these
threshold values being the same as that o f the effective cross section o f the 1064-mn
transition at BOOK to the cross section of the 946-nm transition and having a value of
6.48.
In contrast to the four-level transitions, the quasi-three-level case o f the 946-mn laser
at BOOK shows a rapid increase in threshold as the crystal length is increased beyond
its optimum value and, even with the crystal length optimised, the threshold is
significantly larger than in the four-level case for the same transition. It can therefore
be seen from Fig. 2-3 that there are two factors, the reabsorption loss and the reduced
stimulated-emission cross section, which diminish the suitability o f the 946-nm
transition for low-threshold room-temperature operation when compared to the
1064-nm transition.
When considering the effects of temperature on the threshold of the two transitions,
it is important to consider not only the population o f the lower laser level, which
results in reabsorption loss, but also that o f the upper laser level. It can be seen from
47

Fig. 2-2 that the 946-nm transition occurs from the lower, Ri, level o f the
manifold, while the 1064-nm transition occurs from the upper, R2, level. Clearly this
will result in the fractional population o f the upper laser level fb, and therefore the
effective emission cross section

increasing for the 946-nm transition as the

temperature is reduced, while falling for the 1064-nm transition. It would therefore
be expected that, in the absence o f reabsorption effects from the lower laser level,
the threshold for the 946-nm transition would fall and that for the 1064-nm transition
would increase as the temperature were reduced.
The optimum crystal length, obtained from (2-33), and resulting minimum threshold
are plotted as a function o f temperature for both the 946-nm and 1064-nm transitions
in Fig, 2-4 where the temperature dependence o f both the upper and lower level
fractional populations have been included. Again, both quantities have been
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Fig. 2-4

Variation o f normalised minimum threshold pump power and optimum
crystal length with temperature for the 946-nm and 1064-nm transitions
with effects o f temperature change on upper level populations included
(^=2%, w^=w/=20pm, a=8cm'*).
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normalised to their values for the 1064-nm transition at 300K. The minimum
threshold for the 946-nm transition can be seen to show a rapid increase with
temperature while that for the 1064-nm transition increases slightly at higher
temperatures. At temperatures below lOOK, the minimum threshold for the 1064-nm
transition increases rapidly as expected.
The optimum length is seen to shorten with temperature above lOOK in the case of
the 946-nm transition, and 250K in the 1064-nm case, due to the increasing
reabsorption losses. Below these temperatures the optimum lengths remain virtually
constant indicating that further reduction in temperature does not significantly
reduce the population o f the lower laser level and therefore the reabsorption loss.
The changes in minimum threshold below these temperatures are, therefore, due to
changes in the population o f the upper laser levels alone.
Since the differences between quasi-three-level and four-level lasers are due to the
lower laser level population alone, it is useful to ignore the effects o f temperature
change on the upper level populations when discussing these differences. This is
done in Fig. 2-5 which shows essentially the same calculations as Fig. 2-4 but with
the upper level fractional populations fixed at their 300K values. It is clear that
reabsorption losses due to thermal population of the lower level have very little
effect on the threshold o f the four-level 1064-nm laser over practical temperature
ranges, while the quasi-three-level 946-nm laser threshold shows a strong
temperature dependence due to such effects. It can also be seen that at 300K the
threshold of the 946-nm laser would be expected to be around twenty times that o f
an otherwise similar 1064-nm laser.
It should be pointed out that in practice the threshold behaviour of 1064-nm lasers
with temperature is somewhat different from that described in Fig. 2-4. The 1064-nm
gain band in Nd: YAG actually consists o f two overlapping transitions [66]. The
R2 ->Y 3 transition at 1064. Inm is generally dominant and has been cojisidered in
isolation here. The Ri—>Y2 transition at 1064.5nm has a significantly smaller cross
section of 1.2x10'^® cm^ [65] and ions in the Ri level usually transfer thermally into
the R2 level before participating in laser action via the R2->Y] transition [64]. At
reduced temperatures, however, the fractional population of the R \ level becomes
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Variation o f nonnalised minimum tlireshold pump power and
optimum crystal length with temperature for the 946-mu and 1064nm transitions with upper level populations fixed at BOOK values

(4=2%, Wp=w/=20pm, «=8cm"’).

significantly larger than that of the

and the effective cross sections o f the two

transitions become the same at around 75K. Below this temperature the threshold for
1064-mu laser operation would be expected to be determined by the Ri—> ¥ 2
transition.
In practical 1064-mu lasers the situation is further complicated by the presence of the
Ri~>Yi transition at 1061 mu which has a cross section o f around 50% that o f the
R2-4-Y3 transition [67]. The effective cross sections o f these two transitions become
equal at 229K and below this temperature such lasers tend to operate at 106Inm,

50

,------ 1------ 1-------1-------1-------1------ r—- thT"

50

946nm, 300K
Fit to higher power values
/ y
946nm, OK
/x
1064IUT1, 300K

40

I 30
I 20
» 10

^"

/ ■
^

-1

20

- I

.

40

I

60

.

I

80

100

Incident pump power (mW).

Fig. 2-6

Variation o f laser output power with pump power for
946-nm and 1064-nm lasers (^=1% output coupling,
Wp=w/=20pm, Z,=2mm, a^Scm '^).

2.3.3 Above-threshold behaviour and slope efficiency.
The comparative above-threshold behaviour of 946-nm and 1064-nm lasers is
illustrated in Fig. 2-6. Here the variation o f laser output power is shown for 946-nm
lasers at OK and 300K and a 1064-nm laser at 300K with other parameters otherwise
identical (1% output coupling, 20pm pump and laser mode radii, 2mm long crystal
and 8cm'^ pump absorption coefficient). As would be expected from the discussion
above the 1064-nm transition has the lowest threshold, around one fifth of that of the
946-nm transition at OK, due to its significantly larger cross section and the roomtemperature threshold for the 946-nm transition is significantly larger than that at
OK.
Looking at the slope efficiencies above threshold, it can be seen that the 1064-nni
laser has a lower efficiency than the 946-nm laser at OK. This is due to the larger
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quantum defect in the 1064-nm case. In the quasi-three-level case of the 946-nm
laser at 300K, the slope efficiency is much lower close to threshold than at higher
pump powers where it approaches that o f the four-level case of the same transition at
OK. This behaviour would be expected from examination of (2-28), where it can be
seen that the reabsorption behaves as a saturable loss, tending to zero for large cavity
photon numbers.
The effects of reabsorption loss on slope efficiency were discussed by Fan and Byer
[50] who solved expressions similar to (2-27) and (2-28) analytically for certain
values o f w jw p . They showed that while the reabsorption loss is significant close to
threshold, the efficiency is similar to that o f the four level case when operating well
above threshold or when the reabsorption loss is small compared to the other, non
saturable, losses such as output coupling.
A more detailed study was carried out by Risk [59] who, by solving expressions
similar to (2-27) and (2-28) numerically for arbitrary values o f w jw p , was also able
to model these effects. Additionally, he was able to discuss the influence o f the
pump mode size on slope efficiency in lasers exhibiting reabsorption loss which is a
particularly important consideration in the context of the work presented here.
While it is clear from (2-20) that the threshold can be reduced by making the pump
and laser mode waists, wp and wp, as small as possible, the effects o f their relative
size on slope efficiency, and therefore output power, are not so readily apparent
from (2-28). Fig. 2-7 shows the slope efficiency, calculated numerically from (2-28),
as a function of the ratio o f pump mode radius to laser mode radius with S/S q^ the
ratio of the cavity photon number to the saturation photon number, as a parameter for
a range of values of 2 ai/ô, the ratio o f the reabsorption loss to the fixed cavity losses.
In all cases, the slope efficiency is normalised to the value obtained with zero
reabsorption loss and a relative pump mode radius of zero (on-axis pumping).
Considering first Fig. 2-7(a), which represents the case of zero reabsorption loss, and
therefore a four-level system, several important features can be seen. Firstly, it is
clear that for all levels o f cavity photon number the slope efficiency falls rapidly for
values of wp^wp greater than unity. Clearly this is expected as, in these cases, the
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pump mode is larger than the laser mode and therefore sections of the gain medium
are being pumped which do not contribute to the laser output.
It can also be seen that the point at which the slope efficiency starts to fall off tends
to smaller relative mode waists for lower cavity photon numbers. This is due to the
laser mode distribution, as defined in (2-6), having its largest value on axis resulting
in a higher stimulated emission rate, and therefore more efficient coupling of pump
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2 a ,L

0(a), 1(b), 2

energy into the laser mode, than in the wings o f the distribution where more of the
pumped population decays by spontaneous emission. For larger cavity photon
numbers the distance from the axis at which the spontaneous emission rate becomes
significant compared to the stimulated emission rate is greater, allowing high
efficiency to be maintained for larger pump mode radii. Thus, it can be concluded
that in the case of a four-level laser the highest efficiency is obtained by pumping as
small a volume as possible along the laser mode axis.
When considering the cases of significant reabsorption loss shown in Fig. 2-7(b)-(d)
two differences from the case o f zero reabsorption loss are immediately apparent.
Firstly, the efficiency falls as the cavity photon number is reduced. In contrast to the
case of zero reabsorption loss, this happens even for on-axis pumping (w//w^=0).
This occurs due to the reabsorption loss being saturable, as was shown in Fig, 2-6.
Thus, the overall losses are lower for large cavity photon numbers and the efficiency
is accordingly higher.
The second clear difference between the cases of significant reabsorption loss and no
reabsorption loss is that the maximum efficiency does not necessarily occur for onaxis pumping {wp/w[]=0). This can also be explained in terms o f the nature o f the
reabsorption loss. It is apparent from (2-18) and (2-24) that the reabsorption loss is
analogous to a negative gain produced by a negative population inversion. Any given
section o f the gain medium must, therefore, be pumped sufficiently hard to
overcome this negative inversion before the laser mode sees a net gain on passage
through it, as opposed to a net loss. In the four-level case shown in Fig. 2-7(a)
pumping a small volume close to the axis o f the laser mode results in high efficiency,
as described above, while the unpumped remainder of the laser mode volume is
essentially transparent exhibiting neither gain nor loss.
In the quasi-three-level examples of Fig. 2-7(b)-(d) this is no longer the case, Any
unpumped regions of the laser mode volume in the gain medium will have a negative
population inversion, and therefore will be lossy, reducing the overall efficiency.
There exists, therefore, an optimum value of relative pump mode radius which
results in the best compromise between the increased efficiency obtained by on-axis
pumping and the reduced efficiency resulting from leaving off-axis sections o f the
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laser mode volume unpumped. It can be seen from Fig. 2-7 that the larger the
reabsorption loss the more pronounced this effect will be and the larger the optimum
pump mode radius for maximum efficiency. It can also be seen that for large cavity
photon numbers the effect is not observed due to saturation of the reabsorption loss.
In all cases, however, it is clear that an increased reabsorption loss will result in a
reduction in efficiency.
The calculated results o f Fig. 2-7 are presented in a slightly different fonnat in Fig.
2-8. Here the slope efficiency is plotted against the pump power relative to threshold,
with the relative pump mode radius as a parameter, for a range o f levels o f
reabsorption loss. Again, the slope efficiencies have been normalised to that for zero
reabsorption loss and on-axis pumping. It can, again, be seen that as the reabsorption
loss increases the optimum pump mode radius also increases (although it is not
generally desirable to have wp/wj>V) and that higher relative pump powers (and
therefore higher cavity photon numbers) result in higher efficiencies and less o f a
variation of efficiency with pump mode radius.
It is clear that there appear to be two conflicting requirements placed on the pump
mode radius when attempting to obtain the maximum efficiency in the presence of
reabsorption loss. While it is desirable to have a certain, non-minimal, pump mode
radius to avoid unpumped regions o f the laser mode volume, it is also desirable to
pump the laser as far above threshold as possible. For a given pump power this
means that reducing the threshold will result in increased efficiency. From (2-20), it
is clear that the threshold can be reduced by making the pump mode waist smaller,
an opposing requirement to the first one.
In deciding which of these effect is the most significant, it is important to remember
that the data shown in Fig. 2-8 is plotted against the pump power relative to the
threshold value for each pump mode radius. To present these results in a form more
relevant to practical situations, when a given pump power is generally available, Fig.
2-9 shows the same data plotted against the pump power relative to the threshold
value for the case of on-axis pumping. It is immediately apparent that, for a given
available pump power, the reduction in threshold, and consequent increase in cavity
photon number and therefore efficiency, is a much stronger effect than the reduction
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Calculated variation of normalised slope efficiency with relative pump
power, with relative pump mode radius wp/wi, for a fixed w i, as a
parameter, for different relative reabsorption losses:
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(c), 5 (d). (After [59]).

in efficiency due to increased absorption in the wings of the laser mode distribution
when using a small pump mode radius.
Although increased reabsorption loss results in the efficiency o f the

case

becoming similar to that for wp/wi==\, it is clear that in the quasi-three-level, as in the
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Calculated variation of normalised slope efficiency with pump power
relative to the on-axis threshold, with relative pump mode radius Wp^wi, for
a fixed
2 a ,L
Ô

as a parameter, for different relative reabsorption losses;
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four-level, case the best efficiency and lowest threshold, and therefore the maximum
output power, are obtained by making wp as small as possible.
It is also important to bear in mind that since, as Fig. 2-9 shows, it is advantageous to
reduce the threshold when attempting to increase the efficiency, improved efficiency
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will also be obtained by reducing the laser mode radius. Clearly, too small a laser
mode radius will result in w,>/wi becoming large and a consequent fall in efficiency.
On the other hand, too large a laser mode radius will result in an increase in laser
threshold also reducing the efficiency and the pump power available above
threshold. It should be noted at this point that the values o f wp/wp shown in Fig. 2-7
to Fig. 2-9 are defined for fixed values o f wp. Thus, the increase in efficiency
achieved by reducing wp/wp in Fig. 2-9 is due to a reduction in wp rather than an
increase in Wp.
It can be concluded, therefore, that the best efficiency for a given laser mode size
will be obtained with the smallest possible pump mode. Further reductions in
threshold and increases in efficiency will be obtained by reducing the laser mode
size to similar dimensions, i.e. making it as small as possible without reducing it to
the point where significant pump power falls outside the laser mode volume.
To put some of these results in a more practical context it is worth pointing out that,
given the value of ai in Table 2-1, the overall reabsorption loss for a 946-nm
Nd: YAG laser at room temperature with a 2mm long crystal can be calculated as

1.9%.

2.3.4 Diffraction effects and pump beam quality.
A significant limitation on the model as described so far is that, like most similar
approaches published [50,59], it does not include the effects of diffraction of the
pump beam or laser mode within the gain medium. While this leads to some
unphysical results, such as the optimum value for wp and wp being zero in some
cases, the overall predictions o f the two models are not seriously affected in most
cases, as long as these limitations are born in mind. Ignoring diffraction does,
however, become a more serious problem when small mode radii are used which, as
we have seen, will generally be the case when low-threshold, high-efficiency
operation is required. Neglecting diffraction effects also limits the ease with which
the effects of pump beam quality, often an important consideration in the case of
diode lasers, can be included. So far the pump beam has been assumed to be a
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diffraction limited Gaussian. Clearly the use of a non-diffraction limited pump beam
will, to some extent, affect the mode overlaps achieved with given values of wpfwp.
The inclusion of diffraction effects and influence of pump beam quality on the
performance of end-pumped lasers has been discussed by a number o f authors
[68,69,70,71]. Here we use a simple approach [72] to include the effects of
diffraction and pump-beam quality in the modelling o f laser performance and
optimisation of pumping geometry, and use these results to illustrate the advantages
of a diffraction limited pump source. A more complete treatment, taking a very
similar approach, has also been published which allows for elliptical pump beams
and also allows detennination of the optimum beam waist location [73].
Diffraction effects can be simply included in the expressions derived above by using
the average values o f the pump and laser mode radii taken over the length o f the
gain medium, in place o f wp and wp. This average value is obtained by integrating
the beam radius over the length of the gain medium and dividing by this length. For a
beam waist radius

at one end of a length L of gain medium, this results in the

expression [74];

3 V nnw^ )

(2-34)

where X is the wavelength of the light, n is the refractive index of the gain medium
and the factor

has been introduced to allow for non-diffraction-limited beams. It

has been suggested that more accurate results are obtained, in the case of the pump
beam, by averaging over a numerically calculated effective length which depends on
the pump beam divergence and the absorption coefficient o f the pump light in the
gain medium [70]. For the purposes of this discussion, however, we continue to
make the simplification of averaging over the length o f the gain medium.
If the average radii (strictly, the root mean square radii) of the laser and pump
modes, calculated using (2-34), are

and Wp , respectively, then we can apply the

same conclusions reached in the previous section regarding relative and optimum
values of Wp and wp in the absence o f diffraction to the average values w, and W p .
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These can then be used to optimise the actual waist radii, wp and wp, with diffraction
and pump beam quality taken into account. The corresponding average mode radii
Wp and Wp can then be used in equations (2-20) and (2-28), in place o f wp and Wp, to

predict performance in the presence of diffraction effects and non-diffraction-limited
pump beams.
By differentiating (2-34), the optimum value o f w^ to obtain the minimum value o f
w ,

, can be shown to be

^ o ,o p t

1
7172

(2-35)
J

From (2-34), this then gives the minimum attainable average mode radius for a given
a / , X and L:

V3

71/2

(2-36)
J

From (2-20), it can be seen that it is desirable to minimise the average laser mode
radius, Wp, to reduce the threshold. The laser mode waist radius to achieve this,
'^L.opt, can be calculated from (2-35) and the minimum average laser mode radius in

the gain medium,

, from (2-36). In both cases, it is assumed that the laser mode

is always diffraction-limited and therefore has an

value of 1. Although not

necessarily the values that will give best performance in practice, wp^opt and
minrepresent the smallest achievable laser mode size and therefore, from (2-20),
will result in minimum threshold for a given pump beam geometry. As such, wp^opt
and ÜT min are useful normalisation values when looking at the behaviour o f nondiffraction-limited pump beams. The ratio of the average pump beam radius to the
minimum average laser mode radius in the gain medium can be shown, using (2-34)
and (2-36) to be:
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(2-37)

K.

which is independent o f crystal length, and where

is the pump beam quality

factor and the ratio of pump beam waist to optimum laser mode waist is given by;

(2-38)

^'L,opt

In writing (2-37), we have made the simplifying assumption that the refractive
indices at the pump and laser wavelengths are the same.
The ratio

is plotted against a in Fig. 2-10 for X.L=946nm and Ap=808mn

and a range of values o f M p, It can be seen that the M l ~ 1 curve has its minimum
value when a=0.9. This point represents the geometry giving the lowest possible
threshold as Wp and Wp are at their minimum, diffraction limited, values. Thus,
there is nothing to be gained in terms of reducing the average pump mode radius, and
therefore the threshold, by focusing the pump beam tighter than this. For pump
beams having higher values of M l it can be seen that the minimum possible average
mode radius, and the beam waist radius for which this occurs, both increase as would
be expected. It is also clear that even small increases in the M ^ value of the pump
beam will result in a minimum average pump beam radius attainable with that M“
value, Wp

, that is larger than that of the minimum average radius of the

diffraction limited laser mode, Wp_,„i„.
It is useful at this stage to return to our earlier finding that for a given pump power
and laser mode the maximum output will be achieved by minimising the ratio wp/wp.
Obviously, this translates into minimising W^lWp when taking account of
diffraction. In the case o f a diffraction limited pump beam, it is clear from (2-20)
that the lowest threshold will be obtained by using pump and laser waist radii of
Wp_op( and Mfp^oph respectively, as defined by (2-35), which give the minimum possible
average pump and laser mode radii. This will also result in the highest output power
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at a given pump power as it represents the minimum possible value o f

, for

this optimum laser mode waist, as shown in Fig. 2-10 and mentioned above.
In the case of non diffraction limited pump beams, it can be seem from (2-20) that,
again, the lowest threshold will be obtained by using pump and laser mode waists o f
oprand wi^^oph respectively, as this corresponds to minimum average pump and
laser mode waists,
shows that increasing

„,i„ and

,„j„. However, as pointed out above, Fig. 2-10

rapidly results in values for

greater than

unity. Once this becomes the case, the slope efficiency will rapidly fall as an
increasing fraction of the pump light falls outside the laser mode. Clearly, this can be
rectified by increasing

, but only at the expense o f a higher threshold.
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Fig. 2-10 Ratio o f average pump-beam radius wp to minimum average laser-mode
radius wz.,min versus a =

for a range o f values of pump-beam

quality factor M], and X,p=808nm and A,L=946nm. Dashed curve is for
and A4p = \ .
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For a given pump power and beam quality, the highest output power will still be
achieved with a pump mode waist o f wp^opt which gives the minimum average pump
radius,

, for this value of M l . There will, however, be an optimum value o f

w i, and therefore of

, which achieves the best compromise between increased

threshold and reduced slope efficiency and thus maximises the laser output. The
exact value of wp for which this occurs will depend on a number of factors, in
particular the pump power above threshold and the round trip loss. It can be exactly
determined by finding the value of
pump beam radius o f

which, when used in (2-28) with an average

, maximises the intra-cavity photon number S for a given

pump power P. This value will generally not be the same as wp^opt which results in
minimum threshold.
It is apparent from the above discussion that for a pump source with a given M^, a
practical strategy for optimising laser output is to first focus the pump beam to a
waist of the optimum radius,

given by (2-35) and then adjust the laser mode

radius to obtain maximum output. Clearly then, to obtain both low threshold and
high efficiency it is desirable to use a pump source which is as close to diffraction
limited as possible.

2.3.6 Optimisation of quasi-three-level laser parameters.
In most practical situations a maximum pump power is available and optimisation o f
the laser aims to maximise the output power for this pump power. In the case o f a
four level laser, for a given geometiy, this is simply a case of optimising the output
coupling to find that transmission which achieves the best compromise between
increasing the threshold, thus reducing the intracavity power for a given pump
power, and increasing the fraction o f this intracavity power which is usefully coupled
out. The calculation of this optimum output coupling level is fairly straightforward
[75]. In the quasi-three-level case the situation is somewhat more complex.
As was shown earlier, an optimum crystal length exists for achieving minimum
threshold which allows the best compromise between increasing the absorbed pump
power and increasing the reabsorption loss. It is clear that such an optimum length
63

will also exist for obtaining maximum output above threshold and, due to the
saturable nature of the reabsorption loss, this length will depend on the intracavit)/
power and therefore the level of output coupling. Conversely, the optimum level of
output coupling will depend on the crystal length for the similar reasons. As a result,
both the crystal length and output coupling must be optimised simultaneously.
This is most easily done by plotting the output power for a given pump power against
both crystal length and output coupling, as shown in Fig. 2-11. It is clear that the
optimum level o f output coupling varies with the crystal length and vice-versa, and
also that the optimum crystal length above threshold is generally not the same as that
for minimum threshold. It can also be seen that the optimum crystal length increases
for higher pump powers, as the effects o f the reabsorption loss become less
significant due to its saturation as the intracavity power increases.
It is interesting to look at the effects of relative mode sizes in a similar way. As
discussed earlier, it is always beneficial to make the average pump mode radius, and
therefore the mode volume, as small as possible. However, the optimum laser mode
volume relative to this was not so readily apparent. Fig. 2-12 shows the laser output
power variation with crystal length and output coupling at a fixed pump power and
with the pump mode size set to the optimum value for a range o f relative average
laser mode radii. In the case of

= 0.5vFp, the laser is seen to be above threshold

for the whole of the range plotted, but the maximum output power is considerably
lower than in the other cases. This would be expected from the previous discussion
where it was seen that a small laser mode radius results in a low threshold, but a
laser mode radius smaller than that o f the pump leads to poor efficiency.
The converse is true in the case of

= 2wp where the maximum output power is

slightly higher but the range over which the laser is above threshold is significantly
reduced. Again, from the above discussion, it is apparent that the small relative
pump mode radius results in increased efficiency but, as this is achieved by
increasing the laser mode radius, the threshold also increases and the overall increase
in output power is negligible. The highest output powers are obtained with Wj - W p ,
*indicating that the optimum laser mode radius is that which gives an average mode
radius equal to that o f the pump mode.
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Performance departs from that in the optimal case quite rapidly either side of this
value.
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Fig. 2-11 Variation of 946-nm Nd;YAG laser output power (mW) at 300K with
crystal length and output coupler transmission for various incident pump
powers. Other paramterers: wp=wp^oph
extrinsic losses 4=1%, and a = S c m '\
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Fig. 2-12 Variation of 946-nm Nd. YAG laser output power (mW) at 300K with
crystal length and output coupler transmission for various average laser
mode radii: (a)

= 0.5w^, (b)

=Wp , (c)

= l.SvFp, (d) vF^ = 2wp

Other paramterers: wp^wpoph M], = 1, parasitic extrinsic losses Sp= \% ,
and a=8cm‘^incident pump power 250mW.
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Finally, the consequences of using a non-diffraction-limited pump source are
illustrated in Fig. 2-13. Here, the pump mode waist is set to the optimum value for its
h /f parameter and the crystal length, and the laser mode is set to give the same
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Fig. 2-13 Variation of 946-nm Nd:YAG laser output power (mW) at 300K with
crystal length and output coupler transmission for various pump A/f
values. Other parameters; wp=wp^op,, Wj^ =Wp , parasitic extrinsic losses
4?=1%, 6f=8cm'% incident pump power: 500mW.
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average radius as the pump mode. The reduction in output power resulting from
using a pump source with M^>\ is clearly apparent.
It was shown in Fig. 2-10 that increasing the pump A / rapidly resulted in significant
increases in the minimum obtainable average radius of the pump mode and therefore
an increase in threshold. It has also been shown that unless the laser mode radius is
increased to maintain a similar average value to the pump mode radius the efficiency
is reduced. Thus, as the pump h é , and therefore average mode radius, increases, the
laser mode radius must also increase resulting in a further rise in the threshold. This
can be clearly seen in Fig. 2-13 where the range over which the laser is above
threshold rapidly falls with increasing A / and the maximum output power is
significantly reduced as a result of the increased threshold. The maximum power
obtained using a diffraction limited pump source (A/=1) is almost three times that
obtained with a source having A /f~ 25, a typical value, in the junction plane, for
broad-area laser diodes with output powers o f a few watts.

2.4 Conclusions.
The results of the modelling described in this chapter, particularly Fig. 2-7 - Fig. 2-9,
have shown that quasi-three-level lasers can approach the efficiency of, otherwise
equivalent, four-level systems as long as they are pumped high enough above
threshold to largely saturate the reabsorption loss. However, as the reabsorption loss
acts to increase the threshold, as shown in Fig. 2-5, it is important to try to find other
strategies to minimise the threshold if high efficiency operation is required. In the
case of the 946-nm Nd. YAG laser operating at room temperature this becomes even
more important due to the low stimulated-emission cross section.
Equation (2-20) shows that the threshold can be reduced by reducing the pump and
laser mode radii, while Fig. 2-9 shows that having a pump mode radius larger than
that of the laser mode results in poor efficiency. When considering the effects of
diffraction, these results can be applied to the average mode radii and it is clear from
Fig. 2-10 that the smallest value attainable for this in the case of the pump is limited
by the pump beam quality. It is, therefore, clear that when attempting to reduce
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threshold it is important to have a pump source as close to diffraction limited as
possible. This not only allows the average pump mode radius to be reduced, thus
lowering the threshold, but also allows the laser mode radius to be reduced, in a
similar way, without compromising efficiency by pumping regions outside the laser
mode volume.
Other factors which can be used to reduce threshold are the temperature o f the
Nd: YAG crystal, reduction o f which results in a reduced reabsorption loss, and the
spectral width o f the pump, narrowing o f which improves the efficiency with which
pump light is absorbed by the laser gain medium.
Thus, the characteristics of the pump beam which can significantly affect the laser
threshold and efficiency are the beam quality, or h /f value, and the spectral quality,
or linewidth. Unfortunately, in the case o f diode laser pump sources, these two
parameters, while significantly better than incoherent pump sources, are generally
worse than other laser pump sources. This is especially true in the case o f laser
diodes having output powers of more than around lOOmW. Many o f the other
properties of laser diodes make them highly attractive as pump sources, so it would
be desirable to also achieve high spatial and spectral quality with high powers from
these devices.
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3. Nonlinear Optical Frequency Conversion and
Optical Parametric Oscillators.

3.1 Introduction.
The demonstration o f the laser made available, for the first time, a light source
yielding the intensities necessary to observe nonlinear optical frequency mixing in
dielectric media and made possible the first experimental demonstration o f optical
second harmonic generation (SHG) in 1961 [1]. It was soon realised that the
efficiency of such processes could be vastly enhanced by ensuring that the
interacting waves travelled through the nonlinear medium with matched phase
velocities. This was achieved, by exploiting the natural birefringence o f the optically
anisotropic materials used, the following year [2,3] which also saw the classic
treatment laying down the theoretical foundations o f the field [4].
The obvious attraction o f nonlinear optical frequency conversion as a means of
extending the spectral coverage of conventional laser sources motivated further
experimental demonstrations including intracavity second harmonic generation [5]
as well as parametric oscillation [6] and difference-frequency mixing [7].
Theoretical treatment was also extended [8,9,10]. The development of new materials
[11] and sources, particularly neodymium based lasers [5,12,13], accelerated
research in the field and nonlinear processes and devices were soon being widely
studied [11,14,20]. As a result, harmonic generation continued to be used to extend
the range o f both pulsed [15,16] and continuous-wave [17,18] laser sources
throughout the 1970s.
Following the first demonstration of an optical parametric oscillator (OPO) [6], a
pulsed device, a continuous-wave (cw) device was also demonstrated [19]. While
other frequency mixing techniques were limited in their tuning range by the
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tunability of the laser sources used, OPOs had the obvious appeal o f allowing broad
tunability from a single, fixed-wavelength pump source and considerable research
activity took place in the early stages of their development [20,21,22,23], The early
devices mentioned above used cavities which resonated both parametrically
generated waves in an attempt to reduce the threshold pump power. However, those
investigating these devices, and other early workers in the field [24,25], noted that
this double-resonance requirement resulted in high degree of instability in output
power and wavelength. Despite this, a number o f other continuous-wave devices,
based on doubly-resonant cavities, were demonstrated around this time [26,27,28].
The discovery that Q-switched lasers could provide sufficient peak powers to
achieve threshold in singly-resonant OPOs [29], which do not suffer from the same
instability problems as doubly-resonant devices, moved interest in the direction of
pulsed, singly-resonant devices [30,13]. This resulted in the enthusiastic
development o f such devices, their commercial availability as early as 1970 [31] and
their use in a number of practical applications [32,33].
By contrast, after initial optimism [21], continuous wave OPOs were somewhat
neglected as singly-resonant OPO (SRO) thresholds were beyond the reach of
continuous-wave laser powers. As a result, doubly-resonant OPOs (DROs), with their
attendant stability problems, had to be used for continuous-wave operation. A
ground-breaking study by Smith [34] of the factors affecting the stability o f DROs
identified the need for a stable, single-frequency, effectively isolated pump source
and careful control o f the DRO cavity length. Given these conditions, it was shown
that stable, single-frequency operation of the DRO could be obtained with thresholds
as low as 3mW. Despite this, very little effort was expended on the study of cwOPOs during the 1970s.
The development and availability o f a new generation of materials [35,36,37,38] led
to a resurgence of interest in nonlinear optics during the 1980s. In addition, advances
in the diode pumping o f solid state lasers occurring around the same time [39,40]
resulted in two highly complementary technologies, with nonlinear optical processes
being used to convert the, mainly near-infrared, output of compact efficient diodepumped solid state lasers to other spectral regions. In particular, the use of dipde-
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pumped neodymium-based lasers in conjunction with nonlinear materials such as
potassium titanyl phosphate (KTP) has allowed high-power green light generation in
both pulsed [41,42] and continuous [43,44,45] systems. Cascading of conversion
processes has allowed the extension o f harmonic generation by Nd lasers into the
ultraviolet [46,47].
The widespread use of diode-pumped solid state lasers had largely been instigated by
advances in the technology o f AlGaAs based diode lasers, resulting in reliable
operation over long lifetimes at increased power levels compared to earlier devices.
This also prompted developments in the direct use of diode lasers for nonlinear
optical frequency conversion. The nonlinear material potassium niobate (KNbOg)
was found to be particularly suitable for doubling laser radiation in the region o f 800
nm produced by AlGaAs diode lasers. Although early experiments used single-pass
doubling to generate second-harmonic powers below ImW with very low
efficiencies [48], it was soon found that much higher efficiencies could be obtained
by the use o f a resonant enhancement cavity [49,50]. This technique has continued to
be used to generate increasingly high second harmonic powers [51,52,53,54] and in a
recent demonstration IW o f second harmonic light was generated by the resonant
doubling of a high-power diode laser amplifier [55]. In a number o f cases, sufficient
second-harmonic power has been generated for further resonant doubling to be used
to produce ultraviolet light [53,56]
The 1980s also saw a renewal o f interest in continuous-wave optical parametric
oscillators due to their potential as sources o f squeezed states o f light arising from
the fact that such a device generates photons in correlated pairs [57]. It is, however,
interesting to note that many such experiments have made use o f optical parametric
amplifiers (OPAs) or below-threshold DROs, as the required quantum correlation
properties are obtained without the problems normally associated with maintaining
stable operation in an above-threshold DRO [58,59,60], Nevertheless, similar
experiments have been carried out using above-threshold DROs and TROs
[61,62,63] with stabilised pump sources and servo cavity-length control techniques
or monolithic cavities, for stability.
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The same advances in materials and pmnp-source development, described above,
which benefited frequency upconversion, also advanced the development of
continuous-wave OPOs. Stable, single-mode operation o f a DRO pumped by the
second hannonic o f a diode-laser-pumped Nd: YAG laser was demonstrated [64] and
stable, narrow-linewidth operation o f a similar system pumped by an injectionlocked lamp-pumped Nd: YAG laser was also achieved [65]. Such a system was also
used, with a diode-pumped monolithic Nd: YAG ring laser, to investigate the stability
and tuning properties o f the DRO [6 6 ] and, shortly after, stabilisation, tuning and
signal-idler heterodyne locking to an external reference were demonstrated [67].
Since these results a number o f experimental demonstration o f stable and/or
smoothly tuneable continuous-wave OPOs have been carried out [68,69,70,71,72].
Another approach to stable operation which was made possible through
developments in pump sources and nonlinear materials was the continuous-wave
operation of a singly-resonant OPO. The first cw SRO was demonstrated in 1993
with a threshold of 1.4W [73] and several similar devices have since followed
[74,75,76]. All these devices were operated external to the laser cavity resulting in
external thresholds of the order o f 1W or more. An alternative approach that has
been demonstrated in recent years is to locate the nonlinear crystal inside the pump
laser cavity allowing the OPO to be pumped by the high internal circulating field
[77]. A number of such devices have been demonstrated [78,79,80], retaining many
o f the advantages o f SROs without such high external pump power requirements.
External pump power thresholds as low as 310mW have been achieved by this
method [81]. These various developments have recently resulted in the commercial
availability o f several continuous-wave SROs [82].
Like frequency upconversion, the direct pumping of OPOs by diode lasers has also
been widely demonstrated in recent years. Doubly resonant and pump-enhanced
OPOs have been pumped by diode laser systems using techniques such as master
oscillator/power amplifiers [83] and injection-locking [84] to obtain high powers
with high spatial and spectral quality from the laser diodes [85,86,87]. In addition,
single-mode laser diodes have been used to pump triply-resonant [84], pump
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enhanced [84] and doubly-resonant [ 8 8 ] OPOs and a singly-resonant OPO has been
demonstrated with a tapered diode-amplifier pump source [89].
The most important recent development to have a large-scale impact on nonlinear
optics research has been the widespread availability of quasi-phase-matched
materials, particularly periodically-poled lithium niobate (PPLN). These provide an
alternative phase matching method to biréfringent techniques which allows access to
the highest nonlinear coefficients of the material [90]. As a result, significant
improvements have been brought about in the performance of frequency mixing
processes [91] and, particularly, o f OPOs [92,93].
The many recent developments in nonlinear optical frequency mixing and optical
parametric oscillators has made them more attractive solutions for practical
applications. The wide tunability of OPOs has long been recognised as a potentially
useful spectroscopic tool, and pulsed OPOs have been used in such applications for
some time [32,33,94]. More recently, continuous OPOs have started to be used in
spectroscopic applications [95,96]. Also, difference-frequency mixing has, in recent
years, been found to be a particularly useful route to developing compact sources in
the 3-pm region for the detection of atmospheric trace gases with a high degree o f
sensitivity [97,98,99].
In addition to squeezed light generation, mentioned above, another application which
makes use of the special properties o f nonlinear optical frequency mixing processes
is that of optical frequency standards. Since energy is always conserved in nonlinear
frequency conversion, accurate knowledge of two of the interacting frequencies
allows the third to also be accurately detennined. This property can prove useful in
comparing optical standards which are widely separated in frequency and linking
these to known radio-frequency standards [100,101]. In particular, the advent of
high-precision frequency standards based on trapped atoms and ions [ 1 0 2 ] has led to
a requirement to compare such standards to other trapped-atom references and to
known microwave reference frequencies [103]. Various schemes have been proposed
and demonstrated using OPOs to compare optical and radio frequency standards
[104,105,106] and to generate “combs” of many known frequency markers [107].
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Moreover, nonlinear frequency-mixing processes are routinely used with lasers in
optical frequency chains [102,108,109].
Although the above review has been fairly brief, it can be seen that the field of
continuous-wave nonlinear optics is probably more active currently than it has ever
been. The remainder o f this chapter will provide an overview of the theoretical basis
of nonlinear optical interactions, phase-matching in nonlinear optical processes and
the behaviour o f continuous-wave optical parametric oscillators. The demands such
devices place on pump sources will be discussed at the end o f the chapter.

3.2 Theoretical basis of nonlinear optics.
In the case of the classical optical processes associated with light propagating in a
dielectric medium, the relationship between the polarisation field in the medium and
the incident optical electric field is considered to be linear, i.e.
P (r ,0 = 4 )ZE(r,Q

(3-1)

where Sq is the permittivity o f free space and % is the susceptibility o f the material.
This results in effects such as refraction and reflection at boundaries. In the case o f
intense applied fields, such as those obtained from a laser, the electrons in the
medium experience displacing forces comparable in magnitude to the intra-atomic
forces they are subject to within the material. This results in the linearity o f equation
(3-1) breaking down and, in an analogous way to the breakdown o f Hooke’s law
under large displacements, higher order terms must be considered. Under these
conditions, equation (3-1) can be expanded as:

P(r.O =

+...)

(3-2)

Here we discuss how the consideration o f these higher order terms, in particular that
involving

can lead to processes resulting in the frequency conversion o f laser

light within a suitable, usually crystalline, medium. These processes have been
widely discussed by a number o f authors, the original treatment being that o f
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Armstrong et al. [4]. A rather more accessible treatment was made by Boyd and
Kleinman [ 1 0 ] which also extended to focused beams rather than plane waves.
Treatments based on, or similar to, that o f [10] have been presented by a number of
authors [11,14,110] and it is on such treatments that the discussion here is based. The
one important difference is that the work presented here uses the m.k.s./S.I.
definition o f susceptibility according to (3-2), resulting in

having units o f m V '\

rather than the c.g.s definition used by [10,11,14,110] which results

having units

of cm per stat volt, or e.s.u.

3.2.1 Nonlinear susceptibility and the origin of nonlinear optical
processes.
Of the nonlinear terms in equation (3-2), the
work described here, although

term is o f most relevance to the

processes, particularly self-focussing (Kerr

lensing) and four-wave mixing are often utilised experimentally. Beyond

the

nonlinear susceptibility becomes very small in most media and very high intensities
are generally required to observe such processes.
If we consider only the second-order term o f equation (3-2) alone, the nonlinear
polarisation can be written as:
=

(3-3)

To make use of this interaction, a material must be used which lacks inversion
symmetry as

vanishes in centrosymmetric crystals.

If E(r,r) is considered to be the resultant o f a range o f Fourier components, it can be
described by :

E ( r ,/) = jE (r,<a)e-'“'</®

In the case o f n discrete components, this integral can be reduced to:
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(3-4)

E (r./) =

where the factor of

1 /2

+ c.c]

n ^

(3-5)

and the complex conjugate are introduced to account for the

fact that the integral of (3-5) is over positive and negative frequency components and
that E(r,0 must always be real to represent a physical field. Since second-order
frequency conversion processes can be described generally as the mixing of waves at
two frequencies to generate a third, it is helpful to consider the case where E(r,r)
consists of two components at frequencies g>i and

having amplitudes E%and E 2 ,

respectively;

E (r ,0 = |[E ,(r)e-" ^ ' 4 -E,(r)g-"''' + c.c]

(3-6)

In this case the squared resultant amplitude term o f (3-3) can be expanded as:

-E\r,t) = i[E^(r)e"'""'' -hE^(r)e-'"">'
-l-2E ,(r)E ,(r)e-'(“'"‘”->

(3 . 7 )

-l-2E,(r)E*(r)e''("''"=*'
+ E ,(r)E ;(r) + E ,(/-)E ;(r)

+ c.c]
If the second-order nonlinear polarisation is defined in a similar way to the applied
field in (3-5), i.e.

P ‘' ’ ( ' - , 0 = |[P(r)e-"" +c.c.] = J[P (r.O + P*(r.<)]
then the complex second-order nonlinear polarisation, from (3-3) and (3-7),
becomes:
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(3-8)

P (r ,0 =

+ E l(r )e -'^ ‘^'

+ 2E,(r)E,(r)«-'(“'""‘)'
+ 2E,(r)E;(r)e"'*"'-"=)'
+ E ,(r)E X r) + E ,(r)E ;(r)]

Examination of the various terms on the right hand side of the expression shows
components at double the frequency of each o f the original components, at the sum
o f their frequencies and at the difference o f their frequencies. These terms represent
the processes of second harmonic generation, sum frequency mixing and difference
frequency mixing, respectively. Two time-invariant terms are also present,
proportional to the squares o f the amplitudes, corresponding to the process o f optical
rectification which results in a d.c. field across the crystal.
For any given three-wave mixing process energy must be conserved, so the
relationship:

6>3

=

+<J>2

(3-10)

will always hold, where C03 conventionally identifies the highest frequency
component participating in the process and coj the lowest. In this case, the terms of
(3-9) not relating to the process of interest can be ignored and, as the frequencies of
all three components are known, the terms describing the temporal variations o f the
fields can also be assumed. As a result, the processes of sum-frequency mixing,
difference-frequency mixing and second-harmonic generation can be described,
respectively, from the appropriate terms in (3-9), by:

^ 3 ( 1*) =

P2 (r) =

(-^ 3,

, < ^ 2 )[Ei (r)Ez (r)]

(3-11 a)

- 6 )i,ü)3 )[E3 (r)EXr)]

(3-11 b)

P2 (*') = 7 ^o/^^(-^ 2 .^i.<^i)[E?(r)]
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(3-11 c)

where the
0)2

0)3

term has been dropped in the case of second-harmonic generation and

has become the highest frequency. Note that the possibility o f dispersion in the

susceptibility has been allowed for in equations (3-11).
In addition to their functional dependence on r, describing the spatial variation in
their magnitude and therefore in the amplitude o f the waves they describe, P and E
are vectors as they also describe the polarisation directions o f their respective waves.
Given that, in general, the medium in which the interaction is takes place will be
anisotropic the susceptibility will be described by a tensor and equations (3-11) can
be written;

-^(*')/ —^ 0 ' ^

^(""^3

j,k

^ (r ), = %Z z

^ 2 ( ' ‘) i

^

'''( - « 2

,

^

1

(*')y^ 2 (^)&

-a ),. 0 3 )# ^ 3 (

(3-12 a)

(r)*

(3-12 b)

(3-12

J,k

C)

where the indices i,j,k take values X,Y,Z corresponding to the ciystalline
piezoelectric axes, which share the same frame o f reference as the nonlinear optical
coefficients, resulting in the summation being over all axis directions. In making the
summations as shown above, it is assumed that the susceptibility obeys two
symmetry conditions. The first o f these is that o f Armstrong et al. [4] which states
that;t^^^ is invariant with permutations in frequencies

as long as the indices

i j ,k are simultaneously permuted in the same way. The second symmetry condition

is that o f Kleinman [111] which extends the first to state that, in the case o f a lossless
medium, the indices i,j,k can be pennuted without permuting the frequencies and,
therefore, that

is the same for all combinations of the three given frequencies.

Equations (3-12) can be expressed in a more compact form by returning P and E to
vector form, expressing

as a tensor, and using dyadic notation where summation

over all axis directions is implicit:
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ï *3 (r) =
PzCr) =
?2

(-^ 3, ûij,

(3-13 a)

)• El (r)E 2 (r)

^( - 6)2 - m , 6 )3 ): E 3 (r)E[(r)

(3-13 b)

, n)i, 6 ?i): E, (r )Ei (r )

(3-13 c)

(r) = ^

It can be seen that in the case o f second-harmonic generation a factor o f 1/2 is
present which does not occur in the case o f sum- or difference-frequency mixing.
This can be seen to result from substituting a single-frequency incident field into
equation (3-9), either as a single component (Ei(r)=Eo(r), E 2(r)= 0 ) or splitting the
same field into two components (E j(r) = ^E o(r) ,E 2 (r) = -jEo(r) ). Since secondharmonic generation is the method usually used to characterise the susceptibility o f a
material, the quantity

is measured and thus defines the nonlinear coefficient d:

(3-14)

which is used almost exclusively in practical calculations relating to nonlinear
optics. Clearly d will also be a tensor which, it can be seen from (3-12), will have 27
elements when expressed fully. However, application o f Kleinman symmetry results
in no physical significance being attached to permutation o f the second and third
indices j and k. This allows a reduced notation to be employed where j \ k is replaced
by a single index, /, as shown in Table 3-1, enabling d to be expressed by a 3x6
matrix.

7,^

X,X

Y,Y

Z,Z

Y,Z Z,Y

x ,z z ,x

X,Y YPC

I

I

2

3

4

5

6

Table 3-1

Contracted index notation used in definition o f d matrix. X,Y,Z are
piezoelectric axis directions.
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Defining the incident field as a column vector on which the d matrix operates allows
the nonlinear polarisation to be calculated in tenus o f its components along the
crystalline axes as (for example in the case of difference-frequency mixing):

^2(r);r
4 (r )r

E ,( r ) y E ; ( r } ,
'à n

2

s„

d2\

V22(f)z^

d^2

^1 3

^14

^[5

^22

d i2

£^24

^25

^26

E ,{ r ) y E l{ r ) y + E ,{ r ) y E l( r ) y

^32

^33

^34

^35

^36)

E ,{r)y y E l{r)y + E ,{ r ) y E : { t ) ^

E ,( r )z E : (r ) ,

K E ,{ r ) ^ E :( s )y + E ,( r ) y E : { r ) ^ )

(3-15)

A similar expression describes sum-frequency mixing which, in the case o f secondhannonic generation, reduces to:

A

d^2

^13

^14

^15

dxe

^21

^22

^23

^24

^25

^ 26

'^‘^31

^32

^33

^3A

^35

( r ) /
A (« -)r

k /2 (* * )z >

“ 4)

E l{ r )x
E l{ r )y

E,^0)z
2E,(r)yE,(r)y

(3-16)

2-£^i(r)x^i(r)z
U£'i(rXv^i (*')]'>'

The number of independent elements in the d tensor can be further reduced by
applying Kleinman’s symmetry which dictates that, for example, dyf=dx’i'f^d'i\f=di^.
By systematic application of this argument it can be shown that:

'd „

d=

d \2

d\3

^22

^23

^24

^14

d/j5

^^4 d \2
^33 ^23 ^,3 <^14>
^24

(3-17)

The number of independent, non-zero elements can be reduced still further by
symmetry arguments for each crystal class [ 1 1 2 ] based on those for the piezoelectric
tensor [113] with which the nonlinear susceptibility shares symmetry.
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While a tensor is required to fully describe d, in most practical situations the
polarisation directions of the interacting waves are known. This enables the
projections o f the field polarisation directions on the crystalline axes to be calculated
and multiplied, as weighting factors, by the relevant d tensor components. These
weighted components are then added together to yield an effective nonlinear
coefficient, d^ffi which can be used with the scalar amplitudes o f the interacting
waves. The calculation o f ri^fbr the various uniaxial crystal classes has been
described, and the results tabulated, by a number o f sources [11,114]. This results in
the expressions for sum- and difference-frequency mixing and second harmonic
generation:
( t)E^ (r)

(3-18 a)

•P»,-»,(r) = 2^ „ rf.^ £ .,(r)< (r)

(3-18 b)

P2 . ( x ) = e , d ^ E l ( T )

(3-18 c)

(r) =

where P and E are the scalar amplitudes, along their polarisation directions, o f the
relevant waves and the frequency relationships have been stated explicitly for clarity.

3.2.2 Coupled wave-equation treatment of nonlinear frequency
conversion.
The above discussion has shown how electromagnetic waves o f given frequencies
can induce a response at other frequencies in an appropriate medium. We now go on
to look at how this induced response results in the generation of new waves at these
other frequencies and how power is transferred between the interacting waves. The
starting point is Maxwell’s equations in a medium:
V .D = p

(3-19 a)

V xE + B = 0

(3-19 b)

V -B = 0

(3-19 c)
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VxH~D = J

(3-19 d)

The nonlinear polarisation is included by remembering that the displacement field D
is defined by;

D=.(%E + P)

(3-20)

The definition of P given by (3-2) allows the separation of the linear and nonlinear
susceptibility using the definition o f the relative permittivity o f the material:

6-.

(3-21)

Further simplifications can be made by assuming that the material is non-magnetic
and that there are no free charges or free currents (i.e. the material is lossless)
implying, respectively:
b

= m,h

(3-22)

0

(3-23)

J=0

(3-24)

Maxwell’s equations can then be rewritten as:

V•

+ P'""*) = 0

'

(3-25 a)

V x E = - ^ ( a H)

(3-25 b)

V -B = 0

(3-25 c)

V X H = ^ ( g ,g ,E + P<“ 0

(3-25 d)

Following the standard derivation of Maxwell’s equation for electromagnetic waves
the curl is taken of both sides of (3-25 b) and (3-25 d) is substituted into the resulting
equation. Making use o f the identity V x V x E = V( V -E) - V^E and setting
89

V •E = 0 which, from (3-25 a), is generally true, gives the nonlinear electromagnetic
wave equation:

.

;

-,

-

(3.26)

At this point the problem is simplified by considering only unbounded plane waves
propagating along the z-axis. Equation (3-26) can then be rewritten:

and in the case o f a second-order three-wave interaction E is then defined as:

E ( 2 .0 = T[E,(z)e'<*'"'"''’ + E ,( z ) e '“ >'-“='' +E 3(z)e'<^-‘^'’ +C.C.]

(3-28)

Using the definitions of (3-18 a, b) the complex amplitudes of the polarisations at the
three interacting frequencies can be written:

P,<“ '(z,/) = 2fii,d^£j(z)£:;(z)e'I<‘‘-‘=>-'-<'^-“">'l

(3-29 a)

= 2£„a^.^£3(z)£;(z)e'K*>-‘'>'-('^-"'>'l

(3-29 b)

/>3‘“ >(z,0 = 2£'„rf,^£,(z)£3(z)e'K*'*‘’W"'*"’’'l

(3-29 c)

where, as previously, the use o f the effective nonlinear coefficient allows scalar
amplitudes to be used.
Considering terms which result in waves at each frequency in turn now allows the
interaction of the three waves to be described. Starting with sum-frequency mixing
terms, i.e. those which result in waves with frequency £%, (3-28) becomes:
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(3-30)

Determining the three derivative terms gives:

/{fcjZ-dJjO

(3-31 a)

(3-31 b)

26"o£/^E;(z)E2(z)6

= -(u), +£Dj'26^£/^E,(z)E2(z)g'K"'+*')"-(""^)')
(3-31 c)

It is now assumed that the change in amplitude occurring over propagation distances
comparable to a wavelength is small. This can be expressed as:

rfz^

'

(3-32)

dz

This allows the second derivative term on the right hand side o f (3-31 a) to be
assumed to be zero - an assumption usually described as slowly varying envelope
approximation [4]. (3-30) can then be written:

2 * 3 ^ e'(* > '-‘^')=[Æ3^£3(z)-rtf;f„û,2£3(z)]e'(‘>-«.')
dz

(3-33)

/ 4 , £ i ( ® , - h f f l 3 ) ' 2 r f , ^ i ? , ( z ) £ ' 3 ( z ) e ' l ( ‘ '" * = )'-(“ '" " ')'l

Using the substitutions c

r— ,
V^o/4)

and L = —^
c

and eliminating the

temporal dependence so that only the variation in amplitude with propagation
distance is described, we obtain:
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dz

(3-34)

n^c

Similar expressions can be arrived at for waves at frequencies £%and coj. Using the
definition:
A k = k 2 ~ k 2 ~ k^

(3-35)

these expressions can be rewritten:
dE^{z)

£6

CD^

17

= f-L e /_ E 3 (z)E ;(z)e'^

(3-36 a)

= z-^ £/^ E 3(z)E ;(z)g'^

(3-36 b)

(3-36 c)

These are the coupled amplitude equations describing general three-wave mixing
processes. In the case o f second-harmonic generation, the polarisation expression of
(3-18 c) results in the coupled amplitude equations:

= i f ^ d , ^ E ^ { z ) E : { z ) e ‘^
dE2a, (^) _ •

£/z

J

(3-37 a)

r2/_\ ,.-/Afe

It can be seen from equations (3-36) and (3-37) that energy is transferred between the
waves as they propagate through the crystal their amplitudes being coupled through
the nonlinear coefficient.

3.2.3 The Manley-Rowe relations.
The intensity associated with an electromagnetic wave is given in terms of the wave
amplitude, E, by:
92..

(3-38)
1

Ic’ P

It is useful to define a new field variable, X, such that:

y4, = J — E,

(3-39)

G ),

This results in |z4,f being proportional the photon flux at frequency

. From (3-38)

this results in the intensity being related to A by:

(3-40)

Rewriting the coupled wave equations for three-wave mixing in terms of the new
field variable gives:
dA^jz)

(3-41 a)

dz
dA^^z)
dz
dA ^jz)
dz

= iKA 2 {z)A^ {z)e

iK A^(z)A2(z)e

(3-41 b)

-iâkz

(3-41 c)

where the definition:

(3-42)

K
C

V

has been used. Multiplying equations (3-41 a-c) by A [ , A ^ , A ^ , respectively, gives
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^ |4 | (^)

(3-43 a)

dz
d \A 2 ^{z)
dz
d\A 2^{z)
dz

= fX .43(z)/[;(z).^ (zX ^

(3-43 b)

/Ary4,(z)4(z)v4;(z)g-'^

(3-43 c)

-iK 4(z)4X z)44;(z)g'^
It can be seen from (3-43) that the relationship:

d\A ^ (z)

d \A ^ (z)

d\A-^ (z)

dz

dz

dz

(3-44)

or, in terms o f intensities:

L
dz

d

d

d z \a>2J

dz \<3?3y

(3-45)

holds. Expressions having the form o f (3-44) and (3-45) are known as the ManleyRowe relations and can be interpreted as showing that the destruction o f one photon
at coi results in the generation of one photon each at (0 \ and

respectively. If the

total intensity is defined as:
If =

(3-46)

+ 1 2 + 12

Using this definition, (3-40) and the fact that
dlr

dL

dL

dL

dz

dz

dz

dz

equations (3-43) show that:
^

(3-47)

in other words the total intensity is conserved.
Carrying out a similar analysis to that given above for second harmonic generation,
as described by equations (3-37), gives:
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dz V2cû)

2 d z \c t)

(3-48)

indicating the creation o f a photon at 2 a? is accompanied by the destruction of two
photons at co.
The Manley-Rowe relations show that power is transferred between the propagating
waves as they travel through the nonlinear medium. It can be seen from equations (343) that the direction o f this power transfer (i.e. which of the waves will grow in
amplitude and which will decrease) is determined by the relative phases o f the
waves.

3.2.4 Nonlinear optics with Gaussian beams.
The discussion so far has been confined to the case of plane waves o f infinite extent.
In most practical situations, however, Gaussian beams with finite waist radii will be
used. We now go on to discuss how the Gaussian profile o f the interacting waves
and, importantly, their relative waist dimensions affects the nonlinear interaction and
how this can be included in the coupled wave equations. The analysis will, however,
be confined at this stage to the case of Gaussian beams in the near-field
approximation, i.e. it will be assumed that the nonlinear interaction takes place over
a distance less than confocal parameters of the interacting beams and the waist radii
can therefore be assumed constant over the interaction length.
The mixing o f two waves coj and

having waists Wi and w; results in a driving

polarisation at the resultant frequency co^ having a waist of vPj which is defined by
[8]:

This waist is not necessarily the same as that at coi defined by other criteria such as
the geometry of a resonant cavity and designated w^. The coupled-wave equations
(3-36) can be rewritten in the case o f Gaussian beams as:
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(3-50 a)

dz

(3-50 b)
ClZ

^2

dz

rijp

(3-50 c)

where E q represent the on-axis field amplitudes o f the Gaussian distributions and E
the polarisation-driven field amplitudes. To calculate the degree o f coupling between
the polarisation-driven fields Ë and the fields E defined by resonator geometry or
incident beam dimensions, overlap integrals must be calculated which, when
normalised to that for exactly overlapping beams, result in a coupling factor [22]:

e

e ^ rd r

(3-51)

g =
e

e ^ rd r

From (3-51) and (3-49) the coupling factors for the three interacting waves can be
defined as:

a =2

Vwfwj + w^w] + W2 W3 y

(3-52 a)

(3-52 b)

V

W2 +

W3 + Wj W3

(3-52 c)

In cases where the beam waist is defined by the generated field, such as non-resonant
sum or difference frequency generation, w = w and g=l. When coupling into
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resonant cavity modes of incident beams, generally g<l. The coupled-wave
equations can thus be rewritten in terms o f the Gaussian peak field amplitudes as:

(3-53 a)

nx
^^0,2 (^)
dz

i&Jiz

(3-53 b)

-iàkz

(3-53 c)

.

n .c

The total power associated with a particular wave can be defined in terms of the
peak Gaussian amplitudes used in (3-53) by making use o f (3-38) and integrating the
squared Gaussian amplitude distribution over all space to give:

(3-54)

where I q is the peak intensity and the term in brackets represents an effective area for
the beam. This allows the definition o f a new field variable or [115] where:

«y(z) =

adz) = i

rtjCSQTVWj

1
J ~

AtlCù,

L Ah CO.

(3-55)

E q-^(z )

These definitions result in |or| being equal to the total photon flow in the beam.
Rewriting the coupled Gaussian wave equations of (3-53) in terms o f this new
variable gives:
d a ^ iz )
dz

~ 2K(X^{z)a2 (z)e
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(3-56 a)

d a 2 {z)

= 2fca^(z)a*(z)eJAkz

dz
d a ^ (z )
dz

= -2 K a ^{z)a 2 {z)e

-iàkz

(3-56 b)

(3-56 c)

where:

K ~ 2d^ff7n

^ ho)yO)2(jo^

(3-57)
(3-58)

m=

A similar analysis can be carried out, starting from equations (3-37), for second
hannonic generation. If single-pass second harmonic generation, unconstrained by a
resonator, is assumed the second-harmonic waist is defined by that o f the driving
polarisation, thus:

1

1
(3-59)

The resulting coupled-wave equations are:

(3-60 a)
^ ^ 2o) ( ^ )

2/

„ -iàkz

dz

where k is as defined in (3-57) with the additional definitions:
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(3-60 b)

Wi —^2

W3 =

^1 = CÛ2 '■= CO
«1 = «2 =

CO^ = 2co

=

V2
(3-61)

»2m

Ak =

3.2.5 Optical parametric gain.
Having seen from equations (3-56) how power can be transferred between three
interacting waves, we now go on to show how this can result in amplification of
waves passing through the nonlinear medium. Starting with equations (3-56) we
assume that the expressions of the fields can be expanded as a power series o f z, and
that only the zeroth-order term need be considered [115]. This effectively means that
the changes in amplitude of the fields as they pass through the crystal are assumed to
be much smaller than the amplitudes o f the fields themselves which is a good
approximation o f the steady-state situation in an OPO. This assumption is
equivalent, in the case o f the pump, to assuming zero depletion which is a common
assumption in many analyses [11,22,23,110]. This allows us to set aj{z)=aj(0) in
equations (3-56) and therefore allows us to write (taking a i as an example):
L

a^{L) - ai(0) = 2/rcz3(0)a2 (0)J e '^ d z

(3-62)

0

The integration of (3-62) can be simply performed to give, after some rearrangement:
f A k L \ i—
a i i L ) ^ a ^ ( 0 ) + 2 f c L s i n c [ - Y - j e ^ a ^(0 )a ^(0 )

similar manipulation o f the expressions in

and

(3-63)

leads to the equations:

(Z;(A) = a,(0) + 2 r 6^ ( 0 )c%2 ( 0 )

(3-64 a)

(%2(l) = 6^(0)4-2ra3(0)a,\(0)

(3-64 b)
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a,(L ) = a 3 (0 ) -2 r « ,( 0 )a ,(0 )

(3-64 c)

where the définition:
f K k ï \ i—

r = A T A sinc(^^e ^

(3-65)

has been used.
It can be seen that these equations imply gain for a\ and

with a corresponding

depletion at <%. It should, however, be remembered that

includes a factor o f /, i.e.

«3

=

. Since our original definition o f the form o f the propagating waves (3-6)

results in a negative temporal phase, this factor o f i, equivalent to one o f +ji/2,
corresponds to a n i l phase lag relative to the driving polarisation. Multiplying
equations (3-64) through by / (i.e. changing the sign o f the phase difference) results
in a set of equations that imply depletion o f

and

and gain at 6%, i.e. back-

conversion. Thus, the dependence o f the direction o f power transfer on the relative
phases of the waves is implicitly contained in equations (3-64).

3.2.6 Generated second harmonic power.
The generated second-harmonic power can be calculated by a similar method to that
used above for the parametric gain. In this case, however, we shall consider single
pass SHG with an undepleted pump. Thus, starting with equations (3-60), we assume
that a j^x )^ a ^l0 ) and that a^(0)=0. This results in an expression for the secondharmonic amplitude:
L

(^) =

(0) j

0

Performing the integration results in the expression:
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(3-66)

sincl

à k i''

-r a j(O )
where T is as defined in (3-65). Again, although the equation appears to imply
depletion rather than growth this is a result o f our definition o f

and, as before,

multiplying through by / to introduce the correct phase relation between the waves
results in an increasing

|(%2j(/) = /T'(%^(0)

(3-68)

If we multiply this equation by its complex conjugate to obtain an expression in
2

terms of photon flows, a j , we obtain:

1

P/ r\

2 r2l

f/rv\ ■ 2 A k L \

\<ha\ {L ) = k L \aj\ (O)sinc

J

(3-69)

Making use o f the definitions (3-54), (3-55), (3-57), (3-59) and (3-61) this expression
can be rewritten in terms of powers to give an efficiency:

which is the standard result for single-pass second harmonic generation in the case of
an undepleted pump [112]. If pump depletion is taken into account, the efficiency
can be expressed in terms o f (3-70) as [112]:
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3.3 Phase-matching of nonlinear optical processes
It can be seen that equation (3-70) includes the factor;
/ AkL
sinc^l^—— I

(3-72)

and from the definition o f f in (3-65) it can be seen that this factor will appear in the
power expressions for all the nonlinear interactions discussed. Clearly this factor will
be maximised when AA=0 (i.e. the process is phase-matched) and, from the definition
of A k o f equation (3-35), it can be seen that this will occur when;
k^~

(3-73 a)

+ k^

(3-73 b)
in the cases of parametric generation and SHG, respectively. This can be interpreted
as implying that the strength o f the nonlinear interaction will be maximised when
momentum is conserved. If there is a phase mismatch, i.e.

0 , it can be seen

that (3-72) will be periodic in / with a period o fln lA k . This results in a coherence
length, after which the generated power reaches a maximum, defined as:

=i

(3-74)

From the definition of A:, the phase matching conditions of equations (3-73) can be
rewritten:
rijCo^ = riyCo^ +« 2 ^ 2

= In^^co

(3-75 a)
(3-75 b)

Clearly, if the refractive index of the material is the same at the frequencies o f all the
interacting waves then the process will be phase matched. It can also be seen that in
the case of non-degenerate parametric generation {co^ ^ co. ) the process can be phase
matched by selecting appropriate, different, values of n \, tu and «3 , such that (3-75 a)
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is satisfied. However, the refractive indices will usually have different values
determined by the material dispersion and thus the interaction will not, in general, be
phase-matched.
The effects of a phase-mismatch can be seen in Fig. 3-1 calculated for the case of
second harmonic generation (although essentially identical results could be
calculated for other nonlinear optical processes), where the intensity and phase o f the
second harmonic, calculated from (3-68) and (3-69), are shown as a function of
distance through the crystal. It has been assumed that the initial amplitude o f the
second harmonic is zero. As a result, both the phase-matched and the non-phasematched second harmonic waves adopt the same phase as the driven field at the

7t/2
- T ill

-71

Unphasematched (Ak=Akj)
Phasematched (Ak=0)
Phase o f free-propagating
second hannonic.

0

1

1

1

Propagation distance.

Fig. 3-1

Intensity and phase of phase-matched and non phase-matched second
harmonic with propagation distance. All phases are measured relative to
the polarisation at the second harmonic.
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!
!

second harmonic, i.e. a n!2 lag relative to the polarisation. In the phase-matched case
the propagating second harmonic remains in phase with the driven field as it travels
through the crystal. As a result, further contributions from the driven field always
add in phase with the propagating second harmonic wave and its intensity increases
quadratically.
It can be seen, however, that the phase of the non-phase-matched wave is not
constant relative to the driven field but lags by an increasing amount as the wave
propagates. At one coherence length the propagating second harmonic wave lags the
driven wave by n il in phase and beyond this point further contributions from the
driven field add to the propagating wave destructively, causing its intensity to decay
back to zero after it has propagated two coherence lengths. At this point, it again
adopts the phase o f the driven field and repeats the process.
It is interesting to compare the rate o f phase change o f the non phase-matched wave
to that o f a freely-propagating wave at the second-harmonic frequency, i.e. one that
has the same phase mismatch but is not interacting with the polarisation induced in
the material by the fundamental. Any relative phase change in such a wave is solely
due to the dispersion o f the material. It can be seen from Fig. 3-1 that this wave
changes its phase relative to the polarisation at twice the rate of the wave which is
interacting with the driven field. This difference occurs because two processes affect
the phase of the generated second hannonic. In addition to the phase shift due to the
material dispersion experienced by the free-propagating wave, the out-of-phase
contributions from the driven second hannonic field also influence the phase o f the
propagating wave. It can be seen from Fig. 3-1 that the phase of this contribution
always adds in the opposite direction to that due to the dispersion, thus reducing the
overall rate o f phase change compared to that of the free-propagating wave.
The effects o f varying phase-mismatch are shown in Fig. 3-2. Here the nonnalised .
second-harmonic intensity generated in a crystal o f length I is plotted for a range o f
phase-mismatch values yielding the sinc^ function o f (3-72). Again, identical results
would be obtained for parametric generation. It can be seen that for a phase
mismatch of n il, i.e. in a situation where the coherence length is equal to the crystal
length, the generated intensity is reduced by a factor o f { U n f from the perfectly
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Fig, 3-2

Effect on normalised second-harmonic intensity o f varying phase
mismatch for a fixed crystal length, L.

phase-matched case, thus the amplitude is reduced by (2/ir). Fig. 3-2 clearly shows
that as the crystal length is increased, which is desirable to increase the intensity
generated by the nonlinear interaction, the magnitude o f phase-mismatch which can
be tolerated rapidly falls.
It is apparent from Fig. 3-1 and Fig. 3-2 that unless the phase-mismatch, which will
generally occur in the nonlinear interaction o f interest, can somehow be corrected
the resultant intensity will never be more than that achieved after one coherence
length, resulting in low conversion efficiencies. This was, in fact, the case in the first
experimental demonstration of a nonlinear optical interaction [1]. Two methods are
generally used to phase-match nonlinear optical interactions. Biréfringent phasematching makes use of the variation o f refractive index with polarisation inherent in
most materials used in nonlinear optics to achieve the appropriate combination of
refractive indices for equations (3-75) to be satisfied. Quasi-phase-matching makes
use of a modulation o f the material properties to periodically correct the phase of the
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driven field, ensuring that it always contributes constructively to the propagating
wave.

3.3.1 Biréfringent phase matching.
Biréfringent phase-matching was the first technique successfully applied to the
problem [2, 3]. The technique makes use o f the fact that many materials used in
nonlinear optics have anisotropic refractive indices, i.e. the refractive index at a
given wavelength depends o f the propagation direction of the light and on its
polarisation.
The refractive indices, at a given wavelength, o f an anisotropic crystal can be
characterised by the refractive indices for waves polarised along the principal
dielectric axes x, y, z, namely %, ny and n^ (the principle refractive indices) at that
wavelength. Their relationship can be visualised using the index ellipsoid, a threedimensional surface defined by:

In the simplest anisotropic case, that o f a uniaxial crystal, two o f the principal
indices are equal, i.e.
(3-77)

n^= riy^

The index ellipsoid corresponding to this situation, with nx=nj>nz (described as a
negative uniaxial crystal), is shown in Fig. 3-3. It can be seen that for a given
propagation direction, defined by k, the wave will be polarised in a plane normal to
this direction. The region o f this plane bounded by the ellipsoid, shown shaded in
Fig. 3-3, is generally an ellipse with major and minor axis lengths equal to the
refractive index for the two orthogonal polarisations o f a wave travelling in the
direction defined by k.
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L

Fig. 3-3

.# # # #

Index ellipsoid for a negative-uniaxial cryastal (nx=ny>nz). x, y and z are
the principle dielectric axes, n^, ny, n^ the principle refractive indices and k
is the propagation direction. The shaded plane represents the polarisation
ellipse with o and e the ordinary and extraordinary polarisations
respectively.

It can be seen that in the uniaxial case the refractive index for a wave polarised
nonnal to the z-axis (the ordinary or o-wave marked o in Fig. 3-3) will be invariant
with propagation direction having a value o f no=nx=ny for all values o f 9. However,
that polarised in the plane of the z-axis (the extraordinary or e-wave marked e in Fig.
3-3) will change as the polar angle, 0, varies taking values between n^^n^, when
0=90'^, and n^ when 0=0°. When the wave is propagating parallel to the z-axis the owave and e-wave will both be polarised in the x-y plane, the polarisation ellipse will
become circular and the refractive index will be invariant with polarisation direction.
The propagation direction for which this occurs is designated as the optical axis and
falls along one of the principal dielectric axes in the uniaxial case.
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3.3.1.1 Calculation of phase-matching angle.
To determine the correct propagation direction for a phase-matched interaction in
this case, a diagram such as that shown in Fig. 3-4 is used. Here, taking SHG as an
example, the refractive indices for the ordinary an extraordinary waves are plotted on
a polar diagram as a function o f polar angle 6 for both the fundamental and the
second harmonic. Except in regions of anomalous dispersion, the refractive index for
a given polarisation will always be larger at the second harmonic than at the
fundamental Thus, the refractive index at the two wavelengths will never be the
same if they both have the same polarisation. If, however, the fundamental is
polarised ordinarily and the second harmonic extraordinarily, then as long as
no,cù>ne,2<»^a propagation direction will exist where the two refractive indices are
equal. This direction will be at a polar angle 0pm from the optic axis as shown in Fig.
3-4.

pm
"pm
^e,2co

' 0,(0

Fig. 3-4

Phase matching diagram for second harmonic generation in a negative
uniaxial ciystal kpm indicates the phase-matched propogation direction,
0 pmthe

phase-matching polar angle measured from the optic axis, n^, n« ( 0

and rig represent the ordinary and extraordinary refractive indices and the
extraordinary index when polarised along the optic axis, respectively.
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Given that the elliptical variation o f the extraordinary index with propagation
direction is given by:
cos^ 6

1

+

sin^ 6
Ô

(3-78)

It can be seen from Fig. 3-4 that the phase-matching angle, 6^^, will be given by:

sin

pm

=

(3-79)

-2

It can be seen that in this situation the second harmonic must always be
extraordinarily polarised to phase match the interaction. The other potential situation
in a uniaxial crystal is that where nx=ny<Uz, i.e. ne>rio (a positive uniaxial crystal).
The phase-matching diagram in this case is shown in Fig. 3-5. Here it can be seen
that the second harmonic must be ordinarily polarised, and ne^^>iio 2^, for phasematching to be achieved. The phase-matching angle is calculated in the same way as

z
pm

' 0,(0

Fig. 3-5

Phase matching diagram for second harmonic generation in a
positive uniaxial crystal. Labelling is as for Fig. 3-4.
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the negative uniaxial case resulting in an expression similar to (3-79), but with the
subscripts co and 2co transposed in the terms on the right-hand-side.
Both the cases described above assume that only one polarisation exists at the
fundamental frequency and that the second harmonic is polarised orthogonally to
this, a situation described as type-I phase matching. The alternative situation where
the fundamental contains two different polarisations is described as type-II phase
matching. These definitions, in fact, extend to all nonlinear optical interactions with
the situation where the two interacting waves o f lower frequency have the same
polarisation being described as type-I and that where the two low-frequency waves
have orthogonal polarisations being described as type-II.
The more general case of a material where

Uy ^

describes a biaxial crystal o f

which a uniaxial crystal is actually a special case. While the refractive indices o f
biaxial crystals can also be represented by an index ellipsoid similar to that shown in
Fig. 3-3, it is clearly not possible to reduce this to a single-plane diagram such as Fig.
3-4 and Fig. 3-5, as it is in the case o f uniaxial crystals. This is due to the refractive
index varying not only with the polar angle G, but also with the azimuthal angle <p
shown in Fig. 3-3.
In many cases, however, propagation is only considered in the principal planes. If
this restriction is made, the variation o f refractive index with polarisation and
propagation direction can be represented by a three-dimensional locus diagram, as
shown in Fig. 3-6. These diagrams represent the variation o f refractive index with
propagation direction and polarisation, for propagation within one octant of the
index ellipsoid. It is clear that in the biaxial case the optical axis will lie in the same
plane as the polarisations having the largest and smallest refractive indices (the x-z
plane in Fig. 3-6) and normal to the polarisation direction having the intermediate
refractive index (the y-axis in Fig. 3-6). The optic axis will be at an angle U from the
polar (z) axis in this plane such that the projections o f n^ and n%yield a resultant
refractive index equal to Uy. It can also be seen that the other optic axis will lie in the
same plane in the opposite octant at an angle -Q from the z-axis. The angle Q can be
shown to be given by:

no

Optic
axis

Optic
axis

(b) n^Dy>nz

Fig. 3-6

Refractive index variation with propagation direction and polarisation in
biaxial crystals for (a) nx<ny<nz and (b) n%>ny> n^ where nx,ny,nz are the
refractive indices for waves polarised along the principle axes. 6 ^and <p
represent the polar and azimuthal angles respectively and Q represents the
angle between the optic axes and the z-axis.

-2

siiiQ =

2

(3-80)

Clearly Q will vary with wavelength, but the average values of Q allow biaxial
crystals to be categorised as positive-biaxial (Q^, < 45'') and negative-biaxial
( n _ > 4 5 3 [116].
Calculation o f phase-matching angles is rather more complex in the biaxial case than
for uniaxial crystals and the first thorough treatment was made by Hobden [117]. The
situation is greatly simplified, however, by considering propagation only in the
principal planes. Such a calculation is best illustrated by an example. Potassium
Niobate (KNbOi) is a biaxial crystal which exhibits high nonlinear coefficients and
is of relevance to some o f the work described in this thesis. We start by defining the
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axis systems used in the description of the various crystal properties o f interest. The
area o f axis definition in nonlinear optics is notorious for inconsistency and
confusion, so careful definitions are important.
The only totally unambiguous method o f axis identification is to use the crystalline
lattice parameters. With the crystalline axes defined as a,b,c, the lattice parameters
have dimensions ao=5.6896Â, bo=3.9692Â, Co=5.7256Â. This definition results in
the refractive indices for polarisations along the axes having the relationship
nb>na>nc [118,1 19]. The crystalline axes a,b,c correspond to the principal dielectric
axes y,z,x, respectively, and to piezoelectric axes X,Y,Z and d-tensor axes 1,2,3
[1 19,116]. It should be noted that these definitions, while extensively used in the
literature, do not comply with standardised reporting frames which have bo>ao>Co
and a,b,c corresponding to principal dielectric axes -y,x,z, piezo-electric axes Y,Z,X
and d-tensor axes 1,3,2 [1 16]. These two definitions are summarised in Table 3-2.

Commonly used literature definition [118,119] (nb>na>iic).
Crystallographic axes.

a

b

c

ao=5.6896Â

bo=3.9692Â

Co=5.7256Â

Principle dielectric axes.

y

z

X

Piezoelectric axes.

X

Y

Z

1

2

3

Lattice parameter.

d-tensor axes.

IEEE/ANSI standard definition [116] (nc>ng>nb).
a

c

b

ao=5.6896Â

Co=3.9692Â

bo=5.7256Â

Principle dielectric axes.

y

X

z

Piezoelectric axes.

Y

Z

X

1

3

2

Crystallographic axes.
Lattice parameter.

d-tensor axes.

Table 3-2 Axis definitions in potassium niobate according to both the
definitions commonly used in literature and the EEEE/ANSI
standard definitions. The former definitions are used
throughout this text.
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The first set of definitions (those commonly adopted in the literature) are used
throughout this text. Having made these definitions, we can now draw a refractiveindex diagram such as those shown in Fig. 3-6. This can be seen in Fig. 3-7.
Remembering that we are restricting the problem to propagation in the principal
planes, and considering only type-I phase matching, it can be seen that there are two
possible phase-matching geometries. The first o f these has the fundamental polarised
in the y-z (a-b) plane and the second harmonic polarised along the x- (c-) axis, while
the second has the fundamental polarised along the z- (b-) axis with the second
harmonic polarised in the x-y (c-a) plane.
Considering the first geometry, clearly second-harmonic generation can be phase
matched in this case if:
(3-81)
To determine the phase-matching range, the variation of the refractive indices for
waves polarised along the three axes with wavelength must be considered. These
values are calculated from SellmeiCr equations [118] and are shown in Fig. 3-8 for a

Fig. 3-7

Axis definitions and variation of refractive index with
polarisation and propagation direction in potassium niobate.
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Fig. 3-8

Refractive indices o f potassium niobate at a temperature o f 295K [118]
and phase-matching range for type-I SHG with second harmonic polarised
along x-axis and fundamental polarised in y-z plane.

temperature of 295K. Also shown is the range over which (3-81) is satisfied. It can
be seen that second-harmonic generation can be phase-matched in this geometry for
fundamental wavelengths between 857mn and 982nm. Having determined a suitable
phase-matching geometry, and the wavelength range for which it occurs, the
calculation can be reduced to a simple two-dimensional problem similar to the case
for a uniaxial crystal.
It can be seen that, in this phase-matching configuration, the refractive index at the
second harmonic will be fixed at v\J2o)) as the crystal is rotated in the y-z plane,
while that of the fundamental varies from nj^co) to ny((u). Clearly this situation is
similar to that of the positive uniaxial crystal shown in Fig. 3-5 and can be
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represented in a similar phase-matching diagram, as shown in Fig. 3-9. It can be seen
that the phase-matching angle

measured from the y- (a-) axis, will be given by:

(3-82)

Considering the other phase-matching configuration having the fundamental
polarised along the z- (b-) axis with the second harmonic polarised in the x-y (c-a)
plane, phase matching will be possible if:

(3-83)
The fundamental range over which this occurs can be seen from Fig. 3-10 to be
857nm to 4.85p.m. In this case the two-dimensional phase-matching diagram is as
shown in Fig. 3-11, and the phase-matching angle is given by:

sin" A
'p n t -

(3-84)

-----

-{ny,2„ y

z,b,Y ,2

T.®
pm
pm

Fig. 3-9

Phase-matching diagram for type-I SHG in potassium niobate with second
harmonic polarised along x-axis and fundamental polarised in y-z plane.
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Fig. 3-10 Refractive indices of potassium niobate at a temperature o f 295K [118]
and phase-matching range for type-I SHG with fundamental polarised
along z-axis and second harmonic polarised in x-y plane.

x,c,Z,3
'pm
pm

•2(0

Fig. 3-11 Phase-matching diagram for type-I SHG in potassium niobate with
fundamental polarised along z-axis and second harmonic polarised in
x-y plane.
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3.3.1.2 Calculation of effective nonlinear coefficient.
As mentioned earlier in this chapter, when the polarisation directions of the
interacting waves are known an effective nonlinear coefficient, de/f, is usually
calculated from the projections o f the polarisations on the interacting waves onto the
d-tensor axes. We now look at an example of such a calculation for the two phasematching configurations described above in potassium niobate.
Consider the first phase-matching configuration as illustrated in Fig. 3-9. Since the
electric field direction o f the fundamental,

lies in the y-z (a-b, X-Y) plane normal

to the propagation direction, k, it can be seen that the fundamental will induce
polarisation at the second harmonic along the piezoelectric Z- (x-, c-) axis via two
components: the projection o f

on the X- (a-,y-) axis coupling through the d^i

coefficient and the projection o f E ^ on the Y- (b-, z-) coupling through the
coefficient. The components of the fundamental field along the X (a,y) and Y (b,z)
axes are:
E „ j:= E „ s in ^

(3-85 a)

= E „ cos^

(3-85 b)

E „ ,r

Equation (3-18 c) can thus be rewritten:

^2a,Z ~ ^0 d ,,(E „

+ d , 2 {E„ cos«»)‘

(3-86)

Thus, in this geometry:

- <^31 sin^ (j>+ d^2 cos^ (j)

(3-87)

In the second configuration, illustrated in Fig. 3-11, it can be seen that the
polarisation along the direction o f the second-harmonic field, E i^, will consist of
components along the piezoelectric X- and Z- axes. Thus, in this configuration:
= ^m.z sini94-7^^_yCos^
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(3-88)

As the fundamental is polarised along the Y- (b-, z-) axis, the polarisation
components in the Z-X (x-y, c-a) plane will be given by:

^ 2 oi,z ~ ^0^32^0}

(3-89 a)

^2oi,X ~

(3-89 b)

However, in potassium niobate, the <^12 coefficient is zero, thus there is no
polarisation component along the piezoelectric X-axis in this case. Equation (3-88)
thus becomes:

^2co “ ^0^32^0) sin^

(3-90)

So in this geometry:
= c/32 sin ^

(3-91)

Although these examples of <ieff calculations have been relatively simple, the same
principle is used to calculate c4 fFin any phase-matching geometry. In the most
general case the projections o f the driving fields (or fundamental in the case of SHG)
onto the piezoelectric axes X,Y and Z form a 6 x 1 matrix, which is used in
expressions such as (3-15) and (3-16). Calculating the projections o f the resultant
polarisation components onto the driven field then results in a generalised
expression [116]. The results o f such calculations have been tabulated for uniaxial
[11,114] and many biaxial [120,121,122] crystal classes.

3.3.1.3 Walk-off in biréfringent phase matching.
From (3-27) it can be seen that the linear part of the wave equation indicates
transverse waves propagating along k, with wave fronts parallel to

or D. Thus,

the displacement field direction, D, is normal to the wave propagation direction
defined by k Since D=^E, it can be seen that in a medium with anisotropic
refractive index (a biréfringent medium) where
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is not a scalar, D and E can have

different directions. The Poynting vector, which gives the magnitude and direction of
energy flow in an electromagnetic wave, is defined by:
(3-92)

S = E xH

and thus lies in the same plane as E, D and k, in a direction perpendicular to E It is
therefore clear that when D and E are in the same direction, S and k will also be
parallel and the energy flow in the wave will be along the propagation direction.
However, if D and E are in different directions energy will be transferred in a
different direction to that in which the wave is propagating.
It can be shown that in the index-ellipsoid representation, the Poynting vector is
always directed normal to the index surface at the point where it is intersected by the
wave-propagation vector [123]. Clearly this means that for a polarisation which has a
constant refractive index (the ordinary polarisation in a uniaxial crystal), the energy
flow will always be in the propagation direction. However, if the refractive index
varies with propagation direction (the extraordinary polarisation), the energy flow
and propagation directions will be different. This is illustrated in Fig. 3-12, where k
represents the propagation direction, Sq and s@represent the Poynting-vector
directions for the ordinary and extraordinary waves, respectively, and p is the walkoff angle between the Poynting-vector direction and propagation direction for the
extraordinary wave.
Since biréfringent phase-matching requires at least one o f the interacting waves to be
extraordinarily polarised, it is apparent that, generally, there will be walk-off
between the interacting waves, which will limit the distance over which the
interaction can occur. In the most general case o f a wave propagating in an arbitrary
direction through the crystal, the walk-off angle, p, between the Poynting vector and
the propagation direction is given by [124]:

\2

tan p =

+

+

-2

119

r
\n

~2

~ n

-2

(3-93)
J

Fig. 3-12 Poynting-vector walk-off in a biréfringent crystal. Sq and s@represent
the Poynting-vector direction for the ordinary and extraordinary rays,
respectively, and p is the walk-off angle for the extraordinary ray.

where

Ay,

are the unit vectors o f the components o f the wave vector along the

principal dielectric axes,

«y, «z are the refractive indices for polarisations along

these axes and n is the refractive index for the propagating wave along the direction
of k.
In the most general case, all the interacting waves will undergo walk-off from their
common propagation direction and the walk-off between the waves will be a
combination o f these walk-off angles. This will result in walk-off occuring in two
different planes by differing amounts. In the case of a uniaxial crystal or propagation
in one of the principal planes o f a biaxial crystal, however, the situation is
considerably simplified. These situations all have phase-matching diagrams similar
to those in Fig. 3-4 and Fig. 3-5, so, walk off will only occur for the extraordinarily
polarised wave, resulting in the walk-off angle between the waves being equal to the
walk-off angle for the extraordinary wave, as can be seen from Fig. 3-12.
Furthermore, as propagation is in one o f the principal dielectric planes, (3-93) can be
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simplified. Using the situation shown in Fig. 3-12 as an example, the simplified
expression is;

sin 6 >

where

n2

f

CO S0

+

(3-94)

is determined using an expression similar to (3-78).

If propagation is along one of the principal dielectric axes, then clearly there will be
no walk-off. It can also be seen from Fig. 3-4 and Fig. 3-5 that in this case the phasematching angle will be less sensitive to changes in refractive index (such as might be
induced by changes in temperature or wavelength) and, conversely, that phase
matching will be maintained over a greater angular range than for off-axis
propagation. This situation, where the phase-matching angle is 0° or 90°, is
described as non-critical phase-matching. Propagation between two axes is described
as critical phase-matching and is more sensitive both to Poynting-vector walk-off and
the other changes described above than the non-critical case.
Obviously non-critical phase-matching is the more desirable situation, but requires
that the refractive indices of the interacting waves along one o f the principal axes
satisfy the phase-matching condition (3-75). Returning to our previous example of
SHG in potassium niobate using the first phase-matching scheme discussed, it can be
seen that the phase matching will be non-critical when nx(2 û?)=nz(û?) (nc(2 <»)=nb(û)))
or nx(2 <3;)=ny(£w) (nc(2ft))=na(«y)). From Fig. 3-8, it can be seen that this occurs for
fundamental wavelengths o f 857 and 982 mn at room temperature.
Second harmonic generation can be non-critically phase-matched for other
fundamental wavelengths by varying the temperature o f the crystal. The fundamental
wavelength which is critically phase-matched for type-I second-harmonic generation
in potassium niobate with the fundamental polarised in the y-z (a-b, X-Y) plane (the
first configuration discussed above) is given by [119]:

ncpm

4- 6 Z 2 +

121

Gq

(3-95)

In this expression Xqcpm is the fundamental wavelength and T is the temperautre in
degrees Celsius. The coefficients have the values ao=976.04nm, aj=0,253 nm/“C and
a2= l. 146x10“^ nm/°C^ for ^ 9 0 ° (propagation along the y- (a-, X-) axis). For
propagation along the z- (b-, Y-) axis, the coefficients take values o f ao=850.40 mn,
ai=0.294 nm/°C and a2= l.234x10'^ nm/°C^. The variation with temperature o f the
non-critical fundamental wavelengths, calculated using (3-95), is shown in Fig. 3-13.

3.3.2 Quasi-phase-matching.
Returning to Fig. 3-1, it can be seen that biréfringent phase matching, as described
above, will achieve the ideal situation o f AA=0, resulting in continuous quadratic
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Fig. 3-13 Temperature variation o f non-critically phase-matched fundamental
wavelengths for type-I second harmonic generation in potassium
niobate with the fundamental polarised in the y-z (a-b, X-Y) plane.
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growth of the power in the generated wave. It can also be seen from Fig. 3-1 that
phase matching has fixed the phase o f the propagating second harmonic at a constant
lag of

relative to the polarisation and therefore always in phase with the driven

field. Thus, the driven field always contributes constructively to the propagating
wave. Looking at the un-phase-matched wave in Fig. 3-1, it can be seen that growth
also occurs, but only up to the first coherence length. Beyond this point, the phase
difference between the propagating and driven fields, due to dispersion, is greater
than n i l and the contributions of the driven field add destructively to the propagating
field, reducing its amplitude to zero by the second coherence length.
Clearly, if the phase of the driven field were shifted by n i l after the first coherence
length its contributions to the propagating wave would still be constructive and the
amplitude o f the propagating wave would continue to grow. In fact, if the phase of
the driven field were to change by n every coherence length it would always have a
phase difference of less than n i l from the propagating wave and would therefore
always contribute constructively.Periodically modifying the phase o f the driven field
in this way is known as quasi-phase-matching (QPM).
This phase reversal of the driven field can be achieved by successive total-internal
reflections [125] or, more commonly, by reversing the sign of the nonlinear
coefficient, d, with the appropriate period, a technique usually termed periodic
poling [90]. Methods of achieving this sign reversal o f <7have included the use of
crystals with rotationally-twinned planes [126], or laminated structures o f discrete
crystals [127,128,129], The period o f the reversal for interactions in the visible and
near-infrared regions is usually o f the order o f a few tens o f microns or less. As a
result, it proved difficult to fabricate structures using this technique having periods
less than many coherence lengths [128], and the relative technological simplicity o f
biréfringent phase-matching techniques proved more attractive . At longer
wavelengths, the periods required are larger and this allowed single-coherencelength sections to be fabricated for the frequency doubling o f carbon-dioxide laser
radiation [127].
Smaller periods, of the order of a coherence length, were obtained by modulating the
growth conditions o f the crystal [130,131,132], post-growth selective heat-treatment
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[133,134] and electron-beam writing [135]. In general, however, these techniques
suffered from complexity and/or an inability to produce consistent periodic
structures over extended crystal lengths. Yamada et al. showed that the use of
modern lithographic techniques allowed accurate electrodes to be deposited on
lithium niobate crystals enabling simple, room-temperature, electric-field poling to
be used to produce periodic domain inversions [136]. This approach had the
advantage that electrodes could be applied to relatively large areas and the poling
carried out with a single voltage pulse resulting in a degree o f reproducibility and
accuracy, in theory, limited mainly by the quality o f the lithography. This technique
was further refined by the use of liquid electrodes [137] and has since become a
commercial method of routinely producing quasi-phase-matched lithium niobate
crystals of up to 50mm in length [92,93]. The technique has also been applied to
other materials including KTP [138,139], lithium tantalate [140,141] and RTA [80].
The results of quasi-phase-matching a nonlinear optical process are shown in Fig. 314. Again, these calculations have been made for second-harmonic generation but
similar results could be obtained for any second-order nonlinear optical process.
There are several interesting features to note in Fig. 3-14. As would be expected, the
growth in intensity in the quasi-phase-matched case is slower than that for the
perfectly phase-matched interaction. It can be seen that the quasi-phase-matched
second-harmonic power actually oscillates around that generated by a perfectly
phase-matched interaction, having a U n reduction in amplitude compared to that of
the perfectly phase-matched case with the same effective nonlinear coefficient. This
would be expected from examination o f Fig. 3-2, where it can be seen that the
intensity generated after one coherence length in the phase-mismatched case is (2 !n Ÿ
of that generated after the same length with Ak=0.
The phase of the quasi-phase-matched second hannonic can be seen to initially
behave in a similar way to that o f the non-phase-matched wave in Fig. 3-1 until the
first phase-inversion point for the driven field. Beyond this point, it behaves in a
similar way to that o f the freely propagating wave plotted in Fig. 3-1, showing small
deviations from this phase variation which become increasingly less significant with
propagation distance.

124

P h a se m a tc h e d (A k= 0)
U n p h a se m a tc h e d (A k -A k j)
I s t- o r d e r Q P M (Ak=A kj)
P h a se m a tc h e d (A k= 0),
21%

am p litu d e c o rre c tio n

P h a se o f d riv e n fie ld
( Is t-o r d e r Q P M ).

27c/Ak

37i/Ak

4w A k

57c/Ak,

P ro p a g a tio n distance.

Fig. 3-14 Intensity and phase variations with propagation distance for first-order
quasi-phase-matched second harmonic generation. All phases are
measured relative to the polarisation at the second harmonic.

As previously discussed, the relative phase o f the un-phase-matched wave changes at
half the rate of a freely propagating wave with the same phase mismatch. This is due
to the but-of-phase contributions from the driven field producing a phase shift in the
opposite direction to that due to dispersion. In the quasi-phase-matched case,
however, it can be seen that after the first phase inversion the phase contributions
from the driven field are alternately in the same and in the opposite direction to the
shift due to dispersion. The overall phase variation thus averages to that produced by
dispersion alone (i.e. that o f the freely-propagating wave) with small variations
produced by the driven-field contributions. These variations become less significant
as the amplitude o f the propagating second harmonic grows to become much larger
than the amplitude o f the contribution at any given point. Thus, the phase variation
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of the quasi-phase-matched wave rapidly approaches that o f the freely propagating
wave.
Theoretical treatments o f QPM have been carried out by a number o f authors
[142,143,144,145,146], and most recently by Fejer et al. [91] on whose work the
following discussion is based. Starting with a general fonn o f the differential
equations of (3-36) and (3-37):

^

ciz

= K d (z)e -^

(3-96)

where d{z) describes the spatially-varying nonlinear coefficient:

K=

(3-97)

and AA: is as defined in (3-35). Integrating (3-96) gives the generated field after a
distance /:
L

E ^ (L ) = kJ d ( z ) e - '^ d z

(3-98)

0

Thus, if AAt=0, the result:
E3 (Z,) = W ^A

(3-99)

is obtained. The form o f (3-98) clearly lends itself to a Fourier transform treatment.
If a normalised spatially-varying nonlinear coefficient, g(z), is defined as:

(3-100)

g (z ) = ^

where - 1 < g (z ) < 1 , then (3-98) can be rewritten:
E^(A) = W^AG(AA:)
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(3-101)

where;
1 ^
G (Ai) = —I g { z ) e '“^ d z

(3-102)

is a mismatch-space function being the Fourier transform of g(z) and, as can be seen
by comparing (3-101) to (3-99), represents the reduction in the effective nonlinear
coefficient over the perfectly phase-matched case.
If g{z) is a periodic function with a spatial period A, it can be defined:

(3-103)

g (z )=

i.e. as a Fourier series where the mth harmonic has the wave-vector K,,, defined by:
27rm

(3-104)

A
The integral expression (3-102) then becomes:

(3-105)

G(M) = |è |G ,„ F - '" " 'Æ
where:

Akg

A

k

-

2 /rm

^

(3-106)

Evaluating the integral in (3-105) results in the expression:

1i ^ I

Gi&k) = -Y,\LG,„e
ni=-ooV

àkçL
- /^ •

f A k^V Ÿ ]

^ sin c -^
\

127.

2

JJ

(3-107)

Clearly, for large /, terms in the summation where Akg # 0 can generally be ignored
if a term where Mg «

0

exists, as the sine expression will approach unity for this

term while approaching zero for the other terms. From the definition o f Akq in (3106), it can be seen that this means only one value o f m needs to be considered and
(3-101) becomes:
àknL
E ^{L ) = e

2 KâfgLsinc

Aknl-J

^

(3-108)

where:
(3-109)

~

If the nonnalised spatial variation o f the nonlinear coefficient g(z) is assumed to be a
rectangular wave having values o f ±1 and a spatial period A with positive sections o f
length /+ and a duty cycle D given by:

(3-110)

D = '- ^

A

the Fourier coefficient o f the mth harmonic is given by [147]:

= -^ sin (;rm £ ))
7t m

(3-111)

In the case of a 50% duty cycle, which is the optimum for odd-order QPM, as the
sign of the nonlinear coefficient changes every m coherence lengths (see Fig. 3-14),
(3-111) simplifies to give (from (3-109));

^

n m

(3-112)

This results in a 2/rcm reduction in the effective nonlinear coefficient, agreeing with
the result discussed earlier and illustrated in Fig. 3-14 for first-order QPM. The same
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reduction (with w=3) can be seen in Fig. 3-15 where third-order QPM of secondharmonic generation is illustrated.
It can be seen by comparing (3-108) to (3-64) and (3-68) that a quasi-phase-matched
nonlinear optical interaction can be analysed using all the expressions developed in
section 3.2 by simply replacing AA: and

with A^q and dq, as defined in (3-106) and

(3-112).
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Fig. 3-15 Intensity and phase variations with propagation distance for third-order
quasi-phase-matched second harmonic generation. All phases are
measured relative to the polarisation at the second hannonic.
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3.3.3 Comparison of phase matching methods.
Having described the two principal methods of phase-matching in nonlinear-optical
interactions, it is useful to compare the merits of both on a number o f important
criteria.
From (3-106) it can be seen that a major advantage o f QPM over biréfringent
methods is that one o f the phase-matching parameters is completely controllable.
While the interacting wavelengths and refractive indices, and therefore the wave
vectors k, can be varied to some extent, the values they can adopt are not arbitrary
being determined by the material properties and the wavelengths required for the
desired interaction. Since these are the only variable parameters in the biréfringent
case, many interactions cannot be phase matched in a given material. In the case of
QPM, however, the grating period, A, can adopt any arbitrary value. Thus, in a given
material, any interaction can, in principle, be phase-matched. Although practical
limitations exist, such as the transparency range o f the material and the minimum
period which can be achieved in the poling process, this flexibility results in a much
greater range of phase-matchable interactions than in the biréfringent case. A further
advantage that this arbitrary control offers is the possibility o f engineering the phasematching for specialised applications. Examples of this include obtaining phasematching profiles differing from the standard sinc^ case [91], allowing continuously
variable quasi-phase-matching [148], and phase-matching multiple nonlinear optical
processes within a single crystal [76,149].
When comparing the magnitude o f the effective nonlinear coefficient for the two
methods, (3-112) would appear to indicate that the price paid for this flexibility in
phase-matching is a reduction in the effective nonlinear coefficient. It should be
remembered, however, that in biréfringent phase-matching the effective nonlinear
coefficient is determined by that propagation direction and combination of
polarisations which will result in the interaction being phase-matched. This generally
does not maximise the effective nonlinear coefficient as, in the biréfringent case,
orthogonal polarisations must always exist while the highest d coefficients are often
those for parallel polarisations. In quasi-phase-matching however the propagation
and polarisation directions can be selected to maximise the effective nonlinear
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coefficient and the grating period then chosen to phase-match the interaction under
these conditions.
Lithium niobate is a good example o f this. While this is currently by far the most
commonly used material for quasi-phase-matching, it was also one o f the earliest
materials used for biréfringent phase-matching. While most QPM in lithium niobate
makes use of the 6/33 coefficient at around 30 pmV'\ this can clearly not be used in
biréfringent phase-matching as it involves all the interacting waves being polarised
along the piezoelectric Z-axis. The first optical parametric oscillator [6 ] was based
on bireffingently-phase-matched lithium niobate utilising the d-n coefficient at
around 6 pmV'\ It is clear that even with the 2/tc reduction resulting from first-order
quasi-phase-matching the effective nonlinear coefficient will be over three times
larger than that in this biréfringent case.
Since quasi-phase-matching can, in principle, phase-match an interaction for waves
propagating in an arbitrary direction by selection o f the correct grating period, it is
always possible to have the interacting waves propagating along one o f the principal
dielectric axes and therefore obtain zero Poynting vector walk-off. In fact, for the
majority of ciystals, polarisation along one o f the piezoelectric axes to obtain the
maximum effective nonlinear coefficient also results in polarisation along one o f the
principal dielectric axes and therefore in zero walk off. Thus, quasi-phase-matching
gives all the benefits of non-critical biréfringent phase-matching, allowing long
interaction lengths to be combined with the high nonlinear coefficients available.
In addition to the above advantages, quasi-phase-matching can be used where
biréfringent phase-matching cannot. In materials which have isotropic refractive
index properties, biréfringent phase-matching is clearly impossible. Quasi-phasematching, however, can be achieved and this has allowed the isotropic materials with
high nonlinear coefficients to be utilised in a number of cases [127,150].
Quasi-phase-matching has also allowed temperature tuning to be used in materials
which show very little tuning with temperature under biréfringent phase-matching
[139]. This is possible because QPM requires only that the refractive index changes
with temperature, thus changing the effective grating period, for temperature tuning
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to occur. In the biréfringent case the dispersion, i.e. the relative refractive index at the interacting wavelengths, must vary with temperature for tuning to take place.
While the second effect can be very small in some materials, the first effect is
strongly present in the majority o f materials used in nonlinear optics.
While all the above advantages make quasi-phase-matched materials very attractive
for many applications in nonlinear optics, there are still some cases where
biréfringent materials are more suitable. The majority of quasi-phase-matched
materials currently used are structured by electric-field poling. This technique can,
however, only be applied to ferroelectric materials. Although other domain-reversal
techniques have been used [127,131], they are significantly less developed than
electric-field poling or are applicable only to long-wavelength regions and nonferroelectric materials are still generally birefringently phase-matched.
Electric-field poling, also, can only generally be applied to crystals which are
relatively thin in the direction in which the field is applied. Apertures of E-field
poled crystals are typically only 0.5-1 mm in this direction. Although larger apertures
have been obtained by diffusion bonding several crystals together [151], these
materials can generally not be used where large apertures are required. Poled crystals
can also be unsuitable in situations where the crystal is performing another function
in addition to nonlinear frequency conversion, which would be interfered with by
periodic domain reversal, such as electrooptic modulation. In such cases, a single
domain crystal is required and biréfringent phase-matching must therefore be used.

3.3.4 Phase-matching acceptance bandwldths.
Clearly, changes in any parameter which affects the values of the wave propagation
vectors, k, o f the interacting waves and therefore the phase mismatch AA:, will have
an impact on the efficiency o f any nonlinear optical process. The main parameters
which have this effect are the wavelengths o f the interacting waves, the temperature
(which affects the refractive index in all cases) and the propagation direction (which
affects the refractive index for extraordinarily polarised light). Clearly, as all these
parameters affect AA:, Fig. 3-2 could have wavelength, temperature or propagation
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direction as the x-axis parameter. The most commonly used definition o f the
acceptance bandwidth for a given parameter is that range of values over which nlL<è,k<nlL . It can be seen from Fig. 3-2 that the efficiency o f the nonlinear optical

process falls to (2/îi)^ or approximately 0.4 of its phase-matched value at the limits of
this range. We shall consider here the problem o f calculating these acceptance
bandwidths in the case o f a collinear interaction which simplifies the more general
treatment allowing different propagation directions [152].
The function for the wave-vector mismatch, AA:, is expanded as a Taylor series:

AA: = AAg +

(3-113)

2

where Çis the parameter for which the acceptance bandwidth is to be calculated and
AA:Qis the phase mismatch at the value about which the expansion takes place. The
derivatives are calculated for

where Ço is the value o f ^for Ak^Ako. As the

phase-matching acceptance bandwidth is calculated about the point o f ideal phase
matching, in most cases AA:o= 0 and the acceptance bandwidth is then defined by:

1

âAk

=

+■

K

~L

(3-114)

The full acceptance bandwidth is thus given by:
(3-115)
To calculate the wavelength acceptance bandwidth for a generalised three-wave
interaction, Ç is set equal to 1%and

is assumed to be fixed. The wave-vector

mismatch and energy conservation relations are rewritten;

Ak = I

tV

Jh.

X
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(3-116)

J

î_

J _

(3-117)

À2 X2 X ^

resulting in the first derivative being given by:

âAk

(3-118)

«2

•+

A;

dX,

where « 2 »%, ^2 »^3 are the values at perfect phase matching and the derivatives are
calculated at these wavelength values from the Sellmeier equations. In the majority
o f cases, the first-derivative will dominate the expansion and the second-derivative
term can thus be ignored. In this case, from (3-114) and (3-115), the wavelength
acceptance bandwidth is seen to be given by:
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(3-119)

In the case of second-harmonic generation, (3-116) further simplifies to:

(3-120)
resulting in an acceptance bandwidth for the fundamental given by:

AX^.~

2L

1

2 âX

(3-121)
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A similar calculation can be carried out to determine the temperature acceptance
bandwidth, again ignoring derivatives higher than the first in (3-114), giving
temperature acceptance bandwidth:

AT

1 ân^
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(3-122)

In the case of angular acceptance, the situation is slightly more complex. Firstly, the
derivative o f the refractive index with respect to angle depends on the polarisation.
Restricting the problem to uniaxial ciystals or biaxial crystals in the principal planes,
it is clear that the derivatives for an ordinary-polarised wave will be zero. For an
extraordinary-polarised wave, the derivatives can be calculated from (3-78) to be:
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(3-123 a)
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(3-123 b)
It can be seen that in the case of non-critical phase-matching (^ = 0 or n/2) the first
derivative will be zero and thus the second derivative must be used in the calculation
o f the angular acceptance bandwidth. In the case o f critical phase-matching, where
the first-order term dominates, the angular acceptance bandwidth can be seen to be
given by:
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(3-124)

For non-critical phase-matching (3-123 b) considerably simplifies to give:

AA0=kI2

1

!_

^ 2 7 t4 L K n l

n]

1
27t4

1

(3-125 a)

(3-125 b)

l

in the cases o f ^ 0 and 9=n!2 , respectively. While the angular acceptance bandwidth
indicates the tolerance to changes in the beam direction, it is, more importantly, also
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a measure of the tolerance to the spread o f propagation directions within a beam, i.e.
how tightly the beam can be focused without compromising the phase matching.
The calculation of the angular acceptance bandwidth in the case o f quasi-phasematching is slightly more complex than in the biréfringent case as the projection of
the grating vector on the wave vectors must be calculated for a given angle. This
effect influences the bandwidth in addition to any change in refractive index with
propagation direction. The calculation o f phase-matching bandwidths in this case has
been treated by Fejer et al. [91].

3.4 Optical parametric oscillators.
It can be seen from equations (3-64) that with a large pump field at Xj, a very small
field at one of the parametrically generated wavelengths Xi or X2 will result in the
generation o f a significant field at the other parametrically generated wavelength. As
a result, placing the nonlinear material in a cavity resonant at one or both of the
parametrically generated wavelengths can, in an analogy to the gain medium in a
laser cavity, provide gain at these wavelengths. Thus, given sufficient pump power,
the circulating parametric power in the cavity can build up, resulting in conversion of
power at the pump wavelength to significant power levels at the parametrically
generated wavelengths, the signal and idler. This is the underlying concept of the
optical parametric oscillator (OPO).

3.4.1 Parametric oscillator threshold.
To calculate the pump power required for parametric oscillation an approach similar
to that adopted by Debuisschert et al. [115] is used with some modifications [153].
The cavity is assumed to have the form shown in Fig. 3-16. The nonlinear crystal, of
length L, is taken to be at one end o f the cavity which has a total length L+/. The
whole cavity is assumed to be lossless with the exception of the input/output mirror
where all the losses for the cavity are lumped. These are defined as follows:
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Fig. 3-16 Schematic representation o f optical parametric oscillator,

and

a, are pump, signal and idler fields respectively. L is the crystal
length, / is the cavity length excluding the crystal. All losses are
lumped at one mirror having amplitude transmission t and reflection
r, with output coupling losses /a n d residual losses//.

The mirror transmission losses are denoted by a loss coefficient / where j= p ,s,i
denoting pump, signal or idler. Parasitic losses, additional to output coupling, are
denoted by the coefficient /jj. The total loss coefficient can thus be defined:
(3-126)
In the case of small losses, this results in the round-trip amplitude loss, transmission
and reflection coefficients being defined, respectively:

(3-127 a)
(3-127 b)
Vj

=

(3-127 c)

l - / j

These are squared to give the round-trip power losses:
z , = 2 /;
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(3-128 a)

(3-128 b)
(3-128 c)
Thus, as small losses are assumed:
(3-129)

+-^j

or, in the case o f output coupling being the only loss:
(3-130)

R j + Tj = l

It can be seen from (3-128 a) that the single-pass power loss is given by / ) . Thus,
the rate at which photons of frequency co^ are lost from the cavity due to all loss
mechanisms is given by:

a JJoss
.

(3-131)

= 2r;

Similarly the rate at which photons are usefully output coupled is given by:

(3-132)

V^j,OUt

It is often helpful to define the losses in terms o f cavity finesse as this quantity is
relatively easy to measure experimentally. This results in the definition [154]:
n

(3-133)

r

The round-trip phase shift for one o f the resonant waves is defined by:
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t

(3-134)

2 k Vj

FSRj
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Where Sj, SJ are the phase shifts introduced by reflection at the mirrors and FSRj is
the free spectral range of the cavity at the relevant wavelength defined as:

If it is assumed that all the resonant waves have frequencies close to cavity modes,
the so called quasi-resonant approximation, (3-134) can be rewritten:

<j>j - 2 p j K -b 6(l>j-b 6 j -b Sj

{p j

= 1,2,3.., 0(f)j « 2 k )

(3-136)

allowing the detuning from resonance to be defined:

+

=^

(3.137)

Since detuning from perfect resonance will effectively increase the cavity losses, it is
useful to define a relative detuning:

A, = - ^

(3-138)

Tj

The resultant phase-mismatch introduced between the resonant waves on reflection
at one o f the mirrors can be defined as:

^ = 4 +4

(3-139)

Comparing (3-139) to (3-35) it can be seen that combination o f the dispersion phasemismatch, A k, and the mirror phase-mismatch, &, can result in an overall phasemismatch o f zero. Thus, in the presence o f mirror phase shifts, A^=0 is not generally
the optimum value for the dispersion phase-mismatch.
Balancing the gain at each of the interacting waves, as given by (3-64), with the
losses over one round trip gives the set o f equations:
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(3-140 a)

+

a , ( l - r , d ^ ) = 2 r a ^ a * e ’^^rf 4 - r / / “'^

(3-140 b)
(3-140 c)

where the first term in the brackets describes the gain due to the forward propagating
interaction and the second term describes that due to the backward propagating
interaction, after reflection. Assuming /y -(l-/-) » 1 and defining a new gain
coefficient, r', such that:

r' = di+e'“ ''®j

equations (3-140) can be rewritten, making the quasi-resonant approximation and
using (3-138):

a X ( l - i \ ) = - 2 r ''a , a , - l - . j 2 j ^ a

<»

(3-142 a)

a X (l-l'^ » ) = 2r'*apa,>

(3-142 b)

« ;//(l - /A,.) = 2 F '* a ^a ;

(3-142 c)

It can be seen from (3-57) that x-includes the effects o f overlap between the pump,
signal and idler in the form of the spatial coupling parameter m defined in (3-58). It
is useful to see how this parameter can be optimised to minimise OPO threshold as,
unlike the case of single-pass SHG, the beam waists in an OPO are defined by the
resonator geometry. It can be seen from (3-49) that for given signal and idler waists,
Ws and W[, the optimum value for the pump waist is given by:
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(3-M 3)

which results in the maximum value o f m , optimised for these signal and idler
dimensions, being;

1

(3-144)

Since we are considering beams having a Gaussian profile but neglecting the effects
o f divergence, the smallest beam waists for a given crystal length L are defined by
the confocal focusing condition:
cL

(3-145)

Under these conditions, the maximum spatial coupling parameter o f (3-44) becomes:

mconf

2cL

1

1

TC

(3-146)

2L
K

Rather than include the signal and idler wavelengths or frequencies explicitly, it is
often helpful to define a parameter, S, describing how far from degeneracy the OPO
is being operated:

6)^-2(0,

(3-147)

CO.

Thus, at degeneracy ^ 0 . It can be seen that this results in the signal and idler
frequencies being expressed in terms o f the degeneracy factor as: .
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(3-148)

This allows the coupling factor, x; o f (3-57) to be expressed as:

n c o l i i - s ^2^2
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(3-149)

Thus, in the case o f confocal focussing as described in (3-154) and making the
simplifying assumption that, for the purposes o f beam waist calculations,
the optimised coupling factor is given by:

X"

—(7.

2Ls^c“

(3-150)

3.4.1.1 Triply-resonant OPO.
Considering first the case o f a cavity where the pump, signal and idler are all
resonated, the triply-resonant OPO (TRO), (3-142 b) is multiplied by the complex
conjugate of (3-142 c) giving the expression:

y X ( l - / A j ( l + lA,) = 4 |r f

(3-151)

Considering the imaginary part of the expression, it can be seen that:
= A, = A

(3-152)

i.e. the relative detunings at the signal and idler are the same. This restriction is a
feature of all doubly- and triply-resonant OPOs and can be understood by calculating
the rate at which photons are lost from the cavity at the signal and idler. Multiplying
(3-142 b) by a / and (3-142 c) by a*, then using (3-133), yields:
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(3-153)

“..tel ( l- 'A ,) = k t e | (l-'A ,)

Clearly, under steady-state conditions, if the rates at which signal and idler photons
are lost from the cavity are to be equal, then (3-152) must hold. This, clearly, must
be the case as signal and idler photons are generated at the same rate in the nonlinear
material.
Given (3-152), equation (3-151) can be rewritten:

cc.

r X ( i+ A 4

(3-154)

4|r'

giving the one-way pump-photon flow within the cavity. Note that this expression
implies that the intra-cavity pump power clamps at the threshold level. The external
threshold pump power can be obtained from equation (3-142 a) by setting

and a)

to zero giving:

(3-155)

a

When the pump is on exact resonance, A =0 and a maximum pump enhancement
factor can be defined [154]:

'p.mæi
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(3-156)
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If the other waves are also on exact resonance (i.e. A=0) then, using (3-141), (3-156)
can be rewritten:
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It can be seen that the phase-matching term now depends on

in addition to Ak,

resulting in the optimum value o f A k only being zero when O' is also zero, as
mentioned earlier. In this case, the threshold for optimum phase matching is:

p

In the case o f optimised confocal focusing and perfect detunings (i.e. zero overall
phase mismatch), this expression becomes:
2

1

1

(3-159)
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3.4.1.2 Doubly-resonant OPO.
Doubly-resonant OPOs (DROs), in which the signal and idler are resonated in a high
finesse cavity while the pump is non-resonant, are widely utilised for continuouswave operation. We consider here two situations. In the first, both mirrors are highly
transmitting at the pump wavelength, causing the pump to make a single pass
through the cavity. In the second situation the non-input mirror has significant
reflectivity at the pump wavelength resulting in the pump making a double pass
through the cavity. This second arrangement can result in a significantly reduced
threshold without imposing the restrictions o f pump resonance [155].
The derivation of the threshold proceeds as for the TRO, except that in (3-140)
not automatically assumed to be unity while

and rj are. In this case, the equivalent

expression to (3-141) giving the double-pass gain coefficient is:

144

is

r^p = /c*L sin c(^
1 2-y-je 2 ^1 +

.%irA»! =

j

(3-160)
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From (3-155), and remembering that with a non-resonant pump p"'

2

, the

threshold expression is found to be:
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(3-161)

The result for a single-pass pump can now be obtained by setting rp=0 to give:

n
s in c { ^

(3-162)

In the case of zero overall phase-mismatch this reduces to:
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(3-163)

Rearranging (3-163) in terms o f pump power gives:

P.p,th,o

YlrlTtripn/i.SQC 1

(3-164)

agreeing with expressions obtained by others [22]. In the case o f zero overall phasemismatch and confocal focusing (3-162) becomes:
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Returning to (3-161) and considering the case o f non-zero r^, it can be seen that this
expression is the same as that for a single-pass DRO with an additional reduction
factor Rdp given by:
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sinc^ { ^ ^ ^ \ + r l + 2 r^co éi^M cL -e'^

(3-166)

The phase-mismatch AM will always assume a value to minimise the threshold for a
given value o f 9 \ However, this minimum value will depend on the exact values o f
I'p and the reflection phase-mismatch G \ The reduction factor R^p^ effectively the

ratio o f DRO threshold with a double-pass pump to the single-pass case, is plotted as
a function of phase-mismatch AM for a range o f amplitude reflectivities and
reflection phase-mismatch values in Fig. 3-17. It can be seen that the double-pass
threshold is always less than that for a single-pass pump when the amplitude
reflectivity is greater than 0.35, corresponding to a power reflectivity of greater than
0 . 12 .

In the ideal case o f r^=l and AM0 ~0 the maximum value of R df^4 is obtained and
the threshold expression o f (3-161) becomes:

dv,

7t^

(3-l()7)

giving a maximum reduction in the threshold to one quarter that of the single-pass
case.
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Fig. 3-17 Variation o f DRO threshold with double-pass pump, relative to single
pass threshold, with phase-mismatch for various values o f amplitude
reflectivity, r, and reflection phase-mismatch, û \

3.4.1.3 Singly-resonant OPO.
The final configuration to be considered is the singly-resonant OPO (SRO) in which
one o f the parametrically generated waves is resonant in a high-finesse cavity.
Variations on this configuration include additionally resonating the pump (usually
described as a pump-enhanced SRO [156]) and double passing the non-resonant
parametric wave or the pump, or both.
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Consider first the case of an SRO with the pump and non-resonant wave both single
passed. In the case of the idler being the resonant wave, (3-142 c) describes the idler.
However, as gain and loss are not balanced for the non-resonant wave, (3-142 b)
cannot be applied to the signal. If all the signal power generated on a single pass
through the crystal is coupled out o f the cavity after this single pass, (3-64 b) can be
used to determine the signal power by setting (%(0)=a%(0)=0. Since the signal
amplitude scales linearly with length, the average signal power, (%(L)/2, can be used.
Thus, from (3-64 b) and (3-142 b) the pair of equations:
(3-168 a)
a ,7 /( l- /A^) = i r ' a ^ a l

(3-168 b)

are obtained. Multiplying (3-168 b) by the complex conjugate o f (3-168 a) gives:

r ;(l-îA ,) = 2 |r 'f|a j'

(3-169)

Proceeding as before, the imaginary part of this expression yields:
A, = 0

(3-170)

showing that, in the case o f the SRO, the resonant wave always corresponds exactly
with a resonant cavity mode. Given this result, (3-169) becomes:

^
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(3-171)

Thus, in the case o f optimum phase-matching:
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n
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in agreement with [22]. In the case o f confocal focusing, the minimum threshold
expression obtained is;

(3-173)
nle^c^
' ’ •* p,//j,nnn

If the pump is double passed, while the non-resonant parametric wave (the signal in
this case) remains single-pass, it can be seen that, by a similar approach to that for
the DRO with double-pass pump, a reduction factor o f (1+r^) is obtained [155] and
the threshold becomes;
2 _

1

1

(3-174)

Thus, in the ideal case o f r^=l, the threshold is half that of the SRO with a single
pass pump. It is interesting to note that in this case there is no reflection dephasing
factor and the minimum threshold is still obtained for A^=0. This is due to the fact
that the signal is still single pass and can assume any phase appropriate to
compensate for phase shifts between the pump and idler on reflection. In the case o f
a double-passed pump and signal, the reduction factor must take account o f the
reflection dephasing and, if the signal reflectivity is unity, becomes the same as that
for the DRO [157], resulting in the threshold expression:
K
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+

(3-175)

As with the DRO; it can be seen that the threshold can be reduced by a maximum
factor of four compared to that of the simple SRO.
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Finally we consider the case o f the pump-enhanced SRO where, in addition to one of
the parametric waves, the pump is resonated in the cavity. Such systems have been
used in a number o f cases as an alternative to DROs in situations where a low
threshold is required [69,84,158]. Clearly, the internal pump-power threshold will be
the same as the incident threshold o f the SRO with a double-pass pump and y l .
The external threshold is thus given by:
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(3-176)

3.4.2 Above threshold behaviour.
Optical parametric oscillators are potentially highly efficient devices for the
nonlinear frequency conversion o f optical radiation. The efficiency with which this
conversion takes place for an OPO above threshold is discussed here. It is useful to
define a pumping ratio, cr, which is a measure o f how far above threshold the OPO is
being pumped:

a -

a:

(3-177)
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The external efficiency can be defined in terms o f pump, signal and idler powers or
photon flows. If the internal powers at the signal and idler are Pg and P, then an
internal efficiency can be defined:
P+P.
PI

(3-178)

The output powers are given by the product o f the internal power and the ratio of the
useful output coupling to the total losses allowing the conversion efficiencies for the
signal and idler to be defined:
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(3-179)
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where 7] andTLj are as defined in (3-128). The overall external efficiency is thus
given by:
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Defining the efficiency in terms o f photon flows, from (3-179) one obtains:
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(3-181)
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Thus the overall photon conversion efficiency is given by:
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or, in terms of finesses and output losses:

(3-183)

K

It can be seen that where all the losses are due to output coupling, (3-180) and (3183) become:

7cx/,maK

PwyX

(3-184 a)
(3-184 b)

V p b ,e x t ,m a x . ~

Thus, the photon conversion efficiency is twice the power conversion efficiency.
This would be expected as one pump photon produces one signal and one idler
photon whose total energy is equal to that at the pump.
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3.4.2.1 Doubly-resonant OPOs.
The case o f a DRO with single-pass pump was first considered by Siegman [159].
The internal efficiency is given by:

(3-185)
resulting in the external efficiencies being given by:

12

Vext =

^ph,e

(3-186 a)

(3-186 b)

/ <T

TV

It can be seen that the efficiency is maximised when <r=4, resulting in a 50% power
conversion efficiency. In the case where the pump is double-passed the internal
efficiency is given by [155,160]:

\ + r l + 2r„ cos|<9 + ML j
a

^

l + r^cos|^ +AkL^

(3-187)
^

In the case o f optimum dephasing, this results in the efficiency expressions:
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(3-188 a)

)
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~

+ /-p)

(3-188 b)

It can be seen that, if r^=l, the maximum power conversion efficiency, obtained with
0=4, is now 100%. Since the efficiencies are defined in terms o f pump powers
relative to threshold, equations (3-188) can also be applied to triply-resonant OPOs.
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As mentioned in section 3.4.1.1, the intra-cavity pump power in the case of the TRO
and transmitted pump power for the DRO clamp at the threshold value. This effect
formed the basis of the optical power limiter proposed by Siegman [159] who also
discussed the efficiency of parametric devices in terms of the downconverted,
transmitted and “reflected” pump powers. The “reflected” wave, sometimes
described as a power-dependent reflection, is actually a result of parametric
upconversion by the backward-travelling signal and idler in the single-pass-pump
DRO. This wave is generated in anti-phase with the incoming pump and therefore
acts to reduce its amplitude, resulting in pump depletion. It is this effect which limits
the efficiency of the DRO to 50% in the single-pass-pump case. In fact, at optimum
efficiency for such devices (four times above threshold), 50% o f the input pump
power is converted to signal and idler, 25% is transmitted through the device and
25% is “reflected”.
In the double-pass case the return pass o f the pump, travelling with the signal and
idler, prevents this back conversion and the efficiency is able to reach 100%
[155,160]. Similar results are obtained in the case of a ring cavity, where the signal
and idler are unidirectional and only pass through the nonlinear crystal in the same
direction as the single-pass pump [27,22].

3.4.2.2 Singly-resonant OPOs.
Conversion efficiency in singly-resonant OPOs was first discussed by Kreuzer [30]
and has since been treated by a number o f other authors [20,22,23]. The transmitted
pump power and internal signal and idler powers, respectively, are given by:

P.
^ = cos^
p:

A

p it,

A

p in

3.
6)..

Sin '{ P l )

(3-189 a)

sin"()gL)

(3-189 b)

sin i p p )

(3-189 c)
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where;
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(3-190)
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It can be seen from (3-189) that in terms o f photon flows:
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-

(3-191)

Clearly this efficiency will be maximised, to be unity, when AA:=0 and pL=nl2. From
(3-190), it can be seen that this implies:

(3-192)

TV

a =

Assuming the idler to be the resonant wave, the external photon efficiencies are
related to the internal values by:

V p h ,e x t,s
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(3-193 a)
(3-193 b)

The overall external photon efficiency is thus given by:

1-

Ak

(3-194)

Clearly, when all the idler losses are in the form o f useful output coupling, and (3192) is valid, (3-194) gives a value o f 2 implying a external power efficiency of
100%. The effects of a double-passed pump on SRO efficiency have also been
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investigated and shown to greatly increase the range of pump powers over which the
efficiency is close to 100% [155].

3.4.3 Tuning and stability considerations.
A number of factors determine the spectral properties of optical parametric
oscillators, including the phase-matching conditions, cavity-resonance restrictions
and energy-conservation requirements. These frequency selection processes are also
intimately linked to the power stability o f the OPO output.
The primary wavelength selection process for an OPO is the requirement o f phase
matching:

|AL| = k p ~ k ^ ~ k ^

(3-195)

where in the case of quasi-phase-matching an additional factor K„„ representing the
mth-order grating wave-vector, would be included as in (3-106). Clearly, this defines
a phase-matching bandwidth over which gain is available at the parametrically
generated wavelengths. This bandwidth can be considered as similar to the gain
bandwidth o f a laser transition with the important advantage that the centre
wavelength can be varied, in some cases over quite large ranges, by vaiying the
pump wavelength [161], crystal angle, crystal temperature or, in the case o f quasi
phase-matching, the grating period [148], as discussed in section 3.3. Tuning can
also be carried out electro-optically [66], although the tuning range using this method
is typically much smaller than that obtained with the other methods, and electro
optic tuning is usually reserved for fast frequency control over small ranges.
Within the phase-matching bandwidth, the next frequency selection criterion is that
the frequency of the resonant wave or waves must correspond to a resonant cavity
mode. In addition to this limitation, the parametrically generated waves must fulfil
the third requirement satisfying energy conservation. These two requirements can be
summarised by the expressions:
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(3-196)
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(3-197)

is the cavity-mode linewidth for the wave o f interest. Thus, (3-197)

implies that the frequency of the resonant parametric wave (or waves) must fall
within the linewidth o f a cavity mode. For a fixed frequency, the free spectral range
(FSR) is given by (3-135), with the refractive index being calculated at this
frequency from Sellmeier equations. When considering tuning behaviour and
stability, it is more useful to use an expression for cavity FSR which allows small
detunings, of the order o f a FSRs, from the centre frequency at which the refractive
index is calculated while taking account o f the effects o f dispersion. Assuming the
detuning, Ai^, is small compared to the centre frequency, %, and the dispersion can
be approximated, over this range, to a linear variation described by the derivative at
the centre frequency the FSR can be described by:

c
FSR.

dUj

LAVj

dVj

1 + -----

(3-198)

%jL + /

which simplifies to (3-135) in the cases o f zero dispersion or zero detuning.

3.4.3.1 Singly-resonant OPOs.
Clearly, the simplest case is that o f the SRO in which the resonant wave will adopt
the frequency of the cavity mode closest to the maximum of the phase-matching
bandwidth. Since the non-resonant wave (the signal if we continue with the example
used in threshold calculations) is free to adopt any frequency satisfying (3-196), the
frequency stability o f the resonant wave (the idler) is determined by the stability of
the OPO cavity. Any fluctuations in the pump frequency, as long as they result in
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shifts in the phase-matching maximum o f less than half a FSR at the idler, result in
shifts in the idler frequency which changes to maintain (3-196), while the signal
frequency remains fixed. Changes in the pump frequency resulting in the phasematching maximum shifting by half a FSR cause the idler to hop to the next resonant
cavity mode. For small frequency changes, the rate at which the phase-matching
centre frequency tunes with pump frequency is given, for the signal and idler,
respectively, by [162]:

âkf
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the derivative being evaluated at zero frequency change. As discussed above, this
change for the resonant (idler) frequency can be plus or minus half a FSR. The
maximum pump tuning range is thus:

âk^
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(3-201)

It can be seen from (3-199) that this results in a maximum mode-hop-free idler
tuning range of;

.A k

V

(3-202)

The relative insensitivity of the resonant frequency to pump-frequency fluctuations
allows an SRO to produce a single-frequency resonant wave from a multiplelongitudinal-mode pump source, the multi-mode properties o f the pump being
transferred to the idler [74,75,77].
Tuning of the resonant idler frequency for a fixed pump frequency can be obtained
by varying the cavity length. As discussed above, the maximum tuning range will be
plus or minus half of one FSR, or one FSR in total Due to energy conservation, this
tuning range will also translate, in the opposite direction, to the idler:

=

(3-203)

The actual frequency shift within this tuning range caused by a change in cavity
length. A/, is given by:

AK = -A K = - - Y - y A /
'
nP +l

(3-204)

^

In the case o f a pump-enhanced SRO, the requirement o f pump resonance is added to
the above tuning characteristics. Clearly, for a fixed pump wavelength, the tuning
range obtained by vaiying the cavity length will be limited by the range over which
the pump is sufficiently close to resonance for the OPO to remain above threshold.
This will effectively be defined by the cavity linewidth at the pump frequency and
will be much smaller than the range defined in (3-203) for the single-pass pump.
Pump-enhanced OPOs are more commonly used with a pump source having some
degree of tunability and the cavity servo-locked to keep the pump on resonance
[69,84]. In this case, the change in pump wavelength will produce a shift the phasematching centre as described by (3-199) and change in cavity length to maintain
158

pump resonance will produce a change in the resonant frequency which can be
calculated from (3-204) to be:

(3-205)

As with the simple SRO, a mode hop will occur if the phase-matching centre
frequency moves more than half a FSR from the resonant parametric frequency. In
this case, however, the resonant idler frequency is also changing. If it is assumed that
the resonant idler frequency is initially coincident with the phase-matching centre
frequency, the mode hop will clearly occur when the difference between the change
in the phase-matching centre frequency and the change in the resonant frequency
reaches half a FSR i.e. when:
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(3-206)
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From (3-205) and (3-199 b), this results in a maximum pump tuning range of:
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resulting in a maximum mode-hop-free idler tuning range from (3-205) of:
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V, qFSR,

ôk,

...

(3-208)
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Clearly, if the phase-matching centre frequency changes in the same direction as the
resonant frequency, the pump-tuning range o f the pump-enhanced SRO will be
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greater than that o f the simple SRO with a fixed cavity length, while if the frequency
changes are in opposite directions the tuning range will be reduced. The fact that the
cavity length of a pump-enhanced SRO is locked to the pump frequency can result in
high frequency stability for the parametrically-generated waves, if a stable pump
source is used [69].

3.4.3.2 Doubly-resonant OPOs.
In the case of doubly-resonant OPOs the restriction o f simultaneous signal and idler
resonance is added to the requirements o f energy conservation and phase-matching
which determine the spectral characteristics o f the SRO. The requirement that the
sum o f the signal and idler frequencies must be equal to the pump frequency, while
both being resonant modes o f the cavity, can result in complex tuning behaviour and
large fluctuations in output power [66,67,68,34]. This effect was observed in the first
demonstration o f a continuous-wave OPO [19] and the first comprehensive study
was carried out by Smith [34]. It is commonly illustrated using a diagram such as
that shown in Fig. 3-18 o f the type first used by Giordmaine and Miller [24].
Cavity modes o f the signal and idler are plotted on two scales which have a common
point at the degeneracy frequency. The signal scale increases in frequency from left

A k= 0

Signal modes.

FSR,

—

Id le r m o d es.

FSRi

Fig. 3-18 Energy-conservation and double-resonance requirements in a DRO.
Dashed line indicates point o f optimum phase-matching. Vertical arrows
indicate mode pairs satisfying energy conservation.
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to right while the idler scale decreases in frequency at the same rate. Thus, any pair
of points on the two scales which are in vertical alignment represent a pair of
frequencies which conserve energy for the given pump frequency. Clearly any pair o f
cavity modes which are in vertical alignment represent satisfaction o f both the
double-resonance and energy-conservation requirements. The cavity modes o f the
signal and idler generally have different FSRs due to dispersion and thus only come
into alignment at intervals a number o f FSRs apart. The frequency interval over
which this occurs is usually referred to as the cluster spacing. Changes in cavity
length or pump frequency result in the two combs o f modes moving across each
other in opposite directions, causing new mode pairs to come into alignment
indicating a change in the signal and idler frequencies.
Fig. 3-18 is a greatly simplified representation o f the situation and there are a number
o f important additional considerations in practice. The number o f FSRs between
clusters is generally much larger than shown in Fig. 3-18 and the cavity modes have
a finite width. This results in several mode pairs close to each cluster spacing having
some degree of overlap, this being greatest at the cluster centre. Also, it is assumed
in Fig. 3-18 that the FSRs of the signal and idler do not vary with frequency and as a
result one cluster is indistinguishable from the next. In practice, there is generally a
slight variation in FSR with frequency as a result o f dispersion. This causes the point
at which modes align to vaiy slightly from one cluster to the next and can result in a
mode pair in one cluster exhibiting better overlap than the equivalent mode pair in
adjacent clusters. Finally, the gain and loss factors will tend to vary with frequency.
In particular, the magnitude o f the phase-matching function will vary across the
comb of modes. As shown in Fig. 3-18, the mode-pair closest to the phase-matching
centre will always be the one on which the DRO operates. However, the above
considerations can result in a mode pair further away from optimum phase matching
having better overlap causing the DRO to operate here despite the larger phasemismatch.
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With the above considerations taken into account, the tuning behaviour o f the DRO
can be illustrated. When the cavity length or pump frequency change, resulting in the
signal and idler modes moving across each other as described earlier, three possible
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Fig. 3-19 Illustration of mode hopping in a doubly-resonant OPO. Net gain is
determined by the product o f the phase-matching, signal-mode and idler' mode functions. Detuning o f initial signal and idler modes from phasematching centre increases from top to bottom.
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events can occur. Firstly, the pair o f modes next to the current pair can move into
alignment resulting in a change o f one FSR in the signal and idler frequencies. This
is a described as a mode hop and is illustrated in Fig. 3-19.
The phase-matching function and signal and idler mode functions are plotted against
frequency. These three functions are then multiplied together to give a net-gain
function which will be largest for the mode pair having the lowest threshold.
Initially, in the top diagram, the pair of signal and idler modes lying at the phasematching centre have the best overlap and the OPO thus operates on these two
modes. The second diagram shows the situation after the two mode combs have
shifted slightly due to a change in cavity length or pump frequency. It can be seen
that the mode pair having the highest net gain in the previous diagram now has a
similar net gain to the adjacent mode pair. As the detuning from the initial situation
increases further, the net gain for the next mode pair becomes greater than that for
the initial mode pair and the OPO will now hop to this new operating point causing
the signal and idler frequencies to change by their respective free spectral ranges.
The second possible tuning event is illustrated in Fig. 3-20. Here the difference in the
FSRs at the signal and idler is greater than in the case of Fig. 3-19, resulting in the
cluster spacing being reduced and the clusters adjacent to the central one suffering a
smaller reduction in net gain due to the increased phase-mismatch. Again, the initial
upper diagram shows the two modes at the phase-matching centre having optimum
overlap and thus defining the operating point of the DRO. In this case, however, as
tuning occurs and the mode combs slide over each other, the next mode pair to attain
the highest net gain is in a cluster adjacent to the central one. Further tuning results
in the mode-pair adjacent to the original one coming into alignment and the OPO
thus hops back to the central cluster, operating on the mode pair adjacent to the one
on which it started. Clearly, in this situation the fluctuations in frequency at the
signal and idler will be considerably larger than in the previous case o f a simple in
cluster mode-hop. It can be seen from Fig. 3-19 and Fig. 3-20 that relatively small
changes in cavity length or pump frequency can result in much larger changes in the
DRO output frequencies.
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Fig. 3-20 Illustration o f cluster hopping in a doubly-resonant OPO. Net gain is
deteraiined by the product of the phase-matching, signal-mode and idler
mode functions. Detuning of initial signal and idler modes from phasematching centre increases from top to bottom.

The third situation, which can occur between mode or cluster hops, is where no
mode pairs are sufficiently coincident for the DRO to reach threshold. In this case,
the DRO ceases to operate until a mode pair come into sufficiently close alignment
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for threshold to be attained. Clearly, this case will result in large fluctuations in
output power as the DRO switches on and off. In fact, as the degree o f phasemismatch and losses will tend to vary with frequency, resulting in a threshold
variation, the mode- and cluster-hopping processes described above will tend to
result in fluctuations in output power in addition to the discontinuous fluctuations in
frequency already mentioned. This high sensitivity o f DROs to small fluctuations in
pump frequency or effective cavity length, which can result in high levels o f
frequency and output-power instability, has in the past limited their utility for
practical applications. However, it is often desirable to take advantage o f the low
threshold exhibited by doubly-resonant OPOs and as a result much effort has gone
into modelling their stability requirements and tuning behaviour, and devising
methods to control these parameters.
The tuning and stability behaviour o f DROs has been investigated, theoretically and
experimentally, by a number o f workers [23,34,66,67,68,163]. The discussion here is
mainly based on [68,163] and assumes that short-range dispersion effects are small
compared to other parameters influencing the tuning behaviour, allowing the
derivative term in the denominator o f (3-198) to be ignored. This simplification is
valid for most situations with the exception o f a DRO operating close to degeneracy
and having the same polarisation for signal and idler (i.e. type-I biréfringent phase
matching or most typical quasi-phase-matching geometries). In this case FSRs at the
signal and idler are almost identical and the local dispersion is far more significant in
determining the operating point. The analysis in this case is considerably more
complex and has been considered in [66].
As mentioned earlier, the degree o f overlap between signal and idler cavity modes is
the most important factor in determining on which mode pair the DRO will operate.
Two pairs of signal and idler modes are shown in Fig. 3-21, which is essentially an
enlarged version of Fig. 3-19 and Fig. 3-20. The signal and idler free spectral ranges
are FSRs and FSRi, respectively, and the cavity modes have full-widths at half
maximum of AVc,s and AVc,{. These are related to the free spectral ranges and finesses
by;
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•Av,

Signal modes
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Idler modes

Av,

Fig. 3-21 Signal and idler cavity mode parameters used in the calculation of tuning
and stability effects.

(3-209)

It is assumed that the two left-hand modes in Fig. 3-21 are initially in perfect
coincidence, having frequencies Vgo and v; o, but have been detuned from these
values by frequency shifts Av^g and Avtj, giving an overall detuning factor Avi of:
A v; = A v,^ + A v,^

(3-210)

which is assumed to be much smaller than the free spectral ranges. Since the
combined change in the signal and idler frequencies must be equal to any change in
the pump frequency, if energy is to be conserved, AV{ can be defined in terms of any
pump-frequency variation as:
A k, = A k^
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(3-211)

It is also useful to define a parameter giving the difference in free spectral range
between the signal and idler:

A F SR = \f S R , - FSl?,!

(3-212)

Modification o f (3-204) to the case where both signal and idler are constrained to be
cavity resonances gives an expression for the change in signal and idler frequencies
with cavity length:

(3-213)
2V .F SR ,
— ----- -A /

U = s,i)

It can be seen from Fig. 3-21 that a detuning, Avt, equal to the difference in free
spectral ranges, A FSR , will result in the operating point hopping to the next adjacent
signal-idler mode pair. From (3-210) and (3-213), the change in length for this to
occur can be seen to be given by:
c A FSR

(3-214)

where the use of an average free spectral range given by:

(3-215)
is valid if the difference between the free spectral ranges is small compared to the
free spectral ranges themselves. Similarly, since the total frequency change must be
equal to any frequency change in the pump, the change in pump frequency to cause a
mode hop-is given by:
^ ^pjwp = ^ S R
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(3-216)

In addition to the mode-hopping behaviour, it is important to determine the
maximum detuning that the OPO can tolerate while remaining above threshold. If
this maximum detuning is denoted as the stability range and defined as that over
which the overlap point between the signal and idler modes is within the full-width
at half-maximum o f both, then the total frequency change, Avt, defining this range is
seen to be given by:

= ± 4 (A n ,,+ A n ,,)
(3-217)
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From (3-137), (3-138) and (3-152), (3-210) can be rewritten:

Av, = A

F S R J .+ F S R ,^ ,

(3-218)

allowing the threshold expression for a single-pass-pump DRO, (3-162), to be
rewritten:
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(3-219)
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It can thus be seen that a detuning o f Av=AV{ stab results in a doubling o f the threshold
and the limits o f the stability range are defined as the points where the threshold
reaches twice its minimum value.
Considering first the effects of cavity-length variation, (3-213) and (3-217) give:
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(3-220)

where (3-215) has again been used In terms o f pump frequency variation, (3-210),
(3-211) and (3-217) give:

1+ —I
r ,)

(3-221)

When considering tuning ranges, it can be seen that (3-220) and (3-221) result in far
smaller variations in pump frequency or cavity length, with the other parameter
fixed, than those for the SRO. However, from (3-210) and (3-211) it can be seen that
the pump frequency can be changed to match the change in signal and idler
frequency and maintain the double-resonance condition. The required pump
frequency change can be seen, from (3-213), to be:

Av^ = -A /

p_

where, again, (3-215) has been used. This technique has been utilised to obtain large
continuous tuning ranges from DROs [164]. It is also possible to obtain continuous
tuning from a DRO with a fixed-frequency pump source, but in this case a splitcavity design must be used allowing independent control o f the signal and idler free
spectral ranges [165].
It is interesting to note that because both signal and idler are constrained to be modes
of the cavity, neither is free to maintain energy conservation by changing its
frequency to compensating for changes in the other. As a result, if the pump
frequency is fixed, the signal and idler frequencies can only change by undergoing a
mode hop as described above. For small changes in the cavity length that are less
than A/s(ab, as defined above, the DRO will produce outputs at signal and idler
frequencies which remain fixed to the first order. Only the threshold, and therefore
the output power, will vary as the overlap between the signal and idler cavity modes
changes with cavity length. Thus, the DRO adopts the frequency-stability
characteristics of the pump source and has output frequencies which are relatively
insensitive to small changes in cavity length. This is in contrast to the case o f the
SRO where changes in cavity length translate directly to changes in the output
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frequencies. In a similar way, the linewidths o f the DRO outputs are restricted to that
o f the pump, whereas in the SRO they are determined by the linewidth o f the cavity
at the resonant wavelength. The double-resonance condition can also be used to
provide a high degree of frequency selectivity, enabling the DRO to be restricted to a
single signal-idler mode pair relatively easily. This fact, in conjunction with those
described above, has been used to implement a stable, spectrally-pure source which
can be continuously tuned over large frequency ranges [95] and despite their
complex tuning behaviour it has been shown that, with careful control of pump
frequency and cavity length, DROs can exhibit high degrees o f long-term spectral
stability and single-mode tuning [71,72,166].
It must be remembered that the expressions for mode-hop and stability ranges
derived above only apply within one (usually the central) cluster. As the effects of
dispersion over the frequency ranges between clusters have not been taken into
account, these expressions do not make any predictions about cluster-hopping
behaviour. Clearly, in the analysis used above if the stability detunings, AVgtab and
A/gtab, are similar to or greater than those for a mode-hop, Av^op and A4op, then the
DRO would be expected to remain above threshold as the cavity length or pump
frequency changed, simply changing its output frequency. On the other hand, if AVgtab
and A/gtab are significantly smaller than AVhop and A4op then the DRO would be
expected to switch on and off as the pump frequency or cavity length varies,
producing a series o f discrete output intervals, each operating on the next
consecutive signal-idler mode pair.
However, the possibility exists in both cases that between moving from one mode
pair to the next within the central cluster, whether this occurs continuously or with a
below-threshold region in between, a pair o f modes in another cluster will achieve
better overlap than any in the central cluster and have a lower threshold as a result.
In this case the DRO will cluster hop and operate within this new cluster, or indeed
others, until the lowest threshold is again achieved by a mode pair in the original
cluster.
Predictions about this type of behaviour are more easily made using a numerical
modelling technique [167]. Clearly, the second and third terms o f (3-219)
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representing the phase-mismatch and cavity-resonance detuning, respectively, are
both affected by changes in the signal and idler frequencies induced by cavity-length
or pump-frequency changes and thus such changes can influence the threshold.
These terms can be used to calculate the pump-power thresholds for all the lowestthreshold modes close to the point of optimum phase matching as a function o f a
detuning parameter such as cavity length or pump frequency. Thus, for any degree o f
detuning, the mode pair having the lowest threshold, and therefore on which the
DRO will operate, can be readily identified as can the change in the tuning
parameters necessary to move to another mode pair.
The parameters o f an experimentally demonstrated DRO can be used as the basis for
calculations with this modelling technique to illustrate some important aspects o f
DRO behaviour. The DRO under consideration [168] was based on the nonlinear
optical material lithium triborate (LBO) and used type-I biréfringent phase matching
close to frequency degeneracy, resulting in very similar FSRs for the signal and idler.
To illustrate the effect the FSR difference we shall also consider an otherwise
identical system but utilising type-II phase-matching close to degeneracy and thus
having a significant difference in the free spectral ranges.
The parameters used for modelling the two systems are summarised in Table 3-3.
The crystal temperatures o f 178°C and 20°C correspond to non-critical phase
matching in the type-I and type-II cases, respectively. The principal dielectric axes
along which the waves are polarised in these two cases are, for the p -^ s + i
interaction,

and y -^ x + y , respectively. This results in the refractive index

values given in Table 3-3, which are calculated from room-temperature Sellmeier
equations [169] with temperature dependence included by the extrapolation of
observed temperature dependencies below 100®C [170]. In addition to the nominal
cavity length, two cavity length adjustments are used for each phase-matching
geometry. These are added to the nominal cavity length to give an actual unperturbed
cavity length around which the cavity length is varied in the modelling. These
adjustments are necessary to allow the exact position of mode-pair clusters to be
controlled relative to the phase-matching bandwidth. The round-trip power losses at
the signal and idler are assumed to be approximately 1.2% in both cases, resulting in
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Type-I

Type-II

Pump wavelength

0.5145 pm

0.5145 pm

Signal wavelength

0.9250 pm

0.947 pm

Idler wavelength

1.1594 pm

1.1265 pm

Crystal temperature

178 °C

2 0 ''C

Pump refractive index, rip

1.6053

1.5797

Signal refractive index, rig (A^O)

1.6074

1.5924

Idler refractive index, «,• (AA?=0)

1.6028

1.5646

Nominal cavity length (L+/)

33 mm

33 mm

Crystal length (L)

20 mm

20 mm

Cavity length adjustments (A/)

-180 nm, -310 nm

-70 nm, -150 mn

Cavity finesse at signal/idler

=520

=520

FSRs (A^O)

3.3202 GHz

3.3424 GHz

FSRi(AÆ=0)

3.3270 GHz

3.3843 GHz

1.002

1.013

FSR^

Table 3-3

Summary of parameters used in modelling mode-selection
behaviour o f LBO DROs.

cavity finesses o f 520. The simple free spectral ranges (i.e. ignoring dispersion)
calculated at the centre o f the phase-matching bandwidth, can be seen to have a
considerably larger difference for the type-II case than the type-I.
The results o f the modelling in the type-I case are shown in Fig. 3-22 for two
different cavity length adjustments from the nominal length. In the upper diagram, a
length adjustment o f -180nm results in two clusters of signal-idler mode pairs lying
either side of the phase-matching centre frequency. As the cavity length is varied the
individual mode-pair which is in best alignment changes, resulting in the DRO
hopping between clusters. Similar behaviour is obtained from the equivalent change
in pump frequency (calculated from (3-222)) for a fixed cavity length. As the mode
clusters are approximately equally spaced around the phase-matching centre, the
thresholds for modes in both clusters are approximately the same, resulting in little
change in threshold as the cavity length is varied.
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Fig. 3-22 Calculated results o f variation o f lowest mode-pair thresholds with cavitylength and pump-frequency detuning for type-I phase-matching in LBO.
Upper graph is calculated for a cavity length adjustment o f -ISOnm from
the nominal length, lower graph is for an adjustment o f -3 lOnm.
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It can be seen from the magnitudes o f the frequency shifts that such a mode-hop will
result in a change in signal frequency of around 1.6 THz.
The lower diagram shows the results obtained for a cavity length adjustment of 310mn. In this case, one of the clusters lies exactly at the phase-matching centre
causing the DRO to hop between adjacent mode pairs in this cluster as the cavity
length or pump frequency is varied. The next adjacent cluster is at too large a
frequency shift from the phase-matching centre to have a lower threshold than the
central cluster and thus the DRO never operates on these mode pairs.
The equivalent results for the type-II case are shown in Fig. 3-23. It is immediately
apparent that the cavity-length and pump-frequency changes required to cause the
DRO to mode hop are much larger than in the type-I case. It can also be seen from
the frequency-shift values that the cluster spacing is much smaller. These two results
are due to the larger difference in the free spectral ranges of the signal and idler, as
pointed out in the qualitative discussion o f mode- and cluster-hopping earlier. As a
result, there is a much larger modulation o f the threshold (and therefore o f the output
power), causing the indivdual mode-pair coincidences to be better defined as the
cavity length varies, than in the type-I case. Indeed, if the OPO were pumped less
than around 9 times above the minimum threshold, it would switch off between
mode-pair coincidences.
In the upper diagram, a cavity length adjustment o f -70 nm from the nominal length
results in a pair o f clusters falling either side o f the optimum-phase-match point in
frequency, with one cluster being slightly closer to optimum phase match than the
other. It can be seen that, again, this allows the DRO to cluster hop as the cavity
length or pump frequency is varied. With the length adjustment set to -150 nm, it can
be seen in the lower diagram that the mode coincidences o f the secondary cluster
only occur where a pair of modes in the central cluster are also in coincidence. Thus,
the DRO only operates on the central cluster and simply hops between adjacent
mode pairs as the cavity length or pump frequency are varied.
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Fig. 3-23 Calculated results of variation o f lowest mode-pair thresholds with cavitylength and pump-frequency detuning for type-II phase-matching in LBO.
Upper graph is calculated for a cavity length adjustment o f -70 nm from
the nominal length, lower graph is for an adjustment o f -150 nm.
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When comparing the tuning behaviour o f the type-I and type-II phase-matched DROs
close to degeneracy, it is clear from the above modelling that the type-II device will
be more tolerant to perturbations in cavity length and pump frequency without mode
hopping. The type-II system also has the advantage that the mode-pair coincidences
are well separated as the cavity length or pump frequency are varied which will
result in a series of well-defined output maxima. This is of particular importance in
the case of certain servo-locking techniques used to maintain single mode-pair
operation by adjusting the cavity length to compensate for changes in pump
frequency, especially those using a side-of-fringe technique [68,164]. However,
servo stabilisation o f a type-I DRO has been demonstrated through the use o f more
sophisticated FM locking techniques and/or high finesse cavities [65,71,72].
Obviously, the problems associated with type-I phase matching will be less serious
well away from degeneracy, where material dispersion will result in a larger
difference in free spectral ranges. It is interesting to note that quasi-phase-matched
materials, in which all three waves have the same polarisation, will exhibit the same
behaviour as type-I biréfringent materials in this context and this may limit the
extent to which they can fonn the basis o f stabilised DROs operating close to
degeneracy.

3.6 Nonlinear optics with focused Gaussian beams.
The effects of focusing in an OPO were discussed earlier and it was assumed that the
optimum beam waist was that which resulted in a confocal parameter equal to the
crystal length. The spatial coupling factor in this case was defined in (3-146) and a
similar result could be obtained for second-harmonic generation. This conclusion
arises as a result o f our assumption throughout this chapter that the interacting beams
maintain essentially constant dimensions in the nonlinear crystal and diffraction can
be ignored. Clearly, in practice, this will not strictly be the case if beams are focused
into the crystal. The effects o f diffraction on nonlinear optical interactions with
focused Gaussian beams have been treated theoretically [10,171,172] and
investigated experimentally [173]. The results derived in [10], which include the
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effects of both focussing and Poynting-vector walkoff, are widely made use o f and
are summarised, without proof, here.
Two new parameters are defined to include the effects of focusing and walk off in
the focused case. A focusing parameter is defined as the ratio o f the crystal length to
the confocal parameter o f the beam:

^=

(3-223)

where wq is the beam waist radius in the crystal. The parameters Wq,

«0

are the

values at degeneracy and ^is assumed to be the same for all the interacting waves.
This approximation is valid in the case SHG and DROs with optimal mode matching
o f the pump beam according to (3-49). The walk-off parameter is defined as:

^ - ~ ^ P (^^0 )^

where p is the walk-off angle in radians, as defined in (3-93), and

(3-224)
is measured in

the material. Theexpression for generated second-harmonic power in the case o f an
undepleted pump and optimum phase matching is given by [10,22]:

P ^ L k „ h ,,,{B ,4 )

where the function

(3-225)

is a reduction factor due to focusing and walk-off effects.

It can be seen that, apart from the addition o f this reduction factor, (3-225) is
identical to (3-70) in the case o f confocal focusing.
The reduction function,

must be evaluated numerically and is plotted, for a

range o f walk-off parameters, in Fig. 3-24. It can be seen that in the case o f zero
walk off the optimum ratio o f the crystal length to the confocal parameter is 2.84.
While this is nearly three times the value in the confocal case (^ 1 ), it can be seen
that h„t{B,^ varies quite slowly with ^around the optimum value and the secondharmonic power obtained for optimal focusing in this case is around 1.2 times that
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8-0

S 0.1 r
0.01
t.39

10"

1

10

Fig. 3-24 Reduction factor for second-hannonic generation with focused Gaussian
beams plotted as a function o f focusing parameter ^ with for various
values o f walk-off parameter 5 [10]. Vertical lines at 4^1.39 and ^ 2 .8 4
indicate optimum values o f ^ for values of R o f 0 and 16 respectively.

predicted for confocal focusing by this analysis. The optimum value o f the focusing
parameter to maximise the conversion efficiency,

is plotted as a function of walk-

off parameter B in Fig. 3-25.
In the case o f the doubly-resonant OPO with perfect phase-matching the equivalent
expression to (3-165), giving the threshold pump power for focused Gaussian beams,
is [10,22,23]:

-

where the function

4 r ’r;n:c'£„nl

1

$) is equivalent to

(3-226)

in the case o f SHG and is shown

as a function of 4 for various walk-off parameters in Fig. 3-26. It can be seen that the
results obtained are identical to those for second-harmonic generation in the case of
zero walk off. For larger walk-off parameters, however, the reduction factor becomes
increasingly insensitive to the degree o f focusing.
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Fig. 3-25 Value of focusing parameter required to maximise second
harmonic generation efficiency,

plotted as a function o f walk-

off parameter, ^ [10].

- .8

B = 0

*0IjC

10*

Fig. 3-26 Reduction factor for parametric oscillator threshold with focused
Gaussian beams plotted as a function o f focusing parameter ^ with for
various values of walk-off parameter B [10].
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The maximum value of the reduction factors for SHG and DRO threshold,

and

, obtained when the focusing parameter is optimised, are plotted against the
walk-off parameter, B, in Fig. 3-27. In the case of DRO threshold the value of the
optimised reduction factor is approximated by the expression [10];

1+

\

71 )

(3-227)

A_(0)

As already mentioned, the results obtained in [10] for OPO threshold are calculated
for a DRO. Further, it is assumed that the signal and idler have identical confocal
parameters and that the beam waist is at the centre of the crystal, i.e. a symmetric
resonator design is used. In the case o f a singly-resonant OPO, one o f the resonant
waves is unrestricted by the resonator geometry and the first o f these assumptions is
no longer valid. This case has been treated by Asby [171] and by Guha et al. [172],
although there is some disagreement between the results with the optimum ratio of
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Fig. 3-27 Values o f maximised reduction factors, h„„„ and

, as

functions o f walk-off parameter B. The reduction factor for DRO
threshold, A (B) , can be approximated by (3-227) [10].
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the confocal parameters of the pump and the resonant wave being unity in the case of
[171] while this is not found to be the case in [172]. The case o f a DRO with unequal
confocal parameters is also treated in [172], while that of a DRO employing a nonsymmetric resonator has also been investigated [174,175].

3.6 Pump source requirements.
From the preceding discussion of OPO behaviour, it is now possible to determine the
requirements, in terms o f output power and spectral characteristics, placed on a laser
if it is to be used an OPO pump source. In particular the suitability o f laser diodes as
pump sources can be assessed. Addressing the required power first, the common
parameters given in Table 3-4 were used to calculate the minimum threshold pump
powers, in the case o f confocal focusing, for the principal OPO configurations. The
results are shown in Fig. 3-28 as a function o f effective nonlinear coefficient. The
loss values used are in the range typically encountered in experimental cw OPOs, the
finesses representing round-trip power losses of approximately 2.0%. For the pumpenhanced SRO and TRO cases, the enhancement factor of 30 represents the
maximum enhancement attainable with parasitic losses o f 3% at the pump [154].
While this is a higher loss level than could probably be attained in practice, the

Pump wavelength, Xp.

0.8 jxm

Degeneracy factor, 8.

»0

Pump refractive index, Up.

1.7

Crystal length, L.

20 mm

Cavity finesses, fg, 7\Pump enhancement factor Ep

300 .
30

Table 3-4 Common OPO parameters used to calculate minimum thresholds for
various OPO configurations in Fig. 3-28.
181

10

1

i

10

I

10

■1

10

-2

I

1

Singly-resonant
‘
Pump enlianced SRO _
Doubly resonant
:
Triply resonant

0

0

\ KTA
LBO "x.KTP
_____i___ ^ _

PPRTA
KNbO,
10

5

PPLN
15

20

Effective nonlinear coefficient (pmV )

Fig. 3-28 Minimum threshold, in the case of confocal focusing, for four OPO
configurations, calculated using the values given in Table 3-4.
Approximate effective nonlinear coefficients obtained vrith various
materials are indicated along the x-axis.

reduced enhancement factor also allows for imperfect impedence matching and is
consistent with experimentally reported values [69].
The approximate values o f the effective nonlinear coefficients, from figures
consistent with experimental OPO results, are indicated along the x-axis for the
materials lithium triborate (LBO, «1.5 pmV^) [161], potassium titanyl arsenate
(KTA, «3.6 pmV') [79],potassium titanyl phosphate (KTP, «4 pmV'^) [84],
potassium niobate (KNbOs, ^^lO pmV'^) [176], periodically-poled rubidium titanyl
arsenate (PPRTA, «8 pmV'^) [80], and periodically-poled lithium niobate (PPLN,
«15 pm V ’) [88].
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When considering the data shown in Fig. 3-28, it should be born in mind that this
represents the absolute minimum threshold attainable for the specified parameters
and that, in practice, the actual threshold will be higher. In particular, the spatial
coupling between the fields is unlikely to be perfect as is assumed in the confocal
case. It is also desirable to pump the OPO several times above threshold. With these
provisos in mind, it is clear that for the majority o f birefringently phase-matched
materials the threshold pump powers required for a singly-resonant OPO are outside
the range of conventional diode-laser systems. Even with PPLN, the minimum
threshold is o f the order of several hundred milliwatts. A diode-pumped PPLN-based
SRO has been demonstrated, with a threshold o f 800 mW, using a diode taperedamplifier pump source [89]. However, for the majority o f diode-laser-based pump
sources a lower threshold is required.
With pump enhancement, the external threshold o f the SRO is considerably reduced.
Thresholds o f the order of lOOmW are predicted for birefringently phase-matched
materials and diode-pumped systems o f this type have been demonstrated in KTP
[84] and single-domain RTA [86] with thresholds in the range o f 100 to 200 mW. In
the case of PPLN, thresholds o f a few milliwatts are predicted. A practical PPLNbased pump-enhanced SRO pumped by a Nd: YAG laser at 1064nm has been
demonstrated with a threshold o f 260mW [69] which scales to around lOOmW at the
800nm pump wavelength considered here. Thresholds much lower than this would
also appear to be possible [177].
In the case o f doubly-resonant OPOs the thresholds are lower still as the
enhancement factor obtained by resonating the other parametrically generated wave
is, from the parameters given in Table 3-4, higher than that obtained by resonating
the pump. This realistically represents practical situations, as it is generally easier to
achieve a high cavity finesse for a field that does not have to be impedence-matched
from an external source. The predicted thresholds in the case o f birefringently phasematched materials, of the order o f lOOmW, have been observed experimentally for
diode-pumped systems [84]. In the case o f PPLN, the predicted values of a few
milliwatts have also been reflected in experimental diode-pumped systems where
thresholds o f around 15mW have been obtained [88]. The very low thresholds .
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predicted for triply-resonant OPOs have also been seen in experimental diodepumped systems where thresholds as low as 6mW have been observed [84].
As mentioned above, the threshold values predicted in Fig. 3-28 assume confocal
focusing, and therefore optimum overlap, for all three waves. This leads to the next
important criterion for a potential pump source: the spatial quality o f the beam. From
(3-223), it can be seen that the confocal parameter for a non-diffraction-limited
beam, having a beam-quality factor M^, is given by:

b= —

( 3- 228)

AT X

Thus, any increase in I v f will proportionally reduce the confocal parameter,
effectively limiting the interaction length for the given beam waist Wq and thus
increasing the threshold. To maintain confocal focusing Wq can be increased.
However, it can be seen from the expressions derived in section 3.4.1 that this will
also result in an increased threshold. It should also be born in mind that the reduction
in confocal parameter for a given beam waist implies an increased divergence o f the
beam. This will cause a reduction in the efficiency of the parametric interaction due
to the angular acceptance bandwidth, as defined by (3-123) to (3-125), and therefore
also results in an increased threshold. The degree to which this occurs will depend on
the exact phase-matching geometry. Thus, as in the case of end-pumped solid-state
lasers, it is desirable to have a pump source as close to diffraction limited as
possible.
Given that the discussion of threshold pump powers above implies that, for diodelaser pumping, a pump-enhanced, doubly resonant or triply-resonant OPO must be
used in most cases, it is clear that the pump source must have a high degree of
spectral purity. In the case of the pump-enhanced SRO, the requirement that the
pump frequency must correspond to a resonant mode of the cavity implies a singlemode source, preferably with a linewidth less than that of the cavity at the pump
frequency. To maintain resonance, a servo system is generally used to lock the cavity
length to the pump frequency, so pump instability will not generally result in
significant increases in threshold. However, unless a split cavity is used, the resultant
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changes in cavity length will translate any pump instability to the resonant
parametric wave and therefore to the output. Thus, a high degree o f pump-frequency
stability is also desirable.
For the DRO, the discussion of section 3.4.3.2 clearly implies a single-mode, highlystable pump source both to prevent the extreme frequency changes associated with
mode and cluster hopping and also to minimise fluctuations in the output power. It
can be seen from Fig. 3-22 and Fig. 3-23 that the degree of frequency stability
required will depend on the particular parameters of the OPO, but it will clearly be
less than a few tens o f MHz, in some cases significantly so. The TRO will clearly
have requirements on frequency stability as stringent as both the pump-enhanced
SRO and the DRO.
Although this section has concentrated exclusively on the pump-source requirements
of OPOs, most of the same criteria will apply in the case o f second-harmonic
generation or, indeed, most other nonlinear frequency-conversion processes. Clearly,
SHG has no threshold requirement, however, to obtain high levels o f efficiency high
fundamental powers are desireable. In fact, in the case of continuous-wave diode
sources, the powers required for efficient SHG usually imply the use o f an
enhancement cavity [51] in which case single-mode frequency requirements similar
to the pump-enhanced SRO apply. Obviously the same arguments with regard to
spatial quality apply to SHG as they do to OPOs.

3.7 Conclusions.
In this chapter it has been shown that nonlinear optical frequency conversion
processes, by frequency-mixing or optical parametric oscillation, are flexible and
useful methods for extending the spectral coverage o f lasers. In the case o f laser
diodes, such conversion processes can be used to obtain a source with many o f the
attributes o f diode lasers, such as efficiency, tunability, compact size and relatively
low cost, at wavelengths not normally accessible to these lasers. However, the
requirements placed on pump sources for nonlinear frequency conversion in terms o f
necessaiy output power, beam quality and spectral purity and stability are in many
185

cases very demanding and not necessarily within the performance limitations of
conventional, commercially available laser diodes.
In the case of OPOs, it can be seen from Fig. 3-28, and the associated discussion, that
three o f the OPO configurations have power requirements that are within the range
o f conventional laser diodes: the pump-enhanced SRO, the DRO and the TRO. Of
these, the TRO has a threshold easily within the reach of diode pumping using
materials having all but the lowest effective nonlinear coefficients. With this in
mind, it seems unlikely that the reduction in threshold obtained by using such a
device would outweigh the disadvantages associated with trying to resonate three
wavelengths simultaneously, unless the particular circumstances demanded it. Of the
two remaining configurations, the DRO is the simplest, requiring a pair of identical
mirrors, and will generally have the lower threshold. Against this must be weighed
the complex tuning behaviour and stringent stability requirements to maintain a
continuous output.
The pump-enhanced SRO, on the other hand, is less demanding o f pump-frequency
stability if the cavity can be servo-locked to the pump, in which case it should be
relatively easy to maintain reasonable stability in the output power. As mentioned,
however, the threshold is generally likely to be higher than the DRO and two
different mirror coatings are required: one coated for high reflection at the pump and
the other for input coupling to the resonant cavity. The transmission properties o f
this second mirror must be chosen with careful regard to the other losses in the
cavity if optimal enhancement is to be obtained [154]; Generally, the higher the
degree of enhancement required, the more difficult it will be to accurately match the
level o f input coupling to the parasitic losses. It can be seen that in the cases of both
the DRO and pump-enhanced SRO, periodically-poled lithium niobate must be
considered, by a long way, the most attractive material in view of the low pump
powers likely to be available.
It should be noted that the comments made with regard to pump-frequency stability
in the above discussion only consider the requirements for successful operation of
the OPO. If an application is being addressed which requires a high level of
frequency stability, this will be the factor which dictates the stability requirements
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placed on the pump. In this case, the pump-frequency stability requirements o f the
pump-enhanced SRO and DRO will be very similar.
If the requirements of a particular application can be met, the directly diode-laserpumped OPO is potentially a very attractive device for several reasons. In addition to
the usual advantages of size and efficiency obtained with diode lasers, the fact that
they can be rapidly temperature tuned over a large range would allow rapid tuning of
the OPO outputs [161]. This would give the diode-pumped OPO a distinct
advantage, in this respect, over similar devices pumped by solid-state lasers where
OPO tuning would require the phase-matching conditions to be adjusted. This is
generally a slower and less precise process over large ranges than temperature tuning
a diode laser.
Several aspects o f the applications mentioned in section 3.1 could benefit from the
use o f a successfully implemented diode-laser-pumped OPO. In particular, such a
device would represent a highly flexible source for spectroscopic applications being
multi-parameter tuneable over large ranges. Although excellent results have been
achieved using difference-frequency mixing for trace-gas detection [97,98,99] the
one to two orders of magnitude higher power available from a diode-pumped OPO
could allow improved signal-to-noise ratios while requiring only one pump laser. In
the case o f frequency standards, a number o f potential reference transitions exist
within the wavelength range of AlGaAs diode lasers [109,178] and a diode-pumped
OPO could be used to link these to other frequency standards. In addition to
relatively fast tuning by varying the diode temperature, extremely fast tuning and
modulation («tens of MHz or more) of laser diodes is possible over small ranges by
varying the drive current. This feature could be particularly useful for various high
speed servo stabilisation techniques used with highly-stabilised lasers.
To summarise, continuous-wave diode-pumped doubly-resonant or pump-enhanced
single-resonant optical parametric oscillators represent highly-attractive sources o f
tunable radiation for a number o f applications. However, the requirements of
relatively high output powers (of the order o f lOOmW or more) combined with high
degrees of spatial and spectral quality represent a very demanding set o f
specifications in the context of the majority o f commercially available laser diodes.
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4. High-Power, High-Quality Diode-Laser-Based
Pump Sources.

4.1 Introduction.
It was shown in chapter 2 that three main requirements are placed on a pump source
for solid-state lasers if low-threshold, efficient, end-pumped operation at useful
power levels is required. These are relatively high (>100mW) output powers, near
diffraction-limited beam quality and, less significantly, a spectrally-narrow output. In
the case of optical parametric oscillators it can be seen from chapter 3 that these
requirements not only also exist, but do so to a far more exacting extent than in the
case of end-pumped solid-state lasers. In particular, there is little tolerance for beam
quality significantly worse than the diffraction limit. In the case o f low-threshold
continuous-wave (cw) OPOs, which typically have multiply-resonant cavities, the
pump source must exhibit stable single longitudinal-mode performance if stable
OPO operation is to be achieved.
Simultaneous achievement o f all the above-mentioned criteria has long been the goal
of research in the field of semiconductor lasers. It was recognised early on in
development o f laser diodes that confinement of the optical field in the plane o f the
junction, to an active region o f a width similar to its thickness perpendicular to the
junction, was necessary to obtain single transverse-mode operation [1]. The small
active-region thickness, typically %lpm, perpendicular to the junction plane usually
results in fundamental transverse mode operation in this direction. However, an
active area considerably wider than its thickness resulted in laser operation occurring
in higher transverse modes and/or random and uncoupled “filaments” across the
junction plane [1]. Reduction of the transverse dimension o f the active region, to
around 50pm wide against 1pm thick, resulted in single-filament operation on
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higher-order transverse modes with Hermite-Gaussian profiles [2], Further reduction
o f the active-area width resulted in lowest-order transverse mode operation [3].
One of the early methods used to attempt this narrowing was to increase the
resistivity of the layers above the active region except in a narrow strip down the
length of the device creating a “stripe” electrode and confining current flow to a
narrow transverse region. This had the effect of making areas outside this region
lossy thereby discouraging operation on transverse modes falling outside the narrow
region o f current flow - so called gain guiding. One of the most successful methods
of achieving this was to bombard the device with protons except along the narrow
stripe required [4], a method still used today to restrict current flow to narrow
regions.
Gain guiding did not provide especially reliable confinement o f the optical field. In
particular, reproducibility o f the transverse mode pattern between devices was poor
and also tended to vary with current for a given device [2]. To obtain stronger
confinement the active volume, with a width %l-5pm, was surrounded with lowerindex material on all sides in the first buried-heterostructure (BH) device [5],
essentially resulting in the formation of a waveguide in the active region. Combining
this tight optical confinement with stripe-contact current confinement resulted in the
lowest thresholds reported up to that point.
Fabrication o f the buried heterostructure was, however, fairly complex requiring
multiple stages o f epitaxial growth and etching. A simpler method o f producing the
required transverse refractive-index profile was the channelled-substrate planar
(CSP) structure [6,7]. It was noted in [7] that single longitudinal-mode operation was
also obtained from these lasers when operated well above threshold, as would be
expected from a homogeneously-broadened transition, and the authors suggested that
stable, single transverse-mode operation also resulted in this improved spectral
purity. Similar confinement methods to that o f the CSP laser and the inverted
equivalent, shown in Fig. 4-1 [8], are still widely used today in single-mode laser
diodes.
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Typical single-mode laser diode (SDL-5400 series c. 1994) structure and
emission characteristics (left to right, far-field power distributions
perpendicular to and parallel to the junction and emission spectrum). [8].

Experimental studies by a number o f workers arrive at typical catastrophic-damage
intensities for AlGaAs laser diodes of a few x 10^ W cm‘^ [5,9,10,11]. Clearly this
means that the requirement discussed above, for an emitting region which is narrow
in the plane of the junction, places an upper limit on the output power. In the typical
case of an emitting region cross section o f 3x1 pm this limit is around lOOmW. In
recent years, single-mode diode lasers have been demonstrated with output powers
significantly higher than this [12,13]. However, the specified maximum output of
commercially available devices continues to be limited to around lOOmW although
even these devices have been shown to operate reliably at significantly higher
powers than that at which they are nominally rated in some cases [14].
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Coherent arrays of diode-laser emitters [15] were developed in an attempt to increase
the total output power of laser diodes while maintaining a diffraction-limited, single
longitudinal mode output. Research into these devices was motivated by the belief
that a series of narrow emitters, each producing a diffraction-limited beam, could be
made to emit in phase with each other, if caused to couple together, resulting in a
far-field interference pattern consisting o f a single, diffraction-limited lobe. While
individual emitters could produce output powers within the limitation of catastrophic
facet damage, the total output power was expected to scale with the number o f
emitters.
When considering such devices it is important to distinguish between the two forms
of optical confinement that can exist in waveguide-type devices having a variable
refractive-index profile. The most familiar form o f optical confinement is that where
a region of high refractive index is surrounded by a lower index material as in optical
fibres or the single-mode diode lasers described above. In this case, often described
as a positive-index guide, total internal reflection results in strong confinement of the
optical modes of the waveguide structure with a small evanescent field leaking into
the surrounding low-index material. In the opposite situation the optical mode
propagates in a low-index region surrounded by higher-index material. In this case
the confinement is much weaker and, while some o f the field is reflected at the
boundary, much larger leakage o f the field occurs than in the evanescent case. Such
confinement is usually described as antiguiding and the confined fields as leaky
modes.
The first attempt to produce a coherent diode array used a conventional broad-area
double heterostructure with five stripe electrodes defined by proton bombardment on
the top contact to form a series o f gain-guided emitters [16]. Such devices are
inherently of the antiguided type with high leakage from, and consequently strong
coupling between, adjacent emitters as the refractive index in the regions of high
gain is reduced by the increased earner concentration, although this was not realised
until some years later [17,18]. Although such devices were investigated for several
years [19,20,21] diffraction-limited output powers achieved were not significantly
higher than those obtained from narrow-stripe single-mode devices. It was also found
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that these devices, being weakly guided, could exhibit a marked susceptibility to
thermal or gain induced perturbations in the active region resulting in instabilities in
the far-field beam profile.
These devices had previously been modelled using simple diffraction theory under
the assumption that evanescent coupling occurred between the stripes [22]. It was
subsequently realised, however, that the emitters were, in fact, strongly coupled [17]
and the device was better modelled as a broad-area laser with a periodic gain
perturbation [18,23]. This explained why high diffraction-limited powers were
difficult to obtain and why attempts to, as it was thought, improve coupling by
linking the proton-defined contacts [24,25] had little beneficial effect on beam
quality. Research into these devices as sources of diffraction-limited radiation was
largely abandoned as a result o f the various problems encountered and interest
concentrated on devices with stronger confinement resulting from the definition of
the array elements by real refractive index variations fabricated into the device
structure.
The use of positive index guides, it was thought, would solve many o f these problem.
Coupled-mode analysis [26,27] indicated that in-phase operation of the elements of
such an array would result in a single-lobed far field and it was thought that strong
index-guiding would result in stable, well-defined modes for individual emitters
while evanescent coupling would ensure in-phase operation o f the array. A number
of methods were used to fabricate such arrays [28,29,30,31] with the regions o f high
gain coinciding with those o f high index. Unfortunately, with a few exceptions at
low powers [29,30], most operated with the adjacent array elements in antiphase
when significantly above threshold, resulting in a non diffraction-limited dual-lobed
far field, as this mode o f operation resulted in better overlap with the gain
distribution [32,33].
Although real-index anti guided structures, where the high gain regions correspond to
those of low refractive index, had been fabricated early on in the development of
laser diode arrays [34] their development was not at first widely pursued since leakymode solutions were not predicted by coupled-mode theoiy and were recognised to
be very lossy for only a few elements. However, for a larger number o f elements the
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high leakage results in strong coupling between elements rather than increased losses
[35]. Furthermore, it was shown that the in-phase array mode could be favoured over
the out of phase one [36,37], In addition, larger refractive index steps could be used
to define the waveguides, thus making the structure less susceptible to perturbations
in temperature than in the evanescent case where an increased index step reduces the
coupling [37]. A number o f such devices have been demonstrated [35,38,39,40]
yielding powers of up to lOW, 'with 60% o f this in a 2xdiffraction limited peak,
under pulsed operation [41] and around 1 W, with 75% in a 1.7xdiffraction limited
peak, in cw operation [42].
Despite these recent successes, array devices offering diffraction limited
performance tend to have complex structures, do not appear to be commercially
available at the time of this work and are therefore not particularly practical for most
purposes. As a result, the above review has been quite brief although more in-depth
coverage of the field can be found in reference [15].
It is interesting to note that, despite lack o f success as difraction-limited devices,
gain guided arrays, using simple proton implanted stripe arrays o f electrodes,
continued to be used as high brightness, non diffraction-limited sources until quite
recently. Such a device is shown in Fig. 4-2 (a) [43]. The preference o f these devices
over simpler broad-area laser diodes appears to have been due to the controlled
current distribution afforded by the array electrode which resulted in less powerdependent instability in the far-field emission pattern. Indeed, a theoretical study in
1991 concluded that the width o f the far-field pattern from a broad area device was
related to the uniformity o f the gain distribution and that improved epitaxial methods
could result in higher quality broad-area devices with far-flelds comparable to those
of gain-guided arrays [44]. This prediction seems to have been fulfilled in recent
years as commercial suppliers appear to have replaced gain-guided arrays with broad
area devices such as that shown in Fig. 4-2 (b) [8] for high-power, high-brightness
applications.
Although a much research has been carried out on the array-type devices described
so far, the results obtained in terms o f achieving single-mode diffraction-limited

207

CONTACT
METALLIZATION
p + - GaAs
p

- GaAlAs

p

- GaAlAs

GaAlAs ACTIVE REGION

PROTON
IMPLANT

•GaAlAs

- GaAlAs
- GaAs SUBSTRATE

INDIVIDUAL
EMITTING
SPOTS
Distribution

Distribution

Typical Em ission
S pectrum

40’

40 20

0

2D 40

6 ^ (degrees)

Fig. 4-2

20 10

0 10 20

0i, (d egrees)

805

810

816

WAVELENGTH (nm)

Typical commercial gain-guided laser-diode array (SDL 2400 series
c. 1990) structure and emission characteristics (left to right, far-field power
distributions perpendicular to and parallel to the junction and emission
spectrum) [43].

emission have been largely disappointing. Most o f the successful developments in
this direction have been achieved using alternative schemes.
Nearly 4W, with 50% of the power in a 1.7xdiffraction-limited output, has been
obtained from an unstable resonator based on a tapered diode-amplifier [45]. An
output power of 1W in a diffraction-limited beam was obtained from a similar
device with an external-grating [46]. A more recent development has been the
angled-grating distributed-feedback laser, or a-DFB [47,48,49]. These are essentially
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broad-area devices which use an angled gain stripe and angled Bragg-grating across
the area of the device to provide single transverse- and longitudinal-mode operation
[50]. Diffraction-limited output powers o f up to IW have been demonstrated [47]
and 500-mW commercial devices are currently available [51].
Another particularly successful approach to obtaining high single-mode diffractionlimited powers has been to use one o f a number of amplification schemes. In these
cases the low-power high, spatial- and spectral-quality emission o f a single-mode
laser diode such as that shown in Fig. 4-1, acting as a master laser, is amplified to
higher powers using another laser-diode type gain element while retaining most of
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the spatial and spectral properties o f the master laser. These schemes are discussed
in the next section.

4.2 Optically-injected diode laser systems.
Systems using a high power semiconductor laser or amplifier under external optical
injection to produce a diffraction-limited single-longitudinal-mode output can be
divided into two categories. In so-called “injection locked” systems the input beam is
resonantly amplified within a normal diode laser to produce several coherent output
beams which superpose in the far field to produce a single, near-diffraction-limited
lobe. In travelling wave systems only one output beam is produced by the injected
beam making either a single or a double (one round trip) pass through the amplifier.

4.2.1 Travelling-wave amplifiers.
The first method o f amplifying the output from a low-power master laser to be
considered here are the class o f devices where no resonance effects are present. Such
devices can be categorised as travelling-wave amplifiers and are used in three main
configurations. The amplifier can be either of a broad area type, the active area
essentially taking the fonn of a rectangular slab, or of a flared or tapered type where
the width of the active area increases from the input end to the output end. In
addition, broad area amplifiers offer two potential modes o f operation - single pass,
where the input and output are from opposite facets, and double pass, where the
injected beam enters and leaves by the same facet undergoing reflection from the
back facet of the device. These configurations are shown in Fig. 4-4.
Early demonstrations of broad area travelling wave amplifiers made use o f arrays
[52,53] and broad stripes [54] very similar to the commercially available broad area
and array lasers used in multiple pass systems. The main adaptation for travelling
wave amplifier use was the antireflection coating of either one or both facets
depending on whether a single or double pass configuration was required. Systems
demonstrated under cw operation include a single pass arrangement producing
lOOmW for 1.7mW injected power [52] and a double pass system giving 425mW for
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70 mW injected power [53]. A double pass system was also demonstrated driven by
a pulsed current source (0.5-5jas pulses with a 10% duty cycle) to allow the use of
higher currents without excessive heating occurring [54]. This device produced
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output powers of up to 2.5W with input powers of the order o f lOOmW.
Broad area amplifiers specifically intended for use as travelling wave amplifiers
generally have a longer active area than those used as broad area lasers (typically
500-2000jum compared to 250-500/xm) and a 400-600jum stripe width. Using such
devices operating cw, output powers o f 1. IW for lOOmW input in a double pass
configuration [55] and 3.3W for 400 mW input in a single pass configuration [55,56]
have been achieved. Again, higher powers have been obtained by using a pulsed
current source to avoid the build up o f thermal effects, with outputs o f 12W for
500mW input to a double pass system [57] and 21W for 500mW input to a single
pass system [58] having been reported, both using a Ti:Sapphire master laser. Using
a semiconductor master laser, 11.6W o f output for lOOmW input has been achieved
in a single pass configuration [59]. All used current pulses o f 0.3-1 jits duration and a
1% duty cycle.
Although the antireflection coatings applied to the facets o f such amplifiers typically
result in reflectivities o f less than 1%, and in many cases less than 0.5%, the high
gains achievable in semiconductor devices mean that laser operation is still possible
at even relatively low injection currents. This is especially true in the case o f double
pass devices which have a significantly lower round trip loss than single pass devices
due to the high reflectivity of the back facet. Even if lasing does not occur, a roundtrip cavity loss approaching unity can result in resonant effects and wavelength
dependence in the amplifier gain [54]. To avoid such effects, the amplifier can be
operated below threshold with low injected powers of the order o f a few milliwatts
[52] or (more commonly) operated with high injected powers, of the order o f a
hundred milliwatts, resulting in strong gain saturation [54-59] which also achieves
maximum power extraction from the amplifier. Small signal gains o f the order of
>20dB have been measured in a double pass system with a front facet reflectivity o f
around 0.5%, which implies a round trip gain of unity[54]. The same device showed
a satuiated gain of lOdB with an input power of 250mW resulting in a round trip loss
of 13dB and effective suppression o f resonant effects. The reduction o f Fabry-Perot
resonances was further aided by the fact that the beam was injected at an angle of
«5° to allow separation of the input and output beams. This resulted in any
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subsequent passes through the amplifier moving progressively further into the
unpumped regions at the sides of the active area and rapidly being absorbed.
The properties of single and double pass travelling wave amplifiers have been
studied and compared, both theoretically and experimentally, in some detail and the
relative merits of the two configurations assessed [55]. Some o f these findings are
summarised here. From a practical point o f view double pass systems are easier to
manufacture and mount since access to only one facet is required whereas in the case
of single pass systems the mount and heatsink must be matched to the length o f the
device to allow both facets to be accessed as shown in Fig. 4-4. The fact that the
heatsink does not have to be matched to the device length in the double pass case
also allows improved heat dissipation, which is particularly important under cw
operating conditions, as the heatsink can extend beyond the device at the high
reflectivity end.
In terms o f performance, double pass amplifiers also offer a number o f advantages
over single pass systems. In a single pass system the intensity o f the injected beam
just after the input facet is relatively low as it has undergone little amplification at
this point. This results in the amplifier gain being unsaturated or only weakly
saturated leading to reduced power extraction efficiency. In addition, the absence of
strong gain saturation by the forward propagating beam in this initial section of the
amplifier leads to the availability o f residual gain which can amplify the weak
reverse propagating beam resulting from the non zero reflectivity o f the output facet.
Modelling [55] shows that in this region the parasitic reverse propagating beam is
able to saturate the gain, thus reducing the gain available to the forward beam.
In the case o f a double pass system the reverse propagating beam is simply the
second pass through the amplifier. In the region where the gain is only weakly
saturated by the forward propagating beam, the reverse beam has a high intensity and
saturates the residual gain, achieving efficient power extraction. The combination of
the parasitic reverse propagating beam and the region of incomplete gain saturation
reduced the output power to 13 W for the modelled single pass amplifier as opposed
to 16W for a double pass device with conditions otherwise identical. For relatively
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low injection powers (lOOmW) the modelling predicted 30% greater output power
for the double pass amplifier than the single pass device.
Several mechanisms are present in both single and double pass amplifiers which can
cause degradation of the beam quality. Phase-front distortion can be caused by two
lensing mechanisms within the amplifier - one due to transverse variations in the
carrier concentration, and therefore refractive index, caused by differing levels o f
gain saturation and the other due to thermal effects.
Saturation induced lensing, which occurs as a result of the Gaussian nature o f the
injected beam, has been investigated by measuring the amount o f phase front
curvature that has to be introduced into the injected beam using an external lens to
compensate for the lensing in the amplifier [55]. It was observed that below
transparency (ie. with low injection currents when the amplifier does not have gain)
absorption at the centre of the beam profile, where the intensity is highest, resulted in
higher carrier concentrations, and therefore a lower refractive index, than at the
edges. Thus, an effective negative lens was formed. At higher currents gain
saturation at the centre o f the beam resulted in a lower carrier concentration here and
therefore a higher refractive index than at the edges, fomiing an effective positive
lens.
Since the gain saturates at the centre o f the Gaussian profile before it does so in the
wings, the wings effectively experience higher gain than the centre resulting in a
profile which is flattened with respect to the injected beam. This reduces the
difference in intensity and therefore in induced carrier concentration between the
centre and edge of the beam and causes the lensing effect to saturate at higher gains.
It is interesting to note that this saturation induced transverse gain variation and
resultant flattening of the beam profile has been observed to result in an amplified
beam having a lower angular divergence than the injected beam [54], as it effectively
increases the beam-width between the 1/e^ points. Although saturation induced
lateral variations in carrier density can be reduced by injecting a beam which is
broader and therefore more uniform across the aperture of the amplifier this results
in a larger discontinuity in amplitude at the edges of the amplifier causing increased
diffraction into side lobes in the far field [55].
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The other phase-front distortion mechanism, thermal lensing, occurs due to the
current heating effects in the amplifier resulting in a temperature gradient from the
centre of the device to the edges. This has been shown to lead to a quadratic
refractive index profile across the amplifier, forming an effective positive lens [60].
Again, the effect can be compensated by introducing an opposing phase front
curvature in the injected beam using external optics [60] and the required extent of
this compensation can be used to measure the strength of the thermal lens [55,60].
Comparing the level of compensation required in the cases of short, low duty cycle
pulsed current operation, where significant thermal effects are assumed not to occur,
and cw operation, a refractive index gradient five times larger in the cw case was
observed in a 250x1OOpm device [60] indicating significant thermal lensing.
Another study using a 600x 1100pm device showed no significant difference between
the pulsed and cw case implying that thermal lensing was small [55]. It seems likely
therefore that the extent of thermal lensing depends strongly on the structure and
dimensions o f the particular device.
Another effect detrimental to beam quality commonly observed in semiconductor
amplifiers is filamentation. As mentioned in Section 4.1, this effect has long been
known to occur in broad-area laser diodes taking the form o f intensity “hotspots” in
the transverse near-field profile. It is usually attributed to nonlinear interactions
between the carriers and the optical field (i.e. gain depletion by high field intensities
results in a local refractive index increase) initiated by small inhomogeneities in the
device structure or current density [1,44,61]. Similar effects also occur in travellingwave diode amplifiers taking the forth o f a high contrast periodic intensity variation
in the near field.
Filamentation in amplifiers was first observed in double pass devices operating at
near normal incidence and was seen to be accompanied by a far field change from a
single lobe to several peaks o f much lower intensity [62]. Theoretical analysis has
shown that the phenomenon is caused by a nonlinear interaction between the forward
and reverse propagating beams at the device facet [63]. Perturbations in the forward
propagating beam are amplified to give a significant spatial variation in the reverse .
beam. This causes a periodic index variation at the front facet of the device due to
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thermal and saturation effects which in turn imposes a spatial variation on the
injected forward propagating beam, thus establishing feedback between the input and
output beams and allowing the effect to become self sustaining.
Experimental work [62] shows good agreement with the theoretical predictions for
double pass structures in terms of filament period as a function o f amplifier length.
The observed multilobed far field [55,62] is explained as a result o f the spatial
modulation of the near field, the filaments acting as a series o f coherent emitters
which interfere in the far field as in the multiple-pass amplifier case. Although the
theoretical study does not predict filamentation for single-pass amplifiers, it assumes
zero facet reflectivities. Experimental work using single-pass devices with realistic
reflectivities of the order of 0.5% has shown filamentation to occur in single-pass
structures at normal incidence but at much higher output powers than double-pass
devices. Typically, filamentation is seen to occur at output powers o f a few hundred
mW in double-pass structures [55,62] but only at %4W in a single-pass device [55].
Although filamentation is only reported for devices operating around nonnal
incidence (typically ±0.75° [55]) it has been suggested that it negates the advantages
of double-pass devices discussed previously. This makes single-pass devices
preferable [55], despite the fact that double-pass systems are usually operated at offnormal incidence to allow for the separation of input and output beams. It is possible
that filamentation occurs at off normal incidence for higher output powers, making
the presence of a strong backward propagating beam undesirable in high power
devices. This has been suggested as the reason for the maximum reported powers
achieved with single-pass amplifiers being greater than those for double-pass
devices, despite the advantages offered by double-pass systems in terms o f gain
saturation efficiency [63].
Many o f the problems associated with broad area amplifiers can be avoided to a
large extent by the use of flared or tapered amplifier structures. These devices have a
gain region which is narrower in the plane o f the junction at the input facet than at
the output facet. The angle at which broadening takes place is chosen to allow free
diffraction of the beam entering through the aperture formed by the input facet. The
main advantages offered by tapered amplifiers are a lower injected power required to
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achieve saturation and an increased resistance to most of the beam degi adation
mechanisms described above.
Typical dimensions for the active area of tapered amplifiers include 10pm at the
input facet broadening to 160pm at the output over a length o f 1500pm [55,64],
215pm broadening to 450pm over 1500pm [55,65] and 250pm broadening to
500pm again over 1500pm [66]. As can be seen from these dimensions, the width o f
the input facet is in all cases much less than that o f the broad area amplifiers
described above (typically 400-600pm). This allows saturation in the region of the
input facet across the whole device width to be achieved using lower injected powers
than for broad area devices. Published results for the above devices include an output
o f 2W for 25mW injected power [64], 4.5W for 150mW injected power[65] and
5.25W for 200mW injected power [66] all operating cw, compared to a maximum
reported cw output o f 3.3W for 400mW injected for a broad area amplifier [55,56].
The lower powers required for saturation allow single transverse- and longitudinal
mode laser diodes to be used as the master laser. Even for low injected powers,
reduced saturation levels are an advantage as the reduction in required input power
for saturation also allows stabilised, narrow-linewidth external cavity diode lasers to
be used as the master laser. These often have output powers o f only a few milliwatts
but, when combined with a tapered amplifier, yield a source o f high-power, neardiffraction-limited beam quality, spectrally pure radiation [67].
Tapering the active region results in a relatively constant power density and level o f
gain saturation along the length o f the amplifier. In addition, the fact that the beam is
diverging results in a significant reduction in the power reaching the input facet from
the parasitic reverse propagating beam and therefore increases resistance to filament
formation [55]. Tapered devices have also shown greater slope efficiencies than
broad area amplifiers, a typical example being a differential quantum efficiency of
72% which is claimed to be 20% higher than broad area structures o f the same length
when strongly injected with 500mW and 40% higher than weakly (lOOmW) injected
broad area devices [55].
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To date, tapered amplifiers have been the most successful method for obtaining high,
near-diffraction-limited output powers with high spectral purity from all-diode
systems. In an amplifier configuration, over 5W has been obtained from both
AlGaAs [66] and InGaAs devices [68]. AlGalnP devices have also been
demonstrated producing visible powers o f over 1.5W [69]. Tapered gain elements
have also been used in various external cavity configurations [70,71,72] providing
near-diffraction-limited output powers of up to IW [70].
As a result o f their good high-power spatial and spectral properties, tapered-amplifier
based systems have been employed in a number o f applications. As pump sources for
frequency upconversion, they have been used to generate light in the visible [73,74]
and ultra-violet [75,76,77,78] regions of the spectrum. Frequency down-conversion
has been demonstrated by the use of tapered-amplifier based systems as pump
sources for optical parametric oscillators [79,80,81] including the first example o f a
diode-pumped, continuous, singly-resonant OPO [82]. Amplification o f the output of
mode-locked diode lasers has allowed high peak powers to be produced in pulses on
a picosecond timescale [83,84]. The near-diffraction-limited nature o f the output has
also allowed tapered-amplifier based systems to be used as pumps for Kerr-lens
mode-locked solid-state lasers [85].
The main drawback o f tapered amplifiers is their limited availability. As far as can
be ascertained, at present only one range o f such devices covering a variety o f
wavelengths is available commercially [86] with a rated output power o f 500mW cw.
In addition, these devices are considerably more expensive than many other types o f
diode laser costing 10 to 15 times the price of a typical lOOmW single-mode device
o f the type shown in Fig. 4-1 at the time o f this work [87].

4.2.2 Monolithic Master-Osclilator/Power Amplifiers.
When under external injection from a master laser, the above amplifiers together
with the master laser form a master oscillator power amplifier (MOPA) system.
Clearly, the fact that tapered amplifiers can produce high output powers when
injected with power levels readily available, from a single inode semiconductor
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lasers, and the fact that both can be manufactured using the same materials system
(typically GaAs/AlGaAs or InGaAs), makes the monolithic integration of such a
MOPA system highly attractive. Several such monolithic MOPAs have been
demonstrated [88,89,90,91] and diffraction limited cw output powers of up to 3W in
InGaAs [89] and 2,2W in AlGaAs [92] have been achieved. A IW device operating
at 980nm is commercially available [93].
It has been noted, however, that the coupling o f the master laser directly to the
amplifier with no intervening isolation makes these devices particularly susceptible
to even small amounts of feedback. Any optical feedback entering the device passes
first through the amplifier section before entering the master laser, thus even small
levels of feedback into the device as a whole can result in large levels reaching the
master laser. All the above monolithic MOPA systems for which details have been
published use distributed Bragg reflector (DBR) master lasers, which are less
sensitive to feedback than Fabry-Perot devices, and have amplifier section facet
reflectivities of 0.05% as opposed to typically 0.1-0,5% for amplifiers used in
discrete MOPA systems. Both these facts would seem to indicate that feedback
sensitivity is a significant problem in such devices.
Reports of experimental use of a monolithic MOPA have highlighted the
susceptibility to feedback, noting that instabilities were introduced by feedback from
the beam shaping optics supplied in the MOPA packaging and even from the
antireflection coated input surface o f a Faraday isolator used to reduce feedback
from subsequent optics [94]. Experimental studies of discrete MOPA systems with a
passively mode-locked master laser have noted that isolation is required between the
master laser and amplifier sections to achieve mode-locking [95]. Without isolation,
mode-locking is prevented by amplified spontaneous emission from the amplifier
section interfering with the recovery o f the saturable absorber used to mode-lock the
master laser. The authors point out that this could prevent the implementation o f a
mode-locked monolithic MOPA.
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4.2.3 Injection-Locked High-Power Diode Lasers.
The final amplification scheme to be considered is that commonly described as
injection-locking [96]. In this case, the injected beam is focused into a standard
broad stripe semiconductor laser or gain-guided array through the front facet. This
generally results in the far-field o f the slave laser becoming single-lobed in the plane
of the junction with the majority o f the power falling in a single near-diffractionlimited peak. In addition, the slave laser adopts the spectral properties o f the master
laser and generally operates on a single longitudinal mode.
Early demonstrations o f such systems used multiple emitter coupled semiconductor
laser arrays as the amplifier section [96,97,98,99], The output powers achieved
ranged from l05mW for a 3mW injected beam, using a 10 element array [96] to 510
mW for an 1ImW injected beam with a 40 element array [99], More recent
demonstrations of injection-locked diode systems have used broad area single stripe
lasers as the amplifier element [100,101,102,103] with near-diffraction-limited
output powers of up to 400mW being achieved for an injected power of 12mW
[102], and a reported 700mW for 15mW injected [103], However, the published
beam profiles of [103] would seem to indicate that the claimed fraction of the output
power in the diffraction-limited lobe is somewhat exaggerated. In all cases, for
arrays and broad stripes, the output was observed to have the majority of the power
concentrated in a single longitudinal mode when under external injection, spectrally
matching the output o f the master laser.
Injection-locked systems show high sensitivity to beam injection angle and
wavelength, exhibiting variation in the angular position of the single far field lobe
with changes in the injected wavelength. With one exception [97], where no strong
dependence on injection angle was observed, most published work seems to agree on
an optimum injection angle to achieve single lobe output of around 4° for both arrays
and broad stripe lasers. Variation o f the angular position o f the single far field lobe
with injection wavelength is widely reported as occurring, with more detailed studies
of the phenomenon indicating a linear dependence o f angle on frequency detuning
[97,104], It has also been observed that for optimum injection locking the injected
beam in the plane of the slave-laser junction should be around half to one times the
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dimension of the slave-laser facet in this plane and that the injection point should be
towards one end of the facet [98,99,100],
Early attempts to explain the behaviour, observed in gain-guided arrays, suffered
from the same misconceptions, mentioned in Section 4.1, as studies o f the arrays
themselves in assuming that these devices could be treated as individual,
evanescently-coupled emitters. Thus, early studies considered array supermodes
locked in phase and frequency [96], injection into a single “element” o f the array
[97] and eigenmode analysis of arrays o f coupled waveguides [105]. Although
several numerical models were developed which showed reasonable agreement with
experimental results [106,107,108], these did not provide a great deal o f insight into
the physical processes involved. The realisation that a more accurate picture o f gainguided arrays was as perturbed broad-area devices [23], along with the fact almost
identical results were obtained with broad-area devices [100,101,102], largely
resulted in the evanescent-coupling and array-supermode pictures being abandoned.
Since these early attempts, two analytical models have been developed which
explain the behaviour of injection-locked arrays and broad-area lasers in terms of
physical processes and show excellent agreement with experimental results.
However, the two physical interpretations are quite different.
The first model to be proposed was that of Abbas et al. [101]. This takes a simple
Fabry-Perot view o f the broad-area device and assumes that after injection from the
master laser the beam then makes several passes through the broad-area laser, being
amplified and generating an output beam on each pass. The focusing o f the injected
beam at the injection point results in the output beams being divergent and
overlapping in the far field. This far field superposition results in an interference
pattern, similar to that produced by a diffraction grating, consisting of principal
maxima interspersed with secondary maxima of much lower intensity. The intensity
of the interference pattern is modulated spatially by a Gaussian envelope
representing the intensity profile of the injected master beam. It is by limiting the
width of this envelope to include only one principal maximum o f the interference
pattern that the desired single far field lobe is obtained. Although the model was
based on a broad stripe system, it is argued that the perturbed-broad-area picture of
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gain-guided arrays mentioned above, and the fact that broad stripe and coupled array
systems appear to show identical behaviour, indicate that the same processes take
place in both and that under relatively strong injection, the perturbation due to gain
guiding in arrays becomes relatively insignificant.
The widely observed optimum injection angle o f 3-5° is explained by the need for
the injected beam to fill the cavity, saturating the gain throughout the device and thus
preventing the laser from operating on any free running modes o f its own. At larger
angles the successive passes o f the injected beam cease to overlap leaving areas of
unsaturated gain. At smaller angles it is argued that the resulting large overlap
between the successive passes makes the system more sensitive to phase front
curvature across the beam and to phase variations across the device, resulting in
instabilities. It is also pointed out that at smaller angles the successive passes all
propagate close to the axis o f the device and this may result in unsaturated gain at
the edges. This cavity-filling argument also explains the observed requirement for
the injection point to be towards one end o f the array.
As mentioned above, the injected spot size must be chosen so that its divergence
envelope in the far field includes one principal maximum o f the interference pattern.
For best coupling efficiency o f the output into the single lobe, the model predicts that
the Gaussian divergence envelope should not be much larger than the interference
maximum although close matching o f the two results in a high sensitivity to injection
angle, i.e. the maximum of the envelope must coincide accurately with the
interference maximum. It is interesting to note that in the only paper which reported
no dependence of single lobe intensity on injection angle [97] a very small injected
beam waist (<5pm in the plane o f the junction) was used in an attempt to couple into
only one element o f the array used in the experiment. This would clearly have
resulted in a very broad Gaussian envelope in the far field and variations o f a few
degrees in the injection angle would not have caused significant changes in the peak
intensity.
As previously mentioned, the behaviour commonly observed in multiple pass broad
stripe and array systems was usually attributed to in-phase coupled array emitters or
superposition o f coupled array supermodes. Abbas et al. assert that this is not the
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case and demonstrated this (for broad stripes at least) by injecting a broad stripe laser
at the centre o f the front facet. The angle o f injection results in the injected beam
making multiple passes through half o f the laser, which displayed the usual
behaviour of an injected system. The other half of the laser with which the injected
beam did not interact displayed nonnal free running behaviour. From the physical
picture proposed by this model, it is clear why some early numerical models, which
considered the array as a series o f in-phase emitters, showed good agreement with
experiment [106].
Another model, published three years later by Verdiell et al, [109], also assumes that
arrays behave in essentially the same way as broad-area devices with a perturbation
due to gain-guiding effects. However, in this case it is assumed argued that in a free
running array the transverse modes are perturbed broad area modes and that under
external injection, these modes are locked in phase and frequency and the far field
pattern formed by their coherent summation is the observed single lobe. Using this
model to investigate the effect of varying the injection beam parameters such as
waist dimensions and angle, and comparing the predicted results with experiment
[104], similar behaviour to that predicted by the model of Abbas et al. [101],
including the optimum injection angle o f 4-5° and the variation o f angle o f the far
field maximum with injection wavelength, is observed.
In this case, the various experimentally observed phenomena are explained as
follows; Injection at one end of the array results in more efficient locking because
overlap with the injected beam is more likely for a greater number o f transverse
modes. The emission angle of the diffraction-limited lobe steers with injectionfrequency as different frequencies couple to different transverse broad-area modes,
with higher-order modes resulting in an emission peak at larger angles. The
injection-angle must also be appropriate, corresponding to a reflection o f the peak
emission angle, to couple into the correct set of transverse modes for the injected
frequency if a single-lobed output is to be obtained. Effects related to the size of the
injected spot are also explained in terms o f angular coupling into the transverse
modes. A small, divergent spot has a large angular spread and thus couples into
many modes inefficiently, but will generally be coupled into some o f the modes over
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a large frequency range. On the other hand, a large spot will result in a smaller range
o f angles, thus coupling into only a few modes, and therefore maintaining efficient
locking but over only a small frequency range.
Since both models accurately predict the same phenomena, it is difficult to reach any
conclusions about which physical picture is the correct one and it is possible that
both interpretations are valid under different circumstances. The variation of the
locked output power with injected power, both in the case of gain-guided arrays [98]
and broad-area devices [101,102], tends to show a rapid increase with low injected
powers followed by saturation and little variation at higher injected powers. This
behaviour would seem to suggest operation as a saturable amplifier favouring the
interpretation o f Abbas et al. [101]. However, it could also be argued that this
behaviour occurs as an increasing number o f broad area modes are phase locked,
saturation occurring when all the modes are locked in phase, which would maintain
the validity of the model of Verdiell et al. [109].
It might be expected that the near-field distributions in the two cases would show a
marked difference, that resulting from a series of coherently emitting beams being
different from that caused by a superposition o f broad-area modes. Abbas et al. [101]
compare experimental and calculated near field profiles, obtaining good agreement
for large injection angles but less exact agreement at smaller angles o f injection.
Verdiell et al. [109] do not carry out any comparison of experimental and theoretical
near fields, so it is difficult to comment in this case. It might also be possible to carry
out spectrally-resolved studies o f near- and far-field patterns to determine whether a
superposition of transverse modes or resonant amplification is occurring. Abbas et
al. [101] did this in a limited way, resolving only emission at the injected wavelength
for some near-field measurements. However, it is difficult to draw any firm
conclusions from the results. Verdiell et al. [109] carried out no spectrally-resolved
measurements.
It should be noted that neither the experimental results nor the models exhibit
behaviour which would be considered injection locking in the conventional sense
and, as has been pointed out [101], this makes the term somewhat inaccurate when
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applied to such systems. However, the term remains widely used in the literature in
this context and is used here for consistency.
Typical injection-locked systems have a configuration similar to that shown in Fig.
4-5. The collimated output from the master laser passes through an optical isolator to
prevent feedback from the high-power laser destabilising the master laser. A
cylindrical lens, acting in the plane of the diode junctions, in combination with a
spherical collimating lens shapes the beam to give the correct injected waist and
angle at the broad-area laser facet. The spherical collimating lens also collimates the
highly divergent output o f the broad-area laser perpendicular to the junction plane.
The off-axis injection results in an angular separation of the input and output beams
in the junction plane, allowing a mirror to be used to separate the output.
In addition to master-laser injected systems similar to that shown in Fig. 4-5, a
number of systems have been demonstrated where the injected power is provided by
the output of the injection-locked array or broad-area laser itself. These have
included external-cavity configurations which preferentially feed back from the
injection-locked far field profile o f the device using narrow-stripe mirrors or slits
[110,111,112,113], angled-mirror cavities [114,115,116], or optical fibre rings [117].
Phase-conjugate-mirror systems have also been used to injection-lock broad-area
lasers and arrays both in master-laser systems [118,119,120] and external cavities
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Laser

Single mode
Master Laser

C y lin d r ic a l

Optical
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Fig. 4-5

lens

Typical injection-locked diode laser system viewed in the plane of the
diode junctions.
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[121,122]. Such systems have the advantage that the phase-conjugate feedback
automatically couples into the high-gain region o f the array making the system self
aligning [118,121]
Injection-locked systems have been used in a number of applications including
second-harmonic generation [123] and the pumping o f optical parametric oscillators
[124,125] and solid-state lasers [126,127,128,129]. However, in recent years the
complexity o f their alignment and operation has largely resulted in their being
superseded by simpler tapered-amplifier systems.

4.3 Modelling of injection-locked broad-area diode lasers.
The model described by Abbas et al. [101] is useful for investigating and
demonstrating the properties o f an injection-locked broad area laser. The basis for
this model is shown schematically in Fig. 4-6. The injected Gaussian beam is
incident on the front facet o f the device, which has a width d and a depth L, at an
injection angle 0o (highly exaggerated in the diagram) and at a point (x/„, Zi„). It
undergoes refraction into the device resulting in an internal injection angle 0j. The
minimum beam waist is assumed to occur at the injection point on the front facet.
Upon entering the device, the beam undergoes multiple reflections, resulting in an
output beam exiting the front facet on each round trip (for clarity, only two round
trips are shown in this case).
For each output beam, the apparent location o f the beam waist in free space is at
some point behind the device having coordinates (x^, z^) in the standard coordinate
system shown which has its origin at the centre o f the front facet. By making this
virtual waist the origin o f an alternative coordinate system having its z-axis aligned
with the direction o f propagation, and considering the divergence in the x -z plane (ie.
as viewed in Fig. 4-6), the Gaussian beam parameters, and thus the amplitude o f the
E-field disturbance, can be calculated at any point in space using standard Gaussian
beam propagation theoiy.
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Schematic diagram of injection-locked broad-area laser used in modelling
calculations.

Although the higher refractive index of the amplifier medium reduces the rate at
which the beam diverges within it, thus causing the beam to appear to have
propagated over an equivalent free space distance less than the physical distance it
has travelled from the beam waist (and resulting in the virtual beam waist at (x^, z j )
the higher index medium implies a greater optical path length. As a result, from the
point of view of phase, the beam waist appears to occur at a point (x^, z^), which is
different from (x„, z^). Thus another coordinate system, with its origin at (x^, z^),
must be used to calculate the phase of the output beam at any point along its path.
For theyth output beam, the co-ordinates o f the amplitude (divergence) and phase
origins, respectively, are given by:
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where D is the physical path length o f a double pass through the broad-area laser and
is given by:
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To obtain the E-field due to a single output beam at a given point in space, the co
ordinates o f the point (x, z) are transfonned into the alternative co-ordinate system
for that beam, giving new coordinates (x

z'aj) for the Gaussian beam properties and

{x'pj, z^pj) for the phase.

These coordinates are then used to calculate the E-field using the standard Gaussianwave equation [130]:

E j(x ,z) =

('*■4)

where:

(4-5 a)

= wl 1+

1] =

tan"^

( A zl,

(4-5 b)

\7TW,

f

2^

1+
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2“

(4-5 c)

k„ = —

(4-5 d)

À

and Wo is the half width o f the beam between the

power points in the x-z plane.

The above formulation is slightly different from that used by Abbas et al. [101] in
several respects. Firstly, the factor WqIw in equation (4-4) replaces -yjw^/w used by in
[101]. Secondly, Abbas et al. [101] introduce a factor of 1/2 before the inverse
tangent term in equation(4-5 b). The equations in the forms given above emerge
directly from the derivation o f the Gaussian wave equation and are o f the form used
by most other authors including the source o f equation (4-4) [130], as cited by Abbas
et al. [101], In fact these changes have no qualitative effect (e.g. number, positions or
relative magnitude o f maxima) on the far field patterns obtained using the model,
although they do produce significantly different near field results. In addition, in
equation (4-4) the peak amplitude o f the distribution, Eo, is normalised for the
modelling carried out here so that ratio o f Eg to Wq remains constant. This is
equivalent to using a constant injected power with all beam waists.
The total resultant E-field amplitude at a given point is obtained by adding the
contributions from each o f the output beams. Thus for //beams:

E r{x ,y ) = Ÿ . E ,{ x ,y )
y=o

(4-6)

The intensity is then calculated by squaring the modulus o f the total E-field
amplitude:

I(x, y) ==\ Er{ x, yf

(4-7)

The number o f emitted beams, //, is obtained by calculating the number o f round
trips necessary to traverse the device from the injection point using:
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^ ^

+f
2 L tan((9,.)

(4-8)

and then taking the integer part o f this result as the number o f beams.
Apart from dictating the number o f beams, the effects o f interaction with the sides o f
the device (e.g. partial clipping o f a beam, waveguiding effects, etc.) are ignored.
The round trip gain for each beam is assumed to be unity and the refractive index is
assumed to be constant throughout the device (a value o f «=3.6 is assumed).
The resultant far field intensity profile is calculated as a functiono f angle from the
normal to the devicefacet.The x and z coordinates for a given angle and radial
distance from the device, r, are calculated using:
Xg - r sin 6

(4-9)

yg = r cos <9

(4-9)

The radial distance used must be large enough to ensure full overlap o f all the
emitted beams. This will be the case if the angle subtended by the front facet at a
distance r from the facet is small compared to the diffraction angle o f a beam having
a waist which fills the facet. In practice, the criterion used was that the angle
subtended by the facet o f width d at distance r should be 10% o f the diffraction
angle. This results in a value for r given by:

. = 10—
4/1

(4-10)

which was used throughout the modelling.
The far field intensity distributions obtained by Abbas et al. [101] using the model
agree very well with his experimental results. The conditions used in the paper
(injection angle, beam waist diameter, wavelength and device dimensions) to obtain
various results were put into the model and the resultant far field profiles compared
with those obtained by Abbas et al. [101] to verify that the model was working
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correctly. Once this had been done, modelling was carried out for a Spectra Diode
Labs (SDL-2362) device having a stripe width o f c/=100pm and operating at a
wavelength of 810nm. Although the length, L, was not supplied in the device
specifications, the published description o f a similar device [131] gave a length of
250jLim and this value was used in the calculations.
The interference pattern generated by a series o f coherent emitters is familiar (e.g.
from a diffraction grating) as a series o f principal maxima interspersed with much
less intense secondary maxima. In the case o f the output from a multiple pass
externally injected broad area laser, this interference pattern is modulated by the
Gaussian intensity envelope o f the divergent injected beam. This is illustrated by Fig.
4-7 which shows the far field pattern produced by the model for a beam injected at
3° and having a 5pm beam waist (i.e. vi^o=2.5pm).
Increasing the injected beam waist diameter results in a narrower Gaussian envelope.
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Fig. 4-7

Calculated far-field pattern for a 5-pm diameter beam waist injected at
3° to the facet normal.
231

4

3

It

2

1

0

-15

-10

■5

0

5

Far-field angle (degrees)

Fig. 4-8

Calculated far-field pattern for a lO-pm diameter beam waist injected
at 3° to the facet normal.

as shown in Fig. 4-8. In this case, a 10pm beam waist was used with all other
conditions unchanged. Although the envelope now only includes one principal
maximum, it is still much broader than this intensity peak. It would, therefore, be
expected that much o f the output power would fall outside this main peak. It should
be remembered that the calculations carried out here only represent the interference
effects resulting from the injection-locked output of the broad-area laser and do not
make any predictions about the free-running (i.e. unlocked) output o f the device. In
the case where a significant fraction o f the output falls outside one o f the principal
interference maxima it would be expected that this would couple into the freerunning output power o f the device and would, therefore, not be o f use as a neardiffraction-limited source.
To improve the efficiency o f coupling into the required single lobe, the width o f the
envelope can be further reduced by increasing the injected beam waist still more.
Fig. 4-9 shows the far field intensity profile for an injected beam having a 25pm
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Fig. 4-9

Calculated far-field pattern for a 25-pm diameter beam waist injected
at 3° to the facet normal.

waist diameter with all other conditions as before. In this, case the Gaussian
envelope is approximately twice the width o f the interference pattern maximum and
virtually all of the pattern, but the required single lobe, is suppressed. Obviously, the
best coupling of the output into a single lobe would be obtained if the width o f the
Gaussian envelope were closely matched to the width of the interference pattern
maximum. This situation is shown Fig. 4-10, where a 50pm beam waist was used.
All side-lobes have now been suppressed and virtually all o f the output contributes
constructively to the single central lobe.
In all the modelling results presented so far, the injection point on the front facet was
at a point on the front facet %/,=25pm or a distance of 25pm from the right hand side
of the device, as shown in Fig. 4-6. This is as far to the right as the injection point
can be without clipping the injected beam for the largest beam waist diameter
illustrated here (25pm) although an injection point further to the right could have
been used for the smaller beam waists. However, by using the same injection point
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Fig. 4-10 Calculated far-field pattern for a 50-pm diameter beam waist injected
at 3° to the facet normal.

for all beam waists the number o f round trips, and therefore the number o f output
beams, remains constant (in this case 10). Due to the normalisation o f Eo in equation
(4-4) mentioned above, this results in the same total output power in all cases
making the relative intensity scale on all the far field patterns illustrated directly
comparable.
This direct comparability allows interesting contrasts to be made between the results
for various beam waist diameters in terms o f the peak intensity that is achieved.
Obviously, for the 5 pm and 10pm beam waist cases (Fig. 4-7 and Fig. 4-8) where the
Gaussian envelope covers a much larger angular range than the interference pattern
maximum, the peak intensity is much lower than in the case o f narrower envelopes
(Fig. 4-9 and Fig. 4-10). Perhaps more significant is the difference between the 25pm
beam waist case (Fig. 4-9) and the 50pm case (Fig. 4-10). Although there is little
qualitative difference between the two, it can be seen that the closer matching of the
Gaussian envelope shown in Fig. 4-10 results in a significant increase in the peak
intensity. Clearly maximum coupling will be achieved with an envelope having a
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width less than or equal to that of the interference maximum. It would therefore
seem desirable to have as large a beam waist diameter, and therefore as narrow a
Gaussian envelope, as possible. However, as will be shown, this is not necessarily
the case.
Although Abbas et al. [101] note that angular steering of the far field intensity
maximum occurs as the operating wavelength of the device is varied, and
demonstrate this experimentally, they do not use the model to demonstrate this
effect. Obviously, from the point o f view o f developing a practical tunable source
based on an injection-locked system, the extent o f the angular variation o f the output
beam with changes in wavelength is an important consideration. Modelling of this
effect gives a useful insight into the possible limitations o f such a system.
Fig. 4-11 shows the tuning characteristics for a 10pm diameter injected beam at an
angle o f 3*^ and a central wavelength o f 810nm (i.e. the same conditions as Fig. 4-8).
The solid plot shows the variation in angular position o f the intensity maximum as
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Fig. 4-11 Tuning characteristics for beam injected at 3° with 10 pm waist.
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100

the wavelength is varied and the dashed plot shows the peak intensity of this
maximum.
In effect tuning causes the interference pattern to move across the window formed by
the Gaussian envelope. This can be seen to occur in Fig. 4-11, where the angular
position of the maximum varies smoothly as one o f the interference pattern maxima
is swept across the Gaussian envelope. At a frequency detuning of around -45GHz,
the position of the intensity maximum makes a sudden change in angular position as
another maximum of the interference pattern moves out of the wing of the Gaussian
envelope and takes over as the most intense point in the distribution. As the tuning
continues further, the position o f this new peak is seen to sweep smoothly across the
Gaussian envelope in the first plot, its intensity tracing out the angular variation of
the envelope’s intensity, as can be seen in the second plot.
If a larger beam waist is used, the reduced angular width of the Gaussian envelope
becomes less than the separation o f the principal maxima o f the interference pattern.
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Fig. 4-12 Tuning characteristics for beam injected at 3° with 25pm waist.
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This is shown in Fig. 4-12, where a 25jj.m beam waist was used (same conditions as
Fig, 4-9). The initial rapid variation, with many discontinuities, in the angular
position of the maximum intensity is due to secondary peaks in the interference
pattern moving across the Gaussian envelope.
It can be seen from Fig. 4-12 that these are all of very low intensity. At a detuning of
approximately -30GHz one o f the principal maxima of the interference pattern falls
within the envelope and tunes smoothly across it. Again, the second plot shows the
maximum following the intensity profile o f the envelope as it moves.
Increasing the beam waist to SOpm (i.e. the same conditions as the far field
distribution of Fig. 4-10) results in the tuning characteristics shown in Fig. 4-13.
Clearly, these results are very similar to those shown in Fig. 4-12, the various
features occurring for the same reasons. However, it can be seen that the narrower
Gaussian envelope has reduced the range over which smooth tuning occurs from
around 90 GHz in Fig. 4-12 to approximately 40 GHz in Fig. 4-13.
The locking bandwidth o f a multiple pass system is defined by Goldberg [96] as the
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Fig. 4-13 Tuning characteristics for beam injected at 3° with 50pm waist.
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I

frequency range over which the single lobe height is at least 50% of its maximum
value. This definition results in locking bandwidths of approximately 100 GHz for
the 10pm beam waist, 50 GHz for the 25pm waist and 25 GHz for the 50pm waist.
The above results show that the requirements for achieving efficient coupling of the
broad area laser output into a single lobe, and those for allowing a large continuously
tunable range, are to some extent mutually incompatible. While the farmer requires
as narrow a Gaussian envelope, and therefore as broad an injected beam waist, as
possible, the opposite is true in the latter case. However, most applications requiring
broad tuning would be unlikely to tolerate the angular variation (and therefore
translation) o f the beam that this implies. Thus, in practice, the tuning range would
be limited by the tolerable angular variation and the beam waist would be chosen to
give the narrowest Gaussian envelope which would accommodate this range without
introducing too large a variation in intensity with wavelength.
The tuning range in Fig. 4-11 to Fig. 4-13 o f ±100 GHz corresponds to a change in
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Fig. 4-14 Tuning characteristics over 10 GHz for a 50 micron beam waist
injected at 3°.
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wavelength of ±0.2 nm at 810 nm. In terms o f a practical example, this is relatively
large compared to the tolerable pump-frequency tuning range for a typical doubly
resonant OPO, Fig. 4-14 shows the tuning characteristics for the 50pm beam waist
over a more realistically useful tuning range of ±5 GHz, which is similar to the pump
tuning range o f ± 4.5 GHz reported for a servo locked DRO [132]. The asymmetry of
the intensity variation curve is due to the chosen injection angle o f 3° not coinciding
exactly with the centre of one of the principal maxima o f the interference pattern for
the central wavelength of 810nm. The angular variation across the tuning range of
approximately 0.2° represents a beam translation of 3.5 mm per metre o f propagation
and the intensity shows a variation o f 20% over this tuning range.
The implications of the modelling can be summarized as follows:
To obtain maximum coupling o f the output power into a single far field lobe at a
fixed wavelength, the Gaussian divergence envelope o f the input beam would ideally
be matched as closely as possible in angular position and width to the principal
maximum o f the interference pattern. Doing this, however, will make even a
nominally fixed frequency system highly sensitive to small variations in both
wavelength and input beam angle, thus in practice a slightly wider Gaussian
envelope than required for optimal coupling into the single lobe should be used.
If tuning of the system is necessaiy, the width o f the Gaussian envelope (and
therefore the input beam waist) will be determined by the smooth tuning range
required, a broader envelope (and therefore narrower beam waist) being necessaiy
for a greater tuning range. This will result in a reduction in the maximum intensity
achievable when compared to the fixed frequency case. The useful smooth tuning
range will probably be limited by the tolerance o f subsequent devices (e.g. an OPO)
to the angular variation and translation o f the beam caused by tuning.
For greater wavelength coverage, the centre wavelength o f the smooth tuning range
could be varied. This would require the injection angle to be adjusted to match the
centre o f the Gaussian envelope with the new position o f the interference maximum.
Subsequent optical systems or devices would have to be realigned to compensate for
the significant changes in beam angle and position this larger wavelength change
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would produce. Fig. 4-11 to Fig. 4-13 show that tuning through a few tens of GHz
can cause angular variations of 1°, corresponding to a beam translation of
approximately 17mm per metre o f propagation length.

4.4 Conclusions.
Of the various methods for obtaining high spatial and spectral quality output from
laser-diode based sources discussed in this chapter, tapered-amplifier systems are
clearly the most attractive from a technical point o f view. Compared to injectionlocked systems they are relatively simple and amplify the output o f the master laser
without any injection-angle or wavelength related variations in output power or
angle. In addition, the cw output powers achieved with tapered-amplifier systems are
significantly larger than those obtained from injection-locked devices.
By contrast, injection-locked devices require complex optical systems and careful
control of the master-laser beam parameters to reliably obtain high-power neardiffraction-limited output. As a result, they are not generally robust systems and are
therefore unsuitable for most practical applications. In one important practical
respect, however, injection-locked systems have a clear advantage. Both the laser
diodes required for an injection-locked system are commercially available at
relatively low cost while, as mentioned in Section 4.2.1, the only commercially
available tapered amplifiers are considerably more expensive and not specified for
significantly higher output powers than those typical produced by injection-locked
systems.
As a result, it was decided to use an injection-locked system for the work described
in this thesis. While not necessarily practical for the development o f robust and
reliable diode-pumped devices, an injection-locked system represents a useful
laboratory source of several hundred milliwatts o f single-ffequency, near-diffractionlimited output. As such it makes a useful test-bed system for the investigation of
solid-state lasers and optical parametric oscillators pumped directly by diode-laser
based sources having high spatial and spectral quality.
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2 51

5. Injection-Locked Broad-Area Diode Laser
System: Design and Characterisation.

5.1 introduction.
Having decided to develop an injection-locked system for the reasons outlined in
section 4,4, the design of this system is now described and its operation
characterised. The basic design for all such systems is generally similar to that
shown in Fig. 4-5, using a cylindrical lens operating in the plane o f the diode
junctions to shape the injected beam. The main issue to address is a detailed analysis
of the optical system enabling an optical design, which allows injection-locking, to
be developed. To carry out this design, the beam parameters o f the diode lasers must
be first determined and these, together with the other diode-laser characteristics, are
described in the next section.

5.2 Characterisation of diode lasers.
The initial stage in the development o f the injection-locked system was the
investigation of the operating characteristics o f the two diode lasers used. The results
obtained for each laser are now discussed.

5.2.1 Single-mode master laser.
The master laser used was an SDL-5412-H1 device with an emission region
measuring 1pm perpendicular to and 3pm parallel to the plane o f the junction. The
maximum output power was around lOOmW in a single longitudinal mode and a
single transverse mode in both junction planes. The operating wavelength was
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Output power vs. Current characteristic for SDL-5412-H1 single-mode
diode laser operating at 25°C.

around 813 mn and the facets were coated to provide reflectivities o f approximately
95% on the back facet and 5% on the front (output) facet. A low-noise current source
(ILX-Lightwave LDX-3620) was used to drive the laser and could maintain constant
drive current or constant laser output power, with a photodiode integral to the laser
package providing feedback in the latter case. The temperature o f the laser was
controlled using a thermoelectric cooler (TEC) and monitored using a thermistor,
both of which were contained within the laser packaging. The TEC and thermistor
were connected to a temperature controller (ILX-Lightwave LDT-5412) to provide
closed-loop control.
The variation of the master laser output power with current, measured at a
temperature of 25°C, is shown in Fig. 5-1. The perfonnance is significantly better
than specified by the manufacture, giving an output power of 145mW (as opposed to
the lOOmW) at the specified typical operating current of 170mA [1]. The
temperature tuning characteristics are shown in Fig. 5-2. These results were taken
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Temperature-tuning data for single-mode laser taken in constant-power
mode at an output power o f 120mW.

with the diode-driver operating in constant output-power mode at an output power of
120mW. The diode temperature, calculated from the Steinhart-Hart coefficients
supplied by the manufacturer for the integral thermistor, is also shown.
It can be seen that a temperature change o f approximately 25°C results in a change in
wavelength of around 6.5mn. Both increasing and decreasing the temperature
produce the stepped tuning behaviour, due to mode hopping, typical o f diode lasers.
However, additional small steps appear in the case of decreasing temperature and
hysterisis in wavelength with temperature occurs at the mode-hop points. This
behaviour is predicted by the manufacturer and is attributed to wavelengthstabilisation techniques used in the diode-laser construction [1].
Since, in an injection-locked system, the injection-locked output adopts essentially
the same frequency characteristics as those of the master laser, it is important to
determine what these are. The longitudinal mode structure of the master laser was
observed using a scanning confocal Fabry-Perot interferometer. Initial measurements
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Scanning interferometer mode-structure measurements on single-mode
diode laser: (a) 1.5GHz FSR, 30MHz resolution interferometer, (b)
300MHz FSR, <lMHz resolution interferometer, (c) magnified single
peak of (b), (d) same as (c) but averaged over «10 seconds.

used an interferometer with a free spectral range (FSR) o f 1.5 GHz and a resolution
of around 30 MHz. These results are shown in Fig. 5-3 (a). It can be seen that the
laser operated on a single longitudinal mode and that the line width measurement is
limited by the resolution of the interferometer. Higher resolution measurements were
made with an interferometer having a free spectral range of 300 MHz and a
resolution of less than 1 MHz. These measurements are shown in Fig. 5-3 (b) and (c).
It can be seen that the ful 1-width at half-maximum of the laser emission is around 15
MHz.
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From the structure of the peak, it appears that the instantaneous linewidth is
considerably narrower than this value, but rapid fluctuations broaden the apparent
width of the emission to the level measured. To gauge the effects of longer-term
fluctuations, an average linewidth measured over approximately 10 seconds was also
measured and is shown in Fig. 5-3 (d). It can be seen that this results in an averaged
width of around 20 MHz.
The frequency stability o f the single-mode laser was also gauged by tuning the laser
to the side of a resonance of the 1.5 GHz FSR interferometer and observing the
transmitted intensity. These results are shown in Fig. 5-4. To obtain an approximate
relationship between frequency stability and transmitted power the interferometer
was operated in its normal scanning mode, as shown in Fig. 5-4 (a). If the variation
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Fig. 5-4

Single-mode laser power transmitted by fixed confocal interferometer
with laser tuned to side o f fringe: (a) interferometer transmission as
length is scanned, (b) transmission for fixed interferometer length with
laser running on mains power, (c) same as (b) but with laser running on
battery power.
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of transmitted power with frequency is assumed to be linear while on one side of the
transmission peak, it can be seen from Fig. 5-4 (a) and the known resolution of the
interferometer (approximately 30 MHz) that the rate of change o f frequency with
photodetector voltage is approximately 55 kHz/mV.
The current source used to drive the single-mode laser could be operated either using
mains power or internal batteries. The fixed-length interferometer transmission, with
the laser tuned to the side of a transmission fringe, when using mains power is shown
in Fig. 5-4 (b). As the transmission does not reach the peak value seen in Fig. 5-4 (a),
it is assumed that the laser frequency remained on the same side of the fringe and did
not cross the peak for the duration o f the measurement. It can be seen that the
amplitude o f the voltage fluctuations is around 180mV, implying a frequency
stability of +/- 5 MHz. It is interesting to note that the fluctuations are periodic with a
period o f 20 ms, indicating that 50Hz noise from the mains supply is manifesting
itself as frequency instability in the laser. Fig. 5-4 (c) shows the same measurement
made with the battery power supply. It can be seen that the frequency fluctuations
are reduced to approximately +/- 2.75 MHz and that there is no periodicity. On the
basis of these results it was determined that the single-mode laser should be operated
from the battery supply whenever frequency stability was critical.
Another source of frequency instability in diode lasers is unwanted optical feedback.
It is well known that the very high gains available in diode lasers make them
extremely sensitive to even small levels o f unwanted feedback from reflective
optical components. Since the front-facet reflectivity of the single-mode laser was
approximately 5%, it can be seen that even extremely low feedback levels will be
significant. As a result, an optical isolator providing around 60dB o f isolation
(Gsanger D L I1) was used directly after the lens collimating the single-mode laser
output. The isolator had a micrometer adjustment to allow the maximum isolation to
be optimised for a given wavelength. This also allowed the effects o f varying levels
of feedback to be investigated. The adjustment was calibrated for the level of
isolation by directing the laser output through the isolator in the reverse direction and
measuring the fraction of power transmitted.
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After calibration, the isolator was set up in the nonnal mode of operation, i.e. with
the laser output passing through it in the forward direction, and a highly reflecting
mirror was then used to return light through the isolator in the direction of the laser,
providing feedback. An uncoated glass slide after the isolator was used to direct a
small fraction of the light into a scanning interferometer and the output spectrum
was monitored while the level o f isolation was adjusted. Significant levels o f
feedback were observed to cause the laser to operate on several longitudinal modes
or to mode hop frequently. The results o f the calibration for two wavelengths are
shown in Fig. 5-5, together with the range of isolation over which single-mode
operation was observed. It can be seen that reverse transmissions greater than -53dB,
or approximately 5x10’^, resulted in obvious multimode operation and extreme
frequency instability.
For higher levels o f isolation than this, single-mode operation was observed.
However, even at the maximum level o f isolation, it was noticed that blocking and
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Calibration o f optical isolator adjustment at 808 and 813 mn and
single-mode operating range o f laser.
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unblocking the feedback path resulted in small frequency shifts in the single-mode
operating point observed using the interferometer. This indicated that, even with the
maximum attainable isolation, weak feedback effects were still present although not
strong enough to seriously disrupt the laser. Obviously, in practice, the entire
transmitted output would not be returned to the isolator in most cases. However,
these results demonstrate the extreme sensitivity of the single-mode laser to
unwanted optical feedback.
Clearly, when designing the optical system for injection locking, the spatial
properties o f the laser output are particularly important. Typical vertical
(perpendicular to the junction plane) and horizontal (in the junction plane) far-field
profiles of the uncollimated laser, taken using a photodiode array, are shown in Fig.
5-6. To characterise the beam quality o f the laser, the output was collimated then
brought to a focus. The width within which 95.4% of the power was contained,
corresponding to the 1/e^ diameter in the case o f a Gaussian distribution, was
measured for a range of longitudinal positions through the focus, using a translating
knife edge as described in appendix AT The results of these measurements are
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95.4% power radius o f single-mode laser beam through focus in (a)
vertical and (b) horizontal directions. Note that the results shown in (a)
and (b) are not for the same focus.

shown in Fig. 5-7, although not for the same focus. Fitting a function of the form o f
equation (Al-7), given in appendix A l, gives a value of M^«l, implying diffractionlimited performance, in both directions.

5.2.2 High-power broad-area laser.
The high-power slave laser used in the injection-locked system was an SDL-2362-P1
broad-area device with a Ix 100pm active area cross-section, a rated maximum
output power of 1.2 W [2], and a nominal operating wavelength o f 808 mn. As with
the single-mode device, the broad-area laser was packaged with an integral
thermoelectric cooler and monitor photodiode and the specified facet reflectivities
were approximately 95% and 5% for the back and front facets, respectively. The
output power vs. current characteristic, measured at 25°C, for this device is shown in
Fig. 5-8.
The temperature tuning behaviour, measured at a current o f 1.5 A, is shown in Fig. 59. The output of the laser was spectrally broad and the values plotted in Fig. 5-9
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Output power vs. Current characteristic for SDL-2362-P1 broad-area
diode laser operating at 25°C.

represent the central wavelength. A typical emission spectrum is shown in Fig. 5-10.
It can be seen that the full width at half maximum o f the emission is around 2 nm.
The far-field beam profiles o f the uncollimated laser in both directions, measured
using a photodiode array, are shown in Fig. 5-11. It can be seen that while the
emission perpendicular to the plane o f the junction is Gaussian, that parallel to the
Junction has a two-lobed profile typical o f such devices. To explicitly determine the
beam quality in both directions, the radius defining the 95.4% power width was
measured through a focus, as for the single-mode laser. The results of these
measurements are shown in Fig. 5-12. It can be seen that although the output is near
diffraction limited in the direction perpendicular to the junction plane, the output
parallel to the junction plane is around 24x diffraction limited. Note that, again, the
measurements in the two planes are for different foci.
It is clear from the characteristics described in this section that, in particular, the
spatial properties o f the free-running broad-area laser are unsatisfactory when
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considered in the context of a pump source for end-pumped solid-state lasers which
fully exploits the potential o f this geometry. As a pump source for optical parametric
oscillators, both the spatial and spectral qualities are highly unsuitable.
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5.3 Optical system design.
It is clear that the optical system used to injection lock the broad-area laser must
fulfil two functions. Firstly, it must create a waist in the injected master-laser beam
having appropriate position and dimensions to obtain injection-locked output, based
on the criteria discussed in section 4.3. Secondly, it must allow the injection-locked
far-field peak of the output to be extracted.
The small emitting apertures o f diode lasers result in very high divergence angles,
especially in the direction perpendicular to the junction, and short-focal-length, highnumerical-aperture lenses must be used to collect the output. The majority of
experimentally demonstrated injection-locked systems use an additional cylindrical
lens, acting in the plane of the junction, to shape the master-laser beam for injection
into the broad-area laser [3,4,5]. The two main variations are systems where the
injected beam is brought to a focus between the master laser and the cylindrical lens
by the short-focal-length “collimating” lens[3,4] and those where the injected beam
is collimated [5]. It was decided to use a collimated master-laser beam in the system
developed here, similar to the configuration shown in Fig. 4-5 as it was anticipated
that this would be easier to set up reproducibly.
Considering first the shaping and positioning o f the injected beam at the high-power
laser, a paraxial ray-tracing calculation was used to calculate the injection angle and
position. This was used initially, as opposed to an ABCD matrix calculation, as the
paraxial optics approach more easily allows analytical expressions describing the
approximate system behaviour to be developed. A numerical ABCD matrix
calculation is, however, necessary to more exactly determine the beam dimensions
and waist positions and such a calculation was used at a later stage.
The paraxial optics calculation uses two variables to describe a ray at any given
point, these being the angle from the axis u and the perpendicular distance from the
axis h. Conventionally distances measured upwards from the axis, and angles
measured anti-clockwise from the ray to the axis are positive. The two variables h
and w are essentially equivalent to the two ray-matrix elements used in the ABCD
matrix treatment of paraxial ray optics [6]. The two key expressions describing the
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transformation of the ray variables by a lens of power K and propagation over a
distance d, respectively, are:
u' — u ~ h K

(5-1 a)

h' ~ h —d u

(5-1 b)

where unprimed values are those before transformation by the optical element and
primed values are those after.
The cylindrical lens and broad-area laser collimating lens are shown schematically,
using this notation, in Fig. 5-13, viewed in the plane o f the diode-laser junctions. The
cylindrical lens is designated

having a power

and is assumed to be

centred on the axis of the master-laser beam in the transverse direction. The
spherical collimating lens is designated L 2 , has power ^ 2= 1 %, and is allowed to be
translated by a transverse distance S from the axis on which the input beam and

0
facet
plane

' 2,0

Fig. 5-13 Schematic diagram o f injection-locking optics viewed in the plane o f the
diode junctions. Li is the cylindrical lens and L 2 is the broad-area laser
collimating lens displaced by transverse distance Ô from the axis o f the
optical system.
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cylindrical lens are centred. The distance separating the two lenses is indicated by
the quantity dxi. Since

must also collimate the broad-area laser output in the

direction perpendicular to the junction it is assumed that the distance from L i to the
facet plane is the focal length o f L^, namely^2 - Considering transformation by the
first lens:
=

(5-2)

after transfer to L i, using (5-1 b), the height at the second lens, measured from the
main optical axis, is given by:

^,0 = *.(1-^.2^.)

(5-3)

Given the translation ô o f L j from the main axis, as shown in Fig. 5-13, the ray height
of (5-3), measured from the axis o f L 2 rather than the main axis, is given by:

(5-4)

h, = h l l - d , ^ K ^ S

Considering the operation o f the second lens, the incident angle Wj =

is

transformed according to (5-1 a), and using (5-2) and (5-4), to give the exit angle:

= Ai(r, + Æ ,-

- 5K^

(5-5)

This expression can be used, together with (5-4), in (5-1 b) to obtain the ray height at
the broad-area laser facet, hf, by assuming the distance from L 2 to the facet to be j^,
as previously mentioned:

h f = h , { \ - d , ^ K , ) - S - f l h , { K , + K ^ - d ,,K ,K ^ ) - S K ^ \

(5-6)

Sincey^=l/Æ2 , it can be seen that this expression reduces to:

=-

4^
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(5-V)

I

From (5-5), it can be seen that thé exit angle from Li, and therefore the angle of
incidence at the broad-area laser facet, shows a linear variation with the transverse
displacement, 5, o f Li. The position at the facet can be seen from (5-7) to be
invariant with ô, when measured relative to the axis of Li. The implication of these
two observations is that translation o f L2 , with the broad-area laser position fixed,
results in a variation o f both the injection position at the laser facet and the injection
angle. On the other hand, the simultaneous translation o f L 2 and the broad-area laser
results in a variation in the injection angle alone. Thus, mounting the collimating
lens L 2 and the broad-area laser in such a way that both can be translated together, in
addition to independent translation o f the lens, allows independent control o f the
injection position and angle.
To determine the distance <^from L 2 to the plane where the beam is brought to a
focus after L i, it is assumed that ^ 0 , to allow the plane to be identified as that where
the ray intersects the axis. Then:

^

Wo

(5-8)

From (5-4) and (5-5), with <5=0, we obtain:

(5-9)

It can be seen that setting <7i2=/i results in T/=0, placing the focus at 7,2, and setting
d\i=f\+f 2 gives 7/=oo, implying a collimated output, as would be expected. 7,/is

plotted as a function o f <ii2 in Fig. 5-14, where the abscissa is the difference between
the lens separation d \2 and the focal length of L \, (i.e. /i), normalised to f \ . Thus, a
value of zero represents the focal point o f L\ being at 7,2, and a value o f 1 represents
the lenses being spaced confocally. The ordinate shows the distance from L 2 to the
focal point, normalised in terms of^ .
In section 4.3 the focal point o f the injected beam was assumed to be at the facet o f
the broad-area laser. Clearly, this will correspond to a value o f L J fi =1 in Fig. 5-14.
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Fig. 5-14 Variation o f Zy (distance to focal point from lens I 2 ) with lens separation
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The calculated position can be seen from Fig. 5-14 to approach this value in an
asymptotic way, so this situation cannot be achieved in practice. A value o f L f f i =0
corresponds to a focal point at L 2 . Clearly, it is desirable to achieve a value o f L / fi
somewhere between these values, resulting in a focal point falling somewhere
between the collimating lens I 2 and the broad-area laser facet. The focal position can
be varied over this range by varying the lens spacing d i 2 over the range o f values
where d \ 2 is smaller than f i by a few timesjS, as can be seen from Fig. 5-14.
Although (5-9) and Fig. 5-14 give an indication o f the variation o f focal position with
lens separation, obtaining exact values requires a Gaussian-beam ABCD matrix
calculation for the particular lens combination involved. This is carried out later in
this section, after the extraction o f the injection-locked output has been studied from
a paraxial ray-tracing point of view.
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As mentioned earlier, the second function o f the optical system is to extract the
injection-locked output. The schematic representation o f the optical system used to
investigate this behaviour from a paraxial optics point of view is shown in Fig. 5-15.
This is essentially the same as the system shown in Fig. 5-13, but reversed to
consider propagation from the broad-area laser. Additionally, the displacement o f L 2 ,
S, is set to zero, as this simplifies the calculation o f the positions o f the various

planes which are the main values o f interest here and are not affected by the value o f
S. The output o f the system is considered at an imaging plane a distance 4 ,M
g from the

cylindrical lens Lj. This might be the position of a detector used to observe the
injection-locked output or of a pick-off mirror, such as that shown in Fig. 4-5 used to
extract the injection-locked output power.
Transfer from the facet plane through L2, Ly and the intervening spaces, gives the ray
height and angle after L\ :

(5-10 a)

—

/2oATj(i <^12^ 2 )

(5-10 b)

^0

im g

m ig

facet
plane

Fig. 5-15 Schematic diagram o f injection-locking optics viewed in the plane o f the
diode junctions as considered for paraxial ray-tracing treatment o f the
extraction of the injection-locked output.
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Using these expressions and (5-1 b) to transfer to the image plane, gives the ray
height here as;

(5-11)

This expression can be rearranged to take the form:
(5-12)

with:

M ~ 1+ df„igKy{K2d^2 “ 1) “ ^ 2 ( 4 »%+ ^12)

(5-13 a)

(5-13 b)
obj

1+

“ 1) “ ^ ( 4 »,g + <^12)]

The form of (5-12) indicates that the output obtained at the imaging plane is an
image of the distribution at an object plane, dg^j from the facet, which is produced by
the divergence from the facet over the distance dgbj at an angle uq. The distribution at
the image plane is magnified by a factor M relative to that at the object plane.
The results of (5-12) and (5-13) have important implications for the design o f the
optical system. As was shown in chapter 4, the injection-locked output can be
considered as resulting from the far-field interference pattern o f the multiple output
beams from the injected broad-area laser. Clearly, this implies that the plane imaged
by the output of the optical system must be sufficiently far from the facet o f the
broad-area laser for the far field to have formed. While it was ensured in the
modelling of section 4.3 that this was the case by making the observation distance
significantly larger than the facet dimension, the minimum distance for far-field
formation must be determined more accurately for the purposes o f designing the
optical system.
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To do this, a point P lying in a plane parallel to the facet and a perpendicular
distance dgbj from the facet was considered. If the points at the opposite ends o f the
facet are designated P \ and

then the far field can be considered to have formed

when the phase difference due to the difference in the distances P \P and P^P shows
little variation with dotj. These two distances are given by:

P,P

(5-14 a)

P ,P

(5-14 b)

resulting in a phase difference of:
P ^ P -P ^ P

(5-15)

À

where I w f i s the width of the facet and ^is the angle of the line joining the centre of
the facet to the point P from the perpendicular to the facet. For the broad area laser
used, the width o f the facet was 2w/=100pm and plots o f

with distance for

various angles B and a wavelength o f 810nm are shown in Fig. 5-16. It can be seen
that a phase shift which is stable with distance, and hence the far field, is obtained
for distances greater than approximately 2-3mm, the necessary distance increasing
with far-field angle. Clearly, the optical system must be designed so that dg^j as
defined by (5-13 b) is no smaller than this value.
To determine the suitability of various focal-length combinations for Tj and L 2 , dg^j
was calculated using (5-13 b) for a number o f combinations o f commercially
available cylindrical and diode-laser collimating lenses. Since it was shown in Fig. 514 that the separation o f the lenses, d ^ , must be less than or equal to the focal length
o f Li, if the focal point is to lie between L i and the facet,
lens separations:

was calculated for two

aiid d i 2 "=f\-fi- The results of these calculations are shown in -

Fig. 5-17 as a function o f imaging-plane distance,

as shown in Fig. 5-15.

Clearly, it is desirable that a sufficiently large value of dgbj for the far field to be
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Fig. 5-16 Variation o f phase shift between points at opposite ends o f 100pm facet
with distance from facet to imaging plane for various imaging angles and
a wavelength of 810 nm.

formed is achieved for small values o f

if the system is to remain physically

compact.
It was shown above that the object distance, dgbj, should be greater than around 2mm.
It can be seen from Fig. 5-17 that if this is to be achieved with an imaging distance,
dinig, less than «500mm, only the 6.5mm and 4.5mm collimating lenses can be used.

Even in these cases, the cylindrical lens must have a focal length less than «80mm
with the 6.5mm collimating lens and «40mm with the 4.5mm collimating lens.
Reducing the lens separation, d i 2 , moves the object plane closer to the broad-area
laser facet, resulting in only the 6.5mm/63mm lens combination giving practical
values of <7,-,„g<500mm. Thus, it is clearly desirable to keep d i 2 as close to f i as
possible.
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The other aspect of output extraction which can be treated using paraxial ray optics
is the issue of the distance required to allow separation of the input and output
beams. This can be determined from Fig. 5-18 where it is assumed that the emission
angle o f the injection-locked far-field peak is o f the same magnitude as the injection
angle, and that the facet dimension is small compared to the distance^, allowing
injection and emission to be considered as occurring at the same point. It can be seen
from Fig. 5-18 and equations (5-1) that the distance, di^g, required to achieve a
separation

o f the input and output beams, as shown when injecting at an angle o f

«2 , will be given by:

f\

(5-16)
V

Having investigated the general properties o f the system using the paraxial ray optics
approach above, and identified some suitable lens combinations from the point o f
view o f extracting the injection-locked output, the Gaussian-beam performance o f
specific optical systems was calculated using ABCD matrix propagation methods.

Output
Facet
sep

''sep

Injected beam

im g

Fig. 5-18 Schematic diagram o f lens system used to calculate propagation
distance required to separate the injected and output beams.
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The initial optical element to be chosen was the lens collimating the single-mode
master laser. It was decided to use the collimating lenses o f both lasers to collimate
the output in the direction perpendicular to the junction plane. Due to the difference
in emitter dimensions perpendicular and parallel to the junction, this resulted in
imperfect collimation o f the master laser output parallel to the junction. However,
the effect was minor and would be expected to become insignificant after focusing
by the cylindrical lens.
In the direction perpendicular to the junction, it would be preferable to use identical
focal length collimating lenses for both lasers. This is due to the fact that the emitter
dimensions o f both lasers were the same in this direction. As a result, collimation
and refocusing by lenses of the same focal length would maximise the coupling into
the broad-area laser in this direction. It can be seen from Fig. 5-17 that the 6.5 mm
collimating lens is most attractive from the point of view of extracting the injectionlocked output. However, in terms o f collimating the master laser, a 6.5 mm focal
length lens was calculated to give a 6.7-mm 1/e^ collimated beam diameter
perpendicular to the junction. This would have suffered severe clipping by the 5 mm
clear aperture o f the optical isolator used. As a result, a 2 mm focal length lens was
used to collimate the master laser which gave a collimated diameter o f 2.1 mm
perpendicular to the junction. It was estimated that this would approximately halve
the coupling efficiency into the broad-area laser.
Having determined the focal length o f the collimating lens, the ABCD matrix
transfer o f the master laser output to the broad-area laser was calculated in the plane
of the junctions. Both collimating lens positions were set to be one focal length from
their respective laser facets and the distance, d \ 2 , from the cylindrical lens, L \, to the
broad-area laser collimating lens, L i, was varied around the cylindrical-lens focal
length,/]. All the lenses were treated as single-element thin lenses for the purposes
of the calculation, and the additional space in the system was adjusted so that the
distance between the two laser facets was one metre. This was judged to be a
realistic distance to allow for the optical isolator, output extraction mirror and any
other additional elements required.
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The calculated waist radius and position for a number of the lens combinations of
Fig. 5-17 resulting in suitable object-plane distances are shown in Fig. 5-19. The
injected-beam radius at the broad-area laser facet is also shown. Comparing the
results shown here to those calculated using paraxial ray optics, shown in Fig. 5-14,
it can be seen that the calculated equivalent waist locations occur for slightly larger
lens separations using the ABCD matrix/Gaussian beam treatment. From the
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modelling described in section 4.3, it was shown that the key to obtaining good
injection-locked performance is control o f the divergence produced by the masterlaser beam waist. It was seen that it is desirable to have an injected-beam waist
diameter around half that o f the broad-area laser facet in the junction plane,
corresponding to a waist radius o f approximately 25pm in the case o f the broad-area
laser used here.
In addition to the beam-waist size requirement, the waist position must be located
between lens L i and the broad-area laser facet. This region is indicated by the dotted
lines o f the graphs in Fig. 5-19. It can be seen in all cases that obtaining the required
waist radius results in a waist location close to 1%and approximately

from the

facet. Withy^=4.5mm, it can be seen that the beam waist obtained with/i=40mm is
significantly smaller than the required value for suitable waist positions, making this
solution unsuitable. Although theyî==4.5mm,/i=63mm combination gives more
suitable waist dimensions, it can be seen from Fig. 5-17 that this results in a object
plane far closer to the facet than with the^ = 6 .5mm solutions, and thus requires the
imaging plane to be far further away if the far-field output is to be obtained.
Both solutions w i t h 5 m m give waist radii close to the required values although
the solution with/i=80mm gives the required waist at positions slightly closer to the
facet than with/i=63mm. This results in a smaller beam radius at the facet than in
the/i=63mm case and thus improves the degree of overlap. It should be noted that
all the solutions result in a beam diameter larger than the facet diameter in the plane
o f the junction. This is a result o f the beam waist being at a distance from the facet in
the optical system used. Although this results in a reduction in overlap and coupling
efficiency, it was anticipated that this could be compensated by increasing the
injected power. Although the^=6.5mm,yi=63mm solution results in a poorer
overlap, it can be seen from Fig. 5-17 that this lens combination reduces the imagingplane distance required to obtain a far-field image when compared to they^=6.5mm,
/j=80mm combination. As a result, it was decided to use focal lengths of /^=6.5mm
and/i=63mm in the final injection-locked system design.
Having decided upon a suitable optical design for injection into the broad-area laser,
and confirmed that it fulfils the imaging requirements for output extraction discussed
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above, the extraction of the injection-locked output using this system of lenses can
now be investigated. If it is assumed that an

value of %5mm is required to

extract the output in the manner shown in Fig. 5-18, then, from (5-16) for the chosen
lenses, a separation distance of 4wg=^400mm is required for an injection angle o f 3°,
falling to 4>«g^214mm for a 5° injection angle. This latter value, however, can be
seen from Fig. 5-17 to be insufficient for reliable far-field imaging o f the broad-area
laser output, so a dj„,g value o f approximately 400mm was used.
When considering the extraction o f the output from a Gaussian beam/ABCD-matrix
point o f view, it is useful to consider the nature of the initial emitter. It was seen,
from equation (5-12) in the paraxial-ray treatment of output extraction, that the
output can be considered as the magnified image of the far field pattern at a plane a
distance dotj from the emitter. It is also evident from (5-12) that the intensity
distribution at this plane results from divergence at an angle «o from an emitter o f
dimension Aq- Since, when successfully injection locked, the far-field pattern would
be expected to be the same as that for diffraction-limited emission from the broadarea laser, it can be assumed that Aq represents the 1/e^ dimension o f the emitter and
Wo the diffraction-limited divergence angle. Thus, as long as the optics fulfil the farfield imaging criteria detailed above, the system can be treated using standard ABCD
matrix formalism and the source can be considered to be a diffraction-limited emitter
with the same dimensions as the emitting aperture of the broad-area laser.
This technique was used to determine a suitable optical system for shaping the
output after extraction from the injection-locked system. The unshaped output had
different dimensions and divergences in the two planes, due both to the different
emitter dimensions of the broad-area laser and the cylindrical lens L \ acting in the
junction plane only. The broad-area laser was considered as a diffraction-limited
emitter in both planes and the propagation through the optical system was calculated
using ABCD matrices. The extraction point was set to 400mm from the cylindrical
lens L \ and an additional 200mm was allowed beyond this before the effects of
beam-shaping optics were calculated. To equalise the dimensions and divergences in
both planes a cylindrical lens was used in each plane, both being arranged confocally
with a common spherical lens. The calculated beam radius through the system is
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Fig. 5-20 Beam radius o f the injection-locked broad-area laser output, calculated
parallel and perpendicular to the junction plane, as it propagates through
the optical system including the final output-shaping optics.

shown in Fig. 5-20. It can be seen that an/=80mm cylindrical lens acting
perpendicular to the junction plane and an/=22.2mm cylindrical lens acting parallel
to the junction plane, when both arranged confocally with an/=25mm spherical lens,
result in an output beam having almost identical dimensions (approximately 1.1mm
radius) and divergences in both planes. In addition, the output is close to collimated
and the small divergence is the same in both planes. This allows a single spherical
lens to be used for subsequent focusing.
Having designed a suitable optical system, the injection-locked broad-area laser
system was implemented experimentally and characterised.
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5.4 Experimental implementation.
The final design of the injection-locked broad-area diode laser system is shown in
Fig. 5-21, viewed in the plane of the diode-laser junctions. The output of the single
mode master laser was collimated by they=2mm lens and then passed through an
optical isolator giving 60dB of isolation. A combination o f a half-wave plate and a
polarising beamsplitter allowed the injected power (polarised in the plane o f the
junctions) to be varied continuously, while picking off the remainder (polarised
perpendicular to the junction plane) for wavelength measurement, by a fibre-coupled
optical spectrum analyser, and spectral monitoring, by a scanning Fabry-Perot
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Fig. 5-21 Experimental implementation o f the injection-locked broad-area diode
laser system, viewed in the plane of the diode-laser junctions. The
distance between the diode facets was »lm , between

and the pick-off

mirror «400mm and between the pick-off mirror and Tsi«200mm.
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interferometer. Following the polarising beamsplitter, the master-laser output went
on to enter the injection optics, as detailed in the previous section. The transverse
position o f the cylindrical lens, L \, was fixed to be centred on the master-laser beam,
while its longitudinal position could be adjusted using a translation stage. The stage
on which the collimating lens, L2 , was mounted was in turn mounted with the broadarea laser on a large translation stage. This arrangement allowed the injection
position and angle to be varied independently, as described in the previous section.
Upon exiting the injection optics, the injection-locked output passed through an
uncoated, wedged glass plate. This split o ff a small fraction o f the output, which was
then directed to a photodiode array allowing the intensity distribution to be
monitored. The small wedge on the glass plate allowed the separation o f the
reflection from the front and back surfaces, thus avoiding ambiguity in the measured
beam profile. The main injection-locked output passed through the wedged plate and
continued on to the pick-off mirror which directed the principal maximum of the
output, when injection locked, out o f the system. A pair o f beam-steering mirrors
were used to compensate for any changes in output angle and ensure the beam
remained on axis through the subsequent optics. An adjustable slit after these mirrors
was used to block output outside the injection-locked peak. Beam shaping was
carried out by two cylindrical lenses acting in orthogonal planes and arranged
confocally with a common spherical lens, as described in the previous section, to
give a near-collimated, near-circular output beam with a radius o f around 1.1mm.
Finally, an optical isolator giving 30dB o f isolation was used to prevent back
reflections into the injection-locked system from subsequent optics, as it was found
this could seriously impair injection-locked performance. Since the lasers were
mounted with their junctions in the plane o f the optical table, the direction parallel to
the junctions is referred to as horizontal and that perpendicular to the junctions as
vertical.
Due to the relatively small aperture o f the broad-area laser, into which the masterlaser beam had to be injected, a reliable method of aligning the system had to be
devised. This was achieved by using the photo-voltaic response o f the broad-area
laser to position both it and the injection optics. Although reverse biasing of the
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broad-area laser for use as a detector was considered, it was not known whether this
would result in damage. As a result, a unity-gain operational amplifier circuit,
providing no biasing, was simply connected between the anode and cathode o f the
device and the amplifier output directed to a voltmeter.
The procedure developed to align the system is shown as a flowchart in Fig, 5-22.
The master-laser collimating lens was adjusted to give a beam collimated in the
vertical direction, propagating parallel to the surface of the table and perpendicular
to the plane o f the broad-area laser facet. The injected master-laser power was then
set to around 20mW and the broad-area laser was translated horizontally across the
beam until the photo-voltage was maximised. Although the lasers were nominally at
the same height, a slight correction to the position o f the master-laser collimating
lens was usually necessary to maximise the photo-voltage in this direction. Since, at
this stage, the dimensions o f the master-laser beam at the broad-area laser were
much larger than the active region o f the broad-area laser itself, this only represented
an approximate alignment.
The broad-area laser collimating lens was now inserted and its horizontal, vertical
and longitudinal adjustments were used to roughly maximise the photo-voltage.
Since the photo-voltaic response o f the broad-area laser was found to saturate for
very low focused master-laser powers, the power was set to 0.5mW for this and
subsequent alignment. The transverse response (obtained by translating the
collimating lens across the facet o f the broad-area laser) is shown in Fig. 5-23. It can
be seen that the central region o f maximum voltage is around 100pm wide,
corresponding to the active area. The lens was positioned half way between the two
maxima at the edges of this region which, it was assumed, centred it on the facet,
and this position was noted. The vertical and longitudinal adjustments were now
modified to maximise the voltage for this transverse position. It was found that, for
an incident power of 0,5mW, the voltages shown in Fig. 5-23, of 1.2-1.3 V for the
side peaks of the central region, usually indicated good alignment. It was noticed that
the longitudinal position o f the broad-area collimating lens which maximised the
photo-voltage also resulted in the broad-area laser output being collimated in the
vertical direction, as would be expected.
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Fig. 5-22 Procedure for alignment o f injection-locked broad-area laser system.
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Fig. 5-23 Photo-voltaic response o f broad-area laser to translation o f the collimating
lens, L j, for a master-laser power o f 0.5mW.

The broad-area laser and its collimating lens were next translated together across the
master-laser beam. As discussed previously, this was expected to result in a variation
in the injection angle only. This would appear to be the case from the results o f a
typical translation, as shown in Fig. 5-24 (a). It can be seen that the response has a
flat central region, consistent with little or no significant change in the injection
position, before falling off at the sides.
This fall-off was, in fact, mainly due to aperturing of the master-laser beam by the
edges o f the collimating-lens mount. It was found, however, that when the
collimating lens had been accurately centred on the laser facet using the procedure
described above, the fall-off was symmetrical about the centre o f the response. It was
thus possible to use two points o f equal voltage either side o f the central flat region
to determine the central position. Typically, the points where the response fell to
0.8V were used and the central position was taken to be half way between these. The
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Fig. 5-24 Photo-voltaic response o f broad-area laser to simultaneous translation of
the laser and collimating lens for a master-laser power o f 0.5mW: (a)
collimating lens, L i, alone, (b) cylindrical lens, L \, in place.

translation-stage micrometer reading for this position was recorded and used as the
central reference position for this translation.
Having determined the central reference positions for both the individual translation
o f the collimating-lens, L i, and the combined L i and broad-area-laser translation, the
cylindrical lens, Li, was now inserted. With the laser and collimating lens both in
their centred positions, the cylindrical lens was translated to maximise the photo
voltage, thus providing an approximate central alignment. Although this lens did not
act in the vertical direction, it usually introduced some small translation in the beam
in this direction and the broad-area laser collimating lens was adjusted vertically to
compensate for this.
To accurately centre the cylindrical lens on the beam, the broad-area laser and
collimating lens were again translated together. A typical response in this case is
shown in Fig. 5-24 (b). It can be seen to be very similar to Fig. 5-24 (a), except that
there is now a slight variation over the, previously flat, central region and the fall-off
at the sides is more rapid. Again, the 0.8 V points on the fall-off were used to
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determine the central position and the transverse position o f the cylindrical lens was
then adjusted to obtain the same central position as that obtained before the
cylindrical lens was inserted. Once this had been done, the transverse position o f the
cylindrical lens was not changed.
Once the alignment procedure had been carried out, and all the components were
centred on the master-laser beam, the broad-area laser was re-connected to its
controller and switched on and the master laser power was reset to the required
operating level. The broad-area laser collimating lens, L2, was translated from its
central position to the required transverse injection point (a point typically 25-30pm
from the central position was used) and the laser and collimating lens were translated
together, to vary the injection angle, until a single-lobed injection-locked output was
observed on the photodiode array.
Once injection-locking had initially been achieved, the injection parameters could be
fine-tuned to maximise the injection-locked output power. Fine tuning was carried
out by adjustments to the injection point (by translating the collimating lens), the
injection angle (by translating the lens and laser together) and the injected beam
waist (by longitudinal translation o f the cylindrical lens). The transverse position o f
the cylindrical lens was not changed. For fixed lens and laser positions, the masterlaser wavelength was varied for maximum injection-locked output.
Once aligned in this way, it was found that the system remained fairly well aligned in
the short term, and if injection-locked output ceased to be produced, this was usually
due to a shift in wavelength of the master laser. In the longer term, o f the order o f a
few hours, it was found that mechanical drift resulted in misalignment, particularly
in the vertical direction, which was most sensitive due to the small dimension o f the
broad-area laser in this direction. This was not generally serious and could be
corrected by adjusting the vertical position o f the broad-area laser collimating lens
until injection-locked output was obtained. Drift also occurred in the position of the
master-laser collimating lens, which usually had to be repositioned on a daily basis.
To avoid having to carry out the alignment procedure o f Fig. 5-22 on each occasion,
an iris diaphragm was placed just before the wedged plate and centred on the masterlaser beam when well aligned. This provided a sufficiently accurate point of
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reference for repositioning of the master-laser beam for injection-locked operation to
be achieved by small adjustments to the injection optics. When performance became
seriously degraded, and high injection-locked powers could not be obtained, the
system had to be realigned again, following the procedure o f Fig. 5-22.
To convert the transverse profile, measured by the photodiode array, to a far-field
angular distribution equations, (5-12) and (5-13) were used. The same far-field
imaging criteria apply to the positioning o f the photodiode array as to that o f the
pick-off mirror. Thus, the distance from the cylindrical lens, L \, to the array must be
sufficiently large that the position o f the resulting object plane given by (5-13 b) is in
the far field. If this requirement is satisfied, then (5-12) can be used to give:

Ur, = ~

h.

(5-17)

where the dimension at the array, harr, has replaced

o f (5-12) and it has been

assumed that the dimension at the array, Hq in (5-12), is much less than the objectplane distance, dobj. The values o f Mand dobj are determined from (5-13), with the
distance from the cylindrical lens to the array, darr, replacing the image-plane
distance, 4,ng- In the experimental arrangement used, the distance from L \ to the
array, darr, was 495mm. If the distance from the cylindrical lens to the collimating
lens is assumed to be equal to the focal length o f the cylindrical lens, i.e. d \ 2~ fi, this
gives values o f A^-16.55 (the minus sign simply indicates an image inversion) and
c4iy-2.69mm. From (5-17), this gives a conversion expression:

u,

h

0.0445

(5-18)

Since the position of the cylindrical lens is in fact variable, it is important to
determine how the conversion factor of (5-18) varies over the range o f likely lens
positions. The value o f the conversion factor, HMdobj, is shown in Fig. 5-25 for a lens
spacing o f d u vaiying from f r f 2 t o / 1+/2 , with/i=63mm andy^=6.5mm. It can be seen
that the conversion factor varies by only 3% o f the central value over the range
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shown. As a result, it was decided that the central value o f the conversion factor
could be used for all likely positions o f the cylindrical lens.

5.6 Operating characteristics.
Having described the construction and operation of the injection-locked broad-area
laser system, its performance is now described. The most obvious indication of
successful injection-locking was the change in the broad-area laser far-field beam
profile in the horizontal plane. Typical profiles obtained with the laser free-running
and injection-locked are shown in Fig. 5-26. It can be seen that the free-running
profile at an output of 1.2W has a full-width at half-maximum o f approximately 11°,
showing good agreement with the specified value of 12° [2] and confirming the
imaging calculations.
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Fig. 5-26 Far-field profiles o f the broad area in the plane o f the junction: (a) free
running, (b) injection-locked. Free-running output power was 1.2W,
master laser power was 75mW.

When injection-locked with a master-laser power o f 75mW entering the injection
optics, the majority of the output power is seen to be concentrated in a single peak
having a 1/e^ divergence half-angle o f 0.57°. This is larger than the far-field
divergence of a Gaussian beam from a 100pm diameter waist (a half angle o f 0.3°
would be expected), but is closer to the 0.46° diffraction angle expected from a
100pm rectangular aperture illuminated by a plane wave. It can be seen that although
the free-running output power was 1.2W and the power contained in the injectionlocked peak (determined using the adjustable slit) was only 450mW, the integrated
area contained within the injection-locked peak o f Fig. 5-26 (b) appears much larger
than that under the free-running profile o f Fig. 5-26 (a). In general, it was found that
the injection-locked profile obtained with the photodiode array did not give a good
indication of the power contained in the injection-locked peak which was usually
much less than it would appear from this observation alone.
To make an unambiguous measurement o f the injection-locked beam quality in the
plane of the junction, the beam radius was measured through a focus using the
techniques described in appendix A1 and the
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value was calculated. The results o f
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Fig. 5>27 Beam-waist measurement in plane o f junction for injection-locked
broad-area laser for an injection-locked output power o f 360mW
after the optical isolator.

these measurements are shown in Fig. 5-27. These measurements were made after
the optical isolator, at a power o f 360mW. This corresponded to «400mW before the
isolator. It can be seen that the beam has an

o f 1.3, which is a considerable

improvement over the value of 24.1 obtained from the data shown in Fig. 5-11 (b).
In addition to this improvement in spatial quality, the broad-area laser also showed
considerable improvement in spectral quality when injection-locked. The scanning
Fabry-Perot spectra of the free-running and injection-locked outputs are shown in
Fig. 5-28. In the free-running case, the output spectrum is similar to that shown in
Fig. 5-10 and is, therefore, actually much broader than the free-spectral-range o f the
interferometer used. Thus, Fig. 5-28 (a) does not represent the exact output spectrum
but rather demonstrates the highly multi-mode nature of the output. Fig. 5-28 (b)
shows that, once injection-locked, the output is essentially the same as that of the
master laser shown in Fig. 5-3 (a). It was found that the output wavelength of the
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Fig. 5-28 Scanning Fabry-Perot interferometer spectrum o f broad-area laser: (a)
free-running, (b) injection-locked. Note that (a) corresponds to the
situation shown in Fig. 5-10 and the spectral width is actually much
greater than the free spectral range of the interferometer.

injection-locked laser was generally the same as that of the master laser, if the freerunning wavelength was similar. Although the brcad-area laser would tend to adopt
the master-laser wavelength if the two were diffei ent, it was found that the injectionlocking became less effective, and more power remained in the free-running portion
of the output, as the wavelength separation increased. As a result, the system was
generally operated with the free-running broad-area laser wavelength matched to that
of the master laser.
To investigate the variation of output power with injected power, the injected power
was varied using the half-wave plate/polariser combination and the injection-locked
output power was measured for a range o f broad-area laser injection currents. This
measurement was made after the beam-shaping optics, but before the second optical
isolator, which had a transmission loss o f around 11%. The total output power was
also determined. Since this could not be measured directly while injection locked,
the power reflected by the wedged-plate beam-splitter used to obtain the far-field
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profile was measured. The total free-running output power, which could be measured
directly, was compared to that measured from the beam-splitter to provide a
calibration factor for subsequent measurements from the beam-splitter.
The variation of the output power in the injection-locked peak with injected power is
shown in Fig. 5-29 for a range o f broad-area laser currents. It can be seen that up to
426mW of injection-locked output was obtained. The behaviour appears similar to
that of an amplifier, increasing rapidly for low injected powers and saturating as the
injected power is increased. The variations in the injection-locked output at higher
broad-area laser currents were somewhat erratic, but were found to be entirely
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Fig. 5-29 Variation of power in injection-locked peak with incident masterlaser power for a range o f broad-area laser currents.
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reproducible if only the injected power was changed. It was found that, even when
operating in the saturated region, the injection-locked output power at these higher
currents varied erratically and by substantial amounts with small changes in injected
power, wavelength and injection position and angle. This was the case even for
injection-locked outputs having veiy similar far-field profiles. Subsequent to the
measurements of Fig. 5-29, and with slightly higher broad-area laser currents,
injection-locked output powers o f up to 450m W were observed after the second
optical isolator, implying around 500mW o f injection-locked output
The variation in the total output power and the fraction on this in the injectionlocked peak are shown in Fig. 5-30. It can be seen from Fig. 5-30 (a) that there is
little variation in the total output power with injected power, indicating that the
injection-locking process simply transfers power from the free-running output into
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broad-area laser currents.
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the injection-locked peak. The change in total power between OmW and 80mW of
injected power varies from 88.5mW for a broad-area laser current of 0.409A
decreasing to 34.9mW for a current o f 1.155A before increasing again to 53.4mW
for 1.404A. These increases in total power were thought to be largely due to the
power coupled in from the injected beam, with some contribution from the belowthreshold gain of the broad-area laser being extracted by the injected beam.
From the injection beam dimensions at the facet, calculated in section 5.3, it was
estimated that around 41% of the incident injected power in the vertical direction
and 82% in the horizontal direction actually overlapped with the facet. Combined
with the facet reflectivity o f 5%, this would suggest around 32% of the incident
injection power actually entered the broad-area device. For the maximum incident
power of 80mW this would correspond to an injected power o f 25mW which,
although less than the increases in total power observed experimentally, is of a
similar order to that seen at higher broad-area laser currents.
Fig. 5-30 (b) shows that the fraction o f the total output which can be injectionlocked, i.e. the locking efficiency, decreases with broad-area laser current. This is
thought to be due to it being increasingly difficult for the injected beam to saturate
the majority of the gain, and thus to suppress free-running output, as the current
increases. It is possible that regions o f unsaturated gain, resulting in free-running
operation of parts o f the broad-area laser, contribute to the erratic variation in
injection-locked output power seen in Fig. 5-29. The gain saturation behaviour
[5,7,8,9], near-constant total power [5,7] and fall in locking efficiency for increased
broad-area laser gain [10] are consistent with the observations of others.

5.6 Conclusions.
To put the performance of the system described here in context, it is compared to
published results from similar systems in Table 5-1. It can be seen that the
performance compares well with the results o f others. With the exception o f [11], the
injection-locked output powers achieved are significantly higher than those reported
for other broad-area or array devices o f the same active area width.
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It is apparent from Table 5-1 that higher powers are» in general, obtained from wider
active-region devices. This would be expected from the results shown in Fig. 5-30
(b), where it can be seen that increasing the broad-area laser current results in
reduced locking efficiency, due to increased difficulty in saturating the gain.
Increasing the broad-area laser width would allow a lower current to be used.

Incident

Injection

B road-area

Locked single

injection

coupling

laser / array

lobe output

pow er

efficiency

w idth

pow er (mW)

15 mW

-

100 jxm

700 mW

Comments and year

Ref.

Claimed locked fraction appears

[11]

doubtful from results. (1994)
45 mW

-

10.4 mW

200 pm

640 mW

(1994)

[12]

160 pm

450 mW

(1988)

[8]

400 pm

357 mW

(1987)

[4]

100 pji)

330 mW

70m W *> l
^
' /■
11 mW

12.5 mW?

32% '

: : m ...

______
15 mW

-4 HÜS w ork, see
■

250 pm

235 mW

670 nm diodes. (1995)

[13]

3.9 mW

-

200 pm

189 mW

(1986)

[7]

10 mW

15%

100 pm

119m W

(1992)

[10]

12 mW

20%

100 pm

<100 mW

(1985)

[14]

12 mW

10-20%

100 pm

80 mW

(1988)

[5]

3 mW

10-20 %

100 pm

63-74 mW

First injection-locked diode

[3]

demonstration. (1985)

Table 5-1

Results o f this work compared to significant injection-locked diode
laser results.
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resulting in improved efficiency, and compensating for the reduced gain by
increasing the gain volume. Commercial broad-area devices up to 200p,m wide are
available in the same range as the 100pm device used here and this could potentially
be a means of increasing the output power.
The question of coupling efficiency was raised earlier and it was pointed out that re
design o f the optical system to allow better overlap between the injected beam and
the broad-area laser facet would improve this. However, it an be seen from Table 5-1
that the estimated coupling efficiency compares favourably with that o f others. In
addition to this, it can be seen from Fig. 5-29 that, once operating in the saturated
region, the increases in injected power necessary to obtain significantly more output
power are large. Therefore, with the power available from the master laser used,
there is little to be achieved by improving the coupling efficiency, especially when
the likely increase in the complexity o f aligning the optical system is considered.
Although the simple model described in section 4.3 provided sufficient
understanding o f the injection-locking process for the optical desgin described in this
chapter to be carried out, the behaviour o f the injection-locked broad-area laser is
likely to be considerably more complex in practice. This would appear to be the case
from the results shown in Fig. 5-29 and Fig. 5-30 where, particularly at high powers,
reproducible behaviour occurs which is not consistent with the simple treatment.
More rigorous modeling, adressing issues such as local gain variations and
interaction between beams passing through the broad-area laser, could potentially
explain this behaviour. Such a study is, however, outside the scope o f this thesis.
To conclude, the results presented in this chapter demonstrate the successful
development and operation o f an injection-locked broad-area diode laser system.
Power levels of over 400mW were obtained with spatial and spectral properties
similar to those of a single-mode diode laser. Although the injection-locked system
should be viewed as, essentially, a laboratory-based pump source suitable for test and
characterisation, the performance observed makes it a useful high-power diode-laserbased system for the pumping o f solid-state lasers and optical parametric oscillators.
The use of the injection-locked system in these two applications is described in the
following chapters.
296

5.7 References.

1

SDL 5400 series data sheet, SDL Inc. (1995),

2

SDL 2300 series data sheet, SDL Inc. (1995).

3

L. Goldberg, H.F. Taylor, J.F. W eller and D.R. Scifres, “Injection-locking o f coupled-stripe
diode laser arrays,” Appl. Phys. Lett.

4

4 6 , 236-238

(1985),

L. G oldberg and J.F. Weller, “Injection locking and single-mode fibre coupling o f a 40element laser diode array,” Appl. Phys. Lett. 50, 1713-1715 (1987).

5

G.L. Abbas, S. Yang, V.W .S. Chan, J.G. Fujimoto, “Injection behaviour and modeling o f 100
mw broad area diode lasers,” IEEE J. Q uantum Electron. 24, 609-617 (1988).

6

A.E. Siegman, “Lasers,” University Science Books, Mill Valley, California, U SA (1986).

7

L. Goldberg and J.F. Weller, “Injection-locked operation o f a 20-element coupled-stripe laser
array,” Electr. Lett. 22, 858-859 (1986).

8

L, G oldberg and M.K. Chun, “Injection-locking characteristics o f a 1 W broad stripe laser
diode,” Appl. Phys. Lett. 53, 1900-1902 (1988).

9

M.K. Chun, L. Goldberg and J.F. Weller, “Injection-beam param eter optim ization o f an
injection-locked diode-laser array,” Opt. Lett. 14, 272-274 (1989).

10

J. Verdiell, H. Rajbenbach, and J. Huignard, “Injection-locking o f gain guided diode laser
arrays; influence o f the m aster beam shape,” Appl. Opt. 31, 1992-1997 (1992).

11

H. Tsuchida, “Tunable, narrow-linewidth output from an injection-locked high-power AlGaAs
laser diode array,” Opt. Lett. 19, 1741-1743 (1994).

12

B. Beier, J.-P. Meyn, R. Knappe, K.-J. Boiler, G. Huber and R. W allenstein,” A 180 mW
N d:LaSc 3 (B 0

3 ) 4

single-frequency TEMoo microchip laser pumped by an injection-locked

diode-laser array,” Appl. Phys. B 58, 381-388 (1994).
13

R. Knappe, K.-J. Boiler and R. Wallenstein, “Single-mode continuous-w ave Cr^^:LiSAF ring
laser pumped by an injection-locked 670-nm broad-area diode laser,” Opt. Lett. 20, 19881990 (1995).

14

J.P. Hohimer, A. O w young and G.R. Hadley, “Single-channel injection locking o f a diodelaser array with a cw dye laser,” Appl. Phys. Lett, 47, 1244-1246 (1985).

297

6. Injection-Locked Broad-Area Diode Laser
Pumped 946-nm Nd:YAG Laser.

6.1 Introduction.
To initially investigate the performance o f the injection-locked broad-area diode
laser as a high spatial and spectral-quality pump source, it was used to pump a small,
quasi-three-level, Nd:YAG laser operating at 946 nm. This allowed comparison not
only with the performance predicted by the theoretical model developed in chapter 2
but also with the results obtained from an otherwise identical laser pumped by a lowquality, gain-guided diode laser array [1,2]. In this chapter, the optimisation o f this
laser according to the criteria discussed in chapter 2 is described and the results o f
cw and Q-switched operation are presented. Single-pass frequency-doubling o f the
Q-switched laser is also described.

6.2 CW operation.
Initial investigations of the 946-nm Nd: YAG laser were carried out in the cw regime
to which the majority of the analysis o f chapter 2 applies. As mentioned above,
comparison with a previously demonstrated system [1,2] was desired and largely
identical components were used to construct the laser described here.

6.2.1 System design and projected performance.
A simple near-hemispherical cavity, as analysed in chapter 2, was used for the 946nm Nd.YAG laser. The Nd.YAG rod was 3mm in diameter, 2mm long and doped at
«1.1%. The plane external face o f the rod was coated for «99.7% reflectivity at
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946nm and had «84% transmission at SOSnm. The surface internal to the cavity was
antireflection coated (R<0.35%) at 946nm. A number of output coupling mirrors
were available having a radius of curvature o f 50mm and transmissions at 946nm
between 97.5% and >99%. The output couplers all had a reflectivity o f R<30% at
1064nm to suppress parasitic oscillation at this wavelength. No attempt was made to
control the temperature o f the laser rod.
As was pointed out in chapter 2, the pump absorption coefficient depends on the
degree of spectral overlap between the emission bandwidth o f the pump and the
absorption bandwidth o f the laser medium. Values as diverse as 5.2cm"' [3], 9.5cm'^
[3] and 12cm‘^[4] have been quoted for 1.1% doped material, depending on the
spectral properties o f the pump source. To measure the absorption coefficient for the
pump source and laser crystal combination used here, the master laser was used to
carry out absorption measurements on the crystal. The peak o f the absorption
bandwidth was found to occur at 808.5mn and an absorption coefficient o f 8cm'^
was measured at this wavelength. From the results obtained in chapter 5, the
injection-locked system was found to have an

value of 1.3 both in the plane o f

the junction when locked and perpendicular to the junction plane. This value was
used in (2-35) to obtain an optimum pump beam waist radius. The predicted
operational characteristics of the laser were calculated using the parameters given
above, in addition to those given in Table 2-1. These parameters are summarised in
Table 6-1.
An optimisation diagram, similar to those shown in Fig. 2-11 to Fig. 2-13, was
calculated to determine the optimum crystal length and level of output coupling.
This was calculated for a pump power o f 320mW, which was arrived at by correcting
the maximum power o f 380mW, incident on the Nd:YAG rod, for the input face
reflectivity of 16% at the pump wavelength. The other parameters used in the
calculation were as given in Table 6-1, the pump beam waist was set to the optimum
value for the given crystal length, and the average laser mode radius was set equal to
that for the pump beam. The results of this calculation are shown in Fig. 6-1. It can
be seen that, for the given pump power and beam qualit>% the optimum crystal length
and level of output coupling are 3mm and 6.5%, respectively. This optimum crystal
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Param eter.

Symbol.

ion concentration
(1.1 at.% doping).

Value.

No

1.518 X 10^° cm'^

U pper state manifold fluorescence
lifetime.

T

230|is

A bsorption/stim ulated em ission cross
section.

a

4x10'^° cm^

Fractional population o f u p p er laser
level (300K).

h

0.602

Fractional population o f low er laser
level (300K).

fa

0.0078

R eabsorption coefficient (300K).

ai

0.0474 cm'^

D istributed crystal losses.

OCi

0.002 cm“‘

Pum p absorption coefficient
(/ip=808.5nm).

a

8 cm'^

Pumping efficiency.

Vp

1

R efractive index.

n

1.82

Crystal length.

L

2 mm

Pum p beam quality factor.

1.3

Parasitic surface losses.

1%

Cavity length.

Table 6-1

L cav

«50 mm

Parameters used in the modelling of end-pumped Nd; YAG lasers.

length is somewhat larger than the 2mm length o f the ciystal used here. Similarly,
the maximum level of output coupling, used in the work described here, o f 2.5% is
considerably smaller than the optimum value predicted by the results shown in Fig.
6-1. It would be expected that approximately 135mW of 946-nm output would be
obtained with the values used experimentally here, as opposed to 160mW with the
optimum values.
For the 2mm crystal length used experimentally and the pump

value o f 1.3,

equation (2-35) gives an optimum pump beam waist radius of 15pm at the input face
o f the crystal. Although, in Fig. 6-1, the laser mode waist radius was set to give an
average value equal to that o f the pump, this is not necessarily the optimum value.
To determine the optimum laser waist, the output power was calculated by solving
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Fig. 6-1

Calculated output power (mW), as a function of crystal length and output
coupling, for experimentally investigated configuration o f the 946-nm
Nd:YAG laser. Pump power entering the laser crystal was set to 320mW,
wp=wp^oph ^ = Wp and all other parameters were as given in Table 6-1.

equation (2-28) numerically for a pump waist fixed at the optimum value o f 15pm
and various laser mode waist radii. The input pump power was set, as before, to
320mW and the values of other parameters were as given in Table 6-1. The results of
these calculations are shown in Fig. 6-2. It can be seen that two output-power
maxima occur at wj-wp = 0.65 and w i/w p = 1.3. The first of these, however, is not a
true maximum but occurs because the same average mode waist, as calculated by
equation (2-34), can be arrived at from two different waist radii. In practice,
however, values of w jw p < 1 will result in poor overlap and lower output power than
predicted by Fig. 6-2. Solutions in this region are shown by a dashed line.
The optimum value of the waist radius ratio, w jw p is thus 1.3, corresponding to a
laser mode waist of wp = 20pm. The ratio o f the average mode radii, ÿv^jwp , is also
plotted in Fig. 6-2. It can be seen that this has a value o f

«1 for the optimum

laser mode radius which was the assumption made in the calculations o f Fig. 6-1.
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Variation o f output power o f 946-nm Nd: YAG laser and average mode
waist ratio,

>with laser mode waist ratio

for a fixed pump

waist of 15pm. Input pump power was 320mW and all other parameters
were as given in Table 2-1.

Continuing the ABCD ray tracing calculation shown in Fig. 5-20, it was calculated
that a 63mm focal length lens, placed one focal length from the input face o f the
laser crystal, would result in waist radii o f 14pm and 14.7pm in the horizontal and
vertical planes, respectively. The laser mode waist, calculated by ABCD matrix
analysis, is plotted as a function o f cavity length in Fig. 6-3. It can be seen that the
required 20pm mode radius is obtained with an overall cavity length o f « 5 1mm and
that, at this point, the stability of the cavity is highly marginal. In practice, the pump
beam was focused into the crystal using the 63mm lens as described and the cavity
length was varied to maximise the output power.
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Fig. 6-3

Variation of laser mode waist in near-hemispherical cavity o f 946-nm
Nd: YAG laser. Mirror radius o f curvature was 50mm and Nd: YAG
crystal length was 2mm.

The experimental configuration used in practice is shown in Fig. 6-4. The
circularised output of the injection-locked system passed through a variable neutraldensity filter, to allow variation o f the pump power, before being focused by the
63mm lens onto the end of the Nd:YAG rod. The focusing lens, laser crystal and
spherical mirror could all be translated along the axis o f the laser and the crystal and
mirror could both be rotated in the horizontal and vertical plane. The incident pump
power and output power at 946nm were measured with an optical power meter
calibrated for each wavelength. An RG850 filter was used to block any residual
pump light passing through the laser and 946-nm measurements were corrected for
the 89% transmission of the filter at this wavelength. Due to the small mode waist
used in the laser, the output at 946 nm was highly divergent and a 100mm lens was
used to refocus this onto the detector.
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I

Detector

Experimental configuration used for investigation o f the 946-mn
Nd:YAG laser. Q-switch was removed from cavity for cw operation.

6.2.2 Results and discussion.
The measured output power, as a function o f the input pump power (pump power
entering the laser crystal) is shown in Fig. 6-5. The threshold was observed to be
52mW and the average slope efficiency, obtained by a linear fit to the data, was 48%
of input pump power. Results of this type, especially slope efficiency, are frequently
reported in terms o f absorbed pump power. This is shown along the upper axis o f
Fig. 6-5, having been calculated using the known absorption coefficient of 8cm"\ In
these terms, the threshold is 42mW and the slope efficiency is 60%.
Also shown in Fig. 6-5 is the theoretical performance calculated using (2-28) with
the parameters of the experimental system. These calculated results predict a
threshold of 26mW and slope efficiency o f 46% in terms of input pump power. It is
clear that, although the experimental slope efficiency is slightly better than that
predicted by theory, the experimental threshold is considerably higher than would be
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Fig. 6-5

Output power o f 946-nm Nd: YAG laser as a function o f input pump
power with 2.5% output coupler. Fitted line gives a threshold o f 52mW
and average slope efficiency o f 48% for input pump power, threshold o f
42mW and average slope efficiency o f 60% with absorbed pump power.
Calculated data has threshold o f 26mW and slope efficiency o f 46% in
terms o f input pump power.

expected. At higher pump powers, however, the agreement between theory and
experiment is considerably better.
The improved agreement at higher powers, together with the slightly higher
efficiency observed experimentally, seems likely to result from the effects on the
laser mode o f the pump-induced thennal lens in the Nd: YAG crystal. During the
experiment the cavity was adjusted to maximise the output power at maximum pump
power. It would, therefore, be expected that cavity adjustment would compensate for
any thermal lens present at these higher powers. At low powers, however, any
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thermaî-lensing effects would be considerably weaker and the cavity would be. over
compensated, resulting in an increased threshold.
To illustrate this effect, the expression for the equivalent focal length o f a thermal
lens derived by Innocenzi et al. [5] was used:

/

P.

dn

l~exp{-aZ ,),

(6-1)

where Kc is the thermal conductivity of the material (13 Wm'^K'* for Nd:YAG [6]),
Pptj is the input pump power which contributes to heating of the rod and d n j d T

describes the temperature dependence of the refractive index (7.3x10'^ K'* for
Nd:YAG [6]). The derivation used in [6] assumes the thermal lens to be due to a
quadratic refractive index variation with the radial distance, r, o f the form:

(6-2)

n{r) = Uq

where hq is the on-axis refractive index at r ==0. This can be related to the equivalent
focal length by the expression [6]:

/

1

(6-3)

This allows the quadratic gradient of the index variation, 7%
2, to be calculated from
(6-1). The resulting value can then be used to obtain the ABCD matrix for the
Nd:YAG rod which is given by [7]:
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As was shown in Fig. 6-3, to obtain the small mode waist required, the laser cavity
was operated close to the hemispherical limit where the resulting mode waist varies
rapidly with effective cavity length. This results in the mode waist radius in the
crystal being highly sensitive to thermal lensing effects. To estimate the effect of
thermal lensing on threshold, equation (6-1) was used to estimate the thermal lens at
320mW of input pump power and 120mW o f laser output as having an equivalent
focal length o f around 13mm. Equations (6-2) to (6-4) were then used to obtain the
ABCD matrix for the Nd: YAG rod in the presence o f this thermal lens, making the
approximation

=

1.82. This matrix was then used to replace that of the simple

Nd: YAG rod in the cavity stability calculations. The overall cavity length in the
stability calculation was then adjusted to give the required 20pm mode radius in the
presence o f the thermal lens at 320mW o f input pump power. With the cavity length
fixed at this value, as would be the case for a laser optimised at maximum pump
power, the thermal lens and overall ABCD matrix for one round trip was calculated
for a range o f pump power levels. Using the ABCD matrices thus obtained, the waist
radius at each pump power level was calculated. This was then used in (2-20) to
calculate the threshold.
The results o f these calculations are shown in Fig. 6-6. The solid curves correspond
to above threshold operation and the dashed curves to that below threshold. It can be
seen that as the pump power falls, the thermal lens becomes weaker, causing the
laser mode waist radius to increase thus increasing the threshold. At an input pump
power level of around 43mW, the threshold power input and pump power are equal,
and laser operation would be expected to cease at pump powers below this level. It
can, therefore, be seen that the threshold would be expected to be higher than that
calculated assuming the mode waist radius to be optimum at all pump power levels.
The calculated results shown in Fig. 6-6 should, however, be viewed with some
degree of caution for a number o f reasons. Firstly, the model described in [5]
assumes that, above threshold, the difference between absorbed pump power and
laser output power contributes to the heating o f the crystal. Below threshold, a
significant fraction o f the absorbed power is re-emitted as fluorescence and a
different set o f assumptions need to be made about the thennal loading o f the crystal
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Fig. 6-6

Calculated thermal lens focal length for a range o f pump powers and
corresponding laser-mode waist radius and threshold-to-pump-power
ratio. The laser cavity length was set, in the calculation, to compensate
the thermal lens induced at maximum pump power.

based on the fluorescence branching ratios and absorption coefficients at the main
fluorescent wavelengths. While the results below the predicted threshold value are
marked with dashed lines to indicate this, it should also be noted that, for the same
reasons, the model starts to become less valid at lower powers in the above-threshold
region.
The second limitation arising from the model o f [5] is the assumption, in the
derivation of (6-1), that solely radial heat flow occurs in the crystal. While this
assumption is largely valid in the case o f long crystals, in our case, where the crystal
length and radius are similar, significant heat flow would be expected through the
end faces. Finally, as already mentioned, the near-hemispherical cavity is highly
sensitive to changes in its effective length, causing small changes in the input
parameters o f the calculations used to produce Fig. 6-6 to result in large changes in
the results. As a result o f these limitations, the results shown in Fig. 6-6 should be
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regarded as a qualitative illustration o f the process leading to increased threshold
rather than an accurate quantitative model of the situation under consideration here.

6.3 Q-switched operation.
For applications in nonlinear optics, it is often desirable to increase the maximum
instantaneous output power o f a laser by operating it in a pulsed regime. To
investigate pulsed operation of the 946-nm Nd: YAG laser, an acousto-optic Q-switch
fabricated from a Brewster-angled lead molybdate crystal was inserted into the
cavity. The length o f the Q-switch crystal along the optical path was 14mm and its
refractive index was 2.35. As the cavity was operated in a near-hemispherical
configuration, and therefore close to the stability limit, insertion o f the Brewster
angled element resulted in a large disparity in mode radii between the tangential and
saggittal planes.
The equivalent diagram to Fig. 6-3, showing the mode waist radii as a function o f
cavity length, with the Q-switch in place is shown in Fig. 6-7. It can be seen that
when the optimum laser mode waist radius o f 20pm, calculated for the cw case, is
achieved in the tangential plane, the mode has a waist radius o f j«65pm in the sagittal
plane. Clearly, the pump beam should ideally be shaped to match this ellipicity to
some extent. In practice, however, the same optical system was used to shape the
output o f the injection-locked pump source as in the cw case. Once the laser cavity
length had been adjusted for optimised Q-switched operation, it was found that some
improvement in performance could be achieved by slight longitudinal repositioning
of the cylindrical lenses in the output beam-shaping system of the injection-locked
laser, thus introducing a slight ellipicity in the pump beam.
The cw threshold and slope efficiency were measured with the Q-switch in place for
the cases of the cavity adjusted for maximum cw output and maximum peak power
when Q-switched. The results of these measurements are shown in Fig. 6-8. It can be
seen that the cw optimised cavity had a threshold of 85.4mW of input power and a
slope efficiency of 31%, while the Q-switch optimised cavity had a similar threshold
at 85. ImW but a reduced slope efficiency o f 25%. The difference in slope efficiency
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Variation o f laser mode waist in astigmatic near-hemispherical cavity o f
Q-switched 946-nm Nd: YAG laser. Mirror radius of curvature was 50mm
and Nd: YAG crystal length was 2mm. Brewster-angled Q-switch had a
path length o f 14mm and refractive index of 2.35 and was located «15mm
from intra-cavity face o f laser crystal.

is attributed, again, to thermal lensing effects at higher powers, the thermal loading
under Q-switched operation being different from that under cw operation. The
increase in threshold and reduction in slope efficiency for both cases compared to
the cavity without the Q-switch would appear to be caused by a combination of
losses introduced by the Q-switch and reduced mode overlap due to the astigmatic
laser mode.
For pulsed operation the high-frequency output of the Q-switch driver was
modulated using the pulse train from a signal generator. The maximum duty cycle
(ratio o f low-Q to high-Q period) that could be obtained in this way was 95%. Even
at high repetition rates, this resulted in the cavity being in a high-Q state for
considerably longer than the pulse duration. The Q-switched pulses were observed
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CW output power variation with pump power for 946-nm Nd;YAG laser
with intra-cavity Q-switch. Two sets o f results shown are for cavity
optimised for maximum cw output and cavity optimised for maximum
peak power when Q-switched.

using a calibrated, fast photodiode (BPX65) and a set o f calibrated neutral-density
filters to avoid detector saturation. The average output powers were measured using
an optical power meter with a calibrated RG850 filter to block any residual pump
light.
The variation of peak power with repetition rate was measured to determine a
suitable maximum repetition rate for laser operation. It would not be expected that
there would be any major advantage in having low-Q periods significantly longer
than the upper-state lifetime of 230ps. The results o f these measurements, which
were taken with an incident pump power «400mW (input pump power «336mW),
are shown in Fig. 6-9. The peak power was both measured directly using the
calibrated photodiode and calculated from the average power using the repetition
rate and pulse duration (»?7ns) and assuming a Gaussian pulse profile. The results
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Variation of peak Q-switched power, both measured directly and
calculated from the average power, with repetition rate. Incident pump
power was 400mW (input power 336mW), low-Q period o f duty cycle
was 95%. Pumping period was calculated as 0.95x(rep. rate)'\

are plotted against both the repetition rate and the pumping period. This was defined
as the duration o f the low-Q state between pulses and was calculated as 0.95x(rep.
rate)"*, the maximum 95% duty cycle being used in all cases.
There are several features to note in these results. Firstly, it can be seen that there is
little to gain in peak power by having a repetition rate significantly lower than
1.5kHz. This corresponds to a pumping period o f 0.63 ms or 2.7x the upper-state
lifetime. It can also be seen that while the directly measured peak power value and
that calculated from the average power show good agreement at high repetition rates
they deviate significantly at lower frequencies. This was attributed to the fact that the
duty-cycle limit resulted in the cavity being in a high-Q state for considerably longer
than the duration o f the main pulse. This would allow multiple pulsing and/or cw
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operation within the duration of the high-Q period thus increasing the average power
while the peak power remained the same. As a result of these measurements, the Qswitched laser was operated at a repetition rate of 1.5kHz with a 95% duty cycle for
all subsequent work.
The observed Q-switched pulses, for a range o f input pump powers, are shown in
Fig. 6-10. The maximum peak power obtained can be seen to be 180W for an input
pump power o f 335mW (incident pump power of 400mW), the pulse width at half
maximum being 27ns in this case. These values result in a calculated pulse energy o f
5.2pJ if a Gaussian pulse profile is assumed. Given the 1.5kHz repetition rate, this
pulse energy implies an average output power of 7.8mW, although in practice the
average output power was measured to be 11.5mW, implying a 7.7pJ pulse energy.
This discrepancy was, again, attributed to the duty-cycle limit on the Q-switch drive
signal as described above.
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Fig. 6-10 Q-switched pulses obtained from the 946-nm Nd:YAG laser for a range
o f input pump powers. Repetition rate was 1.5kHz with a 95% low-Q
duty cycle.
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It has been shown that the standard methods o f modelling Q-switched lasers can be
simply extended to the quasi three-level case to give expressions for the pulse build
up time

pulse width A/, and peak power

o f the form [1,2]:

(6-5 a)

=

r - 1 -ln r

(6-5 b)

ChVrYl

where tc is the cavity lifetime determined by all losses other than reabsorption,

is

the threshold population inversion, Lem is the cavity length, T is the output coupler
transmission and h v i is the laser photon energy. The parameter r is the ratio o f the
population inversion to that at threshold for the cavity in the high-Q state. This is
equivalent to the ratio o f pump power to that at threshold, allowing r to be easily
determined from experimentally measured quantities. The energy extraction
efficiency l i f ) is the same as that for a four-level system and is widely published as a
function o f r in standard treatments o f Q-switching [7]. The quantity A is given by
\n{SJSj), where Sss is the steady-state (i.e. cw) intra-cavity photon number at the

pump level concerned and Sj is the initial photon number which can be approximated
to unity [7]. From the measured cw data for the Q-switch optimised cavity shown in
Fig. 6-8, A is seen to have a value o f around 22 in this case.
It can be seen from equations (6-5) that all three pulse parameters will vary linearly
if plotted against suitable functions o f r, as is done in Fig. 9. The gradients o f the
fitted lines for the pulse width and build-up time imply cavity lifetimes o f 5.8 ± 0.4
ns and 8.2 ± 0.1ns, respectively. For 2.5% output coupling and the estimated 1%
additional round-trip loss assumed earlier, these figures imply single-pass losses due
to the Q-switch o f 1.1 ± 0.2% and 0.3 ± 0.004%. The measured single-pass loss o f
the Q-switch was somewhere between these two figures at around 0.7%. The
significant discrepancy between the two values obtained from the Q-switched results
is probably due to the difficulty in estimating the values o f r and T|(r) from the
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Fig. 6-11 Q-switched pulse parameters (a) build-up time, (b) width and (c) peak
power plotted against appropriate functions o f r, the pump-rate relative to
that at threshold.

measured threshold which, as has been shown, is mainly determined by the pump
induced thermal lens.

6.4 Second harmonic generation.
As was mentioned in chapter 2, the 946-nm transition in Nd: YAG has attracted much
interest as it can be frequency doubled to produce blue light at 473mn. To
demonstrate this with the laser described here, single-pass frequency doubling o f the
Q-switched output was carried out in potassium niobate.
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It was shown in Fig. 3-8 that type-I second-harmonic generation of 946-nm light in
potassium niobate could be phase-matched at room temperature with the second
hannonic polarised along the dielectric x-axis and the fundamental polarised in the
y-z plane. A number o f parameters are o f interest when considering this interaction,
including the phase-matching angle, effective nonlinear coefficient, walk-off angle
and temperature acceptance bandwidth. Since room-temperature operation, with no
temperature control o f the potassium niobate crystal, was used, the effects of
uncertainties in the absolute temperature o f the crystal must be considered. While the
Sellmeier equations used to produce the data shown in Fig. 3-8 [8] were specific for
295K, temperature-dependent versions o f these equations have also been published
[9] and were used in the calculations described here. These equations have the form,
for each polarisation direction:

^'1

.

n \A ,1 ) ~ 1+

(a + a f )x ^
B ,F ; }
TT 4/
X ^ - { a , + A ,f )
X ^ -(B ,+ B ,F -B ^ G )

-{q -

c ^f ) x

^-d

fà

(6-6)

‘'

where the temperature-dependence functions are given by:
F(T) = r ^ -295.15^

(6-7 a)

G ( T ) = r - 293.15

(6-7 b)

In (6-6) and (6-7), X is given in pm and T in K. The coefficients for each polarisation
direction are given in Table 6-2, where the axis definitions commonly used in the
literature, and summarised in Table 3-2, have been used.
Given the refractive indices obtained from (6-6) and (6-7), the phase-matching angle
was calculated using equation (3-82) for a range o f temperatures around room
temperature. For each o f the angles thus obtained, the effective nonlinear coefficient
was calculated using equation (3-87) and nonlinear coefficient values o f
6/ 31= 1 5. 8 pmV"'

and 6/32= 1 8 . 3 p m [10]. The walk-off angle, yo, was calculated using
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Polarisation direction
Coefficient

X (c,Z,3)

y(a,X,l)

z(b,Y,2)

Ax

2.370517

2.6386669

2.5389409

Ai

2.8373545x10^

1.6708469

3.8636303x10"°

A3

0.1194071

0.1361248

0.1371639

A4

1.75x10''

0.796x10"'

1.767x10"'

Bi

1.048952

1.1948477

1.4451842

B2

2.1303781x10"''

1.3872635x10"°

3.909336x10"°

B3

1.8258521x10"^

0.90742707x10""

1.2256136x10""

B4

0.2553605

0.2621917

0.2725429

Bs

1.89x10"'

1.231x10"'

2.38x10"'

Be

2.48x10"^

1.82x10"°

6.78x10"°

Cl

1.939x10"'

2.513x10"'

2.837x10"'

Q

0.27x10"*

0.558x10"*

1.22x10"*

D

5.7x10"'°

4.4x10"'°

3.3x10"'°

Table 6-2 Temperature-dependent Sellmeier-equation coefficients for use in
equation (6-6) [9].

the equivalent expression to equation (3-94) for this case and the temperature
acceptance bandwidth calculated using equation (3-122) with a 3mm crystal length.
The results o f these calculations are shown in Fig. 6-12. The phase-matching angle,
(p, is seen to be «60°, measured from the dielectric y-axis and the effective nonlinear

coefficient «16.4pm V \ The walk-off angle,
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can be seen to be «0.85°. While the
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Fig. 6-12 Calculated parameters for room-temperature SHG o f 946-mn light in
KNbOs. Second harmonic is polarised along dielectric x-axis and
fundamental is polarised in dielectric y-z plane. Phase-matching angle, <p^
is measured from the dielectric y-axis. Axis definitions used follow the
literature convention given in Table 3-2. A crystal length o f 3mm was
used in the acceptance-bandwidth calculation.

temperature acceptance bandwidth o f «1.65 K implies the conversion efficiency will
have a high degree o f sensitivity to fluctuations in temperature at a given angle, it
can be seen that small rotations of the crystal in the y-z plane, thus adjusting the
phase-matching angle, can be used to compensate for this.
A 3mm long potassium niobate crystal, cut for phase-matching as described above,
with faces anti-reflection coated at 946nm and 473nm was used to carry out the
second-harmonic generation. Given the calculated walk-off angle, the BoydKleinman walk-off parameter 5 [11], as defined by equation (3-224), has a value o f
B=1.55. It can be seen from Fig. 3-25 that, for this value of B, the conversion
efficiency will be maximised when the focusing parameter has a value o f <^»1.7.
From Fig. 3-24 it can be seen that, in this case, the reduction factor will take a value
of /r,„(B,^«0.4. Given the refractive index o f %2.2, equation (3-223) indicates that the
appropriate valpe of ^«1.7 will be obtained with a beam waist radius o f 11pm in the
crystal. Given these parameter values, a power-dependent conversion efficiency
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figure in the absence o f depletion o f the fundamental is obtained from equation (3225) of:

% , = 7 f = 000213

(6-8)

In practice, it was found to be difficult to focus the 946-nm fundamental to the
required 11pm radius spot due to the highly astigmatic nature o f the beam caused by
the intracavity Q-switch. The best results were obtained using an f=80mm spherical
lens to focus the fundamental to an estimated 6pmx24pm waist in the crystal This
results in a waist area «1.2x that in the case o f optimum focusing.
The pulses generated at the second harmonic were monitored using a fast photodiode
with a BG38 filter blocking residual fundamental light. The photodiode was
uncalibrated at 473nm, although the average power could be measured using an
optical power meter. This average measurement was used to calculate the peak
powers, given the measured pulse width and assuming a Gaussian profile.
The pulse at the second harmonic generated by a 180W peak-power pulse at the
fundamental is shown in Fig. 6-13. The pulse at the second harmonic would be
expected to show a narrowing by a factor o f V2 when compared to the pulse at the
fundamental, due to the quadratic power dependence o f the second harmonic and
this can be seen to be the case in Fig. 6-13. The average power at the second
harmonic in this case was 1.62mW and the repetition rate was 1.5kHz. These values
imply a peak power o f «50W, given the 20ns pulse width shown in Fig. 6-13 and
assuming a Gaussian pulse shape. This results in a peak conversion efficiency of
28%.
From equation (6-8), a peak conversion efficiency o f 38% would be expected in this
case in the absence of fundamental depletion. At the high peak powers involved,
however, depletion must be considered and a peak conversion efficiency of 30% is
calculated using the correction o f equation (3-71). This is slightly larger than the
observed value, possibly due to the imperfect focusing in the doubling crystal.
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Fig. 6-13 Observed pulse at 946 nm (upper trace, vertical scale 4.5WmV ) and
second-harmonic pulse at 473nm (lower trace, no vertical calibration).
Pulse widths are shown at right hand side. Average power at second
harmonic was 1.62mW and the repetition rate was 1.5kHz.

6.5 Conclusions.
The primary objective of the work contained in this chapter was the evaluation of the
performance of the injection-locked broad-area diode laser as a near diffractionlimited, spectrally-narrow pump source. The calculated cw performance shows good
agreement, given the probable thermal-lensing effects around threshold, with that
calculated for the near diffraction-limited output o f the injection-locked diode laser.
It is, however, useful to make a comparison between the results presented here and
those obtained by others with a variety of pump sources o f varying spatial and
spectral quality.
A number of such results are shown in Fig. 6-14 where the threshold pump power
and slope efficiency of 946-nm Nd: YAG lasers with a variety o f pump sources are
plotted. It can be seen that the results achieved with the injection-locked broad-area
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diode are comparable in threshold and slope efficiency to those obtained with highquality Ti:sapphire and dye lasers and significantly better than those typically
achieved with broad-area diode lasers or diode-laser arrays. It is likely that the slope
efficiency would be further improved had an output coupler o f optimum
transmission and crystal o f optimum length, as predicted by the calculations shown
in Fig. 6-1, been available.
The Q-switched performance also shows considerable improvement over a virtually
identical system pumped by diode-laser arrays [1,2]. In this case, 344mW o f incident
pump power («302mW input) produced a peak Q-switched power o f 60W when
operating with the Nd: YAG crystal at room temperature. This compares to a peak
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power of 180W for 335mW of input pump power when pumping with the injectionlocked broad-area diode laser system.
This improvement in Q-switched performance resulted in enhanced secondharmonic generation. While the average second-harmonic power of 1.62mW
obtained with the injection-locked pump source is only slightly better than that o f
1.55mW obtained with the diode-array pump [1,2], it should be noted that the
narrower pulses obtained here (20ns) resulted in a significantly higher peak secondharmonic power o f «50W, as compared to «22W in the diode-array pumped case for
42ns pulses. It should also be pointed out that while the room-temperature doubling
carried out here was critically phase-matched, the results o f [1,2] were obtained
using non-critical phase matching at »185°C, utilising the d-^ coefficient alone to
provide a a^»10% greater than that at room temperature. In addition, the doubling
crystal used in [1,2] was, at 5mm, 67% longer than that used here.
The injection-locked broad-area diode laser does not necessarily represent a practical
pump source for the routine pumping of solid-state lasers. In particular, the potential
for power-scaling is somewhat limited and the poor efficiency o f low-quality diode
pump sources can often be countered by the high powers available from them [15].
However, the results presented here demonstrate that as a high spatial and spectral
quality pump source for laboratory use the injection-locked broad-area diode laser is
capable of performance comparable to that o f Ti:sapphire and dye lasers, enabling
solid-state lasers to be end-pumped with high efficiencies and low thresholds. For
applications in nonlinear optics, such as the pumping of optical parametric
oscillators, where even high-power sources are unsuitable if their spatial and spectral
quality are poor, these attributes o f the injection-locked system are considerably
more important. The use o f the injection-locked system in such an application is
investigated in the next chapter.
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7. Diode-Laser Pumped Doubly-Resonant
Optical Parametric Oscillator.

7.1 Introduction.
It can be seen from Fig. 3-28 that a doubly-resonant OPO (DRO) based on
periodically-poled lithium niobate (PPLN) represents a highly attractive option for
diode-laser pumping. While having a threshold well within the range o f diode-laser
based pump sources, the DRO does not have any o f the impedance-matching
requirements of the pump-enhanced SRC. When compared to the triply-resonant
OPO, the DRO also offers a simpler solution as it avoids many o f the problems
associated with TROs while still maintaining a low threshold when PPLN is used. As
a result, it was decided to develop a PPLN DRO to investigate diode-laser pumping.

7.2 System design.
From Fig. 3-28 it can be seen that an »20mm long PPLN crystal would be expected
to give a minimum threshold o f the order o f milliwatts with typical cavity
parameters. It was thus decided to use a 19mm long PPLN crystal in the OPO. A set
of DRO mirrors coated for w810nm pumping were already available having highreflectivity signal and idler bands at L12-L24pm and 2.43-2.7(xm, respectively, and
the OPO was designed to operate at these wavelengths. At the time this work was
carried out, PPLN with suitable grating periods to phase-match OPO interactions
pumped at «800nm was not available as a standard stock item and an appropriate
grating set had to be designed. The various elements of the DRO are described in the
following sections.
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7.2.1 PPLN design.
The PPLN was configured, in the usual manner, for propagation along the optical xaxis with all three interacting waves polarised along the z-axis (extraordinarily
polarised) and poling carried out in the z direction. This allowed access to the
highest nonlinear coefficient, dss. The x,y and z dimensions o f the crystal were
19mm, 11.5mm and 0.5mm, respectively. The manufacturer’s standard configuration
allowed eight different grating periods to be poled adjacently along the y-axis. As
mentioned above, the periods o f these gratings had to be specified as no suitable
standard periods were available at the time of this work.
The quasi-phase-matched tuning behaviour o f the PPLN can be calculated using
equation (3-106) which, in the case o f perfect first-order quasi-phase-matching, can
be rewritten;

= 'In
p

The refractive indices for the three waves were calculated using a published
Sellmeier equation for extraordinarily-polarised waves in lithium niobate [1]:

/ ( r ) = ( r - 7 ’„ )(r+ 7 ’„ +2x273.16)

(7-2 b)

where T is measured in °C, 7j]=24.5°C, À is measured in microns and the Sellmeier
coefficients of equation (7-2 a) are given in Table 7-1.
When calculating the temperature tuning characteristics of a quasi-phase-matched
material it is important to take account o f the change in grating period resulting from
thermal expansion. This can be calculated using the relationship [1]:

l + a ( r - 2 f C ) + /)(r -2 5 T y
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(7-3)

ai

5.35583

6,

4.629x10"^

Ü2

0.100473

b2

3.862x10'^

^3

0.20692

h

-0.89x10"^

100

h

2.657x10"^

11.34927

«5

1.5334x10"^

Table 7-1

Sellmeier coefficients used in equation (7-2 a) [1].

where 7'is in °C and the values o f the thermal expansion coefficients are or=
1.54xlO‘^K‘‘ and;8= 5.3x10'^
Although photorefractive scattering effects are not as strong in PPLN as in single
domain lithium niobate, such effects are known to degrade the performance o f PPLN
OPOs unless the crystal is held at elevated temperatures [2]. However, it was also
desirable to retain the option o f room-temperature operation. With this in mind, it
was decided to design the PPLN grating periods to enable phase-matching o f the
required interactions between room temperature and 200°C.
The phase-matched signal and idler wavelengths at 25°C and 200®C, calculated for a
pump wavelength of 810nm using (7-2) and (7-3), are plotted against grating period
in Fig. 7-1. It can be seen that, at this pump wavelength, the phase-matching curve is
two-branched. This, potentially, allows idler wavelengths between degeneracy and
5pm (well into the strong infrared absorption region for the material) to be phasematched by a relatively small range o f grating periods. It was decided to specify the
PPLN slab with eight gratings having periods ranging from 21pm to 22.4pm in
0.2pm steps. It can be seen from Fig. 7-1 that this range o f grating periods, in
conjunction with temperature tuning, will allow phase-matching o f OPO interactions
throughout the transparency range o f the material for this pump wavelength.
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Phase-matched signal and idler wavelengths, plotted against grating
period, for a pump wavelength of 810mn and temperatures o f 25°C
and200°C.

To obtain a more accurate picture o f the tuning properties in the wavelength regions
o f interest, the temperature tuning characteristics were calculated for the chosen
grating periods and for pump wavelengths approximately defining the limits o f the
tuning range o f the single-mode diode laser. The results o f these calculations are
shown in Fig. 7-2. It can be seen that, depending on the pump wavelength, a number
of the chosen grating periods would be expected to phase-match within the mirror
bandwidths. Furthennore, adjustment o f the temperature enables the OPO to be
tuned throughout the mirror bands with a single, appropriate, grating period.
As mentioned in section 3.7, a particularly attractive feature o f diode-laser-based
pump sources for OPOs is their wavelength tuneability, which allows more rapid
tuning o f the signal and idler wavelengths than vaiying the OPO crystal temperature.
The pump-wavelength tuning behaviour, with the grating periods specified, is shown
in Fig. 7-3, for temperatures of 25°C and 200°C.
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It can be seen that appropriate choice o f grating period and temperature allows the
signal and idler wavelengths to be tuned throughout the mirror high-reflectivity
bands through variation o f the pump wavelength by around lOnm.
Fig. 7-2 and Fig. 7-3 show that the diode-laser pumped PPLN DRO has a high degree
of tuning flexibility. Both the crystal temperature and pump wavelength can be used
to tune the outputs over the ranges defined by the mirror coatings. With these two
parameters fixed, the quasi-phase-matching (QPM) grating period can be changed to
generate several different wavelength combinations. Since high temperature («100°C
or more) operation is required to avoid photorefractive effects, and at temperatures
this high the crystal and heating system will take some time to stabilise after any
variation, the most practical mode o f operation is probably to leave the temperature
fixed and use a combination o f grating-period and pump-wavelength variation to
tune the OPO outputs.
When calculating the effective quasi-phase-matched nonlinear coefficient, equation
(3-112) is applied for the case o f first-order QPM (m =1) to give:

In this case, t% is the c/33 coefficient of lithium niobate. To determine the value o f
c/ 3 3 at the wavelengths o f interest, the dispersion in the second-order susceptibility

must be taken into account. This can be done using a Miller’s rule expression similar
to that given by Roberts [3] which, in our case, can be expressed as:

•

5) " 1] *

i) ~ 1]

(7-5)

Here, c/g^o is a measured reference value, the measurement having been made by the

|

interaction of the wavelengths A^,

]

and A/. The refractive indices »^(Ap), M^AJ and

«/(Ai) are those for these wavelengths. The interaction for which d^ff is to be

j

calculated is that between

j

A, and 3 which are assumed to have the same

polarisation as their corresponding wavelengths in the reference interaction. In the
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case of PPLN, c/35 has been measured for an all extraordinary-wave QPM interaction
by the frequency doubling of 1.064pm light, giving a value o f 3r27pm V '^ [3], With
Ap=As=1.064pm, Ai=0.532pm, Xp=0.810pm, Xs=l. 184pm, 1;=2.565pm and
calculating the conesponding refractive indices from (7-2) and (7-3) at 150°C, (7-5)
gives a value o f c/jj=23.4pmV"^ for the interaction of interest here. This results in a
corresponding first-order QPM nonlinear coefficient of c/g= 14.9pm V\

7.2.2 Mirrors and cavity configuration.
It was seen in sections 3.4.1 and 3.5 that the OPO threshold is minimised when the
interacting waves are focused close to the confocal condition in the ciystal. The
signal and idler waists are obviously determined by the mirror curvatures and
separation. Mirror curvatures o f 10, 20, 30 and 50mm were available with the
coatings described. The minimum mirror separation was limited to approximately
40mm by the dimensions of the oven containing the PPLN.crystal.
Fig. 7-4 shows the variation of the mode-waist radii at the centre o f the PPLN crystal
calculated for a range of cavity lengths, using the ABCD matrix method [4], It is
assumed that the mirrors are spaced symmetrically on either side of the crystal and
that the signal and idler wavelengths are 1.184pm and 2.565pm, respectively, these
being the approximate centres o f the mirror-coating high reflectivity bands. The
refractive indices at these wavelengths were calculated from (7-1) and (7-2),
assuming a temperature o f 150°C. It can be seen from equation (3-221) that, to
maximise the tolerance o f the DRO to pump frequency fluctuations, it is desirable to
maximise the free-spectral-range (FSR) and therefore to minimise the cavity length.
As a result, the 50mm radius o f curvature mirrors were not used and calculations
were only carried out for radii of curvature (ROC) of 10, 20 and 30mm.
The vertical dotted line in Fig. 7-4 indicates the minimum cavity length attainable
experimentally (limited by the size of the crystal oven) and the horizontal lines show
the optimum mode-waist radii. These are determined by the confocal condition o f
equation (3-145) (crystal length « confocal parameter), resulting in signal and idler
wasit radii of 40.7pm and 60.6pm, and the results of Boyd and Kleinman [5] (crystal
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Variation of signal and idler cavity mode-waist radii with overall cavity
length calculated for a symmetric cavity with mirror radii o f curvature o f
10,20 and 30mm. Minimum experimentally practicable cavity length is
shown by the vertical dotted line. Horizontal lines show optimum signal,
and idler mode waists determined by the confocal condition (A) and
focused Gaussian beam analysis (B) [5].

length = 2.84xconfocal parameter) discussed in section 3.5, resulting in signal and
idler waist radii o f 24.1pm and 35.9pm, respectively. Note that, since the difference
in refractive index between the signal and idler wavelengths is relatively small, it is
possible to obtain near-optimum focusing at both wavelengths with the same cavity
lengths.
It can be seen from Fig. 7-4 that, while it can accommodate the 19mm long crystal, a
cavity formed by the 10mm ROC mirrors cannot contain the crystal oven. As a
result, the 20mm and 30mm ROC mirrors were used for the subsequent experimental
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work. Fig. 7-4 shows that both these cavity configurations allow the mode waists to
be varied through the optimum values obtained by both calculation methods.
Having detennined suitable cavity configurations defining the signal and idler mode
waists, matching o f the input pump beam to these must also be considered. For a
pump wavelength of 810nm, the confocal condition indicates an optimum pump
mode radius of 33.5pm at the centre o f the ciystal, while the focused Gaussian beam
results of Boyd and Kleinman determine the optimum waist radius to be 19.9pm. To
determine an appropriate focal length and position for the focusing lens, the ABCD
beam trace analysis o f the injection-locked broad-area diode-laser output shown in
Fig, 5-20 was extended to the OPO. The effects o f the focusing lens on the pump
beam waist in the PPLN crystal were then calculated, taking into account
transmission through the concave input mirror o f the OPO. The distance from the
final component of the injection-locked system beam-shaping optics to the lens
focusing into the OPO was set to 1.5m, which was approximately equal to the
distance in the experimental arrangement used, although the near-collimated nature
of the injection-locked system output meant that this distance had little effect on the
final results.
The results of these calculations are shown in Fig. 7-5. The radius and position of the
pump beam waist in the PPLN crystal are plotted as a function of focusing-lens
position for three typical lens focal lengths. The crystal is assumed to be at the centre
o f the cavity and results are calculated for cavities formed by mirrors with 2 0 mm
(Fig. 7-5 (a)) and 30mm (Fig. 7-5 (b)) ROC. In both cases the cavity length is set for
confocal focusing, corresponding to overall lengths o f 48mm and 6 8 .8 mm,
respectively. As was seen in Fig. 7-4, these lengths are only slightly shorter than
those for optimum waist radii in the focused Gaussian beam case and the difference
between the two cases had little effect on the results o f Fig. 7-5. The optimum waist
radii for both cases are indicated in Fig. 7-5. Beam parameters calculated in the
horizontal plane (in the plane o f the diode-laser junctions and the x-z plane of the
PPLN crystal) are shown in black and those in the vertical plane (normal to the plane
o f the diode-laser junctions and in the y-z plane o f the PPLN crystal) are shown in
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Variation o f pump beam-waist radius and position with distance of
focusing lens from OPO input mirror, (a) mirror ROC=20mm, 48mm
overall cavity length, (b) mirror ROC=30mm,

6 8 . 8 mm

overall cavity

length. Black lines represent beam properties in horizontal direction (in
plane of diode-laser junctions, in x-z plane o f PPLN crystal), grey lines
represent properties in vertical direction (normal to junction plane, in x-y
plane of PPLN crystal).

grey. It can be seen that the differences between the two planes are largely
insignificant.
Clearly, it is desirable to determine the combination o f lens focal length and position
which results in an appropriate waist radius at the same time as locating the waist at
the centre o f the crystal. It can be seen from Fig. 7-5 that for both OPO cavity
configurations a lens focal length o f 63mm fulfils this requirement for the focusedGaussian beam waist, while a 100mm focal length does so for the confocal beam
waist. In practice, it was decided to use an 80mm focal-length lens which can be
seen to result in a waist radius o f %25p.m when placed « 6 8 mm from the 20mm ROC
cavity mirror, and «28pm when placed «61mm from the 30mm ROC cavity mirror.
The corresponding signal and idler mode radii, fulfilling equation (3-143), are 31 and
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34pm, and 46 and 5 1pm, respectively. It can be seen from Fig. 7-4 that operating
with these slightly larger signal and idler waist radii, rather than those predicted as
optimum by the focused Gaussian beam model, results in a cavity with less marginal
stability. These mode-waist values result in values of the focusing parameter, as
defined by equation (3-223), o f ^ 1 .7 to 1.5. It can be estimated from Fig. 3-26 that
the resulting increase in threshold is around 10-15%.
The final configuration for the DRO is shown in Fig. 7-6. Both 20mm and 30mm
ROC mirrors were used with the overall cavity lengths and lens-to-mirror distances,
as described above for each case, to obtain near-confocal focusing. The PPLN crystal
was mounted in an oven, allowing its temperature to be varied between room
temperature and 200®C. The oven was held in a mount providing three translational
and three rotational degrees o f freedom. The translational controls allowed gratingperiod selection in addition to placement o f the PPLN within the cavity, while the
rotational controls allowed alignment of the crystal along the cavity axis. This was
particularly important, given the 0.5mm aperture in the z-direction. The output

Oven

f=80inm

ROC=20/30mm

Pump
polarisation

V

-e Llens
Crystal

trSTkSin

axes

I

Optical

Fig. 7-6

actuator

Diode-laser pumped DRO experimental configuration (side view). Lcav
typically «48mm for 20mm ROC mirrors and «69mm for 30mm ROC
mirrors. Liens typically 68mm for 20mm ROC mirrors and 61mm for
30mm ROC mirrors.
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mirror was mounted on a piezo-electric actuator, allowing the cavity length to be
scanned over a range of approximately 1pm.
A dichroic beamsplitter, reflecting at the signal wavelength while transmitting at the
pump, was used to separate the output at the signal from the pump light transmitted
by the OPO. The signal output was then monitored using either a germaniumdetector power meter, if absolute power measurements were required, or an InGaAs
photodiode. An RGIOOO filter was used before the signal detector to block any
residual pump light not removed by the beamsplitter. While the beamsplitter was
found to be «100% reflective at the signal, calibration o f the RGIOOO filter showed a
signal transmission of 80% and this value was used to calibrate signal-power
measurements. The transmitted pump, separated by the beamsplitter, was directed
onto a silicon detector for monitoring. The input pump power to the OPO was
controlled by the use o f a half-wave plate and polarising beamsplitter before the
focusing lens.

7.2.3 Threshold calculations.
Having determined a suitable cavity configuration, the OPO threshold can now be
estimated. This can be done in the confocal case using equation (3-164):

where

and y! are the single-pass losses at the signal and idler, m is the spatial

coupling factor as defined in equation (3-58), and all other parameters are as
previously defined. Optimum phase-matching (AA=0) is also assumed. In the focused
Gaussian beam case, expression (3-226) is used:
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where y[ and y I are, again, the single-pass losses, Ô is the degeneracy factor, as
defined in equation (3-147),

is the focusing factor o f Fig. 3-26 and all other

parameters are as previously defined. Obviously, in addition to the focusing,
effective nonlinear coefficient and crystal length, the major factor in determining the
threshold of the OPO is the level o f loss at the signal and idler wavelengths. The
majority of the losses in such a device are due to reflections at mirror and crystal
surfaces. The OPO mirrors, as already mentioned, had dielectric coatings with highreflecting bands at wavelengths o f 1.12-1.24pm and 2.43-2.7pm, thus defining the
signal and idler ranges, respectively. The end faces o f the PPLN crystal were anti
reflection coated over similar ranges.
The performance of these coatings is shown in Fig. 7-7. The round-trip losses due to
the crystal-face coatings and the mirror coatings are shown separately. Also shown
are the combined total round-trip losses. All the data shown were obtained from the
test curves supplied with the coated optics by the coating manufacturers. As can be
seen from (7-6) and (7-7), the product o f the signal and idler losses determines the
threshold. In view o f this. Fig. 7-7 also shows, for a given wavelength, the loss at the
corresponding parametric wavelength, if a pump wavelength o f 810nm is assumed.
The threshold pump powers calculated using (7-6) and (7-7) are shown, as a function
of round-trip loss, in Fig. 7-8. The loss figure along the x-axis is the value used for
both the signal and idler losses in the calculation and is therefore equal to 2y[ and
2y[ in (7-6) and (7-7), respectively. Although the losses at the signal and idler will

generally be different, it can be seen from the form o f (7-6) and (7-7) that the x-axis
value of Fig. 7-8 represents the geometric mean of the round-trip power losses at the
signal and idler. In calculating the results shown in Fig. 7-8, the various parameters
were assigned values as described above, that is L==19mm, ^4^<7^=14.9pmV'^
Xp=0.810pm,

1.184pm and X,i=2.565pm, the refractive indices being calculated

for these wavelengths using (7-2). For the focused Gaussian (Boyd and Kleinman)
analysis, the focusing parameter was set to ^ 1 ,5 , yielding a reduction factor of
/z,„(5,^ ) = 0.9. In the confocal case, the confocal parameter was set equal to the
crystal length for all three waves. In fact, as already mentioned, the waist radii were
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Round-trip losses due to coated surfaces in the PPLN DRO. Total losses
are sum o f crystal and mirror losses. Losses at other parametric
wavelength are those for that wavelength corresponding to the x-axis
value if a pump wavelength o f 810nm is assumed. Note that absorption
losses within the crystal are not included here.

slightly smaller than in this case. However, reducing the waist radii below the
confocal condition results in unrealistically low threshold when using this analysis.
It can be seen from Fig. 7-7 that the minimum signal-idler loss product occurs when
both round-trip losses are approximately 0.6% and this value is marked in Fig. 7-8,
corresponding to a threshold value o f around ImW. As previously mentioned, the
losses shown in Fig, 7-7 represent those from surfaces only and do not take account
of absorption in the PPLN crystal. The manufacturers specify absorption in the
crystal as being a maximum of 0.0015cm'^ at 1.064pm [6], which results in a round-
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trip power loss of 0.57% in our case of a 19mm long crystal. As losses are minimal
for the extraordinaiy polarisation in lithium niobate below approximately 4p,m [2], it
was assumed that this value could also be applied to the signal and idler in this case.
The overall loss, including this maximum absorption value, is also indicated in Fig.
7-8 and can be seen to result in a threshold of around 4mW. From the calculations
shown in Fig. 7-8, the OPO would, therefore, be expected to have a pump-power
threshold of less than 4mW when operating at the wavelengths resulting in minimum
losses as indicated by coating characteristics shown in Fig. 7-7.
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Fig. 7-8

Pump power thresholds calculated using the near-field analysis (equation
(7-6) with confocal parameters equal to crystal length) and focused
Gaussian case < ^ \ .5,5=0 giving

= 0.9. Loss values along x-axis

represent geometric mean o f signal and idler round-trip losses. Minimum
surface loss value of Fig. 7-7 is marked as is this value plus maximum
crystal absorption.
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7.2.4 Stability calculations.
As was seen in section 3.4.3.2, the principal properties o f the DRO cavity affecting
its tuning behaviour and stability are the difference in the signal and idler FSRs and
the signal and idler finesses. The stability and mode-hop properties o f the PPLN
DRO, calculated using the expressions derived in section 3.4.3.2, are shown in Table
7-2 for various cavity and wavelength configurations of the OPO.

Signal / idler

1.215pm

A,s=1.184pm

ls= l. 157pm

wavelengths

?ci=2.430pm

li=2.565pm

A.i=2.700pm

Temp. (°C)

134.0

164.8

191.33

Signal / idler

2y; = 0.89%

2 /; = 0.94%

2X = 1.85%

r-t losses

2y/ = 2.81%

2//=1.54%

2;^/=1.77%

Cavity length

68.8

48.0

40.0

68.8

48.0

40.0

68.8

48.0

40.0

1.652

2.143

2.42

1.651

2.142

2.419

1.651

2.142

2.418

1.665

2.164

2.447

1.666

2.166

2.450

1.667

2.169

2.453

12.37

20.86

26.63

14.21

23.97

30.6

16.06

27.1

34.6

(MHz)

4.89

6.36

7.19

3.28

4.26

4.81

4.78

6.20

7.02

M i,o p

(nm)

3.02

3.92

4.43

3.47

4.51

5.09

3.92

5.09

5.75

M sta b

(nm)

1.19

1.19

1.19

0.80

0.80

0.8b

1.17

1.17

1.17

(mm)
FSRs (GHz)
FSRi (GHz)
AFSR (MHz)

(=
S.Vp^stab

Table 7-2

Calculated mode-hop and stability tolerances for pump frequency and
cavity length. In all cases, lp=810nm and A=21.2pm, with crystal
temperatures as indicated. Wavelengths represent approximate limits
and centre of mirror bands. Losses obtained from data o f Fig. 7-7 with
additional 0.57% absorption loss at both signal and idler. Cavity lengths
are confocal values for 30 and 20mm ROC mirrors and minimum value.
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.The cavity lengths in Table 7-2 represent the confocal conditions for the two mirror
curvatures used and the minimum cavity length defined by the crystal oven. The
wa velength combinations represent the approximate limits and the centre o f the
tuning range defined by the mirror coatings. The round-trip loss values used are
obtained from the data of Fig. 7-7 with an additional crystal-absorption loss, assumed
to be the maximum value of 0.57% as discussed above, at both the signal and idler.
As would be expected, increasing the difference between the signal and idler
wavelengths results in a larger FSR difference, AFSR , due to the dispersion o f the
PPLN crystal. Reducing the cavity length also increases A F SR as the dispersive
element (the crystal) becomes an increasingly significant fraction o f the overall
cavity length. These increases in AFSR result in an increased tolerance to modehopping, both for pump frequency and cavity length, as the cavity length is reduced
and the wavelength separation increased. These changes also result in the stability
within a given signal-idler mode pair to changes in pump frequency, AVp^stab,
increasing. The stability to changes in cavity length, Alstab, can be seen from equation
(3-220) to be independent of FSR and varies with wavelength only as a result of
changes in losses and therefore cavity finesses.
As was discussed in section 3.4.3.2, the expressions derived to calculate the mode
hopping and stability behaviour o f the DRO do not give any indication o f the effects
o f hopping between signal-idler mode-pair clusters. These effects can, however, be
gauged by numerical mode-selection calculations such as those shown in Fig. 3-22
and Fig. 3-23. The results of such calculations for the PPLN DRO are shown in Fig.
7-9. Calculations were carried out for the two extreme situations o f those
summarised in Table 7-2, these being minimum signal-idler wavelength separation
(Xg= 1.215pm, ^i=2.430pm) with maximum cavity length (68.8mm) and maximum
signal-idler wavelength separation (Xs=1.157pm, A,j=2.700pm) with minimum cavity
length (40mm). All other parameters used in the calculations were as given in Table
7-2 for these two cases. In both, cases the cavity length was adjusted from the
nominal value to position one cluster at the centre of the phase-matching band, and
the magnitudes o f these length adjustments are indicated in Fig. 7-9.
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Examining Fig. 7-9, it is clear that the values of Mhop, ^Istab, ^^p.hop and AVp^^tab
obtained from these numerically calculated results show good agreement with those
in Table 7-2 obtained analytically. The intra-cluster mode-hop stability figures given
in Table 7-2 appear to indicate a significant improvement in the tolerance to mode
hopping can be achieved by shortening the cavity and increasing the signal-idler
wavelength separation. It can be seen from Fig. 7-9, however, that while this is the
case when only one cluster is considered, inter-cluster mode hopping results in the
two situations displaying very similar performance in practice.
Using equation (3-119) to calculate the phase-matching bandwidth by setting
and

results in a value at the signal o f A2p„,_j«5nm or Av^,„,s«1.067 THz for the

wavelength ranges under consideration. As the cluster spacing, in terms o f mode
numbers, is given by the ratio o f the average FSR to the FSR difference, A FSR , it can
be seen from the values given in Table 7-2 that approximately 5 or 6 clusters will fall
within the phase-matching bandwidth in the two situations under consideration.
Since this bandwidth defines the region where the OPO threshold is less than «2.5
times that for perfect phase-matching, more clusters would be expected to be above
threshold at high pump powers.
As a result o f the relatively large phase-matching bandwidth, when compared to the
cluster spacing, the increase in threshold seen by clusters adjacent to the central one
is minimal. Thus, while shortening the cavity and increasing the signal-idler
wavelength separation results in a significant improvement in the tolerance to modehops within a cluster, it can be seen from Fig. 7-9 (b) that between the central-cluster
coincidences the DRO will operate in other clusters with only a small increase in
threshold. Although increasing the FSR difference, AFSR, improves the intra-cluster
mode-hop stability, Al^op and Avpjj^p, it also reduces the cluster spacing and thus
increases the degree o f inter-cluster mode-hopping. It is clear, therefore, that while
the PPLN DRO will probably show slightly better definition o f the signal-idler
coincidences as the cavity length is varied than the Type-I DRO near degeneracy
shown in Fig. 3-22, the degree o f definition obtained from the TYPE-II DRO as
shown in Fig. 3-23 is unlikely to be achieved. This behaviour, resulting in a lack of
well-defined resonance points, appears likely to make the active stabilisation o f the
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PPLN DRO more difficult than is the case for DROs having well-defined signal-idler
resonance coincidences.

7.3 Experimental results.
The experimental configuration shown in Fig. 7-6 was used to investigate the
perfonnance of the PPLN DRO. As no attempt was made, initially, to actively
stabilise the cavity length, it was expected, from the discussion in section 7.2.4, that
the output power would show significant variation. In view o f this, a ramp signal was
applied to the piezo-electric element, on which the output mirror was mounted, to
scan the cavity length continuously and the pump transmission and signal output
were monitored. As mentioned in section 7.2.2, a calibrated detector was used to
monitor the signal output, allowing absolute output power measurements to be made.

7.3.1 Injection-locked broad-area diode laser pumping.
Initial characterisation of the PPLN DRO was carried out with the injection-locked
broad-area diode laser as the pump source. A typical result showing output at the
signal, and corresponding depletion o f the transmitted pump, as the OPO cavity
length was varied is shown in Fig. 7-10. This result was obtained with a nearconfocal cavity configuration using 30mm ROC mirrors. The pump wavelength was
808nm, the grating period 21.2pm and the temperature 150°C, corresponding to
signal and idler wavelengths o f «1.20pm and «2.47pm, respectively. The pump
power was 365mW and the signal detector response 100mWV'\ The undepleted
pump transmission, corresponding to the situation where the OPO was not operating,
can be seen as the top trace shown in Fig. 7-10. This shows a slight modulation with
varying cavity length due to the small residual reflect!vity(< 10%) o f the mirrors at
this wavelength. The zero point for both the pump transmission and signal output is
shown as the bottom trace. It can be seen that a pump depletion o f over 50% and
signal output of «14mW was observed.
To measure the variation o f output power with pump power, the peak signal output
power occurring as the cavity length was scanned was measured for a range of input
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Fig. 7-10 Signal output and corresponding pump depletion of from the PPLN DRO
pumped by the injection-locked broad-area diode laser. ^«1.20pm,
>^«2.47pm. Pump power: 365mW. Signal detector response: 100mWV'\

pump powers with a near-confocal cavity formed by 20mm ROC mirrors. The
minimum DRO threshold was observed to occur for ^ = 0 .8 105pm,

1.222pm and

X,i=2.407pm, phase matching o f this interaction being achieved using the 21.2pm
grating period at 150°C. At these wavelengths, the round-trip surface losses can be
seen from Fig. 7-7 to be 0.4% and 2.75% for the signal and idler, respectively.
Assuming the manufacturers specified maximum round-trip absorption loss at
1.064pm in the crystal of 0.57% for both signal and idler, losses o f 2 /1 - 0.97% and
2/1 = 3.32% are obtained. These values give a geometric-mean loss o f 1.79%, which

can be seen from Fig. 7-8 to imply a threshold o f «9mW in the case of near-confocal
focusing.
The results of these measurements are shown in Fig. 7-11. It can be seen that an
external threshold pump power o f 25mW is achieved. Approximately 92% of this
external pump power entered the crystal. Above threshold, it can be seen from
equations (3-186) that the down-converted power would be expected to show a
dependence upon the pump power o f the form:
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Fig. 7-11 Variation o f signal output power for PPLN DRO with near-confocal cavity
formed by 20mm ROC mirrors pumped by injection-locked broad-area
diode laser. Operating wavelengths: %s=l.222pm, X;=2.407pm.

(7-8)
with Ps, Pp and Ppjh being the signal, pump and threshold pump power, respectively.
Thus, the output power at the signal would be expected to vary as the square-root o f
the pump power for a given pump power threshold. The results in Fig. 7-11 show
such a dependence at low pump powers levels, but deviate from this at higher pump
powers as a result o f the measurement method.
As was seen in Fig. 7-9, it would be expected that output would be produced by
many different signal-idler mode pairs throughout the phase-matching bandwidth as
the cavity length is varied. All these mode pairs will have slightly different levels o f
output coupling due to small variations in the mirror transmission across the phase
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matching bandwidth. The maximum output power during a cavity length scan will
always be produced by the signal-idler mode pair having the closest to optimal level
o f output coupling for the given pump power. Close to the OPO threshold, this will
also be the mode pair with the lowest threshold. However, as the pump power
increases, the maximum output power will tend to result from mode pairs having
higher levels o f output coupling and thus higher thresholds. As a result, Pp^u, in
equation (7-8) can only be regarded as a constant for pump powers close to threshold
and at higher pump powers a square-root dependence will not be observed.
It is not clear why the lowest threshold occurred for a wavelength combination
which, especially at the idler, appears from Fig. 7-7 to show significantly higher
surface losses than the minimum values. Taking into account the «8% loss at the
pump between the measured value and the power entering the crystal, the internal
threshold o f 23mW is still significantly higher than the value o f 9mW calculated
from the losses.
The OPO was also operated at a signal wavelength close to the edge o f the mirror
high-reflectivity band, where the level o f output coupling at the signal was higher.
This was achieved with a pump wavelength of 808ran, a PPLN grating period of
21.0pm and a temperature of 150°C, to give a signal and idler wavelengths o f
«1.245pm and «2.302pm, respectively. The corresponding variation o f maximum
signal output power with incident pump power is shown in Fig. 7-12. It can be seen
that the threshold, in this case, has been increased to «75mW and over 35mW of
output at the signal are obtained. It should be pointed out that the measured signal
output powers, shown in both Fig. 7-11 and Fig. 7-12, are fi'om one OPO mirror only.
Similar power levels would be expected to be emitted from the other mirror back in
the direction of the pump beam. While it can be seen from Fig. 7-7 that the roundtrip surface losses at the signal are around 1% at this wavelength, those at the idler
appear to be considerably greater than 10%. This result would appear to cast some
doubt on the accuracy of the loss data, as specified by the coating manufacturers,
shown in Fig. 7-7.
To investigate the temperature-tuning behaviour, the pump and signal spectra were
monitored, as the cavity length was scanned, using an optical spectrum analyser and
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Fig. 7-12 Variation of signal output power for PPLN DRO with near-confocal
cavity fonned by 20mm ROC mirrors pumped by injection-locked broadarea diode laser. Operating wavelengths o f
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result in increased output coupling at the signal and idler.

the idler wavelength inferred from these measurements. In the case o f the signal, the
output spectrum was generally over a band o f »5mn, corresponding to the calculated
phase matching bandwidth, and the centre wavelength was recorded. Temperature
tuning was carried out between room temperature and 190°C, with a pump
wavelength of 808.7mn, for five grating periods ranging from 21.0pm to 21.8pm,
The results obtained are shown in Fig. 7-13.
The tuning range at signal can be seen to be 1.16-1.24pm and that at the idler 2.312.66pm. The signal tuning range can be seen from Fig. 7-7 to correspond well with
the region of minimum loss. However, the short-wavelength limit o f the idler tuning
range appears from Fig. 7-7 to extend into a region where the round-trip losses are
well over 10%. This result, therefore, again casts some doubt on the manufacturers
loss data shown in Fig. 7-7.
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Fig. 7-13 Temperature tuning behaviour o f the PPLN DRO pumped by the
injection-locked broad-area diode laser. The pump wavelength was
Ap=808.7nm. The calculated values were obtained using equations (7-2)
and (7-3).

As already mentioned, PPLN is usually operated at elevated temperatures to avoid
photorefractive effects which, in the case o f infra-red pumped OPOs, are generally
attributed to visible light generated through non-phase-matched mixing processes
[2,7]. Although room-temperature operation was observed here, significant levels o f
visible light were generated by frequency doubling of the signal. Scattering effects,
resulting in impaired OPO performance, were observed after 20-30 minutes o f room
temperature operation in the same area o f the crystal. These effects were easily
removed by re-heating.
The experimental data shown in Fig, 7-13 can be seen to show an offset from the
calculated values corresponding to a temperature shift o f »20°C. Temperature offsets
in the same direction, although o f different magnitudes, have been observed by
others in PPLN OPOs pumped at similar wavelengths [8,9]. It is interesting to note
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that the Sellmeier coefficients given in Table 7-1 are largely derived from data
obtained with «Ipm-puraped OPOs [1]. At this pump wavelength, the tuning
characteristics are significantly different and do not show the two-branched
behaviour seen in Fig. 7-1. It appears likely, therefore, that the observed offset is a
result o f inaccuracies in the Sellmeier equations at the pump wavelengths used here.
As was pointed out in section 3.7, diode-laser pumped OPOs have the significant
advantage of broad pump-wavelength tuning when compared to OPOs pumped by
fixed-wavelength sources. To investigate the pump-wavelength tuning behaviour o f
the PPLN DRO, the output wavelength o f the injection-locked broad-area diode laser
system was varied by variation of the master laser wavelength, while the OPO
grating period and crystal temperature remained fixed at A=21.2pm and T=150°C,
respectively.
The results of these measurements are shown in Fig. 7-14. It can be seen that the
tuning ranges are identical to those obtained by varying the crystal temperature,
confirming that the entire tuning range o f the OPO, as defined by the coating
bandwidths, can be exploited by pump-wavelength tuning alone. It can also be seen
that a similar offset exists between the calculated and experimental values to that
observed when temperature tuning.

7.3.2 Single-mode diode laser pumping.
In view of the threshold of 25mW, it was decided to attempt direct pumping o f the
OPO by the single-mode master laser without amplification by injection-locking the
broad-area diode laser. This was done using the experimental configuration shown in
Fig. 7-15, The f=80mm focusing lens was retained for mode-matching into the OPO
and the output of the collimated single-mode laser was reshaped in the plane o f the
junction to give a near-circular beam o f similar dimensions to the shaped output of
the injection-locked system. This reshaping was carried out by a cylindrical
telescope, acting in the plane of the diode-laser junction, consisting o f an f=80mm
lens followed by a 100mm lens with an approximately confocal separation.
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Fig. 7-14 Pump-wavelength tuning behaviour of the PPLN DRO pumped by the
injection-locked broad-area diode laser. Grating period was A=21.2pm,
and temperature was 150°C. Calculated values were obtained using
equations (7-2) and (7-3).
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Fig. 7-15 Experimental arrangement for single-mode diode-laser pumping o f the
PPLN DRO.
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The overall distance from the single-mode diode laser to the OPO was approximately
two metres and the beam-shaping telescope was located approximately half way
between the two. The calculated beam-waist radii and positions within the PPLN
crystal, as the position of the mode-matching lens is varied, are shown in Fig. 7-16
for 20mm and 30mm ROC mirrors in a near-confocal configuration. It can be seen
that similar beam waist radii are obtained at the centre of the crystal to those
obtained with the injection-locked system as shown in Fig. 7-5 and similar threshold
values would, therefore, be expected.
The variation of maximum output power with input pump power, obtained in a
similar manner to the results shown in Fig. 7-11, are shown in Fig. 7-17. It can be
seen that in this case the threshold pump power was 16mW and up to 5mW o f output
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Fig. 7-16 Variation of pump beam waist radius and position with distance of
f=80mm focusing lens from OPO input mirror for reshaped single-mode
diode laser beam, (a) mirror ROC=20mm, 48mm overall cavity length, (b)
mirror ROC=30mm, 68.8mm overall cavity length. Black lines represent
beam properties in horizontal direction (in plane o f diode-laser junctions,
in x-z plane of PPLN crystal), grey lines represent properties in vertical
direction (normal to junction plane, in x-y plane o f PPLN crystal).
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Fig. 7-17 Variation of signal output power for PPLN DRO with near-confocal
cavity formed by 20mm ROC mirrors pumped by single-mode diode laser.
Operating wavelengths:

1.222pm, A,i=2.407pm.

at the signal was obtained. As with the injection-locked pump source, the output
shows a square-root variation with pump power initially from which the results
deviate at higher powers, as a result o f the measurement method, for the reasons
described above. It is not clear why a reduction in threshold was observed, when
pumping with the single-mode diode, compared to that obtained with the injectionlocked pump. It is possible that in the case o f the injection-locked system some
residual free-running output was present which did not couple into the OPO and
therefore did not contribute to the pumping.
Despite the reduction in threshold, when compared to the injection-locked pump
source, the measured threshold value is still significantly larger than the value o f
%9mW calculated from the estimated losses. As has already been pointed out,
however, other aspects o f the OPO performance are not entirely consistent with the
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loss data shown in Fig. 7-7 and it is possible that actual the losses are greater than
those estimated.
To investigate the OPO tuning behaviour when pumped by the single-mode diode,
pump-wavelength tuning was carried out. As was seen with the injection-locked
pump source, the tuning range obtained by this method is identical to that achieved
through temperature tuning and therefore this measurement should give a good
indication of the tuning limits with the single-mode diode pump source. As with the
injection-locked pump source, pump-wavelength tuning was carried out with the
21.2pm grating period at a temperature o f 150°C.
The results obtained are shown in Fig. 7-18, along with those obtained with the
injection-locked pump source for comparison. It can be seen that the tuning
behaviour when pumping with the single-mode diode is similar to that seen when
pumping with the injection-locked system. The range over which the OPO can be
tuned is, however, slightly smaller, being limited to a shorter maximum idler
wavelength as the lower pump power available restricts operation at the edge o f the
coating bandwidth.

7.3.3 Active cavity length control.
Up to this point, all the results presented were obtained without any attempt to
maintain operation of the DRO on a single signal-idler mode pair. As was seen in
section S.4.3.2, and is clear from Fig. 7-9 in this chapter, small changes in cavity
length or pump frequency can result in the DRO mode-hopping. Single-mode
operation can be maintained by the use o f electronic servo techniques which can, not
only, compensate for fluctuations in cavity length, but also for those in pump
frequency, as the two have equivalent effects in the opposite sense. A number of
servo techniques have been used to stabilise DROs in this way [10,11,12,13]. One o f
the simplest methods to implement is side-of-fringe locking, where the output power
at the signal is monitored by the servo electronics which aim to maintain this output
power at a constant level [11,14,15]. It was decided to use this technique here.
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system included for comparison. Grating period was A=21.2pm and
temperature was 150°C. Calculated values were obtained using equations
(7-2) and (7-3).

One of the disadvantages o f the side-of-fringe technique is that well-defined signalidler resonance peaks, as the cavity length varies, are required to give a clear locking
region on the side of each resonance. The majority o f previous experimental
implementations of this technique have made use o f type-II birefringently phasematched DROs operating near degeneracy. As was seen in Fig. 3-23, these devices
generally exhibit better discrimination between the mode-pairs in a given cluster and
better cluster selectivity than those for the PPLN DRO shown in Fig. 7-9. It was seen
in Fig. 7-9 and Table 7-2 that the definition of individual mode-pair resonances
would be expected to show some slight improvement by shortening the cavity and
increasing the wavelength separation. It would also be expected that reducing the
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pump power or increasing the threshold by, for example, misaligning the cavity
slightly, would reduce the number o f mode pairs able to reach threshold and thus
improve the definition o f the resonances for the remaining lowest-threshold modes.
To experimentally investigate the effects o f signal/idler wavelength separation and
cavity length on the definition of individual resonances the output at the signal was
monitored, as the cavity length was varied, for different wavelength combinations
and cavity lengths. Such results are shown in Fig. 7-19 for three different wavelength
combinations and two different cavity lengths. To ensure that approximately the
same number of mode pairs were above threshold in each case, the pump power was
adjusted to give approximately similar average output powers at the signal. With a
cavity length of approximately 68mm (30mm ROC mirrors), results were taken for
three wavelength combinations (obtained by changing the grating period with
temperature and pump wavelength fixed) with progressively greater wavelength
separations between the signal and idler. These results are shown in Fig. 7-19 (a)-(c).
It can be seen that the depth of modulation increases slightly, indicating better
definition of the resonances, as the wavelength separation increases.
Fig. 7-19 (d) shows results obtained with a combination o f wavelengths between
those o f Fig. 7-19 (a) and (b), but with a considerably shorter cavity length o f 40mm
(limited by the dimensions of the crystal oven) using 20mm ROC mirrors. It can be
seen that the shortening of the cavity also results in a slight improvement in
definition of the signal-idler resonances. Despite this, however, the individual
resonances are still not particularly well defined.
All the results of Fig. 7-19 were obtained with the OPO approximately two times
above threshold. It can be seen from Fig. 7-9 that reducing the pump power should
reduce the number of signal-idler mode-pair combinations which can achieve
threshold and hence improve the definition o f the remaining resonances. The signal
output and transmitted pump power, as the cavity length was varied, are shown for
four pump-power levels in Fig. 7-20. These results were all obtained with a cavity
length o f 40mm using 20mm ROC mirrors and utilising the A=21.6pm grating at
room temperature. This resulted in signal and idler wavelengths o f approximately
1.22pm and 2.39pm, respectively, when pumping at 808mn.
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Fig. 7-19 Variation in PPLN DRO signal output and pump depletion as cavity length
was scanned: (a)

1.24pm, ^i=2.32pm (A=21.0pm, T «150°C ), (b)

1.20pm , X i=2.47pm (A=2 1.2pm , T «150°C ), ls= 1.16pm , ^i=2.66pm
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Overall cavity length: (a), (b), (c) Lcav%68mm, (d) Lcav^Omm. Vertical
scale indications refer to the signal. Note change o f scale in (d).

Examining the results shown in Fig. 7-20, it can be seen that as the pump power is
increased beyond »1.5xthreshold, the individual resonances become increasingly
difficult to resolve, although there is still a reasonably high level o f modulation in
the signal output power at «2xthreshold. By i«4xthreshold, however, the OPO is
continually operating as the cavity length is varied and there is a smaller degree of
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modulation than at lower pump powers, indicating that large numbers of individual
signal-idler resonances are merging into one another.
In practice, when active stabilisation o f the cavity length was attempted, the OPO
was generally operated in a situation giving results with an appearance somewhere
between those at 1.5x and 2xthreshold in Fig. 7-20. For practical purposes, rather
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than varying the pump power, this was generally achieved by slightly misaligning
one of the cavity mirrors.
As mentioned above, all the results shown in Fig. 7-20 were taken at room
temperature. It had been noted, since the initial operation o f the OPO, that the output
at the signal and the transmission at the pump showed a large modulation, with a
period of several seconds, in addition to that due to OPO effects. This was found to
be due to thermal effects induced by the temperature controller operating the crystal
oven. This device was based on an industrial process controller (Eurotherm 818)
which was found to supply current to the heating element in discrete bursts rather
than continuously. The period o f these bursts was determined by the controller’s
programmed cycle time, variable between 0.3 and 10 seconds, and coincided with
the period o f the observed fluctuations in output power and pump transmission. The
cycle time was initially set to 10s (the default value) and reduction to 0.3s improved
the situation considerably as the same power was supplied in many small bursts
rather than one large one.
Operating the controller with a 0.3s cycle time avoided the large thermal modulation
o f the outputs and allowed all the results so far, taken with the cavity length
continuously scanned by the piezo mirror-mount, to be obtained as the period o f the
remaining thermal fluctuations was much larger than that o f the cavity length scan.
However, significant modulation of the signal output, with the 0.3s period o f the
controller cycle time, remained and disrupted the servo electronics when cavitylength stabilisation was attempted. As a result, all servo stabilisation was carried out
at room temperature with the oven switched off. Although this led to photorefractive
effects occurring in the PPLN crystal, the low pump powers used to obtain welldefined signal-idler resonances meant that these effects took many hours to develop
and several days o f room-temperature operation could be obtained, by repeatedly
moving to unaffected parts of the crystal, before reheating was required to remove
the photorefractive damage.
The servo-stabilisation system is shown schematically in Fig. 7-21. An uncoated
glass slide was used to pick off a small fraction of the signal output (in practice this
was placed after the dichroic beamsplitter used to separate the signal output from the
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Fig. 7-21 Schematic diagram o f servo-locking system for cavity length control o f
the PPLN DRO. Labelled components are BS: glass-slide beamsplitter,
PD: InGaAs photodiode. Amp: amplifier. Sub: op-amp subtractor, Int:
integrator, HVA: high-voltage amplifier, PZT: piezo-electric mirror
mount.

transmitted pump). This small fraction o f the signal output was then incident on an
InGaAs photodiode which was used in preference to the germanium detector, as it
had a greater bandwidth. The photodiode output was amplified and a reference
voltage, equal in magnitude to the required amplified-photodiode output at the lock
point, subtracted from it. As a result, the output o f the subtraction circuit was zero
only when the OPO was operating at the required lock point. Either side o f this point
the output was a non-zero positive or negative voltage. The subtractor output
therefore acted as an error signal.
The output o f the subtraction circuit was integrated with the result that a non-zero
output from the subtraction circuit (indicating the OPO was not at the lock point)
produced a voltage o f continually increasing magnitude from the integrator. The
integrator output was then amplified in a high-voltage amplifier before being applied
to the piezo-electric mirror transducer. As a result, any deviation o f the OPO from
the lock point resulted in a voltage o f increasing magnitude being applied to the
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piezo-electric transducer, adjusting the cavity length until the error signal was
returned to zero.
The results of servo stabilisation o f the DRO cavity length are shown in Fig. 7-22.
The OPO output power, recorded over 100s, is shown in Fig. 7-22 (a) without
stabilisation. It can be seen that there are a number o f large fluctuations in the output
power, corresponding to DRO mode hops, as well as higher-frequency fluctuations in
the output power between these hops. The spectral properties o f the unlocked OPO,
monitored by observing the signal output over 60s with a scanning interferometer.

(b)
2GlHz

ImW

(d)

(C)
10s

2GHz

ImW

Fig. 7-22 Effects o f servo stabilisation o f DRO cavity length on output power and
signal spectrum, (a) unstabilised output power over 100s, (b) unstabilised
signal spectrum integrated over 60s, (c) servo-stabilised output power over
100s, (d) servo-stabilised signal spectrum integrated over 60s.
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are shown in Fig. 7-22 (b). It can be seen that many mode-hops occur within the
monitoring period.
With servo-stabilisation of the cavity length, it can be seen from Fig. 7-22 (c) that the
large fluctuations in output power are eliminated as the servo system adjusts the
DRO cavity length to compensate for the variations in cavity length and / or pump
frequency which caused the mode-hops to occur. It can also be seen that some
reduction in the high-frequency fluctuations is also obtained through the stabilisation
of cavity length. Single signal-idler mode pair operation, when stabilised by the
servo system, is confirmed by the results shown in Fig. 7-22 (d), where it can be seen
that no mode-hops occur within the same period in which many occurred when
unstabilised.
While the servo-stabilisation system could compensate for drifts in the DRO cavity
length or pump frequency, it obviously could not maintain single mode-pair
operation if the pump laser underwent a mode-hop. As was mentioned in section
5.2.1, simple Fabry-Perot diode lasers are highly susceptible to optical feedback,
which can cause general instability and mode-hopping. The %60dB o f optical
isolation used for the single-mode master laser in the injection-locked system was
found to be sufficient to obtain most o f the results observed when pumping directly
with the single-mode laser. However, it was found that »90dB o f isolation, obtained
using two optical isolators, was required for successful stabilisation with the servo
system. Even with this high level o f isolation, the single-mode laser suffered mode
hops on the time-scale of minutes and it was ultimately this factor which limited the
duration for which servo-locked operation could be maintained.

7.4 Conclusions.
The design and characterisation o f the PPLN DRO has demonstrated the suitability
of such devices for direct pumping by diode lasers. Use of the injection-locked
broad-area diode laser as a pump source proved useful in initial characterisation of
the device, providing pump powers considerably higher than the ultimate minimum
threshold. Perhaps more significant, however, is the demonstration o f direct pumping
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by the single-mode diode laser. While the DRO pumped by the injection-locked
system does not necessarily represent a convenient practical method o f generating
near-to-mid infrared wavelengths, a single-mode diode pumped DRO could form the
basis of a highly compact and practical infrared source for various applications. The
results presented here have shown that such a device can generate infra-red powers
of several milliwatts, can be tuned over wide wavelength ranges by the variation o f
multiple parameters and has the potential for frequency-stable operation.
The main limitations to the practical use o f the single-mode-diode pumped DRO are
associated with the implementation o f stabilised operation. Although short-term
stabilisation was demonstrated using the simple side-of-fringe technique, several
problems with this mode o f operation were highlighted. The first o f these was the
requirement to operate at room temperature due to the thennal instabilities
introduced by the crystal oven. While possible in the short term, this situation is
unsatisfactory for long term operation due to the photorefractive effects occurring in
the PPLN, These stability problems, however, were only a feature o f the particular
oven controller unit used and should be simply eliminated by the use o f an improved
temperature control unit.
While even the simple side-of-ffinge technique was able to provide short-tenn
stabilised OPO operation against small fluctuations in cavity length and pump
frequency, no method o f stabilising the OPO alone could be expected to cope with
the mode-hopping of the pump laser, which ultimately limited the level of
stabilisation which could be achieved here. High sensitivity to mode-hopping is an
inherent feature o f simple Fabry-Perot diode lasers, but can be avoided using
external-grating feedback methods. An extemal-cavity diode would also have the
advantage of improved overall frequency stability and considerably reduced
linewidth compared to the unstabilised diode. Such devices have been shown to
produce output powers well in excess o f the threshold for the PPLN DRO [16].
The operational characteristics of the DRO itself also limit the stabilised
performance. As was seen, to obtain the reasonably well-defined signal-idler
resonances required for side-of-fringe locking, the OPO could not be operated
significantly above threshold due to operation on the large number o f mode-pairs
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within the phase-matching bandwidth. A reduced phase-matching bandwidth would
help to address this problem, and could be implemented due to the potential for
control of the phase-matching profile afforded by quasi-phase-matching [17].
Simpler solutions to the problem might be the use of an intracavity étalon to
introduce a narrow low-loss bandwidth (although this would be likely to increase the
threshold considerably), or the use o f more sophisticated stabilisation technique to
lock to the peaks o f the resonances rather than the sides. Such locking techniques
have been used to stabilise type-I birefringently phase-matched DROs near
degeneracy and would also have the advantage o f allowing the maximum onresonance output power to be extracted.
In spite of these limitations, all o f which could be addressed by further development,
the PPLN DRO described here has been a useful device to prove the principles o f
low-threshold diode-pumped operation o f an OPO. As far as can be ascertained, the
initial demonstration o f this device [18] represented the first reported operation o f a
DRO pumped directly by a single-mode diode laser, the first non-degenerate diodepumped PPLN OPO and the first PPLN OPO diode-pumped at AlGaAs wavelengths.
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8. Conclusions.
In this chapter, the work described in this thesis will be summarised and its
implications will be discussed. Other developments in the fields relevant to this
thesis, which have occurred within the same time-frame, will also be discussed in the
context o f the work presented here. Finally, possible directions for future research in
the fields o f interest will be outlined.
The development o f the injection-locked broad-area diode laser pump source was, on
the whole, highly successful, satisfying the requirements o f generating a narrow
band, near-diffraction-limited, output o f several hundred mW. This source was
demonstrated to show similar performance to Ti:sapphire and dye lasers when
pumping the 946-mn Nd: YAG laser and was found to have adequate spatial and
spectral qualities with more than sufficient output power when pumping the PPLN
doubly-resonant OPO (DRO), Effective optical design criteria have been identified
for the development o f such systems and it is probable that a similar system
producing higher output powers could be implemented if a broad-area diode laser
with a larger stripe width were used.
There are, however, a number o f reasons why further development o f such systems is
unlikely to be justified. Both o f the main reasons for this are developments which
have occurred largely within the same period o f time as the work presented here. As
was mentioned in section 4.4, tapered diode-amplifiers represent the current state-ofthe-art in high-power, diffraction-limited diode systems. Their main attraction is
their relative simplicity when, by contrast, the injection-locked system has many
components, requires careful alignment and displays complex tuning behaviour.
While these disadvantages are not uncommon in many laser systems, two o f the main
justifications for developing diode-laser based sources are simplicity and compact
size.
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Although when the work presented here was started tapered-amplifier systems were
largely experimental, such systems have, in recent years, been more routinely used as
pump sources for OPOs [1,2,3], other nonlinear optical frequency conversion
processes [4,5,6] and solid-state lasers [7]. As a result, injection-locked systems
appear to have been rendered largely obsolete. It must be bom in mind, however, that
while tapered-amplifier devices appear technologically well developed, and in
routine use in certain laboratories, their general availability remains extremely
limited. While this fact, alone, justifies the adoption o f the injection-locked approach
in the work described here, it seems likely that tapered diode-amplifiers must enter
more widespread use in the near future, where high-power diffraction-limited diodebased sources are required
The second recent development which has made pursuing further work on the
injection-locked system less attractive is the widespread availability o f quasi-phasematched nonlinear materials, particularly periodically-poled lithium niobate (PPLN).
While the output powers available from the injection-locked system would be
necessary for pumping typical birefringently phase-matched DROs, where thresholds
from several tens to a few hundred mW might be expected, the results o f chapter 7
demonstrated that DROs based on PPLN can have threshold powers well within the
capabilities of low-power single-mode diode lasers. Indeed, the use o f PPLN has
made possible the demonstration o f a singly-resonant OPO (SRO) pumped by a
diode laser (albeit a tapered-amplifier system) [8], a development which only a few
years ago would have seemed highly unlikely. A DRO or pump-enhanced SRO
pumped by a single-mode diode laser has the potential to form the basis o f a highly
practical, compact source of tuneable radiation. Thus, while the injection-locked
system was instrumental in the development o f the DRO described in chapter 7, the
single-mode-diode pumped approach seems a considerably more important route for
future research into OPOs of this type.
Pumping of the 946-nm Nd; YAG laser with the injection-locked system was largely
intended as a demonstration of the capabilities of the pump source. As such, the
results achieved represented a useful proof-of principle demonstrating that, given a
high-quality pump, even low-gain transitions exhibiting reabsorption loss can yield
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efficient, low threshold laser action when used in an end-pumped configuration. The
results confirmed that the injection-locked system represented such a high-quality
source. When compared to results obtained by others with broad-area diode lasers or
diode-laser arrays, the results obtained here demonstrated the advantages o f a near
diffraction-limited pump in the end-pumped configuration.
Although useful as a laboratory tool, the injection-locked system clearly does not
represent a practical pump source for routine use with end-pumped solid-state lasers,
where a simpler pump system would be more appropriate. For low-threshold, highefficiency operation at moderate power levels, two single-mode laser diodes could be
polarisation combined to yield output powers approximately half that of the
injection-locked system in a diffraction-limited beam. It should be noted, however,
that this method is not applicable to all solid-state laser materials. For high-power
operation, threshold and efficiency can be sacrificed in favour o f pump power and
non-diffraction-limited sources such as fibre-coupled high-power diode lasers [9] or
beam-shaped diode bars [10] utilised in the end-pumped geometry.
The criteria developed in section 2.3.4 for the optimisation o f end-pumped lasers
given a pump source with arbitrary

were, primarily, intended as an illustration o f

the effects of pump beam quality on laser performance. The near-diffraction-limited
nature of the injection-locked system did not afford an opportunity to test these
criteria experimentally. Such optimisation techniques could, however, prove
extremely useful in the future development o f end-pumped lasers with a variety of
pump sources. It would, therefore, be interesting to experimentally investigate the
optimisation of an end-pumped laser with pump sources having a range o f beam
quality factors and compare the results to predictions based on the criteria developed
in section 2.3.4.
When considering the development o f the PPLN-based DRO described in chapter 7
and the results obtained, conclusions must be drawn in the light o f the fact that the
widespread availability o f PPLN, which occurred within the time-scale of the work
presented here, has had a dramatic effect on the field o f nonlinear optics in general,
and cw OPOs in particular. The demonstration o f direct pumping o f a DRO by a
single-mode diode described in section 7.3.2, the first such demonstration to our
369

knowledge, showed that injection-locked or amplified diode systems are no longer a
prerequisite for diode-laser pumping o f OPOs. Given the recent level of interest in
compact, tuneable sources in the near-to-mid infrared for applications such as
atmospheric trace-gas detection [11,12,13], development of single-mode-diode
pumped OPOs appears likely to prove a worthwhile and active area o f research.
In the case of immediate development o f the DRO demonstrated here, improved
stabilisation is the most obvious requirement. The first stage in achieving this is
improved temperature control o f the PPLN crystal to allow stabilised operation at the
elevated temperatures required to avoid photorefractive effects. This requires the
development o f an oven and temperature controller providing stability o f the order of
a few mK, without the large fluctuations introduced by the temperature controller
used presently.
The other immediate requirement for achieving long-term stable operation is
improvement of the frequency stability o f the single-mode diode laser pump source.
The results in section 7.3.3 were obtained with no attempt to stabilise the single
mode diode. This resulted in the high degree of susceptibility to mode hops, typical
o f free-running Fabry-Perot diode lasers, and mode-hopping by the pump laser
proved to be the factor limiting the duration for which stabilisation could be
maintained. The performance of the single-mode diode in this respect could be
improved considerably by operating it in an external cavity with grating feedback.
This would also result in a reduction in linewidth. Exteraal-cavity single-mode diode
lasers have been demonstrated with output powers as high as 80mW [14], which
would be quite sufficient given the 16mW threshold observed for the DRO. The
development of an extemal-cavity grating-stabilised single-mode diode laser having
an output power of wlOOmW should thus be regarded as a high priority for the
further advancement of this work.
Although the work presented in this thesis has mainly concentrated on DROs, the
availability o f PPLN has also resulted in advances in the development of pumpenhanced SROs (PE-SROs) [15,16,17]. Although these devices have all had
thresholds o f a few hundred mW, the calculations shown in Fig. 3-28 would appear
to indicate that, given a sufficient degree o f pump enhancement, sub-100mW
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thresholds should be achievable. This would appear to be bom out by preliminary
results obtained with a Ti:sapphire laser [18]. The pump-enhanced configuration has
considerably less complex tuning behaviour than the DRO, although the mode-hopfree tuning range is typically limited to one free-spectral-range o f the OPO cavity. It
is interesting, however, to consider the possibility that the higher parametric gains
available using PPLN when compared to other materials may make the level o f
intracavity losses in such devices less critical. This could allow the use o f frequencyselection elements conventionally used in tuneable lasers, such as intracavity étalons,
to extend the mode-hop-free tuning range.
The side-of-fringe locking technique used in 7.3.3 was chosen mainly for reasons o f
simplicity and is certainly not the best method available. In the case o f PE-SROs the
method is completely unsuitable, as it caimot lock the cavity to the peak o f the pump
resonances where enhancement is maximised. In these devices, the FM-based PoundDrever locking technique is generally used. This technique has also been
successfully applied to the stabilisation o f DROs [19,20]. It can be seen that a
stabilisation technique which locked to a resonance peak would be particularly
advantageous in the case of the PPLN DRO developed here, as it would avoid many
of the problems associated with obtaining the well-defined peaks necessary for sideof-fringe locking. This was shown to be the case in [19], where a near-degenerate
DRO using type-I biréfringent phase-matching, which would be expected to have
many overlapping signal-idler resonances, was stabilised using the Pound-Drever
technique. Thus, the development o f more advanced servo-locking and stabilisation
methods would benefit both the further development o f the PPLN DRO and the
implementation of PE-SROs pumped by a stabilised single-mode diode laser.
The fact that all the PE-SROs described above were pumped by miniature diodepumped Nd:YAG ring lasers operating at 1.064pm raises the question o f whether
such lasers represent more suitable pump sources than diode-based systems. These
lasers are generally constructed as monolithic non-planar ring oscillators (NPROs),
resulting in significantly better frequency stability and narrower linewidth («kHz)
than even grating-stabilised diode lasers («100s kHz typical linewidth). Such lasers
have output powers typically o f the order o f several hundred mW. They are.
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therefore, attractive sources for OPO pumping, especially in applications where
highly-stable narrow-Iinewidth operation is required such as frequency standards and
metrology. The principal advantages of diode-based systems, as OPO pump sources,
over such lasers are cost (especially if a single-mode diode laser is used directly) and
tuneability. The tuning range o f typical Nd: YAG NPROs is «lOGHz, whereas, as was
seen in chapter 7, diode lasers can typically be tuned over several nm or several THz.
It was shown that this can result in wide tuning o f the OPO without having to change
the crystal temperature or grating period. This large tuning range represents a distinct
advantage for diode-laser pumps in spectroscopic applications, where extremely
narrow linewidths are not required, such as trace-gas detection in which only
relatively broad spectral features are required to be resolved [11].
While PPLN was the material which formed the basis of all the OPO development
described in this thesis, and has been instrumental in a number o f advances in the
field of cw OPOs in recent years, other nonlinear materials should not be completely
discounted. The principal advantages o f PPLN are flexibility in phase-matching and
effective nonlinear coefficients significantly higher than the majority o f other
materials in common use. However, as has been mentioned a number of times, PPLN
suffers from photorefractive effects, which necessitate operation at elevated
temperatures typically >100°C. This requirement is clearly undesireable in many
applications and materials offering room-temperature operation while having similar
performance in other respects would be preferable. While quasi-phase-matching has
been demonstrated in a number o f other nonlinear materials, notably KTP [21], RTA
[22] and lithium tantalate [23], none o f these have yet reached the same level of
development as PPLN. It is likely, however, that such materials will enter wider use
in the near future and may allow room-temperature operation o f quasi-phasematched OPOs.
Birefringently phase-matched materials should certainly not be completely
discounted and are likely to remain more appropriate in certain situations than quasi
phase-matched materials. If, for example, the first-order QPM grating period
required would be shorter than that which can be successfully fabricated or nonlinear
optical interaction between waves o f orthogonal polarisation is necessary.
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birefringently-phase-matched materials may still have an advantage. The highest
effective nonlinear coefficients are, however, always going to be offered by quasiphase-matched materials. Thus, such materials in general and, in the short term,
PPLN in particular, will remain the materials o f choice for single-mode-diode
pumped OPOs.
To conclude, the work presented in this thesis has demonstrated that diode-laserbased sources can be developed which generate high spatial- and spectral-quality
output at power levels higher than those attainable with single-mode diode lasers
alone. The near-diffraction-limited performance o f such a source has allowed the
efficient, low-threshold operation o f an end-pumped solid-state laser, despite the
chosen laser transition having a low emission cross-section and exhibiting significant
reabsorption losses. Finally, the high effective nonlinear coefficient available from a
quasi-phase-matched material has enabled the demonstration o f a low-threshold
doubly-resonant optical parametric oscillator, having versatile tuning characteristics,
pumped both by the injection-locked source and, directly, by a single-mode diode
laser alone. This final result has highlighted the potential o f single-mode diode-laser
pumped OPOs as practical sources o f tunable radiation in the near- to mid-infrared.
The further development, demonstration and application o f single-mode diode-laser
pumped OPOs, whether doubly-resonant or pump-enhanced devices, appears likely
to become an active and widespread field o f future research.
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A1. Spatial Beam Quality and M .
The beam quality of a pump source is a central theme throughout this thesis. In this
appendix, the definition o f the quality o f a laser beam and the parameter used to
characterise it,

are described. Methods o f measuring this parameter are also

discussed.

A1.1 Propagation of non-diffraction-limited beams.
The intensity distribution o f a lowest-order transverse-mode laser beam,

has a characteristic radius, w, defining the point where the intensity falls to 1/e^ o f its
maximum value. The well-known expression [1], arising from Gaussian beam
propagation theory, describing the variation o f this characteristic radius with distance
is:
(
*-

-

w ^ (z ) = w^

1+
V

l^J

(AI-2)

The extent o f the focal region is generally described as the confocal parameter,
and defined as that distance over which the beam area is less than or equal to twice
that at the waist, i.e. between the points where w = V?Wq . The distance between the
waist and one o f these points is generally described as the Rayleigh range, zr, being
half the confocal parameter:

, _ 2 z _ 2 £JÎ(l
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(Al-3)

In the limit o f large z (z » Wq), (A l-2) can be approximated by the linear
relationship:

w (z) «

(A 1-4)

nwr,

This leads to an expression for the far-fîeld divergence half-angle:

Using a similar far-field assumption, the radius o f the focal spot obtained when a
lens o f focal length/is used to focus a collimated beam of radius Wg can be
determined from:

(A l-6)

It should again be emphasised that all the expressions derived above apply to the
fundamental transverse mode only and divergences conforming to (Al-2) are usually
described as diffraction-limited and represent the best possible performance in terms
o f minimising the divergence for a given waist radius, maximising the confocal
parameter and minimising the focused spot size.
For beams which do not have this idealised performance, a factor

can be

introduced to allow for non-diffraction-limited behaviour. This appears to have first
been done to account for multiple transverse-mode operation [2], and has since been
discussed both in the context of both multiple transverse modes and beamdegradation processes in general [3,4,5].
The concept of the

parameter is best introduced by considering the transverse

modes o f a resonant cavity. In this case, the higher-order transverse mode will at all
positions have a radius M times larger than that of the fundamental mode at the same
position for the same resonator geometry. Thus, the waist radius o f the higher-order
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Fig. Al-1 Beam behaviour through focus for fundamental transverse mode (.A/=1)
and higher order mode (A ^= 4 in this case).

mode will have a value JVg, defined as W q^ M wq, and the far-field divergence will be
defined as &=M0, where 9 is as defined by (A 1-4). This situation is summarised in
Fig. Al-1 where a higher-order mode having M=2 is shown in addition to the
fundamental mode. Note that, as the ratio o f radii is constant at all points, the two
modes necessarily have the same confocal parameter. The fundamental mode in a
situation such as this is often described as the “embedded Gaussian”. It is important
to note that this does not represent the diffraction-limited version o f the higher-order
mode but rather the diffraction-limited mode that would be obtained for the same
resonator geometry and wavelength.
In most practical situations it is more useful to know how a non-diffraction-limited
beam will behave when compared to a diffraction-limited beam having the same
waist or, conversely, the waist radius obtained with a non-diffraction-limited beam
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when focused from a given collimated radius as compared to a diffraction-limited
beam of the same initial collimated radius. From the discussion above and Fig. Al-1,
it can be seen that the substitutions w = W IM and w ç r W ^ M can be made in (A l-2) to
obtain, after re-arrangement, the equivalent expression in terms o f the non
diffraction-limited beam:

1+

)

(A l-7)

Since this expression is directly equivalent to (Al-2), it is convenient to equate W=w
and Wq^ wq, i.e. allow w and wq to represent all modes rather than just the diffractionlimited one, to obtain the general version o f (Al-2):

(Al-8)

= Wo

which is valid for any beam o f a given

and becomes the diffraction-limited

expression of (A l-2) when M^=l. It can be seen from this expression that the
formulation is extremely convenient in that by simply replacing X with M ^X in the
standard expressions for fundamental-mode Gaussian beam propagation these
expressions can be applied to beams o f arbitrary quality. Thus, the expressions
(Al-3) to (A l-5) become:

Itv

^1/2-

Wq

MU

M U/

(Al-9 a)

(Al-9 b)

(Al-9 c)

It can thus be seen that for a beam with m U i and a waist radius wq, the confocal
parameter will be smaller, and the far-field divergence larger, by a factor M^
compared to a diffraction-limited beam having the same waist radius. Conversely,
380

for the same collimated radius Wc, the focal spot obtained from a non-diffractionlimited beam will be a factor
The parameter

larger than that from a diffraction-limited beam.

is thus directly equivalent to the number of, “times diffraction

limited,” of the beam. It should be noted that the discussion so far has assumed a
beam having radial symmetry. It is, o f course, possible to consider propagation in
different planes using the Gaussian beam expressions and a beam can thus have
different

values in different planes. This is especially true in the case o f diode

lasers.

A1.2 Measurement of beam radius and M .
The idea o f the embedded Gaussian illustrated in Fig. A l-1, and described above, is
rather an abstract concept constructed mainly for the formal derivation o f the
parameter and has little bearing on practical situations. In practice, it is not necessary
to have any knowledge o f the exact modal content o f the beam to determine its
value. It can be seen from expressions (A l-8) and (Al-9) that it is simply necessary
to characterise the divergence behaviour and compare this to that expected for the
diffraction limited case to determine the value o f M ^. Clearly, this measurement will
involve the determination of the waist radius and o f the radius at (at least) one other
point, a known longitudinal distance from the waist. The problem then arises o f how
the radius should be defined for a beam o f arbitrary

and how it can be measured.

Several definitions of the beam radius and methods o f measuring it have been
proposed and demonstrated [6,7]. Imaging devices such as CCDs or photodiode
arrays are often unsuitable for measuring waist radii, as a large number o f individual
detector elements must fall within the beam to obtain an accurate profile. The finite
element dimensions thus prevent accurate profiles o f even moderately small waists
(< 100pm) from being made. In addition, the high intensities occurring at the beam
waist are many times greater than the saturation intensities o f most such detectors
necessitating the use of neutral-density filters which introduce additional aberrations
and reductions in beam quality o f their own.
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Scanning pinholes and slits can be used, with the transmitted power being measured
by a single element detector, to build up an intensity map o f the beam. This method
avoids detector saturation problems, as neutral-density filters can be introduced after
the scanning aperture where additional aberrations do not affect the measurement.
These methods, however, also suffer from resolution problems and the transmitting
aperture must be very much smaller than the dimensions o f the beam to reduce these
effects. If this is not the case the resulting profile is a convolution o f the beam
intensity distribution and the transmission function of the aperture.
The use of a single knife edge, as opposed to a slit, avoids most o f these problems.
For any position of the knife edge within the beam, the transmitted power will
clearly be the transverse integral across the intensity distribution up to the position o f
the knife edge, as shown in Fig. A l-2 for a fundamental-mode Gaussian distribution.
Thus by translating the knife edge across the beam and differentiating the resulting
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Fig. A l-2 Gaussian intensity distribution and fraction of integrated power to total
power with transverse distance.
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variation of transmitted power with position the intensity profile can be obtained.
The resolution of this method is limited only by the accuracy with which the knife
edge can be positioned and, as with the slit and aperture methods, neutral density
filters can be inserted after the knife edge, where their aberrating effects are not
important, allowing high-power beams to be profiled. This method is used as the
basis for a number o f commercial beam-profiling and M^-measurement devices [8].
In the case of the Gaussian fundamental-mode distribution shown in Fig. A l-2, the
mode diameter is clearly defined using the standard definition o f the distance
between the points having intensities 1/e^ o f the maximum. However, in the case o f
non-diffraction-limited beams, this definition is not so easily applied. A number of
generalised definitions applying to arbitrary intensity distributions have been
proposed [3,7]. The definition o f the 1/e^ width o f the maximum peak intensity gives
increasingly inconsistent results for higher-order Hermite-Gaussian modes and
therefore cannot really be used as a general definition. More consistent results are
obtained using the 1/e^ points o f the outermost peaks [3] for Hermite-Gaussian
distributiuons, but this technique is not so easily applied to more arbitrary intensity
distributions. The most generalised measurement involves the calculation o f the
second moment o f the intensity distribution. However, this method is
computationally complex and lends itself best to measurement techniques producing
a large array of intensity values such as CCD detectors.
If a fundamental Gaussian distribution, such as that shown in Fig. A l-2, is assumed
to have circular symmetry, cylindrical integration to the 1/e^ radius gives a value o f
86.5% of the total power. A consistent diameter for non-diffraction-limited beams
can thus be defined as that of an aperture transmitting 86.5% o f the total power. This
definition has been widely applied to beams having circular symmetry, but is
inaccurate for cases such as that o f diode lasers where the beam is highly
asymmetric. The alternative to this definition in the asymmetric case is to integrate
across the beam in one direction and use this measurement to determine the radius
along the axis thus defined. This has been done in Fig. A l-2 and it can be seen that
95.4% of the total power is contained between the 1/e^ points in the case o f a
Gaussian distribution.
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This definition, i.e. the transverse distance within which 95.4% of the power is
contained, is commonly used for beam diameter measurements along one axis of
beams having arbitrary intensity distributions. The definition particularly lends itself
to the scanning knife edge measurement method as only two measurements, the
knife edge positions where 2.3% and 97.7% of the total power are transmitted, need
to be made to obtain the diameter.
The

value of the beam can be measured using this method to examine the

divergence from a waist produced by simply focusing the beam with a lens. It is, in
principle, only necessary to measure the diameter at the waist and at one other
position, as already mentioned. In practice, however, the waist location is not usually
exactly known and a more practical method is to measure the 95.4% power
diameters for a range of longitudinal positions through the waist location and then fit
a function having the form o f (A l-8) to this data. This also serves to reduce random
experimental errors.
There are a number o f aspects to making measurements using this method where
care must be taken. Firstly, the waist produced must be small enough to obtain
significant divergence (i.e. several confocal parameters) over the longitudinal
distance over which measurements are taken. However, the waist must not be too
small to be resolved by whatever method is used to translate the knife edge, such as a
micrometer-driven stage. When taking measurements, it is vital to determine the
radius of the beam within the confocal range of the waist, as data taken outside this
range will tend to show a linear divergence which could correspond to a many beam
waist/M^ combinations. Thus, unless an explicit measurement o f the waist within the
nonlinear confocal region is obtained,

cannot be determined accurately. Care

must also be taken when fitting an expression of the form o f (Al-8) to the data.
Obviously, the wavelength must be a fixed parameter but care must also be taken to
ensure that the fitting process does not reduce wq significantly below the measured
value, to accommodate a large measured divergence, instead of increasing M ^.
All the

measurements described in this thesis were taken by measuring the

95.4% power diameter o f the beam with the scanning knife-edge method using a
razor blade as the knife edge and micrometer-driven translation stages to provide
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longitudinal and transverse positioning.

values were obtained by fitting to the

experimental data using the nonlinear least-squares fitting module o f Microcal
Origin 5.0.
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