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ABSTRACT 

This dissertation describes the development of ultra-short pulse solid-state lasers 

and the investigation of ultra-short pulse propagation in a nonlinear waveguide. We 

present laser design considerations involving astigmatism compensation, spot-size 

estimation, stability, and dispersion compensation, and their application to chromium 

doped forsterite lasers. Making use of the Kerr nonlinearity of the Crrforsterite crystal 

we demonstrate self-mode-locking in Crrforsterite lasers, both in the hard-aperture and 

soft-aperture Kerr-lens mode-locking regimes. Sub-200-fs pulses tunable between 1240 

and 1285 nm were obtained, with the shortest transform-limited pulses having 45 fs 

duration at 90 MHz repetition rate with 100 mW output power at 1265 nm 

Using a semiconductor quantum-well saturable absorber integrated with a Bragg 

reflector we demonstrated self-starting passive continuous-wave mode-locked operation 

of a Crrforsterite laser. Self-starting mode-locking was the only operational mode of the 

laser and could be achieved with and without intracavity dispersion compensation. We 

obtained 70 fs transformed-limited pulses using a prism pair for dispersion 

compensation, 4 ps pulses without prisms, and pulse energies of up to 2.3 nJ at 90 MHz 

repetition rate at 1260 nm. 

Using quantum-confined nanocrystals of lead sulfide in glass as intracavity 

saturable absorbers we obtained self-starting passive continuous-wave mode-locking in a 

Crrforsterite laser. We obtained near transform-limited 4.6 ps laser pulses at 100 MHz 

repetition rate, and a wide tunability range of 1207 to 1307 nm. 



12 

We studied femtosecond pulse propagation near a two-photon transition in CdS 

quantum-dot-doped waveguides produced by the solgel and ion-exchange methods. The 

observed two-photon absorption and asymmetric spectral modulation of the transmitted 

pulses were explained by the theoretical model, which incorporated, a near-resonant two-

photon transition. 
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CHAPTER ONE 

INTRODUCTION 

Extremely short duration light pulses can be obtained from mode-locked lasers. 

These extraordinarly short laser pulses enable us to probe phenomena occurring in time 

scales of tens of femtoseconds. These time scales are beyond normal perception to 

humans for whom normal time scales span from seconds to years. For comparison, while 

in one second a light pulse would cover a distance equivalent to seven great circles 

around Earth, in a 100 fs it would merely progress 0.03 mm. These ultra-short pulses are 

making it possible to understand ultrafast phenomena in physics, electronics, chemistry, 

and biology. The applications range from metrology and range finding, to materials 

processing, medicine, and communications, especially optical-fiber communications. 

Equally hard to grasp are dimensions on the order of a few nanometers. The 

possibility of manufacturing structures with such dimensions is creating a new set of 

devices exploring the unique physical phenomena occurring in such small structures, 

known as quantum-confined structures. 

The work presented in this dissertation deals with methods of generating ultra

short pulses, the investigation of ultrafast phenomena in a quantum-semiconductor 

device, and the application of quantum-semiconductor devices to the generation of ultra

short pulses. 
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1.1. Broad-band solid-state lasers 

A requirement to obtain ultra-short pulses from a laser oscillator is that the gain 

medium must possess a broad linewidth. Clearly, lasers capable of producing ultra-short 

pulses are also broadly tunable lasers. In nearly all broadly tunable solid-state lasers the 

large linewidth is due to a strong interaction of the active ion and the host. If the atoms 

surrounding the active ion are strongly affected by the active ion's electronic state, when 

the active ion changes electronic state the host atoms react by establishing new 

equilibrium positions of the lattice. This interplay of the electronic states of the active 

ion and vibrational modes of the host leads to the broad linewidth characteristic of most 

tunable solid-state lasers. Another important consequence is the resulting 4-level system 

behavior. For discussions on these tunable solid-state lasers, also known as vibronic 

lasers, see for example Moulton' or Barnes.^ A brief review of die early vibronic lasers 

can be found in Koechner.^ 

Tirsapphire, discovered by Moulton in 1982, is probably the most widely used of 

the vibronic lasers. CriLiSAF " has the important advantage over Tirsapphire that it can 

be laser diode-pumped,^® although LiSAF has weaker physical properties than sapphire 

[see for example Ref. 3]. Crrforsterite ' and Cr:YAG ® have attracted a lot of interest 

recently as their laser emission covers the important optical communication bands at 1.3 

and 1.55 jim, respectively. Cr;YAG is also an attractive laser for eye-safe applications. 

These are the vibronic solid-state laser materials that have received more attention lately. 

Meanwhile, there is ongoing research to discover other tunable solid-state laser materials. 



For example, room-temperature pulsed laser action of Cr:Ca2Ge04 (emission peak at 

1.29 |im) has been reported' and several other laser materials for the I.l-I.6|im 

wavelength region are being developed.'" 

1.2. Ultrafast laser pulse generation 

Mode-locking is a laser operation regime which yields the shortest laser pulses 

obtainable from a laser. By forcing the laser longitudinal cavity modes to maintain 

constant relative phases, the temporal interference of these modes results in light pulses. 

The basic analytical results of mode-locking given a laser cavity round-trip optical length 

2L and gain bandwidth Av are that: (I) the output of the laser is in the form of a train of 

pulses with a period T=2L/c, where c is the speed of light; (2) the peak power is TA y 

times larger than the average power; and (3) the pulse width is IMv. In practice, the 

usable gain bandwidth may be limited due to the finite bandwidth of some element in the 

cavity or due to dispersion, resulting in longer laser pulse duration and reduced peak 

power. 

The numerous existing laser mode-locking techniques may in general be 

classified either as active mode-locking or passive mode-locking techniques. Passive 

mode-locking uses a saturable absorber to shorten the laser pulses. Passive mode-locking 

yields much shorter pulses than active mode locking because the intensity and saturable 

absorber action increase as the pulses are shortened. Active mode locking uses an 

externally driven modulator to shape the pulses, which in general limits the pulse 

duration due to the response time of the driver electronics or modulator speed. In this 



work we will use solely passive mode-locking techniques for ultra-short pulse 

generation. 

The first use of saturable absorbers in laser mode-locking dates from the 

1960's." '" Simultaneous Q-switching and mode-locking laser operation was obtained 

with flashlamp pumping. This type of operation although providing high pulse energies 

directly from the oscillator has the disadvantages of large pulse to pulse energy 

fluctuations and pulse jitter. Saturable absorbers may also be used in continuously-wave 

(CW) pumped lasers allowing for steady-state mode-locking, also known as CW mode-

locking. Ippen et al. first demonstrated passive mode-locking in a linear CW dye laser in 

1972.'^ The crucial concept of colliding-pulse mode-locking (CPM) in the history of 

ultrashort pulse generation was introduced by Ruddock and Bradley in 1976."* Fork et 

al. latter applied this concept to ring dye-laser cavities obtaining pulses as short as 90 

fs.'^ Within a few years, pulses as short as 27 fs directly from the CPM dye laser and 

6 fs after spectral spreading in a fiber and subsequent compression were achieved.'® This 

has been the record for the shortest optical pulses until very recently (sub-5-fs externally 

compressed pulses, in 1997 Within the femtosecond community the CPM ring 

laser has been the workhorse laser for many years. The experiments described in Chapter 

5 were performed with such a femtosecond CPM ring dye laser. Passive mode-locking 

with a saturable absorber as used in the CPM laser is generally termed slow saturable 

absorber mode locking}'^ Pulse shaping is determined by a gain window which opens 

when the absorber saturates and closes when the gain saturates. 
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In the vibronic lasers described in Section 1.1 the long upper state lifetime and 

small gain cross section preclude the use of slow-saturable absorber mode-locking. Kerr-

Lens Mode locking (KLM) discovered in Tirsapphire falls into a different class of 

passive mode-locking, generally termed fast saturable absorber mode locking. Here, the 

gain remains practically unchanged during the pulse transit through the active medium 

but the cavity losses fall below the gain level during a short time determined by the fast-

saturable absorber. Pulse shaping is performed both on the leading and trailing edges of 

the pulse. The intensity dependent Kerr-lens effect on the laser crystal itself or on an 

additional optical element^modifies the intracavity laser mode, varying the losses 

experienced by the beam at some aperture. KLM is one of the most successful mode-

locking techniques and has triggered a set of new applications with several KLM lasers 

now being offered commercially. The shortest pulses obtained directly from a laser to 

date had 6.5 fs duration and were obtained from a KLM Ti:sapphire laser.^ In Chapter 2 

we will discuss a KLM Crrforsterite laser. Additive Pulse Mode locking (APM) is 

another type of fast-saturable mode-locking^" but requires interferometric control of the 

cavity length and is not widely used. 

CW laser mode-locking using intracavity multiple-quantum wells (MQW's) was 

first demonstrated in diode lasers.^ It was found that both fast and slow absorption 

saturation were present and that the fast component contributes substantially for the pulse 

formation.*® Color-glass filters were also used to CW passively mode-lock a Ti:sapphire 

laser in the picosecond regime.^^ 
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In the last years it became apparent that semiconductor saturable absorbers 

integrated with mirrors were extremely versatile devices, yielding very easy and robust 

mode-locking, and several solid-state lasers have been mode-locked using them. 

Chapter 3 describes one such device and its application to the mode-locking of a 

Crrforsterite laser. Such devices are commonly termed SESAM, A-FPSA, and SBR's. 

The mode-locking principle in same cases has been attributed to a fast saturable absorber 

type action. However, in other cases it has been tagged as soliton mode locking with 

saturable absorber [see for example Ref. 28] (not to be confused with the soliton laser^'). 

In soliton mode locking, the saturable absorber response time has been shown to be much 

slower (over ten times slower) than the laser pulse duration, but the interplay of group 

velocity dispersion (GVD) and self-phase modulation (SPM) together with delay of the 

soliton due to the pulse leading edge absorption was enough to stabilize the pulse.^° 

Mode-locking of lasers using such semiconductor saturable absorbers together with 

diode-laser pumping promise compact femtosecond solid-state lasers, making the 

transition to the so-called "real-world" applications attainable in the next few years. 

1.3. Overview 

The next three chapters of this dissertation deal with passive mode-locking 

techniques for the generation of ultra-short laser pulses and their demonstration in a 

Crrforsterite laser. Chapter 2 gives a brief historical review of the Crrforsterite laser and 

reports Kerr-lens mode-locking (KLM) in two different regimes known as hard-aperture 

and soft-aperture KLM. General laser-cavity design techniques are also presented in this 
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chapter. Chapter 3 describes mode-locked operation of a Crrforsterite laser using a 

semiconductor quantum-well saturable absorber integrated with a Bragg reflector. 

Extremely simple and stable operation of the mode-locked laser is rendered possible with 

this technique. In Chapter 4 we report the use of a novel saturable absorber consisting of 

PbS quantum-dot doped glasses for laser mode-locking. In Chapter 5 we report the 

investigation of ultra-short pulse propagation in a nonlinear quantum-dot doped glass 

waveguide near a two-photon resonance. Finally, in Chapter 6 we conclude with some 

suggestions for future work. Most of the work described in this dissertation has also 

been published elsewhere. 
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CHAPTER TWO 

KERR-LENS MODE LOCKING OF A CR:FORSTERITE LASER 

In this chapter we first review some of the history of the Criforsterite laser, and 

then discuss Kerr-Lens Mode locking (KLM). We present procedures followed in 

building hard-aperture and soft-aperture KLM lasers, including cavity design 

considerations regarding astigmatism and mode-spot size, stability, and dispersion 

compensation. We describe their application to Crrforsterite lasers and demonstrate 

femtosecond pulse generation using both hard- and soft-aperture KLM. 

2.1. The Cr:forsterite laser aod applications 

Chromium-doped forsterite (Cr:Mg2Si04) was first demonstrated as a laser 

material in 1988.^ Soon afterward Cr''^ was identified as the ion responsible for the laser 

action.^" Cr:forsterite's broad gain bandwidth made it a prospective candidate for 

ultrafast pulse generation, with hopes for a laser system similar to Tirsapphire.^' 

However, the poor thermal conductivity and sharp decrease of fluorescence quantum 

efficiency with temperature, attributed to phonon-assisted non-radiative decay, imposed 

some limitations on the Cr:forsterite laser system.^® Only more recently with the 

appearance of high-quality crystals has this laser become commercially available. In 

Crrforsterite, demonstration of pulsed laser action'"^'* was rapidly followed by continuous-

wave operation," wide tunability operation (1167 to 1345 nm when pumped by a 

NdrYAG laser),^* possibility of tunable multi-Watt continuous-wave output (at 77K),^® 

and picosecond mode-locked operation.^' Under mode-locked operation, and using 



intracavity prism pairs for group-velocity dispersion compensation sub-lOO-fs pulses 

were attained with active mode locking"^ and regeneratively-initiated mode locking/' A 

distinct mechanism of mode-locking commonly termed Kerr-Lens Mode locking (KLM) 

first observed in a Ti:sapphire laser system^" has generated great interest for solid-state 

laser mode-locking. It has been used to self mode lock several different lasers and has 

produced the shortest pulses obtained directly fi-om a laser (6.5 fs from a Ti:sapphire 

laser^). Sub-lOO-fs pulses between 1230 and 1280 nm were demonstrated in a KLM 

Cr:forsterite laser"*" with a record of 25 fs produced in a Cr:forsterite laser system using 

KLM together with optimized group-delay dispersion."*^ 

Recently, the Crrforsterite laser has proven to be an appropriate source for room-

and low-temperature studies of semiconductor structures for the 1.3 jim fiber 

communication wavelength,"*^ for pumping of Ge-doped 1.3 |im Raman fiber 

amplifiers/' for polarization-sensitive spectroscopy of metals,"*^ and for optical coherence 

tomography, due to lower scattering in biological tissues.^^ The second harmonic of 

tunable 1210-1270 nm femtosecond pulses'*® from self-mode-locked Crrforsterite lasers 

provides a solid-state alternative to colliding-pulse mode-locked (CPM) dye lasers. More 

recently, pulse energies of 30 nJ at 54 fs were obtained directly from the oscillator using 

a cavity-dumped KLM laser."" Furthermore, Crrforsterite is a very promising laser 

medium for diode pumping'" which is of importance in terms of applications. 



2.2. Kerr-Lens Mode Locking (KLM) 

KLM is a form of passive mode locking where no additional time modulating 

elements are required other than the lasing crystal itself, hi KLM, high peak intensity 

pulses are self-focused in the laser medium producing a mode profile with a different 

spot size than that of the continuous-wave (CW) mode. If the cavity is adjusted such that 

the overall loss for the pulsed mode is smaller than that for the CW mode, the laser can 

be made to self-pulsate. Self-sustained mode locking with generation of ultra-short 

pulses is thus possible provided that group-velocity dispersion (GVD) is compensated, so 

that soliton-type pulses propagate inside the cavity. Provided there is enough gain 

bandwidth, shorter pulses can be achieved when GVD compensation is optimized, with 

the shortest pulses requiring compensation of higher order dispersion terms.'® In KLM 

the method of discriminating between CW and pulsed operation is usually classified 

either as hard-aperture or soft-aperture mode-locking. In hard-aperture KLM, an 

aperture is placed inside the cavity to create discriminating losses for the CW mode. In 

soft-aperture KLM, the losses are introduced by a slight cavity misalignment which the 

Kerr effect can compensate for, and the soft-aperture is defined by the pump mode and 

laser mode overlap inside the crystal. In general, both types of KLM may coexist. 

However, soft-aperture mode-locking is not always possible, as is the case for diode-

pumped systems where the pump mode inside the lasing medium is much larger than the 

laser mode. In this sense, hard-aperture mode-locking seems to be of broader application 

and preferable given the possibility of modeling KLM lasers including this feature, thus 



providing a systematic way to build such ultrafast mode-locked lasers. Nonetheless, 

there is a higher power penalty for hard-aperture KLM because of the additional losses 

introduced by the aperture. 

2.2.1. Hard-aperture KLM 

One of the most used tools for modeling laser cavities is the ABCD matrix 

formalism [See for example Ref. 51] used to describe beam propagation in paraxial 

optical systems. This formalism has been extended to include dispersive optical 

elements" and nonlinear effects such as self-focusing and self-phase modulation in a 

second-order theory (4x4 matrices)." However, with the advent of ever shorter pulses 

most of the modeling of KLM lasers has focused on the effects of higher order dispersion 

[see for example Refs. 54,55]. Another approach to KLM laser modeling has been 

developed by Magni et towards hard-aperture KLM. It is based on the definition 

of a transfer matrix for the Kerr medium, consistent with the ABCD law for gaussian 

beams, and the subsequent evaluation of a Kerr-lens sensitivity parameter dependent on 

cavity parameters. This analysis has been extended to astigmatic resonators and has lead 

to self-starting KLM of a Tirsapphire laser.Following this analysis and using an 

ABCD matrix program we built a hard-aperture KLM Crrforsterite laser to generate short 

laser pulses near the 1.3 /im wavelength region. 

Laser Cavity Design 

In this section we describe the procedure followed to design the cavity of our 

Crrforsterite laser as a hard-aperture KLM laser. The cavity is a folded Z-type cavity 
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commonly used for KLM lasers as shown in Fig. 2.1. The steps in the design include the 

following: 

1. assignment of distances between the elements in the cavity; 

2. numerical determination of the astigmatism compensation angle; 

3. stability check and determination of the mode spot size (half-width 1/e of the 

field amplitude); 

4. numerical determination of the Kerr-lens sensitivity parameter; 

5. and iteration from step 1 until the design is adequate. 

The components of the laser (Fig. 2.1) consisted of a 10 mm long Brewster cut 

Crrforsterite crystal, two focusing mirrors with 100 mm radius of curvature {Ml and 

M2),  a  f la t  2% output  coupler  {OC),  a  f la t  h igh ref lec tor  {HR),  and two 60 degrees  SFl  1  

prisms {PI and P2). Also, a flat high reflector folding mirror was used for compactness, 

as well as two slits for the hard-aperture {SI) and for tuning (S2). The refractive index of 

the Cr:forsterite crystal was taken as n =1.636,®' and that of the prisms was obtained from 

the Schott Optical Glass catalog." 

The laser crystal was cut at Brewster angle in order to minimize reflection losses 

at the crystal-air interfaces thus avoiding the use of anti-reflection coatings. However, 

the Brewster cut geometry introduces astigmatism. The prisms used for dispersion 

compensation mtroduce considerably less astigmatism as they are placed in the near-

collimated beam and only a few mm of glass are in the beam. For the compensation of 

astigmatism the two curved focusing mirrors were set at an angle such that the output 
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Figure 2.1. Hard-aperture KLM Cr:forsterite laser with folded Z-cavity. 
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beam of the laser was circular (non-elliptic). The term astigmatism-compensated cavity 

usually refers to a cavity in which the laser mode inside the active medium is circular/" 

Since our primary interest in building the laser was for research in waveguides, a circular 

beam at the laser output was desired. As the output couplers typically used in these 

lasers are flat, the output beam may be elliptical but will not be astigmatic. Still, we use 

the term astigmatism compensated to denote a cavity where astigmatism was taken into 

account in order to obtain a circular output beam. 

For the numerical determination of the astigmatism compensation angle an 

ABCD matrix program was developed. The transfer matrices for the crystal, prisms and 

curved mirrors (set at an angle with respect to the normal) are different in the X (in plane 

or horizontal) and in the Y (out of plane or vertical) directions (see Fig. 2.1). Two 
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cavities were defined, one for the X and another for the Y directions, and angle-of-

incidence dependent ABCD transfer matrices used.^' " The program used a linear ABCD 

transfer matrix for the crystal, i.e., the Kerr effect was not taken into account at this 

stage. The angle 0 was left as a variable, and all the distances were assigned typical 

values. The angle d has to be such that the astigmatism introduced by the crystal (and 

the prisms) is compensated by the two curved mirrors {Ml and Ml). The program used 

an iterative algorithm to determine 9 comparing the self-consistent gaussian beam 

solution for the X and Y directions and minimizing the difference in spot sizes in the A' 

and Y directions for the arm between mirror Ml and output coupler (OC). Consequently 

the beam coming out of the laser will also be circular. An initial good guess for the seed 

value input to the iterative algorithm was obtained from:" 

2NL/R = 2 sin(0) tan(0), (2.1) 

with 

N = (n ' - l ) /n \  (2.2)  

where n is the refractive index of the crystal at the wavelength of interest, L is the crystal 

length, and R the radius of curvature of the focusing mirrors. (In the equation above a 

factor of 2 is introduced compared to the formula by Kogebiik et al.^^ since we use two 

curved mirrors for the astigmatism compensation instead of one. Because of the different 

definition of crystal length a factor of Vn^ + l/n is absent: we use the path length 

followed by the laser beam inside the crystal, and in Ref 62 the element length is defined 
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as the shortest distance normal to the facets). The 9 determined numerically was then 

used in the subsequent steps of the cavity design process. 

The geometrical stability^' of the cavity in the Z and Y directions is determined as 

a function of several cavity parameters using another program. As an example, Fig. 2.2 

shows the stable region for our laser cavity as a ftmction of distance x2^ the crystal to 

mirror A/2 distance (see Fig. 2.1). The stable region (here defined as the region where 

the stability parameter assumes values between 0 and 1) is not the same in the A' and Y 

directions. Only when the X and Y cavity stable regions overlap will the cavity be stable 

in the geometrical sense. Fig. 2.2 shows that there are actually two stable regions (almost 

connected since the cavity used had nearly identical arm lengths, LI and L2). 

1 

"S 0 .8  
•u 

0 

49 50 51 52 53 54 55 56 

x2 

Figure 2.2. Stability parameters for the X (solid line) and Y (dashed line) directions as a 
function of distance x2 (crystal to mirror M2). 
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Figures 2.3 to 2.5 show the beam spot size evolution of the self-consistent 

gaussian beam solution for the X and Y directions versus the linearized cavity length 

along the cavity (the output coupler is at Z = 0, and the high reflector at maximum Z). 

The vertical lines mark the position of the optical elements, the tilted interfaces, and also 

the waist positions for the X and Y directions. Fig. 2.3 shows the beam radii evolution in 

the entire cavity; Fig. 2.4 shows the beam radii close to the crystal region where it is 

visible that the waists in the A' and Y directions are not located at the same Z; Fig. 2.5 

shows the beam radii near mirror Ml demonstrating that indeed the radii are the same for 

the output coupler arm, and therefore astigmatism is "compensated". 
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Figure 2.3. Beam spot size for the X and Y directions in the astigmatism compensated 
cavity. 
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Figure 2.4. Spot sizes near the crystal region for the same cavity as in Fig. 2.3. 
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Figure 2.5. Spot sizes near mirror Ml for the same cavity as in Fig. 2.3. 
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Figure 2.6 shows the beam spot size at the output coupler (OC) as a function of 

distance x2. The spot sizes strongly depend on distance x2 but the output beam remains 

practically round within a millimeter or so of the desired distance. At values of x2 where 

the spot sizes diverge the cavities are not stable (compare with Fig. 2.2). 

49 50 51 52 53 54 55 56 

x2 

Figure 2.6. Beam spot size at the output coupler (OC) for the X (solid line) and Y 
(dashed line) directions as a Junction of distance x2 (crystal to mirror M2). 

In hard-aperture KLM lasers, the cavity losses due to an aperture are modulated 

by the instantaneous intracavity power. It was demonstrated that the spot size change 

due to the Kerr effect in non-cylindrical symmetric cavities, such as that in Fig. 2.1, is 

much more pronounced in the X direction." Therefore, a variable vertical slit is 

commonly used as the aperture. Assuming the TEMqo mode is not appreciably disturbed 

by the aperture, a Kerr lens sensitivity parameter can be obtained proportional to the 
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losses in first order. The loss of a gaussian beam of spot size w through an aperture of 

diameter 2a is given by 

rexp[-2(/- / ydr 
L = = exp[-2(o- /w)']. (2.3) 

exp[-2(r / w)^ydr 

Therefore, to first order in power, the power dependent loss is 

dL = 4(o- / wf exp[-2(o- / w)' ]<^ / , (2.4) 

where is the critical power for self-focusing.^' 

The factor S is the derivative of the beam spot size with respect to the beam 

power p (p is the normalized intracavity power relative to P(-), for vanishing power, and 

at the plane where the aperture is located. 

1 dw 

w dp 
(2.5) 

p=0 

The position of the aperture has to be such that S is negative (decreasing losses 

with intracavity power) and large to self mode lock the laser. A large enough magnitude 

of 5 can even make self-starting mode locking possible.'® The largest magnitude of ^has 

been shown'' to occur at the flat end mirrors {OC or HR), at an image of these, or at their 

Fourier planes. We have chosen to place the hard-aperture slit (S7) near the output 

coupler (see Fig. 2.1). 

In obtaining an expression for 5 the spot-size variation produced by a thin slice of 

the Kerr lens medium at the output coupler (OC) is first calculated. The total spot-size 

variation is obtained by integrating over the length of the crystal. In Z-cavity type lasers 
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the K.err medium is placed between two focusing mirrors, and the stability of the laser 

strongly depends on the distance between the concave mirrors. Therefore, from a 

practical point of view it is useful to express as a function of cavity geometry. Magni 

et al}'* derived the following expression for ^OCx (the 5 parameter in the X direction 

calculated at the output coupler mirror): 

where ^ is the longitudinal coordinate in the Kerr medium; L is the crystal length; B^a 

and are the (1,2) or B elements" of the round trip matrices of the cavity starting at 

position ^; B,^ D,^ and are the matrix elements for the propagation from position 

^to mirrors OC and HR, respectively (see Fig. 2.1); and Sy are the stability factors for 

the X and Y directions, respectively, with = (A^ + / 2 and similarly for S^. 

Fig. 2.7 shows a detail of the contour plot for negative 5^ as a flmction of the distance z 

between focusing mirrors, and the distance xl from mirror MI to the crystal, using the 

parameters of our laser. Figure 2.8 shows the stability parameter for the same range of z 

(the cavity is stable for values of the stability parameter between 0 and I). These two 

last figures show that the laser has to work close to the inner stability limit in order to 

achieve hard-aperture KLM. 

(2.6) 
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Figure 2.7. Kerr-lens sensitivity parameter 5,^ for the astigmatism compensated cavity -
detail. The hatching region corresponds to an unstable cavity. 
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Figure 2.8. Stability parameter for the same stability region as in Fig 2.6. The cavity is 
stable for stability parameters between zero and one. 
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Figs- 2.9 and 2.10 show the S,^ contour plot over the full stability ranges for the 

ideal astigmatism compensation angle dukaj and for the angle 0^„.ukai = (Ouieat degree) 

respectively, demonstrating how sensitive the map is to 0. Fig. 2.11 shows a detail of 

the stability parameter for defined above, showing that the stable regions for the 

X and Y directions separate and another forbidden region appears (stability parameter less 

than 0). These contour plots provide very useful guidelines for the adjustment of the 

laser cavity helping to obtain self-mode-locking. 

8=10.8 deg L1=720mm L2=750mm 

Figure 2.9. Kerr-lens sensitivity parameter S,^ - perfect astigmatism compensation. 



35 

©=9.8 deg L1=720 mm L2=750 tm 

112 

110 

108 

106 

40 45 60 50 55 

x1 (mm) 

Figure 2.10. Kerr-lens sensitivity parameter - imperfect astigmatism compensation. 

Mode-matching of the pump beam and the laser beam inside the crystal was 

studied for the different focal length lenses available. With the help of an ABCD-matrix 

program the pump mode and laser mode overlap was optimized yielding the best distance 

from the focusing lens to the back of mirror ML For a 15 cm lens the optimum is about 

107 mm. 

Solitary-type lasers are believed to produce the shortest pulses when the group 

velocity dispersion (GVD) the pulse experiences in a round trip is negative and has the 

smaller magnitude for which pulse formation is stable.^^ To obtain negative GVD 
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Figure 2.11. Stability parameter detail for imperfect astigmatism compensation. 

grating pairs or prism pairs may be used,'® " ''^ and although higher dispersion is obtained 

with gratings they also introduce forbidding losses. The negative GVD introduced by the 

dispersing elements can be made to cancel the positive GVD due to the crystal. Prism 

pairs give both material dispersion and angular (also known as refractive) dispersion, 

with the prism material dispersion adding positive GVD to that of the crystal. The 

angular GVD introduced can be calculated by analyzing the wavelength dependence of 

the optical path length through a prism pair such as that of Fig. 2.1. For Brewster-cut 

prisms the derivation of an analytical formula is straightforward.""®^ The second 

derivative of the optical path length with respect to wavelength is found to have two 

terms, with the negative term proportional to the prism tip to tip distance. Therefore, for 

a long enough prism separation the angular dispersion provides negative GVD, and by 



adjusting the prism separation the overall GVD can be compensated. To a lesser extent 

some "fine" GVD compensation is possible by inserting more or less prism glass into the 

laser beam. In order to further shorten the pulses third-order dispersion (TOD) needs to 

be taken into account. By choosing different combinations of prism materials and prism 

spacing TOD can be optimized for a certain wavelength while maintaining optimal GVD. 

Using the index of refiraction dispersion for the Cr:forsterite crystal obtained by 

Sennaroglu et al.*^ we estimated the double pass material GVD and TOD introduced by 

the crystal to be 2500 fs^ and 24000 fs^, respectively. For the SFl 1 prism pair we have 

used the reflective index data provided in the Schott Optical Glass catalog and the 

Brewster-cut prism assumption. Assuming a total prism material insertion of 10 mm and 

395 mm of prism separation, we calculated the material GVD and angular GVD 

introduced to be 900 fs^ and -3700 fs^ respectively. The estimated total GVD and total 

TOD were -300 fs" and 20000 fs^, respectively. 

Laser Operation 

The laser cavity was a folded Z-type cavity commonly used in KLM lasers (Fig. 

2.1). The Cr;forsterite's poor thermal conductivity and sharp decrease in fluorescence 

quantum efficiency with temperature make imperative the use of some cooling system 

for the crystal. Our solution involves cooling the crystal by mounting it wrapped in 

indium foil on a brass slab. A pair of Peltier coolers placed between the crystal holding 

brass slab and a water cooled brass base kept the controlled temperature at about 0 °C. 



A CW Nd:YAG actively mode-locked laser was used as the pump source. This 

laser is capable of delivering over 10 W of 1064 nm 60 ps pulses at a repetition rate of 

82.25 MHz. However, due to the thermal problems of the Crtforsterite the pump power 

was reduced to 7 W in order to achieve self-mode-locked operation of the Crrforsterite 

laser. The long radiative decay time of the upper lasing level of 2.7 ps at room-

temperature®^®® effectively averages the pump, and there was no observed 82.25 MHz 

modulation on the mode-locked Cr:forsterite laser output as measured with a radio-

frequency spectrum analyzer. 

By moving prism P2 we introduced a perturbation to the intracavity mode profile. 

When the appropriate cavity parameters were obtained following the guidelines in Figs. 

2.7 to 2.10 the laser self mode locked. In practice, the cavity was optimized by adjusting 

the distance x2 (effectively changing z while maintaining xl constant), the width of slit 

SI, and the prism insertion, while monitoring the laser output using a fast Ge photodiode 

cormected to a fast (> 100 MHz) oscilloscope, watching for signs of pulse formation. 

After pulse formation was apparent, further optimization of the cavity yielded a stable 

train of pulses, and the laser remained mode locked for several hours. A more detailed 

procedure for building the laser and hard-aperture KLM operation is given in 

Appendix A. 

At 7 W pump power, mode-locked pulses were obtained as shown in Fig. 2.12 

acquired with a 250 MHz sampling oscilloscope. Over pumping the Cr:forsterite laser 

destroyed the mode locking owing to thermal effects. 
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Figure 2.12. Kerr-lens mode-locked Cr:forsterite pulses. 

As the femtosecond pulses cannot be resolved with a photodetector we used a 

home-made auto correlator to determine the pulse width. The interferometric 

autocorrelation signal is given by 

I(t) = C,|{E(t) + E(t-i:)}'pdt, (2.7) 

and information on the pulse coherence is therefore available.®' Fig. 2.13 shows a typical 

auto-correlation of the pulse. (The artifacts in the fringe pattern are due to the limited 

resolution in the data acquisition system). The auto-correlator was calibrated with a He-

Ne laser. Alternatively, the pulse width may be determined by counting the number of 

fringes inside the FWHM upper envelope of the autocorrelation. The number of fringes 

together with the knowledge of the pulse central wavelength allows for the calculation of 
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the pulse interferometric autocorrelation width. This is related to the actual pulse width 

by a factor of 1.897 for a sech"(t) pulse, yielding a full-width half-maximum (FWHM) 

duration of 170 fs. The time-bandwidth product was 1.09 times smaller than that for 

transform-limited sech^(t) pulses, implying somewhat asymmetric pulses. 
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Figure 2.13. Interferometric autocorrelation of the KLM Cr.forsterite pulses. 

By introducing a slit (82) near the HR we were able to tune the laser between 

1240 and 1285 nm (see Fig. 2.14). Tuning was performed by sliding the slit along the X 

direction and adjusting the GVD compensation with prism P2 by introducing more or 

less glass in the beam path. The free-rurming laser (no tuning slit) mode locked near 

1265 nm. The average output power was as30 mW at 7 W of pump power. 

Time 
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Figure 2.14. Tunability of the KLM Cr:forsterite laser. 

2.2.2. Soft-aperture KLM 

In soft-aperture KLM the aperture is determined by the pump mode. The pump 

mode and laser mode overlap inside the crystal is responsible for the discriminating 

losses against the CW regime. In general, the cavity is slightly misaligned in the CW 

regime and the Kerr effect will compensate the misalignment yielding a less lossy TEMqo 

mode in the mode-locking regime. A procedure followed to obtain soft-aperture KLM of 

the Crrforsterite laser is described in Appendix A. A Kerr-Iens sensitivity parameter 

theory similar to that developed for the hard-aperture KLM may be developed for soft-

aperture KLM. However, some difficulties may arise from the fact that in soft-aperture 

KLM the aperture is not located at a definite position in the cavity. 
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Laser Cavity Design 

The cavity design follows the same procedure as described for the hard-aperture 

KLM (see the previous Section) in terms of astigmatism compensation and stability 

analysis. The laser cavity is identical to that described in the previous section (see 

Fig. 2.1), except for the following: no hard-aperture slit (SI) was used; the crystal was 

19 mm long which required a different astigmatism compensation angle; and we used 

SF-I4 prisms at 30 cm separation for the dispersion compensation. A Nd:YAG laser 

delivered 7 W of Imearly polarized 1064 nm pump power which was focused by a 15 cm 

focal length lens inside the laser crystal. 

Laser Operation 

Pulses as short as 45 fs were obtained from this system at a repetition rate of 

90 MHz and average output power of 100 mW using a 2% output coupler. Fig. 2.15 

shows the 38.5 nm FWHM spectrum of the 45 fs pulses as acquired with a line-scan 

camera after a spectrometer. The time-bandwidth product yields transform-limited 

pulses within experimental error. 
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Figure 2.15. Spectrum of 45 fs KLM Cr.forsterite laser pulses. 

2.3. Summary 

We have built a hard-aperture self-mode-locked Crrforsterite femtosecond laser 

following designing guidelines that are extendible to other Kerr-lens mode-lock laser 

systems. The laser output consisted of sub-200-fs pulses at 93 MHz repetition rate 

tunable between 1240 and 1285 nm with 30 mW of average power. Using a higher 

quality crystal we built a soft-aperture KLM Cr:forsterite laser obtaining 45 fs pulses at 

90 MHz repetition rate with 100 mW output power (peak power of 28 kW) at 1265 nm. 

These lasers were used to study exciton dynamics in GalnAs/AlInAs multiple quantum 

wells and ultrafast electron and hole turmeling in GalnAs/AlInAs asymmetric double 

quantum wells.^ 



CHAPTER THREE 

MODE-LOCKING OF A CR:FORSTERITE LASER WITH A 
SEMICONDUCTOR SATURABLE BRAGG REFLECTOR 

A saturable absorber is a nonlinear optical device that exhibits a decreasing 

absorption with increasing light intensity. Such a device may be placed inside a laser 

cavity to introduce intensity dependent modulation losses to the intracavity beam 

resulting in laser pulse generation. Generally, if the recovery time of the saturable 

absorption is on the order of the cavity round trip time, the laser will operate in a passive 

Q-switching mode. However, if the recovery time of the absorption is less than the 

cavity round-trip time laser mode-locking is possible. In the interest of obtaining 

compact, reliable, and maintenance free solid-state lasers, the saturable absorber used for 

the laser mode-locking should possess these same desired characteristics. Semiconductor 

structures are the system of choice as they surpass in all the above requirements and can 

be tailored to provide the desired absorption characteristics. In particular, quantum wells 

are well-known for their large excitonic room-temperature nonlinearities^",^' which can 

be an order of magnitude larger than the bulk value. In this chapter we demonstrate the 

application of a saturable quantiun-well Bragg reflector to the self-starting mode-locking 

of a Cr:forsterite laser. 

After a short introduction, we describe the saturable Bragg reflector used in this 

study, including some design considerations. Next, we describe several modes of 

operation of a Cr:forsterite laser using the saturable quantum-well Bragg reflector. 



Finally, we discuss the mechanism leading to mode-locked operation of the Crrforsterite 

laser. 

3.1. Semiconductor saturable absorbers 

The demonstration of ultra-short pulse generation, high average power, and large 

tunability from solid-state lasers is stimulating a new range of applications in 

spectroscopy, communications and medicine. The key to this development has been the 

demonstration of Kerr Lens Mode locking (KLM)'" in many of the commonly used solid-

state laser systems.^ The simplicity and stability of KLM has made traditional passive 

mode-locking techniques employing saturable dye absorbers obsolete. Despite wide 

acceptance, KLM is not always easily achieved, and requires stringent cavity design and 

alignment. KLM of a Crrforsterite laser is discussed in the previous chapter where these 

issues are illustrated. Moreover, KLM has been shown to be self-starting for only very 

few laser systems.Passive mode-locking using semiconductor saturable absorbers 

incorporated with mirrors is an alternative method of mode-locking that has received 

increasing attention for use with ultrafast solid-state lasers.'*'^^'^*^'^^'" " The semiconductor 

saturable absorber combines the simplicity and stability of KLM with self-starting 

operation and alignment insensitivity. Advanced semiconductor growth techniques allow 

for the monolithic growth of the saturable absorber together with Bragg reflectors. 

Demonstrated structures include the antiresonant Fabry-Perot saturable absorber (A-

FPSA)^*'^^" and the saturable Bragg reflector (SBR).'®'' The A-FPSA is a more flexible 

structure and has demonstrated self-starting mode-locking in several femtosecond and 



picosecond solid-state lasers. The SBR is a simpler structure, which in general requires 

no post-growth processing, and has shown self-starting mode-locked operation in 

CrrLiSAF, Tirsapphire and Cr:YAG lasers. In this chapter we demonstrate that self-

starting mode-locked operation of a chromium-doped forsterite laser can be achieved 

using SBR's. 

3.2. The Saturable Bragg Reflector (SBR) 

The structure of the SBR used in this work is shown in Fig. 3.1. It was grown by 

molecular beam epitaxy on a (100) GaAs substrate using the tilt growth method, which 

insures high uniformity of epitaxial layers across the wafer.®" The Bragg reflector 

consisting of 25 periods of GaAs/AlAs quarter wave layers was grown at 620 °C. The 

GaAs/AIAs quarter-wave stack was followed by an Inoj2Alo.48As quarter-wave layer with 

two embedded 30 A Inoj3Gao47As quantum wells, all grown at 480 °C. The Ino^3Gao47As 

quantum wells were decoupled by a 100 A In<,j2Alo.48As barrier, and the first quantum 

well was 200 A from the AlAs/InAlAs interface. Note that there is a lattice constant 

mismatch between GaAs/AlAs and Inoj2Alo.4gAs/In<,^3Gao.47As of almost 4%. 

Since the emission cross-section of Cr:forsterite is relatively low («I4xlO"^° cm"), 

the intracavity losses should be small to obtain a reasonable power output. The high 

reflectivity of the Bragg reflector and low number of absorbing quantum wells in the 

SBR described above assist in minimizing the insertion losses. 
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Figure 3.1. Saturable Bragg Reflector (SBR) design for the Cr.forsterite laser. 

3.2.1. Saturable absorber 

The two Inoj3Gao47As quantum wells with Ino^2A^lo.48As barriers provide for the 

required saturable absorption. Inoj3Gao.47As and Inoj2Alo.4gAs are both lattice matched to 

InP. Therefore, they are widely used to fabricate quantum wells on InP substrates, and 

their properties are relatively well known. By varying the thickness of the In,, j3Gao47As 

well the excitonic resonance can be tuned from l.l fim to 1.6 fim. Fig. 3.2 shows the 

calculated room-temperature heavy- and light-hole exciton absorption spectral position as 
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a function of well width. The material parameters were obtained from the 

literature.^'-^""*" 
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Figure 3.2. Room-temperature excitonic absorption resonance spectral position (nm) as 
a Junction of quantum-well width (A). The heavy-hole exciton (HHX) curve is shown in 
solid line, and the light-hole exciton (LHX) curve in dashed line. 

To provide the saturable absorption nonlinearity for the Crrforsterite laser, the 

Ino^3Ga<,.47As quantum wells were designed to have the heavy-hole exciton absorption 

resonance at 1.23 ^im at room temperature. However, the actual position of the exciton 

absorption resonance of the sample is not known. We have tried to measure the 

luminescence from the quantum wells to locate the exciton position, without success. 

The set-up used an argon-ion laser as the pump source, collected the luminescence from 



the sample in reflection, filtered the pump light with color filters, and for the detection 

used a cooled Ge detector after a scanning spectrometer. The Ar" pump beam was 

chopped mechanically and lock-in detection used. The average of multiple scans of the 

spectrometer was acquired by a computer. The system was aligned with luminescence 

fi-om the GaAs. The luminescence was taken at room-temperature and at 16 K. 

However, the results gave no clear indication of the position of the band-edge of the 

quantum wells. We think the luminescence from the sample is weak due to the reduced 

number (two) of quantum wells and the lattice mismatch between the GaAs/AlAs and 

Ino33Gao.47As/ Inoj2AJo.48A.s systems. 

3.2.2. Bragg reflector 

The generation of ultra-short pulses from a laser requires a broad bandwidth not 

only of the gain mediimi but also of the other optical elements in the cavity. Therefore, 

one of the requirements of the SBR is that the semiconductor Bragg reflector should 

possess a broad-reflectance bandwidth. Moreover, since a Bragg reflector is a distributed 

mirror the semiconductor materials constituting the Bragg reflector should be transparent 

at the laser wavelengths. Finally, there is a technological issue; it should be possible to 

grow a semiconductor reflector, typically a high reflector, using semiconductor materials 

meeting the requirements mentioned above. 

A Bragg reflector is typically made of a quarter-wave stack of two materials with 

different refractive indices. This is the simplest design for a dielectric high reflector. 

The quarter-wave stack consists of a periodic structure of alternating high and low 
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refractive index materials. The layers have an optical thickness equal to XJ4, where is 

the central wavelength of the reflector, and for higher reflectance the first and last layers 

should be made of the high index material. For such a quarter wave stack with air as the 

incident medium the reflectance R at the central wavelength is given by*^ 

R = -(yH^yL)^^(yH^ysub) 
(3.1) 

i+(yH/yL)^^(yH^ysub) 

and the bandwidth of such a high-reflectance quarter-wave stack is given by®' 

Ag^-sin-'(^^"^^), (3.2) 
^ y n - ^ y L  

where Ag is the half width at half maximum reflectance bandwidth in units of g = A/A, p 

is the number of periods of the structure, is the substrate admittance, and>'^ and>'i are 

the admittances of the high and low refractive index materials, respectively. At optical 

frequencies the admittance is proportional to the complex refractive index n-ik, where n 

is the real refractive index and k is known as the extinction coefficient, and y can be 

replaced by n-ik in the equations above. 

From these equations it follows that in order to obtain a broad reflectance 

bandwidth, the ratio between the high and low refractive indices () should be as 

high as possible. The reflectance R at the central wavelength also increases with the ratio 

Therefore a high ratio of refractive indices implies that a wide reflectance band 

can be obtained and that a low number of quarter-wave periods is required to achieve 

high reflectance. 



The semiconuuctor materials GaAs and AIAs present a high ratio of refractive 

indices while being transparent at the wavelengths of the Cnforsterite laser (A =1.15 to 

1.35 fim). However, the main advantage of GaAs and AIAs over other materials is that 

they are lattice matched (the lattice constants differ by only 0.1%). Therefore, they are 

relatively easy to grow and thick structures such as Bragg reflectors are possible. Other 

materials such as the ternaries InAlAs and InGaAs are much more difficult to grow since 

the ratios Al/In and Ga/In have to be kept accurately during growth to maintain lattice 

matching. 

3.2.3. Integrated SBR 

We found that the simplest design to integrate the saturable absorber with the 

Bragg reflector is that depicted in Fig. 3.1 above. The quantum wells are embedded on 

the last quarter wave of the Bragg reflector made of Ino^2Alo.48As. At the wavelengths of 

interest, Ino^2Alo.4gAs has a refractive index similar to GaAs and higher than AIAs. The 

electric field E (in V/m) inside the dielectric structure evolves as®^ 

£ = 27.46/VR^. (3.3) 

where y is the admittance (numerically equal to the refractive index) as seen looking 

towards the substrate, and a unit intensity emerging from the structure is assumed. In 

order to obtain a high electric field inside the hi(,j2Alo.4gAs quarter wave layer, this layer 

should be grown next to a low index quarter wave layer (AIAs). Then, for the quantum 

wells to experience the high electric field, they should be grown as close as possible to 

the AlAs/Inoj2Alo48As interface where the electric field is maximum. However, as 



mentioned above, there is a lattice constant mismatch between GaAs/AlAs and 

Inoj2A.Io.48As/Inoj3Gao.47As of almost 4%. Therefore, the first quantum well was placed 

200 A from the lattice mismatched AlAs/Inoj2AIo.48As interface, allowing the quantum 

wells to experience a high electric field in the standing wave cavity while being removed 

from the area where strain relaxation occurs.®® Note that a high electric field at an 

interface inside the semiconductor structure might present a problem especially for high 

energy short pulsed lasers. Nonetheless, we did not observe any indications of optical 

damage during operation of the Cr:forsterite laser. 

We calculated that for the structure described above and with 25 periods of 

GaAs/AlAs quarter wave, the center reflectance should be 99.9%. The reflectance 

calculations were performed using a matrix multiplication method*^ with material 

parameters obtained from the literature.®' ®'®® Fig. 3.3 shows the measured reflectance 

curve of the SBR together with the reflectance curve of one of the dielectric high 

reflectors. The reduced reflectivity = 94% at and observed sample surface 

degradation are attributed to lattice mismatching. Using Eq. 3.2, the estimated refractive 

index ratio was 1.192, somewhat lower than that reported in the literature®® 

possibly due to different growth conditions. 

Since the GaAs substrate is transparent at the Crrforsterite laser wavelength, the 

SBR can also be used as an output coupler. This relaxes the requirement on high 

reflectivity of the SBR. To demonstrate this approach, we processed the SBR in order to 
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evaluate its performance as an output coupler. For this purpose, the back side of the 

GaAs substrate was polished and anti-reflection coated with a quarter wave layer of SiO. 
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Figure 3.3. Reflectance spectra of the Saturable Bragg Reflector (solid line) and of a 
laser high reflectivity dielectric mirror (dashed line). 

3.3. Cr:forsterite laser with intracavity SBR 

A schematic of the astigmatically compensated cavity used in this study is given 

in Fig. 3.4. Astigmatism compensation design is discussed in Section 2,2.1, and the same 

procedure was used for the present laser cavity. A Brewster cut Cr;forsterite crystal was 

set between two 10 cm radius concave mirrors. At one end of the cavity, either a flat 

high reflector or an output coupler was used. At the other end, the standard Z-folded 



54 

cavity was extended by placing the SBR at the focus of a 10 cm concave mirror. All 

mirrors had broadband coatings for the 1220-1340 nm wavelength range. The 

Cr:forsterite crystal was 19 mm long with an absorption coefficient of a = 0.8 cm ' at the 

pump wavelength. The crystal was kept at -1 °C on an actively cooled mount. For 

femtosecond operation, a pair of SF14 prisms separated by 30 cm was inserted in the 

cavity to compensate for group velocity dispersion. A NdrYAG laser provided 7 W of 

linearly polarized 1064 nm pump power which was focused by a 15 cm focal length lens 

inside the crystal. The SBR was mounted on a 25 mm diameter brass plate with an 

orifice for laser emission. 

Output 

OC or HR 

M2 

Cr:F 
MI M3 

1064 nm 
pump beam 

SBR 
Output 

Figure 3.4. Laser cavity of the self-starting mode-locked chromium-doped forsterite 
laser with dispersion compensation: Cr.F - Cr.forsterite crystal; MI-M3 - concave 
mirrors (R=10 cm); HR - high reflector; OC - output coupler; PI, P2 - SF14 prisms; 
SBR- saturable Bragg reflector 
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3.3.1. Mode-locking operation with dispersion compensation 

A 90 MHz train of pulses as short as 70 fs was obtained in the self-starting mode-

locking regime using the SBR. Fig. 3.5 shows the interferometric autocorrelation of such 

pulses. Fig. 3.6 shows the corresponding spectrum of the laser pulses with a bandwidth 

of 26 nm. The time-bandwidth product is 0.35, to be compared with 0.315 for 

transform-limited sech^ pulses. The pulse train observed on an oscilloscope with a fast 

Ge photodiode showed less than 5% pulse energy fluctuation, mainly due to pump laser 

unstability. When replacing the output coupler with a high reflector we obtained 45 mW 

of average power at the output face of the SBR at an estimated average intracavity power 
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0 

Figure 3.5. Interferometric autocorrelation of self-starting 70 fs transform-limited pulses 
generatedfrom the cavity with intracavity dispersion compensation. 
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Figure 3.6. Spectrum of self-starting 70 fs transform-limited pulses generated from the 
cavity with intracavity dispersion compensation. 

of 7.15 W. When a 4.5% output coupler was used, we obtained a train of pulses with 

average output power of 210 mW corresponding to pulse energies of 2.3 nJ. Hence, 

higher extraction of intracavity power is possible without disrupting the self-starting 

mode-locking. 

Using a standard astigmatically compensated Z-cavity Cr;forsterite laser without 

SBR we had previously obtained stable KLM operation for only a very limited range of 

the CW stability region (see Section 2.2). However, lasing with the SBR was always 

accompanied by self-starting modelocking, in marked contrast to the previous case. This 



mode of operation was maintained practically throughout the cavity stable regions. 

Unstable mode-locking operation was occasionally observed (attributed to transverse 

multimode operation) but was easily eliminated by proper alignment. 

33.2. Mode-locking operation without dispersion compeasatioa - chirped pulses 

Self-starting mode-locking was maintained when the prism pair was removed. 

The average output power remained practically unchanged but the pulse characteristics 

were considerably modified. Fig. 3.7 shows typical pulses transmitted through the SBR. 

The pulses were no longer transform limited and became 4.1 ps long with a narrower and 

asymmetric spectrum suggesting linear and non-linear chirp of the optical pulse. 

Using a shorter Cr:forsterite crystal (10 mm long) we obtained shorter pulses but 

still chirped, as evidenced by the interferometric autocorrelation of Fig. 3.8. For certain 

applications these pulses might prove sufficient and the laser cavity is considerably 

simpler than that using an intracavity prism pair. Also, it should be possible to achieve a 

certain degree of compression using a prism pair outside the laser cavity. 

Adding a birefiingent plate in the arm opposite to that of the SBR, as shown in 

Fig. 3.9, made it possible to continuously tune the laser between 1197 to 1289 nm. 

However, on a milisecond time scale we observed that mode locking was not stable 

which is attributed to the limited bandwidth of the birefringent filter. 
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Figure 3.7. (a) Intensity autocorrelation and (b) spectrum of self-starting 4 ps non-
transform-limited pulses generated from the cavity without intracavity dispersion 
compensation. 
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HmeCfs) 

Figure 3.8. Interferometric autocorrelation of self-starting chirped pulses generated 
from the cavity without intracavity dispersion compensation and short (10 mm) 
Cr:forsterite crystal 

Ml 
BP 

HR or OC Cr:F 
Ml M3 

1064 nm 
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Output 

Figure 3.9. Laser cavity without dispersion compensation: Cr:F - Cr.forsterite crystal; 
M1-M3 - concave mirrors (R=10 cm); HR - high reflector; OC - output coupler; BP -
birefnngent filter; SBR- saturable Bragg reflector. 



3.3.3. Effect of dispersion 

Mode-locking with a saturable absorber allows the study of the effect of 

dispersion on the pulse characteristics. This cannot be observed using KLM, since KLM 

is not stable unless within a limited region of intracavity group velocity dispersion. 

Here, we again had the prism pair inserted in the cavity so that the dispersion could be 

varied. The pulse autocorrelations were measured by a second-harmonic generation set

up using a 100 |im LilOj crystal. For the interferometric autocorrelation this set-up was 

placed after a Michelson interferometer. One of the arms of the interferometer had its 

mirror mounted on a piezoelectric actuator, itself mounted on a motorized delay line. 

This allowed for both real-time measurement of the pulse autocorrelation function as 

well as for the acquisition of long time autocorrelations in a scaiming mode. If the 

motorized delay line is scanned faster than a few X/x, where X is the laser wavelength and 

T the time constant of the data acquisition set-up, the interferometric fiinges average out 

and the result is an intensity autocorrelation with constant background. Fig. 3.10 (a) 

shows the superposition of the real-time interferometric trace firom Fig. 3.5 (solid line) 

with that of a fast scan over longer times (dashed line). By moving prism P2 in and out 

of the intracavity laser beam we could observe the effect of dispersion on the laser 

pulses. Figs. 3.10 (a) to (d) show the autocorrelation traces for increasing glass in the 

beam. Figs. 3.11 (a) to (d) show the corresponding spectra. The added group delay 

dispersion (GDD) and third order dispersion (TOD) in cases (b) to (d) compared to the 
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optimum case (a) was 628 fs% 992 fs% 1875 fs' and 915 fs\ 1447 fs^ 2734 fs\ 

respectively. 

At the prism insertion corresponding to Fig. 3.11 (b) the pulses were not stable 

and no autocorrelation is shown. This is an unusual regime which might correspond to 
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Figure 3.10. Autocorrelations of the laser pulses from the self-starting Cr.forsterite laser 
with SBR for increasing glass insertion of prism P2 into the intracavity laser beam. The 
solid line is the interferometric autocorrelation whereas the dotted line is the intensity 
autocorrelation. Double pass added glass insertion from optimum is (a) 0 mm; (c) 11.7 
mm; (d) 22.1 mm. 
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some peculiar overall cavity dispersion condition. For less prism insertion than that 

corresponding to case (a) in Figs. 3.10 and 3.11 the intracavity beam was clipped by the 

prism, a reduction in the spectrum bandwidth was observed, and for even less prism 

insertion lasing stopped. The asymmetric spectrum in Fig. 3.11 (c) reminisces that 

obtained in the cavity without intracavity dispersion compensation (see Fig. 3.7 above). 
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Figure 3.11. Spectra of the laser pulses from the self-starting Cr:forsterite laser with 
SBR for increasing glass insertion of prism P2 into the intracavity laser beam. Double 
pass added glass insertion from optimum is (a) 0 mm; (b) 7.4 mm; (c) 11.7 mm; (d) 22. / 
mm. 
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In fact, at the prism position corresponding to case (c) the total (angular and material) 

double-pass GDD introduced by the prism pair is close to zero (and the TOD is 

~ 450 fs'). 

3.3.4 Other results 

It is possible to obtain self-starting mode locking with the SBR in other cavity 

configurations. An interesting configuration is that depicted in Fig. 3.12. The SBR is 

placed at the end of the cavity after the prisms where the beam cross section has a 

varying spectral content due to the prism pair dispersion. There is no concave mirror for 

focusing on the SBR, and the laser output is taken from the opposite arm. In terms of 

simplicity and of number of components this cavity is advantageous over those described 

before. In general the laser will operate in the CW regime, but under careful aligrmient 

self-starting mode locking is possible. Similar results are obtained with the SBR 

exchanged with the output coupler (OC) (see Fig. 3.12). However, the alignment is as 

critical as in KLM. We believe that in this configuration the SBR is simply helping the 

KLM process to start. Therefore, the laser configuration is not as robust as those 

described above. 

3.4. Discussion 

The results where the effect of dispersion is analyzed (Section 3.3.3) indicate that 

self-starting mode-locking is possible even with net positive GVD. Therefore, we can 

exclude soliton mode locking [see for example Refs. 28,30] as the regime of operation of 

the laser. Furthermore, the fact that the laser operates in the CW regime when the 
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saturable absorber is inserted in the cavity (see Section 3.3.4) is an indication that the 

absorption provided by the quantum wells is saturated (at least partially). We conclude 

that, for the cavity geometries described in Sections 3.3.1 and 3.3.2, where the SBR is 

placed at the focus of a concave mirror, the main mechanism responsible for the 

SBR 

M2 

Cr:F OC Ml 

Output 1064 nm pump beam 

Figure 3.12. Cavity configuration for the Kerr-lens mode-locking Cr. forsterite laser self-
started by the saturable Bragg reflector: Cr:F - Cr:forsterite crystal; Ml, M2 - concave 
mirrors (R=10 cm); PI,P2 - SFI4 prisms; OC - output coupler; SBR- saturable Bragg 
reflector. 

mode-locking of our Cr:forsterite is a fast-saturable absorber action. The quantum-well 

nonlinearities responsible for such ultrafast absorption reductions are most probably the 

ac Stark effect ansspectral hole burning (due to state-filling).™ The short-time net-gain 

window created by the fast absorption reduction shortens and stabilizes the pulses leading 

to ultrafast pulse generation, similarly to what happens in KLM lasers but without the 

stringent alignment requirements. Still, it is not clear what is the relative strength of the 
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fast absorption saturation and the usual long-lasting absorption saturation characterized 

by the carrier interband recombination time, and how exactly it affects the mode-locking. 

3.5. Summary 

hi summary, in this chapter we described an extremely robust and simple laser 

mode-locking technique. This technique uses a semiconductor quantum-well saturable 

absorber monolithically grown with a Bragg reflector for the self-starting passive CW 

mode locking of a Crcforsterite laser in the 1.2-1.3 (im wavelength range. Self-starting 

mode-locking was the dominant operational mode of the laser and could be achieved 

with and without intracavity dispersion compensation. We obtained 70 fs transformed 

limited pulses using a prism pair for dispersion compensation and pulse energies of up to 

2.3 nJ at 90 MHz repetition rate. Self-starting mode-locked operation without dispersion 

compensating prisms produces non-transform-limited 0.7 to 4 ps pulses, depending on 

the crystal length used. The semiconductor saturable absorber can be used as the output 

coupler, in which case the number of periods in the Bragg reflector may be reduced for 

higher output power. This mode-locking technique compares very favorably to KLM in 

terms of stability and ease of operation. We believe mode-locking with SBR's will have 

a great impact on the transition of ultrafast laser sources into laser tools in non-laboratory 

applications. 
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CHAPTER FOUR 

PBS QUANTUM-DOT DOPED GLASSES AS SATURABLE ABSORBERS FOR 
MODE-LOCKING OF A CRrFORSTERITE LASER 

Mode locking of a laser can be obtained using an intracavity optical element 

capable of modulating the laser beam. Saturable absorbers are one class of amplitude 

modulators used in passive mode-locking of lasers. An example of a semiconductor 

saturable absorber integrated with a Bragg mirror is given in the previous chapter. Since 

semiconductor quantum dots are known to exhibit saturable absorption at sufficiently 

high optical intensities it is natural to investigate their potential for laser mode-locking. 

In this chapter we describe the application of lead sulfide quantum-dot glasses in 

a practical device. First we discuss some relevant properties of lead sulfide and the linear 

optical characteristics of the quantum-dot glasses used in this study. On the following 

section we describe some experimental observations of absorption saturation in quantum-

dot glass systems. We then proceed to the description of the successful use of lead-

sulfide quantum dots in continuous-wave (CW) mode-locking a Crtforsterite laser over a 

wide tunability range. Finally, we discuss some unresolved issues of this application. 

4.1. Lead sulfide (PbS) quantum dots 

PbS is a rV-VI compound semiconductor with a room-temperature band gap at 

3 ^m (0.4 eV). The small carrier effective masses {m^ = = 0.1) and a large optical 

dielectric constant {£= 17.2) result in a large bulk exciton Bohr radius, ^3= 18 nm, 

given by aB = {e^ where m* is the effective mass of the exciton. 



Such an exciton Bohr radius allows for strong quantum confinement with 

relatively large nanocrystals.®''" In the strong quantum confinement regime larger 

energy shifts of the absorption resonance are possible. This, together with the small bulk 

band-gap energy allows for tuning of the ground state absorption edge from about 3 ^m 

to the visible. Also, larger quantum dots should be less prone to surface effects as the 

volume to surface ratio of crystallite is larger. An unrelated property of PbS is that 

unlike most common semiconductors the bulk band gap of PbS shifts to longer 

wavelengths with decreasing temperature. Properties of PbS can be found in Ref. 91. 

PbS quantum dots have been successfully synthesized in solutions, polymers and 

glasses. The earlier PbS colloids made in solutions showed shifts of the absorption 

resonance into the visible.'^'^ Quantum-confinement shifts of the band gap covering the 

wavelength fi-om 3200 nm to 530 nm have been demonstrated for PbS quantum dots in 

polymers.'^" '*^ However, of the reports mentioned above only in Ref. 94 excitonic 

features were observed, but only for very small particle sizes corresponding to absorption 

peaks at visible wavelengths. In molten glasses with PbS quantum dots, well-resolved 

absorption peaks have been demonstrated in the near-IR region, with absorption 

resonances in the 1200-2300 rmi range,'^ potentially useflil in optical communications 

applications. We used these materials for the present study. The inorganic glasses also 

have the advantage of providing the PbS quantum dots with an inert, hermetic, and high-

temperature matrix, and can be placed inside the laser cavity without being damaged. 



The PbS quantum dots used in this study were obtained by thermal treatment of 

an oxide molten glass. Fig. 4.1 shows room temperature absorption spectra of these 

doped glasses. The quantum confinement effects are clearly observed in the well-

resolved discrete absorption peaks spectrally shifted to shorter wavelengths from the bulk 

band edge. A detailed description of the composition, fabrication method, and 

characterization of these glasses is given in Ref. 97. Briefly, the glass constituents were 

melted in a fused silica crucible at 1350 °C, and the glass was then annealed at 450 "C. 

PbO and S combine in a reducing reaction to form PbS. The starting batch values for 

PbO and S were 3.87 and 1.45 wt%, respectively, but retention of S was found to be very 

dependent of the melting redox conditions." The thermal treatment schedule of the PbS 

containing glass determined the nanocrystal size. In general, smaller sizes were obtained 

with a prolonged low-temperature nucleation treatment followed by a short higher 

temperature growth treatment.'^ For example, for the sample with the absorption peak at 

1386 nm (solid line in Fig. 4.1) the thermal treatment was 87 hours at 450 "C followed 

by 1 hour at 525 °C. The PbS quantum-dot diameters for these samples may be 

estimated from the energy shift of the absorption resonance.'^ We have estimated 

particle diameters of 5.7, 6.8, 7.9, and 9.8 nm for the glasses with resonance peaks at 

1206, 1386, 1563 and 1815 nm, respectively (see Fig. 4.1). The agreement of the PbS 

quantum-dot sizes determined by X-ray diffraction and by the model in Ref. 94 is 

depicted in Fig. 6 of Ref. 97. The refractive index of these glasses at 1300 and 1550 nm 

was 1.513 and 1.510, respectively, measured with a prism coupler. 
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Figure 4.1. Room-temperature linear absorption spectra of PbS quantum-dot glasses. 
The estimated quantum-dot diameters are 5.6, 6.6, 7.5, and 9.3 nm for the glasses with 
resonance peaks at 1206, 1386, 1563 and 1815 nm, respectively. 

4.2. Absorption saturation measurements 

Quantum dots are known to exhibit absorption saturation at sufficiently high 

optical intensities. In CdSe quantum dots in glass, a room-temperature saturation 

intensity of 0.1 MW/cm^ was reported using 4 ns pulses.'® Again for CdSe quantum dots 

in glasses and using 3 ns pulses, Fluegel et al!^ reported low temperature (10 K) 

saturation intensities between 0.1 to 1.9 MW/cm" (larger Isa, for smaller dot sizes), and 

higher saturation intensities at room temperature. In a CdS/polymer composite the 

estimated room-temperature saturation intensity was 2.6 MW/cm"."" Although these are 
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different systems from that used in this study, they provide an order of magnitude 

estimate of the saturation intensity we can expect for the PbS quantum-dot glass system. 

Butty et a/."" have performed single-beam absorption saturation measurements 

on PbS quantum-dot glass samples at room temperature. The sample was 2 mm thick 

and had the absorption resonance at 1386 nm (solid line in Fig. 4.1). For excitation 

pulses with 33 ps duration and wavelengths at >1=1.30 nm and A =1.38 nm the 

saturation intensity was Isa- 0.2 MW/cm^ and /s„«0.4 MW/cm', respectively. These 

saturation-intensity values are of the order of those given above, although obtained with 

shorter pulse widths. For pulse duration of 5 ns the saturation intensity of a similar 

sample was approximately the same."" 

4.3. Cr:forsterite laser with PbS quantum-dot glasses 

hi order to use the PbS quantiun-dot samples as saturable absorbers in the laser 

cavity, the PbS-doped glass plates needed to be thirmed down for adequate absorption. 

The sample used in the absorption saturation studies above (absorption resonance at 

1386 nm) was polished down to approximately 150 jam. At this thickness the intracavity 

losses were low enough to obtain reasonable output power and the saturable absorption 

was sufficient for mode locking. The sample was then anti-reflection coated with a 

quarter-wave layer of MgF^ for 1250 nm to minimize Fresnel reflection losses. At this 

wavelength the thiimed sample had a transmittance of 96%. Finally the sample was 

placed in contact with the flat 2% output coupler of the laser. 
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A schematic of the laser cavity is given in Fig. 4.2. The Brewster cut 

Crrforsterite crystal was set between two 10 cm radius concave mirrors. At one end of 

the cavity a flat high reflector was used. At the other end of the cavity the output coupler 

with the sample attached was placed at the focus of a 10 cm radius concave mirror. All 

mirrors had broadband coatings in the 1220-1330 nm wavelength range. The 

Crrforsterite crystal (Lasers for Photochemistry Ltd., Moscow, Russia) was 19 mm long 

with an absorption coefficient of a = 0.8 cm '. The crystal was kept at -I °C on a 

thermo-electric cooled mount. We used a single 1 nrni birefnngent plate set at Brewster 

angle in one arm of the cavity for tuning of the laser wavelength. A Nd:YAG laser 

provided up to 8 W of linearly polarized 1064 nm pump power focused inside the crystal 

by a 15 cm focal length lens. The output coupler with the sample attached was mounted 

on a XYZ translation stage. The sample was spatially inhomogeneous in terms of 

absorbance (number density of PbS quantum dots). With the two transverse directions 

Ih  ̂
M2 

HR 

Ml M3 

1064 nm 
pump beam 

Output 

Figure 4.2. Schematic of the laser cavity: Cr:F -19 mm Cr.forsterite crystal; MI-M3 -
concave mirrors (R=10 cm); HR - high reflector; OC - 2% output coupler; SA - PbS 
quantum-dot glass saturable absorber; BP - birefringent plate used to tune the laser. 



(relative to the laser beam) of the translation stage the sample position could be changed 

in order to optimize the absorption seen by the laser beam. The translation stage collinear 

with the laser beam allowed for focus optimization on the sample. Without the PbS 

sample the laser operated in continuous-wave (CW) regime yielding an 8.7% optical 

slope efficiency at 1260 nm and a threshold pump power of 2.3 W. The Kerr lens mode-

locking (KLM) regime could not be obtained for this cavity configuration. 

Self-starting mode locking of the laser was obtained with the PbS quantum-dot 

sample inserted in the cavity. A 110 MHz train of pulses with up to 74 mW of average 

power was obtained from the laser for an incident pump power of 7.2 W. The output 

power versus pump power characteristic at the wavelength of X= 1260 nm is given in 

Fig. 4.3. A 3.2% optical slope efficiency was obtained at 1260 nm with a threshold 

pump power of 4.6 W. For pump powers over 6.8 W the output power versus pump 

power curve becomes sub-linear suggesting thermal effects in the laser crystal. 

Fig. 4.4 shows typical intensity autocorrelation and spectrum of the shortest 

pulses obtained at the laser output. The autocorrelation was measured by a non-collinear 

second-harmonic generation set up using a 100 |im thick LilOj crystal. Assuming a 

sech^ pulse envelope, the pulse width was 4.6 ps. The spectral width was approximately 

0.4 nm yielding a time-bandwidth product of 0.35 which is near transformed limited 

within experimental error (for transform-limited sech^ pulses the time-bandwidth product 

is 0.315). 
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Figure 4.3. Output power versus pump power characteristic at the wavelength of 
X = I260nm for the mode-locked Cr:forsterite laser with PbS quantum-dot glass 
saturable absorber. The optical slope efficiency is 3.2%. 

By rotating the birefringent plate it was possible to tune the laser wavelength and 

obtain self-starting mode locicing from 1207 to 1307 nm. Fig. 4.5 shows the average 

output power versus wavelength for an incident pump power of 6.3 W. On the edges of 

the tuning curve (indicated by the dashed lines in Fig. 4.5) mode locking was no longer 

maintained and the laser operated in CW mode. 
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Figure 4.4. (a) Intensity autocorrelation and (b) spectrum of near transform limited 
mode-locked pulses from the Cr:forsterite laser with PbS quantum-dot glass saturable 
absorber. 

4.4. Discussion 

Mode locking was maintained throughout the day indicating no observable 

photodarkening in the PbS quantum-dot doped glass. This is corroborated by 

observations by Butty et a/."" who observed no photodarkening in these samples using 

33 ps with peak intensities up to 10 MW/cm*. 
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Figure 4.5. Tunability curve of the Cr:forsterite laser with PbS quantum-dot glass 
saturable absorber (pump power = 6.3 W). The solid line indicates the wavelength 
region over which the laser was mode-locked, whereas the dotted line indicates the 
wavelength region where the laser operates in plain CW. 

With the PbS quantum-dot doped glass as a saturable absorber, mode locking was 

always self starting. Although mode locking was not achieved for all stable cavity 

configurations, it provided near transform-limited pulses. These latter characteristics are 

in contrast to what was observed using the quantum-well saturable absorber as described 

in the previous chapter, and make the PbS quantum-dot glasses a more promising system 

for picosecond laser operation. 

The power levels inside the laser cavity were found to be sufficient to saturate the 

absorption provided by PbS quantum-dot glass sample. We estimated the intracavity 



peak intensity to be of the order of a few MW/cm% about one order of magnitude higher 

than the saturation intensity obtained by Butty et a/.."" However, the response time of 

these glasses is not known. Fluegel et al.^ report a two-component time decay of the 

nonlinearity recovery in CdSe quantum-dots in glass: 50% of the bleaching recovered in 

50 ps, whereas the remaining part of the bleaching lasted for times longer than 500 ps. If 

we assume a response time for the PbS quantum-dot glasses of the same order of 

magnitude, in the single-beam absorption saturation measurements using 33 ps pulses 

reported by Butty et the saturation parameter cannot be clearly assigned as fluence 

(energy/area) or peak intensity (peak power/area). Still, if we consider fluence as the 

saturation parameter for picosecond pulse duration, the values of the intracavity pulse 

energies in the Cr:forsterite laser are sufficient to at least partially bleach the absorption 

presented by the PbS quantum-dot glass. 

Due to sample inhomogeneity, there are regions of the sample where the 

absorption is not sufficient to achieve mode locking and CW operation is obtained. Also, 

there are other regions of the sample where mode locking is obtained with longer pulses -

as long as 30 ps. We have also used the PbS quantum-dot samples with resonances at 

1206 and 1563 nm to mode lock the Cr:forsterite laser. However, the results were 

inferior to those using the sample with resonance at 1386 nm. For the sample with the 

resonance at 1563 imi, mode locking was unstable and only achieved at a small region of 

the sample. For the sample with the resonance at 1206 nm, mode locking was achieved 

more easily. Due to sample inhomogeneity it is difficult to justify these results. 



At this time we have no data regarding the temporal characteristics of the 

absorption bleaching in the PbS quantum-dot glass samples. We have tried to determine 

the absorption recovery time using the Crrforsterite femtosecond laser described in the 

previous chapters in a pump-probe set-up. However, the pulse fluence (energy/area) 

available was not enough to observe absorption saturation. 

In contrast to the results obtained using a saturable Bragg reflector (see Section 

3.3.2) where the pulses from the cavity without dispersion compensation were greatly 

chirped, using the PbS quantum-dot samples the pulses do not show significant spectral 

broadening. We speculate that at the intracavity pulse intensities available the PbS 

quantum-dots do not exhibit a strong fast nonlinearity required to further shorten the 

pulse. Also, the intracavity pulses possibly do not have enough energy to fully saturate 

the PbS quantum-dot absorber and further shorten the pulses. 

4.5. Summary 

Saturable absorption has been observed for the glasses with PbS quantum dots 

used in this study, yielding saturation intensities of the order of a few 0.1 MW/cm* for 

33 ps pulses. These glasses with PbS quantum dots were used as intracavity saturable 

absorbers in a Crrforsterite laser, resulting in the passive CW mode locking of the laser. 

We obtained average output powers of 74 mW, 4.6 ps laser pulses at 110 MHz repetition 

rate, and a wide tunability range of 1207 to 1307 nm. We speculate the reason we could 

not obtain femtosecond pulses is that we do not have high enough intracavity pulse 

energy. The absorption resonance of the quantum-dot saturable absorbers can be 
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changed by varying the quantum-dot size. This should allow for their use in other laser 

systems where inexpensive solid-state saturable absorbers are advantageous. Finally, we 

believe that this is the first application of a quantum-dot system in a practical device. 
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CHAPTER FIVE 

FEMTOSECOND PULSE PROPAGATION NEAR A TWO-PHOTON 
TRANSITION IN A SEMICONDUCTOR QUANTUM-DOT WAVEGUIDE 

5.1. Introduction 

Semiconductor nonlinear optics has been studied extensively because of its 

potential applications in photonic switching and communications.™ Most emphasis has 

focused on quantum well devices including lasers, detectors, modulators, and switches. 

Quantum dots (QD's) have received less attention in the past, although glasses doped 

with semiconductor QD's are known to exhibit large resonant nonlinearities,'"^"'^ and 

have been considered for devices.'"^ An example of a successful application of QD's 

making use of the resonant nonlinearities of QD's in glass is given in the previous 

chapter. Nonetheless, for many applications it is desirable to operate devices well below 

the band gap where the nonlinearity may be enhanced near two-photon transitions 

without the detrimental effects of linear absorption, though two-photon absorption then 

becomes an issue.Several studies of the third-order optical nonlinearity of QD's 

below the band gap have been conducted.Recent improvements in the 

control of the size distribution of the QD's,"* together with the capability of waveguide 

fabrication,"^ make promising the development of QD doped glass waveguide devices. 

We report investigations of pulse propagation in cadmium sulfide (CdS) QD-

doped glass waveguides using a femtosecond laser system tuned near a two-photon 

resonance while being well below the lowest one-photon quantum confined transitions. 



Good agreement between the experimental observations of two-photon absorption (TPA) 

and asymmetric spectral modulation and numerical simulations employing a two-photon 

two-level modelis obtained, where the model parameters are extracted from the 

microscopic semiconductor quantum dot theory. 

5.2. CdS quantum-dot doped solgel glass waveguides 

The samples used in these experiments were single-mode waveguides of CdS 

doped borosilicate solgel glass, and were prepared with a CdS concentration of 6.2 wt%, 

where the base glass composition was 5 NajO - 15 BjO, - 80 SiO, (mol%)."" Heat 

treatment in O2 at 420 "C for 12 hours was followed by reaction with H2S gas at 100 °C 

for 24 hours. The glasses were then fully densified by heating them in a vacuum at 

590 °C for 12 hours. The waveguides were fabricated by potassium-sodium ion 

exchange through 3 ^m openings in an aluminum mask. The ion-exchange was carried 

out for 20 hours in a pure potassium nitrate molten bath. Fig. 5.1 displays a microscope 

photograph of three of these waveguides. The inset in the figure shows the near field 

mode profile of the waveguide for a free-space wavelength of 675 mn. Fig. 5.2 depicts 

the waveguide transmission showing the waveguide cut-off near 700 nm. 



Figure 5.1. Microscope photograph of potassium ion exchanged CdS quantum dot glass 
waveguides. The inset is the near field mode profile of a waveguide made with a 3 fjm 
mask opening. 

The radius of the dots was determined by transmission electron microscopy 

(TEM) photographs as /? = (1.5 ± 0.45) nm, the mean radius being half a Bohr radius, 

R =05 ag. The size distribution is given in Fig. 5.3. From the linear absorption 

spectrum in Fig. 5.4 we discern the lowest one-photon transition as a shoulder appearing 

at 460 nm 2.7 eV). The spectrum of two-photon transitions was previously studied 

both theoretically"® "^ and experimentally,"" and these works showed the importance of 

incorporating band coupling effects in assessing the two-photon spectrum. However, due 

to the uncertainties in the specific material parameters it is not prudent to use the fine 

details of the theoretical calculations here. The theoretical two-photon spectra for 

R=Q5ag (Refs. 110,116,117) show a distinct peak in the TP A at an energy 
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displacement SE2 ~ 0.7 eV above Eg. Therefore, within the limits of our knowledge of 

our specific QD's we assign a single two-photon transition with energy E, = ^0)2 -  Eg+• 

^£•7= 3.4 eV. Then, for the operating wavelength of 675 nm (^co = 1.84 eV) employed in 

the experiments, the photon energy is well below the linear absorption edge but near to 

the two-photon transition, 2^0) - £2= 0.28 eV. 
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Figure 5.2. Measured optical transmission of the potassium ion exchanged CdS quantum 
dot glass waveguide. The waveguide cut-off is shown at about 700 nm. 
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Figure 5.3. Radius size distribution of the CdS quantum dots in the solgel glass 
determined by transmission electron microscopy. 
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Figure 5.4. Linear absorption spectrum of the CdS quantum-dot doped solgel glass. 
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5.3. Experimental set-up and results 

A continuously tunable amplified colliding pulse mode-locked (CPM) dye laser 

system was used in the femtosecond measurements. A schematic of the set-up is 

depicted in Fig. 5.5. The output of the CPM was amplified and divided into two beams 

of 60 fs pulses centered at 620 run. One beam was used as the reference beam for the 

cross-correlation measurements. The other beam (test beam) was focused onto an 

ethylene glycol jet to generate a white light continuum and then passed through an 

interference filter for wavelength selection. After the second amplification stags the test 

beam, consisting of 80 fs pulses centered at 675 nm, was end fired onto the CdS quantum 

dot waveguide sample. 

The output facet of the sample was imaged onto an iris to block unguided light 

and also monitored with a TV camera to aid in the coupling and mode size estimation. 

The reference beam and the test beam were then focused onto a 300 |im thick JCDP 

crystal for non-collinear sum frequency generation. We obtained the cross-correlations 

by detecting the simi frequency signal with a photomultiplier tube (PMT) while varying 

the time delay of the reference pulses with a stepper motor. For a fixed time delay, a 

shaker on the reference beam allowed for the real time visualization of the cross-

correlation pulses on an oscilloscope and maximization of the PMT signal. 

Single-beam nonlinear-optical transmission measurements with varying input 

pulse energy were performed on CdS doped and undoped waveguides. For these 

measurements, we calibrated a fast silicon detector connected to an oscilloscope, using 



85 

pulses centered at 620 nm with 11 ns repetition period and energies corresponding to 

0.45 mW average power. The different spectral response of the detector at 675 nm was 

taken into accoimt. All the light after the iris was collected at the detector, and the signal 

was kept well below the detector saturation level. The output pulse energy was measured 

as a function of the incident pulse energy and the nonlinear energy transmission 

determined. 
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BS 

Time Delay 

j Dispersion TV Camera 
j Compensation | | 
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—O-oO-

5x lOx 
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KDP 
Data Acquisition 

i PMT 

Figure 5.5. Experimental set-up for the cross-correlation measurements. CPM -
colliding pulse mode-locked dye laser; BS - beamsplitter; EG - ethylene glycol jet; IF -
interference filter; PMT - photomultiplier tube. 



86 

Figure 5.6 shows the nonlinear transmission of a 3 mm long QD waveguide 

(dots), together with the transmission of a 2.4 mm long undoped waveguide (crosses). 

The reduction in transmission with increasing input energy for the QD-doped sample 

indicates that TPA is operative. We estimated the linear waveguide coupling efficiency 

and the TPA coefficient of the QD-doped glass by fitting the nonlinear transmission to 

where is the input pulse energy, PI is the coupling efficiency and P2 is proportional 

to p. Assiuning a square pulse profile and an effective waveguide mode area of 

A^~ 3 jim^, we obtain P = P2 where L is the waveguide length, and is the 

pulse duration. The p of QD-doped glass is related to the bulk material TPA coefficient 

P„ through 

where n„ is the CdS refractive index, is the solgel glass reflective index, / is local-

field correction'"®"" with» 0.2, and fy is the volume fill-fiection. The calculated bulk 

corresponding to the measured data yields 1.5 ± 0.35 cm/GW. This may be compared 

to published results obtained with picosecond pulses at 532 nm, which yield a bulk P„ = 

5.5 cm/GW."® The transmission measurement for the undoped waveguide yields 

negligible TPA for the glass compared with the QD's. The solid line in Fig. 5.6 is the 

transmission for the QD-doped waveguide obtained using the model described below. 

nEJ =  P l / ( l  +  P 2 x E J ,  (5.1) 

(5.2) 
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Figure 5.6. Nonlinear energy transmission versus input energy of the -waveguides at 675 
nm. The dots indicate data points for the CdS doped waveguide, and the crosses are for 
the undoped waveguide. The solid line is the theoretical transmission. 

Experimental cross-correlations and spectra for the pulses before and after 

propagating through the QD-doped waveguide are shown in Fig. 5.7 for an input pulse 

energy Ei„ = 75 nJ. Despite the strong TPA evident in Fig. 5.6, the cross-correlations of 

the input (dashed line) and output (solid line) piilses in Fig. 5.7(a), which are normalized 

to the same height, are very similar and do not show the flat-topping of the output pulse 

normally associated with TPA. The numerical simulations (see below) show that the 

absence of additional temporal structure in the output pulse compared to the input pulse 

is partially due to the cross-correlation process which smoothes out detail. However, the 

pulse spectra are still sensitive to any dynamics of the nonlinear process. Figure 5.7(b) 

shows the input (dashed line) and output (solid line) pulse spectra, and the peak in the 

output pulse spectrum shows a clear blue-shift, with the development of a secondary 
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peak at lower energy. Thus the transmitted pulse shows significant asymmetric spectral 

modulation. 

EXPERIMENTS —1—I—I—I—I— 
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Figure 5.7. (a) Experimental input (dashed line) and output (solid line) pulse cross 
correlations, and (b) the corresponding experimental power spectra, for £,>, = 75 nJ in 
Fig. 5.6. 

Asymmetric output frequency spectra were previously studied experimentally and 

theoretically in bulk and multiple quantum well semiconductor waveguides near the half 

band gap,'" with more distortion for the lower dimensional structure. These were 
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explained in terms of the frequency dispersion of the TPA coefficient (3 and of the 

nonlinear refractive index 

5.4. Theoretical results and discussion 

For the numerical simulations the QD's nonlinear behavior was described through 

a two-photon two-level model with upper quantum confined level \a> and lower level 

\b> and transition energy = 3.4 eV. Then, for a field of carrier frequency co the 

equation for the off-diagonal density matrix element (related to the optical polarization) 

is"^ 

Pab = -(X + 2)Pab - ^, (5.3) 

where D = is the population difference, E(t) is the electric field envelope, y is 

the two-photon transition linewidth, and is the two-photon matrix element. Here, the 

contributions arising from the Stark shift of the two-photon transition frequency were 

ignored. Furthermore, in the present experiments the transfer of population from the 

lower to upper states is small, so that the population difference may be approximated by 

D = -1, and the equation for p^^ may be solved formally as a time integral. The third-

order nonlinear polarization with respect to the carrier frequency is then' 

= £• dr (5.4) 

where N' is the density and A= 2q)- o)?,  and this appears in the propagation equation for 

the electric field envelope 



where k = riQCo/c, and is the waveguide group velocity (no evidence of pulse spreading 

due to group velocity dispersion was observed in the experiments). 

Equations (5.5) and (5.6) were solved numerically'^' for incident Gaussian pulses 

of 80 fs duration, = 1.84 eV, ^o) 2= 3.4 eV, and ^ = 0.16 eV (from Refs. 110, 116, 

117). This value of ^ takes into account the broadening introduced by the size 

distribution. For these parameters A » 2/ which quantifies what is meant by close to 

two-photon resonance. The free parameter N'\kgh\^ was adjusted to yield a transmission 

of 0.8% at 75 nJ as in the experiment. The theoretical prediction for the nonlinear 

transmission is shown by the solid curve in Fig. 5.6, and excellent overall agreement is 

obtained. 

Figure 5.8(a) shows the theoretical predictions for the input and output pulse 

cross correlations performed numerically for = 75 nJ. As stated earlier, the output 

pulse shows no signs of the flat-topping associated with TP A, partially as a result of the 

smearing of detail that is due to the cross correlation, and some broadening is seen, both 

in agreement with the experiment (see Fig. 5.7(a)). Likewise, the theoretical results for 

the pulse spectrum in Fig. 5.8(b) show asymmetric spectral modulation with a clear blue-

shift of the peak and the development of a secondary peak, the same features as seen in 
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Figure 5.8. (a) Theoretical simulation of the input (dashed line) and output pulse (solid 
line) cross correlations, and (b) the corresponding power spectra. 

the experiment. Compared with that for the experiment, the theoretical pulse spectrum is 

enhanced at low energies. This can be attributed to the waveguide cutoff at 1.77 eV, 

which suppresses the lower-energy portion of the experimental spectrum. The 

asymmetric spectral modulation is a signature of the time retardation of the nonlinear-

optical response of the QD's in Eq. (5.4). This is equivalent in spectral terms to saying 

that the nonlinear-optical response has a dispersive nature. In contrast, the instantaneous 
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FCerr effect, due to either the host glass or the Stark effect in the QD's, produces only a 

symmetric spectrum. 

5.5. Summary 

In conclusion, we investigated below-band-gap femtosecond pulse propagation 

effects in quantum dot waveguides fabricated by the solgel and ion-exchange methods. 

Agreement between the experimental observations of TPA and asymmetric spectral 

modulation and a simple model employing a two-photon two-level model was obtained. 

The TPA was not accompanied by visible flat-topping of the transmitted pulses, but the 

pulse spectrum clearly revealed the dynamic nature of the nonlinear interaction. The 

short pulses experience the dispersion in ft and leading to an asymmetric frequency 

spectrum. These effects need to be taken into account in devices working near two-

photon resonances. 
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CHAPTER SIX 

CONCLUSIONS 

The work described in this dissertation comprises the demonstration of several 

passive mode-locking techniques for the generation of ultra-short (femtosecond and 

picosecond) laser pulses, and the study of femtosecond pulse propagation in a nonlinear 

waveguide made of semiconductor quantum-dot doped glass. 

We demonstrated femtosecond pulse generation both in hard-aperture and soft -

aperture Kerr-Lens Mode-locked (KLM) Crrforsterite lasers, and describe the methods 

followed to achieve these modes of operation. Tunable pulses as short as 45 fs were 

demonstrated with peak powers of nearly 30 kW. We found crystal quality is most 

important in obtaining KLM. 

Self-starting passive continuous-wave (CW) mode locking of a Crrforsterite laser 

was demonstrated using a semiconductor quantum-well saturable absorber monolithically 

grown with a Bragg reflector. This was the first time such devices were used for the 

passive CW mode-locking of femtosecond lasers in the 1.2-1.3 |im wavelength range. 

We obtained 70 fs transformed limited pulses using a prism pair for dispersion 

compensation and pulse energies of up to 2.3 nJ at 90 MHz repetition rate. Self-starting 

mode-locked operation without dispersion compensating prisms produced non-transform-

limited 0.7 to 4 ps pulses, depending on the crystal length used. This mode-locking 

technique compares very favorably to KLM in terms of stability and ease of operation. 
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We believe mode-locking with semiconductor saturable absorbers integrated with mirrors 

will have a great impact on the transition of ultrafast laser sources into laser tools for 

non-laboratory applications. 

The use of quantum-dot doped glasses as intracavity saturable absorbers for solid-

state laser passive CW mode-locking was demonstrated for the first time. Using lead 

sulfide (PbS) quantum-dot doped glasses in a Crrforsterite laser, we obtained average 

output powers of 74 mW, 4.6 ps laser pulses at IIO MHz repetition rate, and a wide 

tunability range of 1207 to 1307 nm. 

The mode-locked Crrforsterite laser has been used to study exciton dynamics in 

GalnAs/AJInAs multiple quantum wells and ultrafast electron and hole tunneling in 

GalnAs/AlInAs asymmetric double quantum wells.'" 

Finally, we investigated below-band-gap femtosecond pulse propagation effects 

in quantum-dot waveguides. Remarkable agreement between the experimental 

observations and a simple model was obtained. Such short pulses as used in these 

investigations experience the dispersion of the optical nonlinearity (in ft and leading 

to asymmetric spectral pulse distortion. These effects cannot be neglected in devices 

working near two-photon resonances. 

The research described in this dissertation exposes several paths for future work. 

There are many issues regarding glasses doped with PbS quantum dots that 

remain to be explored. For this purpose, the uniformity of the PbS glasses should be 



improved. This should improve the characterization of their optical properties, facilitate 

their use as intracavity saturable absorbers in lasers, and improve the understanding of 

the mode-locking dynamics. The response time of the nonlinearity of the PbS glasses at 

representative detunings from the resonances should be determined. Again, this should 

improve the understanding of the mode-locking dynamics while determining other 

possible applications for these glasses. The use of PbS quantum dots as saturable 

absorbers is not limited to the Crrforsterite laser. Attempts should be made to use the 

PbS QD glasses as saturable absorbers in other lasers such as Cr:YAG. Since higher 

intracavity pulse energies should be possible with this laser, sub-picosecond operation 

might be possible. PbS QD glasses can also be used with bulk and waveguide Er:glass 

lasers where good saturable absorbers for passive Q-switching are not available. Mode-

locking might be possible with long cavities and well above threshold. There are even 

more possibilities when exploring the properties of glass films with PbS quantum dots. 

If thick films can be made then saturable absorbers for lasers can be easily made by 

simply coating laser high reflectors with these films. For surface waveguide lasers 

thirmer films can be deposited on selected regions of the waveguide and device 

functionality increased. Finally, there are other materials such as PbTe, PbSe, InAs and 

InSb that have small band gaps, small carrier effective masses, and large dielectric 

constants, that might prove advantageous over PbS for QD devices. 

The semiconductor saturable mirrors (SBR's and SESAM's) are devices that are 

changing the way femtosecond to nanosecond pulsed lasers are operated. The use of 



SBR's for 1.5 (im to mode-lock/Q-switch other lasers such as Errglass bulk or waveguide 

lasers has not yet been explored. Other geometries including micro-chip Q-switched 

lasers of these matenals are also possible. It would be interesting to develop more 

compact geometries for femtosecond pulse generation including SBR's for stabilization 

and self-starting of mode locking. An issue that might prove usefiil for some 

applications is the synchronization of the mode-locked laser pulse repetition rate to some 

reference frequency. An electro-optical SBR might achieve that goal. In the specific 

case of the Cr:forsterite laser, the results described in this dissertation may be further 

improved in terms of obtaining shorter pulse widths (or broader tunability), higher output 

power, and lower thresholds. This requires an SBR with higher reflectivity (lower 

losses) and reflectance spectrum centered at the peak emission of Cr:forsterite. 



APPENDIX A 

BUILDING SOLID-STATE ULTRAFAST LASERS 

In this appendix we describe procedures to build hard- and soft-aperture KLM 

lasers, such as the lasers described in Section 2.2. The time required to build these lasers 

decreases rapidly with increased crystal quality. These procedures were also used when 

building the lasers described in Chapters 3 and 4, with the appropriate variations. The 

prism separation required for dispersion compensation is a fiinction of the crystal length 

and prism materials. If your laser crystal if of excellent quality you can probably skip 

some of the steps in the procedures. Finally, we mention some dispersion and optical 

loss related issues. 

Building the laser 

The pump laser is kept at low powers in the early steps of alignment. The 

focusing lens, the pump focusing mirror (A//), the crystal at Brewster angle, and the 

second focusing mirror (A/2) are inserted into the beam in this order, and approximately 

at the distances obtained from the modeling. As described in Chapter 2, the Z-cavity 

angle should be set as accurately as possible. The OC and HR are inserted at the 

appropriate distances completing the first cavity (line in Fig. A.l). The power 

from the pump laser (Nd:YAG) is increased so that the cavity can be aligned using the 

luminescence from the crystal. A mechanical chopper placed in the pimip beam or in the 

arms of the cavity, together with a Ge or InGaAs photodetector after the HR or the OC 

may be used to assist in the alignment, specially if the luminescence is not easily visible. 
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The luminescence should be focused at the end flat mirrors. The remaining pump light 

may be used for alignment as the pump beam is almost collinear with the laser beam. 

The amount of luminescence may help to determine if the pump is focused properly in 

the crystal. In most cases the laser will not lase because of stability, mainly determined 

by the distance between concave mirrors. 

Once lasing is achieved at high pump powers, the pump power is reduced and the 

cavity alignment optimized to lower the pump power threshold. After minimizing the 

threshold pump power, the tilt of mirrors Ml and M2 is not changed any further. A flat 

HR is used to fold the cavity for compactness and a second cavity is built and lasing 

optimized (line - - - in Fig. A.I). The prisms at near Brewster angle and the HR are 

inserted using the remainder pump light for alignment, completing the final cavity (line 

in Fig. A. 1). The second and the final cavities can be made to lase 

simultaneously if prism PI is adjusted to clip part of the second cavity lasing mode, 

providing another method of setting the final cavity. Once lasing is achieved the cavity 

is once again optimized. 

Hard-aperture KLM 

For hard-aperture KLM a variable slit (5/) is placed near the OC. Mode-beating 

is observed using a fast Ge detector connected to a fast (> 200 MHz) sampling 

oscilloscope. By pushing prism P2 (moimted on a translation stage) in and out of the 

beam, adjusting the slit {SI), and optimizing the cavity in agreement with the modeling 

(see Chapter 2), self-mode-locking can be achieved (more easily said than done). Mode-
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locking can also be observed in a slower oscilloscope, where a band will be observed 

instead of isolated pulses. By optimizing the cavity from this starting point, KLM may 

be sustained for several hours (if the laser is kept inside a box to minimize air drafts). 

The cavity distances for our specific KLM laser were (see Fig.  A.1):  Ml to crystal  =xl ^ 

48 mm; M2 to crystal = x2 « 51 mm; Ml to OC = LI ~ 720 mm; M2 to HR = L2 ~ 750 

mm; PI to P2 w 395 mm (SFll). Slit S2 can then be inserted for laser tuning. 

Figure A. 1. Cavities used to build the mode-locked Cr:forsterite. 

Soft-aperture KLM 

Once the CW laser with prisms is aligned and the cavity optimized, the next step 

is the alignment of the mode structure to obtain mode-locking. Slit SI is not used. A 

short focal lens (10-15 cm) is placed on the beam, after the output coupler, in order to 
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expand the beam on a screen so that the mode structure may be observed. By translating 

mirror M2 a sequential set of mode structures such as those in Fig. A.2 should be visible 

if the cavity is well aligned. The output power of the laser should be maximum and 

almost the same at modes I and 6 (TEMoq) with a minimum in between. Optimize the 

power at the outmost TEMoo further away from the crystal). Move mirror M2 

towards the crystal until mode 4 shows. Modes 3 and 4 are sometimes called "angel-

fish", and modes 2 and 5 "mickey-mouse" modes. Make fine translations of M2 while 

moving P2 in and out or tapping the HR, and simultaneously watching the laser output, 

monitored by the fast Ge-photodiode, looking for signs of pulse formation. Stop where 

this happens more often. In order to optimize the stability adjust PI followed by M2, 

then P2 and M2. At this stage a train of pulses should be obtained. For maximum pulse 

amplitude and stability further adjust the pump lens, the crystal position and the end 

mirrors, always adjusting M2 after each step. 

Additional concave mirror for the saturable absorber 

Start with the simple Z cavity laser. At the end of the cavity where the concave 

mirror is to be positioned insert a folding flat HR, approximately at the same angle as the 

concave mirror will be. Close the cavity with another HR and obtain lasing. Replace the 

folding HR with the concave mirror. The stability of the cavity changes somewhat so x2 

might need to be readjusted to obtain lasing again. Replace the end HR with the 

saturable absorber with mirror at the focus of the concave mirror. When lasing is 

obtained the laser should also mode lock. Proceed to insert the prisms if required. 
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Figure A. 2. Mode patterns for Z-cavity laser. 

Dispersion compensation and prisms 

There are few dispersion parameters of Crrforsterite crystals reported in the 

literature. Sennarouglu et report « 0.04 jim'^ and « -0.45 

|im"^ at X = 1.25 |im, obtained by measurement of the intracavity delay dispersion. 

However, Yanovsky et al.*^ report values one order of magnitude lower than the above, 

determined by pulse propagation in an external Crrforsterite crystal. Recently, 2niang et 

a/.'" report on the dispersion of Crrforsterite using white-light interferometry, and 

compare their results with those above. 

The dispersion parameters for the prism glass can be obtained from the glass 

manufacturer.®' For Brewster-cut prisms the analytical formula for the dispersion is 
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relatively simple,'®"'^ and may be easily analyzed (in the 1.3 fam wavelength range see 

for example Refs. 43, 124). 

Since vibronic lasers tend to have low gain cross sections, intracavity losses 

should be kept to a minimum. Following is an analysis of the losses due to Brewster 

angle dispersion of the prisms. Our SFll prisms are cut at 60 deg. angles, and the 

Brewster angle at 1265 nm is 60.255 deg. and varies less than 0.03 deg. through the 1200 

to 1300 nm range. Assuming a collimated beam, the round-trip transmission through the 

prism pair at 1265 nm is shown in Fig. A.3. 

C.) 

Figure A.J. Round-trip transmission through a 60 degree SFll prism pair at 1265 nm. 

At the Brewster cut facets of the laser crystal similar losses are expected, 

aggravated by the fact that the crystal is placed at the focus of the laser beam. Also, care 

must be taken to maintain the laser beam at a constant height throughout the cavity to 

minimize polarization rotation effects with consequent losses at the Brewster interfaces. 
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Cavity geometries using a single prism for dispersion compensation should lead to lower 

intracavity losses. 
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