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Abstract

The work in this thesis is concerned with the characterisation and development of

modelocked solid-state lasers covering the 700 - 1000 nm region. Results are presented for

a passively modelocked LiF:F; colour-centre laser, however, most of the work has

concentrated on the Ti:sapphire (Ti:AlyO3) laser.

In chapter 2, the operation of a cw LiF:F; colour-centre laser is discussed. This laser was

passively modelocked using the saturable absorber dye, DaQTeC and pulses as short as
170 fs were generated with average output powers of ~10 mW. Pulses as short as 127 fs
were generated in a dispersion compensated, colliding-pulse modelocked geometry over a
wavelength range of 925 - 950 nm. A nonlinear external cavity was added to the basic laser
configuration in an attempt to extend the modelocked tuning range and the saturable absorber

dye lifetime.

The technique of coupled-cavity modelocking was applied to a Ti:Al,O5 laser and enabled
pulses as short as 1.3 ps to be generated. These pulses were frequency chirped and could be
directly compressed to 290 fs outside the laser. By using the technique of intracavity
dispersion compensation in both the main and coﬁpled cavities, pulses as short as 90 fs were

generated, having average powers of ~200 mW and peak powers of more than 20 kW.

The simpler technique of self-modelocking is described in chapter 5 and allowed the
generation of pulses as short as 60 fs from a dispersion compensated cavity configuration.
Average output powers of ~600 mW were measured, which corresponded to peak powers of
110 kW. This laser had a modelocked tuning range which spanned the 750 - 950 nm
region. Using fibre/prism pulse compression techniques pulses as short as 45 fs were

produced.

In chapter 6, the measurement and suppression of phase noise on the self-modelocked

Ti:AlpO3 laser are discussed. The technique for noise reduction was also applied to two

similar self-modelocked lasers in an attempt to synchronise the two laser pulse sequences.
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Chapter 1
Introduction and Basic Theory

1.1 Introductory Overview

Laser action has probably existed for millions of years - amplified spontaneous emission
has been observed to occur naturally in the atmosphere of Mars, which consists mainly of
CO,1. However, the first steps towards realising laser emission in a laboratory were not taken
until 1917 when Albert Einstein first predicted stimulated emission2, Almost forty years
passed before stimulated emission was first observed in the laboratory when in 1954 C. H.
Townes et. al. at Columbia University demonstrated Microwave Amplification by Stimulated
Emission of Radiation with the ammonia beam maser at 24 GHz3. Throughout the 1950’s
much theoretical and experimental work was carried out with the aim of constructing an
optical frequency device. In 1956 N. Bloembergen of Harvard University proposed a
continuous three level pumping scheme for obtaining a continuous population inversion at one
microwave transition frequency by pumping at a different transition frequency?®. The optical
maser or LASER was finally proposed in 1958 by Schawlow and TownesS. Two years
passed until, in 1960, T.H. Maiman of Hughes Research Laboratories demonstrated laser
action for the first time using a flashlamp pumped ruby device operating at 694 nm®, Later in
the same year, A. Javan et. al. operated the first HeNe laser at 1.15 pm and at 633 nm in the

following year”.

In the three decades since its invention, an enormous amount of other laser devices have
emerged. Several hundred thousand discrete wavelengths are available from close to one
thousand different materials. Up to one million distinct laser transitions have been found,
ranging from wavelengths in excess of 600 um to the 116 nm transition of the pulsed H,
laser. In fact, the principle known as Schawlow’s law states that ‘almost anything will go if
you hit it hard enough.’ It is rumoured that Schawlow later demonstrated this fact when, after

observing laser action in ‘jelly’ pumped with a CO, laser at 10.6 um, he proceeded to eat the
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gain medium3. Laser operation has also been observed in the far infrared from Scotch whisky

fumes.

New laser materials are being developed continuously. Present day interests are directed
towards new materials such as rare earth ion doped solid-state materials, including: Nd3+
(~0.9, 1.06, 1.3 um), Er3+ (~1.6, 2.9 um), Tm3+ (~2.0 um) and Ho3+ (~2.1 um). These
materials have the advantage of very high efficiencies at room temperature, but they are
restricted to certain wavelength regions. Of equal interest are the transition metal ion doped
materials? using: Ti3*, Cr3+, Cr**, Co2+ and Ni2+, They have broad tunability due to
electron phonon interactions, however, most suffer from excited state absorption (ESA) and

non-radiative transitions which often degrade their performance.

The mode of operation of a laser can be broadly categorised into two main classes. If the
radiation has a relatively narrow optical bandwidth (less than 1 GHz, say) then the laser is
said to be line narrowed or single frequency. If, on the other hand, the output in the time
domain consists of a periodic sequence of pulses, the laser is said to be pulsed, Q-switched,
or modelocked depending on the exact nature of the output. In this case the oscillating

bandwidths can be relatively large.

This thesis will discuss the operation of tunable, modelocked sources based on vibronic
laser materials covering the near infrared wavelength region up to ~1 pm. The emphasis is
placed mostly on Ti:Al,O3, but chapter 2 begins by looking at the performance of a cw,
passively modelocked LiF:F; colour-centre laser. At the time the work was performed, this
laser represented a serious alternative to the dye laser. It had a broader tuning range than many
single dyes and could often give higher output powers. Its solid state nature helped overcome
many of the disadvantages associated with organic dyes. Its one drawback was the
requirement that it be kept at cryogenic temperatures to slow down the gradual fading which
inevitably occurred with time and which resulted in the eventual destruction of the laser active

centres.
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With the application of passive saturable absorber modelocking to this system, pulses as
short as 130 fs were generated over a tuning range extending from 925 - 950 nm. A
nonlinear external cavity was added to this basic configuration in an attempt to extend both the

modelocked tuning range and the usable lifetime of the saturable absorber dye.

The remainder of the thesis is devoted to describing the construction, operation and
performance of a modelocked Ti:Al,Oj3 laser. This laser material solves most, if not all, of the
disadvantages of the dye and colour-centre lasers. It has a solid state construction, it is tunable
over a wide wavelength region extending from 660 - 1100 nm, it does not display any
reduction in performance with time and can be operated at room temperature with simple water

cooling.

An acousto-optically modelocked Ti:AlyOj laser is described in chapter 3, which
produced pulses having durations less than 100 ps. Of more interest is the coupled-cavity
modelocked Ti:Al,O3 laser which was able to generate pulses as short as 90 fs in a dispersion
compensated configuration. The simpler technique of self-modelocking allowed pulses as
short as 60 fs to be generated, again in a dispersion compensated cavity. Pulses as short as
45 fs were generated using an optical fibre and prism delay line for pulse compression

outside the laser resonator. These results are presented in chapter 5.

In chapter 6, the measurement and reduction of pulse timing jitter, or phase noise, on the
self-modelocked laser are described and the sources of such noise are discussed. The noise
reduction technique is extended to synchronise two self-modelocked lasers. This technique
can be generally applied to synchronise passively modelocked lasers to any reference

oscillator.

In the remainder of this introductory chapter a summary of ultrashort pulse generation and
measurement techniques is presented. Pulse propagation in nonlinear and dispersive media
will be reviewed in section 1.4 together with pulse compression techniques, which have been

used in the work described in chapter 5.
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1.2 An Introduction to Modelocking

There are several reviews of modelocked lasers in the literature10-19, This section briefly
describes the process of modelocking in lasers together with some of the techniques which
can be used to obtain modelocked operation. The bandwidth of a continuous-wave (cw) laser
is determined by the frequency range over which the gain exceeds the losses for the particular
resonator configuration used. Often this frequency range will extend over many cavity modes
so that the laser output will consist of a series of closely spaced frequencies corresponding to
the axial, and perhaps, the transverse mode frequencies of the laser resonator. The variation of
the output intensity as a function of time will depend on the amplitude, frequency and phase
relationships of the oscillating modes. If there is nothing to fix these relationships they will all
vary randomly due to random fluctuations in the laser gain and the resulting output will vary
in an unpredictable way. If, on the other hand, the modes are forced to maintain equal
frequency spacings and fixed phase relationships the output of the laser as a function of time,
will vary in a well defined manner. Most commonly, the output under these conditions,
consists of a train of optical pulses separated by the period T = 2L/c, where L is the laser
cavity length. A laser operating under these conditions is said to be modelocked. Modelocking

makes it possible to generate pulses having durations less than 1013 s,

In the case of an ideal laser oscillating on a single longitudinal mode the signal amplitude,
phase and frequency are all constant in time. If only two modes oscillate the output intensity
will vary sinusoidally at a beat frequency equal to the difference between the frequencies of
the two modes. The visibility of the beat is 100% if the two modes have equal amplitudes and
decreases as the relative amplitudes change. For only two modes a change in the relative phase
will change the time origin of the peaks but not the appearance of the modebeat. Therefore,

modelocking is not a very meaningful concept for two modes.

The situation for three or more modes is more interesting. In fact just three modes which
are properly in phase can result in reasonably good modelocked pulses. In the case of N

oscillating modes, the optical field inside the resonator can be expressed as
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() = Z E, exp{i [a)n(t : ZE) + %]} (1.1)
n

where E,, ®, and ¢, are the amplitude, frequency and phase of the nth mode. If the mode

frequencies are equally spaced so that ®, = wg + nA® then
E(t) = exp{i ®o (t : ZE)} 2 E_ exp {i [n Aco(t - ZE) & %]}- 1.2)
n

If the ¢,,’s are constant (which can arbitrarily be set to zero) this equation represents a carrier
wave of frequency wg whose amplitude envelope consists of a single pulse in the period
T = 2n/Aw. The pulse width is given approximately by the reciprocal of the frequency range
over which the E, have an appreciable value, ie. T, ~ T/N where N is the number of
oscillating modes. The field inside the resonator now no longer consists of individual modes
but is expressed as a superposition of modes with fixed amplitudes, phases and frequencies,
ie. a modelocked field. The exact shape of the amplitude envelope is determined by the values
of the amplitudes and phases of the individual modes.

1.2.1 Active Modelocking

There are several different techniques which can be used to modelock a laser, but they can
be broadly categorised into two types - active and passive modelocking. In an actively
modelocked laser the mode coupling is achieved by placing an actively driven amplitude (or
phase) modulator inside the laser cavity and driving it at a frequency y, that closely matches
the resonator’s round trip frequency A or one of its harmonics. In an alternative scheme the
laser gain is modulated by pumping with a modelocked pump source and the laser is said to be

synchronously modelocked or synchronously pumped.

Modelocking can be modelled in either the time or frequency domain and both pictures are
entirely equivalent. Historically modelocking was first analysed in the frequency domain. In

this approach each oscillating cavity mode acquires sidebands at frequencies @, = n w, as a
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Loss

Time

Figure 1.1. Schematic diagram illustrating the time-domain description of active

modelocking.

result of the modulation, where my, is the modulation frequency. If w,, = Aw, the sidebands
will fall on or near to neighbouring axial modes. Each sideband will then tend to injection lock
the axial mode with which it is in resonance. Thus, the modulator will tend to couple together

the axial modes to one or more of their neighbours.

If there are a large number of oscillating modes, then it becomes easier to view the
modelocking process in the time-domain. If the cavity losses are modulated at ¢/2L or some
multiple of this round trip frequency, the light incident on the modulator at a particular time
always sees the same loss on each round trip. Only the light approaching the modulator when
its losses are close to their minimum value will see a net gain. Pulses tend to build up in the
low loss time positions. This situation is depicted in figure 1.1. As an alternative to amplitude
modulators, phase modulators may also be used to achieve modelocking. In this case light
passing through the modulator will be either up or down shifted in frequency except at the
times when the dielectric constant of the modulator is at its maximum or minimum value.

Since the modulator is again synchronised to the cavity round trip frequency most of the light
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will eventually be shifted outside the gain curve of the laser. In both the am and fm case, the
shorter the pulse becomes the less loss it experiences when passing through the modulator, at
least until it gets very short compared to the modulator period. At the same time the
necessarily wider spectrum may become so large that it approaches the amplification
bandwidth of the laser medium. The limiting pulse duration is thus a compromise between the

temporal narrowing in the modulator and the spectral narrowing in the gain.

The time domain approach was developed by Kuizenga and Siegmanl® for
homogeneously broadened lasers with active modulation. They assumed the existence of a
pulse and followed it for one round trip through all the elements within the cavity. The effect
of successive round trips on the pulse parameters could then be analysed. They assumed a
gaussian pulse shape for analytical simplicity and in fact this is quite an accurate description of
the pulse shape in real actively modelocked lasers. The transient build up of the modelocked
signal or the steady state form that the recirculating signal must take if it is to remain
unchanged and self consistent from one round trip to the next can be analysed using this
method. The results of the analysis will be quoted here and will be used in chapter 3 to
estimate the pulse durations from an acousto-optically modelocked Ti:AlyO5 laser. The
Kuizenga-Siegman theory states that the steady state pulse duration for a homogeneously

broadened laser which has been modelocked using an amplitude modulator is given by

Tpss = > (1.3)
n Am fm AL,

where g is the round trip saturated amplitude gain, A, is the peak to peak voltage modulation
index, fy, is the modulator frequency and Af,, is the atomic linewidth. From this equation it
can be seen that the pulse width depends primarily on 1/(f;, Af;)1/2. The modulation index is
proportional to P, 1/2 for frequency modulation and Py, for amplitude modulation, where P,

is the rf power applied to the modulator.

If the laser gain medium is inhomogeneously broadened, many longitudinal modes will
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Figure 1.2. Schematic diagram illustrating the energy balance maintained by the

active modulator in a modelocked, homogeneously broadened laser.

oscillate simultaneously provided the laser is far enough above threshold. In such a case the
modelocking element is required to lock together the phases of modes which are already
oscillating with random phases in the absence of any external modulation. The required
modulation strength is therefore relatively small. On the other hand, a strongly
homogeneously broadened laser will tend to oscillate on only a few axial modes so that the
modulator must play a stronger role in generating additional sidebands and in causing the laser
spectrum to spread out across the atomic linewidth. Now power must be continually
transferred from the high gain modes with frequencies near the centre of the atomic transition
to those of lower gain, ie. those that would not normally oscillate. This power is simply that
of the sidebands at ®g & nw, created by the modulation. The centremost modes have gains
slightly  greater than unity while those in the wings have gains slightly less than unity. A
steady state balance is maintained by the modulator in transferring power from the stronger
central modes to those in the wings. This situation is illustrated in figure 1.2. Generally, the
final pulse duration in an inhomogeneously broadened laser will be of the order of the
reciprocal of the gain bandwidth, ie. T, = 0.5/Afy where Afy is the Doppler broadened atomic
linewidth. In the homogeneous case the pulses generally do not reach this limit because of the
spectral narrowing in the gain medium. The final pulse width in this case (given by

equation 1.3) represents a balance between the spectral broadening produced by the

Rl
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modulator and the spectral narrowing in the gain which tends to push the laser towards the

cw, single mode state.

Hybrid modelocking is a combination of both active and passive modelocking. A
synchronously modelocked dye laser which also contains a saturable absorber is one example
of a hybridly modelocked system. In this case pulse repetition rate is still determined by the
active modulation but the influence of the weak saturable absorber assists with the pulse

shaping.
1.2.2 Passive Modelocking

The technique of passive modelocking provides an alternative approach to the generation
of ultrashort pulses. This type of operation has been observed in pulsed, Q-switched and cw
lasers. It has enabled the shortest pulses yet generated to be produced in certain cw
modelocked lasers. Passive modelocking can result when an element which is a purely
passive saturable absorber, ie. one where the absorption is constant at low optical intensities
but decreases (bleaches) at high intensities, is placed in the cavity. In passively modelocked
systems the modulation is produced by the modelocked pulses themselves, which means that
it is always synchronised to the circulating field within the cavity and can become stronger as
the pulses become shorter. As a result the pulses generated from passively modelocked lasers
tend to be shorter than those from the equivalent actively modelocked lasers. In spite of the
many difficulties involved in obtaining stable and reliable operation in cw systems they are

widely used in practice and have proved to be a very useful tool in many applications.

Passive modelocking is usually achieved with the use of organic dyes as the saturable
absorber. When pumping is first turned on, the population inversion increases until the gain
exceeds the total saturable and non-saturable losses and laser oscillation builds up from noise.
The most intense noise spike will grow to an intensity where it begins to saturate the loss in
the saturable absorber. As a result this noise spike then experiences less loss per round trip

than the rest of the noise and it can thus grow in preference to the rest of the signal. Under the
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proper conditions, which may be difficult to achieve in practice, a single noise pulse can be

selected and the resulting laser output is in the form of a sequence of short pulses.

Saturable absorbers can be classified into two types: fast and slow. A fast saturable
absorber is one whose absorption recovery time is much shorter than the pulse duration, in
which case the absorption saturates on the instantaneous intensity. The recovery time of a
slow saturable absorber is much longer than the pulse duration and so it saturates on the
integrated pulse intensity or pulse energy. Pulse shortening occurs in the fast saturable
absorber because the stronger central part of the pulse partially burns through the absorber and
is therefore transmitted with less attenuation than the weaker front and back portions which
are more strongly absorbed. Significant pulse shortening will occur only for a limited range of
pulse intensities. If the intensity is too weak, no saturation will occur, while if it is too strong
the whole pulse may burn through the absorption and in either case the pulse shortening
mechanism will be weakened. Passive modelocking with a slow saturable absorber can be
visualised in the following way. As in the case of the fast absorber the leading edge of the
pulse is attenuated in the medium. But once the absorber is bleached, which usually happens
before the back has been transmitted, the trailing edge of the pulse is passed virtually
unchanged. Thus, pulses generated with a slow saturable absorber should be asymmetrically

shaped with steeper leading edges.

In reality, slow saturable absorber modelocking does produce very short pulses which are
often approximately symmetric in shape. This happens because of the effects of dynamic gain
saturation on the evolution and maintenance of modelocked pulses. Although it will have
some effect in all modelocked lasers, its role is particularly important in the case of
modelocking using a slow saturable absorber. Initially the cavity losses are greater than the
gain so that the pulse sees a net loss and is attenuated. For stable modelocked operation, the
pulses must have sufficient energy to saturate the absorber down below the gain sometime
during their leading edge. At a slightly later time the pulse must also saturate the gain down

below the losses so that the trailing edge is also attenuated. This is depicted in figure 1.3.
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Figure 1.3. Schematic diagram showing the dynamic gain and absorber saturation

during a cavity period in a passively modelocked laser.

Partial saturation on both the leading and trailing edges of the pulse is thus highly desirable for
stable cw modelocking. The recovery of the absorber on each round trip to its initial pre-pulse
value is obviously necessary for stability so that there will not be a net gain prior to the arrival
of each pulse. For this same reason the gain must not completely recover between pulses. The

parameter ranges for stable passive modelocking are summarised in Table 1.1.

Passive modelocking in cw lasers, therefore, depends on a delicate interplay between the
laser parameters, particularly the pulse energy, the gain and absorber recovery times and their
saturation energies. Experiments and theory suggestl4 that the pulse intensity profiles from
passively modelocked lasers are approximately sech2. For successful passive modelocking,
the laser must be able to sustain pulses in the steady-state which are stable against slow, large
scale relaxation oscillations and which are capable of self-starting from noise or initial
fluctuations when the laser is switched on. The technique of slow saturable absorber

modelocking will be demonstrated experimentally in chapter 2.
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1.2.3 Coupled-cavity Modelocking.

More recently, a class of modelocked lasers which utilise nonlinear effects in an external
cavity have been developed. These are called coupled-cavity or additive-pulse modelocked
lasers. The first demonstration of this technique was the soliton laser discovered by
Mollenauer and Stolen2?, In this laser the formation of N=2 solitons in an external cavity was
thought to provided the pulse shortening mechanism, although it was later discovered that this
was not the case. Theory later suggested?1:22 and experiments verified22-24 that neither
soliton formation nor even anomalous dispersion were necessary to achieve pulse shortening.
In the generalised coupled-cavity laser a suitable nonlinear element is placed in the control
cavity, whose length is interferometrically matched to the main cavity so that interference
occurs between the pulses in both cavities. For a suitably chosen phase bias between both
resonators, the nonlinear phase shift which occurs in the external cavity can lead to pulse
shortening in the laser. The laser sees the external cavity as a termination which returns

shorter pulses than those incident upon it. This technique will be discussed further in

Fast saturable absorber Slow saturable absorber
IP)—I; <1 % > 1
Ty 2 T ~EL _,ALCA
A ApoL
%? >1 % <1

Table 1.1. Parameter ranges for stable passive modelocking. (Pp(a) (Ep(a)):
saturation power (energy) of gain (absorber) medium; Ty (a): relaxation time of laser

(absorber) transition; Tc: cavity relaxation time and Tg: resonator round trip time.)
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chapter 4. It has been suggested that the external cavity produces an effect similar to the fast
saturable absorber modelocking discussed above2S. Coupled-cavity modelocking has the
advantage of being applicable to many types of laser for which no suitable conventional

saturable absorbers can be found.
1.2.4 Self-modelocking

Recently it was discovered that a cw Ti:sapphire laser would self-modelock in the sense
that a modelocked output could be obtained with no obvious modelocking elements present
inside or outside the cavity26, This is an obviously attractive scheme because of its relative
simplicity and unrestricted tunability. Initial observations showed that picosecond pulses
could be generated from the basic laser configuration. With the inclusion of intracavity
dispersion compensation pulses as short as 60 fs could be obtained. In these lasers, the high
intracavity power and long gain medium imply that self-focusing effects must be considered in
the modelocked regime. This effect, in the presence of a suitably located intracavity aperture,
which may be provided by the spatial profile of the gain, can lead to an intensity dependent
transmission which again simulates the action of a fast saturable absorber. This modelocking
technique will be discussed more fully in chapter 5. In both the coupled-cavity and self-
modelocked Ti:Al,Oj3 lasers, the interaction between the SPM and GVD within the laser cavity
must also be considered and provides additional pulse shaping. These effects will be

discussed further in chapters 4 and 5.
1.3 Ultrashort Pulse Measurement

With the advent of passively modelocked lasers the direct combination of a photodiode
and oscilloscope was no longer adequate to temporally resolve the pulses generated. The
fastest optical detectors have response times ~10-11 s and so it is not possible to use them to
measure pulses shorter than a few tens of picoseconds. There are two important methods for
determining the duration of pulses shorter than ~10-11 s, Electron-optical streak cameras can

be used to measure pulses having duration ~10-12 s while autocorrelation techniques using
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Figure 1.4. Schematic diagram showing the construction of the collinear

autocorrelator,

some nonlinear material are used to measure pulses having durations <10-12 5. This latter
method uses some nonlinear property to obtain a spatial autocorrelation trace of the optical

intensity, rather than the actual pulse shape.
1.3.1 Autocorrelation Measurements

Pulsewidth measurement by autocorrelation is now most common using second-harmonic
generation (SHG) in a suitable nonlinear crystal. This method was first reported by Mirer et.
al.27 and immediately afterwards by Armstrong28 and Weber2?. Its success depends on the
instantaneous electronic mechanism underlying the SHG process together with the ability to

accurately measure length, so that the problem of measuring T, < 10-12 5 is transformed into

the relatively simple task of measuring the spatial extent of an autocorrelation trace of the order

of cTp < 0.3 mm.

A practical arrangement for a real time autocorrelator is illustrated schematically in
figure 1.4. (This design was used for the work described throughout this thesis.) The

incoming pulses pass through a Michelson interferometer before being focused in the SHG

e
5
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crystal. Suitable filters are used to prevent unwanted ambient lighting and unconverted
fundamental from entering the detector, which is usually a photomultiplier tube. One arm of
the interferometer has a delay, T, relative to the other. The second harmonic generated in the
crystal is incident on the slow detector (relative to the pulse duration) so that the output current
is integrated over a time long compared to the pulse duration. The optical delay in the
interferometer is varied by translating one of the retroreflecting mirrors about the point of
coincidence. This can easily be accomplished in real time by mounting the mirror on an audio
loudspeaker which scans at ~25 Hz. The resulting second harmonic signal consists of a
background level due to the separate signals from each arm of the Michelson, plus an
enhancement due to the spatial overlap of the pulse in the crystal. This enhancement, as a
function of the relative delay between the arms of the interferometer, represents the intensity

autocorrelation of the pulse.

An alternative arrangement of the autocorrelator produces background free autocorrelation
traces. In this configuration the two beams at the input to the crystal are not collinear and the
phase matching condition is such that second harmonic is generated only when both pulses are
present in the crystal. In both of these designs type I phase matching is used. A third type of
autocorrelator, which also produces background free traces, uses type II phase matching.
Here, both input beams are collinear and orthogonally polarised, so that the second harmonic

signal is again only generated when both beams are present.

In the absence of the SHG crystal the Michelson interferometer acts as a linear 1st order
autocorrelator. This device measures the autocorrelation function of the pulse amplitude which
is related to the power spectral density through its Fourier transform30. Thus, a Michelson
interferometer measures the coherence length or coherence time of a pulse and can only
provide information about the pulse duration for transform limited pulses. In this case the
normalised intensity detected at the output of the interferometer for a delay of T = 0 is unity
and is 0.5 for T » Tp- Hence the contrast ratio (the ratio between the peak and background

level of the autocorrelation signal) is 2:1.
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It is more useful to measure the second harmonic of the signal at the output of the
interferometer31, Under phase matched conditions the SHG output is proportional to the

fundamental field squared, ie.

Eou(tT) = |Eq(®) + Eg(t + T) exp(-iogt)|* (1.4)

The detector current is integrated and the terms with an @t dependence average to zero so that

i4() @ _[ st dt = w2e (1 + 26P() (1.5)
where W20 = [ E4() dt (1.6)

J E2(t) E2(t + 1) dt
and GP(r) = =—— 1.7

| B4 at

In this case ig(T)/W =3 when T =0 and when T » Tps ig(t)/W =1, so that the contrast
ratio is 3:1. Now the device measures the autocorrelation function of the pulse intensity so that
ig(t)/W as a function of T gives the time duration over which the energy of the pulse is
distributed, ie. the pulse duration. Note that since G(2)(1) is a symmetric function all

information about the pulse asymmetry is lost in the measurement.

Is is important to be able to distinguish between the different types of signal recorded by
the autocorrelator so that the quality of the modelocked output can be ascertained. Random
noise on top of a cw laser signal will appear as small bumps riding on an infinite background.
The width of the bumps is a measure of the temporal width of the fluctuations, while the
contrast ratio is a measure of the modulation depth where 100% modulation results in a
contrast ratio of 2:1. A narrow spike with a peak intensity of 3 units (a coherence spike) is

present in the centre of the autocorrelation function (T = 0), because even incoherent light is
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Figure 1.5. Schematic of ideal collinear SHG intensity autocorrelation traces for: (a)

cw radiation, (b) partially modelocked pulses and (c) modelocked pulses.

well correlated with itself. The width of the coherence spike is a measure of the coherence
time of the noise substructure. Any optical signal of finite duration results in an
autocorrelation function of finite width. If some fine structure is also present within the pulse
envelope, a narrow coherence spike will appear in the middle of the correlation function. Here
the contrast ratio is again 3:2:1. This type of trace is typical of partially modelocked lasers.
For fully modelocked pulses, the broad pedestal is shortened while the coherence spike is
broadened so that the profile approaches that of a clean pulse with no pedestal or spike. In this

case the contrast ratio is 3:1. These three situations are illustrated in figure 1.5.

If sufficient frequency response is available in the detection system so that the terms
containing an ® dependence are not averaged, then the detected signal is again given by
equation (1.5), but here the rapidly varying terms are resolved and a so called interferometric
or fringe-resolved autocorrelation function is recorded. The contrast ratio in this case is 8:1 for
fully modelocked pulses. The increased frequency response necessary to resolve the
interference fringes can be achieved by either decreasing the scanning frequency of the
loudspeaker or by impedance matching the photomultiplier tube and oscilloscope. For the
results presented in the bulk of this thesis, the detector was impedance matched using a simple

electronic circuit based on an AD711 operational amplifier. In this way, the recorded
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autocorrelation trace could simply be switched between interferometric and intensity as

required.

Interferometric autocorrelations are more sensitive to pulse shape than their intensity
counterparts, but more importantly various types of frequency chirp produce distinctive
patterns in the wings of the trace. Note that all information about the pulse asymmetry will still
be lost. For self-phase modulation induced chirp, the frequency sweep is largest over the
central part of the pulse and this is evident by a narrowing of the upper and lower envelopes in
the interferometric autocorrelation. However, since the front and rear of the pulse are still fully
coherent, the fringes remain visible in the wings as for unchirped pulses. In the case of linear
frequency chirp there is a loss of coherence between the front and back of the pulse due to the
large magnitude and opposite sign of the frequency shift in these regions. This results in a
corresponding loss of fringe visibility in the wings of the interferometric autocorrelation trace
and the profile approaches that of an intensity autocorrelation in the wings. Interferometric
autocorrelations are self calibrating since the separation between the fringes is equal to one
wavelength. But it is not trivial to infer a pulse duration from such a measurement because of
the effects of chirp on the width of the trace. Only in the absence of frequency chirp can such
measurements be made accurately. The intensity autocorrelation is much less sensitive to chirp

and thus provides a more accurate measurement of the pulse duration.

As mentioned above, it is the autocorrelation of the pulse intensity profile which is
recorded and not the actual intensity profile itself. In order to determine the true pulse duration
from the autocorrelation function, a knowledge of the pulse shape is required. It can be shown

that the pulse duration, At,, is related to the intensity autocorrelation width, At, by

AT
A’tp =1 (1.8)

where k is a constant which depends on the pulse shape3l. Table 1.2 shows the values of k
for some ideal pulse shapes. Determination of the shape of femtosecond pulses experimentally
requires the use of higher order autocorrelation or cross-correlation techniques. The former

require higher powers, while the latter have, until recently, required the use of complex
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computational methods to perform iteraﬁve fits to assumed pulse shapes. These techniques are
sensitive to measurement errors so that neither method is trivial. In practice one assumes an
ideal pulse shape which is probably quite accurate in reality. This can be cross checked from
the expected duration-bandwidth product, AT,Av, for un-chirped pulses of the assumed
shape. Values of AtpAv for the given pulse shapes are also shown in Table 1.2. If the pulses
are frequency chirped, the measured value for AT,Av will be larger than that expected for

transform limited pulses.

Recently, a relatively simple method for directly determining the amplitude and phase of
femtosecond pulses has been developed32. If the amplitude and phase of the pulse spectrum
can be measured, then the pulse shape can be retrieved by a simple Fourier transform. In this
system, the input pulse is split and one pulse is sent through a zero-dispersion pulse
compressor33 which consists of a diffraction grating, a lens and a retroreflecting mirror. In
addition, a slit aperture is placed directly in front of the mirror so that only a slice of the
spectrum is transmitted by the compressor. It has been shown34, that the output from such a
device is a broadened pulse which is temporally delayed by an amount equal to the phase
derivative of the sampled component of the pulse spectrum. This delay can be measured by
performing a simple crosscorrelation with the original, unfiltered reference pulse. Thus, the
dependence of the phase derivative with wavelength can be measured by scanning the slit

across the mirror. A standard monochromator and photodiode is used to determine the

Pulse intensity profile k At Av
Symmetric exponential 2.42 0.1420
Single-sided exponential 2.00 0.1103
Sech? 1.54 0.3148
Gaussian 1.41 0.4413
Square 1.00 0.8859

Table 1.2, Table showing the pulse duration correction factor, k and the transform

limited duration bandwidth product for different pulse shapes.

S
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wavelength being analysed as well as the optical power spectrum of the laser pulses. The
amplitude and phase of each component in the pulse spectrum can thus be determined and the
pulse shape can be calculated by performing a simple Fast Fourier Transform. This technique
does not require the assumption of an initial pulse shape anq can be performed with relatively
little computer time. The phase of the pulse is measured in the time domain using a standard
intensity crosscorrelation so that interferometric accuracy is not required. The system has
already been used to analyse the modelocked pulses from a CPM dye laser and should also

prove useful for studying the modelocked pulses produced from femtosecond solid-state

lasers such as Ti:AlyO3.

The temporal resolution of SHG autocorrelators is determined primarily by the phase-
matching bandwidth of the SHG crystal used. This is the difference in the phase velocities
between the fundamental and second harmonic signals resulting from the dispersion of the
nonlinear material and causes the two waves to walk away from one another as they travel
through the crystal. The effect is known as group-velocity mismatch (GVM) and means that
phase matching may not be achievable over the entire pulse bandwidth. The phase-matching
bandwidth for negative uniaxial crystals of length £ can be calculated from equation (1.9)
which was first derived by Miller33,

-1

A%, w % [% We20)©) -y L d%m] (1.9)
where A is the fundamental wavelength and the terms involving dn/dA are the relevant values
of dispersion for the ordinary and extraordinary waves at the appropriate wavelengths and
phase matching angle in the crystal. The GVM causes an effective frequency filter for the
second harmonic signal and leads to a broadening of the second harmonic pulse. The effects
of group velocity dispersion on the fundamental and second harmonic pulses are generally
much smaller and can be neglected. It has been shown that GVM does not significantly effect
the measured pulse durations provided the pulses are free from frequency chirp. If the pulses

are frequency chirped, the measured pulse durations may vary significantly from the true
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Figure 1.6. Schematic diagram of the Photochron IIC electron-optical streak

camera.

intensity autocorrelation width if the GVM is large and if the phase-matching is tuned away

from the peak of the pulse spectrum36,

Equation (1.9) can be used to ensure that the chosen nonlinear crystal has a sufficient
phase-matching bandwidth for the expected pulse durations. In the work described throughout
this thesis, a 350 um thick ADP crystal was used in the autocorrelator. This had a phase-
matching bandwidth of approximately 50 nm, which corresponded to a pulse duration of

~15 fs at 850 nm, assuming a sech? pulse shape. The shortest pulse durations measured in

the work described in this thesis were 2 40 fs, so that this effect could be neglected.

1.3.2 The Electron-optical Streak Camera

Electron-optical streak cameras can be used to measure events (pulses) which occur on a
picosecond timescale. A streak camera consists of six main parts: the photocathode, mesh
electrode, focusing electrodes, deflection electrodes, constant field drift region and phosphor
screen. The Photochron IIC streak camera37, which was used for most of the work
described in this thesis, is illustrated schematically in figure 1.6. In a practical arrangement,
light is imaged onto the photocathode by a 10 - 20 pm slit and the liberated photo-electrons

are accelerated to 5 - 10 keV by the mesh electrode. An inverting electrostatic lens structure
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images the photoelectrons onto the phosphor screen. The deflection structure allows the
electron beam to be ‘streaked’ across the phosphor so that the imaged intensity, which is
proportional to the incident electron number density and hence the incident light intensity,
provides a record of the pulse intensity at the photocathode as a function of time. Provided the

resolution is adequate, the streak camera can record the shape and duration of the event.

The temporal resolution of a streak camera is ultimately determined by the spread in
photoelectron energies liberated from the photocathode. This results in a spread in the transit
times and hence the arrival times of the photoelectrons at the deflection system and is referred
to as transit time dispersion. This effect can be reduced by the insertion of a mesh electrode
which enables a large field to be present at the photocathode surface resulting in rapid electron
acceleration, Operating close to the long wavelength end of the photocathode response also
reduces the transit time dispersion. The final resolution, therefore, depends on both the
photocathode material as well as the extraction field. Another factor governing the resolution
is microlensing in the photocathode due to the high localised photocurrents. This results in a
surface potential perturbation which causes defocusing. Microlensing is also caused by the
mesh apertures. The electron packet may become distorted in space due to the mutual
Coulomb repulsion between the individual electrons, which also leads to a reduction in the

final achievable resolution.

Streak cameras can be operated in two ways - single shot and synchronously scanned.
Synchronous operation is most useful for monitoring the pulses from cw modelocked lasers
which have a repetitive output. In this mode of operation, the deflection plates are driven with
a sinusoidal voltage which has a constant phase relationship with the periodic events to be
recorded. If only the central part of the sinusoid is used good streak linearity can be achieved.
For example, the central 1/6 of a sinusoid period is linear to within 5% so that a streak
linearity which is better than 5% over 1/10 of the deflection period can be obtained38. There
are two popular methods of deriving the deflection voltages necessary for the streak camera.

These are described as active and passive drives and are illustrated schematically in
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Figure 1.7. Diagram illustrating the two most common synchronisation schemes for
synchronous operation of an electron-optical streak camera: (a) passive

synchronisation and (b) active synchronisation.

figure 1.7. In the active scheme a tunnel diode circuit is designed to oscillate for a few
periods when triggered. Its oscillation frequency is adjusted to be an exact harmonic of the
laser output so that a photodiode repeatedly triggers the device into operation. A rf resonant
circuit is used to generate the large deflection voltage (~160 V per cm of deflection) required,
with modest rf powers. A third method is to drive the streak camera from a reference oscillator
to which the laser repetition frequency is locked. This method is discussed in more detail in

chapter 6.

Synchronous operation has a number of advantages associated with it. Synchronisation
between the deflection waveform and optical signal is always ensured. There is inherent signal
gain and signal averaging due to integration of many streaks on the phosphor screen, resulting
in improved signal to noise ratios and often, no image intensification is necessary. This also
results in high sensitivities and dynamic range (the useful input intensity range before

deterioration in temporal resolution becomes too large). The relatively low photocurrents

ERye
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required mean that space charge effects are minimised and hence optimum camera
performance can be achieved. Finally, the synchronous mode of operation provides a realtime
monitor and is therefore very attractive for following repetitive events. However, this mode of
operation is very sensitive to relative phase fluctuations between the rf voltage driving the
deflection system and the laser output, because the resulting streak smearing can seriously
degrade the achievable temporal resolution. Amplitude noise can be reduced using a limiter
and is less important because the image corresponds to the zero crossover point of the
sinusoid. In chapter 6, an experiment will be described which used a synchronously

operating streak camera to estimate the relative pulse timing jitter between two (synchronised)
self-modelocked Ti:AlyO3 lasers.

The readout device used with the streak camera is most commonly photographic film or an
optical multi-channel analyser. The resolution of this device should be better than that of the
camera/intensifier so as not to cause any image degradation. The final instrument resolution,

T, is given by

T = V(A2 + (Atg)? + (At))? (1.10)

where Aty is the technical limiting resolution given by

As _ minimum spatial width of image
Vg streak speed

(1.11)

The transit time dispersion is Aty and the actual pulse duration is Atp. A measured
synchroscan resolution of 0.93 ps has been achieved from a Photochron IV streak camera38,
The Photochron IIC tube used in this thesis had a measured synchroscan resolution

of 1.8 ps.
1.3.3 Spectral Measurements

Thus far techniques for measuring the durations of modelocked pulses have been

discussed. Of equal importance is the measurement of the modelocked pulse spectrum. A
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Figure 1.8. Schematic diagram showing the diagnostic equipment used to monitor

the modelocked laser pulses.

knowledge of the pulse bandwidth enables one to estimate the accuracy of the assumed pulse
shape used in the intensity autocorrelation measurement of the pulse duration. This is done by
comparing the measured duration-bandwidth product with the theoretically expected value.
Alternatively, the presence of frequency chirp on the pulses can be confirmed if the measured

duration-bandwidth product is larger than that expected.

The optical power spectrum can also give information about the quality of the modelocked
pulses from the laser. For example, the presence of narrow spikes superimposed on the broad
modelocked spectrum usually indicates the presence of a cw component within the laser
output. A modulation on the modelocked spectrum can indicate the presence of multipulsing.
Often these features are not evident from the autocorrelation or pulse sequence measurements
so that the frequency domain measurements provide essential additional information. Specific

examples of such states will be discussed in chapter 4.




Chapter 1: Introduction and Basic Theory 26

For the work described in this thesis, the spectrum of the laser was recorded using a
scanning monochromator (Applied Photophysics Model. f/3.4) which had a resolution of
approximately 1 nm. The laser spectrum was also monitored in realtime using a scanning
Fabry-Perot interferometer constructed using two plane-parallel 96% reflecting laser output
couplers and scanned by a sine wave generator and transformer. Alternatively, a linear CCD
array was placed at the back of the monochromator with the output slit fully open. Due to the
difficulty in accurately calibrating these real time devices they were only used as monitors and

not for measurement purposes.

The application of all these diagnostic systems in a modelocked laser experiment is

illustrated schematically in figure 1.8.
1.4 Pulse Propagation

In this section the effects of dispersion and nonlinearity on the propagation of short pulses
will be discussed. The concept of dispersion is introduced first and its effect on pulse
propagation in the absence of nonlinear effects is outlined. A scheme which can be used to
provide variable group-velocity dispersion (GVD) using a sequence of prisms is also
introduced. Pulse propagation in nonlinear media is discussed and the effects of self-focusing
and self-phase modulation (SPM) are outlined. The combined influence of GVD and SPM on
pulse propagation is discussed qualitatively. Finally, pulse compression is outlined, with
particular emphasis on techniques which operate in the normal dispersion region of optical
fibres. Simple conditions, which allow the optimisation of such pulse compressors are

quoted.
1.4.1 Pulse Propagation in Dispersive Media

The concept of dispersion describes how the speed of light in a substance varies with the
wavelength. When electromagnetic waves interact with a material, the medium’s response is a
function of the optical frequency. This phenomena is referred to as chromatic dispersion and

manifests itself in the frequency dependence of the refractive index, n = n{w). For most
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glasses in the visible region of the spectrum, n(A) and dn/dA increase as A decreases and this
behaviour has been referred to as normal dispersion, so that blue light travels more slowly and
bends more on refraction than red light. However, in the region of a resonance in the material,
n(A) and dn/dA can increase as A increases and the dispersion in this region is said to be
anomalous.The first successful attempt to represent n(A) mathematically was the Cauchy
equation

B C
n(A) = A+7L2+7L4 + e (1.12)
where A, B, C, etc. are characteristic constants of the material. The Cauchy equation is an

empirical formula. This equation provides reasonably accurate values for the refractive index

of many optical glasses at wavelengths below 1 pm.

In the region beyond 1 um, the measured values of n(A) deviate from those predicted by
the Cauchy equation. As the wavelength approaches a resonance the values of n(A) decrease
more rapidly than those predicted by equations of this form. Further more, on the long
wavelength side of the absorption n(A) is large and decreases with increasing wavelength.
Further away from the resonance, the Cauchy equation is again satisfied with different
characteristic constants. A more successful mathematical representation was provided by the
Sellmeier equation, which has the form

m

Ag A2 A A2 A; A2
2 - 0 1 o AT
n%(A) = 1+x2-xg+x2-x%+ ...... =1+ E YRV (1.13)

1

where the A; are the wavelengths of the materials resonances and the A; are dependent on the
strengths of these resonances. The sum is performed over all the resonances near the
frequency range of interest. The Sellmeier equation provides a good approximation of n(A)
provided A is not too near a resonance. Equations of this form have been used throughout the
work described in this thesis to estimate the refractive index and its derivatives for many of the

materials used.




Chapter 1: Introduction and Basic Theory 28

The magnitude and nature of the dispersion plays a critical role in the propagation of
ulﬂasﬁort pulses through dispersive media because the different spectral components of the
pulse will travel at different speeds given by ¢/n(A) and pulse broadening (or pulse
shortening) may occur. Soliton propagation is a well known process in optical fibres where a
positive index nonlinearity (n = ng + nyl: ny > 0) together with anomalous dispersion
(d2n/dA2 < 0) leads to pulse shapes which are periodic functions of distance in the absence
of attenuation. Similar conditions, ie. the presence of nonlinearities and/or dispersion, exist in

laser cavities and so the quality of the modelocked output will depend on these effects.

It is important to be able to carefully design laser resonators in which the effects of
dispersion are known and/or controlled. This can be achieved relatively easily by including a
prism sequence such as that shown in figure 1.9, in the cavity. This can provide easily
adjustable dispersion with a relatively low insertion loss. Mathematically, the effects of
dispersion are taken into account by expanding the propagation constant, 3, in a Taylor series

about the centre frequency, ®y.
« 1 2.1 3
Blw) = T n(@) = Bo+B1 (@ —wg) +2 Bp (0~ 02 +3 B3 (@ - ) + ... (1.14)

n
where B, = 2—9- (1.15)

on ® =g
For most purposes the terms in 33 and higher are small and can be neglected.

Recall that the phase velocity, vy, is the velocity of propagation of a region of constant
phase (eg. a wave crest). In dispersive media the phase velocity varies with wavelength so

that the individual frequency components within an optical pulse travel at different speeds.

The wave packet will progress at the group velocity, vy = dw/dP and will, therefore, change

its form as it propagates. The terms in equation (1.14) can be identified as follows3?. The

phase velocity vy is related to By by

Wy
By = Blwy) = Vo (1.16)
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The group velocity is related to By and is given by

By = VL (1.17)
:4
B 1 dn 1 dn n
h e —_— = - - K O = _g 1.18
where B4 =55 (n + d(:)) 2 (n dk) - (1.18)

and ny is the group index. The terms in B, and higher are responsible for pulse broadening. In

particular, 3, represents the group velocity dispersion (GVD) and is given by

d 1
= — 1.19
B2 w7 (vg(m)) (1.19)
A8 1/, dn d2n A3 d2n
Ol s i & 1.2
dw? c( do e dcﬂ) 2nc2 dA2 (120)

The quantity B, is often used as a measure of the dispersion of an optical system, For fused
silica, the term B, = 0 at a wavelength of approximately 1.27 um. This wavelength is often
referred to as the ‘zero dispersion wavelength’, Ap. The dispersion is not really zero, even
when A = Ap, because the higher order terms in equation (1.14) then become significant and

must be taken into account. The term B3 is given by
a2 /1 1(, d’n d3n A d2n d3n
i 20Y o= lg + ® = - 3 + A 1.21
Ps = 32 (5) C( do? d(o3) 42 c3 ( A2 d}é’) e

An alternative quantity, which is often used in engineering literature to measure dispersion, is

the dispersion parameter D, which is related to B, by

2y o i (1.22)

In the normal dispersion region B, >0 (D <0), while 3 <0 (D > 0) for anomalous
dispersion. GVD for which B, > 0 is also referred to as positive GVD and similarly, GVD
for which B, < 0 is referred to as negative GVD. The parameter, D, is sometimes referred to

as the group delay dispersion (GDD).
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Adjustable slit

Figure 1.9. Schematic diagram illustrating the four prism sequence used to provide

variable intra or extracavity group-velocity dispersion.

When calculating the dispersion in optical fibres one must also take account of the
waveguiding nature of the structure, which results in an additional waveguide contribution to
the total dispersion. This results from the fact that the effective mode-index is slightly lower
than the material index n{w), with the reduction being ®w dependent also. The total dispersion

is the sum of the material contribution and the waveguide contribution. Generally, the

waveguide contribution shifts Ap to a slightly longer wavelength. Provided one is far enough

away from Ap) the waveguide dispersion can be ignored. Because the waveguide dispersion

depends on the design parameters of the fibre, such as the core radius and the core-cladding

index difference, it is possible to shift Ap in the fibre to wavelengths in the vicinity of

1.55 um where the fibre loss is also at a minimum. Such dispersion shifted fibres have

obvious applications in optical communications.

The prism sequence shown in figure 1.9 can be used to provide variable dispersion which
is easily adjustable from negative, through zero, to positive values. It has reasonably low
insertion loss because all the prisms are oriented at the Brewster angle and can, therefore, be

easily incorporated into a laser cavity to provide tunable intracavity GVD.

If the optical path length through the prism sequence is P(®) = [ n(x) dx, the dispersion

constant in the medium is given by

1
TPk (1.23)
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where T is the time taken for the light to travel a length L corresponding to the physical length

of the light path P. For a single pass of the prism sequence illustrated in figure 1.9, it can be

shown that40
2
L 4/ d B & 2n - l )2] sin@ - 2 (d'")z cose} (1.24)
da2
. d?P _  [d?n 1 ydn ; dn
ie. w = 4[_d7&2 + (Zn s Idld“)z] [smG-SG;f LcosO (1.25)

If, as is often the case, 6 is of the order of the angular deviation of the ray bundle, then
cosO = 1 and (sin® ~ the spot size = 2 mm. Although the material dispersion of the
prisms is positive (red travels faster than blue), for sufficiently large £ equation (1.25) shows
that d2P/dA2 will be negative and the shorter wavelength components will traverse the prism

sequence more quickly than the longer ones, so that the effect is to provide overall negative

GVD.

By using equations (1.22) and (1.23), the total value of d2P/dA2 for the material
dispersion of the prisms and other elements in the optical path can be calculated. Then, using
equation (1.25), the required value of {can be chosen to provide the optimum dispersion for
the laser. Such calculations have been used throughout this thesis in chapters 2, 4 and 5 to
estimate values of 3, for various laser configurations having either intracavity or extracavity

prism sequences.

The effect of dispersion on an optical pulse depends on the sign of the GVD and on
whether or not the pulse has an initial frequency chirp#l, The simplest case occurs when the
initial pulse is bandwidth-limited. As a result of the GVD, the different frequency components

of the pulse travel at slightly different speeds, with the longer wavelength components

travelling faster than the shorter ones if B, > 0. Since the pulse can maintain its width only if
all the spectral components arrive together, pulse broadening will occur if B, # 0, as a result
of the time delay in the arrival of the different frequencies. The broadened pulse also develops

a linear frequency chirp as a result of the redistribution of the different frequency components




Chapter 1: Introduction and Basic Theory 32

within the pulse envelope. In the case where 3, > 0, the instantaneous frequency increases

linearly from the front to the back of the pulse and this is referred to as positive or up-chirp.

A pulse which is initially unchirped will broaden with increased propagation distance
irrespective of the sign of ,. However, if the pulse has an initial frequency chirp then it may
broaden or shorten with distance depending on the type of dispersion and chirp. The
frequency chirp can be characterised by the chirp parameter C, where C > 0 for up-chirp and
C < 0 for down-chirp. The behaviour of the pulse is then determined by whether B,C is
positive or negative. If $,C > 0 then the pulse will broaden monotonically with distance, but
if BoC <0 the pulse will initially narrow before broadening again. This is because in this
case, the initial chirp is of the opposite sign to the dispersion induced chirp so that the two
initially cancel. After some distance, a minimum pulse duration is reached when the chirp
cancellation is complete. With further propagation, the dispersion induced chirp begins to

dominate so that the pulse broadens again as before.

This behaviour can be understood as follows. For example, in the presence of normal
dispersion, the longer wavelength components travel faster than the shorter wavelength ones.
If the pulse is initially down-chirped, then the faster red shifted components will be at the rear
of the pulse while the slower blue shifted components are at the front. Thus, the trailing edge
of the pulse can catch up with the leading edge and the pulse gets shorter as it propagates
along in the dispersive medium. The shortest pulse is obtained when the front of the pulse is
delayed by just the right amount so that the back has almost caught up. Further propagation
causes pulse broadening again, as the faster travelling red shifted spectral components over

take the slower blue shifted ones and move towards the leading edge of the pulse.

For linear dispersive systems, a useful parameter is the so called dispersion length, Lp,
which is given by

2 72

k T

|132|

Lp = (1.26)
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where 7, is the FWHM pulse duration and k is a parameter which equals 0.601 for gaussian
pulses and 0.567 for sech? pulses. Ly is the length after which an initially unchirped gaussian
pulse has broadened by a factor of 2.

In summary, pulse propagation through a dispersive system will either cause an increase
or a decrease in the initial pulse duration depending on the sign of the dispersion, the initial
frequency chirp of the pulse and the propagation distance. The pulse acquires a linear

frequency chirp, but the spectral width remains unchanged.
1.4.2 Pulse Propagation in Nonlinear Media

So far the effects of the nonlinear response of the medium through which the pulse travels
have been ignored. These will briefly be considered here in isolation, before discussing pulse
propagation in nonlinear and dispersive media. The discussion will be restricted to the optical
Kerr effect as this is by far the most important nonlinear effect for ultrashort pulse propagation

in low-loss dielectric materials.

The response of any dielectric material to light becomes nonlinear for sufficiently intense
electromagnetic fields. This is due to the anharmonic motion of the bound electrons under the
influence of the intense applied field. The induced macroscopic polarisation, p, is no longer a
linear function of the applied field and can be expressed in a somewhat simplified, but general

form, as

P= ESOX(B)E“ 1.27)
n

The linear term X(;), is related to the material refractive index in the usual manner so that
n= Re[ \J 1+ Xy I The X) term is responsible for processes such as second harmonic

generation, but is non-zero only in materials which have noncentrosymmetric crystal
structures. In contrast, the X3y term is present in all materials. For consistency, the effect of
the X3) term can be expressed as a nonlinear refractive index so that the total refractive index

of the material is given by
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n = ng+npl (1.28)

ie. the material refractive index is intensity dependent. This effect is commonly referred to as

the optical Kerr effect. In silica the nonlinear index has a value ny ~ 3x10-16 cm2W-1,

This effect is responsible for the so called self-focusing of optical beams42. If the beam
has a smooth intensity profile which increases towards the centre, then it will induce a higher
value of refractive index in the centre than at the edges provided ny > 0. The medium will
thus behave as a positive lens. If the focusing effect of this induced lens is sufficiently strong,
so that diffraction effects can be overcome, the beam will begin to be focused within the
material. The decrease in the spot size will cause a corresponding increase in the intensity and
also in the strength of the self-focusing. It can be shown that if the beam power exceeds a
certain critical value, the beam will continue to be focused in a runaway fashion. This critical
power level represents the power at which the self-focusing effects just balance the diffraction
spreading. Propagation at the critical power leads to the self-trapping effect when the spot size

does not change with distance.

Real laser beams do not have perfectly smooth spatial intensity profiles. Self-focusing can
lead to the exponential growth with distance, of any small intensity fluctuations in the
transverse beam profile. The spatial variation in intensity produces a corresponding variation
in the transverse refractive index profile, ie. a refractive index grating is induced. The
resulting diffraction of the beam by this grating occurs in exactly such a way as to enhance the

initial intensity fluctuations with propagation distance.

These effects can cause catastrophic damage and must be considered whenever high
power optical beams propagate through materials, At the very least, the beam profile will be
severely distorted. Self-focusing will be discussed further in chapter 5 with reference to pulse
propagation within the gain medium of a self-modelocked Ti:AlO4 laser. In this case dynamic
self-focusing effects can be exploited to provide fast temporal amplitude modulation which

can assist in the formation and maintenance of the modelocked pulses.
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Another important effect resulting from the optical Kerr effect is known as self-phase
modulation (SPM)43:44 and is the time domain equivalent of the spatial effects just described.
The phase of an optical signal will change by an amount ¢ = 2wnL/A after it has travelled a
distance L in a medium of refractive index, n. The intensity varies with time during a pulse so
that the instantaneous refractive index and hence, the phase shift which the pulse experiences,

will also vary with time. The resulting intensity dependent phase shift is given by

2nny L1
ONL =——;:-2—— (1.29)

Since ¢ny_ is a function of time, the instantaneous optical frequency shift is given by

s = - 2L _ﬂiz&g}{ (1.30)
If ny > 0, this SPM will cause a decrease in the instantaneous optical frequency during the
leading edge of the pulse and an increase during the trailing edge. For gaussian or sech?
pulses the chirp is linear and positive over the central region of the pulse. In general, since 8w
is proportional to dI/dt, the extent and shape of the frequency chirp will depend on the exact
pulse shape. In the absence of dispersion, the pulse shape will remain unchanged but the
pulse spectrum will broaden and the pulse will become frequency chirped in the way just
described.

The equivalent length scale to Lp for nonlinear pulse propagation is the nonlinear length,

Ly, defined as follows

c A 1
LNL . = (1.31)
ny oo Py ¥ Py

where P is the peak pulse power, A is the beam cross-sectional area and vy is a nonlinearity
coefficient. Thus, Ly, is the propagation distance at which Q% = YPoz = 1. If pulse
propagation in optical fibres is being considered, the mode field radius should be used to

calculate the area, A, in equation (1.31). If the propagation medium is lossy then the
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propagation distance, z, is replaced by an effective propagation distance which is reduced by

an amount depending on the magnitude of the attenuation.

Dispersive and nonlinear effects both cause frequency chirping of the propagating pulses
and so it is evident that the combined effects of SPM and GVD must be taken into account
when considering pulse evolution in nonlinear and dispersive media. The ratio, Lp/Ly,
provides a useful parameter to classify the propagation regime in terms of which effect, if any,
will dominate and is given by

N2 = 1D _ YPo (k T,)?2
S

(1.32)

The interaction is quite complicated and must be expressed in terms of the wave equation
describing the propagation of electromagnetic waves in dielectrics. The effects of GVD, SPM
and attenuation are included through the expression for the induced macroscopic polarisation
in the medium. The resulting nonlinear partial differential equation must, in general, be solved
numerically for the particular case under study. While the exact solutions depend on the

particular situation, some general trends can be identified.

The effect of SPM is to generate new frequency components which are red shifted at the
leading edge and blue shifted at the trailing edge of the pulse (for ny > 0). In the normal
dispersion regime (3, > 0), the addition of SPM leads to enhanced pulse broadening because
the red shifted spectral components at the leading edge of the pulse travel more quickly than
the blue shifted frequencies in the rear of the pulse. In contrast, the broader pulse means that
the SPM is reduced and ¢y, is less than that which would occur in the absence of GVD. Even
if Lp/Lyg, » 1, the GVD cannot be neglected because the SPM induced frequency chirp
means that even a small amount of dispersion can lead to considerable pulse shaping.
Numerical simulations show that for normal dispersion, the pulses become nearly rectangular
in shape and have an almost linear frequency chirp over their entire width45, This behaviour

has important consequences for pulse compression which will be discussed in section 1.4.3.




Chapter 1: Introduction and Basic Theory 37

In the anomalous dispersion region (7 < 0), the situation is quite different. Now the
frequency chirp contributions from SPM and GVD oppose one another. In optical fibres, this
leads to the evolution and propagation of solitons#6 when the pulse shape adjusts itself to
make the chirp cancellation as complete as possible and the GVD and SPM cooperate to

maintain a chirp-free pulse.

Pulse propagation in optical fibres, when the fibre loss is ignored, can be described by the
nonlinear Schrédinger equation (NLSE)47. This equation has a special set of solutions in the
anomalous dispersion region, which correspond to optical solitons. In general, solitons are
waves that can propagate over long distances without distortion. Solving the NLSE shows
that optical solitons have a sech? intensity profile. Pulses of this form can propagate for
arbitrarily long distances either without change in shape for the fundamental soliton, or with

periodic shape changes for higher order solitons.

This behaviour can be understood qualitatively by considering the interplay between SPM
and GVD with distance along the fibre. The effect of SPM is to generate a positive frequency
chirp over the pulse with corresponding spectral broadening. However, since the dispersion is
anomalous, its effect is to decrease the duration of the positively chirped pulse, at least over
the central linearly chirped section. In the case of the fundamental soliton, where
N =/ m = 1, the GVD and SPM balance each other so that neither the pulse spectrum
nor the shape changes with distance. For higher order solitons, where N > 1, the effect of
SPM dominates at first but GVD becomes increasingly important as the propagation distance

increases. In the light of the periodic evolution of higher order solitons, a useful parameter is

the soliton period zg, which is defined as follows

(W3-p|)_2 (1.33)
2

This is the distance after which a higher order soliton will have recovered its original shape.

Soliton propagation in optical fibres has not been studied in this thesis because the

operating wavelengths of the lasers were < 1 um so that pulse propagation always occurred
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in the normal dispersion region. However similar conditions to those necessary for soliton
propagation (negative GVD and SPM) can occur at these wavelengths inside laser cavities
which have net negative GVD produced by a prism sequence such as that discussed earlier. In
such lasers, soliton-like pulse shaping can occur with the interaction of intracavity negative
GVD and SPM. These processes are particularly important for sub-100 fs pulses. The
nonlinear propagation of pulses in dispersive media are important in solid-state modelocked
lasers such as Ti:Al,O3, where the relatively long gain medium and high intracavity powers
lead to significant amounts of SPM. This will be demonstrated for a modelocked Ti:Al,O3
laser in chapters 4 and 5 where it it is ultimately these effects that determine the final pulse

durations generated.
1.4.3 Pulse Compression

Pulse compression techniques are an important application of nonlinear and dispersive
effects in optical fibres. They have enabled pulses as short as 6 fs to be generated48 - the
shortest optical pulses ever reported which were only six optical cycles in length. There are
two possible schemes for pulse compression depending on the wavelength region of interest -
fibre-grating/prism pulse compressors which use fibres in the normal dispersion region
followed by a grating or prism sequence providing negative GVD and soliton effect
compressors which use higher order solitons supported in the anomalous dispersion region of

optical fibres.

The basic idea for pulse compression was borrowed from chirp radar where microwave
pulses having an initial frequency chirp were passed through a dispersive delay line. As
outlined above, a linear dispersive medium will impose a linear frequency chirp on pulses
propagating through it. If the product of the chirp parameter and the GVD parameter,
B,C <0, then the dispersion induced chirp will tend to cancel the initial chirp and a shorter

pulse can be obtained at the output of the delay line. For maximum effect the input pulse
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Figure 1.10. Schematic diagram of the diffraction-grating pair used for extracavity

pulse compression.

should be linearly chirped so that the GVD (which also produces a linear chirp) can provide
complete cancellation. The delay line must be constructed so that this cancellation occurs at its

output.

The first experiments, which involved compression of inherently chirped pulses, used the
dispersion provided by liquids or solids or by a grating pair49:50, In 1969 it was suggested
that the nonlinear process of SPM could be used for pulse compressionS1, but the idea was
not demonstratedS2 until single mode optical fibres became available in the 1980’s. In the
fibre grating compressor the combined action of SPM and GVD in the fibre provides a nearly
linear positive frequency chirp on the pulse and a grating pair then provides the required
negative GVD. In soliton compression schemes only a single length of fibre is used. The
pulse propagates in the anomalous dispersion regime and is compressed through the interplay
of SPM and GVD which leads to soliton formation and pulse compression under the proper
conditions. The compression results from the initial narrowing phase through which all higher
order solitons go before the initial shape is restored after one soliton period. It is the peak

power that determines the soliton order and hence the final compression factor.

Soliton effect compressors are only effective in the anomalous dispersion region where
solitons can be propagated. Fibre grating compressors can be used in the normal dispersion

region and will now be considered in more detail. The different spectral components of a
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pulse incident on a diffraction grating will be diffracted at slightly different angles and as a
result will experience different time delays during their passage through a grating pair. The
blue shifted components arrive before the red ones and so the trailing edge of a positively

chirped pulse can catch up with the leading edge as it travels through the grating pair.

Referring to figure 1.10, it can be shown that for first order diffraction, the angle of

diffraction from the normal to the grating is given by

: 2nc
sin@; = foa sin6; (1.34)

where A is the grating period, ie. the line spacing and 6, is the angle of incidence. The time
delay for propagation through the gratings is

l(w) _ doc

ta®) = < do

(1.35)

where 1(w) is the optical path length and ¢(w) is the phase shift acquired by light of frequency
. This phase shift can be expanded as a Taylor series about . The second order coefficient

in this expansion is given by41

4nZch
g =l (1.36)
waA“cosbig
where 0y is given by equation (1.34) with ® = wg and where by = dg secOy is the centre-

to-centre grating spacing. The grating pair produces a negative phase shift which corresponds

to an anomalous dispersion with an effective GVD parameter given by

BT = %ﬁ (1.37)

Grating pairs have a few disadvantages associated with them. The output puises are
spatially dispersed so that the output beam is elliptical in shape, however, a double pass
configuration can be used to remedy this problem and double the available GVD. Also,
because most gratings are only 60 - 80% reflective in the first order there is a factor of two

reduction in the energy throughput of a grating pair and a factor of four for a double pass
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configuration. Alternatively, a Gires-Tournois interferometer or a prism sequence can be used
which generally have much smaller losses. The GVD provided by a prism sequences is,
however, much smaller so that larger separations are required - often by two orders of
magnitude. High dispersion materials such as TeO,33 or ZnSe54 and high dispersion
configurations may be used to make the separation more convenient, but these have

correspondingly higher third order dispersion.

To get the best performance from a compressor it is important to be able to estimate the
optimum fibre length and grating separation required to produce high quality output pulses
with maximum compression for a given set of input pulse parameters. The fibre grating
compressor can be modelled by numerically solving the wave equation governing pulse
propagation in the fibre in the presence of GVD and SPM. The output pulse obtained from
this analysis is then used as the input to the grating pair. The parameter a, given by
equation (1.36) can be adjusted to obtain the optimum pulse compression, ie. the peak power

at the output is maximised.

The results show that the SPM induced frequency chirp in the absence of GVD, is linear
only over the central portion of the pulse so that only this part can be properly compressed. A
significant amount of energy remains in the wings so that the resulting pulses are not of a high
quality. Fortunately SPM in the presence of GVD, broadens and reshapes the pulse to become
nearly rectangular with a nearly linear frequency sweep across its entire width. The gratings or
prisms can therefore compress most of the energy into a short pulse, but the benefits of
improvéd quality are only achieved at the expense of reduced compression at a given value of

input peak power.

The results of the simulations suggest some simple design rules for optimising the

performance of the pulse compressorS5, These can be expressed mathematically as follows

1.6
Ezzgt = 3 (1.38)
%‘% . (1.39)
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1 1 1.6

o (1.40)
where zpy is the optimum fibre length to just linearise the SPM induced chirp, 7; and T, are
the full widths at half maximum intensity of the input and compressed pulses respectively and
F, is the compression factor. The parameters, zj and N, are those already identified for soliton
propagation. The soliton period, z, also has an useful interpretation in the normal dispersion

region - it is the length at which the initial pulse width has nearly doubled in the absence of

SPMS5,

The factor of 1.6 is dependent on the input pulse shape being sech? and is slightly
different for other pulse shapes, however if N 2 10 this slight difference can be ignored.
These equations also assume unchirped input pulses, but again provided N > 10, the effects
of chirp are typically less than 10% on the final pulse shapes. The effects of higher-order

nonlinearity and dispersion have also been neglected, which provides an accurate

approximation provided A® « ®g. The results have been shown to be fairly accurate for

Tp 2 200 fs. Further, if T, < 100 fs, the gratings no longer act as quadratic compressors

and the cubic phase terms become importantS6, It is also worth noting that the pulse energies

in the fibre should be kept below the Raman thresholdS7.
1.5 Conclusions

This chapter has presented a brief historical introduction to lasers and has summarised the
work to be presented in the remainder of this thesis. An overview of the most important
modelocking techniques has also been given. The methods for pulse width measurement used
throughout the work to be described have also been outlined and their advantages and
limitations have been pointed out. A brief discussion of pulse propagation in nonlinear and
dispersive media has been presented along with an introduction to pulse compression
techniques. The relatively high peak intensities and short durations of the modelocked pulses

generated in the laser systems to be described, require that these effects be considered if a
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complete understanding of the modelocked operation is to be reached and if optimised

performance is to be achieved.
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Chapter 2
The LiF:F; Colour-centre Laser

2.1 Introduction

Colour-centre defects in various alkali-halide compounds provide the basis for a very
useful class of laser - the so-called colour-centre laser. These lasers cover the very important
wavelength range extending from 0.8 um to 4.0 um by utilising various colour centres in
about a dozen different hosts. The applications of such lasers are, therefore, numerous,
spanning many areas of science and technology such as molecular spectroscopy, chemical
dynamics, pollution detection, fibre-optic communications and narrow band-gap
semiconductor spectroscopy. Colour-centre lasers are most often optically pumped by a
krypton-ion or Nd:YAG laser and can provide a few Watts of output power. Their solid-state
nature, together with a homogeneously broadened linewidth, mean that they can be operated
either as a single frequency or an ultrashort pulse source. In the former case the laser
linewidth can be of the order of a few kHz, while in the latter the pulse durations can be of the
order of 100 fs.

This chapter begins with a brief summary of some of the relevant physics of colour
centres, together with laser crystal production and handling methods. The design of the
colour-centre laser used in this work is then described. This was based on the F; centre in
lithium fluoride (LiF). It will be shown that the laser could be operated in the wavelength
range extending from 820 nm to 1000 nm, with average output powers as high as 400 mW.
With adequate cryogenic cooling at liquid nitrogen temperature (77 K), a useful operating
lifetime of approximately 200 hrs could be obtained from a single crystal. In the absence of
this low temperature operation, the crystal lifetime was reduced to just over 2 hrs. The
technique of passive modelocking using a slow saturable absorber dye will also be discussed
and results will be presented showing how this scheme was applied to the laser operating in

the 925 - 950 nm wavelength range. Pulses having durations of 170 fs were generated with
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average powers of approximately 10 mW and peak powers of ~700 W. The technique of
intracavit)" dispersion compensation was applied in a colliding pulse modelocked geometry,
resulting in pulses having durations as short as 127 fs with an average power of
approximately 7 mW per output beam. Finally, the application of a coupled-cavity scheme to
the passively modelocked laser will be described. This enabled the tuning range of the
modelocked laser to be extended to ~900 nm and also permitted extended operating intervals

between saturable absorber dye changes.
2.2 The Physics of Colour Centres

Colour centres are point defects in a crystal lattice. The most important types, as far as
laser physics is concerned, are electronic defects, which consist of one or more electrons
trapped at an ionic vacancy, or a combination of an ionic vacancy and an adjacent impurity ion
in the latticel. They are present in many crystalline solids including the alkali-halides, where
their presence results in the otherwise transparent crystal becoming coloured, hence the term
‘colour centre’2. It is in some of these alkali-halide hosts that the laser active colour centres
are found, although there have also been reports of laser oscillation from colour centres in
diamond3 and calcium oxide?. The alkali-halides have a large forbidden energy gap of the
order of 10 eV between conduction and valence band so that they are transparent in the
absence of colour-centre defects. Melting points of less than 1000°C enable large, single
crystals of high optical quality to be grown relatively easilyl. Nearly all alkali-halides have a
face-centred-cubic lattice structure where each ion is surrounded by six nearest neighbours of

opposite chargel.

The simplest colour centre is the F-centre which consists of a single electron bound to the
effective positive charge of an anion vacancy. Although not laser active itself, the F-centre
provides a useful starting point for understanding the spectroscopy of colour centres in
general, and in particular, the physics of the more complicated laser active colour centres. The

F-centre can be modelled in terms of a simple three-dimensional square well potential




Chapter 2: The LiF:F; Colour-centre Laser 48

ﬁ 3Dn

T— 2So E ‘
2P1t ?
* 3Dc
2
2Pc
\ 3
#
1Sc LIPSy
Normal . Relaxed
configuration configuration

Figure 2.1. Energy level diagram and configuration-coordinate diagram for the F;

colour centre in LiF.

extending over the range of the vacancy together with a connecting Coulomb potential in the

region beyond, which increases towards the conduction band®.

The colour centre responsible for laser action in the LiF laser studied in this thesis was the

F; type. This consists of two adjacent anion vacancies lying along the <110> direction in the
crystal lattice and sharing a single trapped electronS, This can be modelled as a hydrogenic
molecular ion (H;) embedded in an infinite dielectric medium of dielectric constant k - the
dielectric constant of the host crystal7. Provided the interactions with the phonon field of the
crystal lattice are taken into account, this model is quite successful in explaining the observed
absorption and emission spectra. The colour centre will be influenced by the local crystal field
in which it is situated and its equilibrium position will therefore be partly determined by its
electronic charge distribution which is in turn dependent on the electronic energy state
occupied. The result is a displacement of the equilibrium position after the centre is excited,

which can be illustrated using a configuration coordinate diagram. The Stokes shift is just
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Figure 2.2. Absorption and emission spectra for the F; colour centre in LiF. (Taken

from reference 8.)

large enough that the resulting broad emission and absorption bands do not overlap. The

energy levels2 and configuration-coordinate diagram8 for the F; colour centre are shown in
figure 2.1. The centre shows two strong transitions: the 1s5 - 2ps in the infra-red (having
an oscillator strength of ~0.2) and the 1s4 - 2p,; transition in the visible (with an oscillator
strength of ~0.5). The visible transition is not useful for laser action as it is strongly quenched
by non-radiative transitions to the 2py level at temperatures above 50 K. Figure 2.2
illustrates the absorption and emission spectra associated with the infra-red transition of the F;
centre in LiF8. Note that the absorption is well suited to optical pumping with the 647 and
676 nm lines of a krypton-ion laser. Generally, there is a strong scaling of the transition

energies in these colour centres with the dielectric constant of the host, and as a result the

wavelength range of lasers based on F; centres covers 0.8 - 2.2 um.
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The laser cycle can be described as follows. Firstly, absorption of the pump radiation
excites the colour centres into the excited state as illustrated by transition 1 in figure 2.1.
Configurational relaxation to the upper laser level follows with the emission of phonons to the
crystal lattice on a timescale of ~10-13 s, This is represented by transition 2 in the figure.
Optical emission follows, ideally by stimulated emission in the presence of the laser field,
back to the lower electronic state, as shown in the diagram by transition 3. Finally,
configurational relaxation again occurs back to the ground state with a further emission of
phonons. The configurational relaxations occur so fast, relative to the optical
absorption/emission processes, that virtually all the excited centres end up in the upper laser
level where they can contribute to laser action. Also, following photon emission, the lower
laser level is de-populated quickly so that the population inversion is not reduced. Thus, an
almost ideal four-level laser transition results. Some of the relevant properties of the F; centre

in LiF are given in Table 2.1.

The F; centre has a number of properties that make it a potentially excellent laser
material2, The absorption and emission cross-sections are relatively large with ¢ ~10-16 cm2,
allowing efficient absorption of the pump radiation and large single-pass gains in millimetre

thick crystals having only modest centre concentrations (~3x1017 cm-3). The quantum

Property Value
Aabs (PK) 645 nm
Aemis (PK) 910 nm
Ahemis 0.2eV
centre orientation <110>
Trad 29 ns
o 1 x 10-16 cm?
n 1.39
n ~1

Table 2.1. Some properties of the F; centre in LiF.
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efficiency of the transition is 100% and is independent of the temperature allowing for low
laser thresholds. Higher lying excited states are sufficiently distant that there is little possibility
of self-absorption within the laser tuning band. The absorption and emission bands are
homogeneously broadened so that all the centres can contribute energy to a given laser mode
and will be equally well excited by the given pump laser wavelength within the absorption
band. Since the absorption and emission bands do not overlap the laser light is not reabsorbed

by centres in the ground state.

In summary, the F;_' centre can be characterised as follows: the absorption and emission
process is homogeneous (phonon broadened). A Stokes shift results due to the energy lost to
the phonon field, so that the absorption band is at shorter wavelengths than the emission band
and the two do not overlap. Finally, the configurational relaxation occurs so fast that an

almost ideal four-level laser transition resuits.
2.3 Production of Colour-centre Crystals

Colour centres are most frequently created in alkali-halide crystals using one of three
techniques. Additive colouration? occurs when the alkali-halide is heated to a temperature
which is 50 - 100°C below its melting point, in the metal (or halogen vapour) atmosphere of
its constituent atoms. This leads to a change of stoichiometry of the crystal where the opposite
constituent to that in the vapour atmosphere diffuses out of the crystal leaving an excess of the
other. The resulting anion vacancies form F-centres. This method of colouration is preferred
because it produces long-lived colour centres - to destroy them would require the removal of

the excess ions created during the colouration.

Electrolytic colouration!? occurs when the alkali-halide crystal is subjected to an electric
field of several hundred volts per centimetre at a temperature which is again just below its
melting point. The temperature must be high enough so that sufficient thermal vacancies are
created to permit electrolytic conduction. During this process, an F-centre cloud appears at the

pointed cathode and slowly spreads through the crystal.
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Colouration by radiation damage!l is by far the most versatile method of creating colour
centres in alkali-halides. It is also the most practical method for producing F; colour centres.
High energy electron beams are the preferred form of ionizing radiation because the available
intensities allow short exposure times and the penetration depth is large enough to permit
millimetre thick crystals to be processed. The incident electrons can produce a large number of
defects of various kinds, the stability of which depends on the purity of the crystal, the
temperature, the radiation dose and the optical conditions prevalent at the time. Under the
conditions used in colour-centre crystal production, the radiation pulse leads to the formation
of F-centres and empty anion vacancies. The crystals also contain a high concentration of deep
electron traps, formed as a result of radiation products, or which were already present in the
form of intentional dopants. Upon warming the crystal up to room temperature, the vacancies
become highly mobile and are eventually trapped by F-centres to complete the F; centre
formation process. In practice, suitably polished alkali-halide crystals are placed in a sealed
alumininum foil wrapping and irradiated with an electron beam having an energy in the
1 - 1.5 MeV range. The crystals are cooled to <-100°C in a stream of dry nitrogen gas or
liquid nitrogen during the irradiation process. Typically electron currents of 2 - 10 HA cm2

are used and exposure times range from 5 - 20 minutes.

A laser medium based on the F, colour centre suffers from two serious drawbacks.

Firstly, it exhibits a slow fading with extended operation and secondly, the crystal must
always be maintained at cryogenic temperatures. The fading occurs because the intense optical
fields of the pump laser can cause a multiphoton excitation into the 2p,, state from where the
colour centre decays via a non-radiative transition and accompanying reorientation into one of
five other possible directions in the lattice. This reduces the efficiency of excitation of the
centres by the polarised pump source, but more importantly, after many such reorientations
the centre has taken a random walk through the crystal lattice. If, during this walk, the centre
encounters another colour centre or impurity ion, it may react with it to form another non-laser

active complex. Migration of the colour centre can also result if there is sufficient optical or
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Figure 2.3. Schématic diagram of the colour-centre laser cryostat.

thermal excitation to cause a neighbouring anion to tunnel into one of the vacancies. Similarly,

an electron may tunnel into the F; centre from a neighbouring electron trap transforming it

into an F, centre.

Cold storage can minimise the occurrences of these detrimental processes. It also
minimises the annihilation of the colour centres with other radiation by-products such as

interstitials, which also take place at elevated temperatures through thermal motion. Provided

care is taken to prevent these thermal and optical instabilities, lasers based on the F; colour

centre can be a practical reality.
2.4 Design Considerations for Colour-centre Lasers

The most significant problem to be overcome when designing a colour-centre laser system
is the requirement that the crystal be kept at cryogenic temperatures. This can only be achieved
by enclosing the laser material in a liquid nitrogen cooled cryostat. The experiments that will

be described in this chapter were performed using the laser cryostat shown schematically in
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figure 2.3. This design allowed maximum flexibility for cavity configuration because only the
colour centre crystal was housed within the evacuated chamber. This was in contrast to
commercially available systems in which the focusing optics were also housed within the
cryostat!2:13, so that only one cavity configuration was available and which provided only

limited adjustment to the cavity alignment once the crystal was loaded.

The cryostat shown in the figure had a number of important features. Liquid nitrogen
flowed directly to the back of the crystal mounting block which allowed efficient removal of
heat from the colour centre crystal and provided rapid and accurate control of the crystal
temperature. This temperature could be regulated by varying the flow of nitrogen to the block
by means of the needle valve shown. The crystal temperature was monitored using a platinum
resistance thermometer housed within the crystal holder. Liquid nitrogen was supplied from a
five litre capacity dewar which sat to the rear of and above the crystal chamber. This dewar
also had an internal platinum resistance thermometer which acted as a liquid nitrogen level
sensor. An electrical heater was installed in the crystal mounting block which allowed rapid
warm-up times to be realised once the nitrogen supply had been shut of at the needle valve.
This enabled the time required for a crystal change to be cut from more than twelve hours, as
was required for previous designs, to just thirty minutes. Separate vacuum chambers for the
crystal and main dewar meant that the entire cryostat did not have to be warmed up to room
temperature each time a crystal was changed. These two chambers could be linked once the
crystal was loaded. The main dewar contained three adsorption pumps which helped to

maintain the ultra-high vacuum necessary to provide good thermal isolation.

The colour-centre crystal was housed in its own evacuated chamber as described above.
Optical access was provided via. two Brewster-angled windows on either side. The crystal
was also mounted at the Brewster angle. A bellows assembly allowed horizontal movement of
the crystal position within the cavity when the entire cryostat was under vacuum. The whole
assembly was mounted on adjustable feet which allowed vertical positioning of the crystal

within the laser cavity.
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Figure 2.4. Three-mirror cavity configuration for the LiF laser.

To obtain oscillation in colour centre lasers, a population inversion of the order of
1016 ¢m-311 jg required. This condition can easily be met using optical pumping schemes.
The required pump intensity (in the 1 kW cm-2 region!!) can readily be achieved if a three-
mirror cavity such as the type previously designed for dye lasers is used. In such a scheme,
illustrated in figure 2.4, the laser gain medium is placed at the position of the cavity beam
waist and the pump laser beam is also focused into the same region. However, unlike the dye
laser equivalent, a separate pump focusing mirror cannot be used because even a small angle
between the cavity and pump modes (as little as 5°) results in less than 20% overlap of the two
beams in a 2 mm thick crystal. Rather, collinear or quasi-collinear pumping schemes are
used. A typical 2 mm thick colour-centre crystal absorbs ~80% of the pump radiation. The
cavity losses are minimised at the laser wavelength by orienting all the intracavity transmissive
elements at the Brewster angle. In this colour-centre laser the cryostat windows and the output

coupler were wedged (approximately 40°) to minimise etalon effects within the cavity.

The laser cavity was astigmatically compensated as described by Kogelnik et. al.14, The
refractive indices for LiF and for the fused quartz (Suprasil) windows were taken as 1.39 and
1.45 respectively. The window material was chosen because of its high transmission in the

near-infrared spectral region. The windows and the crystal both had a thickness of 2 mm.
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Using the notation of reference 14, with R; =5 cm, Ry = 10 cm and R3 = oo, the angle

for astigmatic compensation was calculated to be 20 = 26°.

2.5 Characterisation of the cw LiF:F§ Colour-centre Laser

The three-mirror cavity used for the cw colour centre laser was similar to that illustrated in
figure 2.4. This cavity had an intracavity fused silica prism, P;, placed before the output
coupler, M3, to restrict the laser bandwidth and to provide a means of tuning the laser. A
further extracavity prism, P,, was placed on the other side of the output coupler to recollimate
the spectrally dispersed output. Alternatively, a dielectric tuning wedge was used. This had
the advantage of providing an output which was not spectrally dispersed, but it was not
designed for the wavelength range covered by this laser and resulted in a higher intracavity

loss which compromised performance.

The pump beam from the Kr-ion laser was directed into the cavity via the periscope and
the steering mirror My. The periscope was used to rotate the plane of polarisation of the pump
from vertical to horizontal in order to match the lowest loss polarisation of the colour centre
cavity. It also lowered the optical height of the pump beam to 12.5 cm above the table top
which matched the height of the optical axis of the LiF laser. The colour-centre cavity mirrors,
M; and My, had broadband multilayer dielectric coatings and were highly reflecting over the
820 - 970 nm wavelength range, with radii of curvature of 5 cm and 10 cm respectively.
The mirror My, was of a multistack construction so that it was also highly reflecting over the
630 - 750 nm range. In this way it could be used as a pump beam focusing mirror,
providing an almost collinear pumping arrangement. Since dielectric mirrors can be a source
of dispersion for ultrashort pulses, the shorter wavelength stack was deposited on the bottom.
Three output couplers were available having transmissions of approximately 3%, 10% and
20% over a similar near-infrared wavelength range. The 20% transmitting mirror was concave

with a radius of curvature of ~1.6 m while the other optics were plane.

The pump laser was a Spectra-Physics 171 krypton-ion system which was specified to

give 4.6 W when oscillating on the 647.1 and 676.4 nm lines. However, due to an ageing
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plasma tube the maximum output was restricted to 2.8 W during the course of this work. The
laser construction was similar to that of the argon-ion laser, but the critical dependence of the
output power on the plasma pressure required the use of a gas pressure control which could
pump gas into and out of the tube to maintain its pressure at predetermined optimised values.
The pump beam was chopped with a 1:10 duty cycle in order to prevent rapid crystal fading

due to thermal ionization of electron traps caused by local heating.

The LiF crystals used were obtained from British Drug Houses (BDH) or Rank-Hilger
(RaHi) and coloured by electron bombardment. They had dimensions of 10 X 10 X 2 mm
and were cleaved and polished along the <100> crystal axis. Colouration was carried out at a
temperature of 77 K, using 1.5 MeV electrons produced by a van de Graaf accelerator. The
exposure time was three minutes and five seconds with a total electron current of 2.6 pA and
a current density of 0.5 A cm-2. The crystals were subsequently stored at 77 K until
required. Before loading into the cryostat, the crystals were brought up to room temperature.
They were removed from the sealed aluminium foil packing and wrapped in indium foil,
which provided a good thermal contact with the crystal holder, before being placed into the
crystal chamber. Good thermal contact between the crystal holder and the cold finger was
ensured by using cryogenic grease on the dove-tail mount. The chamber was then evacuated
énd cooled. The whole process, which took about ten minutes, allowed sufficient annealing
time at room temperature for the frozen F-centres and anion vacancies to migrate within the

crystal and combine to form the required F; centres. This process was accompanied by a

gradual dark blue colouring of the crystal.

With the colour-centre crystal loaded, the cryostat was suitably positioned on the optical
table, taking care to ensure that the folding angle was correct for astigmatic compensation. The
feet were adjusted so that the cryostat was level and the centre of the aperture in the crystal
holder was 12.5 cm above the table top. With the Kr* laser power reduced to a safe level, the
periscope and steering mirror, My, were adjusted so that the pump beam was also level at

12.5 cm. The focusing mirror, M,, was placed approximately in position, 5 cm from the
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Figure 2.5. Plot showing cw l_,iF:FiL laser performance for three different output

couplers.

crystal, and the pump beam directed through the cryostat so that it also passed through the
crystal. The mirror, M, could then be positioned using the pump as a guide. The cavity
focusing then had to be optimised. The pump power was increased to maximum and with M
blocked using a piece of card, the fluorescence collected from the crystal by M, was observed
at infinity (ie. the other end of the optical table), using an infra-red viewer (FJW Industries
Find-r-Scope). The distance of M, from the crystal was adjusted to obtain a collimated beam.
Next M was unblocked and the procedure was repeated for the fluorescence fed back through
the crystal from this mirror. With M; slightly misaligned the two fluorescence spots were
distinctly visible. With the two spots overlapped the output coupler, M3, was positioned on
the table and oriented so that the fluorescence was reflected back along the cavity axis. By
placing a piece of white card in front of the output coupler it was possible to observe the
fluorescence transmitted by this mirror after one and many cavity round trips. By overlapping
these spots using the output coupler and making small adjustments to the folding mirrors the

laser could be aligned and threshold reached. Once laser oscillation had been achieved, the
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Figure 2.6. Tuning curves for the LiF :FiL laser with (a) a 3% output coupler and (b)

a 20% output coupler.

alignment was optimised for maximum power output using a photodiode, amplifier and

oscilloscope.

With the 3% transmitting output coupler the minimum laser threshold was ~140 mW and
the average output power at threshold was ~40 mW. The average output power was estimated
by multiplying the measured output power by the duty cycle of the chopper - 1:10 in this case.

These measurements were taken using a Photon Control Model 11A power meter. For a pump
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power of 1.5 W the laser was tunable from 817 nm to 1000 nm. The upper and lower ends
of this tuning range were limited by the reflectivity of the double stack focusing mirror, My.
In figure 2.5 a graph showing more typical data for the variation of output power with input
power is presented for the 3%, 10% and 20% transmitting output couplers. The graph in
figure 2.6 (a) illustrates the laser’s tuning range for the 3% output coupler and 1.5 W pump
power, while figure 2.6 (b) shows the tuning range for the 20% transmitting mirror. In this

latter case the laser tuned from 860 nm to 970 nm.

It is interesting to note that the threshold for the 20% output coupler was lower than that
for the 10% mirror. This would not normally be expected, but in this case the 20%
transmitting mirror was concave with R = 1.6 m which resulted in better mode matching in
the gain and hence a lower threshold. It can be shown that, provided the losses are small, the

output intensity of a laser oscillator is given by the following expressionl8

Tou = g2 - 1] 225t @.1)

where Pp, is the pump power, Py, is the threshold pump power, J; is the exponential output
coupling factor (8,=T for 8.«1 where T is the transmission of the output coupler) and Iy, is
the saturation intensity of the gain medium. If we assume that the gain recovery time is

approximately equal to the radiating lifetime, then we can simplify the equation and write

T

h
Pout~ [Pp - Pen] h—“’@ T 2.2)

where T + L is the total cavity losses and ®;, and ®, are the pump and laser frequencies
respectively. If we also assume a pump wavelength of 647 nm, with 80% absorption and
apply this equation to the data in figure 2.5 we can calculate L for the different laser
configurations. The results suggest that L = 18% for the 3% output coupler and about 30%
for the laser configurations with the 10% and 20% output couplers. These large values are

probably due to the fact that the results were taken using relatively old crystals which were
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also quite lossy. The predicted threshold for the 3% case was 215 mW. In fact, thresholds as
low as 140 mW have been measured for new crystals.

The threshold pump power density required for laser oscillation can also be predicted

using basic theory. It is given approximately by the following expression for a homogeneous

laserls
(En) L 87 Nop @p % BA® B 2.3)
Vih  mp ANp @ Ypg A3 P Pm

where Ny, is the population of the upper laser level at threshold, ANy, is the population
inversion at threshold, MpYrag/Y2 is the fluorescence quantum efficiency, Aw is the gain
linewidth and 8.=T+L is the total cavity loss. If we assume a pump beam waist of ~20 pum
and 80% absorption of the pump radiation, the calculated threshold pump power is ~250 mW

if we use the value for §; calculated above. This is reasonably close to the 230 mW threshold
observed experimentally. For smaller losses of < 10%, say, which would be expected with a

new crystal, the calculated threshold is £ 150 mW which also agrees reasonably well with

the experimentally measured values for such crystals11;16,

The fading behaviour of the colour-centre crystals was also studied by shutting off the
nitrogen flow to the cold finger and monitoring the crystal temperature and output power as a
function of time for a constant incident pump power. The results are presented graphically in
figure 2.7 for a cavity having a 20% output coupler. It is evident that the output power
decreased steadily from the time the nitrogen was shut off until laser oscillation ceased
altogether after approximately 135 minutes. The results presented were for an unchopped
pump beam, but the effect of chopping was merely to decrease the rate of decay and slow
down the eventual destruction of the laser active colour centres. These effects can be explained
by the thermal ionization of electron traps together with centre migration and annihilation that

can occur at higher temperatures as discussed previously. Thus, as the crystal heated up, the

laser active F; centres were eventually destroyed, reducing the output power until insufficient
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Figure 2.7. Crystal temperature (squares) and average laser output power (circles)

as a function of time. (No liquid nitrogen flow to coldfinger.)

gain remained for laser oscillation. Typically, the cooled crystals had useful lifetimes of
~200 hrs, but obviously low pump powers and output coupling (higher intracavity powers
and hence effectively shorter lifetimes for the relaxed excited state) would extend the crystal

life.

2.6 The Passively Modelocked LiF:F; Laser

Passive modelocking!5 has been mentioned briefly in chapter 1. In this section a passively
modelocked cw LiF colour-centre laser will be discussed1?. Passive saturable absorber
modelocking provides a convenient technique for the generation of ultrashort pulses and has
enabled the shortest pulses to be generated from dye laser systems. In the experiments
described here, the saturable absorber used was an organic dye known as 1-diethyl-2, 13-
acetoxy-1, 2-quintotetracarbocyanine perchlorate, or DaQTeC for short18, Since dyes such as

these have absorption recovery times of the order of several nanoseconds, and the
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Figure 2.8. Schematic diagram of the six-mirror cavity used for the passively
modelocked LiF:F; laser.

experimentally measured pulses had durations of a few hundred femtoseconds, it can be

concluded that the dye was operating as a slow saturable absorber19:20,

Initially a linear, six-mirror cavity configuration having a second folded section was used
as illustrated in figure 2.8. Mirrors, My and M3, had 10 cm radii of curvature while the
mirrors forming the second folded section, M4 and M5, both had 5 cm radii of curvature. The
laser oscillating bandwidth was controlled by means of the prism, P, and the output coupler,
Mg, transmitted 3% of the intracavity intensity. The cavity period was ~12 ns. A fast flowing
jet of ethelyne glycol (~20 ms-1) having an estimated thickness of 65 m was positioned at
the Brewster angle near the waist of the second folded section. The folding angle was kept as
small as possible to minimise astigmatism. The dye was dissolved in a small quantity of
ethanol before being added to the ethelyne glycol solvent in a container which was immersed
in a temperature controlled water bath. Typical dye concentrations of ~10-5 mo)/l were used.
The measured dependence of the small signal absorption with wavelength for a ~10-3 mol/l

solution of DaQTeC is presented in figure 2.9.
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Figure 2.9. Measured small signal absorption for saturable absorber DaQTeC.
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Figure 2.10. Intensity autocorrelation trace and associated pulse spectrum for the

passively modelocked colour-centre laser.

In this configuration the laser threshold was approximately 2 W. The pump beam was
chopped with a duty cycle of 1:10 and for a pump power of 2.8 W the average output power
was ~10 mW with the saturable absorber jet flowing. Modelocked operation could be
achieved for wavelengths ranging from 924 nm to 946 nm with the shortest pulses being
generated around 930 nm. The pulse durations were determined using a second harmonic

generation collinear autocorrelator similar to that described in chapter 1. The stability of the
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Figure 2.11. Oscillogram showing the modelocked laser output. The duration of

the pulse train corresponds to the pump beam chopping window.

modelocked output was monitored using a fast photodiode (Telefunken BPW 28) and an
oscilloscope having a bandwidth of 400 MHz. The modelocked spectrum was recorded with

a 25 cm monochromator (Applied Photophysics f/3.4) and linear CCD array.

An intensity autocorrelation trace for the shortest pulses, having durations of 170 fs if
sech? intensity profiles are assumed, is shown in figure 2.10, together with the associated
pulse spectrum. The measured spectral bandwidth of 6.25 nm implied a duration-bandwidth
product for the modelocked pulses of AT,Av = 0.38. This was not much larger than the
theoretical limit of 0.32 for transform limited pulses, but nevertheless suggested that a small
amount of frequency chirp was present. The oscillogram in figure 2.11 shows the stability of
the modelocked output where the pulse train lasts for the duration of the open window in the
chopped pump beam. The shortest pulses were generated for dye concentrations of 6 - 10 x
10-5 mol/l. The plot in figure 2.12 illustrates the variation of pulse duration with dye

concentration taken at ~930 nm.

It was expected that a ring cavity configuration might improve both the pulse duration and
stability of the modelocked laser by exploiting the technique of colliding pulse modelocking

(CPM)21, which has been extensively used in cw modelocked dye lasers. The basic principle
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Figure 2.12. Plot showing the variation of the modelocked pulse duration with

wavelength for the passively modelocked LiF laser.

involved in the CPM laser is that the modelocked pulses ‘collide’ with one another in the
saturable absorber. These overlapping pulses interfere producing a transient standing-wave
grating in the optical field, and consequently a transient grating in the population inversion of
the absorber molecules. This has the effect of coupling the two pulses together - the envelope
of one pulse is diminished by scattering into the oppositely travelling wave and vice versa. In
general, it is the ratio of the optical field intensity which saturates the absorber to that which
saturates the gain that determines the relative stability and duration of the modelocked output.
This was summarised in the so called ‘S’-parameter!?, where S = Eo/E, = k(Ag 0,)/(A, Gy),
which should be greater than about 2 in order to ensure stable modelocking!9:20, Here k is
the ‘collision parameter’ and has a value between 1 and 2. (Note that in all the experiments
described here the choice of R = 10 cm for the gain, and R = 5 cm for the absorber
focusing mirrors helped ensure that S > 2.) In the case of CPM, this ratio is increased
because both counter-propagating pulses are present in the absorber together, while only one
passes through the gain at any time and also because there is an additional enhancement due to

the coherent interaction in the absorber.
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Figure 2.13. Schematic diagram showing the cavity configuration for the LiF CPM

laser.

A measure of the efficiency of the modelocking process is given by the ‘pulse shortening
velocity’ (PSV), which is defined as the percentage change in pulse duration per round trip,
and is independent, to a large extent, of the pulse shape?2. To increase the PSV one should:
increase S by proper choice of dye for the wavelength range of interest, by making the ratio
Ag/A, as large as possible and by reducing the linear loss and increasing the saturable
absorption. The CPM action can lead to an increase of the PSV by a factor of between 7 and 8
and can decrease the pulse duration by a factor of 2 to 3. It is theoretically equivalent to

increasing the saturable absorber cross-section.

The ring cavity was constructed by suitably changing the angles of mirrors M; and Mg as
illustrated in figure 2.13. The gain and absorber sections were separated by approximately
one quarter of the cavity length to ensure that the gain had recovered equally for each of the
counter-propagating pulses. This ensured that the pulses colliding in the absorber had
approximately equal amplitudes. Pulse synchronism in the absorber is assured because this
results in minimum energy loss to the absorber. This is because the maxima of the optical field

standing-wave pattern coincides with the minima of the grating induced in the population of
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Figure 2.14. Intensity autocorrelation trace and associated pulse spectrum for the

CPM colour-centre laser.

the absorber molecules and vice versa. In this configuration the cavity period was increased
slightly to ~13 ns. The dye concentration which produced the shortest pulses was between 8
and 10 X 104 mol/l. The pump power was approximately 2.5 W (chopped with a duty
cycle of 1:10) which resulted in an average output power of ~6 mW per beam. Wavelength
control was provided using a birefringent filter having a thickness of 0.84 mm. The shortest
pulses generated had durations of 130 fs at wavelengths around 930 nm. Intensity
autocorrelation and spectral data for such pulses are presented in figure 2.14. The bandwidth
of AA =7.0 nm implied a duration-bandwidth product of AT,Av = 0.32 suggesting that the
pulses were free from frequency chirp. The dye concentration was 9.95 X 104 mol/l. The
data plotted in figure 2.15 show how the pulse duration varied with dye concentration for the
ring cavity. Tuning curves for the modelocked ring laser are shown in figure 2.16 for three
different dye concentrations. It is apparent that the approximate tuning range of this laser
covered the 924 - 950 nm spectral region which was similar to that for the linear

configuration.

It was possible to obtain unidirectional operation of the ring laser for a certain cavity

alignment even in the absence of any additional intra or extra-cavity elements. Interestingly,
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Figure 2.15. Graph showing the variation of the modelocked pulse duration verses

saturable absorber dye concentration for the LiF CPM colour-centre laser.
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varied with
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Figure 2.17. Intensity autocorrelation trace of the modelocked pulses from the

modelocked unidirectional ring laser.

the pulse durations remained the same as for bi-directional operation, as illustrated by the
intensity autocorrelation shown in figure 2.17. This suggested that the CPM mechanism was
not contributing to the pulse shortening process. The predicted enhancement in pulse
shortening due to the colliding pulses assumes that the pulse widths are long compared with
the dye jet thickness?2, Otherwise the enhanced absorber saturation only occurs over a limited
portion of the dye jet. The width of a 130 fs pulse is approximately 40 pm which is already
smaller than the 65 um thick dye jet. It is, therefore, to be expected that the contribution to
pulse shortening from the coherent interaction in the absorber would be minimal. However,
the CPM configuration did serve to stabilise the laser output?l. Similar effects to these have

been observed in CPM dye lasers.

It has been suggested that the effects of intracavity self-phase modulation (SPM) and
group-velocity dispersion (GVD) become increasingly important in lasers generating pulses
with durations $100 fs23 and for the shortest pulses, have a decisive influence on the pulse
shortening process24. This has been demonstrated experimentally where lasers generating the

shortest pulses depend on compensation of second order dispersive effects. It has also been
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suggested that a proper balance of SPM and GVD can lead to additional pulse shortening over
and above that produced by the passive modulator in the absence of nonlinear and dispersive
effects. This additional pulse shaping has been attributed to effects similar to soliton formation

in optical fibres and could result in a decrease in pulse duration by a further factor of two?23,

There are several potential sources of frequency chirp and GVD within the colour-centre
laser cavity. The most obvious are the material dispersion due to the laser gain medium,
cryostat windows and other intracavity elements. Off-resonant transitions in both the absorber
and gain media also lead to frequency chirped pulses. The fast optical Kerr effect in the
ethelyne glycol jet produces a positive up-chirp where the pulse carrier frequency increases
from the front of the pulse to the back. Multiple-stack dielectric mirrors which are commonly
used as laser mirrors can also lead to dispersive pulse broadening. It has been shown?6 that
within the mirror reflectivity zone there are two regions of differing phase behaviour which
are situated almost symmetrically about the central wavelength of the mirror coating. In one
region the phase is almost constant and the dispersion is consequently low, where-as the other
region exhibits high dispersion. If the wave is primarily reflected from the outer layers of the
coating the resulting dispersion will be small. But if the reflection is primarily from the inner
layers the wave must also pass twice through the outer layers and the resulting dispersion will
be greater. Thus, mirrors which are to be used in modelocked lasers should always be used in
the low dispersion side of their reflectivity region. No information was available for the

mirrors used in the modelocked LiF:F; laser and so it was not possible to predict their

dispersion characteristics.

For the modelocked operation described here the absorber saturation occurred on the short
wavelength side of the resonance, while the gain saturation occurred on the long wavelength
side of its resonance. These off resonant transitions can also cause the modelocked pulses to
become frequency chirped27:28, For passively modelocked dye and colour-centre lasers the
pulse energies are often larger than the saturation energy of the saturable absorber. This means

that the frequency chirp from this source will occur on the leading edge of the pulses. In the
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Figure 2.18. Schematic diagram showing the cavity configuration of the dispersion

compensated CPM colour-centre laser.

present case, this would result in a down-chirp at the leading edge and an up-chirp over the
central part of the pulse. However, these effects are not likely to be significant in this
particular case because the laser operated at a wavelength which was relatively near the
absorber and gain peak. Since these chirping processes are sensitively dependent on the pulse
shape and duration, as well as the energy in the pulse relative to the saturation energy of the
gain and absorber and the operating wavelength relative to the absorber and gain peak, the

exact nature of the resulting frequency chirp can only be estimated in broad qualitative terms.

The effects of dispersion and frequency chirp can be exploited by introducing additional
GVD of the correct sign and magnitude into the laser cavity. For this reason it was decided to
introduce a four-prism sequence into the ring cavity to provide the necessary dispersion
compensation. The cavity configuration including the prism sequence is shown in
figure 2.18. The technique of dispersion compensation using prisms?? has been discussed in

chapter 1. The values for n(}), dn/dA and d2n/dA? were calculated using a computer program
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Figure 2.19. Intensity autocorrelation trace and associated pulse spectrum for the

dispersion compensated, CPM colour-centre laser.

which fitted tabulated refractive index data to a Sellmeier expansion. The appropriate values
for LiF and fused silica (SiOy) are listed in Table 2.2. Using these values the dispersion due
to the various intracavity elements was calculated. It was estimated that the value of (Lf3;) for
a single pass of the LiF crystal was ~30 fs2 while that for both the Suprasil windows was
~116 fs2. Assuming that the intracavity beam also propagated through ~3 mm of glass in
each prism, the material dispersion due to the four prisms was estimated to be 346 fs2, Using

equation 1.25 it was calculated that for a prism separation of /= 340 mm, the dispersion

parameter, D, would be positive and the net dispersion would be anomalous.

LiF $i0,
A (um) 0.925 0.925 i
n(A) 1.38752 1.45108
dn
0 (um) -9.0763 x 10-3 -1.3820 x 10-2
d2n
o2 (um2) 1.0853 x 10-2 2.0629 x 10-2
D (ps (nm km)-1) -33.4630 -63.6052

Table 2.2. Refractive index and dispersion data for the LiF laser cavity at 925 nm.
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Figure 2.20. Interferometric autocorrelation traces illustrating how the frequency

chirp on the modelocked pulses varied with the intracavity glass path.

With the prism sequence inserted into the laser cavity, bandwidth control and wavelength
selection was provided using a slit between prisms P, and P330. All the other cavity elements
were the same as those used for the linear cavity. With the prism sequence properly adjusted,
the minimum pulse duration produced was 127 fs. This was not significantly different from
those generated by the non-dispersion compensated laser. For these shortest pulses the
average output power was ~7 mW per beam for a pump power of 2.5 W and the laser
retained its tuning range of 925 - 950 nm. Intensity autocorrelation and spectral data for the

modelocked pulses are presented in figure 2.19. As before, the duration-bandwidth product

of AtyAv = 0.32 implied bandwidth limited pulses.

In addition to the intensity autocorrelation data, real-time interferometric autocorrelation
data were also recorded. This technique has been discussed in chapter 1, where the necessity
to achieve adequate fringe resolution was pointed out. In this case the real-time interferometric
autocorrelation traces were recorded on the autocorrelator by decreasing the scanning
frequency of the speaker from the usual 25 Hz to 5 Hz and terminating the input to the
oscilloscope. This provided a better impedance match which resulted in sufficient frequency
response to enable the interferometric fringes to be recorded. Using this technique it was

possible to qualitatively estimate the degree of frequency chirp on the modelocked pulses.
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With the prism separation suitably adjusted, it was possible to vary the net intracavity GVD
about the point which produced the shortest pulses, ie. those which were bandwidth limited
and hence free from frequency chirp. This was achieved by translating one of the prisms in a
direction perpendicular to the beam, thus varying the amount of glass within the cavity. In
figure 2.20 the variation of the recorded interferometric autocorrelation traces with the
intracavity GVD is showh. The position corresponding to chirp free pulses can clearly be

identified.

It is apparent from these results that the inclusion of the prism sequence within the laser
cavity did not reduce the duration of the pulse generated. This suggests that the intracavity
nonlinear and dispersive effects in the non-compensated laser were not large enough to
significantly affect the modelocked laser performance for the pulse duration produced.
Theoretical predictions and experimental observations for dye lasers suggest that these effects
only become significant for pulse durations less than 100 fs23. Presumably, a similar
situation occurred in this case. The measured pulse durations were most sensitive to the
positions of the intracavity focusing mirrors and dye or crystal relative to the beam waists,
suggesting that absorber and gain saturation and their relative strengths were still the dominant

pulse shaping mechanism in the modelocked laser.

2.7 The Passively Modelocked LiF:F; Laser with Additional Nonlinear

External Cavity

Passive saturable absorber modelocking is a very effective technique which holds the

record for the shortest pulses generated from a laser oscillator28;31, However, two

T Pulses as short as 60 fs have been generated at 1.5 um from a soliton laser [F.M. Mitschke and L.F.
Mollenauer, Opt. Lett. 12, 407, (1987)]. Recently pulses as short as 32 fs have been generated at 810 nm
from a Ti:sapphire laser. [C-P. Huang, H.C. Kapteyn, J.W. Mclntosh and M.M. Mumane, Opt. Lett. 17,
139, (1992)]. Both of these results are similar to those for the dye laser in terms of the number of optical

cycles in the pulse.
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Figure 2.21. Diagram showing the cavity configuration for the passively

modelocked colour-centre laser with an additional nonlinear external cavity.

drawbacks with this type of modelocking are: i) the tuning range of the modelocked laser is
limited to that covered by the saturable absorber (924 - 946 nm in this case) and ii) the
saturable absorber dyes used have a limited lifetime due to optically induced deterioration and
are often unpleasant and hazardous to work with. (DaQTeC had a usable lifetime of about
48 hrs.) If an attempt is made to operate the laser outside the parameter range imposed by the
passive modelocking technique, the pulse durations dramatically increase and/or the

modelocked output becomes unstable or ceases altogether.

The technique of coupled-cavity or additive pulse modelocking32-35 has been shown to
dramatically improve the pulse durations produced from other modelocked colour centre lasers
such as the synchronously modelocked KCI:T1°(1) laser and thus has become a technique for
modelocking in its own right. (This will be discussed more fully in chapter 4 with particular
reference to the Ti:sapphire laser.) It is sufficient at this stage to say that the technique usually
involves optically coupling an interferometrically matched external cavity, containing some

suitable nonlinear element, to the main laser cavity. The pulses returned from this nonlinear
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Figure 2.22. Intensity autocorrelation traces of the pulses generated from the
passively modelocked laser with old dye at 932 nm, with (a) the coupled cavity

blocked and (b) the coupled cavity un-blocked.

termination are frequency chirped and combine with the field in the main cavity resulting in
shorter pulses being generated from the laser36, It was decided to implement the technique in
the case of the passively modelocked LiF laser in the hope that some or all of the restrictions
imposed by the saturable absorber might be relaxed, ie. that the modelocked tuning range

and/or the usable dye lifetime might be extended.

The cavity configuration for the passively modelocked laser with the coupled-cavity
section is illustrated in figure 2.21. The components which formed the main laser cavity
remained unchanged, with the exception of the output coupler, Mg, which was changed to one
having a transmission of 10% in order to maximise the coupling between resonators. The
beam splitter, BS, was 70% reflecting and the remaining 30% of the signal from the main
cavity formed the laser output. A length of single mode optical fibre formed the nonlinear
element in the external cavity. Initially 4.5 m of Andrew Corporation fibre (Type no.

48280-1-P) was used. This had a elliptical core diameter of 1.25 X 2.5 pm?2 and was
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Figure 2.23. Intensity autocorrelation traces of the pulses generated from the

passively modelocked laser at 900 nm, with (a) the coupled cavity blocked and (b) the
coupled cavity un-blocked.

polarisation preserving and single mode for wavelengths greater than approximately 800 nm,
Light was coupled into the length of fibre using X20 microscope objectives, L1 and Ly,
(Vikers AA7726) which were anti-reflection coated for a wavelength region centred on
850 nm. The mirror M7 was used to retro-reflect the light back along the fibre and into the
main cavity and was mounted on a translation stage to permit cavity length matching. The

coupled-cavity section measured 910 cm in length which was five times the length of the

main laser cavity.

The saturable absorber dye solution had a concentration of ~9 X 10-5 mol/l and was
already several days old at the start of the experiment. The pump power was fixed at 2.2 W,
the average power launched into the fibre was approximately 30 mW and the useful average
laser output power was ~15 mW. The single pass fibre throughput was about 40 - 50%.
Firstly, with the laser tuned to a wavelength of 932 nm and the coupled-cavity section
blocked, pulses having durations of 740 fs were generated. When the external cavity was

unblocked, and its length suitably adjusted, the pulse duration was reduced to around 300 fs.
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Intensity autocorrelation traces showing the recorded pulses with the cavity open and blocked
are shown in figure 2.22, where the enhancement in modelocked operation is evident.
Secondly, the laser wavelength was tuned to around 900 nm where pulse durations of
1.33 ps were recorded with the coupled-cavity section blocked. With the control-cavity open,
the measured pulse durations were reduced to 740 fs. Intensity autocorrelation traces for

these pulses are illustrated in figure 2.23.

With the coupled-cavity section properly aligned, the enhancement in the modelocked
operation started and dropped out randomly, as the interferometric match between the two
cavities varied due to random perturbations from the surrounding environment. It was,
therefore, necessary to capture the results presented here using a storage oscilloscope.
Coupled-cavity modelocked lasers can be stabilised against these perturbations using an
electronic feed-back circuit which will be described in more detail in chapter 437. However,
the use of such a stabilisation scheme is made more difficult in the case of the LiF laser due
the quasi-cw nature of its operation resulting from the chopped pump beam. This experiment
does, however, illustrate that the technique can be used, at least in principle, to improve and

extend the modelocked performance of this passively modelocked laser.
2.8 Conclusions

In this chapter the operation of a LiF :F; colour-centre laser has been described. It has
been shown that cw (chopped) operation can be achieved over a wavelength range which
extends from 820 nm to 1.0 um with an average output power of as much as 400 mW when

pumped by ~2.5 W from a Kr-ion laser. Data have been presented for a range of pump

powers and wavelengths.

Experimental results have been presented for the laser when passively modelocked using
the dye, DaQTeC, as a slow saturable absorber. Pulses having durations as short as 170 fs at
930 nm were generated by the basic laser with an average output power of 10 mW and a
corresponding peak power of more than 700 W. The modelocked laser was also operated in a

CPM cavity configuration, in which pulses having durations as short as 127 fs were
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generated, with average and peak output powers of 7 mW and 720 W respectively. In this
configuration the pulse durations were just as short as for uni-directional operation of the ring
cavity, suggesting that the CPM process did not significantly effect the pulse shaping
mechanism. However, the CPM configuration did lead to improved stability of the
modelocked output. The technique of dispersion compensation was also implemented in the
ring cavity, but this also did not significantly affect the minimum pulse duration. This
observation suggested that dispersive a}ld nonlinear effects did not play a significant role in
determining the final pulse durations. The results suggested that gain and absorber saturation
were still the dominant processes governing the final pulse durations generated. Finally, the
technique of coupled-cavity modelocking was used to supplement the passive saturable
absorber. This allowed the wavelength range of the modelocked laser to be extended to

~900 nm and also allowed the interval between dye changes to be extended.

At the time this work was carried out the LiF colour centre laser represented a practical
alternative to the dye laser in the 0.8 - 1.0 pwm spectral region for both narrow linewidth and
modelocked operation. However, both of these laser sources have now been superseded by
the Ti:sapphire laser, which is able to produce higher powers and shorter pulses over an
extended wavelength range. The operation of the Ti:sapphire laser will be considered in the

remainder of this thesis.
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Chapter 3
An Introduction to the Ti:sapphire Laser

3.1 Introduction

Chapter 2 described the operation of the LiF:F; colour-centre laser, which provided an

alternative coherent optical source to the dye-laser in the 0.8 - 1.0 um spectral region.
Colour-centre lasers do not suffer from any of the less desirable aspects of organic chemistry
which beset dye lasers, such as the flammable nature of many of the dyes and solvents, their
possible carcinogenic effects and their tendency to leave permanent stains when spilled.
Colour centres, however, do suffer from other problems, such as the deterioration of the laser
active centres with time and the requirement that they be operated at cryogenic temperatures.
In the remainder of this thesis we will describe some of the properties of a laser based on
sapphire doped with titanium (Ti:AlyO3) which does not suffer from any of the problems
mentioned above. In addition, the Ti:Al,O3 laser has a tuning range which is considerably
broader than any of its dye or colour-centre laser competitors, spanning the 660 - 1100 nm

spectral region, and which can also out-perform its rivals in almost all applications.

Since the first demonstration of laser oscillation in Ti:Al,O3 in 1982, the performance and
breadth of application of the laser has grown rapidly. The material has not only been used in
cw single-frequency and modelocked lasers, but has also been successfully applied to laser
pumped, pulsed and cw, oscillator and/or amplifier configurations, as well as flashlamp
pumped systems using fluorescence convertors. The broad wavelength region covered by the
laser means that its range of applications is widespread. Ti:sapphire based systems have found
uses in high resolution linear and nonlinear spectroscopy of atoms, molecules and solids.
Semiconductor compounds such as GaAs, InP, CdTe, GaAlAs and GalnAs all have direct
bandgap energies which lie within the tuning range of the Ti:Al,O; laser. Applications which
use the laser as a pump source for other laser materials (eg. Nd, Ho, Tm, Er doped materials)
have also been identified. In particular, operation at 980 nm has provided a versatile

laboratory pump source for the study of Er-amplifiers. Research is also being carried out into
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the use of high power Ti:AlyO3 based systems for remote sensing studies in the atmosphere
because of the water vapour absorption bands at 727 and 940 nm and the oxygen band at
760 nm all of which lie within the tuning range of the laser. Finally, the high powers
available from Ti:AlO3 oscillators have enabled the efficient generation of frequency-
doubled, frequency-mixed and parametrically generated radiation spanning, at present, the
190 nm - 4 um spectral region. Further developments are continuing and such sources
should provide replacements for blue/uv dye lasers and find applications in the spectroscopy

of, for example, II-VI semiconductor compounds.

In this chapter we will start by briefly describing the growth and spectroscopy of laser-
quality Ti:Al,O3 material as well as the important design features of such lasers. Results will
be presented which characterise the performance of a cw Ti:AlyO3 laser which was tunable
over the 700 - 1000 nm spectral region and provided more than 3 W of output power at
wavelengths around 850 nm. Finally, the operation of an acousto-optically modelocked
Ti:Al;O3 laser will be described which produced pulses having durations shorter than 60 ps.
This will serve as an introduction to the remaining chapters which describe two other
modelocking techniques that have been applied to the laser and which have resulted in both

picosecond and femtosecond pulse generation.

3.2 Growth and Spectroscopy of Ti:Al,04

Ti:sapphire is a crystalline material produced by introducing TipO; into a melt of Al;O3. A
boule of single crystal laser quality material is grown from this melt using a variety of
techniques. Two common methods used are the vertical-gradient freeze (VGF)12 and the
Czochralski®»4 methods, the latter being used to obtain commercially available crystals like
that used in the Spectra-Physics Ti:Al,Oj laser.

In the Czochralski growth method, an inductively heated iridium crucible in zirconia

insulation is used as the growth chamber and the atmosphere over the crucible is pure Nj.
Growth is initiated by touching an oriented sapphire seed onto the top of the melt and pulling

at a constant rate. The pull rate is typically around 0.5 cm/h and diameter control is achieved
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by measuring the weight of the growing crystal. The crucible charge is usually TiOp and
AlyOg3 with the latter in the form of pressed pellets or crackle. Above ~1750°C the TiOj is
reduced to TiyOj in the following reaction: 2TiOy = TiyOg + 1/205. Liquid TipO3 then reacts
and mixes with the molten AlyO3 upon reaching a temperature of 2050°C. The miscibility of
TipO3 in AlO3 is only about 1% by weight, and this possess one of the main difficulties in
achieving laser quality crystals with high Ti concentrations. By pulling at a very slow rate of
~ 0.025 cm/h, Ti concentrations approaching approximately 0.24 wt % have been achieved,
however an absorption which overlaps the fluorescence band becomes unacceptably high at

these doping levels and concentrations of ~0.1 wt % are more usual.

A useful figure describing the quality of Ti:AlyOj3 crystals for laser material is the figure of

merit defined as follows?’

R

FOM. =%m _ peak Ti3+ absorption at 490 nm
(it o, ~ peak residual infrared absorption at 850 nm

3.1

Values for the FOM in excess of 100 have been achieved. The residual near-infrared
absorption is believed to be due to the presence of Ti4+ - Ti3+ ion pairs in the material®
Annealing the as-grown samples in a reducing atmosphere at temperatures of ~ 1600°C leads
to reduction of the Ti4* to Ti3* ions and results in a considerable decrease in the residual

infrared absorption, together with a corresponding increase in the FOM.

The Ti3+ in Ti:Al,O5 is the active laser ion and the system therefore falls in the 3d
transition-metal class of lasers which includes other active ions such as Cr3+, Ni2+ and Co2+,
The titanium atom has the electronic configuration 1522522p63s23p63d24s2 and so the Ti3+
ion has a single 3d valence electron outside a core which has a closed shell argon

configuration. The spectroscopic characteristics of Ti:AlyO5 are, therefore, largely determined
by this single 3d valence electron and as a result it has the simplest energy level structure of all

the laser active transition metal ions.

Un-doped AlyOj is transparent in the NIR from approximately 2000 nm to 400 nm in the
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Figure 3.1. The crystal geometry of Ti:Al,O3.

visible. In the UV region, between 200 - 400 nm, an absorption arising from the long
wavelength tail of the band-edge below 200 nm, increases towards the shorter wavelengths?.
The Ti3+ ions are substituted for a small number of A3+ ions in the sapphire lattice. The A3+
ion lattice symmetry is trigonal but the six O2- ions adjacent to the Al13+ site lie at the corners
of a slightly distorted octahedronl0. This geometry is illustrated in figure 3.1. The crystal
field seen by the AI3+ ions or their substitutes is, therefore, the sum of a dominant cubic
component and a much weaker trigonal one so that the resultant field is largely cubic with a
small trigonal distortion. In isolation, the 3d electron has a five-fold degeneracy in its lowest
energy level (neglecting spin), but once the ion is placed in the crystal host this degeneracy is
lifted by the interaction with the host crystal field. The cubic field splits the energy level into a
tripley degenerate 2T, ground state and a doubly degenerate 2E excited state. The trigonal field
also splits the ground state into two further levels and the lower of these is again split by the

spin-orbit interaction1l,

The separation between the lowest and higher levels in the 2T} state is 38 and 107 cm-!
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Figure 3.2. Energy levels and configurational-coordinate diagram for Ti:Al,Os5.

respectively, while the separation between the 2T, and 2E states is around 19000 cm-1. Laser
action takes place between these latter two states!l. A schematic energy level diagram together
with the configuration-coordinate diagram for the laser transition in Ti:Al,Oj3 is shown in
figure 3.2. The main absorption band, which is located in the blue-green spectral region
(~400 - 600 nm) and peaks at approximately 490 nm, is illustrated in figure 3.3. This band
is due to the phonon-coupled excitation of the Ti3* ions, ie. an electronic transition which is
accompanied by the simultaneous emission (or possibly absorption at high temperatures) of
one or more lattice phonons. These phonon-terminated electronic transitions are also known
as vibronic transitions and lasers based on them are often referred to as vibronic lasers. It is
this absorption band that results in the pink colour of Ti:Al,O3. The 2T, and 2E electronic
orbitals interact differently with the surrounding ionic environment and as a result the
equilibrium value of the configurational-coordinate is different for each level (see figure 3.2)
so that there is a Stokes shift between the absorption and fluorescence spectra which are

broad-band due to the vibrational broadening. There are also other absorption peaks
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Figure 3.3. Measured absorption spectrum of Ti:Al,Os3.

in the UV spectral region at approximately 266, 216 and 185 nm, but their origin is not well

understood4.

Optical pumping of the laser transition produces the broad fluorescence band extending
from approximately 600 - 1200 nm and peaking at approximately 790 nm, which is shown
in figure 3.4. Except at the shortest wavelengths, the luminescence is not reabsorbed by the
ground state ions due to the Stokes shift between the absorption and emission bands. Laser
action has been achieved over a broad wavelength region extending from ~660 nm to
1100 nm, however, the laser performance is impaired by the relatively weak, broad
absorption band that peaks between 800 and 850 nm in the NIR, and extends approximately
over the 650 - 1600 nm spectral region8. The Ti-ions can occupy the Al13+ sites in the form
of either Ti3*+ or Ti%* ions. The residual absorption has been attributed to Ti3* - Ti4* ion
pairs and is due to the excitation of the 3d electron in the Ti3*+ ion which is perturbed by the
Ti%+ ion’s Coulomb field and/or associated Al3* vacancy. (Charge compensation for the Ti4+

ions most likely occurs via the formation of an A13*+ vacancy for every three Ti3* converted
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Figure 3.4. Fluorescence spectrum of Ti:Al,O3. (Taken from reference 11.)

into Ti4+, ie 3Ti3+(Al) + 3/40,(gas) = 3Ti4*(Al) + V3-(Al) + 3/20.) This residual
absorption has been the most significant problem associated with the development of Ti:Al,O3
as a laser material. The strength of the absorption seems to be dependent on the conditions
under which the crystals are grown and much improvement has been made in the production

of residual absorption-free material.

As is evident from the figures, the absorption and fluorescence are polarisation dependent.
This polarisation anisotropy is probably due to the direction of orientation of the bonding
orbitals in the materiall2. The main absorption is stronger for 7 (polarisation parallel to c-
axis) than for ¢ (polarisation perpendicular to c-axis) polarised light, while the reverse is true
for the residual absorption. It is clear, therefore, that the optimum laser performance will be
achieved for nt-polarised pump and laser radiation, requiring light propagation perpendicular

to the c-axis in the rod. The dependence of the fluorescence decay time on temperature is
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Figure 3.5. Graph showing the temperature dependence of the fluorescence decay

time. (Taken from reference 6.)

illustrated in figure 3.5. The rapid reduction in lifetime with increasing temperature is
characteristic of fluorescence quenching due to multi-phonon, non-radiative decay!3. The low

temperature lifetime of T, = 3.85 us is purely radiative. Fortunately, this fluorescence
quenching is not serious at room temperatures, where T, = 3.1 us and this allows Ti:Al,O3
lasers to be operated with very simple water cooling arrangements. Finally, it is worth noting
that the higher energy states of the Ti3+ ion require excitation out of the 3d shell. This requires
energy which is large compared to the photon energies involved in the pump or laser
transitions, so unlike other 3d transition metal ion laser materials, performance is not

compromised by excited state absorption of either the pump or the laser light.

3.3 Design Considerations for Ti:Al,03 Lasers

The short upperstate lifetime of Ti:AloO3 makes direct lamp pumping schemes difficult
because of the high pumping rate per unit volume necessary to achieve a population

inversion14, The high currents required to obtain sufficient pump energy result in the lamp
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having a high colour temperature which lies mostly outside the Ti:Al,O3 pump band. Such
high colour temperatures may also lead to colour centre and Ti#* ion formation resulting in a
degradation of the gain medium. As a result, most of the work on cw Ti:AlyOj3 lasers has used
another laser - typically an Ar-ion or frequency-doubled Nd:YAG as a pump source.
Fortunately, the physical properties of sapphire permit high pump levels without major optical

distortions or destruction of the host material.

In any laser system high efficiency and low threshold are obvious design goals. Threshold
is minimised by choosing a cavity mode with a small beam radius in the gain and pumping

within that region so that a high inversion will be reached easily, with relatively low pump

Property Typical value at 300 K |
Chemical symbol Ti:AlhO3
Thermal conductivity 0.33 W em 1 K-
(10 W em 1 K-1 at 77 K)
Ti3* concentration 1-5x101%¢m3
n 1.76
ny 3x 10-16 cm?2 w-1
[, 5-8x1020 cm?2
Ggain 3.7 x 1019 cm?
o 0.7 - 3.0cm-!
Oy 0.0025 - 0.0065 cm-1
(xabs)pk 490 nm
(remiss)pk 790 nm
Line width (AAggin) 3500 cm-1
T 3.21 us
n ~70%

Table 3.1. Some important properties of Ti:Aly03 laser crystals.




Chapter 3: An Introduction to the Ti:sapphire Laser 92

powers. As this is difficult to achieve over the whole volume of the Ti:Al,O3 rod, which is
perhaps several millimetres in diameter, the pump beam and laser cavity mode are focused to a
narrow waist within the rod and made to overlap’. High efficiency requires a long gain
medium to achieve maximum absorption of the pump radiation and an optimised output
coupling for the peak absorption, ie. Ti3+ ion concentration, and cavity losses. Inevitably,

there will be some trade-off between increased efficiency and low threshold.

The peak emission cross-section in Ti:Al,O3 is only a factor of two smaller than in
Nd:YAG at 1.06 um, however, because of the much lower active ion concentrations used in
Ti:Al,O3, rod lengths of a few centimetres are necessary to achieve adequate pump
absorption, while tightly focused pump and cavity modes are used to minimise the oscillation
threshold as noted above. In dye and colour-centre lasers the gain jet or crystal are usually
quite thin and the pump and cavity modes need not be exactly overlapped. In Ti:Al,03,
however, the longer gain length and lower emission cross-section require close alignment of

the pump and cavity modes over the full length of the crystal.

Optimising the Ti:AlyO3 oscillator is thus achieved by carefully choosing such constants
as o, and e, the absorption and emission coefficients (which are properties of the material
and are dependent on the active ion concentration); the crystal length, L; the pump and cavity

beam waists and the output coupling. Numerical modelling suggests that choosing

1.5 < opL < 2.0 provides best efficiency for crystals having a wide range of figures of
merit’. Thus, provided apL. has been optimised, the FOM is the critical value in determining
the cw laser performance. Some important parameters for Ti: AlyO3 laser crystals are given in

Table 3.1.

The most efficient transfer of pump energy to oscillator output is achieved using a
longitudinal pumping geometry which provides maximum overlap of the pump and cavity
modes. A four mirror cavity such as that shown in figure 3.6 can be used to satisfy the

requirements of tightly focused beams in the crystal together with reasonably sized, collimated
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Figure 3.6. Schematic diagram of the 4-mirror cavity used in the Ti:Al,0O3 laser.

beams outside. This cavity can be astigmatically compensated by proper choice of folding
angle, so that aberration in the output beam is minimised. Astigmatism within the rod is still
present so the pump beam is also focused via a concave mirror used at a suitably chosen angle
of incidence. In this way astigmatism is introduced into the pump beam providing efficient
coupling between the pump and cavity modes and resulting in higher conversion efficiencies.
Perfect mode matching is still not possible over the entire rod length since pump and cavity
beams are at different wavelengths. The best power transfer and performance is achieved with
the best average match between these two modes. Longitudinally pumped laser cavities such

as these have been analysed by several groups and typical results have been published in

reference 7 for a Ti:AlyOj5 laser.
3.4 The Spectra-Physics Model 3900 Ti:Al,03 Laser

The work based upon Ti:AlyO3 described {n this thesis was carried out using a modified
Spectra-Physics Model 3900 system. The basic configuration of this laser will now be
described, while the modifications will be discussed in the relevant sections of the following
chapters. The laser configuration is illustrated schematically in figure 3.6 and uses a four

mirror, longitudinally pumped cavity configuration.
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The pump laser was either a Spectra-Physics Model 2030-20 or 2040E-15 argon ion laser.
These lasers were operated in the visible using all the transitions in the 457.9 - 514.5 nm
spectral region. Under these conditions the maximum output power was typically between 15
and 25 W depending on plasma tube specification and age. It is interesting to note that the
overall electrical to optical efficiency of such a laser was only about 0.03% (60 kW/15 W)
and that nearly all of the energy loss was in the form of heat from the plasma discharge,
magnet and power supply. Water cooling was therefore essential for laser operation and this
was obtained from a boost pump providing a flow of more than 20 I/min at approximately
70 psi. The ion laser cavity consisted of a flat high-reflecting end mirror and an 8 m radius of
curvature output coupler. On the Model 2040E this output mirror was mounted on a piezo-
electrically variable mount which was controlled by a suitable servo loop from a quadrant
photodetector. In this way the transverse position of the output beam could be stabilised. This
BeamLok™ system enabled immediate use without an initial warm up period and maintained
stable operation throughout the day without the need to adjust the alignment of the laser. The
introduction of economic and reliable high-power laser diodes should lead to the development
of diode-pumped, frequency-doubled Nd:YAG lasers with sufficient power output to pump
Ti:AlyO3 lasers. This would greatly improve the efficiency, reliability and output noise

performance of the Ti:Al;O3 laserlS.

Wavelength tunability was provided by means of a birefringent filter16 consisting of three
crystalline quartz plates oriented at the Brewster angle inside the cavityl7. These plates were
polished parallel to the optic axis and their birefringence caused the linearly polarised input to
become elliptical at the output due to the phase delay introduced between the polarisation
components parallel to the fast and slow axes. The filters were designed so that for one
frequency within each free-spectral-range, the phase shift between the two components at the
output would be 27 (or some multiple thereof) so that light at this frequency would remain
unchanged. Due to the presence of the Brewster angles within the cavity all elliptically
polarised light experienced higher reflection losses and failed to reach oscillation threshold.

By changing the angle of the optic axis with respect to the polarisation plane of the cavity (ie.




Chapter 3: An Introduction to the Ti:sapphire Laser 95

by rotating the filter) the oscillating wavelength of laser could be varied. The plates supplied
with the Spectra-Physics laser had thicknesses of 5.36 mm, 1.34 mm and 0.34 mm, thus
the thickness ratio was 16:4:1. Best results (ie. greatest wavelength selectivity) should be
obtained if the optic axis of the filter is near 45° to the plane of polarisation18, The plate
thickness determined the oscillation bandwidth, with a thinner plate having a broader FWHM
filter response. The free spectral range of the three-plate filter used in the Ti:AlyO laser was
just over 150 nm and this, together with the reflectivity range of the cavity optics permitted
oscillation at only one wavelength within the laser tuning range for any particular setting of the

filter.

The tuning of the laser was further complicated by the fact that the Ti:Al,O3 crystal was
itself birefringent. Proper tuning was achieved only when the the c-axis of the rod was aligned
to be coplanar with the polarisation of the electric field within the cavity. Since the filter and
rod together consisted of a total of eight Brewster surfaces, losses were minimised and tuning
optimised only if all eight surfaces were properly aligned and the rod was properly oriented.
To achieve this, a special rod mount was used in the Spectra-Physics system to compensate

for the unavoidable errors introduced during manufacture, cutting and polishing.

The Ti:Al,O3 laser cavity, illustrated in figure 3.6, consisted of a plane, 3.5%
transmitting output coupler, My, two concave folding mirrors, M and M3, having a radius of
curvature of R = 10 cm and an incident angle of ~15°, and a plane high reflector, M. These
cavity mirrors were dichroic - highly reflecting in the near-infrared and highly transmitting for
wavelengths near 500 nm. They were also wedged to eliminate etalon effects in the laser
resonator. The arm containing the output coupler had a length of 27 cm while the other arm
was 19 cm in length which resulted in a total cavity length of 60 cm. The cavity was
astigmatically compensated in the output, while astigmatism was introduced into the pump
beam by the off-axis mirror to provide maximum conversion efficiency. The required folding

angle for the cavity mirrors was confirmed by simple calculation to be approximately 15.2°.

The pump beam was routed via mirrors M5 and Mg, which formed a periscope arrangement to
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Figure 3.7. Graph showing the variation of output power with wavelength for the

cw Ti:AlOg laser.

rotate the vertically polarised pump light to a horizontal polarisation. Mirror M, was a flat
highly reflecting steering mirror and Mg (figure 3.6) was a concave mirror with R = 23 cm
and 6; = 10°, which focused the pump radiation into the Ti:Al,O5 crystal. This crystal was

20 mm in length and Brewster-angled for light at wavelengths near 800 nm.

When operated as a cw system with 5 W pump power, the laser could be tuned from
700 - 858 nm with the low wavelength optics set installed and from 845 - 986 nm when
using the high optics set. With the pump power increased to 12 W the tuning range with the
low wavelength optics did not change, but the longer wavelength range was increased to
1010 nm. With the improved crystal growth technology together with extended optics sets the
latest Spectra-Physics Ti:AlpO3 lasers can be tuned over a range extending from
660 - 1100 nm. An experimental tuning curve for the laser used in the work presented here
is given as figure 3.7. Typically, the laser linewidth was approximately 0.1 nm, The laser

threshold was in the region of 1 W for operation in the 800 - 900 nm spectral region.
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3.5 The Acousto-optically Modelocked Ti:Al,03 Laser

The scattering of light by sound provides a convenient means of controlling the frequency,
intensity and direction of an optical beam of light. Acousto-optic devices using this principle
are commonly employed as the active modelocking element in lasers. A travelling or standing
acoustic wave in an acousto-optic medium sets up associated travelling or standing layers of
spatial refractive index inhomogeneities from which optical waves can be scattered. These
variations in index result from the coupling between the refractive index and the strain of the
material due the the photoelastic effect, as described by the photoelastic constantl?, The
sound wave causes a sinusoidal perturbation of the density of the material and a resulting
sinusoidal modulation of the refractive index. In the linear approximation the change in n is

proportional to the strain20,

The process can be viewed either as a collision involving photons and phonons or as a
diffraction process where the optical wave is diffracted by a periodic index grating. In either

case both energy and momentum must be conserved so that

g

T+ @ (3.2)
kd = ks +k; (3.3)

where the latter equation implies that the diffracted waves must constructively interfere. If the
modulator operates in the Raman-Nath diffraction regime?! several diffracted orders are
produced symmetrically located about the zeroth-order beam. This was the scheme used for
the work described here. Alternatively, the modulator can be operated in the Bragg diffraction
regime, where the angle between the two waves is the Bragg angle and only a single diffracted
beam is generated. An optical beam interacting with a travelling acousto-optic wave will
emerge from the medium with a depleted, but time-independent intensity, while the diffracted
wave is shifted in frequency and direction. If, on the other hand, the incident wave interacts
with a standing acousto-optic wave, the output intensity is modulated in time. It is this effect

that is used in acousto-optic modelockers.
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Figure 3.8. Schematic diagram for the acousto-optically modelocked Ti:Al,O4

laser.

In such devices, a piezo-electric transducer is used to launch acoustic waves into the
material (typically a quartz block). If the thickness of the block is an integer multiple of A4/2,
then a resonant standing acoustic wave is established. This in turn produces a variation in
refractive index which is also periodic in time and space and acts as a bulk diffraction grating,
forming a loss element by diffracting light out of the laser resonator. Since the grating formed
by a standing-wave modulator will disappear and re-establish itself at a frequency which is
twice the driving frequency, the optical modulation will also be at twice this frequency.
Accurate temperature control is essential because the speed of sound in the medium is critically
dependent on the temperature. Thus, the insertion of a standing-wave acousto-optic modulator
in the laser cavity results in a time-varying loss which can lead to short pulse formation as
outlined in chapter 1. For a polarised optical input wave, it can be shown that the index

change is directly proportional to the square root of the acoustic power20,

The acousto-optically modelocked laser is illustrated schematically in figure 3.8. The
system used an acousto-optic standing wave modulator manufactured by Newport Electro-
Optics Systems, which was designed to be operated at frequencies near 41 MHz. It consisted
of a quartz block measuring 20 mm in length by 100 mm?2 and had a broad-band anti-
reflection coating, covering the wavelength range 750 - 900 nm, on both the optical input

and output surfaces. A piezo-electric transducer was deposited on the top of the quartz block
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Figure 3.9. Network analyser traces illustrating the rf characteristics of the acousto-
optic modulator: Trace (a) shows a number of resonances near 42 MHz and trace (b)

shows the characteristics of the strongest resonance near 42 MHz.

and had a thickness of approximately 70 um. The modulator was placed in an electrically
heated oven which maintained a constant temperature using a thermistor controlled feedback
circuit. This was set to keep the device several degrees above normal room temperature. The
modulator used in these experiments had resonance frequencies which were separated by
300 kHz. Figure 3.9 shows network analyser traces which illustrate the electrical
performance of the modulator. The trace in part (b) of the figure is for the strongest resonance
near 42 MHz. The modulator had a measured intensity modulation efficiency on resonance,

of ~25% at 633 nm for 500 mW of rf power.

The circuit used to provide the rf drive signal to the modelocker is also illustrated in
figure 3.8. This circuit consisted of a frequency synthesizer (Racal, model no. 9081; or
Marconi Instruments, model 2019), a rf amplifier, and an SWR meter. For the experiments
described here, the modulator was driven at a frequency of 41.85218 MHz at rf power levels
in the range 0.5 - 0.75 W. This operating frequency was close to one of the resonance
frequencies of the modulator. This represented the case when the transducer frequency
enabled acoustic standing waves to be established in the quartz crystal block and thus allowed
maximum power transfer from the rf drive signal into the acousto-optic grating. When

operated away from a resonance, the rf power could not be efficiently coupled into acoustic
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waves and was reflected back and forth along the cable resulting in an apparent increase in

cable loss.

The critical temperature dependence of the speed of sound in quartz meant that accurate
temperature control was essential for stable operation. The rf power coupled into the
modulator also caused an increase in the temperature of the crystal and this resulted in a
corresponding rise in the resonance frequency. Provided the modulator was operated at a
frequency below the resonance, a negative feedback effect ensured that reasonably stable
operation occurred. In this case an increase in temperature caused a corresponding increase in
the resonance frequency which resulted in less rf heating because the device was pushed away
from resonance. However, if the rf drive frequency was to high, a positive feed back effect
occurred so that a change in temperature could cause the system to slip out of resonance. This
process is known as thermal runaway. The oven control helped prevent temperature changes
in the environment from disturbing the resonance frequency. Under normal operating

conditions, the modulation efficiency was estimated to be ~15%.

The rf drive frequency of 41.8 MHz resulted in a modulation frequency of 83.6 MHz
when applied to the acousto-optic modulator. Since, in the simplest case, this will also be the
round trip frequency of the modelocked pulses, the laser cavity length was extended to
~1.79 m. This was achieved by removing the output coupler and high reflector from their
mounts within the box and holding them separately in translatable mounts situated externally
and directly on the optical table. In this extended cavity configuration, the gain medium was
placed close to the centre of the cavity. The laser was operated with a pump power of
approximately 10 W at a wavelength close to 848 nm. The output power in this case was
typically 600 mW. The cavity length was finely adjusted by means of the translation stage in

order to generate the shortest pulses.

The resulting modelocked pulse sequence was monitored using a silicon avalanche

photodiode (APD) (Telefunken BPW 28) having an electrical bandwidth of approximately
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Figure 3.10. Graph illustrating the variation of the modelocked pulse duration with

the distance between the output coupler and the modulator.

2 GHz and an oscilloscope having a bandwidth of approximately 400 MHz (Tektronix 7834
or 7904). Somewhat better temporal resolution was obtained when the modelocked pulses
were monitored using AlGaAs PIN or APD photodiodes whose bandwidths were in the
20 GHz range together with a sampling oscilloscope (Tektronix 7603 with S6 sampling
head). This photodiode and sampler combination had a resolution of approximately 60 ps.
The modelocked pulses had typical durations shorter then 100 ps with pulses as short as
60 ps being recorded. These pulses were too long to be recorded on the second-harmonic

generation autocorrelator which could not accurately measure pulse durations longer than

~30 ps.

Figure 3.10 shows how the pulse duration varied with the distance between the
modelocker and the output coupler, while figure 3.11 shows a typical sampling scope trace of

one of the shortest pulses recorded. The variation in pulse duration with the separation




Chapter 3: An Introduction to the Ti:sapphire Laser 102

Figure 3.11. Oscillogram showing a 60 ps pulse from the acousto-optically
modelocked laser recorded with a photodiode and sampling oscilloscope. (This

represents the resolution limit of the detection system.)

between the mirror and modulator may be due to interference effects between the diffracted
light on consecutive passes through the modulator?2. Depending on the distance, the
interference can be either constructive or destructive, resulting respectively in either increased
or decreased modulation depth. Since T, o Ay, ~1/4, a change in modulation depth will also
result in a change in pulse duration. Approximate calculations?2 suggest that in this case,
constructive interference will result if the separation is an integral multiple of 2 cm. This

agrees approximately with the results presented as figure 3.10.

The acousto-optically modelocked laser was tuneable over the 845 - 900 nm wavelength
range and generated pulses having durations less then 100 ps over this entire region. The
lower limit was due to the reflectivity of the mirrors and the modelocked operation could be
extended by using the lower wavelength mirror set.The upper wavelength limit was due to the

AR coating on the modulator.

It is interesting to compare the measured pulse durations with those predicted by the
Kuizenga-Siegman analysis mentioned in chapter 123. The round-trip saturated voltage gain

8o 18 given approximately by
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o = 71n() (3.4)

where R is the effective power reflectivity of a mirror and includes all losses. In the case of
the Ti:AlyOg3 laser described here, it was assumed that R =~ 0.9, while f,, = 83.70436 MHz

and Af was estimated to be ~3 THz. From equation (1.3), this gives a value for Tp of

1 5

T = 0.5 X
P Ay 14

X 60 ps (3.5)

The voltage transmission of the modelocker is given by
tam = €xp [-Ap (1 - cos o t)] (3.6)

so that the minimum intensity transmission is given by exp (-4 A,). For an intensity
modulation of 0.15, Ay, = 0.03 and so Tp is approximately 40 ps which is not far from the

measured, resolution limited duration of 60 ps.
3.6 Conclusions

In this chapter an introduction to the Ti:Al,O3 laser has been given. A brief review of the
most important growth techniques and spectroscopy of Ti:Al,Oj laser crystals has been
presented and some of the properties which are important for laser oscillation have been
summarised. Some of the design goals which should be considered when building a cw laser
and the ways in which they can be achieved in practice, have briefly been discussed. The
performance of a cw Ti:AlyO3 laser has been characterised with laser oscillation being
achieved over a wavelength region spanning more than 300 nm from 700 to 1010 nm, with

more than 3 W output power at wavelengths near 850 nm.

Finally, the operation of an actively modelocked Ti:AlyO3 laser has been described. This
laser generated pulses having durations less than 100 ps over a wavelength range from
845 - 900 nm, with durations of less than 60 ps at 848 nm. This tuning range was limited

by the optical coatings.
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Chapter 4
The Coupled-Cavity Modelocked Ti:sapphire Laser

4.1 Introduction

Chapter 3 ended with a presentation of results for an actively modelocked Ti:Al,O3 laser
which generated pulses having durations in the sub-100 ps regime. In this chapter results will
be presented for a coupled-cavity modelocked Ti:AlyOj laser, in which the modelocking
process was self-starting and which could produce pulses having durations of <3 ps over a
wavelength range extending from 750 - 960 nm. Near 860 nm pulses as short as 1.3 ps
were generated. These pulses had average powers >100 mW and peak powers which
exceeded 1 kW. Results are also presented which show how the performance of the laser
varied with some of the important operating parameters such as wavelength and fibre length.
The laser produced chirped pulses which could be directly compressed outside the cavity to
290 fs. The results show that dispersion played a key role in determining the duration of the

pulses generated.

By using the technique of dispersion compensation in the coupled-cavity section of the
laser, the pulse durations were reduced from ~4 ps to 1.3 ps with some frequency chirp
remaining. By dispersion compensating the main laser resonator, the pulse durations were
reduced to 120 fs. The average power was ~200 mW which corresponded to a peak power
of more than 20 kW. The shortest pulses were generated by using dispersion compensation
in both cavities. With this scheme the pulse durations were as short as 90 fs. The results
show how the pulse durations depended on the magnitude and sign of the dispersion and
suggest that the shortest pulses were obtained with a small negative dispersion. Finally, the
stability of the modelocked output will be discussed. First, a brief review of coupled-cavity

modelocking is given and some of the important theoretical points which explain the operation

of the modelocked Ti:Al,O3 laser are discussed.
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4.2 Coupled-Cavity Modelocking

The technique of coupled-cavity modelocking (or additive-pulse or interferential
modelocking) has been successfully employed for ultrashort pulse generation from a wide
variety of laser systems. Initially, it was used to generate femtosecond pulses from colour-
centre lasers such as KCL:TI°(1) or NaCl:OH', but more recently has been applied to solid-
state lasers such as Ti:AlyO3 as well as Nd:YAG/YLF/glass. In some of these systems active
modulation is necessary to initiate short pulse generation, while in others the process self-
starts from noise or longitudinal mode beating in the laser.t It is a particularly useful technique
for lasers for which no suitable saturable absorber is available and does not impose the same

wavelength restrictions which often apply to saturable-absorber-based modelocking,

In its most common form the coupled-cavity modelocked laser consists of a main laser
resonator which is coupled to a second optical cavity through a common partially transmitting
mirror, as shown schematically in figure 4.1. The auxiliary cavity contains some nonlinear
medium, such as a length of optical fibrel:2, a semiconductor diode amplifier3, a frequency
doubling crystal4 or a multiple quantum well semiconductor sampleS. The nonlinear medium
causes the pulses in the control cavity to experience an intensity-dependent nonlinear phase
shift which can lead to pulse shortening in the main laser by coherent addition of the pulses
from the two cavities at the common interface. For this reason, the modelocking mechanism

has also been termed additive-pulse or interferential modelocking8s7.

The predecessor to the generic coupled-cavity systems was the soliton laser® which used a
length of soliton supporting optical fibre in the control cavity. This system was based on a
synchronously pumped KCL:TI°(1) colour-centre laser and was thought to depend on the
domination of the strong soliton pulse shaping occurring in the control cavity, over the weaker

gain shaping provided by the pump pulses®. It was realised at this time that once the weak

t In fact, self-starting operation has been observed in all these lasers, but it is considerably more difficult to

achieve in some systems than in others. This point is discussed in more detail later in the text.
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pulse shaping effects of synchronous pumping had initiated pulsing, the influence of the fibre-
cavity could take over completely and the modelocking process would become essentially
passive in nature. Experimental results suggested that the laser often operated in a regime
where the pulses in the control cavity were nearly N=2 solitons. The technique led to the
generation of pulses as short as 60 fs10, but was obviously limited to lasers operating in the
1.5 um spectral region where the group-velocity dispersion (GVD) of optical fibres was

negative.

Blow and Wood were the first to consider that soliton formation in the external cavity
might not be the crucial ingredient for short-pulse operation!l, They studied numerically the
more general case where the coupled cavity contained either a saturable absorber or a saturable
amplifier. Although the latter lead to pulse broadening in the external cavity, their model
suggested that net pulse shortening in the laser could result in either case, if the returned wave
had the correct phase mismatch with the main cavity field so that it subtracted preferentially
from the low-intensity parts of the laser signal for saturable amplification and added
preferentially to the high intensity parts of the pulse for the case of saturable absorption. They
suggested that the modelocking mechanism induced coupling between the longitudinal modes
of the master laser cavity and thus permitted more efficient communication of phase
information to the edges of the laser bandwidth. Significantly, the results showed that any
nonlinear response to the optical field in the external cavity could lead to short pulse
generation provided the two cavities had the correct phase mismatch. Independently, a CO,
laser was passively modelocked by placing a germanium crystal (the nonlinear medium) in
one arm of a Michelson interferometer which was added to the laser cavityl2. This
interferometer behaved as a nonlinear mirror which exhibited an enhanced reflectivity with
higher incident optical intensities, due to the interference of the main pulse with the phase

modulated version of itself returned from the nonlinear branch.

At the same time, a general time-domain model termed additive-pulse modelocking was

developed in an attempt explain the experimental results from lasers coupled to both soliton
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Figure 4.1. Schematic diagram showing the basic construction of a coupled-cavity

laser.

and non-soliton supporting cavities®:13. The model suggested that self-phase modulation
(SPM) in the external resonator could lead to pulse shortening in the main resonator by
coherent addition of the two cavity fields at the common interface. Pulse interference required
that both cavities be maintained at the same length with interferometric accuracy. The
reflectivity from the common interface, as seen by the main cavity, depends on the
instantaneous phases of the fields on both sides of the mirror. Since the nonlinear phase shift
in the external cavity will vary across the pulse, the reflectivity of the mirror will also be a
rapidly varying function of time. With the proper choice of static phase mismatch between the
two cavities, this dynamic reflectivity can be enhanced in the centre of the pulse and reduced
in the wings, thus producing pulse shortening. The coupled cavity therefore acts as a
termination of the main laser that returns a pulse having a shorter duration than the one
incident upon it. This suggests that increasing the frequency chirping in the control cavity
should produce shorter pulses because the destructive interference in the wings of the main
cavity pulse, which leads to pulse shortening, can occur closer to the peak. Significantly, the
mechanism can shorten the laser pulses without any temporal pulse shaping in the nonlinear

resonator,

In figure 4.1 the incident and reflected wave amplitudes are i1, r; on the laser side and iy,
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(a) (b)

-

Figure 4.2. Variation of (a) the average laser intensity and (b) the average feedback

intensity from the coupled cavity and the second harmonic intensity (bottom traces),

with the phase bias of the external cavity.

ro on the auxiliary cavity side so that the amplitude reflection coefficient is I" = ry/i;.
Neglecting dispersion, if the nonlinear phase shift, ® (defined so that ® is zero at the peak of

the pulse and negative in the wings) is small, then it can be shown that the maximum change

in |F I with @ occurs for a phase bias of ¢ = -7t/2 and is given approximately by
|| ~r +La -0 @.1)

where L is an attenuation factor for the nonlinear cavity which is assumed to be much less
than unity. Thus I' is a maximum at the peak of the pulse and decreases in the wings. Since
this approximation is only valid in the limit of low dispersion and small nonlinear phase shift,
more generally, the optimum value for ¢ may not be -n/2. Unlike saturable absorber
modeloéked dye or colour-centre lasers where the pulse shortening velocity is constant for
pulses having constant energy, in the case of coupled-cavity modelocking the pulse shortening

velocity can increase as the pulses get shorter.

Although the modelocking mechanism does not depend on dispersion for its operation, it
is affected by it. It is the GVD which balances the pulse shortening velocity and eventually
determines the steady-state pulse durations. Interestingly, negative GVD in the control cavity

is more detrimental than positive GVD because the former tends to directly cancel the effects
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of the SPM. Also, the temporally compressed pulses returning from the control cavity cannot
interfere effectively with the wings of the main cavity pulses. This situation is reversed for
positive GVD when the pulses in the coupled cavity will be broadened and the rate of change
of phase across the centre of these pulses (the part which will interfere with the main pulse)
will be reduced so that the pulse shortening is again compromised. The effects of GVD
become particularly important for solid-state lasers such as Ti:Al,O3, which operate below

1.0 pm, where the magnitude of the GVD is particularly large.

The traces shown as figure 4.2 illustrate how the average laser output power and second
harmonic power varied with the phase of the external cavity for a coupled-cavity modelocked
Ti:Al,O3 laserl4. These traces were recorded by monitoring the appropriate signals while
sweeping the external cavity length by applying a voltage ramp to a piezo-electric translator on
which one of the coupled-cavity mirrors was mounted. The exact shapes of the curves are
quite complicated, but illustrate some general trends. Short pulse formation occurred only on
certain portions of the cycle when the phase of the external cavity was negative. The variation
in the effective reflectivity of the common output mirror caused a corresponding variation in
the laser output power which is also clearly visible. It is also evident how this behaviour can
be used to derive an error signal to stabilise the laser output. Stabilisation is necessary because
the optimum phase for maximum cw gain is different from that for maximum nonlinear
reflectivity change (a negative phase bias is required) so that it is necessary to actively hold the
cavities at a position of lower reflectivityl5. Finally, it should be noted that the assumptions
of low dispersion and phase shift are not always satisfied, particularly in coupled-cavity
modelocked solid-state lasers such as Ti:Al,O3. However, the theory nevertheless provides a

good insight into the modelocking process.

Experimental observations have shown that any forced modelocking influence becomes
unimportant once short pulse formation has been established, ie. the laser essentially becomes
passively modelocked. However, if reliable coupled-cavity modelocking is to be achieved, at
least in colour-centre lasers, the forced modelocking influence has been necessary to initiate

the process. On the other hand, coupled-cavity modelocking in the Ti:AlyO; laser is self-
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starting and does not require the influence of additional forced modulation6, The dynamic
reflectivity of the common output mirror may be equivalently represented as a dynamic change
in the round-trip gain which is similar to the effect produced by a fast saturable absorber
modelocker!7:18, Assuming that the gain recovery time is slow compared to the duration of
any fluctuation of the cw intensity and that the nonlinear response is fast, it has been shown17

that modelocked pulses can build up provided
4 2

where g is the saturated gain prior to a fluctuation having a duration Tp © is the gain cross
section, B is a parameter dependent on the pulse shape (B = 0.85 for sech? pulses and 0.75
for gaussian pulses) and x is a constant which depends upon the nonlinearity, the loss and the
coupling between the two cavities. This condition ensures that a temporary peak in the laser
radiation will experience a net gain. The gain cross section for Ti:AlyO3 is ~10-19 cm?2, while
it is ~10-17 cm?2 for KCL:TI°(1), thus the Ti:Al,O5 laser should self-start more easily, as is
observed in practice. Experimental observations show that the coupled-cavity modelocked
Ti:AlyO3 laser starts from mode-beating or random noisel?, while the colour centre lasers
need to be synchronously pumped. Self-starting has been observed in coupled-cavity
modeloékcd colour-centre lasers by either eliminating stray reflections or enhancing the initial
mode-beating20:21, In all cases the effect is to shorten the duration of any intensity
fluctuations within the laser in agreement with the trend predicted by equation (4.2). Reliably
self-starting coupled-cavity modelocked colour-centre lasers still seem to require some

external forced modulation.

Conventional fast saturable absorbers have a very limited application as modelocking
elements because of the conflicting requirements of having a fast response, large absorption
change and low insertion loss. The coupled-cavity scheme works so well because of the
relatively large number of easily adjustable parameters, which make it possible to satisfy these

requirements simultaneously. The technique is especially applicable to laser materials such as

Ti:AlO3, Nd:YAG/YLF, etc which have long upper-state lifetimes since dynamic gain
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saturation is not required, but care must also be taken to avoid Q-switching in some of these

systems.

Self-starting operation in Ti:Al,O3, Nd:YAG/YLF, etc require high intensities for
initiating the modelocking process, which imply strong nonlinear phase shifts at the pulse
peaks. In addition, these lasers operate at wavelengths where the material dispersion of both
the optical fibre and gain media are large. Strong interactions between the nonlinear phase
shifts and the GVD can thus be expected. In such systems the interaction between SPM and
GVD (which maybe artificially produced by prisms) may provide considerable pulse shaping
in addition to that provided by the (real or artificial) saturable absorber which also provides

stability by preventing the growth of noise fluctuations before and after the pulses22:23,

In such lasers, theoretical considerations and experimental results suggest that for overall
positive GVD, the pulses are relatively long and highly frequency chirped. In this regime gain
dispersion or other bandwidth limitation provides an additional pulse shaping mechanism by
shaving off the high and low frequency wings23:24, ie. only the central portion of the pulse
where the instantaneous frequency shift is small will fall inside the effective gain bandwidth.
The pulse duration is kept in balance by the broadening due to the GVD while the spectral
narrowing provided by the frequency filter is balanced by the spectral broadening produced by
SPM. In this regime, the pulse shortening provided by the action of the coupled cavity
strongly affects the pulse durations, which, in contrast, are not a strong function of the
amount of SPM. Thus, the effective fast saturable absorption is necessary for pulse
shortening and stable modelocked operation. Increasing the amount of positive GVD should

lead to the generation of longer, more highly chirped pulses, as experimentally confirmed.

The positive GVD in the main resonator due to the gain medium, birefringent filter etc.
will lead to pulse broadening and frequency chirping in the usual way. This frequency chirp
on the pulses in the main resonator is also modified on each round trip due to the addition of
the chirped pulse from the auxiliary cavity. As a result, the pulses entering the auxiliary cavity

will also have an initial chirp which interacts with the positive GVD of the fibre to broaden the




Chapter 4: The Coupled-Cavity Modelocked Ti:sapphire Laser 113

pulse durations and decrease the amount of nonlinear frequency chirp. Since these pulses are
fed back into the main cavity temporally broadened and with reduced nonlinear phase shift,
the pulse shortening effect of the coupled cavity will also be weakened. This is one difference
between the effect of conventional fast saturable absorbers and the self-amplitude modulation
provided by the coupled cavity - the latter not only produces an effective gain change, but can
also produce a nonlinear frequency chirp due to the addition of the two differently chirped and
shaped pulses. In this regime the pulses can be compressed outside the laser to obtain
durations which are approximately limited by the inverse of the oscillating bandwidth.
Howeyver, it should be noted that the pulse bandwidths are smaller for positive GVD than for
negative GVD, so that the shortest pulses will be generated with intracavity compression

techniques.

In the presence of negative GVD, short pulses can be produced which are relatively chirp
free. The influence of SPM and GVD produce pulse shaping in a way analogous to soliton
shaping25, which has been discussed in chapter 1. In this case the GVD and SPM cooperate
to produce pulse compression inside the laser which leads to additional pulse shortening. Here
the amount of SPM has a stronger influence on the pulse duration compared to the pulse
shortening effect of the coupled cavity. The latter is still required to provide stability by
ensuring that there is a net loss before and after the pulse. This is necessary for two reasons:
to prevent the growth of cw radiation in the cavity arising from noise; and to prevent breakup
in the wings of the main pulse due to incomplete compensation of the nonlinear frequency

chirped portions of the pulse by the negative GVD.

Decreasing the net negative GVD, for a fixed amount of SPM and self-amplitude
modulation, leads to the generation of shorter pulses until the laser finally becomes unstable.
The size of this unstable region depends on the strength of the SPM and effective fast
saturable absorption. Obviously, the larger the SPM, the more negative the dispersion that is
required to maintain stable operation. The instability results because light which has a finite

bandwidth will require more gain at the centre frequency, because the frequencies which are
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Figure 4.3. Schematic diagram of the cavity configuration for the coupled-cavity
modelocked Ti:Al,Oj laser.

off line centre will see less gain and as a result the gain at line centre must rise above the loss
during the occurrence of a pulse. Some loss modulation is therefore necessary to ensure that
this gain window is closed before and after the pulse has passed if stable operation is to be
maintained. The addition of properly balanced SPM and dispersion can result in the generation
of shorter pulses than for zero SPM?22:23,25, The shortest pulses can therefore be obtained
for GVD which is less than or equal to zero, with a relatively small amount of loss
modulation. The nonlinearity necessary to achieve these moderate amounts of loss modulation
(~1%) is easily achievable in optical fibres of the type used in coupled-cavity modelocked

lasers.

The key parameters determining the pulse durations in lasers such as the Ti:Al,O3 are,
therefore, the intracavity SPM and GVD together with saturable absorption (real or artificial).

With proper control of these parameters it is possible to generate pulses having durations in




Chapter 4: The Coupled-Cavity Modelocked Ti:sapphire Laser 115

the sub-100 fs regime. On the other hand improperly balanced SPM and GVD can result in

pulses broadening and/or instabilities.
4.3 The Experimental System

The experimental arrangement for the coupled-cavity modelocked Ti:Al,O5 laser is
illustrated schematically in Figure 4.3. The Spectra-Physics Model 3900 system, described
in chapter 3, formed the bases for the modelocked laser. The main resonator, consisting of
mirrors My to My, was extended to between 1.5 m and 1.8 m by removing the two plain
mirrors (M, My) from the laser enclosure and placing them in separate mounts attached
directly to the optical table in appropriate locations. The cavity was extended in such a way
that the 20 mm long Brewster-angled Ti:Al,O3 gain medium was located near the centre of
the resonator. The standard Spectra-Physics Model 3900 cavity optics (see chapter 3) were
used. It is worth noting that both of the plane mirrors (M, M) were anti-reflection (AR)
coated on their second surface and were also wedged to minimise spurious Fabry-Perot
effects. This was necessary in the modelocked laser where large oscillating bandwidths were
required. It was especially important for the coupled-cavity laser because it is known that
spurious reflections can increase the self-starting threshold for passive modelocking by
inhibiting the laser mode coupling26. The pump laser was either a Spectra-Physics Model
2030 or Model 2040E argon-ion laser which operated on all-lines in the visible at powers up
to 15 W in a TEMyy mode. This laser has already been described in chapter 3. The Ti:Al,O4
laser was tuned by means of either a three-plate Lyot filter or a single-plate birefringent filter
(BRF).

The nonlinear external-cavity section was formed between the laser output coupler, My,
and the mirror M5, which was mounted on a piezoelectric translator (PZT). This mirror was
made by evaporating a thin layer of gold onto a microscope coverslide where the intention was
to keep its weight to a minimum to avoid a significant decrease in the resonance frequency of

the PZT/mirror combination. A length of optical fibre which provided the nonlinearity was
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Figure 4.4. Diagram of the breadboard arrangement used to hold the optical fibre

and cavity end mirror in the coupled-cavity modelocked laser.

placed within this coupled-cavity section and both ends of the fibre were cleaved and mounted
securely in fibre-retaining chucks. The laser radiation was coupled into and out of the fibre
using diode collimating lenses (Melles Griot) which had a numerical aperture of 0.500, and a
working distance of 1.13 mm. In order to reduce back reflections, these objectives were AR-
coated on all surfaces except the one which faced the fibre-end. The space between the fibre-
end and the objective was filled with Polyalphdolefin compound gel (n = 1.465), used as
index matching fluid to suppress similar reflections from the other objective surface and from
the fibre. This oil had sufficient viscosity so that no elaborate means of containing it was
necessary - it would stick between the lens and fibre chuck, aided only by a piece of plastic
placed below the objective. The fibre chucks were held in fixed mounts, while the objective
lenses were held in Microblocks (Photon Control Series) which provided xyz translation. It
was found that angular adjustment was not essential to achieve good coupling efficiencies
(typically > 60% throughput was obtained) provided reasonable care was taken when initially
locating the components. It is worth mentioning that lighter halocarbon series compounds
were also tried as index matching fluids, but it was found that these could not withstand the

high optical intensities incident on the fibre ends.

The PZT mirror, M, was mounted on a translation stage and positioned approximately
10 - 15 cm from the end of the optical fibre. The objective lens which collected the light
from the fibre, was positioned so that this light was focused onto the mirror which was

aligned to retroreflect it back into the fibre. The optical fibre and coupling optics were
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Figure 4.5. Schematic diagram of the electronic feedback circuit used to stabilise the

coupled-cavity modelocked laser.

mounted on a movable bread-board so that the length of the external cavity could be varied
easily without affecting the fibre coupling arrangement. This scheme is illustrated in
figure 4.4. The laser output was taken via the beam splitter, BS, which typically had an
intensity transmission of between 60 - 70% depending on the exact laser wavelength. The
beam-splitter was partially reflection coated on one surface and AR-coated on the other. A
variable neutral-density filter wheel was sometimes included in the external cavity enabling the

losses and hence the degree of nonlinearity in this cavity to be varied.

Stable operation of the coupled-cavity laser required that an interferometric match be
maintained between the main and external cavities so that an electronic stabilisation loop was
used to control the length of the control cavity by varying the position of the mirror M79. The
input error signal for the servo loop was usually derived from the average power fed back into
the laser from the external cavity, but the average output power from the laser was also

occasionally used. These were useful error signals because their average levels varied
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periodically with the phase bias of the external cavity as illustrated in figure 4.2. The optical
bandwidth of the monitored error signal was sometimes restricted by using a diffraction
grating together with an aperture in front of the photodiode. A simplified circuit diagram for
the servo loop is given in figure 4.5. The scheme used standard feedback loop techniques.
The input signal was compared with an electronic reference voltage, which represented an
optical power level from the laser cavity, and the difference was amplified and fed to a high
voltage amplifier which drove the PZT. In these experiments, the PZT (Photon Control
MGS 15) could provide a total movement of ~15 um for a voltage change of 150 V. The
gain control and variable time constant enabled the total phase shift through the loop to be kept
below 7 at frequencies where the loop gain approached unity, thus permitting stable operation

for a range of experimental conditions.
4.4 The Coupled-Cavity Modelocked Laser

It had been demonstrated that the coupled-cavity modelocking process in the Ti:Al;O3
laser could easily self-start with no active modulation, unlike its colour-centre laser
counterparts. Initially, the aim was to reproduce the results obtained by other workers and
fully characterise the system. With this in mind, the laser was constructed as described above
with the three-plate BRF inserted as the tuning element. A 2 m length of optical fibre (York
Technology Type No SM 800), having a cut-off wavelength of ~800 nm, was inserted into
the external cavity which was set to be approximately twice the length of the main resonator.
This relatively long length was chosen so as to give the modelocking process the maximum

possible chance of self-initiation.

With the fibre coupling efficiency maximised, single-pass throughputs of between 50%
and 60% could usually be achieved. The Ti:Al,O3 laser was pumped with an all-lines argon-
ion laser power of 6 - 10 W, which resulted in average output powers of between 300 mW
and 500 mW from the main resonator. Of this output, 70% was sent to the coupled-cavity

section so that the fibre launch power was between 200 and 400 mW and the power

measured before the retroreflecting mirror, M7, ranged from 100 mW to 200 mW. The laser
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wavelength was set at approximately 850 nm. The alignment of both cavities was optimised
and the length of the external resonator was varied about the matching point. However, no
increase in the level of the second harmonic generated in the autocorrelator was observed,
indicating that no short pulse generation was occurring. In fact, it was not certain that the two
cavities were properly matched as no obvious variation in the power from either cavity could

be detected.

It was decided to actively modelock the Ti:AlyOj3 laser so as to relax the starting conditions
for coupled-cavity modelocking by reducing the value of T, in equation (4.2), in the hope that
the cavity lengths could be more easily matched and enhanced modelocking observed. The
main resonator length was set to 1.82 m and an acousto-optic (A/O) prism modulator was
inserted as close to the highly reflecting plane mirror as possible. The laser was actively
modelocked as described in chapter 3. The coupled cavity was again optimised and its length
adjusted until the matching point was found, as evidenced by the variation in average power
from the laser. (The A/O modelocked laser made it relatively easy to match the cavity lengths.)
As the external cavity length was varied about the matching point the second harmonic signal
could be seen to periodically increase by several orders of magnitude, indicating that short
pulse generation was taking place. If the cavity lengths were left fixed and closely matched the
second harmonic would increase at random intervals, as expected for any coupled-cavity laser
that is not actively stabilised. Once the cavities were matched and the feasibility of the
modelocking technique demonstrated, the A/O modulator was switched off and, as

anticipated, the modelocking did seif-start.

Once self-starting operation had been demonstrated, the A/O modulator was removed from
the cavity and the laser would reliably self-start provided the coupling efficiency and intra-
fibre power were high enough for the particular configuration adopted. First, the laser was
actively stabilised using the technique described above, by monitoring the average power
returned from the control cavity. This was achieved relatively easily by setting the external

cavity length so that the modelocked operation could be seen to occur randomly and then




Chapter 4: The Coupled-Cavity Modelocked Ti:sapphire Laser

Atp = 1.3 psec ) llll Atp = 1.3 psec_
) E’-:\ ‘_'[5 Atphv = LO-‘
o o)
3 8
= =
= £
g 2
= E
" e A
-4 0 +4
Delay (psec)
1.0 T y

) AX = 2.0 nm

c

=

.

8051

2

‘B

c

2

&=

O i | 1
857 859 861

120

Wavelength (nm)

Figure 4.6. Autocorrelation and spectral data for the pulses generated from the

coupled-cavity modelocked Ti: Al,Oj3 laser.

closing the stabilisation loop and suitably adjusting the reference level. Once stabilisation had
been achieved, the servo loop gain and time constant could be adjusted to give the best
operation. With the loop controls optimised, stable modelocked operation could be maintained
for periods of several hours. The laser would still drop out as a result of strong environmental
perturbations which the feedback circuitry could not track. In this case the loop could usually
restabilise the laser so that modelocked operation would continue after the perturbation had
ceased, without the need for re-alignment. On the other hand, the inevitable drifts in cavity
length, fibre coupling efficiency, etc. which occurred with time meant that eventually the
regime of stable operation would fall outside the capture range of the PZT, or the intra-fibre
power would fall below the critical level required for proper modelocking and some
optimisation would be required before modelocked operation cou'1 again begin. Results were
taken which enabled the operation of the modelocked laser to be characterised under various

operating conditions - these results will be described in the following paragraphs.
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Figure 4.7. Graph illustrating the variation in pulse duration with the average power

launched into the 105 cm length of fibre in the external cavity.

The length of optical fibre in the external cavity was replaced with approximately 30 cm
of Andrew Corporation fibre (Andrew Corp. Type 48280-1-P). This fibre had an elliptical
core having major and minor diameters of 2.5 X 1.25 pm? and a An of 0.033. It was
polarisation preserving and had a cut-off wavelength of ~800 nm. Single-pass coupling
efficiencies in excess of 60% could be achieved with the use of index-matching fluid. The use
of index matching fluid was not essential provided the coupling efficiency could be maintained
above ~60%. If it dropped below this level the laser would not modelock even if the intra-
fibre power was proportionately increased, suggesting that the back-reflection into the laser
was too strong. This observation agrees with the theoretical considerations presented in
reference 26. In practice, the laser was usually operated with matching fluid because of the
less stringent requirements placed upon the fibre coupling. In this configuration, the pump
power was approximately 6 W, which resulted in an average modelocked output power of

110 mW. The laser was tunable between 830 nm and 960 nm using the three-plate BRF.,
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Figure 4.8. Graph illustrating the variation in pulse duration with wavelength for the

coupled-cavity modelocked laser.

Pulses having durations less than 3 ps were produced across this entire tuning range. The
lower end of this range was determined by the reflectivity of the optics used in the laser,
Similar results have been achieved in the 750 - 850 nm spectral region using the low
wavelength optics set and suitable optical fibre. The upper end of the tuning range was
determined by the increasing losses in the control fibre as the wavelength was increased and
by the reduction in the gain available from the Ti:Al,O3 as the wavelength approached 1 pm.
In both cases the power available was neither sufficient to start nor to sustain the short-pulsed

operation.

The shortest pulses were generated with the three-plate BRF at wavelengths near 860 nm
and had durations of approximately 1.3 ps.T The peak pulse powers were in excess of 1 kW.

Intensity and interferometric collinear autocorrelation traces of these pulses are presented in

T Hyperbolic-secant squared intensity profiles are assumed throughout this chapter.
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Figure 4.9. Graph illustrating the variation of the pulse duration with the length of

fibre in the external cavity for two BRF thicknesses.

figure 4.6, together with the associated pulse spectrum. The calculated duration-bandwidth
product for these pulses of ATyAv =~ 1.0 is rather larger than the value of 0.32 expected for
bandwidth-limited pulses. This suggested that the pulses had some degree of frequency chirp.
This was further confirmed by the interferometric autocorrelation trace in figure 4.6, where
the loss of coherence in the wings of the pulse profile is characteristic of chirped pulses. This
behaviour agrees with that predicted by the theory for lasers with overall positive GVD as
outlined in section 4.2, which suggests that the pulses should be highly chirped so that

spectral filtering provides addiﬁonal pulse shaping.

The plot included as figure 4.7 illustrates how the pulse duration from the modelocked
laser varied with the power launched into the optical fibre in the control cavity. These results
were taken when the laser was tuned to approximately 860 nm using a BRF having a
thickness of 1.6 mm. The pump power was ~6 W and the average output power was

~100 mW. The launch power was varied using a variable neutral-density filter wheel placed
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Figure 4.10. Autocorrelation traces showing the modelocked output from the laser

before pulse compression.

before the optical fibre which was approximately 105 cm in length. It is clear that there
existed an optimum power level for the generation of the shortest pulses. Obviously,
increasing the nonlinearity should decrease the pulse duration, but if this nonlinearity becomes
too large the pulse shortening will be reduced and the laser can become unstable. In
figure 4.8, the data show how the pulse duration varied as the laser was tuned. These data
were taken under similar pumping conditions to those for figure 4.7. In this case the laser
was tuned using the three-plate BRF and the fibre launch power was ~200 mW. The
dependence of the pulse duration on the length of fibre used in the external cavity was also
studied, and the results are presented as figure 4.9. The pumping power was again ~6 W
resulting in an average output power of ~100 mW. The fibre launch power was kept constant
at ~200 mW. Results are included for both the three-plate and 1.6 mm BRF. As explained in
section 4.1, low dispersion in the control cavity is preferred for short pulse generation and
this explains why shorter lengths of fibre lead to the generation of shorter pulses. Shortening
the fibre also increased the self-starting threshold. This behaviour is consistent with the trend
predicted by equation (4.2) since decreasing the fibre length effectively decreases the

nonlinearity parameter, K.
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Figure 4.11. Autocorrelation and spectral data for the modelocked pulses after

compression in a diffraction grating pair.
4.5 Extra-cavity Pulse Compression

It was evident from the duration-bandwidth products and interferometric autocorrelation
traces that the pulses produced from the modelocked Ti:Al,O5 laser exhibited a substantial
degree of frequency chirp. As illustrated in figure 4.9 the shortest pulses were generated with
the thickest BRF. Thinner filters merely resulted in broader pulse durations with increased
amounts of frequency chirp. The envelope shape of the interferometric autocorrelation trace
suggested that this frequency chirp was linear. It follows, therefore, that these chirped pulses

could be efficiently compressed outside the laser to obtain shorter pulse durations as well as

higher peak power levels.

The theory of pulse compression has been outlined in chapter 1. A grating-pair pulse
compressor was constructed using components which were readily available at the time. This

consisted of two holographic diffraction gratings, blazed for 1.06 pum and having




Chapter 4: The Coupled-Cavity Modelocked Ti:sapphire Laser 126

1200 lines/mm. These were placed in the laser output and their separation was varied to
produce the shortest pulse durations. The pulse durations were monitored using the intensity
autocorrelator, while the degree of frequency chirp remaining on the compressed pulses was

monitored using the interferometric autocorrelation technique.

The laser was operated with the 1.6 mm birefringent tuning element and had 29 cm of
Andrew Corp. fibre in the control cavity. This provided ~150 mW of useful output power for
a pump power of 14 W at a wavelength of ~850 nm. Frequency-chirped pulses having
durations of 4.5 ps were generated in this configuration. These uncompressed pulses had
duration-bandwidth products of ATpAv = 5.6 and are illustrated in figure 4.10. It was found
that a grating separation of 30 mm provided the best pulse compression. This separation
resulted in an equivalent dispersion which was calculated to be -0.095 ps2. Intensity and
interferometric autocorrelation traces and an associated spectrum for the compressed pulses
are presented as figure 4.11. The compressed pulse durations were 290 fs which implied a
duration-bandwidth product of At ,Av =0.36, which was close to that expected for
transform-limited sech? pulses. The compressed durations represented a compression factor
of approximately X15 from the original pulses. The duration-bandwidth product and
interferometric autocorrelation trace suggested that while the compressed pulses were close to
the transform limit, some residual frequency chirp remained. This was almost certainly due to
the presence of a small amount of nonlinear chirp which could not be compensated by the

grating pair.

It should be pointed out that the throughput efficiency of the diffraction grating pair at
850 nm was less than 30%. Thus for an average laser output of 150 mW, approximately
40 mW was transmitted after the compressor. This still resulted in a net increase in the peak
pulse power from ~400 W before compression to ~1.9 kW afterwards. With properly
optimised gratings, transmissions in excess of 80% should be achievable which would result

in peak powers in excess of 5 kW.
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4.6 Intracavity Dispersion Compensation of the Coupled-Cavity Modelocked

Laser

While the technique of extracavity pulse compression provides one means of obtaining
shorter laser pulses which are (nearly) chirp-free, it nevertheless suffers serious drawbacks.
Most importantly, even optimised grating compressors are relatively lossy. Because
diffraction gratings are optimised for a limited wavelength range it is not possible to construct
a compressor which is relatively free from losses over a spectral region which is compatible
with the tuning range available from Ti:Al,Oj3 lasers. Thus, grating compressors lose useful
power which could be made available for experiments. One solution, which will be illustrated
in chapter 5, is the use of a prism sequence as an alternative to the diffraction gratings.
However, prisms provide much less dispersion than gratings and so the required separation
becomes unacceptably large when moderate amounts of frequency chirp arise. Careful choice
of prism material and arrangements which provide high dispersion can partially solve this
problem, but these configurations almost always have correspondingly large higher-order

dispersion as well, which can lead to additional nonlinear pulse chirping.

Because the coupled-cavity modelocked Ti:Al,O3 laser produced frequency chirped pulses
directly, this chirp must originate within one or both of the laser resonators. It was logical,
therefore, to compensate for this chirp within the laser rather that outside it. This overcomes

the problems associated with extracavity compression and provides a more compact ultrashort

SiOz( ZnSe
A (um) 0.866 0.866
n(A) 1.45 2.51

B oty 0.0153 0
Y 0.0 -0.193

d?n

02 (um-2) 0.0290 0.766
D (ps (am km)-1) -83.6 2212

Table 4.1. Refractive index and dispersion data for the external cavity.
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Figure 4.12. Graph illustrating the dependence of the pulse duration on the ZnSe

prism separation in the external cavity.

pulse source. It might also be expected to lead to the production of shorter pulses through a
soliton-like pulse shaping mechanism. An obvious source of dispersion within the laser was
the optical fibre in the external cavity. The dependence of the pulse duration on the fibre length
can be seen with reference to figure 4.9 where it can be seen that shorter pulses were
generated with shorter lengths of fibre. Using very short fibre lengths was not an ideal
solution because, although the dispersion would be reduced, the nonlinearity would also be
reduced resulting in an increase in the self-starting threshold and possibly a decrease in the
pulse shortening provided by the coupled cavity A preferred approach was, therefore, to
introduce dispersion compensation into the external cavity with the aim of minimising the

pulse broadening effects of dispersion without affecting the degree of available nonlinearity.

The amount of dispersion in the external cavity can be estimated by considering the
material dispersion of the fibre. (To a first approximation, the waveguide dispersion can be

ignored.) The refractive index and its derivatives can be calculated from the Sellmeier
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Figure 4.13. Autocorrelation and spectral data showing the modelocked pulses

generated by the coupled-cavity laser with dispersion compensation in the external

cavity.

expansion for SiO,. The calculated figures are included in Table 4.1. For a 50 cm length of
fibre at 866 nm the single-pass material dispersion was calculated to be 0.0167 ps2. In order
to compensate for this relatively large amount of dispersion without having to use excessively
large external cavity lengths, zinc selenide (ZnSe) was chosen for the prism material. The
refractive index data for ZnSe is also included in Table 4.1. Four ZnSe prisms, which were
cut for minimum deviation at the Brewster angle (at ~850 nm), were included in the control
cavity. By varying the separation between the prisms the magnitude and sign of the dispersion

could be varied in the usual manner.

The laser was operated with a 1.6 mm tuning element in the main cavity and the

separation of the prisms in the external cavity was varied to find the arrangement that gave the
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Figure 4.14. Autocorrelation and spectral data showing the modelocked pulses

generated by the coupled-cavity laser with dispersion compensation in the main cavity.

shortest pulses. In this case the pump power was fixed at 5 W, which resulted in an average
output power of 70 mW and a fibre launch power of 130 mW. The data obtained, as
presented graphically in figure 4.12, show how the pulse durations from the laser varied with
the separation between the prisms. It follows that the optimum separation was approximately
70 cm. The resulting pulses had durations of 1.3 ps, which taken with the recorded
bandwidth implied a duration-bandwidth product of AtpAv ~ 1.3. These pulses had peak
powers of =0.7 kW. With the prism separation of 70 cm the net dispersion in the external

resonator was estimated to be -0.408 ps2.

The autocorrelation and spectral data for the pulses produced from this configuration are
presented as figure 4.13. The duration-bandwidth product and interferometric autocorrelation

trace suggest that there was still a substantial degree of frequency chirp associated with these
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Figure 4.15. Graph illustrating the variation in the modelocked pulse duration with

the glass path length for near optimum dispersion compensation by SF14 prisms in the

main resonator.

pulses. The calculated prism separation for zero GVD in the control cavity was ~11 cm,
however this separation did not result in a significant degree of pulse compression. Even with
the substantial amount of negative GVD provided by the much larger prism separation, the
compression factor was only about 3, compared with 15 for the extracavity case. It could,
therefore, be concluded that the remaining chirp must be a result of processes occurring in the
main resonator. In particular, the Ti:AlpO3 gain medium must contribute a significant amount

of GVD and SPM within the main cavity.

To compensate for these effects two SF14 prisms were placed in the main cavity between
the BRF and the plane mirror, M4. In this configuration the birefringent tuning element was
replaced by an aperture located between the prism, Py and mirror, My, which could be
translated in a direction perpendicular to the beam. The prism separation was again varied until

the length which gave the shortest pulses was found. This corresponded to a prism separation
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Figure 4.16. Graph showing the variation in pulse duration with the length of
optical fibre used in the control cavity of the modelocked laser with dispersion

compensation in the main resonator.

of ~35 cm. For this experiment, the length of fibre used in the control cavity was 5.7 cm.
The laser was operated with 7.5 W of pump power which resulted in a modelocked outpﬁt of
200 mW. The optical power incident on the length of optical fibre was 230 mW. In this
configuration, the laser generated pulses as short as 120 fs at a wavelength of 852 nm. This

represented a compression factor of ~40, which was more than twice that obtained with

SF14 Ti:AlyO;
A (um) 0.852 0.852
n(h) 1.74 1.76
dn ol
4 ) -0.0459 -0.0239
dn o0
02 (Mm) 0.148 0.0473
D (ps (um km)"1) 421 -134

Table 4.2. Refractive index and dispersion data for the main cavity,
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extracavity compression. The resulting peak pulse powers were >20 kW. The autocorrelation
and spectral data for these shortest pulses are presented in figure 4.14. The calculated
duratioh-bandwidth product was ATpAv = 0.32 which is consistent with transform-limited
sech? pulses. The absence of frequency chirp on the modelocked output is further confirmed
by the interferometric autocorrelation trace where interference fringes are observed throughout

the pulse profile.

With the position of the prism sequence in the main cavity fixed, the total GVD could be
adjusted by varying the amount of prism material through which the cavity beam passed. This
enabled fine adjustments to be made while the laser was operating. However, the amount of
glass in the beam could only be changed a little at a time because it also changed the length of
the main laser cavity. This length change had to be followed by the coupled cavity whose PZT
could only move 6 pm before resetting. Nevertheless, it was possible to easily optimise the
pulse durations by controlling the GVD in this way. The variation of the pulse duration with
the amount of glass in the beam is illustrated in figure 4.15. It is evident from this plot that
there existed an optimum amount of GVD for which the shortest pulses were generated. The
primary sources of dispersion within the main cavity were the Ti:Al,O5 laser rod and the
prism sequence itself. The appropriate refractive index data and its derivatives for these

components were again calculated using Sellmeier expansions and this data is included as

Ti:AlL,O4 SF14 ZnSe SiOy
A (um) 0.858 0.858 0.858 0.858
n(h) 1.76 1.74 2.51 145
dn .
3, oD -0.0236 -0.0450 -0.199 -0.0155
d2n .2
oY) m-) 0.0457 0.144 0.801 0.0303
D (o (o kiny D 131 -141 -2292 -86.8

Table 4.3. Refractive index and dispersion data for both cavities.
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Figure 4.17. Autocorrelation and spectral data for the modelocked pulses from the

coupled-cavity laser with dispersion compensation in both cavities.

Table 4.2. For the prism separation of 35 cm, the net GVD within the main cavity was

calculated to be -418 fs2.

With the dispersion compensation in the main cavity optimised, it was observed that the
pulse duration still showed a dependence on the length of fibre used in the control cavity. This
dependence is illustrated by the graph included as figure 4.16. One implication of this
behaviour was that the dispersion in the external cavity still played some role in broadening
the pulses produced in the laser. In order to generate the shortest pulses from the Ti:Al,O4
laser it was, therefore, necessary to provide dispersion compensation in both the main and
external cavities. The autocorrelation and spectral data obtained with this arrangement are
presented in figure 4.17. The laser was able to generate pulses as short as 90 fs at a

wavelength of 858 nm. These pulses had duration-bandwidth products of 0.35. This,
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Figure 4.18. Intensity autocorrelation traces showing various stable multipulsing

states of the modelocked laser.

together with the interferometric autocorrelation trace in figure 4.17 implies that the pulses
were well compensated for frequency chirp. These results were taken for a pump power of
8 W, for which the average output power was 80 mW and the resulting peak pulse powers

were ~11 kW. Approximately 110 mW was launched into the 25 cm length of optical fibre

used in the control cavity.

The net dispersion for both the main and external cavity was calculated for the laser
configuration producing the shortest pulses. The appropriate refractive index data calculated
from the Sellmeier expansions is given in Table 4.3. For the prism separation of 14.5 cm in
the external cavity the resulting net dispersion was calculated to be -0.046 ps2. Similarly, for
the prism separation in the main cavity of 35 cm, the net dispersion was calculated to be

-376 fs2. These findings again agree with the theoretical modelling which suggest that the
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Figure 4.19. Oscillograms showing stable multipulsing states of the modelocked

laser where the sub-pulses were relatively far from the main pulse.

shortest pulses are generated with small negative GVD. In all cases the self-starting threshold
was observed to decrease with increasing dispersion compensation. This experimental
observation implied that low GVD was beneficial even during pulse evolution and led to an

effective increase in x in equation (4.2).
4.7 Instabilities in the Coupled-Cavity Modelocked Ti:Al,05 Laser

Although it was possible to find stable operating regimes within which good modelocking
could be achieved, many other stable states were observed in which some aspect of the
modelocked operation was compromised. The laser often showed a tendency towards
multiple-pulse operation when as many as six pulses were present within one cavity period.
The sub-pulses either occurred close to the main pulse and equally spaced from it, or at

regular intervals during the cavity period. The intensity autocorrelation traces in figure 4.18
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Figure 4.20. Modelocked spectrum corresponding to the multipulsing state shown
in figure 4.18(a). The modulation period corresponds to the pulse separation in the

time domain.

show some of the commonly observed states where the satellite pulses were close to the main
pulse. The oscillograms in figure 4.19 show the pulse train for states where the sub-pulses
were further from the main pulse. In all cases these multiple-pulsing features were

accompanied by a modulation on the spectrum, similar to that shown in figure 4.20.

The modelocked spectrum did not change in any other way when the laser was
multipulsing, in particular, the pulse bandwidth did not increase. The frequency of the
modulation on the spectrum corresponded to the separation of the sub-pulses in the time
domain. This implied that the sub-pulses occupied the same frequency space as the main
cavity pulses and that interference occurred between them (see figure 4.18(a) and 4.20). The
timing of the sub-pulses was generally not fixed relative to the main pulses and they could
often be seen to drift along between the main cavity pulses, taking anything from

approximately one tenth of a second to several seconds to do so. Such a state is illustrated in

figure 4.21.

Another common operating regime was characterised by the presence of relatively narrow
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Figure 4.21. Oscillogram showing a ‘stable’ multipulsing state where the sub-pulse

drifted along with respect to the main cavity pulse.
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Figure 4.22.Spectra illustrating two of the most commonly observed states
characterised by the presence of narrow spikes superimposed on the modelocked

spectrum.

spikes superimposed on the spectrum of the modelocked laser as illustrated in figure 4.22.
These spikes could appear anywhere across the spectrum, and were sometimes present at
wavelengths well removed from the modelocked spectrum when sufficient gain was available
in these regions. Although these spike features were readily observed in the frequency domain
it was significant that the monitored modelocked pulse train and autocorrelation traces offered
no evidence of their existence. We believe that these features corresponded to the spectrum of
the unmodelocked laser breaking through the much broader modelocked spectrum. When
these spectral spikes were present it was most likely that the laser output consisted of either

modelocked pulses with a broad, low energy pedestal, or a modelocked pulse train which
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coexisted with a very low intensity cw beam. Several distinct states have been monitored
which were characterised by significantly different levels of second harmonic intensity even
though the pulse duration and the total average power from the laser remained constant. This

was due to different ratios of modelocked to unmodelocked radiation in the laser.

All of these effects were associated with a high level of peak pulse power in the fibre,
which in turn corresponded to a greater nonlinear phase shift than was desirable for
modelocking. Excess phase shifts lead initially to the generation of broader pulses. With even
higher peak powers, the peak phase shift could exceed 2x so that there existed more than one
point of optimum interference. Eventually, the pulses became totally unstable. Within the
parameter range required for self-starting operation, the peak nonlinear phase shift in the fibre
was estimated to often exceed 2n. This could be one explanation of the multiple pulsing.
Another possible cause could be the presence of nonlinear frequency chirp resulting in pulse
splitting because the linear GVD compensation could not compress the wings of the pulses.
The laser seemed able to accommodate excess peak power levels by either multiple-pulsing, or
by confining some of the energy into unmodelocked radiation such that in each case, there

was a corresponding decrease in the peak pulse power.

The obvious way by which these undesirable effects could be avoided was to reduce the
power launched into the fibre, but this made the self-starting conditions for modelocking more
difficult to satisfy. Often the stable operating window for good modelocking seemed to lie at
power levels which were below the threshold for self-starting such that the modelocked laser
would tend to exhibit some of the undesirable effects mentioned above. It was difficult to
precisely identify the stable operating window for a particular operating regime. In practice
one had to achieve modelocked operation and then carefully adjust the pump power, the
coupling efficiency and the relative phase mismatch between the cavities, the wavelength and

the avci‘age power in the fibre until satisfactory stable modelocking was observed.

A coupled-cavity scheme has also been used with an acousto-optically modelocked
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Figure 4.23. Oscillogram showing a stable modelocked pulse sequence.

Ti:Al203 laser. With the laser already producing relatively short pulses (~100 ps), the pulse
shortening effects of the nonlinear external cavity could be utilised more easily than in the self-
starting regime. The behaviour of the laser in terms of pulse duration was similar to the self-
starting case, although it was possible to operate with much lower intra-fibre powers so that
the undesirable effects mentioned above could be more easily controlled. For this reason the
acousto-optic modelocked, coupled-cavity laser still represents a serious option for reliable

ultrashort pulse generation as compared to the purely passive self-starting laser.

The behaviour of the modelocked laser did not show any particular dependence on the
length of the laser resonator provided the two coupled-cavities were interferometrically
matched. Modelocking has been observed with cavity lengths ranging from approximately
70 cm to over 2 m. These limits were merely set by the practical constraints imposed by the
physical size of the laser and the space available on the optical table. The laser was most often
operated with cavity lengths close to 1.7 m as this provided the best compromise between
size, stability and high peak pulse powers. It was observed, however, that the stability and
degree of modelocking was much better if both the main resonator and the coupled cavity had
the same period rather than one being a multiple of the other. This was not surprising as the

latitude of stability has been shown to decrease for the latter condition?7.

The stability of the laser for all of the above assessments was good. With the stabilisation

electronics switched off and depending on the conditions in the lab, modelocked operation
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could be achieved for periods of a few milliseconds to several minutes. When the stabilisation
was switched on the laser would remain modelocked for periods of up to several hours, only
dropping out as a result of excessive perturbations or gradual relaxation of the alignment. The
peak-to-peak amplitude fluctuations on the output of the laser were typically less than 10%.
The major contributions to this noise were at frequencies of 50 Hz and 300 Hz and could be
traced directly to noise on the output of the pump laser.t The oscillogram in figure 4.23
shows the modelocked pulse train under normal operating conditions. In an attempt to further
improve the amplitude stability of the output, an acousto-optic modulator was placed in the
pump beam and used as a noise suppressor. However, thermal lensing in the modulator
material meant that the usable pump power had to be kept below 6 W if pump beam
degradation was to be avoided. In practice this was not a satisfactory solution because of the

severe limitations it placed upon the output power available from the laser.
4.8 Conclusions

This chapter has discussed the operation of a coupled-cavity modelocked Ti:Al,Oj laser in
which the modelocking was self-starting. The modelocked output was tunable from
750 - 900 nm with pulse durations of less than 3 ps being generated throughout. Pulses as
short as 1.3 ps were produced at wavelengths near 860 nm. These pulses had average
powers of more than 100 mW and peak powers greater than 1 kW. The modelocked pulses
exhibited a substantial amount of frequency chirp and could be directly compressed outside
the laser cavity to 290 fs. The shortest pulses had durations of 90 fs and were generated with
intracavity dispersion compensation in both the main and nonlinear cavities. The operation of
the laser, in terms of pulse duration, was shown to depend significantly on the amount of
dispersion within the cavities, with the shortest pulses being generated for small overall
anomalous dispersion. The operation of the system was also sensitive to other parameters

such as the fibre length, the intra-fibre power and the amount of bandwidth restriction.

t The amplitude noise on the output of the Model 2040E Ar-ion laser was much better than that on the

Model 2030.
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Qualitative conditions for stable operation were also identified. The importance of limiting
the peak nonlinear phase shift to controllable levels was pointed out and some of the
undesirable operating states were also illustrated. The necessity of maintaining the
interferometric match between the two cavities was demonstrated. It is this requirement which
most of all, limits the simplicity of the modelocking technique. Solutions have been
demonstrated which use either resonant nonlinearities® in the control cavity, multimode laser
outputs?8 or single cavity schemes29, In the next chapter another solution to this problem is
demonstrated. The self-modelocked Ti:AlyO3 laser does not require the use of an external
cavity at all, thus removing the need for length matching and is also capable of generating

shorter pulses.
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Chapter §
The Self-Modelocked Ti:sapphire Laser

5.1 Introduction

The previous chapter described the operation of a coupled-cavity modelocked Ti:Al,O3

laser, which was able to generate pulses having durations in the sub-100 fs range. In this
chapter the implementation of another modelocking technique is discussed which can lead to
pulses shorter than 100 fs being generated when applied to the Ti:Al,O4 laser. The term ‘self-
modelocked’ was chosen because this type of laser generated pulses in the absence of any
modelocking elements within the cavity, by exploiting the Kerr nonlinearity within the gain
medium. The experimental results for this self-modelocked laser were similar in many

respects to those obtained for the coupled-cavity modelocked laser.

Experimental data will be presented describing the operation of the basic laser, which was
able to generate pulses as short as 2 ps and was continuously tunable from 750 - 950 nm.
For a pump power of 8 W, the average modelocked output power was ~450 mW which
corresponded to a peak pulse power of 2.6 kW. These pulses exhibited significant amounts
of frequency chirp and could be temporally compressed outside the laser cavity using
diffraction gratings or ZnSe prisms to obtain pulses having durations as short as 380 fs. An
intracavity prism sequence, consisting of two SF14 prisms, was included to provide
dispersion compensation and this resulted in the generation of pulses as short as 60 fs. For
these shortest pulses, the average power was ~600 mW (for ~8 W pump power) and the
corresponding peak power was ~110 kW. Using an extra-cavity fibre-prism pulse
compressor, pulses as short as 45 fs were produced. Although the self-modelocking process
was not self-starting it was self-sustaining. In order to overcome the self-starting problem, an
acousto-optic modulator was included in the cavity. This was driven regeneratively from the

intracavity laser intensity and provided sufficient modulation to assist the femtosecond pulse

initiation.
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Figure 5.1. Schematic diagram of the cavity configuration of the self-modelocked
Ti:A1203 laser.

The chapter will conclude with a review of the current theories concerning the operation of
the self-modelocked laser. Several other techniques have enabled the generation of sub-100 fs
pulses from Ti:Al,O3 lasers where passive (saturable absorber dye), active, synchronous
modulation, and various coupled-cavity schemes using resonant nonlinearities and even empty
external cavities have been used. It is suggested that all of these techniques, including the
coupled-cavity scheme described in the last chapter, involve similar basic mechanisms for the
generation of femtosecond pulses. These techniques should then be generally applicable to

other solid-state laser types.
5.2 The Self-Modelocked Laser Configuration and Operation

As in the the Ti:Al,O3 laser configurations described in previous chapters, the self-
modelocked laser was based on a modified Spectra-Physics Model 3900 laser. The cavity
configuration, illustrated in figure 5.1, consisted of an extended resonator measuring between
1.5 and 2.0 m in length with a Z-folded focusing section comprising of two concave mirrors
(M3, M3) which each had a 10 cm radius of curvature and contained the 20 mm long
Brewster angled gain medium. The two long arms of the cavity were arranged approximately
symmetrically about this folded section. The output coupling mirror My, had an intensity
transmission of approximately 3.5% and, as with the other resonator mirrors, was designed to

operate over the 850 - 1000 nm spectral region. The laser was tuned by means of a suitably




146
Chapter 5: The Self-Modelocked Ti:sapphire Laser

chosen birefringent filter (BRF). The pump laser was either a Spectra-Physics Model 2030 or
2040E argon-ion system which provided 15 W of all-lines visible power in a TEM; mode.
This pump radiation was focused into the Ti:AlOj3 crystal via a concave mirror which had a

radius of curvature of 23 cm.

In this configuration the laser was able to produce pulses having durations as short as
2 ps without the addition of any discrete modelocking element!. In order to achieve
modelocking, the following procedure was adopted. The laser output was monitored using a
real-time second-harmonic generation autocorrelator together with a photodiode and
oscilloScopc having a bandwidth of ~400 MHz. The average intensity was also monitored
using a photodiode and oscilloscope with a slower response. Initially the laser was tuned to a
wavelength which experienced reasonably high gain (typically <900 nm) and aligned for
maximum output power. Fine adjustments were made to the alignment to produce strong
mode beating as observed on the oscilloscope. This could be facilitated by tapping one of the
mounts which held the cavity optics or by sweeping the cavity length and thus enhancing the
mode beating effect. These intensity fluctuations could be maximised by carefully optimising
the distances between the curved mirrors and the ends of the Ti:Al,O3 rod. Minor changes in
the alignment of the resonator were made in this way until a tap on one of the cavity mirrors
initiated the self-modelocked process. Further adjustments could be made at this stage to
improve the stability of the modelocked output. Once a pulse sequence had built up, the laser
remained modelocked until some external perturbation caused the process to stop. In general,
the self-modelocked operation was not self-starting and required some external influence to

restart short-pulse generation once it had ceased.

Initially the laser operated with the output consisting of the TEM mode together with a
higher order transverse mode such as the TEMgs. It was later observed that multi-transverse
mode operation was not essential for modelocked operation, particularly when the laser

produced pulses having durations in the femtosecond regime. In this case the output was

greater than 99% TEMy.
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laser.

In this basic configuration the laser had a threshold that corresponded to an all-lines argon-
ion pump power of approximately 1 W. Self-modelocked operation could be achieved for
pump powers ranging from approximately 4 - 12 W. With pump powers outside this latter
range, the laser output reverted to cw un-modelocked operation. The laser typically produced
pulses as short as 2 ps in a configuration with a 1.6 mm thick BRF as the intracavity tuning
element. For a pump power of 8 W the average modelocked output power was approximately
450 mW which represented a peak pulse power of 2.6 kW for a repetition frequency of
86 MHz. Second harmonic generation (SHG) intensity and interferometric autocorrelation
traces for the modelocked output are illustrated in figure 5.2, together with the associated
spectrum. Modelocking could be achieved continuously over a spectral region extending from
approximately 830 nm to 950 nm with a single optics set. The lower bound of this region

was determined by the reflectivity of the optics. Modelocked operation was also observed
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BREF thickness.

over the 750 - 850 nm wavelength range with alternative optics which were reflection coated
for the 700 - 850 nm region. The upper and lower bounds of this modelocked tuning range
at 750 nm and 950 nm were due to insufficient gain being available beyond these
wavelengths. It is expected that wavelengths outside this range could be achieved with
suitable optics. Significantly, it was observed that this modelocked operation depended on

exceeding a certain threshold level of intracavity intensity.

It is important to note that the self-modelocked laser was continuously tunable within the
spectral regions mentioned above, in contrast to other ultrashort pulse sources. For instance,
in the coupled-cavity modelocked laser described in chapter 4, the different amounts of
dispersion in the two cavities limited the range of continuous tunability because of the
requirement that the cavity lengths be interferometrically matched. The thickness of the BRF
used did not significantly affect the tuning range of the self-modelocked laser, but strongly
influenced the pulse durations obtained as illustrated graphically in figure 5.3. Generally, the

characteristics of the self-modelocked laser (in terms of the choice of tuning element, the
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wavelength of operation, etc.) had similarities with those of the coupled-cavity modelocked

system described in the previous chapter.

For all of the above measurements the stability of the modelocked output was adequate.
Stability depended primarily on the amount of noise in the environment - perturbations which
were strong enough could cause the modelocked operation to cease with the laser reverting to
the cw regime. Such perturbations could also initiate the modelocked output. The noise and
stability of the laser are illustrated by the traces in figure 5.4, where the oscillograms in
figure 5.4 (a) show that the noise superimposed on the pulse train is due primarily to mains
ripple on the pump laser and occurs at frequencies of 50 Hz and 300 Hz. Figure 5.4 (b)
shows the average SHG signal from the modelocked laser and illustrates that the laser could
remain modelocked for periods in excess of 30 minutes with only minor fluctuations in SHG
output. However, it should be emphasised that the noise on the pump laser represented a
major source of instability in the system and could cause the modelocked operation to cease,
or to start spontaneously. This is illustrated by the oscillogram presented as figure 5.5 in
which the top trace shows the real-time SHG intensity autocorrelation function of the laser
output and the bottom trace represents the (inverted) variation in the average pump power, It is

evident that this variation could seriously influence the stability and noise associated with the

modelocked Ti:AlyO5 output. ~

In order to try to improve both the stability and noise characteristics of the output from the
laser, an acousto-optic modulator (Intra-Action Corp. Model AFM 402) was inserted into the
pump beam before the Ti:Al,O3 oscillator. The modulator was biased so as to deflect ~20% of
the power out of the zeroth order, the latter being used as the pump beam. The pump intensity
which remained in the zeroth order was monitored using a photodiode and this signal was fed
into an electronic servo loop, similar to the one described in chapter 4 for stabilising the
coupled-cavity modelocked laser. The low voltage output from the integrator, instead of
driving a high voltage amplifier, was fed directly into the external modulation input of the rf

oscillator/amplifier used to drive the acousto-optic modulator. This enabled the diffraction
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Figure 5.4. Traces illustrating the noise and stability of the self-modelocked laser:
(a) oscillogram showing amplitude noise on the modelocked pulse train with
predominant contributions at 50 and 300 Hz; and (b) trace showing the long term

stability of the SHG output.

efficiency of the modulator to be varied. When the servo loop was closed, the system acted as
a ‘noise-eater’ by varying the amount of optical power diffracted out of the first order in an
attempt to maintain the monitored intensity at a preset reference level. With this system in
operation, the noise features and stability of the self-modelocked Ti:Al,O3 laser were
improved considerably. The best performance was achieved by monitoring as the error signal,

the average intensity from the output of the modelocked Ti:Al,Oj5 laser, rather than the average
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Figure 5.5. Oscillogram showing how the amplitude noise of the pump laser could
affect the stability of the modelocked Ti:Al,O4 laser: the top trace shows the intensity
autocorrelation function and the bottom trace represents the inverted variation in the

average pump power.

Figure 5.6. Oscillogram showing the amplitude-stabilised modelocked pulse train.

pump intensity. The oscillogram in figure 5.6 illustrates a typical stabilised pulse sequence.
Unfortunately, the quality of the pump beam was seriously affected by thermal lensing in the
modulator material so that at best, the Ti:Al,O3 laser output efficiency was seriously
compromised. Generally, self-modelocked operation could not be achieved at all for pump
powers exceeding ~5 W which seriously limited the usefulness of the device. Other workers
have made similar observations concerning the use of noise eaters with high power ion
lasers2. If a satisfactory modulator material could be found, the use of noise eaters would

dramatically improve the Ti:Al,O4 laser stability in many cw applications. Unfortunately, it
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was decided that the disadvantages associated with the noise-eater outweighed its advantages

and so it was not included as a standard part of the laser system.

It is evident from the interferometric autocorrelation trace shown in figure 5.2 and the
associated duration-bandwidth product of At,Av = 2.7, that the pulses produced from the
laser had a large amount of frequency chirp associated with them. As observed for the
coupled-cavity modelocked system, the pulse duration and the frequency chirp increased as
the bandwidth of the spectral filter in the cavity was increased. In the self-modelocked laser,
this chirp must originate from within the Ti:Al,O3 resonator and result primarily from the
group-velocity dispersion (GVD) and self-phase modulation (SPM) within the gain medium.
It should, therefore, be possible to compress the pulses outside the laser resonator using

techniques similar to those described in chapter 4.

The amount of GVD in the main resonator could be estimated from the dispersion data
obtained from the Sellmeier expansions for Ti:Al,O3 and quartz as discussed in chapter 1.
The relevant data for this case are included in Table 5.1. It has been estimated from the data in
Table 5.1 that the total intracavity dispersion was approximately 3000 fs2. In the first
instance, the diffraction grating pulse compressor, which has been described in chapters 1

and 4, was used outside the laser cavity. The laser was operated with the 1.6 mm BRF and

Ti:AlO; 5i0, SF14 ZnSe
A (um) 870 870 870 870
n(A) 1.76 1.45 1.74 2.51
dn q
di (Hm=?) -0.0231 -0.0153 -0.0433 -0.190
d%n
—= (um?) 0.0427 0.0290 0.135 0.750
dA
D (ps (nm km)-1) -124 -84 -391 2174

Table 5.1. Refractive index and dispersion data for the Ti:Al,O3 laser cavity.
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Figure 5.7. Autocorrelation traces and associated pulse spectrum for the

modelocked pulses after compression with a diffraction grating pair.
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Figure 5.9. Autocorrelation and spectral data for the modelocked pulses after

compression with ZnSe prism sequence.

when the optimum grating separation had been found, the pulses measured after the grating
pair had durations of 450 fs. This represented a compression factor of ~6. Intensity and
interferometric autocorrelation traces of these compressed pulses are presented as figure 5.7.
It is evident that some residual frequency chirp still remained after compression. The graph in
figure 5.8 illustrates how the compressed pulse duration varied with the separation between
the gratings. The output power from the laser was approximately 280 mW for a pump power
of 7 W. The diffraction grating pair had a throughput of approximately 33% so that
~100 mW of average power was measured at the compressor’s output which represented a
peak pulse power in excess of 3 kW. The effective negative dispersion provided by the
grating pair can be estimated using the method described in chapter 1. In this case the

compressor had an effective dispersion of -0.16 ps2.
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Figure 5.10. Graph illustrating the dependence of the pulse duration on the

separation between the prisms in the extracavity pulse compressor.

As an alternative to the grating compressor, four zinc selenide prisms were placed outside
the laser cavity in the normal configuration used to provide intracavity dispersion
compensation. In this case the optimum prism separation which provided the shortest pulses
was found to be ~85 cm. The compressed pulses are presented in figure 5.9 where the
shortest pulse duration were 390 fs. The dispersion provided by the prism sequence was
estimated to be approximately -0.25 ps2. The relevant dispersion data for this case are also
included in Table 5.1. The dependence of the compressed pulse duration on the prism

separation is illustrated in figure 5.10.
5.3 The Intracavity Dispersion-Compensated Self-Modelocked Ti:Al,05 Laser

It was pointed out in chapter 4 that the technique of intracavity dispersion compensation

provided a more efficient means of controlling the frequency chirp of modelocked laser
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dispersion-compensated, self-modelocked Ti:Al,O4 laser.

pulses. This technique had the advantage of providing higher output powers since all of the
output was available for use. In addition, it led to the generation of shorter pulses due to a
soliton-like pulse shaping process3. An obvious modification was, therefore, to extend the
technique to the self-modelocked Ti:Al,O3 laser. Two SF14 prisms, which were Brewster-
angled for minimum deviation at ~850 nm, were inserted into the main laser cavity in the arm
containing the highly reflecting plane mirror. Provided the prisms were properly aligned, their
insertion did not significantly affect the threshold or the cw operation of the laser. With the
prism sequence in place it was convenient to use a variable aperture slit between the second

prism and the highly reflecting plane mirror to achieve wavelength and bandwidth control.

The prism separation which resulted in the generation of the shortest pulses was found to
be approximately 35 cm, with the shortest pulses having durations of 60 fs. These pulses

were generated at a wavelength of 870 nm . The laser was tunable over a similar wavelength
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region to that for the non-compensated, self-modelocked laser. The pulse duration was not
seriously affected by the exact centre wavelength, although minor adjustments to the amount
of prism material in the cavity were necessary to achieve the shortest durations over the entire
tuning range. Intensity and interferometric autocorrelation traces together with the associated
pulse spectrum for the shortest pulses are presented in figure 5.11. Reference to the
interferometric autocorrelation trace and duration-bandwidth product of AtpAv = 0.33 show
that the pulses are almost free from frequency chirp. The small remaining frequency chirp was
most likely a result of higher order processes such as third-order dispersion resulting from the
cavity elements and the prism sequence and from un-compensated dispersion outside the laser
resonator. Intracavity dispersion compensation cannot fully compensate for these unavoidable
dispersive effects outside the cavity. It is worth mentioning at this point that in order to obtain
symmetric autocorrelation traces, a glass microscope slide had to be placed in one arm of the
autocorrelator to compensate for the beam splitter. This illustrates that such sources of
dispersion can have significant effects on the shortest pulses. As with the coupled-cavity
modelocked Ti:Al,Oj3 laser, the inclusion of intracavity dispersion compensation relaxed the
starting condition for modelocked operation so that short-pulsed operation could be achieved

more easily.

The intracavity dispersion could also be estimated for the dispersion-compensated laser.
The refractive index data for Ti:Al,O3 and SF14 were fitted to appropriate Sellmeier
expansions from which the dispersion data were obtained. The relevant data is presented in
Table 5.1. Using this data the net dispersion in the laser resonator was estimated to be
-300 fs2. Thus the laser was operating with a small amount of anomalous dispersion. The
graph included as figure 5.12 shows how the pulse duration depended on the variation of
dispersion near the optimum value. Typically, for a pump power of 8 W, the laser produced
~450 mW of average output power. For pulse durations of 60 fs this represented peak pulse
powers of 90 kW.

The self-modelocked laser displayed similar instabilities to those observed in the coupled-
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Figure 5.12. Graph showing the dependence of the modelocked pulse duration on
the intracavity glass path length.

cavity laser. Multiple-pulsing was observed when the sub-pulses were spaced close to the
main pulse. As with the coupled-cavity laser, several sub-pulses could be present. Sub-pulses
were also observed further away from the main pulse. In general, the secondary pulses could
be located anywhere relative to the main pulse and were accompanied by a modulation on the
spectrum as discussed in chapter 4. Their intensities were also variable and could be equal to
that of the main pulse. Equally spaced pulses of similar intensity were observed so that the
laser repetition frequency was ~172 MHz. Narrow spectral spikes were also observed,
similar to the coupled-cavity laser. Again these indicated that part of the laser output was in the
form of cw radiation or a relatively broad, low intensity pedestal. Stable operation of the laser
required careful adjustment of the intracavity GVD, the bandwidth restriction and the average
laser power (ie. the pump power). These instabilities were so similar to those discussed in

chapter 4 that further illustration is not necessary here.

If even shorter pulse durations are required, it would be necessary to compensate for the
third order dispersion which also significantly influences the shortest modelocked pulses. It is

not easy to achieve intracavity compensation for higher-order dispersion and while it is
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possible to compensate for its effects outside the resonator the benefits in terms of a reduction
in pulse duration and an increase in peak power would be relatively small. One solution would
be to carefully choose the material used in the prism sequence so that the third order
dispersion is minimised. This technique has recently been demonstrated experimentally and
pulse durations as short as 30 fs have been reported4. An alternative solution would be to use
pulse compression techniques which first chirp the pulses in a length of optical fibre. This
technique has been discussed in chapter 1. It was decided to try to further reduce the pulse

durations in this way because a pulse compressor could be easily constructed using equipment

readily available in the laboratory.

Using the simple results quoted in chapter 1 it was possible to estimate the length of
optical fibre and grating separation required to provide the optimum compression. For the
calculation it was assumed that the laser pulse duration was ~100 fs with an average power of
300 mW which corresponded to a peak pulse power of ~36 kW, assuming a cavity period of
~12 ns. Andrew Corporation optical fibre similar to that used for the coupled-cavity
modelocked Ti:AlO3 laser was used for the first section of the compressor. The optimum
length was calculated to be ~5 cm, and the resulting compressed pulse durations were
estimated at ~40 fs. The pulse compressor was set up using four zinc selenide prisms in
preference to a diffraction grating pair. The main advantage of the prisms was that they had a
much higher transmission, typically 85%, than the gratings. Using a 5.7 cm length of fibre
(the shortest length which could conveniently be held in the fibre chuck) and a prism
separation of ~9 cm the pulses measured after the fibre had durations as short as 45 fs. With
approximately 300 mW incident on the length of fibre, 100 mW was measured after the
prism sequence. This implied that the compressed pulses had a peak power of the order of

25 kW. Autocorrelation traces of these compressed pulses are included as figure 5.13.

The results agree reasonably well with the calculated value for the compressed pulse
duration. The discrepancies arise because the theory assumes initially unchirped pulses and

neglects higher order dispersion. As already mentioned, the pulses from the laser are not
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Figure 5.13. Intensity and interferometric autocorrelation traces of the pulse

compressed, self-modelocked laser output.

completely free from such chirp. The ZnSe prism sequence most likely exhibited relatively
large third order dispersion. Of course, the input pulse parameters are also only estimates and

in practice the actual input pulse durations and power differed somewhat from those used in

the calculation.
5.4 The Regeneratively Initiated Self-Modelocked Ti:Al,0; Laser

The stability of the basic self-modelocked Ti:Al,O3 laser has already been discussed in
section 2 of this chapter. Although this laser represented a considerable improvement over
other femtosecond Ti:Al,0O3 lasers in terms of simplicity and pulse characteristics, it had a
major drawback because the modelocking process was not self-starting. This meant that stable
operation could not be guaranted for an extended period. Thus, in spite of its many
advantages, the system’s applicability to many areas of research was limited. Both the
experimental results and the theory for modelocking with a fast saturable absorber imply that
there is a threshold for self-starting in such lasers, which depends on several initial

parameters, including the initial duration of any intensity fluctuations in the cavity>6. The
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process of tapping one of the cavity mirrors or sweeping the cavity length merely served to

enhance these fluctuations so that the threshold for modelocking was achieved.

If this self-starting threshold could be reached under normal operating conditions, it was
expected that the modelocked operation would self-start and the general stability of the laser
with regard to random dropouts should improve. Unfortunately, unlike the coupled-cavity
modelocked laser, there were relatively few adjustable initial parameters for the self-
modelocked laser. For example, in the former, the nonlinearity could be increased simply by
lengthening the control fibre or increasing the coupling between the cavities. It was, however,
possible to adjust the initial pulse duration in the self-modelocked laser. Several schemes have
emerged which use this technique, such as the use of weak saturable absorbers”s8, various
coupled-cavity schemes%10, active cavity length modulation and synchronous pumpingl!, In
this section we describe a technique which used an acousto-optic modulator to help initiate the
pulse shortening process12. This had the advantage of retaining the all-solid-state nature of
the laser while keeping the system relatively simple to set up and operate and did not introduce
additional noise into the laser output. The modulation could be applied continuously so that
the laser always produced pulses of a few hundred picoseconds. These were sufficiently short
that the self-starting threshold could be exceeded more easily and with the proper cavity
alignment, self-modelocking could be obtained. In addition, the modulation not only initiated
the modelocking process, but also provided a stabilising influence against perturbations which

would otherwise interrupt the short-pulse mode of operation.

The laser configuration was based on that used for the dispersion-compensated system
described in the previous section. The acousto-optic modulator (obtained from Newport
Electro-Optics Systems), which was maintained at a constant temperature, was placed in the
cavity as close to the output coupler as was possible. This was the same device used for active
modelocking in the system described in chapter 3. It was designed to be driven with up to
1 W of rf power at a frequency close to 42 MHz. Initially the rf signal was derived from a
frequency synthesizer (Marconi Model 2019) and amplified using a broad band rf amplifier
(Motorola CA2832) which provided ~30 dB of gain at 43 MHz. The modulator was driven
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at one of its resonance frequencies with an rf power of ~500 mW. Under these conditions the
laser produced pulses having durations as short as 60 ps, as discussed in chapter 3.
However, with the proper cavity alignment and length, the the duration of the modelocked
pulses would instantaneously shorten to <100 fs with no loss in average output power. In
practice, the laser cavity was aligned to self-modelock in the way already described with the rf
drive to the modulator switched off. The laser was then adjusted to obtain optimum actively
modelocked operation. At this stage a minor adjustment to the alignment resulted in

spontaneous femtosecond pulse operation.

It was obvious that these ultrashort pulses had durations which were much shorter than
those expected from active modelocking alone. It was also significant that the laser repetition
frequency became dependent only on the length of the laser resonator, suggesting that the
modelocking process was passive in nature. This was confirmed by monitoring the
modelocked pulse train using a fast photodiode and rf spectrum analyser or frequency
counter. When the laser produced pulses in the hundred picosecond regime the exact pulse
repetition frequency was determined by the modelocker drive frequency. Because the self-
modelocked pulse repetition rate was no longer determined by the active modulation
frequency, stable operation of the laser required that the laser cavity frequency be exactly
matched to the rf drive frequency. If these frequencies were not matched, the two signals
would beat together resulting in a modulation on top of the modelocked pulse train at the beat
frequency. Furthermore, if these two frequencies were separated by more than a few hundred
Hertz, the femtosecond pulse generation would cease altogether. Conversely, initiation of
self-modelocking also required the two frequencies to be matched with a similar accuracy.
This fact obviously presented a problem to the stable operation of the laser since cavity length
drifts of a few hundred Hertz (~4 um) were not uncommon, and a modulated pulse sequence

would be unsatisfactory for most applications.

In order to avoid the necessity of maintaining a fixed cavity length, it was decided to

derive the rf drive signal for the modulator from an intensity component of the modelocked
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Figure 5.14. Schematic diagram of the cavity configuration and regenerative

electronics for the self-modelocked Ti:Al,Og laser.

pulse train, so that the two would always be in synchronism irrespective of the cavity length.
This scheme was first reported by Huggett!3 as a technique for active mode-coupling and was
termed ‘regenerative modelocking’. In this approach a small component of the optical intensity
within the laser resonator was sampled, amplified to a suitable level and applied to the
intracavity modelocking element. In this way the modulator drive frequency was always
matched to the cavity frequency. With appropriate electronic circuitry, even if the laser was
initially not modelocked, there was still a sufficient modulation of the intracavity intensity at

the cavity frequency to initiate pulse formation through weak acousto-optic modulation.

The electronic circuitry used for driving the modulator in these experiments is illustrated
schematically in figure 5.14. A small fraction of the intracavity intensity was directed onto a
fast photodiode (RS Components Ltd BPX 65) having a bandwidth of ~500 MHz. The
optical signal could conveniently be derived from the reflection from one of the intracavity

prisms. The second harmonic frequency, at 172 MHz, of the diode output was selected using
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a passive bandpass filter having a bandwidth of approximately 10 MHz, and amplified using
a hybrid rf amplifier (Philips OM 335). This amplified signal was applied to the input of a
integrated ‘divide by 4’ circuit to provide the necessary drive signal at ~43 MHz. This signal
was first filtered at 43 MHz, amplified to a level of approximately 400 mW and passed
through a variable delay line before being applied to the modulator. This design was chosen

simply because of the availability of a suitable ‘divide by 4’ circuit.

When the Ti:AlyO4 laser was initially switched on the regenerative electronics would drive
the modulator resulting in actively modelocked pulses. The shortest pulses were generated
when the phase of the regenerative drive signal was optimised to ensure that the active
modulation was in phase with the modulation on the intracavity field. By following the same
procedure already described for the actively driven system, the laser could by aligned to
generate pulses having durations in the femtosecond regime. The stability of the output was
significantly improved because the active modulation frequency was automatically held in
synchronism with the pulse repetition frequency. The active modulator not only helped to
initiate the self-modelocking process but also made the laser more tolerant to disturbances
caused by external noise sources. The amount of active modulation provided was very small.
It was possible to drive the modulator at a frequency midway between its resonances at rf
power levels of a few hundred milliwatts and still achieve ultrashort pulse generation from the
laser. Under these conditions, the modulation provided by the modulator could be as little as
0.5% of the total incident intensity. This ability to drive the system at frequencies away from
its resonances avoided complication caused by the & phase shifts which occur in the vicinity

of the resonance.

The laser performance was not significantly affected by the presence of the acousto-optic
modulator in the cavity. Intensity and interferometric autocorrelation traces together with an
associated spectrum for the pulses generated by this regeneratively initiated laser are
reproduced in figure 5.15. It is evident that the pulse durations remained unchanged at 60 fs

and the interferometric autocorrelation trace and duration-bandwidth product of
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Figure 5.15. Autocorrelation traces and associated pulse spectrum for the

modelocked output from the regeneratively initiated, self-modelocked Ti:Al,Oj3 laser.

AtyAv = 0.32 confirmed that the pulses were still essentially free from frequency chirp. Of
course a minor adjustment had to be made to the prism sequence in order to compensate for
the increased dispersion introduced by the modulator material. This can easily be estimated
using the methods already described above. The modulator element introduced an estimated
additional dispersion of 1300 fs2 into the resonator and the net dispersion after compensation
was -430 fs2. The laser was tunable over the 750 - 900 nm spectral region. The decrease in
the tuning range at longer wavelengths was due to the characteristics of the anti-reflection
coating on the modulator. For 7 W of pump power the laser generated an average output

power of 600 mW which corresponded to a peak pulse power in excess of 110 kW.

5.5 Mechanisms for Self-Modelocking

The term self-modelocking was applied to the Ti:AlyO5 laser described in this chapter

because it was able to generate modelocked pulses without the addition of any conventional
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modelocking elements. Self-modelocking was first observed in He-Ne lasers in 1965 and
soon after in solid-state lasers and was thought to be due to a nonlinear interaction between the
laser medium and the radiation in the cavity, which under ‘proper conditions’, could force the
resonator modes to maintain a fixed phase relationship with one anotherl4. Typically, such
self-modelocked lasers produced pulses having durations ~1 ns. In most cases reliable
operation required that the cavity round trip time be greater than or equal to the atomic decay
time and that the laser was not operated too far above threshold.t Later, however, doubts
regarding the interpretation of the early pulse measurement techniques cast a question-mark on
these results. Some workers believed that only partial modelocking occurred in solid-state
lasers13. In contrast, the ability of the self-modelocked Ti:AlyOj3 laser to produce high quality
modelocked pulses has been demonstrated by several independent groups. This section aims

to review the current views regarding the mechanisms responsible for ultrashort pulse

generation in such a Ti:Al,Oj laser.¥

Modelocked Ti:Al,O3 lasers producing femtosecond pulses possess some characteristic
features which distinguish them from their dye laser counterparts. The relatively long gain
media and high intracavity powers result in considerable SPM in these systems. The physical
length of the gain material also imply a relatively high amount of normal dispersion, since the
lasers operate at wavelengths in the sub-1 pm spectral region. It can be expected that the
interaction of this SPM and GVD will have a considerable influence on the modelocked
pulses3:16, This has already been demonstrated for the case of the coupled-cavity
modelocked laser discussed in chapter 4. Thus, the processes which can be expected to
influence the modelocked pulse during its passage through the laser cavity are: gain, GVD,
SPM, amplitude modulation, and linear loss and phase shift. These effects are not restricted to
the Ti:AlO3 laser, but can be expected to be generally applicable to femtosecond, passively

modelocked, solid-state lasers. Experimental data confirm that the pulse durations produced in

t These conditions do not hold in the self-modelocked Ti:AlpO3 laser.
F At the time of writing the exact mechanism responsible for the self-modelocking process was not fully

understood.
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such lasers do indeed depend strongly on the interaction of intracavity SPM and GVD, and
that dispersion compensation is necessary for the generation of pulses having durations in the
femtosecond regime. Furthermore, calculations suggest that the optimised dispersion-
compensated Ti:AlO3 laser operates with net small negative intracavity GVD (see, for
example, reference 7). This suggests that an additional soliton-like pulse shaping mechanism
is taking place within the laser resonator where the SPM is balanced by the negative
dispersion. Of course, modelocking can also be demonstrated when the net GVD is positive,
when the resulting pulse durations are considerably longer. In this regime additional pulse

shaping is provided by frequency filtering the chirped pulses.

Self-phase modulation has been exploited in a number of laser types to generate shorter
pulses17. However, it should be stressed that SPM by itself, is not sufficient to produce
modelocking because it cannot discriminate between the pulses and the noise. An additional
element having an intensity dependent transmission is necessary for stable passive
modelocking, both to initiate pulse buildup and to maintain stability by ensuring that there is a
net loss before and after the pulse in the steady-state. In conventional passively modelocked

dye and colour-centre lasers, for example, this additional element is a saturable absorber.

As the modelocked pulse duration shortens, the effect of the Kerr nonlinearity increases.
Typically, in Ti:Al,Og lasers, the cavity mode is focused to a beam waist of the order of a few
tens of microns in the gain medium. The resulting high intensities mean that for the shortest
pulses, spatial nonlinear effects such as self-focusing also become significant18-20, These
spatial effects can be used in conjunction with an aperture to transform the phase nonlinearity
into an amplitude modulation. This happens because the nonlinear medium acts as an intensity
dependent lens producing a smaller beam waist for higher intensities. If an aperture is placed
at a suitable location within the laser cavity, where the beam size decreases with increasing
intensity, it will have a higher transmission for a high intensity beam than for a low intensity
beam. Thus, the cavity losses are intensity dependent and the system sees a higher gain with
increasing intensity. The aperture does not necessarily need to be a hard-edged physical

aperture because the spatial profile of the pump beam results in a corresponding spatial gain
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profile which increases towards the centre where the pump intensity is highest. Consequently,
reducing the size of the intracavity waist in a suitably designed resonator will increase the net
gain seen by the laser and the dynamic self-focusing effect can simulate the action of a fast

saturable absorber.

The influence of this nonlinear lens can be illustrated by approximating the self-focusing
effect in the laser rod by a self-induced quadratic index gradient. The cavity mode is assumed
to be gaussian and is approximated by a parabola so that the spatial intensity profile is given

by

-2r2 212
1¢) = Ioexp(—;v%) =T (1 . a—ver) 5.1)
0

where a is a correction factor for the higher order terms which are ignored in the parabolic
beam approximation and which can take a value between approximately 3 and 7, depending
on the severity of the nonlinear phase distortionZ1, The Kerr nonlinearity leads to the usual
intensity dependent refractive index given by n =ng + nyl. The origin of the spatially
varying quadratic index profile is evident because the refractive index is highest at the centre
of the mode where the intensity is highest (assuming a positive np). This refractive index
profile causes an effective converging lens in the Kerr material, the strength of which depends
on the instantaneous intensity of the optical signal and leads to the well known self-focusing
and self trapping of gaussian beams in nonlinear media which have been outlined in
chapter 1. By using the normal ABCD matrix methods#2 for gaussian beam propagation the

focal length of the effective nonlinear lens can be expressed as

ol T a wh
NL = Fag P 62

where wg is the 1/e amplitude beam radius, Py is the instantaneous peak power (given by
Pg = nw%l()/Z) and z is the interaction length29. For the self-modelocked Ti:AlpO3 laser
described here, the radial dimensions of the beam waist in the crystal were calculated as (20 X

30) um2. We can get a first approximation of the nonlinear interaction by setting

z = Legp = Tngw/A, where L is the effective interaction length?3 and by assuming a~5. If
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we take the average intracavity power in the laser to be ~8 W, then the pulse energy is ~99 nJ
assuming a repetition rate of 86 MHz. For 100 fs pulses this implies that fy = 6 mm,
where we have taken nj to be 3 x 10-20 m2W-1. For 1 ps pulses fy, = 6 cm and
fyL = 6 m for 100 ps pulses. We can use the ABCD law to estimate what effect this
nonlinear lens will have on the beam waist in the crystal. The results indicate that the waist can
decrease by as much as 15% for 100 fs pulses and by ~1% for 1 ps pulses. These simple
calculations show that the self-focusing effects can be significant for modelocked pulse
durations in the picosecond and femtosecond regime, especially with the introduction of a
hard aperture in the laser cavity. Numerical simulations have shown that amplitude modulation
of only ~1% can be sufficient to sustain modelocked operation24,This self-focusing effect
can, therefore, provide the self-amplitude modulation required for stable passive

modelocking.

The critical power for beam collapse can be estimated from the following equation

a2
Per = (5.3)
8 ng Ny

For Ti:Al»Og3, P;; ~2.5 MW, which is only about a factor of two greater than the typical
intracavity peak powers present when the modelocked pulse durations are <100 fs. This
simple analysis has ignored the effects of gain saturation and gain guiding in the laser medium
which will tend to decrease the effect of the self-focusing. In a more exact analysis, the effect
of the total rod length should be taken into account by splitting the rod into segments which
are much shorter than the Rayleigh length and using an iterative procedure from one segment
to the next. The effect of the nonlinear lens on the overall stability of the resonator and
efficiency of the laser should also be included. In any case, since the amount of self-focusing
depends on the beam size, which in turn depends on the self-focusing, an exact solution to the
problem is difficult and at present no detailed theoretical analysis has been performed.
However, this effect has been observed experimentally in both the laser gain medium and in
discrete intracavity bulk nonlinear materials and has been shown to be significant in the

operation of such modelocked lasers19:25,
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In the previous chapter the action of the coupled-cavity was compared to that of a fast
saturable absorber and a threshold condition for self-starting was given. It was pointed out
that the coupled-cavity modelocked Ti:AlyO4 laser should self-start more easily than the
corresponding colour-centre lasers because of its lower gain cross-section. The latter usually
require additional modulation which provide shorter initial intensity fluctuations so that the
self-starting threshold can be reached. Since the dynamic self-focusing effects in the self-
modelocked Ti:Al,O4 laser also simulate fast saturable absorption, a self-starting threshold
should also be expected in this case. However, because the self-focusing effects are relatively
weak for pulse durations in the 0.1 - 1 ns range, the self-starting threshold is not normally
reached by the cw laser system and such lasers do not normally self-start. Some additional
modulation must be provided. Tapping one of the cavity mirrors has the effect of inducing a
sufficiently short intensity fluctuation in the cavity so that modelocked operation can build up.
A more satisfactory solution is to include some weak modulation in the laser so that the self-
starting threshold can be exceeded automatically. Various schemes have been demonstrated
such as the regeneratively driven AO modulation described here, synchronous pumping!!,
weak dye” and solid state8 saturable absorbers and various schemes using resonant? and non-
resonant nonlinear and linearl? coupled-cavities. All of these achieve the same purpose of
providing initial fluctuations which have sufficient intensity to exploit the Kerr effect in the
nonlinear material so that the self-modelocking process can build up when the laser cavity is

suitably aligned.

Thus far the probable sources of amplitude modulation in the self-modelocked Ti:AlyO3
laser have been mentioned. Of equal importance are the effects of GVD and SPM. The
combined influence of these processes in the coupled-cavity Ti:Al,O3 laser has been discussed
in chapter 4 and their effects can be expected to be similar in both of the modelocking
schemes. This is confirmed by the experimental observations which show that the behaviour
of both types of modelocked laser have much in common with respect to the control of
intracavity GVD and SPM. In the region of net positive GVD the pulses are relatively long

and strongly chirped. In this regime additional pulse shaping is provided by the action of the
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frequency filter (bandwidth limitation) as it shaves off the high and low frequency wings of
the pulse, as well as by the (artificial) fast saturable absorber. Similarly, in the region of net
negative GVD, additional pulse shaping is provided by a soliton-like mechanism and the self-
amplitude modulation has a much weaker effect. For the shortest pulses, the interplay between
SPM and GVD can dominate the pulse shortening process. The effects of GVD and SPM on

pulse propagation have already been discussed in chapter 1.

There are some important differences between the well known fibre based soliton
supporting systems and the dispersion-compensated laser resonator which have not been
mentioned before. Solid-state lasers tend to have regions of discrete gain and loss within the
resonator. This situation is in some ways similar to long distance soliton propagation in
optical fibres using lumped amplification26:27, It has been shown that the solitons are
remarkably resilient to large variations in energy and dispersion provided the characteristic
length scale of these variations (ie. the amplifier spacing and fibre draw lengths) are
considerably smaller than the soliton period - the length scale over which nonlinear and
dispersive effects become significant26-28, Typical soliton periods are ten to twenty times
longer than the amplifier spacing in such experiments. We can estimate the equivalent
parameter for the self-modelocked Ti:Al,O3 laser cavity from equation (1.33) by letting Bz
represent the dispersion averaged over one cavity round trip. For 100 fs pules, the effective
soliton period is ~40 m, assuming -[32 = -120 fs2m-1. If we assume that the round trip cavity
length represents the characteristic length for amplifying and dispersive effects in the laser, it
is evident that the modelocked laser is operating in a similar regime to that of long distance
soliton propagation in fibres and that a stable soliton-like pulse shaping mechanism might

reasonably be expected.

In lasers, other effects must be considered such as the positive GVD of the Kerr medium,
the third order dispersion of the intracavity prism sequence and gain medium and gain
dispersion. The latter can usually be neglected in Ti:Al,O3, however, the discreteness of the
Kerr nonlinearity and the negative GVD mean that in general, the pulses will exhibit some

nonlinear frequency chirp in the wings. As a result, the GVD compensation can only
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compress the central linearly chirped portions of the pulses. This effect leads to pulse breakup
at the wings of the main pulse and eventually to instability. For this reason some amplitude
modulation will always be required to maintain stability in such lasers even in the absence of
perturbations. This might be one possible explanation of the multipulsing behaviour observed

in the self-modelocked Ti:AlyOj3 laser. The discrete nature of the pulse shaping elements may

also result in slightly different pulse durations at different locations within the resonator.

As with the coupled-cavity modelocked laser, increasing the SPM and negative GVD does
not lead to arbitrarily short pulses because the laser goes unstable once the effective gain
available for the pulses falls below the level for cw operation. Increased amplitude modulation
is also required if stability is to be maintained. Recent theoretical studies have shown that the
pulse shapes can deviate significantly from the ideal bandwidth limited pulses as the ratio of

the SPM to amplitude modulation increases, before the instability region is finally reached?9,

The similarities between the pulse shaping mechanisms in the coupled-cavity and self-
modelocked Ti:Al,O5 lasers are clear - both utilise the interaction between SPM and GVD to
provide additional pulse shortening and both require self-amplitude modulation if the
modelocked pulses are to evolve and remain stable against perturbations. In the former
scheme this is provided by the coupled-cavity modelocking process while in the latter it is
provided by dynamic self-focusing. Both of these techniques are different methods of
achieving the same goal - that of converting a phase nonlinearity into an amplitude
modulation. The influence of both of these has been shown to be fundamentally equivalent to
that of fast saturable absorption. It is not surprising, therefore, that the self-modelocked and
coupled-cavity modelocked lasers should display certain similarities in their operation. The
results indicate that the lasers operate best with a small overall negative GVD and that
excessive peak power levels can lead to instabilities. This is also confirmed by theoretical
analysis. The self-starting conditions are the same as those which are generally applicable to
fast saturable absorber modelocking. The inclusion of an additional source of modulation in

the cavity can lead not only to lower self-starting thresholds, but also to improved stability.
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The self-modelocking process has the advantage that it does not require active stabilisation and

therefore provides a much simpler source for femtosecond pulse generation.
5.6 Conclusions

This chapter has described the operation of a self-modelocked Ti:Al,O5 laser which
generated pulses having durations as short as 2 ps and which was continuously tuneable over
the 750 - 950 nm spectral region. This laser had an average power output of ~450 mW, for
8 W pump, which corresponded to peak pulse powers of 2.6 kW. The results showed that
these pulses were highly frequency chirped and could be directly compressed outside the laser
cavity to 380 fs. By using intracavity dispersion compensation pulses as short as 60 fs were
generated. These pulses were subsequently compressed outside the cavity to 45 fs. A
regeneratively driven acousto-optic modulator was incorporated into the laser cavity to lower
the self-starting threshold of the laser by inducing shorter initial intensity fluctuations. This
laser also generated pulses as short as 60 fs with average powers of 600 mW, which

corresponded to peak pulse powers of 110 kW.

Finally the concepts underlying this type of modelocking in solid-state lasers such as
Ti:Al,O3 were reviewed. These suggest that there are two distinct regimes of operation
depending on the sign of the intracavity dispersion. For overall positive GVD the pulses
generated were relatively long and exhibited substantial frequency chirp, while for net
negative GVD, the pulses were much shorter and relatively free from frequency chirp. The
experimental results described in this chapter agree with the theoretical simulations by other
workers. These studies suggest that additional pulse shortening is most likely provided by
spectral filtering for the case of net positive GVD and by a soliton like mechanism for net
negative GVD. In both regimes, stability is maintained by self-amplitude modulation provided
by the action of an effective fast saturable absorber. In the self-modelocked laser this can be
provided by dynamic self-focusing in the gain medium. This effect is not strong enough to
lead to reliable self-starting and so some additional amplitude modulation should be provided.

This description should be generally applicable to femtosecond solid-state lasers, so that many
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of the practical designs which have emerged can be viewed as variations of the same basic

type of modelocking process.
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Chapter 6
Measurement and Suppression of Phase Noise on the
Self-Modelocked Ti:sapphire Laser

6.1 Introduction

The modelocked pulse sequences generated by real lasers generally exhibit some degree of
random fluctuations in the pulse duration, pulse energy (amplitude noise) and pulse timing
(phase noise), so that individual pulses in the sequence are not perfect replicas of one another.
Many applications require the synchronisation of optical and electrical pulses or optical pulses
from two different sources. The minimum temporal resolution of any measurements made in
such circumstances is directly related to the relative timing jitter between the two oscillators,
whether they be electrical or optical. As a result the characterisation and reduction of phase

noise or pulse timing jitter is of great practical significance.

This chapter begins with a brief review of the principles involved in the measurement of
phase noise in modelocked lasers. A technique which is based upon rf spectrum analysis of
the laser repetition frequency will be outlined and it will be shown how useful information
about the pulse timing jitter can be deduced. The use of a synchronously operating electron-
optical streak camera in the evaluation of pulse timing jitter is also demonstrated. A system
used to measure the phase noise of the self-modelocked Ti:Al,O5 laser will be described and
the experimental results obtained will be presented. These show that this laser had a pulse
timing jitter of ~10 ps over frequencies up to 5 kHz. In the 5 - 50 kHz region the measured

jitter was limited by the noise floor of the detection system and was less than 500 fs.

A general technique which can be used to reduce the pulse timing jitter of passively
modelocked lasers is also described and results are included which illustrate its application to
the self-modelocked Ti:Al,O5 laser. By phase locking the laser cavity frequency to that of a
crystal reference oscillator the phase noise of the laser output was reduced to 350 fs
(100 - 500 Hz), 250 fs (500 Hz - 5 kHz) and 240 fs (5 - 50 kHz). The probable

sources of the phase noise are discussed and the section concludes with a discussion of the
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limitations to the locking technique used. In section 6.5 the technique is extended to two self-
modelocked lasers in an attempt to reduce the relative timing jitter between them. An absolute
relative timing jitter between the lasers of a few picoseconds has been measured. At
frequencies above a few tens of Hz this jitter was reduced to a few hundred femtoseconds.
The two lasers retained their independence in all respects so that different pulse durations,

wavelengths and output powers could be selected as required.
6.2 Theory and Measurement of Noise

A simple but powerful technique which enables one to quantify the noise content in
modelocked lasers involves illuminating a fast photodiode with the laser output and analysing
the resulting electrical power spectrum of the laser intensity using a microwave spectrum
analyser. Such spectral analyses have been widely used to determine the phase stability of
radio and microwave oscillators. A theoretical treatment of the characterisation of noise in
modelocked lasers was first presented by von der Lindel. The power spectral density of the
laser intensity is given by the Fourier transform of the intensity autocorrelation function. The
experimentally measured power spectrum is truncated due to the finite bandwidth of the

measurement system (the detector diode, interconnecting cables and spectrum analyser).

For small phase deviations the power spectrum can be expanded in frequency as an
infinite summation to second order over three terms. These terms represent the spectrum
which would be produced by a perfectly modelocked laser, the spectrum due to the amplitude
fluctuations and the spectrum due to the phase fluctuations. The power spectrum, therefore,
consists of a series of d-functions spaced at the laser repetition frequency, accompanied by a
series of associated amplitude noise sidebands and phase noise sidebands. (This is illustrated
in figure 6.1.) The small signal approximation is valid when the noise sideband content is
sufficiently small so that no secondary sidebands are produced - typically the maximum phase
deviation per decade should be less than 0.2 rad.. The important point to note from the

analysis is that the amplitude noise sidebands remain constant with increasing harmonic
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Figure 6.1. Schematic diagram showing the detection of a noisy laser pulse train
with a spectrum analyser. The amplitude fluctuations appear as constant energy
sidebands on the rf power spectrum, while the phase noise appears as sidebands

whose power is proportional to the square of the harmonic number, n.

number while the power of the phase noise sidebands increase quadratically with the harmonic
number. Thus the amplitude noise contribution will be dominant at low harmonic numbers
while the phase noise contribution will dominate at higher harmonics. By comparing the
relative power of the laser harmonic and its sidebands for low and high harmonics it is

possible to determine the spectral density of both the amplitude noise and the phase noise.

Spectrum analysers measure the power density P(f), integrated over the resolution
bandwidth. It is useful to express the noise content of the recorded signal in terms of the
single-sideband noise spectral density of the fundamental, L;(f), which may by presented as a
log-log plot versus frequency2. This parameter was originally used to measure the phase
stability of microwave oscillators and is defined as the ratio of the power in one phase

modulated sideband, in a one Hertz integration bandwidth, to the power in the carrier, P,. L(f)




Chapter 6: Measurement and Suppression of Phase Noise..... 179

has units of dBc per Hz. L (f), the noise spectral density for the n-th harmonic, is calculated

using equation (6.1)

P(nf, +Af)]

Lp(Af) = 1010 10[“1‘_7%'1:? (6.1)

where fj is the laser repetition frequency, and Af is the frequency offset from the carrier. The
factor of 1.2 is included to normalise the filter response of the spectrum analyser to a
rectangular function and accounts for the equivalent noise bandwidth of the device. If the
power spectra of the fundamental and a high harmonic are recorded on the spectrum analyser,
the corresponding functions L;(f) and L, (f) can be calculated from (6.1). Once these
functions have been determined, the phase noise spectrum, Lj(f) and amplitude noise

spectrum, L 4 (f) can be obtained from equations (6.2) - (6.4), where

10Ln(8/10 . 1oL1(H/1
Ly(f) = 10 1og10[ 2 1) 0] (6.2)
2 10L1(H/10 . 1oLn(f)/10
La® = 10logyo| - 6.3)
= 10 logyq [ 10L1(H/10 - 10L3(0/10] (6.4)

It is also possible to calculate the root-mean-squared (rms) values of the pulse timing jitter,

Oy, and amplitude noise, G, within a frequency range f; < f < f},, which are defined as

follows.
fy
P 2
ojlfyfh] = \j<]2(t)> = 21:1f '\}T,&ch where Py, = flﬁ@df 6.5)
0 f]
fh
so that oylfy,fy] = El_f 2 JIOLJ(D/IOdf (6.6)
0

where J(t) is the timing fluctuations of the pulse train. Note that the rms phase noise is given

by ¢rms = 2nfyo;. Similarly, if A(t) is the normalised pulse intensity fluctuations, then
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P 2 Po(f
oalfufal = V<A20> = '\/Tih where Pg, = xf -——%Qdf (6.7)
1

fh
so that GA[f,fy] = 2 r[ 10LA®/10 gf (6.8)
1

In practice, f] is set by the measurement acquisition time which in turn depends on the
sensitivity of the detection system, while f}, is usually determined by the bandwidth of the

detection system.

In general, actively modelocked systems such as the acousto-optically (AO) modelocked
Ar-ion laser or the synchronously modelocked dye laser exhibit phase noise which results
primarily from the active modulation!. For example, the low frequency phase noise of a
synchronously modelocked dye laser is an exact replica of the noise on the pump laser. This
laser also exhibits amplitude and pulse duration fluctuations which have been attributed to the
random noise nature of the pulse substructure. The timing jitter of the AO modelocked Ar-ion
laser used to pump the dye laser has been attributed to plasma current fluctuations resulting
from power supply noise. The phase noise of the electronic rf drive for the modelocker will

also result in timing jitter on the laser output.

In contrast, the repetition frequency of passively modelocked lasers is determined by their
cavity length, so that the phase noise of these systems can be expected to arise from cavity
length fluctuations. Additional amplitude and phase noise can result from amplitude
fluctuations on the pump laser, particularly those which result from power supply noise. Slow
changes in cavity length over several hours due to thermal effects result in drifts of hundreds
of Hertz in the laser repetition frequency. Vibration of the optical components used in the laser
cavity resulting from mechanical and acoustic noise in the local environment also produce both
amplitude and phase noise on the laser output. Laser cavities containing dye jets suffer from
further noise produced by vibrations, nonuniformities and flow perturbations in the jet stream.
Since most of the noise is mechanical or acoustical in origin it occurs at frequencies lower than

a few kHz.
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If periodic variations, 8L, occur in the laser cavity length, L, the corresponding frequency

variation, 6ff , in the laser repetition frequency, fj , is given by

5 = (6.9)

provided 8L « L. If these variations occur at a modulation frequency fy,, then the

corresponding phase modulation is given by

of oL f;
e s el 3
Of g =g 6.10)

This implies that the rms timing variation of the pulse train at the frequency f;;, is

ot SL
ojfy) = & = ——— 6.11
W) 242 42w Lfy, ©.11
It is interesting to use equation (6.11) to estimate the timing jitter which would result from a
cavity length change of 10 nm at a frequency of 100 Hz. For a cavity length of 1.74 m, the
resulting rms timing jitter is 1.6 ps. In reality, the cavity length changes are distributed over
the entire frequency spectrum, but it is evident from this example that a substantial amount of

timing jitter can arise from extremely small, low frequency changes in cavity length.

It is also possible to obtain a measure of the relative timing jitter on a laser output by
monitoring the modelocked pulses on a synchronously operating electron-optical streak
camera. It is well known that the presence of phase noise between the pulse train and the
deflection voltage sinusoid applied to the streak camera will lead to a loss of temporal
resolution because many streak images are integrated on the phosphor screen. This integration
time is ~30 ms3. The phase noise can originate either in the deflection electronics or on the
laser pulse sequence. It is possible to vary the effective integration time and thus the lowerv

frequency bound of the measurement by shuttering the input to the camera.
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6.3 Phase Noise Measurements on the Self-Modelocked Ti:Al,O03 Laser

The self-modelocked laser on which the measurements were made was similar to that
described in chapter 5. Measurements were made on both the basic laser and the
regeneratively initiated system. The cavity length was set to ~1.74 m and the dispersion
compensating prism sequence was adjusted to generate chirp-free femtosecond pulses. The
laser was operated with a pump power of 6 - 8 W and typically generated sub-100 fs pulses
with an average power output of a few hundred milliwatts. As before, tuning was
accomplished using a variable aperture. The noise spectrum of the laser was determined as
described above using spectrum analysis. A portion of the laser output was directed onto a
silicon avalanche photodiode (APD) (Telefunken BPW 28) which had a 3 dB bandwidth of
~2 GHz. This APD was biased at 130 V using a mains power supply which had a high
degree of electrical smoothing. (An InGaAs PIN diode was also used, but the APD was
preferred because of its larger output signal which reduced the overall noise floor of the

measurement system. The PIN diode was biased at between 3 - 10 V, provided by a battery

supply.)

The incident laser intensity was adjusted so that the photodiode provided the maximum
possible output signal before becoming detectably nonlinear, as evidenced by the appearance
of spurious sidebands on the rf spectrum analyser trace. Under these conditions, the diode
signal Vwas typically greater than -16 dBm. This signal was coupled to a Hewlett-
Packard 71000 series spectrum analyser which had a frequency range of 50 kHz - 22 GHz
and 10 Hz resolution bandwidth. The manufacturer’s quoted figures for the spectral purity of
the local oscillator were: -108 dBc/Hz at 10 kHz offset over O - 2.9 GHz and -108 dBc/Hz
at 30 kHz offset over 2.7 - 22 GHz. The minimum displayed noise level was -129 dBm
over 10 MHz - 2.9 GHz. The spectrum analyser was used to record several power spectra
for the laser, each one having a progressively smaller span and resolution bandwidth, down to
a span of 1 kHz and a resolution bandwidth of 10 Hz. These measurements were made for

the fundamental frequency and for selected higher harmonics. The data were then down-
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Figure 6.2. Power spectra of the 1st and 10th harmonics of the self-modelocked

laser.

loaded into a computer for processing. The computer provided plots of the calculated noise

spectrum and associated timing jitter figures.

Data were recorded for the self-modelocked laser using the PIN diode initially. Traces
were taken of the fundamental and of the 10th harmonic. The power spectra obtained from the
spectrum analyser are given in figure 6.2 for spans of 10 kHz and 1 kHz. It is evident from
these traces that the sideband power for frequency offsets of less than a few kHz increased by
approximately 20 dB over ten harmonics which is consistent with the presence of phase noise
on the laser pulse train. There was no advantage in recording harmonics higher than the 10th
because of the relatively large timing jitter in the pulses. From these data, the single sideband
phase noise spectrum was obtained as described in section 6.2 and is reproduced in
figure 6.3. It is again evident that most of the noise was concentrated at frequencies below a

few kHz. At higher frequencies, the noise had dropped to a level which represented the noise
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Figure 6.3. Single sideband phase noise spectrum of the self-modelocked laser

calculated using the 1st and 10th harmonics,

floor of the measurement system. This behaviour is characteristic of passively modelocked
systems where most of the noise results from mechanical and acoustic noise in the
environment. The exact sources of the noise on this Ti:AlyO3 laser will be discussed more
fully in section 6.4. The noise was particularly dominant at frequencies of 50 Hz, 150 Hz
and 300 Hz and appeared to correspond to amplitude noise on the Ar-ion pump laser due to
inadequate power supply electrical smoothing.T The pulse timing jitter figures calculated for
the laser from this data were: 8.6 ps (100 - 500 Hz), 1.1 ps (500 Hz - 5 kHz) and
495 fs (5 - 50 kHz). These figures are summarised in Table 6.1. The lowest frequency

limit of 50 Hz was chosen by considering the resolution bandwidth of the spectrum analyser.

+ Unfortunately it was not possible to use a noise-eater to remove this noise for the reasons described in

chapter 5.
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Figure 6.4. Single sideband phase noise spectrum of the regeneratively initiated,

self-modelocked Ti:AlyO4 laser calculated using the 1st and 10th harmonics.

Similar measurements were repeated for the regeneratively initiated, self-modelocked
laser. In this case the silicon APD was used as the detection diode. The results obtained were
qualitatively similar to those for the basic laser. The calculated noise power spectrum is
presented as figure 6.4, from which the pulse timing jitter was calculated to be:

8.9 ps (100 - 500 Hz), 850 fs (500 Hz - 5 kHz) and 470 fs (5 - 50 kHz). These

Timing jitter (ps) Timing jitter (ps) Timing jitter (ps)
(100 - 500 Hz) (500 Hz - 5 kHz) (5 - 50 kHz)

Self-modelocked
8.6 1.1 0.50
laser
Regenerative, self-
8.9 0.85 0.47

modelocked laser

Table 6.1. Pulse timing jitter figures for the self-modelocked Ti:AlyO5 laser.
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figures are also summarised in Table 6.1. The similarity between the two sets of results
suggests that the operation of the regeneratively driven modelocker did not affect the noise
properties of the laser. This was further confirmed because it was possible to disconnect the
modelocker drive without any observable change in the power spectrum. This also confirms

that the modulator had no noticeable effect on the passive nature of the modelocking process.

6.4 Phase Noise Reduction in the Ti:Al,O3 Laser

Cotter? first suggested a method by which the phase noise (measured relative to some
independent oscillator) of an actively modelocked laser could be reduced by using a phase-
locked loop feedback circuit. In this system a photodiode monitored the laser pulse train and
the phase of its fundamental frequency was compared with that of an ultra-stable electronic
reference oscillator (which also provided the signal for the AO modelocker) to generate a
phase error signal. This signal was subsequently amplified and filtered and used to vary the
phase of the modelocker driver via a voltage-controlled phase shifter. Given an ideal servo
loop the system continuously adjusted the phase of the laser pulse train to equal that of the
oscillator so that the relative phase noise between the two was suppressed. The performance
of the system was limited by spurious outputs from the phase detector and by the finite loop
gain and bandwidth. The absolute suppression of noise was also limited by the phase noise of
the reference oscillator. This scheme was also implemented by Rodwell et. al.2 to reduce the
phase noise of an AO-modelocked and pulse compressed Nd:YAG laser which generated
pulses having durations of 1.25 ps. The relative timing jitter of this laser was reduced from

20 ps to 0.3 ps over a 0.25 Hz - 25 kHz range.

A similar technique is applicable to passively modelocked systems if the phase error signal
is used to vary the cavity length of the laser since it is this variable which determines the
repetition frequency of the pulses>:9. By considering equation (6.11) and the discussion
following, it is apparent that the cavity length must be controlled to a accuracy of the order of

a nanometer at frequencies up to a few kilohertz. Piezo-electric translators (PZT’s) are well
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Figure 6.5. Schematic diagrams of the electronics used to phase lock the laser cavity

frequency.

suited for this task. Previous work on relative phase noise reduction between a passively
modelocked laser and electronic oscillator used the laser oscillator as the frequency reference’
(with the exception of references 5,6). This is not an ideal technique because the absolute

laser noise remains poor and the electronic oscillator is forced to follow this poor reference.

The arrangement used to phase lock the self-modelocked Ti:AlyOg laser is illustrated
schematically in figure 6.5. The laser repetition frequency was monitored using a fast
photodiode (silicon PIN diode - RS Components Ltd BPX 65) which had a specified cut-off
frequency of ~500 MHz. In practice this was the same diode as was used to drive the
regenerative modelocker. The diode signal was filtered using a ~5 MHz bandpass passive
filter tuned to 172.35 MHz - the second harmonic of the laser repetition frequency. The filter
had an insertion loss of <2 dB. This filtered signal was pre-amplified using a wide-band
hybrid rf amplifier (Philips OM 335) which typically provided 27 dB gain with a specified
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Figure 6.6. Spectrum analyser traces of the output from the electronic crystal

oscillator used as the frequency reference.

noise figure of ~5.5 dB. The second rf amplifier was again a wide-band device (Motorola
CA 2832) which provided approximately 30 dB of gain with a quoted noise figure of 6 dB
at 40 MHz. This amplified signal had its phase compared with that of an ultra-stable
electronic crystal reference oscillator. The phase-comparator was a high level (level 13)
double-balanced mixer of the diode ring type (Minicircuits SRA-1MH) which had an rf-to-if
conversion of approximately -6 dB and a quoted dc offset of <200 LV at the specified drive
power of +13 dBm LO and +9 dBm RF. The mixer was typically operated with input
powers approximately 3 dB above these values. The reference oscillator had a measured
spectral purity of ~-85 dBc at 500 Hz and ~-90 dBc at 5 kHz. Spectrum analyser traces of
the output from this device are presented in figure 6.6. The output from the phase-comparator
was passed through the circuit shown schematically in figure 6.5 (b) which provided further
amplification, together with a variable gain and time constant before being applied to a high

voltage amplification stage used to provide an output for the PZT.

The laser cavity configuration used for the experiment is shown schematically in
figure 6.7. A plane mirror, which had been ground down to a weight of approximately
100 mg, was attached to the PZT using cyanoacrylate adhesive. This mirror was made as
light as practically possible to avoid a serious reduction in the inherent resonance frequency of

the piezo. The PZT used was a low voltage type, supplied by Physik Instruments (Model
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Figure 6.7. Schematic diagram showing the phase-locked laser cavity configuration.

No. P-820.10) and provided ~15 pm movement for a voltage change of 120 V. It had an
unloaded resonance frequency greater than 20 kHz. The laser output was taken from the
opposite end of the cavity via the 3% transmitting output coupler and the signal for the servo

loop was taken from a reflection off one of the dispersion-compensating prisms.

The operation of the laser in this configuration did not significantly affect the noise
characteristics of the unlocked system - this was confirmed by repeating the noise
measurements described in the previous section. With the laser self-modelocked, the cavity
length was adjusted using the translation stage on which the output coupler was mounted in
order to match the cavity frequency with that of the reference oscillator. This was achieved by
observing the monitor signal from the servo loop. When the cavity length was within the
capture range of the electronics, the loop was closed with the gain set to a minimum. Once a

loose lock had been achieved, the gain could be increased to the maximum possible value
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Figure 6.8. Power spectra of the phase-locked laser showing the 1st and 20th

harmonics.

which permitted stable operation. The noise measurements were repeated for the phase-locked
laser by recording the power spectra for the fundamental and twentieth harmonics. The
spectrum analyser data obtained from these harmonics are shown in figure 6.8 for spans of

1 kHz and 10 kHz, while the computed single sideband phase noise spectrum is presented as

Timing jitter (fs) Timing jitter (fs) Timing jitter (fs)
(100 - 500 Hz) (500 Hz - 5 kHz) (5 - 50 kHz)

Phase locked to
350 250 240
electronic oscillator
Phase locked to
optical oscillator (see 369 214 241

section 6.5)

Table 6.2. Pulse timing jitter for the phase-locked self-modelocked Ti:Al,O; laser.
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Figure 6.9. Single sideband phase noise spectrum of the phase-locked laser

calculated using the 1st and 20th harmonics.

figure 6.9. It can be seen that the noise spectrum retains its characteristic shape but that the
noise level has been reduced by almost two orders of magnitude for the lowest frequencies
and by a factor of 2 - 3 for frequencies above a few kilohertz. (The reduction is consistent
with a loop bandwidth of approximately 1 kHz.) This improvement is confirmed by the
calculated pulse timing jitter figures of 350 fs (100 - 500 Hz), 250 fs (500 Hz - 5 kHz)
and 240 fs (5 - 50 kHz), which are summarised in Table 6.2. Again, the noise recorded at
the higher frequencies was more representative of the noise floor of the measurement system
so that the relative laser phase noise at these frequencies could not be accurately determined. It
is interesting to note that these figures together with equation (6.11) imply that the cavity

length is controlled to a accuracy of ~10-9 m.

The power spectra and noise spectrum obtained again indicate the presence of relatively
dominant amplitude and phase noise components at frequencies of approximately 150 Hz,

200 Hz, 600 Hz and 900 Hz. It is believed that this noise was due to various mechanical
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resonances driven by background acoustic noise in the laboratory. This has bc;,en confirmed
by using a loudspeaker to deliberately induce vibrations within a frequency range of
approximately 10 Hz to 10 kHz. The speaker was operated at low power and was placed
both in contact with and separate from the optical table top. It was thus possible to identify the
exact frequencies which most strongly affected the phase noise characteristics of the
modelocked laser. These effects were investigated using an accelerometer in conjunction with
an audio frequency spectrum analyser (Briiel & Kjaer Type 2033). This low frequency device
was also used to monitor the error signal from the mixer when the laser was loosely phase

locked to the reference oscillator.

In this way it was discovered that the original Ti:AlyO3 enclosure was responsible for the
component near 150 Hz, which was by far the most dominant of all the resonances. Vibration
of the laser cover was also responsible for the component near 900 Hz. Interestingly, the
component at 200 Hz was caused by a resonance of the optical table top (this was consistent
with the frequency response data for the table supplied by the manufacturer - Newport
Corporation). The component at a frequency near 600 Hz was caused by ambient acoustic
noise arising from the water pump which was incorporated into the cooling system of the
argon-ion laser. Finally the component at 100 Hz was attributable to power supply noise. It is
possible that a reduction in the level of ambient noise in addition to an improved laser
enclosure would diminish the amplitude of the mechanical vibrations at these frequencies, but
it is not certain that this would lead to a significant reduction in the phase noise characteristic

of the laser because this noise was already heavily suppressed by the servo loop.

When the laser was phase locked the remaining error signal measured approximately
5 - 10 mV peak to peak with most of the noise arising at frequencies below one kilohertz.
Thus, although much of the laser noise was suppressed, a small amount remained. The origin
of most of the remaining noise has been discussed above. There are several possible reasons
why the servo loop was unable to completely remove all of this noise. It is possible for the
servo loop to introduce phase noise into the laser by a process referred to as amplitude

modulation to phase modulation (AM-PM) conversion2. This can occur in the phase
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comparator because its output is a function of both phase and amplitude. If this device has a
non-zero dc offset (as all real mixers do), changes in the amplitude of the input signals result
in corresponding variations of the phase detector’s output which ultimately leads to closed-
loop timing jitter. The obvious practical solution to this problem is to ensure large input signal
levels so that the effects of the dc offset are minimised. However, if any of the components in
the loop begin to saturate so that their response becomes nonlinear, AM-PM conversion will
again occur. The servo loop cannot distinguish between real laser timing fluctuations and
spurious phase modulation occurring through AM-PM conversion from either of these
sources. Obviously inherent noise in the amplifiers and other components of the phase
detection system can also result in spurious outputs. A compromise has to be made when
choosing high signal levels which minimise the spurious noise terms but which do not cause

significant AM-PM conversion through saturation effects.

The obvious requirement that the servo loop be well damped limits the achievable loop
gain and bandwidth so that all of the laser noise cannot be completely removed. The
requirement that the gain be small in the region of the piezo resonance (<20 kHz) limits the
loop bandwidth to a few kilohertz. A final source of absolute phase noise! results from the
timing jitter of the reference oscillator because the servo loop attempts to maintain zero phase
difference with respect to this signal. In practice it is not difficult to obtain relatively low noise
reference oscillators so that the noise contribution from this source is usually small. To
summarise, the major contributions to the pulse timing jitter of the phase-locked laser arise
from mechanical vibrations in the laser components and phase errors in the electronic servo

loop.

t The ultimate cause of phase noise on a laser output is quantum mechanical in nature and is due to
spontaneous emission in the gain medium. However, the noise from this source is not likely to be significant

compared to that introduced by the environmental sources discussed in the text.
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6.5 Time Synchronisation Between Two Self-Modelocked Ti:Al;03 Lasers

Applications such as electro-optic (EO) sampling8 require the synchronisation between an
optical oscillator and an electronic oscillator and the technique described in the previous
section can be used to achieve this. More elaborate EO sampling experiments, or dual-
wavelength pump probe measurements may require the synchronisation of two independent
laser oscillators, perhaps with a third electronic oscillator. Previously, dual-wavelength pump-
probe measurements have necessarily involved the complicated technique of continuum
generation? using high peak power laser sources which usually include pulsed amplifiers
having repetition frequencies limited to a few kilohertz. Such schemes are also limited by their
relative inefficiency which severely restrict the useful power output available for the
experiment, Clearly, the discussions already presented in this chapter, illustrate that the use of
two independently modelocked lasers is not a practical technique for these measurements
because of the presence of pulse timing jitter on both laser outputs. Passive modelocking
schemes generally result in the shortest pulses having the highest peak powers and the random

nature of the pulse evolution further complicates the problem of synchronisation.

It has been demonstrated that it is possible to phase lock one passively modelocked laser
to an electronic reference oscillator. In this section the techniques just described are modified,
to enable two passively modelocked lasers to be phase locked to a third reference oscillator, or
to one another. Both lasers retain tﬁeir independence in all respects so that different
wavelengths and/or pulse durations can be selected as required. To obtain a cross-correlation
between the outputs of two passively modelocked lasers their cavity periods must be precisely
matched and the pulses must be initially synchronised. If one of the laser cavity lengths
subseqilently change, the two pulse trains will temporally walk off due to the change in
repetition frequency. If the cross-correlation is to be re-established, the cavity lengths must
not only be matched again, but they must be matched in such a way as to bring the pulses
back into phase and then maintain their temporal coincidence. Thus, it is not sufficient to lock

the cavity frequencies together, the cavities must be locked together in phase.
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Figure 6.10. Schematic diagram showing the schemes used to phase lock two
passively modelocked laser together: (a) both lasers locked to the same reference

oscillator; (b) first laser locked to reference oscillator and second laser locked to first.

The use of a streak camera to measure the timing jitter of a modelocked laser has already
been briefly mentioned. Such a device is a useful tool for obtaining an upper limit on the
timing jitter of one or two modelocked lasers with respect to the signal used to drive the
camera deflection. By shuttering the optical input to the camera it is also possible to deduce the
frequency limit below which the predominant phase noise occurs, because shuttering
effectively decreases the overall integration time. If the drive signal for the deflection system is
obtained from the same electronic reference oscillator used to phase lock the laser cavity, then
the recorded streak durations will give a measure of the relative timing jitter between the laser
output and the reference oscillator, within the limitations set by the temporal resolution of the
streak camera. Alternatively, the camera can be driven by a signal derived from one of the
laser outputs and used to measure the pulse duration of the other laser. In this case the
recorded streak durations give an indication of the relative phase noise between the two laser

oscillators.

The two lasers systems used for the synchronisation experiment were similar to those

described in the previous section of this chapter and both were made as similar as possible.
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Figure 6.11. Schematic diagram showing the experimental arrangement used to

measure relative timing jitter on the streak camera.

Phase noise measurements were repeated on both systems with the servo loops both on and
off. The results for each individual laser were not significantly different to those described
above and indicate that the performance of both lasers was indeed similar. Two approaches to
the problem of time synchronising the laser outputs have been compared. One involved
locking both lasers independently to the same electronic reference oscillator, while the other
involved locking one of the lasers to the reference oscillator and locking the second laser to the

first. These two experimental schemes are illustrated schematically in figure 6.10.

In order to obtain an upper bound on the relative timing jitter between the two lasers, both
modelocked outputs were simultaneously monitored on a synchronously operating streak
camera. The camera tube used for these measurements was a Photochron II C, which had an
extended red (S25) photocathodel0. Under the experimental conditions described here, this
tube had a measured limiting resolution of 1.8 ps. The streak images were recorded using an
optical spectrum analyser (B&M Type OSA 500). The deflection voltage applied to the

camera was derived from the electronic reference oscillator at 172.35 MHz as illustrated
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Figure 6.12. Streak images for pulse sequences from each laser. The delay between

the 2nd and 3rd pulses is 20 ps, and the recorded streak durations are 1.8 ps.

schematically in figure 6.11. With this scheme, any phase noise relative to the reference
oscillator would be evident as a broadening of the recorded streak images. Note that as the
laser pulse durations were <100 fs, the measured streak durations in the absence of phase
noise, should be equal to the resolution limit of the camera. With both lasers phase locked to
the reference oscillator and the optical path lengths between the laser outputs and the camera
suitably adjusted, streak images of the pulses from each laser could be observed. The
condition that the signals applied to the LO and RF inputs of the phase comparators be held in
phase-quadrature ensured that the two pulse sequences were maintained continuously in

temporal synchronism when the servo loops were in operation.

A typical streak profile for the pulses is presented as figure 6.12. A calibration for the
trace is provided by the second and third pulses from the left which were obtained from the
same laser but with a delay equivalent to 20 ps. This implies that the streak durations were
1.8 ps for both lasers. Because the durations of these recorded streak images were limited by
the temporal resolution of the camera they could only represent an upper bound for the timing

jitter.

An alternative synchronisation scheme (presented schematically in figure 6.10 (b))
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Figure 6.13. Power spectra for the 1st and 20th harmonics of the laser when phase

locked to the first laser.

involved phase locking one of the lasers to the other, ie. using one laser as an optical reference
oscillator. In practice this optical reference oscillator was first phase locked to the electronic
oscillator. This had the advantage of reducing the absolute phase noise of both lasers and also
resulted in more reliable phase-locked operation of the second laser. Power spectrum data
were recorded for this scheme as before. As expected, the timing jitter of the laser which was
locked directly to the electronic reference did not differ significantly from that already recorded
(see Table 6.2). The data obtained for the second laser, which was locked to the optical
reference, is presented as figure 6.13. The single sideband phase noise spectrum calculated
from this data is shown in figure 6.14. Qualitatively, the timing jitter of both lasers were
similar. The calculated timing jitter figures for the second laser were 369 fs (100 - 500 Hz),
214 fs (500 Hz - 5 kHz) and 241 fs (5 - 50 kHz) and are summarised in Table 6.2. The

jitter in the frequency range 100 - 500 Hz was marginally worse than before, but it must be
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Figure 6.14. Single sideband phase noise spectrum, calculated using the 1st and

20th harmonics, for the self-modelocked laser when phase locked to the first laser.

remembered that the optical reference oscillator had a higher noise spectrum than the electronic
oscillator. As has already been mentioned, noise on the reference oscillator will affect the
absolute phase noise of the system. Thus, in this case, the measured noise of laser 2 relative
to the spectrum analyser’s local oscillator was worse, but this does not necessarily imply that
the relﬁtive noise between the two lasers was also poorer. In practice the first scheme was

preferred because it resulted in improved long term stability for both lasers.

In order to measure the absolute timing jitter between both lasers an attempt was made to
measure the second-order cross-correlation function of the two modelocked outputs. The
crosscorrelator was based on a modified second-harmonic generation (SHG) autocorrelator in
which the degree of overlap of a pulse from one laser with a pulse from the other was varied
in the nonlinear crystal, while the resulting SHG output was monitored. This did not provide
an entirely satisfactory measurement because the integration time of the detection system was

insufficiently long. Although the observed cross-correlations had estimated durations of a few




Chapter 6: Measurement and Suppression of Phase Noise..... 200

hundred femtoseconds, the recorded profiles did not remain stationary on the oscilloscope,
but randomly varied their positions at low frequencies (of the order of 20 Hz) with a total
deviation of 1 - 2 ps. Consequently, an accurate calibration of the crosscorrelator was not
possible, but the observations are consistent with the other data. It is most likely that this low
frequency phase noise was due to phase errors in the electronic amplifiers and mixers used in

the servo loops.

The servo system used the second harmonic of the lasers’ repetition frequency at
172.35 MHz for phase locking. In general it might be advantageous to use the higher
harmonics for phase comparison because of the increase in the ratio of phase-to-amplitude
noise in proportion to the square of the harmonic number. However, this has a interesting side
effect for the problem of obtaining a cross-correlation between the two laser pulse trains. The
reference frequency, in this case, was twice the lasers’ repetition frequency and thus there
were two possible positions at which a lock could be achieved. The pulses could be
overlapped at some reference point but could equally well be separated by 6 ns - half of the
cavity period. Obviously, as the reference frequency is increased, the number of possible
points in a cavity period where a lock can be achieved also increases. For a practical system
which would provide reliable cross correlations some means of ensuring that phase locking
always occurred at the right phase would be a helpful addition to the system. In these
experiments, if the lasers locked up with the pulses separated by 6 ns, the cross-correlation
could usually be restored by momentarily interrupting the operation of the servo loop and then

allowing it to recapture lock with the correct phase.

One solution to this problem would involve having a second phase sensitive detector
which compared the phases of the fundamental laser repetition frequency and reference
oscillator output. These fundamental signals could be derived from their higher harmonics by
frequency division. The resulting fundamental phase error signal would be fed into a
comparator and integrator. If the input signal to the comparator was below a predefined level
the output would be zero and only the high harmonic phase error signal would affect the

position of the PZT. However, if the laser cavity locked at the wrong position, the output
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from the fundamental detector would be large enough to trigger the second loop which would
force the PZT to the correct position, after which the first loop would again take over and

provide accurate cavity stabilisation as before.

Equation (6.11) implies that if the timing jitter is to be reduced to the order of a pulse
width, at frequencies less that 100 Hz, then the cavity length must be controlled to an
accuracy of better than 0.5 nm (greater than 1 part in 10%). Bearing this in mind it is
interesting to note that a change in air temperature of 1°C at 20°C results in an equivalent
length change of ~1.0 pum/m, which results in an equivalent timing drift of more than
50 ps/ms. This underlines the importance of ensuring good temperature stability in the lab
and, in particular, the avoidance of air currents within the experimental set-up. Another point
worth mentioning concerns the positioning of the reference diodes for the servo loop. Because
the pulses originating from different lasers travel over different paths, synchronism
maintained at the reference diodes does not necessarily imply that the pulses will be
overlapped everywhere. In practical systems it would, therefore, be advisable to position the
reference diodes as close as possible to the sample under examination. Of course, both of
these effects will only have a minor influence when compared with the other primary sources

of noise.

The data described in this section can be reviewed by summarising all of the results
obtained for the synchronised lasers. Firstly, the SHG cross-correlation data suggested that
the two lasers had a relative timing jitter of a few hundred femtoseconds, or 2 - 4 times the
pulse duration on a time-scale of <50 ms, but that the overall jitter could be in the region of
1 - 2 ps. Streak camera measurements confirmed that the total jitter was in this range. Time
synchronisation of two femtosecond lasers does not, therefore, seem feasible unless
improvements in the noise characteristics of both the electronic and laser systems are made.
On the other hand, this technique is capable of synchronising two lasers producing pulses in

the picosecond regime.
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6.6 Conclusions

In this chapter the main concern has been with the pulse timing jitter of the self-
modelocked Ti:Al,O4 laser. Following a general discussion of the technique used for
measuring the phase noise on modelocked lasers, its application to this laser was described.
Results have been presented showing that the timing jitter over a frequency range between
50 Hz and 5 kHz was ~10 ps. The probable sources of this jitter have been identified as

being acoustic and mechanical background noise in the laboratory.

A technique which can be generally used to reduce phase noise on passively modelocked
lasers was then discussed. This involved locking the phase of the modelocked pulse sequence
to that of an ultrastable electronic reference oscillator. Some of the most important limitations
to this technique were pointed out and the results obtained for the the reduccci timing jitter on
the Ti:AlyO3 laser were presented. These results show that the jitter was reduced to 350 fs

(100 - 500 Hz), 250 fs (500 Hz - 5 kHz) and 240 fs (5 - 50 kHz).

In the final section of the chapter the technique was extended to two self-modelocked
lasers and the relative phase noise between the two systems was recorded. The absolute jitter
between the lasers was 1 - 2 ps. This jitter decreased to a few hundred femtoseconds at
frequencies above a few tens of Hertz. Because both of these lasers retained their
independence in all respects, this technique could have applications to dual wavelength pump-
probe experiments and other schemes requiring synchronised picosecond pulses at two
different wavelengths. The technique is particularly useful because it can be used to

synchronise the laser repetition frequency to any reference oscillator - optical or electrical.
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Chapter 7
General Conclusions

The work described in this thesis has been concerned with the generation of ultrashort
pulses in the 700 nm - 1000 nm region using tunable, solid state laser materials. Such
lasers are highly desirable because of the breadth of applications for both cw and modelocked
sources at these wavelengths. Although this spectral region is well covered by available
organic dyes, solid state gain media offer many advantages such as cleanliness, extended

operating lifetimes, greater power output and potentially better stability. In this thesis, the
operation of a passively modelocked LiF:F; colour-centre laser was initially studied, although

most of the work concentrated on the Ti:AlyOg3 laser. This latter system was first actively
modelocked using an acousto-optic modulator. Of more interest were the passive techniques
of coupled-cavity modelocking and self-modelocking which were used extensively. In this
concluding chapter the results which have been presented are briefly summarised and some of

the areas where future work might be concentrated are identified.

Before the advent of materials such as Ti:Al,O3, the LiF:F; colour-centre laser

represented the most promising solid-state alternative to the dye laser at wavelengths in the
sub-1 um region. However, the colour-centre gain medium presented its own difficulties. Of
most importance was the requirement that it be maintained at liquid nitrogen temperature to
prevent the thermal destruction of the laser active centres. After a brief review of the physics
of colour centres, the necessary storage and handling precautions for the F; colour centre
were outlined in chapter 2. The construction and operation of a laser based on these colour
centres was described. This laser was continuously tunable over the 820 - 1000 nm spectral
region with up to 400 mW of average power (chopped with a duty cycle of 1:10). Provided
adequate cryogenic cooling was maintained, the laser crystals had useful lifetimes of

approximately 200 hrs.

The technique of passive modelocking, using the organic dye, DaQTeC, was applied to

the laser in a linear cavity configuration and pulses having durations of approximately 170 fs




Chapter 7 General Conclusions 205

were generated. The modelocked laser was tunable over the 925 - 950 nm region and
produced average powers of approximately 10 mW, which corresponded to peak powers of
~700 W. The passively modelocked laser was also configured in a ring geometry which
enabled pulses as short as 127 fs to bc. generated with an average power of ~7 mW per
output beam. In this configuration, the ring laser was also observed to operate in a
unidirectional mode, with the pulse durations remaining unchanged. An intracavity prism
sequence was included in the modelocked laser cavity to provide dispersion compensation.
Again, the measured pulse durations did not change significantly. These observations suggest
firstly, that the expected enhancement in pulse shortening due to colliding pulses in the
absorber was not significant. This might be explained by the fact that the pulse width was
already shorter than the dye jet thickness, which has been shown to decrease the effectiveness
of the additional pulse shortening mechanisml. Secondly, the GVD compensation did not
effect the modelocked pulse durations. This implied that the effects of dispersion and
nonlinearity in the modelocked laser were not significant. This could be expected for the
operating conditions of the laser, where the intracavity powers were relatively small, the pulse
durations were greater than 100 fs and the operating wavelengths were close to the peak of
both the gain and absorber transitions2. The dominant pulse shaping mechanisms were,
therefore, likely to be due to dynamic gain and absorber saturation. The observed critical
dependence of the position of the gain and absorber with respect to the intracavity beam waists

supported this fact.

A severe limitation of this passively modelocked laser, was its relatively restricted
tunability and the short lifetime of the saturable absorber dye. In an attempt to extend both of
these, a nonlinear external cavity was added to the laser. With this addition, the laser was able
to generate modelocked pulses at wavelengths as low as 900 nm and operate for longer
periods between dye changes. However, due to the necessity for actively stabilised cavities,
which was not feasible at the time, these results could only demonstrate the viability of the

technique.
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With the introduction of new materials such as Ti:Al,O3, both dye and colour-centre lasers
covering the 700 - 1000 nm spectral region became largely obsolete for most applications.
Chapter 3 began with a brief review of the growth and spectroscopy of laser quality Ti:Al,O3
material. The operation of a commercially available cw Ti:AlO3 laser was characterised. This
system was tunable from 700 - 1000 nm and could provide up to 3 W of average output
power at wavelengths around 850 nm. The basic configuration was modified to enable the

laser to be actively modelocked and pulses as short as 60 ps were measured.

Generally, passive modelocking produces shorter pulses than active techniques.
However, the relatively small gain cross-section and long upperstate lifetime of Ti:Al,03,
means that it is not ideally suited to traditional saturable absorber based methods where
dynamic gain saturation is required for stable modelocked operation. The technique of
coupled-cavity modelocking provides an alternative form of passive modelocking which does
not require dynamic gain saturation to achieve pulse shortening. This scheme was applied to a
modified Ti:AlyOj3 laser and resulted in the generation of pulses as short as 1.3 ps. Coupled-
cavity modelocked operation was observed to reliably self-start without any active
modulation. This laser generated pulses which were approximately linearly frequency chirped
and which could be effectively compressed outside the laser cavity using diffraction gratings

or prisms. Compressed pulses having durations of 290 fs were recorded.

It was realised that the relatively high amounts of normal dispersion in both the external
cavity and the main cavity must influence the performance of the laser. Initially a four prism
sequence was added to the coupled-cavity section in an attempt to compensate for the fibre
dispersion. This led to a reduction in pulse duration from 4 ps to 1.3 ps, however the
modelocked output still showed evidence of frequency chirp. With a prism sequence in the
main resonator only, the pulse durations were reduced to 120 fs and by inserting a prism
sequence in both cavities the shortest pulses were obtained with durations of 90 fs. The
results showed that the magnitude and sign of the intracavity GVD played and important role

in determining the pulse durations generated from the laser.
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It was also observed that the coupled-cavity modelocked laser often operated in stable
states were the output consisted of more than one pulse per round trip, or in which the
modelocked output was accompanied by a weak cw background. Results were presented
which illustrated some of these modes of operation and their occurrence was linked to high
levels of intracavity peak power. Since these high power levels were primarily required to
achieve self-starting, it is probable that more satisfactory laser operation could be achieved
with the introduction of some active modulation. This would lower the power level at which
~ the coupled-cavity modelocking process started and consequently would allow the laser to be
operated with lower intracavity peak powers. For example, the inclusion of a regeneratively
driven acousto-optic modulator in the main laser cavity should allow reliable self-starting
operation at reduced powers, without adversely affecting the passive nature of the coupled-

L]

cavity modelocking process.

Stable operation of coupled-cavity lasers required that the lengths of the two cavities be
matched, except for a constant phase bias, which was achieved by using an active feedback
loop to control the length of the external resonator. This complicated the laser configuration
and added a potential source of instability because an interferometric match was required. One
system which overcame this difficulty was the self-modelocked Ti:Al,O3 laser which was
discussed in chapter 5. In the basic configuration, the laser generated pulses having durations
of 2 ps and was continuously tunable over the 750 - 950 nm region, with up to 500 mW of
average power being produced. These picosecond pulses were frequency chirped and could
be directly compressed outside the laser cavity to durations as short as 380 fs. Using
intracavity dispersion compensation, the laser produced pulses as short as 60 fs with an
average power of ~600 mW which corresponded to a peak power of more than 100 kW.
Using conventional pulse compression techniques, the pulse durations could be further
reduced from ~100 fs to 45 fs. The self-modelocking process was self-sustaining but not
self-starting. By including a regeneratively driven acousto-optic modulator within the laser

cavity, the self-starting threshold was lowered sufficiently, so that femtosecond pulse
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generation could be reliably obtained. The results again showed that the pulse durations

depended on the magnitude and sign of the intracavity GVD.

In order to generate shorter pulses from the Ti:Al,Og3 laser, it would be necessary to
compensate for the effect of third, as well as second order dispersion. The situation can be
improved by choosing suitable material, which has small third order dispersion for the
intracavity optical elements, particularly the prisms. The length of the intracavity material
through which the pulses travel should also be minimised. These approaches have already led
to some success3, Direct compensation of third order dispersion within the laser cavity is
difficult because the most straight forward method requires the use of diffraction gratings
which are too lossy for intracavity used. The use of a Gires-Tournois interferometer (GTI)S is
a second possibility, but these are relatively inefficient and difficult to design, particularly if
broad tunability is required. A third technique which has been demonstrated outside the
resonator with some success uses a slightly bent mirror located at the filter plane of a
femtosecond pulse shaperS. An alternative approach to the generation of shorter pulses is the

use of extracavity pulse compression techniques.

The construction of the crosscorrelator described in chapter 1 would provide a useful tool
for accurate measurements of the shape and phase of the modelocked pulses generated from
the Ti:Al,Oj laser and from similar modelocked, solid state oscillators. The self-modelocking
process has already been demonstrated in Nd: YLF7 and Cr:LiSAF and should be applicable to
other gain media such as Cr:LiCAF, Cr:YAG, etc. Some of these materials are currently under

investigation at St. Andrews.

The tunability and high powers available from the Ti:Al;O5 laser make it ideally suited as a
pump source for various nonlinear phenomena. Processes such as parametric oscillation,
second harmonic generation and sum frequency generation can be used to further extend the
wavelength range available from the basic laser. Second harmonic generation at wavelengths
near 860 nm has been used in this laboratory to provide short pulses in the blue spectral

region for the study of II - VI semiconductor compounds and further work is planned in this
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area. Work is also in progress with the aim of constructing a Ti: AlyO3 pumped OPO based on
KTP and LBO which will extend the wavelength range out to the 2.8 um region. Such a
femtosecond OPO may be one alternative means of simultaneously generating synchronised

pulses at two different wavelengths.

In chapter 6, the relative phase noise, or pulse timing jitter, of the self-modelocked
Ti:Al,O3 laser was measured using a technique based upon rf spectrum analysis of the laser
repetition frequency. The results suggested that the laser had a timing jitter of ~10 ps at
frequencies below 5 kHz and of <500 fs at frequencies in the 5 - 50 kHz region. A method
to reduce the phase noise of passively modelocked lasers was described and was applied to
the Ti:Al,O4 laser. This involved phase locking the laser repetition frequency to that of an
electronic reference oscillator. Using this technique, the pulse timing jitter was reduced to
350 fs over the 100 - 500 Hz range and to <250 fs over the 0.5 - 5 kHz and 5 - 50 kHz
ranges. The remaining noise on the laser was attributable to environmental acoustic and

mechanical vibrations in the laser components.

The technique just described was also applied to two similar modelocked Ti:Al,O4
oscillators and the relative phase noise between them was measured. The total timing jitter was
found to be <5 ps. At frequencies above about 20 Hz this jitter was reduced to
200 - 300 fs. The technique is, therefore, not suitable for synchronising two femtosecond
lasers, but could be used for picosecond pulses. It has the advantage of allowing the laser

repetition frequency to be synchronised to any reference source - optical or electrical.

Low phase noise optical sources have direct applications in electro-optic sampling
experiments. Another area of interest at St. Andrews is the evaluation of synchronously
operated streak cameras having femtosecond resolution. Low phase noise between the optical
pulses and the camera deflection signal is an obvious requirement in such circumstances. The
scheme described in chapter 6, to measure the timing jitter of the modelocked laser has also
been used to reduce the timing jitter between the laser output and the camera deflection signal

so that the best performance can be achieved. Further work is being carried out in this area.
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One drawback with laser materials such as Ti:AlyOj3 is the necessity for optical pumping
with inefficient ion lasers. The development of efficient diode pump sources for such
materials would, therefore, be of considerable interest. Other materials, such as Cr:YAG can
be pumped directly by diode pumped Nd:YAG systems. The Ti:Al,O3 laser would require a
frequency doubled, diode pumped system. This has already been demonstrated® and with the
continual improvement in high power diode laser technology, should become a practical and
economic reality. The Cr:LiSAF laser is of interest because of its ability to be directly pumped
by laser diodes in the 670 - 750 nm region. Such all solid state modelocked (and cw)

systems would benefit not only from improved efficiency, but should also have improved

noise and stability characteristics.
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The passive mode-locking characteristics of a LiF: F5~ colour centre laser operating around 930 nm using the saturable absorber
DaQTeC are described. For a standing-wave cavity configuration pulses of 170 fs duration were generated and implementation
of colliding-pulse-modelocking in a travelling-wave ring cavity led to pulse duration reduction to 130 fs. Experimental data relat-
ing to laser configurations involving either the intracavity compensation of group velocity dispersion or the technique of coupled-

cavity modelocking are also presented and discussed.

1. Introduction

The application of passive mode-locking to cw dye
lasers has led to the development of a range of ul-
trashort optical pulse sources for the visible and near-
infrared spectral regions [1-3]. Sub-30fs pulse du-
rations have been reported for colliding-pulse-mo-
delocked (CPM) ring dye lasers in which self-phase-
modulation and group velocity dispersion effects
arising in the laser cavity have been controlled [4,5].
More recently, by passively modelocking a LiF:F3
colour centre laser using the saturable absorber dye
IR 140 pulse durations of 180 fs have been obtained
at operating wavelengths around 850 nm [6]. In this
letter we describe the passive mode-locking of a sim-
ilar LiF:F¥ laser operating in the 930 nm wave-
length region and we report the generation of stable
pulses as short as 128 fs duration when the saturable
absorber dye DaQTeC was employed. The potential
applicability of the coupled-cavity modelocking
scheme [7] to enhance the pulse evolution kinetics
at the spectral extremes of the saturable absorber dye
absorption or where the effectiveness of the satura-
ble absorber dye decreases (through aging for ex-
ample) will also be discussed.

2. Experimental

Our inhouse designed LiF:F3 colour centre laser
[8] was used initially in conjunction with the six
mirror standing-wave cavity illustrated in fig. 1. This
arrangement had the convenience that it could be
readily modified to form a travelling-wave ring cav-
ity by suitable reorientating mirrors M1 and M6 as
shown in fig. 1. Mirrors M1 to M5 had 100% re-
flectivity within the tuning range of the LiF: F gain
medium, (i.e. 800-1000 nm) and the output cou-
pler M6 was 3% transmitting over this range. The
focusing mirrors M2 and M3 were of 10 cm radius
of curvature which provided a beam waist in the gain
medium of approximately 20 pm. Mirror M3 also
acted as a focusing mirror for the 647 nm, 676 nm
pump beam (~3 W) from a krypton-ion laser. Ef-
ficient coupling for the pump beam into the gain me-
dium was ensured by the selection of a double stack
dielectric sequence with the IR reflector deposited
on top so that phase distortion in the pulses could be
minimised [9]. The focusing mirrors M4, M5 around
the saturable absorber dye jet were of 5 cm radius of
curvature thus ensuring that the “S parameter” was
appropriate for stable passive modelocking of this
laser [10,11]. The saturable absorber used here was
the photosensitive dye 1-diethyl-2,13-acetoxy-1,2-
quinotetracarbocyanine perchlorate (DaQTeC) [12]

370 0 030-4018/89/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. |. The passively mode-locked LiF:F3 standing-wave laser cavity. The alternative ring cavity configuration is formed by the reorien-

tation of mirrors M, and Mg.

which has been used (in iodide form) by other
workers [13] to produce ~230 fs pulses by hybrid
modelocking of dye lasers near 975 nm. The Da-
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Fig. 2. Autocorrelation trace and associated spectra for the short-
est pulses produced in (a) the standing-wave cavity and (b) the
CPM ring cavity.

QTeC was dissolved in a small amount of ethanol
before being added to a free flowing 65 pum thick jet
of ethylene glycol placed at the beam waist of mir-
rors M4 and M5. Pulse durations were deduced from
data for a standard collinear intensity second har-
monic generation autocorrelation technique where
sech? intensity profiles were assumed.

The laser was initially passively mode-locked in
the standing-wave configuration of fig. 1 where the
cavity round-trip period was 12 ns. Stable pulse trains
were obtained over the spectral region 924 nm to 946
nm in this regime for a saturable absorber dye con-
centration of 0.6 X 10~° ML~'. The shortest pulses
had durations of 170 fs at wavelengths around 930
nm with a corresponding spectral bandwidth of 6.25
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Fig. 3. The dependence of the pulse duration as a function of
wavelength for several saturable absorber dye concentrations.
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nm which implies a duration-bandwidth product of
0.37. These were obtained at a pump power of 2.3
W (chopping duty cycle of 10) where the time-av-
eraged output power of the colour centre laser was
10 mW. An intensity autocorrelation trace of these
shortest pulses is reproduced in fig. 2(a) together
with the spectral profile and in fig. 3 the variation of
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the pulse duration as a function of wavelength is pre-
sented for a range of saturable absorber dye
concentrations.

By suitably adjusting the orientations of mirrors
M1 and M6 to constitute a colliding-pulse ring cav-
ity configuration stable pulses having the somewhat
shorter durations of ~ 130 fs were obtained around

Fig. 4. Intensity and interferometric autocorrelation traces and associated pulse spectra for pulse trains with ditterent intracavity glass
path lengths showing evidence of low frequency chirp within the laser cavity.

)
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932 nm for dye concentrations ~ 1 X 10~* ML~'. The
corresponding bandwidth of these pulses was 7.7 nm
which implies a duration-bandwidth product of 0.34.
This is consistent with the presence of a relatively
small amount of frequency chirp which arises due to
self-phase-modulation in the saturable absorber dye
jet [14,15]. An intensity autocorrelation trace of
these pulses and the associated spectrum are in-
cluded as fig. 2(b). The cavity period in this case
was 13 ns and for pump laser powers of 2.3 W the
time averaged power available in each output beam
was 6 mW. (The chopping factor of 10 was retained.)

Although the duration-bandwidth product was
close to the Fourier transform limit of 0.315 for sech?
pulse profiles it was decided to insert an intracavity
prism sequence by which the intracavity group ve-
locity dispersion (GVD) could be controlled [6,16].
The inclusion of this prism sequence served merely
to retain the stability of the pulse train with essen-
tially no effect on the observed pulse durations and
we conclude that this is consistent with the presence
of a low degree of frequency-chirp for the operating
conditions of the laser described here. Confirmation
of this was evidenced by the intensity and interfer-
ometric autocorrelation data and corresponding pulse
spectra as shown in fig. 4 for various amounts of in-
tracavity GVD [[7]. This can be contrasted 1o the
previously reported passive modelocking character-
istics of this laser in the 850 nm spectral region using
the saturable absorber dye IR 140 where significant
amounts of frequency chirp were observed [6].

As with most saturable absorber dyes which op-
erate in the near infra-red region of the spectrum the
useful lifetime of the saturable absorber DaQTeC was
of the order of several days. Beyond this operating
period the durations of the mode-locked pulses were
observed to increase dramatically and the operating
wavelength band of the laser tended towards the peak
of the LiF:FJ gain, around 900 nm. Under these op-
erating conditions, when the laser was tuned to op-
erating wavelengths near 930 nm where the shortest
pulses were usually obtained, relatively broad puises
(1-2 ps) were generated with frequent evidence of
the subpulse structure, as shown in fig. 5(c¢). At this
point it was decided to implement the technique of
coupled-cavity mode-locking to the passively mode-
locked LiF:F5 colour centre laser as this had the po-
tential to contribute to the pulse shaping and short-
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Fig. 5. Intensity autocorrelations for the hybrid mode-locked laser
(i.e. passive modelocking together with coupled-cavity mode-
locking), (a) pulses from master cavity at 904 nm (coupled-cav-
ity blocked), (b) pulses from CCM laser at 904 nm, (¢) pulses
from master cavity at 932 nm (coupled-cavity blocked ), (d)
puises from CCM laser at 932 nm.

ening kinetics so that the demand placed upon the
saturable absorber could be relaxed. This “hybrid”
mode-locking scheme therefore becomes significant
for instqnces where saturable absorber dyes become
less efficient through aging or when used in spectral
regions at the extremities of their absorption profile.

To assess this type of “hybrid” mode-locking, a
standing-wave cavity was employed where the po-
sitions of mirrors M1 and M6 where suitably ad-
justed (the 3% output coupler was replaced by a 10%
output coupler) and the intracavity prism sequence
was removed. The optical fibre used in the control
cavity was an elliptical-core (1.25 pumX2.5 um) po-
larization-preserving fibre (Andrew Corporation)
with a core cladding An ~0.034. The fibre length was
4.52 m and the coupled cavity period was twice that
of the colour centre laser cavity. Intensity autocor-
relation traces for pulses produced from the colour
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centre laser operating alone, with a much degraded
saturable absorber dye, are reproduced in fig. 5 for
the conditions of (a) a much extended operating
wavelength of 904 nm and (c) the normal operating
wavelength of 932 nm. The corresponding autocor-
relation traces for coupled-cavity mode-locked pulse
trains are reproduced in (b) and (d) respectively.
(For both operating wavelengths the krypton-ion
pump power was 2.2 W and the power launched into
the fibre was 30 mW). It can be readily seen that the
mode-locking is substantially enhanced for the cou-
pled-cavity scheme and this indicates that this ap-
proach may be a practical “hybrid” technique for
passively mode-locked laser systems.

Acknowledgements

Research studentship support for D.E. Spence from
the Department of Education of Northern Ireland
(DENI), and for R.S. Grant from the Science and
Engineering Research Council (SERC), is acknowl-
cdged. Personal support for C.I. Johnston from the
Procurement Executive of the Ministry of Defence
(MOD) is also gratefully acknowledged. The overall
research funding was provided by the MOD and
SERC. The authors would also like to thank Mr. R.H.
Mitchell for specialist technical assistance concern-
ing the vacuum and cryogenic equipment used in this
work.

374

OPTICS COMMUNICATIONS

i November 1989
References

[1} P.M.W. French and J.R. Taylor, Optics Comm. 61 (1987)
224,

[2] P.M.W. French and J.R. Taylor, Appl. Phys. Lett. 50 (1987)
1708.

{3]1K. Smith, N. Langford, W. Sibbett and J.R. Taylor, Optics
Lett, 10 (1985) 559.

{4] O.E. Martinez, R.L. Fork and J.P. Gordon, J. Opt. Soc. Am.
B2 (1985) 753.

[5]A. Finch, G. Chen, W. Sleat and W. Sibbett, J. Mod. Opt.
35 (1988) 345.

[6]1N. Langford, R.S. Grant, C.I. Johnston, K. Smith and W.
Sibbett, Optics Lett 14 (1989) 45.

[71P.N. Kean, X. Zhu, D.W. Crust, R.S. Grant, N. Langford
and W. Sibbett, Optics Lett. 14 (1989) 39.

[8]N. Langford, K. Smith and W. Sibbett, Optics Lett. 12
(1987) 903.

[9] P. Laporta and V. Magni, Appl. Optics 24 (1985) 2014.
[10] G.H.C. New, IEEE J. Quantum electron, QE-10 (1974) 115.
[11] G.H.C. New, Optics Comm. 6 (1972) 188.

[ 12] Saturable Absorber Dye purchased from Gallard-Schlesinger
Chemical MFG Corp, 594 Minola Ave, Carle Place, NY
11414,

[13] M.D. Dawson, T.F. Boggess and A.L. Smirll, Optics Leit.
12 (1987) 590.

[14] 1.]. Fontaine, W. Dietal and J.C. Dicls, IEEE J. Quantum
Electron. QE-19 (1983) 1467.

[L5] R.S. Miranda, G.R. Jacobovitz, C.H. Britocruz and M.A.F.
Scarparo, Optics Lett. 11 (1986) 224,

[16] R.L. Fork, O.E. Martinez and J.P. Gordon, Optics Lett. 9
(1984) 150.

[17]}.C. Diels, J.J. Fontaine, I.C. McMichael and F. Simoni,
Appl. Optics 24 (1985) 1270.



42 a reprint from Optics Letters

60-fsec pulse generation from a self-mode-locked Ti:sapphire
laser

D. E. Spence, P. N, Kean, and W. Sibbett

[. F, Allen Physics Research Laboratories, Department of Physics and Astronomy, University of St. Andrews, North Haugh, St. Andrews,
Fife, KY16 988, Scotland

Received July 20, 1990; accepted November 2, 1990

Pulses having durations as short as 60 fsec have been directly generated by a self-mode-locked, dispersion-
compensated Ti:sapphire laser. By using an extracavity fiber—prism pulse compressor, pulse durations as short as

45 fsec have been obtained.

Titanium:sapphire (Ti:Aly03) has been shown to be an
attractive gain medium for laser operation in the near-
infrared spectral region. Its broad gain bandwidth
means that in addition to a large tuning range it is
especially well suited to ultrashort-pulse generation
and amplification. Ti:Al;03 lasers have been mode
locked by using a variety of techniques, including syn-
chronous pumping,!? acousto-optic mode locking,3-5
passive mode locking,® injection seeding,” and cou-
pled-cavity (also referred to as additive-pulse or inter-
ferential) mode locking,®? in which the mode-locking
process may be self-starting.10

To date the shortest pulses reported from Ti:Al;O3
lasers have had durations of 300 fsec and have been
generated using injection-seeding techniques.” By
using a nonlinear external cavity, pulses as short as
800 fsec have been directly generated from an actively
mode-locked coupled-cavity laser.® By using a dif-
fraction grating pair outside the laser cavity for dis-
persion compensation, the output from a self-starting
coupled-cavity Ti:Al;O3 laser has been compressed to
200 fsec.!® With intracavity dispersion compensa-
tion, pulses as short as 150 fsec can be directly pro-
duced.?

In this Letter we present results for a self-mode-
locked Ti:AloOj3 laser from which pulses having dura-
tions of 2 psec can be generated. By using an intra-
cavity two-prism sequence for dispersion compensa-
tion,!! the pulse durations can be directly reduced to
less than 100 fsec at average laser powers in excess of
400 mW. A further reduction in pulse duration to less
than 50 fsec can be achieved by using an extracavity
fiber—prism pulse compressor, which incorporates four
high-dispersion ZnSe prisms in a configuration that
provides adjustable anomalous group-velocity disper-
gion (GVD).

The self-mode-locked Ti:AlyO3 laser, illustrated
schematically in Fig. 1, is a modified Spectra-Physics
Model 3900 system. The main laser cavity, consisting
of mirrors My to Mz, was extended to between 1.5 and
2.0 m, with the 20-mm-long Brewster-angled Ti:Al;03
gain medium placed in the center of the cavity. The
plane output coupler My had a transmission of approx-
imately 3.5% over the 850-1000-nm spectral region,
and the spherical mirrors M; and M (r = 10 cm) were

0146-9592/91/010042-03$5.00/0

highly reflecting over this wavelength range and high-
ly transmitting for the 488-514-nm pump wave-
lengths. The pump laser was a Spectra-Physics Mod-
el 2030 argon-ion laser that operated on all lines in the
visible at as much as 20 W of power in a TEMy, mode.
The pump beam passed through a periscope arrange-
ment to rotate the plane of polarization by 90° and was
focused into the Ti:Al;O3 gain medium by spherical
mirror My, which had a radius of curvature of 22.8 cm.
The prisms P; and Py were made from high-dispersion
SF14 glass and were Brewster angled for minimum
deviation at approximately 850 nm. They constituted
the intracavity double-prism sequence for dispersion
compensation, as shown in the inset of Fig. 1. For
tuning purposes the standard Spectra-Physics three-
plate birefringent filter was replaced by either a sin-
gle-plate birefringent filter or by a variable-aperture
slit placed between P; and M.

The mode-locked pulses from the laser were record-
ed by using a real-time autocorrelator that provided
both intensity and interferometric autocorrelation
data. A fast photodiode and oscilloscope combination
was used to monitor the pulse sequence, and the spec-
tral characteristics of the pulses were recorded with a
25-cm scanning monochromator that had a resolution
of approximately 0.8 nm.

With the cavity arrangement shown in Fig. 1, the
pump power threshold for cw laser oscillation was ap-
proximately 1 W, and at a pump power level of 6 W the
output power of the Ti:Al;O3 laser was typically ~500
mW. In this configuration the laser could be made to

Argon-lon
Pump Beam Mg

Mo
M
1 oo !
i} -
Output Ti:ALO, # ﬁg
]

A\Y ~N
Birefringent
My iy

Fig.1. Schematic of the cavity configuration for self-mode-
locked Ti:Al;03 laser. The inset shows the intracavity
prism sequence for dispersion compensation,
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Fig. 2. (a) Intensity and (b) interferometric autocorrela-

tion traces and (c) the associated spectrum for the mode-
locked Ti:Al,03 laser.

self-mode lock by simply realigning the cavity slightly
using one or both of the end mirrors. This realign-
ment resulted in a reduction of ~40% in average out-
put power, so that for 6 W of pump power the average
output was ~300 mW and the threshold for laser oscil-
lation increased to approximately 2 W. The output
beam profile also changed from the entirely TEMoo
mode pattern obtained with optimum alignment to a
beam that had ~70% of the average power concentrat-
ed in the fundamental mode. The remaining 30% of
the laser output power was in a low-order transverse
mode such as TEMgs.

With an appropriate cavity alignment self-mode-
locked operation could be induced by applying some
external perturbation, for instance, tapping one of the
resonator mirrors. Occasionally the mode-locking
process was observed to start spontaneously, although
any sudden physical shock could also start or stop
mode-locked operation. For a pump power of 8 W the
average mode-locked output power was approximate-
ly 450 mW. The range of pump powers over which the
laser would self-mode lock was found to be between ~4
and 12 W. Outside this range the laser would revert to
cw un-mode-locked operation. To date all attempts
to eliminate the higher-order transverse modes, by
using an intracavity aperture, for example, have also
resulted in the collapse of the mode-locked output.
With no dispersion compensation the shortest pulses
were obtained with the thickest available birefringent
filter (1.6 mm) in the cavity, and these had durations
of 2.0 psec as typified by the intensity autocorrelation
trace in Fig. 2(a) (sech? intensity profiles are as-
sumed). The laser was also operated with a 0.8-mm
birefringent filter, and in this case the pulse duration
increased to ~12 psec. Similarly, with no intracavity
tuning element the pulse duration again increased to
~16 psec.

When the laser was mode locked its tuning range
extended approximately from 845 to 950 nm. The
lower value is a result of reaching the low-wavelength
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limit of the optics, and any attempts to tune below this
wavelength either caused the laser oscillations to cease
or, more frequently, the wavelength to jump back to
that allowed by the neighboring order of the birefrin-
gent filter. Beyond the upper end of the mode-locked
tuning range the laser continued to oscillate but in an
un-mode-locked fashion until eventually laser thresh-
old was not established. Within this wavelength
range the laser could be tuned smoothly and continu-
ously while the mode-locked output was maintained,
with the shortest pulses being generated near the 870-
nm region. This is in contrast to other types of mode-
locked Ti:Al,O3 lasers, where the range over which the
laser may be continuously tuned is restricted by, for
example, the effective change in length owing to the
dispersion of an optical fiber in an interferometrically
matched external cavity. When the shorter-wave-
length optics, covering the 700-850-nm spectral re-
gion, were used, mode-locked operation could also be
obtained between 750 and 850 nm.

Reference to the pulse spectrum shown in Fig. 2(c)
indicates that the mode-locked pulses generated from
the laser have a very large associated duration-band-
width product (ArpAv = 2.7). This implies that the
pulses are strongly frequency chirped, and this is fur-
ther confirmed by the interferometric autocorrelation
trace shown in Fig. 2(b), where the loss of coherence in
the wings is characteristic of frequency-chirped
pulses.!? This frequency chirp must originate from
within the main laser cavity and is due primarily to the
presence of self-phase modulation (SPM) and GVD
within the Ti:Al,O3 gain medium.

With the two-prism sequence described above and
shown in the inset of Fig. 1, the pulse-broadening
effects can be overcome. The threshold for laser oscil-
lation and the average output power did not change
significantly with the insertion of the prism sequence.
The shortest pulses were then generated when the
birefringent filter was removed from the laser cavity.
The optimum prism separation, for which these short-
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Fig. 3. (a) Intensity and (b) interferometric autocorrela-
tion traces and (c) the associated spectrum for the mode-
locked Ti:Al,O3 laser.



44 OPTICS LETTERS / Vol. 16, No. 1 / January 1, 1991

8 T
3 T T (b) A, Aty =45 1fsec
@ {| atp=45fsec ~ §orto -
2 ' Z 6| ;o A
5 A £ i
s A 1 '
E ,\j '. .
\ 8 4
2
| . - S—— z
£ 3
[ =4
= g,
0 1 1 1
-300 0 +300
Delay (fsec) 0
Fig. 4. (a) Intensity and (b) interferometric autocorrela-

tion traces for the mode-locked Ti:Al,O3 laser pulses after
extracavity pulse compression,

est pulses were produced, was found to be 35 cm.
Under these conditions pulses having durations as
short as 60 fsec were generated. For a pump power of
8 W the average output power was 450 mW, and thus
for a typical cavity period of 12 nsec this represents a
peak pulse power of 90 kW.

Typical autocorrelation and spectral data associat-
ed with the shortest pulses are presented in Fig. 8. It
is clearly evident from the duration-bandwidth prod-
uct of 0.33, which is close to the Fourier-transform
limit of 0.32, that the pulses are essentially free from
excess frequency chirp. This is confirmed by the in-
terferometric autocorrelation trace where the fringe
visibility extends into the wings of the pulse. For the
dispersion-compensated cavity the laser output was
still multimode, but the percentage of the average
power in the fundamental mode was generally much
higher at ~99%.

Self-mode-locked operation could be obtained for
cavity lengths that ranged from approximately 1.5 to
2.0 m, which corresponds to a cavity frequency range
of 100-756 MHz. Outside this range only a cw un-
mode-locked output could be obtained, and the reso-
nator did not exhibit multitransverse-mode operation.
Within the 756-100-MHz latitude the cavity frequency
could be continuously and smoothly varied while
mode-locked operation was retained, and there was no
evidence that the mode-locked output had any partic-
ular dependence on the length of the resonator.

A potential qualitative understanding of the self-
mode-locking mechanism can be provided if the two
modes within the resonator interact in a manner simi-
lar to that of the modes in the main and external
cavities of a mode-locked, dispersion-compensated
coupled-cavity Ti:Al;Og laser.? Thus the operation of
the laser can be regarded as a simplified version of
coupled-cavity mode locking in which the Ti:Al;O;
crystal provides both the gain and the nonlinearity.
Further checks on the validity of this proposed inter-
pretation are the subject of ongoing research.

A further reduction in pulse duration could be ob-
tained by using an extracavity fiber—prism pulse com-
pressor. This consisted of a length of optical fiber,
chosen so that the GVD linearized the SPM-induced
frequency chirp on pulses that had a given peak power.
The linearly chirped pulses could then be compressed
by using adjustable anomalous dispersion provided by

a grating pair or, as in this case, a four-prism sequence.
The prisms were preferred to the grating pair because
higher transmissions of ~85% could be achieved. For
an average output power of 300 mW and pulse dura-
tions of 90 fsec and assuming a 50% coupling efficiency
into the fiber, the correct length of fiber to linearize
the frequency chirp is calculated to be approximately
7 c¢cm, and the optimum prism separation is approxi-
mately 10 cm. With the pulse compressor optimized,
pulse durations as short as 45 fsec were obtained, with
average and peak powers in excess of 100 mW and 25
kW, respectively. Representative autocorrelation
traces for these pulses are shown in Fig. 4.

In summary, we have demonstrated what is to our
knowledge the first self-mode-locked Ti:Al;O3 laser
that is capable of producing pulses with durations as
short as 2.0 psec. We have also, for the first time to
our knowledge, used intracavity dispersion compensa-
tion in a mode-locked Ti:Al;O3 laser to produce pulse
durations as short as 60 fsec and peak powers of 90 kW.
We believe that these are the shortest, highest-peak-
power pulses that have been directly generated by a
mode-locked Ti:Al;O3 laser to date. By using an ex-
tracavity fiber—prism compressor and utilizing high-
dispersion ZnSe prisms, pulses as short as 45 fsec have
been produced.

The overall funding of this research by the UK Sci-
ence and Engineering Research Council is gratefully
acknowledged. D. E. Spence acknowledges a research
scholarship from the Department of Education for
Northern Ireland.
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Results are presented that illustrate how the operation of a coupled-cavity mode-locked Ti:sapphire laser depends
on some of the important operating parameters. In particular, it is shown how group-velocity dispersion plays

a key role in determining the duration of the mode-locked pulses.

By using dispersion compensation in both

the main and the control cavities, transform-limited pulses have been generated that have durations as short as
90 fs with average and peak powers of 80 mW and 10 kW, respectively.

Titanium-sapphire (Ti:Al;Os) is now widely recognized to
be an attractive gain medium for laser operation in the
near-infrared spectral region. Its broad gain bandwidth
means that in addition to its having a large tuning range
it is especially well suited to ultrashort-pulse generation
and amplification. Ti:Al;04 lasers have been mode locked
by a variety of techniques, including synchronous pump-
ing,* acousto-optic mode locking,®® passive mode lock-
ing,% injection seeding,” and coupled-cavity (also referred
to as additive-pulse or interferential) mode locking,®® in
which the mode-locking process may be self-starting.'

Until recently, the shortest pulses reported for Ti:Al,0;
lasers had durations of 300 fs and were generated by using
injection seeding techniques.” With a nonlinear external
cavity, pulses as short as 800 fs were directly generated
from an actively mode-locked, coupled-cavity laser,® and,
with an extracavity diffraction-grating pair employed for
dispersion compensation, the output pulse durations from
a self-starting, coupled-cavity Ti:Al;O; laser were com-
pressed to 200 fs.'° The use of an extracavity fiber—
prism pulse compressor permitted 1.3-ps pulses generated
by a dispersion-compensated, acousto-optically mode-
locked Ti:Al;0; laser to be compressed to 50 fs.! A
recently reported study from our laboratory showed that
pulses as short as 60 fs, having peak powers of more
than 90 kW, can be directly produced by a self-mode-locked,
dispersion-compensated Ti:Al,O; laser.'?

In this paper we present results for a coupled-cavity,
mode-locked Ti:Al;O; laser from which pulses with dura-
tions of 1.3 ps can be generated from the basic non-
dispersion-compensated system. By implementation of
an intracavity two-prism sequence for dispersion compen-
sation'® the pulse durations were reduced to 120 fs at aver-
age power levels of ~200 mW. A further reduction in
pulse duration to 90 fs was achieved by incorporating a
four-prism sequence within the control cavity. We also
include experimental data that illustrate how the behavior
of the laser depends on some of the primary operating
parameters, such as the length of the fiber used in the
control cavity and the fiber launch power. Additionally,
the performance of the laser in a nonlinear Fabry-Perot

0740-3224/91/102053-08$05.00

(F-P) cavity configuration is compared with that for a
nonlinear Michelson arrangement.®"

The coupled-cavity, mode-locked Ti:Al;0O; laser, illus-
trated schematically in Fig. 1, was a modified Spectra-
Physics Model 3900 system. The main laser cavity,
consisting of mirrors M, to M;, was extended to between
1.5 and 1.8 m, with the 20-mm-long, Brewster-angled
Ti:Al;0; gain medium placed in the center of the cav-
ity. In the F-P cavity arrangement [Fig. 1(a)] plane
output coupler My had a transmission of ~5% over the
850-1000-nm spectral region, and spherical mirrors M;
and M, (r = 10 cm) were highly reflecting over the
850-1000-nm range and highly transmitting for the
488-514-nm argon-ion laser pump wavelengths. The al-
ternative, nonlinear Michelson, cavity configuration is il-
lustrated in Fig. 1(b), where the beam splitter BS acted as
the output coupler and had a transmission of ~3.5% over
the 800-1000-nm region, and plane mirror M; was highly
reflecting over the 750-950-nm range.

The pump laser was either a Spectra-Physics Model
2030 or Model 2040E argon-ion laser that operated on all
lines in the visible at powers of as much as 156 W in a
TEMg mode. The pump beam passed through a periscope
arrangement, which rotated the plane of polarization by
90°, and was focused into the Ti:Al;0; gain medium by
spherical mirror My, which had a radius of curvature of
22.8 cm. Prisms P; and P, were made from highly disper-
sive SF14 glass and were Brewster angled for minimum
deviation at ~850 nm. They constituted the intracavity
double-prism sequence for dispersion compensation, as
shown in the inset of 'ig. 1. The laser was tuned by means
of the standard Spectra-Physics three-plate Lyot filter,
a single-plate birefringent filter (BRF'), or a variable-
aperture slit placed between prism P, and mirror M.

An electronic stabilization loop controlled the move-
ment of the mirror (mounted on piezoelectric translation
stage PZT) in the control cavity such that interferometric
stability between the two cavities could be maintained in
the usual way.”® The input signal for the electronics was
usually the average power fed back into the laser from the
external cavity, but the average output power from the

© 1991 Optical Society of America
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Fig. 1. Schematic diagram showing the nonlinear (a) F-P and
(b) Michelson cavity configurations.

(a) (b)

Fig. 2. Traces showing how (a) the average power and second-
harmonic output {(lower traces) and (b) the average power fed back
from the coupled-cavity and second-harmonic output vary with
the relative phase mismatch between the two cavities.

laser was occasionally used as the input signal. The moni-
tored input signal was wavelength selected by using a dif-
fraction grating and an aperture in front of the photodiode.
The modulation on the signal returned from the fiber was
larger than that on the average output from the laser, so
the best stability for mode-locked operation was usually
obtained by monitoring the signal returned from the ex-
ternal cavity. The traces in Fig. 2 illustrate how the aver-
age power fed back from the coupled cavity, the average
output power of the laser, and the second-harmonic signal
varied as the relative phase mismatch between the two
cavities was adjusted by applying a linear voltage ramp to
the piezoelectric translation stage.

In the F-P configuration an intensity component (70%)
of the output from the main laser cavity was reflected by

D. E. Spence and W. Sibbett

beam splitter BS and coupled into the single-mode control-
cavity optical fiber (Andrew Corporation type 48280-1-P),
Index-matching fluid was used between lenses L; and L,
and the fiber ends to maximize the coupling efficiency
between the two cavities and to avoid backreflections into
thelaser. Single-pass coupling efficiencies of 60-75% were
achieved with this scheme. Interestingly, we found that
it was not essential to use index-matching fluid, because
when the coupling efficiency exceeded ~60% the back-
reflection into the laser from the fiber ends could be less
than a certain critical intensity level. To generate the
shortest pulses, a second prism sequence consisting of
four zinc selenide (ZnSe) prisms was placed in the control
cavity between the beam splitter and lens L;.

The basic non-dispersion-compensated laser generated
pulses with durations as short as 1.3 ps (hyperbolic-
secant-squared intensity profiles assumed) at a wave-
length near 860 nm. In this case the tuning element was
the Lyot filter that was supplied with the laser. The inten-
sity and interferometric autocorrelation traces and the
spectrum of a typical pulse are shown in Fig. 3. The loss
of fringe visibility in the wings of the interferometric
autocorrelation is characteristic of pulses with excess fre-
quency chirp.'® The duration-bandwidth product Ar,Av =
1.0, which is substantially greater than the transform
limit of 0.32 for hyperbolic-secant-squared pulses, further
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sion, using a diffraction grating pair.

confirms the presence of this excess frequency chirp.
These chirped pulses could be temporally compressed out-
side the laser resonator with either a diffraction-grating
pair or a prism sequence employed to provide anomalous
group-velocity dispersion (GVD). With this scheme the
typical pulse durations of 2.3 ps were reduced to 290 fs,
where duration-bandwidth products of ~0.36 were
achieved for a grating separation of 30 mm. Representa-
tive autocorrelation and spectral data for these compressed
pulses are shown in Fig. 4.

For a pump power of 6 W the average mode-locked out-
put power was 110 mW, and the peak pulse powers ex-
ceeded 1 kW. In this case ~115 mW was launched into the
29-cm-long control-cavity fiber. With the diffraction-
grating pair used for extracavity pulse compression, the
average power was reduced to approximately 30 mW, but
the peak pulse power was increased to more than 1.2 kW.
The diffraction gratings used were optimized for a wave-
length of 1.06 um, and this explains their poor throughput
efficiency at these shorter wavelengths. (Throughput ef-
ficiencies of more than 80% should be achievable with op-
timized gratings, which implies that the average and peak
powers could be as high as 80 mW and 3.3 kW, respec-
tively.) The tuning range of the mode-locked laser ex-
tended from 830 nm to ~960 nm; the limits of this range
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were primarily due to the properties of the control fiber
and the reflectivity characteristics of the optics. Mode-
locked operation was also demonstrated at wavelengths
as short as 750 nm by substituting an appropriate set of
optics and a control fiber. The performance in this wave-
length range was similar to that in the 830-960-nm spec-
tral region, for which the variation of pulse duration with
wavelength is illustrated in Fig. 5.

The data in Fig. 6 show how the pulse duration varied
with the power launched into the control-cavity fiber.
(This launch power was altered by placing a variable
neutral-density filter wheel at the input side of the fiber.)
It can be seen from this graph that the pulse duration de-
creased as the fiber launch power was reduced until an
optimum value was reached. Beyond this value any fur-
ther decrease in power resulted in an increase in pulse
duration until the self-starting operation could no longer
be achieved. This behavior occurred because the phase
shift of the pulses returned from the coupled cavity was
dependent on the peak intensity in this cavity, and the -
shortest pulses were obtained when the phase shift was
optimum for the particular operating conditions selected
for the laser. This results from the fact that the degree
of pulse shortening initially increases with the intensity-
induced nonlinearity. If, however, this nonlinearity be-
comes too large the effectiveness of the pulse-shortening
process may be compromised such that the laser may be-
come unstable, as discussed later.

Various lengths of optical fibers ranging from 5 cm to
1.056 m were used in the control cavity. The variation of
pulse duration as a function of the length of the fiber is
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Fig. 5. Variation of pulse duration with wavelength for the

non-dispersion-compensated laser. Filled squares, 29-cm fiber;
pluses, 23-cm fiber.
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Fig. 6. Variation of pulse duration with the power launched into
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Fig. 8. Variation of pulse duration with the separation between
the zinc selenide prism pairs in the external cavity.

shown in Fig. 7 for the laser with two thicknesses of
BRF’s. It can be seen from this figure that in both cases
the pulse duration decreased linearly with decreasing
fiber length. This can be explained in terms of the de-
crease in normal GVD and self-phase modulation (SPM)
within the fiber in the spectral region of operation: As
the fiber was shortened, the corresponding temporal
broadening effects became less severe. It is also clear
that the incorporation of a thinner BRF resulted in pulses
with longer durations. This result is consistent with the
thin BRF's less pronounced bandwidth restriction, which,
in the presence of SPM and GVD, leads to an increased
amount of excess frequency chirp, which results in pulses
with longer durations.

The data in Fig. 7 imply that the shortest pulses were
generated by minimizing the amount of dispersion in the
control cavity. Shortening the fiber is not the ideal solu-
tion, as this also reduces the accessible optical nonlinear-
ity, which in turn makes the self-starting process more
difficult to establish. These results agree with the theo-
retical considerations suggested by Ippen et al.,'” where it
is predicted that self-starting can be achieved more easily
with increased nonlinearity in the control cavity. Thus,
in order to achieve minimum dispersion while retaining a
suitable degree of control-cavity nonlinearity, we incorpo-
rated four ZnSe prisms, Brewster angled at ~850 nm, into
the control cavity. This arrangement provided adjustable
anomalous GVD, which compensated for the normal dis-
persion in the fiber. From Fig. 8 it can be seen how the
pulse duration varied with the separation between the
ZnSe prism pairs and hence with the total GVD in the con-
trol cavity. These results were taken for a 50-cm length
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of fiber and a 1.6-mm-thick BRF in the laser. For a pump
power of 5 W the average output power was 70 mW, and the
peak power was 0.7 kW, while the power launched into the
fiber was 130 mW. The optimum prism separation was
~70 cm, and the minimum pulse duration achieved was
1.3 ps at a wavelength of 866 nm. Autocorrelation and
spectral data for these pulses are included here as Fig. 9.

Although the pulse durations for this refined configura-
tion were reduced by a factor of 1.8, it was evident from
the interferometric autocorrelation traces and the associ-
ated duration-bandwidth products (Ar,Av = 1.3) that the
pulses retained a significant amount of excess frequency
chirp. This chirp could arise only within the main reso-
nator and must therefore be primarily attributable to the
normal dispersion and SPM in the Ti:Al;03 gain medium
itself.*® In order to compensate for this dispersion, we
placed two SF-14 glass prisms, having a separation of
35 cm, within the laser cavity as shown in the inset of
Fig. 1. With this dispersion compensation in the main
resonator only and 5.7 cm of fiber in the control cavity,
the pulse durations were further reduced to 120 fs with a
duration-bandwidth product of Ar,Av = 0.32. For a pump
power of 7.5 W the average and the peak output powers

3
a8
5 2
2
8
=
i
£
c 1 1 L
-8 0 +8
Delay (ps)
8
1! Aty =1.3ps
i I| AtpAv=13 |
?ﬁ: I| |
=4 5 |
o |
=
2
2
=
w 1.0 T
:g =2.5nm
-
o
8 osf .
=
2
2 .

0
864 866 868
Wavelength (nm)

Fig. 9. Autocorrelation and spectral data for the mode-locked
Ti:sapphire laser with dispersion compensation in the control
cavity only.
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Fig. 11. Dependence of pulse duration on the total glass path
within the main laser resonator for a constant prism separation
of 35 cm.

were 200 mW and 20 kW, respectively, for a fiber launch
power of 230 mW. The autocorrelation and spectral data
for these pulses are shown in Fig. 10, and it is clear that
they are essentially free from excess frequency chirp.
The variation of the pulse duration with the total path
length of glass in the main laser cavity is shown in Fig, 11,
from which it is evident that there was an optimum value
at which the shortest pulses were generated. Although
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the pulse-broadening effects in the main cavity dominate
those in the control cavity, it can be seen from Fig. 12 that
the pulse durations still increase with the length of fiber
used, so that the dispersion within the external cavity
must still have a significant influence. Thus, in order to
generate the shortest pulses, it was necessary to provide
dispersion compensation in both cavities, With a 25-cm
length of control fiber and with a prism separation of
35 cm in the main cavity and 14.5 cm in the control cavity,
pulses as short as 90 fsec were generated with duration—

Puise duration (fs)
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0 !.n 2-0 3-0 40
Fiber length (cm)

Fig. 12. Variation of pulse duration with the control-fiber length
for dispersion compensation in the main laser resonator only.
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Fig. 14. Autocorrelation and associated spectral data of a
multiple-pulsing state in the mode-locked Ti:sapphire laser when
the subpulses are close to the main pulse. The oscillograms show
multiple pulsing at twice the cavity frequency and a state where
the timing of the subpulses is not fixed relative to the main pulse.

bandwidth products of 0.35. The intensity and interfero-
metric autocorrelation traces and spectra associated with
these shortest pulses are shown in Fig. 13. Under these
conditions the GVD in both the main and the control cavi-
ties was anomalous, which was necessary in order to com-
pensate for the frequency chirp resulting from SPM and
normal GVD in the control fiber and the Ti:Al,03 gain
medium, These results were taken with a pump power of
8 W and a fiber launch power of 110 mW, which resulted in
average and peak output powers of 80 mW and 10 kW,
respectively.

In all cases there was a threshold fiber launch power
below which self-starting did not occur. This threshold
value decreased as the fiber length increased and also as
the degree of dispersion compensation approached its op-
timum value. This behavior was to be expected, as in
both cases the necessary nonlinearity for the self-starting
operation could be achieved with lower average powers. A
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typical value of the threshold launch power for a 100-cm
length of fiber was ~90 mW.

Although it was possible to find stable operating
regimes within which good mode locking could be
achieved, we also observed many other stable states in
which some aspect of the mode-locked operation was com-
promised. The laser often showed a tendency toward
multiple-pulse operation in which as many as six pulses
were present within one cavity period. The subpulses oc-
curred either close to the main pulse and equally spaced
from it or at regular intervals during the cavity period.
An intensity autocorrelation trace and associated spec-
trum for one such state with subpulses close to the main
pulse are shown in Fig. 14 together with an oscillogram
showing the pulse train for a state in which the subpulses
are farther from the main pulse. In all cases these
multiple-pulsing features were accompanied by a modula-
tion on the spectrum, as shown in Fig. 14. The timing of
the subpulses was generally not fixed relative to the main
pulses, and they could often be seen to drift along between
the main cavity pulses, taking anything from ~0.1 s to
several seconds to do so.

Another common operating regime was characterized
by the presence of relatively narrow spikes superimposed
on the spectrum of the mode-locked laser, as illustrated in
Fig. 15, - These spikes could appear anywhere across the
spectrum and sometimes were present at wavelengths well
removed from the mode-locked spectrum when sufficient
gain was available in these regions. Although these spike
features were readily observed in the frequency domain, it
was significant that the monitored mode-locked pulse
train and autocorrelation traces offered no evidence of
their existence. We believe that these features arise
when the spectrum of the un-mode-locked laser breaks
through the much broader mode-locked spectrum. When
these spectral spikes were present it is most likely that
the laser output consisted of either mode-locked pulses
with broad, low-energy pedestals or a mode-locked pulse
train that coexisted with a low-intensity cw beam. We
have monitored several distinct states that were charac-
terized by significantly different levels of second-harmonic
intensity even though the pulse duration and the total aver-
age power from the laser remained essentially constant.
This variation arose from the association of different aver-
age powers with the mode-locked portion of the output.

All of these effects were associated with a high level of
peak pulse power in the fiber, which in turn corresponded
to a greater nonlinear phase shift than was desirable for
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Fig. 15, Trace showing a typical cw laser spike breaking
through the mode-locked spectrum of the laser.
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mode locking. The laser seemed able to accommodate
this peak power level either by multiple pulsing or by con-
fining some of the energy into un-mode-locked radiation
such that in each case there was a corresponding decrease
in the peak pulse power. The spectrum of the pulses re-
turned from the fiber is shown in Fig. 16. This type of
spectrum was always observed when stable mode locking
was achieved, but the intensity of the narrow spike did
vary as shown.

The obvious way by which these undesirable effects
could be avoided was to reduce the power launched into
the fiber, but this made the self-starting conditions for
mode locking more difficult to satisfy. Often the stable
operating window for good mode locking seemed to lie at
power levels that were below the threshold for self-starting,
so that the laser would tend to exhibit some undesirable
effects. It was difficult to identify the stable operating
window precisely for a particular operating regime. In
practice one had to achieve self-starting and then care-
fully adjust the pump power, the coupling efficiency, and
the relative phase mismatch between the cavities, the
wavelength, and the average power in the fiber until satis-
factory stable mode locking was observed.

We have also used a coupled-cavity scheme with an
acousto-optically mode-locked Ti:Al;O; laser. With the
laser already producing relatively short pulses (~100 ps),
the pulse-shortening effects of the nonlinear external cav-
ity could be utilized more easily than in the self-starting
regime. The behavior of the laser in terms of pulse dura-
tion was similar to the self-starting case, although it was
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possible to operate with much lower intrafiber powers, so
that the undesirable effects mentioned above could be more
easily controlled. Further work is being carried out on
various hybrid mode-locking schemes using acousto-optic
modulation for the Ti:Al,0;3 laser. At present it appears
that the acousto-optic mode-locked coupled-cavity laser
still represents a serious option for reliable ultrashort-
pulse generation as compared with the purely passive self-
starting laser.

The behavior of the mode-locked laser did not show any
particular dependence on the length of the laser resonator
provided that the two coupled-cavities were interferomet-
rically matched. We observed mode locking with cavity
lengths ranging from ~70 cm to more than 2 m. These
limits were set merely by the practical constraints of the
physical size of the laser and the space available on the
optical table. In our studies we operated the laser with
cavity lengths close to 1.7 m, as this provided the best
compromise between size, stability, and high peak pulse
powers. It was observed, however, that the stability and
degree of mode locking was much better if both the main
resonator and the coupled cavity had the same period
rather than one being a multiple of the other. This was
not surprising, because the latitude of stability decreases
for the latter condition.

The stability of the laser for all the above assessments
was good. With the stabilization electronics switched off,
and depending on the conditions in the laboratory, mode-
locked operation could be achieved for periods of a few
milliseconds to several minutes. When the stabilization
was switched on the laser would remain mode locked for
periods of up to several hours. Under these conditions
the laser mode locking was interrupted only by sudden
physical shocks that the electronic control could not track
or as a result of long-term variations in, for example, the
coupling efficiency into the fiber.

The peak-to-peak amplitude fluctuations of the output
of the laser were typically less than 10%. The major con-
tributions to this noise were at frequencies of 50 and
300 Hz and could be traced directly to noise in the output
of the pump laser. (The amplitude noise in the cutput of
the Model 2040E was much better than that of the
Model 2030.) When required, this noise could be reduced
to less than 2% by placing an acousto-optic modulator
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Fig. 17. Intensity autocorrelation data for pulses from the
dispersion-compensated laser in the nonlinear Michelson cavity
configuration.
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(used as a noise suppressor) at the output of the pump
laser to remove these amplitude fluctuations. However,
thermal lensing in the modulator material meant that the
usable pump power had to be kept at less than 6 W if pump
beam degradation was to be avoided.

The mode-locked laser was also operated in the nonlin-
ear Michelson cavity configuration illustrated in Fig. 1(b).
In this arrangement the relative performance characteris-
tics were similar to those reported for the color-center
laser counterparts.” We observed that the pulse duration
typically increased from 120 to 190 fs (see Fig. 17) and
that the overall stability of the laser improved. This sta-
bility increase was not so dramatic as that previously ob-
served for the KCIL:T1 color-center laser because it was
necessary in our Ti:Al,O; laser configuration to make the
cavity branch containing the nonlinear element twice the
length of the arm containing the gain. The increase in
stability was more dramatic when compared with that for
the case in which the nonlinear cavity in the F-P arrange-
ment was twice the length of the main cavity. In a con-
figuration in which both arms of the Michelson cavity are
the same length an even more dramatic increase in stabil-
ity would be expected.

In summary, we have presented results that illustrate
the various operating regimes of a self-starting, coupled-
cavity, mode-locked Ti:Al,03 laser. Our experimental re-
sults indicate how the operation of the laser depends on
key operating parameters such as the length of optical
fiber used in the control cavity and the power launched
into the fiber. We have demonstrated that group-velocity
dispersion plays an important role in determining the fi-
nal pulse duration and have shown that, by proper control
of this dispersion, transform-limited pulses as short as
90 fs can be generated. We believe that this is the first
time that dispersion compensation has been used in both
the main and the control cavities of a coupled-cavity mode-
locked Ti:Al,Og laser and that these are the shortest
pulses yet produced from such a coupled-cavity laser
configuration.
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It is demonstrated that the incorporation of an acousto-optic modulator within the cavity of a self-mode-locked
Ti:sapphire laser can lead to self-starting and stable generation of pulses that have durations of 60 fs when the
acousto-optic device is driven regeneratively from the laser output. Data are also presented that show that
the application of cavity-frequency locking techniques dramatically improves the phase noise characteristics of

the mode-locked laser.

Ti:sapphire (Ti:Al,03) is now widely recognized as
an excellent solid-state material for laser operation
in the near-infrared spectral region. Its broad gain
bandwidth, extending from approximately 670 to
1100 nm, provides both a large tuning range and the
ability to generate ultrashort pulses. Various mode-
locking schemes have been employed in Ti:Al,0,
lasers whereby pulses having durations into the sub-
100-fs regime have been produced. These include
acousto-optic mode locking followed by pulse com-
pression,’ coupled-cavity or additive-pulse mode
locking,” and self-mode-locking.?

Self-mode-locking has been demonstrated in a
number of different configurations in which there
are either no obvious mode-locking elements present
in the cavity® or the final pulse duration is much
shorter than that which might be expected.* At
present the mode-locking mechanism is not fully
understood, but it is clear that the ys nonlinearity
of the Ti:Al,O; gain medium together with anom-
alous group-velocity dispersion provided by a prism
pair plays an important role in the pulse-shortening
process.

Although the mode-locking process is self-
sustaining, it is not normally self-starting. This
means that when initially switched on, the laser will
usually oscillate in a cw, un-mode-locked manner,
and some additional means of initiating the self-
mode-locking process has to be utilized. In the
originally reported research® this was achieved
simply by tapping the table or one of the cavity mir-
ror mounts, which resulted in intensity fluctuations
that had durations sufficiently short to initiate the
self-mode-locking process. Once initiated, the
mode-locked pulse sequence could be retained for
periods of as much as several hours depending on
the degree of physical perturbation in the surround-
ing environment. This was not entirely satisfac-
tory because the mode locking would cease at
random and had then to be restarted manually. As
a result, the laser was not an ideal pulse source for
experiments requiring extended periods of stable
operation.

Various active and passive schemes to initiate and
stabilize the mode-locked output from the laser have
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been demonstrated. These include the use of satu-
rable absorber dyes,* various types of coupled-cavity
schemes,® and active cavity length modulation.®
Although all these techniques are clearly applicable
they can be unnecessarily complicated and/or may
result in additional noise on the laser output. In
the case of the saturable absorber dye, the especially
attractive features of an all-solid-state system are
unfortunately compromised.

In this Letter we describe how an acousto-optic
modulator can be used to provide stable long-term
operation of the self-mode-locked laser. This sys-
tem is reliable, retains the advantages associated
with all-solid-state systems, and is simple to set up
and operate. We have also measured the phase noise
of the laser, and experimental results are included
to show how this can be significantly improved by
employing cavity-frequency referencing techniques.

The self-mode-locked laser was based on a modi-
fied Spectra-Physics Model 3900 that has been de-
scribed elsewhere® and for which the pump laser was
a Spectra-Physics Model 2040E argon-ion system.
This Ti:Al,O; laser is capable of routinely generating
pulses as short as 60 fs with average and peak
powers of 600 mW and 100 kW, respectively, for a
pump power of approximately 7 W?

For initiation and stabilization purposes, an in-
tracavity acousto-optic modulator (Newport Electro-
Optics Model N12041-.85-LIT) was introduced close
to the output coupler of an otherwise unchanged
resonator. The modulator was driven, as is usu-
ally the case, at one half the cavity frequency
(~43.0875 MHz). Initially the rf signal was derived
from a signal generator (Marconi Model 2019) and
amplified by using a rf amplifier to <400 mW before
it was fed into the modulator. Under these condi-
tions the laser would produce pulses having dura-
tions that ranged from sixty to several hundred
picoseconds. However, when the cavity was prop-
erly aligned, the laser would spontaneously self-
mode-lock and produce pulses having durations as
short as 60 fs with no loss in average output power.

It was obvious that these femtosecond pulses had
durations much shorter than those expected from
active mode locking alone. It was also significant

© 1991 Optical Society of America
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Fig. 1. Schematic diagram showing the laser cavity
configuration and the modulator driver, M’s, mirrors;
P’s, prisms.
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Fig. 2. Intensity and interferometric autocorrelation
traces together with spectral data for the laser output.

that the pulse repetition rate was determined not by
the modulator drive frequency, as expected for ac-
tive mode locking and as observed when the pulse
durations were in the picosecond regime, but by the
cavity frequency. This was consistent with the pas-
sive nature of the pulse-shortening process.

Because the pulse repetition frequency was deter-
mined by the cavity frequency rather than the modu-
lator drive frequency, stable operation demanded
that these two frequencies be exactly matched. Our
preferred practical approach was to derive the modu-
lator drive signal from a frequency component of the
output from the laser oscillator. In this way the
drive frequency to the acousto-optic device was auto-
matically matched to the cavity frequency. This
type of scheme, which was first reported by Huggett’
and termed regenerative mode locking, has been
used in picosecond Ti:Al;O; lasers,® but it should be
stressed that in our case the modulation served only
to initiate the self-mode-locking process by which the
femtosecond pulses could ultimately be generated.
In practice, the modulator was driven at a frequency
midway between its resonances at a relatively low rf
power (<400 mW) such that its influence on the
pulse-shortening process was expected to be small
once mode locking had been initiated.

The experimental arrangement for the laser with
the intracavity modulator is illustrated schematically
in Fig, 1. A small fraction of the laser output was
directed onto a fast photodiode as shown in the
figure. The second-harmonic component of the
photodiode signal at ~172 MHz was filtered out
with a bandwidth of ~5 MHz and then amplified by
a preamplifier and a limiter. This signal was then
passed through a divide-by-four circuit and filtered
again at ~43 MHz. It was subsequently amplified
to ~400 mW and supplied to the acousto-optic de-
vice. When the phase of this rf signal was suitably
adjusted, the self-mode-locked operation started
spontaneously. (An electronic delay line was in-
cluded in the circuit for minor phase adjustments.)
With this system, any initial fluctuations at the cav-
ity frequency owing to mode beating were detected
and amplified by the regenerative feedback process
until the pulses had sufficiently short durations that
the optical nonlinearities in the Ti:Al; O3 gain
medium could dominate and lead to femtosecond
pulse generation through the self-mode-locking
mechanism,

In the self-mode-locked operation, the laser rou-
tinely generated pulses having durations of 60 fs and
was wavelength tunable (using a variable-aperture
slit located between prism P; and mirror M;) over
the 750-900-nm range. The extent of the tuning
was limited only by the characteristics of the anti-
reflection coating on the modulator. For a pump
power of 7 W, the average output power of the laser
was 600 mW, which corresponded to a peak pulse
power of 100 kW. Representative data for the mode-
locked laser output are shown in Fig. 2, where it is
clearly evident that there was no degradation in the
performance of the laser when an intracavity modu-
lator was included. Significantly, the mode-locked
operation was maintained continuously such that
the influence of the modulator did not merely serve
to start the self-mode-locked operation but also sus-
tained it. Under these operating conditions the
laser produced a beam that had a TEMy,-mode
structure.

A phase-noise (or pulse timing jitter) characteriza-
tion of the laser was also carried out. This was ac-
complished in the normal way by comparing the
power spectrum sidebands of the fundamental and
higher harmonics by using a spectrum analyzer
(Hewlett Packard HP 71000 series) and fast photo-
diode (InGaAs avalanche photodiode or Telefunken
BPW28).° The single-sideband phase-noise spec-
tral density, determined from the fundamental and
the 10th-harmonic signals, is shown in Fig. 3. This
corresponds to pulse-timing jitter figures of 10.6 ps
(50-500 Hz), 850 fs (500 Hz to 5 kHz), and 470 fs
(5-50 kHz). It is apparent that most of the phase
noise was present at frequencies within a few kilo-
hertz of the carrier. In particular, the peaks at 50,
150, 300 Hz, etc. correspond to amplitude noise on
the argon-ion pump laser, which accounts for the
relatively high timing jitter in the 50-500-Hz re-
gion. No change in the measured phase noise was
observed when the mode locker was switched off.

In an attempt to reduce the level of phase noise on
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Fig. 3. Single-sideband phase-noise spectral density cal-
culated using the fundamental and the 10th harmonic.
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Fig. 4. Single-sideband phase-noise spectral density, cal-
culated using the fundamental and the 20th harmonic, of
the cavity-frequency-locked laser.

the mode-locked Ti:Al; O, laser, the cavity frequency
was locked’ to an in-house-constructed ultralow
phase-noise electronic crystal oscillator. Details of
the locking electronics can be found in Ref. 11. The
single-sideband phase-noise spectral density, calcu-
lated by using the fundamental and the 20th har-
monic, for this improved system is shown in Fig. 4.
(The additional peak near 2 kHz is due to a reso-
nance that is attributable to the piezoelectric trans-
ducer.) These data correspond to pulse timing
jitters of 640 fs (50-500 Hz), 460 fs (500 Hz to
5 kHz), and 170 fs (5-50 kHz), which represents a
substantial improvement over those given above.
From the experimental data it is clear that most
of the phase noise on the laser occurs at frequencies
below approximately 3 kHz. This is characteristic
of passively mode-locked systems. This phase noise
is due mainly to environmental perturbations and to
noise sources associated with the argon-ion power
supply unit. Further improvements in timing jitter
would require better isolation from the surrounding
environment and, more importantly, a quieter pump

source such as a frequency-doubled diode-pumped
Nd:YAG system. In the region above approximately
5 kHz the recorded minimum noise level is limited
to that of the measurement system. It is dependent
mainly on the inherent noise associated with
the type of photodiode used and on the optical
power levels monitored. It is therefore not an ac-
curate measure of the laser timing jitter at these
frequencies.

In summary, we have described a self-mode-locked
Ti:Al, 04 laser having supplementary regeneratively
driven acousto-optic modulation. This has resulted
in a self-starting, stable, all-solid-state source of sub-
100-fs pulses in the 750-900-nm spectral region.
By locking the cavity frequency to a high-quality
crystal oscillator, the phase-noise characteristics of
the laser have been significantly improved.
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