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Abstract
A continuous-wave, frequency-doubled, diode-pumped Nd:YLF laser, capable o f
generating 1-W of single-frequency radiation at 523.5 nm, with a linewidth o f 10 kHz and
frequency tunability of 9 GHz has been developed. By using the tunable green laser as
pump source, 4.5 GHz continuous smooth tuning in the range o f 1020 - 1070 nm has
been demonstiated in a low tlireshold doubly-resonant optical parametric oscillator.
The investigation of thermal effect in the end-pump Nd: YLF laser crystal and the
consideration of diode array end-pimrp geometry have led to an optimum folded-cavity
design. Such an optical resonator can eliminate the astigmatism in tire laser output, which
is induced by the cavity folding on a curwed mirror and the anisotropic thermal effect in
Nd:YLF, resulting in a circular fundamental laser mode. In addition, a tightly focused
beam waist is produced inside the cavity so that efficient intracavity SHG can be
achieved. Over 30% optical conversion efficiency from diode to TEMqo 1047 nm laseroutput and 10% conversion efficiency from diode to single-frequency SHG green
radiation has been demonstrated. A novel intracavity biréfringent filter frequency
selection technique has been applied in the standing-wave laser resonator to achieve the
srngle-ffequency operation. The performances of the laser in the fundamental wave and in
second harmonic generation are investigated in detail in this thesis.
The tuning behaviour and stability requirements o f type-I and type-II CW
doubly-resonant OPO have been compared by using the above green laser as the pump
sour ce and LBO, KTP as nonlinear crystals. Through utilisation of a simple cavity length
servo, type-II phase matching allows single signal-idler mode-pair operation. By means of
pump frequency tuning, and cavity length servo control, the output o f signal and idler
frequency can be tuned continuously over the KTP crystal phase-matching range.
Theoretical analyses on diode-end-pumped Nd:YLF lasers, intracavity frequency
doubling, the novel intracavity biréfringent filter, and the timing behaviour and stability
requirements of single cavity DRO ar*e also presented in this work.
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1
INTRODUCTION
1.1

Background

Nonlinear frequency conversion techniques such as harmonic generation and parametric
oscillation provide a means of extending the frequency o f available laser sources.
Harmonic generators are widely used to provide a single harmonic from a given
fundamental source. Optical parametric oscillators (OPOs) can generate two waves of
lower frequency from a single-frequency pump laser, and they are capable of providing
coherent radiation with potentially very large and truly continuous tuning ranges.
Unlike efficient harmonic generators, the development of continuous-wave OPOs
has long been hampered by the lack of desired nonlinear materials and laser soui ces due to
either the over-constrained single-mode-pair operating condition in doubly resonant
optical parametric oscillators (DROs) or the substantially high pump power requirement
for singly resonant optical parametric oscillators (SROs), The recent improvements in
crystal quality, laser sources, and cavity designs have overcome some o f the technical
difficulties of stabilising and tuning CW OPOs. Continuous-wave operation with tunable
single-mode-pair output has been demonstrated in both low-tlneshold DRO [1] and highthreshold SRO [2 ]. These developments are enabling CW OPOs to live up to their
decades-old promise of efficient, nanow-linewidth, and widely tunable light source.
The use of single-frequency diode-pumped solid-state lasers (DPSSLs) as a CW
OPO pump souice can also be considered as reproducing the frequency stability of
DPSSLs in a tunable output. Due to the fact that DPSSLs are capable of providing the
required pump frequency stability for doubly resonant OPO, which is almost always
used in continuous-wave operation, the complexity of stability and timing behaviour of
DROs are greatly reduced. Thus, single-mode-pair oscillation, with potential large

Chapter 1:

Introduction

2

tunability, can be easily achieved in low threshold DROs. In addition, diode-pumped
solid-state lasers are efficient, compact source of coherent radiation with a high degree of
beam quality. They can be efficiently frequency-converted into the green or ultraviolet
(UV) spectmm by harmonic generation. The combination of DPSSL and OPO can result
in an all-solid-state widely tunable coherent light source.
The generation of continuous-wave, widely tunable, highly coherent optical
radiation from all-solid-state OPOs is of great interest for applications of high-resolution
laser spectroscopy [3] and optical frequency division [4]. These applications take
advantage of unique properties of all-solid-state CW OPOs. Typically, OPO devices
reproduce the frequency stability of the pump source in tlie tunable output. The narrow
linewidth radiation with a continuous frequency tuning ability can provide a highresolution optical measur ement. On the other hand, the wide timing range o f many OPOs
opens up prospects for laser spectroscopy in otherwise inaccessible spectral region, such
as the near and mid-infrared. As for the application of optical fiequency division, since a
correlated frequency chain can be set up through a series of efficient nonlinear* frequency
conversions (including SHG and OPO process), it is possible to measure, compare, and
synthesise optical frequencies with precision and accuracy.

1.2

Param etric Frequency Conversion Processes

The fundamental physics o f three-wave light interaction in nonlinear optical crystal is
now largely understood. The origin o f this optical nonlinear process is the nonlinear
response o f optical material to the propagating optical electric field. In this section, we
briefly introduce the principle o f frequency conversion processes o f second-harmonic
generation and optical paiametric oscillation.

A,

Three- Wave Nonlinear Interaction
In any real atomic system, polarisation induced in the medium is not proportional

to the optical electric field, but can be expressed as
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P = e.(%'"E + %"'E'+%'"'E^+..... )

where s„ is the permittivity o f free space;

( 1 .1 )

refer to the linear

susceptibility, second-, and third-order nonlinear optical susceptibility, which describe
the linear, quadratic, and cubic dependence of the polarisation on the applied field,
respectively. The second-order nonlinearity P =

is responsible for second-

harmonic generation, sum- and difference-frequency generation, and parametric
amplification and oscillation. These second-order effects are primarily parametric
processes in nature. Considering the nonlinear coupling o f two optical fields at
frequencies £0 j and

Ihs presence of these two frequency components can give rise to

nonlinear polarisation (in the
n(oY

dominant regime) at frequencies ncOj ± mcOj, where

These non-zero frequency components describe the SHG, the sum-

frequency generation, and the difference-frequency generation. The above processes talce
place simultaneously in the nonlinear medium with their potential paiametric gain.
However, in actual nonlinear interaction, phase-matching selects the process of interest to
the exclusion of other possible processes.
The second-order nonlinear susceptibility predominately relates second-order
effects with the applied optical electric fields. It is expressed as a third-rank tensor which
generally has 27 components. As a result of crystal symmetry, many of the components
of

will be zero or equal to other components of the tensor. An immediate

consequence is that the nonlinear polarisation tensor

vanish in crystals that have a

centre of symmetry. In addition to the crystal symmetry restriction, two symmetry
conditions have to apply to

in the nonlinear interaction process. The first is an

intrinsic symmetry relation which can be derived for a lossless medium from general
energy conservation considerations. The second symmetry relation is based on a
conjecture by Kleinman [5] that in a lossless medium the permutation of the frequencies is
iiTelevant and therefore

is symmetric under any permutation of its indices. In
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practice, the nonlinear coefficient tensor djj^. is used instead o f tensor

the two

tensors being interrelated by the equation

(1.2)

The rfp coefficients of particular nonlinear crystal are measured most often in secondharmonic generation experiments. Applying the contracted notation
resulting

components fomi a 3 x

6

matrix that operates on the

column tensor to

yield P according to

P .;
p .
A

.

d ll

d ll

^13

^15

^16

= 2 • d ll

d ll

^23

^24

d i5

^26

d^i

^32

^33

^34

^35

^36 _

Ely:2
(1.3)
2E,E,
2E.E,

The effective nonlinearity coefficients

is a measure of the coupling between

the three fields that a wave of a given polarisation and propagation direction will
experience on travelling tlirough a material in the presence of two other intense fields.
Once the crystal class, the non-zero nonlinear coefficients, and the geometry are known,
the value of

can be calculated. It is an important parameter for evaluating the

efficiency of the nonlinear* process and choosing propagating direction.
Equations that describe three electromagnetic field interaction via nonlinear driving
polarisation are derived by Yariv [6 ], Armstrong et al. [7], and Smith [8 ]. These are:
dE
dz
dz
dz

+ a2E = ;rCj-E3E,
+ a3E = ;JC3-E,E2-e'''‘-^

(1.4)
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where E- is used to abbreviate E(tü,-) and

O'.c/2;

n, -c

Afc = /C3 -

6)3 = 0 )^ 4-

/q

- k i.

( 1 .5)

Above coupled-wave equations give the phase relationships, governing the direction of
energy flow between any three interaction waves. Under the appropriate boundary
conditions the coupled wave equation can be used to predict several characteristic features
of nonlinear interaction.
B,

Optical Second Harmonic Generation
In second-harmonic generation, radiation at an incident frequency

to radiation at twice the frequency:

0 )2

is converted

= 2c0p In this interaction, two of the tlnee fields

that figure in Eq. (1.4) are of the same frequency. From the coupled equations, exact
solution can be found [9] for plane wave in the two cases o f low and high conversion
efficiency. As for low conversion efficiencies, the ratio of the power generated at the
second-harmonic frequency to that incident at the fundamental frequency is approximated
by [9]

PM. = 2 . f ü f
P (0
V e0jy

{&k-l/2f

A

=

A

(1.6)

where I is tlie length of nonlinear ciystal, A is the area o f the fundamental beam, and
r ..
For a given wavelength and a given nonlinear material, the
K= 2
conversion efficiency depends on the length of the crystal, the power density, and the
s r n \m /2 )
phase mismatch term
(M Z/2)'
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According to Eq. (1.6), a prerequisite for efficient second-harmonic generation is
that Ale - k{2co) - kj{co) - kiico) = 0 or k{2cû) = kjico) + kiico). This is termed phasematching condition which describes the momentum conservation in the process. Similarly,
in other second-order processes, the phase-matching condition Ale = 0 also dictates the
nonlinear conversion efficiency and even frequency tuning behaviour in the parametric
process. The most common approach to satisfying the condition is to make use of the
birefringence in an anisotropic medium to compensate for material dispersion. In an
uniaxial crystal, the dependence of refractive index of the extraordinary wave on the angle
between the propagation direction and the crystal optics (z) axis is given by

M /g)

cos e . sin G
,2
,^2
»,
»,

U ’U

If »f® < » “ , phase matching may be obtained in a wave normal direction such that
= » “; so, if the fundamental beam is launched along

as an ordinary ray, the

second-harmonic beam will be generated along the same direction as an extraordinary ray.
The above situation applies to a negative uniaxial crystal as type-I phase-matching. In
general, SHG phase-matching can be achieved in uniaxial or biaxial crystals for type-I or
type-II geometry. The so called “coherence length” defined by l^ - 2 it I Ak is a measure
of the maximum crystal length that is useful in producing the second-harmonic power
considering the absence of a complete phase match ( i.e. A/c
angle

0). Phase-matcliing at an

other than G° and 90° is termed “critical phase-match”. In such a geometry, the

direction of power flow (Poynting vector) of fundamental and second harmonics will not
be completely collinear but occur- at a small angle. This effect can lead to a significant
reduction in second-harmonic generation efficiency, especially witlr focused beams due to
the larger linear dependence of Ale(ÔG). However, in the case o f “non-critical phasematching”, when

= 90°, there are no walk-off effect. Thus, the dependence of Ak on

angular- misaligmnent SO is due to a much smaller quadratic term. “Noncritical phase-
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matching” can be achieved by temperature tuning the crystal for some specific
wavelengths.
In practice, high-efficiency second-harmonic conversion depends on parameters of
laser spectral brightness [W/cm^ sterad Â] (in terms of power density, beam divergence,
and frequency linewidth) and parameters associated with the harmonic generator (such as
the value of the nonlinear coefficient, crystal length, angular and thermal deviation from
the optimum operation point, absorption, and inhomogeneties in the crystal).
An analysis of optical SHG inside the laser resonator has been presented in
references [ 1 0 ] and [ 1 1 ]. The steady-state condition for intracavity doubling can be
determined if we equal the round-tiip saturated gain of the laser to the sum o f the linear
and nonlineai* losses

is the unsaturated gain coefficient, I * is the length of the laser medium, I is the

where

circulating power density in the laser rod, and

is the saturation power density of the

active material. All lineai’ losses occurring at fundamental frequency are lumped together
into the parameter L ; the quantity ICI is the nonlinear loss. The nonlinear coupling
factor K' defined by I{2co)- K''P(co) is related to K in Eq. (1.6); it is K '= K'I^K,
where

k

accounts for different power densities in the gain medium and nonlinear crystal

in the case of focused beams and I is the crystal length. The optimum desired nonlinear
coupling is given by

=p

(1.9)

This is quite different from the case of optimum coupling in ordinary laser where the
optimum nonlinear coupling is dependent on the pump strength. Once K' is adjusted to it
optimum value L / J^, it remains optimal at any pumping level.
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Optical Parametric Oscillation

C.

As illustrated in Fig. 1.2.1, the optical parametric process is a nonlinear optical
process in which a pump photon, when propagating in a nonlinear optical crystal,
spontaneously or by stimulated emission breaks down into two lower-energy photons of
frequencies (signal
6 )^ =

and idler m,) with the total photon energy conserved, i.e.

+ 0 ),.. The gain mechanism is based upon the stimulation emission process. That

is, the rate of emission tluough the nonlinear optical parametric process is proportional to
the photon present; thus the larger the number o f photons emitted, the more likely
photons will be emitted leading to parametric gain. Since the optical resonator provides
resonance for the signal or idler waves (or both), the parametric gain will, at some
threshold pumping intensity, cause simultaneous oscillation at the signal and idler
frequencies. Once above threshold, the parametric oscillator efficiently converts the pump
radiation to signal and idler frequencies. Two important parametric oscillator cavity
configurations are the DRO, where both the signal and idler wave are resonated, and the
SRO, where only one wave is resonant. Different operation characteristics including
threshold, frequency stability and tunability, and pump laser requirements are possessed
by the two configurations.

0)

p

= (O + CO
S

I

^
-----------

(pump)

Fig. 1.2.1. The optical parametric oscillator. The cavity end minors have high reflectivity
at frequencies CO^ and CO^ (DRO); CO^ or CO,- (SRO).

It is clear that the frequencies of signal and idler can not be solely determined on
the basis energy conservation condition. This is in fact the basic source of tunability of
the OPOs. The specific pair of frequencies that will result from any given situation is
dictated by the phase-matching condition, /c^ = /q + k, (or (0 ^»^ = co^rtg + co,.»(), that must
also be satisfied. Similar to the SHG phase-matching condition, the refractive index

Introduction
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matching can be achieved by either type-I or type-II phase-matching geometiy. However,
in an anisotropic medium, the index of refraction, and hence the magnitude of k-vector, of
extraordinary wave continuously varies with the direction of propagation. For a negative
uniaxial ciystal, if the birefringence is sufficiently large to compensate for the dispersion,
and if the pump beam is introduced as an extraordinary wave while the signal and idler
waves are ordinary waves, a particular pair o f frequencies of emitted ordinary photons
will satisfy the type-I phase-matching condition for each orientation o f the crystal
relative to the direction of propagation of the pump photon. As the crystal is rotated or
crystal temperature changes, the magnitude of the k-vector or the momentum of the
pump photon changes. The frequencies o f the resulting pair o f emitting photons will
change accordingly, and they continuously satisfy the phase-matching condition. These
aie the basic tuning schemes of OPO, termed “angle tuning” and “temperature tuning”
A vaiiety of theoretical and experimental studies of DRO and SRO have been
cairied out [12][13][14][15]. Continuous-wave DROs have the advantage o f low threshold
and nanow linewidth. But it is offset by the necessity for overlapping the signal and idler
cavity resonance in a single optical cavity which places server tolerance limit on the
cavity length and causes the complexity o f continuous frequency tuning. Single
frequency, narrow-linewidth pump laser is desired as pump source in double resonance
OPO. In a single-pass CW pumped DRO, the threshold of pump power required for
oscillation is given by

where

is the pump wavelength,

and

are the fractional round-trip power losses

at signal and idler wavelengths, d is the effective nonlinearity o f the crystal, I is the
phase-matched interaction length, k„, is a generalised Boyd-Kleinman gain reduction
factor, and
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_ J £ A

is a slowly varying function o f frequency neai* degeneracy, since 6 = {0)^- cOf) / cOp. The
Boyd-Kleinman

factor represents a reduction in effective parametric gain because o f

poor pump-signal-idler mode overlap. Above the operation threshold, the conversion
efficiency is simply given by [9]
p +P

77 = - ^

2

,—

= — (V N -I)

where N is the number of times above threshold, defined by

(1.12)

-a ^ -

( g^ is the

parametric gain coefficient). This relationship give a general rule for the design of an
efficient CW OPO, that is to pump at least approximately 4 times above tlireshold foimaximum efficiency.

The progress in solid-state lasers, especially in linewidth control and frequency stability,
has brought about rapid advances in CW OPO devices. This is largely due to the fact that
the high spectral brightness of such pump sources can match itself into the over
constrained single-mode-pair oscillation condition of DRO and such laser sources aie also
capable of providing enough power for SRO. Through efficient harmonic generation, the
frequency stability and nairow linewidth of the pump lasers can be extended into the
visible and ultraviolet (UV) spectrum. They can further be used as pump sources for
OPOs to down-convert their frequencies in a widely tunable visible or inffaied range. In
addition, the new high quality nonlinear materials, various resonant cavity designs, and
servo control techniques enable CW OPOs to operate in a truly continuously tuning
maimer. Good-quality nonlinear-optical crystals with low material absorption are now
available and new crystals have been developed for use over a wide spectral range. For
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example, we have demonstrated the operation of a CW OPO using Lithium Triborate
(LBO) ciystal pumped by 364 nm UV light with type-II noncritical phase-matching

[16]

and pumped by 514.5 nm green light with type-I noncritical phase-matching geometry
[17]. New cavity designs such as a monolithic ring DRO [1][18] have shown dramatically
better mechanical stability. Recently, Colville et al.

[19]

developed a dual-cavity device in

which two resonant fields are split into two sepaiate cavities by a low-loss Brewster
angled plate. The independent control of the two cavities makes wideband and continuous
tuning of the device theoretically possible.
As discussed before, two fundamental approaches in achieving widely tunable
highly coherent radiation through nonlinear frequency conversion techniques in the
continuous-wave operation regime are DRO and SRO. Both approaches have been
demonstrated by employing the frequency-stable single-mode solid-state lasers and then
frequency-doubled output as pump sources. It is suggested that the use o f diode-pumped
solid-state lasers in conjunction with CW OPO devices can realise efficient, compact, and
fi-equency tunable CW radiation sources in all-solid-state configurations.
Nabors et al. [\] demonstrated stable, efficient CW single-mode operation of a
monolithic MgiOiLiNbOg DRO, pumped by frequency-doubled diode-pumped Nd:YAG
laser. The device was tuned from 1007 to 1129 nm and exhibited a 34% conversion
efficiency from 532 nm pump light to signal and idler power. A similar pump and OPO
configuration was used by Gerstenberger and Wallace [2 0 ], where CW parametric
oscillation with the tunability over the 965 - 1185 nm spectral range and 100 mW of
output power was demonstrated. Operation over most o f the spectral range consisted of
single signal and idler pairs with low-amplitude noise. Lee and Wong [2 1 ] analysed the
stability issue of type-II phase-matched Potassium Titanyl Phosphate (KTP) DRO.
They systematically stabilised and tuned this device at frequency degeneracy. With four
different tuning elements, the DRO signal-idler difference frequency was tuned discretely
over a range of ~ 1-3 THz and continuously over a - 0.5-GHz range. The pump source
used was a frequency-stabilised kiypton-ion laser with a residual laser frequency noise o f
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- 1 0 0 kHz rms. However, such a frequency stability can be provided by a diode-pumped
solid-state laser. Schiller and Byer [2 2 ] combined doubly resonant harmonic generator and
DRO into a single monolithic total-internal-reflection resonator (MOTIRR) and realised a
quadruply resonant OPO with 0,4 mW pump threshold.
Yang et al. [2 ] first demonstrated a CW singly resonant OPO based on KTP. The
pump source used was a single-frequency frequency-doubled Nd:YAG laser. The
minimum oscillation threshold was 1.4 W with pump light double passed. With 3.2 W of
incident pmnp power, a maximum 1.07 W tunable power was generated. They [23] further
demonstrated similar operation in a ring configuration with 1.9 W of sing-axial-mode
output. Recently, Robertson et al. [24] used pump-enlianced technique to overcome the
difficulty of the high SRO operation thieshold. They obtained single-frequency output of
500 mW with a 14 nm OPO timing range. The pump threshold was 1 W o f single
frequency argon pump power at 514.5 nm .

1.4

Research Overview

This thesis describe the author’s research work on the design and construction of a diodepumped Nd;YLF laser and the nonlinear frequency conversion of this laser in the
continuous-wave regime. The wavelength diversity of the device has accessed the 523.5
nm green spectrum with 9 GHz continuous tuning capability and the 1020 - 1070 nm
(potential 950 - 1150 nm) infraied spectral range with 4.5 GHz smooth tuning capability
in the single-frequency signal and idler mode pair output. The frequency conversion
techniques of the Nd:YLF laser have involved SHG process (via intracavity SHG) and
OPO process (via doubly resonant OPO). Potassium Titanyl Phosphate (KTP) has been
employed as the nonlinear material in these processes. The efficient diode-pumping
configuration not only gives a 30% optical efficiency of laser operation, but also enables
the efficient frequency conversion due to the high beam quality. 50% intracavity SHG
conversion efficiency and 60% pump depletion in doubly resonant OPO have been
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demonstrated. In the course of this research, the followingcontinuous-wave,highly
coherent radiation sour ces have been developed:
1.

Diode-pumped NdiYLF laser generating 2.5W

T E M qo

laser output at 1047 nm

with 30% optical-to-optical conversion efficiency (see Chapter 3).
2.

Intracavity-jrequency-doubledNd: YLF green
frequency

T E M qo

producing 1 W single

SHG output with linewidth of less than

10

kHz and frequency

tunability of 9 GHz (see Chapter 4).
3.

Single-frequency green laser pumped CW doubly resonant KTP OPO providing
continuous operation of tunable single-frequency mode-pair output at around
degeneracy frequency range. Smooth tuning of 4.5 GHz in the 1020 -1070 nm of
tlie KTP phase matcliing wavelength range have been achieved (see Chapter 5),

Detailed considerations in relation with tlie design and construction of above devices are
discussed in the relevant chapters.
The construction of diode-pumped Nd:YLF laser and the frequency-doubled
Nd:YLF laser are based on a folded standing wave cavity design. This cavity design is
subject to the available end-pumped geometry and the requirement for efficient
intracavity second harmonic generation. In the laser cavity, an elliptical 1.5 x 0.5 nim^
cross-section laser mode is produced in the gain medium to match with the appropriate
size of diode pump profile, and an 80 |xm diameter circular focused laser mode is
produced in the intracavity KTP crystal offering the desired photon density. The novel
intracavity biréfringent filter formed by biréfringent KTP crystal and intracavity Brewster
plate are used in the Nd:YLF laser for the first time in achieving the high power single
frequency SHG operation. Multi-axial-modes at fundamental wavelength which are
subject to the spatial hole burning effect in the standing-wave cavity are separated by the
biréfringent KTP ciystal with different polarisation in the oscillation process. Different
losses on these modes are applied by the Brewster plate providing a longitudinal modes
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selection mechanism. These techniques employed in this frequency-doubled Nd: YLF laser
to achieve the high power single-frequency SHG, demonstrate a new approach in
frequency doubled solid-state laser designs. Chapters 3 & 4 will discuss and analyse these
design and techniques in detail. The laser performance are further characterised in teims of
laser threshold, slope efficiency, second harmonic conversion efficiency, mode quality,
amplitude and frequency noise, linewidth, and frequency tunability.
The generation of single-frequency, continuous-wave tunable radiation in IR region
has been demonstrated in a single cavity doubly resonant KTP OPO. Smootli frequency
tuning of 4.5 GHz is achieved by tuning the green pump source. The stable single axial
mode-pair operation of the device has been obtained by using the “side of fringe” locldng
technique to control the length of the OPO cavity so as to maintain the doubly resonant
condition. The stability requirements for type-I LBO OPO and type-II KTP OPO, both
of which operate near degeneracy, have been compaied in the experiments. Evidence from
both sources indicates that, for the single-mode-pair operation, type-II phase-matched
geometiy is superior to type-I phase matched geometry. This is brought about by the
extreme sensitivity to mode hoping for a type-I DRO in which the free spectral ranges of
signal and idler oscillation are nearly identical.
The rate equations of diode-end-pumped Nd: YLF laser have been developed in the
section § 2 .9 , and theoretical analyses of laser performance are further discussed in the
experiment chapters. Section § 4.4 tlieoretically analyses tlie mode selection behavioiu of
the novel intracavity biréfringent filter. The tuning behaviom* and stability requiiements of
single-cavity type-I and type-II doubly resonant OPO are studied. A good agreement
between theoretical predictions and experimental results has been reached.
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DIODE-PUMPED SOLID-STATE LASERS AND
THEIR FREQUENCY DOUBLING
2.1

Introduction

The advances in semiconductor diode lasers have caused a resurgence in solid-state laser
technology. This is mainly because with efficient diode laser pumping, the potential of
solid-state laser materials can be fully utilised for laser performance. Remarkable
improvements in terms of higher slope efficiency, narrower frequency linewidth,
ultrashort pulses, and higher peak powers, have been brought about by diode pumping in
recent years. Based on the long lifetime and inherent stability of tlie diode laser and solidstate gain medium, the realisation of all-solid-state lasers has become possible. These all
solid-state devices provide stable output with high efficiency, ease of operation, long
lifetime, reliability and robustness in compact forms. Combined with the techniques of
nonlinear frequency conversion or direct pumping of tunable solid-state laser materials,
all-solid-state lasers can be envisaged to allow complete optical spectral coverage and
wavelength tunability [1][2]. These advantages of diode-pumped devices have led to the
development of new lasers which are impossible or impractical to realise in otlier ways,
and ai'e maldng a great impact on new technologies.
This chapter briefly introduces the basic physical process o f diode pumping
solid-state materials, and describes the historical works and recent developments on
diode-pumped solid-state lasers. After the comparison of diode-pumped solid-state lasers
with other devices, we concentrate on the continuous-wave (CW) diode-pumped lasers
by describing the design and engineering criteria, and analysing the single frequency
operation and frequency doubling schemes. There follows a discussion of rate equation
models to describe CW end-piunped Nd:YLF lasers. Expressions of diode-pumped laser
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threshold and optical slope efficiency are given for the analyses of experiments in
following chapters.

2.2

Basic Concept and Historical Overview

The early work on the use of semiconductor diode lasers as pump sources for solid-state
laser started in the early 1960’s. Soon after the advent o f diode laser, Newman

[3]

recognised that the spectral overlap of the GaAs diode laser emission wavelength with
absorption band of Nd^+ could lead to an efficient, compact, all-solid-state laser. Keyes
and Quist

[4]

tested the idea and demonstrated the first diode-laser-pumped Uranium-

doped Cap2 laser in 1964. They noted that the use of GaAs diode lasers should be ideal
for the pumping of Nd^+ laser and that such a device should be more efficient than lamp
pumping. This would induce less heating in the gain medium and reduce the thermal
problems of high-power lasers. However, the low power and the cryogenic cooling
requirement of early diode laser devices halted the development of all-solid-state lasers in
60’s and 70’s. Most initial works had concentrated on designing and demonstrating
simple Nd^'*' doped devices, because the Nd^"^ doped material possessed strong
absorption in the emission band of GaAs, GaAlAs, and GaAsP diode lasers, and they had
many naiTow fluorescent transitions in the infrai'ed region.
A.

Optical Pumping Process in

Doped Materials

To examine the physical processes of diode pumping winch leads to the high
efficiency displayed by all-solid-state lasers, we take the widely used neodymium doped
materials as an example. Fig. 2.2,1 shows the energy level diagram of the Nd^"^ ion. Each
of the 2s+i L j manifolds of Nd in the figure is split by the crystal field into J+1/2 doubly
degenerate energy levels. The positions of these levels are different for each host,
although the centre of gravity of each manifold is approximately the same. These
representative Stark splittings of the manifolds are also shown in the figure, and actual
laser transitions occur between these individual Stark splittings. The strong absorption
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spectra of Nd^+ doped materials like Nd:YAG and Nd doped phosphate are around 800
nm. Under the illumination of diode light at this wavelength, the Nd^+ ions are excited
into pump bands and then relax efficiently to the upper laser level.

Manifold Centers
of Gravity
4p

5/2

Stark Splittings

A

4p

10
' 880 nm
800 nm -

1.8 pm

4l 15/2
1.3 pm

4l 13/2
1.06 pm
11/2

0.94 pm
‘9/2

F ig. 2.2.1. Energy level diagram o f
The laser transitions are shown in heavy
lines, diode pump transitions in light lines, and relaxations in wavy lines. The open box
for the ground-state manifold indicates that the lasei transition to this manifold is to an
energy level above the ground state.

From this upper laser level "^F3 /2 , there are two four-level transitions with high gain, the
4 F3/2

- ^l\n 2 and 4 F3/2 - .4 13/2 which correspond to emissions at 1.06 }im and 1.3 pm.

Since both terminal transition levels are not thermally populated, laser action can be
easily achieved with low lasing thresholds. The tluee-level transition '^F3 /2 -'^1 9 /2
produces emission at 0.94 pm, but usually with poor efficiency due to the thermally
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populated terminal level. Since the neodymium ions are excited into the pump bands that
lie only slightly above the upper laser level by diode light, the non-radiation waste energy
generated is much lower than that of the same-power lamp pumping, which means higher
quantum efficiency for the laser transition. Together with the efficient absorption of
naiTow bandwidth diode light, high optical conversion from tire diode light to the 1.06 pm
high-gain line of Nd^+ can be obtained.
B,

Early Work on Diode-Pumped Solid-State Laser
Ross [5] demonstrated the first NdrYAG laser side-pumped by a single GaAs

diode. He noted that solid-state laser could produce high pealc power in a short pulse due
to the long upper state lifetime o f the material, with a narrower spectral bandwidth and
higher spatial brightness. Both laser diode and LED-pumped Nd:YAG lasers in sidepumping and end-pumping geom etries were investigated. Side-pumping geometry
appeared to be convenient when using a number o f sources witli poor beam quality, while
the end-pump approach had the advantage o f minimising the laser threshold and the
disadvantage o f limited power scaling due to the problem o f coupling the output o f many
diode sources into the gain medium. It was recognised that the high brightness o f diode
light could be absorbed in a small volume in the gain medium, thus leading to lower
threshold and higher gains. Osteimayer et al. [6] demonstrated the GaAsi_xPx diodearrays-pumped N d:Y AG laser operating at room temperature in continuous-w ave.
Illuminated by diode laser and LEDs respectively, CW operation o f NdrYAG lasers were
demonsti'ated in side-pumping [7] [8] and end-pumping geometiy [9] [10].
In the m id-70’s, diode and LED pumping were also applied to a class o f materials
called stoichiometric in which Nd^+ was a chemical component o f the crystal itself. Due
to the fact that concentration o f active ions could be much higher in stoichiometric
materials than that in the dopant host, a shorter absorption length for the pump radiation
was available. M ost o f the work reported in this field had employed LiNdP 4 0 i 2 (LNP)
ciystal with LED pump [11]. Fibre optic wave-guided devices had been transversely or
longitudinally pumped by diode lasers and LEDs. The first fibre laser pumped with a
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diode was the Nd-doped silica fibre laser with 1 mW laser threshold and 1.088 [am lasing
wavelength [ 12 ]. Besides the Nd-doped gain media, there were also reports on diode and
LED pumping of other ions such as YbrYAG and Tm,HO:LiYbF4 . Frequency conversion
of diode-pumped lasers, driving of spiking oscillations, and the Q-switching and the
mode-locking to generate higher pealc powers had also been investigated.

As Newman first recognised, the major advantage of diode pumps is the spectral overlap
o f the diode emission wavelength with the absorption peak of trivalent Neodymium
doped materials. But only after the availability of reliable diode lasers can this advantage
be practically realised. Today diode lasers are compact, efficient, robust, and potentially
inexpensive, with long room-temperatuie lifetime. We review the present status of diode
laser arrays as solid-state laser pump sources.
The conventional (GaAl)As laser light is generated in an active region via the
recombination of electron-hole pairs after charge injection across a forward biased p-n
junction. With different percentages of Ga and Al, the output wavelength o f (GaAl)As
laser diode is in the vicinity of 800 nm, ranging from approximately 700 to 900 nm. These
emission wavelengths coincide very well with the strong absorption bands of trivalent
rare earth (RE) lasing ions. A single diode stripe typically can provide a few milliwatts of
output power in a single spatial mode. To increase the output power, configurations such
as multiple quantum wells (MQW) (or active-region-enlarged single quantum wells) and
separate confinement heterostimctures (SQW-SCH) are usually employed [13]. Fig. 2.3.1
illustrates a multiple quantum well (multiple-stripe) laser. As shown in the figure, a
number of diode stripes are fabricated in a single device to obtain a wider emitting
aperture, thus much higher output powers can be achieved. True arrays of diode stripes
tend to be partially coherent and many exhibit the two-lobe structure in the far-field
characteristic of am change due to the evanescent coupling between adjacent stripes. As
the output power and number of stripes increase, this feature appears less obvious. The
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broad stripe arrays are multi-transverse mode devices and the beam quality is dependent
on the drive current. Both types o f diode arrays have been used in end-pumped
geometries. Since the emitting region may be overall 500 \im wide by 1 pm deep, the
divergence is different in the two emitting planes. Diode light coupling optics are often
used.
CONTACT
METALUZATION
p+ -GaAs
p -GaAlAs
p - GaAlAs
PROTON
IMPLANT

GaAlAs active layer
n -GaAlAs
n -GaAlAs
n - GaAs Substrate
INDIVIDUAL EMITTERS

Fig. 2.3.1. Schematic diagram o f a gain-guided multisti ipe diode array

The scaling of CW arrays to higher powers is nomially achieved by using a bar
structure. The commercial 5 - 20 W bar' devices which are grown on single 1-cm substrate
are composed of a number of individual arrays with an aperture of ~

100

pm and

periodical spacing of ~ 500 pm. Since the diode bar is made up o f a number of
independent sour*ce, the wavelength change along a bar may be 2 - 3 nm due to small
material variations. The output of these devices is difficult to couple into solid-state
materials particularly in end-pumping geometry. Presently, many diode array package
architectures are available ranging from low array/package level to high level integration.
They are capable of achieving 5 kW/cm^ peak power and 1 kW/cm^ average power for
applications with low duty cycle (< 1%) and high duty cycle (20%) requirements. To
achieve high pump brightness (W/cm^/sr^), var ious diode light coupling and beam shaping
tecliniques have also been developed. CW fibre-coupled bar can provide as high as

10

kW/crn^ CW pump density with 80% efficiency using 400 pm fibres. Fibre and other
coupling schemes are expected to continually increase pump brightness above the levels
currently attainable.
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Depending on the type of semiconductor material, the wavelength range from 630
to 1020 nm can be accessed. The GaAlAs devices have a spectral coverage of 780 - 860
nm. Longer wavelengths are available with InGaAs devices (900 - 1020 nm). AlGalnP
diode lasers cover the red end of visible spectrum (630 - 670 nm). This broad range of
pump wavelengths provides an opportunity for new applications such as pumping of
Er:glass, Er:YAG, and YbiYAG lasers (long-wavelength pumps), as well as Cr:LiCaAlF6
and CriLiSrAlFg lasers (short-wavelength pumps). Wliile a given diode with a particular
semiconductor composition will emit at one specific wavelength, the variation in its
operating temperature allows the wavelength to be tuned by typically - 0.3 nm/®C
(GaAlAs). Efficiency and long lifetime are fimdamental advantages o f diode laser arrays.
The commercial diode arrays have electrical to optical conversion efficiency of ai'ound 30
- 50%; and room-temperature lifetime of 3 x 10^ h for CW devices, and around 10^ pulses
for pulsed diodes. Improved material quality has been combined with high aluminium
cladding structures to produce Q-CW bars with excellent performance at high junction
temperatures (exceeding 75 °C).
However, there are a few drawbacks of diode pumps. Firstly, typical diode laser
arrays have an emission aperture of ~

1

jxm x - 1

0 0

jam with beam divergence angles of -

40° X 10° (FWHM). It is difficult to collect and effectively utilise tliis rapidly divergent
and asymmetric emission pattern, especially in the end-pumped geometry. Secondly,
diode laser are susceptible to damages caused by electro-static discharge, voltage
transients, or photon induce facet damage. Thirdly, these devices are still fairly expensive.

2.4

Present Progress of Diode-Pumped Solid-State Lasers

With continuous improvements of the semiconductor diode laser since the early 1980’s,
solid-state laser technology has shown a tremendous grovrth. In parallel, it has been
complemented by the development of new laser material, new diode light delivery
schemes, and new concepts in ciystal geometiy and laser design.
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Diode-Pumped Nd-doped Lasers
Apart from Nd:YAG, various Nd-doped gain materials have been employed in

diode-pumped laser systems. They have slightly different spectroscopic properties due
to the host atomic structure and the concentration level of active element, although tlie
laser transitions are achieved by the same processes. Three important properties are
upper state lifetime, absorption spectra and output wavelength. The different
characteristics of these gain media may dictate their particular applications. Most of the
recent research on diode-pumped Nd-doped lasers have concentrated on the high-gain
four-level ^F3/2 -

transition, although laser performance at "^F3/2 - '^Iis/2 transition

and three-level ^F3/2 - ^19/2 transition has also been reported. Table 2.1 lists some optical
properties of commonly used Nd-doped gain materials.

Table 2.1,

Comparison o f som e com m only used Neodymium (Nd) doped materials

Material

Formula

T

0

Xp

Xi

special features

YAG

YaAbfAlO^)]

220

2 .8

807.5

1064.2

good thermal, mechanical, and
optical quality

YLF {%)

YLiF4

460

1.87

792.5
806.0

1047.0
1053.0

long fluorescence lifetime for Qswitch, mode locked operation

YVO4

YVO4

100

15.6

809

1064.3

strong absorption and wide
emission band width

Glass

LG760
phosphate glass

350

2.0

801

1053.0

large gain bandwidth smaller
gain cross section

YAIO3

YAIO3

150

800.0

1079

can operate on 6 lines around
1.06 pm

YAB

N d,Y i.,A l3(B03)4

60

808

1063

nonlineai' host crystal for selffrequency doubling

(a)

(7C)

2

V. lifetime at 1 at % (ps); o', effective laser cross section ( 10'*^ cnF); Xp'. peak o f absorption wavelength in
800 nm region (nm); 2 /: lasing wavelength for the '‘F3/2 - '‘In /2 transition (nm)

Nd:YAG is noted for its hardness, high thermal conductivity and good optical
quality. It has been widely used in various laser designs of side-pumping and endpumping schemes for CW or pulsed operations. Low thresholds and high slope
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efficiencies are exhibited due to its strong pump absorption and narrow emission
spectrum. Berger et al.

[14]

have reported an overall efficiency of 10.8% and an output

power of 415 mW from a Nd.’YAG laser end-pumped by a diode array. In fact, diodepumped NdrYAG lasers have already become important commercial devices for the full
range of laser operations from CW single-frequency to Q-switched and mode-locked.
Efficient and high power NdrYAG systems have also been developed in recent years
using different crystal geometiies and diode pump schemes. Improved beam quality has
been achieved in these systems due to efficient heat removal and reduction of thermal
effects. The research group in Lawrence Livemore National Laboratory (LLNL) has
obtained 4 kW average output power
dimensioned 200 x 25 x

6

[15]

from a NdrYAG slab laser system. The slab

mm^ is pumped by two arrays each incoiporating 150 diode

packages. Golla et al. have demonstrated 300 W CW output power from a 1100-W sidepumped NdrYAG laser [16].
NdrYLF has a few distinct advantages for diode-pumped laser performance.
Efficient NdrYLF laser with polarised output at 1.047 jim and 1.053 pm has been
demonstrated [17]. Thermally induced birefringence can be swamped by its natural
birefringence. Since NdrYLF has longer upper level lifetime and relatively low emission
cross-section, it is an attractive medium for the generation o f high peak power Qswitched pulses. Baer et al.

[18]

have obtained as high as 70 kW peak power in a pulse of

duration less than 10ns from a 10-W diode-pumped NdrYLF laser.
Ndrglass has a wide absorption spectrum and can be doped at very high
concentrations. However, the main disadvantage is its low thermal conductivity which
makes the Ndrglass laser susceptible to thermal effects. A pump power tlireshold of 2
niW and a slope efficiency of 42% have been obtained when pumped with a low-power
diode [19]. By using a spinning glass disc as the gain medium to overcome the thermal
problem, Fan [2 0 ] has obtained 550 mW output power from 2 W diode pumps. Basu and
Byer have predicted that 20 kW o f average power could be achieved by using Ndrglass
laser in the zig-zag slab and rotating geometiy [2 1 ].
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Other Nd-doped laser materials, e.g. Nd:BEL, NdrGSGG, Nd:LNA, NdrYVO^,
Nd:YAP, have also been developed with advantages in some respects o f laser
performance. Scheps [2 2 ] has reported 635 mW output from an diode-pumped Nd:BEL
laser. It is noted that NdrBEL has greater energy storage capacity and higher active ion
concentration ability than NdrYAG. NdrYV0 4 has a broad absorption band in 800 nm
region and exhibits a very high slope efficiency. Fields et al.

[23]

have reported an end-

pumped YVO4 laser with 750 mW output power, 64% optical slope efficiency, and an
overall efficiency of 15.8 % [23]. It is suggested that NdrGSGG could be a useful laser
material for high average Q-switched operation. Caffey et al.

[24]

have reported an optical

slope efficiency of 41.5% for NdrGSGG in the rod geometry when side pumped.
NdrYAP laser can be operated at both 1.34 j.im [25] and 1.083 p,m [26] with high slope
efficiency. By using a Lyot filter, laser emission on six o f the laser lines o f the
^1\\I2 transmission has been achieved

[26].

-

Self-frequency-doubling operation has been

demonstrated in the diode pumped NdrYAB laser. Lin et al.

[27]

have obtained more than

80 mW of green radiation with 1 W of diode pump power from a monolithic YAB device.
B.

Diode-Pumped Rare-Earth-Doped Lasers
Trivalent rare earth ions other than neodymium also have significant absorption in

the 750 - 850 nm and aroimd 900 nm diode pump region. They provide additional
wavelengths and different spectroscopic properties for laser perfomiance. Recently, there
has been great interest in diode-pumped eyesafe lasers in the 1.5 jim, 2 p,m and 3 jxm
wavelength regions. In particular, the liigh pump rate o f diode array provides a great
advantage for the quasi-three-level laser schemes, such as erbium laser at 1.5 jim and
thulium or holmium laser hi die 2 jLimregion.
Fan et al.
where the

[28]

have demonstrated single-stripe diode-pumped 2-p.m Ho:YAG laser,

ion is sensitised witli Tm^""" at room temperature. In this laser, tlie pump

radiation is absorbed by Tm3+ ions. This is followed by a cross-relaxation process and
energy transfer to the Hq3+. Threshold of 4.4 mW in absorbed pump power with 19
percent slope efficiency has been shown. Hemmati

[29]

has reported 30% slope efficiency
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and a pump power threshold of 108 mW in Tm,Ho:YLF laser on the same transition.
Both Ho:YAG and Ho:YLF have long fluorescence lifetimes, so they are promising media
for Q-switched operation. Tm:YAG at the ^F^ -

transition is also a good candidate

for high-energy Q-switched operation due to the same reason. Suni and Henderson

[30]

have reported both CW and Q-switched operation, obtaining CW output power o f 530
mW for 1.37 W diode pump power. This correspond to an optical slope efficiency of
4%. They have further obtained pulse energies of 2.5 mJ at 50 Hz repetition rate from a
diode-pumped TmrYAG [31].
The recent development of strained layer InGaAs diode operating between 870
nm and

1 .1

|im has opened the way for pumping erbium and ytterbium doped laser

operating at 1.5 \im, and 3 jim (for Er^+ tiansitions), and 1.03 p.m for (Yb^+ transition).
Hutchinson et al.

[32]

have reported Yb sensitised Er:glass laser operating at 1.535 jxm in

an InGaAs diode laser end-pumped geometry. The optical slope efficiency obtained was
7.1% and the pump power threshold was 0.9 mJ. Denker et al.

[33]

have obtained diode-

pumped slope efficiency o f 14% and output energies up to 18 mJ from highly
concentrated Yb,Er:boro-silico-phosphate glass laser. Yb^+ has a broader absorption
spectrum in diode pump region and longer fluorescence lifetime than Nd:YAG. Efficient
laser performance at 1 |im has been demonstrated in diode-pumped YbrYAG laser [34].
C.

Other Diode-Pumped Lasers
Visible (670 - 680 nm) AlGalnP diode lasers have recently been used to pump

metal ion Cr^^ doped solid state lasers. Tunability of the emission in the metal ion doped
material can be achieved when the stimulated emission of photons is intimately coupled
to the emission of vibrational quanta (phonons) in a crystal lattice. In these “vibronic”
lasers, the total energy of the lasing transition is fixed, but can be partitioned between
photons and phonons in a continuous fashion, giving a broad wavelength tunability of the
laser output [35]. Scheps et al

[36]

have successfully pumped the highly tunable (from 700

nm to 800 nm) alexandrite (Cr:BeAl2 0 4 ) laser. Other tunable chromium lasers including
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Cr:LiCAF and CrrLiSAF have also been operated by using diode arrays as the pump
source.
Stoichiometries are of interest for miniature lasers because o f their high
concentration of active ions. Kubodera et al [37] have reported diode-pumped operation of
LNP laser at both 1.05 p,m and 1.32 pm. The optical slope efficiency of 18.2% (threshold
0.6 mW, output power 2 mW) at 1.05 pm and 6.5% (threshold 2.7 mW, output power
0.5 mW) at 1.32 pm have been obtained. Single transverse and longitudinal mode was
achieved by using the 300 pm thick active crystal.
In addition to bulk lasers, progress has been made in waveguide devices. Low
thi'eshold optical fibre laser operation has been demonsti'ated in a variety o f rare earth
ions and glass fibre hosts. Diode-pumped Nd-doped silica fibre laser operating at 0.905,

1.06 and 1.4 pm [38], and Er-doped silica fibre laser operating at 1.553 pm [39] have also
been demonstrated. By using fluorozirconate fibres as the host medium, laser action has
been achieved in thulium-doped fibre (operating at 2.3 pm [40] and 1.97 pm [41]), erbiumdoped fibre (operating at 2.7 pm) [42], and neodymium-doped fibre (operating at 1.345
pm) [43]. Only recently diode-pumped upconversion fibre lasers have been demonstrated
in erbium-doped glass fibre laser [44]. Piehler et al. [45] have obtained 11 mW o f green light
from 0.03 N A , 2.0-pm core erbium-doped fluoride fibre laser pumped by a 150 mW fibre
pigtailed InGaAs diode laser operating at 971 mn. W aveguide lasers have also been
fabricated in bulk glasses and in a variety o f ci-ystals [46]. Aoki et al [47] have reported 150
mW output power from a diode-pumped Ndiglass waveguide laser. More recently, by
using ion implantation waveguide fabrication technique, ion-implanted channel waveguide
laser operation has been achieved in NdiGGG [48], and Nd:YAG[49].

D.

Mode-Locked Diode-Pumped Nd-doped Lasers
Both active and passive mode-locking techniques are used in diode-pumped solid-

state lasers. Active mode locking employs intra-cavity modulators which can be either an
acousto-optic amplitude modulator (AM mode-locking) or an electro-optic phase
modulator (FM mode-locldng). By using amplitude mode-locking method which is

Chapter 2:

DPSSLs and Their Frequency Doubling

29

achieved by an intracavity acousto-optic modulator, active mode-locking o f diodepumped Nd:glass, Nd:YAG and Nd:YLF have been demonstrated [50][51][52], As short as
4 ps has been produced in Ndrglass laser [50]. NdrYAG, NdrYLF and Ndrglass have all
been mode-locked by FM techniques using electro-optic phase modulators. Pulses of 12
ps, 9 ps and 9 ps, respectively have been achieved [53][54][55]. Compared with active
mode-locking methods, passive coupled-cavity mode-locking has been demonstrated to be
an effective teclinique for ultrashort pulse generation. Diode-pumped NdrYAG, NdrYLF
and Ndrglass have been mode-locked by this process producing pulses with durations of
1.7 ps, 1.5 ps and 380 fs, respectively [56][57][58]. Recently the use of frequency doubling
crystals or multiple quantum well (MQW) structures in novel coupled-cavity have also
been investigated. Combining the mode-locked diode-pumped laser with Q-switched
operation. Keen and Ferguson [59] have obtained a peak power of 170 kW from a 2-W
diode-pumped NdrYAG laser operating at 1.3 pm. Without Q-switching, mode-locked
pulses 19 ps were obtained.

2.5

Comparison of Diode-Pumped Lasers with O ther Devices

A.

Diode-Pumped Versus Lamp-Pumped Solid-State Lasers

Solid-state lasers have traditionally been pumped by pulsed flashlamps or CW arc lamps.
These pump sources have broadband emission, which has poor overlap with the discrete
absorption bands of the dopant trivalent ion in the crystal. Despite some lamps
possessing high electrical-to-optical conversion efficiency, typically only 5% o f the
energy supplied to the lamp is emitted in the region of absorption line. In contrast, diode
lasers are efficient (25% - 50% electrical-to-optical) pump sources with narrowband
emission. Their wavelengths may be adjusted by varying the diode material composition
during wafer growth and be further tuned to coincide with the absorption band of a
particular laser material by controlling the operating temperature. Furthermore, because
diode pumps have much higher spatial brightness than lamps, then output beams may be
efficiently spatially coupled into the solid-state laser mode. These pump characteristics
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can result in highly efficient pump absorption and utilisation of the pump energy in
achieving an overall efficient laser system. Another advantage of using diode as pump
source is its longer lifetime (tens of thousands of hours compared to a few hundred to a
couple of thousands hours for arc lamps), which gives diode pumped lasers reliability and
operational convenience. Based on these inherent advantages o f diode pumps, diode
pumped devices can exhibit a new regime of laser operation which is unattainable with
lamp pumping. To our knowledge, the highest electrical-to-optical or “wall plug”
efficiency of diode pumped solid-state lasers have reached 20% [60]. In contr ast, a good
flashlamp pumped Nd:Gr:GSGG laser only has a wall-plug efficiency on the order of 5%.
In our laboratory we have demonstrated a 5 W diode-pumped NdiYLF laser with 11.5%
wall-plug efficiency. In the future, because the diode laser efficiency has the potential to
approach 65 ~ 70 %, the overall electrical-to-optical efficiency o f diode-pumped solidstate laser can be further increased.
Efficient and stable diode pumping also provides better frequency stability and
narrow linewidth than that of lamp-pumping. This is due to the decreases o f technical
noise by reducing specific thermal loading in laser gain media. Compared with the
frequency stability of lamp-pumped lasers in the region of 30-40 MHz, less than 3 kHz
linewidth has been obtained in a free-rumiing diode-pumped lasers [61]. By applying
frequency stabilisation tecliniques, the laser linewidth can be fmther reduced to sub-hertz
levels. Efficient pump source also means much less requirements for cooling systems for
either the diode laser or the solid state material. By combining their high stability with the
long life time and robustness, design and fabrication of high-stability, high spatial and
spectral optical quality monolithic and conventional solid-state lasers are already a reality
[62] [63]. Even in the regime of high power operation, approaching 4 kW, diode array
pumping has been used to obtain several hundred watts of average output power [15].
In comparison with the mature flashlamp-pumped technology, the field of diodepumped solid-state laser is moving forward rapidly and improved laser performance are
further expected. There are two driving forces in this development. Firstly,
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semiconductor laser industry w ill provide more efficient, better beam quality, and higher
power diode aiTay pump sources at a lower cost and with self-contained cooling system.
Secondly, the combination o f the diode pumps and solid-state laser material provides
many opportunities for new optical delivery schemes and innovative crystal geometry
designs. While diode-pumped solid-state lasers offer the possibility o f greatly improved
performance over lamp-pumped solid-state lasers, they also provide the basis for many
innovative laser designs which are impossible with lamp pumps, such as erbium-doped
fibre amplifier and miniature lasers.

B.

Diode-Pumped Lasers and Diode Lasers
The diode-pumped solid-state laser can be considered as a “mode converter” that

improves the quality of diode laser output to achieve much better spatial and spectral
mode and various temporal performance. Although diode lasers are one o f the most
efficient devices for generating coherent radiation from electrical energy, and although
looking into the friture, some of the disadvantages in the beam quality and output power
of the diode laser may well be overcome, the basic physical property and the quantum
well structure of the diode laser prevent such devices from providing a high degree of
coherent radiation and various temporal performances which are necessaiy for many
applications such as coherent optical radar, interferometi'ic sensing, and holography. The
spatial beam quality of current commercial high-power diode arrays is typically nonuniform with strong astigmatism. The spectral output of diode arrays is nanometers wide.
The frequency is temperature- and drive current-dependent (which are considered as
important factors in the spectral instabilities). Since the diode lasers are CW devices in
nature, the peak power of diode lasers enlianced by pulsing is limited to about an order of
magnitude of their CW output level. Another limitation to this peak powers is their low
facets damage thresholds. The fundamental limit on the laser linewidth lies in the
Schawlow-Townes equation, given by [64]:

Av = hv/ { 2K^5^P)

(2.1)

Chapter 2:

DPSSLs and Their Frequency Doubling

32

where Av is the linewidth in hertz, Ô is the cavity decay time, P is the output power,
and hv is the output photon energy. Due to the short cavity and the low reflectivity of
the facets, a small 8 is given. Compared with the 5 of a diode-pumped Nd:YAG laser
[65],

this figure is on the order of

1 0 ^ smaller.

Therefore, the fundamental linewidth limit

is 10^ greater than that of a diode-pumped Nd:YAG laser. On the contrary, the linewidth
of diode-pumped lasers could be much narrower than that of botli diode lasers and lamppumped lasers. Other disadvantages of beam quality inherent with diode can also be
overcome in diode-pumped lasers, (a) Single frequency output has been obtained from
diode-pumped solid-state lasers by applying different frequency selection schemes, (b) In
an end-pumped geometry the diode arrays can be spatially coupled into a TEMqo
diffraction-limited solid-state laser mode by optical fibre or a set of lens, (c) Since solidstate laser materials have longer upper state lifetime, diode-pumped lasers are capable of
producing high peak power in a Q-switched or mode-locked manner. For example, a 10-J,
100-Hz laser system has been developed in an all-solid-state form [6 6 ].
In brief, diode-pumped solid-state lasers take advantage of long life-time,
efficiency and compactness of diode pumps and offer significant improvements in laser
performance over lamp-pumped devices and the diode itself. They are capable of every
type of laser operation: ultralow-noise continuous output; short pulse, high repetition
rate by using Q-switching; ultiashort pulse by using mode-locldng; and even in the high
power regime. Improved laser performance of these laser systems is expected in the
future.

2.6

Design of High Efficiency Diode-Pumped Lasers

Diode pumps present new challenges to the solid-state laser design. The basic principle
of using diodes as pump sour ce for solid-state materials is to make an optimal matching in
their optical, mechanical and thermal properties. Since both the diode laser and the solidstate material are efficient, reliable, and robust with long lifetime, careful design is required
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to obtain an overall optimum system. As a pump source, the diode output can be
spectrally tuned on the absorption line of trivalent rare earth ion doped materials. The
key element in optimising the efficiency of a solid-state laser is maximising the overlap of
the region excited by the pumping source with the volume in the active medium occupied
by the desired laser mode. Various pump geometries with diode array coupling techniques
have been developed for this puipose.
A,

Pump Schemes
Most pumping schemes may be categorised as either side- (transversely) pumped

or end- (longitudinally) pumped, as shown schematically in Fig. 2.6.1 (a) and (b)
respectively. End-pumped lasers use appropriate optics to couple and focus the diode
light into the laser crystal in a small volume normally at the end o f the crystal. The
influence of the pump and laser mode size on laser tlneshold and output power has been
investigated by various authors. It has been shown that the size of the pump distribution
with respect to the size of the Gaussian laser mode is usually more important than the
form of the pump distribution. Assuming that there is a continuous-wave power P
incident on the laser material of a length

and the pump light is substantially absorbed

inside the material, the steady state population inversion AN, in the absence o f the
stimulated emission, is

[35]

m =

where T is the fluorescence lifetime of the upper laser level,

(2 .2)

is the pump photon

energy, A is the cross section of the pump beam distribution, and /„ is the pump
absorption length. The steady state gain, in this case, may be estimated to be

G = exp(ANa;„) = e x p ( j ^ - - ^ )

(2.3)
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is the stimulated emission cross section at laser wavelength. The gain has no

dependence on the absorption length of the material when

. If the pump beam

brightness is high enough, high efficiency can be attained due to the fact that good spatial
mode overlap and high pump density improve the pump absorption. By ensiudng a pump
volume inside the TEMqo laser mode volume, a TEMqq output can be produced. This
geometry is extensively used in many applications for the high conversion efficiency
(typically over 30%) and excellent beam quality. However, end-pumped systems are
generally restricted to low- and moderate-power regime due to the limitations of poor
spatial beam quality of diode laser pumps. In addition, the strong thermal lensing and
thermal stress in the small pump region, and the high pump density may also reach the
crystal fracture threshold.
(a)
laser rod
AR
HR mirror

diode laser

(b)
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Fig. 2.6.1. Schematic diagrams o f (a) side-pumped and (b) end-pumped solid-state lasers.
HR: highly reflective coating, AR: anti-reflection coating.

In side-pumped geometry, the diode aiTay is closely coupled into the laser mode
volume through the side'of laser ciystal with minimal or no optics. Laser material absorbs
a significant fraction o f tlie pump light in a short length. The gain may be similarly
estimated to be [35]
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is the effective absorption length for the

laser gain. Gain profile in side-pumped configuration can be achieved in a large volume
within the laser ciystal. However, side-pumped lasers have lower efficiency (typically
-

1 0 %)

since the laser mode only uses certain portion of the pumped volume.
In order to achieve a good matching between the pump volume and the laser mode,

techniques such as the multiple diode lasers incorporated pumping, laser mode multi
passing in the pump volume (e.g. zig-zag resonator geometry [l][6 6 ], and tightly folded
resonator (TFR) [67]) are used. High average output powers can also be obtained in these
conflguiations because multiple pump sources can be incorporated and the pump energy
can be coupled into a relative large volume of laser mode.
In general, end-pumped lasers have a higher efficiency than side-pumped lasers,
especially for TEMqo operation, because of the improved overlap of pump volume and
laser mode. Side-pumped lasers are more readily scaled to higher powers because of the
large volume of the gain medium available for pumping [35]. However, due to the
availability of high power diode arrays and various diode light coupling schemes, the
differences between end pumping and side pumping have gradually diminished. Endpumped systems have reached 90 W output power [6 8 ], while the efficiency of sidepumped systems has increased to 30% [69][70].
B.

The Nonplanar Ring Oscillator - A Design Example
To fully realise the reliability and utility of diode-pumped lasers, other issues

concerning the stability and lifetime of laser components should also be taken into
accoimt. Kane and Byer’s nonplanar ring oscillator (NPRO) [62], as shown schematically
in Fig. 2.5.2, sets such an example. The NPRO consists o f an integrated element that
combines the function of the active medium, the ring resonator and the unidirectional
element. It is fabricated from a single Nd;YAG crystal in the form of a multi-faceted
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prism. The closed laser mode path is provided by total internal reflection and a coated
spherical surface within the crystal. End-pumped by a diode laser, a good spectral and
spatial mode match is achieved. Unidirectional oscillation is realised by using the Faraday
effect in the active element. Stability o f the component mounting and the elem ent
temperature are also incorporated in the NPRO design. Unique characteristics are
manifested in this design in terms o f high stability in the frequency (150 kHz/sec jitter)
and output intensity (0.2% rms), extremely small spectral linewidth (less than 10 kHz),
high efficiency (60% optical conversion efficiency) and small dimensions. However, being
an integrated optical device, it is very sensitive to thermal effects inside the ciystal. Even
though good spectral and spatial match is achieved by diode laser pumping, there is still a
certain amount o f non-radiation heat that is dissipated. Thermal effects prevent NPRO
from being a high power device [71].
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Fig. 2.6.2. Schematic diagram o f non-planar ring oscillator (Kane and Byer 1985)

Other approaches in achieving high efficiency in moderate and liigh power regime
are also quite successful [72][73]. In order to achieve the high amplitude and fiequency
stability o f the NPRO in high-power regime, the technique o f injection seeding is used to
control the temporal mode behaviour o f solid-state lasers. The NPRO is used as a master
oscillator. B y seeding a CW beam into a slave oscillator, a stable single-line output is
converted into a powerful Q-switched pulse or high power CW output.
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Single-Frequency Operation

CW single-frequency operation is not normally associated with solid-state lasers. In a
standing wave cavity, spatial hole-burning in the homogeneous active medium allows
several longitudinal modes to oscillate, and higher pump powers encourage this
oscillation. A simple approach for obtaining single-longitudinal-mode (SLM) operation of
a laser is to reduce the length of the gain medium and cavity length so that there is only
one longitudinal mode in the range of gain spectrum. Up to 20 mW SLM output have
been obtained using this method [74]. Another variation is that the cavity is long enough
to support several longitudinal modes but the pump power is controlled below the multimode operation tlireshold [75]. Intracavity étalons are also used in some systems to obtain
SLM operation [76], but with a reduced efficiency. As alternatives, both twisted mode
resonators and travellmg wave resonators can elimhiate spatial hole burning effects in the
gain medium. Wallmeroth and Peuser have obtained 255 mW SLM output from a diodepumped twisted-mode laser [77]. By using a monolithic twisted mode cavity [63], they
have obtained 80 mW SLM output with a linewidth of 10 kHz under the free-rumiing
operating condition. A successful travelling wave resonator has been designed by Kane
and Byer [62] as discussed before. The ring resonator and the unidirectional mechanism are
integrated inside the monolithic ciystal without any additional loss. Up to 900 mW have
been obtained from this configui’ation [78]. Recently, by applying a new pump geometry,
over 2 W of single-frequency output with a slope efficiency of 60% has been obtained
from a monolithic ring device [71]. However, the output power is limited to values below
3 W in this design due to the thermal lensing limitation.
In the high-power regime, single-frequency operation has also been realised in a
ring [7 9 ] or master/slave configuration using tlie injection locking-teclmique [80]. As high as
15 W single-ffequency output has been achieved by injection-locking a high-power diodepumped solid-state laser to a NPRO [81]. This is a promising technique to realise stable
single-frequency operation in the liigh-power regime.
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Another method to achieve SLM operation is based on the use of a biréfringent
filter inside the laser cavity [82]. It has been demonstrated in our intracavity frequency
doubling system that by using a biréfringent KTP crystal and a Brewster plate as a novel
intracavity biréfringent filter, SLM can be attained in the SHG output from a standing
wave cavity. When we place the KTP crystal away from the beam waist in the cavity to
reduce the SHG conversion efficiency, 1 W SLM fundamental output can be obtained
[83], as will be described in section § 3.9.

2.8

Frequency Doubling

Efficient harmonic generation can be attained in diode-pumped solid-state lasers due to
their higher spatial and spectral brightness. This nonlinear frequency conversion
teclmique can extend the emission spectrum of diode-pumped lasers from the infrared
into the visible and ultraviolet region. The high-pealc-power output from Q-switched or
mode-locked Q-switched diode-pumped lasers can be efficiently frequency doubled in a
single pass through a nonlinear crystal. However, efficient frequency doubling o f CW
lasers requires resonant enliancement techniques. One obvious approach is to place the
nonlinear crystal inside the laser cavity so as to take advantage o f the high internal
circulating power. While fundamental power is resonating inside the laser cavity, SHG is
coupled out of the resonator by nonlineai' crystal. High conversion efficiencies have been
attained using this scheme. Baer has discovered that lai*ge intensity fluctuations of SHG
output and longitudinal-mode instabilities are exhibited in a diode-pumped Nd:YAG laser
with KTP as an intracavity doubling crystal [84]. He has suggested that these instabilities
arise from coupling of the longitudinal modes of the laser oscillator by sum-frequency
generation in the nonlinear crystal. The so called “green problem” is exhibited in many
other intracavity doubled systems. However, these intensity fluctuations can be
eliminated by reducing the longitudinal-mode coupling factors [85] or by single-fiequency
operation [84][86].
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External Resonant Frequency Doubling
An alternative to resonant doubling is external resonant doubling, in which the

fundamental beam is mode-matched into a second cavity with a nonlinear crystal inside.
The external cavity can be resonant at either the SHG or at the fundamental wavelength.
This method requires a highly stable, narrow linewidth and single-frequency diodepumped laser as the input source and active tuning of the external cavity. The system
developed by Kozlovsky et al. [8 6 ] has combined the advantages of the single-frequency
NPRO with the stability of a monolithic resonator fabricated onto a lithium niobate
nonlinear crystal. By locking the external resonator to the laser frequency, 30 mW of
green output has been generated with 56% optical conversion efficiency. This design
offers the advantages o f keeping optical elements out o f the laser oscillator,
independently optimising the harmonic generation process, and yielding stable and single
frequency second-harmonic output. Using external resonant cavity for frequency
doubling, as high as 6.5 W has been obtained in an 18 W, CW injection-locked singfrequency Nd:YAG laser system [87].
B.

Intracavity Frequency Doubling
Back to the intracavity frequency doubling, this scheme is attractive for its

simplicity, high conversion efficiency, and less stringent requirements on the laser
performance in the fundamental wavelength. Stable operation has been observed in
various designs. Liu and Oka have used an intracavity quarter-wave plate to eliminate
longitudinal-mode coupling and achieved 3.5 W stable green output [8 8 ]. An alternative
way of avoiding intensity fluctuations is to use a single-frequency laser. Ring resonant
configurations have been employed [89]. Combining the miidirectional device and the
nonlinear crystal in the cavity, single-fiequency fimdamental wave can be converted into
single-frequency SHG. In standing-wave cavities, twisted mode technique [90] or
intracavity étalon [84] has been used to achieve single-fiequency operation in the
frequency-doubling scheme. A disadvantage of above methods is that the laser outputs
are highly sensitive to the losses introduced by the insertion of intracavity elements.
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Diode-pum ped microchip laser has also been used for frequency doubling [91] with
limited output power.
We have taken the novel biréfringent filter teclmique first proposed by Nagai and
et.al [92] and extended its implementation to higher powers. It has proved to be an
efficient way to achieve single-frequency operation in second harmonic generation. The
intracavity biréfringent filter may be formed by a Brewster plate and a biréfringent
nonlineai' crystal. In a standing-wave cavity, it allows SLM oscillation by providing
minimal loss for a selected mode, wliile providing much higher additional losses on other
adjacent modes. Using this technique, a few milliwatts o f intracavity frequency-doubled
SHG have been previously obtained in diode-pumped NdrYAG lasers [92][93] and
N d :Y V 0 4 laser [94]. In our laboratory, we have demonstrated over 1 W o f SLM green
output from a diode-pumped NdrYLF laser. Although the long-term stability o f the SHG
output remains to be improved, this technique is a reliable and efficient method to
generate low-noise SLM green light and needs to be fully exploited.

To analyse NdrYLF laser action, we start with the rate equations in which the spatial
variation of botli the pump beam and the cavity mode are taken into account. Expressions
for the population inversion within the laser material as well as the gain of a pai ticular
cavity mode are developed. Further, the threshold and the slope efficiency o f four-level
end-pimiped laser are derived and analysed. This approach essentially follows that of
Kubodera and Otsuka [95] as well as others [96] [97], and the following assumptions are
made in deducing expressions for the lasing transition of % / 2- % i /2 (see Fig, 2.2.1). (1)
All pump atoms relax rapidly from pump band to the

manifold. (2) The relative

populations of the Stark splittings within a manifold can be given by a Boltzmann
distribution at all times. (3) The lower laser level has a very short lifetime (< 10 ns) and
so has no significant population. (4) Losses are low so that the low gain approximation is
valid. However, this approach is in general for four-level laser systems.
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The Four-Level End-Pumped Laser Model
Considering a four-level laser operating in a single TEM qo mode, w e have rate

equations for the upper and lower laser levels with spatial hole burning included [97]:

dt

T,

(2.5a)

and
dN^{r,z) ^

fiN^{r,z)

dt

N^{r,z)-N^

f i ‘^21

(2.5b)

+ A ^ : d t e h t e ll.s .s „ ( .,z )

where f. is the fraction of ions in the energy manifold actually found in level N,-, cris the
stimulated emission cross-section, n is the index of refraction at the laser wavelength, c
is the speed of light in vacuum, S is the total cavity photon nimiber, T,- is the decay rate
from the

level, N° and N ” are the populations of the lower laser level and the upper

laser level manifold at thermal equilibrium, respectively. Sg{r,z) and r^,(r,z) are the
spatial distribution functions for the fundamental cavity mode and the pump beam,
respectively. Here, the fundamental cavity mode simply refers to the mode tliat is nearest
in frequency to the line centre of the laser material. R is the rate at which pump photons
enter the laser cavity to excite ions into the upper laser manifold and is given by [95]

R=%P,/hv^

where

(2.6)

is the optical pump power, hv^ is the pump photon energy, and

= l-exp^-Oîp

is the fraction of incident pump power absorbed in a crystal of

length Z^ with pump absorption coefficient a^. Factor

and

account for the thermal

distribution of atoms in the upper and lower manifolds at equilibrium. The fractional
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population of a given level within a given manifold is given by the Boltzmaim distribution
expression
exp(-AE^-/kr)

(2.7)

/ / = l + Z,.exp(-AE;/kT)

For the Rj Isvel of Nd^'*' ions in YAG, this gives

= 0.40; and for the lower

level,

= 0.187. On the right hand side of Eq. (2.5a), the first term describes the pump
relation to populate the upper laser level, the second term describes spontaneous
emission, and the third term accounts for the stimulation emission and absorption process
between the upper and the lower laser level. Similar arguments can be used to derive all of
the terms in Eq. (2.5b).
The pumping process in this model is assumed to have unity quantum efficiency.
The spatial distribution of the pump beam and fundamental laser cavity mode are given
by r^(r,z) and s„(r,z), respectively. These terms are normalised such that [97]

Jr^(r,z)-dV = js^{r,z)^ dV = 1
rod

(2.8)

cavity

For a Gaussian beam entering a medium with absorption coefficient

, and where the

intracavity mode is a standing wave, it follows that [97]
2a.

r J r ,z ) =

4

Here,

-2r" ^

•exp

(2.9)

sin^(/c,.2 ).

(2.10)

is the geometrical length of the laser rod, Z,„„ is the optical length of the laser

cavity, Zc. is the propagation constant for mode Z, and w^(z) and w,{z) are Gaussian
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beam spot sizes for the pump beam and laser cavity mode, respectively. Both the pump
beam and cavity modes are modelled as Gaussian beams. The pump beam decays along
the z-axis as it is absorbed by the laser crystal, and there is a standing wave intensity
variation along the z-axis for the cavity field. The period of the standing-wave is
dependent upon the propagation constant of the cavity mode k.. It is possible to accoimt
for different pump distributions, higher-order transverse modes, non-collinear pump
beam and cavity mode, or diffraction of the beams within the gain medium by assuming
the proper forms for r^{r,z) and Sg{r,z). However, these end-pumped devices typically
operate in a TEM qo mode, and the tlneshold is not highly dependent on the exact form
for r^{r,z) as long the power can be described as being within some radius r = iv^ [98].

The corresponding rate equation for the total number S of photons in the cavity is

^

= 0 = . ^ l £ l ^ |A N ( r , z ) - s „ ( r , z ) d l ^ - —
rod

[9 7 ],

(2.11)

9

where T^~lnl^^lc0 is the un-pumped cavity photon lifetime ( ô = L + T

represents the total cavity losses where L is the round-trip loss and T is the output
transmission). Note that the gain integral of Eq. (2.11) is earned out over the pumped
volume of the laser material rather than the cavity volume. This is done because the
population inversion, AN(r,z), is zero outside the pumped volume. Eq. (2.11) describes
the cavity photon number which is proportional to the circulating power and the output
power. The first term on the right hand side o f the equation is an increase in photon
number due to stimulated emission and the second term is a decrease in photon number
due to losses. An assumption in Eq. (2.11) is that only one transverse mode is
considered. This is reasonable for end-pumped systems. As long as the pumped volume
lies within the volume of the TEM qo cavity mode, single transverse mode operation is
easily achievable.
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Threshold
In the steady state, dN^/dt = dN 2 /dt = 0, and Eq. (2.5a) and (2.5b) can be

combined to form the population inversion density AN{r,z) = N 2 {r,z) - N^{r,z) :

AN(r,z) =

4/2 + 72

- N?

(2 . 1 2 )

whereA = -^^S*s„(r,z), B - R'r^(r,z) and
approximation that

72

=

721

and Af^ «

7 ^.

=

Here, we have used the

The general expression for AN{r,z) derived

from the rate equations is given by [97]
ANfr z] =

+ 7i) + ^ 7 i^ i]' U A + 7i ~ / i ( ^ + T n /f 2 )]
i f A + 7l) •[ i f A + 7i)(/2^ + 7z) - f A i f l ^ + 72i)]

.ry , qx

i f A + ïi)
Equation (2.12) can be substituted into Eq. (2.11) to determine the amount o f pump
power needed to sustain a given laser output power. At tlneshold, the cavity photon
number is 5 = 0, and the expression for

is

A N (r ,z )„ ,= /î5 -N f
72

(2.14)

The threshold pump power can then be found by solving Eq. (2.11)

The round-trip cavity loss S can also be written in terms of T + 5^- +
the output transmission loss,

where T is

is the rest of extrinsic loss not dependent on the length

of the gain medium such as scattering at interfaces and Fresnel reflections, and
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represents losses which are proportional to the gain medium length such as impurity
absorption and bulk scattering. The term

is the re-absorption loss of gain material

due to the lower laser level population. However, in the four-level laser this term is
approximately 0 and Eq. (2.15) reduces to

where

= / 2 <T' represents the effective emission cross-section. For minimum thr eshold,

it is desirable to make the pump beam waist small in order to maximise the peak inversion
at r = 0 , where the laser intensity is highest, and it is desirable to make the laser waist
small so that photons that are spontaneously emitted into the laser mode will encounter a
high pump excitation over the entire laser mode. Eq. (2.16) also shows that the threshold
power is dependent on spectroscopic and material properties

and

geometiy factors through the overlap integral and design choices

The geometry

factors and design choices are not independent of each other nor independent of the
spectroscopic properties. It would be useful to find the scaling o f minimum threshold
with spectroscopic and material dependence so that a figure of merit for tlneshold can be
formulated which allows side-by-side comparison o f laser materials. Threshold is
inversely proportional to the quantity

thus, these spectroscopic properties need

to be included in a figure of merit. Spectroscopic properties also ultimately deteiinine the
minimum value for the geometry factor in Eq, (2.16). It is obvious that Eq. (2.16) gives a
non-physical answer of a minimum threshold of 0 for infinitely tight focusing. To account
for diffraction, the average of values of

and

in the gain medium can instead be used

[9 9 ]. These minimum average values are proportional to

The value of

choice, but to absorb a reasonable fraction o f the pump radiation,
order of or greater than 1/a^. On the other hand, if

is a design

should be on the

is too long, the average spot sizes

in the ciystal increase which consequently increase tlneshold. Hence, there is an optimum
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crystal length Iq that minimises the tlireshold in terms of incident pump power and can be
obtained by solving
Gxp(—

+ T + a,/o) - a,- = 0

(2.17)

As a numerical example, when we use the values ^ = 0.005, T = 0.05,
= 32 cnA (a value of Nd:YLF material absorption coefficient at 797 nm // c polarised
light), and a, = 0.005 (a value of characteristics of Nd:YLF crystal), the optimum crystal
lengtli

is 1.9 mm.
In standing-wave cavity, the gain of additional cavity mode may be calculated by

replacing the spatial distribution of the fundamental mode, s^{r,z), with that o f an
adjacent longitudinal mode. The spatial distribution of tliese additional modes will have a
modified cross-section coefficient cr,. which is determined by the bandwidth o f the laser
material. Also, the propagation constant /c- will change because o f the change in
wavelength from the fundamental mode. The new wavelength w ill differ by a multiple o f
the cavity free spectral range,

, where

is the optical length o f the laser

cavity. Thus, the threshold for a cavity mode with frequency v,„ =

± m -A

will be

reached when the following equation holds true [97]:

CO"..

|A N (r ,z )-s „ (r ,z )-d V = i .

(2.18)

Considering the spatial hole buining effect in the homogeneous gain medium and the effect
of energy diffusion, the additional possible cavity modes can attain certain spatial gain
distribution. For

» Z,.^^ where Z^ is in the order of pump absorption length, it is

obvious that the phase relation between the expected longitudinal modes are
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However, such a phase relationship is true only if the laser material has larger gain
bandwidth such as that of Nd:YLF, and the FWHM of the lasing transition determines
the number of longitudinal modes.
C.

Slope Efficiency
Operation above tlneshold can also be treated by a rate equation analysis. Above

threshold, the rate equations must account for stimulated emission and the circulating
intensity in the cavity. In steady state, the population inversion density is described by
Eq. (2.12). Substituting Eq. (2.12) into Eq. (2.11), we have

n

2 0 -Irod

(2.20)

s+

where the substitution -crN° =

has been made. The left-hand-side of this equation

represents the gain terms and the right-hand-side represents the loss tenns. There are two
components to the loss term. One is the round-trip total cavity loss ô, and the other is
the re-absorption at the laser wavelength due to lower laser level population. In the fourlevel laser, since N j = 0, Eq. (2.20) can be reduces to

‘J

rp{r,z)-sXr,z)^dV _
1+

We consider only the case where

SSp(r, z)

8
'^^'^lod

since for

(2.21)

the slope efficiency and

therefore overall efficiency decrease rapidly. For this case, the integral in tlie equation can
be solved analytically if

is an integer:
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p+l

+ (- 1)

U { p - k + V){2S/S'f ' (25/5')

•In 1 +

S'
Ô

(2 .22)

2- cr- Lrod

where P = {io^/iu ) and
\

=

/zCO-Tz

which is equivalent to a saturation photon

number.
To obtain the output power in terms of the input power, S needs to be solved in
terms o f R from Eq. (2.22). The number o f output photons per unit time, Sq, and the
output power Pq are given by [95]

Po=hv-SQ = h v -‘^ ~
2nLrad

(2.23)

Thus, the output power versus pump power near the threshold in the fundamental
transverse-mode oscillation is [95]

(2.24)

where ( 1 - R ) = T and R is the reflectivity of the output minor. The slope efficiency is
hv T

For high slope efficiency, one needs to maximise

(2.25)

77^ and

minimise Sjr +

. High slope

efficiency can still be achieved by increasing T if other losses are not low, but this is
undesirable because it increases threshold.
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DIODE-PUMPED ND:YLF LASER
3.1

Introduction

The criteria for the design of the frequency-doubled Nd: YLF laser are set primarily by the
requirements on the pump beam for the successful operation of CW OPOs. Based on the
KTP and the LBO nonlinear material, CW OPOs that are able to oscillate in doublyresonant cavity (including dual-cavity) or pump enhanced singly-resonant cavity require a
pump source with: (1) the capability of delivering - 1 W output power in green
spectrum; (2) single-frequency radiation which have sub-MHz linewidth and low
frequency jitters; (3) both short-term and long-term intensity stability. As discussed in §
2 .6 ,

due to the spatial hole burning effect, stable single-frequency operation can not be

achieved in a standing-wave cavity. The conventional ring configurations are able to
provide single-frequency operation, but the unidirectional devices also introduce
undesirable losses and complexity in the processes o f intracavity second harmonic
generation. The nonplanar ring oscillator (NPRO), however, is limited by its low power
level, and it is a costly device due to the crystal cutting. In addition, to obtain the single
frequency SHG output, an external resonant enhanced optical cavity is needed for
frequency doubling.
To simplify the pump laser, an intracavity frequency-doubled diode-pumped
Nd:YLF laser has been designed and constructed to meet the basic requirements for the
CW OPO experiment. In this design, we utilise the diode-end-pumped geometry and
standing-wave cavity in order to achieve an overall efficient system, and use the novel
biréfringent filter technique to obtain the single-frequency SHG output. According to the
experimental results, such a single-frequency green laser appears to be a successful
system, and we have hence demonstrated a new approach in the frequency-doubled
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diode-pumped solid-state laser designs. In this chapter, we discuss the considerations and
the design of the diode-pumped Nd:YLF laser and describe the experimental performance
of the laser at the fundamental wavelength.

3.2

General Considerations

In order to achieve the required output power, 20 W CW GaAlAs linear array laser diode
has been procured as the laser pump source. To obtain a higher optical-to-optical
conversion efficiency and a near diffraction limit T E M qo output, diode-end-pumped
geometry has been employed. Considerations of efficiency in this laser design have been
concentrated on obtaining a good spectral and spatial overlap between the diode array
pump region and the laser cavity mode in the Nd;YLF crystal. The

20

W diode laser is

designed to be temperature tuned as a 797 nm pump source so that good pump
absorption can be attained. The water cooling loop capable of dissipating 80-W
nonradiation heat is built for the 20 W diode laser. Furthennore, a thermo-electric cooler
is used to finely control the diode operating temperature. A major drawback of the diode
array for the spatial mode overlap is its emission aperture. The conventional coupling
optics can not transfer the diode arrays into a small cross-sectioned circular pump beam.
However, compared with the fibre coupling, free space optics offer a simple and efficient
way for diode pumping. In our design, we have used the combination of a cylindrical lens
and a spherical condenser lens to collect and couple the diode anay into the Nd:YLF
crystal. An elliptical pump beam cross section of 3:1 ratio has been produced a few
millimetres in front of the coupling optics. In order to efficiently couple the pump beam
into the laser mode, the Nd:YLF ciystal, which is HR coated at 1047 nm and AR coated
at pump wavelength on one end surface, is placed immediately in front of the coupling
optics.
Since the pump light can only be an elliptical cross-sectioned beam, in order to
match the laser mode into the same shape as the pump volume inside the Nd:YLF ciystal,
a folded cavity is designed and constructed. An additional benefit from such cavity
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configuration is that a circular tightly focused beam waist could be produced in the other
folded cavity arm so that the nonlinear crystal can take the advantage of the high
intracavity power density to achieve a high nonlinear conversion efficiency. In addition,
the green beam generated in the two directions can be combined into a single output by a
dichroic end miiTor. Moreover, the flexibility of setting of the fold angle, and changing the
separations of the mirrors and the Nd:YLF crystal in the cavity could allow a complete
compensation of the astigmatic thermal leasing effect which is induced by the diode
pump. This folded resonator design results in the diode light being efficiently coupled
into the laser mode in one cavity arm, and the laser fundamental energy being efficiently
converted into the SHG and coupled out of the cavity in the other arm.
Several issues in relation to the design of high power and efficient diode-pumped
Nd:YLF lasers are discussed in detail in this chapter. Thermally induced beam distortion
in the high power end-pumped Nd:YLF material is investigated. The computer modelling
of the folded linear cavity has been set up to analyse the cavity mode characteristics and
the resonator stability range. Several cavity configurations are compared for their laser
performance. Finally the spectral characteristics of the diode-end-pumped Nd'.YLF lasers
are discussed.

3.3

Nd:YLF M aterial for Diode Pumping

A.

Nd:YI.F Material

Nd:YLF is attractive as an active material for use in solid-state lasers because of several
properties that are very different from those of NdiYAG. Firstly, since it is uniaxial
material, one can select one of the two different naturally polarised wavelengths for each
transition simply by using an intracavity polariser. The strong natural birefringence of the
material also swamps the effect of thermally induced birefringence observed in optically
isotropic hosts like YAG. Secondly, Nd:YLF is suitable for the generation of high-power
Q-switched pulses due to its long fluorescence lifetime and high energy density storage
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capability. Finally, weak thermal lensing effect in theNd:YLF crystal provides additional
advantage over continuous-wave or mode-locking laser operations of Nd:YAG.
The optical-absorption and stimulated-emission study of Nd^"^ in the uniaxial
crystal yttrium lithium fluoride (YLiF^ or YLF) [1][2][3] shows several main absorption
lines lying at 792, 797 and 806 nm which can be excited by the AlGaAs diode lasers.
These absorption lines of Nd:YLF are typically a few nanometers wide, thus can be well
matched by the emission spectrum of diode arrays. The uniaxial Nd:YLF crystal exhibits
strong polarisation dependent absorption transitions and fluorescence due to the
anisotropic crystal field. Fig 3.3.1 [3] shows the same orientât!onally resolved absorption
spectra in the wavelength range of AlGaAs laser diode pumping. The a (E L c) and the n
(E // c) polarised absorption spectra of Nd:YLF at room temperature are plotted in Fig.
3.3.1.(a) and (b) respectively.
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Fig. 3.3.1. Absorption cross section for Nd in YLF at room temperature, (a) for light
polarized perpendicular to c-axis; (b) for light polarized parallel to c-axis.

The two straight lines in the figures stand for the spectral width of diode arrays used as
pump. The fact that the absorption cross section of Nd:YLF is much larger for the
polarised incident light parallel to the c-axis of YLF ciystal than that for the light
perpendicular to the c-axis can also be considered as an advantage for linearly polarised
diode light pump. Other advantages of Nd;YLF material in favour of diode-pump are
relatively large thermal conductivity allowing efficient nonradiation heat extraction, and
less strong thermal lensing effect allowing high beam quality. The thermal-mechanical
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properties of Nd;YLF, however, are not as good as those of Nd:YAG. The low hardness
and the inferior thermal fracture limit of this material may cause breakage in crystal
mounting and high-power end-pumping processes.
Stimulated-emission oscillations have been realised in both "*^’3/2 -

1 /2

and "*^3/2

~^h3/2 manifolds transitions ofNd;YLF by diode pump, corresponding to 1.05 pm and
1.31 pm laser output. The peak

1/2

cross sections are 14.2 x lO’^Ocm^ at 1.053

pm (a-polarisation) and 19.6 x 10*^^ cm^ at 1.047 pm (jc-polarisation). As a consequence,
operation on the 1.047 pm occurs in the absence of wavelength or polarisation selective
elements in the resonator at a certain pump level.
B.

Spectroscopic Properties fo r Laser Operation
It is observed in the experiment that Nd:YLF has the most efficient absorption

line at 792 nm for the polarised light parallel to the c-axis of Nd:YLF crystal.
Substantially lower laser threshold has been shown in our experiment by using the diode
laser as 792 nm pump source rather than 797 nm pump source. The experiment set up is
an end-pumped linear cavity with a 5% output coupler mirror (detailed description are in
§ 3.7). The diode pump wavelength can be tuned either to 792 nm or to 797 nm by
controlling the diode bar temperature. Fig. 3.3.2 shows the output power characteristics
of diode-pumped Nd:YLF laser operating at 1.047 pm under 792 nm and 797 nm diode
array pumps. As shown in the figure, the oscillation threshold of the laser at 792 nm
pump is about half the value of that at 797 nm pump, while there are not significant
differences between the two slope efficiencies. This behaviour can be understood by
analysing the threshold Eq. (2.16) and the slope efficiency Eq. (2.25) developed in
chapter 2. In the experiment, the diode-pumped Nd:YLF laser starts to iase before the
diode laser reaches its lasing threshold. Thus, at threshold, Nd:YLF laser is actually
pumped by LEDs light instead of diode laser light. Fig. 3.3.1.(b) shows that the Nd:YLF
material absorption bandwidth of 792 nm line is much wider than that of 797 nm line. So
much more incident LEDs pump light are absorbed when the laser is pumped at 792 nm
resulting in

^

% is the average pump absorption efficiency
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when considering a wide pump spectral band), and gives

^

However, as the

diode driving current increases, the diode laser soon reaches its threshold and the emitting
radiation becomes much narrower in spectral
width. Because
^

'^l792(/«SL>r)

the condition of diode laser pump, we have the two slope efficiencies

~

ïï.J

77792

0 '|7 9 7 (,v ,

under

~ I 797 which is

shown in Fig. 3.3.2.
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Fig. 3.3.2. Output power from Nd:YLF laser versus diode pump power at 792 nm
and 797 nm diode wavelength.

The laser output power with respect to the absorption cross section in the pump
spectrum range of 792 - 797 nm and the crystal temperature change have also been
investigated. By varying the diode pump wavelength and keeping the same pump power,
dramatic output power change in Fig. 3.3.3 shows that the laser output power is a
function of the pump wavelength. From Eq. (2.24), the laser output power is dependent
on the pump light absorption efficiency. However, since the absorption cross section of
NdiYLF material changes rapidly with the pump spectrum, a dramatic output power
change could occur when pump wavelength is tuned. Fig. 3.3.4 shows the laser output
power versus the Nd:YLF crystal temperature change at 10-W diode pump. Such a
behaviour indicates that the material effective emission cross section

is a function of

temperature. In general, by varying the diode pump wavelength, significant change of the
absorption of the diode pump light results in the laser efficiency difference. They
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manifest In the laser threshold and the output power both varying with the pump
wavelengths. On the other hand, since the laser oscillation occurs on the same

-

^/ll /2 transition of Nd:YLF, as long as the diode light is absorbed in the laser rod, the
laser slope efficiency should not be affected. In Fig. 3.3.4, the slight output power drop
of 0.01% per

with the rising laser material temperature is mainly because the cross

section of the laser transition is temperature dependent.
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Fig. 3.3.3. Output power from Nd:YLF laser versus diode pump wavelength at
4-W pump.
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Fig. 3.3.4, Output power from Nd:YLF laser versus Nd:YLF ciystal temperature
at lO-W diode pump.
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Nd: YLF Crystal Orientation
In the our experiments of Nd;YLF lasers, we have used 1% Nd^+ at. wt. Nd:YLF

crystal (supplied by Litton). Considering the operating wavelengths and thermal effects
in the Nd;YLF crystal, a crystallographic a-axis cut, 4-mm long Nd: YLF crystal cube was
procured. This orientation provides access to both lasing wavelengths by intracavity
polarisation selection. This may be done by simply rotating the intracavity polariser or
inserting an additional half-wave plate between the polariser and the slab. Another benefit
of this orientation is that the thermally induced birefringence is overwhelmed by its
natural birefringence by 2 ~ 3 orders of magnitude, thus the thermal depolarisation
problem can be greatly reduced in NdiYLF material. The laser crystal in the experiment is
mounted in a water-cooled brass heatsink for the conventional edge-cooling. A layer of
Indium foil is wrapped around the ciystal to ensure a good thermal contact between the
crystal and the brass heatsink. By aligning the c-axis o f Nd:YLF parallel to the
polarisation direction of diode laser, the ciystal absorbed about 90% of the diode-laser
pump light at 797 nm.

3.4

Thermal Effects in Nd:YLF with Diode Pumping

Generally, the thermal lensing effect is considered to be quite weak in lamp-pumped
Nd:YLF lasers. Even in a 7 kW lamp-pumped NdiYLF laser system [4], the thermal
dioptric power for the it-polarisation light is ~ 0.35 m'^ in the plane parallel to c-axis, and
is ~ 1.1 m“i in the perpendicular plane. Comparing with the strong thermal lensing effect
in the NdiYAG crystal, such behaviour is mainly because the negative thermal lensing
induced by the indices change dtiJdT of NdiYLF has been partially weakened by the
thermal expansion in the material. In high power lamp-pumped or diode side-pump
NdiYLF lasers, the negative anisotropic thermal indices change (- 4.3 x 10"^ K-^ for ?rpolarisation and - 2.0 x 10‘<^ K"^ for a-polarisation) and the anisotropic thermal
expansions (13 x 10"^ for jc-polarisation and 6 x 10"^ for a polarisation) of the NdiYLF
material present a negative lensing effect with a strong astigmatism for the -polarised
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light Meanwhile, they present a negative lensing in the plane parallel to c-axis and a
positive lensing in the orthogonal plane for the a-polarised light. However, thermally
induced effects are different in diode-end-pumped NdiYLF lasers, since strong astigmatic
positive lensing are exhibited for the light of both polarisations. In Rines’ end-pumped
NdiYLF laser [5], with 10 W diode pump power, the NdiYLF exhibits an astigmatic
positive lens with a focal length of 40 cm in the horizontal plane (parallel to c-axis) and a
100 cm focal length in the orthogonal plane, both for the TU-polarised light.
A.

End Surface Deformation
The thermal distortion of laser crystal is the sum of three independent effects,

namely the thermally induced variation of the refractive index dnfdT^ the thermally
induced birefringence due to the photo-elastic effect, and the expansion of the laser
material with increasing temperature [6]. In the case of a homogeneously pumped NdiYLF
laser medium, the thermal distortion can be expressed as a resulting thermal lens with
focal length / [6]
.K A

\d n

where K is the thermal conductivity, A is the geometric cross section o f the laser
material, and P„ is the pump power that is transformed to heat in the crystal, a is the
thermal coefficient of expansion, and i% is the index of refraction. The radius and the
length of the laser material are

and L, respectively. Here, the thermally induced

birefringence is negligible because of the strong natural birefringence of NdiYLF. In lamppumped or diode side-pumped NdiYLF lasers, the temperature gradient is approximately
uniformly distributed along the medium and in the transverse radial cross section. From
Eq. (3.1), the negative thermal index change dn/c/T is the major factor responsible for the
thermal lensing effect. In the end-pumped lasers, the diode pump light is deposited into
the crystal in a volume more or less the same size as the cavity mode in the active
medium. Most of the diode light is absorbed in the end surface area which gives non
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uniform temperature distributions along the crystal as well as in the crystal radial cross
section. Eq. (3.1), however, could not be applied in the case.
Several analytical models of the end-pump thermal lensing effect have been
discussed previously [6][7][8], but they have not considered the end-surface deformation
effect which is believed as the major factor of the cause of the positive lensing in NdiYLF
material. From the previous results of thermally induced lensing effects [4][5][9], it could
be concluded that the thermal lensing or the thermal beam distortion in the end-pumped
NdiYLF material arise from two major contributions! 1) the medium refractive index
variation caused by temperature gradients; 2) the thermal expansion inside the ciystal
(especial the end-surface curvature deformation). As a consequence of the end-pumped
geometry, especially of those with a highly reflective coating on the pump surface, the
curved surface of NdiYLF material (or a cuiwed surface mirror), which is formed of the
deformation of the flatten end-surface, ovei*whelms the negative index change and leads to
a strong positive lensing effect. In addition, being an anisotropic material, NdiYLF has
two different expansion coefficients for the a-axis and c-axis, as well as two refractive
indexes and two thermal lensings for the tc- and a-polarised light. These properties give
rise to the thermal beam distortion effect exhibiting polarisation dependence with
astigmatic forms.
In the end-pumped geometiy, the thennal induced effect of NdiYLF crystal is also
strongly dependent on the diode pump intensity profile in the gain medium. When the
crystal cooling condition is defined, at certain pump power, the distribution of
temperature, stress and strain is established. Based on these data, the space-resolved
changes of the refractive index are determined considering thermal dispersion, surface
deformation, and strain-induced birefringence. In the case of the high reflectivity mirror on
one end surface of the crystal, optical path can be integrated along the laser mode in the
gain medium. Comparing the differences of optical paths in the laser mode cross section,
the thermal induced beam distortion which exhibits in the surface deformation and the
thermal lensing effect can be predicted. However, since the diode pump light profile in
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our experiment is the overlapped diode arrays with a high astigmatism, it is difficult to
use a simple model to simulate the pump beam profile in the active medium.
B,

Thermal Distortion Measurements
Instead of theoretical modelling, we have conducted a series of experiments to

evaluate the thermal beam distortion in relation with the pump power, the pump volume
and the edge cooling condition. To simulate the effect of beam distortion to a simple
astigmatic lens, a corresponding relationship between the diode pump power and the
thermal beam distortion has been established through the following measurement. The
collimated îr-polarised TEMqo HeNe beam is incident into the NdiYLF crystal from the
opposite end to the pumped surface. The spot size of the back reflection beam has been
measured at several positions away from the crystal. The value of the thermal focal length
has been obtained by fitting the data. Fig. 3.4.1 shows the measured values of dioptric
power as a function of the pump power in the plane parallel to the c-axis and the plane
perpendicular to the c-axis for 7t-polarised light. However, these values are measured
under non-lasing condition, the actual values of dioptric power will show some different
values due to the difference of thermal condition.
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Fig. 3.4.1. The dioptric power o f thermal beam distortion in NdiYLF versus the
diode pump power for p-polarized light in two orthogonal planes.
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Astigmatism of thermal beam distortion is illustrated in the figure. With 10-W pump
light, the thermal beam distortion approximately corresponds to a astigmatic positive
lens. For Tt-polarised light, it has a focal length of 50 cm in the plane parallel to the c-axis,
and a focal length of 150 cm in the orthogonal plane. This simple astigmatic lens
simulation is largely in good agreement with the actual thermal beam distortion and
provides thermal effect data for the laser cavity design. Similar measurements have been
conducted to evaluate the thermal beam distortion for a-polarisation. Longer thermal
lensing focal length has been obtained by fitting the data.
C

Thermal Fracture Limit
An additional issue associated with the high temperature gradient in the region of

end-pumped surface of the ciystal is the stress fracture of the NdiYLF laser material.
This thermal fracture has been observed in our experiments. It occurs in the pump region
along the c-axis of NdiYLF crystal. The fracture threshold for 792 nm pump is 10 W,
while for 797 nm pump it is 20 W. The main reasons for the low thermal tolerance are
believed to be as follows, a) NdiYLF has a larger expansion coefficient along the a-axis
than the c-axis. So the thermal stress is easier to reach the structure modules tolerate limit
threshold in the plane perpendicular to a-axis. b) The diode pump light in our experiment
are concentrated in a narrow stripe at the end surface of NdiYLF crystal. The stripe is
parallel to the c-axis leading to a high temperature gradient along the a-axis. In the design
of the diode-pumped NdiYLF laser, we have used the diode laser as a 797 nm pump
source to achieve a relatively deep-depth pump absorption in the NdiYLF crystal.
Although 797 nm pump has less efficient pump absorption than 792 nm pump, it
partially relaxes the critical stress in the NdiYLF material.
The diode array coupling scheme is the crucial component responsible for the
thermal fracture. It transfers the diode array energy into the pump beam intensity profile
which largely decide the temperature distribution in the NdiYLF ciystal. Based on the
present cylindrical and aspherical lens combination, the inter-position of diode coupling
optics is optimum adjusted considering both the thermal fracture limit and the overlap
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between the pump beam intensity profile and the laser mode in the gain medium. In
addition, other diode light deliver scheme, e.g. fibre coupling and binary optics coupling,
are also considered for the future design.

3.5

Diode Laser Pump and Coupling Optics

A,

20“W CW Diode Arrays

A Spectra-Diode Labs SDL-2460-S diode laser bar and an Opto Power OPC-A020797.5-CS diode laser bar have been procured as pump sources for Nd: YLF laser. They are
AlGaAs linear arrays laser diodes which emit up to 20-W CW radiation in 800 nm
wavelength region. The commercial bar device consists of tens individual emitters with an
aperture of 100 pm (or 200 pm) which are grown on a single 1-cm substrate. These
emitters are multi stripe gain-guided laser diode arrays and are electrical-driven in parallel.
The output of the diode bar is predominately incoherent since there is no possibility of
coupling between adjacent arrays. On the other hand, due to small material variations in
the manufacturing stage, the spectral output of the diode bar exhibit 2 - 3 nm spectral
bandwidth which is suitable to pump the absorption band of Nd^"^ doped material.
Similar optical and electrical characteristics are exhibited in the two devices. Table
3.1 lists some of optical specifications and operating parameters of SDL and OPTO diode
laser arrays. The specified wavelength of the diodes at room temperature (25.0 °C for
SDL, and 27.5 °C for OPTO) is subject to a manufacturing tolerance of +/- 3 nm.
However, the output wavelength of the device is designed to be temperature tuned to 797
nm to match a strong absorption line of NdiYLF. The power conversion efficiency of
these devices are typically 30%. Over the threshold, the light output versus drive current
is quite linear up to the recommended maximum operating current. Low noise output are
exhibited by these diodes. The polarisation ratio of these gain-guided diodes are typically
lOi 1 with the E vector in the plane of the diode junction.
As experimental references, both temperature coefficient o f wavelength and the
wavelength shift rate versus driving current have been measured. The measured
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temperature coefficient of wavelength agrees with the specified value. However, large
wavelength shift with the variation of the driving current in the Opto diode bar has been
observed, as shown in Fig. 3.5.1. A scanning monochromator is used in this measurement.
The temperature of the diode bar sub-mount is stabilised at 27.5 ^c. By scanning the
monochromator at different driving current, as high as 0.32 nm/A wavelength shift rate
has been recorded. This large figure is believed to be partly due to the temperature
gradient change between diode and the heatsink. As a result from Fig. 3.3.3, less than ± 1
°C diode temperature stability is required to keep the spectral match of diode output and
the Nd:YLF peak absorption line so as to achieve a stable laser output. For above
reasons, in order to keep the diode as a constant 797 nm pump source, the ambient
temperature needs to be adjusted with the driving current in our experiments.

Table 3.1

Optical specifications and operating param eters o f SDL
and OPTO 20-W diode laser

P/IRM'IKFER

SDL-3d60-S
GC019

O PC-A020-797J-C S
00200903

Threshold

9.2 A

7.15 A

I at 20W

31 A

30 A

Array length

1.0 cm

1.0 cm

Number o f emitters

48

24

Emitter dimensions

100 pm X 1 pm

200 pm X 1 pm

Emitter centre to centre spacing

200 pm

390 pm

Wavelength centre

801 mu

797.5 ran

Emission bandwidth (FWHM)

2.1 nm

2.5 nm

Beam divergence (FWHM)

< 45° ± , < 10° //

< 45°

Temperature coefficient o f wavelength

0.3 nni/°C

0.27 nm P C

Wavelength shift rate versus drive current

0.2 mn/A

0.32 nm/A

Heatsink temperahire @ 797 nm operation
with 10 W pump

16 «C

29 °C

Resistance

0.0034 OHMS

0.0065 OHMS

_L. <

10° //
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25.5 A (16W )

20.7 A (12W )

s

16.0 A (8\V)

11.8 A (4W )
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800

798

796

794

792

790

788

W aveleisgii (nm)

F ig. 3.5.1. Wavelength shift versus driving current o f OPC-A20-797-CS diode bar at
room temperature

B.

The Current Supply and The Temperature Controller
Both diode lasers are driven by constant cun*ent supplies (type Kingshill CZ-115)

which can give up to 40-A DC current with less than 20 mV rms ripple. Because of the
requirement of using the diode lasers as 797 nm pump sources with ~ 15-W stable output
power, the diode heatsinks are designed with the capability of up to 70 W heat
dissipation and +/- O.l^C ambient temperature stability. Temperature control of the diode
is achieved through the use of a thermoelectric (TE) cooler, which is sandwiched between
the copper diode laser sub-mount and the tap-water-cooled cooper plate, see Fig. 3.5.2.
The TE cooler and its temperature controller are Marlow Industry devices, types
DT1089 and SE5020, respectively. Temperature sensing is via a bead thermistor located
in the diode sub-mount. A thin sheet of Indium foil between the laser diode base and the
heatsink and the Epoxy between the copper mounts and the TE cooler decrease the
thermal resistance of these interfaces. Using this airangement the ambient temperature can
be accurately stabilised at any point in the range of 10 °C - 40

corresponding to 7.5

nm diode wavelength change. This temperature tolerance leaves a large space for the diode
laser wavelength selection.
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Diode emitting facet
Linear array laser diode
Cu sub-mount
Tliennoelectric cooler
Water-cooled Cu heatsink

Water tunnel
Fig. 3.5.2. GaAIAs linear array laser diode bar on heatsink

C

The Coupling Optics
The scaling of CW diode arrays to high power diode bar devices results in the

highly divergent and astigmatic emission radiation output ( - 40^^ perpendicular to the
diode array and ~ 10® along the array), and a rectangular emitting facet (10 mm x 1 pm).
As pump sources for solid-state lasers, they are naturally used in side pump geometry
with minimal coupling optics. These diode bars are difficult devices to use efficiently in
end-pumped configurations. However, the recent development of optical delivery
schemes utilise the potential of diode bars as efficient end-pump sources. Commercially,
the diode arrays can be purchased with an optical fibre pigtail or fibre bundle [10]. In these
package the radiation of high power diode bar are focused into an array of fibres by
cylindrical microlens or gradient index (GRIN) lens. At the rear end, the fibres are joined
into a circular bundle for end pumping. Clarkson and Hanna have developed a beam
shaping technique [11] by using diode imaging optics and multiple reflection beam shaper.
This technique combines the multiple parallel beams from the diode to produce a single
spatial output through multi-reflecting process and allows a focused spot of less than 200
jim diameter with a relatively low beam divergence. To scale the end pump power,
Lawrence Livemore National Laboratory (LLNL) research group have used cylindricalmicrolens to collimate each emitting array individually, and an aspherical lens to focus
them into the laser material[12]. Similarly, GRIN lens arrays have also been used in this
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Other developed diode coupling schemes include binary optics

collimating multistripe emission

[14],

lens duct coupling

arrays off-axially coupling with biconvex lens

[15],

and multiple diode laser

[16].

In our Nd:YLF laser design, we have used Shannon and Wallace’s cylindrical and
aspherical lens combination diode light coupling scheme

[17]

and its two lens variation.

Although the pump volume is an overlap of multi-beamlets and has a relatively large
elliptical spot in the cross section of the focus plane, the advantages of this optical
system are high coupling efficiency, less optics, and the independence of the number of
emitters along the 10-mm length of laser diode bar. Fig. 3.5.3.(a) illustrates the diode light
coupling scheme used by Shannon et. al. The vertical plane in the experiment set up is
parallel to the diode arrays junction plane. In this plane, beamlets which have a 10® beam
divergence are collimated by an aspherical condenser lens and overlapped at its focal spot
area. The rod and the cylindrical lens with their cylindrical axis parallel to the diode
emitter facet line collect and nearly collimate the diode light into the dimension parallel to
the diode junction plane. A focused spot of 1.5 mm x 150 pm is finally produced roughly
5.8 mm beyond the final surface. The position of the rod lens and the cylindrical lens are
finely tuned by minimising astigmatism at the final focus. The overlapped beamlets at the
aspherical lens focal spot region rapidly divert in the vertical plane and slightly convert in
the horizontal plane as shown in the figure. The rod lens is uncoated, while the remaining
cylindrical and aspherical lenses are anti reflection coated at 800 nm. With the diode bar
operating at 10 W, 90% of diode light is incident upon the laser ci*ystal, resulting in a
maximum pump power density of 5 kW/cm^. As a variation of the three lens system, the
combination of a cylindrical lens and an aspherical lens, shown in Fig. 3.5.3.(b), requires
less adjustment but produces an astigmatic focusing. In the horizontal plane, the
cylindrical lens with 5 mm focal length is located approximately 3.5 mm from the diode
junction. The lens collects the diode emission and yields a reduced divergent beam. The
final focus in this dimension produced by the aspherical lens is beyond the focal point.
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When placing the Nd:YLF crystal in the focus region, the pump beam profile in the
medium is in the cross section of 1.5 mm x 0.5 mm.
rod lens f = 1.2 mm

Looking
from side

20-W diode Cylindrical lens Aspherical lens
laser bar
f = 12.7 mm
f = 8.5 mm

Cy lindrical lens
f = 5 mm

Looking
from top

(a)

(b)

Fig. 3.5.3. End-pumping optics and ray-tracing plot, (a) rod lens, cylindrical lens, and
aspherical lens combination; (b) cylindrical lens and aspherical lens combination. The
optical traces represent the e.xtreme rays from the three o f the emitters within the laser bar.

Fig. 3.5.4 shows the image of the fluorescence profile in Nd;YLF crystal which
also corresponds to the pump beam profile.

Fig. 3.5.4. Pump fluorescence in Nd:YLF crystal (image from CCD camera, looking from
the opposite diode pump end, the crystal is dimensioned 2 mm x 3 nun in the picture)
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The Nd;YLF is dimensioned 2 mm x 3 mm in the picture. Looking down from the
opposite end of the pump surface, the image is actually an integrated fluorescence profile
along the crystal length considering a astigmatism pump beam in the crystal. Together
with the edge cooling condition, such a pump profile results in an elliptical top-hat
temperature distribution along the crystal.

3.6

Resonator design

With the diode-Iaser end-pumped geometry and the Nd;YLF laser crystal described
above, a number of laser configurations of standing-wave cavities and ring resonator have
been explored to evaluate the laser efficiency, second harmonic conversion efficiency, and
the spatial and spectral qualities of laser output. Using the data of the diode pump
characteristics in the Nd:YLF crystal, the integrity of the gain material at high pump
powers, and the thermal effect in the gain medium, a folded linear resonator (as shown in
Fig. 3.6.1) has been developed for the intracavity frequency doubling. This resonator is
also an optimum design for generating the fundamental mode of 1047 nm Nd:YLF laser
output under the present pump geometry.
A.

Resonator Description
The illustrated resonator cavity (see Fig. 3.6.1) is fornied of the highly reflective

coating surface D of Nd;YLF, mirror Ml and M2 with two intracavity elements:
Brewster plate and KTP crystal. It is folded at an angle of incidence of around 20® by
mirror M l. The total cavity length is 40 cm with a distance o f 35 cm between the
Nd:YLF crystal and M l; and a variable separation of about 5 cm between Ml and M2.
The intracavity second harmonic generation is achieved by using a 5.5 mm KTP crystal
which is cut for type-II phase-matching geometiy and located at the waist of the cavity
mode (near the end mirror M2). As shown in Fig 3.6.1, the diode bar is mounted
vertically to incorporate with the elliptical resonator mode in the gain material. The
Nd:YLF crystal is oriented with the c-axis parallel to both the pump polarisation and the
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laser polarisation (perpendicular to the paper plane in the figure). Inside the cavity, the
free transmission polarisation direction of Brewster plate is parallel to this linear laser
polarisation while the axes of KTP crystal are oriented 45® with it. All optical parameters
of related components are listed in Table 3.2.
SHG
output
A B C

D

E

NdiYLF

Brewster Plate

20W
Laser diode

PZT

Fig. 3.6.1, Schematic configuration o f intracavit>' frequency-doubled diode-pumped
NdiYLF laser in horizontal plane, (looking from top)

Table

3 .2 .

Nd:YLF laser optics parameters

Optical
components

Specification

A

f = 1.2 mm

--

--

---

rod lens

B

f = 12.7 mm

AR

---

--

cylindrical lens

C

f = 8.5 nun

AR

--

--

aspherical lens

flat
flat

AR
"""

HR
AR

--

pump end surface
inside end surface

--

uncoated

uncoated

Brewster window

--

HR

HT

cim^ed mirror
SHG output coupler

AR

AR

nonlinear ciystal

NdiYLF
crystal

D
E

Brewster plate
Ml

R.O.C. =
100 mm

KTP crystal
(both surface)

flat

M2

flat

800 nm

--

— Reflectivity —
1047 nm
523.5 nm

HR

HR

Description

end surface

f: focal length; R.O.C.; Radius of Curvature; HR: High rellective; AR: Anti reflection; HT; High-transmission
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As mirror M2 is HR coated for both fundamental and SHG wavelengths, the intracavity
SHG beam generated in two directions can be combined into a single output by dichroic
mirror Ml and M2. A positive lens of 15 cm focal length is placed in front of the SHG
output collimating the large divergent laser beam. Such an optical resonator with the
intracavity elements provides following advantages. (1) The 1.5 mm x 0.5 mm pump
cross section in the gain medium is approximately spatial-matched with the elliptical
cavity mode. Thus high laser efficiency and fundamental transverse mode can be attained.
(2) The astigmatic thermal beam distortion in Nd:YLF and the cavity folding angle
induced astigmatism can be fully compensated. (3) The intracavity loss is minimised by
only inserting a Brewster plate. (4) Single frequency operation in SHG is achieved by
using the nonlinear KTP crystal and the Brewster plate as an novel intracavity
biréfringent filter. (5) High conversion efficiency is achieved by placing the KTP crystal
at the beam waist in the cavity, the size of the beam waist is insensitive to the thermal
distortion.
In addition, by adjusting the folding angle on M l and the separation between Ml
and M2, this resonator can fully balance different thermal beam distortions in Nd:YLF
crystal which correspond to the different pump power, and produce a constant circular
TEMoo second harmonic output. Without the intracavity Brewster plate and the
nonlinear crystal, this configuration can also serve as a standing-wave resonator to
generate fundamental mode 1047 nm light. By using an output coupler instead of high
reflective mirror on M2, linearly polarised 1047 nm laser output can be obtained, even at
the high power diode pump. In comparison with the two mirror linear cavity or the ring
cavity, such a resonator can efficiently extract the diode pump power into the TEMqo
fundamental laser output.
B.

Design o f the Resonator
The elliptical cross-sectioned pump beam and the astigmatic thermal beam

distortion in the Nd:YLF gain material raise two issues in the resonator design concerning
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the laser beam quality and the laser efficiency. Firstly, considering the high gain and the
fundamental mode operation, an elliptical cross-sectioned fundamental laser mode in the
Nd:YLF crystal is required to overlap with the pump volume. Secondly, to eliminate the
astigmatism in the laser output, compensation optics need to be applied in the resonator.
As solutions of the first issue, Shannon et. al.

[17]

have used a pair of mode-expansion

anamophic prisms to expand the fundamental mode in the desired dimension; Rae et al.
[18]

have used 3 x cylindrical lens telescope in the cavity with the same pump geometry.

As for the second issue, two convex cylindrical compensation mirrors have been used in
an astigmatic thermal lensing resonator by Rines

[5].

However, the above lasers encounter

either the elliptical pump spot or the astigmatism thermal lensing. In our intracavityfrequency-doubled Nd:YLF laser design, both issues need to be considered. In addition, a
tightly focused beam waist is desired to be produced in the cavity for the nonlinear
medium to take the advantage of the high electric field density. The resonator is also
desired to be able to compensate the astigmatism dynamically, since the astigmatic
thermal beam distortion varies with the diode pump power on NdiYLF ciystal.
As a solution of above requirements, we have used a folded resonator in the design
(see Fig. 3.6.1). The whole cavity is divided into two cavity arms by the folded curve
mirror M l. The longer cavity arm YLF-Ml, i.e. from NdiYLF crystal to mirror M l,
efficiently extracts the diode pump energy by providing an elliptical resonator mode in
NdiYLF. This is of benefit to the cavity astigmatism which exists in this cavity arm.
However, such astigmatism can be eliminated in the other cavity arm M l-M2 and a
circular symmetry beam waist is formed at the end mirror M2, which is of further benefit
to the intracavity frequency doubling. The SHG output with a circular TEMqo mode can
be achieved from dichroic mirror M2.
A computer simulation modelling of such resonator incorporating with the
astigmatism thermal beam distortion is conducted by using the laser cavity design
(LCAV) programme. The typical resonator mode radius change along the cavity is shown
in Fig. 3.6.2.(a). From the result of the thennal lensing measurement in § 3.4, we treat the
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thermal beam distortion in Nd:YLF as a simple astigmatic mirror valued of 0.5 m radiusof-curvature (R.O.C) in the plane perpendicular to c-axis and of 1.2 m R.O.C in the plane
parallel to c-axis. This is corresponding to the 10 W diode pumps. The mode radius
change is plotted along the cavity. Tangential and sagittal modes in the plot correspond to
the mode radius in the plane of horizontal and vertical respectively. As shown in Fig.
3.6.2, an astigmatic laser mode is exhibited between Nd:YLF and M l, meanwhile the
tangential and sagittal modes are symmetric between Ml and M2. The elliptical cross
sectioned mode volume of 1.0 mm x 0.6 mm which is produced inside the Nd:YLF crystal
approximately overlaps the 1.5 mm x 0.5 mm cross-sectioned pump beam. The inset of
Fig. 3.6.2 (a) which indicate the mode radius inside the KTP crystal are enlarged in Fig.
3.6.2 (b). A beam waist of 88 fim in diameter is produced inside KTP crystal.
Ml

81.0

161.9
342.9
Position along the laser cavity (mm)

323.1

M2

405

(a)

rA lius in K IT

(b)

Fig. 3.6.2. Tangential and sagittal laser mode radius change in the cavity, (a) along the whole
laser cavity; (b) in the KTP crystal, the enlarged inset o f (a). The tangential mode is plotted
above the zero line; the sagittal mode is plotted below the zero line.

C

Astigmatism in the Resonator
Naturally, a folded planar multielement resonator (e.g. shown in Fig 3.6.1) is an

astigmatic resonator; that is, the round-trip ABCD matrices may be different for rays in
the tangential plane (in the plane of paper) and for rays in sagittal plane. Thus the
evaluation of the ABCD matrices, eigensolutions and eigenvalues must be treated
separately and independently for the two planes. However, such resonator is both
geometrically stable and perturbation stable [19], but with a small range of resonator
stability. Due to the large difference of the length of two arms,

^

It IS
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possible to eliminate the astigmatism in the M l-M2 cavity arms by selecting a particular
distance of

Even when the astigmatic thermal beam distortion is presented in the

Nd:YLF crystal, we still can keep a circular non-astigmatic resonator mode in the M l-M2
arm leaving all the astigmatism in the other cavity arm. For folded resonators, the induced
astigmatism is a function of the folding angle on mirror M l. The angle induced variation
of the radius of curvatures is given by:

Rjf = R • cos (Pi

(3.2)

Rsi = R •sec (pi

(3 3)

where R^,- andR^,- are the effective radius of curvature of Ml in the tangential and sagittal
plane, respectively, R is the radius o f curvature of M l, and <Pi is the folding angle on
M l. To analyse the effect of angled mirror Ml in YLF-Ml ann, we need to calculate the
' M l which is:

round trip matrix: M l -

1

-

W
R.

fp -f'
where B =

2B
(3.4)

4B
'--s ;

is the generalised curvature. Assuming the M l-M2 arm as one

optics, we can estimate the effective radius of curvature of this particular optics from the
function

(3.5)

In the tangential or the sagittal plane, r,.becomes
R^ cos^ (p.
"2[Rcos<p,.-2B]

and

where

(3.6)
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(3.7)

2 COS (pi [R - IB cos (Pi)

(which is B) when (p. = 20*.

Fig. 3.6.3 plots the two effective curvatures against

The effective tangential curvature becomes very short in the cavity stability range of
•"M l-M2

while the sagittal curvature relaxes to a few meters in this range. This significant

difference of the effective radius of curvatures in the two orthogonal planes can explain
the different positions of the beam waist in the YLF-Ml cavity arm of Fig. 3.6.2. It can
also explain that there is a Lmi-m2 i" the stability range to allow a circular mode
resonating in M l-M2 arm.
ill ta n g e n tia l p la n e
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j

----------L

7.5
3.75

_____________ I____________

-

0.8

0.05

L

0.053

The separation of Ml and M2 (in in)

0

0.05

L

0.053

The separation of M l and M2 (in in)

Fig. 3.6.3. The efficlive radius o f cur\'ature o f M l-M2 cavity ann versus the separation
o f M l and M2 in tangential and sagittal planes.

D.

Dynamic Resonator
Taking the astigmatic thermal beam distortion into account, we separately

calculate the tangential and sagittal mode stability for the cavity described in Fig. 3.6.1.
The thermal lensing in Nd:YLF is simply simulated as a f ~ 5 m lens which is
corresponding to low power diode pump. Fig. 3.6.4 shows the cavity stability range at
different folding angles. The horizontal axis of the figure is the varying separation of
mirror M l and M2: LM l - M 2 ' The vertical axis is the mode waist radius in the YLF-Ml
cavity arm. Tangential and sagittal mode radius are plotted separately against Lmi-m2
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from 40 mm to 60 mm. From the figure we can see that: (a) the larger the folding angle the
smaller the stability range of the cavity becomes; (b) the stability ranges of tangential and
sagittal modes move to the opposite directions with the increasing of the folding angle; (c)
in the cavity stability range, the mode waist radius in the sagittal plane is much greater
than that in the tangential plane.
44,00

48.00

52.00

56.00

Tangential

SagitUal

S é p a ra tio n o T M l m id M 2 in iniii

Fig. 3.6.4. Cavity stabilit>' range by vatying the separation o f M l and M2. The tangential
mode radius is above the zero line; the sagittal mode radius is below the zero line.

In the Nd:YLF laser design, we select the folding angle of around 20° in order to
match the elliptical cross-sectioned pump volume. The separation of YLF and M l is set
to be 35 cm as an optimum length considering astigmatism in YLF-Ml arm and mode
radius in NdiYLF and KTP crystals. Based on this arrangement, the pump power
dependent thermal beam distortion can be balanced simply by adjusting the separation of
the mirror M l with the mirror M2. Thus, a tightly focused circular mode can be produced
in the cavity arm M l-M2 for frequency-doubling, at the same time, an elliptical cross
sectioned mode is formed in the gain medium for efficiently extracting the pump power.
However, the mode size in KTP and YLF is a function of the diode pump power
due to the thermal beam distortion change in the NdiYLF ciystal. Based on the
measurement of thermal lensing data in § 3.4, we are able to calculate the mode radius
change with the pump power. To ensure a circular mode in KTP, the length of

is

adjusted in every calculation. Fig. 3.6.5 plots the mode radius versus the pump power.
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The elliptical mode radius in NdiYLF are shown in forms of tangential mode radius and
sagittal mode radius.
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Fig. 3.6.5. Mode radius in tlie gain and the nonlinear medium versus diode pump
power, (a) Tangential (perpendicular to c-axis) and sagittal (parallel to c-axis) mode
radius in the NdiYLF cr>^stal. (b) Cavity mode waist inside the KTP ciystal.

From above discussions of the resonator design, we can conclude thati (1) the
folded resonator can fully balance the astigmatic thermal beam distortion in NdiYLF and
the cavity becomes insensitive to the thermal effects; (2) the resonator can achieve a good
overlap between the cavity mode and the diode pump volume; (3) this resonator can
produce a circular T E M q o beam waist for the efficient intracavity-frequency-doubling. In
addition, combining with the intracavity biréfringent filter technique, this simple cavity
design exploits the use of end-pumped NdiYTF laser in the generation of a few watts of
high degree spatial and spectral quality output at the fundamental as well as the second
harmonic frequency.

3.7

Laser Performance of End-Pumped Configurations

A,

Plane-Parallel Resonator

In order to investigate the power characteristics and the spectral output properties, the
diode-end-pumped NdiYLF laser is initially set up as a plane-parallel resonator which
simply consists of NdiYLF ciystal and a plane output mirror. Fig. 3.7.1. schematically
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illustrates the end-pumped plane-parallel resonator configuration. As described
previously, the laser crystal is dichroically coated at the pump end surface to form a
highly transmitting window for the pump wavelength and a highly reflective mirror at the
lasing wavelength. The opposite end of the laser crystal is also antireflection coated for
1047 nm light to reduce the intracavity losses. In this intensely pumped laser, the
NdiYLF crystal is mounted in a water-cooled brass heatsink in order to achieve efficient
four side edge cooling. Without active water cooling, as high as 70

ci'ystal surrounding

surface temperature has been observed under 10 W pump. Output mirrors with 2, 5, 7,
10 and 20% laser wavelength transmission have been used in the experiments. The
separation of the Nd: YLF crystal and the output mirror has been varied from 5 cm to 150
cm for the investigation of thermal lensing properties in the Nd:YLF material. However,
in most experimental measurements, the plane-parallel resonator length is set to be ~ 10
cm.
rod lens

aspherical lens

hea(sinl{
laser
output

intiacavity aperture
20 W diode bar

F ig. 3.7.1.

output coupler

Schematic plane-parallel cavity configuration o f diode-pumped Nd:YLF laser,
(looking from top)

It is observed in the plane-parallel Nd:YLF resonator that both 1047 nm and 1053
nm wavelengths can resonate. The optimal aligned resonator corresponds to the 1047 nm
oscillation, while at certain tilted output mirror angle, the 1053 nm line could suppress
the high gain 1047 nm line. Between the two extremes, both 1047 nm and 1053 nm
oscillations have been obseiwed. In the same pump condition, the output power of 1053
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nm are slightly lower than that of 1047 nm. The above behaviour is believed to be the
consequence of the different beam distortion effects in the Nd:YLF material for itpolarised (1047 nm) and a-polarised (1053 nm) light. According to the experimental
measurements in § 3.4, the longer thennal lensing focal length for the a-polarisation than
that for the 7t-polarisation enables the plane-parallel resonator to exhibit larger resonator
stability. Tilting the end mirror slightly can increase the diffraction loss for the %polarisation to the point at which the gain on the 1047 nm transition is no longer
sufficient to reach the threshold. Thus, by utilising the thermal lensing behaviour for the
o - and the ^-polarisation in a plane-parallel resonator, different polarised lasing
wavelength can be easily selected without any additional intracavity elements.
When the diode pump power increases, the thermal lensing in the Nd:YLF ciystal
occurs and subsequently becomes stronger. Thus, the plane-parallel resonator becomes
plano-concave resonator with a variable radius of curvature in a equivalent curved mirror.
In our experiments, laser activity is observed up to a resonator length of 100 cm at 10 W
diode pump. Further increasing the pump power or the cavity length can abruptly
eliminate the laser action. This implies that the further increased thermal effect, which is
equivalent to a - 100 cm R.O.C end mirror, or the further increased cavity length, which
is greater than 100 cm, can drag the plano-concave resonator out of the laser stability
range. The stable laser cavity length of 100 cm at 10 W pump is the lowest limit for the
radius of cuivature of an equivalent mirror and corresponds to a thermal lensing with a
focal length of 50 cm, which is in good agreement with the measured value in § 3.4. From
these values, we can see that using an equivalent astigmatistic lens or curved mirror to
simulate the thennal distortion can achieve a reasonably good match, although the exact
treatment of thermal distortion requires a more sophisticated modelling. The laser
operation characteristics with several different cavity lengths have also been examined. As
the resonator length enlarges, the laser threshold exhibits a slight increase while the slope
efficiency exhibits a slight decrease. This is largely due to the increasing diffraction losses
with the longer cavity length.
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The end-pumped Nd:YLF plane-parallel resonator shows multi-transverse mode
in its output which is subject to the elliptical pump volume and also dependent on the
level of pump power. Typically, as the diode pump increase from the threshold pump
power to l o w , the transverse-mode of laser output changes from the fundamental
TEMoo to the TEM2 0 accordingly. In the case of multimode operation, the highest slope
efficiency of 47% is achieved with the 5% coupled resonator at 1047 nm, and as high as
5.4 W multimode output power have been obtained with 12.5 W diode pump. In order to
achieve a fundamental transverse mode from the plane-parallel cavity, a mode selection
intracavity aperture has been applied (as shown in Fig. 3.7.1). However, there are
significant power losses due to the under utilisation of the gain volume. By using the
aperture, ~ 2 W TEMqo 1047 nm laser output have been obtained. The beam profile of
the TEMqo output is measured by a 50 pm scanning pinhole when the laser is operating
at 2 W output power. The beam divergence angle is 0.90 mrad (± 2%), and the radius of
the beam waist is 400 pm (± 6%). From these values, the calculated M^ parameter is 1.08
(± 8%) which shows the output beam is nearly diffraction limited.
B.

Ring Resonator
By using the end-pumped geometry, we have also constructed a simple bow-tie

ring oscillator for the study of the single frequency operation. As shown in Fig. 3.7.2, the
ring cavity consists of a end-pumped Nd:YLF crystal, two cui-ved mirrors and a plane
output coupler. The diode pump beam has been set primarily to pump one branch of the
laser mode in the crystal. However, since the limit of the resonate mode angle in the
NdiYLF crystal is 30° because of the crystal aperture, some part of the other mode
branch and the overlap region of the two mode branches are inevitably pumped. The use
of the two curved mirrors are essentially for the intracavity frequency doubling. Since a
tightly focused mode waist can be produced in the section between the two curved
mirrors, an efficient intracavity frequency doubling could be attained. The unidirectional
operation of the ring oscillator is achieved by inserting the “optical diode" which consists
of a half-wave plate and a Faraday rotator. Such a unidirectional device can provide a
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differential loss between clockwise and counter clockwise propagation. It is measured
that the polarisation rotation angle of Faraday rotator is 5.4 degree. Thus, when the half
wave plate is oriented with one of its axes at an angle of 2.7 degree with the polarisation
direction of the beam, the travelling wave in the counter clockwise direction is
unattenuated in respect of polarisation losses. In addition, to further reduce the
intracavity losses, both half-wave plate and Faraday crystal are AR coated at the laser
wavelength.
ROC = 1 0 0 mm
HR
1047 nm
HT à 523 nm

ROC = 100 mm
HR @ 1047 nm

coupling
optics

laser diode

NdiYLF
ciystal

fundamental
output

étalon

lialf-wave
plate

Faraday
rotator

plane mirror
(output coupler at 1047 mn)

Fig. 3,7.2. Schematic ring ca\ ity configuration o f diode-pumped NdiYLF laser,
(looking from top)

In the ring resonator experiments, only linear polarised 1047 nm wavelength has
been observed in the laser output. This is believed to be caused by the large polarisation
losses of 1053 nm introduced by the unidirectional device. Lower optical-to-optical
conversion efficiency has been attained in the ring oscillator which is partly due to the
poor spatial mode overlap between the pump and the laser in the NdiYLF and partly due
to the large intracavity parasitic losses. Similarly, in order to achieve the fundamental
transverse mode operation, an intracavity aperture is required. At 10 W pump, 1.8 W
TEMoo laser output have been obtained. Although the resonator is running the
unidirectional operation, the standing-wave in the gain medium is not fully demolished.
Because of the limitation of the small cavity angle in NdiYLF, a significant amount of the
resonant mode are overlapped and subsequently pumped resulting in a standing-wave
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gain region. Thus, an intracavity étalon is needed to ensure the high power single
frequency operation. By using a 2 nun spaced fused silica étalon, we have obtained 1.6 W
stable SLM laser output.
C.

Folded Linear Resonator (Dog-Leg Cavity)
The folded linear cavity has been described and analysed in details in § 3.6. Such a

resonator takes the advantage of the cavity astigmatism to optimise the spatial overlap of
the pump and the laser, and to produce a circular tightly focused mode waist inside the
laser cavity for the frequency doubling. As discussed, this cavity also possesses the
geometrical and perturbation stability, as well as the flexibility to dynamically
compensate the thermal beam distortion in NdiYLF.
While experimenting with this cavity in the fundamental wavelength, we have
taken the KTP crystal out of the cavity and changed the mirror M2 to a 5% plane output
mirror (refer to Fig. 3.6.1). When the Brewster plate is inserted in the cavity, the output
behaviour is almost unchanged compared with the empty cavity operation. This
behaviour indicates that the Brewster plate introduces no loss for the linearly polarised
oscillation, and only the 1047 nm wavelength is resonating in the empty cavity. By
varying the separation of Ml and M2, we are able to obtain a TEMqo laser output
without any intracavity aperture. The output beam profile is further characterised to have
a m 2 parameter, which is a measurement of laser beam quality (see reference [20] [21] for
the definition), of 1.12 (± 8%). Although the laser has a large beam divergence (half angle
~ 14 mrad) in its output, a f = 15 cm convex spherical lens has been used to collimate this
output into a parallel diffraction limited beam. With 10 W pump, we have obtained 2.5 W
of TEMoo output at 1047 nm from the folded cavity. In the fundamental wavelength
operation, typically several axial modes are resonating in the cavity. By using an
intracavity étalon (with 100 GHz FSR), SLM operation has been achieved. However,
such SLM operation is not reliable due to the fact that both the adjacent cavity modes and
the spatial hole burning modes are likely to be present. The novel biréfringent filter has
also been applied to achieve the fundamental SLM operation. In this experiment, both the
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Brewster plate and the KTP crystal are placed in the M2-M1 arm of the NdiYLF laser
cavity, so that the nonlinear conversion is reduced to a minimum, and that these two
elements only act as an intracavity biréfringent filter. As much as 1 W of SLM laser
output at 1047 nm has been obtained by using this technique.
D.

Comparison
Due to the elliptical pump volume and the poor spatial overlap, lower optical-to-

optical efficiency is attained for the

TEM qo

operation. In the three cavities investigated,

which use the same end-pumped geometry, the dog-leg cavity is the most efficient
fundamental-transverse-mode oscillator. This is because a relatively good overlap is
achieved between the elliptical pump and the elliptical resonator mode in the NdiYLF
crystal. The single frequency operation is not normally associated with the standing-wave
cavities due to the spatial hole burning effect in the gain medium. However, by using
intracavity étalon or biréfringent filter in the plane-parallel resonator or dog-leg cavity,
multiple axial modes operation can be suppressed. At the same time, there are inevitable
significant power losses with the SLM operation. In the travel ling-wave cavity, singlefrequency can be easily obtained. Due to the limitation of the small cavity fold angle in
the designed ring resonator, a small standing-wave region still exists in the gain medium
and is subsequently pumped. Thus, an intracavity étalon is also required. Fig. 3.7.3
shows the experimentally measured power characteristics o f the

TEM qq

and SLM

operations in the three cavities. Some of the parameters are further compared in Table
3.3. These figures suggest that the dog-leg cavity can be used to generate

TEM qq

fundamental output, and the ring resonator can be used to generate stable SLM
fundamental output.
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Fig. 3.7.3. Comparison o f tlie TEMoo output power cliaiacteristics o f three end-pum^ied
resonators. They are plane-parallel cavity, ring cavity and folded linear cavity.

Table 3.3

Comparison of three resonator configurations

Resonator
configuration

Losing
wavelength
(nm)

Threshold
pum p pow er
(110

plane-parallel

1053 / 1047

0.62

ring

1047

folded cavity

1047

Max. TEMqo
output pow er
(W)

Max. SLM
output pow er
W

25.1

2.04

1.13

0.79

21.3

1.81

1.6

2.1

30.4

2.48

1

S'/ope
efficiency
m '

(a) All output power are measured with 5% output coupling, (b) Max. indicates tlie result under 10 W pump.

When considering the intracavity frequency doubling, both the ring resonator and
the folded liner cavity can provide a tightly focused resonator mode for efficient nonlinear
frequency conversion. To achieve the desired mode waist in the plane-parallel cavity, the
alternative intracavity telescope can be used, but additional losses are also expected. The
single-frequency operation of the ring resonator is an advantage in avoiding the “green
problem” with intracavity frequency doubling. However, the standing-wave cavity can
also be utilised in achieving stable second harmonic generation. To compare these cavity
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designs in achieving a stable intracavity frequency doubling, other issues such as the
intracavity parasitic loss, the effects of thermal distortion and the output directions of
SHG also need to be considered. Among these cavities, the folded linear cavity design has
the advantages of efficient TEMoo operation, high intracavity optical field, low
intracavity loss, and insensitivity to the perturbation of themial distortion in Nd;YLF. In
addition, by using the novel intracavity biréfringent filter, such a cavity could be utilised
in the generation of stable single-frequency SHG output.

3.8

Laser O utput Power Characteristics

As discussed in § 2.9, the externally measurable quantities such as laser output, threshold
and slope efficiency are interrelated with the internal system efficiencies and material
parameters. In diode-end-pumped solid-state laser systems, the energy is efficiently
transferred from the diode pump to the laser upper state level, and subsequently becomes
the useful laser output power. The total efficiency of the process is the product of the
efficiencies of every energy transferring step. However, in the conversion process of a
steady-state oscillation with unsaturated gain, the circulating power in the optical
resonator is diminished by both the internal losses and the radiation coupled out of the
resonator. Thus, the output power can reach a maximum for a specific value of output
coupling factor. When output coupling is below or over the optimum value, the resonator
is either under- or over-coupled with a reduction of output power. Further analyses [19]
show that for different values of internal cavity loss, there is different optimum output
coupling values which maximise the output power, and the optimum output coupling is
always considerably smaller than the available gain. In addition, even very small internal
losses have a very serious effect on the maximum useful output power available from the
laser. So, in order to maximise the laser extraction efficiency, the intracavity parasitic
losses need to be reduced to the minimum value. On the other hand, for a given internal
loss, the output coupling factor needs to be optimised.

Chapter 3 :

90

Diode-Pum p ed Nd: }D F Laser

Similar output power characteristics are exhibited in the three experimental
resonators. The multi-transverse-mode output power versus diode pump power from the
plane-parallel cavity is plotted at different output coupling in Fig. 3.8.1. The laser
thresholds and the output power have further been plotted as a function of the total
percentage of output coupling (output mirror transmission) in Fig. 3.8.2. From these
figures, it can be seen that optimum coupling of 5% are exhibited by the plane-parallel
cavity, and the pump power for laser threshold linearly increases with the resonator
output coupling factor. In addition, the slope efficiency o f the laser exhibits slight
decrease when the output coupling exceeds the optimum value.
4

3

i

}

2%

2

5%
7%

1

10%

20%

0
2.5

5

7.5

10

Pump power (W)
Fig. 3.8,1. Output power versus pump power for different resonator output
coupling.
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Fig. 3,8.2

Pump threshold and output power versus output coupling.

To analyse the above behaviour, we can rewrite Eq. (2.16) and Eq. (2.25) as
follows:

(3.8)
hv

T

^’ "^"h vYT +L'

(3.9)

Here, we have written the round-trip cavity loss in terms of T + L, where T is the
resonator output coupling (output mirror transmission) and L is the total internal
parasitic loss. Due to the poor spatial mode overlap in the end-pumped geometry, the
pump absorption efficiency 7]^, inside the laser mode is uncertain. Hence, the value of
pump threshold and slope efficiency can only be estimated from the modelling. In the
folded resonator, the typical round-trip internal loss is 2.5 %, and the pump absorption
efficiency

inside the laser mode is essentially limited by the ratio of the pump and the

laser mode spatial overlap which is 1.5 : 1 (see fig. 3.5.4). Thus, the calculated value of
slope efficiency in this case is 33.8 % which is in close agreement with the actual value of
30.4 % (see Table 3.3). In the plane-parallel resonator, the pump absorption factor

for
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multi-transverse mode operation is much higher than that in the folded resonator. If we
estimate 7]^ =90%, the calculated slope efficiency becomes 49 % which is also in good
agreement with the maximum experimentally obtained value of 47 %. The fact that the
slope efficiency decreases with the output coupling is inconsistent with Eq. (3.10).
However, it can be understood because of the absence of high order traverse mode in the
oscillation. When the resonator output coupling increases, the threshold for the high-order
transverse mode oscillation also increases due to the limited laser gain. At certain pump
powers, such a behaviour is equivalent to a smaller 7]^, giving a lower value of slope
efficiency. The linear relationship between the pump threshold and the output coupling
which is exhibited in the experiment is also given by Eq. (3.9).
To analyse the optimum resonator output coupling, Eq. (2.24) can also be written
in the form [22]

where

is the unsaturated round-trip laser gain, A is the cross-sectional area of the

mode, and

is the saturation intensity. Maximising

with respect to T by setting

dP^ffJdT - 0 yields

(3.11)

as the condition for the mirror transmission that yields the maximum power output. In
the plane parallel resonator, we have g„«25% and L - 2 %. Hence, the theoretical
predicted value of the optimum resonator coupling is also ~ 5 %.

3.9

Spectral Output of Standing-Wave Cavity

In the experiment, the laser axial mode structure is analysed by a Fabry-Perot
interferometer with variable free spectral range (FSR) and by a spectrum analyser. The
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Fabry-Perot interferometer consists of two plane mirrors both HR coated at the laser
wavelength. The separation of the two mirrors can vary from 0.5 mm to 25 mm, giving a
variable interferometer FSR of 300 GHz to 6 GHz. A small area (1 mm^) photodiode
placed on the output side of the interferometer is used to monitor the intensity of the
central Fabry-Perot fringe when the interferometer is scanned through several free
spectral ranges. The Hewlett-Packard 70004A spectrum analyser is used with a fast
silicon photodiode to detect the intensity of the laser output and then proceed to the
Fourier transformation. The signal from the photodiode which contains the different
frequency between the oscillating axial modes can be analysed in spectrum. Because of
the limitation of the photodiode, only those beat notes lower than 3 GHz can be
observed. In addition, such a device can also be used to analyse the phase noise of the
laser output.
The standing-wave cavities used in the experiments have exhibited similar
behaviour in their spectral output. Fig. 3.9.1 shows a typical trace o f a laser output
spectrum. It is obtained from a 300 GHz FSR Fabry-Perot interferometer when the
interferometer cavity length is scanned over a range of 1 pm. In the figure, the standingwave cavity laser oscillates in 5 or 6 stable axial modes separated by a regular spacing of
25 GHz. Such axial mode structure is independent o f cavity length and cavity
configurations, as long as the standing-wave mode pattern is present inside the Nd;YLF
crystal. The fixed mode spacing is measured by varying the separation of the
interferometer mirrors. When these oscillating modes are completely overlapped, the free
spectral range of the Fabry-Perot interferometer are equal in value to the frequency
spacing of the modes, which is a constant 25 GHz. The detailed adjacent cavity modes
can not be resolved by the Fabiy-Pcrot interferometer. However, they can be recorded by
the spectrum analyser. The beat note of adjacent cavity modes, whose value, subject to
the cavity length, is

(typically ~ 1.5 GHz in plane-parallel resonator and ~ 400

MHz in the dog-1 eg cavity), only appears occasionally on the spectrum analyser. It is
also noticed that the stabilised cavity can greatly reduce the appearance of such beat note.
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25 GHz

Fig. 3.9.1. Spatial hole burning modes o f Nd;YLF laser. Trace from a 300 GHz
F.S.R. scanning Fabry-Perot interferometer.

The appearance of the adjacent cavity mode beat is largely dependent on the
instability of the cavity length. It is believed that the beat note is observed only when the
adjacent cavity mode hop occurs which is induced by the perturbation of the cavity
length. Also, the gain competition between the adjacent cavity modes increases the chance
of such mode hops. The regular frequency spacing of 25 GHz in the axial mode structure
can be analysed by Eq. (2.19). Because the gain medium is located at the end of the
cavity, the antinodes of all cavity mode are pinned at HR surface of the laser crystal.
Thus the potential standing-wave mode that can utilise the gain region unoccupied by the
primary mode pattern is the second resonator mode. The phase relationship between the
two modes can be simply written as

. In our end-pumped Nd;YLF laser, we have

Kod - 4 wm, n = 1 5 . From these values, 25 GHz mode frequency spacing is given. Since
the secondary resonating mode interacts essentially with a different spatial group of laser
active centres from the primaiy mode, there is little or no gain competition between these
two modes and both can oscillate simultaneously. Through this process, it may be
understood that several axial modes can simultaneously oscillate in the cavity with a
regular frequency spacing.
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3.10 Summary
An efficient folded optical resonator has been designed and constructed. Such a cavity
design is derived from the considerations of efficiently extracting the elliptical diode
pump into a TEMoo resonator mode for the intracavity frequency doubling. From this
folded optical resonator, we have obtained diffraction-limited output power of 2.5 W
with 10 W diode pump. The laser performance in the resonator has been characterised
and further compared with the plane-parallel resonator and ring resonator with the same
end-pump geometry. The basic investigations and considerations for this laser design
have been performed. They include the investigations of the laser properties and the
thermal effects of Nd:YLF material with diode-end-pump, the design considerations of
the end-pump geometry, and the theoretical analysis of the folded optical resonator.
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4
1-W SINGLE-FREQUENCY GREEN LASER
4.1

Introduction

Frequency-doubled diode-pumped Nd^'*’ lasers represent one o f the most efficient laser
sources of visible radiation. In tlie continuous-wave regime, efficient frequency conversion
processes are obtained by using resonant enhancement techniques such as intracavity
doubling or external resonant doubling where high resonant optical fields are available
within the nonlinear medium. Intracavity frequency doubling (or second-harmonic
generation) is achieved by placing the nonlinear ciystal inside the laser cavity to make
direct use of the high circulating power in the resonator. Although simple to implement, it
is difficult to realise good perfoimance with this approach since the cavity must be
simultaneously optimised for the infrared power and the second harmonic output. In
addition, chaotic intensity fluctuations may be present in this process due to the nonlinear
sum-frequency generation (SFG) coupling o f different cavity modes. The alternative
technique of external resonant frequency doubling is achieved by coupling the laser output
into a second cavity in which includes a doubling crystal. While this requires extra
components, it allows for the generation of the hifiaied and the second harmonic to be
individually optimised. However, it requires a highly stable, naiTOW linewidth, and single
fi equency laser as the input source.
According to the experimental results detailed in the previous chapter, SLM
operation of the standing-wave Nd:YLF laser gieatly reduced the laser efficiency. Also the
performance was somewhat unreliable due to the effects of the spatial hole burning. In
order to obtain an efficient single-frequency second harmonic output from the laser, we
have utilised an intracavity doubling architecture and eliminated the so called “green
problem” by using the birefringence of the KTP crystal in combination with a polariser
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(Brewster plate) to form an intracavity biréfringent filter. This combination was capable
o f suppressing the multimode operation o f the standing-wave laser hence resulting in a
single frequency SHG output. In addition, the frequency-doubling efficiency has been
greatly improved since this design minimises the intracavity losses by minimising the
intracavity components used. In this chapter, we will analyse the conditions for obtaining
efficient single-frequency intracavity SHG output and discuss the performance of the 1- W
SLM green laser.

4.2

Nonlinear M aterials

A.

Nonlinear Optical Properties o f KTP

The biaxial nonlineai* crystal Potassium Titanyl Phosphate (KTi0 P0 4 , KTP) has been
used in the intracavity frequency doubling and also in the degenerate OPO which will be
described in chapter 5. It is a imique nonlinear material that has been shown to have
excellent properties for frequency doubling the 1 |xm radiation of the Nd lasers. It is also
veiy attractive for various sum- and difference-frequency mixing schemes and parametric
optical applications over most of its transparency range. KTP has a combination of
favourable properties [i] namely: large nonlinear optical coefficients (dgff ~ 5.1 pm/V for
1.064 mm doubling); broad temperatuie bandwidth (25 °C-cm) and spectral bandwidth
O
(5.6 A-cm); wide angular bandwidth (20 miad-cm) and small walk-off angle (4.5 miad or
0.26 o). The birefringence in the x-y and the x-z principle plane allows phase matching for
the more effective type-II frequency conversion process over a large wavelength range. It
is highly suitable for frequency up-conversion process, offering high conversion efficiency
when frequency doubling, or when generating sum and difference frequencies. In addition,
its large electro-optic coefficients and low dielectric constants make it attractive for
various electro-optic applications, such as modulators and Q-switches.
Single ciystals of KTP can be grown by both hydrothermal and flux techniques. It
crystallises in the orthorhombic point group mm2. The crystal structure, refractive
indices, nonlinear coefficient, and phase-matching parameters have been reported in
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references [2], [3], [4], and [5]. KTP has a transparency range from 0.35 jj,m to 4.5 |im,
but with measurable absorption beyond X ~ 2.8 pm. The linear absorption loss at /I ~ 1.06
pm is ~ 1% /cm and a few percent at ^ ~ 0.53 pm. Refractive indices of different KTP
samples may vary subject to the crystal growth technique, the growth process and the
crystal temperature. However, Seilmeier equations for KTP can give a fairly accurate
prediction of the phase matching angle. Other phase-matching parameters such as phasematching temperature bandwidth, angular bandwidth and walk-off angle can also be
calculated from Seilmeier equations which fit actual measured refractive indices.
In KTP, the indices of refraction allow both type-I and type-II SHG. The
conditions for phase matching in the type-I and the type-II interactions and the
conesponding effective nonlinear coefficients have been examined by Ito et al. [6] and Yao
et al. [5]. The expressions for the effective nonlinear coefficient,

in the two possible

interactions are [7]

= i(di5 -d24)-sin20-sin2<^

(4.1)

d^ff{îï) - (d - dig)-sin2 0 'sin2<^
^4

-(dig sin^ (j) + dg cos^ ^)sin 6
4

where (}) is the angle from the x-axis (refer Fig. 4.2.1) in the x-y plane and 0 is the angle
from the z-axis. Since the effective nonlinear coefficient, d^, for type-I SHG is nearly an
order of magnitude smaller than that for type-II, for efficient interactions type-II SHG is
preferred. The wavelength range over which type-II SHG is allowed is limited by the
biréfringent and dispersive properties o f KTP. In the x-y principal plane, SHG phasematching can be achieved over the internal angle range o f (|) ~ 74° to 5° for fundamental
wavelength range %- 1.0 p,m to 1.078 jj,m. In the x-z principal plane, SHG phase
matching can be achieved in the internal angle range of 0 ~ 90° to 55° for fundamental
wavelength range 1 - 1.08

to 2.0 fim. Noncritically phase-matched frequency doubling

in an a-cut KTP crystal at 1.08 jim has also been reported [8]. Fig. 4.2.1 shows the crystal
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orientation for the phase-matching condition of the type-II interaction at 1.047 pm. In the
figure, KTP is a 3 mm x 3 mm x 6 mm flux-grown crystal with two faces antireflection
coated for low loss at both fundamental and second-harmonic wavelengths. The crystal is
cut for propagation at 0 = 90°, (}) = 37°. Because type-II phase-matching requires both an
ordinary (o) and an extraordinary (e) beam for the generation of the second-harmonic, the
incident infrared light is linearly polarised at 45° with respect to the e- or o-ray
polarisations of the crystal. The generated green light is polarised along the extraordinaryray polarisation.

'

PM

2(0

KTP
Fig. 4.2.1. Phase matching geometry in the KTP crystal for the frequency doubling o f 1.047
pm. (x, y, z) is the optical frame, which is identical to the crystallographical axes (a, b, c) o f
KTP.
and
are the collinear wave vectors o f the fundamental and the harmonic wave
respectively,

and E^^ are the associated electric field vectors which allow type-II phase

matching. ())p^ = 37° is the phase-matching angle for the conversion 1.047 pm to 0.523 pm in
x-y plane. The linear polarization o f incident fundamental beam is aligned 45° w ith the
extraordinary ray polarization for the optimum frequency-doubling.

Frequency doubling efficiency in excess of 65% are now routinely obtained from
KTP crystals by using high quality laser beams, and values as high as 85% for CW
frequency doubling have been demonstrated [8]. Although the quality of the material has
been improving, scaling up SHG efficiencies at room temperature continues to be limited
by gradual photochemical degradation (grey tracking)

[9] [10]

which is cumulative with

exposure to a combination of second-harmonic and fundamental radiation. The degradation
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leads to increased absorption in the crystal which can eventually cause crystal failure. In
our experiments, the observed grey track was a dark-grey line tliroughout the KTP crystal
from surface of surface following the 1.047

|Lim

beam. It was also observed that some

KTP crystal samples were more likely to form grey tracking than others. Obvious grey
tracks can be formed in these crystals in a few hours by intracavity frequency doubling
the 1.047 jum radiation to generate 1 W continuous-wave green light, while other crystals
have not exhibited visible grey tracks even after tens of horn s o f operation under the same
operation conditions. This is believed to be due to the ciystal quality variations in the two
growth runs. It is possible to prevent the grey track formation by raising the crystal
temperature above 150 °C [11]. However, the optically induced photorefractive damage
which results from multiphoton absorption of fundamental and second-harmonic photons
is still present in KTP. This effect produces an astigmatic distortion o f the secondharmonic output and reduces the up-conversion efficiency.
Variation of Üie refractive indices and birefringence o f KTP with temperature is
another factor that reduces the efficiency of the nonlinear interaction. While the nonlinear
interaction proceeds, a fraction of the radiation is absorbed. Because the heating of the
nonlinear crystal by the absorbed radiation is volumetric wliile cooling tends to be a
surface effect, thermal gradients are established. Since the refractive index is dependent on
temperature, the thermal gradient also induces a spatial variation o f tlie refractive indices.
However, for efficient nonlinear interaction, the refractive indices must satisfy the phase
matching condition quite closely. A spatial variation of the refractive indices prohibits
ideal phase matching throughout the volume of the nonlinear crystal. Since the
establishment of thermal gradients is a slow process, accordingly the second harmonic
output power slowly drifts downward, which has been observed in our experiments.
B.

Nonlinear Optical Properties o f LBO
In addition to the type-II KTP phase-matching geometry, noncritical type-I phase

matching LBO crystal has also been used in the intracavity frequency doubling and the
optical parametric oscillation. However, type-I phase-matched crystals can not be utilised
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as a biréfringent element in the cavity. Lithium Triborate (LiBgOg, LBO) is a recently
developed nonlinear' optical material that is characterised by high damage threshold (> 15
GW/cm^ for nanosecond pulses), a wide transparency range (160 - 2600 nm), large
acceptance bandwidths, and moderate nonlinear coefficients. Due to the biaxial nature of
the crystal it can provide phased-matched nonlinear interactions in all three principal
planes. The critical angle tuned type-I interaction (e —> o + o) in the x-y principal plane
can provide wide tuning ranges, while in the x-z and y-z planes, it is possible to use typeII phase matching (e —> o + e and o -> e + o, respectively) in critical or noncritical
configurations for smaller tuning ranges by using angular or temperature control. One of
the most attractive propei*ties o f LBO in OPO devices is the possibility o f temperature
tuned noncritical phase matching (NCPM) operation. The type-I NCPM geometry (0 =
90°,

(j) =

0°; e -> o

+

o; deff - 1 . 2 pmfV) is usually used in frequency doubling of near

infrared laser sources. Between room temperature and T - 300 °C, this geometry can
provide NCPM frequency doubling for 0.9 jxm < lisser < L7 }im. With 0 = 90° and (j) =
0°, and the parametric waves travelling along the x-axis, Poynting vector walk-off is
eliminated. Also, since the effective nonlineai* coefficient for the type-I interaction is given
by

= c?32 cos 0 , we maximise the parametric gain with

- 1.2 pm / V over the

complete temperature tuned wavelength range. This geometry also avoids the problem of
Fresnel reflection loss associated with angle tuned devices such as the KTP OPO, thus
allowing liigh efficiencies to be maintained across tlie available tuning range. Furthermore,
the large spectral and angular acceptance bandwidths are favourable for efficient
conversion of ultrashort pulses in tightly focused beams, allowing the use o f longer ciystal
lengths before the onset of gain reduction.
The LBO crystal used in our experiments was an a-axis cut, 20 mm long, with ARcoated facets at both fundamental and second-harmonic wavelengths. This orientation can
be temperature tuned in the type-I noncritical SHG (OPO) phase-matching geometry,
with the fundamental wave (signal and idler wave) polarised along the z principal optical
axis, and the second harmonic wave (OPO pump wave) polarised along the y-axis. The
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principal optical axes x, y and z are parallel to the crystallographic axes a, c and b
respectively. The optimum frequency doubling was observed for a measured temperature
of 166.3 °C. When configured as a doubly resonant OPO, the degenerate parametric
oscillation can be observed in the temperature range of 1.3 ° around 166.3 °C which
coiTespond to an OPO wavelength tuning range extended from 990 mn to 1100 nm.

4.3

Efficiency of Intracavity Second Harmonic Generation

As Eq. (1,6) indicates, the efficiency o f second harmonic generation depends upon a
number of factors of which the most important aie the fundamental power level, the
length of the crystal, the degree of focusing of the flmdamentai beam, the magnitude o f the
nonlineai* coefficient of the material, and the phase-matching conditions. However, when
we consider the effect of placing the doubling ciystal inside the laser cavity, the maximum
SHG power generated is under conditions of optimum output coupling. According to the
theory of Smith [12], there is an optimum output coupling of the SHG produced in the
intracavity doubled continuous-wave laser similar to the optimum output coupling for a
conventional laser, and the maximum second harmonic power generated can be equal to the
maximum fundamental power available from the laser. Such a tlieory is based on the rateequation description of the lasers oscillation in which the frequency-doubling and sumfrequency generation processes aie modelled as intensity-dependent nonlinear losses, and
both steady-state and transient behaviour are perfomed. We rewiite Eq. (1.8) and (1.9)
which describe the steady state round-trip saturated gain in relation with the laser and
nonlineai* losses in intiacavity-doubled laser as,

^ ^ J - = L + K 'I

1+ Ilk

=

f

(4.3)

(4-4)
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Eq. (4.3) is simply a statement that the gain equals the sum of the linear and nonlinear
losses. Eq. (4.4) gives the magnitude of nonlinearity required for optimum secondharmonic generation. It is proportional to the linear loss at the flmdamentai wavelength,
inversely proportional the saturation density for the laser ti*ansition and independent of
gain. Thus, for a given loss, it is possible to achieve maximum second harmonic conversion
efficiency at all values of gain and hence all power levels without the need for adjustment
of the nonlineai* coupling. This behaviour is in contrast to the problem o f output coupling
from a normal homogeneously broadened laser where the optimum transmission is given
by Eq. (3.11) which is gain dependent. The reason is that the effective nonlinear loss,
which can be viewed as a fictitious transmission, increases with the fundamental power
density.
From Eq. (4.4), the optimum nonlinear output coupling corresponds to the
optimum length

Iopt

of the nonlineai* ci*ystal, which is given by

=

(4.5)

2 o ) ^ - d / - K S„

where the laser beam diameter is assumed to be constant. In om* experiment, the roundtrip loss was L = 0.02, the saturation intensity So = 0.22 x 10^ Wm'^, the refractive index
n = 1.47, the laser fiequency O) = 1.8 x 10^5 Hz, the intiacavity beam focusing factor K «
100, and the effective nonlinear coefficient deff = 4 x

1 0 '^2

m/V. The values yield an

optimum length /opt = 0.78 cm, which is quite near to the length o f the nonlinear crystal
used in our experiments, 1 = 6 mm. According to the theory [13], it follows that if the
linear loss due to the inserted second-harmonic ci-ystal is small compared to the total
internal loss, the value of nonlinear coupling factor K' is the same for fundamental and
second-haimonic output coupling. Also, the maximum second-harmonic power equals the
fundamental power obtainable from the same laser. However, in practical intracavity
frequency doubled laser systems, the second-harmonic power is usually considerably
below the output power which can be achieved at the flmdamentai wavelength even with
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the optimum length crystal. The reason is that the insertion loss of the nonlinear crystal is
in many cases significant in the low-gain lasers employed for intracavity frequency
doubling. Furthermore availability of crystals and damage considerations often lead to
non-optimum conditions as far as ciystal length and pump-power density are concerned.
A shorter optimum crystal length is often desired in nonlinear conversion systems
[13]. From Eq. (4.5) we can see that the optimum length

coefficient

at a given effective nonlinear

is reduced by an increase in the saturation intensity

and a decrease in

the total internal round trip linear losses L at tlie fundamental wavelength. The quantity L
includes transmission, scattering, and absorption losses in the minors, and absorption and
scattering losses in the laser medium and nonlinear crystal as well as any other cavity
components. However, a high saturation intensity is not an advantage since the laser
threshold intensity will be also high. Also the internal losses are limited by the optical
properties of gain medium and nonlinear material. Alternatively, the optimum length can
also be reduced significantly by reducing the size of the intracavity mode waist. Such a
tightly focused beam is only limited by the optimum phase matching condition. In
practical systems, although the optimum coupling can be achieved with an optimum
crystal length, the extracted SHG power is often much lower than the available
fundamental power. In addition, the conversion efficiency is insensitive to the length of
the nonlinear crystal, if the laser is operating far above threshold. This is because a short
nonlinear crystal which is shorter than the optimum length can effectively reduce the
intracavity scattering and absorption losses and thus improve the extraction efficiency. In
contrast to the optimum crystal length, the effeccs of loss in the laser are shown to reduce
the available fundamental as well as second harmonic power and to increase the magnitude
of the nonlinearity required for optimum coupling. Therefore the reduction of the internal
resonator losses is the key to efficient intracavity frequency doubling. In our* experiment,
the insertion loss of the Brewster plate and the KTP crystal is estimated as 1%, which is,
we believe, limited by absorption loss of KTP material.
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There are tlu'ee primary factors that need to be considered in the design o f a laser
cavity configuration for efficient intracavity frequency doubling. In order to achieve
efficient harmonic generation it is important to obtain a high power density inside the
nonlinear crystal. Thus, the cavity mode must be large enough inside the laser rod to
utilise the maximum gain volume which can contribute to TEMqo mode oscillation, while a
small cross-sectional area is desired inside the nonlinear crystal. Focusing optics are
generally required in the cavity so as to achieve a large mode cross-section ratio between
the two positions. Since the intracavity loss is the key factor for the extraction efficiency
for the optimised resonator, it is desirable to reduce both the nonlinear crystal insertion
losses and other cavity element losses. Finally, since intracavity second-harmonic
generation produces a beam in two directions, it is necessary to select a cavity
configuration which permits recoveiy o f both beams. In addition, when joining the two
SHG outputs into a single output, the destructive interference o f the two overlapped
beams due to the phase difference needs to be avoid. In om* laser design, a cavity mode
cross-section ratio of - 100 has been achieved between the positions of the laser rod and
the nonlinear* crystal. The insei*tion loss was minimised by only inserting a Brewster plate
and a KTP crystal. And a dichroic end mirror was used to combine the bi-directional green
output into a single output.

4.4

Theoretical Study of Stable Single-Frequency Operation of
letracavity“Doubled Diode-Pumped NdsYLF Laser

A.

the ^^Green Problem”

The analysis of efficient intracavity SHG in § 4.3 was made under the assumption of
stable single-frequency operation o f the fundamental laser. In practice, however,
intracavity frequency doubling of a laser* which operates in many longitudinal modes
oscillate usually exhibits large fluctuations in the instantaneous as well as the average
harmonic power. This so called “green problem” was first considered in detail by Baer
[14]. The cavity he used consisted of an end-pumped Nd:YAG rod, a KTP crystal and a

Chapter 4:

/-fVSingle-Frequency Green Laser

107

curved reflector, with no additional polarisation-controlling elements. When the laser
operated without an intracavity étalon, it produced chaotic amplitude fluctuations. When
an étalon was added to force two-mode operation, well-defined periodic oscillations were
observed. Finally, a laser forced to run in a single mode with an étalon was stable but
produced very little green output. Baer explained this behaviour in a simple
phenomenological manner by considering the sum-frequency interaction between the two
infrared axial modes and the intensity dependent losses borne by each mode tlirough this
process. In the sum-frequency interaction between the two modes, the power contr ibuted
to tlie sum frequency output from each axial mode was the same. Therefore, both modes
shared equally the losses that were due to the nonlinear process. In contrast, the
frequency doubling losses for each axial mode were borne by that mode alone. On the
other hand, the nonlinear coupling constant for sum-frequency generation was twice that
of frequency doubling, and the total sum-generation output power was proportional to
the square of this constant. Thus, the loss due to the sum-frequency mixing was also
twice that due to the frequency-doubling for each mode. Based on such nonlinear* coupling
mechanism, Baer gave a full account of the dynamic green modification in the case of two
longitudinal mode oscillation. However, subsequent work by several groups

[15] [16] [17]

have shown that it is possible to build intracavity-doubled diode-pumped lasers that do
not exliibit this behaviour. A significant advance was made by Oka and Kubota [15] who
used an intracavity quarter-wave plate to stabilise the SHG output, and this led them to
propose that the mechanism for the instability was the nonlinear coupling o f independent
polarisation modes. When they inserted quarter-wave plate in the cavity to define the
cavity modes into two orthogonal polarisation eigenvectors which were 45° with the
ordinary and extraordinary wave polarisation axes of the KTP crystal, the SHG output
was stabilised. A generalised analysis was given by Anthon et al [18] who concluded the
amplitude noise as a consequence of laser bistability, and considered the bistability of an
intracavity-doubled laser system as the result of two coupled nonlinearities: nonlinear
cross saturation and sum-frequency generation.

Chapter 4:

1~WSingle-Frequency Green Laser

108

Following Baer’s model, a laser system with intracavity doubling and spatial hole
burning is typically described by the rate equations [14]

i f

Y

“ a • -fy “ I j X

dG;

where Gj is the unsatuiated gain for the
mode, Tg and

D yt 4

( 4 .6 )

‘h

(4.7)

mode, Ij is the unidirectional intensity for the

aie the cavity round-trip time and the fluorescence lifetime of the gain

medium, respectively, a is the linear loss of the cavity, y is the small-signal gain
parameter, D-f. is the nonlinear coupling coefficient, and pjf. is the cross saturation of
modes j and /c. The magnitude of the cross saturation depends on the depth of modulation
o f the standing waves. It has been assumed in above equations that there are m
longitudinal modes oscillating in the cavity. Because the rate equations are quadratic,
bistability, oscillation and ultimately chaotic amplitude fluctuations are unavoidable in
such a system. However, there are also multiple stable points which can be found.
Many of the featur es of the intracavity-doubled lasers are determined by the form
of Djf.. Doubling and sum generation are pair-wise interactions between modes; doubling
mixes a mode with itself, while sum generation mixes two separ ate modes. All modes will
have well-defined polarisations. The polarisation incident on the KTP is characterised by
tan0 = |E./E,| = |E,/E^|

(4.8)

where o (x) and e (y) refer to the ordinary and extraordinary ray polarisation directions in
the crystal. For the interaction of two modes with average frequency œ in a type-II
crystal like KTP, the nonlinear* coefficient is given by [19]
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is the effective length of the crystal. Phase matching consideration give [20], for

parallel modes,

D .,=D p= D „-sm '(2(9)-

(l-exp(zA/yj) ^ (1 -exp(m^/J)

(4.10)

while for orthogonally polarised modes.
Djf.

= Dg = Dg. cos^(20)
tan 9{1 - exp{iAkjJ^)) ^ co t0(1 - exp(zMj^ZJ)

(4.11)

The phase mismatches are given by

^ jk =

+

+ « /)] / C

(4.12)

- n^.{co^ + cOj)] / c.

(4.13)

^y(^k -

A/Cfcy = -[n^jCOj +

These are identical for frequency doubling, but need to be distinguished for sum-frequency
generation.
In the phase matched region where

A /c~0,

= siiY 2 0

and

Dg/Dg = cos^ 20. The total green output for m phase-matched modes is given by
m
m
2 ,1 , • l , D j A =
}=1

where /; and

k=l

+ I i ) + 2D A hk)

(4.14)

are the total intensities in each polarisation. The green output depends

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

Stable Steady-State Operation
However, if we control the cavity intensities in each eigen-polarisation state, f

and 12 , as well as the polarisation angle 9 with respect to the type-II doubling so that
sum-frequency generation of the modes is much less efficient than the frequency-doubling,
stable operation can be acliieved. Eq. (4.14) also reveals tlie conditions for stable steadystate operation of the laser for the following cases:
(a)

In the case of single-frequency operation, sum-frequency and frequency-doubling

become the same process. Although the doubling efficiency may be variable subject to the
nonlinear coupling and the internal losses, the steady-state operation is stable. To achieve
single-frequency operation of intracavity-doubled lasers, techniques such as étalons
ring configurations
[23] [24]

[21],

ultrashort cavity microchip lasers

[22],

and bheffingent filters

[14],
[17]

have been used, and stable single-frequency SHG output has been successfully

obtained from these lasers. However, many o f these single-frequency lasers require the
polarisation to be defined in the cavity. Since the birefringence o f the type-II doubling
crystal (KTP) is temperature sensitive, perturbations of the KTP birefringence may affect
the confined polarisation state, and thus in turn reduce the reliability o f the single
frequency operation and the efficiency of frequency-doubling.
(b)

In the cavity with eigen-polarisations defined, when 0 = tt/ 4,

= 0. There is no

sum-fr equency coupling of orthogonal modes, and the green noise can be greatly reduced.
This is the technique which was used by Oka and Kubota

[15]

by using an intracavity

quarter-wave plate with its axes 45° to the e- and o-ray polarisation axes o f the KTP
crystal . In the case of two orthogonal longitudinal mode operation, the process can be
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understood as the exact cancellation of the two sum-frequency waves generated by two
pairs of polarisation components. So no SFG signals are observed, and only SHG of each
mode are generated. Such stable two mode SHG output has been experimentally observed
[25].

As a special case, due to the fact that thermal induced birefringence in Nd:YAG can

behave as a wave plate, a stable output can also be obtained in the cavity without any
quarter wave plate

[1 6 ][2 6 ].

However, owing to the arbitrary nature o f such thermal

birefringence, the laser medium or nonlinear crystal need to be rotated to the optimum
angle, which corresponds to 0 = ;r/4, so that the mode coupling can be reduced to the
minimum (D^ = 0 ). In the eigen-polaiisation defined cavity, angle 0 determines the
nonlinear coupling efficiency of pairs o f orthogonal modes. When 0 < tc/S,

is less

than Dg and the laser will exhibit bistability with respect to polarisation. In the cases
where ;r/8 < 0 < 3;r/8, the bistability is less obvious. If the difference in A/c and
be neglected then

is less than

can

, and the polarisation-related bistability disappears.

The special case is 0 = ;r/4, D, = 0 . However, because of the variations o f the A/c and
Dp, bistable operation can occur if there are modes that double less efficiently than they
sum, even when 0 = ;r/4.
(c)

In a cavity with an intracavity polariser, SFG coupling between orthogonally

polarised modes is eliminated. The efficiency of sum-frequency generation between the
parallel longitudinal modes depends on the total intensities in the e and o polarisations of
the KTP crystal. Stable multi-longitudinal-mode operation can be obtained when the SFG
is less efficient than the SHG. It has been observed that both SHG and SFG can exist in
the stable green output

[ 2 7 ][2 8 ].

The criteria for such operation is to reduce the

longitudinal-mode number, and to enlarge the intensity ratio o f the major and the minor
oscillating modes so as to reduce the efficiency of SHG of longitudinal mode coupling.
Note that instability can also be induced by higher-order transverse modes.
Because the nonlinear gain saturation of the intiacavity-doubled laser combined with poor
spatial overlap of these transverse modes increase the gain and reduce the nonlinear losses
for the higher order modes, the intracavity-doubled lasers are much more prone to
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multitransverse mode operation than lasers with conventional output coupling. Thus
T E M qo

operation in intracavity-doubled laser is as important as the stable longitudinal

mode operation.
Nonetheless, the presence of the nonlinear output coupling causes nonlinear gain
saturation and bistability that can cause the laser to operate in a number of undesirable
ways. However, with cai*eful control of the laser cavity it is possible to overcome the fact
that intracavity doubled lasers are inherently less stable than lasers with linear output
coupling. And indeed, elimination o f the amplitude fluctuations have been demonstrated
by several different techniques. In general it can be said that in order to build an efficient
intracavity doubled laser, it is desirable to have the cavity polarisation contr olled and use
a low loss frequency selector.
C

Frequency Selection o f Intracavity Biréfringent Filter
In our frequency-doubled Nd:YLF laser, we have used the KTP crystal and the

Brewster plate as a novel intracavity biréfringent filter to define the cavity polarisation
and to select a single longitudinal oscillating mode. Such a frequency-selection technique
has further been enforced by the Nd:YLF crystal which is naturally biréfringent and has
an anisotropic emission cross-section.
As was shown in chapter 3, the Nd:YLF laser typically runs in 5-6 linearly
polarised longitudinal modes with 25 GHz regular spacing which is due to the spatial hole
burning effect. When the Brewster plate is inserted into the cavity, these linearly
polarised modes encounter no additional loss. However, when the biréfringent KTP is
inserted at an angle of 45° with respect to the linear* polarisation, the linearly polarised
wave in the cavity is equally split in the KTP crystal into the ordinary and the
extraordinary ray components. As Fig. 4.2.1 indicates, after a roimd trip in the KTP
crystal, each mode returns to the Brewster plate with a phase shift between its two
components, which is given by

<5,. = 4;r • An ' Lj^^p/A,.

(4.15)

Chapter 4:

I-W Single-Frequency Green Laser

113

where Lj.jp is the length of the KTP crystal, An of 0.0865 is the difference of the
refractive index between orthogonal refractive indexes, and A- is the fundamental
wavelength of each longitudinal mode. Wlien <5,. is an integral multiple of TC, the round-trip
lightwave still has p-plane polar isation and the loss in passing through the Brewster plate
will be negligible. Otherwise, the light will be elliptically polarised by the KTP crystal, so
some loss will occur at the Brewster plate. Mode selection is provided because
depends on A,., which in turn has different values for different longitudinal modes.
Using the Jones-Vector formalism [29], we can evaluate the round-trip
transmittance against 6. The Jones matrix for the Brewster plate is given by

B

1
0

0

(4.16)

where q = 2n/{n^ +1) with n as the refr active index of the glass. For fused silica (n = 1.45
at 1.047 jim), q ~ 0.935. The relevant matrices for the analysis are

R(0) =

COS0 - s in 0
sin 9
,i5/2

W ) =

cos 9

0
,(g/2

(4.17)

(4.18)

where R(6) is the matrix for the rotation angle of the KTP crystal, and C(0/2) is the matrix
describing the retardation effect in the KTP crystal. The round-trip Jones matrix in this
case can then be described as

M = BR{9)C{5/2)C{S/2)R{-9)B

By evaluating the matr ix elements, we have

(4.19)
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•sin 0 •cos 0 •(1 - e'^)

q^ •sin 0-cos0-(l-c''^ )

(4.20)

q'^ •{sin^ 9 + cos^ 9 • e'^)

When 9 is 45®, Eq. (4.20) can be rewritten as

M

'

(1 + e'^)

q"(l-e^^j

(4.21)

The round-trip transmittance of the resonator is given by the square of the eigenvalues, h
and f , of the matrix M. The eigenvalues are expressed as

(4.22)

coiTesponding to the p and s plane of the Brewster plate, respectively. Fig. 4.4.1 shows
I

the solution of f,P>s\J as a function of ô.
100.0
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I

I

I

p-component

Transmission
per round-trip

(%)

s-component

Î
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16
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32

36 4 0

Phase difference ô (degrees)
F ig. 4 .4 .1 . Roundtrip transm ittance for the eigen values o f the resonator included the
biréfringent filter plotted as function o f retardation 5, for the case o f 0 = 4 5 °. The upper line o f
the graph corresponds to the p component, the lower one corresponds to the s component.
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. These two lines join to form

a single line at the angle of ~ 15.5® and the transmittance of ~ 76% corresponding to q^.
This figure indicates the zero round-trip loss occurs at ô = 0 for the p-polarised light wave
and that some loss is introduced for the retarded modes, hence giving the mode selection.
As an example, for the optical path length 6.0 mm, the frequency interval between
longitudinal modes Av is - 25 GHz, which conesponds to ~ 31® of phase difference as
found from Eq. (4.15). From Fig. 4.4.1, the loss is ~ 24 % at ô = 31®. The frequency
spacing between round-trip transmission maxima of (180®/31®) x 25 GHz - 1 4 5 GHz is
similar with the observed gain spectral width of NdrYLF o f - 150 GHz. Therefore, only
the single mode with 5 = 0 and emitting near the centre o f the gain profile would be
allowed to oscillate. Low overall loss and simultaneous high gain will prevail within a
nan ow frequency band neai' the centre of tlie gain profile.
In the above Jones-Vector analysis, the phase retardation introduced by the
NdrYLF is ignored. This is because the birefringence in NdrYLF is so large that modes
become out of phase in a fraction o f the absorption depth. In addition, the ratio between
the emission cross sections of the orthogonal polarisations is so significant that no gain is
obtained for the modes polarised perpendicular to the c-axis of the ciystal. Therefore, we
have assumed that all oscillating longitudinal modes are linearly polarised along the c-axis
of NdrYLF ciystal with the largest emission cross section.
D.

Long Term Stability Analysis
SHG amplitude fluctuation in intracavity-doubled lasers has been a major concern

for many applications, and various teclmiques have been developed to reduce nonlinear
coupling between the cavity modes so that low noise operation becomes possible.
However, long-term stability remains to be a problem. The tiansition from stable to
unstable operation is typically very sensitive to small thermal or mechanical
perturbations, and in many cases, a laser that is operating in a stable region will not restart
in a stable regime when the pump diode laser is switched off for a few seconds. The
sporadic nature of this low-noise regime o f operation also makes it difficult to

Chapter 4:

1-W Single-Frequency Green Laser

116

unambiguously identify systems with good long-term stability. Many designs that can be
forced into a stable region with a particular set of components will not work well with a
different set of components, nor will they withstand the more rigorous regime of thermal
cycling and repetitive use.
The difficulty of long-term stable operation is two-fold. Firstly, the doubling
efficiency is extremely sensitive to the finesse of the laser cavity. So any loss induced by
small perturbations of the intracavity components may cause dramatic reduction in the
SHG output. Secondly, most of the stabilisation teclmiques are related to the polarisation
modification of the laser modes in the doubling (KTP) crystal. However, in KTP the
birefringence is temperature sensitive, and the absorption and scattering loss is dependent
on both infrared and SHG intensities. So small peiturbation in the KTP ciystal may either
disturb the stable performance or in turn reduce the doubling efficiency. It has been
observed in our experiments that intracavity-doubled lasers exhibit power drifting, mode
hop, and un-repeatable operation although short-term stable operation has been obtained
and maintained.
Achieving an efficient intracavity doubling laser that can maintain long-term
stability requires simultaneous control o f a large number o f pai ameters. It is desirable for
the laser to suppress oscillation o f more than one mode in the cavity and a low loss
frequency-selection technique is required. Since it is critical in most cases that biréfringent
elements perform as a quarter-, half-, or full-wave plate, precise temperature control of
polarisation retaliation elements such KTP is needed. Finally, intracavity doubled lasers
tend to operate in multiple transverse modes. Thus, good transverse mode control is
essential to avoid oscillations involving different transverse modes. Nonetheless, it has
been demonstrated that if enough constraints aie placed on the cavity without introducing
appreciable losses to the system, stable and efficient operation o f the intracavity
frequency-doubled laser is possible.

Chapter 4:

1-W Single-Frequency Green Laser

4,5

Single-Longitudinal-Mode Operation

A,

SLM Operation by Using a Biréfringent Filter and an Etalon

117

The folded-cavity diode-pumped NdrYLF laser configuration had been described in § 3.6.
When frequency-doubling the laser, we inserted the doubling crystal, the Brewster plate
and an additional étalon inside the cavity. The folding mirror M l in the fig. 3.6.1 was
replaced by a high pass (HR coated @ 1047 nm; AR coated @ 523.5 nm) filter with the
same curvature, and the end-mirror M2 was replaced by a diclmoic plane mirror which
was HR coated at both 1047 nm and 523.5 nm wavelengths. The doubling crystal was a 3
X 3 X 6 mm a-cut KTP ciystal (detailed description in § 4.2). The Brewster plate and the
étalon used in the experiment were two identical 2-inm uncoated fused silica plates which
had a transmission band of 50 GHz. Appendix I shows a picture and the 3-D
configui'ation of this doubled Nd:YLF laser.
From theoretical analyses, the intracavity biréfringent filter formed by the
Brewster plate and bheffingent KTP provides significant loss on the adjacent spatial hole
burning modes. Thus, the threshold for multimode operation is much higher than that for
single-mode operation. In addition, the energy difffision in tlie spatial hole burning gain
medium and the anisotropic emission cross-section of NdrYLF are also responsible for the
high multimode operation threshold. For this reason, we aie able to achieve as high as 1 W
single-frequency SHG output from this device. However, by increasing the pump power,
the multimode operation tlneshold may be exceeded allowing multimode oscillation. The
biréfringent filter is no longer sufficient to maintain SLM operation, and additional mode
control elements such as an étalon is required.
In our experiments, the output spectrum of the frequency-doubled laser was
examined by using scanning plane-parallel Fabry-Perot interferometers and a scarming
confocal green interferometer. Detailed spectral characteristics were also analysed by a
spectral analyser. Fig. 4.5.1 shows the typical spectral traces of the laser with varying
degrees of longitudinal mode selection. At 10-W diode pump, the standing-wave NdtYLF
laser exhibits 4 spatial hole burning modes at a regular- spacing of 25 GHz, as shown in fig.
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4.5.1 (a). This is a direct consequence of the strong spatial hole burning effect o f placing
Nd:YLF gain medium at the end of the cavity. After inserting the biréfringent filter into
the cavity, tlie number of oscillating longitudinal modes is reduced. Due to the high pump
power multiple adjacent spatial hole burning longitudinal modes still oscillate in the
cavity, as seen in fig. 4.5,1. (b). Finally, an uncoated étalon was inserted into the cavity to
eliminate adjacent modes and allow only one single longitudinal mode to oscillate. Fig.
4.5.1. (c) shows the single-frequency spectral trace of the 1 W intracavity-doubled green
laser output.

Drive voltage for PZT

25GHz

Specti'al characteristics o f 1-W
intracavity frequency-doubled
N d ;Y L F la s e r . T r a c e s o f
s p e c tr a l o u tp u t o f th e
fundamental-wave from a 150
G H z FSR sc a n n in g
p lan e-p arallel Fabry-Perot
interferometer for 1047 fim.

(a)

(a ), s p a tia l h o le b u r n in g
m odes o f the fundam ental
output;

(b)

150GHz

FSJl.

(c)

Fig. 4.5.1.

(b). the stable fundam ental
spectral output o f the laser,
w hen u sin g the co m p o site
intracavity biréfringent filter
at 10-W diode pump;
(c). stable sin g le frequency
SHG output, w hen using the
biréfringent filter and a 2-mm
uncoated étalon.

The output spectrum of the second harmonic output has also been examined at different
stages. Stable SHG single-ftequency traces has been observed from the confocal green
interferometer corresponding to the fundamental single frequency trace. In the case of
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stable two or three longitudinal mode operation, the SHG components o f each
fundamental mode have been observed. The appearance of the additional components in
the green spectrum is believed to be due to SFG of the fimdamental modes.
Before the pump power exceeds the multimode oscillation threshold, the
biréfringent filter can efficiently control the single-frequency operation. It has been
observed in the experiment that stable single-frequency operation can be obtained without
an étalon for diode pump powers lower than 5 W. In fact, at lasing threshold a few
milliwatts of single-ffequency SHG have been produced even without the insertion o f the
Brewster plate. This is due to the fact that the anisotropic property of the NdiYLF
material gives different optical gain to those modes with different polarisations while the
biréfringent crystal separates those oscillating modes with different polarisations. The
attainment of SLM operation by using the combination of the biréfringent crystal and the
anisotropic gain medium has been observed in the Nd:YV0 4 laser [22] where 16 mW of
single-frequency gi'een light has been obtained.
B.

Reliability o f SLM Performance
Stable single-frequency operation can be abruptly terminated by either some

perturbation of the laser cavity or through a change in the KTP temperature. Sudden
shock or strong vibration applied to the optical bench would switch the laser from stable
SLM operation to mode characterised by chaotic intensity fluctuations. However, such
process can be reversed by another shock or vibration. The mechanical instability o f the
cavity can also induce stable two adjacent mode oscillation or adjacent mode hopping. The
stable operation is critically related to the angular alignment and positions of miiTors M l,
M2 and the KTP crystal. On the other hand, stable single-mode operation is not affected
by a change in the cavity length. In fact, the single-frequency green light can be
continuously timed over 9 GHz by shifting the cavity length as far as ~ 5 jim. Beyond
this length, a mode hop occurs resulting in the laser frequency returning to the starting
point. It is believed that the bistability of single-mode operation due to the perturbation
of the cavity is subject to the mechanical instability which induces the cavity mode change
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in Eq. (4.15) is dependent on both L^^jp

and A., any perturbation of the cavity mode would result in a large discrete phase shift in
(5,-, which may cause mode-hops or unstable performance. The drift of KTP temperature
can also induce unstable operation and mode hops. In the experiment, it has been observed
that unstable operation occurs for a KTP temperature change of a 0.5 °C. However, by
improving the cavity and the temperature stability, over 2 hours of continuous SLM
operation has been demonstrated.
When the single-frequency SHG output is coupled into an external cavity, the
feedback signal can also disturb the stable SLM operation. The feedback problem is
especially serious when the SHG output is well mode-matched into a confocal external
cavity. This is because the down-conversion process caused by the reflected green light
can induce additional oscillations in the laser cavity. However, in practice such feedback
signals can be suppressed by using an optical isolator located between the two optical
resonators.

4.6

Output Power Characteristics and Spatial M ode Quality

A.

1 W Continuous-Wave Single-Frequency Intracavity SHG

Wlien the KTP ciystal, the Brewster plate and the 2-mm uncoated étalon are inserted into
the cavity, stable single-frequency green light can be generated. The mirror M2 in fig. 3.6.1
is highly reflective at both the fundamental and the second-harmonic wavelengths so that
the green beams generated in each direction are combined into one output which emerges
from mirror ML Since tlie output is diverging as it leaves the cavity, a 15-cm focal-Iength
lens was placed near the mirror M l, yielding a collimated beam. Fig. 4.6.1 shows the
single-frequency SHG output power and the total available fundamental power as a
function of laser-diode pump power. 1 W of single-frequency TEMqo output at 523.5 nm
has been obtained for ~ 10 W of piunp power, resulting in a diode laser output to green
output conversion efficiency of 10%. Electrical-to-optical conversion efficiency, which
includes the diode laser efficiency and the coupling efficiencies, was 2.5%. At 10 W diode
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pump, the green output power begins to saturate. This is due to the increased thermal
lensing in the Nd:YLF crystal at high pump powers which moves the cavity out o f the
stability range. In the course of measuring the green power at different pump power
levels, the cavity was optimised to adapt the Nd:YLF thermal lensing so as to extract the
maximum green power in a single transverse mode. The procedure of optimisation o f the
laser cavity was simply to translate the end mirror M2 (and KTP, if necessary) back- and
forth along the cavity in a range of 5 mm. Such movement can reduce the influence of the
Nd;YLF thermal lensing which shifts the cavity stability range and changes the resonator
mode cross-section. If the cavity is maintained at the optimum configuration for 10 W
pump, the laser oscillation threshold is much higher than the value in the figure. The
conversion efficiency from the fundamental wave to the single-ffequency green light was
around 40-50%. This is largely limited by the additional intracavity linear losses
introduced by the insertion of intiacavity doubling and mode selection elements. The non
optimised nonlinear coupling paiameter is another factor responsible for the measured
value of conversion efficiency. Note that the frindamental-to-green conversion efficiency
at 5 W diode-pump is higher than that at 10 W pump. This is believed to be due to the
absoiption loss in the KTP crystal which dramatically increases with the intensities of
both fundamental and SHG inside the KTP crystal.
2.5
fundamental output
SHG output

I
I
°

0.5

2

4

6
Pump Power (W)

8

10

Fig. 4.6.1. Total fundamental power and intracavity single-ftequency SHG output
power as a function o f diode-pump power.
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Although the maximum extracted SHG power is limited by the linear internal loss
and the nonlinear coupling parameter, other cavity elements or parameters also impose a
strong influence on the SHG power. At a certain intracavity loss values, the extracted
SHG power is very sensitive to the alignment with respect to the phase-matching
direction and the cavity mode size in the KTP crystal. Slightly tilting the KTP angle off
the phase-matching direction or translating the KTP away from the cavity mode waist
may greatly reduce the SHG power. This can be considered as further decreasing the
nonlinear coupling parameter which in turn reduces the conversion efficiency. Large
temperature drifts (> 0.5°C) in the KTP crystal may also decrease the SHG power. This
was usually accompanied with mode hopping or frequency timing process but could be
reversed by slightly tilting the crystal. The output power was typically reduced by 1015% with the insertion of the uncoated étalon. This was attributed to the large étalon tilt
angle and the associated insertion loss. Thermal distortions in the Nd:YLF crystal were
relatively stable in the CW laser which allows a stable cavity mode inside the doubling
crystal. However, any large change in the pump power or pump distribution required
readjustment of the cavity, otherwise a power decrease or unstable operation may result.
The destructive interference effects which may occur due to the two overlapped SHG
outputs have not been observed. This is because the separation between mirror M2 and
the KTP crystal is only millimetres and the travel range of M2 is also limited by a few
millimetres, hence the the dispersion of the air path is not significant. As a reference, the
1047-523.5 nm dispersion of air is 3.6 x 10"^ which is approximately 29.0 °C/cm.
The intracavity-doubled laser tends to operate in multiple transverse modes. If
any of the intracavity components have appreciable scattering or distortion it will not be
possible to achieve single transverse mode operation. When the laser operates at the edge
of its cavity stability range, it is also likely to oscillate in multiple transverse modes.
Generally 20% higher output power and chaotic intensity fluctuations are associated with
the multiple transverse mode operation. In the folded-cavity laser an intracavity aperture
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is not generally required as long as the cavity is adjusted near the centre of the cavity
stability range for TEMqo operation.
B,

Low Intensity Noise Operation
Without the Brewster plate, the green output from the laser tends to exhibit large

amplitude noise. Typically the output is composed of a series o f apparently random
spikes superimposed upon a DC background. The inteiwal between neighbouring spikes is
a few tens of microseconds. When the biréfringent filter and étalon are used in the cavity
to suppress multimode operation, a remarkable noise reduction in the output intensity is
achieved.
In our experiment, the laser output was monitored with a photodiode which
integrated the intensity noise over a certain frequency range. Without any noise reduction
system the rms noise of the green laser was less than 1% over the frequency range 10 Hz
to 1 MHz. The intensity fluctuations recorded over different time-scales for the single
mode green laser aie shown in fig. 4.6.2. (a), (b), (c). The laser output recorded over a few
minutes time-scale is illustrated in fig. 4.6.2. (a), where a few lai-ge random spikes due to
the environmental noise are clearly evident. However, in the total observed time o f 7.5
minutes, the output intensity was stable to within 1% o f the average output power.
Mains noise at 100 Hz originating from the power supply, enviromnental noise and the
detector exhibits a strong modulation on the output intensity. However, such modulation
is still below 1% rms, as shown in fig. 4.6.2. (b). All solid-state lasers exhibit a behaviour
known as relaxation oscillations which produces intensity noise in the tens to hundreds of
kilohertz range. The frequency of the relaxation oscillations depends on several factors
such as the upper state lifetime of the laser material, output coupler transmission, and
cavity length. Fig. 4.6.2. (c) shows typical relaxation oscillations of ~ 300 kHz from the
green laser. The spectral distribution of the noise was also analysed using an RF spectrum
analyser. Thus it was flirther confirmed that the main source of intensity noise was at the
mains frequency and the relaxation oscillation frequency. Low intensity noise is exhibited
with the single-ffequency operation.
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Fig. 4.6.2. Typical intensity fluctuations o f the SHG output o f the Nd:YLF laser
recorded over three diferent time scales: (a) 50 sec/div; (b) 10 msec/div; (c) 20 psec/div.

C.

Long-Term Stability o f Output Intensity
The frequency-doubled Nd:YLF laser suffers from a long-term power drifting

problem. It has been observed that the SHG output slowly drifts down to approximately
1/2 - 2/3 of the initial optimised value over 1-2 hours. Short periods of mode hopping and
unstable operation are also normally associated with this process. However, the reduction
can be reversed to the optimised level by slightly tilting the angle of the KTP crystal, the
étalon, or mirrors Ml and M2. This behaviour was first believed to be due to fluctuations
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of the KTP crystal température. Since the KTP crystal temperature was oven controlled
at 80 °C, the output power could be stabilised to within 2% of the average power level for
periods of a few hours without any mode hopping. However, this technique was only
relevant in the lower power regime (< 500 mW). When the operating power is above 500
niW, the output power drift persisted and was independent of any control o f the KTP
crystal temperature. Another characteristic of the power drifting was that the SHG
output only drifted downwards rather than upwards. After the investigation of the greytrack in the nonlinear crystal, such power drift is believed to be associated with the
photochchemical degradation effect in the KTP ciystal.
The output power relative to the KTP crystal temperature was investigated in the
following experiment. While the temperature o f KTP ciystal was continuously tuned
from 20 °C to 55 °C, the output power was monitored with a power detector. Fig. 4.6.3
illustrates the resultant behaviour of the laser output. The solid line in the ftguie shows
the SHG output as a function of the KTP crystal temperature when étalon was used
inside the cavity; whereas the enveloped dashed line represents the output power change
without the intracavity étalon. From fig. 4.6.3, it can be seen that there is a major powertemperatme cycle o f - 15 °C as well as a minor cycle o f - 2 °C.

I

I
I
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65

Temperature (oC)
Fig. 4.6.3. Intracavity-doubled SHG output power as a function o f KTP ciystal temperature.
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Based on the Jones-Vector analysis of the laser cavity in § 4.2, this power cycling
behaviour can be understood in terms of the variation of the cavity mode polarisation
which is critically dependent on the vaiiation o f the birefringence of the KTP ciystal.
From Eq. (4.15) 5^ = 4;r • An *

A., there aie hundreds of wave path difference

between the extiaordinary and ordinary component. Thus any small perturbation o f the
crystal temperature that produces a small variation of An and L^p subsequently causes a
large change in <5,. As the KTP crystal temperature increases or decreases, the KTP
crystal may not be equivalent to a full-wave plate required for the single oscillation cavity
mode. Then the resultant polarisation loss imposed by the Brewster plate results in a
decrease of the output power. The KTP crystal may also gradually become a full-wave
plate for another potential cavity mode. Consequently, this new cavity mode will obtain
enough gain to oscillate instead of the original mode. In the fig. 4.6.3, the minor powertemperatui e cycle is believed to correspond to the rotation o f the spatial hole burning
modes as the KTP crystal becomes a frill-wave plate for each o f these mode in turn; while
the major power cycle is believed to correspond to an extra frill-wave rotation for all these
modes. Note that a sti'ong modulation was observed when the intracavity étalon was
employed. This can be explained as the elimination of two mode simultaneous oscillation
when none of these are under the étalon transmission maxima. The estimated value based
on the above interpretation was found to be in good agreement with the experimental
results.
The intracavity-doubled Nd:YLF laser is a polarisation sensitive device, and any
perturbation of the intracavity birefringence or frequency drifting can cause a dramatic
output power change. However, the long-term power drift exhibited by the laser is
believed to be due to the absorption of the fundamental and the SHG light in the KTP
crystal. As discussed in § 4.2, while the nonlinear interaction proceeds, a fraction o f the
radiation is absorbed, and thermal gradients are established. Thus, the spatial variation of
the refractive indices slightly changes the birefringence property of the KTP crystal which
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may cause the SHG power to slowly drift. On the other hand, with exposure to a
combination of the high intensity second-harmonic and fundamental radiation,
photochemical degradation (grey tracking) may be gradually formed in the KTP crystal
and this can permanently degrade the ideal birefringence property and phase-matching
condition. Using high quality crystals and operating the KTP crystal at high temperatures
can help the laser to overcome the power drifting. However, an effective solution to
control the birefringence in the cavity needs to be exploited.
D.

Spatial Mode Quality o f the Laser Output
The transverse mode properties of the second harmonic output have been

examined. The beam profile is measured by a 25 )im scanning pinhole. The far-field
intensity distributions is found to be very close to a Gaussian. Measurements have also
been performed on the divergence properties of the SHG output, which yields an
chapter 3 references [20] [21] for

(see

defmation) value of 1.1 (± 0.8%). Fig. 4.6.4 shows

the image of the output beam profile recorded on a CCD camera. The SHG output has a
large beam divergence, which was measured to be ~ 14 mrad half angle. At 10 W pump the
beam diameter at output mirror is 350 |im (l/e^). Slight ellipticity in the cross section is
also typical of the laser output. Since the output exhibits a large divergence, a 15-cm focal
length lens was placed 10 cm away from the output coupler to collimate the beam.

Fig. 4.6.4.

The SHG TEM qq beam profile ofNd:YLF laser, (image from CCD camera)

The divergence of the output was found to be dependent on the diode pump
power. The divergence showed a slight decrease with the increase in diode pump power
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due to the influence of the thermal lensing effect in the Nd:YLF crystal where the strong
thermal lens enlarges the cavity mode waist in the KTP crystal and reduces the cavity
mode divergence. The transverse mode parameters also depend on the cavity configuration
parameters. Changing the cavity length or folding angle can slightly change the output
beam divergence and ellipticity. The measured spatial mode parameters were obtained
using the configuration described in § 3.6 with a 43 cm cavity length and a 38° folding
angle.

4.7

Spectral Characteristics and Frequency Tnnability

A.

Frequency Stability and Linewidth

The SHG output spectrum of the frequency-doubled Nd:YLF laser has been examined by
using a confocal green interferometer with free spectral range o f 2 GHz and a radio
frequency spectrum analyser (Hewlett-Packard HP8566B), Fig. 4.7.1 shows the single
frequency trace of the 1 W green output obtained from the scanning confocal
interferometer. Due to the fact that diode pumping eliminates the pump induced
instabilities present in flashlamp-pumped lasers and that the use o f biréfringent filter and
étalon suppresses the multiple longitudinal operation, the green output exhibits narrow
linewidth as well as a relatively liigh frequency stability.
------- D.

-------- 100 MHz

A

/

/
/

F ig. 4.7.1. Single longitudinal mode trace o f the SHG output obtained from a scanning
confocal optical interferometer with F.S.R. o f 2 GHz.
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Frequency stability refers to the jitter or drift depending on the measurement
period used. Two principal effects come into play on different time scales. Frequency
jitter is substantially affected by amplitude noise of the laser diode pump source and
fluctuations of the optical cavity length. To reduce such frequency noise, the diode laser
po\yer supply is designed to minimise current fluctuations to less than 20 mW rms which
translates directly into reduced frequency jitter. In addition, all the cavity components
were bonded to a single aluminium block to reduce the mechanical vibrations and the
influence of acoustic noise. Frequency drift results from changes in the KTP crystal
temperature. To minimise the drift and maintain a good long-term frequency stability,
accurate temperature control is crucial. In oui’ experiment, the KTP crystal temperature
was stabilised to within 0.1

by a crystal oven and temperature controller. With the

stabilisation of the KTP crystal temperatuie and the reduction of environmental noise, the
short term frequency jitter of the laser has observed to be less than 20 MHz and the long
term frequency drift is observed to be less tlian 5 GHz over the period of one hour. These
frequency stability results were obtained from the scanning confocal green interferometer,
so the noise of the interferometer and the ramp signal supply were also included.
The intracavity-doubled Nd:YLF laser produces single-ffequency output that is
relatively stable both in frequency and intensity. The output has an intrinsic linewidth
that is much narrower than that o f lamp-pumped lasers. A radio-frequency spectrum
analyser trace of the heterodyne signal from two green lasers is shown in Fig. 4.7.2. In this
experiment, the heterodyne signal was obtained by mixing the output beam of two
independent single-frequency intracavity doubled green lasers on a fast photo detector.
The signal from the photodiode contains the difference frequency between the laser
outputs which can be displayed on a spectmm analyser. The detected phase noise o f the
two lasers is a measure of the linewidth over a short time period. From the figure, we can
conclude that each green laser has a linewidth of less than 10 kHz over the a 10 ms
spectrum analyser sweep time. Frequency jitter and drift in the beat signal preclude
meaningful measurements for the sweep times required to give a resolution of better than
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10 kHz. However, in order to achieve a beat signal, the two lasers must be tuned close
enough together in frequency and the frequency jitter of the each laser must be kept small.
The photo detector used in the experiment was a BPW28 silicon avalanche photodiode
with a frequency bandwidth of 3 GHz. The radio-frequency analyser was a HewlettPackard HP8566B spectrum analyser. Wlienever the beat signal was tuned within this
range, the beat note could be recorded.

>

8

o

CO

Beat note Frequency (50 Kliz/div)

Fig. 4.7.2. Typical spectrum for the beat note o f two green lasers, indicating the narrow
linewidth o f the green output. The center frequency is 360.85 MHz. The SHG linewidth is less
than 10 kHz which is limited by the resolution o f the photodetector and spectrum analyzer.

B.

Frequency Tnnability
Two types of frequency tunability are available with the green laser. Firstly broad

tuning could be accomplished by changing the temperature o f the KTP crystal or tilting
the étalon. Alternatively, continuous fast tunmg could be achieved by using a piezoelectric
transducer bonded to the end cavity minor. As discussed in § 4.6, by changing the KTP
temperature, different spatial hole burning modes can be made to oscillate in the cavity. A
tuning range as wide as 150 GHz with 12 GHz/^^C tuning rate is possible. However, due
to significant power changes and discontinuous mode hops, unstable operation is
accompanied with this tuning process. Therefore, such a tuning technique is not utilised.
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For continuous tuning, a long travel range piezoelectric transducer was bonded to
the end cavity mirror wliich allowed the cavity length variation consistent with 12 free
spectral ranges, which was 6 |xm. When a voltage was applied to the piezoelectric
element, a small cavity mirror translation was introduced. This resulted in tuning of the
output frequency of the laser. The tuning range was measured to be about 4.5 GHz for the
fundamental-frequency and 9 GHz for the SHG which was equivalent to a 725 MHz/jiim
cavity tuning rate (or 112.5 MHz/V voltage timing rate). Stable single frequency operation
was reliably maintained over the whole frequency tuning range. However, further tuning
of the cavity length would induce a discontinuous mode hop which would result in
oscillation at the original frequency. In chapter 5, tliis continuous single-frequency tuning
technique will be utilised in a CW OPO device where 4.5 GHz continuous tuning o f the
signal and the idler output was obtained.

4.8

Summary and Conclusion

1 W single-frequency continuous-wave radiation at 523.5 nm has been generated from an
intracavity-doubled diode-pumped Nd:YLF laser. In our laser tlie green noise problem has
been successfully suppressed and the output has exhibited high stability both in
frequency and intensity. 10 % diode-to-green conversion efficiency has been
demonstrated owing mainly to the folded-cavity design and low internal loss. In this
chapter, the operating characteristics of the laser have been investigated in detail, and table
4.1 summarises some of the laser parameters and operating characteristics which were
typically measured in the experiment.
Theoretical analysis and discussion of efficient intiacavity frequency doubling, the
green noise problem, and conditions for acliieving stable intracavity SFIG has also been
caiiied out. In addition, we have investigated the influence of the biréfringent filter on the
single longitudinal mode operation by examining the cavity mode polarisation
chai'acteristics. These analyses and theoretical expectations have been lai*gely confirmed
by the experimental results.
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In the frequency-doubled laser, the intracavity biréfringent filter which consists of
the KTP crystal and Brewster plate plays an important role. It not only makes the single
frequency operation possible but serves to minimise the intracavity loss, and provides a
base for frequency tuning. On the other hand, the temperature sensitivity and absoi-ption
loss of the KTP crystal degrade the laser performance, resulting in a SHG output power
drift, multimode oscillation or even unstable operation. However, through careful control
o f the KTP crystal temperature and the laser cavity adjustment, long-term stable
operation was possible. The biréfringent filter technique needs to be exploited in future
work. It is suggested that by using of high quality KTP crystals with accurate
temperature control or electro-optic control in conjunction with multiple Brewster plates,
the biréfr ingent filter teclinique may be further enhanced resulting in the long-term stable
operation.

Table 4.1

Summary of the optical parameters and operating characteristics
o f the doubled NdrYLF laser for the second harmonic and the fundamental-wave

Wavelength

523.5 nm

1047 nm

CW Power

1W

2.5 W

Spatial Mode

TEMoo

TEMoo

m2

1.1 ± 0.8%

1.12 ± 0.8%

Longitudinal Mode

Single-Frequency

Multimode

Amplitude N oise (10 Hz - MHz)

< 1% nns

NA

Stability o f Output Power

< 2% / 2 hrs

NA

Linewidth

10 kHz/msec

NA

Jitter

< 20 MHz / sec

NA

Drift

~ 5 GHz/hr

NA

Continuous Tuning Range

9 GHz

Polarisation, ratio

linear, 1 0 0 / 1

linear, 1 0 0 / 1

Waist, from output m inor

5.5 cm, inside laser

5.5 cm inside laser

Ellipticity

1 : 1.1

NA
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Diameter, at output mirror, (I/e^)

700 fim

NA

Divergence, full angle

- 28 mrad

NA

Pump Power

10 W

10 W
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S ia p te ir

TUNABLE CW SINGLE-CAVITY
OPTICAL PARAMETRIC OSCILLATOR
5.1

Introduction

Doubly resonant optical parametric oscillators (DROs) are the type of OPO that can be
routinely operated above the CW threshold and have great potential for generating
narrow-linewidth coherent radiation. Theoretical study [1] of the quantum fluctuations of
DRO shows that such devices could reproduce the statistical properties of the pump light
with little additional noise. In the quantum-mechanical analysis, the diffusion of the sum
of the signal and the idler wave phases follows the phase diffusion of the pump wave, and
the phase difference of the two waves undergoes additional phase diffusion. Therefore,
the linewidth of the signal and idler wave have two noise sources: the fluctuation of the
input pump and the diffusion o f the phase difference. Typically, the phase difference
diffusion linewidth is in the millihertz range and the OPO output linewidth are essentially
limited by the pump laser. The recent coherence measurements of the output of a
monolithic CW DRO [2] have confimied such unique coherence properties.
The double-resonance condition, in tenus of energy conservation, phase matching,
and simultaneous resonance of signal and idler waves [3], offers the advantage of a lower

threshold for parametric oscillation than in single resonance and provides additional
frequency selection in OPO operation. However, this overconstrained condition also
brings a considerable increase in the complexity of tuning, with more restrictive tolerances

on pump stability and cavity stability. As a result, continuous frequency tuning is
difficult in DROs, which typically tune with axial mode hops over a free spectral range
and cluster jumps over a number o f axial modes. The complications in the frequency-

tuning characteristics of these devices have been studied by Eckardt et a i [4] in type-I
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[5],

and Lee and Wong

[6]

in type-II

phase-matching case. Although double-resonance condition exists in groups of resonant
cavity lengths where different modes of clusters may be partially overlapped, continuous
frequency tuning is in theory possible through the simultaneous adjustment of two or
three parameters, while maintaining the single-mode-pair oscillation condition.
By utilising the stability of monolithic devices, Nabors et a/.

[7]

have demonstrated

single-mode-pair operation of a type-I LiNbO] DRO. With the DRO servo locked to a
particular axial mode-pair, the DRO signal frequency could track laser frequency tuning
by as much as 90 MHz. Coarse tuning of the output wavelengths was accomplished by
adjusting the ciystal temperature and fine control of applied electric field. Lee and Wong
[6] have systematically tuned a type-II KTP DRO over a range of ~ 3 THz through
crystal angle tuning and cavity-length scanning. They achieved continuous tuning over the
0.5-GHz range through the use of temperature and electro-optic tuning of the KTP
crystal. However, in general, for a fixed pump frequency, and by simply changing the
common cavity length, a single-cavity could not be used to continuously tune the output
while maintaining both the signal and idler fields on resonance. To achieve significant
degrees of continuous tuning with a fixed frequency pump source, it is essential to have
independent control of the signal and idler cavity lengths. Recently, Colville et al. [8]
investigated, both theoretically and experimentally, the frequency-tuning and control of a
dual-cavity device in which independent control of signal and idler cavity lengths became
possible. Such a novel configuration greatly extended the range of continuous tuning and
could overcome the continuous tuning difficulty. But dual-cavity configuration also
brought about the complexity o f alignment and difficulty of operating low-1 oss
beamsplitter in potentially widely tunable type-I DROs. Independently tuning the pump
frequency while seiwo locking the DRO cavity on single-mode resonant was a promising
approach for continuously tuning DRO’s. This method relaxed the critical conditions of
multiple parameter tuning and opened up the possibility for extensive smooth frequency
tuning of the OPO outputs.
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The stability requirements on the pump frequency and DRO cavity length for the
stable single-mode-pair operation may well be different in the cases of type-I and type-II
phase-matching configuration near frequency degeneracy or away from degeneracy. The
most important parameter is the mismatch in the free spectral ranges of the signal and
idler cavity, regardless of the phase-matching geometry. The orthogonal signal and idler
polarisation of type-II phase-matching offers significant advantages over type-I geometry
with respect of the stability requirements and continuous tuning. Computer modelling of
two typical type-I and type-II DROs [9] for single-mode-pair oscillation shows that the
required pump stability is in the range of ~ 10 MHz for type-II and of ~ 0.1 MHz for
type-I phase-matching and the required cavity stability is - 1 nm for type-II and -0 .1 nm
for type-I phase-matching. Although stable operation o f type-I DROs has been
demonstrated, the stability requirement for such operation can only be provided in
monolithic devices, and continuous tunability of such devices is limited. Compared to
type-I, type-II geometry has more stability tolerance for single-mode operation. Thus,
the stability of conventional DPSSL-pumped single-cavity DRO is well enough for single
mode operation. In addition, by means of pump frequency tuning and DRO cavity
locking on resonance, a relatively wide range of continuous frequency tunability can be
achieved in type-II geometry.
In this chapter, we use frequency-doubled diode-pumped Nd:YLF laser as the
pump source, and LBO and KTP as nonlinear media to demonstrate single-cavity DROs.
By way of theoretical analysis and demonstration of experimental results, we contrast the
influence of type-I and type-II phase matching on tuning behaviour and stability
requirements of DROs. Specifically for near-degenerate operation, we illustrate the
advantage of type-II compared with type-I phase matching in obtaining single-mode-pair
output. Based on the type-II phase-matched DRO, by means of pump frequency tuning
while servo controlling the cavity length to maintain the single-mode-pair oscillation
condition, we have achieved 4.5 GHz continuous tuning in a low-threshold DRO.
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Siîîgîe-Mode-Pair Oscillation Conditions and Timing C haracter
istics of Doubly Resonant OPO

A.

Simultaneously Oscillating Conditions in DRO

Because of the weakness of three-wave parametric coupling, it is usually necessary to use
a doubly or even triply resonant optical cavity to obtain a threshold that is low enough to
be achieved with available CW pump lasers. To continuously operate a DRO, four
conditions must be satisfied simultaneously and constantly; energy-conservation, phasematching, and cavity resonance for signal and idler frequencies. The energy-conservation
condition of OPO can be expressed as

Vp = n + v,

(5.1)

where an input pump wave at frequency
called the signal

can provide gain at two lower frequencies,

and the idler v,-. The parametric interaction is phase-dependent, and

proper phasing is required for energy to flow from the pump field to the signal and idler
fields. The ratio of v, and v,- is determined by the phase matching within the crystal
which is essentially the conservation of momentum. Phase matching is described by the
wave-vector mismatch which, in the case o f perfect collinear phase matching, can be
expressed by the scalar relationship

Ak = kp - k, - /q =

2 JT

~ n, v, - n, v,) = 0

(5.2)

where /c^, k„ and k; are the respective wave-vector magnitude of the pump, the signal,
and the idler waves, with corresponding indices of refraction given by n^, n^, and M,-, and
c is the velocity of light. Generally, useful parametric gain exists in the range of signal and
idler frequencies for which |Ak|< n/l , where I is the length (mode overlap length in the
material when large walk-off is exhibited) of the nonlinear material. Phase matching is
usually achieved by exploiting the birefringence and dispersion properties of anisotropic
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crystals. The birefringence of nonlinear crystal can be tuned by applying a stress or
voltage, varying the temperature, or varying the angle of propagation. Accordingly, a set
of Vj V,-, & Vp satisfied in Eq. (5.2) correspond to the coarse frequency tuning of OPOs.
Phase matching determines the spectral width of the parametric gain, and it is the major
factor in detennining broad tuning properties of an OPO. Cavity resonance have the major
effect on details of frequency tuning.
In DRO cavity, feedback is provided at both signal and idler fields. We denote the
signal (idler) empty cavity-length by

and the length of the OPO crystal by /. The

resonance condition for the signal (idler) is.
y

where

= ___________

- 1)/]

is the longitudinal mode number of the signal (idler), and

(5 3j

is the refractive

index of the signal (idler) within the nonlinear material.
Fig. 5.2.1 schematically shows the four conditions that need to be satisfied for
signal-idler mode-pair to be resonant in DROs. The cavity modes are plotted as a function
of the respective frequencies and divided into possible signal resonant modes

and idler

resonant modes v,.. All vertical lines in the figure satisfy energy conservation condition
Eq. (5.1). The upper curve represents the parametric gain of OPO which is defined by the
phase matching condition Eq. (5.2) in nonlinear crystal. If a signal-idler resonance pair lies
on a vertical line, it satisfies the simultaneous resonance conditions. Thus, such mode is
most favourable for parametric oscillation.
As shown in the figure, when cavity length varies due to the tuning parameters
change, the position of the resonance will advance along the scales - one to the left and
another to the right - at slightly different rates because of dispersion. But the scale will
not change. When the pump frequency is changed, the frequencies of the cavity resonance
will not change, but one of the frequency scales will be displaced with respect to another,
and the respective resonance will also move with that scale. Two types of discontinuous
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frequency shift are indicated in Fig. 5.2.1 as a consequence of tuning parameter change
described above. One is an axial mode hop, and the other is a cluster jump. As the tuning
variable changes, better coincidence in satisfying Eqs. (5.1) (5.2) is attained on the
adjacent signal-idler mode-pair. Thus, resonant frequencies are favourable to hop to the
adjacent modes, to one higher in frequency and the other lower. This type of
discontinuous frequency change is referred to as a mode hop.

frequency mismatch
o f signal-idler
Av
mode pairs

parametric gain

axial
mode hop
cluster jump

F ig. 5 .2 .1 . Diagram that show s the relationship between the DRO signal and idler resonance
frequencies, the conser\'ation-of-energ>', and the phase-matcliing condition. The right end side line is
the Vp / 2 frequency scale. The possible idler resonances modes Vj are plotted on an ordinaiy linear
scale, with frequency increasing from left to right. The possible signal resonance modes v^are on tlie
same reversed linear scale, therefore, frequency increases from right to left. A signal-idler mode-pair
with both resonances centered on the same vertical line is in coincidence, satisfying conservation o f
energy. If it is also in the phase-matching region, such mode pair is most favorable for parametric
oscillation. In general there w ill be som e frequency mismatch for each mode pair. The frequency
mismatch is tlie frequencj^ shift that is required in order for either signal or idler resonance to produce
coincidence. The difference o f free spectral ranges o f signal and idler cavity is exaggerated in this
schematic representation.

On the other hand, as the tuning variable changes, the phase matching condition of
oscillating mode also changes, and at some point it may be advantageous for the
oscillation to jump to the next cluster. When the tuning variable continuously changes, the
signal and the idler oscillation frequency progresses along one cluster curve in a series of
mode hops until another cluster curve more closely approaches phase matching. At that
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point, a large frequency change takes the oscillation to the next cluster. Thisisa cluster
jump.
B.

Mode Hop and Ouster Jump Conditions
From Eq. (5.3), a change in the length of the signal (idler) cavity of

the resonant frequency of the signal (idler) field to change by

causes

and such that,

(5.4)

In the cases of type-II phase-matching and non-degenerate type-I phase-matching, in
order to calculate numerical values for the tuning rates, dispersion terms are ignored and
Eq. (5.4) can be rewritten as

where FRSg^^ is the free spectral range of the signal (idler) cavity. As a tuning parameter,
such as the cavity length, is continuously adjusted, the mode coincidence can be produced
at some position, then simultaneous resonance of signal-idler mode pairs occurs.
However, in general, the coincidence is usually not perfect, and oscillation of signal-idler
mode pairs will be determined as a compromise between the optimum phase matching
condition and the requirement that the frequencies satisfy the conservation of energy.
Within the phase-matching bandwidth, there are often a number of potential mode-pairs
for the OPO to oscillate. So, comparatively, small changes in either the cavity mode
frequencies or the pump-frequency cause the OPO output to switch from one mode-pair
to another. Depending on the mismatch in the FSRs of the signal and idler cavity and their
cavity finesses, the new mode-pair is either adjacent to (a mode-hop) or separated by
many mode pair from (a cluster-hop) the original .
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The frequency mismatch Av of a signal-idler mode pair can be defined as the shift
required in either the signal or the idler frequency in order to bring the two resonance into
coincidence to satisfy Eq. (5.1). It is convenient to express the frequency mismatch as the
sum of two components:

Av = AVg + Av,.

(5.6)

Here Av^^.j is the frequency shift from the peak of the signal (idler) resonance to the
signal (idler) frequency that is most favourable for oscillation for that mode pair [satisfy
Eq. (5.1)]. As illustrated in Fig. 5.2.1, the directions of signal and idler scale are opposite.
The component of signal-idler mode pair mismatch Av^^,) can be corrected by the
resonant frequency change

respectively. Thus, we equate Av.^.^ to

in the Eq.

(5.5)

A V= A . + A V, = 2.(AL,v,FSR^+AL,v,FSRJ

Therefore, any frequency mismatch Av of signal-idler mode-pair can be compensated
simply by adjusting the tuning parameter e.g. cavity length or pump frequency.
The mismatch in the free spectral ranges of signal and idler cavity is defined as
AFSR, where

where Sn is the difference in the refractive indices of the signal and idler frequencies
within the nonlinear medium, such that Sn =
given by n = (M^

-M,|, n is the average refractive index

2 and L is the average (empty) optical cavity length. The mis

match of free spectral range AFSR dictates the level of cavity-length/pump-frequency
detuning, which is required to cause a hop to an adjacent mode-pair. Assuming that the
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original mode-pair is exactly on resonance, then by changing the frequency mismatch Av
of cavity modes by a total amount equal to the mismatch in the FSRs, a mod e-hop will
occur. Therefore, the condition for a mode-hop is given by

Av = AFSR.

(5.9)

For a single-cavity OPO within which the signal and idler fields are resonant in the same
cavity, the change in cavity length required to achieve a mode hop is

(510)

where

is the free-space pump wavelength. This expression is under the assumption

that the cavity length detuning and the FSRs of the signal and idler frequencies are
approximately equal; i.e. AL^ = AL, = AL and AFSR, =AFSR,- = AFSR. Substituting for
the refractive indices and cavity lengths, as given by Eq. (5.8), in Eq. (5.10), the mode hop
cavity detuning

can also be written as

.

(5.11)

In the case of degenerate type-I phase-matching, although the expressions for mode hop
of cavity length detuning are the same as (5.10) and (5.11), the mis-match of the free
spectral range is actually due to the dispersion of refractive index instead of birefringence.
The second parameter that affects the tuning behaviour of the OPO is the pump
frequency. The change in pump frequency required to cause a mode-hop is given by
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In addition to the mode-hop, the detuning required to produce a cluster jump is
also of interest. This is particularly the case if the OPO is operating with a relatively
small FSR/AFSR or high cavity finesse when a simultaneous resonance of a signal and
idler mode pair in the centre of phase-matching is not guaranteed. The number of modes
of signal and idler

N; ~

between clusters is given simply by

AFSR J nest - bigger - inlcgur

N =

AFSR

(5.13)

n e x t - s n w 11 e r- in teg er

where FSR is the average of signal and idler FSRs. It is obvious that from the main
cluster to the adjacent clusters we have N , - N- =1. Therefore, from Eqs. (5.10) and
(5.12) we can obtain the cavity length detuning

or pump frequency detuning

^^p-duster lhat is required to move from the centre of one cluster to the next, in respect of
standing in a fixed phase-matching bandwidth,

AL'duster
and

&

(5.14)

2

Av,p~ duster -F SR .

(5.15)

However, the important cluster jump parameter is the cavity length detuning
which enables the oscillating mode to jump into the adjacent cluster. It can be written as

AL:,jump

|N ,.F S R ,-N rF S R ,I
FSR

A.

(5.16)

Expression (5.16) can also be approximated in terms of the pump wavelength and the
integral number of AL,,^^,, i.e.
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(5.17)

Similarly, the pump frequency detuning for cluster jump is

A v,.,,„ „ „ = K .F S R ,-N ,,-F S R 4

(5.18)

Fig. 5.2.2 shows the mode-hop and cluster jump behaviour of signal modes via
cavity length detuning at a fixed phase-matching condition. In the figure, there are a
number of clusters existing in the phase-matching range and cavity length variation. As
cavity length detunes, the oscillation mode can progress along cluster curves with a series
of FSR discontinuous frequency change, or jump into adjacent cluster with N, times
FSRs discontinuous frequency change. It is also obvious that while the cavity length
sweeps, the oscillation mode is hopping away from the optimum phase-matching range
along its cluster curve, at the same time, the oscillating modes in the adjacent cluster is
brought into the optimum phase matching bandwidth. In practice, depending on the
phase-matching condition, resonator characteristics, material dispersion, and pump power
level, the mode-hop and the clustery ump behaviour via cavity length or pump frequency
detuning may well be different. Generally, in near degenerate type-I single-cavity DRO
the mismatch in the free spectral range of signal and idler cavity is only contributed by the
dispersion term in the nonlinear crystal. From Eq. (5,13), the large N, number forces the
frequencies of the adjacent cluster mode pair out of the phase-matching range. The very
small AFSR in type-I phase-matching makes the cavity extremely sensitive to mode
hops. Single-mode-pair operation is difficult since any fluctuation in the cavity length or
pump frequency can easily give rise to a discontinuous mode hop. In type-II single-cavity
geometry, even at degeneracy, the free spectral range mismatch term AFSR is relatively
large compared to that of type-I case. This is due to the birefringence of nonlinear ciystal.
Both mode hop and cluster jump are likely to happen when detuning the cavity length.
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The large AFSR widens the gap of

and thus relaxes the single-mode-pair operation

condition in such geometry.
Parametric
gain at signal
frequencies

N«FSR

Signal

frequency
(aibitray
scale)

I.'"'

------------------

' cluster lump

Al*

■ Cluster curv e

hop

- »

Al^

c=]

Signal mode

Cavit)' variation (arbitraly scale)
F ig. 5.2.2. Schematic representation o f mode hop and cluster jump behav iour via cavity
length detuning. The gray scale shows the parametric gain in the pltase matching bandwidth.
A s cavity length detunes, oscillation progresses along cluster curves in a way o f mode-hop.
C luster Jump occurs w hen better phase m atching ex ists on an adjacent cluster curve
corresponding a large discontinuous frequency change.

C

Stability Conditions
To evaluate the stability requirements on the pump frequency and the cavity

length, it is necessary to examine the range over which the available pump power is
sufficient to maintain oscillation on a single signal-idler mode-pair. The pump power
required to reach threshold depends on the degree to which the resonance conditions for
the signal and idler modes are satisfied. It has been derived in terms of classical
electromagnetic theory by Eckardt et al. in reference

[4],

The parametric threshold

for doubly-resonant OPO is

=

1+ f

+Av,)-F,F,

l,F,.FSR, + F,-FSR,.,

(S.I9)
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where F, and F. are the resonator finesses at signal and idler frequencies,

+ Av, is the

sum of signal and idler mode mismatches. Eq. (5.19) has three main terms. Term

7t^ „
F.F,

describes the reduction in threshold achieved by a doubly resonant OPO. This quantity is
equivalent to the multiplied cavity round trip losses of signal and idler a,.a, in Eq. (1.10).
Term “ l/sin c‘ (A/c • / / 2)” describes the increase in threshold due to non-perfect phase
matching in the nonlinear crystal. Term “ 1 +

2-(Av, + Av,)F,f,
F,-FSR, + F,.FSR, j

describes the

increase in threshold when the signal and idler frequencies do not exactly match the cavity
mode frequencies. It is obvious that in the case of perfect phase matching, A/c = 0, and no
frequency mismatch, Av = 0, Eq. (5.19) reduces to

which is the result

obtained directly from the case. As defined by Eq. (5.6), the degree of frequency
mismatch of a signal-idler mode pair can be measured as the shift in frequency that is
required of either the signal or the idler in order to bring the two resonance into
coincidence to satisfy Eq. (5.1). Approximate expressions can be obtained for the
maximum fluctuations in the cavity-length or pump-frequency which can be tolerated if
the output of the OPO is to be maintained on a single mode-pair. From Fig. 5.2.3, it can
be deduced that the allowed maximum detuning, Av, while maintaining operation on a
single mode-pair, is given by

AV = Av, 4- AV, <

FSR

FSR
^

(5.20)

where — - --^-is the half-width at half-maximum of the signal (idler) resonance. We
compare Eq. (5.20) to the expression from Eq. (5.19)

c c i+

2>(Av,+Av,-)F,F, ■

i,FrFSR, + F ,.F S R j'
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Eq. (5.20) is related to the second term in Eq. (5.21), and corresponds to the detuning in
pump frequency or cavity length that doubles the threshold of operation for the particular
mode pair. So, comparison can be drawn between various configurations. We take the
point where the threshold

doubles as an indication of the operation range, over

which the OPO operates on a single mode-pair. By substituting Eq. (5.7) for the change in
signal and idler frequencies, Eq. (5.20) becomes

-(A L,v,FSR ,+ AL,v,.FSR,.)
c

. FSR, , FSR,
2R
2F;

(5.22)

-F S R ,
FSR,

Idler cavity
modes
AFSR
FSR

2F,

Signal cavity
modes

V,

F ig. 5 .2 .3 . S ignal-idler resonance diagram, expanded in detail o f Fig. 5 .5.1, o f the
requirement for sim ultaneous resonance o f the signal and idler field within DRO. The
DRO oscillating frequencies divide the frequency mismatch A v into the components A Vg
and A Vj. FSR^^j/lF^g^ is the half width at half maximum o f the signal(idler) resonance.

For a single-cavity OPO within which the signal and idler fields are resonant in the
same cavity, the stability in cavity length required to maintain the output on a particular
mode-pair is

(5.23)

Chapter 5:

Tunable C\V Sîngte-Cavit\> OPO

149

Similarly, the pump frequency stability requirement to maintain the output on a
particular mode-pair within a single-cavity DRO is

(5.24)

When the difference in the FSRs of the signal and idler fields is small, for example,
in the case of type-I phase-matching near frequency-degeneracy, the cavity-1 ength and the
pump-frequency stability requirements [Eq. (5.10) to (5.12)] to prevent a mode-hop
become more stringent than the stability requirements to hold a mode-pair above
threshold [Eq. (5.23) and (5.24)]. As a result, under detuning of either the cavity-length or
the pump-frequency, the output of a type-I near-degenerate OPO will mode-hop between
different signal and idler mode-pairs while still remaining above threshold. Under these
conditions, the stability requirements needed to maintain the output o f the OPO on a
single-mode-pair are dictated by Eq. (5.11) and (5.12). Generally, pump source and DRO
resonator with conditions like (5.23) and (5.24) do not necessarily guarantee that the
resonator can operate on a single mode pair. They only ensure the resonate is “on” which
means that there is (or are) mode pair(s) on resonantor. To ensure that a DRO operates
on a single mode pair, conditions of mode-hop, clusteryump, and the resonant stability
should be considered together. Among them, the tightest condition is the requirements for
pump laser and DRO resonator to operate on single mode pair.
As stated, the above equations have been derived ignoring the influence of
dispersion. If the dispersion term is large then it can significantly alter the calculation of
AFSR which in turn influences the calculated cavity length or pump frequency detuning
required to cause a hop to the adjacent mode pair. As an alternative to the approximate
analytical expressions, a computer model based on Eq. (5.19) has been developed to
calculate the threshold pump power for all possible signal and idler mode-pairs under
different combinations of the cavity-length, the pump-frequency, and the phase-matching
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temperature [9]. In particular, the pump power threshold can be calculated for each
individual mode-pair as a function o f the cavity-length detuning.

D,

Continuous Frequency Tuning
As analysed, the tuning behaviour o f DRO is discrete in nature. However, it is

possible to extend the continuous tuning range by synchronously adjusting two or three
parameters. Adjusting tw o parameters sim ultaneously permits single-m ode-pair
oscillation condition to be constantly maintained in a fixed phase-matching range.
Adjusting three parameters simultaneously permits single-mode-pair condition to be
maintained along the phase-matching curve, and tuning is limited only by the extent to
which the parameters can be changed. W e discuss the continuous tuning o f DRO via the
adjustments o f pump frequency and cavity length.
From Eq. (5.7) and the indication o f Fig. 5.2.1, to reach the same frequency
mismatch o f a signal-idler mode pair, the pump frequency detuning and the cavity length
detuning are approximately linearly related. When an equal amount o f frequency
mismatch is introduced by the two factors.

A v,, = A v, + A v, = 3 A W R ^ + 2 A M 1 ^

‘

C

C

(5 25)

the requirement o f constantly maintaining the double resonance condition is achieved.
This equation indicates that even when using a somewhat unstable pump source, the
double-resonance condition for the signal and idler fields can be maintained by suitable
control o f the length o f the signal and/or idler cavity or vice-versa. Further, the double
resonance condition could be maintained by systematic tuning o f one variable while
keeping the other continuously matched. This is the basis o f continuous tunability o f
DRO. Theoretically, the continuous tuning range is limited only by the pump frequency
tuning range. In a single-cavity oscillator, Eq. (5.25) can be reduced to
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(5.26)

Eq. (5.26) represents a relationship between the perturbation of pump frequency or
cavity length and the required correction of the other in order to maintain the
simultaneous resonance of the signal and idler fields. Therefore, even within a single
cavity OPO, smooth frequency tuning can be obtained by changing the cavity-length
while controlling simultaneously the pump-frequency to maintain the single-mode-pair
oscillating condition, or vice-versa. In addition, coarse frequency tuning can be obtained
by chan^ng the phase matching condition.

5.3

Cavity Design and Considerations

As discussed before, the double resonance condition of DRO leads to a lower threshold
than that of SRO. However, it is also the cause of the difficulty of maintaining a high
degree of stability, and of the complexity of continuously frequency tuning. In order to
achieve stable CW output with continuous tunability from a DRO, important parameters
like frequency stability of pump laser, the cavity length control, the quality and phasematching geometry of nonlinear crystal, and the tuning elements must be considered.
The DRO cavity finesse and free spectral range and the nonlinear crystal phasematching geometry predominantly determine the stability requirements for pump laser
and the DRO cavity for single-axial-mode operation. Consider a single-cavity DRO with
output at 1 p.m. For a free spectral range of 10 GHz and a finesse of 600, the cold-cavity
linewidth is 16.7 MHz. Above threshold the double-resonance condition is satisfied, and
the DRO cavity can be thought of as two cavities in series, so that it has a double
Lorentzian liiieshape. This leads to a DRO cavity linewidth equal to (2^ - 1)^ times the
cold-cavity linewidth, or 11 MHz. The 11 MHz cavity linewidth is equivalent to a 3-dB
width of 1 nm in cavity length. In this example the stability requirements can be easily
met by the CW DPSSL pump source and current cavity seivo techniques.

Chapter 5:

Tunable CW Singfe-Covity OPO

152

Various cavity designs have been considered, with high-quality optical materials
and stabilised pump laser, for low threshold and widely tunable CW OPO operation.
They range from standing wave to ring resonator, from monolithic, semi-monolithic cavity
to conventional single-cavity, and dual cavity. These cavity designs have been employed
for the CW operation of SRO, DRO, TRO, and even quadruply resonant OPO. However,
most of the designs are for CW DROs. The monolithic cavity has excellent mechanical
stability. Because the oscillation mode path is enclosed inside a single crystal and the
resonant feedback is provided by total-internal-refiection or direct end-surface coating,
absoiption and scattering losses, both due to multiple surface, are greatly reduced.
However, this cavity design requires accurate polishing of the end face and lacks
flexibility in changing of mirror coupling coefficients. Moreover, scanning the cavity
length can be a problem, and high frequency stability pump laser is usually required. The
dual cavity has the advantage of independent control of the two resonant fields to
achieved continuous smooth tuning, but the intracavity beam splitter also increases the
cavity loss and complexity of alignment. The widely used single-cavity DRO, however,
provides the flexibility of changing the cavity free-spectral-range and output coupling
coefficient. Although it has less mechanical stability compared with monolithic devices,
single-cavity design could be well matched with the pump of free running diode-pumped
solid-state lasers.
Frequency tuning of DROs consists o f coarse frequency tuning and fine
continuous tuning. It may be achieved by varying parameters of phase-matching
conditions (angle, temperature or E-field tuning), cavity length (PZT cavity control,
temperature, electric-field), and pump frequency. For the application of systematic
precision frequency tuning, more than one tuning element is needed to achieve wide-band
tuning and continuous smooth tuning. The coarse frequency outputs of the signal and
idler frequencies are determined by phase matching range of nonlinear material for a given
pump frequency. A wide tuning band can be achieved from the broad phase-matching
range of nonlinear crystal. The fine frequency contents of the output depend on the
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resonant condition. To achieve continuous smooth tuning, the resonant condition must be
constantly maintained. Tuning the pump frequency as an independent tuning element
gives the advantage of more freedom of cavity sei'vo control.
In our experiment, the DROs were configured as conventional two mirror cavities
shown in Fig. 5.3.1. The output from the frequency doubled Nd:YLF laser (described in
Chapter 4) was collimated by a 15-cm focal length lens and subsequently mode-matched
into the OPO cavity by lenses of between 10 and 20 cm focal length depending on the
DRO configuration. The size of the focus at the centre of the OPO cavity corresponded
to a unity confocal parameter at the pump wavelength. Back reflection from the DRO,
which otherwise would give rise to laser frequency and intensity instabilities, was
suppressed by using a Faraday isolator between the laser and the DRO. Mirrors of 8.5,
10, 15, 20 mm radius of curvature (R.O.C) with reflectivity of 99.9% and 99.5% for the
degenerate signal/idler wavelength were used in the experiments. The mirror reflectivity of
55% at the 523 nm resulted in an enhancement of the pump field, reducing the oscillation
threshold and providing an indication of alignment and mode-matching of the pump light
into the OPO cavity. The cavity mirror spacing was set to give a near optimal unity
confocal parameter for signal and idler. These two mirrors were held in Photon Control
minor mounts and subsequently attached to a single aluminium block base, while the rear
mirror was also mounted on a piezoelectric transducer (PZT) for scanning and stabilising
the cavity length.
For the OPO based on KTP, the crystal was 6.0 mm long, and cut for propagation
with 6 - 90°, (j) = 37° to allow type-II phase-matched degenerate parametric oscillation.
Both end faces of the crystal were antireflection coated at pump and degenerate sub
harmonic wavelengths. The crystal was mounted on a galvanometer to allow angle-tuning.
For the OPO based on LBO, the crystal was 20 mm long and cut for propagation
parallel to the x-axis to allow degenerate type-I noncritical phase-matching at certain
temperature. It was likewise AR-coated at pump and degenerate sub-harmonic
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wavelengths. The LBO crystal was mounted inside a temperature-controlled oven to
allow the phase-matching temperature to be adjusted.
Collimating
lens

Mode-match ng
lens

nonlinear
crystal

IR pass
filter

I
Oscilloscope

CWSLMNdrYLF
Green Laser

t

------------ o
■t
Monochromator

Farada>
isolator

Ramp signal
Fig. 5.3.1.

Schematic representation o f experimental arrangement o f the CW doubly
resonant OPO based on KTP and LBO.

All optical components were attached to the same aluminium block, so that the
cavity length was less susceptible to vibrations. This design also had the flexibility of
permitting change to input and output mirrors. Absorption and scattering losses at
multiple surfaces were minimised with a low-1 oss optical coating so that a low threshold
could be obtained.

5.4

Experimental Observations in CW Pumped LBO OPO

A.

Experimental Conditions

A single cavity DRO based on the noncritical phase-matched LBO described in § 5.3 was
used in the experimental observations. The oven/thermocouple combination used to
control the temperature of the LBO crystal in this work was calibrated by recording the
single-pass frequency doubling efficiency of 1047 nm light from the pump laser, while the
temperature was scanned. Optimum frequency doubling was obseived for a measured
temperature of 166.3 °C. This temperature was in good agreement with the OPO
degeneracy operation temperature. When the DRO was configured as a high finesse
cavity, the minimum oscillation threshold in LBO was 30 mW at degeneracy, with the
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threshold rising slowly as the device was temperature tuned away from degeneracy and
hence away from the optimal mirror reflectivity and ci^stai coating. Throughout the
experiments the DRO was pumped at a CW power over 5 times the oscillation threshold.
The output of the DRO was tuned by temperature and PZT scan of the cavity. For
tuning studies, the cavity length was repetitively scanned when the temperature was
stabilised at a few phase-matching temperature set points. A scanning monochromator
was used for wavelength measurements. Since the DRO resonator had a weak pump
enhancement, the DRO repetitively gave output as the cavity length was swept. The
spectra of such output was then analysed by the monochromator. The tuning
characteristics of the OPO output were also investigated by monitoring both the
transmitted green pump light and the infrared OPO output, while scanning the OPO
cavity length over a range of half the pump wavelength. A schematic representation of the
experimental set up is shown in Fig. 5.3,1.
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F ig. 5.4,1. The experimentally obser\'cd temperature timing range for the OPO based on
LBO, pumped at 523 nm.

The experimentally measured tuning range extended from 990 nm to 1100 nm for a
temperature range of 1.3 °C as shown in Fig. 5.4.1. However, the potential tuning range of
this crystal orientation, when given appropriate mirrors and crystal coating bandwidths,
extends much wider.
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Axial Mode-Hop Tuning and d u ste r Tuning
The tuning of the LBO DRO involves the resonant mode pair jump back and forth

between cluster curves as well as mode hops along the cluster cui*ves. By varying the
phase-matching temperature, signal-idler wavelengths data were collected. As shown in
Fig. 5.4.1, the output wavelengths of around 1.047 lim represent the phase-matching
tuning curve at or near degeneracy and also indicate the gain bandwidth and cluster cui*ve.
At certain phase-matching temperature, adjacent cluster jump occurs which corresponds
to as large as 40 nm discontinuous frequency change in the signal or the idler output. With
the cavity length scanning at any fixed temperature, the observed signal spectmm could be
varied from 2 nm up to 10 nm depending on the cavity length scanning range, phasematching condition, and pump power. When the DRO output is monitored on
oscilloscope, continuous operation of the OPO is observed in the region of the pump
transmission maxima, i.e. when the pump is resonant, as shown in Fig. 5.4.2. However, it
is clear from Fig. 5.4.2 that the output is subject to rapid modulation. These modulations
result from the OPO output repeatedly hopping to mode pairs with lower oscillation
threshold as the pump frequency and the cavity length fluctuate. For a 24 mm cavity
length, the mode hops are obseiwed at intervals of a fraction of a nanometer at near
degeneracy. Each adjacent mode-hop corresponds to a change in the signal and idler
frequencies of one FSR of the DRO cavity, which in this case, is approximately 4.17
GHz. The oscillation does not, however, necessarily hop to an adjacent mode pair since
any fluctuation in nanometer range might coixespond to several mode hop lengths. Based
on the dispersion rate of LBO, the difference in free spectral range of signal idler cavity is
in the magnitude of kHz at exact frequency degeneracy. Thus, any kHz pump frequency
change or 0.001 nm cavity fluctuation promotes a mode hop. Flowever, such critical
requirements on the pump source and DRO itself relax rapidly with the signal and idler
wavelength separating from the degeneracy point.
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Transmitted
pump
pump zero

OPO
output
OPO zero
Corresponding cavity length variation AL = 42 nm
Fig. 5.4.2. The experimentally obsca'ed typical mode-hop behaviour for the near
degenerate, type-I phase matched OPO based on LBO. Ciystal length = 20 mm:
Cavity length = 24 mm; Pump wavelength = 523.5 nm.

We have used both the simple expressions developed in § 5.2 and the OPO
threshold model to gain some understanding of the mode-hop behaviour in this device. It
may be shown, using expressions (5.11), (5.12), (5.23), and (5.24), that, for an OPO
cavity of length of 24 nm and with round trip losses of 1% (implying a cavity finesse of
600) the critical values of cavity length and pump frequency stability for mode-hop-free
operation and sustained mode pair oscillation are as follows:

= 0.14iim
= 2.3MHz
= 0.43run
=7M Hz
Here, we have assumed operation away from exact degeneracy, at a signal wavelength of
1027 nm. Fig. 5.4.3 is the calculated mode-hop operation within a single cluster when
cavity or pump frequency fluctuation is engaged. The operating condition is the same as
described above. The overlap of the threshold minima of successive mode-pair parabolas
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ensures that, for most pump rate above threshold, the OPO will remain operational.
Therefore, between successive mode-hops, the OPO will be subject to an amplitude
modulation which is dependent on the width of the minima cui*ve (as defined by the
cavity finesses) and the proximity of these curves (as defined by the free spectral ranges).
It is indicated from Fig. 5.4.3 that in order to maintain the operation on a single signalidler frequency mode-pair, the pump frequency must be stabilised to within 2.3 MHz and
the cavity length must be stabilised to within 0.14 nm. Such requirements essentially
depend on the mismatch of FSRs and cavity finesses, thus, they change rapidly with the
tuning of signal and idler frequencies away from degeneracy.
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Pump frequency detuning (MHz)
F ig, 5 .4 .3 . C alculated m ode-hop operation w ithin a sin g le cluster o f a near
degenerate, typc-I phase-matched OPO based on LBO. Cavity length - 24 mm.
Pump wavelength = 523 nm.

Four typical PZT cavity length scanning traces with different output modulations
are shown in Fig. 5.4.4, in which the signal-idler frequencies are gradually tuning away
from degeneracy operation in (a), (b), (c), (d) cases, respectively. In Fig. 5.4.4 (a), the
phase-matching temperature is approximately at degeneracy. Small amplitude modulation
is illustrated. At exact degenerate operation cavity length, the direction of the detuning can
turn the DRO “on” to the mode-hops (right detuning) or turn the DRO “o ff’ to the none-
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resonant zone (left detuning). This is a direct result of the refractive index dispersion of
nonlinear material. From the “o ff’ side of illustrated trace, it is also indicated that there is
not any cluster jump at degeneracy. As the OPO operation is tuned away from
degeneracy, the modulation on the DRO output becomes progressively strong. This is
largely due to the fact that the required detuning quantity for mode hop increases rapidly,
and further, the cluster jump is likely to join in to modulate the DRO output. Such a
modulated OPO output trace due to the mode-hops as well as the cluster jump is
typically shown in Fig. 5.4.4 (d).

(a)

(b)

(c)

AL = 28 nm

AL = 18 nm

(d)

degenerac\

y / output

AL = 20 nm

AL = i 1 nm

Fig. 5.4.4. The experimentally observ'ed mode-hop and cluster jump behaviour in type-I LBO OPO.
The upper trace and the lower trace represent the transmitted pump field and tlie OPO output for
signal and idler frequencies respectively. They are plotted vi tlie cavity length detuning. The output
are gradually away from degeneracy in (a), (b), (c), (d) respectively. AL is tlie corresponding cavity
length variation.

When examining with a monochromator, OPO output is observed on two separate
widely-spaced wavelength pairs at certain temperatures, as indicated by the tuning curve
in Fig. 5.4.1. In fact, if the OPO output is monitored after transmission by the
monochromator, groups of output peaks corresponding to a particular wavelength pair
may be isolated as in Fig. 5.4.5. These separate wavelength pairs conespond to oscillation
on distinct clusters of mode pairs, which are separated in wavelength by up to 40 nm.
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The occurrence of cluster-hopping allows for a very small change in cavity length
resulting in a very large change in the output wavelength of the device.

990 nni
OPO output

Fig, 5.4.5.
Transmitted
pump

The experimentally
o b s e r v e d tw o -c lu s te r
b e h a v i o u r o f a n e ar
degenerate, type-I phase
matched LB 6 OPO. The
illustrated two clusters
are separated by 40 nm
in s p e c t r u m . A s the
cavity length is scanned,
distinct mode-hops exist
along each cluster.
Ctyslal length = 20 mm;
Cavity length = 24 mm;
Pump wavelength - 523
nm; The corresponding
cavity length variation
AL = 12 nm.

1030 nm
OPO output

Transmitted
pump

AL

Clearly, the experimental results imply that the device is liable to mode hop well
before the variation in cavity length or pump frequency increases the threshold
significantly on a particular mode pair. Threshold calculations (Fig. 5.4.3) predict an
increase in threshold of less than 1% with cavity length change of a few nanometers.
Hence, it may be expected that the device will operate continuously but will be subject to
modulation caused by mode hops due to pump and cavity fluctuation. Over a wider range
of cavity length change {AL>

the envelope of minimum threshold follows a

different cluster of mode pairs. For a typical cavity scan range of 1 pm, it may thus be
expected that the OPO will be subject to both the small frequency variations due to
adjacent mode hops and the large frequency variations due to cluster hops.
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5.5

Experimental Observations in CW Pumped KTP OPO

A.

Experimental Conditions
As described in § 5.3, the KTP DRO was composed of two mirrors and a 3 x 3 x

5.5 (mm) hydrothermally grown KTP crystal. Highly reflective OPO miiTors with radius
o f curvatures of 8.5, 10, and 20 mm were used in the experiments. The minimum
oscillation threshold observed was 6 mW when we used two 8.5 mm R.O.C mirrors and
operated the DRO at degeneracy. When the OPO was operated away from frequency
degeneracy the oscillation threshold increased. On the other hand, the mismatch of the
unity confocal parameter for the pump and the cavity also increased the DRO oscillation
threshold. Therefore, the oscillation threshold varied with the experimental conditions.
Typically, with

- 500GHz, the DRO had a threshold of 36 mW. The output of the

KTP DRO were tuned by crystal angle rotating and the cavity length PZT scan. Angletuning of the KTP ciystal over an internal angular range o f 4° resulted in an OPO tuning
range extending from 1020 to 1070 nm (Fig. 5.5.1).
1.07

1.03
35

36

37

38

39

40

Internal angle (j) (degree)
F ig. 5,5.1. The experimentally obser\'ed angle tuning range for the OPO based on KTP,
pumped at 523 nm

This tuning range was primarily limited by the increasing reflection loss on the crystal
surfaces when the cavity mode was away from normal incidence. A tuning range in this
plane of around 200 nm should be possible given appropriate crystal coating at this pump
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wavelength. Similar arrangement as LBO DRO experiment was set up for the frequency
tuning studies.
B.

Axial Mode-Hop Tutting and Cluster Tuning
The OPO spectral output as a function of cavity length or pump frequency

detuning is observed to be much less random in character than that of the LBO device.
Two distinct modes of operation have been observed. Fig. 5.5.2 illustrates the typical
mode hop behaviour in type-II DRO when we pump the DRO over 4 ~ 5 times
oscillation threshold and scan the cavity length with PZT-attached output mirror.

f-'
Transmitted
pump

T i

1
10 nm

OPO
output

jJUl

1

j

Corresponding cavity length variation, AL = 130 nm
Fig. 5.5.2. PZT cavity-length scanning trace o f single-cavity KTP DRO output.
Cavity length = 8 mm. Pump power is ~ 5 times the oscillation tlireshold.

At certain PZT positions, the double-resonance condition is satisfied, and signal and idler
outputs are observed over a PZT scanning distance of ~ 1 nm. As shown in the figure,
each such output peak occurs at a cavity length variation of 10 nm. These peaks
correspond to a series of signal-idler resonance mode pairs within a single cluster. As we
detune the DRO cavity length continuously, the mode hop occurs in series that the signal
frequency of an adjacent mode pair increases by one free spectral range while the idler
frequency decreases by one, or vice versa. However, the phase-matching range (or
parametric gain range) is limited at a fixed crystal angle setting. As the cavity length
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further detunes, mode hop may come to the edge of parametric gain curve. Therefore, a
second cluster may come in from the other edge of the gain cui*ve to continue such mode
hops. Fig. 5.5.3 shows a complete picture of mode-hops in different clusters as the cavity
length detunes over a range of 420 nm.

ililllill
OPO output

Transmillcd pump

Corresponding cavity length variation, AL = 420 nm
F ig. 5.5.3. The experimentally obser\'ed mode-hop and cluster jump behaviour for a
near degenerate, type-II phase matched OPO based on KTP. Cavity length = 10 mm.
Tlueshold = 36 mW. Pump power = 240 mW. The dashed envelope lines and I, II, and
n i represent the different clusters.

The experimental conditions for above operation are as follows: cavity length = 10 mm;
OPO mirrors of 8.5 mm and 10 mm R.O.C are used; oscillation threshold = 36 mW;
pump power = 240 mW. In the figure, three clusters of mode hops are illustrated as I, II,
and in envelope cuives, respectively. Single cluster adjacent mode hop corresponds to a
discontinuous frequency change of ~ 10 GHz in the output and can be induced by the
variation of 10 nm in cavity length or ~ 420 MHz in pump frequency. Adjacent cluster
jump corresponds to a discontinuous frequency change of - 250 GHz (0.7 nm) in the
output and the region at dual cluster operation can be induced by the variation of - 2 - 5
nm in cavity length or - 100 MHz in pump frequency. The centre wavelength of the
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range of these signal modes is resolved as 1046.6 nm which corresponds to the modes
under the top of the envelope curves of I, II, or III clusters. In the overlap region of I-II
and II-III, the signal modes of the two clusters are at 1045.9 nm and 1047.4 nm,
respectively, which is at the edge of the parametric gain curve. In addition, comparing the
amplitude of OPO output with pump transmission, efficient OPO conversion does not
occur at the pump transmission maxima, on the contrary, they occurs at the non-resonant
region where the pump power is estimated to be 4 times the oscillation threshold. Such
behaviour is in good agreement with the theoretical prediction [9].
The wavelengths of the two clusters are resolved by using a monochromator. As
shown in Fig. 5.5.4 , when the monochromator transmission wavelength is centred at
1047.9 nm with a 0.5 nm transmission width, the main cluster modes are transmitted.
However, when the transmission wavelength is centred at 1048.9 nm the second cluster
modes can be seen while the main cluster modes are extinct. Therefore, the discontinuous
frequency change of mode hop and cluster jump can be measured by comparing the
spectral output in a particular cavity length range. Similar experimental conditions as Fig.
5.5.3 measurement are used in Fig. 5.5,4 experiment.

OPO
output

AL

AL

F ig. 5.5.4. The experimentally obsen^ed two clusters operation behaviour, measured
tlirough monochromator, in a near degenerate, type-II phase matched KTP OPO. The
main cluster resolved is at 1047.9 nm in (a), the second cluster is at 1048.9 nm in (b).
The corresponding cavity length variation AL = 187 nm. Cavity length = 10 mm. Pump
power is - 5 times the oscillation threshold.
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For higher pump power levels, more cluster may come in. Instead of overlapping
in a small cavity length variation region, they completely overlap with each other. Fig.
5.5.5 shows a typical pattern of DRO mode tuning behaviour when the device is pumped
at ten times the oscillation threshold. While the main group of the peaks remain the same
as that in Fig. 5.5.2, a few other groups of peaks have occupied the inteiwal positions
periodically. These groups of mode pairs correspond to tuning clusters in the phasematching range, and have different threshold levels. In fact, for sufficiently high pump
power levels, a condition may be approached where output are continuously obtained,
although heavily modulated by mode and cluster hops. In above example, each adjacent
mode hop corresponds to a discontinuous frequency change of ~ 10 GHz (one FSR) in
output while each adjacent cluster jump corresponds to a frequency change of around 1 2 nm. Thus, more complexity in tuning characteristics and difficulty in single mode pair
operation are introduced.

Transmitted
pump

pump zero
10 nm

OPO
output
OPO zero

CoiTCsponding cavity length variation, AL = 52 nm
F ig. 5 .5 .5 . The experimentally observed mode-hop and cluster jump behaviour for a
near degenerate, typc-Il phase matched OPO based on KTP. The adjacent mode-hop
corresponds to a FSR (11.2 GHz) discontinuous frequency change; the adjacent cluster
jump corresponds to about I nm discontinuous frequency change. Cavity length = 8
mm. Pump power is - 10 times (he oscillation thershold.
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The tuning behaviour of type-II phase-matched DRO has been analysed in § 5.2
and also can be qualitatively predicted by a computer model developed in St. Andrews [9].
In the case of a type-II phase-matched KTP OPO, where there is a finite difference
between the free spectral ranges of the signal and idler at degeneracy, the mode-hop
spacings are much larger than that in type-I phase-matching. At the same time, the widths
of the threshold-cavity length cui'ves for particular mode pairs are unchanged from those
for type-I phase-matching for similar parameter values. On closer examination of the
calculated threshold cui'ves (Fig. 5.5.6), it is clear that a relatively small change in the
absolute cavity length may result in a large frequency change in the relative minimum
thresholds of mode pairs from different clusters.
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F ig . 5 .5 .6 , C a lc u la te d m o d e -h o p and c lu s te r ju m p th r e sh o ld o f a ty p e -II
phase-matched DRO based on KTP at near frequency degeneratcy. Cavity length = 9
mm. Pump wavelength = 523.5 nm

For example, in the overlap region of I-II or II-III of Fig. 5.5.3, the minimum thresholds of
adjacent clusters are approximately equal, while a shift of 150 nm to the top of the cluster
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curve introduces a factor of 2 between these values. Hence, for different cavity length
starting values and pump power levels, it is possible to obtain either systematic discrete
tuning through adjacent mode pairs within one cluster, or tuning with hops between
various mode pairs in various different clusters. The clusters in KTP at degeneracy have
been measured to be spaced by ~ 1 nm, in agreement with theory. The transition between
these two regimes of relative cluster threshold has also been recorded during a cavity
length scan of around half a pump wavelength. Fig. 5.5.6 shows oscillation on interleaved
clusters of mode pairs, with minimum thresholds of the two clusters comparable in value
at the centre of the scan.
The stability requirements calculated for a KTP OPO based on a 5.5 mm crystal
and a 9 mm length cavity of finesse 600 are as follows:

AL;,„p = 9.8nm
^ V/'op = 419MHz
^ktab

=

0.4am
= 18MHz

It may be seen that although the single-mode-pair stability requirements are of the same
order of magnitude in KTP and LBO given the different cavity lengths, the mode-hop
stability limits are two orders of magnitude greater in KTP. Hence, the KTP device is
much less prone to frequency shifts due to fluctuation in pump frequency and OPO
cavity length, and consequently displays much more regular operating characteristics.
For many applications it is desirable to maintain the output of the OPO to a single
signal and idler mode-pair. As discussed previously, slight perturbations in either the
pump frequency or the OPO cavity length will usually result in the OPO output hopping
to another mode pair and consequently the output frequencies of the signal and idler fields
changing discontinuously.
For the OPO based on KTP, the requirement is to maintain a particular mode-pair
above threshold and for our experimental configurations this corresponds to a cavity
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length stability of ~ 0.4 nm and a pump frequency stability of ~ 18 MHz. However, for
the OPO based on LBO, the almost identical free spectral ranges for signal and idler fields
results in a system in which the stability requirements to prevent a mode hop are more
stringent than that required to maintain a particular mode pair above threshold. The exact
detuning required to cause a mode hop depends critically on the mismatch in the free
spectral ranges and hence on the exact detuning away from degeneracy. For near
degenerate operation the stability requirements are calculated to be as little as 100 pm in
cavity length or 800 kHz in pump frequency. Hence, for single mode, near-degenerate
operation in a single cavity DRO, it is preferable to use a type-II phase matched
geometry.

5.6

Experimental Conditions for Extended Continuous Tuning

In addition to the discrete coarse frequency tuning, continuous tuning of the DRO can be
realised by synchronously adjusting two or three parameters. Any permutation of electric
field, angle, temperature, pump frequency or cavity length can be used for these three
parameters. The relationship between the tuning parameters is determined by the single
mode-pair oscillation condition. That is, as one tuning variable change, the change in
another parameter must keep the resonator locking on the same single mode-pair
oscillation.
For a fixed pump frequency, continuous tuning in single cavity DRO can be
obtained by utilising the temperature and electro-optic properties of nonlinear crystal in
the tuning processes so as to satisfy the single mode pair condition dynamically. Lee and
Wong [6] have temperature tuned a servo-locked DRO continuously over a range of - 0.25
GHz. They have also demonstrated E-field tuning over - 40 MHz for precision tuning
when a particular signal-idler mode pair is locked on resonance. However, due to the small
tuning rate of the applied variables, the continuous tuning range is limited below GHzlevel. In dual cavity, while the signal and the idler cavity length detune, the change in the
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signal frequency can be equal in magnitude, and opposite in sign, to the change in the idler
frequency, i.e.

Av^=~A\'i.

(5.27)

The relation between AL, and AL, to provide smooth tuning from the dual-cavity
oscillator can be expressed as

Therefore, in addition to allowing for relaxed stability requirements on the pump
frequency and the OPO cavity length, dual-cavity offers the possibility for continuous
frequency tuning of the OPO outputs with fixed pump frequency. This may be provided
by altering the two cavity lengths simultaneously to satisfy Eq. (5.28). Such type of
device, first demonstrated by Colville et al. [8], has been tuned over 0.4 GHz which is
limited by the pump enhancement factor. Lee and Wong [10] have also scanned the output
frequency over a range of 0.6 GHz by using the same dual cavity approach. Theoretically,
the continuous tuning range in dual cavity is only limited by the phase matching range.
However, in practice, the dual cavity approach suffers set backs of the complexity of
alignment and the difficulty of operating a low loss beam splitter.
The use of pump frequency tuning as an independent tuning element enables the
energy conseiwation condition to be independent of the restriction of signal and idler
resonant conditions. The frequency mismatch of the signal and the idler resonant mode
can be easily coirected by changing either the cavity length or the pump frequency. Thus,
while one variable is continuously tuned, the other variable can be accordingly adjusted to
keep the single cavity DRO on single mode pair oscillation condition. Obviously, the
tuning range of such an approach is only limited by the tuning variables and the phasematching range. In addition, this method of tuning has the inherent advantage of simple
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device alignment and should be more easily applied to parallel polarisation type-I OPOs
since the only variable need to control is the cavity length. Eq. (5.26) describes the
relationship between the pump frequency tuning rate and the DRO cavity length tuning
rate for maintaining a continuous tuning operation. One parameter can be changed
arbitrarily, but the other parameters must be changed in a prescribed manner which is
determined by Eq. (5.26). Suppose the DRO starts from oscillation with optimum phase
matching and coincidence of the modes that satisfy the conseiwation-of-energy condition,
any change in either of the parameters tends to break the energy conservation condition.
However, simultaneously changing both variables in a compensational way will maintain
the particular mode pair oscillating over the continuous frequency coverage. The tuning
rate of this method is of the same order as the pump or equal to 2FSR/A^, when
considering the cavity length detuning. In addition to the two parameter tuning, the third
parameter could be introduced to simultaneously keep the optimum phase matching
condition. So the limited and fixed phase matching range will be further extended.
Therefore, continuous frequency coverage can be obtained with an incremental series of
continuous frequency sweeps, and also the continuous tuning device with a wide
tunability becomes possible.
From the experimental analysis in § 5.4 and § 5,5, type-II phase-matched single
cavity DRO has the advantage of low stability requirements and favourable tuning
characteristics. Specifically, considering the KTP DRO described in § 5.5, the preliminary
requirement for stable single mode pair operation is the stability requirement on pump
frequency and cavity length, i.e.

- 18MHz,

= OAnm. These requirements

can be easily met by the diode-pumped Nd;YLF laser and the three-element DRO cavity.
However, when operating the KTP DRO without any servo control on pump frequency
or cavity length, the OPO output are slowly varied between “on” and “o ff’ due to the
random drifting of the pump frequency and cavity length. Therefore, servo control is
necessary for amplitude stable OPO operation.
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When the pump frequency is fixed, typical mode pair can resonate in a cavity
length detuning range of 0.4 nm (as illustrated in Fig. 5.5.2) with relatively stable
amplitude output. A cavity length servo control loop, thus, can be set up to lock the
DRO resonating on the particular mode pair. Any change in dis-satisfying the resonant
condition induced by the fluctuation or drift of pump frequency will decrease the
intensity of the OPO output significantly. Through the photodetector and the servo
control loop, cavity length can be synchronously readjusted and the resonant condition
can be recovered. When continuously tuning the pump frequency, the cavity length
continuously sweeps in an addition to above cavity length servo adjustment. Over the
range of pump tuning the signal and the idler frequency could track the pump frequency
change as much as Vp/2, respectively.
The level of DRO pump power not only determines the conversion efficiency but
also affects the continuous frequency tuning. From the experimental results in § 5.5, the
optimum OPO conversion efficiency has been observed at the pump power of - 4 - 5
times oscillating threshold. With the pump power further increasing, the conversion
efficiency decreases due to the up-conversion processes. On the other hand, higher pump
power also enables the mode in higher lever threshold clusters to oscillate. Since these
modes may locate, in cavity length, very near to the oscillating mode-pair of the main
cluster, cluster jump can be induced especially in the frequency tuning processes. It is
suggested that the optimum pump power should be set and sustained at 4 - 5 times the
oscillation threshold level. However, if pump power is increased then the output coupling
need to be increased the maintain 4 -5 times tlireshold.

5.7

Continuous Tuning of KTP OPO

Based on the previous experimental results, we utilise the single cavity type-II phase
matched KTP DRO in stable single mode pair operation and continuous frequency tuning
operation. By using a “side of fringe” locking technique to control the length of the OPO
cavity, and hence to maintain the doubly resonate condition, we have demonstrated stable
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continuous-wave single mode pair operation in the KTP DRO. Further, as the pump laser
is continuously tuned over a range of 9 GHz, the PZT servo control enables the cavity
length to remain locked to a single signal-idler mode pair resonant, resulting in 4.5 GHz
continuous tuning in the signal and the idler output.
Fig. 5.7.1 schematically shows the diagram of the servo-control feedback loop and
the three-element DRO resonator. The servo-control feedback method employed is
analogous to side-of-fringe locldng. The setting of DRO cavity length is detuned slightly
off from a power maximum while the infrared output of the OPO is monitored on a fast
photodiode. The output of the photodiode is subtracted from a voltage reference to give
an error signal. The error signal is integrated to give a control voltage and after
amplification is used to drive the piezo-electric transducer to control the cavity length. In
this way, the cavity length is adjusted continuously to hold the OPO output power
constant, and to maintain the OPO operating on the same single frequency mode-pair. It
is obvious that this servo locking technique maintains a constant OPO output amplitude
instead of controlling the output frequency. Thus, to achieve frequency stability of the
OPO output, one of the output (e.g. the signal frequency) would have to be locked to a
stable external étalon or to an external frequency reference. The unity-gain bandwidth of
the feedback loop is limited by the response time of the piezoelectric transducer (PZT) to
approximately lOO’s of Hz. The travel range of the PZT element can be as long as 6 jim
at 400 V applied DC voltage, which provides tens of GHz tuning capability.
Idler Vj

Pump v
523.5 nm

Polarizer

Signal Vg
DRO

Integrator

Servo
amplifier

Photodector

F ig. 5.7.1. Block diagram o f the servo-control feedback loop to maintain the DRO
cavity resonant on a single signal-idler mode-pair.
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CW output of the KTP DRO can be obtained for several tens of seconds at a time
under free-running conditions. However, under the servo-locked conditions, stable output
without any mode hopping can be maintained for over 1 hr, limited only by accidental
perturbations such as pump laser mode hop. The signal-idler output residual intensity
noise is ~ 10 - 20% peak-to-peak at mains (100 Hz) related frequency. Due to the narrow
unity-gain bandwidth of the feedback loop, environmental acoustic vibrations can also
cause a strong intensity modulation. In addition, since the servo loop is an intensity
stabilisation feedback loop for low frequencies, the high frequency noise caused by
residual frequency jitter of the pump source is also an amplitude noise factor. The locked
single cavity has been measured to produce 20 mW of infrared output for 200 mW input
pump power when a 0.5% output coupler is used as the OPO front mirror. This can
clearly be optimised through improved impedance matching and appropriate output
coupling. The spectral output of the OPO has been analysed on a scanning plane-plane
interferometer. The single mode pair operation has been confirmed by veiying the free
spectral range of the interferometer from 10 GHz to 300 GHz. Since any mode hop in the
KTP OPO corresponds to a frequency change of - 10 GHz, multi-mode-pair operation
should be, otherwise, recognised. Fig. 5.7.2 shows an interferometer scan of slightly more
than one interferometer free spectral range. The transmission peaks illustrate the single
mode-pair operation.
With angle tuning and PZT scanning, together with our intensity servo, we are
able to operate the CW DRO stably with discrete but systematic frequency tuning over ~
10 THz, with the signal frequency change from 286.5 THz to 291.9 THz and the idler
frequency change from 286.5 THz to 281.2 THz. Our experimental observations show
that the spectral band at a fixed phase-match angle is ~ 200 GHz. Therefore, at each
crystal angle setting, it is possible to discontinuously tune the DRO over such a range by
PZT scanning at a tuning rate of - 10 GHz / 10 nm and with 10 GHz intervals. In
addition, by dividing the 4° angle tuning range into ~ 50 divisions, we shall be able to
cover the whole 10 THz spectral range in steps of 10 GHz with the OPO output.
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Fig. 5.7.2. The single signal-idler mode pair output from KTP DRO, as monitored on
a scanning plane-parallel interferometer o f free spectral range o f 300 GHz. The higher
peaks are idler, the lower peaks are signal. The difference is attributed to the wavelength
dependence of interferometer finesse.

As described in Chapter 4, the frequency-doubled diode-pumped NdiYLF laser
can provide up to l-W single frequency radiation at 573 THz with 9 GHz continuous
tunability. This frequency tuning range is achieved by piezo-electric scanning the laser
cavity length up to 6 pm (12 times the free spectral range length), and also limited by the
potential mode hop for further cavity length tuning. However, extended tuning is possible
by simultaneously optimising the gain of the laser mode.
As the pump frequency is continuously tuned over a range of 9 GHz with the
PZT voltage manual control, it is observed on a 10 GHz FSR interferometer that the
signal and the idler output could track the laser pump tuning by as much as 4.5 GHz
without a mode hop. Fig. 5.7.3 shows the OPO output intensity change while we scan
the cavity length and thus tune the laser frequency. In practice, such a continuous tuning
can occur on any locked mode pair in the phase matching range. Thus, a larger tuning
range could be obtained by unlocking to intensity servo first, changing the cavity length of
~ 10 nm to pick up the adjacent mode pair oscillation, and then relocking the intensity
servo to repeat the pump frequency scanning. Different tuning behaviour exists between
the pump tuning and the mode hop tuning; pump tuning tunes the sum of the signal and
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the idler frequencies Av^ + Av,, so Av^ and Av, increase or decrease together; mode hop
tuning tunes the signal and the idler resonant modes at a fixed Av^ + Av, condition, so that
the change of the signal and the idler is equal in amount but opposite in sign.
Table 5.1 summarises the discrete and the continuous frequency tuning parameters
employed in the experimental KTP DRO device. Based on the tuning ranges and tuning
scales, they can be further categorised into coarse and fine frequency tuning. However, in
order to tune the DRO systematically and to achieve a complete coverage on the possible
spectral range, it is necessary to incorporate these tuning parameters together in spectral
steps. First, from the degeneracy phase matching angle, we can tune the crystal in
continuous angle steps where each step corresponds to a 200 GHz spectral width change.
In each of these angle steps, a series of mode hops provide another set of low level
spectral steps with 10 GHz interval to cover the 200 GHz phase matching spectral
width. Finally, by unlocking and relocking the intensity between these mode hop spectral
steps, continuous pump tuning can cover the spectral range at and below GHz level.
Pump frequency tuned over 9 GHz

g.

îl

11
U
Time
Fig. 5.7.3. Servo-locked OPO output intensity (top trace) measured on a photodiode as the
laser is tuned over a range o f 9 GHz. The ramp voltage applied to the piezo elem ent o f the
pump laser is shown in the bottom trace.
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Tuning ranges and coefficients of signal and idler frequencies in KTP DRO

Parameter

Mode

Range

Coefficient

Angle

Discrete

- 1 0 THz

2.5 THz / degree

PZT

Discrete

- 2 0 0 GHz

- 10 GHz / 10 mil

Pump tuning

Continuous

4.5 GHz

1.43 M H z / nm
(pump cavity tuning)

Conclusions
In this chapter, the frequency tuning behaviour of type-I LBO OPO and type-II

KTP OPO have been investigated, both theoretically and experimentally. Evidence from
both sources indicates that for single mode-pair operation near frequency degeneracy,
type-II phase-matching geometry, such as in KTP DRO, is superior to type-I phasematched geometry in respects of stability requirements and tuning properties. By using
side-of-fringe intensity locking technique, we have demonstrated stable CW single mode
pair operation in a KTP DRO pumped by a frequency-doubled, diode-pumped Nd:YLF
laser. Further, as the pump frequency is continuously tuned over a range o f 9 GHz, the
signal and the idler output track the pump tuning by as much as 4.5 GHz without a mode
hop. Such an all-solid-state device is a promising source for the generation of
continuously and widely tunable, highly coherent optical radiation.
An understanding of DRO tuning is important for controlled stable operation. We
have derived simple equations to describe the mode hop and cluster jump conditions and
to calculate the stability requirements on pump frequency and cavity length for singlemode-pair operation. Good agreement has been observed between the experimental results
and theoretical prediction. On the other hand, the results of the calculation will be useful
for DRO design optimisation. In single cavity DRO, since independent control of the
signal and the idler cavity is restricted, pump frequency tuning is necessary for reaching
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any arbitrary frequency in the OPO operating range. As discussed, a systematic tuning
with complete continuous tuning coverage could be realised by multiple parameter tuning.
The DRO should find application not only in the generation o f stable fixedfrequency radiation but also in generation of stable continuously tunable radiation.
Through pump frequency tuning, as demonstrated, high-resolution DRO tuning will be
possible over incremental frequency ranges for spectroscopy applications.
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GENERAL CONCLUSIONS
The practical realisation o f diode-pumped solid-state lasers represents a major
technological advance in the evolution of lasers, enabling the development o f very
efficient, compact devices with greatly improved reliability. The advantages o f diodepumped lasers are also exhibited in the special properties which open up new
applications that have been previously impossible or impractical with conventional laser
sources. One such application is in the efficient transfer o f the highly coherent properties
of the laser output into a wide range of the optical spectrum via nonlinear frequency
conversion techniques such as second harmonic generation and optical parametric
oscillation. Since such nonlinear* fiequency conversion processes require light sources with
high spectral brightness and high stability, and these can be efficiently provided by diodepumped lasers, hence efficient fiequency conversion can be attained.
In this thesis, the design, construction and development o f a diode-pumped
Nd:YLF laser and its frequency conversion has been presented. The work has ranged hom
the initial investigation o f the characteristics of the diode-end-pumping configuration,
tlii'ough all the steps of efficient cavity design, to the construction o f an intracavityfrequency-doubled single-frequency green laser. By using the green laser as a pump
source, the perfoimance of continuous-wave single-cavity doubly resonant OPOs have
been studied. Continuous smooth tuning o f a signal-idler mode-pair over as much as 4.5
GHz in the 900 mn - 1100 nm output wavelength range has been demonstrated in a KTP
OPO.
The folded cavity design has proved to be an optimum design where a few factors
have been compromised in achieving efficient intracavity second harmonic generation.
Firstly, it produces a large elliptical cross-section cavity mode in the gain medium which
can be made to overlap efficiently with the cross-section of the diode laser pump profile;
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and at the other end of the cavity, it produces a tightly focused circular mode waist
suitable for the doubling crystal. Hence, the laser can efficiently extracts the available
pump energy into a green laser output. Secondly, the influence on the laser performance
of the thermal distortion in the gain medium is greatly reduced by this cavity design. In
addition, by slightly translating the cavity mirrors, the thermal lensing induced cavity
mode change can be compensated. Finally, the arrangement of the two dichroic mirrors
used in the cavity can effectively combine the SHG outputs generated in two directions
into a single uni-directional output. One disadvantage of the laser design, however, is that
the diode pump power is still not fully utilised because of the poor spatial mode overlap
between the pump and the laser. Recent developments in diode array coupling techniques
for end-pumping such as microlens anay coupling, waveguide coupling and efficient fibre
coupling have made it possible for diode arrays to provide smaller and circular pump
beam profiles. With the improvement o f the pump beam by these techniques in future
work, higher laser efficiency is expected.
Large amplitude fluctuations in the SHG output are often associated with the
multimode operation o f intracavity-frequency-doubled lasers. A direct method of
eliminating the noise is to use a single-frequency laser. In this work the single-frequency
operation of the frequency-doubled Nd:YLF laser is achieved by using a novel intracavity
biréfringent filter formed by a Brewster plate and the KTP doubling crystal. The
biréfringent filter plays an important role in the doubling process. Being a doubling
ciystal, KTP can efficiently convert the fundamental wave into the second harmonic wave
hence acting as a nonlinear output coupler. On the other hand, since type-II phasematching geometry is used, the birefringence of the KTP crystal also introduces a phase
shift between the extiaordinaiy and ordinary ray components for each oscillating mode. In
section § 4.4, the polarisation-wavelength dependence behaviour was analysed. As a
result, the combination of the Brewster plate and the KTP performs the function of a
longitudinal-mode selector. The single-frequency operation of the laser was found to be
crucially dependent on the performance of this biréfringent filter, while the intracavity
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uncoated étalon served to reinforce the SLM operation. However, the birefringence of the
KTP crystal is temperature sensitive. Hence any temperature perturbation or small
refractive index change in KTP may cause mode hopping or unstable operation of the
laser which is accompanied with the dramatic output power change. The SHG output
power drift and the mode hop which have been encountered in the experiment are believed
to be a consequence of the perturbations of the KTP crystal birefringence. By stabilising
the temperature of the KTP crystal and the cavity, the laser output stability has greatly
improved. However, in order to achieve good long-term stable operation, further cavity
pai'ameter control are required. The biréfringent mode selection teclinique can be enhanced
by using a temperature stabilised high quality KTP crystal and a multiple Brewster plate.
In addition, electro-optic control o f the KTP crystal which leads to a modification o f the
birefringence properties can also be used in a feedback servo-loop to stabilise the laser
operation. These improvements will the key factors that need to be addressed for reliable
long-term laser performance and fur tlrer power scaling of such devices.
The doubly resonant single cavity optical parametric oscillator was used to
frequency down-convert the continuous-wave green radiation into tunable infrared
radiation. Experimental investigations o f the frequency tuning behaviour and stability
requirements for both type-I and type-II geometry doubly resonant OPOs have been
carried out. Since the type-II KTP DRO exhibits significant advantage over type-I LBO
OPO in the respects of tuning and stability for single-mode-parr operation, it was utilised
in a stable near-degenerate OPO operation. By using the side-of-ffinge intensity locking
technique, we have demonstrated stable CW single-niode-pair operation. Further, as the
pump frequency was continuously tuned over a range o f 9 GHz, the signal and idler
output were observed to track the pump tuning by as much as 4.5 GHz without mode
hopping. Systematic frequency tuning in the KTP DRO requires to be examined in detail
in future experiments. Such multiple parameter frequency tuning can combine the wide
range discrete tuning and the precision continuous tuning in the same device, and lead to a
broadly tunable, highly stable, DRO-based CW radiation source.
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Theoretical modelling and analyses of the end-pumped Nd:YLF laser and its
intracavity frequency-doubling have been carried out in the thesis. The rate equation
approach in section § 2.9 is generally applicable to four-level laser systems where the
spatial variation of both the pump beam and the cavity mode are considered. The
threshold and the slope efficiency of such system have been derived. In the analysis, it
has been shown that in the homogenous gain medium with a strong spatial hole burning
effect and energy difftision, the expected longitudinal modes aie separated with a few
cavity mode spacing which rely on the spatial distribution o f the laser gain. This
prediction has been confirmed in the experiments in chapter 3. The efficiency analysis of
intracavity SHG has been given in § 4.3. Two important factors for the design of efficient
CW inti'acavity SHG are to minimise the internal loss and to optimise the nonlinear
coupling. The short- and long-term instability problems encountered in the intracavity
frequency-doubling process have also been discussed in detail. It is generally believed that
the green noise problem is the direct result of the efficient sum-frequency coupling of
cavity modes in the laser operation. The rate equation approximation of the frequencydoubled laser in section § 4.4 analysed the origin of this instability. These equations also
reveal the conditions for the stable operation. In addition to the short-term noise, the
conditions of maintaining long-temi stability have also been discussed. A Jones-Vector
analysis of the Nd:YLF laser cavity in § 4.4 was used to illustrate the mode selection
mechanism of the biréfringent filter. However, the calculation of the multimode oscillation
threshold needs to be completed in future modelling.
The theoretical investigations on the tuning behaviour* o f type-I and type-II
doubly resonant OPO and the stability requirements for single mode-pair operation have
been presented in section § 5.2. By analysing type-I and type-II phase matched DRO, we
have illustrated both the mode-hop and cluster-hop behaviour of the DRO output. From
the analysis it has been concluded that type-II geometries are superior when compared to
type-I in the respect of its stability requirements and tuning properties for near
degenerate operation. For single-mode-pair output, a pimip frequency stability o f a few
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MHz and sub-nanometer control of cavity length are required for type-II geometry while
much high requirements are imposed on the type-L Such analysis has given a basic
understanding of the tuning behaviour in doubly resonant OPOs and provided a
theoretical criteria for the design of the continuously tunable doubly resonant OPO device
with a single-mode-pair output.
The experimental work in this thesis has demonstrated that the combination of
diode-pumped solid-state lasers and nonlinear frequency conversion techniques represent
an efficient class of all-solid-state devices. These devices can efficiently convert the laser
frequency into other discrete frequencies or tunable output while maintaining frequency
stability and naiTow linewidth. The compactness, longevity and other desirable properties
of diode-pumped lasers have been shown to be inherent in these devices. The wide tuning
range and continuous tunability stand as a major advantage compmed to conventional
lasers emitting at discrete wavelengths. Following on from the experiment observations in
this thesis, a few investigations and improvements can be highlighted fro further research.
(1) The laser efficiency can be greatly improved by changing the end-pump coupling
configuration into microlens array coupling geometry. (2) The pump drift problem and
the frequency instability need to be frirther investigated. (3) Power scaling of the single
frequency green laser can be canned out if the effect o f the biréfringent filter is further
improved. (4) The continuous tuning range of the green laser can be extended through
multiple pai'ameter tuning. (5) Frequency jitter and long-tei-m drift need to be reduced. (6)
By using different angle-cut nonlinear crystals tire wavelength diversity of the OPO can
be further extended. (7) Continuous systematic tuning of the KTP OPO may cover the
full phase matching range if multiple parameter tuning in the OPO and a widely
continuous tunable laser are utilised.
The availability o f these continuous-wave all-solid-state devices will find
applications in many research, scientific and industrial areas such as coherent optical
communications, LIDAR remote sensing, optical frequency standard, optical storage, and
medical uses. To date the diode-pumped NdiYLF laser has been used in an optical
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computer system [1]. The l-W single-frequency green laser is being developed and
commercialised by Edinburgh Instruments Ltd for various scientific and industrial uses
such as optical interferometry in car designs [2], The continuous tunable KTP OPO will
also find many applications in high resolution spectroscopy.
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Appendix I
Laser Diode-Pumped Intracavity Frequency-Doubled NdiYLF Laser
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