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Abstract

This thesis is concerned with ion-implanted Gallium-Arsenide (GaAs), grown 
by Metal Organic Chemical Vapour Deposition (MOCVD), and its application in 
Semiconductor Saturable Absorber Mirrors (SESAMs) for mode-locking of solid-state 
lasers. The design and properties of an Arsenic (As) implanted GaAs-based SESAM 
device are presented and the physics of the operation as mode-locking element is 
outlined. Using reflectance spectroscopy and ultrafast differential reflectivity 
measurements, the influence of As implantation and thermal annealing on the SESAM 
reflectivity, temporal response and saturation behaviour are shown. It is demonstrated 
that the implantation process shortens the small signal recovery time of the SESAMs 
by more than two orders of magnitude, whilst for large signals even the unimplanted 
device possesses ps-response. Similar to Low Temperature (LT) Molecular Beam 
Epitaxy (MBE) grown GaAs, the implantation process decreases the achievable 
modulation depth.

Mode-locking experiments incorporating the fabricated SESAMs in a Titanium 
Sapphire laser are then described. Self-starting soliton mode-locking of pulses as short 
as 105fs could be achieved around 840nm with output powers of up to 900mW and a 
tunability range of 50nm. Interestingly, the differences in the laser's operation using 
different SESAMs were subtle, despite the large range of ion doses used in 
implantation. Apart from single soliton emission, the laser also produced multiple 
soliton states with far as well as close separation. The experimental observations are 
explained within the framework of the Ginzburg-Landau master equation model, 
relevant for such a laser. Stability conditions for single and multiple solitons in the 
laser cavity are derived and regions for their existence are found.

On a more fundamental note, results of nonlinear optical absorption bleaching 
measurements on ion-implanted GaAs are shown. These are relevant for ultrafast 
nonlinear optical modulator applications of GaAs in general. Arsenic (As) and Oxygen 
(O) implanted MOCVD-grown GaAs samples were measured in this context for a 
range of ion doses and annealing temperatures. It is shown that similar combinations 
of response time Ta and modulation Mmax can be achieved using either ion species and 
different combinations of dose and annealing temperatures, and that the data are all 
located on a fairly well-defined curve in the (ta, Mmax) plane. This indicates that there 
exists a limit to the modulation if a specific response time is required and that the 
defects created by different ion species are of similar nature, i. e. point defects, 
provided amorphisation, which occurs at high implant doses, is avoided.

Extending the applications of MOCVD-grown, ion-implanted SESAMs towards 
longer wavelengths, a (diode pumped) Nd:YV04 laser, mode-locked in self-starting 
fashion by InGaAs-based SESAMs, is shown. Continuously variable output 
pulse widths in the lOps regime could be achieved using variable output coupling.

Finally a diode pumped Nd:YV04 amplifier design is presented. It is shown 
through computer simulations and experiments that the design is optimised in order 
to minimise the thermal gradients and the absolute temperature rise, compensating for 
the relatively poor thermal conductivity of NdiYVCh, whilst making use of its 
favourable pump absorption and gain cross section. Both oscillator and amplifier are 
of immediate relevance to EOS' applications in satellite laser ranging with mm 
accuracy.
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Amendments

The following amendments to the thesis were made in accordance with the 
examiners recommendations.

1. page 2, lines 10-11: "...InGaAs-based SESAMs for which the growth 
technology was not available at the time/' must read "...InGaAs-based 
SESAMs for which the growth technology was not available at the ANU 
at that time."

2. page 28, line 34: "Sellmeir" must read "Sellmeier".

3. page 31, line 12: "...indirectly proportional to the modulation depth..." 
must read "...inversely proportional to the modulation depth..."

4. page 91, line 7: "...such as dyes [91],..." must read "...such as dyes [91] 
and semiconductors [91a, 91b],..."
The references introduced in this context are
[91a] M. Zirngibl et al., "1.2ps pulses from passively mode-locked laser 

diode pumped Er-doped fibre ring laser," Electron. Lett., 27, pp. 
1734-1735,1995

[91b] H. Lin et al., "Colliding pulse mode-locked lasers using Er-doped 
fiber and a saturable absorber," Technical Digest, Conference on 
Lasers and Electro-optics, 15, paper JTuEl, May 1995

5. page 94, line 19: "Two samples were then implanted with 350keV As ions 
of doses..." must read "Two samples were then implanted with As ions 
of energy 350keV (for optimal damage distribution inside the absorber) 
and doses of..."



Chapter 1

Introduction

Recently there has been considerable interest in the creation of very short pulses 
(<10fs) in the near infra-red using Kerr lens mode-locking (KLM) of broadband solid 
state laser materials such as Ti:Sapphire [1, 2]. A disadvantage of KLM is the very 
small parameter space in which self-starting can be obtained [3] due to its very high 
effective saturation intensity. It was predicted [4] and demonstrated [5-9] that this can 
be overcome by using resonant passive mode-locking (RPM) where an anti-resonantly 
coupled external cavity containing a semiconductor resonant nonlinear element 
provides the starting for mode-locking action. It was later shown that the external 
cavity could be replaced by a monolithic device known as an anti-resonant Fabry-Perot 
saturable absorber (A-FPSA) which consists of a multiple quantum well (MQW) or 
bulk semiconductor absorber sandwiched between a semiconductor Bragg (bottom) 
mirror and a dielectric (top) mirror [10]. The A-FPSA is therefore essentially a 
saturable nonlinear laser mirror. Several different designs of A-FPSAs have now been 
published with varying absorber layer thickness and top mirror reflectivity [11]; 
different design wavelengths [12-16]; and including limited dispersion compensation 
[17]. Later the devices were collectively called Semiconductor Saturable Absorber 
Mirrors (SESAMs) [18]. Self-starting stable mode-locking has been achieved routinely 
in all cases with the SESAM either providing the saturable nonlinearity for starting the 
KLM process or as the sole nonlinear modulator allowing the generation of ps pulses 
or fs pulses when solitonic pulse shaping also occurred [14]. In addition, single 
quantum well saturable absorber mirrors have been used to mode-lock Ti:Sapphire 
and other lasers. Such SESAMs are also called low-finesse A-FPSAs or Saturable Bragg 
Reflectors (SBR) [19-21].

So far, the critical absorber layers in the SESAMs have been grown using Low- 
Temperature Molecular Beam Epitaxy (LT-MBE) which is known to introduce EL2-like 
deep-level traps in GaAs, resulting in carrier lifetimes in the ps and sub-ps regime [23]. 
Short carrier lifetimes, leading to rapid recovery of absorption bleaching, suppress self- 
Q-switching in laser materials with long upper state lifetimes by increasing the quasi
steady state saturation intensity of the modulator [24]. However, it has been known for 
more than a decade [25, 26] that ion-irradiated semiconductors also display ps carrier 
lifetimes. More recent investigations into the optical, electrical and structural 
properties of ion-implanted GaAs have found [27-29] that the latter is in fact very 
similar to LT-GaAs. Although the nonlinear absorption modulation of ion-implanted 
GaAs, which is an important parameter in laser mode-locking applications, was not 
yet examined the similarity of the two materials was encouraging and prompted the 
present research. Further, a potential advantage of the route via ion-implantation is its 
versatility. Structures can be grown at normal temperatures using the more readily 
available Metal Organic Chemical Vapour Deposition (MOCVD) process, and due to
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the lateral selectivity of ion-implantation, different device properties can be created 
from a single wafer, effectively increasing the yield.

At the starting point of this PhD project was the objective to develop a compact 
diode-pumped laser system capable of producing kHz-repetition rate picosecond 
pulses with up to 1 mj of energy at the wavelength of 1.06gm. This could be used in 
satellite laser ranging systems of Electro Optic Systems (EOS) Pty. Ltd., the industry 
partner of this project. In view of the potential of ion-implanted semiconductors for 
fast saturable absorber applications, it was decided that a passively mode-locked 
oscillator-amplifier combination should be used, facilitating this technology. However, 
mode-locking at X  =  1.06gm requires InGaAs-based SESAMs for which the growth 
technology was not available at the time. Therefore the approach was to thoroughly 
investigate the nonlinear absorption properties of MOCVD grown ion-implanted 
GaAs, and explore the use of this material as a saturable absorber in mode-locking of a 
near-infrared laser. The extension towards longer wavelengths should then be 
straightforward, given the experience collected with ion-implanted GaAs, and once the 
relevant materials were available. In parallel to the work on implantation, 
characterisation and mode-locking applications of ion-implanted GaAs, the design of a 
laser amplifier was begun, focusing on the improvement of thermal management of 
poorly conducting laser materials.

The following thesis presents the outcome of the project outlined above. 
Chapter 2 is concerned with the design and properties of an ion-implanted GaAs- 
based SESAM. The fabricated SESAMs were incorporated in a Ti:Sapphire laser. 
Chapter 3 contains both the experiments and theoretical analysis of the single and 
multi-pulse soliton mode-locking operation of this laser. In chapter 4 the results of 
nonlinear optical absorption measurements on ion-implanted GaAs are presented. 
These are of relevance to all nonlinear optical modulator applications of this material. 
Finally, chapters 5 and 6 cover topics aimed directly at EOS's satellite laser ranging 
applications. Mode-locking results using an InGaAs-based SESAM in a NdiYVCh laser 
with continuously variable output pulsewidth are presented in chapter 5, and a 
compact, thermally optimised NdiYVCh amplifier design is demonstrated in chapter 6. 
Using computer simulations and experiments, the design is shown to minimise 
gradients and temperature rise in laser materials with strong pump absorption and 
poor thermal conductivity.
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Chapter 2

A GaAs Based Ion-Implanted SESAM for 
Mode-Locking of a Near Infra-Red Solid- 
State Laser

Section 2.1 is concerned with the design, the fabrication and the description of 
some basic properties of the ion-implanted SESAM. The relevant physical mechanisms 
involved in the operation as saturable absorbers are outlined, and the influence of ion- 
implantation as well as thermal annealing on the reflectivity are shown. Section 2.2 
contains the results of time-resolved differential reflectivity measurements, where the 
emphasis is again on the influence of ion-implantation on the SESAM response when 
compared to the unimplanted case. Both small and large signal responses are 
considered.

2.1. Design, Fabrication and Basic Properties

A diagram of the epitaxial design of the SESAM is shown in Fig. 2.1. - la. The 
structures consist of 25 high/low index, Alo.15Gao.85As/ALAs, layer pairs grown on a 
wafer of semi-insulating GaAs and designed to form a Bragg mirror with a centre 
wavelength of Xb = 830nm. Upon the mirror a non-absorbing AlAs spacer layer was 
grown, and on top of this, the 45nm GaAs absorber layer. The lack of a dielectric top 
mirror causes this SESAM to be classified as a low-finesse p-cavity, with Rt0p ~ 0.3 due 
to the GaAs-air interface.

¥(t) -

Fig. 2.1. - 1a: Epitaxial design of the ion-implanted low-finesse SESAM

The Aluminium content of 15% in the high index layer of the mirror is a compromise. 
It ensures the highest possible bandwidth, hence high-low index difference An, whilst 
the optical absorption within the wavelength range of interest remains negligible. The 
resulting bandgap wavelength is XA;o _̂GaAs ~  750nm and the refractive index is

n Ai0]5GaAs ~ 3.5 [36]. Using the quarter-wave condition, t = XB-(4-n) 1, for dielectric
stacks and the AlAs refractive index of 2.97 one calculates the nominal thicknesses of th 
= 59.3nm and ti = 69.6nm for the high index and low index layers respectively. A
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separately grown Bragg mirror was measured to have a reflectivity of greater than 
99.7% at the Bragg wavelength, confirming the quality of the mirrors. Two devices 
were grown, one with a spacer thickness of 80nm making the SESAM anti-resonant, 
the other with 15nm making it resonant at the design wavelength (see below). The 
wafers were diced into 6x6mm pieces and implanted with As ions. The use of Arsenic 
as the implanter ion is partly a historical hangover. After it was established that the 
fast carrier capturing in LT-GaAs is due to excess As, present in the GaAs lattice in the 
form of As-antisite defects (Asca), attempts were made to achieve similar levels of 
excess As through implantation. Although this is possible and many optical and 
electrical properties of LT-GaAs were matched, it was also shown that implantation of 
other ion species (O, Ga, Si, Ar) showed similar results [33-35], questioning the role 
played by the As ions. However, As implantation is still commonly used to make 
ultrafast photoconductive switches [30] and, due to past experience, was a natural 
choice for the SESAMs. Two implant runs were made using different ion energies, one 
40keV, the other 80keV. The use of these values of ion energies was motivated through 
Monte Carlo simulations of the implantation process using the TRIM95 software [31]. 
Using Rutherford Backscattering Spectroscopy-Channelling (RBS-C) measurements, 
this simulation technique was shown to predict the damage profiles in As implanted 
GaAs rather well [32]. Fig. 2.1. - lb shows the density of vacancies caused by primary 
as well as secondary 'knock-ons' obtained from such a simulation. For the 40keV ions 
the damage is entirely restricted to the absorber layer, although with a slightly off- 
centre maximum. For 80keV the distribution is centred, but a small damage tail 
extends into the spacer layer. The different ion energies were mainly used in order to 
determine the influence of the damage distribution in the absorber on the SESAM 
response.

40 keV 
80 keV

AlAs spacer

depth (nm)

Fig. 2.1. - 1b: Total vacancy distribution due to primary as well as secondary

‘knock-ons’ obtained from a TRIM95 simulation.
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It was undetermined which ion dose would be needed to create a particular 
SESAM response and therefore a large range of doses had to be covered. For the 40keV 
implants doses between 8 TO10 cnv2 and 1015 cm 2 were used whereas the 80keV 
implants ranged from 81010 cm-2 to 5T0ncnv2. The samples then underwent thermal 
annealing at 600 °C for 20 min in an arsine atmosphere to prevent excessive loss of 
arsenic from the surface. These conditions were found to remove much of the 
implantation damage caused by high ion doses whilst retaining short luminescence life 
times [33]. Several samples implanted with low doses (81010 cm-2 —> 51011 cnv2) also 
remained unannealed.

Fig. 2.1. - 2a-d illustrate some important properties of the SESAMs. Figs. - 2a and 
- 2b show the measured and calculated low intensity reflectivity for the anti-resonant 
(80nm spacer) and the resonant (15nm spacer) SESAMs respectively before 
implantation. The reflectivity of the anti-resonant device is almost constant and high 
over a broad range (ca. 60nm) which is important for ultra-short pulse generation. The 
degree of anti-resonance in a SESAM of this type can be increased, for example, by 
widening the spacer layer and decreasing the absorber thickness slightly, permitting 
theoretical reflectivities of greater than 99% which are necessary for mode-locking of 
low-gain laser materials like Cr:LISAF.

S '  0.6 -

-------measured
------calculated

-------measured
—  calculated

cr 0-4 - i (r 0.4-

820 840
Wavelength (nm)

820 840
Wavelength (nm)

Fig. 2.1. - 2a,b: Measured and calculated reflectivities of (a) anti-resonant SESAM

and (b) resonant SESAM.

Fig. - 2c shows the calculated standing wave distribution in front of and inside 
the resonant and anti-resonant devices. As is evident from Fig. - 2c, in the anti-resonant 
case the node of the standing wave is shifted into the absorber region, whereas in the 
resonant case it is the anti-node, leading to suppression or enhancement of the double 
pass extinction due to the GaAs layer. The relatively broad appearance of the 
resonance dip in Fig. - 2b is due to the low finesse of the cavity formed by the Bragg 
reflector (R~100%) and the GaAs-air interface (R~30%).
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spacer and Bragg mirror

m 2 -
anti-resonant
resonant

Depth (pm)

Fig. 2.1. - 2c: Normalised standing wave power distribution in front of and inside

the SESAM.

Finally, Fig. - 2d shows the calculated Group Delay Dispersion (GDD) and 
Third Order Dispersion (TOD) of the SESAMs

GDD = ^ A -  and TOD = —4  (2.1-1)
dor dor

where d is the phase of the complex reflection coefficient r. W ithin the range of high 
reflectivity, GDD and TOD lie between +100fs2 ... -lOOfs2 and +500fs3 ... 3000fs3. This is 
low enough for the generation of pulses shorter than lOOfs in standard ultrafast laser 
cavities. On the other hand, the resonant SESAM could not be used as a modulator in a 
fs-laser cavity, as it introduces too much loss and dispersion.

600-

400-

200 -

- 200 -

-400-

--40x10'-600-

20 840
Wavelength (nm)

Fig. 2.1. - 2d: Calculated GDD and TOD of resonant and anti-resonant SESAMs.
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In the calculations the absorption of GaAs was modelled using Banyai-Koch 
plasma theory [38] whilst the reflectivity and the standing wave structure inside the 
device as well as GDD and TOD were calculated using matrix methods [37, 39, 40].

Fig. 2 . 1 - 3  shows the reflectivity of an implanted resonant as well as anti
resonant device before and after annealing. Here the implantation dose was 1015 cm 2, 
the highest of all implanted doses. It was found that for ion doses > 1012 cm 2, the 
implantation induced damage leads to a strong change in the complex refractive index 
of the absorber layer which severely degrades the reflectivity. As can be shown 
through modelling, both the imaginary and the real part of the complex index increase, 
leading, in the case of the resonant structure, to a stronger resonance dip shifted 
towards longer wavelengths compared with the unimplanted sample. Most 
importantly, however, the original reflectivity can be fully restored by annealing as is 
evident from a comparison between Figs. 2.1 - 2a , Fig. 2.1 - 2b and Fig. 2.1-3.

resonanl annealed,

T"-unaiinealed

tr  0 .4 -

1-10 cm' As implanted

Wavelength (nm)

Fig. 2.1.-3: Effect of 1-1015 cm'2 As implantation followed by thermal annealing at

600°C for 20 min under arsine ambient on the SESAM reflectivity.

In the case of an incident optical pulse or cw-radiation with a centre 
wavelength between 810nm and 870nm, carriers are excited into the conduction and 
valence bands of the GaAs absorber which has its room temperature bandgap at 
A,=870nm. The AlAs spacer and the Bragg mirror are non-absorbing over this 
wavelength range. Generally, the excited carrier density will change both the 
imaginary (absorptive) and real (refractive) part of the complex refractive index of the 
absorber. Depending on the duration of the incident pulse and the time scale of 
interest, the device reflectivity changes in different ways. In unimplanted GaAs grown 
at normal temperature (600...700°C), using MOCVD or MBE, the reflectivity (or 
transmission) evolves on both fast (lOOfs ... ps) and slow (10 ... lOOps) time scales. The
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slow time scale is mainly due to impurity induced or surface induced recombination 
and radiative electron-hole recombination. The associated time constant is usually 
called the 'carrier lifetime' and the change in reflectivity is referred to as originating 
from a bandfilling or quasi-steady state nonlinearity. In this regime, both electrons and 
holes assume quasi-equilibrium Fermi-Dirac distributions within their respective 
bands [44]. The fast time scale signals originate from spectral hole-burning (i. e. non- 
thermal carrier distributions) which is followed by thermalisation and cooling of the 
distribution to the lattice temperature. The latter two effects are mainly accomplished 
through carrier-carrier and carrier-(LO-)phonon interactions. During the spectral hole- 
burning phase one speaks of a state-filling nonlinearity. Another fast scattering process 
which is observed in GaAs is T-X inter-valley scattering. However, it gains importance 
only at excitation wavelengths shorter than 700nm [44], or under strong excitation 
when free carrier absorption (FCA) and two photon absorption (TPA) gain relevance. 
A diagram illustrating these mechanisms is shown in Fig. 2.1 - 4. The slow and fast 
time scales both play a role in passive mode-locking. Whereas the slow nonlinearity 
mainly determines the mode-locking build-up and Q-switching dynamics, it is the fast 
response that can stabilise the ultra-short pulses by creating a short enough net-gain 
window to prevent growth of dispersive radiation in the continuum.

non
therm al thermalised

poss. mid
gap states /

v-band v-band

Fig. 2.1-4:  Schematic band diagram illustrating non-thermal and thermal carrier

distributions in GaAs. ice and xcp are carrier-carrier and carrier-phonon interaction time 

constants. Also shown are mid-gap states introduced through low-temperature growth or 

ion implantation.

In the case of the SESAMs it is interesting to compare the absorptive and 
refractive contributions to the nonlinear reflectivity change. Although calculations of 
the most general case, where the hole-burning phase and carrier-carrier as well as 
carrier-phonon scattering are included in the kinetics [38] are beyond the scope of this 
thesis, it is nevertheless useful to consider the situation in quasi-equilibrium. This can
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be done using the Banyai-Koch model [38] which gives very realistic results for bulk 
GaAs in this context. The Banyai-Koch theory calculates the carrier density dependent 
absorption a(co,N) in the effective electron-hole pair approximation, neglecting the 
reduction of the electron-hole Coulomb attraction due to the filling of energy- 
momentum states. It takes into account continuum and exciton states, plasma 
screening and bandgap renormalisation. Once the change of absorption Aa(co) = 
a(co,N2) - a(co,Ni) has been obtained, the refractive index change due to the injection of 
the carrier density AN is given through the Kramers-Krönig relation [41]

A>?(co,N2 -  N [) = —̂ — - P? A(X|i4 /Q (2.1 - 2)
v ' 71(0 J Q - c o

OO

where P indicates the principal value of the integral. The result of such a calculation is 
shown in Fig. 2.1 - 5a for a carrier density of N = 2-1018 cm-3. Note that, although the 
Kramers-Krönig relation (2.1 - 2) is strictly not valid in the nonlinear regime, it can be 
applied here due to the slow variation of the quasi-steady state (10 ... lOOps).

14x10
a for N = 0 
a for N = 2-1018cm

- -  An

-60x10

Wavelength (nm)

Fig. 2.1 -5a:  Absorption constant a and change of refractive index An due to a

thermalised carrier density of N = 2-1018 cm'3 as calculated by the Banyai-Koch model.

Figs. 2.1 -5b and c depict the anti-resonant and resonant SESAM reflectivities 
calculated for N = 0 and N = 2-1018 cm 3, and the insets show the reflectivity change for 
the cases when the dispersion of the band edge is included or ignored in the 
reflectivity calculations. Most importantly, as can be seen from the insets, the 
reflectivity change is dominated by absorption bleaching in both the anti-resonant and 
resonant SESAMS. Note that, although for N = 2-1018 cm 3 the absorber is effectively 
inverted for X > 865nm and absorption turns into gain, the reflectivity remains below 1 
due to the roll-off of the mirror.
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80x10

----- with disp.
----- without disp.£ *  0.6 -

CC 0 .4 -

780 800 820 840 860 880 900

820 840
Wavelength (nm)

Fig. 2.1 - 5b: Reflectivity of the anti-resonant SESAM for carrier densities of N = 0

and N = 2-1018 cm'3. The inset shows the reflectivity change AR. The complex refractive 

index was calculated using the Banyai-Koch model.

N = 2 10 cm

N = 0

£  0.6 -

----- with disp.
----- without disp.

0C 0 .4 -

780 800 820 840 860 880 900

820 840
Wavelength (nm)

Fig. 2.1 - 5c: Reflectivity of the resonant SESAM for carrier densities of N = 0 and

N = 2-1018 cm'3. The inset shows the reflectivity change AR. The complex refractive index 

was calculated using the Banyai-Koch model.

The spectral dependence of the change in reflectivity of the SESAM is, 
therefore, a complex function of wavelength as well as time. As an example consider 
the reflectivity of the anti-resonant SESAM for different carrier densities shown in Fig. 
2.1 -5b. The carrier induced change in reflectivity in this case is smallest at the shorter 
wavelengths, because the device is closer to anti-resonance there, and also because the 
10



Fermi-Dirac carrier distribution results in stronger absorption modulation at longer 
wavelengths. For pulses of several lOOfs pulsewidth or shorter, the initial spectral 
response would contain signatures of partial thermalisation (contributing to a response 
similar to Fig. 2.1 - 5b) and a non-thermal spectral “hole" closely imaging the pulse 
spectrum. The non-thermal distribution finally thermalises and cools to lattice 
temperature through carrier-carrier and carrier-phonon scattering with typical time 
constants of xcc ~ 60fs and xcp ~ 300fs respectively [44]. Finally, in materials with a large 
number of mid-gap traps introduced by ion-implantation or LT-MBE growth (see Fig. 
2.1 - 4), the response is altered through carrier capturing and recombination via the 
traps. This is treated in the next section as well as in chapter 4.

2.2. Dynamic Properties

2.2.1. Measurement Setup

The dynamic response was measured using the 75MHz train of 120fs pulses 
from a Kerr-lens mode-locked TiiSapphire laser (Coherent MIRA 900D) and a standard 
time-resolved, non-collinear, wavelength degenerated pump-probe technique, 
depicted in Fig. 2.2.1 - 1. The angle between the orthogonally polarised pum p and 
probe beams was 7° and the probe intensity was about 30 times smaller than the 
pump. In order to minimise thermal effects, the pum p spot diameter was as small as 
practicable (30pm), whilst a probe spot diameter about half that of the pum p was used 
to sample the most uniform part of the pum p beam. The pum p was chopped 
mechanically and the reflected probe signal monitored using a photodiode and lock-in 
amplifier. The pump-probe wavelength was tunable around ?i=840nm.

sample

pump

chopper
pinhole and 
polariserFrom TiiSapphire 

120fs, 75MHz
lock-in

Fig. 2.2.1 -1: Pump-probe setup used in measurement of the differential reflectivity

of the SESAMs. ND (neutral density filter), fs-BS (femtosecond beam splitter), XJ2 (half 

wave plate).

In order to unambiguously separate the ion-implantation related trapping 
dynamics from signals associated with spectral hole burning, thermalisation and 
carrier-phonon interactions, the signals from unim planted and implanted samples 
were compared under identical conditions. Because of the better signal to noise ratio
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achievable with the resonant SESAMs, the latter were used in the measurements of the 
carrier dynamics, unless stated otherwise. Signals from the anti-resonant SESAMs are 
qualitatively the same, as will be shown below. However, due to the anti-resonance, 
absolute differential reflectivities are typically a factor 10 smaller at 10 times higher 
pump fluences compared with the case of the resonant SESAMs. From the arguments 
in the last section, signals from both the resonant and anti-resonant SESAMs are 
dominated by absorption bleaching.

2.2.2. Small Signal Response

To measure the small signal response, a pump fluence of F = lpj/cm 2 was 
chosen. At this fluence, the average power on the sample was just 0.5mW and no 
thermal nonlinearity could be detected. Unless stated otherwise, the measurement 
wavelength was 840nm. The maximum differential reflectivities observed under these 
conditions ranged from <1% to 3% depending on implantation dose and annealing 
condition, but also on the wavelength of the design resonance with respect to the 
pump-probe wavelength. The unimplanted sample gave the largest response, 
corresponding to an approximate carrier density of 5T017 cm 3 as calculated with the 
Banyai-Koch model. Figs. 2.2.2 - la and lb show the differential reflectivity signals dR, 
normalised to the maximum, obtained from unannealed 80keV implanted samples for 
some doses compared to the unimplanted case. Note that the true peak values of some 
of the traces were not resolved, but determined through a separate measurement. In 
the unimplanted case a more or less step function like response is observed (Fig. la) 
due to a thermalised carrier distribution (bandfilling nonlinearity). The slight transient 
in the signal during the first picosecond after pump-probe correlation was positive 
going for the relatively low fluence of lpjcnv2 and became negative going and more 
pronounced for higher fluences. Generally, this kind of transient is a mixed signal due 
to thermalisation and carrier-phonon interactions. However, since thermalisation at 
room temperature in GaAs was measured to have typical time constants of < 60fs [54], 
the dominant effect here is cooling. The signal decay for long pump-probe delays (Fig. 
lb) is a combination of radiative, impurity and surface related recombination of the 
excited electron-hole plasma. Interestingly, for a wavelength of 850nm this decay 
acquires faster components under otherwise equal conditions. Although speculative, it 
seems possible that this peculiar behaviour has to do with a slightly different evolution 
of the generated holes in the heavy-hole and light-hole bands under the influence of 
LO-phonon scattering (Elo = 36meV above bandgap in GaAs, i. e. X ~ 846nm). 
However, it is of no direct concern here and was not further investigated.

The traces of the unannealed 80keV implanted samples show two distinctly 
different time scales: fast capturing of free carriers and relatively slow trap emptying. 
The traces depicted in Figs. 2.2.2 - la were fitted from the dR = 0.8 crossing following 
the peak, using the double exponential model
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(2.2.2 - 1).dR = K0 + K\ • exp
l \ >

+ K2 •expr n
V L2 J

The fit parameters are listed in Table 2.2.2 - 1. Note that, in spite of the 
phenomenological nature of the fit, it allows the dominant time scales to be extracted. 
Furthermore, an effective single exponential recovery time xeff is given in order to be 
able to better compare the recovery speed of samples. Here, xeff is defined as

T eff  -

K\ • Ti + K2 • t2 
K{ +K2 (2.2.2 - 2),

although a different definition, for instance the 1/e level crossing after the peak, would 
also serve the purpose. As an example, even for the 8T010 cm-2 implanted sample 
(lowest dose), the response contains an ultrafast capturing transition with a time 
constant of Xi = 238fs, followed by a decay with X2 = 31.3ps, mainly associated with 
trap emptying, which leads to a xeff = 16.7ps. However, from the fit over delays ranging 
from several ps to 300ps (Figs. 2.2.2 - lb) one deduces that the decay becomes 
progressively slower since at least one further time constant, x = 188.7ps, can be 
extracted for this sample.

unimplanted

5-10 cm

2.5-10 cm

-2 0.28-10 cm

time (ps)

time (ps)

Fig. 2.2.2 - 1a: Short delay dR signals and numerical fit of various doses of 80keV-

implanted, unannealed resonant SESAMs compared to the unimplanted case. A.pump =  

840nm, Fpump = 1pJ/cm2, Pav= 0.5 mW.
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unimplanted, X  =  840nm

1-10 cm

8-10 cm unimplanted, X  =  850nm

time (ps)

Fig. 2.2.2 - 1b: Long delay dR signals and numerical fit of various doses of 80keV-

implanted, unannealed resonant SESAMs compared to the unimplanted case. Xpump = 

840nm unless stated otherwise, Fpump = IpJ/cm2, Pav= 0.5 mW.

Fit parameters for 0...18ps, Fig 2.2.2 - la

IEH
81010 0 0.381 0.461 36.5 0.238 16.7

110U 0 0.191 0.494 27.0 0.244 7.70

2.5T011 0 0.095 0.710 10.0 0.200 1.36

510n 0 0.231 0.449 0.24 0.239 0.24

Fit parameters for 3...300ps, Fig 2.2.2 - lb

Table 2.2.2 -1: Fit parameters for some 80keV As implanted, unannealed samples

(see Figs. 2.2.2 - 7a,b), Fpump = 1|iJ/cm2. The fitting model was a double exponential, 
eqn. (2.2.2 - 1).

For direct comparison, Figs. 2.2.2 - 2a and 2b show the differential reflectivity of 
a selection of the annealed 40keV implanted samples. The traces were again fitted, 
similar to the unannealed case, using eqns. (2.2.2 - 1, 2), and the fitting parameters 
given in Fable 2.2.2 - 2. There are a number of differences between the signals from 
unannealed and annealed samples. Firstly, capturing and emptying times, and 
therefore xeff, have increased in the annealed case. Flowever, capturing times of < 0.8ps
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are still observed, even for the smallest dose. Note, that whilst the low power 
reflectivity could be restored completely through thermal annealing, ultrafast response 
times are nevertheless preserved, indicating the importance of the annealing step 
especially for high implantation doses. Generally higher ion doses yield the same 
residual bleaching after capturing as in the unannealed case, indicating damage 
recovery through thermal annealing whereby the number of capturing and 
recombination centres is reduced. Clearly, annealing temperature and time are critical 
parameters which merit further investigation. Secondly, the annealed samples display 
photo induced absorption (PIA), after pump excitation which evolves extremely 
slowly. Induced absorption following fast capturing has been previously reported for 
low temperature grown GaAs [42, 43] and was attributed to optical excitation out of 
the damage induced mid-gap trap levels. The pump-probe delay at which induced 
absorption appears depends on the ion dose which in turn determines the trap density: 
the higher the dose (trap density) the earlier residual bleaching is converted to induced 
absorption. This results in competition between excitation (absorption) out of mid-gap 
traps and residual bleaching due to uncaptured electrons and holes. The balance is 
affected by the trap emptying time and the number of traps relative to the carrier 
density. In unannealed samples, where trap emptying is relatively fast, induced 
absorption signals were only observed for very high pump fluences. Capturing must 
be dominated by electron traps for both annealed and unannealed samples, otherwise 
bleaching could not be converted to induced absorption. As an example, using a 
carrier density of 5TO17 cnv3 one can therefore estimate a density of electron traps of « 
3...41017 cm3 in the case of the unannealed 8T010 cnv2 implanted sample. Recently, it 
has been shown that, similar to LT-GaAs, ionised As-antisites (As+Ga) are present in 
implanted and annealed GaAs [27]. These deep level traps may also play a role in the 
present samples. However, further research into the nature and density of deep level 
traps in As- (and other ions) implanted (In)GaAs is clearly needed.

unimplanted

8-10 cm

3-10 cm

5-10 cm
8.5-10 cm

110 cm

time (ps)

Fig. 2.2.2 - 2a: Short delay dR signals and numerical fit of various doses of 40keV-

implanted, annealed resonant SESAMs. A.pump = 840nm, F pump = 1|iJ/cm2, P av=  0.5 mW.
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unimplanted

5-10 cm

time (ps)

Fig. 2.2.2 - 2b: Long delay dR signals and numerical fit of various doses of 40keV-

implanted, annealed resonant SESAMs. ?ipUmp = 840nm, Fpump = 1pJ/cm2, Pav= 0.5 mW.

Fit parameters for 0...18ps, Fig 2.2.2 -  2a

1 8 1 mm
8T010 0 0.623 0.273 97.7 0.798 67.8

3T011 0 0.191 0.624 22.0 0.805 5.77

5T011 0 0.161 0.650 6.41 0.725 1.85

8.5-1011 -0.009 0.208 0.607 2.82 0.454 1.06

MO13 -0.159 0.231 0.791 1.4 0.262 0.52

Fit parameters for 3...300ps, Fig 2.2.2 -  2b

ion dose [cm 2] K0 Ki K2 i i  [ps] x2 [ps]

8-1010 0 0.409 0.125 557 41.8

5-ion -0.036 0.080 0.203 37.5 2.72

Table 2.2.2 - 2: Fit parameters for some 40keV As implanted, annealed samples

(see Figs. 2.2.2 - 2a,b), Fpump = IpJ/cm2. The fitting model was a double exponential, 

eqn. (2.2.2 - 1).

Finally, note that the difference in ion energy (and hence the damage 
distribution inside the absorber) between unannealed and annealed samples did not 
play a significant role in the trapping dynamics which was instead dominated by the 
implantation dose. This was checked by later annealing the 5T011 cm 2, 80keV sample 
and comparing its response with that of the annealed 40keV sample of the same ion
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dose. Similarly, the signals from resonant and anti-resonant SESAMs are more or less 
identical. These points are illustrated in Fig. 2.2.2 - 3 where the signals for both the 
40keV and 80keV, 5T011 cnv2 implanted, resonant as well as anti-resonant SESAMs are 
shown.

40keV, resonant, F = 1nJcm

80keV, resonant, F = 1(jJ-cm

40keV, anti-resonant, F = 500|jJ cm

80keV, anti-resonant, F = 500(iJcm

time (ps)

Fig. 2.2.2 - 3: Comparison of differential reflectivity signals obtained from the

40keV and 80keV, 5-1011 cm'2 implanted annealed resonant as well as anti-resonant 

SESAMs. A.pUmp = 840nm, F pump =  1pJ/cm2 (resonant), F pump = 500|iJ/cm2 (anti-resonant).

2.2.3. Large Signal Response

Under mode-locking conditions an A-FPSA can be driven 10 times or more 
above saturation [14] to achieve reliable self-starting and stability against self Q- 
switching. It is therefore of interest to investigate the device response under high 
fluence excitation. Fig. 2.2.3 - la shows the case of unannealed resonant SESAMs at a 
pum p fluence of 56 p j/cm 2 (slightly below the damage threshold) for various ion doses 
compared with the unimplanted sample. Annealed samples and anti-resonant 
SESAMs respond in much the same way although for the latter the pum p fluence 
needs to be a factor 10 to 20 higher due to the anti-resonance. Under these conditions, 
the lock-in signals before pump-probe correlation are not zero but can be as high as 
10% of the peak signal. This indicates the presence of thermal nonlinearity and 
therefore heating of the pum ped spot. Most notably, the difference between 
unimplanted and implanted samples is now relatively small. Even the unimplanted 
sample recovers to nearly the background level in only 5ps. Table 2.2.3 -1  contains the 
fitting parameters, using eqns. (2.2.2 - 1, 2), of all traces depicted in Fig. 2.2.3 - la. The 
effective recovery times xeff range from 900fs for the unimplanted sample down to 
240fs for the 5T011 cnv2 implanted, unannealed sample. Also visible is induced 
absorption, after a lp s delay, for the 51011 cnv2 implanted sample.
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5-10 cm

2.5-10 cm

1-10 cm

8-10 cm

unimplanted

time (ps)

Fig. 2.2.3 - 1a: Response under high fluence excitation of selected 80keV, 5-1011

cm'2 implanted, unannealed resonant SESAMs compared to the unimplanted case. Xpump 

— 840nm, Fpump= 56(j.J/cm .

Fit parameters for 0...6ps, Fig 2.2.3 - lamm
unimplanted 0.010 0.760 0.095 1.00 0.063 0.90

8T010 -0.002 0.731 0.152 0.93 0.112 0.79

M O 11 0.008 0.716 0.154 0.75 0.129 0.64

2.5T011 -0.002 0.661 0.170 0.56 0.098 0.47

5-1011 -0.015 0.345 0.431 0.34 0.161 0.24

Table 2.2.3 - 1: Fit parameters for some 80keV As implanted, unannealed resonant

SESAMs (see Fig. 2.2.3 - 1a), F pUmP = 56|iJ/cm2. The fitting model was a double 

exponential, eqn. (2.2.2 - 1).

Differential transmission signals similar to those observed here for the 
unimplanted sample have been previously reported for AlGaAs with pump-probe 
excitation close to the bandgap [45] and were interpreted as a mixture of 
thermalisation and carrier-phonon interaction signals. Fig. 2.2.3 - lb shows dR signals 
obtained from an unimplanted anti-resonant SESAM for a number of different 
fluences. The absolute value of differential reflectivity at a pump-probe delay of 7ps 
(quasi-steady state) is annotated at the end of each curve. One can see that the values 
are essentially constant and correspond to carrier densities of <11018 cm 3 if a lattice 
temperature of 300K is assumed. This would mean that the quasi-steady state carrier 
density is essentially independent of the pump fluence. On the other hand, for the 
highest pump fluence, the maximum differential reflectivity at pump-probe correlation
18



is 2.25%, leaving about 0.75% of the SESAM reflectivity unbleached. This indicates that 
there is sufficient absorption available to suggest that the excited carrier density, and 
therefore the value of dR at quasi-steady state, should increase with pum p fluence. At 
present there is no definitive explanation for this behaviour. For the highest pump 
fluence given in Fig. 2.2.3 - lb , the excited carrier density N is estimated to lie in the 
low 1019 cm 3. At this density the expected inverse Auger recombination rate (N2 • A)-1 
is still > lOOps, where A = 710 30 cm6̂ -1 was used [46]. Therefore, the Auger process is 
unlikely to be the cause for the observed behaviour. However, it is possible that strong 
local heating of the pumped spot occurs for high pum p fluences. This causes a 
shrinkage of the bandgap energy, which means that the sample is now pum ped higher 
above the bandgap, where the density of states is higher. Additionally, the carrier 
distribution is now thermalised to the hot lattice, resulting in a much shallower Fermi- 
Dirac distribution and therefore little absorption bleaching due to bandfilling. Most 
importantly, however, this shows clearly that a response time of lp s  and nearly 
complete recovery to background are achieved under saturated conditions - even 
without a low temperature grown or ion-implanted absorber layer. However, this 
statement applies only to the design of GaAs-based SESAM considered here (low 
finesse with thin absorber layer) and pulsewidths of around lOOfs. For considerably 
shorter or longer pulses the response may be different. Similarly for a high finesse 
SESAM with thicker absorber layer (for instance 0.5pm) and dielectric top mirror.

= 8.1 pJcmpump

dR = 0.09%

pump — 24.2 gJ crn

dR = 0.11%

= 46.9 fxJ-crnpump
dR = 0.09%

464 pJcmpump

dR = 0.05%

time (ps)

Fig. 2.2.3 - 1b: Response of the unimplanted anti-resonant SESAM for different

fluences. %UmP = 840nm. The absolute differential reflectivities at a delay of 6ps are 

printed at the right hand side of each trace.

Fig. 2.2.3 - 2 shows, representative for all samples, the saturation behaviour of 
three resonant SESAMs. The points of each curve represent the absolute differential 
reflectivity
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dR max - * o
* 0

(2.2.3 - 1)

at a particular pum p fluence during pump-probe correlation with crossed 
polarisations. The laser wavelength was chosen to coincide with the resonance dip of 
each sample. Defining a saturation fluence is slightly ambiguous because of the 
fluence-dependent bi-temporal response. It is well known that for very long response 
times compared to the excitation pulsewidth, a two-level rate-equation absorber model 
saturates with energy, i. e. q = qo/e for F = Fsat, where q is the absorption. However, the 
condition for saturation with energy is not strictly fulfilled for any of the SESAMs due 
to the presence of fast processes such as thermalisation, cooling and capturing. In the 
extreme case of a very fast absorber recovery, saturation follows peak power, i. e. q = 
qo/2 for F = Fsat. There are also models which were devised in an attempt to take 
geometrical factors of the SESAM design into account [22]. In the case of the two-level 
rate-equation model, from Fig. 2.2.3 - 2, an approximate saturation fluence Fsat ~ 
10...15|ij cm-2 can be deduced for all samples. This is somewhat surprising at first but 
reflects the similarity of the temporal response of all samples under high fluence 
excitation. For the anti-resonant SESAMs Fsat is higher by a factor of 8...12, as estimated 
from the ratio of overlap integrals of standing wave power and absorber thickness in 
the resonant and anti-resonant cases. This leads to an Fsat ~ lOOpJcnv2 for the anti
resonant SESAMs.

unimplanted 
-m 2-1011, unannealed 
-A- 5 1011, unannealed

10 2
Pump Fluence (pJcm )

Fig. 2.2.3 - 2: Saturation behaviour of some resonant SESAMs representative for

all. A saturation fluence of Fsat ~ 10...15pJcm'2 can be deduced in all cases. The points 

correspond to the maximum differential reflectivity during pump-probe correlation.

Laser induced damage of the resonant samples was found to occur at fluences 
beyond which the differential reflectivity clearly decreased (beyond =50..60pjcnv2 for 
the unim planted sample in Fig. 2.2.3 - 2). However the onset of damage was sample 
dependent w ith a trend towards a higher damage threshold for unannealed samples at 
high ion dose. The damage thresholds for anti-resonant samples were not specifically
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measured due to lack of high enough extra-cavity pulse energy fluences. However, in 
lasing experiments it was found that typical damage thresholds for the anti-resonant 
SESAMs lay around 4mjcm2.

Fig. 2.2.3 - 3 compares the differential reflectivities at pump-probe correlation of 
implanted anti-resonant SESAMs with the unimplanted case. The pump fluence was 
560|LiJcm2, the highest achievable with the pump-probe setup. Several trends are 
visible. The nonbleachable losses clearly increase with dose in both the annealed and 
unannealed cases although much more rapidly for unannealed samples. In this sense 
the implantation dose is the parameter analogue to the growth temperature in LT- 
growth, where the nonbleachable losses are higher for lower growth temperatures [22]. 
For a dose of 5TO11 cnv2 it is again possible to compare the annealed 40keV and 80keV 
implants. It appears that the broader damage profile of the 80keV implant, and 
possibly the damage tail inside the spacer layer, introduce almost twice the 
nonbleachable losses of the narrower profile 40keV implant.

Fig. 2.2.3-3: Maximum differential reflectivity of 40keV implanted (annealed),

80keV implanted (unannealed) and 80keV implanted (annealed) anti-resonant SESAMs 

for different doses compared with the unimplanted case.

Since the error in the measurement of the absolute low power reflectivity of the 
samples was around 1%, it is difficult to give exact numbers for the nonbleachable 
losses. However, the unimplanted sample with a nominal low power reflectivity of 
97% at a wavelength of 840nm can be used as reference, since it has the maximally 
achievable differential reflectivity. Note that nonbleachable losses are also present in 
the unimplanted sample and are most likely due to free carrier absorption and two 
photon absorption. The origin of the increase in nonbleachable losses due to ion 
implantation is currently a matter of speculation. However, a plausible explanation 
could be absorption due to neutral mid-gap traps. Chapter 4 will deal with the issue of 
nonbleachable absorption in a more systematic manner.
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2.3. Summary

Chapter 2 was concerned with the design and properties of a GaAs-based ion- 
implanted SESAM device. In section 2.1 the SESAM design was introduced and some 
basic properties such as reflectivity, standing wave power distribution and dispersion 
were given. Several aspects of the ion-implantation process, such as the choice of ion 
species, ion energy and dose were explained. It was shown that As-implantation with 
doses above 11012cm-2 had reduced the reflectivity of the devices severely, making 
them useless for mode-locking applications. However, the reflectivity could be 
restored completely through thermal annealing at 600°C for 20min in arsine 
atmosphere. Finally, the nonlinear processes relevant for mode-locking applications of 
the SESAMs were explained.

In Section 2.2 the dynamic response of the SESAMs was investigated using 
wavelength degenerate pump-probe measurements. The traces obtained from the 
implanted samples were compared with those from unimplanted samples to 
unambiguously separate thermalisation and cooling signals from those due to 
trapping. Under low fluence excitation (lpjcnr2) the trapping time constants lay below 
250fs for all unannealed samples, and below 800fs for the annealed case. Trap 
emptying and recombination signals could not be characterised by a single time 
constant, however. In the unannealed case, their evolution started with time constants 
in the order of several tens of ps for the lowest dose (faster for higher doses), but, 
became progressively slower for longer times. In the annealed case, these signals were 
further prolonged. Additionally, photo induced absorption (PIA) appeared following 
the pump-probe correlation - the higher the implantation doses, the earlier and more 
pronounced was the appearance of PIA. As for the case of LT-GaAs, the appearance of 
PIA was attributed to the excitation of captured carriers which are trapped for long 
times due to a small recombination rate. It was further shown that the small signal 
response of samples was dominated by the implantation dose rather than the exact 
shape of the damage profile from 40keV and 80keV implants respectively.

Under strong excitation the response of all samples became similar, and 
response times between 0.2 and lps were measured. Interestingly, even the 
unimplanted sample recovered to background with a time constant of around lps 
under these conditions. This behaviour, although not completely understood as yet, 
was tentatively associated with carrier thermalisation and cooling to a hot lattice. From 
further large signal measurements, approximate saturation fluences of 10 pj-cnv2 for 
the resonant SESAM and 100 pjcnv2 for the anti-resonant SESAM were deduced, 
which did not depend strongly on the implantation dose and annealing conditions. 
Finally, it was shown that the ion-implantation process, similar to low temperature 
growth, introduced nonbleachable losses which were highest for the unannealed 
samples and which increased with ion dose. Here it was found that the broader 
damage distribution of the 80keV implant caused a marked increase in those losses.
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Chapter 3

Mode-Locking Operation of a TlSapphire 
Laser Using the GaAs-Based Ion- 
Implanted SESAMs

Chapter 3 will be concerned entirely with the mode-locking performance of the 
ion-implanted SESAMs. Firstly, the laser used in the experiments is described in 
section 3.1, then detailed accounts are given of its single-pulse (section 3.2) as well as 
multi-pulse operations (section 3.3). The experimental observations are explained 
within the framework of the Generalised Complex Ginzburg-Landau Master Equation.

3.1. The Laser

The laser used in the following mode-locking experiments was a commercial 
Ti:Sapphire laser (Coherent Mira 900D) pumped by up to 8 W in all lines of an Argon- 
ion laser. The Mira has three different cavity configurations for operation in cw- ps- 
and fs-mode. In order to allow operation over the greatest possible wavelength range, 
it comes with three mirror sets, each covering a section of the fluorescence bandwidth 
of Ti:Sapphire. The following discussion concentrates on the fs-cavity configuration 
only. There the Mira is Kerr Lens Mode-locked (KLM), for which a vertical slit is 
placed near the output coupler forming a horizontal aperture for a high power mode. 
Since the KLM process is not self-starting in the Mira, a mechanical starting aid in the 
form of two Brewster plates is present. To start KLM, the Brewster plates perform 
small oscillations, thereby perturbing the cavity mode and generating intense noise 
spikes on the circulating radiation. Once KLM has started, it provides less loss than the 
unlocked cavity, the starting mechanism is switched off, and the Mira operates very 
stably producing 90-150fs pulses. Also necessary for the fs-operation, are the 
dispersion compensating prism pair Pi and P2 and the Birefringent tuning filter (BRF). 
The SF10 prism pair provides an overall negative dispersion per round trip and the 
BRF allows for tunability and operation at a specific wavelength.

In order to incorporate the SESAMs into the Mira fs-cavity, the latter had to be 
redesigned to some degree, however, with the restriction that no permanent hardware 
change be made. Given this restriction the only feasible option was to place the 
SESAM not as cavity end mirror, as is usually the case, but part way along the cavity 
as shown in Fig. 3.1-1. The starting aid and slit for KLM operation were removed and 
the BRF was placed near the output coupler. The SESAM focusing mirror had a radius 
of curvature of 100mm and was steered at an angle of around 13° off normal for the 
first reflection and 3° off normal for the second one. This resulted in a lateral beam 
shift upon exit of 10mm: enough to steer the beam towards the BRF and output 
coupler. As will be shown below, this arrangement introduces asymmetry and 
astigmatism which leads to separate, narrow bands of resonator stability. Also, mode-
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locked pulses pass the SESAM twice per round trip introducing twice the amount of 
nonbleachable loss and twice the modulation qo of a single reflection per round trip. 
All components necessary for the SESAM extension were mounted on a separate 
aluminium base plate inside the Mira housing. This arrangement avoids the spatially 
angled or spectrally dispersed output beams which are common when the SESAM is 
used as end mirror. Last but not least, use could be made directly of Mira's convenient 
alignment analysis features. For all experiments the Mira had the mid-range optics 
installed allowing operation between 780nm and 880nm. At X = 840nm the output 
coupler had a transmission of 14%.

SESAM extension
(ROC = 100) SESAM

d , = 50pm or 120pm

MIRA
starting
aid SF10 compensator, 

d „I _P9 = 620mm

ROC = 100 £

= 23mm
Ti:Sapph

Fig. 3 . 1 - 1 : fs-cavity of Coherent Mira 900D and SESAM extension

3.1.1. Some Cavity Calculations

In order to accomplish the above cavity extension, all of Mira's resonator 
dimensions were measured and an ABCD-matrix calculation performed. To within the 
accuracy of the measurements, the Mira's astigmatically compensated resonator [48] is 
symmetric with respect to the folding mirrors Mi and M2. For a slit-operated KLM 
laser this was found to result in best performance and even self-starting operation for a 
very small range of M1-M2 separations, y, and crystal positions, x [49]. Using the cavity 
data, and following the theory of Magni et al. [49], calculations of Mira's KLM 
sensitivity, i. e. the derivative of the mode radius with respect to the power P, 
evaluated at P = 0,
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(3.1.1-1)1
2 ( 0

r/co
dP p=o

were performed. This was mainly done for consistency. Fig. 3.1.1 - la shows the 
contours of the KLM sensitivity in the tangential plane for an aperture near the output 
coupler Ms; regions with the highest negative values, hence highest sensitivity, are 
darkest. The measured values of x and y are in good agreement with the high 
sensitivity region at y ~ 118.5mm and x * 50mm. Since at y « 118.5mm, the calculated 
output spot radii (Fig. 3.1.1 - lb) match the measured radii, y = 118.5mm was therefore 
used in all further calculations.

Introducing the SESAM in the above outlined manner leads to the conditions 
shown in Fig. 3.1.1 - 2a, b. The cavity has two narrow stability bands with respect to 
movement of M4, with dsESAM being the total path between consecutive bounces off M4. 
The output spot (Fig. - 2a) in one of the bands is elliptical whereas in the other the spot 
is round and about 3 times smaller. Finally, the more important beam sizes are those 
on the SESAM shown in Fig. 3.1.1 - 2b. They are inversely related to the output spot 
dimensions with the smaller one ( cosesam ~ 25pm) corresponding to the larger output 
spot and the larger one ( cosesam * 65pm) corresponding to the smaller output spot. 
Whilst a measurement of the mode size on the SESAM was not feasible, it was 
confirmed experimentally that the location and width of the stability bands as well as 
the associated output beam sizes agreed with the calculations. Using a saturation 
fluence of Fsat * 100pJ/cm2 the calculated SESAM spot radii lead to saturation energies 
of Ea ~ 2nJ and of Ea * lOnJ respectively.

120-1

1 1 9 -

118 -

y = u + v + x
117 -

116 -

115-1

Ti:Sapphire rod position x (mm)

Fig. 3.1.1 -1  a: Contours of Mira’s KLM sensitivity % in tangential plane; darkest

regions show highest sensitivity.
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y =1 u + v +

E 0 .6 -

3  0 .4 -

sag. plane

M1 position y (mm)

Fig. 3.1.1 - 1b: Mira’s output beam radii in tangential and sagittal plane vs. y

(separation of Mi and M2) . The shaded area indicates the region of operation.

SESAM

10mm
E 0.6 —

= a + bSESAM

3  0 .4 -

plane

'SESAM

Fig. 3.1.1 -2a: Output beam radii (with SESAM extension) in tangential and sagittal

plane vs. dsESAM- The shaded areas indicate the two stability bands.
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'SESAM >

w 4 0 -

10mm

= a + bSESAM

SESAM

Fig. 3.1.1 - 2b: Beam radii on SESAM in tangential and sagittal plane vs. cIsesam- The

shaded areas indicate the two stability bands.

3.1.2. Self-phase Modulation, Dispersion and Filter

In a soiiton mode-locked laser, apart from the loss modulation due to the Kerr 
lens effect or a SESAM, pulse shaping and stabilisation are also determined by the 
presence of Self-Phase-Modulation (SPM) and Group Delay Dispersion (GDD). Due to 
the tight focus of the laser mode in the Ti:Sapphire crystal the refractive index change 
due to the third order nonlinear index n2 becomes appreciable. In the spatial domain n2 
leads to self-focusing which can lead to the KLM effect. In the time domain n2 causes 
self-phase modulation characterised by a phase shift (j)ni per round trip. Similarly, a 
linear phase shift is caused by the dispersive nature of propagation through the 
various elements in the laser. The optical phase per round trip can therefore be 
represented by the dispersion relation

2 3

(j)((ö) — (J)0 + ^  (co-G30) + ~ - ^ - ( c o - c o 0)1 2 + 7 - 4 4 ' ( c° - coo)3 +(bni (3-1-2-1)
dt0 2 dor o dco

where the expansion of the linear phase shift around the circular frequency coo was
1 d  ̂  (b

taken to third order. The term in first order is the group delay, —---- —  is usually
2 dor

1 d~*called Group Delay Dispersion (GDD), a n d ------ y  is the Third Order Dispersion
6 dor
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In later chapters both
(^2 ^ 3

(TOD). Also in use is the term inology ß 2 = — y- and ß3 = — y
dco dco

GDD and ß2 will be used, know ing that ß2 = 2 • GDD.

Since n 2 in  Sapphire is due to electronic processes, and hence is instantaneous
for the time scales of interest here, the nonlinear phase shift can be w ritten as

4>n/(0
Pit)

ICq • A 22  ------------------- H i K • P(t) =
16 • «-7 • //
X0 ' d eff

p(t) ~ i ■ io -6  — • p(t) (3.1.2-2)

w here P(t) is the instantaneous pow er, deff is the effective mode diam eter inside the 
crystal, and 1l is the length of the Ti:Sapphire crystal. The value of k = 1 1 0 6 1 /W  was 
calculated from = 840nm, 1l = 23mm, n 2 -  2-1020 m 2/W , and deff = 94]am. The time 
dependence of (])ni m eans that a typical optical pulse m odulates its ow n phase leading

to a positive frequency chirp (up-chirp) C = -  ^ nl ■.
dt

So called 'b righ t' solitons are formed w hen the frequency chirp due to SPM is 
exactly balanced by the chirp due to negative (anomalous) GDD, very similar to soliton 
propagation in optical fibres [75]. To take advantage of the solitonic pulse shortening, 
the cavity therefore requires an overall negative GDD. As was show n in [50, 51] this 
can be achieved by using a prism  pair in the cavity w hich results in a w avelength 
dependence of the optical path, such that the GDD of the prism  pair becomes negative. 
A lthough formulae for ß2 and ß3 of the prism  pair and the laser crystal are given in [50, 
51] their use is som ew hat lim ited in the present case since ß2 and ßß of all m irrors 
rem ain unknow n.

For a soliton m ode-locked laser of the kind presented here it is nevertheless 
possible to obtain a good estim ate (±50fs2) of ß2 in the following way. W ith the laser 
operating SESAM m ode-locked w ith  the smallest possible pum p pow er (hence small 
signal gain), and the laser m ode passing through the apex of prism  Pi, prism  P2 is 
inserted while observing the intensity autocorrelation and tim e-integrated spectrum . 
Typically one observes a shortening of the pulse followed by the appearance of two 
closely spaced double pulses, followed by unsteady autocorrelation traces w hich are 
finally followed by the em ission of chirped ps-pulses. For further explanation of these 
observations the reader is referred to section 3.3. The transition from stable double 
pulse em ission to that of ps-pulses m arks the crossing from negative to positive GDD 
and is well defined w ith respect to the am ount of inserted P2-glass If^iass  (±0.5mm)

since the small signal gain is very low. This leads to a maximally achievable negative 
dispersion in the cavity of

p2,max = - [ ß f  10( / ? ^ ) - ß f  10( / ^ fas)]=-22OO± 50 I/s2 <3.1.2 - 3)

w here the Sellmeir equation and param eters for the calculation of the material 
dispersion of SF10 w ere taken from  [118], using the formula given in [51]. G iven the 
linearity of ß2 w ith  the insertion of prism  glass the total intra-cavity ß2 is therefore
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known for arbitrary insertions of P2 . As for ß3 the contributions due to the prism pair 
and the Ti:Sapphire crystal were calculated to lie between ß3 = -21000.,.-26000fs3 for ß2 

= 0...-2200fs2. However, a determination of the total ß3 was not possible.
Finally, for the modelling in later sections it is necessary to have an estimate of 

the birefringent filter (BRF) bandwidth. Ref. [47] gives the following formula for the 
power transmission | m | 2 of a BRF in a linear cavity

I |2\m\ 2 (nV )-(iW ) ■- 2 n 2 -2---- j-!— ------ ----- -■ N ‘
(l W )

f - f 0 
. fo

(3.1.2 - 4)

where q = 2n /  (n2 + 1) is the loss experienced by the S-polarised wave on exiting the 
birefringent crystal quartz, p is the polarisation dependent loss in the cavity 
determined by the two Brewster interfaces on the Sapphire crystal, N is the order in 
which the birefringent plate operates and fo is the optical centre frequency. Assuming 
standard values for refractive indices, operation in first order at a wavelength of 
840nm results in a factor in front of the (f-fo)2 term of (1 /  Af)2 = (1 /  39Thz)2. Note that 
(3.1.2 - 4) is identical to the expansion to second order of a Lorentzian line shape with a 
half width at half maximum (HWHM) of Af which can therefore be taken as the 
bandwidth parameter of the filter. However, due to the wavelength dependence of 
gain and mirrors, the total filter bandwidth per round trip is certainly less than the 
calculated value of Af would indicate. In the modelling in later chapters the value Af = 
25Thz was used which produced good agreement with the experimental observation.

3.2. Single Pulse Operation

3.2.1. Experimental

Using the ion-implanted SESAMs in the above described laser, self-starting 
mode-locking was achieved in either stability band for ion doses in the ranges 81010 
cnv2 11014 cm 2 (annealed) and 81010 cm 2 -> 41011 cm-2 (unannealed). For samples 
with higher doses, a reluctance to self-start was observed which was attributed to then- 
higher quasi-steady state saturation intensity. Not surprisingly, from the temporal 
response data presented in section 2.2.3, the unimplanted sample also mode-locked the 
laser stably. Table 3.2.1 - 1 summarises the conditions for which mode-locking was 
observed.

4.9...8W 125...900mW 164...450fs 30ps...3ms

tunability
50nm

Table 3.2.1 - 1: Conditions for which mode-locking was achieved. xac is the FWHM of

the intensity autocorrelation and Xbu is the mode-locking build-up time.
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As an example, Figs. 3.2.1 - la and - lb  show a normalised autocorrelation trace 
and spectra respectively for the case of operation with the 2.5-1011 cm 2 implanted, 
unannealed SESAM.

measured 
sech2 (t)

• Av = 0.34FWHM

182 fs

time (fs)

Fig. 3.3.1 - 1a: Intensity autocorrelation of shortest pulses achieved at ^=850nm and

P0Ut=125mW with 80kev, 2.5-1011 cm'2 implanted unannealed SESAM. Also shown: 

autocorrelation of ideal sech2(t) pulse. tfwhm= 118fs, AX = 7nm and Av -tfwhm = 0.34.

SESAM

wavelength (nm)

Fig. 3.2.1 - 1b: Spectra of pulses achieved for Pout=125mW with 80kev, 2.5-1011 cm'2

implanted unannealed SESAM with annotated build-up times. Also shown: SESAM 

reflectivity and output coupler reflectivity. For AX = 7nm, tfwhm = 118fs and Av -tfwhm = 

0.34.
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Together with the autocorrelation trace a sech2(t) function is shown which fits 
the measured curve well. Therefore, assuming a sech2(t) pulse shape, from Tac=T82fs 
and the spectral width of AX, = 7nm, a pulsewidth of Tfwhm = Xac/1.54 = 118fs and a 
time-bandwidth product of Tfwhm • Av = 0.34 result, compared with the transform 
limited value of Tfwhm • Av = 0.315. The tuning range over which self-starting was 
obtained was 50nm. For all SESAMs longer build-up times (annotated to the spectra in 
Fig. 3.2.1 - lb) were observed at the short wavelength compared to the long 
wavelength end of the tuning range. This is attributed to a combination of the smaller 
available modulation depth due to a higher degree of anti-resonance, as well as the 
larger output coupling at short wavelengths (see Fig. 3.2.1 - lb). Calculations of the 
build-up rate of saturable absorber mode-locking [52] show indeed that the mode
locking build-up times are essentially indirectly proportional to the modulation depth 
qo for otherwise equal conditions.

Examples of the mode-locking build-up process, recorded with a photo diode 
and digital oscilloscope at 850nm and 820nm, are shown in Figs. 3.2.1 - 2a,b 
respectively. The cavity switch-on time was approximately lps, allowing to resolve 
the initial relaxation oscillations following the switch at 0 (see Fig. - 2a). This is 
followed by ca. 25|us of cw operation and the final build-up to cw mode-locking at = 
45]is. However, there is evidence of further relaxation oscillations following the build
up. These are shown in more detail in Fig. - 2c, where an analogue oscilloscope was 
used with an x-scaling of 10ps/Div. Assuming that the relevant mode-locking 
mechanism is soliton mode-locking (more supporting evidence is provided below) this 
behaviour can be explained as follows. Initially a relatively long pulse (1 ... lOps), 
originating from the mode-locking driving force of the saturable absorber, is 
circulating in the cavity, containing already most of the total intra-cavity energy [69]. 
After several hundred round trips the modulation instability starts compressing the 
pulse strongly, since the soliton number of such a long pulse can be as large as N = 5- 
10. During the compression phase the pulse spectrum broadens and filter dispersion 
becomes a sizeable loss factor whilst the absorber saturates and its loss therefore 
decreases.

0 . 10 -

0.08- X -  820nm
3 0.06

0.04-

0 .00 -

0 . 12 -

0 . 10 -

X = 850nm0.08-
0.06-
0.04-
0 .02 -

0.00-

time (|j.s) time (ms)

Fig. 3.2.1 - 2a,b: Mode-locking build-up process for (a) X = 850nm and (b) X =

820nm, recorded with a photo diode and digital oscilloscope. The modulation on the 

mode-locking signal is due to under-sampling.
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Fig. 3.2.1 -2c: Relaxation oscillations at the beginning of the cw mode-locked pulse

train (recorded with a photo-diode and analog oscilloscope), x-scaling: 10ps/Div. The 

operating conditions are the same as for Fig. 3.2.1 - 1a.

Since the compression phase is usually short (~10 round trips) compared to the upper 
state life time of the gain material, the changes in absorber and filter loss provide an 
impulse-like perturbation to the saturated gain, followed by multiple energy- 
pulsewidth readjustments through the interaction of the pulsewidth (hence energy) 
dependent filter loss, the absorber loss and the saturated gain.

To confirm that mode-locking was stabilised solely by the SESAM it was 
replaced by a dielectric mirror. It is well known that under certain cavity conditions 
the transverse gain profile in the laser crystal can form an effective aperture for the 
cavity mode through which KLM can occur [14, 53]. However, the laser did not mode- 
lock with the dielectric in place and using the well known starting techniques, e. g. 
tapping of mirrors. It was also checked that self-starting was not sensitive to 
translation of Mi or M4 within the stability margins. Due to the sensitivity of KLM to 
such changes this is usually taken to indicate the absence of KLM. However, due to the 
small width of the stability bands, it may be less indicative in the present case.

Comparing the performance of different samples revealed that they provided 
varying stability against Q-switched mode-locked operation. To demonstrate this the 
necessary output power was recorded at which the laser operated at the margin of Q- 
switched mode-locking with the intra-cavity dispersion fixed at its maximum negative 
value of ß2 = -2200fs2 +/-50fs2 for various samples. The threshold for Q-switching was 
determined by monitoring the amplitude of the self-Q-switching induced side bands 
in the RF spectrum of the output pulse train, depicted in Figs. 3.2.1 -3a and 3b. Under 
stable conditions (Fig. - 3a) the side bands were effectively invisible and the noise floor 
was suppressed at > 32.5dB (optical). At threshold (Fig. - 3b) the side bands rose above 
the noise floor, although were still suppressed by about 20dB (optical). Under these
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conditions any slight misalignment of the laser would cause it to change to Q-switched 
mode-locking operation.

(a) (b)

Fig. 3.2.1 - 3a,b: (a) RF-spectrum (log display) of cw mode-locked pulse train

for stable operation. The noise floor is suppressed by > 65dB (electrical) ( > 32.5dB 

optical), (b) Operation at threshold of Q-switching instability. The side bands are 

raised but stiii suppressed by ca. 40dB (electrical) (20dB (optical).

It was found that for increasing implantation dose, the minimum output power 
for stable operation decreased for both unannealed and annealed samples as shown in 
Fig. 3.2.1 - 4. This behaviour can be explained by considering the linearised analysis 
given in [52] which describes the driving force for Q-switched mode-locking as

Here P is the average intra-cavity power; Pl is the saturation power of the gain 
material; Tl is its upper state life time normalised to the cavity round trip time; qo is the 
maximum amplitude modulation depth; Ep and Ea are the pulse and absorber 
saturation energies respectively; and qp is the energy loss per round trip.

The inequality (3.2.1 - 1) must be true for the laser to operate without the Q- 
switching instability. The data on saturation fluences, although measured with the 
resonant SESAMs, indicate no substantial variation with implantation dose. This, plus 
the fact that the modulation depth q0 clearly depends on implantation and annealing 
conditions (see Fig. 2.2.3 - 3), leads to the conclusion that the variation in the onset of 
Q-switched mode-locking is most likely due to the different qo rather than carrier 
lifetime controlled saturation fluence. The concept of a 'carrier lifetime' is to be taken 
cum grano salis in this context considering the greatly different time scales and power 
dependence found in the measurements presented in sections 2.2.2 and 2.2.3.

f  e p )  \ E
i E a ) E

E p_

Ea

(3.2.1 - 1)
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unimplanted
£  300-

unannealed

ion dose (cm" )

400-
unimplanted

-A- annealed
Q- 100-

2 1 0 13 1 0 14 
ion dose (cm )

Fig. 3.2.1 - 4: Output power needed for marginally stable cw mode-locking

operation for various doses of unannealed and annealed SESAMs compared to the 

unimplanted case.

In te resting ly, fo r a ll samples inc lud ing  the un im planted one, the Q -sw itch ing  

in s tab ility  cou ld  be suppressed b y  inserting P2 further, hence decreasing | ß2 1 fro m  its 
m ax im um  value. This is not predicted by the analysis in  [52]. However, i t  indicates the 
im portance o f so liton ic pulse shaping w ith in  the laser. Note, that eqn. (3.2.1 - 1) was 
derived assum ing tha t the pulses are much shorter than the absorber recovery tim e 
and hence saturation is due to the tota l pulse energy alone. As noted above this is not 
necessarily the case, at least fo r pulses longer than the carrier therm alisation tim e o f ~ 

60fs [54]. As a result, stronger absorber saturation, i. e. less energy loss, can occur fo r a 

g iven pulse energy, i f  the peak pow er o f the pulse is increased by  decreasing the 

negative in tra -cav ity  GDD, and hence pulse duration, in  accordance w ith  the so liton  

m odel fo r m ode-locking  [55, 59]. F ina lly, stronger saturation leads to a weaker Q- 

sw itched m ode-locking  d riv in g  force according to the general de fin itio n  g iven on the 

lhs. o f eqn. (3.2.1 - 1). H owever, i t  w i l l  be shown in  A ppend ix  I. th rough a s tab ility  

analysis tha t there is another, more im portant, reason fo r the suppression o f the Q- 

sw itched m ode-locking  operation in  a soliton mode-locked laser. This is due to the fact 

that, fo r solitons, changes in  the filte r and absorber losses due to a change in  energy 

always have opposite signs w h ich  raises the threshold fo r Q -sw itched m ode-locking 

(see A pp e nd ix  I).

Fu rthe r com parison between d iffe ren t samples reveals that the ou tpu t 

p u lsew id th  rem ained essentially constant when operating under the same conditions, 

i. e. fixed  o u tp u t pow er and dispersion. This is to be expected from  the so liton  m odel 

o f m ode-locking  where the pu lsew id th  o f a stable soliton depends on ly  on its energy 
and on the d ispersion (see next section) . On the other hand, i t  was show n through
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soliton perturbation theory [55] that the shortest stable single pulsewidth from a 
soliton mode-locked laser with saturable absorber is approximately given by

\  1/3

min _  
x FWHM ~

1.763
Vö ■ 2tcA/

Ta S
3/2

(3.2.1 - 2)

where Af is the HWHM filter bandwidth, Ta and qo are the absorber response time and 
modulation respectively, and g is the saturated gain. Therefore, due to the varying Ta 
and qo of the implanted samples, one should expect differences in ™̂whm ■ However, 
no conclusive trend could be observed, which is most likely due to the fact that a faster 
response time is achieved only with a penalty in the modulation depth, as was shown 
in section 2.2.3, resulting in a cancellation of the trends.

For a given energy within one round trip, the pulsewidth of the mode-locked 
pulses was controlled by varying ß2 using P2 . The autocorrelation width depended 
linearly on ß2 as shown in Fig. 3.2.1 - 5a. Note that, in order to achieve constant pulse 
energy for the data in Fig. 3.2.1 - 5a, the pump power had to be readjusted slightly. On 
the other hand, for a fixed p2, a hyperbolic type dependence resulted with respect to 
the intra-cavity energy as depicted in Fig. 3.2.1 - 5b. Both figures also show theoretical 
predictions valid for solitons of the Nonlinear Schrödinger Equation (NLSE) (see next 
section). Whilst the agreement with the NLSE model in Fig. - 5a is very good, the 
discrepancy seen in Fig. - 5b is most likely due to a thermal lensing induced change of 
the cavity mode, hence SPM and pump overlap, since the departure becomes more 
severe for higher powers.

Finally, given the little difference between the samples' mode-locking 
performance, one may wonder if there is any advantage at all in using ion-implanted 
or low-temperature grown saturable absorbers for passive mode-locking. Furthermore, 
the differences which were found (stability against Q-switched mode-locking) were 
related to the implantation induced reduction of the modulation depth which could 
also be controlled through the SESAM design. To answer this question a few facts 
must be stated to begin with. Firstly, the response times of around lps achieved with 
operation at and above the saturation level may not be fast enough to suppress growth 
of dispersive continuum for much shorter pulses than achieved here. This is 
particularly the case for lasers with large perturbations within one round trip (large 
output coupling etc.) which enhance the shedding of continuum. Secondly, it will be 
shown in chapter 4 that the strong dependence of the response time of unimplanted 
GaAs on the excitation fluence is not present in thicker absorber layers where the 
recovery times remain in the order of tens of ps. Thirdly, in order to guarantee stability 
even when the SESAM is operating at or below saturation, it remains advantageous to 
have a swift recovery to background or, even better, below background (PIA). Under 
these conditions the unimplanted SESAM does not recover to background completely. 
In the light of these arguments it seems that for the type of SESAM design presented
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here an implant of 40keV As-ions with a dose of around 5-1011 cm 2 followed by 
thermal annealing at 600°C for 20 min presents a compromise showing fast recovery at 
any fluence whilst preserving about 90% of the modulation depth of the unimplanted 
SESAM.

Q = 42.4 nJ

NLSE
measured

-1800 -1600 -1400-2200 -2000

Fig. 3.2.1 - 5a: Autocorrelation width vs. ß2 with intra-cavity energy Q =42.4 nJ. Also

shown: NLSE prediction for the same parameters.

ß2 = - 2200 fs

--- NLSE 
■ -  measured

intra cavity energy (nJ)

Fig. 3.2.1 -5b: Autocorrelation width vs. intra-cavity energy Q with ß2 = -2200 fs2.

Also shown: NLSE prediction for the same parameters.
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3.2.2. Theoretical

The findings in the last section, in particular the dependence of pulsewidth on 
dispersion and pulse energy (Figs. 3.2.1 - 4a, b), suggest that the mode-locked pulses 
were solitons. A well known model describing envelope solitons, for instance in 
optical fibres, is the Nonlinear Schrödinger Equation (NLSE) [56]. For negative 
dispersion ß2 the solutions of the NLSE are bright solitons:

'k Q 4
• sech

T l4-|ß2|

whose pulsewidth is given by:

f  ~ \
k • Q t

2 - M
• exp • 0 2 -k2 _i • —:------Ts-N-r* (3.2.2 - la)

2' Iß 21
Tfwhm — 1.763 *

Q K
(3.2.2 - lb)

Here, Q is the soliton energy and k is the self phase modulation (SPM) parameter 
calculated from the nonlinear refractive index, m, and other parameters as outlined in 
section 3.1.2. Solitons are formed by a balance between the effects of negative intra
cavity GDD and SPM, very similar to soliton propagation in optical fibres. However, in 
a laser, soliton formation is influenced by gain, linear losses and absorption 
modulation as well as higher order and gain/filter dispersion. One critical difference 
between pulse propagation in fibre and a laser lies in the fact that GDD, SPM and 
other effects are applied discretely during every round trip. For solitons of the NLSE, 
the soliton period is the distance over which higher order solitons evolve periodically 
for a given ß2 and self-phase modulation. One can therefore take the ratio of round trip 
time to soliton period as a measure for the strength of solitonic pulse formation [69].

Q2 K 2
2-7t-|ß2| K • tQ

(3.2.2 - 2)

Therefore if r «  1 one can expect that the discreteness does not play a major role and a 
soliton model (i. e. NLSE plus perturbations) can provide useful insight into the laser 
dynamics [55]. For the conditions given in Table 3.2.1 - 1 the r-parameter was of the 
order of 0.1 or smaller, therefore motivating the use of a mean-field model. The master 
equation which is used to describe the laser is a Generalised Complex Ginzburg- 
Landau Equation (GCGLE) [70-72], the lhs. of which is in fact the NLSE.

i-TR + K-|\|/|2 \|/ = / [ g - ? - / 0]\|/ + ̂ - \ |/ ,„  + $ • ¥ «  (3.2.2-3)
2 o

Here Tr is the round trip time; ß2 is the second order dispersion; k is the self phase 
modulation coefficient; g is the saturated gain per round trip; q is the absorption 
modulation; lo is the total linear loss per round trip (incl. output coupling); ß3 is the 
third order dispersion; and ß=l/(27iAf)2 is the filter dispersion constant. T is the slow 
time progressing in cavity round trips whereas t is the soliton or fast time which
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resolves the mode-locked pulses described by the intra-cavity field \|/. As usual, 
subscripts of t and T indicate the partial derivatives with respect to these variables. The 
absorption modulation due to the SESAM is modelled by a single time constant rate- 
equation with respect to the fast time

<it
M 2 -?

Ta Ea
(3.2.2 - 4)

with the absorber recovery time Ta, saturation energy Ea and the maximum 
modulation depth qo. Fig. 3.2.2 - 1 shows the measured normalised response of the 
2.5T011 cnv2 implanted unannealed SESAM and a fit produced by solving eqn. (3.2.2 - 
4) numerically. The fluence was 500pJ/cm2, approximately the same as the intra-cavity 
fluence of the pulses in Fig. 3.2.1 - la, b, Ea=3nJ and Ta=0.4ps, leading to a saturation 
level of approximately 4 times when the cavity was operating with a SESAM spot 
diameter of 50pm. Finally, the laser gain per round trip is described by a rate-equation 
with respect to the slow time

S t ~
g ~ S o Q g

P g  ' T g  ' T r

(3.2.2 - 5)

where Tg is the upper state life time; Pg is the gain saturation power; go is the small 
signal gain depending on the pump level; and Q is the total energy within one round 
trip.

measured
--- fit

time (ps)

Fig. 3.2.2-1: Measured response of 80keV, 2.5-1011 cm'2 implanted SESAM for

A.=850nm (F=500pJ/cm2) together with a fit produced by solving eqn. (3.2.2 - 4) 

numerically. TA=0.4ps, EA=3nJ.
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Eqns. (3.2.2 - 3,4,5) were solved numerically. For information on the numerics 
see Appendix II. As initial condition for the calculation, it was assumed that a pulse of 
several ps width containing all the intra-cavity energy [69] and originating from the 
mode-coupling driving force of the saturable absorber existed in the cavity. In order to 
further confirm that soliton mode-locking in the laser was stabilised by the SESAM 
without additional ultra-fast loss modulation due to KLM, the experimental conditions 
were matched as closely as possible in the simulation. All relevant parameters are 
listed in Table 3.2.2 - 1.

Figs. 3.2.2 - 2a-d show the evolution of the intra-cavity energies over 25000 
round trips (Fig. - 2a), linear and logarithmic plots of the intra-cavity power (Fig. - 2b, 
c) of the final pulses for ß2 = -300fs2 and ß2 = -260fs2, as well as the spectra for the same 
values of ß2 (Fig. - 2d). The final pulsewidths are Tfwhm = 120fs and Tfwhm = 113fs 
respectively. Most importantly, for ß2 = -300fs2 the pulse evolution is stable and 
growth of continuum is effectively suppressed as can be seen from the logarithmic 
plot. For ß2 = -260fs2 appreciable continuum is present in the energy spectral density 
(Fig. - 2d) which becomes stabilised after 50000 round trips (not shown) when the 
pulsewidth becomes 114fs. The simulation indicates that the shortest stable single 
pulses for the parameters given in Table 3.2.2 - 1 are 115...120fs. This is in good 
agreement with the experiments, suggesting that KLM is not necessary to create the 
observed pulsewidths. Additionally, the modulation depth used in the simulation (qo 
= 0.006) is a conservative value since the SESAM is passed twice per round trip. For 
smaller GDD, multiple pulse formation was observed both in the experiments and the 
simulations which will be treated in the next section. Figs. 3.2.2 - 2b,c also show the 
result of a simulation where a typical value of third order dispersion was present (ß3 = 
-21000fs3, see section 3.1.2). As can be seen, this increased the pulsewidth slightly and 
thereby suppressed the continuum present for ß3 = 0. Over the first several thousand 
round trips the energy of the pulses (see Fig. 3.2.2 - 2d) is not constant and varies in an 
oscillatory fashion. This behaviour was also observed in the experiment (Fig. 3.2.1 - 2c) 
and is explained as energy-pulsewidth readjustments through the interaction of the 
pulsewidth dependent filter loss, the absorber loss and the saturated gain.

Finally, one may compare the regime of stable single pulse generation 
observed in the simulations with the predictions made by soliton perturbation theory 
[55]. Using the parameters as given in Table 3.2.2 - 1 in eqn. (3.2.1 -2 )  a shortest 
possible stable pulsewidth of Tfwhm ~ 25fs results compared to ca. 115fs found here. 
The discrepancy is not surprising, however, since the perturbation theory of [55] 
assumes a somewhat idealised (V-shaped) absorber response and saturation purely 
with energy, which is violated in the present case.
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Fig. 3.2.2 - 2a: Intra-cavity pulse energy evolutions over 25000 round trips for ß2 = -
300fs2 and ß2 = -260fs2, ß3 = 0.
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Fig. 3.2.2 - 2b: Linear plots of intra-cavity pulse power after 25000 round trips for ß2
= -300fs2, ß3 = 0; ß2 = -260fs2, ß3 = 0; as well as ß2 = -260fs2, ß3 = -21000fs2.
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Fig. 3.2.2 - 2c: Logarithmic plots of intra-cavity pulse power after 25000 round trips

for ß2 = -300fs2, ß3 = 0; ß2 = -260fs2, ß3 = 0; as well as ß2 = -260fs2, ß3 = -21000fs2.
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Fig. 3.2.2 - 2d: Intra-cavity energy spectral densities after 25000 round trips for ß2 =
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Parameter Value Description

Rout 0.86 o u tp u t coupler re flec tiv ity

<Jnb 0.005 nonbleachable loss per reflection on 

SESAM

lo (1-Rout) /  2 + 2 • qnb = 0.08 to ta l linear loss per round  tr ip

T r 12ns round  tr ip  tim e

ß l/(27 t-A f)2 = 1 /(2 tc-25THz )2 f ilte r d ispersion

ß2 variable second order d ispersion

ß3 variable th ird  o rder d ispersion

1l 23mm length o f laser crystal

n2 210-20 m 2/W non linear refr. index o f Sapphire

d eff 94|im eff. mode d iam . in  Ti:Sapphire

X 850nm wavelength

K 16 n 2 1l / ( A .  deff2) = 110-6l / W SPM coeff.

q o ARmax /  2 = 0.006 am pl. m odu la tion  o f SESAM

Ea 3nJ sat. energy o f SESAM

T a 0.4ps absorber recovery tim e

°g 3.810-19 cm2 Ti:Sapphire gain cross section

Tg 2.5|is exc. state life  tim e o f Ti:Sapphire

Pg 7t h-c d m o d e 2 /  (4-^ G X) *  4W sat. pow er of Ti:Sapphire

Pav 900mW average in tra -cav ity  pow er

Qinit Pav • T r = 10.8nJ energy o f in it ia l cond. (sech2)

Xf w h m 2ps pu lsew id th  o f in it ia l cond. (sech2)

g o 0.1033 sm all signal round  tr ip  gain

(calc, fo r balance o f sat. gain and all 

losses seen by in it ia l cond.)

Table 3.2.2 - 1: Laser parameters for single pulse simulations.
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3.3. M ultiple Pulse Operation

Multiple pulse operation of soliton lasers has been reported from time to time 
over the last decade. An early report of the observation of higher order solitons is that 
of double humped pulses from a Colliding Pulse Mode-locked (CPM) dye laser [57]. 
The autocorrelation and spectral features resembled closely those of asymmetric N=2 
solitons of the Nonlinear Schrödinger Equation (NLSE). On the other hand, a large 
number of randomly spaced solitons within the cavity were observed in a figure of 
eight fibre laser [58]. In this context, it was found that the intra-cavity energy was 
quantised, increasing in steps with the number of solitons present. More recently, the 
break-up of single pulses into multiple pulses was seen in a Kerr Lens Mode-locked 
(KLM) Ti:Sapphire laser [59] as well as other solid state lasers mode-locked by 
Semiconductor Saturable Absorber Mirrors (SESAMs) [60]. In these cases, the spacing 
between pulses was generally much larger than a single pulsewidth, was irregular and 
subject to spontaneous changes.

The appearance of multiple pulses within a laser cavity is of significance to the 
production of high repetition rate soliton pulse sources for optical fibre 
communication systems. In this context considerable effort is being directed towards 
refining harmonic mode-locking in both Erbium doped fibre lasers [61-65] as well as a 
Cr4+:Yag bulk laser [66]. In these systems, either nonlinear polarisation rotation or a 
Semiconductor Bragg Reflector (SBR) were used as the passive mode-locking 
mechanisms. The observation of self-organisation of the intra-cavity pulse spacing was 
attributed to a number of mechanisms, such as coupling of the solitons via dispersive 
continuum and acoustic waves [61, 63, 67], and gain dynamics [65, 68]. However, 
explanations of the conditions leading to the formation of multiple solitons have 
generally been of a rather qualitative nature [64, 66, 73].

Section 3.3 and its subsections are concerned with the multiple pulse operation 
of the laser described in sections 3.1 and 3.2. In addition to far separated double, triple 
and quadruple pulses with irregular spacings, it was found that closely coupled states 
can exist which are the result of interplay between the saturable absorber and filter 
losses, saturated gain and the coherent interaction of solitons. Emphasis lies on the 
explanation of these observations as well as the mechanisms involved in the multiple 
pulse transitions within the framework of the Ginzburg-Landau master equation used 
to model the laser.

3.3.1. Experimental

Once mode-locking had been established, tuning the intra-cavity dispersion 
through insertion of P2 resulted in consistent evolution of the pulse properties (see Fig. 
3.1.1 -1). This behaviour is summarised as follows.

Starting from single pulse operation at large negative dispersion (ß2 = -2000fs2), 
decreasing I ß2 1 led to a linear reduction in the single pulse autocorrelation width xac 
from 250fs down to 155fs at ß2 = -1250fs2, as would be expected for solitonic mode-
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locking (see also Fig. 3.2.1 - 4a). The reduction in dispersion was accompanied by a 
slight decrease in average output power suggesting that the intra-cavity dynamic 
losses increased as the dispersion was lowered. In the case of the data shown in Fig. 
3.1.1 - 1, this was however counteracted through slight readjustment of the pump 
power to keep Pout constant at 510mW. A further decrease in dispersion below ß2 = - 
1250fs2 led to an abrupt transition from a single pulse to double pulses circulating 
within the resonator. This transition was accompanied by an increase in Pout to 
560m W, whilst the autocorrelation widths of the individual pulses in the double pulse 
pair also increased compared with the single pulse autocorrelation width on the high 
dispersion side of the transition. Similar transitions were reported previously in other 
SESAM and SBR mode-locked soliton lasers [60, 66]. However, from the pulse 
energies, and assuming first order solitons for both the single and double pulse cases, 
one should expect a larger jump in pulsewidth than that indicated in Fig. 3.1.1 - 1.

values of xac assuming sech2-pulses. Here, Q is the pulse energy, k is the self-phase

are virtually ideal first order solitons, N becomes around 0.8 in the double pulse case. 
Such a change of N could indicate that the double pulses underwent non-negligible 
nonlinear formation within one round trip. Alternatively the switch from single to 
double pulses could have caused a slight readjustment of the mode size in the laser 
crystal whereby the self-phase modulation parameter k was changed. However, the 
exact cause of the decrease in N was not investigated since analyses assuming N = 1 in 
later sections will remain qualitatively valid.

modulation parameter, and t0 = T'FWHM
1.763

. Whilst the pulses in the single pulse regime

300 FT T|

typical
hysteresis P0ut -  560mW

triple and
quadruple
Dulses;

chaotic
behaviour

Pout = 510mW  
single pulse

100 b j_________ i_________ i_________ L ±
-2000 -1800 -1600 -1400 -1200 -1000 -800

P2 (fs2)

Fig. 3.3.1 - 1\ Measured autocorrelation width versus total intra cavity dispersion ß2 

in the range of the single-to-double soliton transition.
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Note that the fo llo w in g  arguments concentrate on dispersion as the variable to 
induce transitions between the various pulse states. However, these could  also be 

changed by adjusting the pum p pow er, hence sm all signal gain go. As a result, for 

fixed dispersion on the single pulse side of the transition, an increase in  pum p pow er 
also caused the appearance o f double pulses.

Once in  double pulse mode, the laser could  be forced back to single pulse 

operation by  increasing I p2 1 - The transitions fro m  's ing le-to-double ' and 'double-to- 

single' generally occurred w ith  hysteresis in  I ß2 1 ind ica ting  a fo rm  o f b is tab ility . Note, 

however, that the exact nature o f the pulses (their separation and re lative phase) in  the 

double pulse state near the transition  could va ry  as the laser was cycled th rough  the 

trans ition  zone or when it  was started w ith  a I ß2 1 value in  the double pulse region. In  

fact, the observed pulse-to-pulse spacings ranged between several lOOfs and several ps 

as seen from  sample autocorrelation traces in  Figs. 3.3.1 - 2a-d. In  general there was a 

tendency tow ards larger pulse spacings when operating at h igh  pum p pow er. The 

tim e-integrated spectra corresponding to the data o f Figs. 3.3.1 - 2a-d p rov ide  

in fo rm ation , a lbeit lim ited , about the relative phases between the pulses in  the double 

pulse states. The spectra suggest that a num ber o f possible phase states could  exist 

in c lu d ing  fu lly  ro ta ting  re lative phase (Fig. - 2b); fixed at or a lternating around (j) ~ n 
(Fig. - 3c); and (j) = 0 (Fig. - 3d). Spectra corresponding to either fixed or fu l ly  ro ta ting  

phase states were observed fo r far separated doublets ind ica ting  tha t rather w eakly 

selective processes were responsible fo r determ in ing  the re lative phase in  th is case.

far separated doublet

o 0.4

0.0 — d

time (ps)

far separated doublet

828 832 i
wavelength (nm)

.2

ö
ooo
"5<

time (ps) wavelength (nm)

Fig. 3.3.1 - 2a-b: Autocorrelation traces and spectra of (a) far separated doublet

and (b) rotating <J> doublet.
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<t> ~ 7c, doublet

8 0.4

<  0.2

__________ 1__________ I__________ 1__________ I__________ I_______ ]__

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
time (ps)

0  = doublet

• U E ________ I__________ I______ L_____________I__________ I_________ □

850 855 860 865 870 875 880
wavelength (nm)

0  = 0, doublet0  = 0, doublet

<  0 .2 -

time (ps)

Fig. 3.3.1 - 2c,d: Autocorrelation traces and spectra of (c) c> = 7t doublet, and

(d) 0 = 0 doublet.

Starting with double pulses, a further reduction of I ß 2 1 led again to a linear 
decrease of xac and finally to the appearance of triple pulses at $ 2  = -llOOfs2. The double 
to triple pulse transition was again accompanied by a jump in average laser power; an 
increase in the autocorrelation widths of the pulses on the low I ß2 1 relative to the 
high I ß 2 1 side; and variability in the exact pulse spacing and relative phase of the 
pulses after the transition. The transition from triple pulses to double pulses could be 
induced with hysteresis by increasing I ß 2 1. For triple pulses the separation could 
differ widely (from several lOOfs to several ns). Autocorrelation traces and spectra of 
some triple pulse states are shown in Fig. 3.3.1 - 3a-c. The spectral modulation due to 
the far separated pulse in Fig. - 3a is not resolved. The relative phases between triple 
pulses can be defined using the phase of the central pulse as the reference. For reasons 
of symmetry, in the case of the triplet in (Fig. - 3b), the central pulse must be 71 out of 
phase with its companions. It is therefore referred to as a <j) = k triplet, whilst (Fig. - 3c) 
shows a (j) = 0 triplet. There was a clear tendency for both double and triple pulses to be 
closely spaced with apparently fixed phase, only when the laser was tuned at the long 
wavelength end of the SESAM's range of operation, (i. e. where it exhibited the largest 
modulation depth), and only when operating with the smaller SESAM spot size, (i. e. 
under strong saturation). With a further reduction in I ß 2 1, quadruple pulse states also 
appeared but were always separated at large distances (>lns). However, the 
dispersion ranges for triple and quadruple pulses were small and somewhat ill 
defined.

46



A
ut

oc
or

re
la

tio
n 

A
ut

oc
or

re
la

tio
n 

A
ut

oc
or

0  = 0 doublet with satellite

time (ps)

0  = 7i, triplet

time (ps)

O = 0, triplet

time (ps)

approaching ß2 = 0

time (ps)

0 = 0  doublet with satellite

q. 0.4

850 855 860 865 870 875 880
wavelength (nm)

0 = k, triplet

850 855 860 865 870 875 880
wavelength (nm)

0  = 0, triplet

a. 0.4

850 855 860 865 870 875 880
wavelength (nm)

approaching ß2 = 0

q. 0.4

wavelength (nm)

Fig. 3.3.1 - 3a-d: Autocorrelation traces and spectra of (a) doublet with far

separated companion, (b) 0 = k triplet, (c) 0 = 0 triplet, (d) irregular behaviour for 

small | ß21.
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A n y  fu rthe r decrease o f I p2 1 resulted in  irregular, chaos-like behaviour, ind icated by 
unsteady autocorre lation traces (Fig. - 3d). The transition  to irregu la r ou tpu t occurred 

earlier w hen the laser was operating at a low  sm all signal gain go, where on ly  closely 

spaced double pulses were seen w ith in  a narrow  range o f I p2 1. F ina lly, crossing to 

positive dispersion caused the laser to em it strongly chirped ps-pulses (Fig. - 3e).

positive ß2positive ß2

q. 0.4

<  0.2

860 864
wavelength (nm)time (ps)

Fig. 3.3.1 - 3e: Autocorrelation traces and spectra of chirped ps-pulse for positive ß2 .

Fina lly, self-starting the laser w ith  a I ß2l -value in  the m u ltip le  pulse regime 

could  lead to a d iffe ren t fin a l state compared w ith  when it  was forced from  single to 
m u lti-pu lse  operation v ia  a gradual change o f d ispersion tow ards the same fin a l I ßil - 

value. A ltho u gh  the observed m ultip le -pu lse  states could be stable over extended 
periods, the global s tab ility  o f the laser was poor when compared to that o f single 

pulse operation, and s ligh t perturbations could provoke a change in  pulse separation.

These observations p rovide  the essential clues to id e n tify in g  the im po rtan t 
parameters affecting the appearance o f m u ltip le  pulses in  the laser. C learly the 

transitions between pulse states d isp lay sim ila rities ind ica ting  tha t they result fro m  the 

same unde rly ing  physical processes. Furtherm ore the equiva lent effect o f changing 
dispersion or sm all signal gain to cause a transition  suggests these tw o  parameters 

m ust be in tim a te ly  linked  in  any m odel o f the process. The observation that a 

trans ition  is accompanied by  a d is tinc t change in  average ou tpu t pow er indicates that 
a change in  saturated gain occurs, w h ich  can on ly  be caused by  a change in  the 

dynam ic losses in  the cavity. The dynam ic losses also increase as I p2 1 is reduced in  
the regions o f stable single, or stable m u ltip le  pulses since the average laser pow er 

decreases. W ith in  the m u ltip le  pulse regions, on ly  very weak processes determ ine the 

pulse separation and relative phase, since there is no s trong ly favoured state.

Q ua lita tive ly  most o f these factors can be linked  by  recognising tha t the laser 

produces solitons, i. e. the pulse dura tion  and spectral b a n d w id th  are d irec tly  related 

to in tra -cav ity  d ispersion and pulse energy. Secondly, i t  m ust be recognised tha t the 

in tra -cav ity  dynam ic losses are determ ined by  the spectral ban d w id th  o f the pulse 

th rough its in teraction w ith  a band-pass filte r w ith in  the laser (exp lic itly  inc luded in  

our system as a b ire fringen t tun ing  filte r), and also by  the c ircu la ting  pulse pow er 

th rough  in teraction w ith  the saturable absorber m odula to r in  the cavity. In  exp la in ing  

the observations, therefore, the focus w il l  be on the re la tion between filte r and
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saturable absorber losses to the solitons within the resonator. Also, the regions where 
the laser becomes destabilised leading to a transition to a lower loss state will be 
defined.

3.3.2. Theoretical

In order to investigate the above observations, the master equation approach 
was again used. The relevant equations have been introduced in section 3.2.2 (eqns. 
(3)-(5)) and the discussion given there is also valid here. As initial condition for the 
simulations performed in the following sections, either a ps pulse containing all the 
intra-cavity energy was used, or fields suitably close to the final solution were 
assumed. The parameters for the simulations are given in Table 3.3.2 -1  and in the text 
when the need arises.

3.3.2.1. Single <-» Double Transition, Relevant Mechanisms and
Far Separated Pulses

It was pointed out in [71, 73] that the stability of a soliton in the laser, when 
subject to perturbations from a filter and an absorber, can only be maintained as long 
as the growth of dispersive continuum radiation is effectively suppressed. This is the 
case when ls < lc where

ls = 5 + a  = ----— + ------ J_^sech2 — q(t)dt
3 • tQ 2 • t0 ~°° * -

(3.3.2 - la)

with

_ 2 • IP21 _ T'Fwhm  

k • Q 1.763
(3.3.2 - lb)

Here, ls is the total energy loss per round trip of the soliton consisting of filter loss 8 
and absorber loss a, to is the soliton pulsewidth for the given energy, dispersion and 
self-phase-modulation and lc is the loss experienced by the continuum. For a particular 
I (32 I  the latter depends, in a roughly inverse manner, mainly on the absorber recovery 
time Ta and the maximum modulation depth qo, as was shown through soliton 
perturbation theory [71]. However, for an arbitrary absorber the continuum loss 
cannot be calculated analytically. In the following discussion, the exact knowledge of lc 
is not needed and its role will be clarified whenever necessary. In the real laser, apart 
from filter and absorber perturbations, the discreteness of all effects (SPM, dispersion, 
gain...) as well as the higher order dispersion also cause shedding of continuum by the 
soliton. Whilst higher order dispersion can be included in the master equation, it was 
found not to be necessary for a satisfactory explanation of the experimental 
observations. To take into account the discreteness of the laser would require a model 
which allows for pulse shaping dynamics within one round trip. This is not covered by
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the current model but will become important for cases when r ~ 1 or larger. Generally, 
for the laser in equilibrium the condition of energy balance

g - l 0 - b - a  = 0 (33.2-2)

must be fulfilled, where 5 and a  are the energy losses per round trip due to the filter 
and the absorber for both solitons and continuum, if present. The graphical 
representation of this condition is shown in the inset of Fig. 3.3.2 - la. Depending on 5 
and a, the laser will adjust its saturated gain g such that eqn. (3.3.2 - 2) will remain 
fulfilled. The frame defined by the two lines separated by qo therefore moves with 
respect to the zero gain line. Clearly, if the line g - lo - qo crosses the zero line due to an 
increase in 5 for instance, continuum growth is possible, even for solitonic mode
locking schemes using ultrafast saturable absorbers such as the Kerr lens or nonlinear 
polarisation rotation. For a slow absorber the net gain window remains open longer 
and growth can occur slightly earlier, indicated by e 0, but the physical process is the 
same. The onset of continuum growth is the critical condition which destabilises the 
soliton pulse in the laser cavity. The condition for continuum growth in the presence of 
a single soliton with energy Qi, and hence the threshold for the transition from single 
to multiple pulses, is simply

[a, +S] -i-e] >#o (3.3.2 - 3a)

where e was introduced to account for the effect of a slow absorber, e = 0 for the ideally 
fast absorber.

Energy balance

P«..t = 514 mW

single pulses

Pn„t = 537 mW double pulses
-3x10

-1600 -1400 -1200 -1000

ß2 (fs2)

50

Fig. 3.3.2 -1a: g - lo - qo as a function of ß2 around the single-to-double transition.

The inset shows a diagram clarifying the energy balance in equilibrium. g0 = 0.1687, q0 = 

0.006, Ta = 0.3ps, Ea = 10nJ, Pg = 4W, see also Table 3.3.2 - 1.



If a second stable soliton is formed at a distance >>Ta the two pulses have 
approximately half the total intra cavity energy each and twice the width of the single 
pulse before break-up. Generally, this decreases 8 but increases a  which leads to the 
condition

K  +5i]pi > [a 2 +52]e2 (3.3.2-3b)

for the formation of two stable solitons. Here, Q2 is the total intra-cavity energy of two 
pulses, which is slightly larger (a few %, see also Fig. 3.3.1 - 1) than Qi. The indices 1 
and 2 refer to the losses experienced by one and two pulses with the total energies Qi 
and Q2 respectively. From (3.3.2 - 3b) one infers that, upon switching from a single to a 
double soliton, as long as the decrease in filter loss is greater than the increase in 
absorber loss, the total losses are decreased, the growth of continuum is suppressed, 
and two stable solitons are formed. Note, however, that (3.3.2 - 3a) is the break-up 
condition and as such a prerequisite for (3.3.2 - 3b). Eqn. (21) in [73] is the same as 
(3.3.2 - 3b), although it was assigned a different significance there, namely that of 
another break-up condition besides that of continuum growth. However, the 
numerical results show that even if (3.3.2 - 3b) is satisfied, stable single pulses exist in 
the resonator (e. g. Fig. 3.3.2 - la, at ß2 ~ -1400fs2), unless (3.3.2 - 3a) is also satisfied. 
Finally, whether the initial growth of the continuum will lead to a second soliton or 
will become stabilised depends on how far g - lo - qo has been driven above zero and 
therefore also on the degree of saturation and response time Tg of the gain medium.

The stability of the pair of solitons is, however, bounded by two limits. The 
first, towards smaller I ß2 1, is that of renewed shedding and growth of continuum if 
[a 2 + o2 + > <?o / similar to the single soliton case (3.3.2 - 3a). This eventually drives

the transition from double to triple pulses. The second limit, towards larger I ß2 1, is 
not immediately obvious because from the above argument, the pulse pair always 
appears to experience lower loss than a single pulse with the same total energy, 
because of the dominant influence of the filter loss. However, the situation becomes 
clearer by deriving a stability criterion from the evolution of the pulse energies Qa and 
Qb as well as the gain g in the framework of soliton perturbation theory. This leads to

Tr ~ j r  = 2 [g(Qa +Qb) - l 0-8„ - a 0] g0

TR - ^  = 2[g(Q„+Qb) - l 0 -&b - a b}-Qb (3.3.2 - 5)

dg_
dT

g~gO (Qa+Qb) ' g (3.3.2 - 6)

where the filter and absorber losses are given by the expressions in (3.3.2 - la,b). The 
underlying assumption to this treatment is, apart from far separation between pulses, 
that despite the perturbations due to filter and absorber, the pulses remain solitons in
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the adiabatic sense, i. e. eqns. (3.2.2 - la, b) are still valid. Eqns. (3.3.2 - 4,5,6) can be 
analysed for their stability around a working point (Qa,b^ajb^a,b’Sj through

linearisation. Inserting

Q ajb —> Q a ,b  +  A Q a,b

§ a ,b —> &a ,b + ^ a . b

^ a,b —> Üajb+toaj
g —> g + Ag

\

(3.3.2 - 7)

in (3.3.2 - 4,5,6) leads to equations for the changes in the soliton energies and the gain 

TR ■ = 2 • [Qaj, + A & q  ■ [Ag -  -  A5^ ] (3.3.2 - 8)

dAg
=  - 4 g 1 : ( & , + & ) ) (AQa +AQ„) [g + Ag]

Pt -Tg -T. Pg 'Tg '  Tp
(3.3.2 - 9)

Neglecting the terms in 2nd order (AQ • Ag ), and using the facts that
Qtot

Qa - Q b  - const, and AQa = -AQb, eqn. (3.3.2 - 9) becomes obsolete. Then, (3.3.2

8) renders the condition for the stability of either of the two solitons

A8 > -Aa (3.3.2 -10)

This means that any small perturbation of one of the solitons leading to a change of 
energy, and hence pulsewidth, can be counteracted by a change in filter loss as long as 
the latter is larger than the negative change in absorber loss at the current working 
point. If the stability condition (3.3.2 - 10) is violated the laser will switch to single 
pulse operation. One can expect (3.3.2 -10) to be violated when I ß2 1 is increased since 
that results in an increase in pulse duration which reduces the absolute filter losses as 
well as the incremental variation in filter losses caused by the appearance of an energy 
imbalance. Given that the total intra cavity energy always changes slightly when 
switching between states (Qi * Q2, due to changes of loss and gain saturation) it is 
apparent that the observed hysteresis is a consequence of Qi^Ch in conjunction with 
(3.3.2 - 3) and (3.3.2 -10).

Fig. 3.3.2 - la shows the evolution of g - lo - qo as function of I ß2l for the 
transition from one to two solitons. The parameters were chosen to match the 
experimental conditions of Fig. 3.3.1 - 1 as closely as possible. Starting the calculation 
well within the regime of single pulse operation, | p2l was gradually changed towards 
smaller values so as to mimic a dispersion change in the real laser. Each gradual 
dispersion change was accomplished over 2000 round trips which was then followed 
by 25000 round trips of unperturbed evolution. Fig. 3.3.1 - la clearly illustrates the 
main mechanisms involved: (a) shedding and growth of continuum as
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[a) +8, + e] ><70, (b) formation of a second soliton to reduce the total dynamic loss

moving g - lo - qo well below the level needed for continuum growth (note that due to 
the relatively fast absorber £ ~ 0), (c) hysteresis in switching back to a single soliton as 
AS < -Aa . Due to the lack of analytical solutions, the stability condition (3.3.2 -10) was 
checked numerically for perturbations in the energy, i. e.

A8 = — -A Q > -A a  = -  — -A Q (3.3.2-10a)
dQ dQ

For the given parameters and pulse energies this leads to single pulse operation 
for I ß2 1 >1315 fs2, in agreement with the simulation. Note that the single-to-double 
soliton transition in the simulation occurs at the same dispersion ß2 as in the real laser 
(see Fig. 3.3.1 -1), indicating the validity of the master equation model in this case. Fig. 
3.3.2 - lb shows the evolution of the single pulse into two pulses with equal energies at 
dispersion p2 ~ -1200 fs2. Since continuum is suppressed by 20 orders of magnitude 
(not shown) and the observed separation (ca. 5ps) is too large for the two pulses to 
interact coherently or through the absorber recovery tail, they remain at a constant 
mean separation due to their equal energies. It must be noted that this explanation of 
the pulse spacing is only valid in the framework of the present model. It does not take 
into account the possibility of gain dynamics within one round trip as considered in 
[68], or acoustic effects [67]. However, due to the relatively large perturbations per 
round trip (14% output coupling, SPM, dispersion and filter) in this laser, one would 
expect gain dynamics and acoustic effects not to be dominant in the self-organisation 
of far separated pulses. As was mentioned in the experimental section, reliably 
reproducible pulse patterns for far separated multiple pulses were not observed and 
the mechanisms of self-organisation are therefore not investigated here.

x 10s

Cavity Round Trips
Time (ps)

Fig. 3.3.2 - 1b: Evolution of the single soliton into two solitons with approx. 5ps

separation at ß2 ~ -1200 fs2. go = 0.1687, qo = 0.006, Ta = 0.3ps, Ea = 10nJ, Pg = 4W, see  

also Table 3.3.2 - 1.
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3 3 .2 .2. Closely Spaced Pulses

It is well known that solitons of the Nonlinear Schrödinger Equation (NLSE) 
interact [75] depending on their relative phase and amplitude. A phase of d -  0 leads to 
attraction and periodic collapse, whereas even small differences in amplitude and 
phase prevent this collapse; for (j) = n the evolution becomes aperiodic. Due to the 
similarity of the laser master equation with the NLSE, it can be expected that soliton- 
soliton interaction also plays a role in the formation of closely spaced multiple pulses 
of this laser. Further, if two pulses are separated by less than ~ 5Ta the second one will 
reach the absorber when it is still partly bleached, therefore incurring less absorber loss 
than the first pulse, and possibly have larger amplitude. In fact, the total absorber loss 
octot seen by the two pulses per round trip depends on both the separation and the 
relative phase between the pulses. Similarly for the filter loss, since the spectral energy 
of a (j) = n pulse pair is relocated somewhat into the wings of the spectrum where the 
filter loss is higher. Clearly, there are limits to both separation and phase difference of 
double pulses. For instance, since the laser operates in the multiple pulse regime, two 
pulses which attract each other due to a zero phase difference between them cannot 
merge completely to form a stable single soliton since the merged state is inherently 
unstable! Simulations show however, that two pulses can merge and separate 
periodically where the period is usually much longer than the soliton period of the 
given energy, dispersion and self phase modulation. Here the gain dynamics plays a 
decisive role, reacting to the strong increase of filter loss during the merging of the 
pulses, when one of them compresses whilst the other nearly disperses.

It would seem more likely that stable pulse pairs exist with small separation if 
the relative phase were rotating such that attractive and repulsive forces would 
compensate in the mean. Additionally, the dependence of the filter and absorber losses 
on the separation and phase of the pulses will also play a role. As a simple example, 
Fig. 3.3.2 - 2 shows the total loss for two solitons of equal energies, Ep, as a function of 
their separation and for different phases, (j)/ and absorber saturation energies, Ea. Fig. 
3.3.2 - 2 has been calculated neglecting the nonlinear pulse superposition that occurs 
for closely spaced pulses, and hence is only strictly valid at separations for which the 
phase influence becomes negligible (at a separation of = lps for the given parameters). 
However, it is apparent that the total loss for the two pulses increases with separation 
before it flattens off to the value seen by well-separated pulses. This weak potential 
gradient tends to favour relatively closely spaced pulses, although the gradient is 
sufficiently weak and similar for different pulse phases that there is little selection 
between the various possible pulse conditions. One could deduce that a range of final 
states could exist for identical initial conditions as observed experimentally. Obviously 
if the absorber is strongly saturated, the total loss becomes dominated by the filter and 
little absorber dynamics is to be expected.
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5.2x10

E „ / E  =2.35

E „ /E = = 23.5

X 2.7

soliton separation (ps)

Fig. 3.3.2 - 2: Total soliton loss vs. separation of two solitons of equal energy for
E E
—— = 2.35 and —— = 23.5 (inset). ß2 = -900 fs2, Ta = 0.3ps, Ea = 10nJ, q0 = 0.006, t0
E a E a

= 77 fs, see also Table 3.3.2 - 1.

U sing  parameters rea listica lly close to the ones perta in ing  to the laser, the 

poss ib ility  o f closely spaced double pulses in  the GCGLE master equation was 
investigated th rough sim ulations. F irstly, Figs. 3.3.2 - 3a-d show the in tens ity  
autocorre la tion (Fig. - 3a), tim e-integrated spectrum  (Fig. - 3b) and evolutions in  the 
tim e dom ain  (Fig. - 3c) as w e ll as in  the in teraction plane (Fig. - 3d) fo r a pa ir o f pulses 

w ith  ro ta ting  re lative phase. The in teraction plane is essentially a po la r p lo t o f the 
pulse-to-pulse separation p and the relative phase 0  [72], The evo lu tion  is stable and 
the pulse-to-pulse separation p assumes a constant value w h ile  the phase is increasing 

linea rly  in  m u ltip les o f 2k . Both autocorrelation and spectrum are in  ve ry  good 

agreement w ith  the ones obtained experim enta lly (see Fig. 3.3.1 - 2b),) w ith  the laser 

operating in  e ither s tab ility  band. Note that the pow er o f the firs t pulse is sm aller than 

that o f the second one, as expected from  the above argument.

S im ila rly , Figs. 3.3.2 - 4a-d and Figs. 3.3.2 - 5a-d show sim ulations o f double 

pulses where the tim e-integrated spectra resemble those o f O = k and <E> ~ 0 phase 
difference. M ost notably, these were achieved w ith  a strong ly saturated absorber 
w h ich  correlates w ith  the fact tha t features in  the experim ental spectra o f closely 

spaced pulses were on ly  observed w hen operating w ith  the sm aller SESAM spot size, 

hence under strong saturation. Further, as can be seen fro m  the in teraction  plane, 0  

and p are no t constant b u t can evolve period ica lly  in  complex loops w ith  mean values 

o f O e ither closer to n or to 0. A ltho u gh  the case of closely spaced trip le  pulses is not 

treated in  the current sim ulations, i t  is a stra ight fo rw a rd  extension requ iring  larger 

sm all s ignal gain go a n d /o r  smaller dispersion | ß2 1 as w e ll as strong absorber 

saturation.

55



£■ 0.4ö 0.4
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I0000

Time (ps)

Figs. 3.3.2 - 3a-d: Simulation results after 10000 round trips: (a) intensity

autocorrelation, (b) time-integrated spectrum, (c) evolution in time domain, and (d) 

interaction plane of two closely spaced pulses with rotating phase difference. ß2 = -1100 

fs2, Ta = 0.3ps, Ea = 10nJ, q0 = 0.006, g0 = 0.2441, Pg = 2W, see also Table 3.3.2 - 1.
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• '  - 0.2
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Fig. 3.3.2 -  4a-d: Simulation results after 94000 round trips: (a) intensity

autocorrelation, (b) time-integrated spectrum, (c) evolution in time domain, and (d) 

interaction plane of two closely spaced pulses with mean phase difference between nJ2 

and k. ß2 = -688 fs2, Ta = 0.1 ps, Ea = 3nJ, q0 = 0.01, go = 0.25, Pg = 2W, see also Table 

3.3.2 - 1.
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Fig. 3.3.2 - 5a-d: Simulation results after 25000 round trips: (a) intensity

autocorrelation, (b) time-integrated spectrum, (c) evolution in time domain, and (d) 

interaction plane of two closely spaced pulses with mean phase difference between 0 

and tc/2. ß2 = -688 fs2, Ta = 0.2ps, Ea = 3nJ, q0 = 0.01, go = 0.249, Pg = 2W, see also 

Table 3.3.2  -  1.

Finally, despite the good agreement of the simulations in Figs. 3.3.2 - 4a-d and 
Figs. 3.3.2 - 5a-d with the experiment, there are possible shortfalls as well. For instance, 
the SESAM differential reflectivity is only approximately described by the simple two- 
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level rate-equation. Generally the response is at least bi-temporal with a fast (~60fs) 
transient due to carrier thermalisation and a slower one associated with carrier 
cooling, capturing and recombination. Both may also depend on the excitation level 
due to many-body and trap filling effects. Strictly, one should also consider the 
nonlinear dispersive effects in the saturable absorber. Most importantly, for r- 
parameters little smaller than one and strong absorber saturation, the discreteness of 
the laser may influence closely spaced pulses differently compared to far separated 
ones. For these cases a more refined model should be developed, taking into account 
the intra-cavity dynamics within one round trip.

3.3.2.3. Regions of Existence of Single and Multiple Pulses

In order to investigate the regions of existence of single, double and triple 
pulses for different values of the small signal gain go and the dispersion ß2, further 
simulations were performed. The laser parameters (see caption of Fig. 3.3.2 - 6 and 
Table 3.3.2 - 1) were those pertaining to operation with the larger SESAM spot size, i. e. 
Esat = 10nJ. In a first simulation only far separated solitons were allowed, neglecting 
the possibility of closely spaced pulses. This simplifies the numerics considerably, 
since instead of the complete GCGLE, one can use eqns. (3.3.2 - 4, 5, 6) with the 
number of soliton energies adjusted appropriately. Setting arbitrary initial conditions 
the system was allowed to relax to the final state where the number of solitons, the 
saturated gain g and the losses a and 8 were noted. Fig. 3.3.2 - 6 shows the (go, ß2p 
plane where the single and multiple pulse regions are indicated in different shades of 
grey. Within the white bands between neighbouring regions, the final state could fall 
either to the left or to the right depending on the initial condition, indicating 
bistability. In order to underline further the sequence leading to the appearance of 
multiple pulses, the values of g - lo - qo, a  and 5 are depicted (see insets) for constant 
small signal gain go = 0.16 and variable dispersion (indicated by the horizontal line), as 
well as for constant dispersion ß2 = -600 fs2 and variable small signal gain (indicated by 
the vertical line). Here, the simulations were further simplified by solving the energy 
balance in steady state (eqn. (3.3.2 - 2)), applying a  + 8 > qo as switching condition. 
Although this treatment neglects the finite recovery time of the absorber, it emphasises 
the principle that with varying dispersion or small signal gain, the laser will try to 
balance out the changes in the filter and absorber losses by adjusting the saturated gain 
such that the energy balance eqn. (3.3.2 - 2) is fulfilled for a first order soliton. 
However, once the dynamic losses become equal to the maximum possible modulation 
qo (i. e. g - lo - qo ~ 0), energy is transferred to another first order soliton. The increased 
number of solitons renders the laser stable, since the total dynamic losses have 
dropped, until, upon a decrease in I ß2 1 or increase in go, they become equal to qo - £ 
again (and so forth). For fixed go and variable I ß2 1, the width of the bands is variable. 
This is mainly due to the dependence of the absorber loss on the energy of the single 
solitons, which is inversely proportional to the number of solitons. Clearly, the bands 
would become arbitrarily narrow for I ß2 1 —» 0. On the other hand, for fixed I ß2 1 and 
variable go, the width of the bands is constant, since the necessary energy for an
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increase in  the num ber o f solitons is supplied th rough an increase in  go. The energy of 
the single solitons, and therefore the losses, rem ain approxim ate ly constant. How ever, 
the increasingly saturated gain fo r a large num ber of solitons provides a decreased 

s tab ility  m argin. The inserts n ice ly illustra te  the periodic nature o f the transitions 

between pulse states, u nde rlin ing  the fact, deduced from  our experim ental 

observations, that the same physical process is responsible fo r each transition.

0 .20-1

0.18-

or more
g - 10 - q0

d) 0.14-

0 . 12-

Fig. 3.3.2 - 6: (go, I ß2 1 )-plane showing regions of existence for single and multiple

pulses according to simulations in the framework of soliton perturbation theory (eqns.

(3.3.2 - 4, 5, 6)). The insets show g - l0 - qo , 5 and a for constant go = 0.16 and | ß21 =

600fs2 respectively, as calculated from the steady state energy balance (eqn. (3.3.2 - 2)) 

using a + 8 > qo as switching condition. Ta = 0.3ps, Ea = 10nJ, q0 = 0.006, Pg = 4W, see 

also Table 3.3.2 - 1.

A  s im u la tion  o f the (go, ß2)-plane using the fu ll GCGLE model, also a llo w in g  
closely spaced pulses [74], produces v ir tu a lly  identica l regions to the ones found  here, 

ju s tify in g  the sim ple approach v ia  so liton pertu rbation  theory (eqns. (3.3.2 - 4, 5, 6)). 
The on ly  m ajor difference between the tw o  approaches is that the GCGLE m odel 
a llows fo r in teraction  between pulses v ia  the phase and distance dependent absorber 
and filte r losses and the so liton-so liton  interaction. As was shown in  the last section 

these effects can lead to the appearance o f quasi-stable closely spaced double and 

trip le  pulses. I f  the m u ltip le  pulse regions are narrow , or fo r I ß2 1 values 

corresponding to a transition  region, g - lo - qo is close to -8. Then the in teraction  

between closely spaced pulses doesn't a llow  even quasi-stable states and the laser is in  

perm anent non-equ ilib rium . A n  example o f the resu lting complex behaviour is show n 

in  Fig. 3.3.2 - 7a, where the energy balance cond ition  g - l o - a - 8  = Oi s  seen to be 

perm anently v io la ted, leading to unsteady and nonperiod ic pulse evo lu tion , as seen 

from  the insets show ing |\|/|  ̂ after various num bers o f round  trips.
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-10x10
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round trips

Fig. 3.3.2 - 7a: Simulation of the laser in non-equilibrium. The energy balance

condition g - l0 - a - 5 = 0 is permanently violated. Also shown are the intra-cavity |vy|2 

after various numbers of round trips. ß2 = -200fs2, go = 0.1022, Ta = 0.3ps, Ea = 10nJ, qo 

= 0.006, Pg = 4W, see also Table 3.3.2 - 1.

5 0.6

8. 0.4

wavelength (nm)

time (ps)

Fig. 3.3.2 - 7b: Simulation of the laser for positive dispersion. Shown are the intra

cavity |i|/|2 and the spectrum after 10000 round trips. ß2 = +200fs2, go = 0.1022, Ta =

0.3ps, Ea = 10nJ, q0 = 0.006, Pg = 4W, see also Table 3.3.2 - 1.

Experimentally this was observed in the form of unsteady autocorrelation 
traces (see Fig. 3.3.1 - 3d). It is suppressed in the case of the rotating phase doublet, 
and, to some degree, by operating the absorber in strong saturation since then the 
dynamic losses are mainly determined by the filter alone, allowing closely spaced
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double and triple pulses to appear. Crossing over to positive dispersion makes the 
laser stable again. However, it now produces ps pulses as is evident from Fig. 3.3.2 - 7b 
as well as Fig. 3.3.1 - 3e (experiment). Since the laser is not operating in the soliton 
regime the chirp due to SPM remains uncompensated and the pulses are therefore 
strongly chirped.

lo 0.08 total linear loss per round trip

T r 12.5ns round trip tim e

& 2tt-25THz filter H W H M

ß2 variable net intra-cavity d isp ersion

K 110-6 1 /W SPM  coeff.

qo ARmax /  2, variable m ax. am pl. m od u lation  of SESAM

Ea variable sat. en ergy  of SESAM

Ta variable SESAM  recovery tim e const.

Tg 2.5 |is upper state life tim e of Ti:Sapphire

Pg variable sat. p ow er of Ti:Sapphire

go variable sm all signal round trip gain

Table 3.3.2 - 1: Relevant modelling parameters.

3.4. Summary

Sections 3.1 - 3.3 have covered the mode-locking performance of the ion- 
implanted GaAs-SESAMs. A commercial Ti:Sapphire laser (Coherent Mira 900D) was 
redesigned for incorporation of the SESAMs and the crucial cavity parameters were 
introduced in section 3.1.

Section 3.2 dealt with the single pulse operation of the laser. It was found that 
all SESAMs, except for those with the highest implantation doses, mode-locked the 
laser, including the unimplanted sample. In the latter case, mode-locking was 
stabilised by the fast response times under strong saturation (=lps). It was concluded 
that for the type of SESAM design presented here an implant of 40keV As-ions with a 
dose of around 5-1011 cm 2 followed by thermal annealing at 600°C for 20 min presents 
a compromise showing swift recovery at any fluence whilst preserving about 90% of 
the modulation of the unimplanted SESAM. Single pulses as short as 105fs were 
produced in self-starting fashion with a tuning range of =50nm and mode-locking 
62



build-up times ranging from 30|as to 3ms. A major difference between the samples' 
performance was found in their ability to suppress the Q-switching instability, which 
was attributed to the different modulation depths caused by the ion-implantation 
rather than to a carrier life time controlled saturation fluence. The observed increase of 
the laser's stability against Q-switched mode-locking was shown to be a result of the 
soliton mode-locking operation and the associated dependence of the filter loss 8 on 
energy. The variation of the pulsewidth for varying GDD and energy were found to be 
in agreement with the soliton model of mode-locking, and computer simulations of the 
GCGLE showed good agreement with the experimental observations.

In section 3.3 the multi-pulse operation of the laser was investigated in detail. It 
was observed that transitions between single and multiple pulse states could be 
induced by steadily reducing the value of the intra-cavity dispersion (or by increasing 
the small signal gain). The multiple pulses could be either well separated (ps ... ns) 
without reliably reproducible spacings, or closely spaced (< ps) and have their relative 
phase rotating, or near 0 or n. The experimental observations were explained in the 
framework of the Generalised Complex Ginzburg-Landau Equation (GCGLE).

Being representative of all transitions between pulse states, the single to double 
pulse transition was analysed in detail. It was found that for a single soliton to break 
up into two solitons, the condition for shedding and growth of dispersive continuum 
must be fulfilled [a{ -t-Sj + 8]^ >g0, i- e- when the absorber and filter losses

experienced by the soliton exceed the maximum possible modulation qo corrected by a 
margin e mainly determined by the recovery time of the absorber (8=0 for an 
instantaneous recovery). On the other hand, two well separated solitons in the laser 
become unstable and coalesce to form a single soliton when a change in filter loss, 
introduced by a slight energy imbalance, is outweighed by the simultaneous change in 
absorber loss AÖ < -Aa . The latter stability criterion in conjunction with the difference 
in total energy before and after the switching between states, Qi ^ Q2, was interpreted 
as the origin of the observed switching hysteresis. Using computer simulations, quasi
stable closely spaced pulse solutions of the GCGLE were shown which originate from 
a balance involving soliton-soliton interactions, the pulse separation, phase and 
saturation dependent absorber loss, and the filter loss. The simulations were in good 
agreement with the experimental observations indicating the existence of rotating 
phase, ({) ~ n and as <J) ~ 0 doublets. Finally, the regions of existence of single and 
multiple pulses in the (go, ß2)-plane were mapped through simulations. For fixed small 
signal gain go the regions were shown to become narrower for decreasing dispersion 
I ß2 I resulting in permanent non-equilibrium as observed in the experiment.

63



64



Chapter 4

Fundamental Studies of Nonlinear 
Absorption Properties of Ion-implanted 
GaAs

Motivated by the results on SESAMs reported in chapter 2, a more extensive 
study of the nonlinear optical absorption properties of ion-implanted GaAs was clearly 
warranted. Unlike the SESAMs, the test structures of the study presented here were 
free of Fabry-Perot resonances and contained a much thicker absorber layer in order to 
allow more generally valid conclusions. Further background is given in section 4.1 
followed by the introduction of the set of samples and the measurement methods in 
section 4.2, and the experimental results in section 4.3.

4.1. Aim of this Investigation

Apart from passive mode-locking, semiconductor saturable absorbers have also 
found applications in all-optical switching for ultrahigh bit-rate optical communication 
systems [77]. In both cases it is beneficial to have devices with fast response times 
(T A < lps) while retaining as much modulation as possible. Additionally, in the case of
all-optical switching, the nonlinearity should be high, i. e. the pulse energy fluence 
needed for switching should be low. As was outlined before, there are two main 
approaches to the generation of a short Ta in II1-V semiconductor materials. One 
involves the growth at low temperature (LT) using Molecular Beam Epitaxy (MBE) 
[78]; the other is via ion-implantation [28, 79] of high temperature grown material.

It is well known that LT-grown materials may contain excess Arsenic to very 
high concentrations (up to 2%), forming deep-level defects known as As-antisites 
(AsGa), As-interstitials (Asi), Ga-vacancies (VGa), and complexes of these defects [80]. 
Electron parametric resonance (EPR) measurements showed that, in the as-grown state 
of LT-GaAs, up to 5T018 cnv3 ionised As-antisites (AsGa+) are present which are 
compensated by the same density of Ga vacancies (VGa) acting as acceptors [81]. The 
ultrafast response times observed in LT-GaAs have been attributed to the donors 
Asc,a+ which act as deep level electron traps. However, it was also argued that the 
acceptors VGa are responsible for hole capturing [43]. The ratio of ionised to non- 
ionised antisites, A sg3+ /  AsGa, in LT-GaAs is usually small (around 0.1), and the 
comparatively high concentration of Asca is thought to be the cause of the high 
nonbleachable absorption losses in LT-GaAs, detrimental to nonlinear modulator 
applications. As a promising remedy for these problems, thermal annealing as well as 
Beryllium doping of LT-GaAs were considered recently [82]. The Beryllium, being a 
shallow acceptor, is thought to raise the A sg3+ /  A sg3 ratio, thereby enhancing electron 
capturing whilst reducing the nonbleachable absorption losses. Beryllium doping was 
also used in a low-temperature grown InGaAs/InAlAs multiple quantum well (MQW)
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based all-optical switch at the communication wavelength of 1.55pm to shorten the 
response time of the device [77].

On the other hand, ion bombarded materials for saturable absorber 
applications have not received as much attention as the LT-grown. Studies of the 
ultrafast properties of implanted GaAs have so far been restricted to the measurement 
of the response times using various techniques, such as time-resolved ultrafast 
photoluminescence [28], differential surface reflectivity [119] and photo-current 
autocorrelation [83]. However, in saturable absorber applications, both the response 
time as well as the modulation depth and nonlinearity can play equally important 
roles.

Therefore, for this study it was the goal to measure the response times as well 
as the modulation of ion-implanted GaAs. Furthermore, a large enough database 
should be established in order to be useful in a later comparison with as-grown, 
annealed and Be-doped LT-GaAs. The data should be as versatile as possible, allowing 
the identification of generally valid trends such as dependencies on dose and 
annealing conditions, and, if possible, it should be free of design and geometry factors. 
Finally, the data should be useful also in conjunction with the results of magnetic 
circular dichroism of absorption (MCDA) and near infrared absorption (NIRA) 
measurements [81]. MCDA, NIRA and positron annihilation measurements, which are 
being performed at the time of writing, are aimed at determining the concentration of 
As-antisites in the neutral (AsGa0) and singly ionised charge-state (Asca+) as well as Ga- 
vacancies (VGa) respectively. Although it has been shown that Asca+ are present in ion- 
implanted GaAs [27], it will be important to correlate their concentration, if detectable, 
with the ultrafast response in order to gain further insight into the mechanisms of 
trapping and recombination in ion-implanted GaAs. Since the extent of this project is 
considerable it cannot be contained fully in this thesis and will be ongoing, involving 
groups at the ANU, ETH Zürich and UC Berkeley.

4.2. Sample Set and Experimental Techniques

The test structures were grown using low pressure Metal Organic Chemical 
Vapour Deposition (MOCVD) and consisted of a Bragg-reflector (25 periods of 
Alo.15Gao.85As/AlAs on semi-insulating GaAs) followed by 500nm of GaAs. The Bragg 
mirror was centred at Z.=830nm and had a typical reflectivity of greater than 99% over 
a range of 70nm. After growth the samples were implanted with 700keV As-ions or 
250keV O-ions, in doses ranging from 81010 to 11016 cm 2 and annealed at 500, 600 or 
700°C for 20 min under arsine ambient, or remained unannealed (see also Table 4.2-1). 
The ion energies for the implants were chosen, using TRIM95 [31], so that the damage 
distribution lay solely inside the 500nm GaAs layer with no damage extending into the 
Bragg mirror. Fig. 4.2 - 1 shows the calculated total vacancy distribution, due to 
primary and secondary 'knock-ons', inside the GaAs absorber layer for both ions. The 
vacancy density of the O-implant is approximately 8-fold smaller and somewhat more 
symmetric than that of the As-implant. Therefore, one would expect that an O-implant,
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in order to cause the same volumetric damage density, should be done at around eight 
times the dose of an As-implant. Note also, that the difference in size and weight 
between O (16 amu) and As (75 amu) results in the lower ion-energy needed for O 
(250keV) compared with As (700keV).

250keV Oxygen 
700keV Arsenic

depth (nm)

Fig. 4.2 -1: Total vacancy distribution inside the GaAs absorber layer due to primary

as well as secondary ‘knock-ons’ obtained from a TRIM95 simulation.

8-1010 —»5-1011 unannealed

As MO11 -> 11013 500°C/20min

8-1010 —> 1-1016 600°C/20min

8-1010 -> 11016 700°C/20min

8-1011, 8-1012 unannealed

O 8-1011 —> 8-1013 500°C/20min

81011 -> 81015 600°C/20min

8-1011 -> 81015 700°C/20min

Table 4.2 -1: Implantation doses and annealing conditions for the complete set of

samples. The annealing was done under arsine ambient in the MOCVD reactor.
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After the implantation and annealing procedures, an 830nm anti-reflection 
(AR-) coating was applied to the samples in order to minimise Fabry-Perot effects 
since all optical measurements were done in reflection. The reflectivity spectra of the 
AR-coated unimplanted sample, Sll, as well as the Arsenic implanted samples S27 
(MO12 cm2, unannealed) and S37 (11014 cm2, 700°C/20min annealed), are shown in 
Fig. 4.2 - 2. For an ideal AR-coating, the reflectivity of the samples is an image of the 
transmission over twice the absorber thickness, because of the presence of the Bragg 
mirror. Fiowever, as can be shown through modelling similar to that in section 2.1, a 
slightly non-ideal AR-coating (Rres ~ 0.005) can cause the appearance of a residual 
Fabry-Perot resonance. The latter is apparent in the traces of samples Sll and S27, 
whereas S37 displays a more or less ideal behaviour. For the complete set of samples, 
the uncertainty due to the non-ideal AR-coating in the linear (low power) reflectivity 
Run at A, = 830nm was approximately ±0.05. Additionally, for the 1T012 cm 2 Arsenic 
implanted, unannealed sample (S27), one clearly observes an increased absorption, 
similarly observed in the unannealed SESAMs (section 2.1) for doses > 1T012 cm-2.

—  S11, unimplanted
- - -  S37, As, 1 1014 cm’2, 700 C / 20 min. 

12 -2
S27, As, 110 cm’ , unannealed

820 840
wavelength (nm)

Fig. 4 .2 - 2 : Low power reflectivity spectrum (Run) of samples S11, S27, S37. Note

the increased absorption of the unannealed, 1-1012 cm'2 Arsenic implanted sample (S27) 

and the residual Fabry-Perot resonance present in S11 and S27 due to slightly non-ideal 

AR-coatings.

The samples were subject to two types of ultrafast optical measurements using 
830nm, 80MHz, lOOfs pulse trains from a commercial Kerr Lens Mode-locked (KLM) 
laser: (a) the fluence dependent reflectivity R(FP) = Pout /  Pin using single beam 
excitation; and (b) the time resolved differential reflectivity dR for different pump 
fluences and delay times as long as 300ps, using a pump-probe setup. These 
measurements are fairly standard [22], but are nevertheless described here for 
completeness. In order to reduce the thermal nonlinearity to a negligible level, the
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output of the laser was modulated at a frequency of 125kHz and a duty cycle of 1:20 
using an acousto-optic modulator (AOM). This resulted in bursts of 400ns length, 
containing ca. 30 pulses, every 8ps. This minimises both the effects of thermal 
nonlinearity which has a typical response time of 2pis [84], and the edge effects which 
appear for too short burst widths due to the limited switching times of the AOM. 
Lock-in detection was used in both measurements, for which the beam (pump beam in 
the pump-probe measurement (b)) was further chopped mechanically at a frequency 
of 3.5kHz. For measurement (a) the single beam was focussed down to a spot diameter 
of dSpot = 15pm whilst Pin and Pout were measured in collinear fashion. In measurement 
(b) the pum p and probe beams had an angle of 30° between them, the pum p and probe 
spot diameters were 25pm and 8pm respectively, and the probe fluence was between 
40 and 400 times weaker than the pump fluence. The (pump) fluence could be varied 
over three orders of magnitude using continuously variable and fixed neutral density 
(ND) filters. In order to increase the signal to noise ratio (SNR) in all measurements, an 
averaging method was employed whereby a particular measurement was repeated at 
high scanning speed as many times as feasible, after which the average of all traces 
was taken as the signal. This method allows for considerable suppression of the 1 /f 
noise (laser drift etc.), which is not achievable through an increase in lock-in time 
constant. Generally, the SNR improves with the number N of scans as SNR <*= *J~N.

Finally, one should notice, that due to the anti-reflection coating, changes in 
R(FP) as well as the differential reflectivity signals dR of the structures were dominated 
by absorption bleaching in the GaAs layer, causing the reflectivity to increase. This can 
be shown through modelling similar to that in section 2.2, assuming typical changes of 
the real part of the complex refractive index of <0.1 [38]. Since the underlying Bragg 
mirror is nonabsorbing for wavelengths above 750nm it does not contribute to the 
nonlinear response but merely acts as a 100% reflector. This was confirmed through 
measurement of a separately grown Bragg mirror.

4.3. Experimental Results

Section 4.3 covers the nonlinear reflectivity data R(FP) (4.3.2), the pump-probe 
data (4.3.2) and the modulation vs. response time performance (4.3.3) of the test 
structures.

4.3.1. Nonlinear Reflectivity R(FP)

Typical traces of reflectivity versus pulse energy fluence (averaged over the 
beam area) are shown in Fig. 4.3.1 - 1 for the unimplanted (S10), l-1013cnv2 As- 
implanted, 600°C/20min annealed (S33) and the 8T013cnv2 O-implanted, 500°C/20min 
annealed (S55) samples. The traces for each sample in Fig. 4.3.1 - 2 are composed of 
two scans, each spanning two orders of magnitude in fluence (1 —> lOOpJcnr2 and 10 
—> lOOOpJcnv2), as is evident from a slightly imperfect overlap.
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Sample 10 
unimplanted■ data 

TWA fit

Sample 33
1-1013 cm'2 As-impl. 600°C

Sample 55
8-1013cm'2 O-impl. 500°C

Pulse Energy Fluence, Fp (p j cm" )

Fig. 4.3.1 -1:  Nonlinear reflectivity versus pulse fluence for samples S10

(unimplanted), S33 (1 • 1013 cm'2, As, 600°C/20min) and S55 (8-1013 cm'2, O, 

500°C/20min). Also shown are numerical fits using the TWA model (see below and 

Appendix III). The fits were performed for fluences between 10 and 400 pJ cm'2. R|in, AR 

and ARns are defined as indicated.

It is possible to extract values for the low fluence reflectivity Run, modulation 
AR and nonbleachable reflectivity ARns directly from the data, whilst an effective 
saturation fluence Fsat , hence a nonlinearity parameter, could be defined as F(AR/2). 
However, this approach does not attempt to relate the measured data to the physics of 
the saturable absorber sample. Furthermore, in cases where the available pulse fluence 
is not high enough to reach the maximum modulation this approach fails. It has 
become customary, therefore, to attempt a fit of the reflectivity data using a model for 
a travelling wave, two level saturable absorber (TWA) [22]. Since the TWA fitting 
model will also be used in the context of this work, it will be explained in some detail 
in Appendix III. The fits, some of which are also displayed in Fig. 4.3.1 - 1, are very 
good for the most interesting fluence range whereas the disagreement found for 
fluences higher than 500jlJcnv2 is mainly attributed to effects such as free carrier 
absorption (FCA) and two photon absorption (TPA), which were not included in the 
model. The latter effects could also be responsible for the incomplete bleaching 
achieved in unimplanted GaAs. From the TWA fits, the values of Rim, AR, ARns and Fsat 
are deduced, neglecting TPA and FCA. The fit allows one to deduce values for AR and 
ARns consistently between samples, although the actual values deduced from the data 
directly are different.

Fig. 4.3.1 - 1 clearly shows that the modulation of the ion-implanted sample is 
smaller than in the unimplanted case, and that ARns has increased. Generally, ARns 
increases and AR decreases for higher doses or lower annealing temperatures. For 
instance, the O-implanted sample (S55) has AR = 0.39 and ARns = 0.26 which compares 
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with the values for the unimplanted sample, where ARg3as = 0.59 and ARns, GaAs = 0.1. 
Like in LT-GaAs [43], these changes are attributable to deep levels, created by the 
implantation, which give rise to additional transitions to states high in the bands. One 
should expect that these transitions are difficult to bleach due to the large density of 
states high in the bands. The deep level transitions also contribute to the linear 
absorption resulting in a smaller linear reflectivity Run. However, the data show that 
any change in Run was smaller than the uncertainty of ±0.05, arising from slight 
differences in the anti-reflection coatings of different samples. This explains the 
slightly higher Rim of the O-implanted sample compared to the unimplanted case. 
Since Rim + AR + ARns = 1, any increase in ARns primarily corresponds to a reduction of 
AR.

Figs. 4.3.1 - 2a-d show the results of the TWA-fits for all samples. In summary, 
the following trends can be observed. For both As- and O-implanted samples the 
modulation AR decreases with increasing implantation dose an d /o r decreasing 
annealing temperature (Fig. 4.3.1 - 2a). The unannealed samples have rather low 
modulation, particularly for the As-implant (heavier ion) where the 1T012 cm 2 
implanted sample (not displayed) had virtually no modulation. Furthermore, under 
high fluence excitation, the unannealed samples were unstable and their AR increased 
on a time scale of seconds to minutes, indicating an in-situ annealing process which 
was more pronounced for higher doses. The low modulation as well as the instability 
at higher fluence render unannealed samples somewhat less useful for applications. 
Fig. 4.3.1 - 2b shows the saturation fluence Fsat for both implants. All Fsat values lie 
between 20 and 90 pjcnv2 which constitutes a small variation given the range of 
implantation doses. However, there is a clear trend to higher values for higher 
implantation doses an d /o r lower annealing temperatures. Note, that this trend 
appears broken for As-implants with doses above 1T014 cm 2. Finally, Figs. 4.3.1 - 2c 
and - 2d depict the nonbleachable losses ARns and the low fluence reflectivity Rim 
respectively. Most importantly, Figs. - 2c,d show that, to within the above mentioned 
uncertainty due to the AR-coating, Run remains constant for all doses whilst ARns 
increases at the expense of AR, in accordance with the relationship Rim + AR + ARns = 1. 
Thermal annealing was therefore very effective in recovering the damage induced 
changes in Rim of the samples implanted with high doses.
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Fig. 4.3.1 - 2a: Modulation AR from the TWA-fit versus dose for Arsenic and Oxygen

implanted GaAs, annealed at 500 - 700°C / 20min as well as unannealed.
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Fig. 4.3.1 -2b: Saturation fluence Fsat from the TWA-fit versus dose for Arsenic and

Oxygen implanted GaAs, annealed at 500 - 700°C / 20min as well as unannealed.
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Fig. 4.3.1 - 2c: Nonbleachable reflectivity ARns from the TWA-fit versus dose for

Arsenic and Oxygen implanted GaAs, annealed at 500 - 700°C / 20min as well as 

unannealed.
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Fig. 4.3.1 - 2d: Low fluence reflectivity Run from the TWA-fit versus dose for Arsenic

and Oxygen implanted GaAs, annealed at 500 - 700°C / 20min as well as unannealed.
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Finally, it is interesting to observe the behaviour of the samples under very 
high fluence excitation. As an example Fig. 4.3.1 - 3 shows R(FP) of the unimplanted as 
well as the 81013 cm2 O-implanted, 500°C annealed sample. In both cases the 
reflectivity actually decreases, following a peak which is located at ca. 700pJ-cnv2 in the 
unimplanted case and at ca. llOOpJcm-2 in the implanted case. However, in either case 
the samples incurred damage when subject to fluences beyond those corresponding to 
Rpeak for prolonged times (minutes or longer). This damage was initially noticeable 
through an overall decrease in R(FP) and became clearly visible under the microscope 
after longer exposure. The inset in Fig. 4.3.1 - 3 shows the linear plot of R(FP) of the 
unimplanted sample together with an extrapolated TWA-fit (performed for F < 
400pj cm-2) as well as the difference between them. Interestingly, the difference is 
rather linear, indicating that a process such as TPA could indeed be responsible for the 
decrease of R(FP). The inset also shows a fit which includes TPA using a travelling 
wave model. It was assumed that the saturable absorption and TPA were independent, 
allowing the use of RtwaxRtpa as the fitting model (see Appendix III). From this fit a 
TPA constant of ß = 230 cm/GW is deduced, which is 6-7 times larger than typical 
values quoted for LT-GaAs when measured close to the bandgap (X = 900nm) [86], 
This indicates that most likely the observed behaviour, hence the ß-value, is due to 
both TPA and FCA, which is effectively a delayed two-photon process. Both effects 
cause strong carrier heating and, through the carrier-phonon interaction, also lattice 
heating which could be the cause of the observed damage. From this picture one 
concludes that, in unimplanted GaAs, the observed nonbleachable losses, and part 
thereof in the implanted case, are due to TPA and FCA.

S10,
unimplanted

-  0.12 -sg 0.4

- 0.08

S55, 8-10 cm' 
O-impl., 500°C

----- extrap. TWA fit
•  m easured data 

—t— difference 
----- TWA fit incl. TPA

- 0.04 -

-  0.00
500 1000 1500 2000 2500

5 6 7 8 9 5 6 7 8 9

Pulse Energy Fluence, Fp (pJ cm’ )

Fig. 4.3.1 - 3: R(FP) for high fluences of samples S10 (unimplanted) and S55

(8-1013 cm'2, O, 500°C). The inset shows a linear plot of R(FP) and an extrapolated TWA- 

fit (performed for Fp<400|iJ cm'2) as well as the difference between both. The R(FP) data 

in the inset was fitted with a travelling wave model including TPA (see Appendix III), 

resulting in ß=230cm/GW.
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4.3.2. Temporal Response

In the second, pump-probe, measurement the time resolved differential 
reflectivity was determined for different pump fluences using pump-probe delays as 
long as 300ps. As an example, Figs. 4.3.2 - la,b show the normalised differential 
reflectivity, dR, for some Arsenic (- la) and Oxygen (- lb) implanted samples for 
different doses and annealing conditions compared with the unimplanted case. As in 
the first measurement, the dominating mechanism causing the reflectivity change is 
absorption bleaching in the GaAs layer. Contributions to dR originating from changes 
in the real part of the complex refractive index of GaAs are negligible here. The pump- 
excited carrier density in the probed volume lay between 1.5 and 3.5T018cnv3 at a 
pump fluence of Fp = 28pjcnv2. To estimate the carrier density it was assumed that the 
peak of the radial carrier distribution was probed. This is valid since the probe spot 
was more than 3 times smaller than the pump spot. Then, using the samples' R(FP) - 
data, the carrier density calculates as

" = M  Fp h ^ iT c  ( 4 3 2 - v

where d abs is the absorber thickness and the factor of 2 is due to the peak fluence. 
Strictly speaking, N is the density of absorbed photons and only corresponds to the 
carrier density as long as the carrier generation process is dominated by single-photon 
transitions. This is the case for a pump fluence of 28pj cm-2.

All samples displayed a multi-exponential response corresponding to carrier 
thermalisatiorv and cooling within the first several lOOfs, and trapping and 
recombination via deep-level traps introduced by ion-implantation. As is apparent 
from the sample data in Figs. 4.3.2 - la,b, increasing implantation dose or decreasing 
annealing temperature both result in faster capturing-related signal decay, indicating 
that the density of deep-level traps is higher under these conditions, as would be 
expected. Furthermore, the fastest signals (unannealed and 11013 cm-2 As implanted , 
500°C/20min annealed samples) decay with effectively a single exponential with time 
constants <200fs and are dominated by carrier capturing, masking even the cooling 
process. Signals dominated by fast capturing evolve to negative differential 
reflectivity, i. e. photo induced absorption (PIA), levelling off at a dR value, usually a 
few percent or less, below zero. This is then followed by very slow (several lOOps) 
evolution to dR=0 (see inset in Fig. 4.3.2 - lb). This has been similarly observed in the 
ion-implanted SESAMs described in chapter 2 as well as in LT-GaAs [43], and was 
attributed to slow recombination of captured carriers which provide additional 
transitions from mid-gap to high levels in the bands, after bleaching from band-filling 
has ceased due to fast and complete capturing. In contrast to the case of LT-GaAs [43], 
the ion-implanted samples did not display any slow (> lOOps) residual bleaching 
attributable to completely filled traps, even at the highest fluence used in the 
measurements. Furthermore, PIA, if present, is very small. This could indicate the 
presence of an efficient trap emptying mechanism. As mentioned in section 4.1, it is
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hoped that the micro-structural studies, under way, will shed more light on the nature 
and density of deep level traps in ion-implanted GaAs.

------unimplanted

------As, 1-1011 cm"2, 500°C

-----As, 1 1011 cm’2, 600°C

.......  As, 1-1012 cm'2, 500°C

Delay (ps)

Fig. 4.3.2 - 1a: Differential reflectivity dR for Arsenic implanted GaAs for different

doses and annealing conditions. The carrier density was approximately 2.5-1018cnT3 at a 

pump fluence of 28|iJ-cm’2.

0 5 10 15 20 25 30
Delay (ps)

Fig. 4.3.2 - 1b: Differential reflectivity dR for Oxygen implanted GaAs for different

doses and annealing conditions. The carrier density was approximately 2.5-1018cm 3 at a 

pump fluence of 28pJ-cm'2. The insets show the evolution on a logarithmic scale and 

photo-induced absorption (PIA) respectively.
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In order to compare the differential reflectivity data of all samples, an effective 
recovery time Ta was defined as the delay, following the maximum, at which the dR 
signal crossed the 1/e level. This definition of Ta is not the only possible one. For 
instance, the data could be fitted with a multi-exponential, the fit normalised suitably, 
and an effective single exponential time constant calculated through integration. 
However, the 1 /e level crossing method is less complicated and serves well as a means 
of comparison. Figs. 4.3.2 - 2a,b depict Ta for both implants as a function of dose and for 
the different annealing conditions. Interestingly, Ta = 17.5ps for the unimplanted 
sample, which is much faster than expected from pure radiative recombination in 
GaAs (x > Ins). Similar response times have been observed in GaAs grown at normal 
temperature with MBE [84], and are attributed to impurity and surface recombination. 
The general trends are as expected for both implants. Firstly, the higher the annealing 
temperature the slower Ta and, secondly, the higher the ion dose the faster ta. Note 
that the fastest response times displayed (<200fs) are limited by the measurement 
pulse width. However, for the Arsenic implant the trend clearly becomes reversed for 
doses > 11014 cm 2 where Ta increases again. This seems to correlate with the Fsat data 
of section 4.3.1, where a decrease of Fsat was observed under the same conditions. In 
the case of the Oxygen implant a similar reversal is anticipated only for much higher 
doses (> 1T016 cm2), as is evident from the line for the 600°C anneal. Furthermore, 
slightly shorter Ta seem to be possible with the Oxygen implant and the variation of Ta 
with the ion dose appears faster for the Arsenic compared to the Oxygen implant.
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Fig. 4.3.2 - 2a: Effective response time ta versus dose for Arsenic implanted GaAs,

annealed at 500 - 700°C / 20min as well as unannealed. The fastest ta (<200fs) are 

pulsewidth limited. The probed carrier density was approximately 2.5-1018cm'3 at a pump 

fluence of 28pJ-cm‘2.
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Fig. 4.3.2 - 2b: Effective response time ta versus dose for Oxygen implanted GaAs,

annealed at 500 - 700°C / 20min as well as unannealed. The fastest ta (<200fs) are 

pulsewidth limited. The probed carrier density was approximately 2.5-1018cm'3 at a pump 

fluence of 28|iJ-cm‘2.

In order to characterise the samples further, their temporal response was also 
measured for varying pump excitation. Fig. 4.3.2 - 3a shows a 3D plot of the absolute 
reflectivity of the unimplanted sample as function of time and pump fluence. Most 
importantly, this figure shows that the response of the unimplanted sample changes 
markedly for Fp > lOOjiJcnr2, where a second reflectivity maximum appears at a delay 
of around 5ps. The absorption actually turns into gain for Fp > 400pJ-cnv2, and at Fp = 
769pjcnv2 a maximum reflectivity of 1.3, corresponding to a gain constant of 2600cm1, 
is observed (see Fig. 4.3.2 - 3b for a projection of a number of traces on the time axis). 
This is a remarkably high gain for bulk GaAs at room temperature and A,=830nm. The 
appearance of this is explained as follows. For low fluences (clOOpJcnv2) the 
generation of free carriers is dominated by single-photon absorption. However, the 
single-photon transition becomes progressively bleached for increasing pump fluence 
and two-photon processes such as FCA and TPA start carrier heating. The latter is 
most likely dominated by FCA, considering the large discrepancy between typical TPA 
constants for GaAs and the fitting constant found in section 4.3.1. Therefore, whilst the 
single-photon transition is nearly bleached, the two-photon processes provide an 
efficient absorption mechanism, creating hot carriers which cool to the lattice 
temperature with time constants of several 100 fs. Once cool, the carrier density is high 
enough to cause gain at the pump-probe wavelength. Signals, virtually equal to those 
observed here (except for the appearance of gain), were seen in GaAs/AlGaAs 
semiconductor waveguide saturable absorbers [87, 88] where the above intuitive 
picture was supported through simulations in the framework of the density matrix 
approach. Using an intraband thermalisation time constant of ith = 50fs and electron
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and hole cooling time constants of xe = 650fs and Xh = 200fs respectively, these 
simulations reproduced the secondary maximum at t = 5ps. Further evidence that hot 
carrier generation through FCA and TPA is responsible for the appearance of the 
secondary reflectivity maximum is obtained from carrier density calculations. Using 
the R(Fp)-data of the unimplanted sample, together with (4.3.2 -1),  results in a density 
of absorbed photons of N ~ 2.5T019cnv3 in the probed volume for the case of the 
highest pum p fluence (Fp = 769jijcm2). On the other hand, it is possible to use the 
Banyai-Koch plasma theory [38] to model the absorption (gain) of the unimplanted 
sample at pump-probe delays greater than the thermalisation and cooling times, for 
instance at t = 5ps. When incorporated in the device modelling, this results in a 
necessary carrier density of N « 5...6T018cnv3, assuming a lattice at room temperature, 
in order to achieve R=1.3 at 5ps and A,=830nm. The difference between the two 
densities could be explained through the presence of a three-particle process (Auger). 
However, using typical values for the Auger constant in GaAs (A = 71 O'30 cnWs-1 [46]) 
and N = 2.5T019cnr3, the calculated inverse Auger rate, (N2 • A )1, is still > 200ps and 
therefore too slow to create the difference in the calculated carrier densities. Therefore, 
the observed gain at 5ps delay must be due to "chilled" hot carriers, generated through 
FCA and TPA which are also responsible for the discrepancy in the density of 
absorbed photons and the carrier density calculated with the Banyai-Koch model at t = 
5ps. Finally, Fig. 4.3.2 - 3b shows that the peak of the response during pump-probe 
correlation occurs at a fixed, fluence independent time, for Fp < lOOpJcnv2, i. e. the 
regime dominated by single-photon transitions. For higher fluences this peak shifts to 
earlier times, indicating the onset of the carrier heating regime. Here FCA and TPA 
increase the total absorption around the peak of the pum p pulse, causing the 
reflectivity to drop off earlier compared to the single-photon case where the response 
is close to integrating.

unimplanted GaAs

IT  0.6

time (ps)

time (ps)

Fig. 4.3.2 - 3: Fluence and time dependent response: (a) unimplanted sample and

(b) projection on time axis for some fluences.

In contrast to the unimplanted sample, Figs. 4.3.2 - 4,3,6,7,8 show the response 
of the samples Arsenic T1014cnv2, 600°C/20min (- 4), 700°C/20min (- 5) and lT 0 13cnv2, 
500°C/20min (- 6) as well as Oxygen 81014 cm-2, 600°C/20min (- 7) and 8T015 cm*2,
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600°C/20min (- 8). For all samples annealed at or above 600°C/20min, remnants of the 
hot carrier tail are present, and only for the unannealed (not shown) and 1T013 cm 2 
Arsenic implanted, 500°C/20min annealed samples does it vanish completely for the 
fluences used in the measurements. For a given fluence, the prominence of the hot 
carrier tail depends on the dose and the annealing temperature. This is to be expected 
since the density of deep-level traps also depends on these parameters. Assuming a 
model where cool and hot carriers are captured at equal rates, one can give a rough 
estimate for the trap density in the implanted samples. Using a carrier density of 
0.5...1T019 cnv3 at Fp = 700pJ-cnv2, the density of deep level traps must lie below this 
value even for the highest dose implants annealed at or greater than 600°C/20min, 
since a slight residual bleaching is observed which indicates that the traps are filled. 
Preliminary results from the NIRA and MCDA measurements show indeed that the 
density of A sg3+ lay in the low 1018 cm3 for O-implanted samples annealed at 600°C or 
higher. However, in these first measurements, no clear correlation could be found 
between the implantation dose and the measured A sg3+ densities. So far it is not clear if 
this is due to the proximity of the detection limit in the measurement, or if the A sg3+ 

play a less dominant role as traps in these ion-implanted samples. On the other hand, 
the trap density in the sample Arsenic, l-1013cnv2, 500°C/20min (Fig. 4.3.2 - 6) must be 
higher than 0.5...1 TO19 cnv3 since no residual bleaching is observed. For that sample, 
the response is clearly pulsewidth limited whilst the modulation is strongly reduced. 
Although signals from residual bleaching are undesirable in an actual application, 
their relevance must be put into perspective here. Firstly, operation under high fluence 
excitation, i. e. at the peak of R(FP) (see Fig. 4.3.1 - 2), leads to gradual damage and 
should be avoided. Secondly, for the fastest samples with still appreciable modulation 
(e. g. O, 8TO14 cm 2, 600°C/20min), the residual bleaching is small and vanishes within 
5ps, recovering to the low fluence reflectivity R im , with only 1 or 2% of PI A. This is 
again an indication for the presence of an effective recombination mechanism between 
captured carriers, which empties the bands even if the traps are overfilled.

Arsenic, 1 1014cnr2, 600°C/20min

£  0.4

time (ps)

time (ps)

Fig. 4.3.2 - 4: Fluence and time dependent response of the sample: (a) Arsenic,

1 • 1014 cm'2, 600°C/20min and (b) projection on time axis for some fluences.
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Arsenic, 1 1014cnr2, 700°C/20min

a)

time (ps)

cc 0.4

time (ps)

Fig. 4.3.2 - 5: Fluence and time dependent response of the sample: (a) Arsenic,

1-1014 cm'2, 700°C/20min and (b) projection on time axis for some fluences.

Arsenic, 1 1013cnr2, 500°C/20min

cc 0.4

time tps)

time (ps)

Fig. 4.3.2 - 6: Fluence and time dependent response of the sample: (a) Arsenic,

1-1013cm'2, 500°C/20min and (b) projection on time axis for some fluences. Note the 

different time scale in (b).

Oxygen, 8 1014cnv2, 600°C/20min

time (ps)

time (ps)

Fig. 4.3.2 - 7: Fluence and time dependent response of the sample: (a) Oxygen,

8-1014 cm'2, 600°C/20min and (a) projection on time axis for some fluences.
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Oxygen, 8T015cnv2, 600°C/20min

oc 0.4

time (ps)

time (ps)

Fig. 4.3.2 - 8: Fluence and time dependent response of the sample: (a) Oxygen,

8-1015 cm'2, 600°C/20min and (b) projection on time axis for some fluences.

Finally, it is in order at this point to compare the large signal SESAM response 
discussed in section 2.2.3 with the signals observed here. The major difference between 
the two cases is the following. Whilst the unimplanted SESAM became faster with 
increasing pump fluence and no evidence of a hot carrier tail was observed, the latter 
is clearly present here. At the time of writing there is not enough evidence to explain 
the difference conclusively. One could surmise, however, that the lattice temperature 
in the SESAM case is much higher than in the case of the test structures since the 
absorber thickness is a factor 10 smaller, and no acousto-optic modulator was used for 
the suppression of thermal effects. In this case, almost no cooling signal would be 
observed and the fast transient could be explained as signals due to hole-burning and 
thermalisation only.

4.3.3. Modulation vs. Response Time Performance

Using the results of the modulation and pump-probe measurements, the 
different samples can be characterised by plotting their modulation behaviour 
normalised to that of unimplanted GaAs, using the parameter

Mmax
AR

1 ~  R lin

1 Rlin,GaAs

GaAs
, against the effective recovery time Ta- Note that for all

samples, except for the high dose implanted and unannealed ones, Rim was
Aft

approximately constant and hence A/max ~ -------- . However, Mmax was introduced for
A*GaAs

generality since a reduction in Rim, (even if ARmax remained unaffected after 
implantation) should be reflected by a poorer assessment of modulator performance, 
and this would be masked if the potential effect of Rim were omitted. Samples 
implanted with different ions and doses, and annealed under different conditions are, 
therefore, represented as points in the (xa , Mmax) plane. This is shown in Fig. 4.3.3 - 1 
for the complete set of annealed samples. The unannealed samples are not shown
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because, although extremely fast, their M-value was very low and varied due to in situ 
annealing under high fluence excitation (see section 4.3.1).
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Fig. 4.3.3 -1: (left , Mmax) plane with all annealed samples, each represented by a
single point.

There is a clear tendency for the data to fall on a well-defined curve relating the 
achievable modulation to the speed of recovery. Unimplanted GaAs is located on the 
right hand side of this graph, whilst increasing the implant dose, for a particular 
annealing condition, progressively moves the data to the left (shorter ta and smaller 
Mmax). On the other hand, increased annealing temperatures, at a particular 
implantation dose, move the points back to the right (towards longer Ta and larger 
Mmax). Generally more than an order of magnitude higher dose is required using an O- 
implant compared with As to achieve the same combination of response time and 
modulation depth. Fig. 4.3.3 - 1 underlines the fact that a specific (ta , Mmax) 
combination can be achieved by using a range of different combinations of ion species, 
doses and annealing conditions. This suggests that the types of defects in annealed As 
and O implanted GaAs are quite similar and the projected curve defines a rather 
general relationship between Ta and Mmax-

There are, however, outlying cases. Firstly, for Arsenic doses above 11012 cm 2, 
annealed at 500°C/20min, Mmax drops rapidly whilst Ta becomes pulsewidth limited, 
increasing the uncertainty on the location of the point As, 1T013 cm 2, 500°C/20min. 
Secondly, Arsenic doses above 11014 cm2 actually reverse the general trend (see 
sections 4.3.1 and 4.3.2), such that whilst Mmax decreases, Ta increases. This is apparent 
in the lines for As, 600°C/20min and 700°C/20min, the latter indicating also the 
irreversibility of the change even at higher annealing temperatures. It will be shown 
below that the departure indicates a change in the nature or composition of the defects 
created by the implantation process. Earlier time resolved differential reflectivity
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measurements on unannealed H+-implanted GaAs [79] revealed a so-called 'lifetime 
saturation' which was attributed to the formation of an amorphised layer in the 
implanted material. In order to investigate this possibility on the microscopic level, 
Rutherford Backscattering Spectroscopy-Channelling (RBS-C) measurements [32] were 
performed on the Arsenic implanted samples for doses ranging from 11013 cnv2 to 
11016 cm-2 before and after annealing at 600°C/20min. The RBS-C data, shown in Figs. 
4.3.3 - 2a,b, reveal that for a dose of 11014 cnv2 a buried amorphous layer was formed in 
the unannealed sample (- 2a), which recrystallised upon annealing giving a 
dechannelling yield only a fraction higher than that of the unimplanted, fully 
crystalline, sample (- 2b). For higher doses the amorphous layer extends to the surface 
and further towards the Bragg mirror, recrystallisation upon annealing is poor, and 
RBS-C signals typical of those of extended defects are observed (- 2b). This was further 
confirmed by cross-sectional Transmission Electron Microscopy (TEM) measurements. 
Figs. 4.3.3 - 3a,b show the micrographs for the 11014 cnv2 (- 3a) and 11015 cnv2 (- 3b) 
implanted samples before and after annealing. Visible are the amorphous layers 
followed by a crystalline region, formed upon implantation, in both cases. Thermal 
annealing resulted in good recrystallisation with small clusters as well as dislocation 
loops in the case of the 11014 cnv2 implanted sample. For the 11015 cnv2 implant, poor 
recrystallisation is observed, with a top polycrystalline layer followed by a region of 
dislocation loops.

Depth (nm)
600 500 400 300 200 100 0

unannealed

▲ random

■  1-10 cm’ , unann.
------ unimplanted

Energy (MeV)

Fig. 4.3.3 - 2a: RBS-C data of 1 -1014 cm'2 and 1 -1015 cm'2 Arsenic implanted,

unannealed test structures. For comparison the unimplanted and random cases are also 

shown.
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Fig. 4.3.3 - 2b: RBS-C data of 1 • 1014 cm'2 and 1 -1015 cm'2 Arsenic implanted,

600°C/20min annealed test structures. For comparison the unimplanted and random 

cases are also shown.

Fig. 4.3.3 - 3a: TEM images of 1-1014 cm'2 Arsenic implanted test structure before

and after annealing at 600°C/20min. Before annealing (left), an amorphous layer 

followed by a crystalline region can be identified, whilst annealing (right) results in good 

recrystallisation with small clusters as well as dislocation loops.
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Fig. 4.3.3 - 3b: TEM images of the 1-1015 cm'2 Arsenic implanted test structure

before and after annealing at 600°C/20min. Before annealing (left), an amorphous layer 

followed by a crystalline region can be identified, whilst annealing (right) results in poor 

recrystallisation with a top polycrystalline layer followed by a region of dislocation loops.

For nonlinear optical modulator applications, implantation doses which 
generate amorphous layers are clearly undesirable, even if recrystallisation is possible, 
since the onset of a departure from the projected Mmax vs. Ta curve can already be 
observed under these conditions. For O implants higher doses are needed for 
amorphisation since O is lighter than As. This suggests that, with O implantation, 
shorter Ta can be obtained since higher doses can be used without amorphisation. For 
instance, the 8T0U cm2 O-implanted, 600°/20min annealed sample, achieves a Ta < 
400fs, preserving 80% of the modulation Mmax of unimplanted GaAs. It is possible that 
lighter ions would allow one to produce even shorter ta by avoiding amorphisation 
and thereby also preserving the highest possible modulation. A different method of 
avoiding amorphisation would be to implant at elevated temperatures. Fig. 4.3.3 - 1 
clearly motivates further study to explore these concepts. Finally, it should be noted 
that specific devices with GaAs absorber thicknesses different from that used here will 
require a change in implant energy and in turn will lead to slightly different 
amorphisation thresholds. Nevertheless, the present study can be used as a guide for 
achieving a specific recovery time and modulation in GaAs through Arsenic and 
Oxygen ion implantation for an arbitrary device geometry.

4.4. Summary

In summary, a study of the nonlinear absorption modulation and recovery time 
of a large set of As- and O-ion implanted GaAs samples was performed. The samples 
(0.5jim of AR-coated GaAs on a Bragg-mirror) were measured in reflection with a 
single beam as well as a pump-probe configuration, using lOOfs laser pulses at 830nm. 
The fluence dependent reflectivity (R(FP)) data were fitted with a travelling wave 
saturable absorber (TWA) model from which the low fluence reflectivity Rim, the
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bleachable and nonbleachable reflectivities AR and ARns, as well as a saturation fluence 
FSat were deduced, and a normalised modulation parameter Mmax defined. From the 
pump-probe data (differential reflectivity dR) each sample was further characterised 
by an effective recovery time Ta-

It was shown that both the response time xa and modulation Mmax decrease 
through ion implantation with the decrease in Mmax being due to increasing non
bleachable losses, ARns, for annealed samples. Using a Rutherford Backscattering 
technique, it was shown that, for doses below the amorphisation threshold, the data 
from all annealed samples lay on a well-defined curve in the (xa , Mmax) plane. This 
suggests that the residual defects after annealing of As- and O-implanted GaAs are of 
a similar nature (point defects) and that the curve defines the achievable (xa , Mmax) 

performance of ion implanted GaAs. Oxygen, being the lighter ion, can be implanted 
at higher doses than As without amorphisation, creating more point defects and 
leading to shorter xa whilst preserving highest possible modulation. For the 81014 cm-2 
O-implanted, 600°/20min annealed sample Ta  < 400 fs and Fsat = 44 pjcnv2 at 80% of 
the modulation of unimplanted GaAs were measured. Note, that the saturation fluence 
is only about twice that of unimplanted GaAs whilst the response time is reduced by a 
factor of 50.

Under high fluence excitation (Fp > lOOpJcnv2) the temporal response of the 
samples acquires a secondary peak following the pump-probe correlation. These 
signals were attributed to the cooling of hot carriers generated through carrier heating 
due to free carrier and two-photon absorption during the pump pulse. Most 
prominently, this leads to the appearance of a very high optical gain of 2600 cnr1 at 5ps 
delay in the unimplanted sample. Depending on implantation dose and annealing 
condition, the hot carrier peak is strongly suppressed or not present for the implanted 
samples.

Overall, it was shown that ion-implantation is a useful and extremely versatile 
process for making ultrafast absorption modulation devices.
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Chapter 5

A SESAM Mode-Locked Nd :YV04 Laser 
with Variable Output Pulsewidth

A Nd:YV04 laser, mode-locked by unimplanted as well as Arsenic implanted 
InGaAs SESAMs is presented in section 5.1. Using mode-locking experiments and 
computer simulations, it is shown in section 5.2 that pulsewidth control by a factor of 
2-3 is possible through variable output coupling whilst self-starting is maintained.

5.1. Introduction and Cavity Design

There are several well established techniques for the generation of ps-pulses in 
solid-state lasers. These include active mode-locking [89, 90], passive mode-locking 
with saturable absorbers such as dyes [91], Kerr-lens mode-locking (KLM) [94], 
coupled cavity and SESAM mode-locking [7, 10], and passive Q-switching of micro
cavity lasers [92]. Generally, active mode-locking involves the use of an acousto-optic 
modulator, rf-driver and cavity length stabilisation, which increase the cost and size of 
systems considerably. However, for the generation of pulse energies at the mj level 
with kHz repetition rate, the 'active-active' (actively mode-locked and Q-switched) 
configuration is still a commonly used option [93]. The use of dye-jets as saturable 
absorbers for passive mode-locking suffers from the relatively fast degradation and the 
inconvenience of handling of the dye. It has been shown that KLM is a feasible option 
for the generation of ps-pulses in solid state laser materials such as Nd:YAG [94, 95]. 
When a glass of high nonlinear refractive index, such as SF57, was introduced in a 
second intra-cavity focus, KLM was self-starting in a Nd:YAG laser [95]. However, the 
stringent requirements for cavity alignment associated with self-starting KLM are a 
considerable disadvantage when the long term stability of a laser system is an issue. 
With the advent of coupled cavity mode-locking, in particular the resonant passive 
mode-locking (RPM), a relatively low maintenance mode-locking mechanism became 
available [5]. The coupled cavity typically contained a semiconductor saturable 
absorber and was tuned to anti-resonance, thereby minimising the intra-cavity losses 
and providing nonlinear modulation of a few tenths of a percent. These conditions 
generally allowed for a stable cw mode-locking operation which was self-starting due 
to the resonant nonlinearity of the semiconductor saturable absorber (bulk GaAs or 
InGaAs multiple quantum well structures) inside the coupled cavity. Additionally, the 
response time of the saturable absorber could be chosen by varying the growth 
temperature of the molecular beam epitaxy (MBE) process. However, it was soon 
realised that the dimensions of the coupled cavity could be shrunk to those of a micro
cavity, arriving at the monolithic device called anti-resonant Fabry-Perot saturable 
absorber (A-FPSA) or semiconductor saturable absorber mirror (SESAM) [10]. As was 
outlined in the introduction (chapter 1), over the last 5 years, SESAMs were thoroughly
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successful in mode-locking large variety of solid-state laser materials. Their 
advantages are clear: they are compact and allow simple cavity designs; they produce 
self-starting mode-locking of ps and fs pulses; and their properties can be tuned to 
cover a large range of lasing wavelengths. Additionally, SESAMs can be used as 
passive Q-switches in high gain micro-cavity lasers, adding essentially no further 
length to the cavity, and thereby allowing the generation of Q-switched pulses in the 
ps regime [92].

In this chapter, a Nd:YVC>4 laser mode-locked by an InGaAs-based SESAM is 
presented. SESAM mode-locking of this crystal with very attractive lasing properties (a 
comparison between Nd:YVC>4 and Nd:YAG is given in chapter 6, Table 6.1.1) has been 
reported earlier [16, 96]. The high gain and absorption cross-section of NdiYVCh make 
it an ideal choice for diode-pumping, where the overlap of the pump with the laser 
mode is usually much worse than for Ti:Sapphire pumping. The relatively large 
absorption bandwidth relaxes the pump-diode specifications, hence reduces cost. The 
excited state lifetime of Nd:YVC>4 is ~ 90ps. In the context of cw mode-locking stability, 
this value compares favourably with those of Nd:YAG or Nd:YLF (> 200|as). Therefore, 
Nd:YVC>4 is an ideal laser material for the development of a diode-pumped SESAM 
mode-locked laser, producing ps pulses for Electro Optic Systems' satellite laser 
ranging applications. Furthermore, for reasons explained in chapter 6, it was decided 
that an amplifier head, developed in parallel, should make use of the excellent gain 
available from Nd:YV04. Therefore, to match oscillator and amplifier wavelengths, this 
material is the natural choice for the construction of an oscillator. At X = 1.06pm, the 
typical pulsewidth obtained from a SESAM mode-locked Nd:YV04 laser was around 
6ps [96]. For mm accuracy ranging, pulsewidths of >10ps are required at this 
wavelength. Therefore, the oscillator should preferably feature 'on-the-fly' 
continuously adjustable output pulsewidth, Tfwhm, ranging from the shortest possible 
to Tfwhm ~ 20ps.

The laser used in the experiments is shown in Fig. 5.1 - 1. The cavity has the 
1.1% doped NdiYVCh gain medium at one end (GE-cavity). Due to the gain flattening 
through enhanced spatial hole burning (SHB), the GE configuration was shown to 
produce pulses up to three times shorter than gain-in-the-middle (GM) lasers [97, 98]. 
The crystal has a wedge of 5° and suitable anti-reflection (AR) and high-reflection 
(HR) coatings on its surfaces. The transmission of the end mirror for the pump 
wavelength of 808.5nm was measured to be 85%. The cavity uses AR-coated lenses 
instead of the usual curved mirrors to produce foci inside the laser crystal as well as on 
the SESAM. There is no particular advantage in using lenses, although the mode does 
not display any astigmatism in this case. The losses introduced by lenses are usually 
higher than those of mirrors. Variable output coupling was implemented using a thin 
film polariser (TFP) in conjunction with an AR-coated zero order X/4 plate. NdiYVCh 
is a highly birefringent crystal with its highest gain cross-section along the 
crystallographic c-axis (vertical). Therefore, with the axis of the A./4 plate aligned 
vertically, output coupling can be minimised whilst a rotation causes output coupling 
equivalent to that of a mirror with reflectivity
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*„„,(©) = cos2 (2 0 ) <5.1 - 1)

where 0  is the rotation angle. Essentially, the output coupler transmission, Tout(0) = 1 - 
Rout(O), generated by the combination of the TFP and the X/4  plate is equivalent to 
that of a X/ 2 plate between two crossed polarisers. Therefore, with proper alignment 
of the laser crystal c-axis and the TFP angle of incidence, (5.1 - 1) can be expected to 
give accurate values for the output coupler reflectivity.

It will be shown below that varying the output coupling, and hence the cavity 
loss, the output pulsewidth of the laser can be varied by a factor of up to three, still 
maintaining self-starting mode-locking.

SESAM

Ti:Sapph or 
diode pump

5° wedged Nd:YV04 
(L = 1.8mm) with HR.

Fig. 5.1-1:  SESAM mode-locked Nd:YV04 laser cavity with variable output coupling.

The total length of the cavity was 1.4m, leading to an approximate mode
locking repetition rate of 105MHz. Depending on the pum p source, different focal 
length lenses were used. For Ti:Sapphire pumping fi = 38.1mm and f2 = 100mm were 
used. Then, for Li = 38.8mm and L2 = 100mm the mode radii are calculated to be 15pm 
on the SESAM and 56pm inside the gain medium, when operating in the middle of the 
stability band. The pum p mode radius was ~ 40pm in this case. Due to the large 
absorption (a ~ 30cm 1), no pump light was transmitted through the 1.8mm length of 
NdiYVCh when Ti:Sapphire pumping was used. For diode-pumping, a fibre-coupled 
808nm diode provided > 1.2W output from the NA=0.25, d=100pm core. Although the 
absorption length for diode-pumping is larger (Oeff ~ 12cm1) due to the diode's 
wavelength spread and unpolarised output, it is still possible to achieve good 
extraction efficiencies by simply butting the fibre output to the end face of the laser 
crystal, leaving -100pm free space. This is largely due to the high gain cross-section in 
combination with an absorption length of < 1mm. Under the described conditions, a
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pump beam radius of < 1 0 0 pm can be maintained inside the NdiYVCh over a distance 
of ~ 500pm. Therefore, the laser mode size must be increased accordingly. It was found 
that a mode radius of -lOOprn was large enough to prevent instabilities from higher 
order transverse modes when mode-locking. This results in fi = 50mm and f2 = 125mm 
with the mode radii of 15pm on the SESAM and 100pm inside the gain medium for Li 
= 51.8mm and L2 = 110mm and operation in the middle of the stability band.

For mode-locking a number of different high-finesse InGaAs-based SESAMs 
were available. All samples were grown by MOCVD at high temperatures and 
included a 25-period GaAs/AlAs Bragg mirror centred at 1064nm, followed by a 
strained Ino.4Gao.6As/GaAs multiple quantum well (MQW) structure with 5nm well 
thickness and lOnm barrier thickness. These thicknesses are in accordance with 
Matthews' rules for the prevention of cross-hatching in the strained InGaAs/GaAs 
system [99]. Although no cross-hatching was observed, an inspection under the 
microscope revealed a pm-sized roughness which is most likely due to strain. The 
exciton wavelength in this design was calculated to be around llOOnm, although no 
room temperature photoluminescence could be detected, and optical absorption 
measurements of an AR-coated sample showed a pronounced absorption tail without 
excitonic enhancement. Typical absorption values at X = 1064nm were = 3000 cm 1. 
Two samples were then implanted with 350keV As ions of doses 5T010 and 1T013 cnv2 

respectively. The 11013 cnv2 sample was to be annealed. However, due to technical 
difficulties, annealing could not be performed and only the unannealed 5T010 cnv2 

implanted sample could be used for mode-locking. Three samples remained 
unimplanted and were coated with 5-, 7- and 9-layer TiO/Si02 top mirrors 
respectively whilst the 51010 cnv2 implanted sample was coated with a 7-layer top 
mirror. Fig. 5.1 -2a shows the reflectivity of a typical SESAM sample before and after 
the top mirror was applied. The low power reflectivity of the sample with a 7-layer top 
mirror is * 98%.

■f' 0.6 -

cc 0.4
------ with top mirror
........without top mirror

1000 1020 1040 1060 1080 1100 1120 1140
wavelength (nm)

[SESAM 1 (unimplanted)l

Fit for > 2ps:

time (ps)

Figs. 5.1 - 2a,b: (a) Low power reflectivities of SESAM without top mirror coating

and with 7-layer top mirror, (b) Differential reflectivity of unimplanted SESAM without 

top mirror, measured with 1.7ps pulses. The single exponential fit, starting at a delay of 

2ps, results in a ta= 30ps.
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In order to determine the SESAMs' carrier lifetime, the 1.7 ps pulses from an 
actively mode-locked Nd:YLF laser with fibre/grating compressor were used in a 
pump-probe measurement. The compressed pulses had residual pedestals of 10% with 
respect to the peak. Fig. 5.1 - 2b shows the pump-probe trace of the unimplanted 
sample w ithout top mirror. Neglecting the effects of the pedestals, a single exponential 
fit starting at a delay of 2ps gives a recovery time constant of Ta = 30 ps. From the 
experience gained with As implanted GaAs of similar thickness (see chapter 4, Fig. 
4.3.2 - 2a), the 5T010 cnv2 implanted unannealed sample (not measured) is expected to 
display response times of < lps, although fluence dependence of the recovery is 
anticipated.

For the sample without top mirror, a maximum modulation of dR = 10% was
measured. This is a relatively low value when compared with that for unimplanted
GaAs. In order to estimate the modulation depth of a coated SESAM from that of the
uncoated, the low power reflectivity of the coated structure should be known. Usually,
measurements of the absolute reflectivity of anti-resonant SESAMs with specular

*
reflectance techniques suffer from errors of around 1%. However, careful modelling of 
the SESAM structures indicates that the reflectivities at X = 1064nm are 98%, 99% and 
99.6% for the 5-, 7-, and 9-layer top mirror samples. Here, a Bragg mirror reflectivity of 
100% was assumed and scattering losses were neglected. Using these low power 
reflectivities and the modulation data of the uncoated sample, one calculates the 
maximum modulation depths of 0.31%, 0.15% and 0.06% respectively for the 5-, 7- and 
9-layer top mirror SESAMs. However, due to scattering losses (jim-sized roughness, 
nonideal Bragg mirror), the true low power reflectivities of the SESAMs are likely to be 
around 1% lower than the calculated values. For the saturation fluence the following 
argument is employed [22]: The degree to which the top mirror weakens the effect of 
the field inside the absorber layer is calculated from the ratio of standing wave - 
absorber overlaps in the two cases. For the 7-layer top mirror SESAM this leads to a 
factor of

4=

dabsJ \ESESAM 
0

0

= 0.0286 (5.1 - 2)

where Esesam and E are the electric fields of the standing wave inside the absorber with 
and without the top mirror respectively. The standing wave power distribution inside 
the absorber can be calculated, for instance, using matrix methods [37, 39, 40]. Then, 
the saturation fluence of the sample with top mirror is given by

FsatSAM -Fsat (5.1-3)

Defining a saturation fluence Fsat of the sample without top mirror as the fluence 

where dR = 0.5 ■ dRmax, then F]aLt = 1.05 mJ • cm~2 with Fsat « 30 \U ■ cm~2 . For the 5-layer
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and 9-layer samples the ^-factors become 0.0629 and 0.0130, respectively, with the 
associated saturation fluences of ~ 480 \\J • cm and ~ 2300 \U ■ cm

5.2. Experiment

Most of the data presented in this section were obtained with Ti:Sapphire 
pumping. This ensured well defined conditions, i. e. constant pump wavelength and 
absorption when the pump power was varied. It is stressed, however, that diode
pumping resulted in basically equal performance.

In any kind of laser, it is of interest to obtain an estimate of the linear losses, lo. 
For a four-level laser like Nd:YAG and Nd:YVC>4, the commonly used technique in this 
context is the Findlay-Clay analysis [100]. Here, the measured threshold pump powers 
at different output coupling, normalised by the threshold at zero output coupling, are 
plotted versus the logarithm of the inverse output coupler reflectivity. The curve is 
then fitted by

1 , i j
1+ — In

k  1^ ^out )
(5.2 - 1)

which is the theoretically expected behaviour, and which is used to deduce the loss 
constant per round trip, lo, from the slope of the graph. Whilst it can be very 
inconvenient to implement this procedure when different output mirrors have to be 
used, it is straightforward when for the cavity shown in Fig. 5.1-1  where the Rout 
values are adjustable and calculated using (5.1 - 1). Furthermore, one can calculate the 
small signal gain constant per round trip, go, from the same analysis since at threshold 
the gain saturation can be neglected. This leads to

So
V ^out ‘PH),

(5.2 - 2)

Fig. 5.2 - 1 shows the results of the Findlay-Clay procedure for a dielectric high 
reflector (HR) in place of the SESAM, as well as for the 7-layer top mirror SESAMs. For 
convenience, these SESAMs are referred to as SESAM 1 (unimplanted) and SESAM 2

f n(5-1010 cnv2 As implanted). Clearly, the threshold dependence on In -----  is
^ ^out J

superlinear whilst that of the small signal gain constant, go, is sublinear. The two main 
mechanisms causing departure from linearity in such situations are upconversion and 
thermal quenching. From the analyses and data presented in [101] it is obvious that the 
dominating effect here is upconversion. The latter is in fact clearly visible in Nd:YV04 
through the emission of yellow fluorescence which is greatly suppressed when lasing 
is established. Nevertheless, it is possible to obtain the linear losses from Fig. 5.2 -1 by 
taking the slope in the low power limit. This was achieved by performing a quadratic 
fit of the kind 1 + Cx • x + C2 • x to the data which leads to cavity round trip loss
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constants of = 0.042 for the HR and IqESAMs = 0.052 for either of the SESAMs. These 
losses are relatively high and are mainly ascribed to the large number of AR-coated 
surfaces within the cavity. Given the resolution of the measurements at low power as 
well as the early departure from linearity, the estimated error of this measurement is ~ 
±0.005. The slope efficiencies obtained for Rout = 92.4% under cw operation using a HR, 
and for mode-locked operation using SESAMs 1 and 2 were 40% and 34% respectively.

O HR 
□ SESAM 1 
A SESAM 2

200 400 600 800 1000
Pabs (mW)

In —

Fig. 5.2 - 1: Rndlay-C\ay plot of the laser with a HR as well as SESAMs 1 and 2. The

threshold behaviour is superlinear due to upconversion in Nd:YV04. The linear cavity 

losses are deduced from the slopes for Rout -> 1, found from quadratic fits which are also 

displayed (fine lines). The insets show the threshold behaviour close to Rout —> 1, and the 

round trip small signal gain constant, go, which is sublinear due to the upconversion 

process.

Mode-locking of the laser was possible with all SESAMs. However, the sample 
with a 5-layer top mirror caused the laser to operate cw mode-locked only for small 
values of output coupling but changed to Q-switched mode-locking operation for 
larger values. On the other hand, the SESAM with a 9-layer top mirror self-started the 
laser only for small output coupling. Both observations are related to the dependence 
of the modulation depth on the top mirror reflectivity, outlined before. As was shown 
in [52] (see also eqn. (3.2.1 -1) and context), for a large modulation depth both the laser 
gain and the SESAM need to be saturated more strongly in order to avoid Q-switched 
mode-locking operation. This means that output coupling must be kept low. On the 
other hand, for too small values of modulation depth, the saturation fluence is too high

dRand the mode-locking driving force of the SESAM, —§esam_ . j  [s not enough to build-
dl

up mode-locking from the mode beating noise, unless the intra-cavity intensity is very 
high, i. e. for low output coupling. For the laser under consideration, the SESAMs with
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a 7-layer top mirror provide a very good compromise and allow stable cw mode
locking for a large enough range of output coupling. Therefore only SESAM 1 and 
SESAM 2 are considered further on. The appearance of the Q-switched mode-locking 
instability also depends on the upper state life time of the gain material. Here, 
Nd:YV04 (tu = 90ps) fares better than Nd:YAG or Nd:YLF, which both have a xu > 
200jjs, but worse than Ti:Sapphire with an upper state life time of only a few ps.

Fig. 5.2 - 2a depicts the measured output pulsewidths and average output 
power as a function of the output coupler reflectivity Rout. The data were taken over 
the lasers' self-starting range which usually reached to the point of highest average 
output power. The SESAM saturation level for P abs = 680mW ranged from 1.5 times 
(R o u t ~ 83%) to 10 times (R o u t * 99.5%). Both SESAMs resulted in very similar behaviour, 
with the shortest pulsewidth (Tfwhm « 6.5ps) achieved for smallest output coupling. 
With the implanted sample (SESAM 2) in place, the laser was slightly more reluctant to 
self-start. This is to be expected since implantation decreases the modulation depth as 
well as the response time, thereby increasing the saturation fluence. Fig. 5.2 - 2a 
indicates that, for high enough small signal gain, it is possible to vary the output 
pulsewidth by a factor of 2 merely through an adjustment of the output coupling. 
Using SESAM 1 a factor of 3 was possible, although mode-locking build-up times were 
in the tens of ms in this case. Disregarding the data points for the smallest output 
coupling (R o u t = 0.995), the output power varies only by a factor 2 over the whole range 
of adjustment. When the output coupler reflectivity was fixed at 92.4% and the pump 
power, hence small signal gain, was varied, the output pulsewidth also changed (see 
Fig. 5.2 - 2b). However, the variation was smaller in this case.

-  200

-  lOO^

-  O SESAM 1,Pabs = 0.68W 
□ SESAM 2, Pabs = 0.68W

-  •  SESAM 1, Pabs = 0.51 W 
■ SESAM 2, Pabs = 0.51 W

_ ♦  no X/4 - plate (R^, = 1)

Fig. 5 .2-2a: Output pulsewidth, tfwhm, and average output power, P out, for

different values of output coupling, R out, and absorbed pump powers, P abs- The data were 

taken within the self-starting range of the laser.
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Rnnt = 92 .4%
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e -  SESAM 1 
-A- SESAM 2

Fig. 5.2 - 2b: Output pulsewidth, tfwhm, versus average output power, Pout. The

output coupler reflectivity was fixed at 92.4%.

The Tfw hm  values displayed in Figs. 5.2 - 2afb were measured using background 
free intensity autocorrelation. Tfw hm  was calculated from the autocorrelation width, 
assuming sech2 pulses. However, some of the autocorrelation traces depicted in Figs. 
5.2 - 3a,b have pedestals and are therefore not sech2 shaped. Furthermore, the traces of 
the longer pulses could carry small, irregular modulations. These were very sensitive 
to the tilt angle of the A/4 - plate, indicating the presence of etalon effects. Removing 
the A,/4 - plate results in a nominal output coupler reflectivity of Rout = 1. However, 
both output ports at the TFP display a small leakage (10...20mW for Pabs = 680mW), 
possibly due to a slight impurity in the polarisation state caused by thermally induced 
stress birefringence. This leakage was enough to perform autocorrelation 
measurements. For comparison, Figs. 5.2 - 3a,b include the autocorrelation for the case 
when the A/4 - plate was removed. In this case the pulses have a Tfwfim = 6.3ps, do not 
display any pedestals and are very close to the ideal sech2 shape (see Fig. 5.2 - 3c). 
Despite some uncertainty in the pulsewidths introduced by the pedestals, Figs. 5.2 - 
2a,b indicate a clear trend. Interestingly, the pedestals and modulation were less 
pronounced in the case of the implanted sample, SESAM 2. This indicates that the 
faster recovery time of SESAM 2 provides more loss for the low power pedestals than 
the unimplanted sample. Therefore, despite the generally small difference between the 
SESAMs' mode-locking performance, a faster recovery time is desirable for the 
generation of a cleaner pulse shape. Numerical simulations of the fast and slow 
saturable absorber mode-locking dynamics in the master equation framework [73] led 
to the same conclusion. However, in the present case it would be preferable to 
minimise the etalon effects which cause the appearance of the pedestals by optimising 
the AR-coating of the wave plate. Although no pulse spectra were measured, it is
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expected that the pulses have excess bandwidth due to the gain-at-the-end (GE) cavity 
configuration [97].

------ no X/4
—  - Rout = 0-995
........ Rou, = 0-924
-----  Rou, = 0.883

SESAM 2
(5 1 0 10 cm '2 

As implanted)

SESAM 1
(unimplanted)

---

time (ps)time (ps)

------no X/4 - plate present
------ideal sech2

9.7 ps

o  0.4

time (ps)

Fig. 5.2 -3a-c: Autocorrelation traces for different output coupler reflectivities Rout in
the case of (a) mode-locking with SESAM 1 (unimplanted) and (b) mode-locking 

with SESAM 2 (5-1010 cm'2 As implanted). (c) Autocorrelation for mode-locking 

without A /4  plate together with that of an ideal sech2 pulse with t f w h m  = 6.3 ps.

In all applications of cw mode-locking the general stability of the laser is an 
important issue. Firstly, it is undesirable for a mode-locked laser to operate too closely 
to the Q-switched mode-locking instability. Secondly, if the mode-locking driving 

dRforce, — S!::SAM . /  / 0f a SESAM is not high enough, the laser may take excessive time to 
dl

build up mode-locking from the mode beating noise or may even need a starting aid 
(e. g. tapping of an end mirror). In the first case, any slight misalignment usually 
causes the laser to switch to Q-switched mode-locking operation, whilst in the second 
case it may simply inhibit mode-locking. A measure for the driving force of a SESAM 
used in a particular cavity configuration is the mode-locking build-up time Tt>u. [52]. 
Fig. 5.2 - 4a shows the build-up times corresponding to the data presented in Fig. 5.2 - 
2a. Tbu was measured by chopping the cavity, and was defined as the elapsed time 
between establishing stable pure cw operation and stable cw mode-locking. However, 
mode-locking build-up is a stochastic process and Tbu a random variable. Therefore, 
averages of many build-ups were taken. In all cases (except SESAM 1, RoUt = 83.5% (not 
displayed in Fig. 5.2 - 4a)), the build-up times lay below 1ms and the laser was stable
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against mechanical perturbations and slight misalignments. In the case of SESAM 1 
and Rout = 83.5%, a build-up time could not be determined conclusively, but was larger 
than 10ms.

As for the Q-switched mode-locking instability, it is common to measure the rf- 
spectrum of the mode-locked laser [8]. In such a measurement, this instability usually 
shows up as sidebands of the fundamental cavity frequency which grow from 
relaxation oscillation noise. Therefore, the degree of sideband suppression is a good 
indicator for the laser's stability against Q-switched mode-locking. Fig. 5.2 - 4b shows a 
series of rf-spectra for mode-locking with SESAM 2 ( P abs = 680mW), for different 
output coupler reflectivities. For small output coupling (R o u t = 0.995) no sidebands are 
observed, whereas for larger values (R o u t = 0.905) the relaxation oscillation sidebands 
have risen from the noise and are visible as broad peaks, although still suppressed by - 
60dBc compared with the peak of the fundamental frequency. Additionally, two 
narrow sidebands have appeared, suppressed at > -50dBc. For the largest output 
coupling at which self-starting mode-locking was still possible, the relaxation 
oscillations have grown to ~ -50dBc and a very low frequent modulation (= 2.8kHz) 
has appeared. The origin of this slow modulation is not clear. It is interesting to note 
that, upon varying the output coupling, the laser never actually produced Q-switched 
mode-locking, regardless of whether SESAM 1 or SESAM 2 was used, and sidebands 
were always suppressed by greater than 40dBc. This indicates that the 7-layer top 
mirror SESAM is an ideal choice for mode-locking of NdiYVCh.

Finally, cw mode-locking can also be disturbed by the appearance of higher 
order transverse modes. Usually, one observes a very fast modulation (several tens of 
MHz) in this case [8]. However, with the laser mode larger than the pump beam inside 
the NdiYVCh and the cavity in proper alignment, this type of instability was not 
detected here and the mode was TEMoo-
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Fig. 5.2 - 4a: Mode-locking build-up times, xbu, for the data shown in Fig. 5.2 - 2a.
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Fig. 5.2 - 4b: rf-spectra of laser mode-locked with SESAM 2 for different output

coupler reflectivities. The absorbed pump power was 680mW.

In order to understand the link between output coupling and pulsewidth, it is 
helpful to realise that in many mode-locked lasers, the dynamic losses of the pulse in 
the gain filter and the absorber are much smaller than the total linear losses. This is 
also the case for the present laser where the maximum modulation is ~ 25 times 
smaller than the linear losses even for zero output coupling. As a consequence, the 
saturated gain, hence the average power and the pulse energy, of the laser are more or 
less determined by the total linear losses, g * lo . Therefore, for constant small signal 
gain, the intra-cavity energy is highest for zero output coupling (Rout = 100%) and 
drops steadily with decreasing values of Rout. In terms of the dynamic losses of the 
laser this means that for smallest output coupling (Rout ~ 100%) the absorber saturation 
is highest and hence the absorber loss is lowest whilst the filter loss can assume its 
largest value. Therefore, the shortest pulses can be created in this limit. On the other 
hand, for larger output coupling the intra-cavity energy is lower and the absorber loss 
is increased whilst the filter loss has to decrease, causing the generation of longer 
pulses. In order to substantiate these arguments, numerical simulations of the master 
equation for saturable absorber mode-locking were performed. The relevant equations 
are (3.2.2 - 3,4,5) of chapter 3, although without dispersion and self-phase modulation. 
Strictly speaking it is also not necessary to include the gain dynamics, (3.2.2 - 5), in the 
following simulations since only the steady state pulsewidths and the dynamic losses 
are of interest. The mode-locking equations were solved for different absorber 
recovery times, Ta , each over a range of output coupler reflectivities, Rout. The 
simulation parameters were chosen to match the experimental conditions as closely as 
possible (see Table 5.2 - 1). All simulations started with a lOps initial condition which 
was propagated over 50000 round trips after which T o u t ,  Pout, and the absorber and 
filter losses, a  and 5, were noted.
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Fig. 5.2 - 5a depicts the pulse w id th , Xfw hm , and ou tpu t pow er, Pout/ versus the 
o u tp u t coupler re flec tiv ity  obtained from  the sim ulations. The dependence o f the 

pu lsew id th  on the ou tpu t coup ling  matches the experim ental observations reasonably 
w e ll. A lso, the aforementioned argum ent concerning the behaviour o f the f ilte r and 

absorber losses is reflected in  the sim ulations (see Fig. 5.2 - 5b). For decreasing Ta the 

effective absorber saturation decreases w h ils t the absorber losses increase since the 

saturation energy o f the absorber remained constant in  the sim ulations. This causes the 

pu lsew id th  tim in g  curve to become steeper, possibly ind ica ting  a larger tun in g  range. 

H ow ever, fo r the practical laser the latter w i l l  be lim ited  b y  the self-starting cond ition  

w h ich  is lik e ly  to be v io la ted  fo r a tru ly  u ltra fast absorber.

600x1 O'6 -
dynamic losses 

for ta = 30ps

- © -  absorber loss a  
- B -  filter loss 8ta = 100ps

--A -- ta = 30ps
--V -- ta = 2.5ps
- -0 - - xA = 1 ps

Fig. 5.2 - 5a, b: (a) Dependence of output power and pulsewidth on output coupler

reflectivity obtained from mode-locking simulations for different absorber recovery times, 

ta- (b) Absorber loss, a, and filter loss, 8, as a function of output coupling for an 

absorber recovery time of ta = 30ps.

lo 1 (  l  ) 
0.026+ In

2 \  R ou t y

total linear loss per round trip

T r 9.4ns round trip time

q 2tc0.5THz gain HW HM

qo 0.001 max. ampl. modulation of SESAM

Ea 7nJ sat. energy of SESAM

Ta variable SESAM recovery time const.

Tg 90|is upper state life time of NdrYVCh

Pg 0.1W sat. power of Ti:Sapphire

go 1.7 small signal round trip  gain

Table 5.2 - 1: Relevant parameters for the mode-locking simulations.
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Finally, as was mentioned before, the laser performance with diode-pumping 
was very similar to that with Ti:Sapphire pumping. For an absorbed pump power of 
pabs = 1W a mode-locked output power of up to 350mW was obtained, and self-starting 
was possible for output coupler reflectivities as low as 92% using SESAM 2 and 88% 
using SESAM 1. The build-up times under these conditions were < 5ms. As an 
example, Fig. 5.2 - 6 shows the pulsewidth and output power obtained with SESAM 2 
for Rout values within the self-starting range. It appears that the laser was slightly more 
reluctant to self-start whilst the range of achievable pulsewidths was slightly larger 
than for Ti:Sapphire pumping. This was most likely due to the lower small signal gain 
and higher pump saturation power caused by the increased pump and mode volumes 
in the gain medium, as well as a slightly larger than calculated SESAM spot size. The 
diode-pumped laser displayed stability against Q-switched mode-locking and higher 
order transverse mode, comparable with that for Ti:Sapphire pumping.

-300
diode pumping 

SESAM 2
-250

-  150

-  100

fwhm without A/4 - plate

Fig. 5.2 - 6: Output pulsewidth, tfwhm, and average output power, Pout, for different

values of output coupling, Rout, when the laser was diode-pumped The data were taken 

within the self-starting range of the laser.

5.3. Summary

A passively mode-locked NdiYVCh laser was presented. Mode-locking was 
achieved using MOCVD grown high finesse InGaAs SESAMs. Unimplanted as well as 
Arsenic implanted SESAMs both mode-locked the laser in self-starting fashion. The 
cavity used focusing lenses instead of mirrors and featured variable output coupling 
through the use of a thin film polariser (TFP) and a A/4 plate. Using the Findlay-Clay 
procedure the linear losses of the laser were found to be relatively high, mainly due to
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the large number of AR-coated surfaces. It was shown that SESAMs with a 7-layer top 
mirror resulted in good self-starting characteristics as well as suppression of the Q- 
switched mode-locking instability for this cavity design and gain medium. For 
Ti:Sapphire pumping and output coupler reflectivities > 88% typical mode-locking 
build-up times were < 1ms and the Q-switching instability sidebands were suppressed 
by more than 40dBc. The laser produced its shortest pulses (Tfwhm ~ 6.5ps) for an 
output coupler reflectivity close to 100%. Increasing the output coupling to the self
starting limit increased the pulsewidth by a factor 2. For the unimplanted SESAM a 
factor 3 could be achieved, however, the build-up times became longer than 10ms in 
this case. The autocorrelation of the shorter pulses had pedestals whilst the longer 
pulses could carry small erratic modulation. These effects could be ascribed to 
nonideal AR-coatings on the A-/4 plate which would need improvement for better 
results. Interestingly, the pedestals were smaller when the implanted SESAM was 
mode-locking the laser, indicating the better pulse cleaning capability of a faster 
absorber. The dependence of the absorber loss on its saturation level was identified as 
the main mechanism responsible for the variation of pulsewidth with output coupling. 
This picture was backed up by numerical simulations of the mode-locking master 
equation which reflected the experimental observations. For diode-pumping, up to 
350mW of mode-locked output power was obtained for an absorbed pump power of 
1W. Varying the output coupling within the laser's range of self-starting, the output 
pulsewidth was variable from 6.5ps - 16ps, i. e. a factor of 2.5. Due to the strong pump 
absorption and large gain cross-section of NdiYVCh it was possible to pump the laser 
directly from the fibre output without using re-imaging optics. Using a gain-in-the- 
middle configuration [97] it could be possible to extend the pulsewidth tunability 
towards even longer pulses. However, self-starting may also be the limiting factor in 
this case.
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Chapter 6

A N d :YV04 Laser A mplifier with 
Thermally Optimised D esign

Section 6.1 provides some introduction and background to the topic of high 
power, diode-pumped laser amplifiers and explains the need for efficient cooling. A 
review of the relevant literature is given in section 6.2 where the amplifier design is 
introduced, and energy gain calculations are performed. Numerical simulations and 
interferometric measurements are shown in section 6.3 which confirm the thermal 
management capabilities of the design.

6.1. Background

A general trend in solid state laser technology has been the use of high power 
laser diodes to replace flash lamps in the pumping of solid state laser materials. Diode
pumping has a number of distinct advantages over the lamp technology. The 
efficiency of laser diodes is the highest of all lasers currently available (>30%). Their 
emission wavelength is generally narrow-band (several nm) and can be designed to 
overlap with the absorption band of common laser materials such as rare earth doped 
crystals and glasses. This reduces the thermal load on laser crystals considerably. 
Limited temperature tuning of the emission wavelength further allows one to fine tune 
for highest absorption efficiency. Due to the directivity of the diode emission, it is 
possible to collimate, funnel or fibre-couple the pump beams using readily available 
optics, therefore allowing for better selective energy deposition compared with flash 
lamps. Last but not least, laser diode arrays for solid state laser pumping are now 
available which deliver in excess of 100W (cw) or lkW (pulsed), satisfying the 
increasing demand for output power in applications where diode lasers cannot be 
used directly (e. g. machining, gravitational wave detection,...).

In low power applications, the cooling of diode-pumped solid state laser 
materials is generally not very difficult. This is due to the relatively high stimulated 
emission cross-section of many laser crystals in conjunction with their good thermal 
conductivity. The lasing threshold is reached easily and the slope efficiencies are high 
with optimised cavity designs. The classical example of such a laser crystal would be 
Nd:YAG (Yttrium Aluminium Garnet). However, due to the high powers which have 
become available from pump-diode lasers, proper cooling of the solid state laser 
material is still an important issue in practice. There are a number of detrimental 
effects on laser performance caused by large temperature gradients due to poor 
thermal management. These include refractive index gradients due to the crystal's 
thermal index change • The latter results in a thick-lens characteristic and leads

to the effect of 'thermal lensing' which can distort the laser beam severely [102]. 
Temperature gradients also lead to thermal stress and the mechanical distortion of the
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laser material [103], which influence the beam propagation (depolarisation) via the 
stress optic tensor Bi,j,k,i, strain e ^ ,  and thermal expansion a, of the material. In the 
worst case, thermal stress can result in fracture. Unfortunately, not all solid state laser 
materials which have good lasing properties also have good thermal properties. As an 
example, the laser crystals Nd:YAG and Nd:YV04 are compared in Table 6.1.1. Clearly, 
the laser properties of Nd:YAG are inferior to those of Nd:YV04. The latter features 
much higher broad band absorption and a larger a x factor. Furthermore, its thermal 
index change dr/ dT for c-polarised light (preferred for lasing) is three times less than

that of Nd:YAG. However, in high power applications, the advantages of Nd:YV04 are 
compromised by its poor thermal conductivity. Therefore, a design incorporating good 
thermal management is extremely important for this laser crystal.

Property Nd:YVOi Nd:YAG

p̂ump [rim] 808.5 807.5

apeak  [cm-1] 31.2 (c), 9.2(a) 7.1

AAabs [nm] =16 (c) =2.5

Gi [1019 • cm2] 25 (c) 6

xu [psec] 90 (1.1 atm. %) 230 (0.85 atm. %)

Oi • xu [1016 • cm2 ]usec] 2.25 1.38

n(>.=1.06fim) 2.16 (c), 1.96 (a) 1.82

n(X=0.63pm) 2.21 (c), 1.99 (a) -

dn/dT [1(H K 1] 3 (c), 8.5 (a) 9

Oth [1<H • K 1] 11.4 (c), 4.4 (a) 7

Kth [WK-i-m-1] 5.1 13

Mohs hardness =4.5 =8.5

Table 6.1.1: Values of some important laser and thermal properties of Nd:YV04

(positive uniaxial) and Nd:YAG (cubic) [104, 105].

In view of Electro Optic Systems' applications, it was the aim here to develop a 
diode-pumped laser amplifier head for use in satellite laser ranging systems. The head 
should be as compact as possible and capable of amplifying pulses in the order of lOps 
to the mj level at repetition rates of up to several kHz. To avoid the high costs of 
regenerative amplification, the gain should be as high as possible, allowing the use of a 
linear configuration. The laser wavelength was to be =1.06pm, matched by a suitable 
oscillator (see chapter 5). Given these requirements it was decided to take advantage of
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the good lasing properties of Nd:YV04 (strong and broad-band pump absorption, high 
gain) and develop a suitable cooling arrangement which could minimise the 
deficiencies from poor thermal conductivity. Using computer simulations and 
interferometry, it will be shown in the following sections that an amplifier design was 
found which incorporates very efficient thermal management for NdiYVCh, and which 
is scalable to higher powers. Although actual lasing experiments could not be 
performed within the time frame of this PhD programme, the design prototype has the 
potential of producing mj pulse energies in a double pass configuration, at the 
required repetition rates.

6.2. Design

It has been shown that slab laser designs, in particular zig-zag slabs, have 
advantages over laser rod systems. In the slab geometry, symmetry can eliminate 
stress induced depolarisation and the zig-zag optical path cancels thermal lensing to 
first order in the plane perpendicular to the zig-zag [102,103]. Furthermore, the energy 
extraction efficiency achievable is higher when compared with rod systems [112]. Due 
to their rectangular cross section, slab lasers are most conveniently side pumped using 
laser diode bars or arrays. A somewhat degenerate variant of the zig-zag slab is the 
grazing incident slab design [106]. Here, the laser beam only bounces once, at a very 
shallow angle, off the pumped surface of the slab. This geometry is particularly 
interesting for very strongly absorbing, high gain laser materials like NdiYVCh, 
allowing very good energy extraction. For increased energy extraction efficiency in 
zig-zag slabs operating in TEMoo-mode, the multiple-pass configuration was proposed 
[107]. In this scheme, a second or even third pass is introduced into the slab at a 
different angle to extract the stored energy from regions not covered by the first pass.

For the cooling of high power lasers and laser amplifiers, two methods are 
available. These are either purely conductive or involve liquid cooling of the laser 
material. The simplest technique to conductively cool a slab laser is to bond suitable 
heat sinks to the unpumped sides of the slab [115]. This results in reasonably good 
performance, especially for laser crystals with high thermal conductivity. However, in 
poorly conducting materials this scheme can cause a large temperature rise inside the 
slab if the laser mode is to stay at a distance from the cooled surface, and pump and 
mode are optimised for overlap. Cooling of the pumped surfaces has been used 
extensively in both lamp and diode-pumped rod and slab systems. The advantage of 
this method is that heat removal occurs preferentially at the location of its deposition, 
namely the pump input surface. Clearly, for a low conductivity laser crystal with high 
pump absorption, such as NdiYVCh, this would be an ideal cooling method. Cooling 
through the pumped surface involves water cooling in most cases, since highest 
possible transmission of the cooling medium is imperative. The performance of such 
systems is impressive, and 40W cw, TEMoo output from a Nd:YAG slab laser have been 
shown [111]. However, the sealing of the coolant circulation and the prevention of 
evanescent leakage of the laser mode due to turbulent flow at the surfaces of total 
internal reflection (TIR), pose considerable problems. Furthermore, some laser
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materials posses a very poor water durability and can therefore not be water cooled 
directly. As a consequence, a number of alternative pump face cooling methods were 
developed. Most notably these involve the use of highly transparent and thermally 
conductive plates such as sapphire. Heat is conducted away from the laser material 
towards the sapphire and heat sink via an 'elastic layer' [108], a layer of silicon gel 
[109] or a thin film of air [113]. In another case a layer of unspecified thickness of UV 
curable optical glue was used to bond sapphire to a Cr:LiSAF slab [110].

The design, presented here, incorporates a NdiYVCh slab which allows the use 
of multiple zig-zag passes in order to maximise the extraction efficiency. It is pumped 
from two sides using arrays of laser diode bars. Cooling is achieved conductively 
through the pumped surfaces using sapphire as the transparent heat conductor. This is 
the most suitable method for the strong absorption and poor thermal conductivity of 
NdiYVCh whilst the difficulties of direct water cooling are avoided. Figs. 6.2 - la-c 
show the various aspects of the design.

A key part of this design lies clearly in the use of an appropriate method for 
bonding between the NdiYVCh and the sapphire. It was intended to attempt a 
diffusion bond [114] between the two materials, whilst the use of optical cement was a 
fail-back option. In a diffusion bond, optical contact is established at first to provide 
the Van der Waals bonding forces necessary to hold the materials together during the 
final high temperature diffusion bonding cycle. Using this method, composites of 
similar materials such as doped and undoped YAG or glass [113] have shown superior 
strength and very low scattering losses at the interface. Diffusion bonding is a 
proprietary process of Onyx Optics, Dublin, Ca. who advised that bonding of crystals 
such as Nd-.YVCh and sapphire had not yet been tried, and that there was a 50% chance 
of failure due to the dissimilarity of thermal expansion coefficients of the two crystals. 
The following bonding attempt indeed failed, leaving the Nd:YV04 shattered into little 
pieces. Therefore, an optical glue had to be used for the bonding.

The Nd:YV04 crystal has the dimensions 12x8x1.8 mm3 and is coated for anti
reflection and high reflection respectively on the two 8x1.8 mm2 sides. The sapphire 
slabs were cut to the size of 12x8x0.63 mm3. The two fast axis collimated bars on each 
laser diode array have a separation of 3mm, and their output beams are brought to an 
overlap inside the NdiYVCh using an AR-coated beam steering optic. The latter is 
bonded to a X/2 plate to turn the LD-polarisation parallel to the crystallographic c-axis 
(vertical in Fig. 6.2 - la) of NdrYVCh for highest pump absorption. The laser diode 
arrays and beam steering optics are mounted separately from the laser head. 
Alternatively, or in a case where more than two bars per LD are used, an optical duct 
can be used to deliver the pump light. The NdiYVCh-sapphire composite is held with 
two spring loaded bolts from the top and bottom each, between the copper braces 
which have a horizontal opening tolerance of ±100jim. This allows basically stress free 
mounting and good control on the elevation angle of the composite.

The zig-zag modes of the amplifier are confined to the NdiYVCh through total 
internal reflection (TIR) at the NdiYVCh-glue interface. The TIR condition leads to a 
maximum internal angle of incidence with respect to the z-axis (see Fig. 6.2 - lb) of
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(6.2 - 1) ,^  max = arccos
f  n \  

Uglue

\ n YVO )

which in turn defines the maximum external angle of incidence

max = arcsin(«yra • s in ^ 1"^ )) ( 6.2 -  2)

From (6.2 - 2), the external angles for the zig-zag modes of the composite are then 
calculated using

dint
/

= arctan
V

N  ' t y v o  

hvo
( 6.2 -  3)

for the internal angles. Here, N is the number of bounces per NdiYVCVglue interface, 
tyvo and lwo are the NdiYVCh dimensions along the x- and z-axes respectively. For the 
given dimensions and refractive indices (two = 1.8mm, lwo = 12mm, nwo = 2.16, n giue = 
1.5), eqns. (6.2 -1-3) result in a maximum of N = 6 bounces off each interface. Only N = 
1 and 2 are feasible solutions, however, since there, the external angles of bi = 18.7- and 
<1)2 = 38.4° can be covered reasonably well by an anti-reflection coating on the input 
face.

Front View

m

A R-coated beam 
steering prisms

uncured silver 
loaded epoxy

Copper braces, relieved 
into cooled copper block

Water cooling

Two bar fast 
axis coll, array, 
lOOWpeak,
X -  808nm, 
20% dc

AR-coated X/2 plate

Two bar fast 
axis coll, array, 
100W peak,
X = 808nm 
20% dc

Water cooling

AR-coated
sapphire

pair o f  spring 
loaded bolts for 
crystal mounting

Ay

Fig. 6.2 - 1a: Front view of Nd:YV04 amplifier head. The crystallographic c-axis

lies in the vertical plane. The black lines between the Nd:YV04 and sapphire, as well as 

the XJ2 plates and the prisms, indicate the optical glue (SK-9, Summers Lab). The copper 

block is not shown.
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Top View

fibre lenses

LD-array
X/2 plate

-------beam steering prism

sapphire

sapphire

LD-array back mirror 
coatingAR-coating

from oscillator

Fig. 6.2 - 1b: Top view of Nd:YV04 amplifier head without the copper. Indicated

are the two practicable zig-zag modes for this design.

Isometric View

Copper plates

Copper block with hole 
for interferometry

Fig. 6.2 - 1c: Isometric view of Nd:YV04 amplifier head. The Nd:YV04, sapphire,

silver loaded epoxy and Teflon spacers are shown in the same colours as in Fig. 6.2 - 1a. 

The copper block has a hole in order to allow interferometry.
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Thermal contact between the composite and the copper braces is established 
using the glue component of a two-component silver loaded (>70%) epoxy (Radio 
Spares) which can easily be removed with an appropriate solvent, if needed. No visible 
flow of the epoxy could be detected over extended periods. However, its viscosity is 
low enough to allow application into the slightly grooved gap between the copper 
braces and the composite using a pressurised, thin syringe. Before insertion, the AR- 
coated sapphire was roughened for good contact with the epoxy, carefully sparing the 
pump input region. If necessary, the head can be disassembled, cleaned and 
reassembled in 1-2 hours.

In order to achieve a minimal temperature gradient across the glue layer, it is 
necessary to make it as thin as possible. However, since the glue is used as the low 
index dielectric for total internal reflection it should not be much thinner than 1 (tm to 
prevent evanescent coupling into the sapphire. Also, the durability of the cement 
under high intensity irradiation (~2kW-cnv2 cw) must be guaranteed, and absorptive 
and scattering losses need to be low. Experiments were therefore conducted with 8x12 
mm2 samples prepared from glass slides and glued together using a number of 
different optical glues. It was found that the following procedure leads to a very 
satisfactory bond:

Under clean room conditions, using a syringe, a droplet of Summers Lab single 
component, UV-curable optical cement SK-9 (viscosity: 80-100cps, n = 1.5, k = 0.17 
WnD-K1) is applied to one of the solvent-cleaned (Acetone -> Methanol -> 
Isopropanol) surfaces. The quantity should be appropriate to form a little island of 
approximately 2.5mm diameter on the glass (or Nd-.YVCh). Then the second 
component of the composite is placed on the island without applying pressure. 
Usually, it takes a few minutes for the capillary force to fill the complete gap 
between the two components with glue, and for the odd gas bubble to disperse. 
The latter can be observed under the microscope, if necessary. In case of a 
persistent bubble the components can be cleaned and the procedure repeated. If 
the interface is satisfactory the composite can be cured for 1 hour under a 365nm 
UV lamp.

Fig. 6 . 2-2  shows a scanning tunnelling micrograph (STM) of a typical glue 
layer between two glass slides, achieved with this method. Depending on the exact 
amount of glue, the layer thickness can vary between 1 and 10 pm. This thickness is 
well beyond the evanescent coupling length for the zig-zag modes but is nevertheless 
thin enough to prevent large temperature gradients across it, as will be shown in the 
next section.

The optical quality of the layers is very good. There are typically only a few 
small scattering centres visible across the whole 8x12 mm2 interface, when illuminated 
with light from a HeNe laser. When inserted into a mode-locked pulse train (k = 
808nm) with an average power density of 25 kW-cnv2 (10 times higher than anticipated 
in the current design) and pulse peak powers of 10 GW-cm 2 (tfwhm = lOOfs), there was
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no visible scattering from the interface and no heating could be detected. After 1 hour 
of illumination, the layer was completely unaffected.

Fig. 6.2 - 2: Scanning tunnelling micrograph (STM) of a 3.24pm thick glue layer

(Summers Lab, SK9) between two glass slides. This layer was created using the above 

procedure.

Finally, the gain and output energy of the amplifier are calculated for double 
sided pumping. The small signal gain constant go in the NdiYVCh crystal depends on 
the coordinates (see Figs. 6.2 -la-c) x and y, but not on z since the emission from the 
laser diode arrays is assumed constant along the z-axis. Therefore, go can be written as

So(x»y)= Nu(x*y)'°i  (6.2-4)

where Ci is the stimulated emission cross-section and Nu is the population inversion. In 
a four-level laser medium like NdiYVCh, used for short (< Ins) pulse amplification, the 
inversion following a rectangular pump pulse of length xp is given by

c ■ h
f  T ^

1 -  exp P

v  T u ) _

(6.2 - 5)

with the upper state life time Tu, the Boltzmann partitioning factor T|b due to the 
splitting of the two meta-stable levels, and the pump photon density Op(x,y). In 
Nd:YVC>4 the meta stable levels are separated by 14 cm 1. This results in a partitioning 
factor of t|b = 0.52 for the lower, lasing, level which is not replenished through 
thermalisation during the pulse and for short delays between multiple passes. 
Assuming a Gaussian distribution of the pump intensity along the y-axis, the suitably 
normalised pump photon distribution becomes
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Q p f a y ) ( 6.2 -  6) .

Pabs ■ exP -8 y [exp(-a • tYVO ) ■ exp(a • x) + exp(-a  ■ x)]
V y,pump y

d  x ' d  y  ' d  z

Here, a  is the pum p absorption, ty, pump is the 1 /e 2 pum p stripe w id th  and tyvo is the 
thickness of the laser crystal in x-direction. dx, dy and d z are effective w idths obtained 
from  the norm alisation relations and are given by

d X -  exp(-a  • t yvo )], and dz -  1.2cm (6.2 - 7).

Further, P abs is the total absorbed power, calculated from

Pabs ~  2  ' Ppump ’ ~  exp(^—OC • tyyQ  )j ' TpUmp (6 .2  -  8 )

w ith  the peak pum p pow er Fpump of one array and the transm ission factor TPumP due to 
the sapphire-glue and glue-Nd:YV04 interfaces.

For the energy output calculations, the small signal gain go(x,y) is then 
averaged over the signal beam  shape in both x- and y-directions. Note, that this 
average still depends on xo, the centre of the beam, since the beam  assum es different x- 
positions w hilst travelling through the amplifier. After a final averaging in x0 the small 
signal gain constant becomes

hvo

8' j j 1 8o{x’y)-QXv
f  8 • y 2 8 • (x -  x0 )2 ^

w
v y j ig X,sig

dxdydx0

^   ̂YVO ' tx,sig ' ^y,sig
(6.2 - 9)

w ith  the signal beam  diam eters tx, Sig and ty, Sig . Following [116] the single pass output 
energy of a pulse propagating through the am plifier is given by

JY — JY . jri ^  out ^ sa t 111 1 +
f  r  E  \  ^
exp -1  

FK^sat  y y
exp((&o > ' 2 • dz ) ( 6.2 - 10)

w here

c ■ h • Aefr
Esat= - ------- f  (6.2-11)2 - v r \ s

is the saturation energy, calculated using the beam  area Aeff. The factor of 2 appears in 
the definition of Esat since the term inal level of the laser rem ains effectively unem ptied 
during  the pulse and after the short delay betw een first and  second pass. Using (6.2 - 
9-11) to calculate ou tput energies is not strictly valid for zig-zag slabs since the beam  
interacts twice w ith the inversion near the points of total internal reflection. However, 
in a second pass, entering the amplifier at a different angle, the beam  interacts w ith
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some previously unbleached inversion. These effects may cancel each other to first 
order and one can expect a good estimate for the output energy from the calculation. 
Fig. 6.2 - 3a shows the calculated small signal gain distribution go(x,0) (peak along y- 
axis), the small signal gain averaged over the signal beam shape in both x- and y- 
directions go(xo), and the average small signal gain (go) for the parameters listed in the 
caption. Obviously, the gain near the pump entrance faces can be very high, possibly 
limiting the energy extraction through amplified spontaneous emission (ASE), in 
which case the pump beam would need to be widened. Although small signal gain 
constants as high as 25 cnv1 have been reported [106] before ASE became detrimental 
in a Nd:YV04 amplifier, this depends also on the geometry and needs to be considered 
separately for each case. Assuming a typical mode-locked pulse of energy Em = lnj the 
amplifier produces Eout = 1.73mJ for a double pass, as shown in Fig. 6.2 - 3b. The 
extraction efficiency is then 64% of the usefully stored energy of 2.72mJ. Using Em = 
lOOnJ (from a q-switched g-laser, for instance) still requires a second pass for efficiency 
and produces 2.65mJ of output at an extraction efficiency of 97%.

-----9o (x, 0)
......90 (x0)

<9o>

2nd pass

Fig. 6.2 - 3a, b: (a) Small signal gain distribution go(x,0) (peak value along y-axis),

small signal gain averaged over the signal beam shape in both x- and y-directions go(xo), 

and the average small signal gain (g0). (b) Single and double pass energies for 1nJ

and 100nJ input energy. The calculation assumed the following parameters: a  = 30 cm'1, 

Tu = 90flS, Ppump = 100W, Tpump = 0.96, Tp = 150|US, ty.pump =  tx.sig =  ty.sig =  0.1CI71.

6.3. Simulations and Experiment

In order to verify the thermal management capability of the amplifier design, 
numerical simulations of the temperature distribution T(x,y) were performed. The 
relevant equation is the steady state heat equation

V»(ic(x,y)- VT(x,y)}+Q(x,y)= 0 (6.3 -1)

with the density of absorbed heat Q(x,y) and the thermal conductivity K(x,y). Due to 
the pump geometry, the temperature distribution is independent of the z-coordinate. 
For the boundary conditions it was assumed that the copper block was fixed at 20°C, 
and the ambient air temperature was also 20°C. Eqn. (6.3 - 1) was solved using the 
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finite difference method of energy balance [117]. In this method the energy balance 
equations for the nodes in the numerical grid of size mxn are combined for the given 
geometry and boundary conditions to form a system of mxn equations. The system is 
then solved for the temperature at each node using the Sparse Matrix facility of 
MATLAB®. Figs. 6.3 - la-g show the temperature distribution obtained from such 
calculations (parameters see caption) for different glue thicknesses (a, b, c), sapphire 
thicknesses (d, e), no sapphire present (f), for a side cooled 1.8x1.8 mm2 slab of 
NdiYVCh (g), and with sapphire but smaller absorption constant (h). The numerical 
grid covers the NdiYVCh, glue, sapphire, air in front of pump entrance window and a 
small part of the heat sink copper.

a) b)

x (mm)

9
H 30

y (mm) x (mm)
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Figs. 6.3- 1a-h: Temperature distributions for different geometries. The Nd:YVC>4

dimensions are 1.8x8x12 mm3 unless otherwise mentioned.

(a) tsapph = 0.63mm, tgiue = 2.5fim, (b) t sapph = 0.63mm, t giue = 10pm,

(c) tsapph =  0.63mm, tgiue =  lOOpm, (d) tsapph =  0.1mm, t giue =  2.5pm,

(a) tsapph = 1.5mm, tgiue =  2.5pm, (f) tsapph = 0, tgiue = 0,

(9) tsapph — 0, tgiue = 0, Y V O 4. 1.8x1.8x12, (h) tsapph = 0, tgiue = 0, Ot = 10cm .

Ppump = 100W (per array), 20% duty cycle, a = 30 cm'1 (except for g), heat load factor = 

0.45, kyvo = 5.1 W K'1m'1, Ksapph = 33 W K'1m \  Kgiue = 0.17 W K‘1m‘1, Kbu = 384 W K' 

•m , Kair — 0.024 W K -m , Tapper — 20°C, Tpump = 96% , ty, pump — 1 mm.

For good thermal management in a zig-zag amplifier, two important issues 
need to be considered. Firstly, to avoid beam distortion through the thermal index 

dnchange An = — , the thermal gradients across the signal beam should be as low as 
oT

possible. The most important thermal gradients in the zig-zag slab are those 
perpendicular to the zig-zag plane (x-z plane in this case). The in-plane gradients 
become averaged out, to first order, because of symmetry. Therefore, the different 
geometries in Figs. 6.3 - la-h are best compared by plotting the temperature profile 
along the y-axis, averaged over the x-coordinate inside the NdiYVCh. This is depicted
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in Fig. 6.3 - 2a, where the maximum temperature (T)max was subtracted from (T)x(y) in 
order to allow for better comparison. At y = 0.5mm (signal beam radius for highest 
extraction efficiency) the implemented design clearly has the smallest AT if a glue layer 
thickness of 2.5pm was assumed (a). As expected, increasing the glue layers to 10pm 
(b) and 100pm (c) increases AT. Ideally, the glue should not exceed a thickness of 10pm, 
indicating the importance of the capillary assisted bonding which can achieve layers of 
1-10pm. Using a thicker sapphire slab (e) does not improve matters further, whilst a 
much thinner slab (d) clearly increases AT. Using no sapphire, cooling the Nd:YV04 
directly (f) in the same geometry (copper braces) is worse again. Changing the cooling 
geometry to side cooling (g), i. e. perpendicular to the pump, achieves worst results, 
although the y-dimension of the NdiYVO* was reduced to 1.8mm. Finally, if an 
absorption constant of a  = 10 cnv1 was used (h), AT is comparable with that for 30 cnv1 
(a), whilst the total heat load in this case was only 14.5W, compared to 17.2W for a  = 30 
cm 1. Therefore, the efficiency of the design is better for higher pump absorption.

The second important issue concerns the stress fracture of laser materials. In 
order to avoid stress fracture of the laser crystal, the maximum temperature inside the 
crystal should be as low as possible, compared with its surface temperature [103]. 
Therefore, to compare the different geometries (a-h), Fig. 6.3 - 2b, shows the 
temperature distribution (T)x(y) over the complete crystal width of 8mm. Again, the 
implemented design with a glue layer thickness of 2.5pm (a) has the smallest 
temperature rise (T)maX, and will therefore be subject to the smallest temperature 
induced stress. However, a large temperature rise is observed for a glue layer thickness 
of 100pm (e) which performs worst together with (f) where no sapphire was present.

AT (0.5mm) '\U SA 
-5.8°C N> \
-7.4°C \
-10.4°C 
-8.4°C 
-6.1 °C 
-11,9°C

\ x AcV/  /  / /  \
/  V \

/  /  ' best case, a 
■' /  /  (2.5pm glue)

/ /
/  worst case, g 

f  (side cooling, 
no sapphire)

— (e),
-  -  (f),
—  (g)

-6.2°C

y (mm)

Fig. 6.3 -  2a: Temperature profile along the y-axis around y = 0, averaged over the
x-coordinate inside the Nd:YVC>4 . The maximum temperature (T>max was subtracted from 
(T)x(y) in order to allow for better comparison at y = 0.5mm (signal beam radius for 
highest extraction efficiency). The letters a - h refer to the designs discussed in the text 
and Figs. 6.3. -1a - h. The smaller the thermal gradient across a signal beam, the smaller 
the thermal lensing effects, (a) is the implemented design using a 2.5pm thick glue layer.
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—  (a), 40.3°C

.......(b), 41.5°C

------(c), 47.2°C

-----(d), 54.5°C

------(e), 87.4°C

------(f), 74.8°C

— - (g), 49.9°C

—  (h), 41 .5°C ,''

worst cases, 
f  /  e (100|im glue), 

f (no sapphire)
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a (2.5pm glue)^  60

' /  /

y (mm)

Fig. 6.3 -2b: Temperature profile along the complete y-axis, averaged over the x-

coordinate inside the Nd:YV04. The letters a - h refer to the designs discussed in the text 

and Figs. 6.3. -1a - h. The maximum temperatures are (T)max are given for each design.

The smaller (T)max for a given pump power, the greater the margin for stress fracture, (a) 

is the implemented design, using a glue layer thickness of 2.5|um.

In summary, the simulations clearly show that the implemented design is 
optimised for thermal management of laser materials with poor thermal conductivity, 
high absorption and high gain, such as NdiYVCh. The design achieves up to 2.3 times 
smaller temperature difference AT over a typical beam radius, as well as the lowest 
temperature rise, (T)max, when compared with other designs.

In order to verify the design experimentally, the temperature distribution in the 
Nd:YVC>4 slab was measured for double side pumping. This was achieved using a 
standard Mach-Zehnder interferometer with polarised HeNe illumination. Each pump 
laser diode array (designated left and right) operated with a pulse width of xp =  IOOjlxs 
and a duty cycle of 20%, resulting in an average power of Pi = Pr = 17W at each of the 
pump input faces of the amplifier (after the beam steering optics). Both arrays, as well 
as the amplifier copper block, were cooled to 20°C using the same chiller. Under these 
conditions, the left array had a wavelength mismatch of -2.5nm, whilst the right array 
had + 1.5nm with respect to the wavelength of maximum pump absorption (^ ~ 
808.5nm). To compensate for the mismatch would require separate cooling which was 
not feasible at the time. As a result, the absorbed average powers were only about 10W 
and 16W, with the associated absorption constants of oci = 5 cm 1 and ar = 20 cm 1 
respectively.

In the unpumped case the interferogram was a flat fringe, indicating that there 
was no stress birefringence due to the mounting of the crystal. For the pumped crystal 
one has to differentiate between two cases, depending on the polarisation of the HeNe 
laser. Generally, the Mach-Zehnder measures the difference in the optical path Lopt, or 
phase b, between the unpumped and pumped cases. The phase changes are due to
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both the thermal expansion along the z-axis (crystallographic a-axis) as well as the 
thermal index change and are given by

A<j)/ = Ni • 2n = —  ■ L ■ [nt ■ a a + Ant ] • AT 
A,

(6.3 - 2)

where N is the fringe number, n is the refractive index, a a = ------- is the expansion
L dT

6ficoefficient along the a-axis, An = —  is the thermal index change, AT is the
dT

temperature difference and the subscript i = c or a, for c- or a-polarisation respectively. 
Using (6.3 - 2) and the data from Table 6.1.1 it is possible to calculate temperature 
differences AT from the measured interferograms, or to calculate interferograms from 
the simulated temperature distribution. Fig. 6.3 - 3 shows both the measured as well as 
the calculated interferograms. The measured interference patterns display asymmetry 
in both x and y directions. In the case of x, this could only be reproduced in the 
simulation if, apart from the different absorption constants ai and ar/ the glue layers 
also had different thicknesses (2pm on the left and 7.5pm on the right). The asymmetry 
in y is due to the crystal being mounted slightly asymmetrically (1mm lower). 
Therefore, the top edge of the interferogram corresponds to the actual crystal edge, 
whereas the bottom edge is due to an obstruction.

x (mm)
-0.5 0.5

-I— «- 4

x (mm) 
-0.5 0.5

measured calculated calculated measured
c-polarisation a-polarisation

Fig. 6.3 - 3: Measured and calculated interferograms for c- and a-polarisation. The

parameters were : Pi = P r = 17W, oq = 5 cm'1, ctr = 20 cm'1, dgiue_i = 2pm, d giue_r = 7.5pm, 

heat load factor = 0.45, total absorbed optical power P abs = 26W. The asymmetry with 

respect to the y-axis could only be reproduced in simulation if different glue layer 

thicknesses were assumed.
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The agreement between the measured and calculated patterns is reasonable for both 
the c- and a-polarisations. As expected, the number of fringes for a-polarisation is 
greater than for c, since Anc = 3106 whilst Ana = 8.510 6. From (6.3 - 2) one calculates a 
fringe ratio Na/N c of 1.35 which is in good agreement with the ratio found from the 
measured interferograms.

Fig. 6 . 3 - 4  shows the temperature distribution along the y-axis at x = 0, as 
calculated from the interference patterns as well as a simulation. The gradients of the 
measured distribution are actually lower than those of the simulation. However, one 
must realise that the experimentally obtained interference patterns are due to the 
integrated phase change along the z-axis, and include the effects of the stress optic 
tensor for which no values were found. Furthermore, the pump distribution was 
hardly ideal. The fibre lens blocks were mounted badly in both arrays, resulting in a 
variable stripe width along the z-axis whilst the output power distribution was also 
not constant.

o
II
x

3
E

I -

I-

-10

-4 0
y (mm)

Fig. 6.3 - 4: Temperature distribution T - Tmax at x = 0, calculated from the

interferograms for c- and a-polarisation as well as a simulation using the parameters: Pi 

= Pr = 17W, aj = 5 cm'1, a r = 20 cm'1, dgiuej  = 2pm, d giue_r = 7.5pm, heat load factor =

0.45, total absorbed optical power Pabs = 26W.

Most importantly, however, Fig. 6.3 - 4 shows that the total temperature 
difference between the hottest and coolest regions is around 20°C for both experiment 
and simulation. Therefore, although the experimental conditions could not be chosen 
for best design performance, i. e. highest possible pump absorption, the agreement 
between the measured and calculated temperature differences is nevertheless a clear 
indication for the efficiency of this design.
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6.4. Summary

A double side diode-pumped, NdiYVCh zig-zag slab, laser amplifier design 
was presented. The design makes use of the favourable laser properties (broad-band 
and strong pump absorption; high stimulated emission cross-section) of this laser 
crystal. It was shown through modelling that the amplifier is capable of producing mj 
output energies in a double pass configuration, assuming ps input pulses of nj energy, 
i. e. G ~ 106. The major disadvantage of NdiYVCh, namely its poor thermal 
conductivity and the associated thermal gradients, were minimised by conductively 
cooling the slab through the pumped surface. This was accomplished through the use 
of sapphire slabs, bonded to the NdiYVCh with an optical cement of thickness < 10pm. 
The latter thicknesses were achieved using a bonding procedure which involved 
capillary forces and an optical cement of suitable viscosity. In the present design, the 
glue layer (Summers Lab. SK9) also acts as the low index layer for total internal 
reflection and was shown to possess very good optical quality and durability under 
high intensity irradiation. Using numerical simulations of the temperature distribution 
in the amplifier head, it was shown that the implemented design is optimised for 
thermal management of laser materials with poor thermal conductivity and high 
pump absorption, e. g. Nd:YVC>4. It was further shown that glue layer thicknesses < 
10pm are desirable in order to keep thermal gradients perpendicular to the zig-zag 
direction as small as possible. Using interferometry of the double side pumped 
amplifier head, temperature distributions were obtained experimentally. These were in 
reasonable agreement with the simulations, further confirming the thermal 
management capability of the design. Unfortunately, actual amplifier experiments 
could not be performed within the time frame of the PhD programme. This was due to 
a coating damage on the high reflector caused by the build-up of amplified 
spontaneous emission during the thermal loading experiments. In order to prevent 
recurrence of such damage it will be necessary to achieve a more uniform pump 
distribution, and possibly replace the end mirror with an anti-reflection coating, using 
external dielectric mirrors.
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Chapter 7

Conclusion

This PhD project has explored the use of ion-implanted semiconductors as an 
alternative to low-temperature MBE grown materials in devices for passive mode
locking (SESAMs) and ultrafast saturable absorption modulators in general. 
Furthermore, the research provides immediately applicable technology for areas such 
as laser ranging where simple and easy to maintain ps laser sources are required.

Firstly, a low finesse Arsenic ion-implanted GaAs SESAM for mode-locking of 
a Ti:Sapphire laser was presented and the ion-implantation process was outlined. It 
was found that As-implantation with high doses reduced the reflectivity of the devices 
severely, making them useless for mode-locking applications, but that the reflectivity 
could be restored completely through thermal annealing. Wavelength degenerate 
pump-probe measurements were made to investigate the dynamic response of the 
SESAMs. A multi-exponential response was observed. In both the annealed and 
unannealed samples, the trapping and recombination signals started with a very fast 
decay, but became slower for longer times. In the annealed case, photo induced 
absorption appeared - earlier and more pronounced for the higher implantation doses 
- and was attributed to the excitation of captured carriers, trapped for long times due 
to a small recombination rate. The small signal response of samples was dominated by 
the implantation dose, rather than the exact shape of the implantation induced damage 
profile. The response of all samples became similar under strong excitation, where 
even the unimplanted sample recovered swiftly to background. This behaviour has 
been tentatively associated with carrier thermalisation and cooling to a hot lattice. 
Approximate saturation fluences for the resonant and anti-resonant SESAMs were 
deduced. These did not depend strongly on the implantation dose or annealing 
conditions. It was also shown that nonbleachable losses were introduced by the ion- 
implantation process, similarly to the LT-grown GaAs.

The soliton mode-locking performance of the ion-implanted SESAMs was 
investigated in a modified commercial Ti:Sapphire laser. All SESAMs, excluding those 
with the highest implantation doses, mode-locked the laser in a self-starting fashion, 
producing single pulses as short as 105 fs. Not surprisingly, given the fast recovery of 
the unimplanted SESAM found for strong excitation, it also mode-locked the laser 
stably. However, since a swift recovery at any fluence is desirable whilst preserving 
nearly the modulation of the unimplanted SESAM, a low dose implanted and 
annealed SESAM is nevertheless preferable. A difference in the samples7 ability to 
suppress the Q-switched mode-locking instability was attributed to the different 
modulation depths caused by the ion-implantation. An increase of the laser's stability 
against Q-switched mode-locking for smaller intra-cavity dispersion was shown to be 
a result of the soliton mode-locking operation. Computer simulations of the
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Generalised Complex Ginzburg-Landau Master Equation (GCGLE) showed good 
agreement with the experimental observations.

Varying the dispersion (or small signal gain) beyond a critical value, the laser 
could be forced into multi-soliton operation. The transitions were explained within the 
framework of a soliton perturbations approach as well as the GCGLE. It was found 
that for a single soliton to break up into two solitions, the condition for shedding and 
growth of dispersive continuum must be fulfilled. On the other hand, two well- 
separated solitons in the laser became unstable and coalesced when changes in the 
filter loss (e. g. induced by a small energy imbalance) were outweighed by the 
simultaneous changes in absorber loss. This, and the difference in total energy before 
and after the switching between states, was interpreted as the origin of the observed 
switching hysteresis. Computer simulations of quasi-stable closely spaced pulse 
solutions of the GCGLE were in good agreement with the experimental observations of 
such entities, indicating the existence of rotating and quasi-constant phase doublets. 
Finally, the regions of existence of single and multiple solitons was mapped in the 
gain-dispersion plane and the transitions from multiple pulses via chaos-like 
nonequilibrium to chirped ps pulses was explained.

The nonlinear optical absorption properties of ion-implanted GaAs were then 
investigated experimentally, with the aim of determining the response times as well as 
the modulation for different implantation conditions. A large set of As- and O-ion 
implanted GaAs samples were measured in reflection with a single beam, as well as a 
pump-probe configuration. Both response time and modulation were found to 
decrease through ion-implantation, with the decrease in modulation being due to 
increasing non-bleachable losses. Unannealed samples, although very fast, were found 
to have very poor modulation which generally increased during high fluence 
illumination due to an in-situ annealing mechanism. Therefore, unannealed samples 
are less useful in applications. The data from all annealed samples lay on a well- 
defined curve in the (x̂  , Mmax) plane, suggesting that the residual defects after 
annealing were of a similar nature (point defects) and that the curve defines the 
achievable (ta , Mmax) performance of ion implanted GaAs. Oxygen can be implanted 
at higher doses than As without amorphisation, creating more point defects and 
leading to shorter t a  whilst preserving highest possible modulation. Recovery times of 
< 400 fs were measured at a modulation of 80% of that of unimplanted GaAs. Under 
high fluence excitation, the temporal response of the samples acquired a secondary 
peak following the pump-probe correlation, attributed to the cooling of hot carriers. 
The latter could lead to a very high optical gain at the pump probe wavelength. In 
general, these investigations showed that ion-implantation is a useful and extremely 
versatile process for making ultrafast absorption modulation devices.

Mode-locking experiments were performed in a Ti:Sapphire (diode) pumped 
NdiYVCL laser with continuously variable output pulsewidth, using MOCVD grown 
unimplanted as well as As-implanted high finesse InGaAs SESAMs. SESAMs with a 7- 
layer top mirror resulted in good self-starting characteristics, as well as suppression of 
the Q-switched mode-locking instability. The laser produced its shortest pulses (6.5ps)
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for an output coupler reflectivity close to 100% whilst the pulse width could be 
increased by a factor of 2-3, by increasing the output coupling to the self-starting limit. 
Non-ideal AR-coatings were found to cause pedestals on the shorter pulses. The 
pedestals were smaller when the implanted SESAM was mode-locking the laser, 
indicating the better pulse cleaning capability of a faster absorber. The main 
mechanism responsible for the variation of pulsewidth with output coupling was 
found to be the dependence of the absorber loss on the absorber saturation level. When 
diode-pumping was used, it was possible to pump the laser directly from the fibre 
output without using re-imaging optics due to the strong pump absorption and large 
gain cross-section of NdiYVCh.

Finally a NdiYVCh amplifier, optimised for efficient cooling, was designed. It 
makes use of the broad-band and strong pump absorption and the high stimulated 
emission cross-section of this laser crystal. It minimises the effects due to poor thermal 
conductivity by conductively cooling the zig-zag slab through the pumped surfaces, 
relying on the use of Sapphire and capillary assisted optical cementing. Interferometric 
measurements and numerical simulations of the temperature distribution in the 
amplifier head showed that the implemented design is optimised for thermal 
management of laser materials with poor thermal conductivity and high pump 
absorption, such as NdiYVCh..

It is believed that the objectives of this PhD project were achieved to a large 
degree, although several obvious extensions for future work can be named. Firstly, the 
investigation of hot-implantation as a means of avoiding amorphisation, thereby 
increasing the possible number of point defects in ion-implanted materials and further 
shorten the response times. Secondly, actual lasing and amplifier experiments need to 
be carried out with the NdiYVCh amplifier. The cooling concept of the amplifier can 
also be applied in other laser and amplifier designs (e. g. end-pumped configuration) 
involving materials with high pump absorption. Work on a passively Q-switched p- 
laser, started during the PhD, should be continued since such lasers are interesting 
from EOS' point of view. Further semiconductor work is needed in order to extend the 
use of ion-implanted saturable absorbers towards longer wavelengths. Laser 
development for the longer wavelengths should be carried out in parallel. Finally, 
work on ultrafast all-optical switching devices, incorporating ion-implanted 
semiconductors, will be a challenge.
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A ppendix I

Q -s w it c h e d  m o d e -l o c k in g  in s t a b il it y  in

SOLITON MODE-LOCKED LASERS

In order to derive the stability condition for Q-switched mode-locking of a 
soliton mode-locked laser, consider the equations for the soliton energy Q and the laser 
gain g, similar to the analysis given in section 3.3.2.

Tr ~~  = 2 • [g -  /0 -  8 -  a] • g  (A.I.-1)
dl

dg _ g ~  gp Q g
dT Tg Pg -Tg -TR

(A.I. - 2)

where lo is the linear loss, go is the small signal gain, Tr is the round trip time and Pg 
and Tg are the gain saturation power and upper state life time respectively. The filter 
and absorber losses for solitons are given by

8 = - L  (A.I.-3)
3-/0

a 1
2 • t0

f°° 2• J sech • q{t)dt

respectively, with

 ̂‘ lß21 _ xFWHM
k • Q 1.763

(A.I. - 4)

(A.I. - 5)

and q(t) is the solution of the rate-equation model for the saturable absorber

d t = ~ TLa
(A.I. - 6)

The underlying assumption of this treatment is that, despite the perturbations 
due to filter and absorber, the pulses remain solitons in the adiabatic sense. As is usual 
in stability analysis, eqns. (A.I. - 1,2) are treated around a working point (g ,8 ,a,g)

through linearisation. Inserting
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{ A l -7)

rQ -> Q + AQ \

5 —> S + AS
a —> a  + Aa

—> g + Ag J

in (Al-  1,2) leads to equations for the changes in energy and gain

Tr ^ S -  = 2 [Q + AQ] [ A g - A a-A 5] (A.I - 8)
dT

dAg
dT

-Ag T \  s
+

Pg-Tg-TR

AQ-(g + Ag) 

Pg-Tg-TR
(A.I - 9)

Neglecting terms in AQ ■ Ag (2nd order) and Q • (-A a -  AS) (only leads to a driving 

term irrelevant for stability) and using the substitutions

Q = a , - 1 +
7, Pt -Tt -TK

b, g
°S Tg TR

= c, -A a  -  AS = /

(A.I - 8) and (A.I - 9) are combined to the second order differential equation for the 
changes in the gain Ag

2
+ (b + 2 f ) ^  + 2(a-c + b - f ) A g  = 0 (A.I -10)

dT2 dT K J

Allowing oscillatory solutions, i. e. Q-switched mode-locking, the most general 
solution of (A.I -10) is given by

Ag = C, • exp

C2 • exp

b + 2 f  p • cos
V 2 J

V

12 {a-c + b - f ) A b + 2p  T +

( - b+2f r) • s i n
l  2  J

V

[2 (a-c + b - f ) -
(b + 2 / f  '

(A.I-11)

Most importantly, the oscillations in Ag remain suppressed if b + 2 /  > 0 leading to the 
final condition for stable soliton mode-locking without the Q-switched mode-locking 
instability

Q

w r *
> 2(-Aa -  AS) (A.I-12)

Without the filter, eqn. (A.I - 12) becomes eqn. (3.2.1 - 1). Although no analytical 
solution exists for Aa in the case of the general absorber (A.I - 6) it is clear that Aa is
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negative for positive changes in energy AQ. On the other hand, an expression for A5 
due to energy changes AQ is easily derived

Ag = ß1K _ £  (A.I-13)
6|ß2|2

which is always positive for positive AQ. Therefore, the effect of the filter is to make 
the right hand side of (A.I - 12) smaller, suppressing Q-switched mode-locking for a 
greater range of gain saturation.

131



132



Appendix II

Summary of the Numerics used in 
Chapters 3 and 5

In this section, the numerical solution of equations (3.2.2 - 3,4,5) is outlined. The 
GCGLE (eqn. 3.2.2 - 3) belongs to a class of nonlinear parabolic partial differential 
equations for which three different numerical schemes are commonly applied. These 
are (a) finite difference schemes (e. g. Crank-Nicholson), (b) finite element schemes (e. 
g. Galerkin method) and (c) pseudo spectral schemes (e. g. split-step FFT, path integral 
method). Of the three, the pseudo spectral schemes, in particular the split-step FFT, are 
usually preferred due to the speed associated with the Fast-Fourier-Transform (FFT) 
algorithms available nowadays. The split-step FFT was also used for the simulations 
contained in chapter 3.

In terms of linear and nonlinear operators, equation (3.2.2 - 3) can be written as

Tr ■ i =  [L{t) + N(T,r)] • v(T  0  (A.II -1)

where L{t) contains all dispersion effects, including that of the filter. It only depends 
on the soliton time. On the other hand, N(T,t) contains the effects of self-phase-
modulation, loss modulation, linear loss, and gain. Note that, through the gain g(T), 
N(T,t) also depends on T. According to the Baker-Hausdorff theorem [75] the integral
of equation (A.II - 1) between T and T+AT can be written, accurate to second order, as 

\j/(/, T + AT) = exp[-zX • AT] ■ exp[-iN • Ax] • \|f(T, t) (A.II - 2)

This means effectively that the evolution of the field through one round trip AT 
is now accomplished through two separate steps, one containing the linear dispersive 
effects, the other one the nonlinear effects. Despite the loss in accuracy, one has 
nevertheless gained the possibility of conveniently evaluating the linear dispersive 
terms in the frequency domain using FFTs, whereas the nonlinear terms can be solved 
in the time domain directly. Finally, the exponential operators for the linear and the 
nonlinear steps are multiplied by the field \|/(r,/) to obtain the field \|/(X + AT, t), one
round trip later.

The calculation of the loss modulation q(t) and gain g(T) involves the solution 
of eqns. (3.2.2 - 4,5) for each N(T,t). It can be shown that (3.2.2 - 4) has the integral
solution
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j* dt'exp )dt i | k('")|
2 'A

T„
+ 7:

/ /
exp ± + M 3

T„ E„

2 'A

V /y

(A77 - 3)
which can be evaluated numerically much faster than, for instance, using a 

Runge-Kutta scheme to solve (3.2.2 - 4) at every round trip. Finally, due to the 
dependence of the gain g(T) on the slow time, an iterative 2nd order Runge-Kutta 
forward integration of the complete nonlinear operator N(T,t) was employed, 
monitoring the convergence of the gain to assure the numerical accuracy of the 
procedure.

It should be noted that the above outlined procedure is valid as long as the 
mean field approach of the GCGLE model is valid itself. Once appreciable variations 
within one round trip become possible, i. e. the r-parameter (see section 3.2.2) becomes 
of the order of 1, then commutators depending on the intra-cavity position would have 
to be introduced [69, 59]. Alternatively, one can sub-divide the cavity, associating a 
field transfer operator with every element. Then the field can be propagated through 
the respective elements using single or multiple steps. For this treatment the location 
and magnitude of all effects (gain, SPM, dispersion of mirrors...) must be known.
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Appendix III

Fitting Models for the R(Fp) Data

A.III.l. Travelling Wave Saturable Absorber (TWA) Model

It was shown in [76, 85] that the gain (extinction) R = Eout /Em seen by an 
optical pulse travelling through a gain (absorber) medium with recovery time much 
longer than the pulsewidth is given by

R(E)

R lin ~  1

* / - l (A.III.l -1)
R lin ~  1

R f ~  1
-In

V * / /

where the reflectivity notation, relevant here, was used with the low energy reflectivity 
Rim and the reflectivity after the pulse has passed through the sample 

R.
. Eqn. (A.III.l - 1) does not take into account the7

Rf -  (Rf -  l)- exp
FV ^  sat y

nonbleachable reflectivity losses which are present in semiconductor saturable 
absorbers. Usually these losses are distributed, as are the bleachable losses. However, 
the TWA model cannot be solved analytically for this general case and only localised 
nonbleachable losses (i.e. imperfect mirror reflectivity, surface scattering etc.) were

introduced [22]. Using the new variable rHn =
Ri:„ +  A R 1 — A Rr

the energy

dependent reflectivity then becomes

R(E)

\

( \
In -In rlin

rf -1V j ^ 7 /  J

which can be simplified to

R{E) = {R,itl+AR}

1 + R lin

R lin +  A ß

f
exp

V 'sat J

(A.III.l-2)

(A.III.l - 3)
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Note, that (A.lll.l - 3) is slightly different to the fitting formula (eqn. 18) given in [22] 
which contains a notational error. Generally, the measurement setup described in 
section 4.2 measures the nonlinear reflectivity as

R(E) =
JJ !aut (''•yhdA
t,A_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

JJ Iin (r,t)dtdA
t,A

(A.lll.l - 4)

which indicates that the fit could still be improved if the output were integrated over 
the Gaussian beam [84]. This leads to the final TWA fitting formula

R(F) = 2 • Fsat • J r  • In
f  cy

/ /

+ exp
Klin  +

V V

2 • F •exp
f  0 22 ■ r

F.sat
dr

(A.lll.l - 5)
E

where F =----- — is the pulse energy fluence, to is the Gaussian beam radius and Fsat is
71- co

the saturation fluence. The integral over t is obsolete since it was shown in [85] that 
R(F) does not depend on the pulse shape.

It is worth identifying the assumptions made in the derivation of the TWA fit. 
These are: (a) the saturable absorber has a slow response (TA —> «>), (b) a single pass 
travelling wave configuration, (c) the nonbleachable losses are localised, and (d) the 
absorber is a pure two-level absorber, neglecting mechanisms such as free carrier 
absorption (FCA) and two-photon absorption (TPA). Clearly, for the samples 
considered here, all of these assumptions are under certain conditions and to some 
degree violated. For instance: not all samples can be considered slow compared to the 
pulsewidth used, there exists a standing wave inside the absorber layer which is 
effectively passed twice; and for high fluences FCA and TPA may not be negligible.

A.III.2. Instantaneous Two-level Saturable Absorber (ITA) Model

These shortfalls prompt one to ask whether a different fitting model could not be used 
just as well. In this context, the most straight forward model is that of an instantaneous 
two-level saturable absorber (ITA). Here, the reflectivity is given by
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R(F) =
F m ‘

• exp - I d -
A ,t 1 + hn^-r)

K .
1.763

2 • xFWHM

dtdr (A.III.2-1)

w here oco is the small signal absorption constant, ans is the nonbleachable absorption 
constant and the input intensity is defined as

F ■ 1.763

^ FWHM
seen V 1.763"

V ^  FWHM j
exp

2 - ^
(A.III.2 - 2)

Both the TWA and the ITA fit were applied to the R(FP) data of sam ples 10, 33, 
and 55 for com parison and are displayed in Fig. A.III.2 - 1. The fits were perform ed for 
fluences betw een 10 and 400 pj-cnv2. Rim, AR, ARns, and Fsat w ere then deduced from  the 
fits and given in  Table A.III.2 - 1. Most im portantly, both fits are in good agreem ent 
w ith  the data up  to fluences of around 400 pj-cnv2. However, the TWA fit is seen to be 
slightly better, also extrapolating better to lower and higher fluences. Clearly, both  fits 
fail at high fluences. Finally, because of the different models used in the fits, one 
arrives at different saturation fluences Fsat, as can be seen from Table A.III.2 - 1. 
However, either fit could be applied in a com parative study of different sam ples w hen 
used consistently.

Sample 10 
unimplanted

Sample 33
1-1013cm’2 As-impl. 600°C

Sample 55
8-1013 cm'2 O-impl. 500°C

data 
TWA fit 
ITA fit

Pulse Energy Fluence, Fp (pJ cm’ )

Fig. A.III.2 - 1: Comparing the TWA and ITA fits for samples 10 (unimplanted), 33

(1-1013 cm'2, As, 600°C) and 55 (8-1013 cm'2, O, 500°C). The fits were performed for 

fluences between 10 and 400 pJ cm'2.
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Fit parameters for TWA f i t  in Fig A.I1I.2 - 1imm
10 0.3095 0.5846 0.1059 21.66

33 0.3194 0.4856 0.1950 31.71

55 0.3438 0.3916 0.2646 44.43

Fit parameters for IT A f i t  in Fig A.III.2 - 1

10 0.2570 0.6769 0.0660 32.32

33 0.2923 0.5640 0.1437 56.74

55 0.3313 0.4641 0.2046 92.11

Table A.III.2 - 1\ Comparison of parameters of TWA and ITA fitting models for 

samples 10 (unimplanted), 33 (1 -1013 cm'2, As, 600°C) and 55 (8-1013 cm'2, O, 500°C). 

The fits were performed for fluences between 10 and 400 pJ cm'2.

A.III.3. TWA-Fit Including Two-Photon Absorption

When two-photon absorption (TPA) is present, the general equations for the 
intensity I and saturable absorption (SA) a are given by

= -[a(z>r’ 0 +  ans ] • /(z>r’ 0 ~ ß ‘/2 (z >r’ 0

da(z,r,t) _ (a(z,r,t)~ a0) a(z,r,t)-l(z,r,t)

&  Ta F sat

Unfortunately, no analytical solution exists for these equations and a fitting algorithm 
using numerical solutions is usually very time consuming. Therefore, it will be 
assumed here that the SA and TPA act independently on the intensity. This is valid 
when the SA is bleached at the intensities where the TPA starts to play a considerable 
role whilst the nonbleachable absorption ans is small. Then, the TWA model can be 
used in conjunction with a factor due to TPA:

R(F) = Rtwa (F) ■ RfPA (F) (A.III.3 - 3)

Here, Rtwa is the integral A.III.l - 5 and Rtpa will be derived in the following manner. 
When the saturable and nonbleachable absorption is neglected in (A.III.3 - 1) it is easy 
to show that it has the solution

(A.III.3 -1)

(A.III.3 - 2)

138



i out (r ’ 0
Iin(r,t) 1 + 2 • dabs ■ ß • Iin (r,t) 

where the intensity Im is given by

(A.III.3 - 4)

T f v F - 1.763 u2
Iin(r>t) = -----------Sech

‘ FWHM

1.763

^ FWHM )
exp

( 2 \2 r

V ® J
(A.III.3 - 5)

Using (A.III.3 - 5) it is possible to eliminate the time dependence in (A.III.3 - 4) 
analytically to arrive at the fluence dependent reflectivity due to TPA

oo
r t p a { f )  =  c - } - j t \  lim 

n A ( r )  /->«

where

V V

A(r)- cosh2V
V o

-  A(r)+ B - coshV
V o  J

A(r)- cosh2V
VoJ

-  A(r)— B ■ coshV
Vo J

sinh
\ {o j

A(r) |2 -date-V-F + exp
f ~ 2 N\2 • r
V uj y

sinh
t(Vo J) )

(A.III.3 - 6)

(A.III.3 - 7)

B IS-d^ - ß - F  
h

(A.III.3 - 8)

C = ' 2- /0 
F - ^ d abs ß

(A.III.3 - 9)

■FWHM

1.763
(A.III.3 -10)
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