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ABSTRACT 

Alexandrite (Cr3+:BeAl2O4) and Tm3+:YLF lasers are important, emerging solid-state 

lasers which generate coherent radiation in the near-infrared (700-820 nm) and mid-

infrared (1800-2100 nm and 2200-2400 nm) regions of the electromagnetic spectrum, 

respectively. Both lasers have potential applications in diverse fields including 

biomedical imaging, surgery, ranging and spectroscopy.  

The experimental studies presented in this thesis investigate both the continuous-wave 

diode pumping and pulsed operations of Alexandrite lasers near 760 nm and Tm3+:YLF 

lasers near 2300 nm. In both cases, low threshold continuous-wave diode-pumped 

operation was demonstrated. In the case of the Alexandrite laser, pulsed operation was 

achieved by using the method of self-Q-switching. Passive Q-switching was employed in 

the case of the Tm3+:YLF laser to generate pulses by using a Cr2+:ZnSe saturable 

absorber.  

The first part of the thesis focuses on the investigation of the temperature-dependent 

spectroscopic properties of the Alexandrite crystal and diode-pumped operation of the 

Alexandrite laser. First, the emission intensity and the fluorescence lifetime of 

Alexandrite were shown to decrease with increasing crystal temperature. Second, the 

diode-pumped laser performance was investigated in detail. In the laser experiments, the 

maximum output power of 48 mW was obtained with a slope efficiency of 36% at the 

input diode pump power of 170 mW. The laser slope efficiency decreased from 36% to 

12% as the temperature of the gain medium was increased from room temperature to 

200°C. Self Q-switching with pulse widths in the range of 5-15 µs and repetition rates in 

the range of 10-35 kHz was further observed by slightly changing the curved mirror 

separation of the cavity. 

In the second part of this thesis, the continuous-wave operation of a 2.3-µm Tm3+:YLF 

laser was investigated. First, the excitation spectrum of the Tm3+:YLF was measured by 

using a tunable, narrow-linewidth Ti3+:sapphire laser. Also, the average absorption cross-

section of the 1.5 at. % Tm3+:YLF was determined to be 0.77×10-20 cm2 by using power-
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dependent and position-dependent absorption saturation data. A single-mode 120-mW 

diode laser was then used for pumping the Tm3+:YLF laser cavity at 792 nm. In this 

configuration, low threshold lasing could be achieved with as low as 25 mW of input 

pump power by using a 1% output coupler. The maximum output power of 10.5 mW was 

obtained at 2305 nm with a slope efficiency of 11.4%. Second, by using a 250-mW diode 

laser, the threshold pump power and slope efficiency were measured as a function of 

effective output coupling. The minimum threshold pump power of 4 mW was measured 

at 0% output coupling. Power efficiency measurements showed that the highest slope 

efficiency of 10% was obtained around 0.7% output coupling and that the slope 

efficiencies beyond this output coupling decreased monotonically. The stimulated 

emission cross-section at 2305 nm was determined from the laser threshold data as 

0.55×10-20 cm2. 

The third part of this thesis focuses on the pulsed operation of the Tm3+:YLF laser at 

2.3 µm. To the best of our knowledge, passive Q-switching of a 2.3-µm Tm3+:YLF laser 

was demonstrated for the first time by using a Cr2+:ZnSe saturable absorber. The pulse 

durations and repetition frequencies of the passively Q-switched pulses were in the ranges 

of 1.2-1.4 µs and 0.3-2.1 kHz, respectively. By using the power-dependent repetition 

frequency data, the small-signal loss of the Cr2+:ZnSe saturable absorber was further 

determined. In addition to passive Q-switching of the 2.3-µm Tm3+:YLF laser, 

preliminary data on pulsing generated by using a semiconductor saturable absorber and a 

graphene saturable absorber are also presented. We foresee that both Alexandrite and 2.3-

µm Tm3+:YLF lasers operated in continuous-wave or pulsed regimes will find numerous 

scientific and technological applications.    
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ÖZET 

Alexandrite (Cr3+:BeAl2O4) ve Tm3+:YLF lazerleri elektromanyetik spektrumun 

yakın kızılaltı (700-820 nm) ve orta kızılaltı (1800-2100 nm ve 2200-2400 nm) 

bölgelerinde eş evreli ışıma yapan önemli, gelişen lazerlerdir. Her iki lazerin de 

biyomedikal görüntüleme, cerrahi, uzaklık tayini ve spektroskopi gibi çeşitli alanları 

içeren potansiyel uygulamaları vardır.  

Bu tezde sunulan deneysel çalışmalarda, 760 nm civarında çalışan Alexandrite ve 

2300 nm civarında çalışan Tm3+:YLF lazerlerinin hem sürekli dalga diyotla uyarımı hem 

de darbeli olarak çalışmaları incelenmiştir. Her iki durumda da düşük eşik değerli sürekli 

dalga diyot pompalı çalışma rejimi gösterilmiştir. Alexandrite lazerinin darbeli olarak 

çalıştırılması, kendiliğinden Q-anahtarlama yöntemi kullanılarak elde edilmiştir. 

Tm3+:YLF lazeri içinse, darbeler bir Cr2+:ZnSe doyabilen soğurucu kullanılarak pasif Q-

anahtarlama ile üretilmiştir.  

Tezin birinci kısmında, Alexandrite kristalinin sıcaklığa bağlı spektroskopik 

özellikleri ile Alexandrite lazerinin diyot pompalı olarak çalıştırılması incelenmiştir. 

Öncelikle, Alexantrite kristalinin ışıma şiddeti ve floresans yaşam süresinin artan kristal 

sıcaklığına bağlı olarak azaldığı gösterilmiştir. Daha sonra, diyot pompalı lazer 

performansı ayrıntılı olarak incelenmiştir. Lazer deneylerinde, 170 mW pompa giriş gücü 

ile en yüksek 48 mW lazer gücü %36 verimle elde edilmiştir. Kazanç ortamının sıcaklığı, 

oda sıcaklığından 200 °C’ye çıkarıldığında ise, lazer verimi %36’dan %12’ye düşmüştür. 

Rezonatör çukur aynalarının konumu hafifçe değiştirildiğinde ise, 5-15 µs aralığında 

darbe genişlikleri ve 10-35 kHz aralığında darbe tekrar frekanslarına sahip kendiliğinden 

Q-anahtarlamalı darbeler gözlemlenmiştir.  

Tezin ikinci kısmında, 2.3 µm Tm3+:YLF lazerinin sürekli dalga çalıştırılışı 

incelenmiştir. Öncelikle, dar dalgaboyu genişliğine sahip Ti3+:safir pompa lazeri 

kullanılarak Tm3+:YLF kristalinin uyarım spektrumu ölçülmüştür. Ayrıca, Tm3+:YLF 

kristalinin soğurma arakesiti, güce ve konuma bağlı soğurma doyumu verileri 

kullanılarak ortalama 0.77×10-20 cm2 olarak belirlenmiştir. Daha sonra 120mW güç veren 

tek kipli bir diyot lazer kullanılarak Tm3+:YLF lazer rezonatörü 792 nm’de uyarılmıştır. 
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Bu konfigürasyonda %1 geçirgenliğe sahip çıkış aynası ve en düşük 25 mW pompa giriş 

gücüyle düşük eşik değerli lazer ışıması elde edilmiştir. Bu durumda, 2305 nm 

dalgaboyunda en yüksek 10.5 mW çıkış lazer gücü ve %11.4 güç verimi elde edilmiştir. 

Daha sonra, 250 mW çıkış gücü sağlayan bir diyot lazer kullanılarak eşik pompa güçleri 

ve güç verimleri çıkış aynası geçirgenliğinin bir fonksiyonu olarak ölçülmüştür. En düşük 

eşik pompa gücü %0 geçirgenliğe sahip çıkış aynası kullanıldığında 4 mW olarak 

ölçülmüştür. Güç verimi ölçümlerine göre en yüksek verim yaklaşık %0.7 çıkış 

geçirgenliğinde %10 olarak belirlenmiş ve daha yüksek geçirgenliklerde de verimin 

monotonik olarak azaldığı gözlemlenmiştir. Ayrıca, lazer eşik gücü ölçümlerinden 2305 

nm dalgaboyundaki uyarılı ışıma arakesiti 0.55×10-20 cm2 olarak belirlenmiştir. 

Tezin üçüncü kısmında, Tm3+:YLF lazerinin, 2.3 µm dalgaboyunda darbeli olarak 

çalıştırılması üzerine odaklanılmıştır. Bildiğimiz kadarıyla, 2.3 µm Tm3+:YLF lazerinin 

Cr2+:ZnSe doyabilen soğurucu kullanılarak pasif Q-anahtarlamalı olarak çalıştırılması 

literatürde ilk kez gösterilmiştir. Pasif Q-anahtarlamalı darbelerin darbe süreleri ve darbe 

tekrar frekansları sırasıyla 1.2-1.4 µs ve 0.3-2.1 kHz aralıklarındadır. Güce bağlı darbe 

tekrar frekansı verisi kullanılarak Cr2+:ZnSe doyabilen soğurucunun küçük sinyal kaybı 

belirlenmiştir. Tm3+:YLF lazerinin pasif Q-anahtarlamalı çalıştırılmasına ek olarak, yarı 

iletken doyabilen soğurucu ve grafen doyabilen soğurucu kullanarak elde edilen ilk darbe 

verileri de sunulmuştur. Hem Alexandrite hem de 2.3 µm Tm3+:YLF lazerinin sürekli 

dalga veya darbeli çalıştırılmalarının pek çok bilimsel ve teknolojik uygulamada yer 

alacağını öngörüyoruz.  
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Chapter 1: Introduction 

 

1.1 Lasers: A brief overview 

In the last nearly six decades, following the first demonstration of lasing at optical 

frequencies, lasers have attracted a great deal of attention and found a diverse spectrum 

of applications in science and technology. The richness of these applications stems from 

the unique properties of lasers that are unequalled by any other conventional light source. 

Lasers produce monochromatic, coherent, spectrally bright and directional light waves 

and these properties distinguish them from other light sources. The unique properties of 

laser emission are directly related to how lasing is achieved. First and foremost, the laser 

is an oscillator and combines optical amplification with positive feedback provided by an 

optical resonator. For example, the directionality of the laser output results from the use 

of a one-dimensional resonator. As such, the boundary conditions imposed by the 

resonator architecture lead to the generation of an intense light beam directed along the 

optical axis of the resonator.  

The mechanism of optical amplification is based on stimulated emission which leads 

to the emission of photons with identical wavelength and phase. Stimulated emission was 

first predicted by Albert Einstein in his seminal paper published in 1917 [1], where he 

described a two-level atomic system and explained the elementary quantum processes of 

radiation: absorption, spontaneous emission and stimulated emission. In this model, a 

photon is absorbed only when its energy matches the difference between the upper and 

lower energy levels of the atomic system. The light emission is, however, either 

spontaneous in time or it happens when a resonant photon interacts with the excited 

atomic system to induce a downward transition. A downward transition of this kind 

results in the emission of photons with identical wavelength and phase. Also, the emitted 
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photons propagate in the same direction as the stimulating photons passing through the 

gain medium.  

The first device which uses the stimulated emission phenomenon was invented by 

Charles H. Townes, James P. Gordon, and H. J. Zeiger in 1953 [2]. They used a 

microwave cavity and ammonia molecules as the gain medium inside the cavity.  In 1960, 

Theodore Maiman invented the first laser oscillator operating at optical frequencies. This 

consisted of a flash-lamp pumped ruby crystal [3]. Upon increasing the pumping energy, 

sufficient population inversion was achieved and the emission at 694.3 nm wavelength 

was narrowed as an indication of stimulated emission. Following the first demonstration 

of the ruby laser, several different kinds of the lasers quickly emerged. Maiman’s first 

laser was followed by the gas laser [4], fiber lasers [5], semiconductor lasers [6] and 

liquid dye lasers [7] within a few years. In addition to these more conventional laser types, 

more exotic laser systems based on optical microcavities [8], biological substances such 

as human blood [9], and even living cells were demonstrated [10]. Each laser type has 

different properties which make it suitable for a particular application.  

  

 

Fig. 1.1 a) Array of retroreflectors deployed by the astronauts during Apollo 14 mission for the accurate 

measurement of the distance between the Moon and the Earth (Courtesy of Apollo Lunar Surface 

Journal, NASA) [11]. b) McDonald Laser Ranging Station at University of Texas, USA [12]. 

One of the first interesting applications employing the unique properties of lasers was 

the accurate measurement of the Moon’s distance from the Earth in 1962 [13]. Following 

these first experiments employing lasers, in 1971, an array of retroreflectors was deployed 

a) b)
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on the moon as part of the Apollo 14 Mission to enhance the accuracy (Fig. 1.1 a)). The 

earth to moon distance was measured with a Q-switched ruby laser directed to the 

retroreflector array on the moon coupled to a telescope in the McDonald Laser Ranging 

Station in Texas, USA (Fig 1.1 b)) [14]. Since then, lasers were used in numerous 

applications such as ranging [15], medical imaging [16], precision cutting [17] or welding 

[18], additive manufacturing [19], directed-energy weapons [20], and precision clocks 

[21]. The use of lasers also triggered other scientific breakthroughs. For instance, the first 

demonstration of the second harmonic generation [22] and the production of early 

holograms [23, 24] owe much to the invention of lasers and their unique properties. 

Moreover, numerous scientists received the Nobel Prize for their breakthrough 

achievements in the field of lasers: These include Townes, Basov and Prokhorov for their 

studies which led to the invention of lasers (1964); Gabor for the invention and 

development of holography (1971); Bloembergen and Schawlow for laser spectroscopy 

(1981); Chu, Cohen-Tannaudji, and Philips for optical trapping and cooling of atoms with 

laser light (1997); Zewail for femtosecond spectroscopy (1999); Hall and Hänsch for 

frequency comb technique (2005), and Betzig, Hell, and Moerner for super-resolved 

fluorescence microscopy (2014)  [25, 26].  

Also, ultrashort optical pulse generation is another important scientific field made 

possible by use of lasers. The generation of such pulses are particularly important for 

applications requiring ultrashort time resolution or high peak powers that can be obtained 

from ultrafast lasers. For example, the isomerization of the rhodopsin molecule in the 

retina was determined at the femtosecond timescale to explain the vision process [27].  

Although invented decades ago, the numerous application fields of lasers generated a 

never-ending interest in the field of developing novel laser sources. In this thesis, we 

developed diode-pumped Alexandrite and 2.3-µm Tm3+:YLF lasers and demonstrated 

their low threshold, continuous-wave and pulsed operations [28, 29]. In the following 

subsections of this chapter, we will give a brief introduction to the spectroscopic 

properties of transition metal and rare-earth doped solid-state lasers, provide literature 

https://www.nobelprize.org/nobel_prizes/physics/laureates/2005/hansch-facts.html
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review of Alexandrite and 2.3-µm Tm3+- doped lasers and finally state the original 

contributions of this thesis work.  

In Chapter 2, the experimental results obtained with a diode-pumped, low threshold 

Alexandrite laser will be provided. In Chapter 3, continuous-wave Tm3+:YLF laser results 

will be explained in addition to the excitation spectrum and saturation behavior of the 

Tm3+:YLF laser.  In Chapter 4, passively Q-switched operation of the 2.3 µm Tm3+:YLF 

laser will be described. In Chapter 5, preliminary experimental results obtained with a for 

graphene mode-locked Tm3+:YLF laser at 2.3 µm will be presented. The conclusions of 

the thesis will be provided in Chapter 6. 

1.2 Spectroscopic properties of transition metal and rare-earth doped solid-state 

lasers 

Solid-state laser gain media are crystalline, ceramic or glass hosts doped with laser-

active ions. Solid-state hosts are better host materials for the laser-active ions because 

they do not quickly degrade compared to the gas and liquid gain media. When doped with 

a few atomic percent of a laser-active ion, they can potentially work as robust gain media 

for a long period without any chemical degradation. Both the crystallography of the laser 

host material, and the spectroscopy of the appropriate laser-active ion are important areas 

of study. This part aims at summarizing the fundamental aspects of the laser active ions 

Tm3+ and Cr3+ since they are directly related to the current thesis work. In particular, these 

two ions appear inside the Tm3+:YLF and Alexandrite (Cr3+:BeAl2O4) crystals which 

were employed as gain media in the experiments.  

In the previous section, we mentioned that radiative emission takes place in downward 

transitions from the energy levels of an atomic system. The electronic configurations of 

the elements or ions can be determined by using quantum mechanical tools. In particular, 

Hund’s rules can be used to determine the ground-state spectroscopic designation. 

Selection rules are further employed to determine which transitions are allowed.  

We next discuss how the ground-state configuration of the Tm3+ ion is determined. 

Trivalent rare-earths have 4fn electronic configuration. Their electron configurations are 
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expressed as RE3+:[Xe] 4fn. Here, [Xe] stands for the electron configuration of the inert 

xenon atom: 

[Xe]: 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 3d10 5s2 5p6. 

Primarily, 4fn orbital is electrostatically shielded by 5s2 and 5p6 shells of the xenon 

atom. This shielding reduces the effect of even the nearest neighbors in the crystal field, 

and energy level positions are not greatly influenced by the host. Hence, the emission 

lines do not vary significantly from host to host. 

  Since a major part of this thesis was dedicated to Tm3+:YLF lasers, the determination 

of the ground state of the Tm3+ ion is shown below as an example. The energy levels were 

named by the standard atomic term designation, (2S+1)LJ. Here, S is the spin quantum 

number, L is the total orbital angular momentum number, and J is the total angular 

momentum number ((L+S) or (L-S) for the shell which is more than half full or less than 

half full, respectively). L can take integer values of 0, 1, 2, 3, 4, 5, 6 and represented by 

the term symbols S, P, D, F, G, H, and I. As an example, Tm3+ ion consists of 66 electrons 

and it has the following electron configuration: Tm3+(66): [Xe]4f12. In the last shell, there 

are 12 electrons. F orbitals have orbital quantum numbers l = 0, 1, 2, 3 and hence magnetic 

quantum numbers, ml = +3, +2, +1, 0, -1, -2, -3. We fill in the electrons according to the 

Aufbau principle, which states that the electrons should be placed in atomic orbitals 

giving the lowest energy configuration as shown below: 

ml +3 +2 +1 0 -1 -2 -3 

        

        

There are two unpaired electrons, S = 2×½ = 1. The resultant total orbital quantum 

number is the sum of ml values: L = (2×3) + (2×2) + (2×1) + (2×-1) + (-2) + (-3) = 5. 

This corresponds to the H-state. The highest value of J is the sum of Land S, J = 

L+S=5+1=6. The ground state atomic term designation of Tm3+ is therefore 3H6.  
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Fig. 1.2 Energy level diagram of Tm3+ ions involving 2.3 µm and 2 µm laser transitions. 

The energy level diagram of the Tm3+ ion involving 2.3-µm and 2-µm laser transitions 

is given in Fig.1.2. For both laser wavelengths, 800 nm pumping can be utilized for 

transition to the upper 3H4 level. The 2.3-µm laser transition of Tm3+ ion takes place 

directly between 3H4 and 3H5 levels. However, for 2-µm emission, a nonradiative 

depopulation to 3F4 level is followed by 3F4 
3H6 transition. Another mechanism 

important for both wavelengths is cross relaxation. In cross-relaxation, an excited Tm3+ 

ion makes a nonradiative transition by exciting another nearby ion to the 3F4 level, 

resulting in two ions at the same level. The cross-relaxation mechanism is a concentration 

dependent phenomenon which allows the non-radiative transfer of energy from one ion 

to another and hence generates two laser photons for each pump photon. Although cross 

relaxation ideally doubles the quantum efficiency of the 2-µm emission, it nonradiatively 

depletes the 3H4 laser level of the 2.3-µm transition. For this reason, for 2.3-µm-thulium 

lasers, the concentration of Tm3+ ions is kept below 2% [30]. The second important 

physical phenomenon for the 2.3-µm transition of the Tm3+ ion is the role of phonon 

interaction. The host material should have low multiphonon relaxation rates, which then 

leads to longer upper-state lifetimes. Fluoride hosts are suitable because of their low 

phonon energies (YLF crystal = 560 cm-1 [31]). Hence, a 1.5 at. % doped Tm3+:YLF 

crystal was used in the 2.3-µm laser experiments.   
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Another group of laser active ions in the Periodic Table includes transition metal ions 

such as, Co2+, Fe2+, Cr3+, Ti3+, and others. The 3d orbitals are larger in size compared to 

the 4f electrons. Hence, they are prone to the effects of the crystal field of the host, unlike 

4f ions which have a shielding by the larger 5s2 and 5p6 orbitals. For this reason, they are 

affected by the crystal field, resulting in different spectroscopic properties depending on 

the host material used. For example, Cr3+ have 3d5 electron configuration. d orbitals are 

five-fold degenerate when there is no external field applied. However, in an octahedral 

field, for example, where active ions are at the center of a cube of identical neighboring 

ions, 5d orbitals are split into one triply- degenerate and one doubly-degenerate orbital. 

Consequently, there are two kinds of transitions: the first kind involving the change of 

the spin in the same energy level (spin-flip) and the other resulting from band transition. 

 

               

Fig. 1.3 Energy levels of Alexandrite. 

The energy level diagram of the Cr3+ ions in the Alexandrite crystal is given in Fig 

1.3. Alexandrite has two broad absorption bands in blue (410nm, 4A2
4T2 transition) and 

green (590nm, 4A2
4T1 transition) [32, 33]. In addition to these, there are also two 

narrow absorption peaks, one at 680.4 nm and the other at 678.5 nm namely, R1 and R2 

transition lines. The lifetime of the 2E state is too long (1.54 ms) compared to the lifetime 

of the 4T2 (6.6 µs) and, therefore, it behaves as an energy storage for the 4T2 level. The 
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4T2 and 2E level are separated only 800 cm-1 (a few kT at room temperature, where k is 

Boltzmann’s constant and T is about 300 K) and thus, for most of the cases 4T2 level is 

also populated by phonon interactions. Although the ruby laser has a similar energy level 

diagram with the same (Cr3+) active ion, due to the difference in the host materials the 

level difference between 4T2 and 2E is 2300 cm-1 and therefore it is not tunable as 

Alexandrite. This difference demonstrates to what extent the host material affects the 

emission properties of transition metal ions. 

1.3 Previous studies conducted with Alexandrite lasers and 2.3-µm Tm3+-doped 

lasers  

1.3.1 Alexandrite lasers 

Alexandrite (chromium-doped chrysoberyl, Cr3+:BeAl2O4) is one of the earliest solid-

state lasers invented in early 1970’s [34, 35]. It was the first tunable solid-state laser [35], 

and also the first directly diode-pumped tunable solid-state laser at room temperature 

[36]. It was the third Cr3+-doped laser crystal after ruby [3] and Cr3+:YAG [37]. 

Alexandrite has many superior properties as a laser crystal, and therefore is still used in 

many modern laser architectures. The main assets of Alexandrite laser are mainly based 

on its broad tunability and superior thermal and mechanical properties. Alexandrite is 

five times more durable to fracture and has two times greater thermal conductivity when 

compared to Nd3+:YAG which is one of the most widely used laser crystals in industrial 

lasers [38]. In addition to industry, Nd3+:YAG lasers were used in space and military for 

a long time, where the special standards limit the variety of the lasers that can be used 

[39]. The superior physical properties make Alexandrite an alternative gain media for 

space-borne differential absorption lidar (DIAL) applications where tunability and tuning 

range is particularly important [40]. Although Nd3+:YAG lasers have long heritage in 

space applications, it has only a single, narrow laser line at 1064 nm. Higher harmonics 

(532 nm, 355nm and, 266 nm) with optical parametric methods can be produced at 

discrete wavelengths which evidently increases the cost and complexity of the laser 

system. Alexandrite, however, is broadly tunable in addition to its excellent thermal and 
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mechanical properties, allowing to operate the laser even in Antarctic polar conditions 

[41]. It also allows maintenance-free temperature tuning of the laser wavelength.  

For further investigation, we can compare Alexandrite laser with Ti3+:sapphire, both 

of which are broadly tunable solid-state lasers. Alexandrite has higher 
fe  (emission 

cross section × fluorescence lifetime of the laser level) values than Ti3+:sapphire,  product 

of which is inversely proportional to the achievable threshold pump power. Therefore, 

higher 
fe  product of Alexandrite, in principle, allows operation with lower threshold 

pump powers [42]. Moreover, having strong absorption lines in the red region allows 

pumping with well-developed red diode lasers (AlGaInP operating in the 630 nm-680 nm 

range) in low-cost and efficient pumping geometries. For the 760-nm laser wavelength, 

red diode pumping allows operation with higher quantum efficiency.  In the case of 

Ti3+:sapphire laser however, the gain medium does not have an absorption line in the red 

region and to date, it has been generally pumped with more costly green lasers [43]. 

The first Alexandrite lasers were pumped with flash-lamp [44-48] and arc-lamp [49, 

50], and  operated at 760 nm with moderate energy levels. Diode lasers were later used 

for pumping Alexandrite, after the emergence of diode lasers emitting in the red [36, 51-

55]. Also, by using a single emitter providing 170 mW of output power, low threshold 

operation of the Alexandrite laser was demonstrated [29]. The maximum output power 

of 26 W was obtained by pumping Alexandrite lasers with high-power laser diodes [56].  

Recently, high power LEDs (light emitting diodes) were also used to pump Alexandrite 

lasers generating 3-mJ energy at 748 nm [57]. A wavelength tunable diode-pumped 

Alexandrite laser was passively Q-switched by utilizing a SESAM and produced 550-ns 

pulses [58]. Pulsed operation of Alexandrite in the femtosecond regime was realized in 

regenerative amplifiers [59]. Kerr-lens mode-locked Alexandrite laser with 170-fs pulses 

was also demonstrated by using a  7-W green pump laser [60]. 

1.3.2 2.3-µm Tm3+-doped lasers  

Laser emission of Tm3+-doped media has been demonstrated at various wavelengths. 

The laser emission at 2.3 µm based on the 3H4
3H5 transition [61], from 1.8 µm to 2.1 
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µm based on the 3F4 
3H6 transition [62], and in the near-infrared (NIR) region at 0.8 

µm based on the 3H4
3H6 transition (cryogenic temperatures) [63] was demonstrated, 

among others. The laser sources based on Tm3+-doped gain media have been used in 

medicine, remote sensing, and as pump sources for reaching longer/shorter wavelengths 

by high harmonic generation and for optical data storage. Particularly, 2.2-2.4-µm 

wavelength range laser sources have many practical uses in remote sensing, medicine and 

photonics. Many of the atmospheric pollutants such as CO, HF, H2CO and CH4 have 

strong absorption in this range [64-66]. Especially, 2.3-µm wavelength is the first water 

absorption free window for CO detection [67] and lasers operating in this range can be 

used for  noninvasive blood glucose measurements [68, 69]. Another important use of 

mid-IR lasers is in pumping optical parametric oscillators (OPOs) to reach higher 

wavelengths. For example, many OPOs consisting of ZGP crystals are pumped with 

Tm3+:Ho3+ co-doped [70] or Tm3+-pumped Holmium lasers [71]. Using the 2.3-µm laser 

line of the Tm3+-doped gain media instead, will be more advantageous for two reasons. 

First, the ZGP crystal has smaller absorption coefficient at 2.3 µm and absorption-

induced heating effects will be minimized. Second, 2.3-µm laser radiation can be readily 

generated by using low-cost diode lasers around 800 nm, as discussed in Chapter 3.    

2.3-µm laser emission based on Tm3+-doped gain media was first demonstrated in 

early 1970’s following the predictions based on the Judd-Ofelt theory. The first examples 

of these lasers utilized Cr3+ co-doped oxides with flash-lamp pumping. Later, the 

continuous-wave operation of the laser was demonstrated by Pinto et al. between 2.2 µm 

to 2.46 µm using Tm3+:YLF gain medium [61]. Other than bulk crystals, 2.3 µm-laser 

emission of Tm3+-ion was further shown in fibers in both continuous-wave (cw) and gain-

switched operation regimes. The optimum concentration of the Tm3+-doped gain media 

was further determined as 1.5 at. %, based on the spectroscopic experiments carried out 

to reduce the unwanted nonradiative decay processes [30]. Furthermore, the high-power 

cw operation of Yb3+:Tm3+:YLF laser was reported by using 685-nm and 960-nm pump 

diodes [72]. Recently, pulsed operations of the 2.3-µm Tm3+:YLF laser were also 

reported in passive Q switching  regime with a Cr2+:ZnSe saturable absorber [28], passive 
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mode locking regime with a semiconductor saturable absorber mirror (SESAM) [73], and 

Kerr-lens mode-locking regime [74]. 

1.4 Contributions of the thesis work 

The contributions of this thesis on Alexandrite lasers mainly focus on low-threshold 

and efficient diode-pumping schemes [29]. The described geometry allowed the 

operation of the Alexandrite laser with as low as 13 mW of pump power. We 

demonstrated 36% power slope efficiency and generated a maximum output power of 48 

mW with 0.5% output coupler, by using a single-mode diode laser providing up to 170 

mW at 635 nm. The laser was tunable from 736 nm to 795 nm at room temperature.  

Furthermore, the laser was tuned from 776 nm to 823 nm by increasing the crystal 

temperature to 200 ºC. The temperature dependent laser performance results indicated 

that slope efficiency and output power decreased with increasing temperature. Roundtrip 

cavity losses were estimated to be 0.25 %. Self Q-switched operation was obtained with 

slight misalignment of the laser resonator. In this regime, pulse durations were between 

5 and 15 µs and pulse repetition frequencies were in the 10-35 kHz range. Furthermore, 

spectroscopic properties at elevated temperatures up to 300 ºC were measured. The 

lifetime of the of the Alexandrite crystal decreased with increasing temperature. As a 

result, we provided important and useful experimental data that summarize the low-

threshold diode-pumped performance of the laser, as well as temperature-dependent 

characteristics of the emission spectrum and laser power efficiency.  

The parts of this thesis involving the 2.3-µm Tm3+:YLF laser consist of continuous-

wave and Q-switched laser results. In the continuous-wave study, we determined the best 

pumping band near 800 nm by measuring the excitation spectrum. By analyzing the 

absorption saturation data, the absorption cross section was experimentally determined 

and was found to be close to the literature values In addition to the Ti3+:sapphire-pumped 

experimental continuous-wave laser results, two different diode lasers were also used to 

pump the Tm3+:YLF crystal. 2.3-µm laser emission from Tm3+:YLF was obtained with a 

single-emitter providing 120 mW of output power. The laser threshold pump power was 
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25 mW when a 1% output coupler was used. 10.5 mW of output power at 2305 nm was 

obtained with 11.4% slope efficiency     

The pulsed operation of the 2.3-µm Tm3+:YLF laser was also investigated. The first 

pulsed laser results from a 2.3-µm Tm3+-doped gain medium was demonstrated [28]. 

Passive Q-switching behavior was obtained by using a Cr2+:ZnSe saturable absorber in 

the laser cavity.  The repetition rate and the pulse duration of the Q-switched pulses were 

in the range 1.2 µs-1.4 µs and 0.3-2.1 kHz range, respectively.  

In addition to passive Q-switching results, preliminary results of mode locking based 

on graphene saturable absorber was also demonstrated. In this part, a mode-locked 

spectrum with a FWHM (full width at half maximum) bandwidth of 1.9 nm (indicating 

picosecond-long pulses when a sech2 pulse profile is assumed) was obtained. The radio-

frequency (RF) peak had a contrast of more than 57 dB with respect to the noise floor at 

the fundamental frequency of the mode-locked pulse train (103.9 MHz). By careful 

dispersion compensation, we expect that it should be possible to obtain significantly 

shorter femtosecond pulses from the 2.3-µm Tm3+:YLF laser based on graphene mode 

locking.   
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Chapter 2 

Diode-pumped and low-threshold Alexandrite laser 

 

In this chapter, we will describe the experimental results of continuous-wave and self-

Q-switched operation of a diode-pumped, low-threshold, and continuous-wave 

Alexandrite laser. Temperature-dependent lifetime data of two different Alexandrite 

crystals will be presented. Also, the measured emission spectra of the Alexandrite crystal 

used in laser experiments were examined for crystal temperatures up to 300 °C. In the 

laser experiments, the continuous-wave laser power efficiencies, threshold pump powers, 

tuning ranges will be reported. Furthermore, the temperature dependent laser 

performance will be explained using the measured laser slope efficiencies and 

wavelength tuning for elevated temperatures up to 200 °C. Lastly, we will describe the 

experimental results of self-Q-switching in Alexandrite laser. 

2.1 Experimental setup  

In our experiments involving the temperature-dependent spectroscopy of Alexandrite, 

we used two different Brewster/Brewster cut crystals. The crystals were doped with 0.13 

at. % Cr3+ and 0.2 at. % Cr3+ ions and having length×width×thickness dimensions of 8 

mm×5 mm×3 mm and 8 mm×5 mm×3 mm, respectively. Both crystals were Brewster-

cut for minimizing the Fresnel loss and polished in E//b orientation to achieve maximum 

absorption of the pump wavelength. The crystals were mounted on a copper crystal holder 

and surrounded with gold foil to facilitate heat conduction. The temperature of the 

crystals was determined by adjusting the temperature of the crystal holder in the 25 - 300 

C range. 

Frequency-doubled output of a commercial Nd3+:YVO4 laser at 532 nm with  full-

width-half-maximum pulse widths of around 70 ns and a repetition frequency of 250 Hz 

was used in emission spectrum and lifetime measurements. The measurements were 
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carried out with pulse energies of about 1 J. For both measurements, the pump beam 

was focused nearly at the center of the crystal with a beam waist of nearly 25 µm using a 

convex lens with a focal length of 6 cm. The emission signal was collected with a MgF2 

focusing lens (f=8 cm). A commercial CCD spectrometer with a resolution of 1.5 nm and 

a spectral responsivity in the region between 200 nm and 1100 nm was used for the 

emission spectrum measurements (USB2000, Ocean Optics, Inc.). For the lifetime 

measurements, a 1-GHz silicon photodetector detector and a 500-MHz digital sampling 

oscilloscope were used. The emission spectrum and the fluorescence lifetime were 

measured for the temperatures ranging from 25 °C to 300 °C. We note here that the 

calculated temperature difference between the copper edge and the center of the crystal 

is at most 2-3 °C due to the relatively high thermal conductivity of the laser crystal. 

Hence, we assume that the measured temperature of the crystal holder is nearly the same 

as the temperature of the laser crystal at the position of the beam.       

Figure 2.1 shows the experimental setup of the diode-pumped, continuous-wave (cw) 

Alexandrite laser. A single-mode, 635-nm laser diode (AlGaInP) was used as the pump 

source. The temperature of the single-mode diode (SMD) was kept at 20 °C with a 

thermoelectric cooler. The laser diode had a maximum output power of 170 mW at the 

driving current of 300 mA. The output of the laser diode was collimated by a plano-

concave lens with a focal length of 4.5 mm. An anti-reflection (AR) coated 2× 

anamorphic prism pair was used to obtain a circular beam from the elliptical output of 

the SMD. The output of the SMD was then focused inside the Alexandrite crystal using 

an AR- coated focusing lens (L2, f2=60 mm). An astigmatically compensated, 4-mirror 

x-cavity was built by using two curved high reflectors (CM1 and CM2, each with a radius 

of curvature of 75 mm), a flat high reflector (HR), and an output coupler mirror. The 

coating of the cavity high reflectors was designed to reflect more than 99.9 % from 750 

nm to 850 nm. The pump mirror (CM1) was AR-coated for minimizing the reflection 

losses to transmit more than 95% of the bump beam around 650 nm. The laser cavity had 

a 55-cm HR arm and 30-cm OC arm, which supports an estimated laser beam waist of 

around 25 m near the center of the Alexandrite crystal. By using the described laser 
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cavity, the continuous-wave laser power performance for different crystal temperatures 

and output couplers with different transmissions was investigated. For continuous-wave 

laser tuning experiments, a quartz birefringent tuning plate was used in the HR arm.  

 

Fig. 2.1 Schematic of the cw Alexandrite laser pumped with a single-mode diode laser. SMD: Single-

mode diode, BR plate: Birefringent plate for laser wavelength tuning, OC: Output coupler. 

2.2 Temperature-dependent emission and lifetime spectroscopy of Alexandrite 

The energy level diagram of the Alexandrite crystal (Fig. 1.3) was described earlier 

in Section 1.2. Regarding the energy level diagram, we stated before that 2E acts as a 

storage level for the 4T2 level and the 4T2 level is partially populated due to the small 

energy difference between these levels. Also, the four-level laser operation of the 

Alexandrite laser is due to the transition from the 4T2 level to the 4A2 level. Therefore, the 

temperature dependence of the emission spectrum and fluorescence decay time for the 

4T2 and 
2E levels were investigated to provide a deeper insight into the laser parameters 

at elevated temperatures.  

Figure 2.2 shows the measured fluorescence lifetime variation as a function of the 

crystal temperature in the 25 °C - 300 °C range.  For these measurements, Alexandrite 

crystals with Cr3+ doping levels of 0.13 % and 0.2 % were used. The measured lifetimes 

at all temperatures were in good agreement with different crystal samples, indicating that 

the dynamics of fluorescence does not change considerably for the 0.13 % and 0.2 % Cr3+ 
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concentration levels. The previous studies also reported that Alexandrite does not have 

the concentration quenching effect [75]. At 25 °C crystal temperature, fluorescence 

lifetimes of the Alexandrite crystals were measured as 262 µs and 268 µs for the 0.13% 

and 0.2% Cr3+-doped samples, respectively. The experimental error of this measurement 

was on the order of ±5 µs. Therefore, they can be considered as the same. Also, the 

lifetime measurement is in good agreement with the previously reported results (262 µs 

in [76]).  

 

Fig. 2.2 Measured variation of the fluorescence lifetime as a function of the crystal temperature for the 

Alexandrite crystals doped with 0.13 % and 0.2 % Cr3+-concentration. 

As the temperature increases, the measured lifetime decreases monotonically and 

reaches a value of 55 µs at 300 °C for both samples. A similar decrease in the lifetime 

was reported in the literature for this temperature range [76].  

The temperature dependence of the fluorescence lifetime ( )(TF ) could be modeled 

by using the Mott equation for the transition metal ion-doped laser materials [77, 78]:  
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Here, 1

Rτ
  is the spontaneous radiative decay rate,   1

NRτ


T  is the temperature-dependent 

non-radiative decay rate, 1

0NRτ
  is the high-temperature limit of the non-radiative decay 

rate, ΔE  is the activation energy, k is the Boltzmann’s constant and T is the absolute 

temperature, in Kelvin. As can be seen from this equation, the fluorescence lifetime 

decreases with increasing temperature due to the increase in the rate of phonon 

interactions. The solid lines in Fig. 2.2 shows the least-squares fit to the lifetime data. 

Here, the low-temperature value of the fluorescence lifetime of the Alexandrite (R=1540 

s) was used, asreported before in the literature [76]. The best-fit values for 0NRτ  and ΔE  

were determined to be 9.51 s and 717 cm-1, and 9.55 s and 722 cm-1, for the 0.13 % 

and 0.20 % chromium-doped Alexandrite crystals, respectively. These values are in good 

agreement with the values of 0NRτ  and ΔE   (6.6 s and 800 cm-1 [76]) reported in the 

previous studies.  We note here that, for the temperatures up to around 70 K (-200 °C), 

the fluorescence lifetime of the 4T2 level was reported to be increasing with temperature 

[76]. This is due to a thermal excitation of ions in the 2E level which is actually a doublet, 

and the upper lying  level has a longer lifetime [76]. The 4T2 laser level, has a lifetime of 

around 10 µs, and therefore the transition to this level reduces the overall fluorescence 

lifetime. At elevated temperatures, the excited ions in the reservoir level (2E) are 

transferred to the 4T2 laser level, due to the interaction of these levels through phonons. 

As a result, at elevated temperatures, the phonon interactions increase and hence reduces 

the effective fluorescence lifetime of the system. Besides, this interaction enhances the 

effective stimulated emission cross section of the 4T2 level [79]. Therefore, despite the 

observed decrease in the fluorescence lifetime, using a pulsed pump source with pulse 

durations shorter than the fluorescence lifetime, the laser efficiency was shown to 

improve by increasing the crystal temperature. This way, the increase observed in 

stimulated emission cross section enhances the overall laser efficiency [80].  
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Fig. 2.3 Measured emission spectra of the Alexandrite crystal between 25°C and 300°C. 

 The measured wavelength-dependent emission spectra of the Alexandrite crystal 

around 700 nm are shown in Fig. 2.3 as a function of temperature between 25 °C to 300 

°C. We first note that the strength of the fluorescence spectrum (the number of photons 

emitted at each wavelength) decreases with increasing crystal temperature. This is mainly 

due to the reduction in the fluorescence lifetime at increased temperatures as a result of 

increased non-radiative decay. The decrease in the fluorescence lifetime is stronger than 

the increase in the effective emission cross section. Therefore, the overall emission 

strength is reduced at elevated temperatures. Also, the peak of the emission wavelength 

for the 4-level-laser transition (4T2  4A2) shifts from around 700 nm at 25 C to around 

725 nm at 300 C. A much smaller shift was also observed in the peak emission 

wavelength of the R-lines (emission resulting from the transition from the 2E (R1/2) level 

to the ground state) [81, 82]. Furthermore, the emission strength of the R-lines decreases 

with increasing temperature.  For example, the sharp-line structures around 680 nm 

vanish at elevated temperatures of 275 °C and 300 °C. Due to the enhanced phonon 

dynamics, at these temperatures, the effective emission cross section of the 4T2 transition 

is much higher than the 2E level. 
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2.3 Continuous-wave lasing results 

In this part, we discuss the continuous-wave, single-mode diode-pumped Alexandrite 

laser results. Fig. 2.4 shows the measured output power as a function of absorbed pump 

power of the Alexandrite laser at room temperature, using five different output couplers 

with transmissions ranging from 0.1% to 1.7%. All the experimental data in the following 

subsections were taken by using the 0.2% Cr-doped, 10-mm-long Alexandrite crystal. At 

the pump wavelength of 635 nm, the Alexandrite crystal absorbed 95% of the incident 

pump beam. The laser wavelength was around 760 ± 10 nm for each output coupler. The 

FWHM (full width at half maximum) linewidth of the laser output was measured to be 

around 3 nm. The laser output beam had an M2 value of 1.05 with a TEM00 beam profile. 

With 158 mW of absorbed pump power, as high as 48 mW of output power could be 

obtained with a slope efficiency of 36%, by using 0.5% output coupler. The 

corresponding optical-to-optical conversion efficiency was 30% for the absorbed pump 

power. In addition, 29% optical-to-optical efficiency was obtained with respect to the 

incident pump power. The measured lasing threshold was 28 mW. The threshold pump 

power measured with the 0.1 % output coupler was as low as 13 mW.  
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Fig. 2.4 Measured power efficiency of the cw Alexandrite laser as a function of the absorbed pump power 

with various output couplers (OCs) between 0.1% and 1.7%. 

We note from Fig. 2.4 that, the slope efficiencies obtained with 0.5% (36%) output 

coupler is greater than what was obtained with 1.2 % (31%) and 1.7% (29%) output 

couplers. Similar trends have been observed in tapered diode pumped continuous-wave 

Alexandrite lasers [83]. This decrease in the slope efficiency at increased output coupling 

was unexpected and limited the achieved maxima of the slope efficiencies (36%) and 

output powers (48 mW) in our study. Due to the Auger-type energy transfer upconversion 

(known as ETU), a similar phenomenon was also observed in Cr: LiSAF and Cr:LiCAF 

[84, 85]. There is not any previous study that identified ETU as a responsible energy 

transfer process in the Alexandrite literature, to the best of our knowledge. Although a 

detailed investigation is necessary, a possible reason for the decrease in the laser 

efficiency with output coupling is ETU.  
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Fig. 2.5. (a) Measured variation of the 1/slope efficiency as a function of the 1/output coupler 

transmission (Caird analysis). (b) Measured lasing threshold variation as a function of output coupling 

(Findlay-Clay analysis). 

Intracavity loss of the Alexandrite laser was estimated by both Caird [86] and 

Findlay-Clay [87, 88] analyses (Fig. 8). The slope efficiency   of the laser can be 

estimated by using  
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in Caird analysis. Here, h is Planck’s constant,
lv  ( pv ) is the laser (pump) photon 

frequency, p is the efficiency of pumping, e  ( ESA ) is the emission (excited state 

absorption) cross section, T is the output coupler transmission, L is the total round trip 

loss of the cavity, and 0  is the maximum (intrinsic) slope efficiency that can be obtained 

at high output coupling. Using this equation and measured values of the slope efficiencies 

as a function of output coupling we determined the best-fit values of total round trip loss 

(L) and intrinsic slope efficiency ( 0 ) to be (0.3 0.1) % and (55 10) %, respectively 

(Fig. 8 (a)). Due to the unexpected behavior of the high output coupling explained above, 

we excluded these measured values in the Caird analysis. (The data points excluded in 

the Caird analysis were shown as hollow diamonds in the Fig. 8 (a)) We determined the 

total roundtrip cavity loss also by using the measured variation of the threshold pump 

power as a function of the output coupler transmission (Fig. 8 (b)). The threshold pump 

power of the laser (Pth) can be estimated by using the Findlay-Clay analysis [87, 88]: 

,                                           (2.3) 
 

where wp (wc) is the pump (cavity) beam waist, fτ  is the fluorescence lifetime of the 

upper laser level, and Ag is the ground state absorption of the Cr3+ ions. In Alexandrite, 

the reabsorption loss is negligible around 750 nm. Therefore, Ag can be neglected in this 

particular case. Using Eq. 2.3, we have determined the best linear fit to the experimental 

data as TPth  455.9  (in mW units), and hence the round-trip intracavity losses as 

(0.2 0.1) %. From these two methods, we end up with similar roundtrip passive losses.  

 We have further investigated the temperature tuning and the cw laser performance as 

a function temperature. Figure 2.6 shows the measured variation of the output power as 

well as laser wavelength as functions of crystal temperature from 25 °C and 200 °C. The 

laser wavelength was tuned from 760 nm to 805 nm as the temperature of the crystal 

increased from 25 °C and 200 °C. Referring to the measured temperature-dependent 

emission spectra (Fig. 2.3), this wavelength shift is expected due to the shift observed in 
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the peak emission wavelength with increasing temperature. However, the laser 

wavelength tuning due to the increasing temperature was not continuous and occurred in 

discrete steps, probably due to a temperature induced birefringence effect. This effect 

probably created a spectral filter with an effective bandwidth of nearly 10 nm. As the 

temperature increased from 25 °C and 200 °C, the effective birefringence rotates with a 

bandwidth of about 10 nm, giving a small detuning of the polarization of the laser 

circulating in the cavity. The laser beam then observes loss from the crystal surface due 

to the deviation from TM polarization from the Brewster/Brewster cut gain crystal. As a 

result, the induced birefringence prevents a continuous wavelength tuning of the laser and 

discrete wavelength tuning occurred at about every 30 °C-interval when the shift in gain 

becomes strong enough to allow a jump to the next transmission maxima of the thermally 

induced birefringent filter. As can be seen from Fig. 2.6, continuous-wave laser power 

decreased monotonically as the crystal temperature increased. The laser power decreases 

in discrete steps as the laser crystal temperature increases, similar to what was observed 

in temperature tuning of the laser wavelength. This is due to the induced birefringence 

effect at elevated temperatures discussed before. As the polarization of the circulating 

laser beam rotates due to the birefringence of the gain crystal, it will deviate from the 

purely TM polarization. Thus, the TE component of the beam will reflect from the surface 

of the gain medium, causing a decrease in laser power in discrete steps.  
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Fig. 2.6. Measured continuous-wave output power and wavelength of the Alexandrite laser as a function 

of the crystal temperature. The data were taken with a 0.5 % output coupler at 150 mW of pump power. 

The decrease in the laser performance with increasing temperature was further 

investigated by measuring the continuous-wave laser efficiencies at different crystal 

temperatures. Figure 2.7 shows the laser power efficiencies measured at the crystal 

temperatures of 25 °C, 100 °C, and 200 °C, by using the 0.5 % output coupler. The laser 

threshold pump power increased abruptly, from 28 mW to 95 mW as the crystal 

temperature increased from 25 °C to 200 °C. We investigated the temperature dependence 

of the terms e  and fτ  in Eq. 2.3, to understand the increasing trend of the lasing threshold 

with the threshold pump power. Based on our measurements, the fluorescence lifetime 

fτ was the most sensitive to temperature variations. The fluorescence lifetime of the upper 

laser level decreased from 265 s to 80 s (a factor of 3.3 decrease) when the crystal 

temperature was elevated from 25 °C to 200 °C. Therefore, the 3.4-fold increase in the 

threshold pump power was due to the abrupt decrease in the fluorescence lifetime as a 

function of temperature. Figure 2.8 (a) shows the measured variation of the lasing 

threshold and the inverse of the fluorescence lifetime as a function of increasing 

temperature, by normalizing both to their values at room temperature. Although, in 
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principle, both e  and ESA  are also temperature dependent, in this case, the variations of 

the cross sections as a function of temperature were negligible. This effect can be clearly 

seen in Fig. 2.8 (b) for the emission cross section near 750 nm. The observed decrease in 

the emission cross section was partly eliminated by temperature tuning to the higher 

wavelengths at elevated temperatures. 

 

 

Fig. 2.7. Measured laser power efficiencies at 25°C, 100 °C, and 200 °C by using the 0.5% output 

coupler show a monotonic reduction in the slope efficiencies with increasing temperature. 

Figure 2.7 also shows that the measured laser slope efficiencies decrease with 

increasing temperature, from 36 % to 12 %, as the Alexandrite crystal temperature is 

increased from room temperature to 200 °C. The observed decrease in the laser power 

efficiencies with increasing  temperature is due to the increased role of excited state 

absorption at longer lasing wavelengths [79]. As the laser wavelength increases from 760 

nm to 805 nm, the quantum efficiency also slightly decreases. This slight change would 

only cause a decrease of 6% in the efficiencies. The observed (3-fold) decrease in the 

slope efficiencies could be attributed to the other loss mechanisms such as excited state 

absorption at longer laser wavelengths.  
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Fig. 2.8.  (a) Measured threshold pump power and the inverse lifetime variations of the Alexandrite 

crystal as a function of temperature, both normalized to their respective values at 25 ºC. (b) The 

variation of the measured emission intensities at 750 nm as a function of temperature. 

We also measured the tuning curve of the single-mode diode-pumped Alexandrite 

laser at different temperatures. Figure 2.9 shows the laser tuning curves with the 0.5% 

output coupler at an incident pump power of 170 mW. We repeated the tuning experiment 

for three different temperatures (25 ºC, 100 ºC, and 200 ºC) to determine the change in 

the tuning wavelengths. The laser output power was lower than what was achieved with 

the same output coupler before, due to losses caused by the insertion of the birefringent 

tuning plate.  For example, at the free-running wavelength of 760 nm, the output power 

at room temperature decreased from 48 mW to 34 mW. At room temperature, the laser 

tuning range was from 736 nm to 795 nm. Since the wavelength-dependent reflectivity 
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values of the cavity high reflectors start to increase below 735 nm and reach 99.9% at 

735 nm, the wavelength tuning range in the short wavelength edge was limited.  However, 

in the literature, laser tuning was obtained at wavelengths as short as 701 nm with a high 

energy pulsed Alexandrite laser [89]. Further studies are needed with broader bandwidth 

mirrors to investigate the tuning range of the Alexandrite laser on the short wavelength 

side. Note that, the excited state absorption and reabsorption losses are also limiting 

factors for the tuning at short wavelengths [90]. 

 

  

Fig. 2.9 Measured tuning curves of the cw Alexandrite laser at different crystal temperatures of 25°C, 

100°C, and 200°C by using the 0.5% output coupler. The pump power was 170 mW. 

At room temperature, the maximum measured output wavelength was 795 nm. In the 

earlier studies, a maximum lasing wavelength of 816 nm was reported during tuning 

experiments [83]. The limited available pump power is possibly the main factor in the 

observed decrease in the room temperature tuning range in comparison with what was 

reported in earlier studies. However, by increasing the temperature of the Alexandrite 

crystal to 200 C, the tuning limit at longer wavelength was 823 nm. A maximum tuning 

wavelength of 858 nm was reported earlier by elevating the Alexandrite temperature to 

the 513 C [80].  
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2.4 Self-Q-switched operation of Alexandrite laser 

In this part, the self-Q-switched operation of the Alexandrite laser will be described 

briefly.  When the laser cavity was aligned to provide the maximum output power, the 

Alexandrite was operational in the pure cw regime, based on the temporal output profile 

measured with a fast photodetector. The temporal characteristics recorded with the 

photodetector are shown in Fig. 2.10, demonstrating the stable laser output, where the 

relative intensity noise of the laser output was around 3%. However, when the separation 

between the curved mirrors (CM1 and CM2 in Fig. 2.1) was slightly changed pulsed 

output of the laser was observed. This phenomenon, observing pulsation without any 

insertion of a modulator in the cavity, is known as self-Q-switching (SQS) and first 

reported in 1968 [91]. In the SQS regime, the pulsation occurs due to a modulation inside 

the gain medium without any further need of any modulator in the laser cavity.  

 

Fig. 2.10 Measured temporal characteristics of the Alexandrite laser output in the cw regime shows a 

relative intensity noise about 3%. 

The typical measured temporal characteristics of the Alexandrite laser, when the SQS 

operation takes place is shown in Fig. 2.11. The data were taken with 0.5% output coupler 

at the maximum incident power available. For this case, the laser produced 7-s pulses 

at 21 kHz repetition frequency. The average laser output power was 30 mW, which 

corresponds to a 1.4 J pulse energy and 210 mW of peak power. We note here that, the 
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self-Q-switched laser generated quite stable pulses. The shot to shot change in the pulse 

energy and pulse width was relatively small. The laser pulse widths varied from 5 s to 

15 s and pulse repetition frequencies in the 10 kHz-35 kHz range for different SQS 

regime points. For Q-switching, pulse widths and repetition frequencies depend on the 

pumping level and the total round trip losses in the cavity. Furthermore, the (TEM00) 

profile of the single-mode output of the cw laser transformed into a beam containing 

higher order transverse modes. In Fig. 2.11 (right), a typical self-Q-switched laser output 

profile is displayed. In the SQS operation of the Cr3+:LiCAF laser, a broadening in the 

optical spectrum of the output was reported [92]. In our case, the width of the optical 

spectrum remained unchanged at about 3 nm (FWHM) near the central wavelength of 

760 nm. 

 

 

Fig. 2.11: (Left and Middle) Measured temporal characteristics of the self-Q-switched laser output of the 

Alexandrite laser at different time scales. The pulse width and the SQS repetition rate were measured to 

be 7 µs and 21 kHz, respectively. (Right): Measured beam profile of the laser output in the self-Q-

switched operation. These are typical for each measurement and may vary at different SQS operation 

points. An overexposed beam profile was chosen intentionally to show the low-intensity higher order 

modes. 

In the earlier literature, SQS regime of operation was encountered with various gain 

media including Nd3+:YAG [93], ruby [94], Cr3+:LiSAF [95] and Cr3+:LiCAF [92] lasers. 

Self-Q-switching has also been reported in Alexandrite gain media [96] under other 

names such as “spiking” [97], and “self-pulsation” [98]. The underlying principles of 

self-Q-switching can be different for each gain medium and were not understood well in 
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the literature. For trivalent-chromium-doped gain media, the mechanism of SQS was 

explained as a time-dependent induced lensing inside the gain medium causing a 

nonlinear loss originating from the refractive index change induced by the population 

inversion [95, 99-101]. For Alexandrite gain media, the reason for self-Q-switching was 

connected to the interplay between the number of laser photons and lattice phonons. The 

ions were excited to the laser level from the storage level, 2E at the cost of phonon 

transitions, and hence the number of generated photons increased. Furthermore, the 

pumping from ground level manifold to the 2E storage level is slower than the transition 

from the 2E storage level to the upper laser level.  Therefore, the laser output becomes 

pulsed. Also, the pulsing regime was found to depend on pump wavelength, pump 

intensity and cavity losses [98, 102-104].  

SQS can be useful for obtaining high peak powers by generating microsecond-long 

pulses from Alexandrite gain media. This is important for applications such as remote 

sensing, material processing, nonlinear harmonic generation and range finding. However, 

generation of SQS-pulses can also make it challenging to obtain long-term stable cw or 

cw mode-locked operation in these lasers. In our experiments, SQS was harmful to 

generating long-term pure cw operation which was stable for only 5-10 minutes. Beyond 

this time, SQS operation would start, probably due to mechanical or thermal 

perturbations, and realignment was necessary to maintain a stable, pure cw laser output.  

We note that SQS was not the main intended goal of diode-pumped Alexandrite study 

and further investigation is needed to fully understand the behavior of SQS.  

2.5 Conclusions 

In this study, we have investigated, in detail, the experimental demonstration of 

single-mode diode-pumped, continuous-wave and self-Q-switched operation of an 

efficient and low-threshold Alexandrite laser. The Alexandrite laser cavity was pumped 

with only one single-mode diode which provides up to 170 mW of pump power centered 

at 635 nm. Maximum output power of 48 mW and a slope efficiency of 36% were 

demonstrated. The lowest measured threshold pump power was 13 mW. By using Caird-
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type and Findlay-Clay-type loss analyses, round trip losse of the cavity was estimated 

around 0.25 %. The cw laser output was tuned at different crystal temperatures, resulting 

in tuning ranges from 736 nm to 795 nm at 25 °C, and from 776 nm to 823 nm at 200 °C. 

SQS operation was also observed during the experiments by slight misalignment of the 

cavity mirrors or by changing the curved mirror separation in the cavity. The pulses 

generated during the SQS operation had pulse widths of between 5 s and 15 s and 

repetition frequencies in the 10-35 kHz range. This is one of the most compact and low-

cost Alexandrite laser efficiently operated around 760 nm in the literature and has the 

potential to be used in several applications. 
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Chapter 3  

Continuous-wave 2.3-μm Tm3+:YLF lasers 

 

 

In this chapter, continuous-wave operation of 2.3-μm Tm3+:YLF lasers pumped by 

using a continuous-wave Ti3+:sapphire laser and two different diode lasers will be 

investigated. First, a continuous-wave, tunable, and narrow-line Ti3+:sapphire laser was 

used to measure the excitation spectrum, and behavior of the absorption saturation of 1.5 

at. % Tm3+:YLF gain medium will be explained. In addition, continuous-wave laser 

performance results will be shown including slope efficiencies and tuning range between 

2273 nm to 2365 nm Ti3+:sapphire pump laser. Further, the diode-pumped operation of 

the Tm3+:YLF lasers at 2.3 µm will be investigated in detail. By using a 120-mW laser 

diode at 792 nm, the low threshold operation of the Tm3+:YLF laser was obtained with 

as low as 25 mW of pump power. For the 250-mW laser diode, a detailed investigation 

of slope efficiencies and threshold pump powers were provided for eighteen different 

effective output couplings. For this pumping scheme, the incident threshold pump power 

at 0% OC was measured to be 4 mW.  

3.1 Experimental setup 

We first constructed a tunable, narrow-line, and continuous-wave Ti3+:sapphire laser 

to investigate the continuous-wave characteristics of the Tm3+:YLF laser at 2.3 μm. The 

Ti3+:sapphire laser was built by using a 5-W continuous-wave pump source at 532 nm 

(OPUS MPC 6000, Laser Quantum) (Fig. 3.1 (a)). The green pump laser was focused 

inside a Brewster-cut, 10-mm Ti3+:sapphire crystal by using a converging lens (L1) of 

focal length 75 mm. The crystal figure of merit was greater than 250 and absorbed 92% 

of the 532-nm pump beam. The laser cavity was set up with x-folded four mirrors 
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including two curved high reflectors each with a radius of curvature of 70 mm (M1 and 

M2) and a flat high reflector (M3) and a flat output coupler mirror (M4) with 15% 

transmission at 800-nm center wavelength. A pair of Brewster-cut intracavity SF10 

prisms (P1 and P2) were included in the Ti3+:sapphire cavity to tune the output 

wavelength and to reduce the pump linewidth to 0.08 nm (Fig. 3.1 (a) and (b)). An optical 

spectrum analyzer (Anritsu MS9740A) with a resolution of 0.07 nm and bandwidth of 

100 Hz was used to measure the linewidth. At the maximum input power of 5 W at 532 

nm, the Ti3+:sapphire laser provided 930 mW output power at 780 nm.  The tuning range 

of the Ti3+:sapphire laser extended from 694 nm to 846 nm. The M2 value of the 

Ti3+:sapphire output beam was further determined to be 1.5 by using the knife edge 

technique. 

 

Fig. 3.1 (a) Schematic of the tunable and narrow-line Ti3+:sapphire laser pumped by using a 5-W green 

laser. (b) The output spectrum of the Ti3+:sapphire pump laser. The full width at half maximum (FWHM) 

linewidth was 0.08 nm. 

 

Figure 3.2 shows the experimental setup of the Ti3+:sapphire pumped continuous-

wave Tm3+:YLF laser. The Ti3+:sapphire laser described before and shown in Fig. 3.1 

was lumped into a box to avoid redundancy in Fig. 3.2. The output of the Ti3+:sapphire 

pump laser was focused inside the 9-mm-long, Brewster-cut 1.5 at. % Tm3+:YLF crystal 
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by using a converging lens (L2, f=75mm). The laser crystal absorbed the 78% and 68% 

of the pump beam at 780 nm and 792 nm respectively. The Tm3+:YLF crystal was 

mounted in a temperature-managed copper holder at 21°C. A standard 4-mirror, x-cavity 

was built by using two curved high reflectors (M3 and M4, each with a radius of curvature 

of 100 mm), a flat high reflector (M5) and an output coupler mirror (OC).  In our 

experiments, output coupler mirrors with transmission values of 1% and 3.2% were used. 

High reflector mirrors had coatings with reflectivity >99.8% between 2200-2500 nm and 

the input mirror (M3) coupled 85% of the pump beam into the Tm3+:YLF laser resonator. 

The arm lengths of the Tm3+:YLF cavity were 49 cm (M5 arm) and 65 cm (OC arm), 

giving an estimated beam waist of 39 μm in the gain crystal.  

 

 

Fig. 3.2 Schematic of the continuous-wave Tm3+:YLF laser pumped by a Ti3+:sapphire laser and 

operating at 2.3 μm. 

 

3.2 Absorption saturation and lasing characteristics of the 1.5% Tm3+:YLF 

crystal   

Before constructing the resonator, first the absorption saturation behavior of the 

Tm3+:YLF crystal was investigated. Referring to Fig. 3.2, only the input lens and the input 

curved mirror (L2 and M3) were used in these measurements before the Tm3+:YLF 

crystal. Two sets of experimental data were recorded. In the first set, the Tm3+:YLF 

crystal was translated to the location which maximizes the pump transmission. The 
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transmission of the crystal was then measured as a function of the incident pump power. 

In the second set of measurements, the incident pump power was kept constant at 930 

mW and the variation of the crystal transmission was measured as a function of the 

relative crystal position. In these measurements, the wavelength and beam waist of the 

pump beam were 792.4 nm and 28 µm, respectively. These saturation data were shown 

in Figs. 3.3 (a) and (b).    

We used a rate equation model to investigate the absorption characteristics of the 

Tm3+:YLF crystal by accounting for the absorption saturation and excited-state 

absorption of the pump beam. As discussed in Ref. [105], the cross sections for ground-

state absorption ( a ) and excited-state absorption ( esa ) of the Tm3+:YLF crystal can 

be determined by using the differential equation [105]:  
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Here, P  is the pump power, 
a is the ground-state absorption cross section, 

0p  is the 

small-signal differential absorption coefficient (
aTp N  0
, 

TN =total ion density), 

aesapf  , 
esa  is the excited-state absorption cross section at the pump wavelength, r

is the radial coordinate,  saI  is the saturation intensity given by fasa hI  , and   

is the normalized power distribution of the Gaussian beam. 

This model was used to analyze the two sets of absorption saturation data depicted in 

Figs 3.3 (a) and (b).  In the first case (Fig. 3.3 (a)), the beam waist position was fixed in 

the crystal and the crystal transmission was measured as a function of the incident pump 

power. The parameters 0p , a , and pf   were then varied to obtain the best fit between 

the experimental data and the rate equation model given in Eq. 1.  The best-fit values of 

0p , a , and pf   were determined to be 1

0  3.1  cmp , 2201093.0 cma

 , and 

04.0pf . Here, we use the average  of the fluorescence lifetime values ( msf 5.12 ) 
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reported in the literature for the 3F4  state [72, 106-110]. In the second case (Fig. 3.3 (b)), 

the incident pump power was kept constant at 930 mW and the crystal transmission was 

measured as a function of the relative crystal position (in other words, as a function of 

the beam waist location within the crystal). Best fit between the experimental data shown 

in Fig. 3.3 (b) and the rate equation model was obtained for 1

0  4.1  cmp , 

220106.0 cma

 and 0pf .  The average value of a  came to  

220

, 1077.0 cmavga

 , in good agreement with the value of 2201065.0 cma

  

determined from Tpa N0  , where 3201008.2  cmNT
 for the 1.5 at. % Tm3+:YLF.  

Also note that, the analysis of the saturable absorption data predicts a negligible level of 

excited-state absorption at the pump wavelength since the average value of pf  was very 

small (0.02). 

 

 

Fig. 3.3 Measured and fit variation of the Tm3+:YLF crystal transmission at 792.4 nm as a function of  (a) 

the incident pump power when the beam waist location was fixed near the center of the crystal to 

maximize saturation and, (b) the relative crystal position when the incident pump power was kept  

constant at 930 mW. 

 

Following the saturation characterization, the excitation spectrum of the Tm3+:YLF 

crystal was determined by using the Ti3+:sapphire laser as the pump source. The 

excitation spectrum displayed in Fig. 3.4 shows the measured output power of the 

Tm3+:YLF  laser at 2305 nm as a function of the pump wavelength (left axis, dotted 
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curve). The output coupler transmission was 1%. Also shown in the same figure is the 

measured variation of the Ti3+:sapphire output power over the same wavelength range 

(right axis, continuous curve). In these measurements, the Ti3+:sapphire wavelength was 

varied in increments of 0.5 nm. The 2.3-μm laser operation could be achieved with pump 

wavelengths from 763 nm to 807 nm. In this wavelength range, the available input pump 

powers remained above 910 mW.  As can be seen from the figure, the Tm3+:YLF laser 

can be efficiently excited by using the absorption bands centered at 780.4 nm and 792.4 

nm, where  the small signal absorption of the Tm3+:YLF  crystal was 78% and 68%, 

respectively.  With 930 mW of input pump power, the Tm3+:YLF  laser yielded 109 mW 

and 94 mW of output power at the pumping wavelengths of 780.4 nm and 792.4 nm. 

 

Fig. 3.4 Ti3+:sapphire tuning curve (right axis, continuous curve) and the corresponding Tm3+:YLF laser 

excitation spectrum (left axis, dotted curve) with 1% OC. 

 

Figure 3.5 shows the measured power efficiencies of the Tm3+:YLF laser pumped by 

the Ti3+:sapphire laser at 780 nm and 792  nm. Output couplers with 1% and 3.2% 

transmission were used. For both pumping wavelengths, higher power performance was 

obtained with the 1% OC. In particular, as can be seen from Fig. 3.5 (a), when pumped 

at 780 nm, the Tm3+:YLF laser yielded power efficiencies of 12.8 % and 7.7 % at 2305 

nm with 1 %  and 3.2 % output couplers, respectively. Furthermore, 792-nm excitation 
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resulted in 9.4 % and 6.3 % slope efficiencies for 1 % and 3.2 % output couplers (Fig. 

3.5 (b)). With the 1 % output coupler, as high as 119 mW (92.5 mW) of output power 

was obtained with 958 mW (998mW) of pump power at 780.4 nm (792 nm).  

 

 

Fig. 3.5 Measured power efficiencies of the Tm3+:YLF laser pumped with the Ti3+:sapphire laser at (a) 

780 nm and (b) 792 nm with 1% and 3.2% output couplers. The output wavelength was 2305 nm. 

In the tuning experiments, a 5-mm quartz tuning plate was included in the cavity. The 

measured variation of the output power as a function of the output wavelength is shown 

in Fig. 3.6. With a constant input power of 985 mW (780 nm), the tuning range of the 

laser extended from 2273 nm to 2365 nm. 

 

Fig. 3.6 Measured tuning curve of the Ti3+:sapphire pumped Tm3+:YLF laser with 1 % output coupler. A 

5-mm quartz plate was used for tuning. 
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3.3 Diode pumped, continuous-wave 2.3-μm Tm3+:YLF laser results  

In this section, we describe low-threshold and diode-pumped operation of the 2.3-µm 

Tm3+:YLF laser by using two different diode pumping configurations. In the first 

configuration, we demonstrated low-threshold 2.3-µm laser operation by using a low-

cost, single-mode laser diode with a maximum output power of about 120 mW at 792 

nm. Figure 3.7 (A) shows the first pumping configuration employing a single-mode, 785-

nm, AlGaAs laser diode. A micro-lens was assembled near the diode facet to provide a 

circular output beam profile (Fig. 3.7 (A)). At the maximum driving current of 160 mA 

and case temperature of 45 °C, the laser diode produced 120 mW at 792 nm. The 

measured linewidth of the diode laser output was 0.09 nm, close to the resolution limit 

(0.07 nm) of the optical spectrum analyzer (Anritsu MS9740A). The measured spectrum 

of the pump diode is further shown in the inset of Fig. 3.7 (A). The M2 of the laser beam 

was measured as 1.1. The output of the diode laser was then collimated using an anti-

reflection (AR) coated aspherical lens (L1) with a focal length of 4.5 mm. The Tm3+:YLF 

laser cavity was similar to what was described in detail before in Section 3.1.  

In the second pumping configuration, a diode laser producing a maximum power of 

400 mW at 785 nm was used (Fig. 3.7 (B)). The laser could provide up to 250 mW of 

output power at 792 nm and 46 °C with 500 mA of driving current. An AR coated 2  

anamorphic prism pair was used to obtain a circular beam. The measured linewidth and 

M2 were 0.08 nm and 1.1, respectively. The second pumping configuration was used to 

measure the variation of the threshold pump powers and slope efficiencies as a function 

of output coupler transmission. In these measurements, an additional 6-mm-thick, parallel 

polished YAG substrate was inserted at Brewster’s angle in the OC arm of the Tm3+:YLF 

laser. The effective output coupling of the laser was then varied by tilting the YAG etalon 

from Brewster incidence. The corresponding effective output coupling was determined 

by measuring the powers P1, P2, and P3 of the output beams shown in Fig. 3.7 (B). 
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Fig. 3.7 Diode pumping configurations of the 2.3-μm Tm3+:YLF laser by using  (A) a 120-mW,  single-

mode laser diode, and (B) a 250-mW laser diode. The insets further show the measured spectral output of 

each pump diode. 

 

By using the 120-mW pump diode, we first demonstrated low threshold operation of 

the Tm3+:YLF laser at 2305 nm. As can be seen from Fig. 3.8, as high as 10.5 mW of 

output power was obtained with 119 mW of pump power. The measured slope efficiency 

and threshold pump power were 11.4 % and 25 mW, respectively, when the 1% output 

coupler was used. For this pumping configuration, the available pump power was not 

sufficient to obtain lasing with the 3.2% output coupler.  
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Fig. 3.8. Measured power efficiency of the 2305-nm Tm3+:YLF laser pumped with the 120-mW diode 

laser at 792 nm. The output coupler transmission was 1%. 

 

By using the second pumping configuration, the total output power (P1+P2+P3) was 

first measured as a function of the effective output coupling at the fixed input power of 

250 mW.  To obtain output coupling levels below 1 %, the 1 % output coupler was 

replaced by a high reflector and the calibrated tilt positions of the YAG substrate were 

used attain the desired effective output coupling. As can be seen from Fig. 3.9, the 

optimum output coupling was 0.7 %, showing the low gain nature of this gain medium. 

Also, these measurements showed that lasing could not be obtained at output coupling 

levels above 7 %.  
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Fig. 3.9. Measured total output power variation as a function of the effective output coupling. The input 

pump power was 250 mW. 

 

Lasing threshold data can be used to determine the round-trip cavity loss (L) of the 

Tm3+:YLF  laser and the stimulated emission cross section (
e ) for the 3H4-

3H5 transition. 

For an ideal 4-level laser, the incident threshold pump power can be determined by using 

the formula [42]  
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,                                            (2) 

where, 
pw  and Lw  correspond to the root mean squared spot sizes of the pump and laser 

beams inside the gain medium. In addition, 
p  is the pump photon frequency, 

f  is the 

fluorescence lifetime of the upper laser level, a  is the small-signal pump absorption, T  

is the transmission of the output coupler at the laser wavelength, and L is the total 

roundtrip loss of the cavity. From the ABCD analysis of the pump and cavity beams, pw  

and Lw  were calculated to be 33 µm and 51 µm, respectively. As can be seen from Eq. 

2, the incident threshold pump power is expected to vary linearly with the roundtrip cavity 

loss (L). Figure 3.10 shows the experimentally measured incident threshold pump power 
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as a function of effective output coupling (T) for the 2305-nm Tm3+:YLF laser. Note that, 

the measured threshold power shows a departure from the expected linear trend at output 

coupling levels above 2.5 %. The reason for the increase in the threshold pump power is 

possibly due to an Auger-type energy upconversion process which results in a 

nonradiative depletion of the upper laser level. At low output coupling, the intracavity 

laser intensity is relatively high, leading to enhanced stimulated decay to the lower laser 

level and reduced nonradiative upconversion. Hence, the unwanted effect of 

upconversion becomes more pronounced at higher output coupling and gives rise to 

higher lasing thresholds. In order to determine the roundtrip cavity loss, a linear Findlay-

Clay type fit [87] was made to the threshold data at low values of T, as shown by the 

straight tangent in Fig. 3.10.   This gave a best fit value of 0.21% for L, from which the 

stimulated emission cross section was determined to be   2201004.055.0 cme

 , 

which was close to the absorption cross-section value we determined from the saturation 

measurements. The average stimulated emission cross section value reported in previous 

studies was 220101 cme

  [30, 72]. 

 

 

Fig. 3.10. Measured variation of the incident threshold pump power as a function of the effective output 

coupling for the 2305-nm Tm3+:YLF laser. 
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Figure 3.11 further shows the measured power slope efficiencies (with respect to the 

incident power) as a function of the effective output coupling. In these measurements, the 

output power of the Tm3+:YLF laser at 2305 nm was first recorded as a function of the 

incident pump power at eighteen different output coupling levels. A linear best-fit was 

then applied to each data set to determine the slope efficiency. Note that, beyond the 

optimum output coupling of approximately 0.7 %, the slope efficiency showed a decrease 

with increasing output coupling. This is contrary to what is typically observed in 4-level 

laser systems where the slope efficiency given by  

a

L

p

LT

T










                                                   (3) 

approaches its maximum value at large output coupling levels [111].  In Eq. 3,  is the 

slope efficiency with respect to the incident power, 
p and 

L  are the wavelengths of the 

pump and laser beams. As discussed above, a possible cause of the decrease in the power 

slope efficiency beyond 0.7% output coupling is the nonradiative energy upconversion 

process. Also shown in Fig. 10 is the ideal variation of the slope efficiency, calculated by 

using Eq. (3) and L=0.21%. 

 

 

Fig. 3.11. Measured power slope efficiency (solid triangles) of the 2305-nm Tm3+:YLF laser as a function 

of effective output coupling. The continuous curved shows the expected variation from Eq. (3) by 

assuming a loss level of L=0.21%. 
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3.4 Conclusions 

In conclusion, we have performed a thorough investigation of a continuous-wave 2.3-

µm Tm3+:YLF laser pumped by using a cw Ti3+:sapphire laser and two different laser 

diodes. By using the Ti3+:sapphire pump laser, the excitation spectrum was measured and 

the optimum pumping wavelength was determined to be 780 nm. From the absorption 

saturation measurements, the average value of the stimulated absorption cross section 

was further determined to be  
2201077.0 cma

 . A low cost, low threshold 2.3-μm 

Tm3+:YLF laser configuration was then demonstrated by using a 120-mW laser diode 

operating at 792 nm. Here, as high as 10.5 mW of output power could be obtained at 2305 

nm with a slope efficiency of 11.4 %.  With a second 250-mW pump diode, we performed 

a detailed investigation of how the threshold pump power and laser slope efficiency vary 

as a function of output coupler transmission. These measurements indicated the highest 

laser slope efficiency of about 10% was achieved at the output coupling of 0.7 %. Further 

increase in output coupling resulted in a decrease in the laser slope efficiency possibly 

due to losses arising from nonradiative upconversion processes. Threshold power data 

further yielded a best-fit value of   2201004.055.0 cme

 for the stimulated emission 

cross section. Our results show that low-cost, low-threshold, diode-pumped Tm3+:YLF 

lasers operating near 2.3 µm have the potential of becoming versatile sources of mid-

infrared radiation.  
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Chapter 4 

 

Passive Q-switched operation of Tm3+:YLF laser at 2.3 µm 

 

 

In this chapter, we will describe the first pulsed operation of the 2.3-μm Tm3+:YLF laser 

in the literature, to the best of our knowledge [28]. First, we will explain the power 

performance of the passively Q-switched and continuous-wave output prior to the insertion 

of the Cr2+:ZnSe saturable absorber. Furthermore, we will describe the temporal 

characteristics of the Q-switched pulses, including the variation of repetition frequency, 

pulse width, pulse energy, and peak power with pump power. In addition, the estimation of 

the small-signal loss of the saturable absorber based on passive Q-switching analysis will be 

presented. 

 4.1 Experimental setup  

Figure 4.1 shows the experimental setup of the passively Q-switched 2.3-μm Tm3+:YLF 

laser with a polycrystalline Cr2+:ZnSe saturable absorber (SA) within the cavity. The prism 

tuned and narrow-line Ti3+:sapphire laser explained in Section 3.1 was used to pump the 

Tm3+:YLF laser cavity. The Ti3+:sapphire laser was tuned to 780 nm to achieve the 

maximum small-signal absorption of 78 %. The Ti3+:sapphire laser generated 900 mW of 

output power at 780 nm at the maximum input green pump power of about 5W. In order to 

adjust the pump power level, a half-wave plate (HWP) and a polarizing beam splitter (PBS) 

were used. This method ensured that a TM polarized output of the pump source was sent to 

laser crystal without changing the thermal lensing, and hence, the beam profile of the 

Ti3+:sapphire laser. The pump beam was sent into a 9-mm, Brewster-cut and 1.5 at. % 

thulium-doped Tm3+:YLF laser crystal by using two flat mirrors (M1 and M2) and a focusing 

lens of focal length 75 mm (L1). The residual pump beam transmitted from the crystal was 

retroreflected by using a concave mirror (M5, radius of curvature, ROC=75 mm) to increase 

the amount of absorbed pump power. An astigmatically compensated x-fold cavity was set 

up by using four high reflecting curved mirrors (M3-M4, M6-M7 each with a ROC=75 mm) 
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and a flat output coupler with 1 % transmission (M8). The additional beam waist on the 2.6-

mm-long Cr2+:ZnSe saturable absorber (SA) was formed by two of the curved mirrors in the 

high reflector arm. The beam waist on the Cr2+:ZnSe SA was estimated to be 21 µm based 

on the ABCD analysis of the cavity. 

 

Fig. 4.1 Experimental setup of the 2.3-µm passively Q-switched Tm3+:YLF laser based on the use of a 

Cr2+:ZnSe saturable absorber. 

4.2 Continuous-wave and Q-switched power performance results 

We first set up a free-running cavity, where we do not insert the Cr2+:ZnSe saturable 

absorber in the cavity. In this free-running continuous-wave laser cavity, 102 mW of output 

power was obtained with 880 mW of pump power. The output power at 2.3 μm increased to 

150 mW by double pumping at the same input pump power. The measured output power 

variation with incident power is shown in Fig. 4.2 (a) for single- and double-pumped laser 

cavities. When the output coupler transmission was 1%, the slope efficiencies were 14 % 

and 19 % and the threshold pump powers were 114 mW and 100 mW for the cases of single 

and double pumping, respectively. The roundtrip loss of the cavity without the Cr2+:ZnSe 

SA was found to be 0.3 % based on the measured threshold pump power data with output 

couplers of different transmission levels [87]. 
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Fig. 4.2 Measured variation of the average output power as a function of the incident pump power (before lens 

L1) for the (a) cw-Tm3+:YLF laser, and (b) pulsed Tm3+:YLF laser passively Q-switched with a of Cr2+:ZnSe 

saturable absorber in the cavity. Data for single and double pumping cases are shown in each graph.  

 

The Cr2+:ZnSe saturable absorber was placed in the additional waist formed in between 

mirrors M6 and M7 at Brewster’s angle. Due to the 5T2→
5E transition, the Cr2+:ZnSe 

saturable absorber had 70% absorption at the peak absorption wavelength of 1775 nm. At 

the laser operation wavelength of 2309 nm, the measured single-pass unsaturated loss of the 

Cr2+:ZnSe saturable absorber was 3.6%. We could not identify the longer-wavelength 

absorption band due to the Jahn-Teller split 5T2 ground state [112]. Therefore, the residual 

absorption at 2309 nm was possibly due only to the 5T2→
5E transition. The laser output 

power decreased from 150 mW (102 mW) to 27 mW (11 mW) for double (single) pumped 

laser cavity at 890 mW of input pump power, after the insertion of the Cr2+:ZnSe saturable 

absorber. The measured output power variation of the passively Q-switched Tm3+:YLF laser 

is shown in Fig. 4.2 (b). With the insertion of the Cr2+:ZnSe in the cavity, passively Q-

switched operation was achieved at all pump powers above lasing threshold. The threshold 

pump powers for the single- and double-pumped cavity were 380 mW and 300 mW, 

respectively.  

4.3 Temporal characteristics of the passively Q-switched pulses 

Temporal profile of the Q-switched pulse is shown in Fig. 4.3(a), where the measured 

pulse duration was 1.3 µs for the input pump power of 890 mW. In Fig. 4.3(b), the output 

spectrum of the passively Q-switched laser is shown. The center wavelength of the output 

was measured to be 2309 nm.  

 

0

50

100

150

200

0 250 500 750 1000

O
u

tp
u

t 
p

o
w

e
r 

(m
W

)

Incident power (mW)

single pumped

double pumped

0

7.5

15

22.5

30

0 200 400 600 800 1000

O
u

tp
u

t 
p

o
w

e
r 

(m
W

)

Incident power (mW) 

single pumped

double pumped

(a) (b)



 

 

Chapter 4: Passive Q-switched operation of Tm3+:YLF laser at 2.3 µm                            64 

 

 

 

Fig. 4.3 (a) Temporal pulse profile and (b) optical spectrum of the passively Q-switched Tm3+:YLF 

laser.  

 

In Fig. 4.4, four different graphs show the variation of pulse duration, repetition rate, 

pulse energy, and peak power for different levels of pumping for the passively Q-switched 

Tm3+:YLF laser. The pulse widths of the Q-switched laser displayed in Fig. 4.4(a) were 

between 1.2 and 1.4 µs. The measured repetition frequency of the output pulse was in the 

range of 300 Hz-2.1 kHz for double-pumped and 360 Hz-1.5 kHz for single-pumped laser 

cavity (Fig. 4.4 (b)). Figure 4.4 (b) shows the variation of the output pulse energy ( pE ) 

(determined from repoutp fPE  , where outP output power, repf repetition rate) as a 

function of the input pump power. In particular, at the maximum pump power of 890 mW, 

the pulse energy was 13 µJ for double pumping and 7 µJ for single pumping. The maximum 

peak power achieved ( pppeak EP  , p =pulse width) was 10W in the passively Q-

switched operation regime (Fig. 4.4(d)). 

Based on the analysis of passive Q switching [113-115], the repetition frequency ( repf ) 

of the laser can be determined in terms of the round-trip small-signal gain (
0G ) of the laser 

and round-trip small-signal loss (
0Q ) of the saturable absorber as 
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where, 
f  is the fluorescence lifetime of the laser gain medium. The small-signal loss (

0Q ) of the Cr2+:ZnSe was determined from Eq. (1) by using the measured variation of the 

repetition frequency as a function of the input pump power. 
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Figure 4.4 The variation of the (a) pulse width, (b) repetition rate, (c) pulse energy, and (d) peak power 

as a function the incident pump power for the Tm3+:YLF laser passively Q-switched with a Cr2+:ZnSe 

saturable absorber. 

 

In order to calculate the small-signal gain (
0G ) in Eq. (1), the average output power data 

( outP ) can be used for each pump power level, as described in Ref. [111] : 
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Here, T  is the transmission of the output coupler, 
satP  is the saturation power, thG  is 

the round-trip threshold gain (  TLG cth  , 
cL = round-trip cavity loss). Furthermore, the 

saturation power (
satP ) is given by 
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where 
Lh  is the photon energy at the lasing wavelength (0.54 eV), 

e  is the emission 

cross section ( 211087.0  cm2 [30]), and f  is the fluorescence lifetime (930 µs [61]). Also, 

A  is the effective cross-sectional area of the beam which can be estimated from 2
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, where  rms is the root-mean-squared value of the spot size. rms was estimated as 39 µm 

from the ABCD analysis of the cavity near the center of the stability range. This resulted in 

a saturation power (
satP ) of 1.02 W. The round-trip loss of the cavity containing the 

Cr2+:ZnSe saturable absorber was estimated from the threshold power analysis as 2.9% and 

this resulted in a threshold round-trip gain (
thG ) of 3.9 %. The small-signal gain (

0G ) was 

then determined for each value of the pump power by using the measured output power data 

(Fig. 2(b)) and Eq.s (2) and (3). Figure 4.5 shows the measured and fit variation of the small 

signal gain (
0G ) as a function of frepf 2  for single- and double- pumped cavities. From 

the least-squares best fit to the data, the small-signal loss (
0Q ) estimated for the single and 

double pumping cases was (3.2 ± 0.4) % and (5.8 ± 1.8) %, with an average of (4.5 ± 0.4) 

%.  

 

 

Figure 4.5 Measured and fit variation of the small-signal gain (
0G ) as a function of frepf 2  for single 

and double pumping cases. 

4.4 Conclusions 

In conclusion, we demonstrated, for the first time, the passively Q-switched of a 2.3-µm 

Tm3+:YLF laser by inserting a Cr2+:ZnSe saturable absorber into the resonator. Repetitive 

Q-switching of the Tm3+:YLF laser could be achieved at all pump power levels above lasing 

threshold. The pulse widths were in the range of 1.2-1.4 µs and the repetition rates were in 

the range of 300Hz- 2.1kHz. The central wavelength of the optical spectrum was measured 

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.0 1.0 2.0 3.0 4.0 5.0

S
m

a
ll

-s
ig

n
a

l
g

a
in

(G
0
)

single pumped

double pumped

         



 

 

Chapter 4: Passive Q-switched operation of Tm3+:YLF laser at 2.3 µm                            67 

 

 

to be at 2309 nm. For the passive Q-switching analysis, the pump power dependent repetition 

rates were further analyzed to estimate the small-signal loss of the Cr2+:ZnSe absorber. 
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Chapter 5 

Preliminary results on further pulsed operation of 2.3-µm Tm3+:YLF laser 

 

In this chapter, we will describe the preliminary results on pulsed operation of 

Tm3+:YLF laser at 2.3 μm by using a semiconductor saturable absorber (SESAM) and a 

graphene saturable absorber. First, we will explain the preliminary results of Q-switching 

and mode locking of the 2.3-μm Tm3+:YLF laser by using a semiconductor saturable 

absorber mirror (SESAM). Furthermore, we will describe the preliminary results on the 

graphene mode-locked Tm3+:YLF laser at 2.3 μm.  

5.1 SESAM-based pulsing experiments and preliminary results 

Figure 5.1 shows the design of the commercial SESAM (SAM-2400-1-12.7g-500fs, 

BATOP GmBH) used for the passive Q-switching and mode locking of Tm3+:YLF laser. 

The laser beam passes through an AR coating designed for 2.4 μm, a 620-μm-thick GaAs 

wafer, a saturable absorber layer, and reflects back from the 2.4-μm mirror coating.  The 

reflectivity of the dielectric back mirror is reported to be above 98 % from 2300 nm to 

2650 nm. The specifications of the SESAM given as follows: absorbance of 1%, the 

modulation depth of 0.6%, non-saturable loss of 0.4%, saturation fluence of 90 μJ/cm2, 

and relaxation time constant of 500 fs.  

Figure 5.2 shows the experimental setup of the 2.3-μm Tm3+:YLF laser Q-switched 

by using a commercial semiconductor saturable absorber mirror (SESAM). We used the 

same prism-tuned Ti3+:sapphire laser described in continuous-wave and passive Q-

switching experiments in Chapters 3 and 4. The output of the Ti3+:sapphire laser was sent 

into the Brewster-cut Tm3+:YLF gain medium by passing through a converging lens (L1) 

with a focal length of 75 mm, and input curved mirror (M3) with a radius of curvature 

(R) of 100 mm. The 9-mm-long, 1.5 at. % thulium-doped gain medium absorbed 78 % 
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of the 780-nm pump beam. The transmitted pump beam was retroreflected inside the 

crystal by using a curved mirror (M5, the radius of curvature R=75 mm) to increase the 

pumping efficiency via double pumping. The Tm3+:YLF laser resonator consisted of five 

mirrors: three curved mirrors (M3-M4, with a radius of curvature R=100 mm and M6 

with R=50mm), a flat SESAM high reflector and an output coupler with 1% transmission. 

The intracavity circulating laser beam was focused on the SESAM by using the 5-cm 

curved mirror (M6) on the high reflector arm. The SESAM used in the experiments was 

a commercial one which consisted of a highly reflecting coating at the center wavelength 

of 2400 nm. A 1.5-mm quartz birefringent tuning plate (BTP) was placed in the cavity 

for tuning the laser output to a wavelength, where the round-trip loss of the cavity would 

be minimum. The tuning range was in two distinct regions: between 2300-2325 nm and 

2408-2423 nm. The laser output power was 5 mW and 7 mW when passively Q-switched 

at 2413 nm and 2307 nm, respectively. At the maximum output power of 20 mW at 2307 

nm, the laser operated in pure cw regime.  All the output powers were measured in the 

double pumping configuration.  

 

Fig. 5.1 Schematic of the commercial SESAM used in the passive Q-switching and mode locking 

experiments of Tm3+:YLF laser. 
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Fig. 5.2 Schematic of the 2.3-μm Tm3+:YLF laser passively Q-switched by using a semiconductor 

saturable absorber mirror (SESAM). 

 

The stable Q-switched output pulse train is shown in Fig. 5.3, where the repetition rate 

and pulse width were 1.9 kHz and 40 μs, respectively. In our laser tuning experiments, 

we observed pulses in the 1kHz-3.5kHz range at 2.4-μm and in the 2.7 kHz-6 kHz range 

at 2.3 μm. 

 

 

Fig. 5.3 Measured pulse train of the Q-switched 2.3-μm Tm3+:YLF laser, passively Q-switched with a 

SESAM. 

 

Figure 5.4 shows the experimental setup used in mode locking experiments performed 

with the SESAM. The pumping configuration and the cavity curved mirrors were the 

M7

M3

M6

Tm3+:YLF
L1 M4

M1

M2

Ti3+:sapphire

SESAM

M5

BTP

0.00

0.25

0.50

0.75

1.00

1.25

0 1 2 3 4 5

N
o

rm
a
li
z
e
d

 i
n

te
n

s
it

y

Time (ms)



 

 

Chapter 5: Preliminary results on further pulsed operation of 2.3-µm Tm3+:YLF laser       71 

 

 

same as in the experimental setup described in Fig. 5.2. These parts of the setup are not 

explained here to avoid redundancy. In order to initiate mode locking, we extended the 

cavity length of the experimental setup by about two meters, by adding a flat high 

reflector (M6) and a curved (M7, ROC=1000mm) high reflector in the high reflector arm 

by maintaining the q-preserving characteristic of the extension (Fig.5.3). In the final 

setup, the cavity length was about 3.5 meters. The pumping configuration was the same 

as in the experimental setup depicted in Fig. 5.2. In order to manage the intracavity group 

delay dispersion, a 6-mm, undoped YAG crystal was inserted at Brewster’s angle in the 

output coupler arm. By using the described cavity, 21 mW (31 mW) of output power was 

obtained by single (double) pumping with 880 mW at 780 nm.  

 

Fig. 5.4 Experimental setup of the 2.3-μm Tm3+:YLF laser mode-locked by using a SESAM. 

 

Figures 5.5 (a) and (b) show the measured pulse train, where the repetition rate of 

42.4 MHz was well-matched with the repetition frequency of 42.6 MHz estimated from 

the cavity length (3.52 m).  Figure 5.5 (b) shows that the laser could be operated in 

continuous-wave mode-locked regime.  
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Fig. 5.5 The recorded pulse train of the SESAM mode-locked 2.3-μm Tm3+:YLF laser in (a) nanosecond, 

and (b) millisecond time scales. 

  

Furthermore, Fig. 5.6 shows that the fundamental tone of the generated pulse train 

was 52 dB above the noise floor at the fundamental beat note of 42.4 MHz, by using a 

radio frequency (RF) spectrum analyzer at the resolution bandwidth of 1 kHz. In our 

experiments, we did not observe any broadening of the optical spectrum measured with 

the scanning spectrometer having a resolution of 0.5 nm. 

 

 

Fig. 5.6 RF spectrum of the pulses generated with SESAM mode-locked 2.3-μm Tm3+:YLF laser. 
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5.2 Graphene saturable absorber based preliminary mode locking results 

We used a graphene saturable absorber (GSA) transferred onto a 2-mm-thick CaF2 

substrate in our mode locking experiments. For this experiment, the same double 

pumping scheme as in the previous setup was used. We will describe only the high 

reflector arm to avoid redundancy. Two curved high reflectors (M6-M7, the radius of 

curvature R=50 mm) generated an additional focus where the graphene saturable absorber 

was inserted at Brewster’s incidence. The Raman spectrum of the GSA given in Ref. 

[116], suggested that the transferred graphene was nearly a monolayer. The mirror used 

as the output coupler (OC) was designed as a highly reflecting mirror centered at 2450 

nm and transmitted only 0.38% of the laser wavelength at 2305 nm. The laser output 

power was around 10 mW, when double-pumped with nearly 900 mW of pump power at 

780 nm.  

 

 

Fig. 5.7 The experimental setup of the graphene mode-locked 2.3-μm Tm3+:YLF laser. 

 

Figure 5.7 shows the measured optical spectrum of the 2.3-μm Tm3+:YLF laser mode-

locked by using the graphene saturable absorber. The full width at half maximum of the 

optical spectrum was measured as 1.9 nm by using a spectrometer with a resolution of 

0.5 nm. This linewidth suggests 3-ps pulses if a sech2 pulse profile is assumed.   
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Fig. 5.8 Optical output spectrum of the graphene mode-locked Tm3+:YLF laser operating at 2.3 μm. 

 

The RF pulse spectrum can be seen in Fig. 5.9, where the fundamental beat note at 

103.9 MHz was more than 57 dB above the noise floor. The RF spectrum was taken by 

using an RF spectrometer at 1 kHz resolution bandwidth. 

 

Fig. 5.9 The RF pulse spectrum of the 2.3-μm Tm3+:YLF laser mode-locked by using a monolayer 

graphene saturable absorber. 
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5.3 Conclusions 

In this chapter, we demonstrated preliminary data on Q-switched and mode-locked 

operation of the Tm3+:YLF laser near 2.3 μm by using a SESAM and a graphene saturable 

absorber. The preliminary mode locking data require further optimization as well as pulse 

width measurements by using an intensity or interferometric autocorrelator. Furthermore, 

by careful dispersion management of the cavity, it should be possible to generate broader 

mode-locked optical spectra with shorter pulse durations. To date, there are only three 

recent pulsing results in the literature for the Tm3+:YLF lasers operating at 2.3 μm, to the 

best of our knowledge: the passive Q-switched laser described in Chapter 4 [28], SESAM 

mode-locked laser with 94-ps pulses [73], and Kerr-lens mode locked resonator which 

produced 514-fs pulses [74]. Therefore, the additional methods described in this chapter 

for generating pulses with 2.3-μm Tm3+:YLF laser suggest that other passive Q-switching 

and mode-locking methods can be applied to generate short pulses. The displayed 

preliminary results have the potential to be developed further in future studies. 
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Chapter 6 

Conclusions 

 

In this thesis, the continuous-wave diode pumping and pulsed operation of 

Alexandrite lasers at 760 nm and Tm3+:YLF lasers at 2.3 μm were investigated. In 

Chapter 1, a concise description of the spectroscopic properties of transition metal and 

rare-earth doped laser crystals was presented. In particular, the energy level diagrams of 

the Alexandrite and Tm3+:YLF crystals were described along with the laser literature 

involving these crystals and their lasing characteristics. 

In Chapter 2, we described a single-mode diode-pumped and efficient Alexandrite 

laser operating at 760 nm. First, the temperature-dependent emission intensity and 

fluorescence lifetime of the Alexandrite crystal were experimentally shown to decrease 

as a function of the crystal temperature. In the continuous-wave laser experiments, the 

maximum laser output power and the highest slope efficiency obtained were 48 mW and 

36 %, respectively. The corresponding output coupler transmission and the maximum 

pump power were 0.5% and 170 mW, respectively. The diode-pumped Alexandrite laser 

was broadly tunable from 736 nm to 823 nm. In the previous studies, laser tuning was 

obtained at wavelengths as short as 701 nm with a pulsed Alexandrite laser [38]. 

Moreover, as the crystal temperature increased from 25 °C to 200 °C, the center 

wavelength of the laser shifted from 760 nm to 805 nm. In the temperature-dependent 

lasing experiments, the slope efficiency of the Alexandrite laser dropped from 36% to 

12% at 0.5% output coupler transmission, when the temperature of the gain medium 

increased from 25 °C to 200 °C. The self Q-switched (SQS) operation was observed by 

slightly changing the curved mirror separation or by changing the alignment of the cavity. 

The generated self-Q-switched pulses attained repetition rates in the range of 10-35 kHz 

and pulsewidths in the range of 5-15 μs. The results obtained with this laser offered a 
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low-cost and efficient way to reach around 800 nm, and it has the potential to be an 

attractive source for many applications, especially in medicine. 

The second part of this thesis focused on the diode pumping of continuous-wave 

Tm3+:YLF lasers described in Chapter3. A thorough investigation of the continuous-wave 

laser characteristics of the Tm3+:YLF laser was provided. First, by using a narrow-line, 

tunable Ti3+:sapphire pump laser, the excitation spectrum of the Tm3+:YLF crystal was 

measured. This way, the efficient pumping lines around 780 nm were determined in detail 

for diode-pumping. Second, the pump absorption saturation behavior of the 1.5 at. % 

Tm3+:YLF gain medium was investigated by tuning the Ti3+:sapphire wavelength to 792 

nm. The absorption cross section was determined by using the power-dependent and 

position-dependent absorption saturation data. The average absorption cross section 

value was determined to be 2201077.0 cma

 . In addition, the continuous-wave and 

low-threshold operation of the 2.3-μm Tm3+:YLF laser was studied by using a low-cost, 

single-mode, 120-mW pump diode operating at 792 nm. The threshold pump power of 

this laser was 25 mW at the output coupler transmission of 1%. The maximum output 

power of 10.5 mW was obtained with 11.4% slope efficiency and 119 mW of pump 

power. The variation of the laser output power, slope efficiency and threshold pump 

power was investigated by using a 250-mW diode-pumped laser cavity with variable 

output coupling. In these measurements, the highest measured slope efficiency was about 

10% at 0.7% transmission of the effective output coupler. Beyond this transmission value, 

the slope efficiencies decreased possibly due to a nonradiative upconversion process.  

From the best fit values of the measured threshold pump powers, the stimulated emission 

cross section for the gain medium was determined to be   2201004.055.0 cme

 . This 

laser was one of the first diode-pumped, 2.3-μm Tm3+:YLF lasers. Another study that 

demonstrated the 2.3-μm operation of Yb3+:Tm3+:YLF employed a 5-W 685 nm diode, 

and a 20-W 960 nm laser diode [72]. The threshold pump power for the Yb3+ co-doped 

Tm3+:YLF laser was about 2.6 W at 1.2% output coupling. Also, it generated the highest 

output power of 620 mW at 2.3 μm from a Tm3+:YLF laser.  The diode-pumped laser that 
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was demonstrated in this thesis offers a simple and efficient way to reach the 2.3 μm 

wavelength by using only one 120-mW pump diode operating at 792 nm and without the 

need for co-pumping with two different pump lasers. 

Following the investigation of the continuous-wave characteristics, the passively Q-

switched operation of the 2.3-μm Tm3+:YLF laser was investigated in Chapter 4. To the 

best of our knowledge, this was the first demonstration of pulsed operation of Tm3+:YLF 

lasers at 2.3 μm by using a Cr2+:ZnSe saturable absorber [28]. The passively Q-switched 

operation was obtained at all pump power levels above the lasing threshold. The pulse 

widths of the repetitive pulses were in the range of 1.2-1.4 μs with repetition rates 

between 0.3 and 2.1 kHz. From the measured variation of repetition rates as a function of 

the incident pump power, the average small-signal loss of the Cr2+:ZnSe saturable 

absorber was estimated  to be 4.5 %. The pulse energy of 13 μJ (7 μJ) was obtained with 

double (single) pumping at the highest pump power of 890 mW. The maximum peak 

power obtained for the double pumping case was 10 W. The thulium-based pulsed laser 

operation in the mid-infrared explained in this thesis has drawn much interest. Soon after 

the Q-swiched operation described in this thesis [28], 94-ps pulses were generated by 

using a semiconductor saturable absorber mirror (SESAM) [73], and 514-fs pulses were 

generated by Kerr-lens mode locking [74]. 

In Chapter 5, preliminary experimental data were presented about the pulsed 

operation of 2.3-μm Tm3+:YLF lasers by using saturable absorbers other than Cr2+:ZnSe. 

First, by using a commercial semiconductor saturable absorber mirror (SESAM), Q-

switched pulses with repetition rates of 1 kHz-6 kHz were obtained.  Furthermore, by 

extending the cavity length, we obtained 42.4 MHz pulse repetition rates, which was well-

matching the estimated pulse repetition frequency of the 3.52-m-long cavity for mode 

locking. We further recorded the preliminary mode-locking data of the cavity containing 

a graphene saturable absorber. We used a monolayer graphene saturable absorber on a 

CaF2 substrate. By using this scheme, a mode-locked optical spectrum with a bandwidth 

of 1.9 nm and an RF signal of more than 57 dB above the noise floor were recorded. The 

preliminary data obtained with different saturable absorbers suggest that it is possible to 
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generate mode-locked or Q-switched pulses at 2.3-μm by using various saturable 

absorbers. For the graphene mode locking case, the 1.9 nm of broadening that was 

observed in the optical spectrum can in principle be increased by a careful management 

of the cavity dispersion. This way, it should be possible to generate shorter pulses allowed 

by the gain bandwidth of the Tm3+:YLF crystal at 2.3 μm.  

This thesis made many primary contributions to the solid-state lasers research. First, 

the demonstration of low threshold, diode-pumped and continuous-wave operation of 

Alexandrite lasers at 760 nm and Tm3+:YLF lasers at 2305 nm were achieved. There are 

many potential improvements that can be made to contribute to these lasers.  Alexandrite 

has a broad gain bandwidth which can support the generation of sub-10-fs pulses. To 

date, there is only one study that reports the mode-locked operation of the Alexandrite 

lasers with 170-fs pulses [60]. Shorter pulse generation with the Alexandrite lasers can 

significantly increase the achievable peak powers and the pulse energies around 760 nm 

center wavelength. By a careful dispersion management in the mode-locked Alexandrite 

cavities, generation of shorter pulses is possible. 

Although 2.3-µm laser emission of the thulium-doped gain media is well known, the 

pulsed operation regimes are recently investigated in the literature, as discussed above. 

Increasing the variety of the techniques and saturable absorbers used for mode-locked 

operation is quite important to have a robust laser source generate a line of lasers used in 

various applications.  To date, the duration of the shortest pulses generated from a 2.3- 

µm Tm3+:YLF laser is 514 fs [74]. It is also possible to generate sub-50-fs second pulses 

if all the available tuning range is locked. In Chapter 5, we have demonstrated preliminary 

data of the mode-locked cavities by using a semiconductor saturable absorber mirror and 

a graphene saturable absorber. By careful management of the group delay dispersion 

(GDD) of the laser cavity, it is possible to generate shorter pulses. However, we note here 

that, it can be challenging to compensate the excessive dispersion of a 9-mm-long YLF 

crystal (GDD=-1377fs2 per round trip at 2.3 µm [74]) due to to the relatively low 

nonlinear refractive index of the YLF crystal (n2=1.72×10-20 m2/W [117]). One can adress 

this issue by increasing the effective Kerr nonlinearity or by increasing the length of the 
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of the laser cavity to provide higher pulse energies. Furthermore, the efficient pumping 

of the ZGP optical parametric oscillators described in Chapter 1 could be achieved by 

using Tm3+:YLF lasers operating at 2.3-µm. In addition, the pumping line at 685 nm 

could be used for both continuous-wave and pulsed operations of Tm3+:YLF lasers. The 

absorption coefficient at 685 nm is three times larger than that of at 780 nm [61]. 

Therefore, by using the excitation line at 685 nm, a lower concentration of Tm3+ could 

be used which will potentially diminish the unwanted effect of the decreasing slope 

efficiencies at higher output couplings described in Chapter 3. As we have described in 

Chapter 3, the output wavelength of the single-mode diodes could be tuned to higher 

wavelengths if a diode laser could not be obtained at the center wavelength of 685 nm. In 

chapter 3, we tuned the room temperature output wavelength of the laser diode from 785 

nm to 792 nm for the efficient pumping of the Tm3+:YLF crystal. One can also use the 

same method for efficient excitation without decreasing pump beam quality. 

As the technology of pulsed and continous-wave 2.3-μm Tm3+:YLF lasers is further 

developed, we expect that they will find numerous applications in medicine, spectroscopy 

and remote sensing.  
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