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Abstract 

Divalent chromium-doped chalcogenides have become an established material for 

mid infrared (2-3 µm) laser sources. They provide the potential for multi-Watt output 

powers and ultrashort pulses over a very wide tuning range of around 1 µm in the 

shortwave mid-infrared waveband. Furthermore, with an absorption band between 

1.5-2.0 µm, various types of laser source can be exploited as pump sources. 

In this work, the semiconductor disk laser (SDL) has been investigated as a novel 

pump source for chromium:chalcogenide lasers. For this, GaSb-based SDLs emitting 

at 1.9 and 2.0 µm SDLs were developed. In continuous-wave (cw) operation output 

powers of up to 6 W were obtained from the 2.0 µm SDL resulting in 1.8 W of 

2.5 µm radiation from a Cr2+:ZnSe laser. The results of this system were compared to 

a 1.9 µm SDL-pumped Cr2+:ZnSe laser and a Tm3+:YAlO3 laser - a more 

conventional pump source for Cr2+:chalcogenide laser. Particular emphasis was put 

on the respective intensity noise properties of these systems. 

To investigate the pulsed operation of Cr2+:II-VI lasers, an SDL chip designed for 

2.3 µm was used as a controllable saturable absorber to passively Q-switch a 

Cr2+:ZnSe laser. In this way, Q-switched operation was achieved with a pulse 

duration of ~90 ns. By pumping the saturable absorber, state switching between cw 

and Q-switched operation was achieved with a transitional time constant of ~50 µs. 

The use of pulsed-pumped SDLs as a pump source for gain-switched Cr2+:ZnSe laser 

embodiments was also investigated. Here, 1.9 and 2.0 µm SDLs were pumped with 

low-cost pulsed diode lasers emitting up to 75 W of on-time power with nominal 

pulse duration of up to 200 ns. The resulting SDL pulses showed a spectral shift over 

the pulse duration, and this was investigated in detail and underlined using thermal 

finite element analysis. Using the 1.9 µm SDL having an on-time power of 20 W, a 

gain-switched Cr2+:ZnSe laser was demonstrated. The results of this study were 

compared to a numerical model and used to investigate the potential of this novel 

system. 
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Chapter One 

Introduction 

1.1 Introduction 

For a long time the visible and near infrared were the main areas of interest for 

application-focused laser development. Even though the short-wave mid-infrared 

wavelength band in the range of 2-5 µm is potentially a better alternative for some of 

these applications, the limited availability of detectors, and moreover, laser sources 

in this spectral region favoured the use of shorter wavelength laser sources due to 

their maturity and superior practicality. However, with advances in detectors [1,2] 

and the ongoing development of laser sources in the short-wave mid-infrared (mid-

IR), this wavelength band is becoming increasingly important. The challenge to 

harnessing and fully exploiting the mid-IR spectral region is to develop laser systems 

that meet the demands of applications. 

In this chapter, an introduction to mid-IR laser sources is given. After a brief 

definition of the term mid-infrared, the advantages and disadvantages of the most 

common coherent light sources for this waveband are discussed. Finally, the divalent 

chromium-doped chalcogenide materials in particular are discussed with emphasis on 

the pump sources used for these systems. 

1.2  The mid-infrared wavelength band 

The limits of the mid-IR band are somewhat ill-defined but in the context of this 

work, the term mid-IR is used to refer to the region between 2-5 µm. This range of 

the spectrum is of particular interest for spectroscopic applications as many 

molecules have fundamental vibrational absorption resonances in this wavelength 

band. As a consequence, the mid-IR is often referred to as the molecular fingerprint 

region. Figure 1.1 shows a subset of the spectral absorption line data (for a threshold 

spectral line intensity of 1*10-25 cm-1/(mol·cm-2) [3]) obtained from the HITRAN 

2008 database between 0.17 to 5 µm [4]. The plot was generated using  Spectralcalc, 



Chapter One  Introduction 

 2

a convenient browsing solution for the HITRAN database [5], rather than the more 

typical JAVAHAWKS platform. Above ~2 µm the number of molecular absorption 

lines significantly increases and includes compounds such as methane and carbon 

dioxide. 

 
Figure 1.1 Subset of the line position data for various molecules between 0.17-5 µm, obtained 
from the HITRAN 2008 database. For a threshold spectral line intensity of 
1·10-25 cm-1/(mol·cm-2). 

But it is not only the absorption of target molecules that is important for applications 

but also the presence of water transmission windows [6]. When considering free 

space communication for example, the reduced water absorption is mandatory as this 

allows longer transmission ranges. To visualise this, the line position data for water 

between 0.17 and 5 µm for an intensity threshold of 1·10-22 cm-1/(mol·cm-2) is 

plotted in Figure 1.2. One can argue that there are multiple water transmission 

windows in the near infrared; however, the advantage of the mid-IR region is that it 

combines these windows with the eye-safe properties of this range of wavelengths 

and the enhanced molecular absorptions discussed above. 

 
Figure 1.2 Line position data for water molecules between 0.17-5 µm for a threshold spectral 
line intensity of 1·10-22 cm-1/(mol·cm-2). 
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1.3 Mid-infrared laser sources 

This strong interest in mid-IR applications has resulted in the development of a 

variety of different approaches to create light sources in this wavelength range [7]. In 

this section, these various laser sources and their advantages and disadvantages will 

be discussed. 

1.3.1 Gas lasers 

The most important mid-IR gas lasers are the carbon monoxide (CO) and carbon 

dioxide (CO2) lasers - the CO laser being of interest for the 2-5 µm band and the CO2 

laser operating at longer wavelengths [8,9]. In this type of laser, an electrical 

discharge is used to pump a gaseous gain medium (see Figure 1.3) [10]. The CO 

laser typically emits on a variety of lines between 5.0-6.0 µm. However, overtone 

emission has been demonstrated leading to line tuning between 2.6 and 3.9 µm on a 

total of 45 lines [11]. The advantage of these systems is mainly the relatively 

inexpensive active medium; hence large volumes of material can be used to obtain 

high powers. A major drawback, however, is the degradation of performance over 

time [12]. Besides this, the CO overtone laser specifically suffers from lower 

efficiencies (<5%).  

 
Figure 1.3 Schematic of a gas laser consisting of a gas filled capillary tube with mirrors at the 
end. The excitation is achieved via the RF power source contacts. 

1.3.2 Semiconductor lasers 

There are a promising number of semiconductor lasers that emit in the mid-infrared. 

The most important of which are quantum well and quantum cascade lasers. 

Depending on the band-gap alignment, quantum well semiconductor lasers are 

termed type I or type II structures [7]. The quantum wells, providing carrier 

confinement and gain, are typically implemented in a waveguide layer that ensures 
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that the light is constrained to the gain region of the device. Figure 1.4 shows a 

schematic of a type I and a type II quantum well laser. 

 
Figure 1.4 Structure of quantum well semiconductor lasers. a) type I configuration and b) type 
II configuration. 

In type I designs, the transitions take place within one material layer between its 

valence and conduction bands (direct transition). The minimum possible photon 

energy (and so its wavelength) is therefore determined, to first order at least, by the 

band-gap of the material. In type II structures, transitions take place between the 

valence and conduction band of two adjacent layers, effectively separating electron 

and hole confining layers (indirect transition). Therefore, the wavelength of these 

devices is determined by the properties of two materials giving more design 

flexibility. When longer wavelengths are desired, type II structures are more suitable 

as the reduced hole confinement in type I structures leads to greatly reduced 

efficiency and poor thermal performance. Type II transitions are intrinsically less 

efficient than type I transitions, but represent a more effective solution for longer 

wavelength quantum well lasers [13]. 

Type I lasers, comprising antimonide or lead-salt based materials have been realised 

in various forms such as the semiconductor disk laser (SDL) format, Vertical Cavity 

Surface Emitting Lasers (VCSEL) and edge-emitting diode lasers. 
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Using type I and II structures, antimonide-based systems allow wavelength coverage 

between 1.9-4.0 µm [14-20], and with lead-salt based devices this range can be 

extended to 3-30 µm [21,22]. 

A second class of a semiconductor based mid-IR lasers are the so called quantum 

cascade or intersubband lasers (QCL) [23]. These lasers consist of many thin layers 

that vary (a)periodically in their material and thicknesses. By suitable design of these 

layers, multistage gain regions can be created. Gain in these devices does not arise 

due to carrier transitions between the conduction and valance band but through 

intersubband energy level transitions within this highly designed semiconductor 

structure.  The figure below shows a simplified schematic of the function of a 

quantum cascade laser. 

 

Figure 1.5 Simplified energy transition and tunnelling behaviour of a quantum cascade laser. 

When an electrical field is applied to a QCL structure an electron undergoes a 

transition and can then tunnel through specially designed injector regions into the 

upper energy state of the next gain section and undergo a further optical transition. A 

major advantage of the QCL format is that the operational wavelength is mainly 

controlled by the design of the structure rather than the materials used. By varying 

the structure, emission from 150 µm down to 3 µm can be achieved [24-27]. Despite 

their excellent efficiency and wide wavelength coverage, QCLs have multiple 

drawbacks. The infrared power is usually limited to the mW range and they often 
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require cryogenic cooling or operate in the pulsed regime. Additionally high 

performance operation below 5 µm is difficult. 

Another potential drawback is the complex growth required for these structures [28]. 

Because of the high number of very thin layers that are required in a device, growth 

is time consuming and complex. Good repeatability is often difficult to achieve and 

very precise calibration of the growth is required. 

On the whole, mid-IR semiconductor lasers offer great compactness and efficiency 

as well as the option of tailoring for specific wavelengths. However, despite these 

advantages, multiple drawbacks for many applications, such as low power, poor 

quality output beams and cryogenic cooling requirements remain in the 2-5 µm 

wavelength region.  

1.3.3 Rare-earth 

Another format of mid-IR laser sources are solid-state lasers incorporating rare-earth 

(lanthanide) active ions. These include ions such as Nd3+, Yb3+, Er3+, Tm3+, Ho3+, 

Pr3+ and Ce3+ contained in crystalline or glass hosts such as garnets, vanadates and 

fluorides. High energy pulsed operation, ultra-short pulse generation and high output 

powers as well as moderate tuning (when typically used with glass hosts) are 

available from these sources. 

The properties of these lasers are defined in the main by the properties of the active 

ion. This is because the electronic transitions occur in the f-shells of the ions. These 

orbitals are relatively strongly shielded against the influences of the surrounding 

lattice structure by the fully populated 5s and 5p shells. Therefore, the optical 

properties do not vary radically from host to host. This is only the case, however, 

when doped into crystalline structures. (The random ion orientations in glass hosts 

typically give rise to broader spectral features). Both types of hosts, glass and 

crystalline, can be advantageous: crystalline hosts often have superior thermal 

properties which promote power scaling; glass hosts typically provide broader tuning 

ranges. 

The most widely used rare-earth transitions lie in the 1-2 µm band; however, some 

materials allow emission above this. For these lasers it is of particular importance 

that the host materials have low phonon energy to prevent multi-phonon relaxation 
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from the upper laser level that would reduce the efficiency of such a laser. In recent 

years, a number of fibre and crystalline hosts have been investigated and an overview 

of these is given in Table 1.1. 

Material 
Max. Phonon 
Energy [cm-1] 

Transparency 
[µm] 

References 

Silica 1100 <2.5 [29] 
ZBLAN 580 <6 [29] 

GLS 425 <8 [30] 
YAG 865 <5.5 [31,32] 

PbGaS 324 <20 [33] 
KPB 140 <20 [34,35] 
RPB 140 <20 [34] 

Table 1.1 Overview of common fibre and crystalline materials for mid-infrared lasers and their 
respective phonon energy cut-offs and infrared transparencies. 

In the area of fibre lasers, Silica, ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF), and gallium 

lanthanum sulphide (GLS) fibres are of particular interest [29,30]. In addition, 

crystalline hosts such as lead-thiogallate (PbGaS) and the lead bromides (KBP and 

RGP) showed promise as low phonon hosts [33,34]. Incorporated into these and 

some of the more conventional hosts, various rare-earth dopants have shown 

emission in the mid-IR. An overview of these with their respective emission and 

main absorption wavelengths is given in Table 1.2 [33,36-40]. 

Active 
ion 

λ-Emission 
[µm] 

Transition 
λ-Absorption 

[µm] 
Laser 
action 

Reference 

Tm3+ 1.9 3H4 → 3H6 0.79 yes [36] 

Tm3+ 2.3 3F4 → 3H5 0.79 no [36] 

Tm3+ 3.8 3H5 → 3H4 0.79 no [36] 

Er3+ 2.9 4I11 → 4I13 0.98 yes [37] 

Ho3+ 2.1 5I7 → 5I8 1.9 yes [38] 

Ho3+ 2.9 5I6 → 5I7 1.9 no [38] 

Ho3+ 4.9 5I4 → 5I5 1.9 no [38] 

Dy3+ 2.7 6H13 →6H15 1.3 yes [39] 

Dy 4.4 6H11 → 6H13 1.3, 1.6 yes [33] 

Tb 4.8 7F5 → 7F6 4.5 no [36] 
Pr 4.6 3H5 → 3H4 1.5 no [40] 

Table 1.2 Overview of various rare-earth ions for the generation of mid-infrared radiation and 
their emission wavelengths, energy transition and absorption. 

The most commonly used dopants to date are thulium [36], holmium [38] and erbium 

[37] which emit at wavelengths between 1.9-3.0 µm but other rare-earth elements 

have also shown great promise. Dysprosium [33] and terbium [36] have gained 

interest due to their emission in the 4.x µm range and initial spectroscopic 
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investigations have been carried out on praseodymium [40] emitting on its 
3H5 → 3H4 transition at 4.6 µm. 

Despite the variety of ion/host combinations, only limited wavelength coverage is 

offered by each solution, with different material combinations required for different 

applications. In addition, the relative large quantum defect in many of these systems 

causes restrictions in power scaling. 

1.3.4 Nonlinear conversion techniques 

Given the applications-rich nature of the mid-IR, one particularly attractive feature of 

laser sources in this regime is broad tunability. As few laser sources offer this 

directly, frequency conversion in nonlinear optical materials has become a powerful 

tool. The typically used second-order nonlinear effects are shown Figure 1.6. 

 

Figure 1.6 Some of the possible interactions of light within a nonlinear medium. 

The processes that can take place include second harmonic generation (SHG), sum 

frequency generation (SFG), difference frequency generation (DFG) and optical 

parametric generation (OPG) [41]. Utilizing these process can lead to great tunability 

and coverage of wavelength. For the mid infrared band DFG and OPG/OPO (optical 

parametric generation/oscillation) are the most important nonlinear conversion 

techniques. A short overview will be given in this section. 

For all nonlinear processes discussed here, the phase matching of the beams is 

critical in order to optimise nonlinear conversion. To fulfil this criterion, the sum of 

the wave vector of signal and idler beams has to be equal to the wave vector of the 

pump beam. To achieve this, two types of phase matching are typically used, i.e. 

birefringent phase matching (BPM) [42] or quasi-phase matching (QPM) [42]. BPM 
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can be achieved by type I & II phase matching. In type I, the idler and signal beam 

are polarised along the same crystal axis, while in type II, the two beams are 

polarised perpendicular to each other. Typically phase matching is achieved by 

temperature, wavelength or angle tuning of the nonlinear crystal. It should be noted, 

however, that the phase matching condition does not usually result in access to the 

highest nonlinear coefficient. This results in a compromise in overall conversion 

efficiency. To counteract this problem, or if the birefringent properties of the 

nonlinear crystal prevent phase matching, QPM can be used as alternative. In this 

case the relative phase of the beams is corrected at regular intervals using a structural 

periodicity, which prevents the destructive interference of the light with the newly 

generated radiation after each coherence length. Essentially the periodic structure 

causes a sign change of the nonlinearity of the crystal and thereby allows for 

constructive interference. 

Pump Laser Signal laser λP [µm] λS [µm] λDFG Ref. 

Ti:Sa Ti:Sa 0.69-0.75 0.91-1.05 2.3-2.8 [43] 
OPA OPA 1.1-1.6 1.6-2.93 2.4-1.2 [44] 
Ti:Sa OPG/OPA 0.81 1.2-1.5 2.5-7.6 [45] 
ECDL HeNe 1.5-1.58 3.39 2.68-2.95 [46] 
Ti:Sa Nd:YAG 0.77-0.82 1.06 3.0-3.6 [47] 

Nd:YAG OPO 1.06 1.43-1.6 3.2-4.2 [48] 
OPO OPO 1.7-2.1 2.26-2.84 5.0-18.0 [49] 

Table 1.3 Overview of DFG-based laser systems in the mid-IR and laser types, pump / signal 
wavelength (λP & λS) idler wavelength (λDFG) and nonlinear crystal used. Ti:Sa=titanium-doped 
sapphire, ECDL= external cavity diode laser. 

A summary of the DFG systems emitting in the mid-IR is given in Table 1.3. The 

used pump and signal laser types are listed along with the pump, signal and idler 

wavelengths. From this it can be seen that this technique allows the coverage of a 

wide range of wavelengths in the mid-IR and beyond. However, pump sources with 

broad tuning ranges are required to obtain the desired wavelength coverage from the 

DFG process. The systems are therefore often complex and expensive. 

Optical parametric oscillators are another common type of coherent light source in 

the mid-IR. In this arrangement, an incoming pump photon is split in two less 

energetic photons (the signal and idler) - the sum of the energies of which equals the 

pump photon energy. It can therefore also be regarded as the reverse of SFG. In the 

same way as in DFG, phase matching of the beams is critical. 
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Crystals typically used are lithium niobate (LiNbO3), potassium titanyl phosphate 

(KTP), potassium titanyl arsenate (KTA) and rubidium titanyl arsenate (RTA), all of 

which have also been demonstrated in periodically-poled arrangements. 

For the mid-IR, periodically-poled lithium niobate (PPLN) has received considerable 

attention, largely due to its high nonlinear coefficient and the availability of high 

quality LiNbO3 [50]. Both cw and pulsed operation has been demonstrated in this 

material with a wavelength coverage (using various systems) from 1.6 to 4.8 µm [50-

52]. Due to the relatively low photorefractive damage threshold, however, output 

powers are typically limited. It was found, however, that the operation at higher 

temperatures (~200 °C) or by co-doping with magnesium oxide (MgO) would 

counteract this limitation and enable multi-Watt output powers from these devices 

[53-55]. 

Zinc germanium phosphide (ZnGeP2) is another well established nonlinear crystal 

for mid-IR OPOs. It’s high nonlinearity, high thermal conductivity, relatively high 

damage threshold make it advantageous for high power applications, however, the 

phase matching requirements are not met for wavelengths of 1 or 1.5 µm which 

limits the choice of high power pump sources. The development of high peak power 

Tm- and Ho-based laser sources, however, has helped scaling the output power of 

these devices. An alternative to overcome this issue and enable the use of high-

energy neodymium lasers is to use a two step process in which 1 µm radiation is first 

converted to 2 µm before being used for OPG [56]. With its advantageous thermal 

mechanical and optical properties, ZGP OPOs have been demonstrated with output 

powers of multiple tens of Watts with spectral tuning over a range of 3-5 µm [57]. 

Aside the various dielectric materials used for nonlinear conversion techniques, QPM 

semiconductor materials have started to show promise, for example orientation-

patterned gallium arsenide (OP-GaAs). Its high nonlinearity, large thermal 

conductivity and low absorption losses at ~2 µm make it a very good alternative to 

ZGP for high power 3-5 µm OPOs [57,58]. Since the first demonstration of OPGaAs 

as a nonlinear crystal in OPOs by Vodopyanov et al. in 2004, the availability of 

material with sufficient thickness has limited the progression of this material [59]. 

However, with the advances in growth technologies, samples with sufficient length 
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for efficient OPO operation have been grown, resulting in output powers of ~0.5 W 

[60]. 

Compared to the DFG sources, OPO systems are somewhat less complex as they 

only require the use of one pump source; however, the requirement for high powers 

to achieve efficient nonlinear conversion persists, making cw operation more 

difficult. While pulsed embodiments work at relatively high efficiencies, the 

complexity of these systems can potentially impose a disadvantage on application-

focused laser sources. For this reason, the direct generation of the required light 

would be advantageous. 

1.3.5 Transition-metal doped crystalline lasers 

A promising alternative for compact and widely tunable sources covering the mid-IR 

region are the transition-metal lasers. Compared to the rare-earth solid-state lasers 

described earlier, they offer wider tuning ranges. The origins of this wide emission is 

their so-called vibronic behaviour [61]. Crucially, here, the optical transitions take 

place in the d-shell of the ion rather than the f-shell, as is the case in rare-earth ions. 

The d-shell electrons being the outermost electrons therefore experience a strong 

interaction with the lattice, hence the energy level structure is perturbed producing a 

broad variation in potential optical transitions.  

For emission in the mid-infrared, chalcogenide materials are often used as hosts for 

transition-metal ions such as Cr2+ and Fe2+. Chalcogenides are compounds containing 

at least one chalcogen ion – i.e. the elements of the 16th group of the periodic table 

(essentially selenides, sulphides, and tellurides. Notably oxides are typically not 

referred to as chalcogenides). In combination with elements such as zinc or cadmium 

from the second group of the periodic table, these hosts are often referred to as the 

chalcogenides or II-VI compounds (N.B. this nomenclature effectively ignores the 

transition metal elements). 

When doped with chromium, these materials are often pumped in the 1.5-2.0 µm 

regime and emit between 2-3 µm [62]. Fe2+ based materials have been shown to 

provide continuous tuning between 3.77 and 5.05 µm [63], however these materials 

require to be pumped around 2.5-4.5 µm. 
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In recent years, Cr2+ lasers have stimulated a lot of research, resulting in operation at 

room temperature [62], modelocking with pulses as short as ~100 fs [64], diode-

pumping [65] and very broad tunability between 1.8-3.1 µm [66].  

The possibility of broad tunability or the utilisation of this bandwidth to create 

ultrashort pulses, while maintaining the stability, flexibility and efficiency of solid-

state lasers, builds a good foundation for practical applications-focused sources. With 

a bandwidth relative to their central wavelength that is similar to that of titanium-

doped sapphire, the chromium chalcogenides have great promise to become mid-IR 

laser materials as important as Ti:sapphire has been in the near-infrared. The 

following sections and chapters will therefore concentrate on the development of 

chromium-doped chalcogenide lasers. 

1.4 Chromium-doped chalcogenide lasers 

As already mentioned briefly in the previous section, divalent chromium-doped 

chalcogenide gain media are vibronic laser crystal where strong interactions of the 

active ion with the lattice of the host crystal strongly influence the optical transitions. 

It is not only the ion-host interaction that is responsible for the broad absorption 

(~500 nm) and emission (~1000 nm) bandwidths. Jahn-Teller interactions add to the 

width of the transition by splitting the degenerate energy states and decrease the 

overall energy of the crystalline complex [67]. This results in very broad absorption 

and emission spectra which typically range, for example, from 1.5-2.1 µm and 1.8-

3.1 µm respectively for Cr2+:ZnSe (see Figure 1.7). 

 
Figure 1.7 Absorption and emission spectrum of Cr2+:ZnSe (after Page et al. [68]). 
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The transitions between the different energy levels represent a 4-level structure, as 

typical for vibronic gain media (see Figure 1.8). While the absorption of the pump 

radiation from the ground state into the excited state is an electronic transition, it is 

phonon assisted transitions within the upper energy level that enables the decay into 

the upper level of the laser transition. After the radiative transition, the electron 

undergoes further phonon assisted transitions to repopulate the ground state. 

 
Figure 1.8 Energy diagram of a vibronic laser such as Cr2+ chalcogenide. 

While the combination of phonon assisted transitions is advantageous for the 

formation of the broad energy bands, it should be noted that it is important that the 

phonon cut off of the host material is low enough to prevent non-radiative depletion 

of the excited state due to phonon-phonon interactions. 

1.4.1 Chalcogenide hosts 

As a consequence of the previously discussed interaction of the electronic transitions 

with the lattice structure, the host significantly influences the laser properties of a 

vibronic laser. This stimulated a lot of research into various II-VI hosts, the most 

important ones of which are summarized in Table 1.4. 

The first laser operation of a chromium-chalcogenide material was demonstrated in 

1996 by DeLoach et al. using Cr2+:ZnSe as the active medium [69]. Since then 

Cr2+:ZnSe has been the most studied of all the chalcogenide hosts, mainly due to its 
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favourable combination of thermal, optical and spectroscopic properties compared to 

the other chalcogenide hosts.  

 Cr2+:ZnSe Cr2+:ZnS Cr2+:CdSe Ti3+:Al2O3 
Peak emission wavelength [µm] 2.45 [69] 2.41 [70] 2.6 [71] 780 [72] 
Relative bandwidth (Δλ/λ) 0.56 [73] 0.34 [70] 0.51 [71] 0.41 [72] 
Peak absorption wavelength [µm] 1.78 [69] 1.67 [74] 1.9 [71] 490 [72] 
Emission cross section [10-20 cm2] 110 [75] 100 [75] 194 [75] 39 [72] 
Absorption cross section [10-20 cm2] 350 [75] 350 [75] 440 [75] 65 [72] 
Radiative lifetime [µs] 11 [69] 8 [69] 3 [69] 3.2 [72] 
Thermal conductivity [W/m·K] 19 [76] 27 [76] 4 [77] 28 [68] 

Thermal expansion coefficient [10-6 1/K] 6.4 [77] 7.3 [77] 4.9 [77] 5 [72] 
Thermal shock resistance [W/√m] 5.3 [68] 7.1 [68] no data 22 [68] 
dn/dT [10-6 1/K] 70 [68] 46 [68] 98 [77] 12 [68] 

Table 1.4 Overview of the most developed chalcogenide hosts used for chromium-doped mid-
IR lasers. Values for Ti3+:Al2O3 are provided for comparison. 

In the subsequent years, the crystal quality improved significantly, and as a result cw 

output powers and efficiencies increased to values exceeding 12 W [75] and 60 % 

[78] respectively. Another way to enable higher peak output powers in Cr2+:ZnSe 

was the use of gain switched embodiments which resulted in an output power of 

18.5 W [79]. In addition, the thin disk arrangement has been investigated [80], 

providing 4 W of output power. 

Aside from the power scaling of Cr2+:ZnSe laser which is potentially interesting for 

military applications, other modes of operation have gained interest too: single 

frequency [81] as well as active [82] and passive [83] mode-locked arrangements 

with the shortest pulse duration being <100 fs [84] were developed. A very broad 

tuning range has also been demonstrated, covering a spectral range of 1.8-3.1 µm 

using multiple mirror sets [66]. However, recently, the operation of a Cr2+:ZnSe laser 

tunable over the range of 1973 to 3349 nm using a single mirror set was 

demonstrated [73]. To address the demand of affordable sources, microchip 

arrangements have also been investigated [85] where an output power of 100mW and 

slope efficiencies of 20 % have been observed. 

Despite the considerable interest in Cr2+:ZnSe, other hosts have found interest too, 

e.g. chromium-doped zinc-sulphide (ZnS). Amongst the chalcogenides, the ZnS 

hosts has the highest thermal conductivity, optical damage threshold and hardness 

combined with the lowest level of thermal lensing [86] and therefore is potentially 

more suitable for scaling the output power of chromium-doped chalcogenide lasers. 
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Since the first demonstration of Cr2+:ZnS in 2002 by Sorokina et al. [87] further 

development of these crystals has led to output powers exceeding 10 W [88]. 

Compared to Cr2+:ZnSe, the emission  and absorption bands are shifted towards 

shorter wavelengths by ~100 nm. This could especially be useful if erbium-based 

laser pumping is employed as the Cr2+:ZnS absorption peak is now closer to the 

1.53 µm radiation of the erbium laser compared to Cr2+:ZnSe. 

If shifting the absorption and emission wavelength of chromium-doped 

chalcogenides towards longer wavelengths is desirable, cadmium-based 

chalcogenides such as cadmium-selenide (CdSe) can be used [71]. With an 

absorption band centred at 1.9 µm, pumping with Tm-based lasers is advantageous. 

The emission peak on the other hand is shifted to 2.6 µm. Tuning between 2.26 and 

3.61 µm, Cr2+:CdSe has the longest emission wavelength of any chromium 

chalcogenide laser. However, the presence of strong thermal lensing has restricted its 

development since the first room temperature operation in 1999 [89] and it was not 

until 2007, that cw operation was demonstrated with an output power of 1 W [90]. 

In addition to the chalcogenide hosts mentioned in the previous section, various other 

hosts such as Cr2+:Cd0.85Mn0.15Te [91], Cr2+:Cd0.55Mn0.45Te [92], Cr2+:CdTe [93], 

Cr2+:CdZnTe [94], Cr2+:CdS [95] and Cr2+:ZnSxSe1-x [79] has been demonstrated. 

These are, however, significantly less developed compared to the previously 

mentioned materials. A brief overview of the achievements using these materials is 

given in Table 1.5.  

Material 
Absorption 

peak 
Emission Operation 

Output 
power/Energy 

Cr2+:Cd0.85Mn0.15Te 1.91 2.3–2.6 pulsed 250 µJ 

Cr2+:Cd0.55Mn0.45Te 1.91 2.17–3.01 pulsed n.a. 

Cr2+:CdTe 1.91 2.54 pulsed 132 µJ 

Cr2+:CdZnTe 1.89 2.0-2.6 cw 3 mW 

Cr2+:CdS 1.85 2.2–3.3 pulsed 4mJ 

Cr2+:ZnSxSe1-x 1.68 2.1–2.7 cw 50mW 

Table 1.5 Overview of various less developed chromium-doped chalcogenide lasers. 
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1.4.2 Growth of Cr2+:II-VI materials 

Cr2+-doped chalcogenide materials can be prepared in various ways. One scheme is 

to diffusion dope chromium ions into the polycrystalline ZnSe that is available for 

mid-infrared components such as optical windows and lenses [96]. This relatively 

simple process gives good quality Cr2+:ZnSe. The thermal diffusion, however, causes 

the doping concentration within the ZnSe to be inhomogeneous. Specific details of 

the thermal-diffusion doping process are reported in [97,98]. The gradients in doping 

limit the manufacture of large Cr2+:ZnSe crystals for power scaling of these systems. 

This problem has recently been addressed by systematic studies of the diffusion 

parameters, i.e. temperature and time [99] which led to the preparation of Cr2+:ZnSe 

with good doping uniformity.  

Current, however, the most widely used method of preparing Cr2+-doped 

chalcogenide crystals with uniform doping is physical vapour transport (PVT) 

growth. A schematic of the arrangement of such a growth facility (after [100]) can be 

seen in Figure 1.9. 

 
Figure 1.9 Schematic of the PVT process for growing single-crystal chromium-doped 
chalcogenides after [100]. 
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Here, the polycrystalline host and dopant are positioned in two separate chambers 

within the furnace. By heating of the furnace, transport of the II-VI compound and 

the chromium to the seed takes place. The host-to-dopant ratio can be varied by the 

difference in perforation of the different chambers. In this way, homogeneous, single 

crystal material of very good quality and reasonable size (~40 mm) has been grown. 

An alternative method for producing single crystal Cr2+:chalcogenides is the use of 

the vertical Bridgman method [101]. In this technique, a mixture of II-VI compounds 

and CrSe powders are melted in a furnace and exposed to a temperature gradient. 

The solidification of the melt is seeded by a piece of single crystal material, which 

stimulates the formation of single crystalline material once the melt cools down. In 

this way, high quality Cr2+:ZnSe crystal boules have been manufactured with a 

diameter of 50 mm and a length of 100 mm [102]. The quality of this material was 

confirmed by the demonstration of the highest slope efficiency (66 % in cw 

operation, 70 % in pulsed) ever demonstrated in a chromium-doped chalcogenide 

laser [103]. 

In recent years, the preparation of ceramic materials has gained interest. Since the 

initial demonstration of ceramic laser materials in 1966 [104], the Nd:YAG ceramics 

have been the main focus of this interest [105]. The advantage of ceramic over single 

crystalline material is mainly the possibility to produce large size samples on mass-

market scales with good sample to sample uniformity. The first demonstration of a 

laser using hot-pressed ceramic Cr2+:ZnSe was in 2006 by Gallian et al. [106], 

operating in gain-switched mode. The authors first mixed ZnSe and CrSe powders 

and then ground this mixture to reduce the grain size to <10 µm. The powder was 

then pressed into briquettes at room temperature and afterwards pressed at high 

temperature (900 °C) into the final form. While cw operation has also been 

demonstrated [107], the quality of chromium-chalcogenide ceramics is still relatively 

poor. However, it can be expected that with growing expertise in this field, the 

preparation of Cr2+:chalcogenide ceramics will become as successful as 

demonstrated in other material systems. 
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1.4.3 Pump sources for Cr2+:II-VI lasers 

From the previous sections it is clear, that since the initial demonstration of 

Cr2+:chalcogenides in 1996, chromium-doped chalcogenides have developed into an 

attractive laser material for the generation of mid-IR radiation. A practical and 

compact laser source as required by many applications, however, also demands a 

pump laser that meets these requirements. While the width of the absorption 

spectrum of chromium chalcogenide lasers (>500 nm) might suggest that appropriate 

pump sources should be plentiful, in fact only a limited number of pump sources are 

available in this wavelength band.  

1.4.3.1 Co:MgF2 lasers 

In the early years of the chromium-chalcogenide lasers, pulsed Co:MgF2 [108] lasers 

were typically used as pump sources [68,69]. With tuning between 1.6 and 2.4 µm 

and millijoule-type output energies, these laser systems were ideal for investigating 

the early Cr2+:chalcogenide materials. Aside the pulsed operation, the Co:MgF2 laser 

was also used as a cw pump source with output powers of the order of 1.6 W 

[109,110]. An issue observed when using these pump sources was the sensitivity to 

feedback. In the work reported by Sorokina et al. [110] retro-reflection to double 

pass the pump in a chromium-chalcogenide laser caused feedback into the Co:MgF2 

pump laser. This resulted in spiking of the Co:MgF2 and chromium laser outputs – 

the authors claimed this to be a consequence of the Cr2+:ZnSe crystal acting as a 

saturable absorber. To counteract this issue, optical isolation using a Faraday-isolator 

would need to be implemented into the system which would reduce practicality and 

increase the cost. 

Following the use of Co:MgF2 lasers for the initial demonstration of the Cr2+:ZnSe 

laser it was soon recognized that this pump source was too complex and unpractical 

as it required cryogenic cooling and an unconventional pump source (i.e. a 

Nd:Y3Al5O12 laser tuned to 1.3 µm [111]). 

1.4.3.2 Thulium-based lasers 

For the first demonstration of a cw Cr2+:ZnSe laser, a Tm3+:YAlO3 laser emitting at 

1.94 µm was used as the pump source [78]. At that time, the available output power 
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of the pump was limited to 1 W, however, even so, 250 mW of cw output power was 

achieved from the Cr2+:ZnSe laser. 

Since then various other groups have used crystalline thulium-based lasers with 

output powers in the multi-Watt regime, resulting in chromium-chalcogenide lasers 

having output powers approaching the Watt level [80,112,113]. While the thulium 

lasers are more suitable for cw operation compared to the Co:MgF2 laser, feedback-

related instabilities are also present and need to be addressed [80]. 

As an alternative to the crystalline thulium-doped lasers, fibre-lasers have also been 

used [114,115]. While it has been reported that these also suffer from feedback-

related instabilities [114], high power embodiments having output powers in excess 

of 100 W are now commercially available (e.g. TLR series from IPG Photonics 

[116]) and are suitable for power scaling of Cr2+:II-VI lasers. 

1.4.3.3 Erbium-doped lasers 

While thulium-based laser systems (emitting at 1.95 µm) are red-shifted with respect 

to the absorption peak of Cr2+:ZnSe, erbium lasers (@ ~1.55 µm) are blue shifted and 

so introduce a significantly higher quantum defect (63 % for erbium compared to 

79 % for thulium). Even so, this has not prevented their use as a pump source for 

Cr2+:ZnSe due to ready availability and excellent performance characteristics. 

While the use of crystalline erbium-doped YAG and YAP lasers is largely limited to 

pulsed embodiments, erbium-doped fibre lasers have proven to be invaluable pump 

sources for high power chromium-chalcogenide lasers. Indeed, the highest output 

power  ever achieved from a chromium-chalcogenide laser lasers was obtained using 

an erbium fibre laser emitting 30 W of output power [88]. However, the authors 

reported problems with the unpolarised output of the pump laser. When using the 

Cr2+:II-VI crystal at Brewster’s angle, the unpolarised light led to significant losses 

from the vertically polarised component of the light at the crystal surface. In 

addition, polarisation-based beam attenuators could not be used to adjust the incident 

pump power which imposed problems with polarisation switching of the erbium laser 

when changing its pump diode laser current. To counteract this problem, a 9 W 

erbium fibre laser using a polarisation maintaining fibre has been used to pump a 

Cr2+:ZnSe laser to an output power level of >3 W [117]. In addition to the 
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polarisation related problems of these lasers, feedback resistance is, again, a potential 

problem. Especially when the chromium-doped crystal is placed at normal incidence 

to the pump beam, Fresnel reflections of the pump light can cause instabilities of the 

pump laser as was observed when using a 2 W, unpolarised erbium fibre laser to 

pump Cr2+:ZnSe and Cr2+:ZnS microchip lasers [85]. 

1.4.3.4 Direct diode laser pumping 

During the very early years of the Cr2+:chalcogenide development, the use of direct 

diode laser pumping was suggested. It was initially proposed by Page et al. in 1997 

[68] and demonstrated in the same year using InGaAsP diode lasers emitting at 

1.65 µm [65]. A few years later, the use of a fibre-coupled, 400 mW diode laser 

emitting at 1.54 µm was demonstrated, resulting in output powers from the 

chromium laser of 15 mW. 

As an alternative to InGaAsP diode lasers, Mond et al. used (AlGaIn)(AsSb)-based 

diode lasers emitting 1 W of radiation at 1.9 and 2.0 µm . With the emission shifted 

towards lower quantum defects and closer to the absorption peak of 

Cr2+:chalcogenide laser, the output power of the Cr2+:ZnSe laser was ~100 mW. 

Intrinsic to these diode lasers, however, is the relative poor beam quality. The result 

is that the output beam of these diode lasers is elliptical with a beam propagation 

parameter of close to diffraction limited and >10 in the highly divergent (fast axis) 

and low divergence axis (slow axis) respectively. In case of the 1.9 and 2.0 µm diode 

lasers, the beam propagation parameter was 1.3 and 25 for the fast and slow axes 

respectively. As a consequence, a more complex beam conditioning lens 

arrangement is typically required to focus the radiation onto the laser crystal. 

Another drawback of the low brightness of these diode lasers is that more complex 

pumping geometries such as multi-pass pumping are more difficult to implement. 

1.4.3.5 The ideal pump source 

When considering an ideal pump source, many of the aspects of the individual pump 

sources discussed in the previous section become important. Wavelength, output 

power and compactness might be considered the most important properties of a 

pump source, but beam quality, feedback resistance, efficiency and flexibility could 
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also be considered as important. The actual specification of an ideal pump source 

therefore depends on the specification of the laser that is being pumped. 

Two major development routes for chromium-doped chalcogenide lasers are 

currently being pursued: one is high power embodiments, largely stimulated by 

military applications such as laser countermeasures. For these applications, high 

power pump sources such as erbium and thulium fibre lasers are ideal as they can 

offer large pump powers in a relatively compact format. The other route of laser 

development is towards scientific lasers, with applications such as spectroscopy in 

mind. For these lasers, power levels in the multi-Watt regime are typically sufficient 

but the added functionality such as mode-locked and single frequency operation are 

considered more important. For these purposes, a pump source with moderate output 

power is often sufficient but requirements such as high brightness, low intensity 

noise and feedback resistance become essential. However, in all cases, a simple, 

compact and reliable pump source is desirable.  

While the development of high power Cr2+:II-VI laser is steadily advancing, less 

attention has been paid to the development of practical pump sources for the laser 

systems in the multi-Watt regime. The aim of this work is therefore to investigate 

novel pump sources for the chromium-chalcogenide laser family for scientific 

applications with emphasis on practicality and flexibility to cater the wide range of 

applications of Cr2+:II-VI sources. A summary of the desired properties for a cw and 

pulsed pump sources are given in Table 1.6. 

Continuous Wave Pulsed 

Parameter Value Parameter Value 

Power [W] Watt-level Peak Power [W] Watt-level 
Wavelength [µm] 1.6-2.1 Wavelength [µm] 1.6-2.1 
M2 <5 Pulse Duration ns-ms 
RMS Intensity noise [%] <2 Energy µJ-mJ 
Feedback sensitivity low Repetition rate > 1 kHz 

Table 1.6 Overview of the demands for a cw and pulsed pump source for Cr2+:II-VI lasers. 

A potential candidate as a novel pump source for chromium-doped II-VI laser is the 

semiconductor disk laser (SDL) [118], a class of laser that combines multi-Watt 

output powers from a wavelength engineerable format with the flexibility of adding 

intra-cavity elements, typical of solid-state lasers. The investigations of material 

systems such as (AlGaIn)(AsSb) opens the route for SDLs to generate radiation in 
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the mid-IR around 2 µm and therefore could make this an ideal candidate as a novel 

pump source for Cr2+:II-VI lasers. The development of these sources and their use as 

pump source for chromium-doped chalcogenide lasers will be the main body of this 

work. 

1.5 Conclusion 

Laser sources in the short wave mid-infrared range are of increasing interest due to 

the important atmospheric gases and aerosols that have characteristic absorptions in 

this range. While a number of laser sources are already available in this wavelength 

band, only the transition-metal doped chalcogenide lasers, specifically the 

chromium-doped chalcogenide lasers, can combine multiple Watt output power, 

broad tunability, practicality and simplicity along with the ability to generate 

ultrashort pulses or single frequency operation. 

A variety of II-VI hosts such as ZnSe, ZnS and CdSe have been investigated. 

Cr2+:ZnSe which has its emission centred at  2.45 µm is currently the most developed 

of the chromium doped II-VI materials. Its vibronically broadened energy level 

system allows tuning over more than 1µm from 1.9-3.1 µm. With the possibility of 

generating mode-locked pulses with durations in the femtosecond regime, this laser 

system is often referred to as the mid-infrared Ti:Sapphire. 

While the broad absorption between 1.5 and 2.1 µm allows the use of various pump 

sources, e.g. erbium- and thulium-doped crystalline and fibre lasers, Co:MgF2 and 

diode lasers. None of these, however, satisfies the demands of a truly practical and 

flexible pump source for scientific chromium-chalcogenide lasers. 

The semiconductor disk laser is a potential alternative pump source especially since 

multi-watt power levels have recently been reached from (AlGaIn)(AsSb)-based 

systems emitting around ~2 µm. 

This thesis will therefore focus on the investigation of (AlGaIn)(AsSb)-based 

semiconductor disk lasers emitting around 2 µm as pump sources for the chromium-

-chalcogenide laser. For comparison, a more conventional pump system, i.e. the 

Tm3+:YAlO3 laser will be discussed in chapter 2. After the introduction of the 

semiconductor disk laser and the demonstration of high power 1.9 and 2.0 µm 
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embodiments in chapter 3, the pulsed operation of these lasers using low-cost pulsed 

diode lasers as pump sources will be detailed in chapter 4. 

In chapter 5 the use of the cw SDLs as pump sources for a Cr2+:ZnSe laser will be 

outlined and the potential advantages and disadvantages of the SDL as a pump 

source discussed. In chapter 6, pulsed-pumped Cr2+:ZnSe arrangements will be 

described. The 7th chapter will then conclude this work and give suggestions for 

further research directions in this field. 
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Chapter Two 

Consideration of a Tm3+:YAlO3 laser as a pump 

source for Cr2+-laser 

 

2.1 Introduction 

The most commonly used pump sources for Cr2+:chalcogenide lasers to date have 

been the thulium and erbium based solid-state lasers. These systems operate at 

different wavelengths but have similar upper-state lifetimes (on the order of 

milliseconds) and both exhibit three-level laser behaviour. To be able to evaluate the 

use of semiconductor disk lasers as pump sources for Cr2+:II-VI lasers, this chapter 

will discuss the characteristics of a Tm3+:YAlO3 laser as a representation of more 

commonly used pump sources. 

The use of the rare-earth element thulium in a crystalline laser gain medium was first 

demonstrated in 1966 in a sensitised holmium-doped yttrium aluminium perovskite 

(YAP, chemical formula YAlO3) crystal with an emission wavelength of 2.1µm 

[1,2]. After this initial demonstration, trivalent thulium was doped into YAlO3 

without the addition of holmium resulting in a laser emission around 1.9-2.0 µm [2]. 

Also alternative hosts, such as yttrium lithium fluoride (YLF, chemical formula 

LiYF4) and yttrium aluminium garnet (YAG, chemical formula Y3Al5O12) have been 

used  [3,4]. The use of Y3Al5O12 is advantageous for high power laser embodiments 

due to its large thermal conductivity, mechanical robustness and good optical quality. 

However, its cubic structure imposed a significant disadvantage, i.e. the absence of 

natural birefringence. As a result, thermally induced birefringence associated with 

the absorption of pump light can lead to depolarisation losses which can impose 

significant problems in high power lasers [5]. However, YAlO3 and  LiYF4 hosts 

effectively resolve this problem with their biaxial, orthorhombic structure [6]. 

While both, YAlO3 and LiYF4 show natural birefringence, LiYF4 has a lower 

thermal fracture limit which makes it less suitable for end-pumped, high-power 
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lasers. It also shows polarisation dependent thermal lensing with a negative thermal 

lens. This negative lens can potentially be advantageous for high power lasers as it 

can compensate for bulging of crystal surfaces resulting in a crystal without any 

lensing properties [7]. On the other hand, asymmetric thermal lensing introduces 

astigmatism into the output beam of the laser which can be disadvantageous when 

the system is used as pump source. With a symmetric thermal lens and the capability 

of producing >10 W of output power [8], Tm3+:YAlO3 is a promising choice as gain 

medium for a pump laser for chromium-chalcogenide. 

Initially, Tm3+:YAlO3 was pumped using flash lamps [2]; however, soon solid-state 

lasers (Ti:sapphire) were used [9] and nowadays the preferred method of using diode 

laser pumping has become established [10]. 

Typically grown by the Czochralski method, Tm3+:YAlO3 has three kinetically 

favoured forms, hexagonal, orthorhombic and cubic, known as YAlO3-I, YAlO3-II, 

YAlO3-III, respectively [11], with the most typically used form being orthorhombic 

[12,13]. In this form, the crystals have 3 different crystallographic symmetry axes, 

i.e. the a, b and c orientation. As a consequence the absorption and gain of 

Tm3+:YAlO3 are polarisation dependent and can be influenced by the orientation of 

the crystal [9]. The absorption and emission spectrum recorded by Stoneman et al. 

can be seen in Figure 2.1 [9]. This shows, that the strongest absorption of 

Tm3+:YAlO3 can be found at 795 nm for the a- and b-cut crystals while the c-cut 

crystals show a double peak in the absorption spectrum at 793 and 799 nm. The 

emission is centred at ~1.9 µm and can, depending on the crystal cut, be tuned 

between ~1.85 and 1.95 µm. 

Within the crystalline structure, the trivalent thulium populates the Y3+ sites. The 

active ion is located in the 4F electron site which is typical for rare-earth ions. As 

these electron sites are shielded by the outer 3D shells, ion-host interactions are small 

contrary to transition-metal ions such as chromium. The energy levels of the laser 

transition are therefore not greatly broadened and show relatively narrow absorption 

and emission features compared to their transition-metal counterparts. 
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Figure 2.1 Absorption (left) and emission spectrum (right) of Tm3+:YAlO3 for the different 
polarisation orientations for a 4 % doped crystal (after Stoneman et al. [9]). 

 

 

Figure 2.2 Simplified energy diagram of the transitions in a Tm3+:YAlO3 active host. 

A simplified energy diagram of Tm3+:YAlO3 can be seen in Figure 2.2. One property 

of this energy diagram is that it exhibits a quasi-3-level behaviour [14]. The pump 

radiation excites the ions in the crystal to the 3H4 energy level multiplet from where 

they decay non-radiatively into the upper laser level 3F4 multiplet. This transition is 

fast compared to the lifetime of the upper laser level 3F4 (4 ms) [15]. This is 

important because otherwise a population inversion could not be achieved in the 3F4 

level. From this level, the electrons relax back into the ground state multiplet. Due to 

the quasi-3-level nature of this material, the ground state is not a single state but a 

band of energy levels that are closely spaced. As a consequence, their population 

follows the Boltzmann distribution [16]. Contrary to the 4-level energy diagram, a 

population inversion is not reached after the first ion is excited as the population of 

the lower laser level within the ground energy band needs to be overcome. However, 
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this system is more correctly described as a quasi 3-level system and so the 

population inversion does not require as much as 50 % of the total population to be 

excited as would be the case in a pure 3-level system. 

The relatively long upper-state lifetime of Tm3+:YAlO3 results in relatively large 

amounts of stored energy in the gain medium. This can be advantageous for Q-

switched lasers; however, for a continuous-wave (cw) laser, this can potentially 

introduce strong intensity fluctuations, which is a well known drawback of these 

lasers [17]. A solution to this issue will be discussed in section 2 of this chapter. 

Another noteworthy point in Tm3+:YAlO3 is the process of cross-relaxation which is 

typically seen for doping levels exceeding ~3 % [18]. When a photon is absorbed and 

excites the valence electron from the ground state to the 3H4 multiplet, the relaxation 

of this electron to the upper laser level (3F4) releases sufficient energy to excite 

another electron in a neighbouring ion. As a result, a single pump photon can 

generate two excited ions in the upper laser level leading to a quantum efficiency of 

almost two. Aside from the increased efficiency of the system, this also effectively 

reduces the large quantum defect of 60 % to 15 %.  

In this chapter, a Tm3+:YAlO3 lasers using two different crystals cut along the a- and 

b-axis will be investigated. The experimental arrangement of the laser will be 

discussed in section 2 of this chapter with emphasis on an active stabilisation loop 

that allows the compensation of intensity noise spikes in the laser output when 

running cw. Section 3 will discuss the experimental results and compare the a- and b-

cut geometry. 

2.2 Experimental arrangement 

The experimental configuration was based on the one demonstrated by Cerny et al. in 

2005 [19]. The crystals used for the experiments were thulium-doped YAlO3 rods 

obtained from Scientific Materials, Inc. (Bozeman, MT) [20]. Both samples had a 

diameter of 3 mm and were anti-reflection coated for the pump and oscillating 

wavelength. While sample 1 was cut along the a-axis and 5 mm long, sample 2 was a 

b-cut crystal with a length of 8 mm. The doping concentration for both of these 

samples was 4 % at. 
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The pump source for this system was a fibre-coupled (600 µm core diameter) diode 

laser with a maximum output power of 25 W (Thales TH-1725-F6). The laser 

emitted radiation at around 795 nm and was driven using a Glassman LP 20-60 

power supply. A Coherent Field Mate power meter in combination with a Coherent 

PM10 thermopile head was used to record the current to power conversion for this 

diode (Figure 2.3). To increase the lifetime of the pump laser, the driver current was 

limited to 36 A, resulting in a maximum available pump power of 20 W. With the 

base plate temperature of the diode laser stabilised to 20 °C (using a recirculating 

water bath chiller) the output spectrum of the laser was centred at 796.5 nm with a 

full width half maximum (FWHM) of 2.7 nm (see inset of Figure 2.3). 
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Figure 2.3 Current to power conversion characteristics of the 800 nm diode laser pump source 
for the Tm3+:YAlO3 laser. Inset: Spectral width of the diode laser at 20 W of output power. 

As the relatively narrow absorption feature of Tm3+:YAlO3 is centred at 795.6 nm for 

both, the a- and b-cut crystals, the emission wavelength of the diode laser was crucial 

to achieve a maximum absorption of the pump radiation. When leaving the base plate 

temperature of the laser set to 20 °C, the wavelength of the laser changed between 

788-796.5 nm (Figure 2.4) over the diode driver current range. To tune the 

wavelength to the absorption peak of Tm3+:YAlO3 the temperature of the diode laser 

base plate needed to be adjusted accordingly. The inset of Figure 2.4 shows the 

required temperature to maintain an output wavelength of 795.6 nm over the range of 

the driver current.  
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Figure 2.4 Wavelength drift of the diode laser with increasing drive current when temperature 
stabilised to 20 °C. Inset: Water bath temperature required for emission of 795.6 nm with 
changing pump current. 

To pump the Tm3+:YAlO3 crystals using this diode laser, the radiation was 

conditioned using two 40 mm focal length lenses, one for collimation of the fibre 

output and one to focus the radiation into the crystal. 

The experimental arrangement (see Figure 2.5) of the Tm3+:YAlO3 resonator 

comprised two curved mirrors M1 and M2 with 300 and 500 mm radius of curvature 

respectively. Both of these mirrors were coated for high reflectivity at 1.94 µm and 

high transmission at the pump wavelength. The cavity was completed using plane 

output coupling mirrors with reflectivity values between 80-98 %. A photograph of 

the laser can be seen in Figure 2.6. 

 

Figure 2.5 Schematic of the Tm3+:YAlO3 laser comprising a 300 mm and a 500 mm radius of 
curvature mirror (M1 and M2) and a plane output coupler (M3). To stabilise the output intensity, 
an acousto-optical modulator is used. 
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Figure 2.6 Photograph of the Tm3+:YAlO3 laser comprising of a 300 mm and 500 mm radius 
of curvature mirror (M1 and M2), a plane output coupler (M3) and an acusto optical modulator 
(AOM). 

 
Using the resonator modelling software WinLase (version 2.1 Professional) the beam 

propagation inside of the resonator was determined and is shown in Figure 2.7. This 

shows that the resonator waist was actually not positioned at the crystal but behind it. 

This was done to optimize the overall mode-match of the pump and resonator beam 

for the pump focusing lenses used. 

 
Figure 2.7 Winlase diagram of the Tm3+:YAlO3 resonator for the sagittal and tangential plane. 

It was already mentioned in the introduction that the long upper-state lifetime in 

Tm3+:YAlO3 combined with its quasi-3-level energy characteristics causes the output 

intensity to fluctuate strongly. The large amount of energy storage enables noise in 

the cavity to be amplified and form strong spiking and relaxation oscillations [21]. 
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This can damage the Tm-laser itself or any laser which it is being used to pump. In 

order to alleviate this problem, an intracavity acousto-optic modulator (AOM) was 

driven by an active feedback loop [17] as depicted in the block-diagram in Figure 

2.8.  

 

Figure 2.8 Block diagram of the control loop implemented into the laser to stabilise the output 
intensity. 

Here, some residual light that passes through one of the high reflecting mirrors is 

used to detect the intensity variation of the intracavity field. A simple in-house-build 

DC operational amplifier as shown in Figure 2.9 was used as a variable gain pre-

amplifier to condition the signal before injecting it into the RF amplifier (Intra 

Action Corp., GE-2725).  

 

Figure 2.9 Schematic of the preamplifier circuit based on an operational amplifier and resistors 
R1-R4. 
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The main component of the pre-amplifier is a low noise (0.9 nV/√Hz) operational 

amplifier (Analogue Devices AD797) with a bandwidth of 280 kHz. In the circuit, 

the potentiometer R1 (100 kΩ) is used to adjust the input impedance of the circuit 

while the fixed resistor R4 sets the output impedance to 50 Ω. The ratio of the 

resistor R2 (1 kΩ) and the potentiometer R3 (<500 kΩ) set the gain of the amplifier. 

After preconditioning of the signal and injecting it into the RF amplifier that drives 

the AOM, losses proportional to the intensity fluctuations are added to the cavity. 

This counteracts the build-up of noise spikes and therefore stabilises the intra-cavity 

field. It should be noted that the pre-amplifier was DC-coupled. As a consequence a 

constant signal is present at the AOM as soon as the laser oscillates. This results in a 

non-zero loss inside the resonator for a steady-state condition, which enables the 

modulation of the signal field in both directions.  

2.3 Experimental discussion 

2.3.1 A-cut Tm3+:YAlO3 crystal 

The first experimental investigations of the Tm3+:YAlO3 laser were carried out using 

the a-cut crystal. 

While the laser was oscillating, the pump absorption was measured for incident 

pump powers from 2-20 W. The result of the measurement can be seen in Figure 

2.10. While the absorption is not fully linear, a consequence of a poorly stabilised 

wavelength of the pump diode, no absorption saturation was observed. On average, 

~80 % of the incident pump power was absorbed inside the crystal. Using the 

Lambert-Beer law of absorption given in equation 2.1, the resulting absorption 

coefficient was calculated to be 11 cm-1.  

leII  
01     Equation 2.1 

In this equation, I0 and I1 are the incident and transmitted intensities (or power in this 

case), l the length of the crystal and α the absorption coefficient. It is worth noting, 

that absorbing less than 100 % of the incident pump light is important in the context 

of quasi-3-level laser systems, as transparency is only achieved throughout the whole 

crystal if the whole length is being pumped strongly enough. Crystals are therefore 
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typically designed to be 2-3 absorption lengths long, i.e. between 87-95 % pump 

absorption. 
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Figure 2.10 Pump absorption measurement for the a-cut Tm3+:YAlO3 crystal when oscillating. 

Using the absorbed pump power as reference, power transfer curves were recorded 

for various output couplers with reflectivities between 80-98 %. These are shown in 

Figure 2.11. 
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Figure 2.11 Power transfer characteristics of the Tm3+:YAlO3 laser using various output 
couplers with reflectivities between 80-98 %. 

The result indicates that for the maximum pump power, an optimum output coupler 

reflectivity of R=91 % was found. This gave a maximum output power of 3.4 W for 
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an absorbed pump power of 17.5 W (20 W of incident power). The maximum slope 

efficiency was found to be 35 % and the threshold 6.6 W. 

As mentioned earlier in this chapter, the wavelength of the diode laser is crucial to 

obtain optimum overall system performance. To investigate the strength of this 

effect, the output power was monitored for a variation in the base plate temperature 

of the diode laser from 12-30 °C. The result of the measurement can be seen in 

Figure 2.12.  A significant power drop from 2.5 to 0.8 W was observed over the full 

range of temperature variation. The result also indicates that cooling the diode laser 

to lower temperatures could be advantageous, as no isolated peak was observed as 

would be expected. However, further cooling was not done to prevent water 

condensation on the diode laser. 
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Figure 2.12 Output power variation with changing diode laser base plate temperature for the 
a-cut crystal. 

For the analysis of the intensity noise stabilisation using the AOM arrangement 

discussed previously, the output of the laser was attenuated and recorded using a 

photodiode (Teledyne Judson Technologies, J23-5I-R03M-2.6) and oscilloscope 

(Agilent Infiniium 54830B). To stimulate intensity noise spikes inside the 

Tm3+:YAlO3 resonator, the 20 W output radiation of the pump laser was modulated 

using a mechanical chopper to initiate relaxation oscillation. The result of the 

comparison – with and without the stabilisation loop - can be seen in Figure 2.13. 
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Figure 2.13 Output signal of the Tm3+:YAlO3 laser when pumped in quasi-cw mode without 
the active stabilisation (a) and with the stabilisation loop activated (b). 

From this data it can be seen that significant spiking and intensity noise fluctuations 

are present without the stabilisation turned on (Figure 2.13a). For the stabilised laser, 

the output was optimised by carefully positioning the AOM and adjusting the 

amplifier gain. This strongly damped the fluctuating of the output signal and 

improved its stability (Figure 2.13b), an important property when considering the 

Tm3+:YAlO3 laser a pump source. 

To investigate the tunability of the output wavelength of the Tm3+:YAlO3 laser, a 

2 mm thick crystalline quartz plate was inserted into the resonator at Brewster’s 

angle to act as birefringent filter (BRF). This allowed tuning of the laser between 

1.88 and 2.02 µm (Figure 2.14). The insertion of the BRF, however, reduced the 

output power of the laser to 2.8 W. It was also observed, that no smooth tuning was 

obtained. This effect was already reported in the literature. Especially before the 

introduction of a-cut crystals, crystals cut along the b-axis had problems with smooth 
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tuning. In the case of these experiments, the tuning was restricted by two broad H2O 

and CO2 absorption bands. 
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Figure 2.14 Tuning curve of the Tm3+:YAlO3 laser (blue) and the H2O (green) and CO2 (black) 
absorption lines obtained from the HITRAN 2004 database. 

Polarisation losses due to birefringence were also investigated. This was considered 

as the insertion of the BRF, i.e. a polarisation defining element, reduced the output 

power of the laser by 18 %, indicating that depolarisation losses were present. 

Therefore a crystal mount with fine adjustment for the rotation around the optical 

axis was employed. This allowed precise alignment of the crystal and its associated 

birefringence axis with the polarisation plane of the resonator (defined by the 

intracavity BRF). This, however, did not solve the problem but the unsmooth tuning 

remained. Subsequent communication with colleagues in the Czech Republic have 

revealed that this effect is present to varying degrees in Tm-hosts and is currently not 

well understood [22]. As the precise control of the emission wavelength is not 

required for pumping of chromium-chalcogenide lasers, it was decided not to 

currently investigate this problem further.  

2.3.2 B-cut Tm3+:YAlO3 crystal 

For the b-cut crystal, again, the absorption coefficient was determined. The result of 

the measurement can be seen in Figure 2.15. The absorption of the 8 mm crystal was 

found to be 92 % on average over the range of available pump powers. This equates 

to an absorption coefficient of 6.7 cm-1. Again, slight nonlinearities can be observed 

that were associated with the temperature drift of the diode laser. 
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Figure 2.15 Absorption measurement results for the b-cut Tm3+:YAlO3 crystal when 
oscillating. 

Comparing the power transfer curves (Figure 2.16) for the b-cut crystal and the a-cut 

crystal reveals a significantly lower output power from the b-cut crystal (1.8 rather 

than 3.5 W). This can be attributed to a lower slope efficiency as well as a higher 

threshold which is in the order of 1.5 times higher in case of the b-cut crystal. This 

difference is associated with increased reabsorption losses at around 1.94 µm [19]. 
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Figure 2.16 Power transfer characteristic for the Tm3+:YAlO3 laser using the b-cut crystal and 
output couplers with values between 85-98 %. 

Again, the tuning curve was recorded using a grating monochromator. The results are 

plotted in Figure 2.17. Here even stronger modulation of the tuning curve compared 
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to the a-cut crystal is obvious. With a tuning curve ranging from 1.91-1.99 µm and a 

peak at ~1.94 µm, the overall output spectrum is centred at shorter wavelength 

compared to the centre at 1.98 µm for the a-cut result. In addition, the tuning range 

of the b-cut crystal is 80 nm; significantly smaller compared to the a-cut crystal 

(140 nm). This can be associated with the different crystal length used in these 

experiments and the resulting performance difference which is clearly evident from 

the reduced peak output power of the b-cut crystal compared to the a-cut one. This 

clearly limits the tuning boundaries of the b-cut crystal contrary to what can be 

expected from the literature [9]. For the purpose of pumping Cr2+:chalcogenide 

lasers, the difference in the peak position should not be considered a major 

disadvantage. Indeed, the shorter output wavelength of the b-cut crystal could be 

considered beneficial as it is closer to the absorption peak of Cr2+:ZnSe. This, 

however, can potentially be offset by the increased performance of the a-cut crystal. 
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Figure 2.17 Tuning curve of the Tm3+:YAlO3 laser using the 8 mm long b-cut crystal (orange 
curve). For comparison, the results of the a-cut crystal are shown as well. 

 

2.4 Conclusion 

A Tm3+:YAlO3 laser was investigated as a representative of pump sources typically 

used for chromium-chaclogenide laser. In this context, a- and b-cut Tm3+:YAlO3 

crystals were investigated. The a-cut crystal exhibited up to 3.4 W of output power 

with a slope efficiency of 38 % and a threshold of 6.6 W for an output coupler 

reflectivity of 91 %. Using a 2 mm thick quartz birefringent filter, tuning was 
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achieved between 1.88 and 2.02 µm. However, the tuning was found to be strongly 

modulated rather than smooth, an effect known in YAlO3 hosts but not fully 

understood yet. This effect is even stronger in the b-cut crystal where the tuning 

curve was shifted towards lower wavelength with its peak emission at 1.94 µm. The 

spectral range covered from this crystal was 1.91-1.99 µm. 

The maximum output power of the b-cut crystal was significant lower than the one of 

the a-cut crystal with a maximum of 1.8 W. This reduced performance was attributed 

to increased reabsorption losses at the lower operating wavelength of 1.94 µm. 

The observed intensity noise issues with Tm3+:YAlO3 were reduced by employing an 

active feedback loop into the laser. This was based on an acusto-optical modulator 

that added losses proportional to the intracavity intensity noise to the intracavity 

field. This reduced the spiking behaviour of the laser significantly which is 

considered beneficial when using this laser as a pump source. 

With multi-Watt output powers and the stabilised output, the Tm3+:YAlO3 laser 

should be ideal of pumping of Cr2+:chalcogenide crystals. With the emission shifted 

towards 2.0 µm in case of the a-cut crystal, the emission is moving further away 

from the absorption peak of Cr2+:chalcogenides (e.g. 1.79 µm for Cr2+:ZnSe). This 

reduced absorption, however, can be compensated for by the increased output power 

of the a-cut crystal compared to the b-cut arrangement. Additionally, the reduced 

absorption coefficient can be mitigated by increasing the crystal length of the 

chromium laser or employing pump retro-reflection. Therefore the a-cut arrangement 

was used in the subsequent work. 

Table 2.1 shows the comparison of the obtained experimental results with the 

demands for an ideal pump source outlined in chapter 1. 

 

Parameter Required Achieved 
Power [W] Watt-level 3.4 
Wavelength [µm] 1.6-2.1 1.98 
RMS Noise [%] <2 Quantification required 
Sensitivity towards feedback low unknown 

Table 2.1 Comparison of desired properties of a pump source for chromium-doped 
chalcogenide lasers and the Tm3+:YAlO3 discussed in this chapter. 
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Chapter Three 

GaSb-based semiconductor disk lasers 

3.1 Introduction 

In the previous chapter, a Tm3+:YAlO3 laser was discussed as a representative of a 

class of conventional sources used to pump Cr2+:chalcogenide lasers. In this chapter, 

the optically-pumped semiconductor disk laser (SDL) will be introduced as a novel 

type of laser source that can be used to pump Cr2+:II-VI lasers.  

The SDL, also known as vertical external-cavity surface-emitting laser (VECSEL), is 

a category of laser that is similar in many respects to the optically-pumped doped-

dielectric disk laser [1]. Here, a thin semiconductor platelet is optically pumped and 

used as the active medium inside an optical resonator (see Figure 3.1). 

 

Figure 3.1 Schematic of a semiconductor disk laser including the semiconductor pump diode 
laser, the active semiconductor chip, an external output coupling mirror as well as any optional 
intracavity element. 

The laser that would now be recognised as an SDL was first demonstrated in 1966 

[2] but it was not until the end of the 20th century that the full potential of this laser 

format was realised [3]. In contrast to the gain medium in typical doped-dielectric 
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lasers, the semiconductor chip is not a homogeneous piece of material but a complex 

epitaxial structure made of an integrated distributed Bragg reflector (DBR), pump 

absorbing barriers and quantum wells and is thus more similar to vertical-cavity 

surface-emitting lasers (VCSELs) [4,5] but without the top DBR. However, the SDL 

utilises optically pumping instead of the electrical pumping used in VCSELs. This, 

combined with the external cavity, allows for control of the cavity and pump mode 

and therefore enables power scaling [6] as well as brightness optimisation [7]. 

Additionally, the external cavity allows for the use of intra-cavity elements that 

enable a wide range of operational modes such as active and passive modelocking 

[8], narrow linewidth operation [9] and intracavity frequency conversion techniques 

[10]. 

Intracavity frequency conversion is one way of extending the emission range of these 

lasers into the UV and visible [6,11-15]; however, direct generation of radiation in 

various wavelength bands is also possible utilising the wide range of semiconductor 

materials available. 

For the visible, e.g. (AlInP)(AlGaInP)(GaAs) has been used to generate direct 

emission in the red [16] while for the important telecommunication band, GaInNAs 

and InGaAsP-based SDLs have been developed emitting at various wavelengths 

between 1.2 and 1.55 μm [17-20]. For a summary of the state of the art values in 

respect to emission wavelength and output powers see Figure 3.2.  
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Figure 3.2 Overview of wavelength coverage of the SDL technology by fundamental and 
harmonic generation of radiation and the maximum output power achieved. 
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In the context of this work, the (AlGaIn)(AsSb) material system was chosen to gain 

access to the very important molecular fingerprint region above 2 µm. So far, 

emission from this material system has been demonstrated at various wavelengths 

between 2.0 and 2.8 μm [7,21-23]. Initially limited to a few milliwatts [21], careful 

design of the structures and appropriate heat management has resulted in output 

levels of multiple watts [24-26]. 

In this chapter (AlGaIn)(AsSb)-based SDLs emitting at 2.0 and 1.9 μm with multi-

Watt continuous-wave (cw) output powers will be presented. After introducing the 

design of the semiconductor chips, the very important aspect of heat management 

will be discussed, followed by the characterisation and optimisation of the 2.0 and 

1.9 μm SDLs in respect to power, wavelength tuning and brightness. In the last 

section, the use of multichip arrangements to scale the output power beyond that 

achieved with a single chip will be discussed. 

3.2 Semiconductor disk laser chip design 

When designing a semiconductor chip for a specific wavelength, the choice of 

material is not only important for the target emission wavelength of the SDL but also 

the mechanical aspects of the material composition. This requires that the lattice 

constant of the components are matched to reduce structural stress and therefore 

allow high quality single crystal growth, hence a chip with good mechanical 

integrity. 

 
Figure 3.3 Energy bandgap diagram of various III-V semiconductor materials (based on 
reference [27]). Elements used in the 1.9 and 2.0 µm SDLs are shown as blue spots along the 
red line, indicating similar lattice constant, hence low mechanical stress in the final structure.  
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The (AlGaIn)(AsSb) material system satisfies this demand while allowing the 

coverage of a wide range of wavelength by using different ternary and quaternary 

quantum wells (see Figure 3.3). In case of the 2.0 and 1.9 μm SDLs used in this 

work, the chip is a ~10 μm thick semiconductor structure that is grown 

monolithically onto a 500 µm thick 2 in. diameter GaSb waver by molecular beam 

epitaxy. Figure 3.4 and Figure 3.5 show the schematics of the layer structure and 

energy diagram of an SDL.  

 

Figure 3.4 Layer structure of a semiconductor disk laser chip consisting of the substrate, 
Distributed Bragg Reflector, gain region (consisting of quantum wells and pump absorbing 
barriers) and cap/confinement layer. 

The DBR is a series of 21.5 pairs of λ/4 thick layers of alternating high and low 

refractive index material (AlAs0.08Sb0.92/GaSb) which creates a mirror with a 

reflectivity R>99.5% at the design wavelength. The 2 μm thick active region consists 

of Al0.30Ga0.70As0.02Sb0.98 pump absorbing barriers and ten compressively strained 

(1.3 %), 10 nm thick, Ga0.74In0.26Sb quantum wells. On top of this, a 350 nm thick 

Al0.85Ga0.15As0.06Sb0.04 window layer and 13 nm GaSb cap are grown to respectively 

prevent carrier recombination and oxidation of the aluminium-rich layers. 

The thickness between the DBR and the top surface is typically designed to be an 

integer number of half the emission wavelength so that a micro-cavity is formed 

which results in a standing wave field inside the chip. For increased gain, the 

quantum wells are distributed at the antinodes of the standing wave optical field, 

forming a resonant periodic gain configuration (RPG) to increase the small signal 

gain [28]. 
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Figure 3.5 Schematic energy diagram of the semiconductor disk laser layer structure showing 
the DBR, active region (consisting of quantum wells and pump absorbing barriers) and the 
window layer. In most SDLs oscillation will tend to be at the wavelength of the resonance of 
the micro-cavity between the DBR and the front surface of the chip.  

3.3 Thermal management of semiconductor disk lasers 

A major concern when developing high power SDLs is the management of heat that 

originates from the quantum defect associated with the pump and emission 

wavelength. From this heating of the chip, two potential problems arise: one is the 

change of refractive index with temperature which in turn red shifts the micro-cavity 

resonance; the other is that the quantum well peak emission shifts due to an increase 

in temperature of the quantum wells themselves which results in a reduction of the 

bandgap that in turn increases the emission wavelength [29]. Both of these 

temperature related drifts happen at different speeds (see Figure 3.6). While the 

micro-cavity shift is about 0.3 nm·K-1, the quantum well emission shifts at a rate of 

0.1 nm·K-1. Therefore the quantum-well gain peak and the sub-cavity resonance will 

eventually become spectrally misaligned, causing the SDL to stop oscillating: an 

effect commonly called thermal rollover. To delay this until higher power levels, the 

room temperature quantum well peak emission wavelength is chosen such that it is 
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blue-shifted with respect to the micro-cavity resonance to compensate for thermal 

heating of the device at operating temperature. This is an essential design 

consideration when designing high power SDLs [30-32].  

 

Figure 3.6 Shift of cavity resonance and quantum well (QW) peak emission with temperature. 
N.B. Both shift at different rates 

This design feature on its own, however, does not enable high power operation in 

SDLs as the pump induced heating range of the chip would be sufficient to heat the 

device beyond the point where quantum well peak emission and micro-cavity 

resonance are spectrally aligned. Further steps to remove the heat from the active 

region inside the SDL into an appropriate heat sink are required. To achieve this, two 

main approaches have been developed: substrate removal (and bonding to a high 

conductive heat sink) [6] and the use of intracavity heatspreader [33,34]. The 

principles of both of these techniques are shown in Figure 3.7. In case of the 

substrate removal, the SDL structure is grown upside down with the cap layer grown 

first followed by the gain section and then the DBR. The surface is then metallised 

and soldered to a heat sink. The final step is to remove the substrate using selective 

chemical etching. Using this technique it is possible to minimize the material, and 

hence the thermal impedance, between the active region and the heat sink, and 

thereby improve the heat extraction (Figure 3.7b). This thin device approach has 

been very useful in InGaAs-(Al)GaAs-based SDLs emitting at around 1 µm due to 

the relatively higher thermal conductivity of the materials used for the DBR. 
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Figure 3.7 Techniques for improving heat removal from the semiconductor chip. a) Original 
design without improved heat extraction; b) substrate removed; c) intracavity heatspreader. 

For (AlGaIn)(AsSb)-based SDLs emitting at 2.X µm, however, it has been shown 

that this technique does not work as well due to the increased thickness of the 

required DBRs and the lower thermal conductivity of the materials [35]. Therefore 

an alternative method, the use of an intra-cavity heatspreader, can be employed to 

improve heat extraction. For this method the chip is grown in the conventional order, 

DBR first, followed by the active region and the cap layer. The substrate does not 

need to be removed, but instead a highly thermally conductive heatspreader is 

optically contacted by a liquid assisted process onto the chip that extracts the heat 

more efficiently from the active region into a surrounding heat sink (Figure 3.7c) 

[33]. First results using this technique were obtained using sapphire heatspreaders 

[36] but silicon carbide and diamond soon become favoured due to their higher 

thermal conductivity [18,37]. When using a heatspreader, one has to bear in mind 

though that the intracavity element introduces an etalon filter function. This can 

potentially be a disadvantage if an unmodulated output spectrum and smooth tuning 

is required; however, in the context of single frequency operation this property can 

also be advantageous [38].  
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3.4 The 2 μm semiconductor disk laser 

3.4.1 Experimental set-up 

For the experiments carried out in the context of this work, an SDL based on the 

2.0 µm structure described in section 3.2 was set up. Therefore a ~4x4 mm piece was 

cleaved from the 2 in. semiconductor waver and capillary bonded to a 250 µm thick 

diamond heatspreader (see Figure 3.8, left). 

 

Figure 3.8 Picture of the 4x4 mm semiconductor chip bonded to a 250 µm thick piece of 
diamond (left) and the chip-diamond assembly mounted in water-cooled brass mount (right). 
The right picture also shows the focusing lens of the pump assembly. 

This assembly was then placed into a water-cooled brass mount (see Figure 3.8, 

right) and pumped using a fibre-coupled edge-emitting diode laser. Contrary to more 

conventional doped-dielectric lasers that often require a very precise pump 

wavelength, the pump wavelength for an SDL merely needs to be smaller than the 

wavelength associated with the band gap energy of the barrier material; thereby 

allowing the choice of a wide range of commercially available diode lasers. Pumping 

into the barriers is typically called barrier-pumping, however, it should be noted that 

it is strictly speaking a combination of both, absorption in the barriers and a small 

fraction also in the quantum-wells. Alternatively, one can also pump directly into the 

quantum-wells alone, a technique called in-well-pumping which can be used to 

reduce the quantum defect [39,40].  For the arrangement used in this work (see 

Figure 3.9), barrier-pumping at 980 nm using a fibre-coupled (100 µm core) diode 

laser was chosen.  The pump optics comprised of two aspheric lenses, f1 and f2, with 

11 mm focal length which image the core of the 100 μm fibre onto the chip. The 

resonator was completed using a 100 mm radius of curvature mirror M1, coated with 
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a high reflective coating (R>99.9 %) for 2.02 μm, and different output couplers M2 

with various reflectivities between 99 and 75 % (Figure 3.8). 

 

Figure 3.9 Schematic of the semiconductor disk laser consisting of a fibre-coupled diode pump 
laser, two pump lenses f1 and f2, a curved mirror M1 and a plane output coupler M2. Optionally, 
a birefringent filter (BRF) or fused silica plate (FSP) could be added into the resonator for 
added functionality. 

For tuning the output wavelength of the laser, a quartz birefringent plate (BRF) [41] 

was inserted into the resonator at Brewster’s angle. If tuning was not necessary, a 

5 mm thick fused silica plate could be inserted to act as polarisation defining 

element. Either of these two elements will pin the polarisation inside the resonator 

which can potentially cause problems when using diamond as a heatspreader. This is 

because diamond can have natural stress induced birefringence that can elevate 

losses inside the resonator [34]. By careful positioning of the diamond or by using 

synthetic diamond, this effect can be minimised. 

Using the laser resonator modelling software WinLase 2 Professional, the spacing 

between the semiconductor disk and mirror M1 was optimized to be ~60 mm while 

the distance between M1 and M2 was ~260 mm (see Figure 3.10). This resulted in a 

cavity radius of ~50 μm which matched the pump spot radius of ~50 μm. 

For fine tuning of the arrangement, the cavity and pump mode overlap at the SDL 

chip could be adjusted by defocusing of the pump by translating the pump optics 

assembly f1 and f2. This is possible because of the quasi-2-dimensional absorption 

profile of the SDL chip due to its relatively thin active region (2 μm) compared to the 

pump and cavity spot sizes. It should be noted that for maximum output power it was 

favourable to run with larger pump spot sized which favour transverse multimode 
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operation of the resonator. In this configuration, the gain of the chip is exploited 

more efficiently resulting in higher output powers but also a degeneration of the 

mode quality. This aspect will be further discussed in section 3.6. 

 

Figure 3.10 ABCD matrix model of the semiconductor disk laser resonator. The chip is at the 
left-hand boundary of the plot, the line at 60 mm along the z-axis represents the 100 mm radius 
of curvature mirror and the right-hand boundary represents the plane output coupler. The 
resulting cavity radius at the chip is ~50 µm. 

 

3.4.2 Experimental results 

Initially, a nominally 25 W diode laser coupled into an SMA-mounted 100 µm fibre 

(LIMO FI-A-P-0025) was used to pump the semiconductor disk laser. For the 

experiments, the diode was driven by a LIMO laser diode driver (LDD100-3) with 

up to 35 A and the laser diode delivered 22.3 W of output power (see Figure 3.11).  
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Figure 3.11 Power output characteristic of the 25 W diode laser. The maximum output power 
after the fibre is 22.3 W which reduces to 21.2 W after the focusing optics. Inset on the left 
shows the spectrum of the emission at full power and the right inset shows the shift of the 
central wavelength with increasing pump current. 
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The threshold current was measured to be 4.7 A and the slope efficiency 40 %. The 

pump optics f1 and f2 reduced the available pump power by 5 % to 21.2 W, 

associated with losses due surface reflections. As one can see in the right inset of 

Figure 3.11, the emission wavelength of the diode changed with pump current and 

hence junction temperature between 975.5-981 nm. The free running spectrum has a 

full width half maximum (FWHM) of ~3 nm at the maximum output power (left 

inset of Figure 3.11). 

For the power transfer experiments, no BRF or Brewster-angled plate was inserted 

into the cavity to prevent polarisation losses associated with the birefringence of the 

diamond. It is possible to linearly polarise the output while maintaining maximum 

output power; however, more care has to be taken when choosing the diamond and 

aligning the cavity. 

At first, the optimum output coupling for the given pump power and cavity 

arrangement was determined empirically. Therefore power transfer characteristics 

were carried out using different output couplers between R=85-97.8 % (see Figure 

3.12). 
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Figure 3.12 Power transfer characteristics of the 2.0 µm semiconductor disk laser using 
different output couplers between 85-98 % reflectivity. The optimum output coupler 
reflectivity was found to be 9 % with a maximum output power of 1.25 W. 
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From this it was found that the optimum output coupler reflectivity for this system 

was R=91 %. At maximum pump power, this configuration led to 3.2 W of output 

power with a slope efficiency of 17 % and a threshold of 1.6 W with respect to the 

incidence pump power (see Figure 3.12). 
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Figure 3.13 Power transfer characteristics for the 2.0 µm SDL pumped by a nominal 25 W, 
fibre-coupled diode laser. The maximum obtained output power at 15 °C and -10 °C was 3.2 
and 3.7 W respectively with a maximum slope efficiency of 17 % for the 15 °C curve and 19 % 
for the -10 °C curve. In both cases the threshold is ~1.6 W with respect to the incident pump 
power. 

It should be noted that the slope efficiency reduces at the high end of the 15 °C curve 

which is associated with thermal rollover. To increase the performance of the SDL it 

was possible to reduce the temperature of the brass mount the chip was held in. As a 

result of reducing the temperature to -10 ºC the output power increased to 3.7 W with 

a maximum slope efficiency of 19 % and a threshold of 1.6 W. 

To further increase the output power of the SDL, a nominally 45 W, fibre-coupled 

diode laser (QPC Laser, Inc., BrightLase Ultra-100) replaced the 25 W laser. It was 

driven using a Glassman LP 20-60 power supply and delivered a maximum power of 

38 W at 36 A diode driver current (see Figure 3.14). If this pump power is to be 

converted to additional output power from the SDL, it is important to delay the 

degradation of the slope efficiency due to thermal effects to higher incident powers. 

Therefore, the pump spot size had to be increased to keep a constant pump intensity 

on the chip. Rather than using different resonator optics it was possible to adjust the 
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cavity spot sizes by changing the spacing between the chip and the curved mirror M1 

to ~58 mm and the arm length between the curved mirror M1 and the output coupling 

mirror M2 to 250 mm which in turn increased the cavity mode to 61 µm and thereby 

the area by a factor of 1.5. The pump mode was matched to this defocusing the pump 

spot on the SDL chip.  
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Figure 3.14 Power output characteristic of the 45 W diode laser. The inset on the left shows 
the spectrum of the emission and the right hand inset shows the shift of the central wavelength 
with increasing pump current. 

With the more powerful pump source and the brass mount of the chip held to 21 ºC, 

the SDL provided up to 3.28 W of output power with a slope efficiency of 18 % and 

a threshold of ~1.6 W (see Figure 3.15). When cooled to -15 ºC, the SDL power 

was increased by 60 % to 5.82 W with an increased slope efficiency of 22 %.  
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Figure 3.15 Power transfer characteristics for the 2.0 µm SDL pumped by a nominal 45 W, 
fibre-coupled diode laser.  
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In all cases, the highest power was achieved at the expense of output beam quality. 

Using a automated scanning slit beam profiler (Beam Scope P8) the beam quality 

factor (M2) was measured to be in the order of M2 = 6. This is possibly due to an 

increased pump spot size which results from adjusting the laser towards higher 

power. The increased pump spot size favours higher-transverse mode operation of 

the SDL which would lead to improved extraction efficiency of the gain and thereby 

increase the output power. In turn, the higher order mode operation, however, results 

in a deterioration of the brightness of the system. In section 3.6, a full analysis of the 

beam quality factor of the SDL will be presented and ways for improving the 

brightness of the system will be discussed. 

Figure 3.15 also shows that the roll over occurs before the maximum pump power is 

applied onto the chip. Larger pump and cavity mode radii were tried in attempt to 

increase the output power; however, this did not lead to an improvement of the 

system. The reason for this is that even though heat flow in a disk laser geometry is 

usually considered to be one-dimensional, the heat dissipation is actually 3-

dimensional. This arises from the fact that the heat flow into the diamond 

heatspreader is three-dimensional as it removes the heat out of the pumped region 

and dissipates it radially [35]. Therefore the thin disk criterion is not fulfilled 

anymore, resulting in a limit of the power scaling capability. 

3.4.3 Spectral characterisation 

The free running spectrum of the SDL was to be measured using a large frame 

grating spectrometer (Jobin Yvon HR 460) in conjunction with a thermo electrically 

cooled InAs detector (1-3.55 µm) (see Figure 3.16).  

Figure 3.16 shows the 8 spectral mode groups associated with the etalon 

effect of the intracavity diamond heatspreader that reach threshold at an 

output power of 2.8 W. The separation of the adjacent mode groups is given 

by the free spectral range of the diamond heatspreader which in case of the 

250 µm thick piece of diamond used for this laser is 3 nm. 
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Figure 3.16 Spectral output of the 2.0 µm SDL in free-running operation showing the 
modulation associated with the etalon effect of the diamond heatspreader. 

To investigate the ability to tune the central wavelength of the SDL, a 2 mm 

thick quartz BRF was inserted into the resonator to allow the emission 

wavelength of the SDL to be tuned. Initially a tuning curve was recorded for a 

pump current of 30.9 A with an output coupler transmission of 7 %. This 

resulted in wavelength coverage of 80 nm from 1962 to 2042 nm (Figure 

3.17, black curve).  
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Figure 3.17: Tuning curves of the 2.0 µm SDL for maximum output power (black curve), 
reduced output coupling (red curve) and temperature tuned (blue curve).  
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It was possible to extend this tuning range by reducing the amount of output 

coupling and thereby reduce the threshold wavelengths in the wings of the 

gain band. This can be seen in the red curve in Figure 3.17 where an output 

coupler with 1 % transmission was used which reduced the maximum output 

power of the SDL but increased the spectral tuning by 38 nm to 108 nm, 

ranging from 1948 to 2056 nm. Ultimately, the maximum tuning was achieved 

when using a high reflecting mirror instead of an output coupler; however, 

this greatly reduced the output power of the SDL. Another way of tuning the 

device was to change the temperature the chip was held at. By reducing this 

from 15 °C to -14 °C, the tuning range was shifted to shorter wavelengths by 

56 nm. This was in part associated with the shifts of the microcavity 

resonance and the quantum well peak emission towards shorter wavelength; 

however, at a maximum rate of change of 0.3 nm/K, the 29 K temperature 

difference only equates to a shift of the wavelength by 8.7 nm. It was 

expected that the larger wavelength shift was possible because of the width 

of the microcavity resonance. For the 6 µm long microcavity that was formed 

between the DBR (R=99.5 %) and the diamond heatspreader interface 

(R=17.5 %) the theory of Fabry Perot resonators discussed in reference [42] 

suggests a width of the resonance of ~11 nm. In combination with the 

microcavity resonance and quantum well peak emission drift, this led to a 

total theoretical shift of the wavelength by ~20 nm and therefore doesn’t 

account for the total 56 nm shift observed experimentally. To fully understand 

the mechanisms involved in the temperature induced wavelength tuning, 

additional investigations are required. 

Towards higher temperatures, it was not possible to observe a shift in the 

tuning range because the coatings of the external mirrors limited the range of 

operation. 

Using these various techniques, it was possible to cover a total wavelength 

range of 167 nm from 1.892 to 2.059 µm.  
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3.5 The 1.9 μm semiconductor disk laser 

3.5.1 Experimental results 

The 1.9 µm SDL was first characterised in respect to its power transfer properties. 

The experimental set up used for this was identically to the one described in section 

3.4.1. The pump source was the 45 W, fibre-coupled diode laser described in section 

3.4.2. The result of the power transfer analysis is shown in Figure 3.18. 

It can be seen that the optimum output coupler transmission is again found to be 9 %. 

In this configuration the SDL delivered a maximum output power of 3.03 W with a 

slope efficiency of ~17 % and a threshold of ~1.3 W. When reducing the temperature 

of the brass mount from 20 to -10 °C the maximum output power was increased to 

4.33 W with a slope efficiency of 18 % (see Figure 3.19). 
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Figure 3.18 Power transfer characteristics of the 1.9 µm SDL with a maximum power of 
3.03 W at 9 % output coupler transmission and a threshold of 1.3 W.  
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Figure 3.19 Power transfer of 1.9 µm semiconductor disk laser delivering a maximum output 
power of 3.03 W and 4.33 W at a chiller temperature of 20 °C and -15 °C respectively. 
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Compared to the 2.0 µm sample the 1.9 µm SDL exhibits significantly lower output 

power while the slope efficiency with 18 % is similar to the 22 % of the 2.0 µm 

sample. The difference in maximum output power was attributed to a difference in 

the designed offset between micro-cavity resonance and quantum well peak emission 

of the two samples. The small difference in the slope efficiency can potentially be 

associated with the microcavity and peak emission wavelength offset too; a 

consequence of a change of the cavity Q-factor and coupling of the pump radiation. 

The change in the slope efficiency induced by differences in the designed offset, 

however, only slightly changes the overall performance of the SDL while it is the 

thermally induced rollover that can have detrimental effects on the power transfer 

characteristics of the SDL if not designed correctly. 

3.5.2 Spectral characterisation 

For tuning purposes, a 2mm thick quartz BRF was again inserted into the cavity at 

Brewster’s angle. Using an output coupler with 91 % reflectivity, tuning between 

1885-1970 nm was achieved (see Figure 3.20).  
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Figure 3.20 Tuning curve of the 1.9 µm SDL. At optimum output coupling of 9 % the 
maximum tuning was 85 nm from 1885 to 1970 nm (blue curve). When using a high reflector 
(orange curve) the tuning range was increased to cover a total of 125 nm from 1864 to 
1989 nm. 

It was possible to extend this range to a maximum tuning range of 125nm from 1864 

to 1989 nm by using a high reflective mirror instead of the output coupler. 
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3.6 Brightness optimisation of semiconductor disk lasers 

As mentioned previously, the highest power operation of SDLs is achieved at the 

expense of beam quality which is due to higher order transverse modes having better 

overlap with the pump. Another phenomenon that can deteriorate the beam quality of 

the SDL is the soft-aperture effect which results from the Gaussian beam profile of 

the pump sources used. Because of the Gaussian shape, a change in pump power will 

change the area within which the quantum wells are pumped to transparency. The 

result is a gain-aperture that changes the mode overlap between the pump and cavity 

with power. The principle of this is depicted in Figure 3.21. 

To investigate this effect, the 2.0 µm SDL was analysed in respect to its beam quality 

by using an automated, scanning-slit beam profiler (DataRay Beamscope P8). The 

output beam of the SDL was focused using a 70 mm focal length lens and the beam 

profile around the focus measured by the scanning-slit profiler (see Figure 3.22). 

From this measurement the DataRay software was able to calculate the beam quality 

factor (M2).  

Transparency level

Increasing pump power

Change in transparent aperture  
Figure 3.21 Principle of a soft aperture where an increase in pump power causes a larger area 
of the chip to be bleached (change in aperture). 

At first the beam quality was measured at maximum SDL power. This revealed an 

M2 value of ~6. The variation in beam radius around the focal point as well as the 

beam profile at the focus can be seen in Figure 3.23. 
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Figure 3.22 Schematic of the experimental arrangement to measure the beam propagation 
parameter of the 2.0 µm SDL. 
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Figure 3.23 Beam propagation of the focused SDL at 3.6 W output power. Inset: Beam profile 
at focus [plotted is Analogue-Digital-Converter (ADC) value versus slit position]. 

The first approach to reduce the beam quality factor was by inserting an aperture into 

the cavity to limit the transverse mode of the oscillating field. In addition to 

improving the beam propagation parameter, however, this also reduces the output 

power of the SDL as some of the intracavity field is sacrificed when restricting the 

mode with the aperture. The results of this measurement are shown in Figure 3.24. It 

was possible to improve the output beam quality significantly from M2=6 to M2~1. 

While this also results in a significant power drop of 87% from 3 to <0.5 W the 

brightness of the system is still enhanced by a factor of 6. 
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Figure 3.24 Change of beam quality factor (M2) with varying output power.  

As alternative way to optimize the brightness of the SDL, it is possible to improve 

the mode overlap of laser and pump. As mentioned in section 3.4.2, aligning of the 

laser for maximum power often results in a larger pump spot which in turn leads to 

multi transverse-mode operation of the laser. Rather than restricting the higher order 

modes by using an aperture, it is possible to pump only the fundamental mode of the 

laser so that higher order modes are not being excited. 

To investigate this further, the beam quality factor of the SDL was measured for 

different ratios of pump to cavity mode size (ωc/ωp). A three-mirror resonator was set 

up with the same optics used in the previous sections. The cavity waist on the chip 

was then varied by adjusting the length of the resonator arm comprising of the output 

coupler. The three-mirror resonator had the advantage of supporting a wide range of 

cavity waist radii ωc compared to a two mirror resonator as it can be seen from 

Figure 3.25. 
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Figure 3.25 Change in cavity waist size against change in arm length of a two-mirror resonator 
using a 50 mm radius of curvature mirror (left) and three-mirror resonator using a 100 mm 
radius of curvature folding mirror (right). 
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To determine (ωc/ωp), the 1/e2 pump mode size on the chip (when the laser was 

aligned for maximum power) had to be determined. Therefore the pump focus was 

analysed using a knife edge measurement [43] at multiple points along the beam 

propagation and around the focus (see Figure 3.26). A Gaussian beam profile was 

then fitted to each position using the algorithm suggested by de Araujo et al. [44]. To 

this series of points a Gaussian fit for the propagation along the z-axis was 

calculated. 
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Figure 3.26 Knife edge measurement of the pump mode. Inset: SDL output power against 
translation of the SDL pump optics along the optical axis (z-axis). 

The pump focal position relative to the front surface of the SDL chip then had to be 

determined. This was done by translating the pump optics along their z-axis (while 

the SDL was oscillating) to locate the two peaks in the output power of the SDL (one 

where the focus of the pump is before the face of the chip, one where it is inside the 

chip) that can be seen in the inset of Figure 3.26. Between these two maxima the 

laser showed reduced performance due to the increased heat load density directly at 

the focus. The point of operation was then found at the point where the output 

reached a local maximum. From this position the distance to the pump focus position 

was obtained and using the result of the knife edge measurement, the pump waist ω0 

was determined to be ~120 µm radius. 

In the next step the pump to cavity mode radius ratio of the system was changed 

incrementally by changing the length of the resonator arm between 50 and 250 mm. 
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This arm length variation changed the resonator waist size between ~50-300 µm 

which equates to a change in cavity to pump spot ratio from 0.44-2.45 (using the 

previously determined value of 120 µm for the pump waist). For every 10 mm of arm 

length change the M2 value and power were measured and plotted against the cavity 

to pump mode ratio (see Figure 3.27). 
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Figure 3.27 Change of power and beam quality factor over the changing ratio of resonator to 
cavity waist.  

The maximum output power of 3.16 W was obtained in conjunction with a relatively 

high M2 value of ~5.25. At this point the pump mode was more than twice the cavity 

mode radius. By increasing the resonator mode radius waist the M2 value improves 

until a near diffraction limited output beam is obtained at the point where ωc/ωp is 

close to one. The best beam quality factor of M2=1.3 (see Figure 3.28) was achieved 

with ωc/ωp~1.5 resulting in a 6 % drop in the maximum output power. For a value of 

2.45, the beam quality remained good; however, the reduced mode overlap resulted 

in a significant reduction of the output power. 
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Figure 3.28 Beam profile of the SDL at the focus created by the 70 mm focal length les. Left: 
Before optimization (M2 ~5.25) right: After optimizing the cavity to pump waist ratio 
(M2~1.3). 
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In this fashion, it was possible to improve the brightness of the SDL output by a 

factor of 15 which shows that the SDL is a flexible format, not only in respect to 

wavelength engineerability and functionality but also in respect to its beam quality at 

high output power. While in most cases good quality beams is preferred, an easily 

adjustable beam quality might be of interest in the context of an SDL as pump source 

for other lasers. This aspect will be further discussed in chapter 5. 

3.7 Multi-chip semiconductor disk lasers 

When the power obtained from a single chip is not enough for a certain application, 

it is possible to divide the pump power and heat between multiple chips within the 

same resonator and thereby increase the output  power [6]. In this section the 

possibility of using the 2 µm SDL in a dual chip configuration is investigated. 

As mentioned in section 3.4.2, the power scalability of SDLs, by increasing the spot 

size of the pump and cavity mode, is not indefinite. There are multiple factors such 

as amplified spontaneous emission in the epitaxial plane that increases with larger 

spot sizes, surface defects and impurities of the chip and the previously mentioned 

lateral heat flow in the diamond that contribute to the ultimate limit of spot size 

scalability [45]. At this point a multi-chip configuration can help to overcome these 

issues and enable scaling to higher powers. In previous work [46-48], one of the SDL 

chips was used as a folding mirror inside the cavity while the other one was used as 

an end mirror in the same way as described in the earlier sections of this chapter. 

Using an SDL chip at non-normal incidence, however, reduces the efficiency as the 

effective layer thicknesses in the chip are now different. This reduces the micro-

cavity resonance as the spacing between the DBR and the surface is not an integer of 

the wavelength anymore. Additionally it misaligns the quantum wells in respect to 

the intracavity standing wave and adds losses due to increased reflectivity off the 

surface of the chip. The last mentioned can be counteracted by using antireflection 

coatings but this will reduce the performance of the chip as the micro-cavity 

resonance and therefore the RPG is further reduced in strength. To eliminate these 

issues the resonator used in the context of this work was a four-mirror resonator as 

shown in Figure 3.29 in which the two chips were placed as end mirrors of the 

resonator so that the intracavity mode was at normal incidence to them. It was 



Chapter Three  GaSb-based Semiconductor Disk Lasers 

 73

therefore essentially a mirrored version of the arrangement discussed in section 3.4.1 

with the difference that one of the curved mirrors was used as an output coupler. This 

also ensured that the spot sizes on the chip were identically (see Figure 3.30). It 

should be noted, that the use of a folding mirror as output coupler resulted in two 

output beams. While this could be addressed by combining the output beams to form 

a single one or by other means of output coupling, this was not addressed in the 

context of this work as the fundamental power transfer characteristics of the laser 

would not change. 

 
Figure 3.29 Experimental arrangement of the 2.0 µm SDL using two chips that are pumped 
independently. Output coupling was achieved using a curved output coupler resulting in two 
output beams. 

 

 
Figure 3.30 ABCD-Matrix model of the dual chip four-mirror resonator. The spot sizes on the 
chips being the same as in section 3.4.1. 
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As only a limited range of curved output couplers was available, an R = 94 % output 

coupler (which equate to overall output coupling of 12 % per roundtrip) was used for 

maximum output power. 

To accurately compare the dual chip laser with a single chip resonator it was 

important not to interfere with the alignment of the dual chip system as small 

changes in the position on the SDL chips can result in significant power changes. It 

was also desirable to remove the unpumped chip from the system as this would act as 

an absorber in the cavity which would add losses and therefore reduce the efficiency 

of the system. It was therefore chosen to place a 9 % output coupling mirror in the 

symmetry point of the resonator to form single chip resonators whose cavity and 

pump spot sizes were identical to the dual chip layout. However, for one of the 

single-chip resonators the curved output coupler had to be replaced with a high 

reflective mirror of the same curvature. 

The power transfer characteristics of the dual chip SDL as well as the individual 

chips are shown in Figure 3.31. Chip 1 and chip 2 delivered up to 4.5 and 3.8 W with 

slope efficiencies of 22 and 20 % respectively. When operating in the dual chip 

arrangement the maximum output power was 8.1 W which is close to the sum of the 

two individual chips. 
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Figure 3.31 Power transfer characteristics of the individual chips and the dual chip 2.0 µm 
SDL demonstrating the combination of the individual powers (3.8 and 4.5 W) to an output 
power of 8.1 W for the dual-chip arrangement. 

As demonstrated in [46], the use of two chips should increase the small signal gain 

per roundtrip which should in turn result in an increase in the optimum output 
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coupling, thus increasing the threshold but also the slope efficiency. However, this 

could not be fully verified due to the limitation in available output couplers. When a 

slightly higher output coupling of 12 % (compared to 9 % of the single chip 

arrangement) was used, the threshold in the dual-chip arrangement increased from 1 

to 2.3 W. However, the slope efficiency actually decreased slightly to 19 % on the 

linear part of the upper end of the power transfer curve and 20 % on the lower part of 

the curve. Aside the total of 12 % output coupling, 14 and 8% output coupling were 

tried as well which did not improve the performance of the system. 

With the summation of the individual single chip powers of 3.8 and 4.5 W in the dual 

chip arrangement to a total output power of 8.1 W, it has been shown that the 

division of pump induced heating onto multiple chips allows the significant scaling 

of the output power of the laser in an almost linear fashion. In the context of a pump 

source, the two separate output beams generated would need to be combined and 

conditioned. Alternatively, the use of other resonator geometries with a single output 

beam would solve this problem.  

3.8 Conclusion 

Multi-watt, cw operation of a (AlGaIn)(AsSb) semiconductor disk lasers emitting at 

1.9 and 2.0 µm has been demonstrated. The 1.9 µm sample delivered up to 3.03 W 

with a slope efficiency of 18 % and a threshold of 1.1 W with the chip being 

thermally stabilised at 20 °C. When cooled to -15 °C the power was increased to 

4.33 W. The 2.0 µm sample delivered up to 3.28 W of output power with slope 

efficiencies of 18 % and a threshold of 1.6 W at a temperature of 21 °C. When 

cooled to -15 °C the device delivered up to 5.82 W of output power with a maximum 

slope efficiency of 22 % and a threshold of 1.6 W. 

Tuning of the two lasers was possible using a 2 mm thick quartz BRF. For the 

1.9 µm sample this resulted in a maximum tuning range of 125 nm from 1.864 to 

1.989 µm while the 2.0 µm SDL allowed tuning over a range of 130 nm from 1.892 

to 2.031 µm. On the example of the 2.0 µm SDL it was also shown that the emission 

of the individual devices can be shifted by varying the temperature the chip was held 

it. This extended the total wavelength coverage of the 2.0 µm SDL to 167 nm. 
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Furthermore, the beam quality factor of the lasers was determined revealing a 

relatively poor beam quality of M2>5.25 when running at maximum power. 

However, a detailed investigation of the beam quality factor relation to the mode 

overlap of pump and resonator revealed that this can be greatly improved to M2<1.3 

by careful alignment of the laser with only sacrificing 6 % of the maximum output 

power. 

To be able to scale the SDL format further in power, a dual-chip arrangement has 

been demonstrated, using two independent 2.0 µm SDL chips in a single resonator to 

distribute the pump power and its associated heat onto multiple chips. In this way it 

was possible to combine the individual output powers of the chips in one resonator 

resulting in an output power from the dual chip SDL of 8.1 W. 

Parameter Required Achieved 

Power [W] Watt-level 5.8 (8) 
Wavelength [µm] 1.6-2.1 2.0 
M2 <5 1.3 
Intensity noise [%] <2 Requires quantification 
Sensitivity towards feedback low unknown 

Table 3.1 Comparison of desired properties of a pump source for chromium-doped 
chalcogenide lasers and the SDL discussed in this chapter. 

With these results, the GaSb-based semiconductor disk laser format emitting at 1.9 

and 2.0 µm has shown great potential as a cw pump source for chromium-

chalcogenide lasers (see Table 3.1). In the next chapter, the SDL format will further 

be investigated for pulsed operation and in the following chapters, the use of this 

laser as pump source for chromium-doped chalcogenide laser will be discussed. 
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Chapter Four 

Pulsed-pumped semiconductor disk lasers 

 

4.1 Introduction 

In the previous chapter, the multi-Watt continuous-wave operation of 

(AlGaIn)(AsSb)-based semiconductor disk lasers (SDL) emitting at 1.9 and 2 µm 

was introduced as a potential pump sources for chromium-doped chalcogenide lasers. 

When cw radiation of a laser source is not required, pulsed-pumping can be a 

beneficial technique for the design of efficient and practical laser sources. In this 

chapter, the pulsed-operation of SDLs emitting at 1.9 and 2.0 µm is discussed with 

the aim of creating a pump source that can be used for pulsed-pumped chromium-

doped chalcogenide lasers. 

In the previous chapter, the cw output power of a single chip laser was ultimately 

limited by thermal effects which reduced the efficiency of the laser and caused 

thermal rollover. In this context, using heatspreaders was the key element to allow 

the up-scaling of output powers. An alternative route to thermal management in 

semiconductor disk lasers is pulsed-pumping [1]. Rather than being concerned with 

the removal of heat, pulsed-pumping reduces the amount of heat that is introduced 

into the system. For this approach, a pump source generating pulses of radiation is 

required. This can be achieved mechanically, optically or electrically. 

For the mechanical approach one way is to use a cw laser source and place a 

spinning disk into the beam path either intracavity or externally. This spinning disk 

contains of holes which chop the cw beam resulting in the formation of pulses [2]. 

Such devices are often referred to as a mechanical chopper. When chopping is done 

extracavity, the resulting pulse consists of the properties of the cw-signal and does 

not change over the duration of the pulse. This mode of operation is therefore often 

referred to as quasi-cw. When chopped intracavity, the pulse shape is determined by 

the dynamics of the resonator and the gain media and can, depending on the lifetime 

of the gain material, show strong signs of relaxation oscillation [3]. In these 
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configurations, the pulse duration and duty cycle can easily be adjusted by design of 

the chopper blade. Even though these devices can offer a quick way of generating 

pulses from an already established cw-system, they are often not appropriate due to 

their limitation in maximum speed, lack of practicality, and additional costs. 

Furthermore, this technique sacrifices significant amounts of the cw radiation of the 

pump source, making the overall system less efficient. 

When high repetition rates or very short pulses are required, an alternative is the use 

of laser oscillators that use optical effects to create pulse, e.g. Q-switching and 

modelocking [4,5]. The concept of Q-switching relies on the storage of energy while 

oscillation of the resonator is prevented by means of passive or active intracavity 

components [6,7]. Once the oscillation is enabled again, the stored energy will 

quickly get depleted by stimulated emission, resulting in a short light pulse. In this 

way, pulses in the order of tens of nanoseconds and kHz repetition rates are possible 

[3]. The process of modelocking uses active or passive components that interact with 

the optical field inside the resonator [8,9]. Here, however, the different longitudinal 

modes of the optical field are locked in phase. The resulting interference of these 

modes results in the formation of short pulses whose length is directly related to the 

number of modes locked together. The repetition rate is determined by the roundtrip 

time of the resonator. In this way, pulses with durations in the femto- and picosecond 

regime can be achieved with MHz repetition rates [10]. The downside of these 

systems is, however, that they are complex laser oscillators and are typically large 

and expensive. 

In contrast to the pulses generated by a mechanical choppers, the output pulses of 

modelocked and Q-switched lasers systems are not square in shape and quasi-cw in 

their properties but determined by optical effects inside the resonators  [11,12]. 

As alternative to mechanical and optical means of generating pulses, the electrical 

generation of pulses is possible, e.g. by using electrically modulated diode lasers. In 

this case, the electrical circuit that is driving the diode laser is modulated to generate 

pulsed electrical currents. Because of the short lifetime of semiconductors [13], the 

optical signal follows the electrical field closely. Therefore the characteristics of the 

pulses are mainly dictated and limited by the driver electronics. The advantage of 
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these systems is that the pulse duration and pulse can be adjusted electrically, 

therefore making these systems very flexible source. 

Pumping semiconductor disk lasers with pulsed-pump sources has so far only been 

demonstrated using 10 ns pulses generated by a Q-switched Nd:YAG laser to pump a 

1.3 µm SDL [14]. The results are promising; however, using a complex pump source 

such as a Q-switched Nd:YAG laser greatly limits the practicality of such systems 

for real world applications due to the resulting size and cost. 

The increasing use of pulsed diode laser in automotive collision systems has resulted 

in higher power devices that have recently become available at very low cost. One of 

these types of diode lasers is the OSRAM SPL PL90 series (see Figure 4.1). These 

devices are stacks of multiple edge emitting diode lasers, designed to operate at high 

peak powers (up to 150 W from a single package) while emitting short pulses 

(several 100 ns with repetition rates of up to 10 kHz). Because of the low duty cycle 

and short pulse durations, no heat management is required which allows the 

packaging of these devices in low-cost plastic and metal housings making them a 

very cost effective (~£1 to £20 depending on volumes) choice for various 

applications. 

 

Figure 4.1 Picture of the OSRAM SPL PL90_3 nanostack laser (www.osram-os.com). 

In this chapter, the use of an OSRAM SPL PL90_3 to pump 1.9 and 2.0 µm SDL is 

discussed. After the characterisation of the OSRAM SPL PL90_3, the power transfer 
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and pulse characteristics of the pulsed-pumped SDL are presented. The following 

sections will then discuss the spectral properties of the SDL pulses and the thermal 

properties of the devices during the pump pulse. The prospect for extending the pulse 

duration of these devices will also be discussed and the observations underlined with 

a section about thermal modelling. 

4.2 OSRAM SPL PL90_3 as pump source for SDLs 

The OSRAM SPL PL90_3 used in this work is a stack of three edge emitting diode 

laser arrays with a total emitter size of 200x10 µm. It provides up to 75 W on-time 

power in a square pulse. The spectrum of the output of this device is centred at 

905 nm and therefore makes this device suitable for barrier pumping of the 

(AlGaIn)(AsSb)-based SDLs used in the context of this work. 

 

Figure 4.2 Driver board from Dr. Heller Elektronik for the OSRAM SPL PL90_3 pulsed diode 

laser. 

The driver for the diodes were two commercially available avalanche transistor 

circuits from Dr. Heller Elektronik KG, Germany. This allowed the pulse duration to 

be adjusted between 15-180 ns and the frequency between 1-10kHz. It was also 

possible to trigger the board externally using a signal generator to increase or reduce 

the repetition rate beyond the limits of the board. In the context of this work, the 

board was triggered externally by a TTi TG120 signal generator. Unless stated 

otherwise, a pulse duration of ~180 ns with a pulse repetition rate of 10kHz was 

used. To power the driver board and diode, a dual-channel laboratory power supply 

with a maximum voltage of 30 V and a current of 3 A was used: one channel was 

used to power the board with 12 V; the second channel was connected to the diode 
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power adjustment pin (Vs, see Figure 4.2) and enabled direct control of the output 

power of the pulsed diode laser. It should be noted that it was not the voltage across 

the diode that was varied but a control voltage on the board which the electronics 

converted to a proportional supply current to the diode laser. 

The output power characteristics of the OSRAM SPL PL90_3 can be seen in Figure 

4.3. The on-time power was determined by measuring the average output power 

using a laser power meter (Coherent Fieldmate) with a thermopile sensor (Coherent 

PM10) and dividing this value by the product of the pulse repetition rate and pulse 

duration. 
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Figure 4.3 Output power characteristics of the OSRAM SPL PL90_3 nanostack laser at 1 and 

10 kHz with no cooling applied Inset: Dependence of the output power at 30 V pump voltage 

on the repetition rate for an uncooled and a forced air cooled driver board. 

The maximum output power of the device was found to be 70 W at a driver voltage 

of 30 V and the threshold was measured to be at 5 V. This was obtained at a 

repetition rate of 10 kHz (blue curve in Figure 4.3). The shape of the curve shows a 

clear reduction of the slope efficiency at higher driver board voltages. For 

comparison, the voltage-power transfer at 1 kHz repetition rate was taken too (orange 

curve in Figure 4.3). This did not show any signs of roll-over. To investigate this 

further, the maximum on-time power at 30 V pump voltage was recorded for 

repetition rates of 1-20 kHz (blue curve in inset of Figure 4.3). For each 

measurement, the system was left to thermally stabilize for 1-2 minutes. This 
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measurement clearly shows a reduction in actual output power with repetition rates 

>5 kHz. This is not, however, associated with the diode laser but with heating of the 

transistors on the driver board. It was therefore possible to reduce the effect of power 

reduction by active air cooling of the board. In this way, the repetition rate could be 

extended to >20 kHz. With more sophisticated cooling geometries for the transistors, 

it should be possible to increase the repetition rate further. Additionally the pump 

voltage could be reduced which, at the expense of output power, would reduce the 

heat load on the transistors. 

After investigating the power characteristics of the OSRAM SPL PL90_3 and the 

driver board, it was necessary to investigate the spatial properties of the output beam 

of the pulsed diode laser to choose appropriate beam conditioning optics. Because of 

the difference in emitter size in the two emission planes, the beam is not 

symmetrical, but has a low and high divergence plane, called the slow axis and fast 

axis respectively. When conditioning an asymmetric beam like this, a major concern 

is to prevent clipping of the light at the optics. This often requires for lenses that have 

high numerical apertures (NA); defined as the sine of the half angle divergence angle 

the lens can capture. 

To calculate the required NA for a lens suitable to collect the light of the SPL 

PL90_3, the divergence angle (to the 1/e2 half width) of the fast axis was first 

measured. Figure 4.4 shows the data collected at different points along the beam 

propagation for the fast and slow axis. From a linear fit to this data a divergence half 

angle of 16 and 8 degree in the fast and slow axis respectively were determined (see 

inset of Figure 4.4). It should be noted that the given distances are not the actual 

distances to the facet of the diode laser but relative distances the pinhole and 

photodetector were translated. The actual position of the facet can be determined 

from the linear fit to the data and was found to be at z = -10.6 mm. 
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Figure 4.4 Divergence measurement for the OSRAM SPL PL90_3 the beam profile at 4 

different positions along the fast axis separated by 2 mm. Inset: Beam waist over propagation 

along z-axis. 

The divergence of 8 and 16 degree in the slow and fast equate to an NA of 0.14 and 

0.07 respectively. A lens to collect the light of the fast axis and collimate it would 

therefore need to have an NA larger than 0.14.  

In the following section the chosen experimental arrangement for the pulsed diode 

laser and its use as pump source for the 1.9 and 2.0 µm SDL is described. 

4.3 Experimental arrangement 

For the experiments, an arrangement as shown in Figure 4.5 was chosen. To collect 

the radiation, an achromatic, 8 mm focal length lens with an NA of 0.5 was 

employed. This NA was sufficient to effectively collimate the fast axis. The slow 

axis, however, was not collimated with this lens but its divergence only reduced. 

Therefore the slow axis could be divergence matched to the fast axis so that a square 

spot with the same dimensions in both planes was formed at the position of the 

focusing lens (see Figure 4.6). At this point, an 11 mm lens was placed to focus the 

radiation onto the SDL chip. Because of its thin active region, the SDL format does 

not require mode matching over an extended distance along the optical axis as 

typically known from doped-dielectric laser. The relatively low brightness of the 

pump diodes was therefore not found to be a problem.  
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Figure 4.5 Experimental configuration of the pulsed-pumped SDL. The collimation and 

focussing lenses were 8 mm and 11 mm focal length respectively and the resonator mirror was 

a 50 mm radius of curvature output coupling mirror. 

 

Figure 4.6 Schematic of the fast and slow axis beam propagation conditioned using 8 and 

11 mm lenses. 

To increase the available pump power, two of the OSRAM diode lasers were used. 

This was possible using polarisation coupling. This requires the light of the diodes to 

be polarised which is a property edge emitting diode lasers possess as the asymmetry 

of the emitter planes favours TE polarised light [15]. The combination of the two 

beams is achieved by using a polarising beam cube that allows transmission of a 

tangential polarised beam while reflecting sagittal polarised beam. This enabled 

superimposing the beams onto each other, resulting in a beam with equal amounts of 

both polarisations. This can potentially be a problem for laser systems where the 
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active medium has a polarisation dependent absorption. However, in the context of 

pumping SDLs this is not a problem. In this way, the individual power of both diodes 

could be combined delivering up to 120 W on-time power (Figure 4.7) and thereby 

doubling the available pump power. 

0

20

40

60

80

100

120

140

0 10 20 30

Pump Voltage [V]

O
n

ti
m

e
 O

u
tp

u
t 

P
o

w
e

r 
[W

] DL 1

DL 2

DL 1 + 2

 

Figure 4.7 Output power characteristics of the OSRAM SPL PL90_3 beam conditioning 

arrangement. Shown are the individual powers from diode laser 1 and 2 (LD 1 & LD 2) and 

their polarisation combined power after the focusing lens. The maximum output power is 

>120 W. The repetition rate was set to 10 kHz. 

To deliver the light of the pulsed-diode arrangement to the SDL chip it was initially 

chosen to couple the radiation into a 200 µm core diameter fibre. This enabled 

flexible delivery of the pump light to the SDL chip by using the optical arrangement 

used when cw-pumping the SDL. Fibre-coupling of the radiation, however, reduced 

the available pump power by ~50 % to around 62 W due to coupling losses. After the 

fibre, the radiation was delivered onto the chip using two additional aspheric lenses. 

These imaged the fibre facet 1:1 onto the SDL creating a pump spot of ~200 µm 

diameter on the chip. 

The SDL resonator was a simple near-hemispheric 2-mirror cavity. The 1.9 or 

2.0 µm SDL acted as an active plane-mirror while a 50 mm radius of curvature 

mirror completed the resonator. The separation between the two mirrors was set to 

45 mm which corresponded to a fundamental resonator mode waist on the chip of 

100 µm (200 µm diameter) which matched the pump mode. It should be noted that 



Chapter Four  Pulsed-Pumped Semiconductor Disk Laser 

 89

for these experiments, the heatspreaders used in the cw work were still in place; 

however, no water cooling of the brass mount was employed. 

 

Figure 4.8 Photograph of the directly pulsed-pumped 1.9 µm SDL using two OSRAM SPL 

PL90_3 diode lasers (DL 1 & DL 2) collimated by lenses L1 & L2 and polarisation combined 

by the polarising beam splitter cube (PBC). The radiation was focused onto the semiconductor 

disk (SDL) by another lens L3. The SDL cavity was completed using a curved output coupler 

M1. 

If higher pump powers are required, the radiation of the pulsed diode lasers can also 

be delivered directly to the SDL. Doing this increased the incident on-time power at 

the SDL to ~120 W as no losses associated with the fibre coupling were introduced. 

Aside the improvement in power, the compactness of the system was also increased 

(see Figure 4.8). 

4.4 Experimental results 

4.4.1 Power transfer characteristics 

Pumping the 1.9 and 2.0 µm SDL with the arrangement described in the previous 

section led to oscillation of the SDLs. The traces of the pump and output pulses were 

recorded using a digital oscilloscope (Agilent Infiniium 54830B) and an amplified 

InGaAs photodetector (Thorlabs PDA10D-EC, 15 MHz bandwidth). To resolve the 

pulses fully it was important to focus all the light onto the chip of the detector and 

prevent light from hitting the surrounding electronics of the photodetector chip which 

caused the signal to be distorted. For this purpose a lens with 30 mm focal length was 
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chosen and the signal attenuated using colour filters to prevent the detector from 

saturation. Stable output pulses were observed with full width half maximum 

(FWHM) pulse durations of 160 ns and 147 ns for the 1.9 and 2.0 µm SDLs 

respectively with the pump pulse duration being 180 ns. Due to the previously 

mentioned short carrier lifetime of the semiconductor material [13], the output pulses 

of the SDLs closely mirrored the pump pulses (see Figure 4.9). However, a turn on 

delay of the pulse was observed. 

 

Figure 4.9 Timing diagram of the 1.9 µm pulsed-pumped SDL. The full width half maximum 

pulse duration was measured to be 160 ns. A turn on delay Δτ=50 ns was observed which is 

attributed to the SDL chip heating up to operating temperature as to overcome the offset 

between micro-cavity resonance and quantum well peak emission. 

One might expect that this delay was associated with the resonance build-up time of 

the resonator. This, however, was falsified by calculating the resonator build-up time 

Tb using equation 4.1 [16]. 
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Here, tc is the cavity lifetime, Iss the steady state oscillation level, I0 the initial noise 

level and r the normalised inversion ratio. According to [16] the ratio of Iss to I0 

varies between 108 and 1012 depending on the laser. For the SDL an average value of 

1010 was assumed. The inversion ratio r of the pulsed-pumped SDL is relatively high 

due to the high on-time pump powers. As a consequence, Tb is with ~3.5 ns 

relatively short. The turn-on delay between the pump and SDL pulse therefore had to 

be attributed to another mechanism. In the later section of this chapter it will be 
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shown that this delay is indeed attributed to the heating of the SDL chip that was 

necessary to overcome the offset between micro-cavity resonance and quantum well 

peak emission. In the case of the 1.9 µm SDL this delay was found to be 50 ns while 

in the case of the 2.0 µm SDL the turn on delay was found to be 63 ns. The 

difference between these two values is an indication for a difference in the micro-

cavity offset. Recalling the results of the cw-pumping, it was observed that, 

compared to the 1.9 µm SDL, the 2.0 µm SDL was able to withstand higher pump 

powers without rolling over thermally. This would be expected only if the micro-

cavity resonance offset was larger as this would enable more heating of the device 

before the micro-cavity resonance and quantum well peak emission are spectrally 

aligned. In the pulsed regime, however, a small or zero offset might be more 

advantages as it would result in faster turn on. 

In addition to the turn-on delay, a delay in the turn-off was observed too. This was 

attributed to a combined effect of the photon lifetime and the energy storage in the 

quantum wells for the duration of the carrier lifetime (multiple nanoseconds). In 

addition, the falling edge of the pump pulse was distorted by the speed of the 

detection system, dictated by the Thorlabs PDA10D-EC photodetector bandwidth of 

15 MHz,  and could not fully be resolved. 

To record power transfer characteristics for the fibre delivered 1.9 µm pulsed-

pumped SDL, the Thorlabs PDA10D-EC photodetector was used as the average 

power of the pulsed-pumped SDL was too low to be accurately measured using the 

available thermopile power meters. The photodiode was calibrated using the 

Coherent Fieldmate with the PM10 thermopile head. Beforehand, however, it was 

important to check the linearity of the photodetector. Therefore 2.0 µm cw radiation 

was focused onto the photodetector and the photodetector voltage plotted against the 

incident power. To prevent saturation, colour glass filters were put into place to 

attenuate the beam. The result of this measurement can be seen in Figure 4.10. It 

shows that the photo detector has a linear response over its whole range of operation 

as long as it was not saturated. 
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Figure 4.10 Output voltage of Thorlabs PDA10-EC versus incident power. Linearity is given 

throughout the full range until the point of saturation is reached. 

The power transfer measurements of the pulsed-pumped SDL revealed an optimum 

output coupling of 4 % which is significantly different compared to the 9 % output 

coupling that was found to be best when operating the SDL in cw mode. 
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Figure 4.11 Power transfer characteristic for the pulsed-pumped 1.9 and 2.0 µm SDL with 

fibre-coupled arrangement. The maximum on-time output power was 12 W and 11 W for the 

1.9 and 2.0 µm SDL respectively. The maximum slope efficiencies were 20 and 19 %. 

For the pulsed-pumped configuration maximum on-time output powers of 12 W in 

case of the 1.9 µm sample were obtained with a slope efficiency of 20 % (see Figure 

4.11) with respect to the incident pump power. For the 2.0 µm SDL the maximum 
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on-time output power was found to be 11 W with a slope efficiency of 19 %. For 

comparison, the cw operation of exactly the same resonator geometry was recorded 

(using the 25 W diode laser used in the cw experiments). As the optimum output 

coupling for the pulsed and cw case is different, however, a 9 % output coupler was 

used for the cw-operation. Comparing the results, it can be seen that an improvement 

by a factor of 7 in the on-time output power was achieved. It should be noted that 

this comparison is disadvantageous for the pulsed-pumped results as the 

pulsed-pump source was emitting at 905 nm compared to 980 nm which results in an 

increase in the quantum defect from 47 to 51 %. 

The high end of the pulsed-pumped power transfer curve shows a slight roll over of 

the efficiency. Whether this was the indication of the system reaching an upper limit 

due to thermal effects was investigated by employing a retro-reflector to reflect the 

residual pump light that got reflected off the diamond, back onto the chip. This 

increased that maximum output power by 15 % without increasing the strength of the 

rollover, indicating that the system was not yet thermally limited. 

 

Figure 4.12 Power transfer characteristics of the directly pulsed-pumped 1.9 and 2.0 µm 

SDLs.  

To investigate this further, the fibre coupling was removed from the system and the 

1.9 and 2.0 µm chip pumped directly. Utilizing the full 120 W of pump power, the 

on-time output power of the SDL was increased significantly to over 20 W for the 

1.9 µm SDL and 18 W for the 2.0 µm sample (Figure 4.12). The respective 
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maximum slope efficiencies were measure to be 20 and 18 %. Here the onset of a 

rollover indeed starts to show, however, not as strong as in the lower power cw 

results but a rather slow rollover as known  from pulsed SDLs [1].  

To determine the beam propagation parameter of the pulsed-pumped SDLs the same 

experiment as described in chapter 3 (section 3.6) was carried out using the DataRay 

Beamscope. The fact that the beam was pulsed rather than cw was not found to be a 

problem as the integration time of the detector inside the Beamscope P8 head was 

long enough to sample over the duration of multiple pulses. The arm length, hence 

the ratio of cavity to pump mode, was again varied and the beam propagation 

parameters as well as the powers recorded for each position. The result of the 

measurement can be seen in the left graph of Figure 4.13. Contrary to the 

experiments in chapter 3, the resonator was not changed to a 3-mirror layout but 

stayed the same as used in the previous experiments. 
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Figure 4.13 Beam-quality factor of the pulsed pumped SDL (left) and a 2.0 cw operated SDL 

(right) in a 2-mirror resonator. While the cw laser is capable of running at M² values of close to 

1 the pulsed system has a minimum M2 of 4.5. 

While an M² value of 4.5 was found at maximum power, it was not possible to 

improve the beam quality of the laser in the same way as was possible with the cw 3-

mirror resonator. This, however, is not a consequence of the 2-mirror resonator 

arrangement used for the pulsed-pumped set-up but a result of the mode of operation, 

i.e. the pulsed-pumping. For comparison, the beam propagation parameter variation 

was determined for a cw-pumped 2.0 µm 2-mirror SDL and is shown on the right 

hand side in Figure 4.13. It can be seen that a clear improvement of the beam 

propagation parameter to M2~1 was achieved in a similar manner as observed in the 

3-mirror arrangement used in chapter 3. One possible explanation for the difference 
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in M2 between the two different modes of operation was assumed to be related to the 

transient temperature rise of the chip observed in the spectral characterisation later in 

this chapter. The intensity profile of the pump beam heats the chip with a variation in 

the radial dimension. This may introduce an aperture effect, which would result in a 

change of mode overlap over the pulse duration and thereby change the M2 in a 

transient fashion. As the integration time of the DataRay Beamscope was longer than 

the pulse duration, this effect would not be resolved. To investigate this possibility, a 

transient beam propagation parameter measurement was carried out using the knife 

edge approach [17]. 

If the M2 would change during the pulse duration then the same would apply to the 

beam waist. As the knife edge is then translated into the beam, distortion of the pulse 

shape should be observed, as the different waist sizes during the pulse should clip at 

the knife edge at different moments in time. It would therefore be possible to collect 

the beam profiles at different moments during the pulse. If this is done at multiple 

points along the beam propagation around the focus created by a lens, the transient 

beam propagation parameter can be determined. 

When this experiment was carried out, however, the pulse shape did not get distorted 

when translating the knife edge into the beam, indicating that the M2 value does not 

change during the pulse duration. Further investigations are needed to ascertain the 

origin of the relatively poor beam quality. 

4.4.2 Spectral characterisation 

To investigate the spectral properties of the pulses, a grating monochromator was 

used. In this way the etalon mode groups associated with the diamond heatspreader 

bonded onto the chips could be fully resolved. When cw-pumping, one would expect 

the etalon mode groups to form a steady-state. When pulsed-pumping, however, the 

spectrum does not reach equilibrium during the 180 ns duration of the pulse. 

Therefore the temporal evolution of all the 9 etalon mode groups of the 1.9 µm SDL 

at a pump power of 62 W was recorded. A schematic of this measurement is shown 

in Figure 4.14. 
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Figure 4.14 Principle of recording the spectral evolution of the SDL output using a grating 

monochromator as variable filter. 

The data recorded in this way is shown in Figure 4.15. Here it can be seen that none 

of the mode groups are constant in intensity throughout the duration of the square 

pulse. The quasi-cw pulse shape is therefore made up of the cumulative intensities of 

the individual spectral modes. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 50 100 150 200 250

Time [ns]

In
te

n
s

it
y

 [
a

rb
. 

u
n

it
s

]

1 (1882 nm)

2 (1886 nm)

3 (1889 nm)

4 (1893 nm)

5 (1896 nm)

6 (1899 nm)

7 (1902 nm)

8 (1906 nm)

9 (1909 nm)

 
Figure 4.15 Spectral evolution of the 9 etalon mode groups of the 1.9 µm SDL associated with 

diamond heatspreader. The peaks are numbered from 1 to 9 in the order they reach threshold 

during the pulse. The dotted lines show the times where quasi-instantaneous spectrums were 

extracted for further analysis (see Figure 4.16). 

To gain more information about the evolution of the etalon mode groups, the 

instantaneous spectra at different times throughout the pulse were extracted from the 

previous data. A subset of these is depicted in Figure 4.16.  
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Figure 4.16 Subset of the quasi-instantaneous spectrum at different times (50, 100, 175 ns) 

from the output of the pulse derived from the etalon mode evolution (Figure 4.15). 

Here a clear red shift of the spectrum throughout the pulse is visible. Remembering 

the observations made in the tuning characterisation discussed in chapter 3 this red 

shift can be attributed to heating of the device which causes the micro-cavity 

resonance to shift, thereby tuning the wavelength. To quantify this wavelength shift, 

the change of wavelength over the pulse duration can be plotted (see Figure 4.1) 
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Figure 4.17 Wavelength (blue curve) and temperature (orange curve) variation over time 

during the pulse of the 1.9 µm pulsed-pumped SDL. 

A clear wavelength shift of 8 nm from 1894 to 1902 nm occurred during the 150 ns. 

Taking the rate of change of the micro-cavity resonance into of ~0.33 nm/K into 

consideration [18], this wavelength shift equates to a total temperature rise of 24K. 
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From this we can obtain a heating rate of 0.15 K/ns for the 1.9 µm. In the same way, 

a heating rate of 0.16 K/ns was determined for the 2.0 µm SDL. From this, one can 

determine the additional temperature rise during the delay between the start of the 

pump and laser pulse to a total device temperature rise of 29 and 33K for the 1.9 and 

2 μm samples respectively. 

The relationship between wavelength and temperature can be further exploited to 

change the central emission wavelength of the SDLs. Even though active cooling of 

the SDL chips is not required for efficient operation, temperature control of the chips 

allowed the variation of the wavelength. In this work, the temperature of the chip 

was changed by varying the cooling water temperature. Alternatively, thermoelectric 

coolers could used to obtain a more practical solution. The result of this experiment 

can be seen in Figure 4.18 and reveals that the rate of change of the wavelength with 

temperature is 0.33 nm/K. 
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Figure 4.18 Tuning of the pulsed-pumped 1.9 µm SDL by changing the temperature the chip 

was held at. Tuning between 1892 and 1903 was obtained with an overall power drop of 

0.63 W. 

In addition to the wavelength, the on-time output power is plotted over the 

temperature. It can be seen that a 6 % drop of on-time power results from the 

increased temperature. This heat related reduction in output power will increase 

significantly if the temperature is increased to tune to longer wavelengths. The 

temperature tuning is therefore only feasible when small wavelength changes are 

required.  
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4.5 Operation with extended pulse durations 

4.5.1 Power characteristics and temporal properties 

Even though the specifications for the driver board and the pulsed diode lasers set the 

upper limit of the pulse duration to 200 ns, it was of interest to investigate the 

possibility to extend the pulse duration beyond this value. As this was not possible 

with the factory configuration, the control board was modified by replacing the 

potentiometer that was responsible for the adjustment of the pulse duration. The 

original 1 kΩ potentiometer was replaced with a 10 kΩ potentiometer, allowing the 

pulse duration to be extended to up to 1.3 µs. When operating at these extended pulse 

durations, however, it was found that the repetition rate of the diode laser needed to 

be reduced significantly or heat related effects started to reduce the maximum on-

time output power. For the initial investigations, the pulse repetition rate was 

therefore set to 100 Hz and the on-time output power limited to 30 W per diode laser. 
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Figure 4.19 Single pulse of the OSRAM SPL PL90_3 nanostack laser operating with an 

extended pulse duration of ~1.285 µs (blue line). The orange line shows the output pulse of the 

1.9 µm SDL pumped with the ~1.3 µs pulse. The turn on delay Δt reduces the pulse duration of 

the SDL to 1.252 µs. 

Having a closer look at the shape of the diode laser pulse reveals an irregularity of 

the pulse shape after around 200 ns where a steep rise in intensity occurs. After this, 
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the pulse shows the flat top shape again.  The longest pulse duration at maximum 

power was found by progressively increasing the pulse duration from 200 ns 

onwards until breakdown of the device occurred at 1.1 µs. At this point, a sudden 

drop in output power was observed to ~1/3rd of the maximum power, an indication 

that 2 of the 3 emitters of the nanostack were damaged. 

With the pulse duration of the diode laser set to 1.3 µs it was used to pump the 

1.9 µm SDL. The output pulse of the SDL is shown in Figure 4.19. The SDL pulses 

still mirror the shape of the pump pulse closely. The previously observed turn-on 

delay is also still present.  

Even though the on-time power of the pulses did not change with the increased pulse 

duration, the pulse energy of the pulses increased significantly. Compared to full 

power with pulse duration of ~200 ns, the pulse energy was increased by a factor of 

3.25 from 4 to 13 µJ when operating at half the maximum power and with a pulse 

duration of 1.3 µs. With the pulse duration set to 1 µs and maximum power an 

energy increase by a factor of 5 to 20 µJ is obtained.  

When considering using these devices as a pump source for Cr2+:chalcogenide lasers, 

this increase in energy can be of great benefit as the upperstate lifetime (e.g. 

Cr2+:ZnSe t ~ 4 µs) allows the full energy to be harvested at extended pulse 

durations. This would not be the case if the upperstate lifetime of a laser was 

significantly shorter than the pump pulse duration, as spontaneous emission would 

start to deplete the upper laser level. 

4.5.2 Spectral characterisation 

The spectral behaviour of the extended pump pulse duration (set to 1 µs) was 

investigated using the grating monochromator to resolve the etalon mode groups. 

The result of this measurement can be seen in Figure 4.20 

Again, it was observed that the different etalon mode groups turn on at different 

moments during the pulse. However, a significant difference occurs after ~500 ns. 

Unlike with pulses of ~200 ns duration, it can be seen that in this case the different 

frequency components start to come to an equilibrium. This is even more obvious in 

the instantaneous spectra (Figure 4.21) and the resulting temperature and wavelength 

change over time (Figure 4.22).  
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Figure 4.20 Spectral evolution of the 10 etalon mode groups of the 1.9 µm SDL, associated 

with the 250 µm thick diamond heatspreader. The peaks are numbered from 1 to 10 in the 

order they reached threshold during the pulse and the wavelengths in brackets give the centre 

wavelength of each of the etalon mode group peaks. 
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Figure 4.21 Instantaneous spectra of the 1.9 µm pulsed-pumped SDL at various times during 

the 1 µs pulse. Inset: Narrowing of the spectrum is observed from 200 ns onwards. 

The instantaneous spectra clearly show an overlap at a wavelength of ~1895 nm 

without any further shift. Additionally, the spectrum also narrows (see inset of Figure 

4.21) which is an indication for the stabilisation of the output spectrum. 
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Figure 4.22 Wavelength shift during the pulse duration of the 1.9 µm SDL. Inset: 

Temperature change associated with the 0.33nm/K drift rate of the SDL. 

The temperature and wavelength change over time indicate a stabilisation of the 

output wavelength and temperature of the chip after a pulse duration of 500 ns. 

Before 200 ns, in the region investigated in the short pulsed-pumped arrangement, 

the rate of wavelength change is with 0.18 nm/ns almost the identically to the 

0.15 nm/ns of the previous measurement and well within the uncertainty of the 

measurement. To investigate this further a thermal model for the SDL was developed 

using finite element analysis (FEA) software. The modelling and the results are 

discussed in section 4.7. 

If output pulses consisting of the steady state part only without the transient period at 

the beginning are required, it is possible to delay the turn-on of the pulse artificially 

until the device has heated to overcome the initial chirp. In this work, this was 

achieved by inserting a variable aperture into the resonator that allowed varying the 

level of loss introduced into the resonator mode. Therefore it was possible to increase 

the threshold of the resonator and in turn increase the turn-on delay. The results of 

this can be seen in Figure 4.23. The picture shows that the output pulse of the SDL 

was delayed significantly by ~400 ns. Using a grating monochromator, the bottom 

trace was recorded, which shows stable spectrum centred at 1910 nm. 
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Figure 4.23 Chirp-free output of the 1.9 µm pulsed-pumped SDL. Top: 905 nm pump pulse; 

Middle: Output pulse from the SDL; Bottom: Spectral evolution of the output pulse. 

As this technique significantly reduces the on-time output power by, 87 % (from 16 

to 2 W with pump voltage set to 25 V), it might be advantageous to envisage other 

solutions to delay the resonator turn on. One of these could for instance be the use of 

an additional pulsed diode that heats the chip while being low enough in power that 

the SDL does not reach threshold. It might also be possible to tune the laser to the 

etalon mode group that switches on last by using an additional etalon. Alternatively, 

it would also be possible to increase the resonator length, spot sizes or output 

coupling to increase the cavity build-up time and thereby increase the turn on delay 

of the pulse. Last, the implementation of active or passive Q-switches could be used 

to delay the pulse turn-on. 

Earlier in this chapter the possibility to tune the output wavelength of the laser by 

means of varying the temperature of the chip was discussed. As an alternative it is 

possible to insert a birefringent filter (BRF) into the laser and use this to tune the 

output wavelength of the SDL [19]. Doing this experimentally, it was found that the 

pulse shape still mirrored the pump pulse closely; however, a small reduction of the 

pulse duration from 1001 to 968 ns was observed. When analysing the spectral 

evolution of the individual pulses it was observed that the chirp of the pulse was not 
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preserved but the output wavelength limited to one etalon mode group. By turning 

the BRF it was possible to tune this mode group between 1862 and 1930 nm (see 

Figure 4.24). 
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Figure 4.24 Tuning curve of the 1 µs pulsed-pumped 1.9 µm SDL using a birefringent filter. A 

tuning range of 68 nm between 1862 and 1930 nm was obtained. 

4.7 Finite element analysis of the pulsed-pumped semiconductor disk laser 

With the computational power of today’s computers, the use of finite element 

analysis (FEA) allows one to investigate complex numerical systems that are difficult 

to solve analytically. The flow of heat inside the pulsed-pumped SDL is one problem 

that can be solved using this technique. The FEA software divides the whole 

structure into small sub volumes which are calculated independently and their 

relationship between each other computed at finite time steps (Figure 4.25). A heat 

load can then be introduced into some of these volumes, in the case of the pulsed-

pumped system, representing the heat introduced by a pump source. To obtain a final 

solution, the heat of a volume is determined by the absorbed pump power per 

discrete time interval Δt and the energy transfer between adjacent volumes. If this is 

iterated, a solution for the temperature distribution is found when steady state is 

reached. 
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Figure 4.25 Schematic of a finite element analysis approach splitting up the volume in sub 
elements whose properties can be calculated independently. 

To model the heat evolution inside the pulsed-pumped 1.9 µm SDL, the software 

COMSOL Multiphysics (version 3.5.0.494) was used. The chip was modelled 

together with the brass mount as well as indium layers that were used when 

mounting the chip. The model of the assembly and the grid of the various areas can 

be seen in Figure 4.26. To reduce processing times, the grid density was varied, 

placing high grid densities in important areas that require high spatial resolution. 

 

Figure 4.26 SDL chip assembly for the FEA analysis showing the different components and 
the grid for the calculations. 

For the calculations, the layer structure and their associated thicknesses t, thermal 

conductivities k and absorption coefficients α were required. For the transient model, 

the heat capacity and densities were also required The values for the thickness were 

obtained from the design of the structure while the thermal conductivities and 
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absorption coefficients were obtained from references [20-22]. For the heat capacity 

and density, the values for GaSb, i.e. 5.61·10-6 kg/m3 and 250 J/kg·K respectively, 

were used for the layers of the structure [23]. 

Layer Material t [nm] k [W/m·K] α [mm-1] 

Cap GaSb 15 0.033    [20] 3359.6 [21] 

Window Al0.85Ga0.15As0.068Sb0.932 275 0.0091  [20] Transparent 

Quantum well Ga0.74In0.26Sb 100 0.0571  [22] 5178    [24]  

Barrier Al0.3Ga0.7As0.02Sb0.98 1456 0.012    [20] 1997.5 [25] 

GaSb 2514 0.033    [20] 3359.6 [21] 
DBR 

As0.08Sb0.92 3265 0.098    [25] Transparent 

Substrate GaSb 500000 0.033    [20] 3359.6 [21] 

Table 4.1 Material properties of the different layers of the 1.9 µm SDL with their respective 

thermal conductivities k and absorption coefficients α. 

To decrease the computing time for the model, the active region and DBR were 

simplified by averaging the sub layer properties over the thickness of the total 

thickness of the active region and DBR respectively. 

For the thermal conductivity an average value needed to be found for both, the radial 

and axial directions as the grown structure is anisotropic. For the calculations, 

equations 4.2 and 4.3 for the radial (kp) and perpendicular (kz) thermal conductivities 

were used [26]. 
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Here, dz and kn represent the thickness and thermal conductivities of layer number n 

respectively, and N is the total number of layers. 
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For the absorption coefficient of the active region and the DBR the sum of the 

absorption of the individual layers was used (equation 4.4). 

nn tttt eeee    ...2211   Equation 4.4 

which leads to equation 4.5. 
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A list of the parameters of the SDL chip used for the model is shown in Table 4.2. 

 

 ttot [nm] kz [W/m·K] kp [W/m·K] αavg. [mm-1] 

Cap 15 0.033 0.033 3359.6 

Window 275 0.0091 0.0091 Transparent 

Active 

Region 
1556 0.0148 0.444 19024 

DBR 5750 0.0304 0.0224 1820 

Substrate 5000 0.0091 0.0091 3359.6 

 
Table 4.2 Material parameters for the thermal model of the pulsed pumped 1.9 µm SDL giving 
the total thickness ttot

, thermal conductivity kp and kr. 
 

The parameters used for the heatspreader materials in the model are shown in Table 

4.3. 

 

Material C [J/kg.K] ρ [g/cm3] k [W/mm.K] Reference 

Brass 380 8.55 0.109 [27] 

Indium 234 [28] 7.3 [28] 0.084  [28] 

Diamond 520 3.5 2 [27] 

Sapphire 830 3.98 0.0351 [27] 

Silicon carbide 690 3.21 0.49 [27] 

Table 4.3 Heat capacity C, density ρ and thermal conductivity k of the additional materials 
used for the model [27,28]. 
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For the final calculation, the heat load density at each point within the SDL structure 

is required. This can be derived from the energy conservation 

pPdVQ      Equation 4.6 

where Q is the heat load, V the volume in which the incident pump power Pp is 

absorbed considering the absorption efficiency ƞ. 

From this the heat load at any point of the rotational symmetric SDL chip can be 

determined with consideration of the Gaussian distribution of the pump light and the 

Lambert-Beer law of absorption. 
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Here, k is a constant, r is the radial coordinate, wp the pump waist on the chip, z the 

propagation along axial direction of the chip and α the absorption coefficient. 

Integration of equation 4.7 then leads to  
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where dV is defined as  

 dzdrrdV  2 .       Equation 4.9 

From this, one can now determine the constant k using the following equation. 
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Rewriting equation 4.10 and substituting it into equation 4.7 then results in the local 

heat load Qp. 
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From this heat load density, the model can now generate the heat flow through the 

structure and give the heat distribution at any point in time during the pulse. Figure 

4.27 shows an example of the temperature distribution after 1 µs of pumping with 
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60 W incident power, a spot size of 120 µm and the chip being bonded to a 250 µm 

thick diamond heatspreader. 

 

Figure 4.27 Temperature distribution inside the 1.9 µm SDL when pulsed-pumped with 1 µs 
pulse duration and 60 W on-time output power. 

This plot shows that the SDL chip heats up significantly (a maximum of 70 K) inside 

the active region over the duration of the pump pulse. The laser mode, however, 

interacts with a finite volume of the chip. An average temperature over the spot size 

of the resonator mode inside the active region was therefore determined. For an 

approximation, the resonator mode was assumed to have the same size as the pump 

mode. A weighted average was determined using the following expression: 
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To investigate the agreement with the experimental results, the model was run in a 

transient mode to show the evolution of the temperature inside the active region of 

the chip over the duration of the pump pulse. The modelled peak and average 

temperature as well as the experimental temperature rise of the chip can be seen in 

Figure 4.28. 

From this it becomes obvious that neither the average nor the peak temperatures are 

in perfect agreement with the experimental results. This can be assumed to be due to 
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various reasons: The pump spot size was taken from the knife edge measurement of 

the pump radiation around the focus. While the focus was found to be 220 µm in 

width, the SDL may not have been operated exactly at the focus. As only a small 

increase of the pump spot size to ~280 µm (equivalent to a ~0.5 mm defocusing) is 

sufficient to fit the modelled peak temperature to the experimental data, this could be 

one source for the difference between the experimental and modelled data. In 

addition, uncertainty in the material data and heat load could influence the modelled 

results. 
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Figure 4.28 Thermal response of the SDL chip for the experimental data and the FEM model 
taking into account the average and peak temperature of the chip. Inset: Normalised variation 
of the modelled peak and average temperature as well as the experimental results. 

The model is not in perfect agreement with the experimental results, however, 

normalising the data (see inset of Figure 4.28) shows that the time constant of the 

thermal rollover is almost identical for the experimental and modelled results. The 

model therefore underlines the experimentally observed spectral evolution and 

indicates that the cause of the thermal (and hence the wavelength) rollover is 

associated with the time constants of the thermal diffusion into the heatspreader. 

To investigate how this behaviour could be modified, the thermal response of the 

same chip without a heatspreader, and with diamond, silicon carbide and sapphire 

heatspreader in place was modelled (see Figure 4.29). This shows a very similar 

initial rate of temperature rise but with the device settling to very different 

temperatures. While the model underlines the importance in heatspreader material 

choice, it also shows that the heat extraction is strongly depending on the pump pulse 

duration; the shorter the pump pulses, the less difference in performance between the 
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different heatspreader materials. This is especially true for pulse durations of less 

than 150 ns where no significant difference between the different heatspreader 

materials and no heatspreader is present (see Figure 4.30). This indeed renders the 

heatspreader superfluous for these pulse durations. 
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Figure 4.29 Comparison of time resolved FEM data (peak temperature) for various 
heatspreader materials. 

The fact that the time constant for the heat dissipation is in the order of 100-200ns 

also suggests, that within this time frame the SDL chip is truly power scalable by 

increasing the pump and cavity spot sizes which is typically not indefinitely 

applicable to cw SDLs using intracavity heatspreaders [29]. 
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Figure 4.30 Temperature rise for no heatspreader and the use of diamond, silicon carbide and 
sapphire heatspreaders for pulse durations of less than 150 ns. Inset: Comparison of 
temperature rise using silicon carbide and diamond as heatspreader for pulse durations up to 
50 µs. 
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The almost linear wavelength shift over longer pulse durations that was obtained for 

the case without heatspreader could potentially be advantageous for spectroscopic 

applications, where larger wavelengths shifts could be desired. It should be noted, 

however that the chirp will then ultimately be limited by the overlap of microcavity 

resonance and quantum well emission, since once this is significantly misaligned, no 

oscillation of the SDL can be obtained. 

While the different heatspreader materials do not cause strong changes in 

performance for pulse durations below 1 µs, using the model to predict the 

temperature evolution over longer pulse durations (50 µs) shows that the choice of 

heatspreader material becomes increasingly importance for longer pulse durations. 

For this, the modelled thermal response of the most commonly used heatspreaders, 

i.e. diamond and silicon carbide, was compared (see inset of Figure 4.30). From the 

previous data, it can be seen that for a pulse duration of 1 µs the superior thermal 

properties of diamond only result in a temperature reduction of 10 % compared to 

silicon carbide. When investigating significantly longer pulses of 50 µs, however, the 

temperature reduction compared to the silicon carbide is 45 %. This further 

underlines the importance for heatspreader material choice with the pump pulse 

duration in mind and gives room for more specifically tailored SDLs. 

4.8 Conclusion 

The quasi-cw operation of a compact 1.9 and 2.0 µm SDL was demonstrated using 

low-cost pulsed nanostack diode lasers. Polarisation coupling of two diodes delivered 

a maximum of 120 W of on-time pump power. Pumping the SDL with this, 

oscillation was readily achieved resulting in output powers >20 W with pulse 

durations from 15-200 ns with repetition rates of 1-10 kHz. It was possible to extend 

the pulse duration of the pulsed diode lasers by modifying the driver boards, 

resulting in a maximum pulse duration of 1 µs at maximum power, and 1.3 µs at a 

reduced pump power and pulse repetition rate. 

With no active cooling of the SDL chip, the pump induced heating did not reduce the 

efficiency of the laser over the duration of the pulse. However, for the case of the 

200 ns pulse duration, a linear wavelength chirp of the output radiation in the order 

of 8 nm revealed a significant temperature rise of the SDL by ~24 K. For pulse 
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durations >200 ns the rate of wavelength change reduced significantly, approaching a 

steady state condition, resulting in a true quasi-cw state. 

These experimental investigations were underlined by FEA. While the data was not 

in agreement with the experimental results, the origin for this thermal rollover was 

found to be attributable to the time constant associated with the thermal diffusion of 

the material. 

Parameter Required Achieved 

Peak Power [W] Watt-level 20 
Wavelength [µm] 1.6-2.1 1.9 / 2.0 

Pulse Duration ns-ms 0.1-1 µs 
Energy > 1 µJ 20 µJ 

Repetition rate > 1 kHz 0.1-10 kHz 

Table 4.4 Comparison of desired properties of a pulsed pump source for chromium-doped 
chalcogenide lasers and the properties of the SDL discussed in this chapter. 

Table 4.4 shows the key properties of the pulsed-pumped SDL and the comparison to 

the requirements for a cost-effective pump source outlined in the introduction. While 

the highest output energy was only achieved in conjunction with fairly low pulse 

repetition rates, this might not necessarily be a problem for certain applications. The 

obtained pulse energy from these devices is not large in a scale of solid-state lasers, 

however the attractiveness of the low-cost and compact format allow to envisage the 

use of these devices in short distance spectroscopic applications like process 

monitoring or breath-analysis, where high pulse energies are not required. 

For further development, this arrangement could potentially be reduced further in 

size by replacing the bench top components with engineered solutions. One might 

also consider microchip arrangements for the SDL as well as more compact optics 

for the beam conditioning and beam combining, potentially enabling this to be a 

highly compact, cost-effective and practical system. 

References 

[1] N. Hempler, J. M. Hopkins, A. J. Kemp, N. Schulz, M. Rattunde, J. Wagner, 
M. D. Dawson, and D. Burns,  "Pulsed pumping of semiconductor disk 
lasers,"  Opt. Express 15, 3247 (2007). 

[2] G. W. Hoffmann and T. M. Jovin,  "Nanosecond Rise-Time Mechanical 
Chopper for Laser Light,"  Appl. Opt. 10, 218 (1971). 

[3] A. E. Siegman, in Lasers, edited by A. Kelly University Science Books, 
Sausalito, CA, pp. 962 (1986). 



Chapter Four  Pulsed-Pumped Semiconductor Disk Laser 

 114

[4] R. W. Hellwarth,  "Theory of the Pulsation of Fluorescent Light from Ruby,"  
Physics Review Letters 6, 9 (1961). 

[5] W. E. Lamb,  "Theory of an Optical Maser,"  Physical Review 134, A1429 
(1964). 

[6] F. J. McClung and R. W. Hellwarth,  "Giant Optical Pulsations from Ruby,"  
J. Appl. Phys. 33, 828 (1962). 

[7] A. M. Bonch-Bruevich, N. N. Kostin, V. A. Khodovoi, and V. V. Khromov,  
"Passive Q-switching and frequency stabilization of ruby laser using 
molecular rubidium vapor,"  Journal of Experimental and Theoretical Physics 
Letters, 242 (1970). 

[8] L. E. Hargrove, R. L. Fork, and M. A. Pollack,  "Locking of He-Ne laser 
modes induced by synchronous intracavity modulation,"  Appl. Phys. Lett. 5, 
4 (1964). 

[9] B. K. Garside and T. K. Lim,  "Laser Mode-Locking Using Saturable 
Absorbers,"  J. Appl. Phys. 44, 2335 (1973). 

[10] C. Spielmann, P. F. Curley, T. Brabec, and F. Krausz,  "Ultrabroadband 
Femtosecond Lasers,"  IEEE J. Quantum Eelect. 30, 1100 (1994). 

[11] L. Jingang, S. Deyuan, T. Siu-Chung, and L. Yee-Loy,  "Modeling pulse 
shape of Q-switched lasers,"  Quantum Electronics, IEEE Journal of 37, 888 
(2001). 

[12] W. Koechner, in Springer Series in Optical Sciences, edited by W. T. Rhodes 
Spring Science + Business Media, Inc., New York, pp. 535 (2006). 

[13] L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated 
Circuits., WileyBlackwell, p.624 (1995). 

[14] K. W. Su, S. C. Huang, A. Li, S. C. Liu, Y. F. Chen, and K. F. Huang,  
"High-peak-power AlGaInAs quantum-well 1.3 µm laser pumped by a diode-
pumped actively Q-switched solid-state laser,"  Opt. Lett. 31, 2009 (2006). 

[15] I. Sakuma, H. Yonezu, K. Nishida, Kobayash.K, F. Saito, and Y. Nannichi,  
"Continuous Operation of Junction Lasers at Room Temperature,"  Japanese 
Journal of Applied Physics 10, 282 (1971). 

[16] A. E. Siegman, in Lasers, edited by A. Kelly University Science Books, 
Sausalito, CA, pp. 492 (1986). 

[17] J. M. Khosrofian and B. A. Garetz,  "Measurement of a Gaussian laser beam 
diameter through the direct inversion of knife-edge data,"  Appl. Opt. 22, 
3406 (1983). 

[18] N. Schulz, M. Rattunde, C. Ritzenthaler, B. Rosener, C. Manz, K. Kohler, 
and J. Wagner,  "Effect of the cavity resonance-gain offset on the output 
power characteristics of GaSb-based VECSELs,"  IEEE Photonic Tech. L. 
19, 1741 (2007). 

[19] B. Lyot,  "Optical apparatus with wide field using interference of polarized 
light,"  C.R. Acad. Sci., 1593 (1933). 

[20] T. Borca-Tasciuc, D. W. Song, J. R. Meyer, I. Vurgaftman, M. J. Yang, B. Z. 
Nosho, L. J. Whitman, H. Lee, R. U. Martinelli, G. W. Turner, M. J. Manfra, 
and G. Chen,  "Thermal conductivity of AlAs0.07Sb0.93 and 
Al0.9Ga0.1As0.07Sb0.93 alloys and (AlAs)(1)/(AlSb)(11) digital-alloy 
superlattices,"  J. Appl. Phys. 92, 4994 (2002). 



Chapter Four  Pulsed-Pumped Semiconductor Disk Laser 

 115

[21] M. Munoz, K. Wei, F. H. Pollak, J. L. Freeouf, and G. W. Charache,  
"Spectral ellipsometry of GaSb: Experiment and modeling,"  Phys. Rev. B 
60, 8105 (1999). 

[22] S. Adachi,  "Lattice thermal conductivity of group-IV and III-V 
semiconductor alloys,"  J. Appl. Phys. 102 (2007). 

[23] Ioffe Physical Technical Institute,  (Ioffe, 1998-2001). 
[24] S. Adachi,  "Optical dispersion relations for GaP, GaAs, GaSb, InP, InAs, 

InSb, AlxGa1-xAs, and In1-xGaxAsy]P1-y,"  J. Appl. Phys. 66, 6030 (1989). 
[25] M. Rattunde, Institute of Applied Solid State Physics, Freiburg (2008). 
[26] H. Lindberg, M. Strassner, E. Gerster, J. Bengtsson, and A. Larsson,  

"Thermal management of optically pumped long-wavelength InP-based 
semiconductor disk lasers,"  IEEE J. Sel. Top. Quantum Electron. 11, 1126 
(2005). 

[27] http://www.engineeringtoolbox.com,  (2010). 
[28] https://www.goodfellow.com,  (2010). 
[29] R. G. Bedford, M. Kolesik, J. L. A. Chilla, M. K. Reed, T. R. Nelson, and J. 

V. Moloney,  "Power-limiting mechanisms in VECSELs," presented at the 
Enabling Photonics Technologies for Defense, Security, and Aerospace 
Applications, Orlando, FL, USA (2005). 

 
 



 

 116

Chapter Five 

SDL-pumped Cr2+:II-VI laser 

 

5.1 Introduction 

After the discussion of the Tm3+:YAlO3 laser as a conventional pump source for 

chromium-doped chalcogenide lasers and the introduction of the 1.9 and 2.0 µm 

semiconductor disk laser as a novel source, this chapter will discuss the use of these 

lasers to pump continuous-wave (cw) chromium chalcogenide lasers, utilising their 

advantage as potentially compact, high brightness and low-noise multi-Watt pump 

sources. 

While the technology has advanced significantly with respect to single crystalline 

Cr2+:ZnSe growth, a more established method of preparing Cr2+:chalcogenides is the 

doping of polycrystalline bulk chalcogenide material. For many years, 

polycrystalline materials have provided superior output power and efficiency mainly 

due to the availability of technological advanced low-cost polycrystalline ZnSe for 

mid-infrared components. Another chalcogenide material available in good quality 

was CdZnTe, typically used in x- and gamma-ray applications and therefore well 

understood in respect to the growth of large single crystal material with high 

uniformity and quality [1]. 

 

Figure 5.1 Different Cr2+:ZnSe (1-4) and Cr2+:CdZnTe samples (5,6) used throughout this 
work. 
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While in recent years the quality of other chalcogenide materials such as Cr2+:ZnS  

has greatly been improved,  the experiments in this chapter will concentrate on the 

use of well established Cr2+:ZnSe as well as novel Cr2+:CdZnTe [2]. Therefore, a 

series of crystals were obtained from various sources (Figure 5.1). Samples 1 and 2 

were obtained from Dr. Arnold Burger, Department of Physics, Fisk University, 

USA and were polycrystalline ZnSe that were diffusion doped for 5 days at a 

temperature of 950 °C. The thickness of sample 1 was 1.3 mm and sample 2 was cut 

to 3 mm length. 

Sample 3 was also Cr2+:ZnSe and obtained from Dr. William Krupke from the 

Lawrence Livermore National Laboratory. Its physical dimensions were 11x8x2 mm 

(where 2 mm is the thickness). 

Sample 4 was obtained from Prof. Sergey Mirov, Department of Physics, University 

of Alabama, USA (also at Photonics Innovations Inc.) who diffusion-doped CVD 

grown material obtained from II-VI, Inc. [3,4]. The dimensions of the sample were 

3x7x8 mm (where 3 mm is the thickness).  

The Cr2+:CdZnTe (samples 5 and 6) used for this work were also obtained from 

Arnold Burger and were the same ones as used in [5,6]. For their preparation, 

Cd1-xZnxTe, x=0.04 crystals (dimensions 7x7x24 mm) were purchased from eV 

Products and used for Cr diffusion. For this, high purity pre-synthesised CrSe was 

used as the source for the chromium and placed together with the CdZnTe into an 

evacuated (under vacuum at 2x 10-7 torr) and sealed quartz ampoule. The diffusion 

was carried out over 15 days at a temperature of 900 °C. 

In the following sections, the quality and laser efficiency of these samples will be 

investigated using the Tm3+:YAlO3 laser and the 1.9/2.0 µm SDLs as pump sources. 

After the description of the experimental arrangement for the chromium laser in 

section 5.2, section 5.3 and 5.4 will discuss the power transfer and tuning 

characteristics of the systems. 

5.2 Experimental arrangement 

For the experiments in this chapter, two resonator arrangements were chosen, i.e. a 3- 

and 4-mirror resonator. For the power transfer characteristics of the samples, a 
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3-mirror cavity was used, while a 4-mirror arrangement was used to add a prism for 

tuning of the resonator. Figure 5.2 shows the typical arrangement of the laser.  

 
Figure 5.2 Experimental configuration of the 3- and 4-mirror resonator. For the 3-mirror 
resonator the following mirrors were chosen: mirror M3 r=50 mm; mirror M2 r=100 mm; 
output coupler (M1). For the 4-mirror resonator, the end mirror M3 was tilted and replaced with 
a r=100mm radius of curvature mirror to establish a second arm, which was terminated by a 
plane, highly reflecting end mirror M4. 

For the 3-mirror resonator, an r=50 mm radius of curvature (ROC) mirror was used 

as the end mirror (M3) of the resonator while the folding mirror M2 was chosen to be 

of r=100 mm. Both these mirrors were placed 50 mm away from the gain element. 

The distance between the folding mirror and the output coupling mirror (M1) was set 

to 300 mm. The beam propagation predicted by ABCD-Matrix analysis (using 

WinLase 2.1 Professional) inside the resonator with the crystal being placed at 

Brewster’s angle can be seen in Figure 5.3. 

 
Figure 5.3 ABCD matrix model of the 3-mirror Cr2+:ZnSe resonator for the crystal being 
placed at Brewster’s angle. 
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For the 4-mirror resonator, the mirror M3 was replaced with a r=100 mm ROC mirror 

that allowed to add a second arm into the resonator which allowed for the insertion of 

additional elements (such as prisms) without displacing the output beam of the 

resonator when tuning the output wavelength. The predicted beam propagation 

suggests a beam radius at the resonator waist of 40x93 µm (see Figure 5.4). 

 
Figure 5.4 ABCD matrix model of the 4-mirror Cr2+:ZnSe resonator for the crystal being 
placed at Brewster’s angle. 

As none of the crystals was specifically designed for the given pump power 

wavelength not all of the available pump radiation was absorbed. Hence, a retro 

reflecting mirror (Mp) was used to reflect the remaining pump light back into the 

chromium crystal, increasing the overall pump absorption in the crystal. 

As the crystals were used at normal incidence or Brewster’s angle, the resonator 

arms were set to an angle where the difference in path length of the tangential and 

sagittal plane, i.e. astigmatism, introduced by the Brewster-angled element is 

compensated for and the resulting output beam of the laser is circular. Using ABCD 

matrix analysis of the resonator geometry, the angle at which astigmatism is 

compensated was found to be 11.8° resulting in a circular waist at the output coupler 

(M1) with the dimension of ~2 mm diameter. 

When the crystal was turned to be sited at normal incidence, the angles for the 

astigmatism compensation created a slightly distorted beam shape. As this could only 

be compensated using small folding angles in the resonator, this distortion was left 
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unadjusted as it did not introduce any variation of the power transfer or tuning 

characteristics of the laser. 

For the above described resonator arrangement, the resonator modelling software 

WinLase 2.1 Professional, predicted a resonator waist radius of 50x100 µm if the 

crystal was orientated at Brewster’s angle and ~50x50 for normal incidence. 

The mirrors used for the laser came from different manufactures, i.e. LASEROPTIK 

GmbH and Casimir Optics [7,8].  All of the mirrors were centred at 2.45 µm with a 

reflectivity band stretching from 2.3 to 2.5 µm. The output coupling mirrors 

available for this work were of 99, 98, 92, and 87 % nominal reflectivity. For higher 

output coupling, the resonator arm between the curved folding and output coupler 

was folded using combinations of various output couplers. 

To hold the crystals in place, an in-house built brass mount was used (see Figure 

5.5). To allow for basic temperature control of the crystals, the brass mount was 

cooled using a recirculating water bath chiller. 

 

Figure 5.5 Picture of the brass mount used to hold the chromium chalcogenide crystals. The 
adapters to the left and right allow for water cooling. 

To condition the beams of the Tm3+:YAlO3 and SDLs it was chosen to use the 

divergence properties of the pump laser. The size of a focus produced by a lens is 

directly proportional to the focal length of the lens and the beam size at the lens for a 
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given divergence of the incident beam. It was therefore possible to adjust the beam 

radius at the focus by varying the distance between the pump and the focusing lens. 

The divergence of the pump laser changed the beam size on the lens, and hence the 

beam radius of the focus.  

5.3 Power characterisation 

5.3.1 Tm3+:YAlO3 pumping of Cr2+:chalcogenides 

For the initial chromium laser experiments, the Tm3+:YAlO3 laser was used in the 

arrangement discussed in chapter 2. Because solid-state lasers tend to change their 

output beam shape with varying pump power due to changes in the thermal lens 

inside the gain medium, the diode laser pump power to the Tm3+:YAlO3 was kept at 

a constant value. This also prevented that the sensitive active stabilisation system of 

the Tm3+:YAlO3 laser failed due to a required change of gain with changing power. 

To change the pump power to the chromium laser, the pump beam was attenuated 

using a half-wave plate (HWP) and a thin film polarizer (TFP). To allow for easier 

alignment of the laser and pump mode, two beam steering mirrors were used to align 

the pump beam. These were two highly reflecting mirrors (M1 and M2) coated for 

1.94 µm at 45 ° angle of incidence. A schematic of the entire arrangement can be 

seen in Figure 5.6. 

 
Figure 5.6 Experimental arrangement of the Tm3+:YAlO3 laser pumped Cr2+:ZnSe laser using 
a half-wave plate (HWP) and a thin film polariser (TFP) for variation of the pump power and 
two steering mirrors (M1 and M2) for alignment. 
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The only Cr2+:ZnSe crystals available at the time this part of the work was done, 

were sample 1, 2 and 3. With an incident pump power of 3.5 W at the crystal, 

oscillation from the chromium laser was only obtained using sample 2 and 3, with 50 

and 200 mW output power respectively. 

Systematic investigation of the crystals was not possible due to problems with the 

Tm3+:YAlO3 laser. While operating the chromium laser, strong drops of the output 

power of the Tm3+:YAlO3 laser were observed. Major realignment of the 

Tm3+:YAlO3 laser was required to regain the previously achieved maximum power. 

Further investigations suggested that this was associated with damage of the 

Tm3+:YAlO3 crystal facets. Indeed, when investigating the crystal surfaces under a 

microscope, circular damage marks were visible, an indication for laser induced 

damage (Figure 5.7). 

 

Figure 5.7 Photograph of the coated Tm3+:YAlO3 crystal showing the damage caused be 
strong intensity fluctuations. 

This was a consequence of reflections from the chromium laser mirrors that injected 

1.9 µm radiation back into the Tm3+:YAlO3 laser, causing the active stabilisation to 
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fail. This resulted in Q-switching like behaviour that caused strong intensity 

fluctuations of the intracavity field, damaging the components inside the resonator. 

Satisfactory operation of the Tm3+:YAlO3 laser as pump source would therefore have 

required optical isolation. This was considered but the considerable cost and reduced 

practicality meant that alternative approaches were more attractive. In addition to the 

high cost of these isolators, the small effective aperture (typically a few millimetres) 

limited the practicality. Large aperture isolators have just recently become available 

through companies such as Lambda Photometrics Ltd [9]. 

It should also be noted that the initial powers obtained from the various samples were 

not obtained from a fully optimised system as the restricted time of operation due to 

damage of the Tm3+:YAlO3 laser did not allow full optimization. 

Due to these issues, the SDL was considered as an alternative pump sources for 

chromium chalcogenide lasers. The experimental results from SDL-pumped 

chromium II-VI lasers will be discussed in the following sections. 

5.3.2 1.9 and 2.0 µm SDLs as pump source for Cr2+:ZnSe 

SDL do not suffer from strong thermal lensing the way that solid-state lasers do. The 

half-wave plate and thin film polarizer were therefore removed for the adjustment of 

the incident pump power. Instead, the driver current of the diode laser pumping the 

SDL could be adjusted directly. For this, however, it was important to investigate the 

stability of the SDL mode with changing pump diode driver currents. Therefore the 

mode size and shape of the output beam for increasing diode driver currents was 

recorded using a laser beam diagnostic camera (SPIRICON Pyrocam II). From this 

data, the 1/e² radius in the far field was recorded. The normalized data is shown in 

Figure 5.8. Here it can be seen that the output beam changes significantly over the 

first 5-10 A but then becomes stable. After this stabilisation, the mode size varies by 

less than 4 %, except for a small dip at 22 A driver current which is likely to be 

associated with a change of the resonator mode. The inset of the graph shows a 

subset of the actual data recorded using the SPIRICON camera. Here it can be seen 

that the mode changes from a circular mode near threshold to a highly multimode 

beam. In the following, the 2.0 µm SDL will be investigated as pump source for the 

different chromium crystals. Based on the previous experiments using the 
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Tm3+:YAlO3 laser as pump source, it was decided that only sample 3 will be used, as 

sample 1 and 2 were not as good in quality. In addition, samples 4-6 will be 

discussed and compared to sample 3.  

 

Figure 5.8 Normalized change of the 1/e² output beam size of the 2.0 µm SDL with changing 
driver current. The insets show the recorded beam profile using the SPIRICON Pyrocam II. 

5.3.2.1 2.0 µm SDL pumping of Cr2+:ZnSe 

For the initial experiments, sample 3 was used and placed at Brewster’s angle into 

the 3-mirror resonator. Stable oscillation was readily achieved from the chromium 

laser and no drops in output power of the SDLs were observed as were when using 

the Tm3+:YAlO3 laser as pump source. This indicates that the SDL does not show 

any significant signs of feedback sensitivity which can be explained by the short 

upper-state lifetime in the order of nanoseconds which reduces energy storage and 

eliminates the build-up of the relaxation oscillation. The low noise aspect of the SDL 

pumped Cr2+:ZnSe laser will further be elaborated in section 5.5 .  

The output power of the laser was recorded using a laser power meter (Coherent 

Fieldmate) in conjunction with a thermopile head (Coherent LM 10). To determine 

the absorbed pump power inside the crystal for the power transfer curves, the power 

was measured behind the crystal for each measurement point of the power transfer 

curves. By subtracting the transmitted power from the incident power and by taking 

into account the losses associated with the resonator optics, the absorbed pump 

power was obtained (see Figure 5.9). For this measurement, it was important, that the 
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transmitted power was recorded when the chromium laser was oscillating, as 

absorption saturation changes the fraction of the pump power absorbed for the 

oscillating and not oscillating case (see Figure 5.9).  
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Figure 5.9 Absorption of the Cr2+:ZnSe crystal for the oscillating and not oscillating case. 
Inset: Percentage of absorbed pump light for the oscillating and not oscillating case. 

The inset of Figure 5.9 shows the percentage of the pump power absorbed for the 

oscillating and not oscillating case. Here it can be seen, that bleaching effects 

deteriorate the absorption significantly when the laser is not oscillating with an 

observed maximum reduction of 9 %. When the resonator is oscillating, the 

absorption reduces from 82 to 81 %, which is insignificant in respect to the overall 

performance of the system. From these values, the average absorption coefficient for 

the crystal was determined to be 5.6 cm-1. 

The power transfer curves were recorded using the 3-mirror resonator design 

described in section 5.2 using various output couplers with reflectivities between 

R=87 % and R=99 %. As the absorption of the crystal was reasonably high, the 

pump retro reflector (Mp) was not employed. The results of the power transfer 

experiments can be seen in Figure 5.10. The experiment revealed a maximum output 

power of 285 mW for an absorbed pump power of 1.03 W (limited by the diode laser 

power of the SDL) and a slope efficiency of 36 % using the R=87 % output coupler. 

The lowest threshold was found to be 124 mW when using the R=99 % output 

coupler. 
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Figure 5.10 Power transfer characteristic of sample 3 using output couplers with reflectivities 
between 87-99 % using the 2.0 µm SDL as pump source. 

This data was used to carry out a Findlay-Clay analysis [10,11]. The result of this is 

shown in Figure 5.11. It reveals a round trip loss of 11 % with a calculated error of 

±0.3 %. As the Findlay-Clay analysis, however, takes into consideration the 

threshold at different output couplers and from this interpolates the final loss value, 

the accuracy of the threshold values is crucial for a realistic loss estimate. In these 

experiments the cavity alignment was optimised for high power operation which 

inevitably results in a different cavity alignment than would be the case for low 

threshold operation. The accuracy of the Findlay-Clay plot is therefore questionable. 
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Figure 5.11 Data for the Findlay-Clay analysis and the linear fit to this data to determine the 
intracavity loss of the resonator. Inset: Data for the Caird analysis and it’s linear fit. 
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For this reason, a Caird analysis was carried out too [11]. Instead of taking the 

threshold into consideration, the method suggested by Caird uses the slope 

efficiencies of the power transfer curves and thereby gives a better loss estimate for a 

laser that is optimised for maximum output power. Compared to the 11 % of loss 

resulting from the Findlay-Clay analysis, the Caird method reveals a loss value of 

7.9 %. The limited amount of data points, however, resulted in a relatively large error 

of ±4.3 %. It should be noted, that generally a discrepancy of the two techniques can 

be expected for vibronic systems and is typically attributed to ground-state 

absorption [12]. While it is not possible to directly compare the two results due to the 

large error of the Caird analysis, they both indicate that relatively high losses are 

present in the resonator. Assuming that losses associated with the resonator optics are 

negligible, this result suggests that the Cr2+:ZnSe crystal introduces these losses. This 

can be related to surface imperfection and bulk losses of the material. As a result one 

can expect significant improvements of the laser performance by utilising gain media 

of higher optical quality. 

In addition to the loss analysis, the power transfer characteristics can also be used to 

determine the optimum output coupling for a given pump power. E.g. for a pump 

power of less than 200 mW one would use the R=99 % or R=98 % output couplers, 

as higher output coupling would result in a threshold higher than the available pump 

power. As the pump power increases, however, it is possible to sacrifice more of the 

pump power to a higher threshold as higher slope efficiency is gained. 

During these initial experiments it was observed, that the performance of the laser 

was strongly dependent on the positioning of the crystal relative to the pump and 

resonator mode. This was associated with surface losses due to imperfection of the 

facets of the crystal. Due to the Brewster angle, it became more difficult to position 

the crystal as the angle reduced the effective aperture. As an alternative approach, the 

crystal was therefore placed at normal incidence. This removes the polarisation 

discrimination of the Brewster’s angle and increases the Fresnel reflection but 

enables better control over the positioning of the crystal. Stable oscillation was 

readily achieved with the crystal at normal incidence. The two scenarios were 

compared by carrying out another power transfer analysis for the crystal placed at 

normal incidence. The result of this can be seen in Figure 5.12. 
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Figure 5.12 Power transfer characteristics of the Cr2+:ZnSe laser using sample 3 placed at 
normal incidence. 

With a maximum power of 280 mW and a slope efficiency of 37 % with respect to 

the absorbed pump power, no significant difference between the two crystal 

orientations was observed. At first, this seems surprising as one would expect the 

laser to work less efficiently with the additional Fresnel losses due to the crystal 

being placed at normal incidence. However, while losses are indeed increased these 

are compensated for by an etalon effect of the plane parallel crystal surfaces. In 

addition, the crystal appears longer to the pump light (see Figure 5.13). Of the 

17.5 % reflected at the second crystal interface due to Fresnel reflection, 81.5 % is 

absorbed again (according to the absorption coefficient determined earlier). The 

none-absorbed part of this radiation undergoes another Fresnel reflection at the next 

crystal interface, from which 17.5 % is again being reflected and partially absorbed. 

At this point, the remaining light that would experience another Fresnel reflection 

reduced to 2 % of the overall pump light and was therefore be neglected. This 

increases the overall absorption by a ~5 % compared to neglecting the reabsorption 

of the internal Fresnel reflections.  

It should be noted that with the crystal now being placed at normal incidence, the 

amount of pump light being reflected back into the SDL was increased significantly 

compared to the Brewster-angled crystal, however, no degradation of the SDL 

emission was observed. 

 



Chapter Five  SDL-pumped Cr2+:II-VI Laser 

 129

 
Figure 5.13 Schematic for the absorption and losses associated with the Cr2+:ZnSe crystal 
when pumped at normal incidence. 

To investigate the power scalability of this crystal, the pump power of the SDL was 

increased by using a 45 W pump diode laser. In addition, the retro-reflector was used 

to increase the absorbed pump power further. Using an R=87 % output coupler this 

led to a maximum output power from the Cr2+:ZnSe laser of 982 mW with a 

maximum slope efficiency of 33 % with respect to the absorbed pump power (orange 

curve in Figure 5.14). As the curve shows, however, a reduction of the slope 

efficiency at the high end can be seen. This was associated to heating effects inside 

the crystal and could be eliminated by chopping the pump power and thereby 

reducing the overall heat introduced into the system. With a duty cycle of 50 %, this 

was enough to eliminate the thermal rollover of the power transfer curve resulting in 

a maximum on-time output power of 1.18 W.  The use of water cooling of the brass 

mount was also used in an attempt to prevent roll-over. This, however, did not 

improve the performance.  
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Figure 5.14 Power transfer for the SDL pumped Cr2+:ZnSe laser in cw (orange curve) and 
quasi-cw (blue curve) operation. 
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To investigate whether this rollover was intrinsic to Cr2+:ZnSe and its material 

properties, i.e. the change of refractive index with temperature, thermal conductivity 

or lifetime quenching, the next section will compare the results from this crystal with 

sample 4, a newer generation of material. 

To be able to accurately compare the two samples, sample 4 was placed in a 

resonator identical to the one used in the previous section. For the comparison, the 

case of the normal incidence was used. Again, the power transfer characteristic was 

recorded to obtain an indication for the optimum output coupling for a given pump 

power (see Figure 5.15). However, this time the long arm was folded using flat 

output coupling mirrors to allow for higher output coupling. The total length of the 

resonator arm was kept the same as in the previous investigation and the angle 

between the resonator arms kept to a minimum. As the single pass absorption 

coefficient of this material was measured to be 3.9 cm-1 and therefore significantly 

smaller than the one of sample 3, the retro reflecting mirror Mp was used. This 

increased the overall absorption of the crystal from 60 to 72 % (taking Fresnel 

reflections into account). 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2

Absorbed Pump Power [W]

O
u

tp
u

t 
P

o
w

er
 [

W
]

R = 99%

R = 98%

R = 95%

R = 92%

R = 87%

R = 71%

R = 61%

Pmax = 1.02 W

Pthres = 135 mW

η = 55%

 
Figure 5.15 Power transfer characteristics of the SDL pumped Cr2+:ZnSe using output 
couplers with reflectivities between 61 and 99 %. 

Contrary to the previous sample, significantly higher output coupling (R=61 %) was 

inserted into this arrangement for an optimum output coupling at full pump power. 

This resulted in an output power of up to 1 W for 2 W of absorbed pump power. The 

resulting slope efficiency was measured to be 55 %. As the slope efficiency is 

proportional to T/(T+L) (where T is the output coupler transmission and L the 
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parasitic losses in the resonator) this is a good first indication of the relatively low 

losses of the sample. To investigate this further, Findlay-Clay and Caird analysis 

were again carried out. The result of the Findlay-Clay analysis can be seen in Figure 

5.16. 
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Figure 5.16 Loss analysis of the Cr2+:ZnSe laser using the method suggested by Findlay and 
Clay revealing and Caird (Inset). 

The resulting loss is 4.5±2.9 % and is a significant reduction compared to sample 3. 

The Caird analysis revealed a loss of 3.5±1.3 %. 

Next it was investigated whether these reduced intrinsic losses allowed for higher 

output powers without thermal losses. For this the SDL was cooled to -15 °, 

delivering a maximum pump power of 5.8 W. With the pump retro reflecting mirror 

in place, this resulted in a total absorbed pump power of 3.8 W. The result of the 

power transfer can be seen in Figure 5.17.  

Up to 1.8 W of output power was obtained from the laser with a maximum slope 

efficiency of 54 %. It should be noted, that again, no cooling of the Cr2+:ZnSe crystal 

was employed. In contrast to sample 3, the power transfer for this sample did not 

show any degradation of the slope efficiency at higher pump powers. With similar 

absorbed pump power, crystal length and identical spot sizes of resonator and pump 

waist, the rollover can therefore be attributed to the high intrinsic losses of sample. 

These results are also in agreement with the recent results published by the 

University of Alabama group which reported output powers of 12 W without the 

need for special thermal management [13].   
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Figure 5.17 Power transfer for the SDL pumped Cr2+:ZnSe laser using sample 4 with a 
maximum SDL output power of 5.8 W. The chromium laser exhibited a maximum output 
power of 1.8 W with a maximum slope efficiency of 54 %. N.B. No thermal rollover was 
observed. 

5.3.2.1 1.9 µm SDL pumping of Cr2+:ZnSe 

The previous section of this chapter concentrated on the demonstration of a cw 

pumped Cr2+:ZnSe laser using a 2.0 µm SDL as pump source. It was shown that very 

good slope efficiencies and powers could be obtained. Pumping at shorter 

wavelength can, however, be useful if the aim is to improve the overall laser 

efficiency (by shifting the pump wavelength closer to the absorption peak) or if 

emission from the Cr2+:ZnSe laser is required at 2 µm or below [14]. This section 

will therefore discuss the use of the 1.9 µm SDL as pump source for Cr2+:ZnSe. 

Using the 1.9 µm SDL described in chapter 3, power transfer characteristic of the 

Cr2+:ZnSe laser using sample 4 were carried out and are shown in Figure 5.18. 
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Figure 5.18 Power transfer characteristic of the 1.9 µm cw SDL-pumped Cr2+:ZnSe laser using 
various output couplers with reflectivities between 61 and 99 %. The maximum output power 
was found to be 1 W with a slope efficiency of 40 % and a threshold of 255 mW. 
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From this set of data, the maximum power was found to be 1 W, limited by the 

available pump power, with a slope efficiency in respect to the absorbed pump power 

of 40 %. The single pump absorption was found to be 80 %, resulting in an 

absorption coefficient of 5.4 cm-1. Compared to the 2.0 µm pump source we can see 

that the absorption coefficient increased by 1.5 cm-1 which is in good agreement to 

values in the literature [15].  

5.4 Spectral tuning characteristics 

While the wavelength coverage of chromium chalcogenide lasers is one of their most 

significant properties, harvesting the full potential is difficult as mirrors for this 

wavelength band are not as well developed as they are for the near infrared. To cover 

the full potential range of tuning from Cr2+:ZnSe lasers, two options are possible. 

The first is the use of multiple mirror sets that can be installed according to the 

wavelength desired. This technique was successfully used by Demirbas et al. 

allowing the wavelength coverage from 1.88 to 3.10 µm using four-mirror sets 

centred at 2, 2.25, 2.6 and 2.9 µm [14]. 

Alternatively, mirrors coated to cover an exceptionally wide wavelength range can 

be used. These however, are difficult to fabricate as they demand layers with large 

thicknesses. They often require multiple growth runs that make it challenging to 

maintain growth quality and result in increased costs. Just recently, tuning over the 

range of 1973 to 3349 nm was demonstrated in a Cr2+:ZnSe laser using a single set of 

mirrors [16]. 
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Figure 5.19 Tuning range of the Cr2+:ZnSe laser using a prism as tuning. 
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For the tuning investigations, two mirror sets were available, both centred at 

~2.45 µm. To tune the laser, a prism was inserted into the 4-mirror cavity as 

described in section 5.2. This spatially dispersed the different wavelength 

components of the intracavity field and allowed them to be selected by horizontally 

tilting the end mirror M4. To reduce the threshold of the laser and maximise the 

tuning range, an output coupler with R = 98 % reflectivity was used. In this way, it 

was possible to tune the laser over a range of ~300 nm from 2.23-2.52 µm (Figure 

5.19). With the emission centred at ~2.4 µm and the coatings specified for 

2.35-2.55 µm, the edges of the tuning curve are strongly distorted by the coatings of 

the optics which caused the abrupt cut off of the tuning curve at 2.53 µm. Similar 

behaviour was observed from the second set of mirrors (see Figure 5.20).  
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Figure 5.20 Wavelength tuning characteristics of the Cr2+:ZnSe laser using the Layertech optic 
set with an output coupler with reflectivity R = 99 %. 

For these measurements, an output coupler with a reflectivity of R=99 % had to be 

used, as this was the only value available from this mirror set, causing the output 

power of the laser to be significantly lower. While the mirror set allows an improved 

wavelength coverage from 2.19 to 2.60 µm, the shape of the tuning curve is strongly 

distorted for wavelengths >2.5 µm. 

5.5 Intensity noise analysis 

In previous sections, the insensitivity of the SDL towards feedback from the 

chromium laser was pointed out. The low noise properties of the SDL format has 

been investigated extensively before and shown that the SDL format permits relative 

intensity noise (RIN) levels less than -126 dB over a frequency range from 50 kHz to 
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500 MHz. This is a consequence of the short upper-state lifetime of the 

semiconductor material (in the order of nanoseconds) [17]. A short carrier lifetime 

also makes the SDL less sensitive to residual feedback from the pump laser – a 

serious problem in more conventional pump lasers such as the Tm3+:YAlO3 laser 

discussed in chapter 2. 

In this section, the intensity noise of the Cr2+:ZnSe laser is investigated. For the 

experiments, the 3-mirror resonator from section 5.2 is used with the crystal being 

placed at normal incidence. As a result of the crystal orientation, ~17.5 % of the 

pump radiation associated with the Fresnel reflection from the crystal facet was 

directly reflected back towards the SDL. The maximum output power of the SDL 

was 3.5 W. 

To measure the intensity noise, a fast photodiode (Thorlabs PDA10D-EC) was used 

in conjunction with a fast digital oscilloscope (Agilent Infiniium 54830B). The 

output of the laser was recorded over a period of 10 s giving a total of 2·106 samples. 

The resulting frequency band is therefore 0.1 Hz to 100 kHz. 

First measurements revealed strong intensity fluctuations from the Cr2+:ZnSe laser 

which were traced back to the SDL. This was associated with the weak polarisation 

selectivity of the used 3-mirror resonator of the SDL, which allowed polarisation 

switching when perturbed by feedback from the pumped laser, leading to increased 

intensity noise. This effect, however, could be suppressed by increasing the 

polarisation selectivity of the resonator by inserting a Brewster-angled element such 

as a birefringent filter or simple glass substrate. For the laser discussed here, an 

uncoated, 6 mm thick, fused silica mirror substrate was inserted into the SDL 

resonator. This significantly reduced the intensity noise of the Cr2+:ZnSe laser. 

Figure 5.21 shows a subset of the recorded intensity noise data of the Cr2+:ZnSe laser 

in comparison to the electrical system noise of the measurement apparatus.  

This reveals that the actual measurement is indistinguishable from the noise floor, 

setting the upper limit of the RMS intensity noise figure to 0.14 %. This value was 

found to be the same with the pump retro-reflecting mirror in place which increased 

the total light being back reflected towards the SDL by 5 % to 0.7 W. 
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Figure 5.21 Subset of the intensity noise measurement for the Cr2+:ZnSe laser. 

These observations give clear indication that the SDL is an effective pump source to 

provide a low noise Cr2+:laser in a straightforward manner without the need for 

optical isolation, reducing the overall cost of the system significantly. 

5.6 Mode matching by brightness variation of the SDL 

Throughout the Cr2+:ZnSe laser experiments it was regularly observed, that the 

optimum performance of the chromium laser required adjustments to the SDL, 

specifically the overlap of pump and resonator mode. 

As discussed in chapter 3, the mode overlap of the SDL resonator and pump waist 

causes the beam quality parameter of the SDL to change. In the context of using the 

SDL as pump source, the possibility of easy adjustment of the beam quality factor of 

the SDL can be utilized to improve the mode overlap of the SDL and the Cr2+:ZnSe 

laser. 

To investigate this theoretically, the mode profile for various Gaussian beams with 

different beam quality factors and identical spot sizes was plotted for a 2 µm source 

and compared to the mode of the fundamental Gaussian beam propagation of a 

2.5 µm laser with identical waist radius. 
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Figure 5.22 Modelled beam propagation of the pump source for different beam quality factors 
(M2) compared to the laser resonator mode. 

Here we can see that the resonator and pump mode overlap perfectly when the beam 

propagation parameter of the SDL is 1.25, which compensates for the increased 

diffraction at 2.4 µm. As a consequence, the resonator to pump mode overlap can be 

optimized for laser systems where the ratio of the laser to pump wavelength is within 

the range of the M2 value of the SDL. In the case of the arrangement discussed in 

chapter 3 with a beam quality factor in the range of ~1-5 would allow the 

compensation of a laser to pump mode mismatch by a factor of 1-5. 

These observations further underline the practicality of the SDL as flexible pump 

source not only for chromium chalcogenides but laser systems in general. With a 

wide range of wavelength in the UV, visible, as well as near and mid-infrared, the 

potential for SDL pumping of solid state lasers can be harvested over a wide range of 

systems.  

5.7 Investigation of Cr2+:CdZnTe as gain media 

5.7.1 Experimental discussion 

In addition to the investigations of pumping the well established Cr2+:ZnSe using the 

SDL, this section will briefly investigate the SDL pumping of the novel chromium-

doped chalcogenide host CdZnTe in respect to power transfer characteristics and 

thermal properties. As mentioned in the introduction to this chapter, CZT is available 
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in high optical qualities due to it being used for gamma and x-ray detectors. Doped 

with chromium it could therefore be a readily available laser crystal for the 

generation of radiation in the 2-3 µm wavelength band. 

For the experiments, two samples of Cr2+:CdZnTe (sample 5 & 6) were prepared for 

laser operation. These two crystals were different in their doping concentration, a 

consequence of the diffusion gradient associated with the thermal diffusion process, 

with sample 5 being the one with the higher doping concentration. 

The low thermal conductivity and heat capacity of CdZnTe mean that the efficiency 

of Cr2+:CdZnTe laser is likely to be restricted by pump induced heating. For practical 

laser sources based on this material, the thermal management of the gain media is 

therefore critical. To be able to asses the performance of this material regardless of 

the thermal limitations, the laser was pumped using a quasi-cw 2.0 µm SDL (using 

an intracavity chopper) with a low duty cycles of 1.23 % and a pulse duration of 

150 µs. This allowed eliminating the thermal effects due to pump induced heating. 

The experimental arrangement was the same as the 3-mirror resonator described in 

section 5.2 without the pump retro reflecting mirror in place. The crystals were 

placed at normal incidence, resulting in a resonator waist radius of 50 µm inside the 

crystal. The power transfer characteristic of sample 5 can be seen in Figure 5.23. Of 

the 1.15 W of available pump power 87 % was absorbed. 
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Figure 5.23 Power transfer characteristic for the 2.0 µm SDL pump Cr2+:CdZnTe crystal with 
relatively high chromium concentration. 

The sample with lower concentration of chromium showed a reduced absorption of 

only 72 %, however, with the slope efficiency and threshold being almost identical, 
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the difference in doping concentration did not show significant differences in 

performance when operated in quasi-cw operation (see Figure 5.24).  
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Figure 5.24 Power transfer characteristics of the 2.0 µm SDL pumped Cr2+:CdZnTe crystal 
(lower chromium concentration) using different output couplers. 

After these initial investigations, the Cr2+:CdZnTe crystal was pumped with a higher 

power 2.0 µm SDL. The signal was still chopped at the same duty cycle and pulse 

duration as mention earlier. With an increased pump power of 4.7 W the chromium 

laser now delivered a maximum on-time output power of 540 mW using an output 

coupler with 87 % reflectivity (see Figure 5.25).  
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Figure 5.25 Power transfer characteristic of the high power 2.0 µm SDL pumped Cr2+:CdZnTe 
laser. 
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While quasi-cw operation at low duty cycles and short pulse durations was readily 

achieved, cw operation was problematic due to the thermal limitations. With basic 

water cooling of the crystal to 15 °C, pump and resonator spot size of ~50 µm and 

830 mW of pump power, cw operation was obtained with an average output power of 

<3 mW.  

5.7.2 Thermal modelling  

To investigate the thermal aspect of the laser crystal when pumped in pulsed and cw, 

a finite element analysis as described in chapter 4, section 4.7 was again carried out. 

For the model, the thermal conductivity was estimated to be 0.7 W/mK, based on the 

values for CdTe [18] and ZnTe [19] and the heat capacity of 219 J/(kg·K) used [20]. 

For comparison, the thermal conductivity and heat capacity of ZnSe are 19 W/mK 

[21] and 339 J/(kg·K) [22] respectively. The density for CdZnTe was 5730 kg/m3 

(5270 kg/m3 for ZnSe) [20,22]. For simplicity, the scenario was modelled for a rod of 

3 mm radius (cooled around the edge) with the 1.15 W of incident cw pump power 

(1 W absorbed) focused into a spot radius of about 40 μm. The resulting temperature 

distribution in the crystal can be seen in Figure 5.26. The estimated peak temperature 

rise is of the order of 100 K. 

 

Figure 5.26 Temperature distribution of the Cr2+:CdZnTe crystal when pumped with 1.1 W of 
cw power. 

Taking into account the lifetime quenching of the upper laser level in Cr2+:CdZnTe 

reported by Cerny et al. with a lifetime of 1.1 µs at room temperature [5], this 
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temperature rise would strongly reduce the efficiency of the system and underlines 

the previously observed low output power when pumped in cw. Higher output 

powers in this mode of operation can therefore only be expected if significant 

measures are undertaken to address the thermal management of the crystal. As such, 

one might envisage the use of thin disk approaches potentially in combination with 

heatspreader approaches, as previously discussed for SDL. It should be noted, 

however, that diamond would be problematic in the context of Cr2+-laser systems as 

the transparency of diamond reduces significantly above 2.5 µm [23]. Although 

silicon carbide has somewhat lower thermal conductivity, its superior transmission at 

longer wavelengths makes it an interesting alternative. 

As discussed in section 5.7.1, an alternative approach of mitigating thermal effects in 

Cr2+:CdZnTe lasers is the use of pulsed pump sources. To gain an insight into the 

thermal response of Cr2+:CdZnTe when pumped with pulses, a transient analysis of 

the model was carried out. In contrast to cw-pumping, the temperature rise of the 

crystal when pumped in pulsed mode is insignificant and less than 1 K for an 

absorbed pump power of 1 W in a 40 µm radius waist and a pulse duration of 60 µs 

(Figure 5.27, left).  

  

Figure 5.27 Temperature change of the Cr2+:CdZnSe crystal when pumped with 1.1 W of on-
time pump power in a pump pulse duration of 60 µs over 300 µs (left) and 3 ms (right). 

It can also be seen that the cooling time is in the order of a few milliseconds 

indicating that no significant pulse to pulse heating is present in the laser. 

If the transient temperature rise after turning on a cw pump beam is considered 

(Figure 5.28), it can be seen that 90 % of the temperature rise happens in the first 3 to 

4 s. However, a significant rise of 30 K occurs already within the first 10 µs. This 
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would suggest that for athermal-pumping the pulse durations of the pump source 

would need to be kept to <1 ms.  

 
Figure 5.28 Temperature change of the Cr2+:CdZnTe when pumped at 1.1 W showing a 
temperature rise of ~100 K. 

Even though limited in performance, chromium-doped CdZnTe could potentially be 

a useful laser crystal for applications where cost effectiveness and sample-to-sample 

quality are of great importance. While the material can not provide the efficiencies 

and high cw output powers of other chromium-doped chalcogenide crystals such as 

Cr2+:ZnSe, the on-time output power of 550 mW obtained in the context of this work 

could well be adequate for short range sensing applications such as process 

monitoring. Using more advanced methods for thermal management could 

potentially increase the output powers in both, cw and pulsed operation.  

5.8 Conclusion 

The use of 1.9 and 2.0 µm SDLs as a stable and flexible pump sources for 

Cr2+:chalcogenide lasers  has been discussed and compared to a more conventional 

pump source for these gain materials, i.e. a Tm3+:YAlO3 laser. In this context, 

various Cr2+:ZnSe as well as Cr2+:CdZnTe crystals were investigated. Using the 

Tm3+:YAlO3 laser resulted in strong system instabilities originating from the 

feedback induced intensity noise fluctuations despite the use of active, electronic 
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feedback in the Tm3+:YAlO3 laser. The SDL pump sources did not exhibit these 

instabilities and delivered stable output radiation without the need for any optical 

isolation or active stabilisation. Using the 1.9 µm SDL to pump Cr2+:ZnSe resulted in 

a maximum output power of up to 1 W (limited by the available pump power of 

3.8 W) with a slope efficiency of up 40 % and a threshold of 255 mW.  

When pumping the Cr2+:ZnSe laser using the 2.0 µm SDL, with the pump 

wavelength now in the wings of the absorption band of Cr2+:ZnSe, the absorption 

coefficient of the material was reduced from 5.4 to 3.9 cm-1 . This, however, did not 

significantly reduce the efficiency of the whole system. The higher pump power of 

5.8 W available from the 2.0 µm SDL resulted in cw output powers of up to 1.8 W 

from the Cr2+:ZnSe laser with a slope efficiency of 54 %. While these efficiencies are 

one of the highest reported in Cr2+:ZnSe so far, the output power of the SDL pumped 

Cr2+:ZnSe laser is somewhat lower than the 12 W recently reported by Mirov et al. 

[24]. It should be noted, however, that the pump source for this high power result is a 

Tm-fibre laser providing up to 30 W. When comparing to the more rigid and 

compact direct diode-pumped embodiments of Cr2+:ZnSe laser, the SDL-pumped 

Cr2+:ZnSe laser shows great advantages with output powers and slope efficiencies 

well above the ones obtained from diode-pumped embodiments where output powers 

are restricted to <100 mW and slope efficiencies of <40 % [25-27]. 

Using a prism or BRF to tune the laser, a maximum tuning range between 2.25 and 

2.55 µm was achieved limited by the coatings of the mirrors. Using mirrors with 

broader coatings or multiple mirror sets should in principle allow use of the full 

emission band of the chromium gain media; however, it should be noted that for 

emission from the chromium laser below 2 µm, the use of the 2.0 µm SDL pump is 

not suitable as a population inversion would not be possible. To extend the tuning 

range to shorter wavelengths, pumping closer to the absorption peak of Cr2+:ZnSe at 

around 1.8 µm would be required. 

To further underline the practicality of the SDL as a pump source the intensity noise 

of the SDL-pumped Cr2+:ZnSe laser was investigated without using any form of 

optical isolation between the SDL and the Cr2+:ZnSe laser. This revealed an RMS 

intensity noise level of <0.14 %, limited by the resolution of the measurement 

apparatus. The strong intensity fluctuations and the damage caused to the 
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Tm3+:YAlO3 laser did not permit a comparative analysis of the two systems, 

however, the insensitivity of the SDL towards feedback is a significant advantage if 

one is pursuing the aim of practical laser sources for the mid-infrared wavelength 

band as the use of expensive optical isolators is not required and thereby greatly 

reducing the overall system complexity and cost. 

In addition to the demonstration of the SDL as a pump source for the well established 

Cr2+:ZnSe material, the novel host CdZnTe was investigated for laser operation. 

With up to 550 mW of on-time output power, the material performed significantly 

poorer compared to Cr2+:ZnSe in quasi-cw operation with a factor of two smaller 

output power for the same pump power. At the same time, cw operation of 

Cr2+:CdZnTe was strongly limited due to the poor thermal properties of the material 

to a few mW. Finite element analysis suggested that for the given experimental 

circumstances this limitation is associated with a strong temperature rise of the chip 

in the order of 100 K when pumped continuously. When pulsed-pumped, the 

temperature rise is insignificant with a rise of less than 1 K for pulse durations of 

60 µs and with a cooling time of several milliseconds, pulse to pulse heating can be 

neglected. The model also revealed that significant heating of the crystal took place 

in the first 10 µs after the pump pulse is turned on, suggesting that the limits for 

athermal-pumping of Cr2+:CdZnTe is in the order of 1 ms pulse duration and 

repetition rates of up to 100 Hz. For cw operation, significant measures would need 

to be required to reduce heating of the device significantly. 
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Chapter Six 

Pulsed Cr2+:ZnSe laser 

 

6.1 Introduction 

In the previous chapter, the SDL format was demonstrated to be a practical pump 

source for solid state lasers such as chromium-doped chalcogenide lasers. After the 

promising results in cw and quasi-cw operation, this chapter will concentrate on the 

use of SDLs to pulsed-pump Cr2+:ZnSe lasers. 

The pulsed operation of lasers is vital for many applications. While nonlinear 

processes often require the high intensities available from pulsed sources, 

applications like LIDAR benefit from high pulse energies. The use of pulses also 

allows easier recognition of a signal when the signal to noise ratio is low. 

Additionally, the pulsed-pumping of laser systems can save energy compared to cw 

operation and thereby increasing the overall system efficiency and reducing cost. 

So far, chromium-doped chalcogenide lasers have been demonstrated in various 

modes of pulsed operation: mode-locked, Q-switched and gain-switched. Motivated 

by the aim of developing a mid-IR Ti:Sapphire laser, a lot of attention has been paid 

to the development of mode-locked Cr2+:ZnSe arrangements. The first demonstration 

used an acousto-optic modulator, leading to pulse durations of 4.4 ps [1]. However, 

passively mode-locked embodiments using saturable absorbers or Kerr lens 

modelocking soon followed with pulse durations significantly reducing to 80 fs [2,3]. 

Q-switching of Cr2+:II-VI lasers has so far been of less interest. This is likely to be 

associated with the relatively short upper-state lifetime of the order of microseconds 

(4 µs for Cr2+:ZnSe), compared to some of the rare-earth materials available which 

posses upper-state lifetimes in the order of milliseconds. However, pulsed microchip 

embodiments have been realised in Cr2+:ZnSe with pulses of up to 1 mJ [4].  

In this chapter, the focus will be the development of passively Q-switched and gain 

switched Cr2+:ZnSe lasers. 
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The concept of Q-switching was introduced in chapter 3. Gain switching is similar in 

that the energy is stored in the population inversion before oscillation is enabled, 

allowing relatively high energy pulses to be extracted [5]. Instead of an active or 

passive element inside the resonator, however, gain-switching relies on the resonator 

and population dynamics to form the pulses (Figure 6.1).  

 
Figure 6.1 Schematic of the pulse formation in a gain-switched laser showing the temporal 
evolution of the population inversion Nth and the photon number n(t) after [5]. 

Here it is assumed that the pump pulse turns on somewhat before time t1 so that the 

inversion population N(t) passes the threshold level Nth at a time t1. Before this time, 

the photon number inside the resonator is essential zero but starts to build up 

according to the build up time of the resonator, after the population reaches 

threshold. Once the photon number passes the steady state value at the time t2, the 

upper laser level population is rapidly extracted by stimulated emission, resulting in 

the steep rise of the intracavity field. Once the population is reduced below the 

threshold level (t3), the photon number starts to reduce until the resonator field is 

below the steady state and the photons no longer deplete the population inversion. At 

this point (t4), the inversion will start to increase again and the process repeats itself. 

For continuous pumping, this process will repeat itself over and over again, with the 

peak power of the pulses reducing and the output approaching a steady state level. 

The result is the formation of relaxation oscillation (see Figure 6.2) 
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Figure 6.2 Schematic of relaxation oscillation in a laser (blue trace) after the turn on of the 
laser when pumped with a pulsed signal (orange trace). The spiking at the beginning of the 
pulse changes to sinusoidal oscillations towards the end of the pulse. 

This relaxation to the steady state can be suppressed, however, when the laser is 

pumped with pulses of durations similar in length to the cavity build up time. This 

leads to the formation of individual pulses without the need for any additional 

intracavity elements. The result is a potential compact, sturdy and low cost system 

that is capable of supplying energetic pulses. 

After the discussion of using a 2.3 µm SDL chip as a variable saturable absorber to 

Q-switch and control the mode of operation of a Cr2+:ZnSe laser, the pulsed-pumped 

1.9 µm SDL discussed in chapter 4 will be used as pump source for a gain switched 

Cr2+:ZnSe laser. 

6.2 Passive Q-switching 

6.2.1 Experimental arrangement 

For this experiment, a z-folded resonator was set up (see Figure 6.3). The folding 

mirrors (M1 and M2) were chosen to have 100 mm radius of curvature and the arm 

lengths were set to 300 mm resulting in a resonator waist inside the crystal of 72 x 

52 µm (Figure 6.4). This was matched by focusing the radiation of the 2.0 µm SDL 

pump source using a 70 mm lens (f1) into the 3 mm thick piece of Cr2+:ZnSe 

(sample 4). Another resonator waist was formed by employing a 50 mm radius of 
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curvature mirror (M4) to focus one of the resonator arms onto the intracavity SDL 

chip. 

 
Figure 6.3 Experimental arrangement for the passively Q-switched Cr2+:ZnSe laser comprising 
of a f1=70mm focusing lens, r=-50 mm radius of curvature mirrors (M1, M2 and M4), a pump 
retro-reflecting mirror MP, an output coupler M3, an intracavity 2.3 µm SDL and a birefringent 
filter (BRF). 

 
Figure 6.4 Resonator mode size for the Q-switched Cr2+:ZnSe laser showing a mode size of 
52 x 72 µm inside the crystal. 

Instead of a conventional saturable absorber, a semiconductor disk laser chip 

designed for 2.3 µm emission [6] was used as passive Q-switch. Using a fibre-

coupled (100 µm) diode laser emitting at 980 nm it is possible to bleach the 

absorbing quantum wells of the SDL which in turn allows switching between 

different modes of operation [7]. To match the emission of the chromium laser to the 

2.3 µm, a BRF was used to tune the resonator wavelength. 

6.2.2 Experimental discussion 

Without any pump light applied to the intracavity absorber, Q-switched operation 

was readily obtained. For an incident pump power of 3.1 W and an output coupler 



Chapter Six  Pulsed Cr2+:ZnSe Laser 

 151

reflectivity of 87 % the pulses were recorded using a fast photodetector. This 

revealed a repetition rate of 830 kHz and 90 ns pulse duration (Figure 6.3). 
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Figure 6.5 7 consecutive pulses from the passively Q-switched Cr2+:ZnSe laser using the 
2.3 µm SDL as variable saturable absorber. 

The average output power was measured using a laser power meter and was 

measured to be 535 mW, resulting in a pulse energy of 0.6 µJ. 

To determine the jitter of the output pulses, the relative position of 7 consecutive 

pulses was recorded and averaged 4000 times (see Figure 6.5). The resulting trace is 

showing a broadening of the consecutive pulses. This change in pulse width is not 

associated with broadening of the actual pulses but rather related to the temporal 

distribution of the pulse. The information can therefore be used to determine the jitter 

by subtracting the initial pulse width from the width of the averaged pulse. As the 

temporal displacement of a single pulse accumulates with every consecutive pulse, 

the widths of the peaks grow linearly from pulse to pulse (see inset of Figure 6.8). In 

this way, a pulse to pulse jitter of 113 ns was determined. In this context it was 

important to add a polarisation defining element into the SDL resonator. Otherwise 

the jitter increased strongly due to polarisation switching in the SDL resonator 

arising from optical feedback from the chromium laser. Figure 6.5 also shows that 

after the fourth peak, the trace does not reach zero anymore. This is an indication that 

the distribution functions of neighbouring pulses are blending into each other and the 

temporal position of the pulses is not fully distinguishable anymore.  



Chapter Six  Pulsed Cr2+:ZnSe Laser 

 152

0.00

0.01

0.01

0.02

0.02

0.03

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Time [µs]

In
te

n
s

it
y

 [
A

rb
. U

n
it

]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8
Peak number

W
id

th
 [

n
s]

`

565 ns

 

Figure 6.6 Output pulses recorded from the Q-Switched Cr2+:ZnSe laser averaged over 4000 
times pulses. The increased pulse width is indication for the jitter of the laser. Inset: Change of 
the half maximum width with number of peaks away from the triggered peak. 

For the power transfer, output couplers with reflectivities between 87 and 99 % were 

used. The maximum average output power was obtained using the R=87 % output 

coupler resulting in 535 mW average power for 1.9 W of absorbed pump power. The 

maximum slope efficiency was 31 %. This slope efficiency is smaller than for cw 

operation discussed in chapter 6 using the same sample; however, this is to be 

expected due to increased losses inside the resonator associated with the absorber. 
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Figure 6.7 Power transfer showing the relation between incident pump power and average 
output power, revealing a maximum average output power of 535 mW for 87 % output 
coupling. 
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From the average power and repetition rate the pulse energy was calculated. The 

output pulse energy over the absorbed pump power for various output couplers is 

depicted in (Figure 6.8). For output coupling with a mirror of 87 % reflectivity, the 

maximum pulse energy was found to be 507 nJ. 
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Figure 6.8 Power transfer characteristic of the Q-switched Cr2+:ZnSe laser revealing a 
maximum pulse energy of 500 nJ. 

As the saturable absorber requires a certain photon flux to saturate and become 

transmissive, i.e. allow the stored energy inside the crystal, to be emitted in form of a 

pulse, the pulse duration and repetition rate is directly depending on the ration of the 

absorbed pump power to the threshold pump power. For a given passively 

Q-switched system, the repetition rate and pulse duration therefore changes with 

pump power. For an output coupler with a reflectivity of 87 %, this relation can be 

seen in Figure 6.9 and its inset. 
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Figure 6.9 Change of the repetition rate of the Q-switched Cr2+:ZnSe laser with pump power. 
Inset: Change of the pulse duration with pump power. 
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This shows, that the repetition rate changes between 280-1050 kHz while the pulse 

duration drops from 122 to 91 ns. As a consequence, the case of passive Q-switching 

imposes restrictions on the output parameters that can be obtained from a laser. If a 

smaller repetition rate was required, while maintaining the pulse duration, no obvious 

solution is available without changing the saturation fluence, by either varying the 

spot size on the saturable absorber or redesigning the absorber itself. If, for example, 

pulse duration could be sacrificed, it would be possible to increase the threshold of 

the laser by increasing the spot sizes of the cavity mode inside the active medium or 

by changing the output coupling and reduce the repetition rate in this way.  

6.2.3 Switching between modes of operation 

The use of an SDL chip as absorber has no particular advantage for solely 

Q-switched lasers compared to the use of conventional absorbers; however, it does 

enable the use of an additionally pump source to bleach the chip and change the 

saturation fluence. As demonstrated in reference [7], this can be used to switch 

between different operational modes of the laser. While continuous-wave operation 

requires a highly bleached SDL to allow efficient oscillation without significant 

losses, Q-switching needs a significant modulation depth to hold back the oscillation 

and to allow the storage energy inside the crystal. Mode-locked operation requires a 

relatively small modulation depth that does not prevent cw-operation but just 

modulates the signal to encourage the longitudinal modes of the resonator to lock in 

phase. To achieve this, the absorption spectrum of the chip can be modified either by 

bleaching it using the pump laser or by changing the temperature of the chip, which 

will cause a wavelength shift of the absorption profile. If the point of operation is on 

a slope of the absorption profile, tuning can be achieved with small temperature 

changes. While the bleaching of the chip is achieved using a 980 nm fibre-coupled 

diode laser, the temperature shift can be achieved by either using a direct temperature 

control of the chip by, e.g. thermo-electric cooling/heating or by optical pumping.  

As reported in the previous section, the Cr2+:ZnSe laser exhibited Q-switched pulses 

when the intra-cavity chip is not pumped or heated. However, when applying a pump 

signal of 2.4 W to the SDL chip, the mode of operation changed to cw. This 

switching took 450 µs from the moment the diode laser driver was triggered to the 

moment when the Cr2+:ZnSe laser emitted cw radiation (see Figure 6.10). The 
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majority of this time, however, was attributed to the turn-on delay of the diode laser 

from the moment the driver was triggered. The optical to optical turn-on delay was 

therefore on the order of 50 µs, which is in good agreement with the results reported 

in reference [7]. 
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Figure 6.10 Output of the Cr2+:ZnSe laser recorded before and after switching the operational 
mode from cw to Q-switching, revealing a total delay of 450 µs and a 50 µs optical to optical 
time constant. 

Applying a Fourier transformation [8] to the data reveals the Q-switching operation 

for times <500 ns and cw operation of >500 ns (see Figure 6.11 and inset). The peaks 

in the main plot are the fundamental and harmonics of the Q-switched pulse in 

frequency space, separated by the repetition rate (f=825 kHz) of the Q-switched 

signal. The inset does not show any distinguishable frequency components as would 

be expected from a cw signal. 
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Figure 6.11 Fast Fourier analysis of the output signal of the Cr2+:ZnSe laser before and after 
(inset) applying pump light to the intra-cavity SDL. 
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To investigate the possibility of modelocking the Cr2+:ZnSe laser using the SDL as a 

saturable absorber the pump power on the intracavity SDL chip had to be increased 

compared to the Q-switched operation to reduce the modulation depth of the chip. 

Decreasing the power to 1.8 W resulted in the formation of a pulse train as visible in 

the inset of Figure 6.12. It should be noted, that the floor of the measured signal did 

not reach zero, which is associated with the speed of the photodetector which would 

not to fully resolve the individual pulses. 

When analysing the output power using an RF spectrum analyser (Agilent 86142B) a 

strong peak was observed at a repetition rate of 130 MHz which was the frequency 

expected from a resonator with a roundtrip length of 2.3 m. 
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Figure 6.12 RF spectrum of the pulses at a cavity repetition rate of 130 MHz with 7.7 ns pulse 
separation (inset). The pulses in the inset were resolution limited by the photo detector. 

To encourage the formation of ultra-short pulses, two ZnSe prisms were inserted into 

the resonator to introduce negative dispersion to balance the positive dispersion 

introduced by the optical components and encourage the formation of short pulses. 

As the pulse width of a mode-locked laser is directly related with its spectral width 

by the time bandwidth product, a real time spectrometer can be used to observe the 

pulse width. The spectrum should broaden significantly when the laser operates in 

pulsed regime rather than cw. However, as real time spectrometers for this 

wavelength are not readily available, an in-house build scanning Fabry-Perot 

interferometer (SFPI) was build. A SFPI is based on the effect known from etalons, 

where a spectral filter function is created when two surfaces with reflecting 
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properties for the wavelength band of interest are brought in close proximity and 

aligned parallel to each other. The result is that specific wavelengths are resonant 

with the microcavity. When resonant, the detected intensity of the wavelength after 

the SFPI is higher compared to the non-resonant wavelength. The result is a filter 

function as shown in Figure 6.13. 
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Figure 6.13 Transmission of an etalon formed by two reflective mirrors parallel to each other 
and in close proximity. The equation shows the dependence of the transmission on the 
reflectivity (R) of the mirrors, and the phase difference (δ).  

 

When one of the surfaces is vibrated, e.g. by a piezo-actuator modulated by a 

function generator, the filter function of the etalon can be changed, resulting in a 

sweep through a range of wavelengths. In this fashion, the output spectrum of a laser 

can be transformed from the frequency into the temporal domain and can be 

visualized on an oscilloscope. As the SFPI used for this work was not calibrated, a 

grating monochromator was used as reference. 

In cw operation, the spectrum was measured to be ~10 nm with prisms in place and 

with the SDL chip being pumped to transparency. For a transform limited 100 fs 

sech2 pulse, the bandwidth of the laser would need to be in excess of 65 nm 

(assuming a time bandwidth product 0.315). Adjusting the laser for mode-locked 

operation, however, did not increase the bandwidth, a clear indication that no short 

pulses were formed. 
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Investigating the laser in respect to bandwidth limiting properties revealed that the 

output bandwidth was limited by water absorption features around 2.4 µm (Figure 

6.14). 

 
Figure 6.14 Water absorption with an intensity of 1·10-22 cm-1/(mol·cm-2) lines between 2-
3 µm. (Data obtained from the HITRAN database through www.spectralcalc.com). 

Enclosing the resonator in an air tight box and purging it with nitrogen ensured 

elimination of these features; however, this was not enough to enable the formation 

of broad enough output spectrum. The bandwidth limiting effect of SDLs was 

observed elsewhere and is related to the micro cavity resonance of the SDL [9]. 

Antiresonant SDL structures could be envisaged to overcome this issue.  

6.3 Gain switching of Cr2+:ZnSe 

While the previously discussed Cr2+:ZnSe laser is very flexible in its mode of 

operation and can therefore be used for many applications, often the need for 

practical and specific laser sources is more important to satisfy the need for 

applications. In this section, a gain-switched, low-cost Cr2+:ZnSe laser is discussed 

using the pulsed-pumped 1.9 µm SDL as pump source and thereby replacing bulky 

and actively cooled conventional cw diode lasers.  

6.3.1 Experimental arrangement 

The experimental arrangement of the 1.9 µm SDL is the fibre-coupled 2-mirror 

arrangement discussed in chapter 4. This delivered a maximum on-time pump power 

of 12 W with a pulse duration of ~160 ns and a maximum repetition rate of 1 kHz to 

the Cr2+:ZnSe laser. 

The chromium laser consisted of a short hemispheric 2-mirror resonator in which the 

Cr2+:ZnSe crystal was placed directly in front of a high reflectivity plane mirror, with 
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the coating centred at 2.45 µm. The cavity was terminated by a curved output coupler 

with a curvature of 50 mm and a reflectivity of 92 %, placed 50 mm away from the 

plane mirror. 

 
Figure 6.15 Left: Experimental arrangement of the gain-switched Cr2+:ZnSe laser comprising 
of the 1.9 µm pulsed-pumped SDL pumped by the OSRAM SPL PL90_3 pulsed diode lasers. 
Right: Picture of the hemispheric Cr2+:ZnSe laser including a BRF. 

This configuration resulted in a fundamental resonator waist of 69 µm inside the 

crystal. To focus the pump radiation into the crystal, a 100 mm focal length lens was 

used which was empirically determined to be the best choice of the available lenses 

to optimise the output power. 

6.3.2 Experimental discussion 

In the previously described arrangement, the Cr2+:ZnSe crystal exhibited stable 

output pulses with pulse durations of 20 ns at a repetition rate of 10 kHz (dictated by 

the repetition rate of the pulsed-pumped SDL). 

 
Figure 6.16 Recorded pulse timing of the pulsed-pumped Cr2+:ZnSe laser showing the pulse of 
the 905 nm nanostack pulsed diode laser, the 1.9 µm SDL and the Cr2+:ZnSe laser. 
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The timing diagram of the pulsed diode laser, SDL and Cr2+:ZnSe laser reveals a 

significant delay of the pulse emitted from the chromium laser to the very end of the 

pump pulse (Figure 6.16). This delay was, however, intentional as it allowed the 

population inversion in the gain media to build up over the whole duration of the 

pump pulse and thereby maximize the stored energy. 

To achieve this, the build up time (tB) of the resonator was adjusted to match the 

pump pulse duration using equation 6.1 [10]. 
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Here, τc is the cavity decay time, r the times above threshold and ISS/I0 the ratio of 

final oscillation level to the initial noise level. This shows that an optimized 

resonator build-up time for a gain-switched laser is only valid for a given pump 

power. If the pump power was increased above this value, the pulse would turn on 

earlier and therefore caused the laser to work less efficiently. If this reduced -on time 

was significant enough, the laser would not only exhibit the first spike but multiples, 

before ultimately reaching the sinusoidal part of the relaxation oscillations as 

discussed in the introduction of this chapter. 
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Figure 6.17 Power transfer characteristic of the gain switched Cr2+:ZnSe laser with a 
maximum peak output power of ~10 W. Inset: Energy transfer the gain switched Cr2+:ZnSe 
laser.  

With the resonator build up being optimised for maximum pump power, the power 

transfer was recorded. For this, the peak intensity was recorded using a fast 
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photodiode (Thorlabs PDA10D-EC). This measurement was calibrated using the 

average output power of the Cr2+:ZnSe laser at maximum pump power measured 

using a Coherent Field Mate power meter in combination with a Coherent PM10 

thermopile head. The resulting power transfer using a 92 % output coupler can be 

seen in Figure 6.17 and shows a maximum peak power of 10 W. 

Compared to the power transfer curves of the Cr2+:ZnSe laser recorded in the 

previous chapter, the plot shows significant non-linear parts at the top and bottom of 

the curve. The top part is likely to be associated with transverse mode changes of the 

resonator. This was associated with a mode match of pump and resonator mode not 

being optimised for single-mode operation but for multi-mode operation to extract 

maximum power from the laser. The lower non-linear part of the power transfer 

curve is associated with a significant change of the pulse duration around threshold 

which for a given pump energy will reduce the peak power and thereby result in a 

distortion of the power transfer plot. If the energy transfer curve is plotted, this effect 

disappears (see insert Figure 6.17) and reveals a fairly constant slope efficiency of 

40 % and maximum pulse energy of 210 nJ. 

When investigating the output spectrum of the pulsed-pumped Cr2+:ZnSe laser, no 

chirp of the output pulses was observed, showing that the intrinsic chirp of the 

pulsed-pumped SDL was not imposed on the Cr2+:ZnSe laser. Instead, pulses were 

emitted stably with a free-running wavelength of 2.48 µm. It was also possible to 

tune the output wavelength of the laser using a BRF. For this, a 1.5 mm thick quartz 

BRF was used, allowing wavelength tuning between 2465-2573 nm (see Figure 

6.18). As this range was lower than expected, it was first assumed that the BRF was 

limiting the tuning range. As the limiting factor would be the free spectral range of 

the 2 mm thick quartz BRF, this was calculated using the equation 6.2 [11]. 
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    Equation 6.2 

Here, c is the speed of light, ne and n0 the ordinary and extraordinary refractive index 

of the BRF material and Le the length of the BRF. With a thickness of the quartz 

BRF of 2 mm and an extraordinary and ordinary refractive index of 1.5195 and 

1.5116 respectively [12], a free spectral range of 330 nm was obtained. It should be 
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noted that this equation assumes that the value of ne and no do not change 

significantly over the wavelength band of interest. The value of 330 nm is therefore 

an approximation of the actual value. The result, however, shows that the BRF does 

not limit the tuning range of the laser. 
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Figure 6.18 Tuning characteristic of the gain-switched Cr2+:ZnSe laser using a 1.5 mm thick 
BRF. Inset: Spectral tuning range of the laser using prism tuning.  

To investigate this further an intracavity ZnSe prism was used as alternative to the 

BRF (Figure 6.19). As previous experiments have shown, prism tuning should allow 

access to the full tuning range possible with the mirror set used. With the prism in 

place tuning of the laser between 2481-2521 nm (inset of Figure 6.18) was possible. 

Compared to the >300 nm cw tuning range obtained from the cw Cr2+:ZnSe laser, the 

results from the gain switched laser are again limited. The reason for this is so far not 

fully understood and would require further investigation of the system. 

 
Figure 6.19 Schematic for the tuneable gain-switched Cr2+:ZnSe laser using a prism as 
wavelength selective element. 
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6.3.3 Modelling 

To investigate the potential of the pulsed-pumped Cr2+:ZnSe laser, a numerical 

model based on coupled rate equations (equation 6.3 and 6.4) was used [13]. 
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 2    Equation 6.4 

Here, RP is the pumping rate; the second term represents the stimulated emission 

where N2 is the population of the upper laser level, Φ the number of photons inside 

the cavity, c the speed of light, σ the stimulated emission cross section and V the 

mode volume of the resonator. For the cavity rate equation 6.4 the first term 

represents the growth rate of the photon population in the cavity due to stimulated 

emission where Va is the volume of the mode in the active medium. The second term 

expresses the losses inside the resonator where τc is photon lifetime. 

The model was set up using the software MathCAD 14 and the solution for the 

equations found using a Runge-Kutta algorithm [14]. The material parameters used 

in these calculations are shown in Table 6.1 

Parameter Value Unit 

Emission cross section 1.3·10-22 M² 

Upper state lifetime 4·10-6 s 

Pump power 12 W 

Laser wavelength 2450 nm 

Pump laser wavelength 1900 nm 

Laser repetition rate 100 Hz 

Table 6.1 Material parameters for the coupled rate equations model of the gain-switched 
Cr2+:ZnSe laser obtained from reference [15]. 

To compare the modelled results with the experiments, the input parameters for the 

models were based on the experimental arrangement discussed in the previous 

section with the resonator length being set to 50 mm, the output coupler to a 

reflectivity of 96 %, a spot size of 90 µm radius and a pump pulse duration of 160 ns. 

It should be noted that any additional intracavity losses were neglected. The trace 

calculated by the model, can be seen in Figure 6.20. 
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Figure 6.20 Output pulse of the gain-switched Cr2+:ZnSe laser as modelled numerically using 
coupled rate equations. 

The comparison with the experimental results shows that while the general trend of 

the model is in agreement, the exact values of pulse duration, peak power and turn on 

delay differ. As the material parameters used for the model were obtained from the 

literature, this discrepancy is expected; however the model can still be used to obtain 

relative trends of the system performance and give indications of how to improve the 

laser. 

In the following, the input parameters of the resonator waist, output coupler 

reflectivity, cavity length and pump pulse duration were varied and the resulting 

output parameters plotted. For this, only a single parameter was changed at a time 

while leaving the rest constant. 

First, the response of the laser output to varying the resonator waist was investigated. 

As an example, the modelled peak output power and the pulse duration are shown in 

Figure 6.21. This shows that the pulse peak power is maximised at around 60 W for a 

resonator waist of 75 µm. Further reduction of the resonator waist does not increase 

the peak power which levels off, until the resonator waist reaches 65 µm. For values 

lower than this, no single pulses are obtained from the laser but double pulsing 

occurs. This is not desirable as it reduces the peak power and energy of the 

individual pulses. 
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Figure 6.21 Modelled change of peak pulse power and pulse duration over resonator waist 
radius of the Cr2+:ZnSe laser. 

While the pulse peak power maximises at 75 µm cavity waist, the pulse duration 

reaches a minimum of 8 ns at this point. This pulse duration increases near 

exponentially for larger resonator waists until the laser is below threshold for mode 

sizes >105 µm. 

When plotting the pulse energy and optical to optical efficiency as a function of the 

resonator mode radius, the resulting plot closely follows the shape of the peak power 

curve, with optimised values of 45 % efficiency and 800 nJ for a resonator waist of 

75 µm. The pulse turn on delay with respect to the beginning of the pump pulse 

follows the trend of the pulse duration and saturates at the same point. As a result, an 

optimum resonator waist for this set of parameters can be found from the model with 

the value being 75 µm. 

After investigating the influence of the resonator waist on the output parameters of 

the laser, the effect of the output coupler reflectivity was examined. The peak pulse 

power and pulse durations were plotted as a function of the output coupler 

reflectivity (see Figure 6.22). 
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Figure 6.22 Modelled change of peak pulse power and pulse duration over output coupler 
reflectivity of the Cr2+:ZnSe laser. 

Here it can be seen that an optimum solution for the peak power is obtained for an 

output coupler reflectivity of 97 % with the pulse duration being at its minimum of 

8 ns for a reflectivity of 98 %. Again, the lower end of the reflectivities is determined 

by the laser being below threshold. The optical to optical efficiency and the pulse 

energy curves again follow the pulse peak power while the turn on delay follows the 

pulse duration. For this set of parameters, an optimum output coupling can be found 

for ~97.5 % output coupler reflectivity. 

In the same fashion as with the resonator waist and output coupler reflectivity, an 

optimum pump pulse duration of 240 ns can be found for this parameter range, where 

the pulse peak power, energy and optical to optical efficiency are maximised. 

When considering the rearrangement of the resonator in respect to the length (see 

Figure 6.23), the model suggests that a shorter resonator is strongly beneficial to 

obtain the shortest pulses which would result in a maximum pulse peak power. This 

observation suggest, that a microchip implementation of a gain-switched Cr2+:ZnSe 

laser could potentially enable pulse durations as short as 1 ns. This, however, would 

require the shortening of the pump pulse, as otherwise, strong relaxation oscillation 

would be obtained due to the short build-up time of the resonator field. 
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Figure 6.23 Modelled change of peak pulse power and pulse duration over cavity length of the 
Cr2+:ZnSe laser. 

The shortening of the resonator length does not, however, increase the energy of the 

output pulses. If maximising the pulse energy of the system is desired the turn-on 

time of the resonator would need to be increased by, e.g. increasing the resonator 

length and/or pump spot size or by reducing the output coupler reflectivity. This 

would allow the storage of more energy from the pump pulses with extended 

durations and thereby increase the output energy of the output pulses. If parameters 

such as the output coupling, resonator length and pump/resonator mode size are 

restricted but larger turn-on times are still required, it is also possible to insert active 

or passive elements such as Q-switches or saturable absorbers into the resonator. 

This would allow to hold off of the oscillation build-up for the desired duration but at 

the same time maintain compactness of the system.  

6.4 Conclusion 

The pulsed operation of a Cr2+:ZnSe laser was demonstrated. Using an optically 

pumped SDL chip as variable intracavity absorber resulted in Q-switched operation 

of the chromium lasers with average output power of 535 mW, pulse duration of 

90 ns, pulse energy of 0.5 µJ and repetition rate of up to 1GHz. The pulse jitter of the 

system was found to be 113 ns. 

Pumping the intracavity SDL with 2.4 W allowed bleaching of the SDL chip and 

thereby switching the mode of operation of the chromium laser from Q-switching to 
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cw. The switching time between the two states was found to be 50 µs for the optical 

to optical change, and 450 µs taking into account the delay introduced by the diode 

driver unit.  

Rather than using the SDL as intracavity element, it was also possible to use the 

pulsed-pumped SDL introduced in chapter 4 to pump the Cr2+:ZnSe laser, resulting 

in gain-switched operation. From this laser pulses with a pulse energy and pulse 

duration of 210 nJ and 20 ns respectively were obtained in a cost effective and 

practical format. Inserting a BRF into the resonator allowed tuning of the output 

wavelength of the chromium laser from 2465-2573 nm. With a ZnSe prism inside the 

resonator, tuning from 2481-2521 nm was possible. 

Using a model based on the coupled rate equation allowed the further investigation 

of the resonator parameters and their influence. While not in total agreement with the 

experimental results, the model allowed to investigate relative changes of the laser 

properties for changing input parameters allowing to propose micro-chip 

arrangements of a gain-switched Cr2+:ZnSe laser that could produce significantly 

shorter pulses in the order of a few nanoseconds. 

For comparison, the results of the two types of pulsed operation used in this chapter, 

i.e. Q-switching and gain-switching, are shown in Table 6.2. 

 Q-Switched Gain-Switched 

Pulse energy [nJ] 0.50 0.21 
Peak power [W] 5.5 10 
Pulse duration [ns] 90 20 
Repetition rate [Hz] 1·106 1·103 
Average power [mW] 535 2 

Table 6.2 Comparison of the results obtained from the Q-switched and gain-switched 
Cr2+:ZnSe laser. 

It shows that the Q-switched operation is superior to the gain-switched mode of 

operation for these specific systems with higher repetition rates, and pulse energies. 

However, with shorter pulse durations and pulse energy and peak power in the same 

order of magnitude as the Q-switched arrangement, the gain switched system can be 

considered more appropriate for applications where more simplistic systems are 

required. The shortcomings with regards to pulse energy of this system can 

potentially be reduced by increasing the pump power using the extended 

pulsed-pumped SDL as demonstrated in chapter 4 or by using more individual 
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devices to power scale the pulsed-pumped SDL power and in turn, the power of the 

gain switched system.  
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Chapter Seven 

Conclusion and future work 

 

7.1 Continuous wave SDL-pumped chalcogenide laser 

The (AlGaIn)(AsSb)-based semiconductor disk laser has been demonstrated to be a 

novel pump source for Cr2+:chalcogenide lasers. With two chips optimised for 

emission at 1.9 and 2.0 µm, the quantum well structure allowed precise control of the 

peak emission wavelength which could be utilised to pump the Cr2+:ZnSe laser in 

either its absorption wing or closer to the absorption peak (1.78 µm). With a cw 

output power of up to ~6 W from the 2 µm SDL, the Cr2+:ZnSe delivered up to 

1.8 W of output power, showing that this pump source is able to provide multi-Watt 

level laser operation in the mid-IR. While similar and higher output powers have 

been reported from Cr2+:chalcogenide lasers using other pump sources [1], the SDL 

format has various advantages that make it a more favourable pump source for 

applications where high power is not important: The short carrier lifetime in a 

semiconductor makes the SDL insensitive to feedback. This eliminates the need for 

optical isolation, a requirement for the conventional pump sources discussed 

elsewhere [2-4] and for the Tm3+:YAlO3 laser discussed in this work. The external 

cavity of the SDLs also offers added flexibility (typical of bulk solid-state lasers) 

because intracavity elements can be added for, e.g., wavelength tuning and 

polarisation definition. 

For applications that require higher pump powers than the ones achieved in this 

work, multiple SDL chips within a single cavity can be used to distribute the 

pump-induced heating between multiple gain elements [5]. This approach was 

investigated in this work using two semiconductor chips, but more engineered 

solution such as the one demonstrated by Coherent Inc. at a wavelength of 1μm 

could also be envisaged at 2μm [5]. In this way, the output power of these systems 

could be scaled to tens of Watts of output powers, making the SDL a contender as 

pump source for high power embodiments of Cr2+:II-VI lasers. It should be noted, 
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however, that the use of multiple gain elements significantly increases the 

complexity of these systems. As an alternative, therefore, multiple pump and 

resonator spots on the same chip could be used. If this is to be equivalent to using 

multiple chips, the separation of the individual spots on the chip needs to be large 

enough to prevent thermal interaction between adjacent spots (see Figure 7.1). This 

approach would reduce the number of intracavity SDL chips, but each gain region 

would still require an individual pump source and focussing lenses. To simplify this 

further, the use of diode laser bars could be envisaged. Rather than pumping 

individual spots, a diode laser bar could be used to illuminate a stripe on the chip. 

The available pumped region could then be utilised using a resonator geometry that 

consists of multiple reflections on the chip (see Figure 7.2). 

 
Figure 7.1 Pumping scheme using multiple pump and resonator waists on the same chip 
without the pump induced heating interfering between individual spots. 

 
Figure 7.2 Pumping scheme using a diode laser bar and multiple resonator reflections along 
the pumped area. 

In this way, the output power of the SDL could potentially be significantly enhanced 

while still offering a compact format. 

Power scaling, however, is not the only areas where there is scope for future 

developments. In addition to the use of (AlGaIn)(AsSb)-based SDLs emitting around 

2 µm to pump chromium-chalcogenide lasers, advances in this field have led to 
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emission at 2.8 µm [6]. This wavelength is interesting for pumping iron-doped 

chalcogenides such as Fe2+:ZnSe [7]. The absorption peak is at 3.1 µm but the 

absorption coefficient does not reduce significantly at 2.8 µm [8]. However, 

Fe2+:ZnSe is not as developed as its chromium-doped counterparts and suffers from 

strong lifetime quenching. Continuous wave operation at room temperature is 

therefore difficult and typically strong cooling of the crystal is required, making the 

system significantly more complex [9]. To counteract some of the detrimental effects 

such as loss and crystal quality, intracavity pumped schemes could be envisaged 

[10]. A schematic of this approach can be seen in Figure 7.3. 

 

Figure 7.3 Schematic of an intracavity-pumped Fe2+:ZnSe laser using an SDL as pump source. 

For intracavity pumping arrangements, the Fe2+:ZnSe crystal would not be pumped 

at its absorption peak but in the wings of the absorption. Indeed, an absorption of 

<10 % per round trip would be required as otherwise the absorption (which the SDL 

would see as intracavity losses) would exceed the available gain of the SDL and, as a 

consequence, prevent oscillation of the SDL. The intracavity approach offers several 

advantages. It provides a very high power optical field which would favour the use of 

lightly-doped or short crystals. While the lightly-doped crystals would permit better 

thermal management, a shorter crystal would benefit from reduced intrinsic and 

parasitic losses. Intracavity-pumping would also provide a uniform longitudinal 

pump profile which would prevent strong local heating of the crystal as is typically 

encountered in end-pumped geometries. In addition, the requirement for lower 

absorption would enable the use of a wider range of pump wavelengths, which would 

be beneficial in the case of SDL pumping as the available power from the 

GaSb-based systems strongly decreases towards longer wavelengths around 3 µm. 

While the lack of available pump sources in the mid-IR make the SDL a valuable 

pump source for chromium-chalcogenide laser, SDL pumping could also be extended 

into other wavelength bands. While in the near infrared between 800-980 nm a 

variety of diode lasers are available, SDL pumping of rare-earth materials such as 
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ytterbium, neodymium and erbium could be advantageous if complex pumping 

geometries are required that would benefit from a high brightness pump source. This 

technology therefore offers the potential for a wide range of applications and offers 

the laser engineer more flexibility in designing application-focused laser systems. 

7.2 Pulsed SDL-pumped chalcogenide laser 

In the pulsed-pumped domain, the SDL format has shown interesting properties such 

as the intra-pulse wavelength shift associated with the heating of the device [11]. 

While this is not an advantage for pumping Cr2+:ZnSe lasers, it is of interest for 

spectroscopic applications. Here, the intrinsic chirp of the pulsed-pumped SDL could 

be used to scan a wavelength region, e.g. for the detection of a specific trace gas. 

Rather than analysing the signal in the spectral domain, the required information 

could be extracted in the temporal domain, which would only require a photodetector 

rather than an expensive spectrum analyser. This functionality could further be 

extended if one considers pulsed-pumping of OPOs. Using SDLs for pumping OPOs 

has already been demonstrated in cw operation [12]. Pulsed-pumping would 

potentially build on this by reducing overall power consumption for the same on-

time powers, but it would also translate and increase the chirp of the pulsed-pumped 

SDL, resulting in a larger scan within a single pulse. 

Pulsed-pumping also allows the scaling of on-time output powers to levels 

significantly higher than those obtained for cw operation. While this can not be 

utilised to scale the average output power of Cr2+:chalcogenide lasers, it enables 

low-cost embodiments of these devices in a compact format. The output energies of 

the gain-switched Cr2+:ZnSe system reported in chapter 6 are relatively low but 

could significantly be increased if the pulse duration and/or on-time power of the 

pulsed-pumped SDL would be increased. For this, multiple approaches could be 

investigated. In the same way as for cw operation, multiple chips within the same 

SDL resonator could be used and pumped using polarisation combined pulsed diode 

lasers to increase the output power of the laser. As no indication of strong thermal 

rollover was present in the experimental investigations in chapter 4, however, power 

scaling approaches in a single pump spot could be considered first. For this, multiple 

sets of polarisation combined pulsed diode lasers could focus onto the same spot, 

thereby potentially multiplying the on-time output power of these systems. 
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Ultimately, this approach will be limited by the complexity of the pulsed-diode laser 

arrangements or the thermal roll-over of the laser.  

To reduce complexity, one could use multiple pulsed diode lasers and arrange them 

in an array – each of them collimated in the fast axis individually and focused using a 

single lens (see Figure 7.4). In this way, the polarising beam cubes could be 

removed, resulting in a more compact pump arrangement. 

 

Figure 7.4 Pulsed diode laser array where each individual diode is collected and all are 
focused by a single lens onto the SDL chip. 

Multiple pulsed diode lasers pumping the same spot can potentially also be 

advantageous for extending the pulse duration from the SDL. This can be achieved 

by multiplexing the diodes so that the individual diode laser or diode laser arrays are 

turn on sequentially. For pumping of Cr2+:II-VI materials, the maximum pulse 

duration would be in the order of the fluorescence lifetime of the material (a few 

microseconds) as otherwise the population would not increase but fluorescence 

would deplete the upper laser level. It should also be noted, that the pulse duration of 

the SDL can not be increased indefinitely as thermal effects will eventually cause the 

system to roll over, limiting powers to those obtained for cw-pumped operation. 

While this limits the maximum pulse durations obtainable from pulsed-pumped 

SDLs, the maximum on-time power could be increased significantly as long as the 

pulse duration is limited to durations where no significant heat diffusion occurs. This 

would result in a mode of operation that is akin towards disk arrangements which 
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would allow the scaling of the output power by increasing pump and resonator spot 

sizes, which is not something that can typically be achieved with SDLs [13]. 

Another approach to higher powers would be the use of commercially available 

pulsed diode laser arrays such as the SPL AH90_3 available from OSRAM. These 

are 12 channel laser arrays with individual on-time output powers of up to 75 W with 

a total of 900 W on-time power. These could be used in as illustrated in fig. 7.2: a 

stripe of the SDL is pumped and multiple reflections of the resonator mode on the 

chip extract the available energy. 

With these short pulse, high-power pulsed-pumped SDLs one could also envisage 

gain-switched microchip embodiments of Cr2+:ZnSe. While the energy of the output 

pulses would be limited by the population that could build up during the resonator 

build-up time (if the build-up time is shorter than the laser level lifetime), high peak 

powers with short pulse durations in the order of a few nanoseconds could be 

achieved. 

Pulse-pumping could also be used in the context of Fe2+:ZnSe. While the cw 

operation of this material is more challenging than in Cr2+:ZnSe, pulsed-pumping 

would be advantageous as the short pulse would permit the extraction of the stored 

energy before spontaneous emission and non-radiative decay would deplete the 

upper laser level. This approach could also be combined with the intracavity 

pumping scheme proposed in the previous section and would allow significant 

advances towards useful laser sources based on Fe2+:ZnSe. 

Overall, the SDL has shown great promise as a pump source for mid-infrared 

solid-state lasers. With room for improvements of the systems and the extension into 

different wavelength bands, this technology can enhance the performance of new as 

well as established laser systems.  
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