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Abstract
The work presented in this thesis describes the design, configuration
and operation of femtosecond optical parametric oscillators based on the
materials KTi0 P 0 4 (KTP) and RbTiOAsO^ (RTA) and pum ped by a selfmodelocked Ti:sapphire laser. The alignment of the pum p laser is detailed
and thermal effects in the Ti:sapphire rod are examined in the context of a
general technique which optimises modelocked performance at any pum p
power.
A KTP-based femtosecond parametric oscillator is described which
produces 400-fs-duration signal pulses at an average output power of
150 mW w hen operated in the absence of group-velocity dispersioncompensation. With intracavity dispersion-compensation, the oscillator
produces 40-fs-duration pulses with an average power of 50 mW. Tuning
is dem onstrated from 1.12 - 1.25 jxm in the signal wave and from 2.5 3.0 pm in the idler wave by changing only the pump-laser wavelength.
Using a novel idler-feedback arrangement, reductions in the oscillation
threshold and increases in the signal output power of 10 % are described.
Soliton generation in the oscillator is achieved w hen the net cavity
dispersion is positive and results show good agreement with theory.
An oscillator using RTA is demonstrated which achieves conversion
efficiencies exceeding 30 % and has an operating threshold of only 50 mW.
Average signal powers of 100 mW and 185 mW are extracted from the
oscillators with and w ithout dispersion-compensation respectively. The
corresponding pulse durations are 67 fs and 980 fs and tunability in the
signal and idler waves from 1.23 - 1.34 pm and 2.10 - 2.43 pm is
demonstrated. Visible output from 620 - 660 nm is obtained by intracavitydoubling and powers of up to 170 mW are m easured. These results
suggest that RTA has a higher nonlinear coefficient than KTP.
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Introduction

1.1 Background
The generation of tunable ultrashort laser pulses in different regions of
the optical spectrum is of great interest for m any spectroscopic
applications. These arise in photophysics, photochemistry, photobiology
and optoelectronics. They range from time-domain study of molecular
behaviour in response to photoexcitation [1] to the analysis of
recom bination dynamics in sem iconductors [2], The study of such
processes requires optical pulses with femtosecond durations that are
tunable over extended wavelength regions,

A variety of experiments exploit femtosecond pulses for the excitation
of electronic or molecular transitions in a sample and then to probe the
resulting relaxation behaviour. Such pump-probe techniques have been
u sed in, for exam ple, sem iconductors to analyse electron-hole
therm alisation dynamics through saturation absorption [3] and timeresolved luminescence spectroscopy [4]. Non-contact m easurements of
electrical signals in high-speed integrated circuits have been made using
an electro-optic probe to modulate the amplitude of a femtosecond pulse
[5] and similar techniques have allowed the characterisation of electrical
pulses having fall times as short as 1.6 ps [6].
The applications of femtosecond pulses are not restricted to probing
electronic behaviour. Femtosecond transition-state spectroscopy has been
used to study the vibrational and rotational motion of diatomic molecules
such as iodine [7, 8]. To investigate vibration, a femtosecond pum p pulse
was used to excite the iodine molecules to a bound electronic state in
D. T. Reid, PhD thesis
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which the molecular bond stretched and relaxed in a potential well. A
second probe pulse then excited the molecules to a radiative state whose
fluorescence provided a m easure of the internuclear separation as a
function of time. In another experiment studying the photofragmentation
of the I-CN bond [9, 10], a femtosecond laser was tuned through the
spectral range surrounding a resonant frequency of free CN. Timeresolved analysis of the fluorescence signal for different probe frequencies
provided information about the timescale over which the bond-breaking
process occurred.

From these examples alone it is clear that there are many applications
which demand reliable sources of tunable femtosecond pulses. In the
following section the established m ethods of generating femtosecond
pulses in the visible and infrared are outlined and the inherent limitations
of each of the methodologies are discussed.

1.2 Conventional tunable fem tosecond sources
Until recently, existing high repetition-rate sources of femtosecond
pulses fell into three main categories: modelocked dye lasers, vibronic
lasers and colour-centre lasers. Using these sources, femtosecond pulses as
short as 8.5 fs [11] have been generated directly from the ultraviolet to the
mid-infrared and with average powers of up to several watts.

Dye Lasers
The demonstration in 1981 of a colliding-pulse-modelocked (CFM) dye
laser [12] was the first example of a modelocked laser capable of
producing pulses with durations less than 100 fs at a high-repetition-rate
(-100 MHz). The CFM dye laser was a ring cavity containing an absorber
D. T. Reid, PhD thesis
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jet of 3,3'-diethyloxadicarbocyanide iodide (DODCI) in solution and a gain
jet of rhodamine 6-G (Rh6G). In contrast to earlier passively modelocked
lasers based on standing-wave configurations [13] the CPM laser operated
w ith two or more counterpropagating pulses resonant in the ring cavity.
W hen the counterpropagating pulses met in the thin DODCI jet the
bleaching action of the absorber sharpened the leading edges of both
pulses. Gain saturation in the Rh6G jet then reduced the pulse duration
further by steepening the trailing edge of the pulses. The average output
power of such dye lasers was limited to < 10 mW because the inclusion of
a saturable absorber resulted in an operating threshold of several Watts.
CPM lasers were only tunable over a narrow spectral range since the net
bandw idth of the gain and absorber dyes was of the order of the
bandw idth of the resonant femtosecond pulse. Operation across a limited
range in the visible could be achieved by using different gain / absorber
combinations [14 - 21] but complete tuning was never convincingly
demonstrated for femtosecond pulses.

In the subsequent years, CPM dye lasers used in conjunction with
amplifier systems for continuum generation enabled pulses tunable from
0.2 - 1.6 jiim [22] to be produced at repetition rates up to 8 kHz [23]. Using
difference-frequency generation between the amplified dye laser output
and the continuum produced 480-fs pulses tunable from 1 .7 -4 pm and
with peak powers as high as 10 kW [24]. These systems, although widely
tunable, were limited by relatively low repetition-rates, weak continuum
generation in the near-infrared and the availability of suitable dyes. In
addition, amplifier-based systems typically produce ultrashort pulses
whose duration and intensity vary within the Q-switched pulse envelope.
For applications such as the analysis of multiple exponential decays in
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ultrafast relaxation processes [25], a high-repetition-rate cw-modelocked
source is desirable to obtain results with the highest signal-to-noise ratio.

Colour-centre Lasers
A new source of femtosecond pulses in the near-infrared was reported
in 1984. The soliton laser [26, 27] was a synchronously-pumped KCkTlO (1)
colour-centre laser tunable from 1.4 - 1.6 pm and modified to allow direct
generation of pulses as short as 50 fs, substantially shorter than the 8 ps
achieved in synchronously-pum ped operation alone. Fem tosecond
operation was achieved by coupling a length of polarisation-preserving
anomalously-dispersive fibre to the main laser cavity using a beamsplitter
and retroreflector arrangement. The length of the optical path in the fibre
arm was adjusted to be an integral multiple of the main cavity length.
Short-pulse operation was originally attributed to bright solitonic
generation in the fibre arm, but numerical modelling by Blow and Wood
[28] show ed that m odelocking was enhanced even w hen the pulses
returned from the fibre were tem porally broadened, im plying that
solitonic effects were not necessary for femtosecond operation. This
explanation was confirmed experimentally when 260 fs pulses were
generated from a KC1:T1 colour centre laser modelocked using only
normally dispersive fibre [29]. Pulses of 64-fs duration were subsequently
produced from the same laser w hen erbium fibre, which exhibits
enhanced nonlinearity, was used [30]. This coupled-cavity modelocking
(CCM) behaviour was consistent w ith theories which emphasised the
importance of interference between the pulse travelling in the m aster
cavity and the self-phase-modulated pulse returned by the nonlinear fibre
[31, 32]. The long upper-state lifetime of the laser-active centres in the
KC1:T1 gain m edium allowed particularly stable CCM operation but
D. T. Reid, PhD thesis
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modelocking of this kind was also successfully employed in an actively
stabilised NaCkOH" colour-centre laser to produce 110-fs pulses [33]. A
major application of modelocked colour-centre lasers was in the timeresolved characterisation of telecommunications optical fibres at 1.5 pm, a
wavelength corresponding to the lowest loss window for silica fibres and
a spectral region difficult to access using other sources. The need to
maintain the colour-centre crystal at cryogenic temperatures restricted the
availability of colour-centre lasers to research centres w ith access to a
source of liquid nitrogen. Furtherm ore, the limited tuning range of
femtosecond colour-centre lasers restricted their operation to the nearinfrared. Clearly there remained an interest in finding more robust laser
materials capable of sustaining femtosecond operation.

Vibronic Lasers
Solid-state vibronic materials are amongst the most recent laser media
to have supported femtosecond modelocking. In contrast to narrow-line
solid-state laser materials (eg. ruby, neodymium:YAG), vibronic media
such as Ti:sapphire have vibrational sublevels which spread the electronic
energy levels into broad bands thereby allowing laser transitions over a
range of energies. This broad emission bandw idth is the feature of
vibronic media which makes them attractive materials for femtosecond
pulse generation. In addition, output powers of hundreds of milliwatts
can be easily obtained from vibronic lasers at noise levels an order of
magnitude lower than those of dye lasers because of the solid-state nature
of the gain medium.

The forerunner of the femtosecond vibronic lasers in common use
today was the CCM Ti:sapphire laser which was capable of producing
1.4-ps duration pulses [34]. Further work using a similar system generated
D. T. Reid, PhD thesis
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pulses as short as 90 fs by including compensation for group-velocity
dispersion in both the master cavity and the fibre arm [35]. The complexity
of this arrangement increased alignment-sensitivity and made the CCM
Tiisapphire laser less practical than the CCM colour-centre lasers which
preceded it. Operation in the Ti:sapphire wavelength region of « 800 nm
was made more difficult than at longer wavelengths by the larger values
of material group-velocity dispersion. The demonstration in 1990 of the
self-modelocked Tiisapphire laser [36] was a significant advance as it
introduced a reliable solid-state widely-tunable femtosecond source
requiring no modelocking elements except the gain medium itself. The
mechanisms of self-modelocking involve configuring the laser cavity so
that self-focusing in the gain medium favours modelocked operation over
cw oscillation and are now well understood [37, 38]. Improvements in
crystal fabrication and resonator design in the Tiisapphire laser have
resulted in lasers that can produce sub-150 fs pulses from 700 - 1053 nm
[39,40] with average output powers of up to 3 W and corresponding peak
powers of - 500 kW.

Self-modelocking has been demonstrated using vibronic media other
than Tiisapphire. In 1992 self-modelocking of CriLiSrAlFô (CriLiSAF)
produced pulses as short as 50 fs at an average power of 200 mW from 800
- 920 nm using Ar-ion pum ping at 476 nm [41]. This was followed in 1993
by the dem onstration of a self-modelocked laser using Criforsterite
pum ped by a cw NdiYAG laser which produced 48-fs pulses tunable from
1.21 - 1.26 pm at an average output power of 380 mW [42]. The
wavelength coverage of femtosecond vibronic lasers was further extended
in 1994 when the operation of a self-modelocked Cr^+iYAG laser was
reported [43]. Pum ped by a cw NdiYAG laser, the Cr^+rYAG laser
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produced 120-fs pulses tunable from 1.51 - 1.53 pm with an average
output power of 360 mW.

The chart included as Fig. 1.1 shows the wavelength regions covered
by femtosecond dye, colour-centre and vibronic lasers. It is obvious that
large spectral regions, particularly in the near- to mid-infrared, still exist
that are not readily covered by conventional femtosecond lasers.
Modelocking of alternative vibronic media such as alexandrite and
Co:MgF2 may provide a partial solution but complete coverage could still
only be achieved by using a variety of pum p sources and laser media.
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A more satisfactory solution is to exploit the high peak output powers

already available from self-modelocked vibronic lasers to efficiently
generate new w avelengths using nonlinear frequency conversion
techniques. In the following section a review of the progress in the
development of synchronously-pumped femtosecond optical parametric
oscillators towards providing continuous wavelength coverage in the
visible and the near- to mid-infrared is presented.

1.3 Synchronously-pumped Optical Parametric Osciiiators
The synchronously-pumped optical parametric oscillator (OPO) has
for m ore than two decades been recognised as a highly effective
alternative for the generation of ultrashort pulses in new wavelength
regions. As early as 1972, Burneika and co-workers proposed a
synchronously-pumped OPO configured so that the cavity lengths of the
OPO and modelocked pum p laser were equal [44]. In the same work, the
researchers demonstrated an optical parametric amplifier (OPA) using
KDP which was synchronously pum ped by the second harmonic of a
m odelocked NdiYAG laser. For m any years, however, several factors
limited the operation of picosecond OPOs to pulsed, doubly-resonant or
amplified configurations. Continuous-wave-modelocked lasers providing
adequately high intensity (» 100 kW) were not available and pum p
sources were restricted to low repetition-rate Q-switched sources. The
availability of suitable nonlinear crystals possessing sufficiently high
damage-thresholds further ham pered progress in OPO technology. In
addition, the design of resonators w ith a high enough Q-factor was
hindered by the lack of damage-resistant dielectric mirrors capable of high
transmission at pum p wavelengths and arbitrary output coupling at the
OPO wavelengths.
D. T. Reid, PhD thesis
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For these reasons, the synchronously-pumped parametric oscillator has
its origins in frequency-unstable doubly-resonant configurations such as
the one demonstrated by Piskarskas and co-workers in 1988 [45]. This
oscillator was pum ped using the second harmonic of a cw-modelocked
NdiYAG laser and was based on Ba2 N aN bsO i 5 . The OPO was pum ped
w ith pulses of 40-ps duration at a repetition frequency of 140 MHz and
generated 37-ps pulses tunable from 0.96 - 1.19 pm with an average output
pow er of 56 mW. The pum p threshold power of only 28 mW was
explained by the use of a long (/ = 10 mm), highly nonlinear crystal
configured in a resonator with feedback at both the signal and idler
frequencies. This dual feedback was unfortunately detrim ental as it
resulted in the output spectrum of the OPO being characterised by a
cluster structure caused by competition between the cavity modes of the
signal and idler waves. Although the output of the doubly-resonant OPO
is characterised by large am plitude and spectral instabilities,
Ebrahim zadeh and co-workers exploited the low operating threshold
associated w ith this configuration to dem onstrate an all-solid-state
oscillator based on KTi0 P 0 4 [46]. The OPO was pum ped w ith 15-ps
duration pulses from a frequency-doubled cw-modelocked diode-laserpum ped NdiYLF laser and produced in total up to 40 mW of average
power.
Doubly-resonant configurations using Q-switched pum p sources have
also been demonstrated. Piskarskas and co-workers used the frequencydoubled and compressed output of a Q-switched modelocked NdiYAG to
pum p a doubly-resonant OPO based on Ba2 NaNbsOi 5 [47]. Tunability
from 0.95 -1.2 |xm was achieved with the output pulses having durations
as low as 3.5 ps and repetition rates of up to 3 kHz. Other doubly-resonant
D. T. Reid, PhD thesis
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Q -sw itched oscillators operating in the near-infrared have been
demonstrated using MgOiLiNbOs [48] and LiBsOs [49] and operating in
the visible using (3 -BaB2 0 4 [50].

The poor stability of the doubly-resonant OPO limited its usefulness in
the spectroscopic applications for which OPOs were being developed and
was superseded by singly-resonant Q-switched picosecond oscillators
such as the one first dem onstrated by Bromley, Guy and Hanna [51].
Based on a crystal of KTP, their OPO produced 70-ps pulses tunable from
1.04 - 1.09 nm and exhibited conversion efficiencies of up to 30 %. A
singly-resonant visible OPO was dem onstrated by Burdulis and co
workers who used the third-harm onic of a Q-switched modelocked
NdiYAG laser to pum p an oscillator based on |3 -BaB2 0 4 [52]. The 20-psduration output pulses were generated with conversion efficiencies of
30 % and were tunable in the wavelength range 406 - 3170 nm. Later work
by Ebrahim zadeh, Hall and Ferguson used a frequency-doubled,
modelocked, Q-switched diode-laser-pumped NdiYLF laser to pum p a
singly-resonant oscillator based on LiBgOg [53]. This tem perature-tuned
device was capable of continuous tuning from 664 - 2470 nm and
displayed a conversion efficiency of 20 %. In common with the other
singly-resonant devices reported, Ebrahimzadeh et al measured smooth
frequency spectra which were entirely free of any mode-clustering effects.
Similar results were also reported by Zhou and co-workers who used a
frequency-doubled, modelocked, Q-switched NdiYAG laser as the pum p
source for a temperature tuned LiBgOg - based oscillator [54].
Q-switched singly-resonant systems, although displaying superior
efficiency and

frequency stability, also had inherent disadvantages. The

j

duration and

intensity of the picosecond pulses varied across the

j
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Q-switched envelope and the low repetition-rate (~ 1 Hz -10 kHz) was not
desirable for many applications requiring a high signal-to-noise ratio.
Continuous-wave picosecond operation of a singly-resonant OPO was
first reported by McCarthy and Hanna who used a frequency-doubled
additive-pulse-m odelocked diode-pum ped NdiYLF laser to pum p a
KTi0 P0 4 - based oscillator [55]. The high-peak powers available from the
2.4-ps-duration pum p pulses enabled this device to achieve a signal
conversion efficiency of 16 % and transform-limited 1.5-ps pulses were
produced with 42 mW of average power. Using a similar pum p laser. Hall
and co-workers demonstrated a singly-resonant picosecond OPO based on
LiBgOs, tunable from 650 - 2650 nm and with an overall pump-conversion
efficiency of > 50 % [56]. Another singly-resonant continuous-w ave
oscillator was reported by Chung and Siegman who used the 2.2-ps
output pulses from a temporally-compressed cw-modelocked NdiYAG
laser to pum p a KT1 0 P 0 4 -based OPO [57]. The 2 - 3 ps-duration signal
o u tput pulses were produced at average powers of up to 240 mW
corresponding to an overall conversion efficiency of 15 %. Finally, a selfmodelocked Tiisapphire laser producing 1.4-ps-duration pulses at an
average power of 1.6 W was used by Nebel and co-workers as the pum p
source for a singly-resonant KTi0 P 0 4 - based OPO [58]. As m uch as
700 mW total power was produced in the two outputs of this device which
were tunable in a wavelength range of 1.052 - 2.871 pm.
Work in synchronously-pumped OPOs had, for many years, relied on
picosecond pum p lasers as they represented the only sources capable of
providing sufficiently large pulse energies. In 1989 Edelstein, Wachman
and Tang became the first to dem onstrate a high-repetition rate
continuous-wave femtosecond OPO using an oscillator based on a thin
crystal of KT1 0 P 0 4 (KTP) and pum ped at the intracavity focus of a dye
D. T. Reid, PhD thesis
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laser [59]. This singly-resonant OPO was broadly tunable from 820 920 nm and from 1.9 - 2.54 pm and produced 220-fs duration pulses at a
repetition frequency of 100 MHz. The addition of intracavity optics
compensating for group velocity dispersion effects allowed transformlimited pulses as short as 105 fs to be generated with tunability from 755 1040 nm and 1.5 - 3.2 pm being demonstrated [60, 61, 62, 63]. In 1990 an
alternative method of producing femtosecond pulses from an OPO was
demonstrated by Laenen, Graener and Laubereau who used 0.8-ps pulses
from a modelocked Q-switched Ndiglass laser to pum p a singly-resonant
p-BaB 2 0 4 - based OPO [64]. This system suffered from all of the
disadvantages of Q-switched picosecond oscillators and typically
produced pulses of duration 200 fs with an efficiency of 3 %.

The alignm ent and operation of the continuous-wave intracavitypum ped OPO required extraordinary extremes of precision and the low
power output powers available from the CPM laser were not sufficient to
pum p an extracavity OPO directly. An important advance was made in
1992 when Mak, Fu and Van Driel demonstrated a femtosecond OPO
pum ped extracavity by the output of a hybridly modelocked dye laser
operating at 645 nm [65]. Also based on KTP, their OPO was capable of
generating 220-fs pulses at average signal output powers of 30 mW and
was tunable from 1.2 - 1.39 pm. The extracavity pum ped configuration
allowed independent alignment of the laser and the OPO and was an
important intermediary to the Tiisapphire-pumped femtosecond OPO first
demonstrated later in 1992 by Pelouch, Powers and Tang [66,67]. This and
similar OPOs [68, 69] used a KTP crystal cut for critical phase-matching
(ie. designed for propagation not parallel to a crystal axis) and produced
transform limited pulses as short as 57-fs with average signal powers of
up to 340 mW.
D. T. Reid, PhD thesis
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As a result of the high average powers available from the selfmodelocked Tiisapphire pum p laser, the femtosecond OPO displayed
total pum p conversion efficiencies of up 50 % and, when configured with
high-reflectivity mirrors, average intracavity powers of more than 10 W
could be achieved. These characteristics made the Tiisapphire-pumped
OPO an attractive means of producing tunable femtosecond pulses in the
visible by using intracavity second-harmonic generation. In 1993 Ellingson
and Tang successfully demonstrated an intracavity-frequency-doubled
OPO based on KTP and pum ped using a high power self-modelocked
Tiisapphire laser. By using angle-tuning they generated output pulses in
the visible with durations as short as 95-fs and continuously tunable from
580 - 657 nm [70]. By configuring the OPO with mirrors that were highlyreflecting at the signal wavelength, average output powers as high as
240 mW were generated in the second-harmonic.
For technical reasons connected with their dye-laser origins, all of the
Tiisapphire-pumped femtosecond OPOs which had been demonstrated
until 1993 were based on a critical phase-matching geometry using a
noncollinear pum ping scheme. A non-critical geom etry (all waves
propagating parallel to crystal axes) would clearly be advantageous as it
this would maximise both the gain and the bandw idth available to the
signal pulse and sim ultaneously allow collinear pum ping. The first
oscillator featuring a non-critical crystal geometry was demonstrated by
Kafka, Watts and Pieterse using an LBO-based OPO [71]. By varying the
temperature of the LBO crystal the output of their OPO was tunable from
1.3 - 1.5 fxm and from 1.63 - 1.95 pm and non-transform-limited pulses as
short as 40 fs were produced.
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In the same year two femtosecond OPOs were reported which used a
KTP crystal in a non-critical geometry. Nebel, Fallnich and Beigang
presented a Tiisapphire-pumped oscillator based on a 6mm-long crystal
which was capable of producing 386-fs signal pulses tunable from 1.05 1.15 pm with an average output power of 300 mW [72]. Using a shorter
crystal Reid, Dudley, Ebrahimzadeh and Sibbett generated transformlimited 40-fs signal pulses from 1.1 - 1.4 pm with average output powers
of up to 50 mW [73, 74, 75, 76].

Most recently, as new nonlinear materials became available in 1993
and 1994 Tiisapphire-pum ped femtosecond OPOs were dem onstrated
based on KTA [77], CTA [78] and RTA [79 - 82], providing wavelength
coverage over a wide spectral region including the visible [82]. Using a
novel configuration Gale, Hache and Pavlov demonstrated a visible OPO
pum ped by the second harmonic of a self-modelocked Tiisapphire laser
which used |3BBO to extracavity frequency double the pum p laser and as
the gain medium in the oscillator itself [83]. By employing difference
frequency mixing between the pum p laser and the output of the OPO
femtosecond pulses in the m id-infrared were generated at m icrowatt
power levels by these and other [84] researchers.
The schematic included as Fig. 1.2 shows the wavelength coverage
provided directly by continuous-wave femtosecond OPOs reported to
date. Clearly, rapid progress in the area of continuous-wave femtosecond
OPOs has taken place in only a few years. New materials and new pum p
wavelengths will make possible the development of femtosecond OPOs
capable of continuous tuning across wide spectral ranges including the
visible and the 5 -1 0 pm region. Table 1.1 (shown on the following pages)
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provides a sum m ary of the experiments involving continuous-wave
femtosecond OPOs which have been reported in the literature to date.
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Wavelengths in the visible and infrared generated directly
by continuous-wave femtosecond optical parametric oscillators.

W hen the work presented in this thesis was begun, the only
fem tosecond optical param etric oscillator to have already been
demonstrated was the intracavity-pumped system reported by Edelstein et
al [59]. This device required precision alignment and the output powers

were extremely low. The then recently-demonstrated self-modelocked
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Tiisapphire laser had yet to be used as a pum p source for an OPO and its
operation was not well understood. The motivation behind the work
presented here was to demonstrate a reliable system delivering reasonably
high output powers and free of the restrictions of dye-laser operation.

1.4 Conclusions
In the following chapter the configuration and design will be discussed
of the self-modelocked Tiisapphire laser used as a pum p source for the
optical parametric oscillators described in later chapters. Chapter 3 will
address in detail the design considerations of im portance in the
construction of a femtosecond optical parametric oscillator and will
include a discussion of the choice of nonlinear crystal used as the
parametric gain medium. In Chapter 4 results will be presented from a
Tiisapphire-pum ped OPO based on the nonlinear material KTP and a
discussion of the temporal and spectral output characteristics of the OPO
under various operating conditions will be given. A study of soliton
propagation in the OPO will be described and operation using a variety of
signal and idler cavity geometries will also be included. The w ork
presented in Chapter 5 will describe the configuration of a Tiisapphirepum ped OPO using the nonlinear material RTA and will also detail the
extension of the OPO output into the visible using intracavity frequencydoubling. Finally, in Chapter 6, the work presented in this thesis will be
sum m arised and the implications for future initiatives in the area of
femtosecond OPOs will be outlined.
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Table 1.1.

Summary of cw-femtosecond optical parametric oscillator
experiments reported to date.

Pump Laser

Crystal

Tuning

O utput
Power
(signal)

Efficiency
(signal)

R6G / DODCI
CPM Dye
Xq= 620nm

KTP t= lA m m
0=47° (|)=0°
Noncollinear o->-eo

820 - 920nm
1.90 - 2.54pm

2m W

Intracavity
pumped

220 fs

[59]

R6G / DODCI
CPM Dye
A,q= 620mn

KTP f=1.4mm
0=47° (|)=0°
Noncollinear o^ eo

820 - 920nm
1.90 - 2.54pm

2mW

Intracavity
pumped

105 fs

[60]

R6G / DODCI
CPM Dye
620nm

KTP ( =1.4mm
0=47° (|)=0°
Noncollinear o->eo

755 - 1040nm
1.50 - 3.2pm

2m W

Intracavity
pumped

105 fs

[61]

R6G / DODCI
CPM Dye
Xq= 620nm

KTP t=1.4mm
0=53° (j)=0°
Noncollinear o~^eo

755 - 1040nm
1.50 - 3.20pm

2m W

Intracavity
pumped

120 fs

[62]

Hybrid Dye
Kq- 645nm

KTP f=1.5mm
Noncollinear o-^eo

1.2 - 1.34pm
1.24 - 1.39pm

30 mW

10.7%

220 fs

[65]

Ti:sapphire

KTP f=1.15mm
0=47.5° 4=0°
Noncollinear o—*^eo

1.22 - 1.37pm
1.82 - 2.15pm

215 mW

17.2%

75 fs

[66]

Tirsapphire

KTP 1 =1.5mm
0=67° 4=0°
Noncollinear o-^eo

1.2 - 1.34pm
1.78 - 2.1pm

100 mW

167%

103 fs

[69]

Ti:sapphire

KTP f=1.5mm
0=67° 4=0°
Noncollinear o->eo

1.2 - 1.34pm
1.78 - 2.1pm

185 mW

23.1%

62 fs

[68]

Xq - 790nm

Titsapphire

KTP f=1.15mm
0=47.5° 4=0°
Noncollinear o->eo

1.22 - 1.37pm
1.82 - 2.15pm

340 mW

13.6%

57 fs

[67]

R6G / DODCI
CPM Dye
Xq= 620nin

KTP f=1.4mm
0=47° 4=0°
Noncollinear Q-*-eo

820 - 920nm
1.9 - 2.54pm

2m W

Intracavity
pumped

100 fs

[63]

^0 = 790nm

Xq = 765nm

Xq - 790nm
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Table 1.1. cont’d.

Pump Laser

Ti:sapphire

Xq = 790nin

Summary of cw-femtosecond optical parametric
oscillator experiments reported to date.

Crystal

Tuning

O utput
Power
(signal)

KTP i=1.5mm
580 - 657nm=^ 240 mW*
9=45° 4=0°
1.16 - 1.314pm OPOHR
Noncollinear o->-eo 1.98 - 2.4pm
47pm PBBO oo->-e

Efficiency
(signal)

ATfnin

H.4%*

95 fs*

[70]

120 fs

Ti:sapphire

LBO
0=90° 4=0°
ColHnear e-^oe

1.3 - 1.5pm
1.63 - 1.95pm

250 mW

125%

40 fs

[71]

Tirsapphire
Xg = 785nm

KTP t =6.0mm
0=0° 4=0°
Collinear e->-oe

1.05 - 1.15pm
2.24 - 2.7pm

300 mW

30%

386 fs

[72]

Tirsapphire

KTA t =1.47mm
0=50° 4=0°
Noncollinear o->-eo

1.29 - 1.44pm
1.83 - 1.91pm

75 mW

7.5%

85 fs

[77]

Tirsapphire
Ig = 830nm

KTP t =1.5mm
0=90° 4=0°
Collinear o->eo

1.1 - 1.4pm
2.30 - 3.38pm

135 mW

15%

40 fs

Tirsapphire
A,g = 790nm

CTA t =1.0mm
0=90° 4=0°
Collinear o-^eo

1.46 - 1.74pm

100 mW

9.1%

64 fs

[74,
73,
75,
76]
[78]

1.2 -1.31pm
100 mW
RTA
0=53° 4=0°
2.1 - 2.5pm
Noncollinear o-*^eo
RTA t =2.0mm
1.23-1.34 pm 185 mW
Tirsapphire
0=90° 4=0°
2.1 - 2.43 pm
X= 785 - 855nm
Collinear o-»eo
620- 660 nm* 170 mW*
Tirsapphire
RTA t =2.0mm
0=90° 4=0°
1.24 -1.32 pm OPO HR
X= 780 - 880nm
2.1 - 2.59pm
Collinear 0“>eo
pBBO t =200pm

&7%

85 fs

[79]

21%

67 fs

[80,
81]

15.5%*

60 fs*

[82]

Xq - 780nm

Xq = 780nm

Tirsapphire

Xq = 800nm

CQ-^e

SHG
Tirsapphire
Xq = 410nm

(3BBO t =2.0mm
0=32°
Noncollinear e->oo

575 - 660nm
1.0 -1.3 pm

120 mW

13.3 %

59 fs

[83]

Tirsapphire
^g = 780nm

LBO
0=90° 4=0°
Collinear e->-oe

1.18 - 1.3pm
1.9 - 2.2pm
(2,6 - 4.3 pm)

450 mW

22.5 %

65 fs

[84]

(50 pW)

(0.0025 %)

(180 fs)

Second harmonic of the resonant signal wave
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C h O p tS T 2

The Self-Modelocked Thsappbire Pump Laser

2.1 Introduction
The self-modelocked Tiisapphire laser described briefly in Chapter 1
has, in only a few years, become the standard laboratory source of highaverage-power cw-modelocked femtosecond pulses in the far-red and
near-infrared. In this chapter, a detailed description is given of the selfm odelocked Tirsapphire laser used as the pum p source for the
experimental femtosecond optical parametric oscillators (OPOs) described
later in this thesis. A discussion of the techniques used to measure the
temporal and spectral characteristics of the modelocked output of the laser
is also included. The chapter begins with a review of linear and nonlinear
pulse propagation in transparent optical media which introduces many of
the effects referred to in the discussion of the pum p laser.

2.2 Optical pulse propagation in linear and nonlinear media
The understanding of the propagation and interaction of optical pulses
in linearly and nonlinearly dispersive systems is of great importance in the
design of modelocked lasers, frequency-conversion systems and other
technologies such as optical fibre communications. This section begins by
examining the effects of material dispersion on the shape and velocity of a
pulse propagating in a system displaying a linear response to an electric
field. Phenom ena such as spectral broadening and self-focusing are
described later in a discussion of propagation in nonlinear systems.
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Pulse propagation in iinear system s
When a polarised electric field, E , interacts with an atomic medium, a
corresponding polarisation, P , is induced as the atomic nuclei shift
towards the direction of the applied field and the electrons move in the
oppposite direction. The frequency-dependent response of the system is
characterised by the atomic susceptibility, % (m), which is a complex
quantity relating the applied and polarisation fields by,
P(m)=%((o) GoE(o))

(1)

where Eq is the dielectric permeability of free space. The real part of % (co)
corresponds to a frequency-dependent phase relation between the applied
field and the induced polarisation and is used to define the refractive
index as,
n (co) = VT+"z^(to)” .

(2 )

In contrast, the imaginary component describes absorption of the
applied field due to atomic resonances in the medium. The frequency
dependence of the refractive index is known as dispersion and has a
num ber of consequences for the propagation of optical pulses having a
finite frequency bandwidth.

It is well known that Fourier transform ing a Gaussian envelope
function in time results in a Gaussian envelope in frequency. Similarly, a
modelocked pulse of finite duration has a spectrum containing a range of
frequencies (or covering a band of wavelengths). The duration of the
shortest pulse which can be supported by a particular frequency
bandw idth is described by the time-handwidth product (AvAx) which has a
unique value for specific pulse envelope shapes. For Gaussian pulses AvAx
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« 0.44 when Av and At are measured at the pulse intensity full-width half
maximum (FWHM) positions.

Figure 2.1 illustrates the tim e-varying am plitudes and the power
spectra of two Gaussian pulses of identical durations. The pulse shown in
Fig. 2.1(a) and (b) has a time-bandwidth product of 0.44 and is therefore
transform-limited . The time-bandwidth product of the second pulse shown

in (c) and (d) is « 4.4 indicating that this pulse is chirped ie. has a timevarying instantaneous frequency. A pulse of duration « 10 times shorter
could therefore be supported by the available bandwidth.

AvAt = 0.44

Ç-0.5

I
B

0.5

I

c-0.5

Figure 2.1

Amplitude and spectrum of an unchirped Gaussian
pulse (a, h) and of a pulse with linear chirp (c, d)
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In a dispersive system, each frequency component w ithin a pulse
travels at a unique phase velocity given by CD/fc where k {=2nn (œ)/%o) is
the wavenum ber inside the medium. Pulse broadening occurs as faster
components extend the leading edge of the pulse envelope while slower
components retard the trailing edge. The instantaneous velocity of the
centre of the pulse envelope is known as the group velocity and is given by,
Vg=l/\

'd k \

(3)

dco Û)=Û)o .

For a pulse to propagate without dispersive broadening, all parts of the
pulse envelope m ust travel with the same velocity. Group velocity dispersion
(GVD) describes the change in the pulseshape due to different regions of
the envelope propagating with different group velocities and is given by.
GVD =

rd ^k-\

(4)

dco^ C0=0)o •

Group-velocity dispersion in optical systems is often responsible for
broadening pulses to durations greater than the transform limit by
introducing a linear phase change or chirp across the pulse. The sign of
GVD is positive for wavelengths below -1.5 |xm in most materials and
becomes increasingly negative for longer wavelengths. In solid-state
modelocked lasers such as the Tiisapphire it is the gain m edium itself
which contributes the greatest positive dispersion in the laser resonator.
Other intracavity elements such as an acousto-optic modelocker, prisms
and m irrors also contribute positive dispersion. To obtain the shortest
pulses from the laser the net cavity group-velocity dispersion m ust be
close to zero. A practical method for providing adjustable negative GVD in
laser cavities was suggested by Fork, Martinez and Gordon [1] who
showed that suitably positioned pairs of prisms could provide negative
group-velocity dispersion even when the material dispersion of the prisms
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themselves was positive. The prisms are oriented for minimum deviation
and at Brewster's angle as illustrated in Fig. 2.2.

Figure 2.2

Four-prism sequence having negative group-velocity dispersion,
(taken from ref. [1 ] )

Continuous adjustment of dispersion from negative through zero can
be achieved by translating individual prisms to vary the am ount of
intracavity glass. The group-velocity dispersion of the prism arrangement
is described in terms of the second derivative of the optical path, P, with
respect to the free-space wavelength. As a function of prism separation I ,
material dispersion n(X) and the ray divergence after the first prism p, the
dispersion is given by.
d^P
dX2

4Z

sin p - 2

rdn Ÿ

dX

cos p

(5)

The positive material dispersion associated with an intracavity element
of thickness t and index n is given by.
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rd^n \

(6)

Using these expressions the net group-velocity dispersion can be
evaluated for a particular laser cavity allowing resonators for femtosecond
pulses to be designed which contribute minimally to pulse-broadening.
The application of this technique in the configuration of the Tiisapphire
pum p laser will be detailed later in this chapter.

The discussion included here has dealt only w ith the effects and
correction of group-velocity dispersion associated w ith the second
derivative of phase with respect to frequency or second-order dispersion.
Compensation for third-order dispersion has recently been demonstrated
in self-modelocked Tiisapphire lasers by careful selection of prism
materials [2,3,4] or by using specially coated dielectric mirrors [5] and has
allowed the generation of sub - 2 0 fs pulses to become widespread.

Pulse propagation in nonlinear system s
In the linear systems discussed already, the propagation of an
electromagnetic wave in a material resulted in a polarisation directly
proportional to the instantaneous electric field strength of the wave. If the
wave amplitude is sufficiently intense then the polarisation response of
the m edium may become nonlinear with respect to the applied field. The
polarisation can be written as a power series expansion in the applied
fieldi
P (®) = AT(i)eoE + X (2 )EqE ^ + X (sj^oE 3 +...,

(7)

where X{1) is the linear susceptibility introduced earlier and X{2 ) and
X(3 ) are frequency-dependent nonlinear susceptibilities responsible for

phenom ena such as harmonic generation and the intensity-dependent
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behaviour of the refractive index, respectively. Frequency conversion and
pulse-shaping effects relying on X{2 ) will be described in depth in Chapter
3. The remaining discussion concerns nonlinear effects arising from the
X(3 ) term in the polarisation and the consequences of these effects on a

pulse propagating in the presence of linear dispersion.

If the total susceptibility is defined as P /eo E , then it is easy to show
that the refractive index has a nonlinear dependence on field strength
described by,
n^rio + nzE^

where, 712 « “2 ^

(8)

The nonlinear refractive index n z can be exploited in a Kerr cell
modulator where a high-voltage electric signal is applied to a material with

a large third-order susceptibility to modulate the refractive index seen by
an optical wave. Using this technique, either phase or am plitude
modulation of the wave can be achieved.

The field associated with an intense optical wave can itself be capable
of modulating the refractive index of a medium, resulting in an intensity
dependence of the refractive index known as the Kerr effect. One important
consequence of this effect is the phenomena of self-focusing where an
intense beam induces a weak positive lens in the optical medium. This is
understood by considering the phase velocity of the wavefront as it
propagates through the medium as illustrated in Figure 2.3. The centre of
the beam, which is most intense, sees the highest index of refraction
causing the centre of the wavefront to be retarded more than the edges
and focusing results.
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Kerr medium

//
\A

►JC
Figure 2.3 Self-focusing of an intense beam due to the optical Kerr effect

The optical Kerr effect can modify an optical signal not only spatially,
but also in the time domain. Self-phase-modulation (SPM) occurs in optical
pulses when the centre of the pulse experiences a larger refractive index
variation or phase-shift than the leading or trailing edges. The
instantaneous phase shift of the pulse in propagating through a length I of
an optical medium will be,
2 nn

(t)l

(9)

which results in an instantaneous frequency chirp described by,

dd
dt

2nn2l

dl
dt

( 10)

This chirp is not linearly distributed across the pulse since it is
proportional to the rate of change of the pulse intensity as illustrated in
Figure 2.4.

Self-phase-modulation broadens the frequency bandwidth of the pulse
by increasing the frequency on the trailing (high-frequency) edge and
lowering the frequency on the leading (low-frequency) edge. In the
presence of positive group-velocity dispersion the pulse will broaden very
rapidly as the difference in frequency between the leading and trailing
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edges is increased. In a m edium possessing negative group-velocity
dispersion, a pulse chirped by SPM is compressed since lower frequency
components travel slower and higher frequencies faster. This retards the
leading edge of the pulse and accelerates the trailing edge. The resulting
duration can be significantly shorter than that of the original unchirped
pulse since SPM can substantially expand the pulse frequency bandwidth.
(b)
I

Figure 2.4

d<p(t)
dt

Pulse intensity envelope (a) and subsequent frequency
chirp resulting from self-phase-modulation (h)

As modelocked lasers are systems in which the resonant pulse can
experience both SPM and negative GVD the resulting equilibrium is of
importance in the understanding of the factors determining the output
pulse duration of the laser. Solution of the nonlinear Schrodinger equation
provides a quantitative method of analysing pulse propagation through a
nonlinear dispersive optical medium. Written in a differential form the
nonlinear Schrodinger equation is.
^

,,<9

.AIE

2

|

E (zJ )

=

0

,

(11)

where k' and k " are the first and second derivatives of k with respect to co.
The term s in k ' and k " represent group velocity and group-velocity
dispersion respectively and P2 is a term describing the optical Kerr effect
in the medium.
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Two solutions of the nonlinear Schrodinger equation are of particular
interest in the study of optical pulse propagation. A pulse propagating in a
m edium with positive dispersion will be described by a dispersive solution
of the equation and will broaden as it travels through a medium. An
intense pulse may simultaneously aquire substantial frequency chirp and,
on leaving the medium, can be compressed to shorter than its original
duration using a suitable dispersive element such as a grating pair. At low
pulse intensities dispersive broadening can also occur when the medium is
negatively dispersive but, in the case of a pulse of sufficiently high
intensity, self-phase-modulation can result in steady compression of the
centre of the pulse. In this way an equilibrium is reached where nonlinear
effects concur with linear dispersion to produce a pulse whose shape does
not vary as the pulse propagates. This non-dispersive

solution of the

nonlinear Schrodinger equation is an example of a first-order soliton and
corresponds to a pulse having a sech^(f ) intensity profile. In a dispersioncompensated modelocked laser such as the self-modelocked Tiisapphire
the pulse evolution is often referred to as solitonlike since the pulse shape
is determined by the combined effects of SPM in the gain medium and
linear dispersion in the rest of the resonator. The pulse cannot however be
generally referred to as a soliton because the effects of SPM and GVD are
localized and not distributed throughout the whole cavity.

Higher-order soliton solutions of the nonlinear Schrodinger equation
can also exist. Instead of a constant temporal and spectral profile the
duration and bandw idth of these pulses varies periodically at a rate
described by the soliton frequency . Figure 2.5 illustrates the tem poral
evolution of a third-order soliton over a time equal to one soliton period.
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B
c

t (local)

Figure 2.5

Temporal evolution of a third-order soliton over the
soliton period

Periodic pulse breakup and restoration at the soliton frequency has
been observed experimentally in negatively dispersive optical fibres [6 ]
and similar behaviour in a femtosecond optical parametric oscillator is
described in detail in Chapter 4 of this thesis.

2.3 The Tiisapphire gain medium
In common w ith m any other solid-state laser m edia, Tiisapphire
(Ti:Al2 0 3 ) is a uniaxial crystal consisting of a transparent solid host
(AI2 O 3 ) doped with a small percentage of impurity ions (TP+). The hostmaterial, sapphire, exists as an octahedral crystal with six

ions lying

adjacent to each AP+ site. The structure of Ti:Al2 0 3 , where Ti^+ ions are
substituted for AP+ ions at a small percentage (-0.1 %) of sites, is
illustrated by Figure 2.6.
Tiisapphire crystals are commonly grown by the Czochralski method
using an iridium crucible initially prepared with Ti0 2 and AI2 O 3 in solid
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form [7]. Growth takes place in an atmosphere of nitrogen gas and is
initiated by touching an oriented sapphire crystal onto the top of the melt.

Figure 2.6

Octahedral arrangement of Onions
around the laser-active
ion in TvAlzO s

Above a temperature of 1750°C, Ti^+ ions are formed as Ti2 0 3 by a
dissociation reaction described as.
2 T i0 2

( 12 )

T i2 0 3 + %O 2.

When a temperature of 2050°C is reached the liquid Ti2 0 3 then mixes
with the molten AI2 O 3 present and, by drawing the sapphire seed crystal
at a rate of 0.5 cm /h, good quality Tiisapphire crystals as long as 30 cm
and with doping concentrations as high as

0 .1

% can be obtained after

anealing.

Laser action in Tiisapphire was first reported in 1982 [8 ] and was
attributed to the presence of the TP+ ion. In isolation the TP+ ion has an
electronic configuration of ls^2s^2p^3s^3p^3dl. However, within the AI2 O 3
lattice, the strong cubic field from the O^- ions surrounding an octahedral
site splits the energy levels into triply degenerate ^T2 ground state and a
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excited state [9] as illustrated in Fig. 2.7.

Furthermore, the field associated with the trigonal arrangement of AP+
ions splits the ground

state into two levels and the lower of these is

split into a further two levels by the spin-orbit interaction.

2

e

Jahn-Teller
splitting
(D
3
2

I
c

0
1
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FreeTi3+'.
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cubic
field

2

a.

Io‘

e

ZJ

spin-orbit
coupling

field
Figure 1,7

I
Z
J

Energy level diagram of the laser transition in TiiAliO s

Absorption from the ground ^T2 state to the ^E excited state occurs in
the visible around a wavelength of 500 nm and is characterised by a dual
peaked spectrum caused by Jahn-Teller splitting. Fluorescence from the
to ^E transition occurs from 600 -

1100

nm and has been measured to

have a lifetime of 3.15 ps [10]. The absorption and fluorescence spectra
measured by Moulton [10] for polarisations parallel (tc) and orthogonal (a)
to the crystal c -axis are reproduced in Fig. 2.8.
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Polarised absorption (a) and fluorescence (h) spectra for the
^Tz to
transition in TÛAI2 O 3 (taken from R ef 10)

The short excited-state lifetime for Tiisapphire limits the type of pum p
sources which can be used to continuous-wave, short-pulse or Q-switched
lasers. Flashlamp pum ping is not possible unless special short-pulse
flashlam ps are used. The lifetime is too long to allow synchronous
pum ping and any modulation of the pum p will only have a small effect on
the gain. The cross-section for stimulated emission is large (~3 x 10“^^ cm^)
which allows crystal lengths as short as a few millimetres to be used. Gain
in Tirsapphire can be reduced by a weak but broad residual absorption
maximising at around 800 nm caused by the existence of TP+-Ti‘^+ ion
pairs. A figure of merit can therefore be defined for a particular crystal as
the peak Ti^+ absorption at 490 nm divided by the peak residual
absorption at 850 nm. In recent years improved growth m ethods have
raised the maximum achievable figure of merit for Tirsapphire from 100 to
as much as 1000. Table 2.1 contains a summary of the typical spectroscopic
and material properties of Tirsapphire.
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Table 2.1 Typical material and spectroscopic properties of Ti:Al2 0 3
Property

Value

Crystal unit cell

Hexagonal a = 4.758Âc = 12.991 Â

Thermal conductivity, K

0.34 W cm -IK -i

Refractive index (k = 800 nm)

n = 1.760

Thermal refractive index, ^

1.2 X 10 -6 K-1

Nonlinear refractive index, n 2

3 X 10 -19 cm 2 W "1

Fluorescence lifetime, X

3.15 |xs

Gain cross-section, Ogain

3 X 10 "19 cm 2

Absorption cross-section. Cabs

3-6.5x10-20 cm2

Figure of merit

200

dn

2.4 The self-modelocked Tiisapphire laser
Since the original demonstration by Spence, Kean and Sibbett [11] of a
Tirsapphire laser capable of directly producing 60-fs pulses without any
obvious intracavity modelocking element, the technique of self-modelocking
has been widely used to generate femtosecond pulses in a variety of solidstate lasers. Using this technique high-average-power pulses as short as
11 fs have been produced from a Tirsapphire laser [4,5]. In this section the
principles of self-modelocking will be outlined together with a brief
review of a num ber of different im plem entations which have been
demonstrated to date.
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Self-modelocking
Soon after the first demonstration of self-modelocking it was suggested
[1 2 ] that, in the femtosecond Tirsapphire laser, the peak intracavity powers
of several hundred kilowatts were capable of inducing self-focusing effects
at the beam waist in the Tirsapphire rod. This self-focusing or Kerr-lensing
effect would be absent when the laser was not modelocked with the result
that the cw cavity mode would be different from that of the modelocked
laser, in agreem ent w ith experim ental observations [11]. Judicious
positioning of intracavity elements such as apertures, slits or even prisms
could therefore discriminate against the cw cavity mode resulting in
higher gain for modelocked operation. Even without any "hard aperture"
in the resonator, self-modelocking could result in an increase in gain if the
cavity was configured so that, on modelocking, the mode change led to
increased overlap with the pum p beam in the gain medium. Theoretical
and experim ental investigations [13, 14] have show n that, w ith an
optim ised cavity configuration, the size of the cw and modelocked
transverse modes may differ by as much as 50 % and stable modelocking
has been demonstrated using suitably positioned intracavity apertures in
agreement with theory.

The mechanism of self-modelocking is passive and has been compared
to the action of a fast saturable absorber which symmetrically steepens the
leading and trailing edges of the pulse. Self-modelocking is not generally
self-starting and requires external initiation in the form of a primitive
picosecond pulse or a noise-spike. Occasional self-starting behaviour was
observed in the self-modelocked laser reported by Spence et al [11] who
attributed modelocking to the interaction of the fundamental and higher
order transverse modes in the resonator. Recent work by Cerullo and co
workers [14] has demonstrated a self-modelocked Tiisapphire laser based
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on a resonator design which exploits m ode-perturbations to initiate
modelocking. Self-modelocking has also been successfully initiated by
using a moving mirror in an external coupled cavity to perturb the modes
in the main resonator [15, 16, 17]. Regenerative modelocking using an
acousto-optic m odulator has been used to generated picosecond pulses
with peak powers sufficient to initiate either picosecond or femtosecond
self-modelocked operation [18,19]. Other starting mechanisms have relied
on wavelength dependent techniques such as using a coloured glass filter
[2 0 ], a saturable absorber dye [2 1 ] or an external coupled-cavity containing
a nonlinear reflector [22]. Less elegant methods including tapping a cavity
mirror or "table-banging" have also proved effective. Table 2.2 provides a
sum m ary of some of the starting mechanisms used to initiate selfmodelocking in Tiisapphire lasers.

Table 2.2 Starting-mechanisms employed in self-modelocked
Tiisapphire lasers
Method

Comments

Reference

Mode-beating

Original reported
Tiisapphire laser

[1 1 ]

Moving mirror

In linear cavities, feedback from
external cavity can destroy
modelocking

[15,16,17]

Acousto-optic
modulation

Initiates fs or ps operation

[18]

Glass Filter

Wavelength-dependent

[2 0 ]

Dye saturable
absorber

W avelength-dependent
Not solid-state

[2 1 ]

Nonlinear reflector

W avelength-dependent

[2 2 ]

Table-banging

Operator-intensive

[1 1 ]
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Configuration of the Tiisapphire pump laser
The self-modelocked Tirsapphire laser used as the pum p source for the
femtosecond optical param etric oscillators described in the following
chapters was modified from a continuous-wave (cw) Spectra-Physics 3900S
laser. In its original form this laser was configured as a horizontallypolarised four-mirror resonator w ith a cavity length of approximately

0 .8

m. The Tirsapphire gain medium was a 20-mm-long Brewster-angled rod
cut for propagation along the a-axis and with the c-axis parallel to the
plane of incidence of the Brewster faces. This crystal geometry achieved
the highest gain since light polarised parallel to the c-axis experiences a
larger emission cross-section than the orthogonal polarisation. The figure
of merit of the rod was approximately 200. The cavity mirrors surrounding
the Tirsapphire rod were broadband coatings which were highly-reflecting
(HR) for wavelengths from 750 - 900 nm and were deposited on 15-mmdiameter substrates with curvatures of r = -100 mm. Both of the remaining
resonator mirrors were plane; one was an HR coating similar to those
described already and the other was an output coupler centred at 850 nm
and with a transmission of 3.5 %. The laser was pum ped with all lines (% =
488 - 514.5 nm) of an Ar-ion laser operating in a TEM 00 transverse mode
and pum p light was coupled into the resonator through one of the curved
mirrors using a focusing mirror of curvature r = 228 mm. The pum p light
was polarised along the c -axis of the Tirsapphire rod as this polarisation
corresponds to the maximum absorption cross-section in the gain medium.
To provide bandwidth limitation a three-plate biréfringent filter (BRF) was
included in the cw Tirsapphire laser.

Conversion to a self-modelocked laser required the BRF to be removed
and the cavity to be extended to a length of approximately

1 .8

m to allow

an 82 MHz acousto-optic modelocker to be included. The modelocker was
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driven regeneratively ie. at the exact cavity frequency, by detecting and then
am plifying the cavity m ode-beating. The drive frequency for the
m odulator was derived by filtering then frequency dividing this signal.
Other necessary modifications included the addition of group-velocity
dispersion com pensation using a Brewster-angled sequence of four
intracavity SFIO glass prisms and adjustment of the focusing m irrors
surrounding the Tirsapphire rod. The schematic displayed in Figure 2.9
illustrates the cavity arrangement of the laser when configured for selfmodelocking.

The apex separation of the prisms used for dispersion compensation
was chosen to allow a net negative cavity dispersion of between = 500 1000

fs2 in accordance with the experimental requirements for minimum

duration, solitonlike pulse propagation [23].
Slit I

M2
M1

AOM

M3
M5
Argon Ion Pump B eam
R egen erative M odelocker Driver

Figure 2.9

Cavity configuration of the self-modelocked Tvsapphire laser
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The apex-separation of each of the two prism-pairs used was 30 cm
and allowed the laser to operate with approximately 4 mm of intracavity
glass per prism. The various contributions to group-velocity dispersion in
the laser are listed for a wavelength of 800 nm in Table 2 3 , illustrating that
the major source of positive dispersion in the cavity is the SFIO prism
material itself.
Table 2.3

Cavity elements significantly contributing to
dispersion in the Tiisapphire laser at ^ = 800 nm

Cavity element

Group-velocity dispersion (d^(j)/do)^)

Tirsapphire rod, / =20 mm

+ 580 fs2

Quartz acousto-optic
modelocker, f = 1 0 mm

+ 360 fs2

4 X SFIO prism tips,
4 mm glass per prism

+ 2550 fs2

X SFIO prism-pairs.
apex separation 300 mm

- 4010 fs2

Total

-5 2 0 fs^

2

With the resonator arranged for net negative dispersion as described,
the laser was configured for self-modelocked operation by correctly
adjusting the distance from the Ti:sapphire rod to each of the curved
cavity focusing mirrors. The alignment technique used was similar to that
described by Lemoff and Barty [24] and exploited the change in transverse
m ode between cw and self-modelocked operation. Firstly, the focusing
m irror M3 (see Fig. 2.9) was adjusted to collimate the intracavity beam
onto the end mirror M4. With the plane mirrors M l and M4 optimised for
maximum cw output power the remaining focusing mirror M2 was then
translated until the far-field output of the laser had the form of the TEM 02
transverse mode reproduced in Fig. 2.10(a). Self-modelocked operation
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could then be easily initiated by tapping a cavity mirror or by switching
on the regenerative modelocker. The far-field transverse mode of the selfmodelocked laser was TEM 00 and is reproduced as Fig. 2.10(b).

'.;ü

(b)
Figure 2.10

Far-field transverse modes of the output of the Tr.sapphire
laser when operating cw (a) and self-modelocked (b).

Changing the power of the Ar-ion pum p laser altered the position of
mirror M2 which resulted in a TEM 02 transverse mode. This behaviour
can be understood to be the result of a pum p-power-dependent thermal
lens in the Ti:sapphire rod. In an experiment examining this effect, the
pum p power was varied from 7.0 -10.5 W and a TEM 02 transverse cavity
mode maintained by adjusting the position of the focusing mirror.

The results, shown in Figure

. , indicate a linear relationship

2 11

between mirror position and pump power with a translation of 120 |im /W
being necessary to correct for changes in pump power.
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Figure 2.11

10

Focusing mirror positions resulting in a TEM 02 output
from the Tr.sapphire laser for various pump powers

For a constant pum p power, self-modelocking could be obtained across
a range of positions of the focusing m irror but the "TEM 02" position
always corresponded to the configuration capable of producing the
highest average powers while remaining modelocked. In a supplementary
experiment the pum p power remained constant and the focusing m irror
was translated across a range including the TEM 02 position. By defining
the modelocking efficiency as the maximum average modelocked power /
maximum cw power, the optimum position of the focusing mirror was
determined. Graphs of modelocking efficiency measured at pum p powers
of 7 W and 10 W (Figure 2.12) both maximised at the m irror position
corresponding to the TEM 02 transverse mode. Higher order transverse
modes were observed in the cw output for other mirror positions and the
corresponding self-modelocked outputs were also not generally TEM 00.

Work is currently ongoing to develop a theoretical model of thermal
lensing in the Tirsapphire rod which is consistent w ith the results
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presented here. A proper undertanding of thermal effects in vibronic gain
media will be of continuing importance in the design of all-solid-state
diode-pum ped systems, particularly those based on Cr:LiSAF which has
an even higher pum p absorption cross-section than Tirsapphire.

90
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% 60
O)

Io

50

CD

"O

O 40
30

0

200

400

600

800

1000
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Figure 2.12

Modelocking ejficiencyfor various focusing mirror
positions at pump powers o f7 W (a) and 10 W (h)

The results presented in Figure 2.12 demonstrate that the alignment
technique described earlier is a reproducable and effective m ethod of
configuring the Tirsapphire laser for optim um self-m odelocked
performance. When the prism sequence was aligned correctly the laser
typically rem ained self-modelocked for several hours even w ith the
regenerative modelocker turned off. The inclusion of a variable horizontal
slit immediately before the M4 end mirror further improved the stability
of the modelocking. It is thought that this was a result of discrimination
against the vertical TEM 02 cw m ode by the horizontal aperture.
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Configured in this way, it was found that if modelocking was interupted
the average output power in cw oscillation would be ~ 50 % lower. Once
modelocked, narrowing the horizontal aperture often led to a reduction in
the duration and an increase in the peak power of the output pulses. This
behaviour is consistent with the proposal that a peak-power-dependent
Kerr-lens is responsible for determining the transverse cavity mode in selfmodelocked operation.

The application of the Tirsapphire laser as a pum p source for optical
param etric oscillators dem anded a configuration capable of delivering
several hundred milliwatts of average output power. With a pum p power
of 10 W from the Ar-ion laser the typical average output power when selfmodelocked was appoximately 1 W. A proportion of this was required for
diagnostic purposes to monitor the output pulses and a further fraction
was lost at steering and isolator optics. For this reason the laser was
configured for optimum operation at the higher pum p power of 15 W.
Using a 20 % output coupler as much as 1.9 W was generated in the selfmodelocked output and the laser was self-starting. The useful pow er
output from the laser in typical operation was approximately 1 W across
the tuning range determined by the cavity optics of 780 - 880 nm.
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2.5 Measurement of ultrashort optical pulses
For many experiments involving ultrashort pulses it is im portant to
have accurate spectral and temporal information describing the pulse
profiles. In photoexcitation experiments, if the frequency bandwidth of the
pulse is too large then more than one species may be excited. Similarly, in
studies of relaxation dynamics, an accurate m easurement of the pulse
duration is often required for correct interpretation of the results.

Current methods of pulse measurement can provide information about
the intensity of the pulse using either a scanning monochromator to record
Î (v) or an intensity autocorrelation to infer I (t ). Information about the

phase (|)(f ) of the pulse can be partially obtained from an interferometric
autocorrelation

which is capable of indicating the presence of chirp.

Recently, a novel technique known as frequency-resolved optical gating
(FROG) has been shown experimentally to provide complete intensity and
phase information [25] although this technique is not yet in widespread
use. In this section, laboratory techniques allowing measurement of pulses
in the time and frequency domains are described and representative
examples of the output from the Tirsapphire pump laser are included.

Time-domain measurements - the autocorrelation function
The fringe resolved or interferometric autocorrelation function offers a
quantitative m eans of determ ining the duration of a pulse and a
qualitative measure of the amount of chirp present. It works by splitting
the pulse, E {t ), into two replicas which are then recombined w ith a
variable relative delay, x, in a nonlinear m edium phase-m atched for
second-harmonic generation (SHG) medium. The resulting signal is given
by,
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Je (t Ÿ dt

The laboratory arrangement used in the measurement of pulses from
the Tirsapphire laser is illustrated in Figure 2.13. A beamsplitter divided
the original pulse in two. The reflected pulse travelled to a stationary
retroreflector and the transm itted pulse to a m oving retroreflector
m ounted on the cone of a 50 W loudspeaker. The loudspeaker provided
the necessary variable delay and was driven by a large amplitude, low
frequency signal which was also used for triggering purposes. The
retroreflectors were adjusted to recombine the two beams inside a crystal
of PBBO cut for SHG and the frequency-doubled light was detected using
a visible photomultiplier tube (PMT). The output from the PMT was used
to display the interferometric autocorrelation, gzW, or, by using a suitable
sm oothing capacitance, the tim e-averaged intensity autocorrelation,
< gzW >.
The FWHM duration of the pulse intensity is related to the FWHM
w idth of the pulse autocorrelation by a conversion factor that depends on
the pulse shape and the type of autocorrelation recorded.
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S p eak er driver
electronics
y O O

Figure 2.13 Laboratory implementation of interferometric autocorrelator

A sum m ary of the appropriate conversion factors for pulses w ith
secb?-{t ) and e^^ ( = Gaussian) intensity profiles is given in Table 2.4

together w ith the tim e-bandw idth product of the transform -lim ited
pulseshape.
Table 2.4

Diagnostic values for pulses w ith sech^(t )
and Gaussian intensity profiles.

Intensity
Profile

sech^(f )

AVpATp
1.697

1.414

0.441

1.897

1.543

0.315

An interferometric and intensity autocorrelation of the output of the
Tirsapphire pum p laser operating at a w avelength of 830 nm are
reproduced in Figure 2.14. The interferometric autocorrelation (Figure
2.14a) shows an 8:1 signal ratio between the baseline and the maximum
which indicates complete modelocking in the absence of an intense cw
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background or noise spike components. For the same reasons, the
intensity autocorrelation (Figure 2.14b) has the characteristic 3:1 ratio
between the baseline and the maximum.
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Figure 2.14 Interferometric (a) and intensity (b) autocorrelation profiles
of the output pulses from the self-modelocked Tv.sapphire laser
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Pulse duration m easurem ents derived using the interferom etric
autocorrelation may be inaccurate since the autocorrelation is sensitive to
even modest amounts of frequency chirp which manifests itself as a broad
pedestal. For this reason the intensity autocorrelation was used for all
pulse duration measurements. Assuming a sech^(^ ) pulse intensity profile
(consistent with solitonlike pulse propagation) and using the conversion
factors listed in Table 2.4 the pulse duration was measured to be 85 fs. The
duration inferred from the interferometric autocorrelation was also 85 fs,
implying that the pulses were free of chirp.

Frequency-domain measurements
The spectral characteristics of a modelocked laser can be determined by
m easurem ents at either optical frequencies or radio frequencies
corresponding to investigation of the spectral bandw idth of the pulse or
examination of the repetition frequency of the laser. Together with pulseduration measurements, the former can give an estimation of the amount
of chirp present within each pulse in the modelocked output. The latter
can give details of the phase noise or tim ing jitter of the modelocked pulse
sequence and provides information about the stability of the laser.
Measurements of the pulse intensity spectrum, I (v), were made using a
fibre-coupled optical spectrum analyser (OSA) which is essentially a
digitally-calibrated, scanning monochromator. The OSA recorded the
power spectrum of the pulse which is described mathematically by,
f (v) = E (v)E *(v),

(14)

where E (v ) is the Fourier transform of E {t ) and E

) represents the

complex conjugate of E (v ). The resolution of the OSA was approximately
0.1 nm. A representative spectrum of the output of the self-modelocked
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Ti-.sapphire laser recorded using the OSA and corresponding to the
autocorrelation data included earlier is displayed in Figure 2.15. The
m easured bandw idth of 9 nm implies a time-bandwidth product of 0.33,
confirming that the pulses from the pum p laser are nearly transformlimited.

2 0.8

c 0.4

oQ . 0.2
820

825

830

835

840

845

W avelength (nm)
Figure 2.15

Representative spectrum of the output of the self-modelocked
Tr.sapphire pump laser

Phase noise
Phase noise or timing jitter is a form of random noise found in all
electronic or optical oscillators and, in modelocked lasers, results in an
uncertainty in the pulse repetition time. Although the error in the
roundtrip time is small ( «

s), the exact time at which a future pulse

will follow cannot be predicted exactly. Timing jitter can also be
interpreted as a dephasing of the pulse repetition frequency. In the
Ti:sapphire laser, major sources of phase noise are acoustic vibrations ( « 1
-100 Hz), variations of the refractive index of Ti:sapphire rod due to mains
voltage ripple on the Ar-ion pum p laser ( ~ 50 Hz) and electronic noise in
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the modelocker driver. M easurem ent of the phase noise of the laser
indicates its suitability for applications where a source of w ell
synchronised pulses is needed, eg. streak-camera resolution measurement.

Useful measurement requires a formalism treating the pulses in both
the time and frequency domains. A perfectly modelocked laser (ie. no
phase or amplitude noise) produces identical pulses at a repetition rate of
one pulse every T seconds. In the frequency dom ain, the largest
contribution to the output power exists at the fundamental frequency and
lower contributions at higher harmonics as illustrated in Figure 2.16.

T

1/T

Figure 2.16 The output pulse sequence and corresponding
frequency components o f a perfectly modelocked laser

The pulse sequence can be described in the time domain as,
Fo(t) = Z F ( t + nT) = F (t ) x Z ô ( t - ¥ n T )

(15)

and in the frequency domain as,
f o( f )

(16)

=F( f ) X f I S ( f + f )

A real modelocked laser, however, displays fluctuations in amplitude and
roundtrip time and these can be included as an amplitude function, A{t ),
and a jitter function, J(f ) = Ô T / T , where ÔT is the deviation in the
roundtrip time due to phase noise. In the time domain the pulse sequence
is now described by,
(17)

Fo(t ) ^ l l + A ( t ) ] x Z F ( t + nT + J(t)T)
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The power spectrum of the pulse sequence can be derived and is given

t>y,
Po(f)= \Fo(f) 12

=^

IFo(f) 12 [ x S(f+ f ) + 2J Pa (/+ f ) + (27ifT)2 X n^Pj(f+
-( 1 8 )
n

The phase noise term, n 2 Pj(f + ^ ), dominates at higher harmonics
because of the n 2 dependence. By comparing the spectrum of a pulse
sequence centred at the fundamental repetition frequency with a spectrum
centred at a higher harmonic (n > 1 ) we can extract the power spectrum of
the phase noise itself, Pj(f ). Shown below as Figure 2.17 are representative
pow er spectra of the fundam ental and the tenth harm onic of the
Tirsapphire laser output pulse sequence.
IIIIIIITI
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Figure 2.17

82.005

819.995

820.000

Frequency (MHz)

820.005

Power spectra of the pulse train on a dB scale and centred
at the fundamental frequency (a) and at the tenth harmonic (b).

On a logarithmic scale Pj(f) obeys a 1 / f

law w ith dim inishing

contributions at higher frequencies. This is easily understood since high
frequencies correspond only to short time intervals over which the arrival
time of a subsequent pulse can be predicted accurately because XST is
small.
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For any oscillator, Fj(/) can be deduced from the spectra of the
fundam ental and harm onic pulse sequences. Figure 2.18 presents a
representative example of the single sideband power spectrum of the
phase noise measured on the output of the Tirsapphire laser. The function
was derived from the fundamental and the

10

th harmonic spectra of the

pulse sequence.
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Figure 2.18

I I I 11 mi

Single sideband power spectrum of the phase noise
of the Tv.sapphire laser recorded on a dB scale.

Detailed measurements of phase noise allow different modelocking
methods, and laser sources to be compared. The suitability of a laser for an
application requiring regular high-repetition-rate pulses is determined
effectively using phase noise techniques. Further m easurements of the
phase noise of a Tirsapphire-pumped femtosecond optical param etric
oscillator are described later in Chapter 4.

A m p litu d e N o ise
Am plitude noise (represented by A(t ) in the formalism presented
earlier) was also present on the output of the Ti:sapphire laser and was
recorded by m onitoring the output pulse sequence on a 50Q -inputim pedance oscilloscope using a fast (= 1 GHz bandw idth) silicon
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photodiode. Estimated intensity fluctuations of no more than 1 % were
m easured on the self-modelocked output when the oscilloscope was
adjusted to a slow (10 ms) timebase. An oscillogram showing the output
pulse sequence is displayed below in Figure 2.19. Results presented later
in Chapter 4 describe a comparison between the amplitude noise present
on a femtosecond OPO and the intensity fluctuations of the pum p laser.

Figure 2.19

Oscillogram shoiving the am plitude noise on the o u tp u t
pulse sequence fro m the self-modelocked Tv.sapphire laser

2.6 Conclusions
In this chapter a detailed description has been presented of the
configuration, design and performance of the self-modelocked Ti:sapphire
laser used as a pum p source for the optical param etric oscillators
described in subsequent chapters. In typical operation the laser has
demonstrated an average useful power output of over 1 W in the form of
85-fs pulses completely free of any background cw-component or multiple
pulsing effects. Continuous tuning of the laser across a range, determined
by the cavity optics, from 780 - 880 nm has been achieved at these power
D. T. Reid, PhD thesis
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levels. The im portance of the pum p-induced therm al lens in the
Ti'.sapphire gain m edium has been discussed in detail and a general
alignment procedure has been described which optimises modelocked
performance at any given pum p power. In addition, a variety of effects
determining pulse propagation in optical media have been introduced. In
C hapter 3 the factors critical to the design of a femtosecond optical
parametric oscillator will be discussed in detail and will include limiting
criteria im posed by some of the pulse propagation effects already
presented in this chapter.
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3.1 Introduction
In the previous chapters, a review of the progress in the development
of femtosecond optical parametric oscillators (OPOs) was outlined and a
description of pulse propagation in linear and nonlinear media was
presented. The design considerations of a femtosecond OPO encompass
m any of the issues already introduced in the discussion of the selfm odelocked Tirsapphire laser in Chapter 2 and also require detailed
calculations in determining the choice of an appropri
ate nonlinear crystal. This chapter begins with a discussion of the
theory concerning the parametric interaction between electromagnetic
waves and includes a general treatm ent of how the optim um crystal
geometry can be determ ined for a particular param etric process. The
application of this theory is then described in the design of a femtosecond
parametric oscillator.

3.2 The nonlinear polarisation
In Chapter

2

the polarisation response of a transparent medium to an

applied field was described by the power series expansion:
p - X (l)GoE +X (2 )^qE ^

% (3 )GoE ^ +...,

(1)

where X{1) is the linear susceptibility introduced earlier and X{2) and
%(3 ) are frequency-dependent nonlinear susceptibilities describing the
quadratic and cubic dependence of the polarisation on the applied field.
Effects arising from X{1) and X{3) have already been dealt w ith in the
previous chapter. This section will concentrate on nonlinear frequency
conversion exploiting the X{2) susceptibility term in the polarisation.
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To illustrate how the term in X{2) can result in second harmonic and
other frequencies, we can consider the effect on a nonlinear medium of the
applied field,
E = El cos (kix - coit) + E2 cos (kix - cùit)

(2 )

which results from mixing two waves of frequencies coi and C0 2 - The
nonlinear component of the polarisation, P(2 ), is proportional to %(2 )E 2 and
so has terms in cos 2coit and cos Icozt which correspond to the second
harmonics of the original frequencies. Also present are terms proportional
to cos 2(o)i _ 0)2)t and cos 2(coi + C02)t which describe difference-frequency
and sum-frequency generation respectively. Nonlinear effects relying on
X(2) are only observed in n o n cen tro sym m etric

m edia (m aterials not

possessing a centre of symmetry). In centrosymmetric media (see Figure
3.1a) sym m etry considerations require that the m agnitude of the
polarisation induced by an applied field +£ is equal to that resulting from
a field -E. In noncentrosymmetric materials however the magnitude of the
induced polarisation depends on the sign of the applied field (see Figure
3.1b).

Figure 3.1

Dependence on applied field of the induced polarisation in
a centrosymmetric (a) and noncentrosymmetric (b) medium

D. T. Reid, PhD thesis

64

December 1994

Chapter 3

Femtosecond Optical Parametric Oscillators

In the presence of an electromagnetic wave the resulting polarisation in
a centrosymmetric material follows the applied field as illustrated in
F igures 3.2a-d. The form

of the induced

p o larisa tio n

in

a

noncentrosymmetric medium is depicted in Figures 3.2e-h and is different
for positive and negative components in the applied field.

0. 0

0.0

0.0

0.0

- (g)
0.0

0.0

(d)

0. 0

0.0

-

Figure 3.2
D riving field and resulting polarisation response, secondharmonic component and dc-component in a centrosymmetric (a - d) and a
noncentrosymmetric (e - h) medium
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3.3 The coupled-wave equations
In a nonlinear interaction between three travelling waves of different
frequencies, how will each of their associated fields evolve as the waves
propagate through the medium? To answer this question it is first
necessary to obtain an expression relating the internal electric (vector) field
in a medium E resulting from a driving polarisation P.

Maxwell's equations, which have the form,
V XE =

0

t

and

Vx H =^ + J
at

(3)

can be used together with the relations,
D = EqE + P

j =a E

B = Po H

(4)

to derive a wave equation,
BE
a^E
V 2 E -H o O --H o e o ^ =

a2 p

(5)

When the fields are restricted to propagation in one dimension as
described by the complex expressions,
E (z, t) = ^ [ E (z, co) exp j (k-z - cot) + E *(z, co) exp ; (k-z + cot) ]

(6 a)

P (z, t) = ^ [ P (z, co) exp / (k-z - cot) + P *{z, co) exp j (k-z + cot) ]

(6 b)

and, under the assum ption of a slow variation of the complex field
envelope with distance, the wave equation becomes,

where cx = po ^ c /2 is the electric field loss coefficient. In the frequency
domain, the nonlinear polarisations of three interacting waves, related by
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coi + C02 = CÛ3/ can be expressed using the definitions of Equations (6a) and
(6b) to give,
P (oDi) -

2 d e f f Go E (0)3) E

P

2 d eff

Go

E

P (0)3) = 2 d e f f

Go

E (coi) E

(CO2)

=

(CÛ3)

* (« 2 )

E *(coi)

(8 )

(0 )2 ) •

These polarisation terms can be substituted into Equation (7) to derive
three coupled equations which can be used to describe any steady-state
three-wave nonlinear interaction.

^

+ a i El

^

+ tt2 E2 = )■K2 £ 3 £%e'’

(9b)

+

(9c)

(%3 £ 3

=

;

Ki E 3 e I é

(9a)

= ; K3 El Ez

where E j is used to abbreviate E (coj) and.
d e ff Gq

Q

f

CCi — P o

c/ 2

,

( 10)
CÛ3 = coi + C0 2 ,

k3 = k i + k 2 + A k

The coupled-w ave equations describe the phase relationships
governing the direction of energy flow between any three interacting
waves. These are specific to the particular mixing process and, if not
correctly satisfied, can describe dam ping of the fields instead of energy
transfer. The necessary phase relations betw een the fields for sum ,
difference and parametric interactions are listed in Table 3.1.
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Table 3.1

Phase relations satisfied by various
three-wave mixing processes

Process

Phase Relations

Sum frequency
mixing
©3
coi + © 2

<j>l = % + 4)3 - 4)2

Difference frequency
mixing
© 3 - © 2 —►
©1
Parametric
amplification
© 3 —►
©1 + ©2

4)3

= ^/2 + 4>1 + 4>2

4>1 = ^/2 + 4>3 + 4)2
4)2 = ^/2 + 4)3 -4)1
4)1 = ^ / 2 + 4)3 -4)2
4>2 = ^/2 + 4)3 " 4)1
4>3 = ^/2 + 4)1 + 4>2

U nder the appropriate boundary conditions, the coupled wave
equations can be used to predict several characteristic features of
nonlinear interactions. One of the most im portant of these is known as
phase-matching. A perfectly phase-matched interaction has Ak = 0 but

incom plete phase-m atching reduces the am plitude efficiency of a
nonlinear process according to a phase synchronism factor sine {Akl /2 )
where I is the length of the nonlinear medium and Ak is the magnitude of
Ak. In practice, imperfect phase-matching arises from either angular or
spectral mismatch between the interacting waves with each other. A more
detailed discussion of phase-matching in crystalline media is included in
Section 3.4.

Results of applying the coupled wave analysis to the case of phasematched siim-frequency-mixing (SFM), where an intense pum p field at
mixes with an input at coi to produce a wave at

C03,

0 )2

show that the input

wave can be converted fully into the output over a finite interaction length
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in the nonlinear medium. For lengths exceeding this however, the field at
©3

begins to reconvert to the input at ©i.

In the case of phase-matched difference-frequency-mixing
which an intense pum p field at

©3

mixes with an input at

©1

(DFM), in
to give an

output at ©2 , the coupled wave equations show that both the input wave
and the generated wave can experience gain. This is unlike the results of
SFM where the output field increased only by depletion of the input wave
and implies that an amplifier or oscillator can be constructed which is
based on difference generation. Oscillation using this principle is
discussed further in Section 3.7.

3.4 Phase-matching In crystalline materials
In any nonlinear frequency-conversion process, the efficiency can be
limited by the frequency-dependence of the refractive index. For example,
in the case of second-harmonic generation, the fundam ental and the
frequency-doubled light are initially in phase. H ow ever, the two
wavelengths travel with different phase velocities determ ined by the
dispersion of the material and, at some later time, the frequency-doubled
light generated by the fundamental will be out of phase with the existing
second-harmonic and destructive interference will result. Therefore, in this
situation, maximum second-harmonic output can only be extracted over a
certain length of material, known as the coherence length. To maximise
conversion efficiency using all of the nonlinear m edium available, it is
advantageous if the polarisation axes of the waves can be chosen so that
the birefringence of the material allows each wave to travel in phase with
the others. Many m aterials have nonlinear susceptibilities which can
couple energy from a wave of one polarisation to a wave of the orthogonal
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polarisation, allowing efficient generation and phase-m atching to be
achieved simultaneously.

It is often useful to know which directions within a crystalcan support
phase-m atching for a particular nonlinear process. In athree-wave
interaction, energy-conservation and phase-matching require that,
C0 3 = 0 )1 + 0)2

and, kg = k i + k% ,

(11)

which, for collinear interactions, is equivalent to,
1 1
^
À3

V

1

%3 Ml
#2
and, — = — + — ,
M
A.2

K2

,

(1 2 )

where all the wavelengths take their free-space values.

The calculation of the crystal directions which support phase-matching
therefore requires the refractive indices associated with a given direction
to be computed. In a biaxial crystal, the refractive index experienced by a
wave polarised along (0 , ({)) is described by an ellipse known as the index
ellipsoid (illustrated in Figure 3.3) which, in its general form, is given by
the transcendental equation [1 ],
sin^Ocos^(j}
-2

i ■

-2

sin^dsin^^
-2

-2

~ ^2i

cos^O
-2

-2

■ ^3i

= 0

(13)

The general solution of Equation (13) requires an iterative method, so
it is often more convenient to restrict the calculation of phase-matching to
principal planes formed by the optical axes. This not only simplifies the
mathematics but is useful since the effective nonlinear coefficient often
maximises in at least one principal plane. The refractive indices associated
with propagation in the principal planes are listed below in Table 3.2.
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z-axis i

y-axis

x-axis

Figure 3.3

Table 3.2

The index ellipsoid

Form of the refractive indices associated w ith a wave
propagating in a principal optical plane, n // and n j_ are
the indices parallel and normal to the plane respectively.

Principal
plane

Propagation
direction ( / / k )

12

(W,(|))

13

n //

ri3

(0 , 0 ")

ni

( sin^(|)
cos^(])^ -1 / 2
1 ^ 1

L Ml

( sin^G
2

L »3
23

(8,90°)

ni

( sin^G
2

1

M3

M2 J

cos^G^ -1 / 2
2

J

cos^G^ -1 / 2
2
%2

;

For a general three-wave interaction where 0)3 = coj + 0)2 , the process is
described as Type I when the polarisations of C02 and coz are parallel and
Type II when the polarisations are orthogonal. In parametric generation,

the expressions given above can be used to determ ine , the unique
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wavelengths which are phase-matched for a chosen propagation direction
and pum p wavelength. This technique can be used to plot "phasematching curves" of wavelength against propagation angle, examples of
which are included in Chapters 4 and 5 for KTP and RTA. Alternatively,
for processes such as second-harmonic generation, it can be more
im portant to determine the angular locus over which phase-m atching
occurs. If the angular behaviour of the effective nonlinear coefficient is also
known, it then becomes easy to identify the optimum crystal orientation.
3.5 Nonlinear susceptibility and effective nonlinear coefficients
Tensor description of nonlinear interactions
The example illustrated in Figure 3.2 described a scalar relationship
betw een polarisation and applied field. In general however the field
components in m any different directions determine the polarisation
response along any one direction. For this reason, a full description
requires the nonlinear polarisation and the applied field to be related by
the three-dimensional nonlinear susceptibility tensor

(2)

such that,

P ;( t) = X 2 4 * 6oE;(t)Efc(t) .
ijk

(14)

Since interchanging the order of Ej and E/t in the above equation can
have no physical meaning it follows that dyk = dikj . The tensor dijk can
therefore be simplified to a 3 x 6 matrix, dn where the subscript I replaces
the subscripts jk according to the convention (known as the piezoelectric
contraction) where.
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22-^2

11^1
23 = 32

4

(15)

33 ->3

13 —31 ->• 5

12 = 21 -*■ 6.

The interaction of two electromagnetic waves in a nonlinear medium is
therefore described by a two-dimensional tensor dii which is unique to the
material. However, not all the components of this tensor are independent
of each other. Kleinman 's conjecture [2] states that if the polarisation is a
single-valued function of electric field (for example, in a lossless medium)
then no physical significance can be attached to the order of the field
components Fj ,E k and E \ . All the dyk coefficients that are related by a
rearrangement of the subscripts are therefore equal. Applied together with
the sym m etry relation, Kleinman sym m etry reduces the num ber of
independent components of dy to ten, so that.

^ àii
dii =

du

die d 22

^ d i s d24

di3 d u d is die \
d23 d24 d u d u

( 16)

d33 d23 di3 d u j

Values for some or all of the du

components can be obtained

experimentally for transparent nonlinear materials using a variety of
techniques [3, 4]. Further discussion of the nonlinear susceptibility is
included later in a description of the calculation of the effective nonlinear
coefficient for any nonlinear interaction in a crystal medium.

Frames of reference
A major source of ambiguity in the calculation and reporting of
crystallographic information in nonlinear optics results from confusion
over the relationships betw een the various co-ordinate fram es
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encountered in the description of different quantities. Particular difficulty
arises in determining the behaviour of biaxial crystals in the orthorhombic
mm2

crystal class due to differences betw een the literature and

standardised reporting designations such as those proposed in IEEE /
ANSI-Std. 176-1987 [5]. Table 3.3 lists the axes and class designations
common in the literature together with the IEEE / ANSI designations for
some common orthorhombic crystals. In this table, the smallest, mid-sized
and largest unit cell param eters are designated by S , M and L and
crystals are described as being positive or negative biaxial according to
w hether the angle between the z-axis and the optic axis is less than or
greater than 45°. The frames of reference listed are those of the
piezoelectric axes {XYZj , the crystallographic axes {abc}, the optical axes
{xyz} and the polar axes (123i. In the IEEE / ANSI recommendations the

crystallographic axes (abc}, which describe the unit cell, are assigned in
size order by the convention Cq <ao <bo and the optical axes {xyz} are
chosen so that nz > ny > Hx >The piezoelectric axes { X Y Z } , in which the
nonlinear susceptibility tensor is defined, are chosen according to the
direction of the polar axis (the rotation axis not lying perpendicular to a
m irror plane). By definition the X-axis is parallel to the shorter non-polar
axis and the Z-axis is parallel to the polar axis itself. The Y-axis is chosen to
make {XYZ} a right-handed frame. Spherical polar co-ordinates used to
describe wave directions inside the crystal are defined in the {123} frame
where 3 is the spherical-polar axis (9 = 0) and 1 is the azimuthal axis ((}) =
0). For positive biaxial crystals the {123} frame is equivalent to {xyz} with
1=%, 2=y and 3=z while negative biaxial crystals have I=y, 2=z and 3=x.
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Table 3.3 lEEE/ANSI-Std. 176-1987 and commonly used literature axis
and class designations of selected orthorhombic crystals
(taken from Ref. [6 ])
Crystal

KTP

Type IEEE/ANSI

+ve

RTA

LBO

+ve

-ve

M

L

S

Z
a
z
3

Y
b

X
-c
-y

Z
a
z
3

Y
b

X
a
z

Y
b

2

KNb03 -ve

Y
a
-y
1

X
1

X
1

X

3

Z
b
X

3

Class

2

mm

2

X
-c
-y

2

mm

2

z
c
y

mm 2

X
c
z

m2 m

1

2

Literature

Class

Differences

M

L

S

Z
c
z
3

X
a

Y mm2
b
y

a, h, c,X,

Z
c
z
3

X
a

Y mm2
b
y

a, b, c,X, Y;
d si, ds 2 reversed
from IEEE / ANSI
(same for d gi, dg2)

Y
b
z
3

X
a

z mm2
c
-y

a, b,X, Y, 1 , 2, 3;
d si, d 32 reversed
from IEEE / ANSI
(same for d 3 i , d32)

X
a
y

Z
c

Y mm2
b
z
3

b, c,X, Y, 1 , 2 , 3;
d si/ d32 reversed
from IEEE / ANSI
(same for d 3 i, d32)

X
1

2

X
1

X
1

2

X

2

1

2

Y;

d si, d32 reversed
from IEEE / ANSI
(same for d gi, d32)

Calculation of the effective nonlinear coefficient
The conversion efficiency of a nonlinear process is depends directly on
the value of the effective nonlinear coefficient,

d eff,

which is a function of

the m aterial nonlinear coefficients du and the E -field polarisation
directions. The interaction of two applied fields Ej and Ek induces a
second-order polarisation field Pi given by.
Pi = ài dijk àj âk Ej Ek =

d e ff

Ej E k ,

(

17 )

where à{ , àj and àk are the unit vectors of Pi, Ej and Ek and dfjk is the
second-order polarisation tensor of the nonlinear material. The effective
nonlinear coefficient can therefore be expressed as.
d eff

=

(18)

ài d ijk à j à k .
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A wave propagating inside a crystal will decom pose into two

orthogonal polarisation components, a slow ray e\ and a fast ray

The

corresponding electric displacement vectors, D^^(co/) and D^^(cof), are
perpendicular to the propagation direction k( 0 ,(|)) and have unit vectors
and

given by.

bel

V

1)62

—

cos 0 cos (j> COS Si + sin (f> sin St ^
cos 6 sin (j) cos Si - cos (j> sin Si
+ sin 6 cos Si
J

^-cos 6 cos (j> sin Si - sin (j) cos Si ^
- cos 0 sin (j) sin Si + cos (j) cos Si
+ sin 0 sin Si
V
y

bf

(19a)

\fij
fbf)
bf

(19b)

where ôf is the polarisation angle which for positive biaxial crystals is
given by [6 ],

tan

2

Ô+

sin 2 ^ cos d
sin^(j) - cos^Ocos^ (j> + cot^ Qi sin^O

(20)

and which for negative biaxial crystals is.

tan 2Si —

- sin 2(j) cos 0
cos^(}> - cos^Osin^(j) + tan^ Qi sin^O

(21)

The optic axes lie at angles of tQ i to the z-axis where Qi is given by.

Qj = t arcsin

riz(coi)
fty(COi)
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Electric field E and displacement D are related in a principal-axis
system by.
^ l/n l 0

E2

0 ^

0 1/nl 0

V0

0

2

/D i\

Ü2
Da)

(23)

The electric fields for the two polarisation components are therefore,
(&f)2

n^(coO

E^2 (co,0 =

^ (b f ) 2

+

+

(fcf)2

n^im)
(b f ) 2

+

(b f)2 l/2

nlicùi)

+

elt i)
iy \(ü i) = P (ooi) D^-‘(cO

(24a)

D'"(cû,) = Q(co,) T y\(ùi)

(24b)

The unit vectors of electric field which are needed to calculate deff can
be expressed as.
fbf/nliwi)
a

PW

h f / nlicoi)

(25a)

V^3^ / M3(mz)J
''b f / M]((!),)^

<î«2

= --------- b f / «2(0);)
Q{(Oi)

=

(25b)

f ’f / »3 (o);)y

For mixing betw een two waves of parallel polarisation {Type I
interaction) the E 2 column tensors are.
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af af
^2

y /liiV

^

^12

flo a<y
2af4
2af a f

^13
Ai4
Ai5
VAiôV

(26a)

\2 a f4 j

f af af \

flo

a

a^3

2 4 '4 '
laf af

/A ii^
Ai 2
Ai3
Ai4
Ai5
\A l 6 y/

(26b)

V 2 ^ f4 V
and for orthogonally polarised waves {Type II interaction) the

column

tensor is,

r

A

af af

f^ 2 l\

afaf
el . ^e2

—

A22
A23
A24
A 25

4^4^
af af + af af
af af +af af
y af cf + af af

(27)

\A ie J
J

Substituting the above results into the general definition for deff gives
expressions for the effective nonlinear coefficients for both Type I and
Type II interactions.

In positive biaxial crystals. Type I parametric conversion is phasematched by

while Type II interactions require 62-^ 62 , Ci so.
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/•An Y
Ai 2
A13
dijk A i 4
A i5
J
VAis V

(28a)

/A 2 l ^
A 22
4 ' d-ijk
\4 ^ y

A 23

(28b)

A 24
A25

\ A 2e J

Negative biaxial crystals require e\ ->

62 , 62

to satisfy type I phase-

matching while type II processes phase-match as e\

e\, 62 with the result

that.
/A ll
A
d e ff(I)

=

4

A J

(af
d ;« (II)

=

L ”

i

2
3

A

i

A

14

A

i

Y

(29a)

5

YAi6 /

A 22
A23
dÿk A 24
A25
\A 2 6 y

(29b)

Values of the nonlinear coefficients du are normally quoted in the
{XYZ} frame and need to be converted to the {123} frame in which

6

and 0

are defined. For crystals possessing orthorhombic symmetry or higher this
can be achieved by a perm utation of the indices of dyk and in general any
two frames can be related by a sequence of rotations using tensor
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operators [6 ]. An example of the calculation of deff for Type II parametric
generation in KTP is illustrated in Chapter 4.

3.6 Calculation of optimum parameters in three-wave
mixing p rocesses in crystalline nonlinear media
In a nonlinear process, the energy conversion efficiency depends on a
variety of parameters. The importance of phase-matching to achieve A k ~ 0
has already been outlined in the previous section as has the role of the
nonlinear susceptibility du which is responsible for coupling energy
betw een interacting waves. A nother im portant effect observed in
biréfringent media is Poynting-vector walkoff which is the difference
between the wavefront direction (k - vector) and the ray direction (s vector). This limits efficiency by reducing the spatial overlap between the
interacting waves. Finally, the finite spectral band widths of the interacting
waves result in a certain am ount of imperfect phase-matching in any
process. This can be described in terms of a limited bandw idth for a
particular interaction. This section describes in detail how the importance
of the effects outlined above can be determined quantitatively. All of the
analysis is presented for the general case of a biaxial crystal (ie. nx ^ nxj ^
Hz ) although the results are equally valid in the uniaxial limit.

Poynting-vector walkoff
In a nonlinear crystal, the walkoff angle is defined as the angle between
the wave-vector k and the Poynting vector s. and is therefore also the
angle between the electric field vector E and the displacement vector D.
In a biaxial crystal, a ray propagating in any direction except along an
optical axis will "walkoff" from the wavevector direction as illustrated in
Figure 3.4. The wavevector lies normal to surfaces of constant phase while
D. T. Reid, PhD thesis
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the Poynting vector is the direction of ray propagation or energy flow. The
walkoff angle can be calculated using the results of the previous section
which include expressions for vectors parallel to D and E .

A

\E

—

D
(a)
Figure 3.4

Aoptical axis

A
J

E

D

(b)

Off-axis propagation ofzoavelets in a biréfringent (a)
and an isotropic (b) material

The unit vectors parallel to D and E

were given by d and d

respectively. The walkoff angle a can be obtained for any wave from the
dot product d B where.
a = arccos { d - d ) .

(30)

Walkoff am ongst the rays in a three-wave interaction can affect
conversion efficiency if, at some point, the rays fail to overlap sufficiently
[7] and, in severe cases, can lead to aperturing of a beam whose diameter
is comparable to the crystal cross-section. For these reasons it is often
favourable in a three-wave interaction to avoid walkoff problems by
choosing a noncritical crystal geometry in which all rays propagate along
an optical axis. The more general critical phase-matching geometry, where
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one or more beams propagate along directions not aligned w ith any
optical axis, are however subject to walkoff problems. In this situation,
efficiency can still be optimised if a crystal cut is chosen in which the three
waves interact noncollinearly so that the rays walkon to each other as they
travel through the crystal [8 ]. In this case, the overlap of the interacting
beam s increases w ith propagation and efficiency is not so severely
affected.

Spectral bandwidth and acceptance angles
It was mentioned earlier that the efficiency of any nonlinear process
depends on the mismatch between the wavevectors of the interacting
waves according to the power conversion factor sinc^ (A kl/2 ) . A useful
criterion for the maximum allowable wavevector mismatch is given by,
Ak = ± 7 c /l

(31)

which corresponds to an efficiency of « 40 % of the maximum attainable.
For a three-wave interaction the efficiency depends on the directions and
the m agnitudes of the wavevectors involved (see Figure 3.5) and the
mismatch is given by,
Ak = I k i ± k 2 - k 3 !

= k i cos (ps ± kz cos (<P2-(p3) -

(32)

^3

Clearly there is a m axim um variation of any param eter (eg.
w av elength, in tern al angle, tem p eratu re etc.) A X
accommodated while \ A k \ <

k /1

that can be

. This is described by the first order

Taylor expansion,
Ak = Ako +

dAk
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CL

Optical axis
Figure 3.5

Wavevector diagram defining the relative
angles between interacting ivaves

Treatment to second order is described in detail by Barnes and Corcoran
[9] and enables special cases in which the first order term is small to be
analysed accurately. When the interacting waves are nominally phasematched at line centre (ie. Ako = 0 ) the full spectral bandwidth is given by
2 AX2

where,

AX2 ~
( <^2
, _
, 1 _ dn^ A3 _
_
^I
1 ^ ■1
21 +
cos ((p 2 + (P 3 )~ +
3 + nzcos ((p2+Ç3)~5 ± ^ 2 "^
^^ 3
4 jj

(34)
and the plus and m inus signs correspond to sum and difference
frequency-mixing processes

0)3

= coi ± coz .

the Sellemeier equations are

know n for a particular nonlinear crystal then the phase-m atching
bandw idth can be calculated for any combination of wavelengths. One
result, that longer crystals have smaller phase-m atching band w idths
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restricts the length of crystal which can be used in the frequency
conversion of broad-bandw idth ultrashort pulses. This is considered
further in Section 3.8

The maximum angular variation can be calculated in a similar way to
the spectral bandw idth and is derived to terms in the second order in
Reference [9]. An im portant case occurs for non-critical phase-matching
w here all the waves interact collinearly along a principal optical axis.
Here, the first order term in the Taylor series expansion about constant 6
or (j) vanishes and the angular acceptance {A6

or

) increases

substantially.

3.7 Optical parametric oscillation
A parametric oscillator exploits difference frequency mixing to convert
energy from a powerful high-frequency pum p wave at

0 )3

into outputs

w ith frequencies ODi and C0 2 (conventionally known as the signal and the
idler waves). By configuring the nonlinear medium within a high-finesse

resonator, feedback can be supplied at one or both of the lower frequencies
and a singly-resonant or doiibly-resonant oscillator is formed. Figure 3.6
shows a schematic representation of the resonator of an optical parametric
oscillator.

Oscillation occurs w hen the roundtrip gain experienced by the
resonant wave(s) exceeds the net cavity losses. The gain is highest in the
doubly-resonant oscillator (DRO) where both of the generated waves
experience minimal loss and, consequently, the threshold pum p intensity
required to reach oscillation is much lower than in the singly-resonant
oscillator (SRO). DRO operation requires that both the waves are properly
D. T. Reid, PhD thesis
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%
1 0 0 %
R, = 1 0 0 (0 ) %
Figure 3.6

1 0 0

Schematic representation of a singly (doubly) resonant
optical parametric oscillator.

resonated which places a severe constraint on the length of the resonator
since only certain lengths are equal to an integral number of both signal
and idler modes. Excessive variation in the resonator length or in the
pum p frequency leads to instabilities in the threshold condition causing
intensity fluctuations in the output of a DRO. For these reasons, singlyresonant operation is often preferred because of the more stable output
even though much higher pum p powers are necessary. Calculation of the
gain of a singly-resonant oscillator will be described in detail in the
following section.

The superior stability of the singly-resonant oscillator makes it the
more attractive device for applications requiring narrow line width or high
wavelength stability. The higher oscillation threshold requires peak pum p
intensities which generally are only available from pulsed laser systems.
Quasi-continuous-wave operation within the duration of a Q-switched
pulse envelope is one method of achieving singly-resonant operation.
Another is to use a modelocked pum p source and configure the signal
wave resonator to be synchronous with the pump laser pulse repetition
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period. This arrangement ensures that the amplified signal pulse always
returns to the gain crystal at the same time as the subsequent pum p pulse.
Gain is confined to a temporal window corresponding to the duration of
the overlap between the pum p and the signal pulses in the nonlinear
crystal.
3.8 Design considerations for a synchronousiy-pumped,
singly-resonant, fem tosecond OPO
This section introduces the essential requirements necessary to realise
optim um operation from an optical parametric oscillator synchronouslypum ped by the output of a cw-modelocked femtosecond laser. The choice
of nonlinear material and estim ation of the pum p-pow er oscillation
threshold are discussed and the importance of the resonator design
including focusing and output coupling considerations is illustrated. In
addition, effects influencing the output pulse durations from the OPO are
reviewed.

Nonlinear material
In deciding the appropriate nonlinear crystal to use for an OPO, a
number of considerations must be taken into account. Even before any of
the nonlinear or dispersive properties of the crystal are considered, there
are issues such as optical transparency, optical and thermal damage and
chemical stability that m ust be evaluated.
Considering first the optical transparency of the material, if either the
signal or idler output from the OPO is a wavelength in the infrared then
m any nonlinear crystals may not be fully transparent. Table 3.4 lists the
optical transparency of a number of common nonlinear materials, many of
which exhibit cutoff frequencies in the near-infrared. Absorption at the
D. T. Reid, PhD thesis
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resonant wavelength will reduce the efficiency of the OPO while energy
absorbed at the non-resonant wavelength may heat or damage the crystal.
Table 3.4 Optical transparency of common nonlinear materials
Nonlinear material

Optical transparency

Reference

P-BBO

198 nm - 2.6 imi

[1 0 ]

LBO

160 nm - 2 . 6 jim

[1 1 ]

KTP

350 nm - 4.5 pm

[1 2 ]

RTA

350 nm - 5,3 pm

[13]

KNbOs

400 nm - 4.5 pm

[14]

While even cw light absorbed outside the transparency w indow of a
material may cause damage due to heating effects, the high intensities of
modelocked or Q-switched pulses can result in optical damage at any
wavelength. The incident power density of light required to damage a
nonlinear crystal will depend on several factors including wavelength,
pulse duration and pulse energy. Damage thresholds can only be
compared when this information is taken into account.
The damage threshold of a material is commonly determ ined by
focusing a Q-switched nanosecond pulse of known energy into a sample
which is then inspected for dam age using interference techniques.
Typically, pulses w ith longer durations can cause optical damage more
readily. O bservations of low repetition rate picosecond and cwfemtosecond OPO experiments have reported no damage to KTP crystals
pum ped with MW-peak-power pulses in prolonged use [15,16]. In a study
of PBBO [17] the one-shot damage threshold was found to be as high as
13.5 GW /cm2 for a 1 ns - duration pulse at a wavelength of 1064 nm. In a
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separate investigation the damage threshold of pBBO due to a lOOfs red
pulse was reported to be as high as 1 TW/cm^ [18], Comparison of these
results can provide an order-of-m agnitude estimate of the dam age
thresholds of comm on nonlinear m aterials at fem tosecond pulse
durations, a summary of which is given in Table 3.5.

Table 3.5 Damage intensity thresholds at ns and fs pulse durations
for common nonlinear materials
1 ns pulse damage

100 fs pulse damage

threshold (GW/cm^)

threshold (TW/cm^)

LBO

18.9t

1 8

KTP

15

BBO

13.5

Material

*Inferred values

Reference

. *

[19]

1 1

. *

[2 0 ]

1 .0

[17,18]

f Pulse duration 1.3 ns

Finally, for most applications requiring prolonged use of a crystal, the
chemical stability of the material is important. Some nonlinear materials
such as KDF are hygroscopic and require to be kept in a moisture-free
environment. Others crystals, for example KNbOs, can spontaneously
form microscopic single-crystal domains within the bulk material which
can compromise phase-matching in an OPO. Other mechanical details of
the material such as the thermo-elastic coefficient may be of interest if
phase-m atching requires that the crystal is m aintained at a high
tem perature eg. Type I non-critically phase-m atched LBO-based
oscillators.
Optimum focusing in an optical parametric oscillator
For an OPO to reach steady state oscillation the single pass gain of the
nonlinear crystal m ust exceed the roundtrip losses of the resonator. It is
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im portant therefore to accurately estimate the pum p-power threshold for
oscillation and to correctly match the pum p and cavity mode focusing to
minimise threshold.

There have been several theoretical studies of how parametric gain
depends on pum p focusing. The effect of focusing on param etric
upconversion [2 1 ], singly-resonant [2 2 ] and doubly-resonant oscillators
[23] have all been considered. Guha and Falk [24] give a general analysis
of threshold pum p intensity for singly and doubly-resonant OPO's. For an
SRO they derive an expression for the pum p power threshold Pth as a
function of a focusing factor hs and of the three frequencies involved
where,
E s n s n j n p c 3 ( k s + kj,)
1 2 8 COs COiZ^

and,

units) =

X

^
3 X 10^

— dejf (SI units).

^

(36)

Two dimensionless quantities used in Equation (35) are Eg which is the
fractional roundtrip cavity loss and hg which is a factor describing the
efficiency of the parametric interaction with focusing. All other variables
are in S.I. units and I is the crystal length.
The focusing factor hg depends on wavelength, crystal length, walkoff
angle and the confocal parameters of the beams which are defined as,
2

2 tüw^

^
where

wq

/

(3^

is the radius of the beam waist formed in the crystal. Guha and

Falk provide plots of hg which are derived numerically. Figure 3.7a
reproduces the dependence on the signal focusing of hg when the confocal
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param eter of the pum p is equal to the crystal length. In Figure 3.7b hs is
shown for equal pum p and signal confocal parameters.

=

0

B- 0

0.0

0.01

0 .0 0 1 I—
0.01

0.1

10

0.001 L0.01

0.1

10

Figure 3.7 Dependence of the focusing factor hs on the signal focusing on the
signal confocal parameter when the pump confocal parameter equals the crystal
length (a) and the signal confocal parameter (b).

These results show that, in the absence of walkoff and when the
confocal parameters of the pum p and signal waves are equal, hs maximises
at ~ 0.25 for optimum focusing. This situation occurs when the confocal
parameters of the pum p and resonant waves (Z?g = bp ) are smaller than the
length of the nonlinear crystal such that I = 2.7bs = 2.7bp. It is often difficult
experimentally to achieve focusing as tight as / = 2.7b

and, in this

situation, hs maximises for unequal pum p and signal confocal parameters
where bs> bp . Values of hs for unequal confocal parameters are also given
by Guha and Falk.

When the analysis outlined above is applied to an OPO pum ped by a
modelocked laser, the power threshold obtained is equal to the mean
power delivered by the modelocked pulse. This can be expressed as an
average power if the pulse duration and repetition frequency of the pum p
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laser are known. Using this m ethod, the calculation of the expected
threshold power of a Ti:sapphire-pumped femtosecond OPO using KTP is
described in Chapter 4. From Equation (35) it is clear that (within the limit
im posed by the acceptance bandw idth) the threshold pow er depends
inversely on the crystal length, implying that longer crystals are of benefit
in reducing the power necessary for oscillation.

R e so n a to r d e sig n
Steady-state oscillation of a synchronously-pumped femtosecond OPO
requires the cavity lengths of the OPO and the pum p laser to be
interferometrically matched. Any small mismatch between the cavity
repetition periods of the pum p laser and the OPO has the effect of
modifying the signal wavelength of the OPO. This occurs because the
pulse transit time through the OPO cavity is frequency dependent with the
result that a change in wavelength of a few tens of nanometres is sufficient
to compensate a cavity length mismatch of a few microns.

Analysis of the coupled-wave equations in the limit of no idler
feedback shows that, for a cw singly-resonant OPO, 100 % signal-photonconversion efficiency (ie. no backconversion from the signal wave to the
pum p) occurs for a pum p pow er (7t / 2 ) 2 times above threshold [25],
Numerical simulation of a singly-resonant synchronously-pumped OPO,
taking into account dispersive-broadening effects and bandwidth control,
has also shown that maximum efficiency corresponds to pum ping at
approxim ately twice threshold [26]. These results im ply that, for
maximum signal extraction, the output coupling of the OPO resonator
should be chosen so that the threshold pow er corresponds to
approximately half of the available pum p power. Better stability is also
expected for pum p powers a few times above threshold since the length
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m ism atch between the pum p and OPO cavities becomes less critical
further above threshold.

The geometry of the OPO cavity m ust allow variable length adjustment
and be capable of providing intracrystal mode sizes with Wq ~ 20 jim. This
is necessary to achieve suitably high intensities for low -threshold
operation and, at the same time, to provide adequate mode-matching for
crystals of practical length. Three or four-mirror resonators readily satisfy
these requirements and can take the form of either standing-wave or ring
cavities. If the ellipticity of the output mode is of importance then a cavity
configuration should be chosen which can provide compensation for
astigmatism. Dunn and Ferguson [27] have shown that a three-mirror V
cavity containing a Brewster-angled crystal can only compensate for
astigmatism in the collimated arm of the resonator and not inside the
crystal. However, they also demonstrate that a four-mirror Z , X or ring
cavity using a Brewster crystal can simultaneously provide astigmatism
compensation inside and outside the crystal. Although a Brewster-angled
geometry can give complete astigmatism compensation, an antireflectioncoated crystal used at normal incidence is often preferable because of the
easier alignment and angle-tuning it provides. In this case the resonator
fold-angle is kept small to minimise aberrations caused by astigmatism. In
addition, a Brewster-geometry only allows efficient pum ping if the
resonant wave and the pum p have parallel polarisations and doublyresonant operation is therefore not a possibility.
The roundtrip loss of the resonator is also im portant since cavities
whose loss coefficients are equivalent for laser gain m edia are not
necessarily of equal loss when used with a phase-matched gain medium.
In an OPO configured for single-pass pum ping, phase-m atching
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requirements mean that the pulse only experiences gain when travelling in
one direction through the nonlinear crystal. The standing-wave resonator
w ith the smallest roundtrip loss is therefore the three-mirror V cavity
since each "gain pass" through the crystal corresponds to only four mirror
reflections and four crystal surfaces. In contrast, the Z and X cavities each
incur six m irror reflections and four crystal surfaces for each gain pass
through the nonlinear medium. The four-mirror-ring cavity has the lowest
roundtrip loss with only four reflections and two crystal surfaces for each
gain pass. A lignm ent considerations m ay how ever rule out this
configuration.

P u i s e d u r a t io n in a s y n c h r o n o u s i y - p u m p e d O P O
Design param eters of particular interest in the construction of a
fem tosecond param etric oscillator include spatial walkoff, spectral
bandw idth and group-velocity walkaway between the pum p, signal and
idler pulses. These effects can reduce gain and increase the duration of the
output pulses from the oscillator.

The resonant signal pulse in the cavity of a synchronously-pumped
femtosecond OPO is subject to many of the pulse-broadening effects that
are apparent in modelocked lasers such as second and third-order groupvelocity dispersion, bandwidth limitation, self-phase-modulation and gain
saturation. Additionally, other effects unique to parametric devices can
influence the duration of the output pulses from an OPO. Pump depletion,
group-velocity walkaway, phase-m atching bandw idth and nonlinear
parametric gain are competing effects often with magnitudes comparable
to those already mentioned.
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At least two detailed theoretical studies of pulse evolution in a
synchronously-pumped OPO have been carried out and both proceed by
numerically solving the coupled-wave equations described earlier. Becker
et al

[28] have considered only the degenerate case of Type I phase-

matching where the signal and idler waves are indistinguishable. Cheung
and Liu however [26], have solved for the general case of non-degenerate
signal and idler wavelengths in a singly-resonant oscillator. Both studies
conclude that the duration of the pum p pulse imposes a fundamental limit
on the w idth of the signal pulse. In both cases, pum p depletion is the
dom inant effect determining the signal pulse duration. The further above
threshold the OPO is operated then the more severe the pum p depletion
will be. The intensity-dependent param etric gain broadens the pum p
pulses because it depletes the centre of the pulse more strongly than the
wings. In turn, this broader pum p envelope determines the shape of the
amplified signal pulse. The shortest pulses are therefore obtained when
the OPO is operated just above threshold. In the degenerate case, where
Atp represents the pum p pulse duration, output pulses as short as 0.25 Axp
are predicted. In the more general, non-degenerate analysis, the theoretical
limit on the signal pulse duration is found to be 0.4 AXp . Neither study
includes bandwidth broadening of either the pump or the signal pulse due
to self-phase-modulation so, experimentally, shorter pulse durations may
be possible.

In their non-degenerate analysis, Cheung and Liu demonstrate that the
shape of the pulse envelope from an synchronously-pumped OPO will
generally be asymmetric [26]. If the cavity roundtrip time of the OPO is
not exactly matched to the pum p repetition rate then the returning signal
pulse will interact with either the leading or trailing edge of the pum p
pulse depending on whether the OPO cavity frequency is higher or lower
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than that of the pum p laser. Even when the repetition rates are exactlymatched, the difference in the group velocities of the pum p and signal
pulses {walkaway ) will result in asymmetric pum p depletion and,
consequently, an asym metric signal envelope. Tim e-varying phase
relations between the pum p and the generated waves are also responsible
for the asymmetry of the signal pulse. Expressed in a travelling-wave
form, the coupled-wave equations include a phase term involving the first
derivative of signal field with time. This term therefore takes a different
sign for the rising and falling edge of the pulse and so each edge sees a
unique phase-mismatch with respect to the centre of the pum p pulse. The
result is that the leading edge of the signal pulse is favoured and sees
more gain than the trailing edge.

Group-velocity walkaway between the pump, signal and idler pulses is
not only involved in making the signal pulse asymmetrical but also
introduces broadening and reduces the gain of the OPO by affecting the
tem poral overlap of the three waves. Walkaway between the signal and
the pum p reduces their interaction and affects the signal field gain
directly. The pum p - idler walkaway however, only affects the signal
indirectly through the resulting pum p - idler mixing (the signal pulse
could still experience gain in the initial absence of any idler radiation). In
choosing a nonlinear material and a particular crystal cut it is therefore
im portant to calculate the difference in pum p and signal pulse transit
times through the crystal. If this significantly exceeds the duration of
either pulse then the efficiency of the interaction is likely to be reduced. To
allow comparison between various materials and internal propagation
directions, it is usual to calculate the difference in pulse arrival times after
propagation through one millimetre of material. Expressed in units of
fs/m m , this is given by,
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^

(38a)

=

n - Xiidn/dXi) ’

n (A ) is the refractive index response of the material, and all velocities are
m easured in units of m m/fs . Typical values, in m any materials, are
approximately

100

fs/m m between the pum p and the signal wave so, used

in femtosecond OPOs, crystals w ith lengths in excess of one or two
millimetres provide no additional benefit. If the waves have the same
polarisation and the medium is positively dispersive then the signal pulse
will lead the pum p pulse. In this situation, the idler pulse may either lead
or lag the pum p since it propagates at a group velocity determined by a
separate polarisation axis within the medium. Some materials eg. LBO
possess very favourable phase-matching and birefringence qualities which
allow pum p and signal pulses to travel with minimal relative walkaway.

Second and third order group-velocity dispersion will also affect the
duration of the resonant pulse in the OPO. After propagating through a
length

2

of a dispersive medium, an initially transform-limited Gaussian

pulse of duration ATq will broaden through second-order dispersion to a
duration given by.

(39)
where the dispersion distance, defined as the length of the medium over
which the pulse broadens by Vz, is given by.

-

(40)

iln2

D. T. Reid, PhD thesis

96

December 1994

%
5
Chapter 3

Femtosecond Optical Parametric Oscillators

Typical dispersion distances for a 100-fs duration-pulse are = 1 cm. In
the absence of dispersion compensation, the duration of the output signal
pulse can be estimated from the w idth of the pum p pulse if the roundtrip
loss of the OPO resonator is known. For example, if the cavity losses are
-

1

% then the average photon lifetime of the signal pulse in the resonator,

before extraction through output coupling, can be considered to be «

100

roundtrips. The pulse therefore travels through the nonlinear m edium
~ 2 0 0 times so the total propagation distance is

200

f , where t is the

thickness of the nonlinear crystal. Equations (39) and (40) can then be used
to estimate the final duration of the output pulse.

Operating the OPO using an intracavity prism sequence configured as
described in Chapter 2 can however fully compensate for second-order
dispersion in the resonator. Pulse broadening due to third-order groupvelocity dispersion has been discussed by Asaki et al [29] who predict a
square-root dependence of pulse duration on third-order dispersion.

(41)
but, at wavelengths in the visible and near-infrared, this term is usually
only significant for pulse durations under around 50 fs.

Another more fundamental limit on the pulse duration is imposed by
the finite phase-matching bandw idth of the crystal. A 100-fs-duration
sech^a ) pulse centred at a wavelength of 1 pm has a frequency spectrum

FWHM bandw idth of 10.7 nm. Efficiently frequency conversion therefore
requires a crystal phasematching bandw idth of at least 10 nm. For m any
materials this limits the length of the nonlinear crystal to no more than 4 or
5 mm. Long crystals therefore cannot be used in femtosecond parametric
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oscillators and consequently, only crystals with a high effective nonlinear
coefficient can provide enough gain for efficient operation.
Both of the limits on crystal length outlined above, namely walkaway
and phase-matching bandw idth, only apply to femtosecond oscillators.
Longer crystals have been used successfully in picosecond systems such as
the one demonstrated by Nebel et al using KTP [30] and the LBO-based
device reported by Ebrahimzadeh et al [31]. Higher single-pass gain is,
however, not necessarily obtained in these systems since the intracavity
peak powers are much lower.

3.9 Conclusions
This chapter has outlined the theory of nonlinear interactions in
crystalline media and has provided a background for a discussion of the
necessary design criteria relevant to the efficient operation of a
femtosecond optical param etric oscillator. In the following chapter a
characterisation of a KTP-based parametric oscillator pum ped by a selfm odelocked fem tosecond Tirsapphire laser will be described. The
application of many of the design principles detailed in Chapter 3 will also
be illustrated.
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4.1 Introduction
In the preceding chapter, the design criteria appropriate to the
operation of a synchronously-pum ped femtosecond optical param etric
oscillator (OPO) were outlined. The application of these principles in the
construction of a KTP-based param etric oscillator pum ped by the
femtosecond output of a self-modelocked Ti:sapphire laser will now be
described in this chapter.

The experim ental configuration of the OPO, w ith and w ithout
intracavity dispersion compensation, is detailed and includes a discussion
of the alignment procedures used and the choice of resonator optics. A
thorough characterisation of the signal output from the OPO is described
including details of pulse durations, spectral bandwidths, tunability and
output powers. Results of amplitude and phase noise measurements of the
signal pulse sequence are included and, additionally, various nonphasematched processes occuring in the OPO are detailed. A numerical
m odel of the effects of self-phase-modulation in the OPO is presented
w hich gives good agreem ent w ith experiment. In addition, solitonic
operation of the OPO is demonstrated and quantitative results consistent
w ith theory developed for fibres are presented. The chapter begins with a
detailed description of the crystal used in the oscillator and reviews the
material and nonlinear properties of a KTP crystal which are significant in
a parametric oscillator implementation.
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4.2 KTP crystal
This section will begin by reviewing the material and optical properties
of KTi0 P 0 4 (KTP) including its crystal structure and mechanical qualities.
An outline of the calculation of the effective nonlinear coefficient is
included to illustrate how the choice of crystal orientation used for the
OPO was made. Angle and wavelength tuning curves for this geometry
are presented along with the derivation of the oscillation threshold for the
OPO.

Structural and optical properties of KTP
KT1 0 P 0 4 (KTP) is a relatively new nonlinear m aterial [1] which
belongs to the category of com pounds which are described by the
chemical formula MT1 0 X0 4 where M can be K, Rb, Tl, NH 4 or Cs and X
can be P or As. All of the compounds are isomorphs belonging to the
orthorhombic point group mm 2 and the space group P na2i . The high
nonlinearity of KTP makes it an attractive material for many frequencyconversion applications. These n onlinearities resu lt from

the

noncentrosymmetric structure which is characterised by chains of TiOa
octahedra, linked at two corners, and separated by PO 4 tetrahedra [2].
Alternately long and short Ti-O bonds recur along these chains and result
in distortion of the TiO^ octahedra which is responsible for the large
nonlinear and electro-optic coefficients observed. The K ion is weakly
bonded to both the Ti octahedra and the P tetrahedra and sits between
these at a high-coordination-number site.
Large, single crystals of KTP are readily grow n using either
hydrotherm al [3] or flux [4, 5] growth techniques. In the hydrotherm al
method, the crystal is grown from a seed and nutrient solution maintained
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for a period of weeks at high temperature

600 °C) and pressure (» 25000

psi). The equipment restrictions for high-pressure operation limit the size
of crystals which can be fabricated using this technique to approximately
20 mm

X

20 mm x 60 mm. The flux grow th procedure w orks by

maintaining a seed KTP crystal and a flux solution (potassium phosphate)
at a constant tem perature between 700 - 1000 °C and then allowing
crystallisation from the melt to occur on cooling. This method has the
advantage of operating at atmospheric pressure and therefore does not
require sophisticated autoclave equipment. Consequently, larger crystals
can be grown by the flux method and sizes up to 60 mm x 5 5 mm x 30 mm
have been obtained.

A problem of ferroelectric dom ain form ation occurs in both
hydrotherm al [6 ] and flux [7] grown crystals with domain walls forming
parallel to crystallographic planes. As hydrotherm al growth occurs at
tem peratures well below the Curie temperature for KTP (938 °C), single
dom ain crystals are generally obtained if a single-domain seed is used.
However, the higher tem peratures associated w ith flux growth make
single-domain crystal growth more difficult to guarantee.

Other minor differences (eg. in electrical conductivity) exist between
hydrotherm ally and flux grown KTP because of specific impurities and
defects introduced by the individual fabrication methods. When the
dam age thresholds of crystals derived by the two techniques were
compared, evidence was found which suggested that hydrotherm al KTP
was more resistant to damage than the flux grown material [2]. Bulk
damage is observed in KTP as grey-track formation and has been linked to
the therm al effects of catastrophic self-focusing in high pow er laser
applications [8 ].
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Refractive index m easurem ents have been reported for both flux
grown [9, 10] and hydro thermally-grown [11] KTP crystals and used to
derive Sellemeier equations valid from the ultraviolet to the mid-infrared.
The transmission spectrum of RbTiOPO^ (reproduced in Figure 4.1) is
given by Zumsteg et al [1] and illustrates a sharp w ater absorption at
around 2.8 pm probably caused by stretching of an 0 -H bond. The broad
absorption around 3.8 pm is also attributed to 0 - H

stretching while

absorption due to the PO 4 and TiOg groups is responsible for the longwavelength cutoff beyond ~ 4.5 pm. The mid-infrared transmission of KTP
is similar since the K / Rb ion does not contribute to the long-wavelength
absorption.

80
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Figure 4.1
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Transmission spectrum of RbTiO PO i (taken from R ef [1])

Values for the nonlinear optical coefficients of KTP have been reported
by several research groups. In more recent evaluations based on
m easurements of frequency-doubling efficiency [10, 12, 13], the values
found appeared much lower than those determined by the Maker fringe
m ethod used in earlier characterisations [1]. This discrepancy w ould
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explain the lower than expected second-harmonic efficiencies reported for
frequency-doubling [14,15]. The most up-to-date values, expressed in the
{XYZ} frame, are given in Table 4.1 and Kleinman symmetry is used to
identify d js = dsi and d24 = d^z •

Table 4.1 Summary of structural and optical properties of KTP
Property

Value

Crystal class

Orthorhombic, point group 2mm
space group P nali

[1 ]

Unit cell parameters

a = 10.616 A ,b = 12.814 Â, c = 6.404

[2 ]

Refractive index
(X = 1.064 pm)

nx - 1.740, My = 1.748, nz = 1.830,

[1 1 ]

Nonlinear refractive
index, nz

3.1 X 10-15 cm2 w -l

[16]

Transmission

350 nm - 4.5 pm

[1 ]

Damage threshold

150 MW / cm2

[1 ]

di5(31) - 3.6 pm /V

[1 0 , 1 2 ,

d24(32) = 2.0 pm /V

13]

Nonlinear optical
coefficients

(positive biaxial)

ds 3 = 8.3 pm /V

Orientation and specifications of the OPO KTP crystal
It is clear from the values of the nonlinear coefficients that, in KTP, d is
can produce the strongest (phasematched) nonlinear coupling between
two fields. Although dss is larger it only couples power between parallel
waves which cannot be phase-matched using material birefringence. By
expanding the tensor notation and using the relationships betw een
reference frames listed in Table 3.2, this coefficient can be written as.
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=du3 - disi - dsn

= dxxz = dxzx - àzxx
—^yyz — ^yzy ~ ^zyy •

The m aximum coupling is therefore obtained between fields polarised
along the optical y and z axes, implying that Type II phasematching along
the %-axis would give the most efficient frequency conversion.
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Figure 4.2
Phase-matching curves (a) and effective nonlinear coefficient (b)
in the principal optical planes fo r a Type II parametric interaction in
hydrothermal KTP with a pump wavelength o f 830 nm. Refractive index data
used in calculations are from Ref. [11].

The graphs displayed in Figure 4.2 show the calculated (collinear)
phase-matching curves and effective nonlinear coeffcients in the principle
optical planes for a Type II OPO interaction in KTP at a pum p wavelength
of 830 nm. This pum p wavelength was of particular interest because it
corresponds to the centre of the Tiisapphire tuning range. The results
confirm that the effective nonlinear coefficient for a Type II parametric
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interaction maximises for propagation along the %-axis and the tuning
curves demonstrate that phasematching is possible.
The crystal orientation chosen for the OPO was for propagation along
the %-axis with the pum p and signal waves parallel to the y-axis and the
idler polarised along the z-axis. As well as optimising gain, this cut avoids
problems of Poynting vector walkoff because it uses a collinear non-critical
phase-m atching geometry. Additionally, angular acceptance is also
maximised by this cut, allowing tighter focusing to be used. The expected
tuning for pum p wavelengths from 700 -1000 nm is shown in Figure 4.3.

3.0

S2.0

700

Figure 4.3
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Pump wavelength tuning for noncritically phase-matched
Type II parametric generation along the x-axis in KTP

The oscillation threshold for a singly-resonant OPO phase-matched
along the %-axis can be calculated if cavity losses are assumed. Following
the analysis presented in Chapter 3, and assuming a roundtrip loss of 2 %
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for the signal wave, the estimated threshold for a 1-mm crystal is 90 mW
w hen pum ped with 100-fs-duration sech^ {t ) pulses. This figure does not
take into account any reduction in efficiency due to pulse walkaway or
phase-variations between the waves resulting from nonlinear dispersion.
In view of these considerations, and allowing for a m argin of error
(measurements of material nonlinear coefficients can be inaccurate to as
m uch as ± 20 %), a crystal of length 1.5 mm was considered to offer
sufficient gain. The crystal was cut for phase-matching at normal incidence
and both faces had an aperture of 5 mm x 5 mm

The signal phase-matching bandwidth associated with a 1.5-mm KTP
crystal oriented as described is approximately 34 nm when pum ped at a
w avelength of 830 nm. This bandw id th is capable of supporting
transform-limited 45-fs-duration sech^(f ) signal pulses. Clearly, a crystal
of this length does not place any restrictions on femtosecond operation.

The remaining question concerning the chosen orientation of the KTP
crystal is the values of group-velocity walkaway between pum p, signal
and idler pulses. At a pum p wavelength of 830 nm and over a length of
1 mm, the signal pulse leads the pum p pulse by ~ 100 fs. The idler pulse
travels slowest and lags the pum p by « 200 fs. Pulse walkaway lengths are
therefore similar to the crystal length, implying that most of the crystal can
contribute to gain.
To minimise loss in the OPO resonator, the crystal faces were anti
reflection (AR) coated with a single layer Mgp 2 quarter-wave coating for
maximum transmission (T > 99.9 %) centred at the signal phase-matching
wavelength of 1180 nm. High transmission (T > 95 %) was also specified at
the pum p wavelength of 830 nm but no special coating requirement was
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included at the 2.8 |im idler wavelength. A summary of the complete OPO
crystal details is included as Table 4.2.

Table 4.2 Summary of the specifications of the OPO KTP crystal at a
pump wavelength of 830 nm
Parameter (

= 830 nm)

Value

Phase-matching orientation

Collinear non-critical phasematching for propagation / / %-axis:
p //y-axis, s / / y-axis, z / / z-axis

Dimensions

1.5 mm (f ) X 5 mm { w ) x 5 m m {h )

Signal and idler wavelengths

Xs = 1.18 pm , Xi = 2 . 8 pm

Anti-reflection coatings

T>99.9% @ 1=1.18 pm
T > 95 % @ 1 = 830 nm

Effective nonlinear coefficient

deff = 3.6 p m /V

Signal phase-matching bandwidth

AXs = 34 nm

Group-velocity walkaway

p-s 100 i s / m m {signal leads)
p-i

4.3

200

fs/m m {idler lags)

Configuration of the KTP-based fem tosecond OPO
without dispersion compensation

The remainder of this chapter details the configuration and operation
of a singly-resonant femtosecond OPO based on the KTP crystal geometry
already described. The results presented in this section describe the
operation of the OPO configured without dispersion compensation and
include detailed analysis of the tem poral and spectral output pulse
characteristics and tunability. In particular, num erical m odelling
concerning the effects of intracavity SPM on the signal output pulses from
the uncom pensated resonator is described.
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Experimental arrangement of the uncompensated OPO
A schematic of the cavity arrangement used for the OPO is displayed
in Figure 4.4. The basic three-mirror, standing-wave resonator consisted of
two concave high-reflectivity m irrors (r =

10

cm) and a plane high-

reflectivity mirror or output coupler. The cavity fold angle was minimised
to reduce astigmatism and the cavity length was synchronous with that of
the pum p laser. Pump light was focused using a 50 mm focal length lens
to a 17 p m spot radius inside the KTP crystal through one of the curved
mirrors. An optical isolator was used to prevent optical feedback (caused
by reflections at the crystal surface) from compromising the modelocking
in the pum p laser. A half-wave plate was inserted after the output isolator
to rotate the transmitted light back to its original horizontal polarisation.
The single-stack curved m irrors, which were deposited on 25-mmdiameter plano-concave BK7 glass substrates, were highly reflecting ( R >
99.7 %) for wavelengths from 1.1 - 1.3 p m and were highly transmitting
( T > 95 %) at the pum p wavelength. The plane output coupler had a
transmission of 1.5 % centred at a wavelength of 1.2 pm and was deposited
on a 12.5-mm diameter Cap 2 substrate.
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S elf-m od elock ed Tiisapphire laser
P = 1W
X = 7 8 0 - 8 8 0 nm
A T p = 8 0 f s v = 8 5M H z

solatorÀ/2

Figure 4.4

Cavity configurations of the uncompensated OPO
including extracavity dispersion compensation (inset).

The KTP crystal was held in position using a two-piece perspex m ount
(depicted in Figure 4.5) which clamped the edges of the crystal. Thin strips
of self-amalgamating PTFE tape were used to cushion the edges of the
crystal w here contact was m ade w ith the m ount. A ngular and
translational control over the crystal orientation was provided by a
combination of three translation stages and a three-axis prism-table.
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(a)
Figure 4.5

(b)

(c)

Side (a, b) and top (c) views o f the KTP~crystal mount

Oscillator alignment
Alignment of the femtosecond OPO was made difficult by the lack of
spontaneous emission from the nonlinear crystal and by the cavity length
tolerances imposed by synchronous pum ping. The first Tiisapphirepum ped femtosecond OPO reported was aligned using a low noise
germanium diode and phase-sensitive detector to monitor the single-pass
parametric fluorescence generated in the KTP crystal [17]. Our alignment
technique exploits the collinear pum ping geometry and uses the several
milliwatts of blue light which is produced in the KTP crystal through nonphasematched second-harmonic generation of the pump. Using the threem irror resonator shown in Figure 4.4, the crystal was positioned close to
the centre of the calculated stability range and was adjusted to retroreflect
the pum p beam. The power in the frequency-doubled pum p was then
maximised by translating the focusing lens and the cavity mirrors were
adjusted to collimate the light on the output coupler. Fine m irror
adjustm ent allowed the pum p and second-harmonic beams to be traced
around the cavity and overlapped. Oscillation was observed when the
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period of the cavity was made synchronous with that of the pum p laser by
translating the output coupler.

Output characteristics of the KTP fem tosecond OPO
W ith a pum p pow er of 1 W and in the absence of dispersion
compensation the parametric oscillator produced average powers of up to
150 mW in the signal beam. Oscillation was observed for average pum p
powers as low as 230 mW measured at the focusing lens. Difficulties of
collection and collimation prevented the power in the idler beam from
being determined directly but the ratio of photon energies implies that
« 50 -100 mW was generated at 2.8 jam. The OPO output was contained in
a TEM 00 mode and was essentially independent of the pum p mode.
Parametric oscillation in a TEM 00 mode was observed even with a TEM
01 pum p mode although the reduced spatial overlap between the pum p
and signal resulted in lower output powers. Intensity and interferometric
autocorrelation techniques were used to measure pulse durations and to
obtain information about frequency chirp in the pulses. A digital optical
spectrum analyser was used to monitor the spectral composition of the
pulses.
Results from the OPO w hen operated w ithout any dispersion
com pensation are reproduced in Figure 4.5. The m easured intensity
autocorrelation (Figure 4.6a) implies a pulse duration of 400 fs. The
interferom etric autocorrelation (Figure 4.6b) and the pulse spectrum
(Figure 4.7) indicate that the pulses are highly chirped and the
corresponding duration-b and width product is around 5. The twin-peaked
structure of the pulse spectrum is a characteristic signature of self-phasemodulation (SPM), implying that the origin of the frequency chirp on the
signal pulses is SPM arising inside the KTP crystal at the cavity focus. The
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combination of self-phase modulated spectral broadening and intracavity
group velocity dispersion (GVD) broadens the resonant signal pulses to a
d uratio n m uch longer than that of the original pum p pulse. The
broadening due to linear GVD alone can be estimated by using the method
outlined in Chapter 3. At a wavelength of 1.18 pm, the signal dispersion
distance in KTP is 3.7 cm. With output coupling of 1.5 %, the average
signal pulse lifetime in the cavity is « 67 roundtrips, corresponding to
propagation through « 20 cm of KTP. Assuming that the initial signal
pulse w idth is limited by the pum p pulse duration of 85 fs, then a
Gaussian output pulse of duration 470 fs would be expected.
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Intensity (a) and interferometric (b) autocorrelation of the
output from the uncompensated OPO
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Figure 4.7 Spectrum of the signal output of the uncompensated OPO

Wavelength tuning of the KTP fem tosecond OPO
W ith Tiisapphire pum p tuning the OPO signal w avelength is
potentially tunable from 1.0 - 1.4 jim and the idler from 2.2 - 3.1 |im.
Experim ental results, lim ited by the reflectivity of the m irrors, are
reproduced in Figure 4.8 and demonstrate pum p timing of the signal from
1.12 - 1.25 jim and of the idler from 2.5 - 3.0 |im along with a theoretical
curve predicted from Sellemeier data for KTP [2]. The OPO can also be
tuned by changing the crystal angle but for non-critical phase-matching
angle tuning is less rapid than pum p tuning and also involves modifying
the alignment of the OPO.
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Experimental (symbols) and predicted (solid line)
pump tuning of the KTP femtosecond OPO

U nder special circumstances, when the cavity dispersion perm its
soliton generation, the OPO is capable of generating signal wavelengths as
long as 1.4 pun without the need for pum p tuning beyond 840 nm. Results
detailing this behaviour are included later in this chapter.

S e l f - p h a s e - m o d u l a t i o n in t h e u n c o m p e n s a t e d O P O
The fringe-resolved autocorrelation profiles together with spectral data
indicate that, in the absence of dispersion compensation, pulses produced
by the OPO are highly chirped. This chirp can be attributed primarily to
self-phase-modulation (SPM) occurring in the focal region of the KTP
crystal which results from a phase shift induced by the intensitydependent refractive index of the material. The pulse broadening observed
arises from the combined effects of SPM and group velocity dispersion
(GVD) of the signal pulse as it makes multiple passes of the OPO cavity.
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An estimation of the amount of SPM occurring in the KTP crystal can
be made from a calculation of the peak nonlinear phase shift (j) m a x given
by [18],
0M A X

=

2tc

•

(1)

With cavity losses of 1.5%, the average photon lifetime of the signal in
the OPO resonator is about 67 roundtrips. Taking n

2

for KTP to be 3.1 x

10"!^ cm^ W'l [16], a net phase shift of K radians will be accumulated in the
cavity lifetime w ith intensities of the order of 1 GW cm-^. Typical
intracavity intensities are of the order of tens of GW cm-2 and so
significant SPM should be expected.

A simple model can be used to predict qualitatively the features of the
pulse autocorrelation profiles and spectra attributed to SPM. Consider a
Gaussian pulse w ith carrier frequency and intensity pulse duration
(FWHM) At. The electric field amplitude is given by,
E o { t ) - exp (-21n2f

2

/At^ ) exp (z 0)of )

(2)

with corresponding intensity,
f (f) = E )f)E ^ (f)

(3)

In the presence of a nonlinear phase shift across the pulse the resultant
field envelope becomes,
E(t ) = E^(t ) exp [i (|) NL(f ) ].

(4)

where the nonlinear phase shift (() nl(^ ) is given by,
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( t ) (j> MAX

and the maximum phase shift

/

(j) m a x

(5)
is given by equation (1). This model

allows the effect of SPM on the pulse envelope to be calculated for any
value of m axim um phase shift experienced by the pulse. The fringe
resolved autocorrelation function and power spectrum of the pulse can
easily be generated using the formulae given in Chapter 2. The results of
the modelling are shown in Figure 4.9 for a variety of different values of
the maximum SPM phase shift using an initial Gaussian pulse of intensity
fwhm AT = 400 fs.

It is well known that the effect of SPM in the frequency domain is to
introduce substantial spectral broadening along with a double-peaked
spectrum. However, in the time domain, SPM in isolation is not capable of
modifying the pulse intensity envelope - this requires material dispersion
as well. The results of the numerical modelling indicate that the nonlinear
phase shift m anifests itself as a m odulation in the w ings of the
interferometric autocorrelation. Physically, this modulation can be treated
as a beat note between the two most intense spectral components in the
pulse. It can be seen from Figure 4.9 that the num ber of minima in the
interferometric autocorrelation profile correlates well with the maximum
nonlinear phase shift experienced by the pulse. This allows an empirical
estimate to be made of the maximum phase shift present on the signal
output pulses from the OPO. For N minima, the phase shift (to w ithin
tc/2) is given by,
,
N k
9 MAX ” ~ 2 ~

(b)

Experimentally, although a prom inent pedestal is observed on the
OPO pulse autocorrelation trace at all levels of intracavity power, a strong
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m odulation is only observed at intracavity pow er levels less than
20 G W cm ‘2 . This is to be expected because as the SPM phase shift
increases with intracavity power, the modulation frequency will increase
and be more difficult to resolve in the autocorrelation function. The results
shown in Figures 4.6 and 4.7 were obtained with an estimated intracavity
intensity in the KTP crystal of 5 GW cm-2 corresponding to a maximum
phase shift, calculated using equation (1), of (1)max = 16 radians = 5.1 ;r. This
is in good agreement with the phase shift (^max ~ 5;t expected based on the
observed num ber of 10 m inim a in the experimental autocorrelation
function.

Several other features of the experimental results can be also explained
w ith a simple qualitative consideration of the effects of SPM and GVD in
the OPO cavity.

The observed spectrum in Figure 4.7 is strongly

asymmetric, unlike those predicted from the simple model, but it has been
shown that asymmetric pulse spectra from SPM are generated when the
propagating pulse is itself asymmetric [18]. The parametric pulse shaping
results of Cheung and Liu [19] discussed in the previous chapter imply
that the leading edge of the pulse (red-shifted by SPM) sees more gain
than the (blue-shifted) trailing edge. Red-shifted components w ould
therefore dominate the pulse spectrum, in agreement w ith experimental
observations.

The modulation of the autocorrelation function predicted by the simple
SPM m odel is stronger than that which is experimentally observed.
Furthermore, the model also predicts a deep spectral modulation which is
not clearly resolved in the measured pulse spectrum. This loss of contrast
suggests that there are additional field dephasing processes occurring in
the OPO cavity, most likely arising from the effects of dispersion and
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group-velocity walkaway in the KTP crystal. A more detailed model,
based on the nonlinear Schrodinger equation, w ould be required to
explain these effects more quantitatively.
4.4 OPO with extracavity dispersion compensation
Extracavity dispersion compensation of the signal output from the
uncompensated OPO has been implemented using a pair of SF14 prisms
separated by 90 cm and used in a double-pass configuration as illustrated
by Figure 4.4 (inset). Intensity and interferometric autocorrelation profiles
of the pulses after optim al extracavity dispersion com pensation are
included as Figure 4.10. The pulse duration deduced from the intensity
autocorrelation of Figure 4.10a is 90 fs but the residual pedestal on the
interferom etric autocorrelation in Figure 4.10b indicates that some
uncompensated nonlinear chirp still remains. The inability to completely
remove the chirp on the signal pulses is a limitation of this scheme for
extracavity dispersion compensation [20].
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Figure 4.10 Intensity (a) and interferometric (b) autocorrelation
profiles o f the signal output o f the OPO after extracavity
dispersion compensation

4.5 OPO with intracavity dispersion compensation
Intracavity dispersion compensation has also been implemented in the
OPO. In this section, time and frequency-domain m easurem ents are
presented for signal pulses from the dispersion-compensated oscillator. A
comparison of various cavity configurations is described including a
scheme dem onstrating reduced-threshold operation of the OPO by
utilising feedback at the idler wavelength. M easurements of the OPO
amplitude and phase noise are detailed and these provide insights into the
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stability of the femtosecond parametric oscillator. Behaviour unique to the
fem tosecond OPO, including several non-phase-m atched param etric
processes and cavity length dependent tuning effects is also discussed.
Finally, detailed evidence is presented in support of soliton formation in
the dispersion-compensated OPO and is related to theory based on the
nonlinear Schrodinger equation.

Configuration of the dispersion-compensated OPO
To obtain the shortest pulses from the param etric oscillator it is
necessary to fully utilise the increased bandwidth produced by self-phase
modulation in the crystal. Intracavity dispersion compensation permits the
chirp introduced onto the pulse in a single pass of the cavity to be
removed before it becomes large enough to dominate the kinetics of pulse
evolution in the OPO. By configuring the cavity as illustrated in Figure
4.11 to include a pair of intracavity SF14 prisms (apex-separation 24 cm) it
was possible to routinely generate transform-limited pulses with durations
as short as 40 fs.

Isolator

. p.
+

0

1

’

S elf-m od eiock ed Thsapphire laser
P = 1W
^ = 7 8 0 - 8 8 0 nm
ATp= 8 0 fs
Figure 4.11

V

= 8 5 MHz

Cavity schematic of the OPO with intracavity dispersion
compensation
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Representative tem poral and spectral m easurements of the output
signal pulses are reproduced in Figure 4.12. The duration of these pulses
measured from the intensity autocorrelation data in Figure 4.12a was 39 fs.
Inspection of the interferometric autocorrelation in Figure 4.12b and the
pulse spectrum in Figure 4.12c implies that the pulses are chirp free, and
their duration-bandw idth product of 0.33 (sech^(f ) intensity profile
assumed) is close to the Fourier-transform limit. The average output
power from the intracavity dispersion compensated OPO was typically «
50 mW, corresponding to peak output powers of « 15 kW. A small increase
in the oscillation threshold to approximately 300 mW was observed due to
the insertion of the prism pair. Although the prisms used were not cut for
Brewster incidence at 1.2 jim (they were originally specified at a
wavelength of 1.5 pm), prism losses are unlikely to be entirely responsible
for the reduction in output power. Reduced temporal overlap between
pum p and the shorter-duration signal pulse in the compensated OPO will
increase the oscillation threshold. Another explanation may be that
imperfections in the cut of the KTP crystal rotate the polarisation of the
signal wave and, consequently, increase loss at each of the eight Brewster
surfaces encountered by the pulse during one cavity roundtrip.
The theoretical study of pulse behaviour in a synchronously-pumped
OPO by Cheung and Liu [19] which was discussed in the previous chapter
does not include the effect of SPM on the output pulse duration. In the
femtosecond regime the high intracavity peak powers dem and that the
effects of both SPM and GVD are included in a complete treatm ent [21].
The pulse evolution in the dispersion-compensated OPO operating with
net negative cavity dispersion is so lito n like

in that the duration is

determined by the balance between
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SPM and GVD. These effects were investigated as a function of the net
cavity dispersion by varying the position of one of the SF14 glass prisms.
The results of this study are illustrated in Figure 4.13.

300

RoundTripGroupVelocityDispersion(fs^)
-800
-400
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Figure 4.13

15
RoundtripIntracavityGlass (mm)
10

20

Dependence of the signal output pulse duration on the
amount of intracavity glass in the cavity of the dispersion
compensated OPO

The am ount of intracavity glass can be converted to an equivalent
value of GVD expressed in units of fs^ . In this study the zero GVD point
(as included in Figure 4.13) has been identified w ith the am ount of
intracavity glass corresponding to the minimum pulse duration. Although
the point of minimum pulse duration can be shown, in the presence of
SPM, to correspond to slightly negative values of GVD [22], this
approximation is useful in distinguishing the chirp-free pulses observed in
the negative GVD regime from the chirped pulses in the positive GVD
region. Clearly, in the negative GVD regime the pulse duration only rises
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slowly as the magnitude of the dispersion increases. In contrast, when the
cavity dispersion is positive, the pulse duration increases rapidly for
increasing values of GVD. These results are similar to those observed in
previous studies of modelocked lasers [23, 24] and are in agreement with
theoretical predictions for behaviour in lasers where SPM and GVD co
operate to determine the pulse evolution [22].

Optimum OPO cavity geometry
The results displayed in Table 4.3 detail OPO performance for several
standing-wave cavity geometries on the basis of pum p-power conversion
efficiencies and output pulse durations. The highest conversion efficiency
was obtained in resonators where both the pump and signal modes were
focused to a beam waist of radius approximately 18 pm, corresponding to
confocal parameters of 3.8 mm and 3.0 mm respectively. Tighter focusing
may have enabled even higher efficiencies to be obtained (as would be
expected from optimum focusing calculations) but practical considerations
restricted the focal length of the cavity optics which could be used. The
effective pum p focal length / given in Table 4.3 represents the combined
effect of the focusing lens and a cavity mirror of radius of curvature r.
The X-cavity differs from the other arrangements described. The details
of the alignment technique used, although relying on overlapping the
roundtrip cavity reflections, differed slightly from that described earlier.
The minimum pulse duration was always found to be longer than in the
V-cavity. It is thought that third-order dispersion in the X -cav ity
associated with the two additional m irror reflections per roundtrip was
most probably responsible for this lower limit.
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Table 4.3 Standing-wave cavity configurations of the KTP-based OPO
and their effect on performance.

Configuration

y-cavity
/ = 67 mm
r = -100 mm
y-cavity
/ = 100 mm
r = -150 mm
y-cavity
/ = 133 mm
r = -200 mm
X-cavity
/ = 67 mm
r = -100 mm

Azp (comp)

(s)

Wo (p)

P threshold

18 |xm

17 pm

230 mW

21%

400 fs
(39 fs)

27 |xm

25 pm

500 mW

17%

600 fs
(38 fs)

37 pm

34 pm

280 mW

15%

16 pm

17 pm

240 mW

21%

Wo

P sig /P p im p

-

400 fs
(56 fs)

Dispersion-compensated OPO with idier-feedback
The femtosecond OPOs reported in the literature so far have been
singly-resonant devices requiring typical pum p powers of around 200 mW
to reach threshold [17]. The route to a compact femtosecond source
offering high wallplug efficiency will rely on passive modelocking of gam
media such as Cr:LiSAF which can be excited directly using high power
laser diodes operating in the near-infrared [25]. The development of a lowthreshold femtosecond OPO to complement the modest output powers
available from diode-pumped devices may employ feedback of either the
pum p or the idler wave to achieve a reduction in threshold. Preliminary
experim ents carried out w ith the KTP OPO have dem onstrated that
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feedback of the idler wave can reduce the operating threshold and
increase the output power of the OPO.

Using a dichroic polarising beam splitter (T > 90 % @ 2.8 |im / R >
99.7 % @1.2 |xm ) the signal and idler pulses were allowed to propagate in
separate dispersion-com pensated cavities (see Figure 4.14) giving
individual control over cavity length and dispersion for each wave. The
horizontally-polarised idler cavity contained two prism s m ade of
monocrystalline germanium [26] and two infrasil prisms. The combination
of these allowed the net cavity dispersion experienced by the idler wave to
be adjusted through zero. The signal cavity contained two SF14 glass
prism s of apex separation 24 cm as described earlier but, in this
configuration, the signal was vertically polarised and so a vertical prism
sequence was used.

Isolator^/2.

Self-modelockedTiisapphire laser
P=1W X=780- 880nm
AXp =80fs V =85 M
Hz
Figure 4.14

Cavity configuration of the dispersion-compensated
OPO with idler feedback

When the signal wave was already resonant, bringing the idler cavity
into near synchronism resulted in gain or depletion of the signal intensity
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of around 10 % as illustrated in Figure 4.15. The corresponding reduction
in threshold power was approxim ately 10 %. If the idler cavity was
blocked and the pum p power reduced until oscillation stopped, then
unblocking the idler cavity was sufficient to recover oscillation.
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Figure 4.15 Intensity of the signal pulses from the KTP-based OPO with
idler feedback. No oscillation (a), signal resonant and idler cavity blocked (b),
signal resonant with idler cavity chopped and adjusted for gain (c) and signal
resonant with idler cavity chopped and adjusted for depletion (d).

A change in the idler cavity length of approximately 500 nm separated

the position of signal gain from the position of signal depletion. The
m odest increase in signal power can be attributed to the high roundtrip
loss at the idler wavelength of the dielectric optical coatings used in the
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cavity and also to the effects of walkaway between the idler and the signal
pulses in the KTP crystal. For these reasons the system does not behave as
if it is genuinely doubly-resonant. Future work using a crystal w ith
smaller walkaway such as LBO should achieve significant improvements
in gain w hen used in a truly doubly-resonant configuration. In a system
with small signal - idler walkaway, additional benefits such as increased
control over signal pulse shape and duration should also be realisable.

Amplitude noise measurements
The KTP femtosecond OPO is an extremely robust device requiring no
alignm ent on a day-to-day basis except for m inor cavity length
adjustment. Furthermore, when aligned correctly, oscillation persists for
several hours at a time w ithout any form of active stabilisation. The
am plitude noise present on the outputs of both the parametric oscillator
and the pum p laser was compared and typical oscillograms are shown in
Figure 4.16. Although intensity fluctuations on the pum p Ti:sapphire laser
are typically less than 1 %, in the absence of dispersion compensation the
output of the OPO is relatively noisy, exhibiting amplitude fluctuations of
around 10 %. The addition of dispersion compensation and the associated
increase in spectral control reduces this figure to around 4 %. This is
consistent with earlier experimental and theoretical studies [24, 27] which
indicated that inadequate spectral control in lasers where SPM and GVD
are significant can result in a relatively unstable output. Similar
considerations are therefore likely

D. T. Reid, PhD thesis

131

December 1994

Chapter 4

The KTP Femtosecond Optical Parametric Oscillator

S »r iTÎ; .
(a)

(b)

(C)

Figure 4.16 Oscillograms showing the amplitude noise of the self-modelocked Thsapphire pump laser (a), the OPO without dispersion compensation
(b) and the OPO with intracavity dispersion compensation (c). The timebase
is 10 msec/division in each case.
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to apply to the output of the OPO since SPM is a dom inant effect in the
cavity. The am plitude noise figures m easured for the OPO should be
expected to exceed those of the pum p laser given the nonlinear nature of
the param etric amplification process. Am plitude stabilisation can be
im plem ented to reduce the intensity fluctuations present on the OPO
o u tp u t w hich can be caused by vibration, air currents or therm al
effects.The original technique used exploited the shift in output pulse
wavelength arising from a change in cavity length [28]. Wavelength tuning
of this kind occurs w hen a cavity length change results in a loss of
synchronism with the pum p laser. In response the centre wavelength of
the resonant signal pulse shifts and the ensuing change in group velocity
delay in the KTP crystal brings the OPO back into synchronism with the
pum p laser and maximises gain. When the net cavity GVD is negative,
longer wavelength pulses travel with slower group velocities such that a
reduction in cavity length increases the output wavelength of the OPO.
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Cavity-length tuning in the dispersion-compensated OPO is shown in
Figure 4.17 together with the variation in signal intensity across a length
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adjustment of « 1 pm. The variation of wavelength with cavity length was
linear and corresponds to a rate of 35 nm /pm . Oscillation was observed to
occur w ithin a cavity length adjustm ent of 0.8 pm but higher cavity
tolerances were observed w hen the OPO was operated further above
threshold.

Phase-noise measurements
Using techniques described elsewhere [29, 30], m easurements were
m ade of the phase noise of the signal output of the OPO and typical
results are listed together with the phase noise of the pum p laser in Table
4,4. The phase noise performance in the 50 - 500 Hz frequency range
provides the most useful comparison between OPO and the pum p laser
because this frequency band corresponds to timing jitter fluctuations on
millisecond timescales and provides a good indicator of longer term pulse
stability. In the absence of dispersion compensation the phase noise of the
OPO is considerably worse than that of the pump laser. This observation is
consistent w ith the large intensity fluctuations apparent in this
configuration and is attributed to the lack of spectral control in the cavity.
The results when the OPO is operated with dispersion compensation are
perhaps unexpected since the phase-noise characteristics measured in this
configuration are consistently better than those of the pum p laser. The
im provem ent in phase noise can be attributed to a combination of
synchronous pum ping and the lack of a population lifetime in the gain
process. Timing jitter present on the pum p laser will not couple efficiently
into the OPO since any mismatch in arrival time between the pum p and
signal pulses at the nonlinear crystal will result in reduced gain and
cannot be transferred to the amplified signal pulse. Phase noise in the OPO
can, however, exceed that of the pum p laser when the resonant signal
pulse has a duration much greater than the pump pulse. In this situation
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the arrival time of the pum p pulse at the crystal is less critical and timing
jitter in the pum p pulse sequence will be communicated to the signal
pulse.

Table 4.4 Measured phase noise characteristics of the pump Ti:sapphire
laser and the OPO operated with and without intracavity
dispersion compensation.

Frequency
Band

Timing

RM S

Jitter

Self-modelocked
Ti:S pump laser

OPO - no
dispersion
compensation

OPO - intracavity
dispersion
compensation

50 - 500 Hz

12.0 ps

41.8 ps

3.6 ps

500 Hz - 5 kHz

1.7 ps

2.4 ps

0.70 ps

5 - 50 kHz

< 0.62 ps *

< 1.4 ps *

< 1.0 ps *

*

Instrumental noise meant that it was only possible to obtain an upper limit on the
phase noise measurements in the highest frequency band (5kHz-50kHz).

Our observations suggest that the amplitude and phase noise in the
OPO are independent of each other. This implies that control of the OPO
cavity length by active stabilisation, although improving the amplitude
noise characteristics, may not serve to directly improve the phase noise.
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Non-phase-matched interactions in the compensated OPO
The intracavity peak power of the dispersion compensated OPO is
close to 1 MW and is therefore capable of generating directly observable
sequences of pulses in the visible via non-phase-matched processes that
w ould norm ally be too inefficient to be observed through param etric
oscillation. We have observed a total of five non-phase-m atched
interactions in addition to the production of the signal and idler pulse
sequences and these are listed in Table 4.5.

Table 4.5 N onlinear interactions and corresponding average
intracavity powers in the compensated OPO
Wavelength
(nm)

Description o f
Nonlinear Interaction

Average
Intracavity Power

0 + 0 + 0 —^ 0

< l|iW

+ 0 —>e

Im W

CO—COs + COp

0 + 0 —^ 0

Im W

600

CO= COs + COs

0

+ 0 —>e

10 pW

635

CO= COi + COp

0 + 0 —^ 0

< lp W

1200

COs ~ tOp - C0(

0

+e —>o

3 .5 W

2690

COj —COp - CDs

0 -¥0

400

CO= COs + C0$ + COs

415

CO= <X>p + COp

0

490

—>e

30 mW

The dom inant processes involve sum-frequency mixing between the
single-pass signal and the pum p light to generate blue light at 490 nm and
single-pass frequency doubling of the pum p light producing a wavelength
of 415 nm. The photograph reproduced as Figure 4.18 illustrates the
amount of sum-frequency light generated at 490 nm.
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The KTP femtosecond OPO in operation. The blue
light is generated by pump-signal sum-frequency-mixing

The other processes observed are the second and third harmonic
generation of the signal which generate pulses at 600 nm and 400 nm
respectively and sum-frequency mixing between the single-pass idler and
the pum p light that produces light at 635 nm. The spectral bandwidths of
the light generated at 490 nm and 600 nm are sufficient to support pulses
of sub-100 fsec duration. The addition of a second intracavity nonlinear
crystal cut for efficient sum -frequency mixing or second-harm onic
generation would therefore provide femtosecond pulses with tunability in
the visible.
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Soliton formation in the fem tosecond OPO
High-order soliton formation in a femtosecond laser was first reported
in a colliding-pulse-modelocked dye laser operating at 620 nm when N ~ 3
solitons were observed [31]. Such results were consistent with theoretical
predictions for dispersive optical fibres which showed that pulses capable
of propagating w ithout dispersive broadening could exist w hen an
appropriate balance between self-phase-modulation (SPM) and groupvelocity-dispersion (GVD) was established [32]. Soliton formation in a
modelocked laser can be expected to manifest itself in both the temporal
and spectral characteristics of the laser output. Consequently, pulse
breakup and restoration at the soliton frequency has been observed as an
am p litu d e m odulation of the m odelocked pulse sequence [31].
Furthermore, the sim ultaneous production of solitonic and dispersive
waves displaces the pulse spectrum towards the region of anomalous
GVD and spectral splitting around the point of zero dispersion has been
reported [33].

The necessary conditions for soliton form ation w hich combine
sufficient self-phase-modulation with variable group-velocity-dispersion
can be satisfied in a femtosecond OPO. In normal operation substantial
SPM and GVD experienced by a pulse in the nonlinear crystal is
compensated by the intracavity prism-pair. However, when the intracavity
GVD is made slightly positive, the spectrum of the pulse splits and shifts
towards longer wavelengths. This behaviour is accompanied by a periodic
am plitude m odulation on the pulse sequence at a frequency in the 0.5
MHz to 2.2 MHz range.

The spectral and temporal characteristics of the output of the OPO as a
function of the amount of intracavity GVD was investigated by adjusting
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one of the SF14 prisms. Pulse spectra and corresponding autocorrelations
were recorded for a range of positive cavity dispersion values and the
pulse duration was observed to vary w ith dispersion as show n in
Figure 4.19. The point of zero dispersion has been norm alised to the
m axim um am ount of intracavity glass that allowed the form ation of
transform-limited pulses.

0

RoundtripCavityDispersion
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(fs2)
1050

1400

400

B

300 -

200

100

20
25
30
RoundtripIntracavityGlass (mm)
Figure 4.19 Dependence of the pidse duration on the amount of intracavity
glass introduced in the dispersion compensated OPO. The upper axis indicates the
equivalent cavity dispersion infs^ (see text)

The pulse spectrum at zero GVD is depicted in Figure 4.20a. Increasing
the positive cavity dispersion by a small amount to +100 fs^ resulted in the
generation of a second spectral component at a wavelength which is 80 nm
longer than the original as illustrated in Figure 4.20b. The maximum
wavelength shift shown in Figure 4.20c occurred for a cavity dispersion of
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+700 fs^. The two spectral components produced were separated by 70 nm
and the peak wavelength was displaced by 70 nm from the position
occupied at zero cavity dispersion. An additional increase of 100 fs^ in the
dispersion inhibited longer wavelength generation and the corresponding
spectrum is reproduced as Figure 4.20d. Further increasing the cavity
dispersion lead ultimately to the formation of pulses having the spectrum
of Figure 4.20e which is characteristic of the OPO when it is operated in
the absence of any dispersion compensation.
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Spectral data for the signal output of the dispersion
compensated OPO operated with positive cavity dispersion.
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A maximum operating wavelength was observed, above which the

signal o utput spontaneously shifted to longer wavelengths. For the
particular configuration of the OPO that was used, this wavelength was
approxim ately 1320 nm and corresponded to the position w here the
dispersive com ponent of the pulse separated from the solitonic
component. This spectral splitting was first predicted by Wai et al [34]
using a m odel developed for pulse propagation in optical fibres at
1300 nm. Identifying the critical wavelength of the OPO w ith the zero
dispersion point of the fibre model allows the experimental data to be
related quantitatively to the theory.

In the model, a condition necessary for soliton propagation is
presented in terms of the wavelength shift, AX, towards the anomalous
regime, requiring that,
AX > 6 (nm) (ps) / Atp ,

(7)

where AUp is the duration of the soliton pulse in picoseconds. In the OPO,
the pulse duration of 240 fs m easured at the position of m axim um
wavelength shift sets a lower limit of 25 nm for AX for this condition. At
the point where longer wavelength generation became evident pulses of
duration

88

fs were monitored and this would require AA, >

68

nm for

soliton propagation. This is close to the 80 nm shift m easured
experimentally.

A further prediction of the model is that the solitonic and dispersive
com ponents of the spectrum are found to be displaced by different
amounts from the critical frequency. The dispersive part is expected to
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experience 1.7 times the spectral displacement of the soliton. The spectrum
of Figure 4.20c displays a ratio of the displacements of frequency in the
dispersive wave to that of the soliton of

1 .6

which is again in good

agreement with the model.

In the configuration described above we observed that the RF spectrum
of the output of the OPO exhibited strong sidebands at 2.0 MHz. This
observation of a periodic intensity variation in the pulse train can be
related to dispersion using an expression derived by Salin et al [31] which
gives the soliton frequency fo as a function of the cavity dispersion (j)" and
the cavity roundtrip period T :
fo = 2 f ' 7 0.322 71AXp2T

(8 )

Applying this formula in the situation of maximum wavelength shift
where AXp = 240 fs,

700 fs^ and the cavity repetition period is 11.8 ns,

the predicted soliton frequency of 2.0 MHz agrees closely w ith
experimental observation. This frequency, which corresponds to around
40 cavity roundtrips, is considerably higher than the tens of kHz (ie.
several thousand roundtrips) observed in CPM dye lasers [31, 33]. The
difference arises because the KTP crystal used in the OPO contributes
substantially higher phase modulation and dispersion during each cavity
roundtrip than the jets used in dye lasers.
Further evidence for soliton formation in the OPO is provided by the
observation of triple-peaked intensity autocorrelation profiles which were
observed at a wavelength of 1180 nm and with an intracavity dispersion of
320 fs2. The evolution of a second or third order soliton (N = 2, 3) is
characterised by a periodic twofold temporal splitting of the pulse. This
behaviour results in a characteristic triple-peaked autocorrelation profile
D. T. Reid, PhD thesis

142

December 1994

Chapter 4

The KTP Femtosecond Optical Parametric Oscillator

as first observed for high-order soliton propagation in optical fibres [3 5 ].
In contrast to the experience of soliton production in CPM dye lasers the
OPO show ed a large degree of instability and the character of the
autocorrelation profile changed rapidly between solitonic and dispersive
modes. We attribute this behaviour to a combination of the sensitivity of
soliton form ation to w avelength and fluctuations in OPO centre
wavelength incurred by small changes in cavity length [36]. A typical
au to c o rrelatio n

profile, w hich

contains info rm atio n

covering

«

approximately 10,000 cavity roundtrips, is depicted in Figure 4.21. An
accom panying oscillogram showing the intensity m odulation of the
output of the OPO is given in Figure 4.22. The modulation frequency of
550 kHz is consistent with a pulse of duration around 300 fs under the
corresponding dispersive conditions.

CO, 0 . 6

O 0.2
CO

-400
Figure 4.21

0

D elay (fs)

400

Intensity autocorrelation profile of the signal output of
the OPO at a wavelength o f 1180 nm exhibiting the three
fold splitting that is characteristic of a solitonic pulse
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Oscillogram showing intensity modulation o f the
signal output pulse sequence from the OPO.

The pulse spectrum corresponding to the autocorrelation of Figure 4.21
and reproduced as Figure 4.23a did not exhibit the spectral splitting
observed at longer wavelengths. In order to test whether the solitonic
com ponent of the spectrum was em bedded in a strong dispersive
com ponent, an intracavity aperture was inserted into the shorter
wavelength edge of the dispersed beam . The effect of the aperture was to
discriminate against shorter wavelength production and the resulting
spectrum is shown in Figure 4.23b. This double-peaked spectrum
exhibited a critical wavelength of 1183 nm in this configuration and the
ratio of the displacements of frequency in the dispersive wave to that of
the soliton is

1 .8

which is consistent with the results taken at longer

wavelengths. Autocorrelation profiles obtained with the aperture in place
were similar to that shown in Figure 4.21.
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Optical spectra of the OPO (a) ivithout an intracavity
aperture and (b) with a long wavelength pass aperture

Although the recorded autocorrelation profiles of the signal output of
the femtosecond OPO are consistent with higher-order AT = 2, 3 soliton
propagation, time-resolved pulse measurements within the soliton period
similar to those discussed in ref. [31] would be required to establish the
exact order. However, the quantitative agreement with theory derived
from the nonlinear Schrodinger equation offers sufficient evidence to
support the assertion that soliton formation occurs within the OPO.
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4.6 Conclusions
In this chapter, results have been presented from a Ti:sapphirepum ped KTP-based femtosecond optical parametric oscillator. W ithout
dispersion compensation the signal output pulses were highly chirped and
uncom pensated self-phase m odulation and group-velocity dispersion
were demonstrated to be the dominant pulse-shaping effects in the cavity.
The addition of intracavity dispersion compensation allowed transformlim ited pulses w ith durations as short as 40 fs to be produced. The
performance of various resonator configurations have been compared and,
using a novel idler-feedback scheme, threshold reductions of ~

10

% have

been achieved. A study of the stability of the OPO has been described and,
while OPO amplitude noise is consistently poorer than that of the pum p
laser, timing jitter figures have been measured which were consistently
better than those of the pum p. Several non-phase-m atched processes
occurring in the OPO have been reported and their implications for a
visible femtosecond source considered. Evidence supporting soliton
form ation in the OPO has been presented and found to be in good
quantitative agreement with existing theory.

W ith new m aterials and im provem ents to cavity design the
femtosecond OPO represents an extremely attractive source of ultrashort
pulses having tunability in the visible to mid-infrared spectral regions. In
Chapter 5 the operation of a femtosecond OPO based on the new crystal
RbTiOAsO^ is described. By using intracavity second-harmonic generation
this RTA param etric oscillator is capable of efficiently generating
ultrashort pulses having tunability in both the visible and infrared.
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5.1 Introduction
In Chapter 4, a characterisation was presented of a femtosecond optical
param etric oscillator (OPO) based on the material KTP. The structural
isomorphs of KTP, namely KTi0 As0 4 (KTA) [1,2], CsTi0 As0 4 (CTA) [3],
RbTi0 P0 4 (RTP) [4] and RbTi0 As 0 4 (RTA) [5], have recently become
available as optical-quality crystals and offer versatile phase-matching and
high nonlinear coefficients. The work in this chapter describes the design,
configuration and operation of a femtosecond OPO using the material
RTA and pum ped by a self-modelocked Ti:sapphire laser. Detailed results
are presented describing the signal output pulses from both the
dispersion-compensated and uncompensated OPO including details of
average power, durations and tunability. Low-threshold operation is
highlighted and conversion efficiencies of greater than 30 % are
demonstrated. Using intracavity frequency-doubling in P-BBO the output
of the OPO has been extended to provide tunability in the visible. A
complete characterisation of this system is included, detailing conversion
efficiencies, pulse durations and average powers. The chapter begins with
a review of the titanyl arsenates and presents comparisons with KTP.

5.2 RTA and the titanyl arsenates
Structure and preparation of RTA
RTA belongs to the family of KTP isomorphs already introduced in
Chapter 4 and described by the general formula M+TiOM^ + 0 4 where, M+
= K, Rb, Cs, T1 or NH 4 and M5+ = P or As.
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Growth of RTA is carried out using the high-temperature flux method
in a way similar to that already described for KTP (§ 4.2). An explicit
account of the growth method was first given by Han and co-workers [5].
The starting materials Rb2 C 0 3 , H 3 ASO4 and TiOz and were used to
prepare a flux solution of Rb2 0 -As 2 0 3 -Ti0 2 . A seed crystal was then
suspended in this solution and growth proceeded over a period of five
weeks while the tem perature was reduced gradually from 850 - 730 °C.
The RTA crystals produced by this method had typical dimensions of 30 x
15 X 15 mm.

The structure of all the isom orphs is orthorhombic and has been
detailed in Chapter 4. The unit cell sizes of the isomorphs increase with
increasing atomic number of the M+ ion due to the larger ionic radius. The
crystal lattice parameters of RTA are given later in Table 5.1.

Linear and nonlinear optical properties
Unlike KTP, which has reduced transmission at 3.4 pm and 4.3 pm
resulting from absorption that can be attributed to the phosphate group
[6 ], the titanyl arsenates possess optical transparency extending further
into the infrared to the 5.3 pm region. A transmission spectrum of RTA is
included as Figure 5.1 and illustrates that the absorption which occurs at
2.8 pm in KTP due to O -H bonds is not present in RTA.
The linearly dispersive optical properties of the arsenate isomorphs are
different from those of KTP. Details of the principal refractive indices of
RTA are included in Table 5.1. The birefringence (% - % ) of the isomorphs
decreases w ith increasing atomic num ber of the M+ ion [7] and
consequently their phase-m atching properties are different. This
behaviour makes the titanyl arsenates very attractive crystals for
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param etric generation and frequency-conversion applications. The
v ariation in phase-m atching has already been exploited in the
development of a hybrid crystal, based on the KTP isomorphs, which is
phase-matchable for 1064 nm frequency-doubling along a principal optical
axis (ie. non-critical phase-matching) [7]. Such a material elliminates
walkoff problems associated w ith critical phase-matching in KTP and
therefore allows longer crystals to be used to generate second-harmonic
light at high efficiency.
100
80
o 60
c 40
20

Wavelength(jim)
Figure 5.1 Transmission spectrum of R T A (reproduced from ref [5])

Phase-matching calculations based on Sellemeier equations for the
arsenates [6] show that an OPO pum ped by a typical Ti:sapphire laser (ie.
single mirror set, tunable from « 750 - 900 nm) can cover most of the 1.0 3.0 p.m spectral region using only non-critically phase-matched RTA and
CTA. The predicted tuning ranges for non-critically phase-m atched
Tirsapphire-pumped OPOs using various KTP isomorphs is summarised
in Fig. 5.2.
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CTA
RTA

KTA
KTP

1.00

2.00

3 .0 0

W avelength (jam)
Figure 5.2

Wavelengths generated by TUsapphire-pumped OPOs
phase-matched collinearly along the x-axis and based on
CTA, RTA, KTA and KTP.

The nonlinear optical coefficients of KTP and its isomorphs are similar.
Using a Maker-fringe method, Han and co-workers [5] obtained results
(quoted here in the IEEE / ANSI standard piezoelectric reporting frame)
indicating that dsi (RTA) = 1.2 dgi (KTP), dg2 (RTA) = 0.5 ds 2 (KTP) and
d 3 3 (RTA) = 1.4 d 3 3 (KTP). The absolute values of the coefficients are also
given but those supplied for KTP are substantially larger than the now
accepted figures, suggesting that the relative magnitudes are of more
value. Measurements by Cheng and co-workers [6], also made using the
Maker-fringe method and subject to experimental uncertainties of ± 20 %,
imply values of the nonlinear coefficients for RTA where d 3 i = 3.8 pm /V ,
d 3 2 = 2.3 p m /V and d 3 3 = 15.8 pm /V . A summary of these and other
properties of RTA is given below in Table 5.1.
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Table 5.1 Structural and optical properties of RTA
Property

Value

Ref

Crystal Class

Orthorhombic, point group 2mm
space group Pna2i

[5]

Unit cell parameters

a — 10.764Â, b = 13.243 À, c = 6.669

[5]

Refractive index
(A, = 1.064 fim)

n x - 1.803, Hy = 1.809, Hz = 1.881,

[6]

Transmission

350 nm - 5.3 |im

[5,8]

Damage threshold

400 MW / cm2

[9]

Average nonlinear
optical coefficients

(positive biaxial)

di5(31)

= 4.1 pm /V

[5,6,

d24(32)

= 1.7 pm /V

10,11,

d 33

= 13.7 pm /V

12]

5.3 RTA-based fem tosecond optical parametric oscillator
Phase-matching and gain calculations
In comm on w ith KTP, the largest (phasem atchable) nonlinear
coefficient in RTA is dis • Therefore, as expected, the variation of the
effective nonlinear coefficient w ith angle (illustrated in Figure 5.3) is
similar in behaviour to KTP. The propagation direction which maximises
parametric gain is, similarly, parallel to the %-axis and non-critical phasem atching was chosen for the OPO crystal to avoid Poynting-vector
walkoff and for the reasons outlined in Chapter 4.
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Figure 5,3 Phase-matching curves (a) and effective nonlinear coefficient (h) in
the principal optical planes for a Type II parametric interaction in R T A w ith a
pump wavelength of 830 nm. Refractive index data used in calculations are from

The signal and idler wavelengths generated using pum p tuning from
700 - 1000 nm along the %-axis cover 1.20 - 1.51 jim and 1.68 - 2.94 |xm
respectively. Phase-m atching along the y-axis over the same pum p
wavelength range produces signal output from 1.09 - 1.47 pm and idler
from 1.96 - 3.11 pm. The predicted pum p tuning of the RTA OPO for
phase-matching along the x and the y axes is shown in Figure 5.4.
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Figure 5.4

800
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Phase-matching wavelengths generated in R T A for
pump tuning along the x (a) and the y (h) axes.

Using the analysis presented in Chapter 3, the oscillation threshold can
be estimated for the RTA parametric oscillator. The effective nonlinear
coefficient for Type II parametric interaction along the x-axis is d %5 = 4.1
p m /V and the corresponding average pum p power threshold, calculated
for a 1-mm thick crystal, is just 70 mW. As the measured threshold of the
KTP oscillator described earlier was approximately 4 times the predicted
value, a thickness of 2 m m was chosen for the RTA crystal to ensure
sufficient gain.

At a pum p w avelength of 830 nm, the signal phase-m atching
bandw idth of a 2-mm-thick RTA crystal cut for propagation along the xaxis is approxim ately 21 nm. This bandw idth is sufficient for the
generation of transform-limited 85-fs-duration sech^{t ) signal pulses.
Group-velocity walkaway calculations at the same pum p w avelength
show that the signal leads the pum p pulse by « 132 fs/m m while the idler
lags the pum p by « 110 fs/m m . Walkaway values of this magnitude might
be expected to lower the gain by reducing the temporal overlap of the
pulses. Nevertheless, walkaway may not dominate the gain process
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because the substantial pum p depletion expected in the RTA OPO may
broaden the pulses enough to allow interaction over the full length of the
crystal. Furthermore, the effect of walkaway itself may only be to broaden
the signal and idler pulses rather than reduce the single-pass gain.
Table 5.2 Summary of the specifications of the OPO-RTA crystal at a
pum p wavelength of 830 nm
Parameter (Xp - 830 nm)

Value

Phase-matching orientation

Collinear non-critical phasematching for propagation / / x-axis:
p / / y-axis, g / / y-axis, / / / z-axis

Dimensions

2 mm (t ) X3 mm (w) x5 m m {h )

Signal and idler wavelengths

Xs - 1.274 pm, Xi = 2.381 pm

Anti-reflection coatings

T>99.9% @ 1=1.274 pm
T > 95 % @ 1 = 830 nm

Effective nonlinear coefficient

dejf = 4.1 pm /V

Signal phase-matching bandwidth

AXs = 21 nm

Group-velocity walkaway

p-s 132 fs/m m {signal leads)
p-i 110 fs/m m (idler lags)

O ur RTA crystal was supplied by Crystal Associates Inc. [13] and had
an aperture of 3 mm ( / / z-axis) by 5 mm ( // y-axis). The crystal faces
were anti-reflection (AR) coated w ith a single quarter-wave layer of
Mgp 2 sim ilar to that used in the KTP-OPO crystal. M axim um
transm ission (T > 99.9 %) centred at the signal phase-m atching
wavelength of 1274 nm was specified and high transmission (T > 95 %)
at 830 nm was also obtained. As before, no coating requirem ent was
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specified at the idler wavelength. A sum m ary of the complete RTA
crystal details is given in Table 5.2.

RTA fem tosecond OPO without dispersion compensation
Since the first cw femtosecond OPO based on the KTP crystal was
reported [14] other KTP isomorphs including KTA [15], CTA [16] and RTA
[17] have been used successfully in similar param etric oscillators to
produce femtosecond pulses in the 1 pm to 5 pm spectral region. The
previously reported RTA femtosecond OPO [17] used only noncollinear
critical phase-matching; the non-critical crystal geometry has, until now,
not been demonstrated in an RTA parametric oscillator.

W ithout dispersion com pensation the param etric oscillator was
configured as a 3-mirror resonator (depicted in Fig. 5.5) using two curved
m irrors (r = -100 mm) and one plane mirror. The m irrors used were
highly-reflecting (FIR) single-layer dielectric coatings centred at 1274 nm
(R > 99.9 %) and had a high transmission (T > 95 %) at 830 nm. The pum p
light was focused into the crystal through one of the curved mirrors using
a 50 mm focal length lens.

With a pum p wavelength of 825 nm and the cavity configured with all
HR m irrors oscillation was m aintained for pum p powers as low as 50
mW. Replacing the plane mirror with a 2.5 % output coupler increased the
oscillation threshold to 140 mW. When a pum p power of 880 mW was
incident on the focusing lens the total output power in the signal branch at
1.27 \im was m easured to be 185 mW. From conservation of energy the
corresponding power in the idler at 2.4 \im is calculated to be 100 mW,
implying a pum p conversion efficiency in excess of 32 %.

D. T. Reid, PhD thesis

157

December 1994

Chapter 5

The R T A Femtosecond Optical Parametric Oscillator

Self-modelockedTi:sapphire laser
P=1W X=780- 880 nm
Axp=80fs V =85 MHz
Isolator% t W

HB/OC

A
Figure 5.5

Cavity schematic of the R TA femtosecond OPO with
(inset) and without dispersion compensation

The intensity autocorrelation of the signal (see Fig. 5.6a.) implies a
pulse duration of 980 fs. In the absence of group-velocity dispersion
(GVD) compensation the signal pulses are highly chirped due to the
substantial self-phase-modulation (SPM) in the RTA crystal. The broad
pedestal of the interferom etric autocorrelation (Fig. 5.6b) and the
m odulation in the power spectrum (Fig. 5.6c) are characteristic of SPM.
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Figure 5.6 Intensity (a) and interferometric (b) autocorrelation profiles and
spectrum (c) o f the signal output from the uncompensated OPO.
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When the results of the SPM model outlined in Chapter 4 are applied
to the pulses from the RTA oscillator, it is clear that self-phase-modulation
is particularly high in the uncompensated cavity. At least 24 minima can
be counted in the interferometric autocorrelation although visibility is
poorer further into the wings. This implies a peak nonlinear phase-shift of
at least 12tc radians. Unlike the results from the KTP oscillator, the
m odulation in the pulse spectrum predicted by the model can be clearly
seen as periodic maxima separated by intervals of - 10 nm. Beating
betw een the strongest components in the spectrum at 1237 nm and
1307 nm is responsible for the 80-fs modulation which is observed in the
autocorrelation.

RTA fem tosecond OPO with dispersion compensation
The effects of dispersion and self-phase-modulation in the cavity were
compensated for by the insertion of a pair of SF14 glass prisms with an
apex spacing of 30 cm as illustrated in Fig. 5.5 (inset). With the plane
mirror replaced by a 2.5 % output coupler the oscillation threshold for this
configuration was still only 160 mW. The signal output pow er was
reduced to 100 mW and the corresponding idler power was 55 mW for a
pum p power of 880 mW. This represents a total conversion efficiency of
approximately 18 %. A typical interferometric autocorrelation of the signal
output corresponding to a 76-fs duration pulse is shown in Figure 5.7a
together with the corresponding spectral profile in Figure 5.7b. Assuming
a sech^(f ) intensity profile, the time-bandwidth product calculated from
these results is 0.32 implying that the signal pulses are transform-limited
and chirp-free. Optimising the amount of intracavity glass produced the
shortest pulses which were measured to have durations of 67 fs. Adjusting
the prisms to produce positive values of net cavity dispersion resulted in a
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pulse autocorrelation profile displaying a triple-peak structure consistent
with the soliton generation discussed in detail in Chapter 4.
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Figure 5.7 Interferometric autocorrelation (a) and corresponding spectrum (h) for
the signal output pulses from the dispersion-compensated OPO.
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Wavelength tuning of the RTA fem tosecond OPO
Pump tuning of the signal from 1230 - 1340 nm and of the idler from
2100 - 2430 nm was achieved using pum p w avelength tuning alone.
Experimental tuning data together with theoretical curves derived from
Sellemeier equations for RTA [6] are shown in Figure 5.8.
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Figure 5.8 Signal wavelength data (triangles) and inferred idler data (squares)
for pump wavelengths from 785 - 853 nm. The solid lines indicate the tuning
predicted from Sellemeier equations fo r RTA.

The only adjustment required between each wavelength m easurem ent
was a change in cavity length to maintain synchronism between the OPO
and the pum p laser. Oscillation was observed over a cavity-length
tolerance of 1.0 jxm and the signal wavelength tuned by 27 nm across this
range as the centre wavelength shifted to maintain synchronism with the
pum p laser. Shortening the cavity length caused a shift to longer
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wavelengths similar to the behaviour of the KTP OPO. When pum ped
sufficiently above threshold the OPO was very stable with operation over
several hours possible without requiring any change in cavity length.

In addition to the signal and idler outputs at 1.274 pm and 2.381 pm, a
further six non-phase-m atched processes were observed in the RTA
crystal. Single-pass second-harmonic generation occurred for each of the
pum p, signal and idler waves giving outputs at 415 nm, 637 nm and 1190
nm. Sum-frequency mixing was also observed between the pum p and the
signal giving 503 nm and between the pum p and idler to give 615 nm.
Additionally, third-harmonic generation of the signal, giving 425 nm, was
observed. The spectrum included as Fig. 5.9 shows the frequency-doubled
signal at 639 nm and the pump-idler sum-frequency component at 615 nm
measured for a signal wavelength of 1.278 pm. The 16 nm bandw idth of
the output at 639 nm is consistent with pulses of 28 fs duration if they are
assum ed to be transform-limited with a sech^(f ) intensity profile but
autocorrelation measurements would be necessary to confirm the exact
pulse duration.
The average pow er generated by any of the non-phase-m atched
interactions was only a few microwatts. In particular, the pum p-signal
sum-mixing was significantly weaker than in the KTP counterpart.
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Figure 5.9
Spectrum o f the frequency-doubled signal centred at 639 nm.
The weak component at 615 nm corresponds to sum -frequency-m ixing
between the pump and the idler waves.

Compared with the KTP-based OPO, the low-threshold operation and
the higher efficiencies m easured in the RTA oscillator are not fully
explained by the additional crystal length. The results obtained suggest
that the nonlinear coefficients of RTA may have been underestimated. A
comparison of nonlinear coefficients of KTP and RTA using a phasem atched m easuring technique such as single-pass second-harm onic
generation would be required to investigate this assertion properly.

The high intracavity powers and conversion efficiencies apparent in
the OPO configuration described in this chapter imply that highly efficient
intracavity frequency-doubling could be realised. In the following section
the extension of the wavelength coverage of the RTA parametric oscillator
into the visible region using intracavity second-harmonic generation is
described.
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5.3 Intracavity frequency-doubled RTA fem tosecond OPO
For over a decade since its original demonstation, the colliding-pulsemodelocked (CPM) dye laser [18] remained the only source of highrepetition-rate femtosecond pulses in the visible. While frequencydoubling of the self-modelocked Ti:sapphire laser [19, 20] now offers a
route to fem tosecond pulse generation in the blue, the efficient
production of high-repetition-rate pulses in the complementary green to
red spectral regions is made possible only by intracavity doubling [21] or
blue-pum ping [22] of a femtosecond optical parametric oscillator. The
m ost efficient femtosecond OPO generation in the visible to date has
been achieved in an intracavity frequency-doubled system [21].

This section details the operation and configuration of an intracavityfrequency-doubled femtosecond optical parametric oscillator based on
RTA. Using a Brewster-cut crystal of pBBO situated at a second
intracavity focus, efficient single-pass, frequency-doubling of the signal
into the red can be achieved. The characteristics of this system operated
w ith and w ithout intracavity dispersion compensation are compared
and the design of the frequency-doubling arrangement is described in
detail.

Intracavity-frequency doubling assem bly
The doubling crystal used in the OPO was an uncoated 5 mm x 10 mm
X 200-ji.m-thick section of P-BaB 2 0 4 ( pBBO) which was Brewster-cut for
Type 1 second-harmonic generation {o

o ^ e)

at 1200nm ( d ~ 21.2° ).

Previous work involving intracavity doubling of CPM dye lasers w ith
pBBO [23] demanded the use of ultrathin crystals {t - 50 pm ) to achieve
second-harmonic output pulses of durations shorter than the fundamental
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pulses. The limiting factor was group velocity walkaway between the
fundam ental and the SHG light which, for dye laser wavelengths, was
typically « 400 fs/m m . For doubling of 1.3 jxm, the walkaway values are
around 30 fs/m m which allows longer crystals to be used and increases
single-pass conversion efficiency. At Brewster incidence the path length
inside the PBBO crystal used in the OPO was 230 |im so pulse broadening
due to group velocity walkaway was restricted to « 5 fs.

The crystal acceptance bandw idth may also broaden the frequencydoubled pulses. In PBBO, Type I second-harmonic phase-m atching is
efficient and has the advantage that Type 1 interactions generally have a
much wider acceptance bandwidth than the equivalent Type II process.

The full-width acceptance bandw idth for the fundamental wave in a
collinear SHG interaction can be derived using the method described in
Chapter 3. If the fundam ental radiation has a frequency of coi and the
frequency-doubled light m2 , then the wavevector mismatch will be,
Ak = 2ki - kz

(1)

Using a Taylor-series expansion for dAk/ dXi , the full-width acceptance
bandwidth (-nA < Ak< kA ) for a. crystal of length I can be written as.
2k

(indni
Xi dXi

iTcdnz^ -1
Xi dXz

(2 )

The variation of the SHG acceptance bandw idth in the 1 - 2 pim
wavelength region is illustrated, for a 230-|Lim-thick crystal of pBBO, in
Figure 5.10 and is seen to maximise at a wavelength of around 1.5 jam. At
the OPO signal wavelength of 1.274 jam, the acceptance bandw idth is
approxim ately 300 nm which implies that the pulse duration of the
frequency-doubled light should not be limited by the crystal bandwidth.
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Furtherm ore, the OPO can therefore be tuned over a range of several
hundred nanometres without changing the phase-matching angle of the
PBBO crystal.
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Figure 5.10 Wavelength dependence o f the fu ll-w id th spectral acceptance
bandwidth of the fundam ental wave fo r SHG using a 230-jim-thick pBBO
crystal.

An estimation of the single-pass power conversion efficiency from the
fundamental to the second-harmonic can be made using a Gaussian-wave
analysis provided by Boyd and Kleinman [24]. Expressed in esu units the
efficiency is given by,

El
Pi

2\
llS jfi a>i
~o 2

(3)

The effective nonlinear coefficient for Type I SHG in pBBO has been
m easured directly to be ~ 2.0 p m /V [11] which, using the conversion
given in Chapter 3, is equivalent to 9.5 x lQ-9 esu. The focusing factor h(^)
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is sim ilar to that introduced earlier in the calculation of the pow er
threshold for a param etric oscillator. Practical considerations limit the
tightest focusing to a spot radius of « 20 |im which, for a 230-jiim-thick
crystal, implies a value of /z « 0.06. The average pow er conversion
efficiency also depends on the the durations of the fundam ental and
second-harmonic pulses and is proportional to Ar(2co) / At ((o). If the
average pow er of the fundam ental is 2 W and is delivered as 100-fsduration pulses at an 85 MHz repetition frequency, and the secondharmonic pulses have durations of 70 fs, then the conversion efficiency is
calculated to be approxim ately 3.5 %. Efficiencies up to an order of
magnitude higher would be expected for optimum focusing.

The crystal was m ounted by its edges on a thin perspex holder using
ordinary clear nail polish. The m ount, illustrated in Figure 5.11, was
designed to offer the maximum aperture for the transmitted light and was
secured on top of a prism table which provided fine angular adjustment.
This assembly was situated on two orthogonal translation stages which
allowed the intracavity beam to be focused to any point on the crystal
surface and the best part of the crystal to be selected. Once mounted, the
correct orientation was determined using the output of the Ti:sapphire
laser.
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i

(a)
Figure

(c)

(b)

5.11 Side (a), end (h) and top (c) views of the perspex mount
used to hold the pBBO crystal

Configuration and output characteristics of the frequencydoubled RTA optical parametric oscillator
As depicted by the schematic in Figure 5.12, the signal was resonant in
a five-mirror standing-wave cavity comprising a plane mirror, two r =
-100 mm curved mirrors, which formed the focus in the RTA crystal, and
two r = -75 mm mirrors for the focus inside the PBBO crystal. With the
exception of the plane 2.5 % signal output coupler (OC) all the mirrors
were highly-reflecting (HR) single-layer dielectric coatings centred at
1274 nm (R > 99.9 % ) and having high transmission (T > 95 %) at 830 nm.

The parametric oscillator was initially aligned w ithout the doubling
crystal present using the alignment techniques described previously. After
external orientation, the PBBO crystal was then inserted into the OPO
cavity. Once inserted, the crystal was easily adjusted to optimise the
second-harmonic generation efficiency.
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Self-modelockedTi:sapphire Laser
P=1.5W V =85 M
Hz A =80fs
X =780 - 880 nm
t

PBBO
Figure 5.12

Cavity configuration of the intracavity-doubled RTA
optical parametric oscillator.

The intracavity-doubled OPO was operated both with and without the
dispersion-compensating prism sequence and is shown in Figure 5.12.
Configured with all HR mirrors and without intracavity prisms as much
as 135 mW was generated in the second harmonic when pum ped with 880
mW. The light was coupled out from the cavity through the r = -75mm HR
mirrors (T = 50 % @ 640 nm) in two diverging beams each containing
approxim ately 25 % of the total power. The remaining light was lost
through Fresnel reflections at the surface of the PBBO (-20 %) and
transmission loss (-30 %) at two other HR mirrors. To couple the majority
of the output into only two beams a dualband mirror coating centred at
the signal wavelength and with T > 90 % at the second harmonic could be
obtained. The strongest output beams were in the fundamental transverse
m ode w ith no signs of scattering in the PBBO crystal and were easily
collimated using a 10 cm-focal-length lens. One beam was used as the
input to an autocorrelator constructed using a bOO-pm-thick crystal of
pBBO and a UV-visible photomultiplier tube. In the absence of dispersion
com pensation the pulses w ere m easured to have d urations of
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approximately 250 fs and the time-bandwidth product of « 2.7 indicates
the presence of substantial chirp. A typical interferometric autocorrelation
and spectrum of the second harmonic output from the uncompensated
OPO are reproduced in Figure 5.13.
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Figure 5.13Interferometric autocorrelation profile (a) and corresponding spectral
data (b) for the output second harmonic pulses from the OPO operated without
dispersion compensation.
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Inserting the 2.5 % signal output coupler allowed measurement of the
fundam ental signal pulse. The signal pulse was m easured to have a
duration of 390 fs and the corresponding pulse duration of the second
harm onic was 265 fs. This signal pulse duration is shorter than that
m easured from the RTA OPO w ithout the intracavity doubling
arrangement because that configuration exhibited a threshold many times
lower than the doubled OPO and pum p depletion therefore contributes
significantly to broadening the signal pulse.

With 1.1 W of pum p power 100 mW was measured at 1.3 jim through
the output coupler and simultaneously a total second harmonic power of
60 mW was produced. This corresponded to a single-pass conversion
efficiency to the second harmonic of 0.75 %.

Dispersion compensation was necessary to reduce the output pulse
durations of the second-harmonic and to remove chirp present on the
pulses due to group velocity dispersion (GVD) and self-phase-modulation
(SPM). Intracavity dispersion compensation was included by inserting a
pair of SF14 glass prism s (apex separation 29 cm) into the OPO.
Optimising the amount of intracavity glass resulted in the production of
chirp-free second harmonic pulses as short as 59 fs and illustrated by the
interferometric autocorrelation and corresponding spectrum contained in
Fig. 5.14. The time-bandwidth product of 0.34 implies that the pulses are
very close to the transform limit if a sech^(f ) intensity profile is assumed.
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Figure 5.14 Interferometric autocorrelation (a) and spectrum (b) for the second
harmonic output pulses from the dispersion-compensated OPO.

For a pum p pow er of 1.1 W a total output pow er in the second
harm onic of 170 mW was m easured with over 40 mW in each of the
strongest beams. The inclusion of the 2.5 % output coupler reduced the
total second harmonic output to 135 mW while 55 mW of fundam ental
was coupled out of the cavity. The corresponding average intracavity
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power was 2.2 W and implies a single pass conversion efficiency from the
fundamental to the second harmonic of 3.1 % which is significantly higher
than that measured in an intracavity-doubled KTP-based OPO [21]. The
total amount of power coupled from the dispersion-compensated OPO
either with HR mirrors or an output coupler was between 260 - 290 mW
which represents a total extraction efficiency approaching 27 %. The
photograph displayed as Figure 5.15 shows the dispersion-compensated
intracavity-doubled RTA oscillator in operation and illustrates the amount
of power contained in the visible output.

Figure 5.15 The intracavity-doubled RTA OPO in operation

When the OPO is optimally output coupled, the maximum available
power (after signal output coupling) will be converted into the secondharmonic. The results presented above suggest a total signal output
coupling of = 8 % when losses through the output coupler and in the
second-harmonic are considered. If a comparison is m ade with the
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optim um coupling of a laser resonator [25], then the single-pass gain is
given by,
(4)
where Topt is the optim um output coupler transmission and Li is the
fractional resonator loss per roundtrip. The fractional losses for the OPO
cavity can be estimated to be output coupling + 1 % = 3.5 % total. This
im plies a single-pass gain for the RTA crystal of 38 %. A sim ilar
calculation based on the results reported from an intracavity-doubled
OPO using a 1.5-mm-thick KTP crystal [21] gives a single-pass gain of
only 10 %. These figures are consistent w ith the threshold pow ers
m easured for the KTP and RTA oscillators and they clearly show the
advantages of the RTA crystal.

P u m p tu n in g of th e fre q u e n c y -d o u b le d R T A O P O
Tuning of the OPO was achieved by varying the wavelength of the
Ti:sapphire pum p laser. Using only pum p tuning, the fundamental output
tuned from 1240 -1320 nm and the second harmonic from 620 - 660 nm for
Ti:sapphire pum p wavelengths covering 780 - 880 nm. Experimental data
are given in Fig. 5.16 together w ith theoretical curves derived from
Sellemeier equations for RTA [6]. The only adjustment required between
each measurement was a change in cavity length to maintain the OPO in
synchronism w ith the pum p laser. Oscillation occurred over a cavitylength tolerance of approximately 1.0 pm although optimum stability was
observed within a smaller range of a few hundred nanometres. Altering
the cavity length induced a corresponding change in the wavelength of
the signal which m odified the group transit time through the cavity
elements and m aintained synchronism with the pum p laser. Tuning of
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10 nm in the second harmonic and 20 nm in the fundamental was easily
achieved by cavity length tuning alone. When pum ped sufficiently above
threshold the OPO was very stable w ith operation over several hours
possible without requiring any change in cavity length.
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Figure 5.16 Experimental signal wavelength data (triangles) and second
harmonic data (circles) for Tv.sapphire pump wavelengths from 780 - 880 nm. The
solid lines indicate the tuning predicted from R T A Sellemeier data taken from ref.
[ 6 ].

A m p litu d e n o is e m e a s u re m e n ts
Amplitude noise was measured for the Ti:sapphire pum p laser and the
second harm onic ou tput of the OPO operated w ith and w ithout
dispersion compensation. The outputs of the pum p laser and the OPO
were measured separately using fast photodiodes and a slow-timebase
oscilloscope. The oscillograms shown in Figure 5.16 were recorded with a
sweep time of 0.1 s. The pum p amplitude fluctuations (Figure 5.16a) are
less than 1 % while the dispersion-compensated OPO (Figure 5.16b) shows
approximately 5 % variations in intensity. W ithout the spectral control
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introduced by the prism sequence the output of the uncompensated OPO
(Figure 5.16c) is noisy showing intensity fluctuations of approximately
10 %.

(a)

(b)

(c)

Figure 5.16 Oscillograms showing intensity fluctuations on the output o f the
Tv.sapphire pump laser (a) and on the second harmonic output of the OPO
operated with (b) and zvithout (c) dispersion compensation.
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5.4 Conclusions
The high conversion efficiency of the intracavity-doubled RTA
parametric oscillator together with its large potential tuning range make it
an attractive method of producing tunable femtosecond pulses in both the
visible and the infrared. The superior gain of RTA and direct access to the
1.3 pm wavelength in a non-critical phase-matching geometry offer clear
advantages over KTP. With angle or pum p tuning, the 1.5 pm region can
also be reached and it is likely that the efficient operation achieved at
1.3 pm will be possible at longer wavelengths as well.

The visible and infrared output of the RTA and KTP oscillators
described in this and the previous chapters complement the wavelengths
available from the self-modelocked Tirsapphire laser. Efficient and
continuous wavelength coverage of femtosecond pulses from the visible to
the infrared remains an im portant objective and the future of this work
will rely on new nonlinear materials such as RTA which demonstrate high
efficiency in optical parametric oscillator applications. Comparison of the
peform ance of the RTA and KTP oscillators shows that RTA is the
preferable crystal for femtosecond parametric devices operating in the 1.0
- 1.5 pm spectral region.

G eneration of ultrashort pulses in the visible was show n to be
particularly efficient w hen an intracavity-doubling configuration was
included in the RTA oscillator. The alternative approach to pulse
generation in this region uses the fundamental output of a param etric
oscillator pum ped by the second-harmonic of a Ti:sapphire laser. Even
with a powerful Tbsapphire fundamental laser output of around 2 W, the
second-harmonic pum p light can only be produced with an efficiency of.
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at best, 50 % and this has severe implications for the efficiency of the OPO
system as a whole. Consequently, intracavity-doubled systems are always
likely to be more efficient sources of visible pulses.

The concluding chapter in this thesis presents a discussion of possible
research directions which may lead to param etric devices capable of
generating femtosecond pulses throughout the visible and mid-infrared.
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6.1 Review
The work presented in this thesis has described the operation, design
and configuration of femtosecond optical parametric oscillators based on
the materials KTiOPO^ (KTP) and RbTiOAsO^ (RTA) and pum ped using a
self-modelocked Ti:sapphire laser. By way of introduction, a review of the
various conventional modelocked lasers producing femtosecond pulses in
the visible and infrared has been presented. This was accompanied by a
retrospective of the developm ent of the singly-resonant femtosecond
param etric oscillator from earlier Q-switched and doubly-resonant
systems.

In Chapter 2, the performance, configuration and design of the selfmodelocked Tirsapphire laser used as the pum p source for the optical
param etric oscillators was described. In typical operation this laser
produced a useful average power output of over 1 W in the form of 85-fs
pulses completely free of any background cw-component or m ultiple
pulsing effects. Continuous tuning of the laser from 780 - 880 nm was
demonstrated and was only limited by the mirror set available. In an effort
to formulate a reproducible alignment technique for the self-modelocked
laser, an experimental investigation of the importance of the pum pinduced thermal lens in the Tirsapphire gain medium was carried out. A
general alignment procedure resulting from this has been described which
successfully optimised the modelocking performance of the laser at any
pum p power.
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The factors critical to the design of a femtosecond optical parametric
oscillator were discussed in Chapter 3 and implications of linear and
nonlinear pulse-propagation effects were considered in depth. The
calculations necessary to determine the choice of an appropriate nonlinear
crystal w ere illustrated and pulse-shaping phenom ena unique to
femtosecond parametric oscillators were introduced.

The application of these principles in the construction and operation of
a KTP-based optical parametric oscillator constituted the subject m atter of
Chapter 4. The experimental configuration of the oscillator was described
both w ith and w ithout intracavity dispersion com pensation and a
discussion of the alignment procedures and the choice of resonator optics
was included. Optimum performance was achieved for pum p and signal
focused beam waists of « 18 pm corresponding to average powers of up to
150 mW in the signal and of approximately 50 mW in the idler. The
oscillation threshold of the basic oscillator was 230 mW and increased to
approxim ately 300 mW w ith the addition of intracavity dispersioncompensating prisms. W ithout dispersion compensation, chirped signal
output pulses were produced which had a duration-bandwidth product of
« 5. A numerical investigation showed that self-phase-modulation in the
KTP crystal was most probably responsible for this chirp and implied a
total phase shift across the pulse of as much as 5^ radians. W ith
extracavity compensation sufficient chirp was removed to produce pulses
with durations of 90 fs although these pulses still did not approach the
Fourier transform-limit.

The inclusion of intracavity dispersion compensation allowed 39-fsduration pulses to be generated with average powers of up to 50 mW. This
result, which we believe represents the shortest transform-limited pulses
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to be reported from a femtosecond param etric oscillator, provided
experimental evidence that pulses with durations much shorter than the
pum p pulse can be produced by this kind of parametric device. Tuning of
the oscillator was achieved by tuning the pum p laser wavelength and
coverage from 1.12 - 1.25 pm in the signal wave and 2.5 - 3.0 pm in the
idler was dem onstrated. Cavity-length tuning was also observed and
varied the centre-wavelength of the signal by up to 40 nm. Additional
weak non-phasematched processes generated several visible outputs at
400 nm, 415 nm, 490 nm, 600 nm and 635 nm.

The stability of the system was investigated by measurements of the
phase and amplitude noise of the signal output. Amplitude noise figures
of 1 %, 4 % and 10 % were recorded for the pum p and the dispersioncom pensated and uncom pensated outputs respectively. Phase-noise
results from the dispersion-com pensated oscillator were consistently
better than the pum p laser but without compensation the phase-noise was
significantly higher. Although the improvement in phase noise shown by
the compensated OPO can be understood qualitatively in the m anner
described in C hapter 2, a form al treatm ent of tim ing jitter in a
synchronously-pumped oscillator (with or without gain storage) would be
needed to give a more thorough understanding of this result.
Reduced-threshold operation of the system was obtained by feeding
back the idler pulse in synchronism with the signal. Threshold reductions
and output power increases of around 10 % were achieved but further
im provem ent w as lim ited by pulse group-velocity w alkaw ay in the
crystal. The attem pt to operate a femtosecond parametric oscillator in a
doubly-resonant configuration was always recognised to belong to the
category of the "high-risk, high-dividend" experiment. The potential
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rew ards of a truly doubly-resonant system are sufficient to encourage a
subsequent effort using thinner, higher-gain crystals or materials w ith
more favourable walkaway parameters.

The behaviour of the system in the presence of variable positive groupvelocity dispersion was studied and results indicating sim ultaneous
solitonic and dispersive wave formation were obtained. The typical soliton
period corresponded to ~ 40 cavity roundtrips and this and other
m easurements were in good agreement with theory. The wide spectral
bandw idth ( « 200 nm) which accompanied solitonic behaviour may be
useful in generating wavelengths inaccessible to pum p or angle tuning.

In Chapter 5 the operation of a femtosecond optical param etric
oscillator based on RTA was detailed. This oscillator was capable of lowthreshold operation for pum p powers as low as 50 mW and achieved
conversion efficiencies exceeding 30 %. Without dispersion-compensation
signal output pulses with durations of « 1 ps and powers of 185 mW and »
100 mW were generated in the signal and idler outputs respectively. The
dispersion-compensated oscillator produced 100 mW in the signal output
in the form of pulses with durations as short as 66 fs. Pum p tuning was
demonstrated from 1230 -1340 nm in the signal from 2100 - 2430 nm in the
idler.

The excellent performance dem onstrated by the RTA-based device
challenges the position of KTP as the "material of choice" for tunable
femtosecond parametric pulse generation. This was further underlined by
the impressive results from the intracavity frequency-doubled RTA-based
oscillator. With the simple addition of a 200-jLim-thick P-BBO crystal,
transform-limited pulses tunable in the visible from 620 - 660 nm were
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generated. Powers of up to 170 mW in the red were produced and total
efficiencies of approxim ately 28 % were obtained. The output showed
intensity fluctuations of around 5 % for a pum p noise of approximately
1 %. Single-pass gain calculations derived from these frequency-doubling
results and oscillation threshold m easurem ents provide a strong
indication that RTA has a larger nonlinear gain than KTP when used in a
femtosecond optical parametric oscillator.

6.2 Future work
The versatility of the femtosecond optical parametric oscillator makes
it an ideal system for sim ultaneously generating a num ber of
synchronised pulse sequences at different w avelengths. By using
intracavity and extracavity nonlinear frequency-conversion techniques, a
range of femtosecond pulse sequences from the ultraviolet to the m idinfrared can be generated by one oscillator. The repetition frequency of
each of the pulse sequences is identical and the tim ing-jitter is
correspondingly low. The attractions of such a system in, for example,
pum p-probe applications are therefore clear and similar devices can be
expected to find increasing uses as femtosecond parametric oscillators
become more w idespread. In this final section, the extensions of the
wavelength coverage of the femtosecond optical parametric oscillator to
the visible and to the mid-infrared will be discussed and the possibility of
an all-solid-state femtosecond optical parametric oscillator is considered.

Fem tosecond pulse generation In the 500 - 700 nm region
The wavelength coverage of the fundamental output of the Ti:sapphire
laser (700 -1000 nm) and its second-harmonic (350 -500 nm) leaves a wide
spectral window in the visible from 500 - 700 nm which cannot be easily
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accessed by conventional lasers. Dye lasers are capable of restricted tuning
in this region but only at low average power. One possible method of
efficiently generating visible pulses in this wavelength band is to use an
intracavity sum -frequency-m ixing scheme in a femtosecond optical
parametric oscillator as illustrated in Figure 6.1.

The RTA-based system described in the previous chapter offers useful
phasem atching wavelengths for this proposal. With pum p tuning from
700 - 1000 nm the pump-signal mixing wavelength would produce visible
light from 442 - 602 nm. A similar device using CTA would generate
wavelengths from 483 - 649 nm. The results of the frequency-doubling of
the RTA oscillator suggest that between 20 - 30 mW of visible light could
be produced w ith this method.

700-

1000 nrr

Figure 6.1 Cavity schematic of the proposed intracavity pump signal
sum-frequency-mixing scheme. OPO crystal, X; mixing crystal, Y.

Fem tosecond pulse generation In the 5 -1 0 nm region
Difference-frequency mixing between the signal and idler outputs of a
femtosecond optical param etric oscillator can produce widely tunable
output in the mid-infrared if the signal and idler wavelengths are correctly
chosen. Angle (or temperature) tuning allows the pum p wavelength to
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rem ain fixed and generally provides more rapid variation in the
difference-frequency wave than pum p wavelength tuning. For example, a
typical CTA-based system would require an internal angle variation of
only « 5° for the signal-idler difference wave to tune from 5 - 1 0 pm. An
intracavity mixing scheme similar to the arrangement depicted in Figure
6.1 would provide the best efficiency and average infrared powers of
around 1 mW should be achievable. An intracavity scheme also has the
advantage that the signal and idler pulses are already synchronised and
do not need to be phased using individual optical delay lines.

All-solid-state fem tosecond optical parametric oscillator
The low-threshold operation of the RTA-based system brings closer the
reality of a completely solid-state widely-tunable infrared femtosecond
source. Self-modelocked vibronic oscillators pum ped either directly by
high-brightness laser-diodes or by mini-lasers, although currently capable
of producing only a few tens of mW, can be expected, before too long, to
deliver output powers exceeding 100 mW. Coupled with a low-threshold
parametric oscillator, these lasers constitute will solid-state femtosecond
sources tunable over wide spectral regions in the visible and infrared. By
this time, such lasers may perhaps have become as w idespread as the
ubiquitous Argon-lon laser.

Clearly the technology of femtosecond optical parametric oscillators is
still in its infancy. New nonlinear m aterials offering low -threshold
operation and varied tunability will continue to extend efficient
femtosecond pulse generation to spectral regions otherwise difficult to
access using conventional lasers.
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The operating characteristics o f a singly-resonant femtosecond optical parametric oscillator (O PO ) based on a noncritically
phasematched geometry in KTP are described. The parametric oscillator is synchronously pumped by a self-modelocked Ti: sapphire
laser and is operated in a standing-wave cavity configuration. With extracavity dispersion compensation, chirped pulses o f 90 fs
are generated, whilst shorter transform-limited pulses o f 40 fs are generated with intracavity dispersion compensation. A numer
ical model o f the effects o f self-phase-modulation in the OPO has been developed and gives results which are in good qualitative
agreement with experiment. Experimental results are presented relating to non-phasematched processes in the OPO, and the
implications for the development o f a tunable femtosecond source in the blue spectral region are discussed. A characterisation o f
the amplitude and phase noise o f the OPO has also been performed, and provides insight into the important physical processes
governing the stability o f OPO operation.

1. Introduction
The emergence o f passive nonlinear modelocking
techniques has had enormous impact on femtosec
ond laser technology and has opened the way for de
velopment o f a new generation o f ultrafast laser
sources based on this concept [ 1 ]. Broadband solidstate gain media, most notably titanium-doped sap
phire in a self-modelocked laser configuration, can
now routinely provide pulses having durations less
than 100 fs over an attractively wide tuning range in
the near-infrared. Many applications, however, re
quire tunable ultrashort pulses in regions of the op
tical spectrum not directly accessible by conven
tional modelocked lasers. The synchronously pumped
optical parametric oscillator (OPO) has long been
recognised as a complementary technique for the
generation o f tunable ultrashort pulses over ex
tended spectral regions [2 ]. While material diffi
culties and a lack o f suitable pump sources have
hampered the development of parametric devices for
many years, the recent emergence o f novel nonlinear
crystals and improved modelocked laser sources has
renewed interest in OPO’s as practical ultrafast op

tical sources. In particular, the recent development
o f OPO’s pumped by self-modelocked Ti:sapphire
lasers has resulted in the generation o f high power
femtosecond pulses having extended tunability in the
near- and mid-infrared spectral regions. The first such
femtosecond parametric oscillators reported were
based on a critically phasematched geometry in KTP
with a non-collinear pumping configuration. Pulses
as short as 62 fs have been generated from a fem
tosecond OPO using extracavity dispersion compen
sation [ 3 ], while a similar cavity configuration using
intracavity dispersion compensation has generated
pulses as short as 57 fs [4 ]. More recent results have
included a femtosecond parametric oscillator using
KTP in a non-critical phasematching geometry [ 5 ],
femtosecond OPO’s based on other nonlinear ma
terials KTA [6] and LEO [7] and a femtosecond
OPO with intracavity second harmonic generation
[ 8 ].
In this paper we report a detailed study of a singlyresonant Ti;sapphire-pumped femtosecond OPO
based on KTP in a noncritically phasematched ge
ometry, similar to that previously reported in ref
erence [ 5 ]. The operation o f the OPO has been stud

0030-4018/94/$ 07.00 © 1994 Elsevier Science B.V. All rights reserved.
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ied in cavity configurations with and without
dispersion compensation, and the output pulse char
acteristics, including measurements of the pulse au
tocorrelation and spectrum will be presented. Mea
surements of the OPO amplitude and phase noise
characteristics in these different configurations have
also been made and provide some additional in
sights into the physical processes that are especially
relevant to femtosecond optical parametric oscilla
tors. As well as studying the features o f the resonant
signal pulse, we have investigated in some detail a
number o f non-phase matched processes in the OPO
and we consider their applicability in the generation
of femtosecond pulses from the OPO in the visible
as well as in the near- and mid-infrared spectral
regions.
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2. Experimental design
The pump source for the OPO is a regeneratively
initiated, self-modelocked Ti; sapphire laser similar
to that described in ref. [9 ], with dispersion com
pensation provided by a sequence of four intracavity
prisms. The laser routinely delivers 1 W of average
mode-locked power at 830 nm in sub-100 fs pulses
at a repetition rate o f 84.5 MHz. Figure 1 shows a
typical interferometric autocorrelation and spec
trum from the pump laser. The pulse duration de
duced from the corresponding intensity autocorre
lation (assuming a sech^ pulse profile) is 90 fs and
the spectral width is 8.5 nm. The corresponding duration-bandwidth product of 0.32 indicates that the
pulses are close to the transform limit. The experi
mental OPO configurations that have been studied
are shown in fig. 2. Figure 2a shows the OPO in its
simplest form as a standing-wave, three-mirror,
folded cavity formed by two concave high reflectors
(r = 10 cm) and a plane output coupler located on
a precision translation stage for cavity length ad
justment. The fold angle of the cavity is kept small
( less than 1 degree ) to eliminate the need for astig
matic compensation. The 1.5 mm long KTP crystal
is positioned at the focus of the OPO resonator, and
the pump laser beam is focused with a 7 cm focal
length lens to a 15 pm spot radius inside the crystal
through one of the concave mirrors. The OPO is collinearly pumped and the pump beam makes a single
420
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Fig. 1. Interferometric autocorrelation (a ) and spectrum (b ) o f
transform-limited pulses from the self-modelocked Ti:sapphire
pump laser.

pass through the cavity. To avoid feedback, an op
tical isolator and a half-wave plate are included be
tween the pump and the OPO. The hydrothermally
grown KTP crystal has an antireflection-coating
centred at 1180 nm on both faces. It is cut for noncritical type II interaction (e ^ e o ) along the x-axis
and the pump and the resonated signal wave have
extraordinary polarisations along the y-axis. The non
resonant idler wave has ordinary polarisation along
the z-axis. Tuning o f the OPO is achieved either by
rotation of the KTP crystal in the xy-plane or by
changing the pump wavelength. The concave mir
rors are highly reflecting (JR>99.7%) over 1.1-1.3
pm and highly transmitting (T >95% ) at the pump
wavelength and the output coupler is 1.5% trans
mitting at the signal wavelength. The OPO has also
been operated with both extracavity and intracavity
dispersion compensation using pairs of SF14 prisms,
and these arrangements are shown in figs. 2a and 2b,
respectively.
Alignment of the femtosecond OPO is made dif
ficult by the very low levels of single-pass parametric
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pass second harmonic and the signal all follow dif
ferent paths in the resonator. To facilitate alignment,
the OPO without dispersion compensation is aligned
as described above, and while oscillating, the apex of
one prism is introduced into the cavity to refract
some o f the oscillating signal light while still allowing
the OPO to be maintained above threshold. With this
small amount of signal light now coupled out o f the
cavity, a second prism and an output coupler can be
inserted and adjusted so that the signal light is retroreflected. At this stage the first prism is inserted
further into the uncompensated OPO until oscilla
tion is extinguished, and oscillation in the dispersion
compensated cavity is observed when the OPO cav
ity is again brought into synchronism with the pump.

3. Results and discussion
OC

Fig. 2. Cavity configurations o f the femtosecond OPO; with ex
tracavity dispersion compensation (a ) and with intracavity dis
persion compensation (b ).

fluorescence from the KTP crystal and the strict cav
ity length tolerances imposed by synchronous pump
ing. The previously reported technique used to align
the femtosecond OPO [4] is based on the detection
o f the weak single pass fluorescence but requires the
use of a low-noise, cooled detector. We use an alter
native approach which does not require detection of
parametric fluorescence but nonetheless provides a
reliable technique for routine alignment. This tech
nique exploits the collinear pumping geometry and
the fact that the high peak power o f the pump beam
produces several mW o f single pass second harmonic
generation (SHG ) blue light at 415 nm. The OPO
(without dispersion compensation) shown in fig. 2a
is aligned simply by monitoring and overlapping the
reflections of the pump and the second harmonic
beams from the crystal surfaces and the mirrors. Os
cillation occurs when the OPO is brought into syn
chronism with the pump through fine cavity length
adjustment. With the dispersion compensated cavity
shown in fig. 2b, the alignment technique used is
slightly different because the inclusion of intracavity
prisms necessarily means that the pump, the single

Operating without dispersion compensation, the
OPO oscillation threshold was measured as 300 mW
of average pump power at the KTP crystal. With an
increased pump power of 900 mW, the OPO output
measured through the 1.5% output coupler was up to
135 mW in the signal beam, representing a signal ex
traction efficiency of 15%. The corresponding inter
nal efficiency deduced from pump depletion mea
surements is greater than 50%, The remaining 35%
of converted pump is divided among the idler, in
tracavity signal losses and other non-phasematched
processes which will be discussed in more detail be
low. Because of the constraints imposed by the col
limating and collecting optics, we have not yet been
able to determine the total single-pass idler power
extracted from the OPO cavity. From the ratio of the
photon energies we expect, however, that an addi
tional 50-100 mW is generated in the idler beam.
The characteristics of the output pulses from the OPO
are examined using an optical spectrum analyser and
both intensity and interferometric autocorrelation
techniques. The intensity autocorrelation measure
ment is used to measure the durations of the OPO
pulses while the interferometric measurement pro
vides information about the frequency chirp in the
pulses. Results from the OPO without any disper
sion compensation are shown in fig. 3. The pulse du
ration measured from the intensity autocorrelation
reproduced in fig. 3a is 400 fs, but the shape of both
421
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phase shift in the KTP crystal. A pulse centred at a
wavelength X and with maximum intensity I q prop
agating through a length L of material with nonlinear
refractive index « 2 experiences a maximum nonlin
ear phase shift from SPM given by [10]

5
c
gto

0MAx=

2
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Delay (fs)

500

1000

04

« 02
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Wavelength (jim)
Fig. 3. Intensity (a ) and interferometric (b ) autocorrelation
profiles and corresponding spectral data (c ) for the output o f the
OPO without dispersion compensation.

the interferometric autocorrelation in fig, 3b and the
spectrum in fig. 3c indicate that the pulses are highly
chirped and the corresponding time-bandwidth
product is around 5.
The chirp on these pulses arises primarily from selfphase-modulation (SPM ) occurring in the focal re
gion o f the KTP crystal, and the observed pulse
broadening from the pump to the signal is attributed
to the combined effect of this SPM and group ve
locity dispersion (G V D ) of the resonant signal pulse
as it makes multiple passes within the OPO cavity.
The temporal group velocity walkaway (GVW ) be
tween the pump pulse and the signal pulse in the KTP
crystal will also contribute to this broadening effect.
That significant SPM is expected in the OPO can be
seen from a simple calculation of the peak nonlinear
422
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(1)

With an output coupling of 1.5%, the average photon
lifetime of the signal in the cavity is about 67 round
trips. Taking « 2 for KTP to be 3.1 X 10“ cm^ W “ ‘
[11], a net phase shift o f n radians will be accu
mulated in the cavity lifetime with intracavity in
tensities of the order o f 1 GW cm “ ^. Typical intra
cavity intensities of the OPO are of the order of lO’s
of GW cm “ ^so it is clear that significant SPM should
be observed.
Although a detailed treatment of the effects of SPM
and GVD in the OPO requires the numerical solu
tion of the nonlinear Schrddinger equation, a simple
model in which only SPM is included [12] can
nonetheless be used to explain the essential features
o f the observed pulse characteristics. Consider a
gaussian pulse with carrier frequency and intensity
pulse duration (fwhm) A t. The electric field ampli
tude is given by
£ ’o ( 0 = e x p ( - 2 ln2/^/Ar^) exp(icuoO ,

(2)

with corresponding intensity
(3)
The effect o f propagating through a material where
SPM occurs is to introduce a nonlinear phase shift
across the pulse so the resultant field envelope
becomes
£ ( 0 = £ ^ o ( 0 exp[i0N L (O ] •

(4 )

The nonlinear phase shift 0 nl (O is given by

0Nl (O =/(O 0MAX ,

(5)

where the maximum phase shift ^ ax given by eq.
( 1 ). Using this simple model, the effect o f SPM on
the initial pulse envelope can be calculated for a va
riety o f different values o f the maximum phase shift.
It is then also possible to calculate [13] both the cor
responding pulse spectrum and interferometric au
tocorrelation for comparison with experiment. The
results o f the modelling are shown in fig. 4 for a va-
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visible minima in the interferometric autocorrela
tion function. For N minima, the phase shift (within
a factor of n / 2 ) is given approximately by

_ 8
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-10
F re q u e n c y (TH z)

Fig. 4. Numerical results showing the effects o f SPM on the inter
ferometric autocorrelation and the spectrum o f an initially un
chirped gaussian pulse o f fwhm 400 fs. For peak nonlinear phase
shifts o f 0, n, 3n and 5n, the interferometric autocorrelations are
shown in (a ), (b ), (c) and (d ), respectively, while the corre
sponding pulse spectra are shown in (e ), ( f ) , (g) and (h ),
respectively.

riety of different values of the maximum SPM phase
shift using an initial gaussian pulse with intensity
fwhm A t= 4 0 0 fs. It is well known that the effect of
SPM in the frequency domain is to introduce sig
nificant spectral broadening and the appearance of
a twin-peaked structure in the power spectrum. In
the time domain, although SPM on its own does not
introduce any change in the shape of the pulse in
tensity envelope, the nonlinear phase shift on the
pulse is manifested as a prominent modulation in the
wings of the autocorrelation function. This modu
lation can be understood in physical terms as a beat
ing between the various spectral components gen
erated in the SPM process. It can be seen from the
results of the modelling that the maximum phase shift
can be estimated empirically from the number of

Experimentally, although a prominent pedestal is
observed on the OPO pulse autocorrelation at all
levels of intracavity power, a strong modulation is
only observed at intracavity power levels less than
20 GW cm “ ^. This is to be expected because as the
SPM phase shift increases with intracavity power,
the modulation frequency will increase and be more
difficult to resolve in the autocorrelation function.
The results shown in fig. 3 were obtained with an es
timated intracavity intensity in the KTP crystal o f 5
GW cm~^ corresponding to a maximum phase shift,
calculated using eq. ( 1 ), of 0 max= 16 radians = S.I tt.
This is in good agreement with the phase shift
0 max~57 t expected based on the observed number
of 10 minima in the experimental autocorrelation
function.
Several other features of the experimental results
can be also explained with a simple qualitative con
sideration of the effects of SPM and GVD in the OPO
cavity. The observed spectrum in fig. 3 is strongly
asymmetric, unlike those predicted from the simple
model, but it has been shown that asymmetric pulse
spectra from SPM are generated when the propa
gating pulse is itself asymmetric [ 10]. It is possible
that pump depletion in the KTP crystal will also lead
to the generation of an asymmetric pulse from the
OPO because the leading edge of the OPO pulse
(generated by the undepleted pump) would be
steeper than the trailing edge of the OPO pulse (gen
erated by the depleted pump). The frequency shift
due to SPM is known to red-shift the leading edge of
the pulse and blue-shift the trailing edge and with
this form of pulse asymmetry it would be expected
that the pulse spectrum would contain more redshifted components than blue-shifted components,
in agreement with experimental observations. Note
that the modulation o f the autocorrelation function
predicted by the simple SPM model is stronger than
that which is experimentally observed. Furthermore,
the model also predicts a deep spectral modulation
which is not clearly observed in the experimental re
sults. This loss of contrast suggests that there are ad
ditional field dephasing processes occurring in the
OPO cavity, most likely arising from the effects of
423
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G VD and GVW in the KTP crystal. It would, how
ever, be necessary to use a more detailed model based
on the nonlinear Schrddinger equation to study these
effects more quantitatively.
The use o f dispersion compensation external to the
OPO cavity using a two-prism sequence in a double
pass configuration results in the compression o f these
chirped pulses, and with a separation o f 90 cm be
tween the prisms, pulses o f 90 fs were obtained as
shown in figs. 5a and 5b. The interferometric au
tocorrelation o f these pulses still shows a residual
pedestal, and this is attributed to uncompensated
nonlinear chirp. The inability to completely com 
pensate the chirp on the signal pulses from the OPO
is a consequence o f using extracavity dispersion
compensation [1 3 ], which, although leading to a re
duction in the pulse duration in the time domain,
does not alter the shape or content o f the spectrum.
The temporally compressed pulses therefore still have
durations well above the transform limit with a duration-bandwidth product around unity. In order to
obtain transform-limited pulses it is necessary to use
intracavity dispersion compensation. With an intra
cavity prism pair separation o f 24 cm, the temporal
and spectral characteristics o f the output signal pulses

from the OPO are reproduced in fig. 6. The duration
o f these pulses measured from the intensity auto
correlation in fig. 6a is 40 fs (assuming a sech^ pulse
profile), and the interferometric autocorrelation in
figure 6 (b ) confirms that these pulses are essentially
chirp-free. The spectral width from fig. 6c is 41 nm
giving a duration-bandwidth product o f 0.33 which
is close to the Fourier transform limit. The average
output power o f the OPO with intracavity dispersion
com pensation is typically 50 mW with correspond
ing peak powers o f ~ 15 kW. The reduction in OPO
output power in the configuration with intracavity
dispersion com pensation is attributed to the inser
tion loss o f the intracavity prism sequence. We be
lieve that this loss has arisen through a slight im-
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Fig. 5. Intensity (a) and interferometric (b ) autocorrelation
profiles o f the pulses from the OPO with extracavity dispersion
compensation.
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Fig. 6. Intensity (a ) and interferometric (b ) autocorrelation
profiles and corresponding spectral data (c ) for the output o f the
OPO with intracavity dispersion compensation.
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perfection in the cut o f the KTP crystal which causes
the plane o f the signal polarisation to be rotated away
from the plane o f the intracavity prism sequence.
With optim isation o f the crystal and prism orien
tation it should be possible to obtain powers o f over
100 mW from the intracavity com pensated OPO.
Previous theoretical studies [1 4 ] o f OPO ’s in the
picosecond regime have neglected the effects o f SPM
and G V D on the output pulse duration. In the fem 
tosecond regime, however, the higher intracavity peak
powers mean that these effects must be included in
any comprehensive treatment [1 5 ]. The pulse du
ration from the OPO is determined by the balance
between the SPM occurring in the KTP crystal and
the G VD from the crystal and the intracavity prism
sequence. We have studied these effects in more de
tail by measuring the pulse spectral and temporal
characteristics as the amount o f intracavity G V D in
the OPO was varied by translating one o f the SF14
prisms. Figure 7 shows the output pulse duration
from the OPO as the amount o f glass in the intra
cavity prism sequence was altered. For these exper
iments the spacing o f the prisms was maintained
constant at 24 cm. It is useful to convert the figure
for the amount o f intracavity glass to an equivalent
value for G VD in fs^ [1 2 ] and these results are also
shown in fig. 7. N ote that the point o f zero G V D in
the figure was normalised to the point o f m inim um
pulse duration. It can be seen that for increasingly
negative values o f G VD, the pulse duration increases
slowly. Furthermore, the pulses in this regime were
observed to be free o f chirp and to be transform-limRound Trip Group Velocity Dispersion (fs^)
300

-800

-400

400

250
i

I

150

$

100

Q

Round trip Intracavity Glass (mm)
Fig. 7. Dependence o f the pulse duration on the amount o f intracavity glass introduced in the dispersion-compensated OPO. The
upper axis indicates the equivalent GVD in fs^ with the point of
zero GVD normalised to the position o f minimum pulse duration.
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ited as shown in fig. 6. For increasingly positive val
ues o f G VD the measured pulse duration increases
rapidly, and the pulses in this regime were observed
to become increasingly chirped with the appearance
o f a pedestal on the autocorrelation function and a
double peaked structure in the power spectrum.
These results are similar to those observed in pre
vious studies o f modelocked fem tosecond lasers
[1 6 ,1 7 ], and are in good qualitative agreement with
the theoretical predictions [1 8 ] for the pulse evo
lution in laser systems where the pulse formation
process depends on the balance between SPM and
GVD.
When adjusted correctly, the OPO produces trans
form-limited pulses over the entire tuning range that
extends from 1.1 pm to 1.3 pm, limited by the re
flectivity o f the available mirrors and the particular
cut o f the KTP crystal that we have used. As the OPO
is tuned, the m odification o f the signal wavelength
changes the net cavity G V D such that a slight ad
justment o f the intracavity prism sequence is nec
essary to recover the m inim um pulse duration. The
output o f the OPO over this tuning range was in the
fundamental T E M q o mode, but higher-order trans
verse modes were observed from the OPO if the fo
cussing section o f the OPO cavity was misaligned.
Indeed, the transverse modes o f the OPO cavity and
the pump Ti : sapphire cavity were observed to be in
dependent o f each other. With the Ti: sapphire laser
adjusted to operate in a TEM,o mode it was still pos
sible to obtain output from the OPO in a T E M q o
mode although the transverse mode mismatch be
tween the pump and the OPO cavities resulted in a
substantial reduction in gain. Optimum perform
ance o f the OPO required that both the pump and
the OPO cavities were aligned for T E M q q operation.
Although the primary output o f the OPO is in the
resonant signal beam, there is significant output in
the non-resonant single-pass idler beam. In addition,
in both the OPO cavity configurations with and
without intracavity dispersion com pensation, we
have observed five additional wavelengths arising
from non-phasematched processes in the KTP crys
tal. Apart from the single-pass SHG o f the pump light
discussed earlier, we have observed both SHG and
third harmonic generation (T H G ) o f the resonant
signal beam generating pulses at 600 nm and 400 nm,
respectively. We have also observed two sum-fre425
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quency-mixing (S F M ) processes; SFM between the
pump and the resonant signal generates pulses at 490
nm while SFM between the pump and the idler gen
erates pulses at 635 nm. (These processes are sum
marised in table 1 for the OPO with intracavity dis
persion com pensation.) All o f these processes are
non-resonant because there is negligible feedback o f
the non-phasematched light from the mirrors used in
the OPO cavity. It should be noted, however, that
the light generated in SHG and THG o f the resonant
signal is em itted in both directions from the KTP
crystal because o f the standing wave nature o f the
OPO cavity. By contrast, the light generated from
SFM involving the single-pass pump in the KTP
crystal is em itted only in the same direction as the
pump. The most prominent o f these non-phase
matched processes is that o f sum-frequency-mixing
between the resonant signal and the pump resulting
in about 1 mW o f blue light at 490 nm. We have
measured the spectrum o f this SFM light and the re
sults for the OPO having intracavity dispersion com 
pensation are shown in fig. 8. Although we have not
yet been able to measure the pulse duration o f this
SFM light directly, the measured spectral width o f
2.5 nm is consistent with pulses having duration
around 100 fs. Whilst there has been recent theo
retical interest [1 9 ] in studying OPO’s containing
an additional intracavity nonlinear crystal for SFM,
the possibility o f the same nonlinear crystal being
used for simultaneous parametric generation and
SFM has not yet been considered. If the efficiency o f
Table 1
A summary o f the different parametric processes observed in the
intracavity dispersion compensated OPO. Each process is de
scribed in terms o f a conservation o f energy condition where cUp,
a>„ (Ü, refere to pump, signal and idler photon energies, respec
tively. The measured polarisations o f each o f the waves is also
indicated where e and o refer to extraordinary and ordinary po
larisations. respectively.
Wavelength
A (nm )

Description o f
nonlinear interaction

Average intra
cavity power

400
415
490
600
635
1200
2690

ct>=a>,+ct;,+tu.
CU= tUp-f tUp
tU=CU, + CUp
tu= tu, -Ftu.
tu = tUj -f tUp
tU, = tUp—tUi
tUj = tUp—tu.

< 1 pW
1 mW
1 mW
10 pW
< 1 pW
3.5 W
30 mW
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Fig. 8. Spectrum o f the non-phasematched SFM light generated
at 490 nm. The bandwidth o f 2.5 nm corresponds to a lower limit
on the pulse duration o f approximately 100 fs.

the intracavity SFM that we have observed could be
increased, (with an appropriate choice o f cavity mir
rors for exam ple), then it is possible that this could
lead to the realisation o f a tunable fem tosecond
source in the blue spectral region using only a single
intracavity element.
In order to maintain parametric oscillation, the
optical cavity length o f the OPO must be matched to
that o f the pump Ti:sapphire laser with interfero
metric tolerances. Figure 9a shows the variation in
signal output power as the cavity length o f the in
tracavity dispersion com pensated OPO is varied in
sub-micron increments. This measured oscillation
range o f 0.8 pm depends on the exact OPO config
uration, and as observed in reference [4 ], higher
cavity length tolerances are observed if the OPO is
operated further above threshold. It has been noted
in ref. [ 20 ] that changing the cavity length o f a syn
chronously pumped OPO introduces a shift in the
resonant signal wavelength, and fig. 9b shows the
variation o f the resonant signal wavelength with cav
ity length observed in our OPO. This wavelength
tuning occurs because cavity length detuning o f the
OPO introduces a loss in synchronism between the
resonant signal and the pump pulses. To maintain
synchronism (and optim ise the gain in the O P O ),
the signal wavelength shifts, thereby adjusting the
group velocity o f the resonant signal such that the
cavity roundtrip tim e is maintained constant. The
exact nature o f the cavity length tuning depends on
the group velocity dispersion characteristics o f the
OPO. The results in fig. 9b were obtained with a
net negative cavity G V D at the signal wavelength so
that shorter OPO cavity lengths are com pensated by
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Fig. 9. Dependence on cavity length o f the power (a ) and the
wavelength (b ) o f the signal pulses in the intracavity dispersioncompensated OPO.

a shift to longer wavelengths with corresponding
slower group velocities.
Despite stringent alignment conditions, we have
observed that the OPO is a remarkably robust de
vice, providing a stable source o f sub-100 fs pulses
for several hours at a tim e without any form o f active
stabilisation. Typical recorded oscillograms showing
the stability o f the Ti : sapphire and the OPO outputs
are included in fig. 10. The amplitude noise o f the
pump Ti:sapphire laser (fig. 10a) was measured to
be approximately 1%, consistent with results which
have been reported previously [2 1 ]. The output o f
the OPO without dispersion compensation (fig. 10b)
is quite unstable with intensity fluctuations o f over
10%, but the addition o f intracavity dispersion com 
pensation (fig. 10c) substantially im proves the OPO
amplitude noise to approximately 4%. Considering
the nonlinear nature o f the parametric generation
process, it is to be expected that the amplitude noise
o f the OPO would be an exaggeration o f that o f the
pump source. The improvem ent in the OPO stability
with the addition o f intracavity dispersion com pen-

Fig. 10. Oscillograms showing the amplitude noise o f the selfmodelocked Tiisapphire pump laser (a ), the OPO with no dis
persion compensation (b ) and the OPO with intracavity disper
sion compensation (c ). The timebase is 10 m s/division in each
case.

sation can be attributed to the additional spectral
control introduced by the intracavity prism se
quence. Both experimental and theoretical studies
427
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[17,22] have indicated that inadequate spectral
control in femtosecond lasers where SPM and G VD
are significant can lead to a relatively unstable out
put, and it is likely that similar considerations apply
to the stability o f the femtosecond OPO. It should be
noted that although drifts in the OPO cavity length
o f the order o f a micron will eventually cause oscil
lation to cease, the OPO maintains oscillation in the
presence o f sub-micron cavity length fluctuations. As
discussed above, however, these length fluctuations
will introduce a slight shift in the resonant signal
wavelength. From fig. 9b, it can be seen that cavity
length fluctuations o f 0.1 pm introduce a corre
sponding peak wavelength shift in the signal o f 3.8
nm, but since this wavelength shift occurs within a
total bandwidth o f the order o f 40 nm there is little
significant modification to the pulse structure in the
time domain. It is possible that these wavelength
variations are associated with a slight increase in
amplitude instability in the OPO, but active cavity
length stabilisation o f the OPO [ 1 ] can be used to
compensate for this. Such a scheme is presently being
evaluated in our system, but all the results presented
in this paper were obtained without any stabilisation.
Measurements have also been made o f the relative
phase noise o f the pump laser and the OPO oper
ating both with and without intracavity dispersion
com pensation. The phase noise measurement tech
niques have been described elsewhere [2 3 ] and the
results are summarised in table 2 in terms o f the rel
ative rms timing jitter in a particular frequency band
[2 4 ]. The phase noise data for the pump Ti : sapphire
laser are in good agreement with those previously re
ported [9 ], but it is o f more relevance in the present
context to compare the phase noise o f the OPO with
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that o f the pump laser. The relative phase noise be
tween the pump laser and the OPO can be readily
compared by considering the rms timing jitter in the
frequency band 5 0 -5 0 0 Hz. The measured phase
noise in this frequency band corresponds to timing
jitter fluctuations on millisecond timescales and pro
vides an important indicator o f long term phase noise
stability. It can be seen from table 2 that the phase
noise o f the OPO operated without dispersion com 
pensation is significantly worse than that o f the pump
laser. This result is consistent with the large intensity
fluctuations observed from the OPO in this config
uration, and this increased phase noise is again likely
to be attributable to an absence o f spectral control in
the OPO.
When the parametric oscillator is operated with
intracavity dispersion compensation, the phase noise
results are perhaps rather surprising. Although the
amplitude noise o f the OPO in this configuration was
measured to be slightly worse than that o f the pump
laser, the results shown in table 2 indicate that the
phase noise characteristics are significantly im 
proved. In order to interpret this result it is neces
sary to consider the various factors that contribute
to the phase noise o f the pump laser and the OPO.
Phase noise characteristics o f the self-modelocked
Ti:sapphire have been studied extensively experi
mentally [9, 25] and a recent theoretical analysis
[2 6 ] has provided further insight into the processes
influencing the laser phase noise. The major source
o f low frequency phase noise in the Ti : sapphire laser
is from amplitude fluctuations in the argon-ion pump
laser occurring at 50 Hz, 100 Hz, etc., corresponding
to inadequate smoothing in its power supply unit.
These fluctuations couple into the self-modelocked

Table 2
Measured phase noise characteristics o f the pump Ti:sapphire laser and the OPO operated with and without intracavity dispersion
compensation. The rms timing jitter is shown for the specified frequency bands. Note that the level o f instrumental noise meant that it
was only possible to obtain an upper limit on the phase noise measurements in the highest frequency band (5 -5 0 kHz).
Frequency band

50-500 Hz
500 H z-5 kHz
5-50 kHz
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Cavity Configuration
Pump Ti:sapphire
laser

OPO without dispersion
compensation

OPO with intracavity
dispersion compensation

12.0 ps
1.7 ps
< 0 .6 2 ps

41.8 ps
2.4 ps
< 1.4 ps

3.6 ps
0.70 ps
< 1.0 ps
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Ti: sapphire laser and increase the laser tim ing jitter
by causing bulk refractive index changes in the
Ti:sapphire crystal, as well as variations in the gain
and the spontaneous em ission background during
laser operation.
The factors determining the phase noise o f the
OPO, however, are somewhat different. The OPO is
a synchronously pumped device, with the OPO pulse
repetition frequency determined by the repetition
frequency o f the pump Ti: sapphire laser pulses and
not by the OPO cavity length. As shown above in
fig. 9, oscillation occurs over a 0.8 pm range o f cav
ity length, but the OPO repetition frequency was ob
served to remain fixed at that o f the pump laser over
this range. The effect o f cavity length detuning be
tween the pump and the OPO is manifested as a
wavelength shift in the OPO, not as a difference in
the cavity repetition frequencies. It might therefore
be expected that any timing jitter in the pump laser
would be followed by identical jitter in the OPO.
However, the coupling between tim ing fluctuations
in the pump laser and the OPO is reduced by effects
such as group velocity walkaway and the finite
buildup tim e o f oscillation in the OPO. Further
more, unlike a laser, the parametric generation pro
cess is instantaneous, without any buildup o f pop
ulation inversion in the crystal over long timescales.
Consequently, there is no appreciable spontaneous
em ission background in the OPO which would in
troduce additional tim ing jitter. It is therefore rea
sonable to conclude that if the OPO is operated in
a configuration with intracavity dispersion com pen
sation such that factors such as SPM and G V D are
adequately controlled, then the phase noise o f the
OPO could indeed be reduced below that o f the pump
laser.
It should be stressed that this discussion has been
o f a basic and qualitative nature and clearly much
further work is needed before a quantitative basis can
be established for these observations. On the basis o f
the above results however, it is clear that an indepth
and complementary theoretical m odelling o f the
phase noise characteristics o f the OPO is now jus
tified. The differences between the phase noise char
acteristics o f the pump laser and the OPO appear to
have their origin in the distinctive features o f the op
tical parametric oscillator as compared with the laser,
and any phase noise investigation would have to take
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due account o f this. Features such as the wide OPO
bandwidth, group velocity walkaway effects, pump
depletion and the finite oscillation buildup tim e for
the OPO would all need to be included in a proper
analysis.
Our experimental results are consistent with the
qualitative considerations discussed above. Signifi
cantly, these observations also imply that whilst ac
tive stabilisation o f the OPO cavity length improves
the amplitude noise by improving the wavelength
stability, it may not directly reduce the OPO phase
noise. The OPO amplitude and phase noise char
acteristics appear to be quite independent o f each
other, and improvem ents o f the OPO phase noise
characteristics will need to involve simultaneously
frequency referencing both the pump Ti:sapphire
laser and the OPO to a low phase noise external os
cillator. Experiments to implement this phase noise
stabilisation scheme are currently being im ple
mented and in conjunction with amplitude stabilis
ation, this should lead to a highly stable output from
the OPO and considerably increase its utility as a
practical femtosecond device.

4. Conclusions
In this paper we have presented a characterisation
o f a femtosecond Ti:sapphire laser pumped optical
parametric oscillator. Operated in a configuration
without any dispersion compensation, the OPO pro
duces highly chirped pulses, and an analysis o f the
chirp on these pulses has provided insight into the
importance o f SPM in an OPO. With intracavity dis
persion com pensation, the OPO has produced trans
form-limited 40 fs pulses over an extended tuning
range from 1.1 to 1.3 pm in the near-infrared, but
the observation o f other non-phasematched pro
cesses in the OPO has also suggested the possibility
o f its exploitation as a tunable femtosecond source
in the visible spectral region. The stability o f the OPO
has been studied, and most significantly, with intra
cavity dispersion com pensation, the phase noise o f
the OPO has been observed to be better than the
pump self-modelocked Ti:sapphire laser. This has
enabled us to identify several operational factors o f
the femtosecond OPO that are worthy o f further in
vestigation. Despite the relatively complex nature o f
429
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a synchronously pumped femtosecond OPO, our
studies have demonstrated that it is a very versatile
and reliable source o f tunable fem tosecond radia
tion. Ongoing improvements to the cavity design and
the use o f other nonlinear materials should further
increase its applicability in the study o f ultrafast phe
nomena in new and important spectral regions.
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Ti : sapphire p u m p ed fe m to se c o n d o p tica l
p a ra m etric o scilla to r ex h ib itin g so lito n fo rm a tio n
D . T . R E ID , J. M . D U D L E Y , M . E B R A H IM Z A D E H
and W . S I B B E T T
J. F. A llen Research Laboratories, D epartm ent o f Physics and
A stronom y, U n iversity o f St A ndrew s, Fife K Y I 6 9 S S , Scotland.
{R ece iv ed 21 S ep te m b er 1 9 9 3 ; revision received 2 6 O cto b er 1993)

The configuration and operation of a singly resonant Ti : sapphire
pumped optical parametric oscillator (OPO) based on KTP is discussed. Cavity
arrangements with and without dispersion compensation are described and the
generation of sub-40 fs transform-limited pulses is highlighted. Evidence for
soliton pulse formation in the OPO is presented and good quantitative agreement
with existing theory is implied. Results of amplitude and phase noise measure
ments of the OPO are given and compared with those of the pump laser.
Generation of pulses at several visible wavelengths by non-phase-matched
processes is also briefly discussed.

A b s tra c t.

1. Introduction

Since the first optical pulses o f duration less than 100 fs from a visible dye laser
were reported [1] the spectral regions accessible to fem tosecond pulses have been
substantially expanded. S elf-m od e-lock in g o f vibronic lasers, notably T i : sapphire
[2] and C r: L iS A F [3], together w ith the coupled-cavity m ode-lockin g o f colourcentre lasers [4] has m ade available pulses of sub-100 fs durations over extended
regions in the near-infrared. F em tosecond pulses having tunability in the near to
m id-infrared w ith high peak pow ers are in particular dem and for general appli
cations in tim e dom ain spectroscopy [5] and the study of sem iconductor dynam ics in
particular [6]. T h e em ergence of new nonlinear materials such as K T P [7] and K T A
[8] w hich com bine high dam age thresholds with large nonlinear coefficients offers an
efficient m eans o f generating fem tosecond pulses in w avelength regions not directly
available from conventional lasers. T h e first c.w . fem tosecond optical param etric
oscillator (O PO ) to be reported [9] used K T P in a critically phase-m atched geom etry
and was intracavity pum ped by a collid in g-p u lse m ode-locked (C P M ) dye laser.
M ore recently attention has turned to extracavity pum ped fem tosecond O PO s using
self-m od e-lock ed T i : sapphire lasers [10-12].
In this paper w e report results obtained from a singly resonant T i ; sapphire
pum ped fem tosecond O PO based on K T P in a non-critically phase-m atched
geom etry. T h e O PO has been operated in cavity configurations w ith and w ithout
dispersion com pensation and the tem poral and spectral output pulse characteristics
have been investigated. From these experim ental data, evidence is presented in
support o f solitonic pulse shaping in the O PO and this suggestion is related to theory.
M easurem ents o f the O PO am plitude and phase noise have also been taken for
different cavity arrangem ents and these provide further insights into the dynam ics o f
the fem tosecond param etric oscillator. In addition w e report behaviour unique to the
fem tosecond O PO includ ing several non-phase-m atched param etric processes and
cavity length dependent tuning effects.
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2. Experimental configuration

A regeneratively-initiated self-m ode-locked T i : sapphire laser sim ilar to that
described in [13] was used as the pum p source for the O PO . O perated at a centre
w avelength of 830 nm the laser routinely provided sub -100 fs pulses at average
powers in excess o f 1 W and a repetition frequency o f 85 M H z. A cavity schem atic of
the laser and a typical interferom etric autocorrelation o f its output are included as
figure 1. T h e pulse duration corresponding to the autocorrelation show n is 85 fs
(sech^ pulse profile assum ed) w hich together w ith the m easured spectral w idth of
9 nm indicates that the pulses are near to the transform lim it.
Cavity arrangements used for the O PO are depicted in figure 2. T h e basic threemirror, standing-w ave resonator consists o f tw o concave high reflectors (r — 10 cm )
and a plane output coupler. T h e cavity fold angle is m inim ized to reduce astigm atism
and the cavity length is synchronous w ith that o f the pum p laser. Pum p light is
focused using a 75 m m focal length lens to a 15 pm spot radius inside the K T P crystal
through one o f the curved mirrors. T h e hydrotherm ally grow n K T P crystal is
1*5 m m thick and is antireflection coated on both faces for a centre w avelength of
1 180nm . It is cut for non-critical T y p e II interaction (e - ^ e o ) along the x axis w ith the
signal and pum p polarized parallel to t h e y axis and the non-resonant idler polarized
parallel to the z axis. T u n in g o f the O PO is achieved by changing the pum p
w avelength or by rotating the crystal in the x y plane. T h e curved mirrors are highly
reflecting (/?>99'7% ) for the w avelengths 1 1 - 1 3 pm and are highly transm itting
{ T > 95%) at the pum p w avelength and the output coupler is 1*5% transm itting at the
signal w avelength. Intracavity dispersion com pensation is achieved using a pair of
S F 1 4 prism s as show n in figure 2 { b ) .

3. Results and discussion

3.1. O p tic a ! p a r a m e tr ic o s c illa to r w i th o u t d is p e r s io n c o m p e n s a tio n
W ith a pum p pow er o f 1 W and in the absence o f dispersion com pensation the
parametric oscillator produced up to 150 m W in the signal beam . T h e corresponding
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Figure

1. Cavity configuration of the regeneratively-initiated self-mode-locked
I'i : sapphire laser and typical interferometric autocorrelation of the output pulses
produced (inset).
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Cavity configurations of the femtosecond OPO; with extracavity dispersion
compensation {a) and with intracavity dispersion compensation {b).

oscillation threshold was m easured to be 300 m W o f average power at the K T P
crystal. D ifficulties o f collection and collim ation prevented the pow er in the idler
beam from being determ ined directly but from the ratio o f photon energies we expect
50-1 0 0 m W to be generated. T h e O PO output was observed to be in a T E M qo rnode
and was essentially independent o f the pum p m ode. Intensity and interferom etric
autocorrelation techniques were used to m easure pulse durations and to obtain
inform ation about frequency chirp in the pulses. An optical spectrum analyser was
used to m onitor the spectral com p osition of the pulses.
R esults from the O PO w hen operated w ithout any dispersion com pensation are
reproduced in figure 3. T h e m easured intensity autocorrelation (figure 3 (a)) im plies
a pulse duration o f 400 fs. T h e interferom etric autocorrelation (figure 3 (&)) and the
pulse spectrum (figure 3 (c)) indicate that the pulses are highly chirped and the
corresponding duration-bandw idth product is around five. Self-phase-m odulation
(S P M ) occurring at the focus w ithin the K T P crystal gives rise to this frequency
chirp and the observed spectrum having a tw in-peaked structure is characteristic o f
the S P M effect. T h e com bination o f self-phase m odulated spectral broadening and
intracavity group velocity dispersion (G V D ) broadens the resonant signal pulses to a
duration m uch longer than the original pum p pulse. Extracavity dispersion
com pensation o f these pulses has been im plem ented using a pair o f S F 1 4 prism s
separated by 90 cm and used in a double-pass configuration as depicted in figure
2 (o). Intensity and interferom etric autocorrelations o f the pulses after optim al
extracavity dispersion com pensation are included as figure 4. T h e pulse duration
deduced from the intensity autocorrelation o f figure 4 (a) is 90 fs but the residual
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Figure 3. Intensity (a) and interferometric (b) autocorrelation profiles and corresponding
spectral data (c) for the output of the OPO without dispersion compensation.

pedestal on the interferom etric autocorrelation in figure 4 ( b ) indicates that som e
uncom pensated nonlinear chirp still remains. T h e inability to com p letely rem ove
the chirp on the signal pulses is a lim itation o f this schem e for extracavity dispersion
com pensation [14].
3.2. P a r a m e tr ic o s c illa to r h a v in g i n t r a c a v i t y d is p e r s io n c o m p e n s a tio n
T o obtain the shortest pulses from the parametric oscillator it is necessary to fully
utilize the increased bandw idth produced by self-phase m odulation in the crystal.
Intracavity dispersion com pensation perm its the chirp introduced on to the pulse in
a single pass o f the cavity to be rem oved before it becom es large enough to dom inate
the kinetics o f pulse evolution in the O PO . By using a pair o f intracavity S F l 4 prism s
having an apex separation of 24 cm it was possible to routinely recover transform lim ited pulses having sub -40 fs durations. R epresentative tem poral and spectral
characteristics o f the output signal pulses are reproduced in figure 5. T h e duration o f
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these pulses m easured from the intensity autocorrelation in figure 5 (a ) is 39 fs.
Inspection o f the interferom etric autocorrelation in figure 5 (b ) and the pulse
spectrum in figure 5 (c) reveals that the pulses are chirp free and their durationbandw idth product o f 0 33 (sech^ profile assum ed) is close to the Fourier transform
lim it. T h e average output pow er from the intracavity dispersion com pensated OPO
is typically 50 m W , corresponding to peak output pow ers o f ~ 15 kW. A small
increase in the oscillation threshold to 350 m W was observed due to the inclusion of
the prism pair. O ptim ization o f the prism orientation should make it possible to
achieve output pow ers and thresholds approaching those o f the uncom pensated
O PO.
T h e intracavity peak pow er o f the dispersion com pensated O PO is close to 1 M W
and is therefore capable of generating directly observable sequences o f pulses in the
visible via non-phase-m atched processes that w ould norm ally be too inefficient to be
observed through param etric oscillation. W e have observed a total o f five n on -ph ase
m atched interactions in addition to the production o f the signal and idler pulse
sequences and these are listed in table 1. T h e strongest processes involve sum frequency m ixing betw een the single-pass signal and the pum p light to generate blue
light at 490 nm and sin gle-pass frequency doubling o f the pum p light producing a
wavelength o f 415 nm . T h e other processes observed are the second and third
harm onic generation o f the signal w hich generate pulses at 600 nm and 400 nm
respectively and sum -freq uency m ixing betw een the single-pass idler and the pum p
light that produces light at 635 nm . T h e spectral bandw idths of the light generated at
490 nm and 600 nm are sufficient to support pulses of su b -100 fs duration. T h e
addition of a second intracavity nonlinear crystal cut for efficient sum -frequency
m ixing or second harm onic generation could thus lead to the developm ent of a
fem tosecond source having substantial tunability over the visible spectrum .
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Figure 5. Intensity (tt) and interferometric (6) autocorrelation profiles and corresponding
spectral data (c) for the output of the OPO with intracavity dispersion compensation.

Fable 1. A summary o f the different parametric processes observed in the intracavity
dispersion compensated OPO. Each process is described in terms of a conservation of
energy condition where cOp, cOg, oj; refer to pump, signal and idler photon energies
respectively. I ’he measured polarizations of each of the waves are also indicated where e
and o refer to extraordinary and ordinary polarizations respectively.
Wavelength
/ (nm)
400
415
490
600
635
1200
2690

Description of
nonlinear interaction
o) =
4- ft)g + a)g
(Ü-(Ü^ + CÛ^
cü = a>s + ûjp
a» = cOg4-cOg
to = 0)j + COp
tOi = CJp-COg

e + e4-e—>■<?
e + e-^ o
e+ e^ e
e 4* e —>0
e+ e^ e
c 4~ 0 —>e
<?4 - 0 ^ 0

Average intracavity
power
< lp W
Im W
Im W
10 pW
< 1 pW
3-5 W
30 mW
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3.3. S o lito n ic p u ls e s h a p in g in th e o p t i c a l p a r a m e tr ic o s c illa to r
Solitonic behaviour in a fem tosecond laser was first reported in a C P M dye laser
at 620 nm w hen am plitude m odulation o f the output pulse wavetrain at the soliton
frequency was observed [15]. Sub seq uent results also obtained from such a passively
m ode-locked dye laser w ere interpreted on the basis o f sim ultaneous form ation of
solitons and dispersive waves [16] and the splitting o f the pulse spectrum into
dispersive and solitonic com ponents was consistent w ith theoretical predictions [17].
D u rin g this work an am plitude m odulation at a frequency o f 2 M H z has been
observed on the output o f the O PO w hich can be attributed to periodic soliton break
up and restoration. T h is explanation is supported by a supplem entary observation o f
spectral splitting w hen the O PO is operated w ith low values of positive cavity
dispersion. T h e spectral and tem poral characteristics o f the output of the O PO have
been investigated as a function o f the am ount o f intracavity G V D through
translating one o f the S F l 4 prism s. Pulse spectra and corresponding autocorre
lations w ere recorded for a w ide range o f positive cavity dispersion values and pulse
durations were found to vary w ith dispersion as show n in figure 6. T h e point o f zero
dispersion has been norm alized to the m axim um am ount o f intracavity glass that
allow ed the form ation o f transform -lim ited pulses. W e have found that a small
increase in positive cavity dispersion to + 1 0 0 fs^ results in the generation of a second
spectral com p onent at a w avelength w hich is 70 nm longer than the original. T h e
m axim um w avelength shift occurs for a cavity dispersion o f + 700 fs^ w here the two
spectral com ponents are separated by 70 nm and the peak w avelength is displaced by
70 nm from the position occupied at zero cavity dispersion. Further increases in the
cavity dispersion ultim ately lead to the form ation of pulses having the same duration
and spectrum as the uncom pensated O PO . T h ese results are sum m arized in figure 7.
It is clearly evident that there is a m axim um w avelength w hich can be produced
by the O PO above w hich the output spontaneously shifts to longer w avelengths. For
the O PO this w avelength appears to be around 1*32 pm and separates the dispersive
R o u n d tr ip C a v ity D is p e r s io n ())" ( f s

350

700

1050

1400

400

300 -

3 200
o_

100
20

25

30

R o u n d tr ip In tr a c a v ity G l a s s (m m )

Figure 6. Dependence of the pulse duration on the amount of intracavity glass introduced in
the intracavity dispersion compensated OPO. T he upper axis indicates the equivalent
cavity dispersion in fs^ with the point of zero dispersion normalized to the maximum
amount of intracavity glass that allowed the formation of transform-limited pulses.
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Spectral data for the output of the intracavity dispersion compensated OPO
operated with positive cavity dispersion.

com ponent o f the pulse from the solitonic com ponent. By identifying this critical
w avelength with the zero dispersion point of the fibre m odel proposed by W ai e t a l.
[17] we can apply the analysis o f this m odel to our results.
T h e m odel, w hich was developed for fibres at 1-3 pm , presents a condition
necessary for soliton propagation in term s o f the w avelength shift, A2, observed
towards the anom alous regime:
6 (nm ) (ps)
A 2>
A t,

In our O PO , the pulse duration o f 240 fs observed at the position o f m axim um
wavelength shift sets a lower lim it o f 25 nm for AA at this point. A t the point where
longer w avelength generation becam e evident pulses o f duration 88 fs were
m onitored and this w ould require AX > 68 nm for soliton propagation. T h is is close to
the 80 nm shift m easured experim entally.
A further prediction o f the m odel is that the solitonic and dispersive com ponents
of the spectrum are found to be displaced by different am ounts from the critical
frequency. T h e dispersive part is expected to experience 1 7 tim es the displacem ent
o f the soliton. T h e results in figure 7 show a ratio of the displacem ents o f frequency in
the dispersive wave to that o f the soliton o f 1 6 w hich is again in good agreem ent with
the m odel.
Our observation o f a periodic intensity variation in the pulse train can be related
to dispersion using an expression derived by Salin e t a l. [15] w hich gives the soliton
frequency /„ as a function o f the cavity dispersion 0":
/o ~

0-322 tcA t^ T ’

W hen this form ula is applied for param eters at the p osition o f m axim um w avelength
shift w here Aip = 240 fs, 0" == 700 fs^ and the cavity repetition period T = 11*8 ns the
predicted soliton frequency is 2 0 M H z, in excellent agreem ent w ith experim ent. It
is interesting to note that the num ber o f cavity roundtrips corresponding to the
soliton period, iV(, = ( l / / o T ) ~ 4 0 , is close to the average num ber o f 70 roundtrips
accum ulated by a signal pulse before extinction through cavity losses.
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3.4. P h a se a n d a m p litu d e noise m ea su rem en ts
W e have o b served that th e fe m to sec o n d O P O is an ex trem ely rob u st d ev ice
requ irin g no a lig n m en t on a day to day b asis ex cep t for m in or cavity len gth
a d ju stm en t. O scilla tio n p ersists for several hours at a tim e w ith o u t any form o f active
sta b iliza tio n . T h e a m p litu d e n o ise p resen t on th e o u tp u ts o f b oth th e param etric
o scilla to r and th e p u m p laser has b een m easured and typ ical o scillo g ra m s are sh ow n
in figure 8. A lth o u g h in ten sity flu ctu ation s on the T i : sap p h ire p u m p laser are less

(«)

(6)

(c)

Figure 8. Oscillograms showing the amplitude noise of the self-mode-locked T i : sapphire
pump laser (a), the OPO without dispersion compensation (b) and the OPO with
intracavity dispersion compensation (r). T he timebase is 10 ms/division in each case.
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than 1%, in the absence of dispersion com pensation the output o f the O PO is
relatively noisy, exhibiting am plitude fluctuations o f around 10%. T h e addition o f
dispersion com pensation and the associated increase in spectral control reduces this
figure to around 4%. T h e am plitude noise figures m easured for the O PO should be
expected to exceed those o f the pum p laser given the nonlinear nature o f the
parametric am plification process. A m plitude locking can be im plem ented to reduce
the intensity fluctuations present on the O PO output. T h e original technique used
exploited the shift in output pulse w avelength arising from a change in cavity length
[18]. W avelength tuning o f this kind occurs w hen a cavity length change results in a
loss o f synchronism w ith the pum p laser. In response the centre w avelength o f the
resonant signal pulse shifts and the ensuing change in group velocity delay in the
K T P crystal brings the O PO back into synchronism w ith the pum p laser and
m axim izes gain. Cavity length tuning in the dispersion-com pensated O PO is show n
in figure 9. T h e variation of w avelength w ith cavity length is linear and corresponds
to a rate o f 35 nm pm " h O scillation is observed to occur w ithin a cavity length
adjustm ent o f 0 8 pm but higher cavity tolerances are observed if the O PO is
operated further above threshold [12].
U sin g techniques described elsew here [19, 20], m easurem ents were also m ade o f
the phase noise in the output o f the O PO and typical results are listed together with
the phase noise of the pum p laser in table 2. T h e phase noise perform ance in the
50-5 0 0 H z frequency range provides the m ost useful com parison betw een the OPO

âi.i9 ® 1.18
1.17

0.0

Figure 9.

0.2

0.4

0.6

Cavity Length Mismatch (|im)

0.8

1.0

Cavity length dependence of the signal pulse wavelength in the intracavity
dispersion compensated OPO.

Table 2. Measured phase noise characteristics of the T i : sapphire pump laser and the OPO
operated with and without intracavity dispersion compensation. T he r.m.s. timing jitter is
shown for the specified frequency bands. N ote that the level of instrumental noise meant that
it was only possible to obtain an upper limit on the phase noise measurements in the highest
frequency band (5-50 kHz).
Cavity configuration

Frequency band
50-500 Hz
500 H z-5 kHz
5-50 kHz

Ti : sapphire pump
laser
12-Ops
1-7 ps
<0-62 ps

OPO without
dispersion
compensation
41 Bps
2-4 ps
< l-4p s

OPO with intracavity
dispersion
compensation
3-6 ps
0-70 ps
< 1-Ops
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and th e p u m p laser b eca u se th is freq u en cy b and co rresp o n d s to tim in g jitter
flu ctu a tio n s on m illise c o n d tim e sca les and p rovid es a g o o d in d icator o f lon ger term
p u lse sta b ility . In th e a b sen ce o f d isp ersio n co m p e n sa tio n th e p hase n o ise o f the
O P O is co n sid era b ly w orse than th at o f th e p u m p laser. T h is ob serv a tio n is
c o n siste n t w ith th e large in ten sity flu ctu ation s apparent in th is con figu ration and is
a ttrib u ted to the lack o f sp ectral con trol in th e cavity. T h e resu lts w h en th e O P O is
op erated w ith d isp er sio n c o m p e n sa tio n are perh ap s u n e x p e cte d sin ce th e p hase n o ise
ch aracteristics m ea su red in th is con figu ration are co n sisten tly b etter than th o se o f
th e p u m p laser. T h e im p ro v em en t in p hase n oise can be attrib u ted to a co m b in a tio n
o f sy n ch ro n o u s p u m p in g and the lack o f a p op u lation lifetim e in th e param etric
p ro cess. T im in g jitter p resen t on th e p u m p laser w ill n ot co u p le efficien tly in to the
O P O sin ce any m ism a tch in arrival tim e b etw een th e p u m p and sign al p u lses at the
n o n lin ear crystal w ill resu lt in red u ced gain and can n ot b e transferred to th e
am p lified sign al p u lse. P h ase n o ise in th e O P O can, h o w ev er, exceed that o f the
p u m p laser w h en th e reson an t sign al p u lse has a d uration m u ch greater than th e
p u m p p u lse. In th is situ a tio n th e arrival tim e o f the p u m p p u lse at th e crystal is less
critical and tim in g jitter in th e p u m p p u lse seq u en ce w ill b e co m m u n ica ted to th e
signal p u lse.
O ur o b serv a tio n s su g g est that the a m p litu d e and p h ase n o ise in the O P O are
in d ep en d en t o f each oth er. T h u s con trol o f th e O P O cavity len gth b y active
sta b iliza tio n , a lth o u g h im p ro v in g th e am p litu d e n o ise ch aracteristics, m ay n ot
th erefore serve to d irectly im p ro v e th e phase n oise.

4.

Conclusions

In th is paper w e have rep orted results ob tain ed from a T i : sap ph ire p u m p ed
fe m to sec o n d op tical param etric oscillator. In th e ab sen ce o f d isp ersion c o m p e n s
ation th e o u tp u t p u lse s are h ig h ly ch irp ed and th e p u lse sp ectru m is asy m m etric d ue
to u n c o m p en sa ted self-p h a se m o d u la tio n in th e K T P crystal. T h e ad d ition o f
intracavity d isp ersio n c o m p e n sa tio n allow s tra n sfo r m -lim ite d p u lses w ith su b 40 fsec d u ration s to b e p ro d u ced . S o lito n ic b eh aviou r in th e O P O has b een record ed
and fo u n d to be in g o o d q u an titative agreem en t w ith e x istin g th eory. T h e sta b ility o f
the O P O has b een stu d ied and its p hase n o ise has b een sh o w n to be co n sisten tly less
th an that o f th e p u m p laser. S everal n o n -p h a se-m a tch ed p ro cesses occu rrin g in th e
O P O have b een reported and th eir im p lica tio n s for a v isib le fe m to sec o n d sou rce
co n sid ered . W ith n ew m aterials and im p ro v em en ts to cavity d esig n th e fe m to sec o n d
O P O w ill rep resen t an e x trem ely attractive sou rce o f u ltrash ort p u lses h avin g
tu n a b ility in th e v isib le to m id -in fra red spectral region s.
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Soliton formation in a femtosecond
optical parametric oscillator
D. T. Reid, J. M. Dudley, M. Ebrahimzadeh, and W. Sibbett
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Received December 20, 1993
We report evidence for soliton formation in a Ti:sapphire-Iaser-pumped femtosecond optical parametric oscillator.
Appropriate conditions of dispersion are discussed, and temporal and spectral measurements of the output pulses
are presented. Quantitative agreement with existing theory is implied.

Soliton form ation in a fem tosecond laser w as first
reported in a colliding-pulse mode-locked dye laser
operating at 620 nm w hen N = 3 solitons were
observed.^ Such results were consistent w ith theo
retical predictions for dispersive optical fibers, which
showed th a t pulses capable of propagating w ithout
dispersive broadening could exist w hen an appro
priate balance betw een self-phase m odulation and
group-velocity dispersion (GVD) w as established.^
Soliton formation in a mode-locked laser can be ex
pected to m anifest itse lf in both the tem poral and the
spectral characteristics of the laser output. P ulse
breakup and restoration at the soliton frequency
have been observed as an am plitude m odulation of
the mode-locked pulse sequence.^ In addition, the
sim ultaneous production of solitonic and dispersive
w aves displaces th e pulse spectrum toward th e region
of anom alous GVD, and spectral sp litting around the
point of zero dispersion h as been reported.®
The necessary conditions for soliton formation
th at combine sufficient self-phase m odulation w ith
variable GVD can be achieved in a fem tosec
ond optical parametric oscillator (OPO). We have
dem onstrated behavior th at is characteristic of
soliton formation in a Ti:sapphire-laser-pumped,
dispersion-com pensated
param etric
oscillator.
B ased on a 1.5-mm-thick crystal of KTP cut for
noncritical type II (o — oe) phase m atching along the
X axis, our OPO is capable of producing transformlim ited sub-40-fs pulses. W hen th e OPO is pumped
at 830 nm w ith sub-lOO-fs pulses and 700-mW av
erage power, its intracavity peak power approaches
1 MW w hen th e resonator is configured w ith two
single-stack broadband high-reflectivity (R > 99.7%)
mirrors of center w avelength 1180 nm and a 1%
output coupler.'^ In normal operation substantial
self-phase m odulation is experienced by a pulse in
the nonlinear crystal, and th e GVD is com pensated
by a pair of intracavity SF14 prism s of 24-cm apex
separation, which perm its transform -lim ited pulses
to be produced. W hen the intracavity GVD is
m ade slightly positive th e spectrum o f th e pulse
splits and shifts toward longer w avelengths. This
behavior is accompanied by a periodic am plitude
m odulation on th e pulse sequence at a frequency in
the 0 .5 -2 .2 -M H z range.
0146-9592/94/110825-03$6.00/0

We have investigated th e spectral and temporal
characteristics of the output of the femtosecond OPO
as a function of the am ount o f intracavity GVD by ad
ju stin g one of the SF14 prisms. Pulse spectra and
corresponding autocorrelations were recorded for a
range of positive cavity dispersion values, and the
pulse duration w as observed to vary w ith dispersion,
as shown in Fig. 1. The point of zero dispersion has
been normalized to the m axim um am ount o f intra
cavity glass th at allowed the formation of transformlim ited pulses. The pulse spectrum at zero GVD is
depicted in curve (a) of Fig. 2. Increasing the posi
tive cavity dispersion by a sm all am ount to + 1 0 0 fs^
resulted in the generation of a second spectral com
ponent at a w avelength th at is 80 nm longer th an the
original, as shown in curve (b) of Fig. 2. The m ax
im um wavelength sh ift shown in curve (c) of Fig. 2
occurred for a cavity dispersion of 4-700 fs^. The
two spectral com ponents produced were separated by
70 nm, and th e peak w avelength w as displaced by
70 nm from th at at zero cavity dispersion. An addiRound-Trip Cavity Dispersion ({)" (fs
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400

T300
■5 200

100
Round-Trip Intracavity G la ss (mm)

Fig. 1. Dependence of the pulse duration on the
amount of intracavity glass introduced in the
dispersion-compensated OPO. The upper axis indicates
the equivalent cavity dispersion with the point of
zero dispersion normalized to the maximum amount
of intracavity glass that allowed the formation of
transform-limited pulses.
,
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monitored, and this would require AA > 68 nm for
soliton propagation. This is close to the 80-nm shift
measured experimentally.
A further prediction of the model is that the soli
tonic and dispersive components of the spectrum will
be displaced by different amounts from the critical
frequency. The dispersive part is expected to expe
rience 1.7 tim es the spectral displacement of the soli
ton. The spectrum of curve (c) of Fig. 2 displays a
ratio of the displacement of frequency in the disper
sive wave to that of the soliton of 1.6, which is again
in good agreement with the model.
In the configuration described above we observed
that the rf spectrum of the output of the OPO exhib
ited strong sidebands at 2.0 MHz. This observation
of a periodic intensity variation in the pulse train can
be related to dispersion by an equation derived by
Salin e t al.,^ which gives the soliton frequency /o as
a function of the cavity dispersion 0" and the cavity
round-trip period T :
fo

1.05 1.10 1.15

1.20 1.25 1.30 1.35
Wavelength {|im)

1.40 1.45

Fig. 2. Spectral data for the output of the disper
sion-compensated OPO operated with positive cavity
dispersion.

tional increase of 100 fs^ in the dispersion inhibited
longer-wavelength generation, and the corresponding
spectrum is shown in curve (d) of Fig. 2. Further in
creases in the cavity dispersion led ultimately to the
formation of pulses having the spectrum shown in
curve (e) of Fig. 2, which is characteristic of the OPO
when it is operated in the absence of any dispersion
compensation.
It has been observed that there is a maximum
operating wavelength for the OPO above which the
output spontaneously shifts to longer wavelengths.
For the particular configuration of the OPO that we
have used this wavelength is near 1320 nm, where
the dispersive component of the pulse separates from
the solitonic component. The spectral splitting that
we observe was predicted by Wai e t
who used
a model developed for pulse propagation in optical
fibers at 1300 nm. By identifying the critical wave
length of the OPO with the zero dispersion point of
the fiber model, we can quantitatively relate our ex
perimental data to the theory.
In the model a condition necessary for soliton prop
agation is presented in terms of the wavelength shift,
AA, toward the anomalous regime, requiring that
AA > 6 (nmps)/ATp ,
where Arp is the duration of the soliton pulse in pi
coseconds. In our OPO the pulse duration of 240 fs
observed at the position of maximum wavelength
shift sets a lower lim it of 25 nm for A A for this con
dition. At the point where longer-wavelength gener
ation became evident, pulses of 88-fs duration were

207O.3227rATp=^T.

By application of this formula under the conditions
of maximum wavelength shift, where Ar^ = 240 fs,
<f>" = 700 fs^, and the cavity period is 11.8 ns, the
predicted soliton frequency of 2.0 MHz agrees closely
with experimental observation. This frequency,
which corresponds to approximately 40 cavity round
trips, is considerably higher than the tens of kilo
hertz (i.e., several thousand round trips) observed in
colliding-pulse mode-locked dye lasers.^-^ The differ
ence arises because the KTP crystal used in the OPO
contributed substantially higher phase modulation
and dispersion during each cavity round trip than
the jets used in dye lasers.
The observation, at a wavelength of 1180 nm and
an intracavity dispersion of 320 fs^, of a triple-peaked
intensity autocorrelation profile (see Fig. 3) is consis
tent with the properties of an iV — 3 soliton.
In the
absence of equipment permitting direct measurement
of pulse shape evolution within the soliton period, we
are, however, unable to establish with certainty the
order of the solitons generated in the OPO. An os
cillogram showing the accompanying intensity mod
ulation of the output of the OPO is given in Fig. 4.
The modulation frequency of 550 kHz implies a pulse

0.8

g 0 .4

§ 0.2
0.0

-400

0

Delay (fs)

400

Fig. 3. Intensity autocorrelation profile of the output
of the OPO at a wavelength of 1180 nm exhibiting the
threefold splitting that is characteristic of a solitonic
pulse. SHG, second-harmonic generation.
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Fig. 4. Oscillogram showing intensity modulation of the
output pulse sequence from the OPO.
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Fig. 5. Optical spectra of the OPO w ithout an intracav
ity aperture [curve (a)] and w ith a long-wavelength-pass
aperture [curve (b)].

duration of near 300 fs under the corresponding dis
persive conditions. The autocorrelation profile pre
sented contains information covering approximately
10,000 cavity round trips and is therefore an average
over many soliton periods. In contrast to the expe
rience of soliton production in colliding-pulse modelocked dye lasers, the OPO showed a large degree of
instability, and the character of the autocorrelation
profile changed rapidly between solitonic and disper
sive modes. We attribute this behavior to a com
bination of the sensitivity of the soliton formation
to wavelength and fluctuations in the OPO center
wavelength that result from small changes in cavity
length.^

827

The pulse spectrum corresponding to the autocor
relation of Fig. 3, shown in curve (a) of Fig. 5, did
not exhibit the spectral spliting observed at longer
wavelengths. We inserted an intracavity aperture
into the shorter-wavelength edge of the dispersed
beam to test whether the solitonic component of the
spectrum was embedded in a strong dispersive com
ponent. The effect of the aperture was to discrimi
nate against shorter-wavelength production, and the
resulting spectrum is shown in curve (b) of Fig. 5.
This double-peaked spectrum exhibits a critical wave
length of 1183 nm in this configuration, and the ra
tio of the displacement of frequency in the dispersive
wave to that of the soliton is 1.8, which is consistent
with the results taken at longer wavelengths. Au
tocorrelation profiles obtained with the aperture in
place were similar to that shown in Fig. 3.
In conclusion, we have observed the formation of
solitons in a femtosecond optical parametric oscil
lator when appropriate conditions of dispersion and
self-phase modulation are satisfied. Good quantita
tive agreement with theory derived from the nonlin
ear Schrodinger equation is implied. Time-resolved
pulse measurements within the soliton period would
establish with certainty the exact soliton order, but
time-averaged autocorrelation measurements pre
sented here are consistent with third-order soliton
behavior.
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