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Low gain Nd:YLF lasers operating in the quasi-three level 

transition and in Raman lasers 

 

 
Jonas Jakutis Neto 

 

 

Abstract 

 
Lasers operating in the blue and yellow-orange spectral regions are sought after by 

the applications market either to improve well known technologies or to enable new ones. 

Blue lasers bring features such as high energy photons and smaller diffraction limited 

beams, while the yellow-orange range is a hard to reach spectral region where there is a 

considerable shortage of efficient laser light sources. Applications of the blue lasers are 

found in high density storage technologies, laser displays, LIDAR systems, optical 

tweezers and a long range of high precision demanding applications. The yellow-orange 

lasers also have important applications, with highlights in ophthalmologic laser surgery 

(photocoagulation), in “true” color displays and as a guide star (exciting sodium lines in the 

atmosphere).  

The investigation of Nd:YLF quasi-three level lasers and Nd:YLF Raman lasers 

was further studied in this work in order to provide high power and efficient blue and 

yellow lasers sources. Demonstrations of efficient and multi-Watt operation of a 908 nm 

laser and its respective second harmonic laser at 454 nm are described. Also, 

Nd:YLF/BaWO4 and Nd:YLF/KGW Raman lasers were demonstrated reaching Watt levels 

in quasi-CW and CW regime with very good beam qualities (M
2

 ≤ 2) at eight different 

wavelengths: 1147 nm, 1163 nm, 1167 nm, 549 nm, 552 nm, 573 nm, 581 nm and 583 nm. 

Finally, a blue luminescence originating in some Raman crystals, during Stokes oscillation, 

has been studied in considerable detail. Its origin and consequences for laser operation 

(extra loss and heat load) have been identified. 
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Lasers de Nd:YLF de baixo ganho operando na transição de 

quase-três níveis e em lasers Raman 

 

 
Jonas Jakutis Neto 

 

 

Resumo 

 
Lasers operando nas regiões espectrais do azul e do amarelo-laranja foram 

recentemente requisitados pelo mercado de aplicações quer para melhorar as tecnologias já 

conhecidas ou para possibilitar a criação de novas. Isso é devido às propriedades destas 

regiões espectrais, com o azul trazendo características tais como fótons de alta energia e 

feixes limitados por difração menores, enquanto a faixa do amarelo-laranja é ainda uma 

região espectral difícil de se atingir e não foi totalmente acessada ou nem mesmo acessada 

por fontes de luz laser eficientes. Aplicações dos lasers azuis são encontradas em 

tecnologias de alta densidade de armazenamento, displays a laser, sistemas LIDAR, pinças 

ópticas e uma longa série de aplicações que exigem alta precisão. Os lasers amarelo-laranja 

também têm aplicações importantes, destacando-se aplicações em cirurgia oftalmológica a 

laser, em displays de cores “reais” e como estrela guia (excitando linhas de sódio na 

atmosfera).  

A investigação de lasers de quase três níveis e laser Raman de Nd:YLF foi realizada 

neste trabalho. A finalidade é de propor fontes laser de alta potência e eficientes emitindo 

no azul e no amarelo para suprir as aplicações. Eficiência e potências de saída da ordem de 

Watt foram demonstradas para um laser de Nd:YLF emitindo em 908 nm assim como no 

segundo harmônico em 454 nm. Além disso, lasers Raman de Nd:YLF/BaWO4 e 

Nd:YLF/KGW foram demonstrados atingindo alguns Watts de potência de saída em 

regime quasi-CW e CW, com boas qualidades de feixe (M
2

 ≤ 2) e em oito comprimentos de 

onda diferentes: 1147 nm, 1163 nm, 1167 nm , 549 nm, 552 nm, 573 nm, 581 nm e nm 

583. Por fim, uma luminescência azul originada em alguns cristais Raman, durante a 

oscilação Stokes, teve sua origem e seus efeitos colaterais para lasers (perdas e calor 

adicionais) minuciosamente caracterizados.  
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1. Introduction 

In this introduction chapter an extensive review of the technologies used, their physics and 

state of art of the lasers developed in this work is done.  

 First, the solid state lasers systems are introduced and their evolution and principles 

of operation are described. Then, the neodymium laser media are reviewed in terms of their 

important characteristics and outcomes, with a particular highlight on Nd:YLF lasers on 

which this thesis is centred.  

 Next, the theory of harmonic generation is presented since second harmonic and 

sum frequency generation are used in this work which enables operation of the lasers in the 

visible range. 

 As this thesis focuses on the use Nd:YLF in two low gain laser systems, Nd quasi-

three level transition operation and Raman laser systems, these low gain technologies are 

going to be described and their main achievements reviewed. 

 Finally, an overview of the work carried out and the structure of the thesis are going 

to be described in the end of this chapter. 

1.1. Solid State Lasers  

Lasers can have any atomic system as their active medium. Of course some specific 

characteristics must be present in this medium to allow laser action. Given that, nowadays 

it is possible to find lasers made of gaseous active media (eg CO2 and Argon lasers), liquid 

active media (eg Dye lasers) and solid active media (eg ruby and neodymium lasers). 

The first laser built in 1960 [1] was a solid-state laser, and it used a ruby crystal 

(sapphire doped with trivalent chromium) as its active medium. This laser was optically 

pumped by a flashlamp, producing pulsed output at 694 nm. The parallel ends of the crystal 

were coated with silver, with a small hole at one end to couple out the stimulated radiation.  

With the development of Q-switching techniques in 1961 [2], a well behaved laser 

with high peak output powers became an interesting tool for military applications. The 

energy could be stored in the laser medium and later released in short pulses, 

corresponding in time to a few round trips between the resonator mirrors, producing well 

behaved pulses instead of irregular spikes. The main application found at that time was the 
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use of the Q-switched ruby lasers as rangefinders, measuring the time of flight of the pulse 

reflected from a target.  

For 10 years the ruby laser dominated the laser market, and was mostly 

commercialized as rangefinder and as research tool. Other types of applications, such as 

industrial ones, were still rare because of the properties and cost of the laser source. 

However, the discovery of the ruby laser triggered the development of other types of lasers, 

solid, liquid and gaseous.  

After the ruby laser, the next solid state laser was built using a uranium-doped 

calcium fluoride, which lased in late 1960 [3]. Then, in 1961, the first neodymium laser 

was produced; it used a neodymium doped calcium tungstate crystal [4]. The Nd:YAG 

(yttrium aluminum garnet –YAG) laser was demonstrated in 1964 [5], and rapidly gained 

popularity. Nd lasers based on a variety of host crystals (YAG, YVO4, YLF) have since 

displaced ruby, dye and gaseous lasers for many applications and remain prominent in the 

laser market today. 

Not only crystals were used as solid state medium for lasers, but also glasses were 

employed. The first glass laser was demonstrated in 1961 [6], and introduced the 

possibility of producing active media much bigger in size and with better quality than ruby. 

Given their high optical gain, Nd:glass lasers were chosen to generate the most powerful 

lasers in the world (Omega Laser Facility) [7].  

Optical fiber amplifiers were first demonstrated in 1963 [8], made of Nd-doped 

glass fibers. The problem of these amplifiers was the high losses they presented, and they 

did not attract attention at the time because of it. Only in the 80s, when low-loss fibers 

could be produced routinely, did these lasers start to attract attention. Nowadays they are 

well developed and can deliver high optical powers suitable for many industrial 

applications [9].  

Despite their very early demonstration in 1962 [10], it was not until the 1980s that 

semiconductor lasers became widely available, delivering many benefits in terms of 

versatility and cost. They have almost all the characteristics desired in an ideal laser, except 

for the beam quality, which is much poorer than the diffraction limited beams delivered by 

the crystal and glass based solid state lasers. Semiconductor lasers are still in development, 

with rising technologies, eg VECSELs (Vertical external cavity surface emitting laser) [11] 
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that provide better beam qualities and others which expand their operation to the visible 

and mid-IR wavelength bands. The diode lasers are widely used today for many consumer 

devices, industrial applications and as solid state laser pump sources. In 2009, Laser Focus 

World published a market research regarding the trends of the laser technologies, and the 

diode lasers are responsible for the largest piece of the market, as shown in Figure 1 [12].  

 

Figure 1. Laser technologies trends in 2009 [12].  

In 2009 the diode laser technology held the largest piece of the market, with 58%, 

with the solid-state lasers (SSL) coming in second. Associating the three SSL technologies 

displayed, including lamp-pumped SSL (LPSSL), diode-pumped SSL (DPSSL) and fiber 

lasers, a piece of nearly 20% is occupied by them. This portion should increase, as the 

DPSSL technology should follow the evolution of the diode lasers and rise together, 

occupying a larger piece of market. 

Finally it is worthwhile to list the main features of the solid state lasers, including 

their advantages compared to the other laser technologies. Solid state lasers are the most 

versatile radiation source, being able to deliver a large range of output parameters, 

including average and peak powers, wavelength and pulse repetition rate. The following 

topics show the most relevant points one should take in account when choosing solid state 

technology.  
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 Wide choice of materials; 

 Average output power: continuous wave or pulsed operation from mW level up-to 

hundreds of Watts of output power; 

 Peak Power: up to terawatts at femtosecond pulse widths can be delivered; 

 Pulse width: as short as a few femtoseconds to continuous operation. Typically fs-

ps for mode-locked operation and ns for Q-switched lasers; 

 Pulse repetition rate: Q-switched solid state lasers can emit with repetition rates 

from below 1 Hz to the order of 100 kHz. The mode-locked ones can reach 

repetition rates between 50 MHz and a few GHz. 

 Linewidth: from few GHz (rare earth doped crystals) to tens of THz (Ti:Sapphire – 

128 THz); 

 Spectral range: ultraviolet to mid infrared at discrete wavelengths; 

 Beam quality: diffraction limited beams or multimode as requested; 

 Flexibility on choosing the size and shape of the active medium; 

 Amplification stages can be added easily; 

 Compatible with nonlinear optical processes for frequency conversion. 

In the following sub-sections the main physics concepts of solid state lasers are 

going to be exposed and discussed, and it should provide the necessary knowledge to the 

reader of this thesis to follow the original research developed in here. 

1.1.1. Population inversion and optical pumping 

Any atom in an atomic system has a probability to be in a specific energy state intrinsic to 

the atomic system it belongs to. If one considers a collection of atoms in thermal 

equilibrium at temperature T, then the relative populations of any two energy levels (E1 and 

E2) is given by the Boltzmann distribution, which can be expressed as follows, 

  

  
    

     
  

 
 (1) 

where N2 is the population of the upper energy level, N1 the population of the lower energy 

level and k is the Boltzmann constant. In the case of thermal equilibrium and an energy 

separation corresponding to visible wavelength, the majority of the atoms are going to be in 
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the lower level, with very few atoms found in the higher-lying level. Figure 2 shows an 

example of such a distribution in thermal equilibrium. 

 

Figure 2. Population in thermal equilibrium [6]. 

 Suppose that it is possible to have more atoms in the upper energy level than in the 

lower level, even if it is only temporary. This is referred to as a population inversion. 

 Given that, one can force this inversion to happen and have any photon with energy 

E2-E1 passing through the atomic system stimulating the decay of the excited ions in a 

cascade process thus emitting photons, in a process called stimulated emission. Therefore, 

when inversion is achieved, it is possible to amplify a light signal that propagates through 

this medium. The two essential conditions for the inversion are N2 > N1 and E2 > E1. Figure 

3 shows the population inversion compared to the thermal equilibrium distribution (dashed 

line).  
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Figure 3. Population inversion condition [6]. 

 It is possible to find three different population situations in an atomic medium. The 

first one is the thermal equilibrium, in which the lower energy level has more population 

than the higher energy level, characterizing an absorptive behavior for light passing 

through the medium. The second one takes place when the populations of the upper and 

lower levels are the same, causing the medium to be transparent to the light passing 

through it. The third is the population inversion, which amplifies the light passing through 

the medium. For a laser, the inversion is a required condition to achieve laser action. 

 In order to produce an inversion, a source of energy providing an amount of energy 

of E2-E1 to the ions is required to populate the upper level. One last important point is that 

the pump rate has to overcome the stimulated and spontaneous emission rates, which are 

always leading the atoms to thermal equilibrium. 

The process of raising an atom from any lower energy level to any higher energy 

level is called pumping. It can be done providing the right amount of energy to the atomic 

system, which would happen through electrical, thermal or optical excitation in most of the 

cases.  

 Only optical pumping will be discussed here as it is the most-widely used 

nowadays, and is the one used in this work. Even the semiconductors which are normally 

electrically pumped are starting to be optically pumped, such as the VECSELs [11]. There 
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are two main types of optical pump sources: incoherent ones (eg lamps) and the coherent 

ones (eg lasers).  

 Traditionally lamps were used because they were the only optical source available. 

They are simple, relatively cheap and can deliver high powers. They are generally used to 

excite solid state or liquid materials, since these two active media have absorption line 

broadening and a band structure of several absorption bands within the emission spectrum 

of the lamp. However, the overlap between the wide emission band of a typical lamp pump 

and the absorption bands is far from complete and constitutes a waste of power. Because of 

that, lamp pumped lasers have an optical to optical conversion efficiency of about only 3%. 

Usually lamp pumped lasers are built with elliptical cavities to increase energy transfer 

from the lamp to the laser medium [6]. 

 The development of semiconductor diode lasers led to widespread use of coherent 

pumping. It can enable optical to optical conversion efficiencies near to the quantum limit. 

This is due to the diode laser light properties, such as the monochromaticity, in which a 

very narrow band is emitted from the laser source, matching very well with the absorption 

lines of the material. In particular rare earth doped crystals are benefitted by the narrow 

band pump, since the line broadening effects are reduced due to the organized, crystalline  

host and the fact that rare earths have the 5s and 5p outer shells shielding the 4f states 

where the pump and laser transitions happen [6]. Therefore, rare earth doped crystals 

present very narrow absorption bands, generally 1 to 2 nm broad. 

 Nowadays, diode lasers are the most common pump source for solid state lasers. 

They can deliver hundreds of Watts with high electrical to optical conversion efficiency 

(60-80%) and relatively low cost. To achieve high energy transfer efficiencies, the spatial 

and spectral properties of the diode laser needs to be carefully matched to the properties of 

the laser crystal. Generally, diode lasers can be tuned over a range of a few nanometers 

(~5 nm) by changing their temperature or operating current. Their emission linewidth is 

often around 2 to 3 nm wide and they are usually polarized. The challenge of the diode 

laser pump is the relatively poor beam quality which often demands the use of some type of 

beam shaping, which generally introduces strong output power losses. Nowadays, it is very 

common to find fiber-coupled diode lasers, which have a beam shaping system integrated 

to it in order to couple the diode laser beam to a fiber and thus, delivering circular profiled 
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beams with better beam quality. However, there are some pump schemes that may not need 

beam shaping, such as some side pumped lasers [13, 14]. 

 Regarding the pump scheme geometries, one could divide them in two main types: 

longitudinal pumping and side pumping. Longitudinal pumping is characterized by the 

same direction of the pump beam and laser mode in the optical resonator, as shown in 

Figure 4(a). The side pumping configuration, generally brings an orthogonal geometry 

between pump and laser modes, as shown in Figure 4(b). Of course, many other types of 

geometry have also been used, and there are many variations to the simple approaches 

shown in Figure 4. 

 

 

(a) 

 

(b) 

Figure 4. (a) Longitudinal pump setup and (b) side pump setup. 

Figure 5 shows a simple energy system where the pump transition is represented by 

its rate as Wp. 
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Figure 5. Illustrative energy levels scheme, showing the pump transition. 

The energy difference between the level 0 and the level 1 is equal to the photon 

energy necessary to pump atoms from the state 0 to the state 1. The system shown in Figure 

5 is called a “four level” laser system, and is characterized by the involvement of four 

energy levels in the whole laser process.  

 Usually, the final pump level (1) has to be above and as close as possible to the 

upper laser level (2), to avoid any other transition in between that can interfere in the laser 

performance. Given that, in most cases one will find energy level schemes similar to the 

one shown in Figure 5, where the atoms in level 1 decay to the upper laser level by non-

radiative decay. This non-radiative decay, generally a multi-phonon decay, means that part 

of the energy deposited by the pump photons is wasted in the form of heat.  

 Considering the four level laser transition at1064 nm of Nd
3+

, shown in Figure 6, it 

is possible to see two different ways of pumping the laser. 
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Figure 6. Nd
3+

:YAG
 
energy level scheme showing the pump and 1 m laser 

transitions. 

 The first one is pumping the fundamental ions from the 
4
I9/2 level to the 

4
F5/2 level 

using 808 nm photons. In this case, there is a phonon transition from the 
4
F5/2 level to the 

4
F3/2 one, which is the upper laser level. After that, the ions will emit a 1 m photon to 

undergo the transition 
4
F3/2→

4
I11/2, which happens by stimulated emission. Finally, the 

system relaxes again through a multiphonon decay to the ground state, and the cycle starts 

again. If one considers the energy difference between the pump photon energy and the laser 

photon energy, it is seen that there is about 24% energy loss on the way. 

 On the other hand, if the Nd
3+

 ions are pumped directly into the photon emitting 

level, 
4
F3/2, using an 880 nm photon source, the energy loss is reduced to 17%. Thus the 

efficiency of these lasers can be made higher. This efficient way to pump Nd lasers is 

called direct pumping, and has been reported in many Nd lasers recently [15, 16, 17], 

leading to significant improvement in the laser performance. 

1.1.2. Neodymium lasers 

Amongst the different lasers produced with rare earth ions, the neodymium ones were the 

first to be demonstrated and are the most popular solid state lasers in the market. The 

trivalent form of neodymium (Nd
3+

) was incorporated in several hosts, crystals and glasses, 

which have reached efficient laser action. There are many emitting lines possible in Nd 
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lasers, among them the strongest ones are, ~0.9 m (
4
F3/2→

4
I9/2), ~1 m (

4
F3/2→

4
I11/2) and 

~1.3 m (
4
F3/2→

4
I13/2), as seen in Figure 7. 

 

Figure 7. Nd
3+

 laser transitions. 

As an example the transition probabilities (based on the branching ratios) of the 

4
F3/2 level in a Nd:YAG crystal are: ~60% for the 1 m transition; ~25% for the 0.9 m 

transition and ~15% for the 1.3 m transition [18]. Of course these probabilities change a 

little from host to host. Therefore, one should expect to detect a more intense emission at 

1 m when looking at the infrared fluorescence spectrum of a material doped with Nd.  

The energy difference between 
4
I11/2 lower level and the ground state is 

approximately 2000 cm
-1

 which is an order of magnitude higher than the value of kT at 

room temperature, and therefore the 1m laser is designated a four level laser. Figure 8 

shows the absorption and emission spectra for a Nd:YAG crystal, as an example. 
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(a) (b) 

  
Figure 8. (a) Absorption and (b) emission spectra of a Nd:YAG crystal [19]. 

 By means of nonlinear optics, the infrared emission of the three main transitions 

can be frequency doubled, thus providing lasers operating in the visible spectral range at 

red (1.3m to 0.65m), green (1 m to 0.5m) and blue (0.9m to 0.45m) 

wavelengths. 

 There are several hosts that are able to be doped with neodymium ions and achieve 

laser action. However, four of them attracted more attention because of their properties and 

laser performance: Nd:YAG, Nd:YVO4, Nd:GdVO4 and Nd:YLF. Table 1Table 1. Most 

relevant physical and optical properties of the Nd-doped YAG, YVO4, GdVO4 and YLF 

crystal hosts [20, 21, 22, 6, 23, 19]. shows their main physical and optical properties 

important for their use as a laser active medium.  

Table 1. Most relevant physical and optical properties of the Nd-doped YAG, 

YVO4, GdVO4 and YLF crystal hosts [20, 21, 22, 6, 23, 19]. 

 Nd:YAG Nd:YVO4 Nd:GdVO4 Nd:YLF 

4
F3/2→

4
I9/2 946 nm 914 nm 912 nm 

903 nm ) 

908 nm ) 

4
F3/2→

4
I11/2 1064 nm 1064 nm 1063 nm 

1047 nm ) 

1053 nm ) 

4
F3/2→

4
I13/2 1319 nm 1342 nm 1341 nm 

1321 nm ) 

1314 ) 

Stimulated emission cross section 2.8 14.1 ) 2.08 ) 1.8 ) 
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(e) - 1 m transition (10
-19

 cm
2
) 2.95 ) 10.3 ) 1.3 ) 

Stimulated emission cross section 

(e) – 0.9 m transition (10
-19

 cm
2
) 

0.35 
0.45 ) 

0.42 ) 

0.62 ) 

0.55 ) 

0.12 ) 

0.13 ) 

4
F3/2 lifetime (s) 230 90 96 500 

Thermal conductivity (W.m
-1

.K
-1

) 14 
12 (c-axis) 

9 (a-axis) 

10.4 (c-axis) 

8.6 (a-axis) 

5.8 (c-axis) 

7.2 (a-axis) 

Thermal expansion coefficient (10
-

6
 K

-1
) 

7.5 
8.19 (c-axis) 

1.69 (a-axis) 

7.89 (c-axis) 

1.14 (a-axis) 

8.3 (c-axis) 

13.3 (a-axis) 

dn/dT (10
-6

 K
-1

) 7.3 
7.9 (c-axis) 

- (a-axis) 

10.1 (c-axis) 

13.8 (a-axis) 

-4.3 (c-axis) 

-2 (a-axis) 

Looking at the table it is possible to notice that the spectroscopic parameters such as 

emission wavelengths, emission cross sections and lifetime, as well as the thermal 

parameters, thermal conductivity, thermal expansion coefficient and refractive index 

variations with temperature (dn/dT), varies depending on the host. Given that, each crystal 

has to be studied as a particular case, taking into account their specific advantages and 

disadvantages. 

Next we consider the principles of operation for a Neodymium four-level laser. 

Figure 9, extracted from [6], shows a more detailed four level Nd laser system scheme with 

its possible transitions.  

 

Figure 9. Four-level laser energy scheme [6]. 
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 It all starts with a pump transition from the ground state 0 (E0) to level 3 (E3). 

Following the pump transition comes a fast decay to level 2 (E2), generally by means of a 

non-radiative decay. Level 2 is the upper laser level and has typically a relatively long 

lifetime (21) in order to accumulate population for a stronger inversion. Thus, the laser 

transition (2→1) takes place, populating level 1 (E1), which decays rapidly to the ground 

state again.  

 Analyzing the whole process, an important characteristic of the system can be 

pointed out: level 1 is far from the ground state 0 causing almost all the population to be in 

the ground state during thermal equilibrium (Boltzmann distribution) as long as the energy 

gap between level 0 and 1 is large enough to keep the population in level 1 equal to zero. 

Therefore, inversion will occur with any small number of atoms pumped to level 2. In 

addition to that, it is important that the relaxation time 10 is much faster than the laser 

transition lifetime 21 (10 << 21). From equation (1) it is possible to observe that if E >> 

kT, consequently N1/N0 << 1 and N1 will be probably empty. In some cases the distance 

between these two levels is small, thus demanding some kind of cooling of the medium in 

order to reduce the kT term. In most cases, the calculations based on the population 

distribution do not take in account levels 3 and 1, since their decays are fast enough to not 

keep a relevant population stored. 

 Many lasers can be classified as four-level, including the well-known Nd
3+

 

transitions at 1.0 m and 1.3 m. The 0.9 m transition in Nd:YAG can be considered a 

quasi-four-level transition with very similar characteristics to the four-level system. 

However, in the majority of other hosts it tends towards a three-level system, being known 

as quasi-three level laser transition, which will be discussed in a later section of this 

chapter. 

 As for the phonon transitions bridging the non-radiative transitions, it is possible to 

notice that they account for 3% to 25% (depending on the laser transition and on the pump 

wavelength) of the incident energy converted in Nd lasers (quantum defect). This energy is 

dissipated in the form of heat, which can be detrimental to laser performance.  

 The heat load accumulated in the crystals is responsible for the occurrence of 

cracks, thermal lensing effects, changes to the population distribution and for the 

vibrations. Thermal lensing is of particular importance to the lasers in this thesis. It is the 
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result of a combination of mechanical changes due to thermal expansion/compression of 

the crystal (example end face bulging) and refractive index variation with temperature 

(dn/dT). Optical resonators can become unstable due to the sudden creation of a lens like 

element inside it. Further, the lens curvature keeps changing with increase of temperature, 

which increases with the pump power and also changes depending on the pump beam 

profile. It would require some kind of dynamic cavity system, which must change its 

stability conditions according to the pump power applied, enabling the laser to operate in a 

wide range of pump powers. Another consequence of the thermal lens is the deterioration 

of the laser beam quality, as the lens may enable higher order modes to resonate stably or 

cause non- spherical wavefronts due to its irregular geometry. 

 Because of that, it is important to include a cooling system to dissipate the heat 

generated in the Neodymium doped crystals, whose worst case scenario is found for the 

four-level laser systems ~25%. Crystal properties such as thermal conductivity, thermal 

expansion and dn/dT become very relevant to the maintenance of good laser performances 

and to prevent damages like cracks in the crystals during laser operation. Table 1 brings 

these three main properties for the most commonly used Neodymium-doped crystals.  

 There are other sources of heat which can be relevant in some specific cases, such 

as the relatively strong upconversion encountered in Nd:YLF lasers, which will be further 

discussed in the next section. 

1.2. Nd:YLF 

Nd:LiYF4 (Nd:YLF) is one of the most widely studied laser crystals in the literature, 

together with Nd:YAG and Nd:YVO4. It is a crystal that brings some interesting attributes 

to solid state lasers, such as weak thermal lensing and different laser wavelengths. 

 The LiYF4 crystal is a scheelite type crystal, which belongs to the tetragonal spatial 

group and can have the yttrium ions replaced by other rare earth ions. Figure 10 shows the 

crystal structure of a YLF crystal [24]. 
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Figure 10. YLF crystal structure [24]. 

 An interesting property of YLF is related to the thermal lensing effect. Looking at 

the thermal properties of YLF in Table 1, such as the thermal expansion coefficient and the 

dn/dT (refractive index change as a function of temperature), one can see that the first one 

is positive and the second one negative. The negative variation of the refractive index 

creates a diverging lens inside the crystal, while the positive thermal expansion creates a 

converging lens by means of the crystal end face bulging. Consequently, there is a 

compensation of lenses resulting in a weak overall lens. Of course the resultant thermal 

lens depends on the pump geometry and beam profile. Generally the worst case scenario is 

found in the longitudinally pumped lasers, where the pump beam can be focused to very 

tight beam waists, thus creating a strong temperature gradient and consequently very strong 

thermal lensing.  

 Based on the fact that YLF crystal introduces only a weak thermal lens, the optical 

resonators built with it should operate more stably even under high pump power, 

maintaining a good beam quality. However, YLF has a poor thermal conductivity which 

limits the pump power scalability and exhibits a lower fracture limit than other laser 

crystals (YAG, YVO4 and GdVO4). 

 The other two interesting characteristics the YLF crystal introduces, are related to 

its Nd doped form. A Nd:YLF crystal has a radiative lifetime of the 
4
F3/2 upper laser level 

of 500 s, which is quite long compared to the 90 s of the Nd:YVO4 or even the 230 s of 

the Nd:YAG. It brings to Nd:YLF a better energy storage capacity, as it can keep the 
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pumped ions for an average time of 500 s before they start to decay. Q-switch lasers 

benefit from this longer energy storage, since a larger population inversion can be obtained 

and therefore a higher small signal gain, before the modulation is turned off. As a 

consequence, higher output peak powers should be obtained from Nd:YLF lasers. 

However, this is not always the situation, because in some cases a strong upconversion 

takes place and quenches the upper laser level before the 500 s lifetime. This causes the 

shortening of the fluorescence lifetime, thus reducing the energy storage capacity [25, 26]. 

An approach to avoid upconversion is to use lower Nd
3+

 concentrations, since most of the 

upconversion is based on energy transfer processes. 

 YLF is a naturally birefringent crystal which overwhelms any thermally-induced 

birefringence, guarantying a polarized laser emission. The emission cross section of 

Nd:YLF is about two times lower than the one for Nd:YAG, although it is not a problem to 

concern much, since resonator designing can in many cases compensate it.  

 Finally, a different range of wavelengths can be obtained using Nd:YLF compared 

to other hosts. For the 
4
F3/2→

4
I11/2 transition, 1047 nm for  polarization and 1053 nm for 

the  polarization are the lasing wavelengths, while for the Nd:YAG, Nd:YVO4 and 

Nd:GdVO4 crystals, the usual lasing wavelengths are at 1063 nm or 1064 nm. For the 

4
F3/2→

4
I13/2 transition, 1321 nm for  polarization and 1314 nm for the  polarization are 

the lasing wavelengths. The transition of the 
4
F3/2 level to the ground state delivers laser 

emissions at 903 nm for  polarization and 908 nm for the  polarization.  

By simply doubling the frequency of the fundamental wavelengths provided by the 

Nd:YLF crystal, it is possible to obtain the following range of visible emissions, Figure 11. 



33 

 

 

 

Figure 11. Frequency doubled Nd:YLF laser wavelengths. 

Figure 12 shows the energy level scheme of a Nd:YLF crystal at 300 K with its 

main pump and laser transitions. 

  

Figure 12. Nd:YLF energy level scheme at 300 K with the main pump and 

emission transitions. 

 Nd:YLF is normally pumped to the 
4
F5/2 band, at 792 nm, 797 nm or 806 nm, 

because of availability of cheap, high-power pump diodes. It can also be pumped directly 

to the upper laser level 
4
F3/2 reducing the heat load as discussed before, mainly at 869 nm 

(higher absorption cross section) or 881 nm (more common due to availability of high 
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power diode lasers). Figure 13(a) shows the absorption cross section spectra ( and ) and 

(b) the polarized emission cross section for the Nd:YLF. 

(a) (b) 

  

Figure 13. Nd:YLF polarized (a) absorption cross section and (b) emission cross 

section [19]. 

 Several publications have reported diverse laser cavity setups using Nd:YLF 

reaching relatively high powers, high efficiency and with very good beam quality. A side-

pumped Nd:YLF laser delivering 16.7 W of output peak power at 1053 nm in quasi-CW 

regime, corresponding to an slope efficiency of 61% has been reported in [27]. The 

transverse mode of this laser was characterized as a TEM00 mode. In end-pump 

configurations, output powers as high as 60 W at 1047 nm were reported for CW operation 

by Bollig et al.[28], with corresponding slope efficiency of 52% with respect to the 

absorbed pump power. The beam quality is not reported but is believed to be very close to 

TEM00 by visual inspection of the beam profile. Another interesting work was reported in 

2005 by Peng et al [29], in which an output power of 28 W (CW) at 1053 nm was 

achieved, using a dual-pump configuration with 60 W total power. The work presents a 

detailed treatment of upconversion and thermal lens influencing laser efficiency, as a result 

a 0.4% Nd-doped, 30 mm long crystal was used and a pump beam diameter of about 2.5 

mm. Also, in the same work a Q-switched version was described, which delivered more 

than 52 W of average power for repetition rates from 5 to 30 kHz. The maximum pulse 

energy demonstrated for this laser was 10 mJ at 5 kHz. A work by Lu et al. [16] 

demonstrated the highest slope efficiency of a Nd:YLF laser reported so far, reaching 
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76.3%. This laser featured an upper laser level direct pumping scheme, as described earlier 

in this chapter, pumping the crystal at 880 nm using a 2 W Ti:Sapphire laser, with the laser 

oscillating at 1047 nm. 

 For lasers operating on the quasi-three level transition (
4
F3/2→

4
I9/2), two recent 

reports deserve to be highlighted, Liang et al. [17], demonstrating 4.7 W of output power at 

908 nm in CW regime, and Lu et al.[30], which demonstrated a blue laser at 454 nm with 

output powers as high as 4.33 W in CW regime. Both lasers used direct pumping schemes 

at 880 nm with the infrared laser emission reaching a slope efficiency of 43.3% and the 

visible converted emission achieving an optical conversion efficiency of 13.2% with 

respect to the incident power. Our group has also achieved good results in the quasi-CW 

regime at 908 nm and at 454 nm, which are fully described in this thesis and in [31]. 

 The 1.3 m transition and its second harmonic conversion into the red range have 

also been demonstrated [32, 33, 34, 35, 36]. Of particular importance  are works by Louyer 

et al. [32], Lu et al. [35] and Zondy et al. [36]. The first author has demonstrated 3.6 W at 

1312 nm and 4.8 W at 1322.6 nm in CW operation for a maximum pump power of 16 W. 

The second author reports a directly pumped Nd:YLF laser operating at 1321 nm resulting 

in 3.6 W of CW output power for an absorbed pump power of 7.3 W, corresponding to a 

slope efficiency of 52%. The last author demonstrated an output power of 1.4 W in the red 

region which is the maximum CW power demonstrated for a red Nd:YLF laser so far [36]. 

 Other relevant works in the field are related to the properties of Nd:YLF which 

interfere with laser performance, such as thermal lensing [26], thermal fracture limits [22] 

and upconversion effects responsible for extra heat [26] and upper laser level lifetime 

quenching [25]. It is well know that Nd:YLF has lower thermal fracture limit than other 

commonly used laser crystals, and this is due to its small tensile strength [22], which limits 

the average pump power that the crystal can manage before it cracks.  

 Regarding to upconversion, Nd:YLF also suffers more than other crystals, eg in 

comparison with YAG [23], since it presents a longer lifetime of the upper laser level 

(~500 s), therefore storing more excited ions which can then interact with a neighboring 

ion (energy transfer upconversion – ETU) or absorb another photon (excited state 

absorption –ESA) within a lifetime period. In [26], ETU was considered the predominant 

upconversion process, and a profound experimental and theoretical analyses was made, 
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demonstrating the influence of the extra heat on the strength of the thermal lens. Figure 14, 

reproduced from [26], plots the dioptric power (inverse of the effective focal length) of the 

thermal lens as a function of incident pump power (up to 12 W) in four different 

conditions; -polarization (circles) and -polarization (squares) under lasing (open 

symbols) and non-lasing conditions (filled symbols). 

 

Figure 14. Thermal lens dioptric power as a function of incident power for a 

Nd:YLF crystal [26], for squares and  (circles) polarizations under lasing 

(open symbols) and non-lasing (filled symbols) conditions. 

 As we can see, the dioptric power increases faster (focal length decreases) for 

higher pump powers under non-lasing conditions for both  and  polarizations, with the 

difference that -polarized light experiences a converging lens, while -polarised light 

experiences a diverging lens. Under lasing conditions however, these lenses get much 

weaker, once the laser transition predominates over the upconversion in the competition to 

quench the upper laser level population, thus drastically reducing the extra heat and 

therefore the thermal lens caused by the upconversion.  

 The other consequence of the upconversion is the detrimental lifetime quenching of 

the upper laser level, which consequently degrades Q-switched laser performance. A good 

characterization of this effect is described in Pollnau et al. [25], which shows a shortening 

of lifetime from ~500 s to ~150 s, with the increase of the pump intensity. 
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 Up to this point the discussion was on how to achieve inversion, thus gain, in the 

active medium, particularly Neodymium doped crystals. Next section will introduce the 

concepts of the harmonic generation, responsible for the conversion of the infrared photons 

into visible photons. 

1.3. Harmonic generation 

When intense radiation interacts with matter, both linear and nonlinear responses are 

observed. These responses come from the light beam electric field perturbation induced in 

the atoms of a dielectric material. When a light wave propagates through the material, 

changes in the spatial and temporal distribution of electrical charges take place, which is 

due to the reaction of the electrons and atoms to the electromagnetic wave.  

 The strongest atomic system reaction is manifested as a displacement of the valence 

electrons from their usual orbits, thus originating electric dipoles. Macroscopically, these 

dipoles are expressed as a polarization. Considering low intensity fields, the effect 

produces a linear response while for strong fields, the response comes nonlinearly with the 

dipole amplitudes not reproducing the amplitude of the electromagnetic field which creates 

them. The linear interaction will radiate the same wave as the incoming wave in terms of 

phase, polarization and frequency, while the nonlinear interaction generates a wave with 

higher order frequency components, phenomenon known as frequency conversion. 

 Frequency conversion is extensively used to add versatility to high power infrared 

lasers, extending their output wavelengths to the visible range. Nonlinear optics includes 

elastic interaction (energy conserving process), such as harmonic generation, and inelastic 

interaction (energy exchanging processes), like stimulated Raman or Brillouin scattering. 

 In this thesis three nonlinear effects are employed: stimulated Raman scattering 

(SRS), second harmonic generation (SHG) and sum frequency generation (SFG). SRS is 

used in all the Raman lasers described in this work shifting the fundamental wavelengths to 

longer wavelengths and the SHG and SFG are used to convert the infrared emissions to the 

visible range. 
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1.3.1. Considerations on harmonic generation 

First, we should physically describe the effect of an electric field propagating through a 

dielectric medium. This field creates electrical dipoles in the material which are 

represented by an induced polarization (P). As introduced before, this polarization has two 

components, one linear (PL) and another nonlinear (PNL). The equation (2) shows the 

equation which describes the components of the polarization [37]. 

               
           

            
           (2) 

 is the electrical susceptibility tensor of a material, where 
(1)

 refers to the linear 

susceptibility and 
(2)

 and 
(3) 

refer to second and third order susceptibility. E is the electric 

field and ϵ0 is the electric permittivity of free space. Thus, there is only one component 

responsible for the linear polarization of a material. If one looks at the electric field in each 

of the polarization terms, it is seen that the first one responds linearly with E, the second 

and the third respond nonlinearly with E
2
 and E

3
, respectively. The magnitude of each 

susceptibility decreases with increasing order, starting with 
(1)

, which is of the order of 

unit and 
(1)

>>
(2)

>>
(3)

. For this reason the nonlinear interactions require high intensity 

fields as their susceptibilities are very small. This high intensity requirement caused the 

nonlinear effects to be identified only after the advent of the laser, which provided a high 

intensity light source. The second order susceptibility is responsible for the second 

harmonic generation (SHG), sum frequency generation (SFG) and others of the same 

nature. The third term is responsible for stimulated Raman scattering (SRS), Kerr effect 

and others. 

 The wave equation in a nonlinear optical media can be deduced from the Maxwell 

equations, 

      
 

  

   

   
  

 

    

   

   
 (3) 

where c is the speed of light in vacuum, E the electric field and P the induced polarization. 

Given the relation                  and      , equation (3) can be written as 

[37] 
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 (4) 

In order to simplify, we consider that the wave oscillates only with a well defined 

frequency n and propagates along the z axis only. Its electric field can now be described 

as 

                       (5) 

where A(z) is the amplitude of the electric field and k is the wave vector. Therefore, the 

second derivative of the electric field with z is given by,  

        

   
             

     

  
          

      

   
                 (6) 

Using the slowly varying amplitude condition, 

     

  
  

      

   
 (7) 

and the fact that the derivatives in x and y are zero, since we defined the propagation of the 

wave along z, the wave equation can be rewritten as 

     
     

  
        

 

  
                  

 

    

   

   
 (8) 

 The wave vector is defined k = n/c, thus the second and third term in the bracket 

cancel each other. As a result the electric field amplitude variation is given by (9), showing 

the dependence of the electric field on the polarization created by the incident wave. 

     

  
 

 

       

   

   
          (9) 

Now going back to the definition of the second order polarization term given by 

[37], we have 

         
        . (10) 
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The tensor 
(2)

 is also known as the tensor d, or d coefficient, given by:         . This 

tensor has 27 components although, many of them become null depending on the symmetry 

of the system. As a result, the summation of the non-zero elements gives the effective 

nonlinear coefficient (deff). 

 Taking the definition of the electric field (5) and introducing it into (10), we obtain 

       
     

              (11) 

 Using this polarization in equation (9), it is possible to calculate the second 

harmonic power as follows [6] 

    
   

       
   

      
     

             (12) 

where  is the incident wave frequency, l is the nonlinear crystal length, A is the beam 

cross-sectional area inside the medium, n is the refractive index at the frequency , n2 

the refractive index at the doubled frequency and P is the incident power at the frequency 

. It is interesting to notice that the SHG power increases quadratically with the 

fundamental power,       
 . 

 The phase mismatch is represented by            and it is the argument of 

the function sinc defined as  

            
            

   
 (13) 

 Figure 15 shows the sinc function plotted as a function of the phase mismatch, in 

which is possible to observe that its maximum value occurs for zero mismatch. At this 

point k must be equal to 0, thus the refractive index at  and at 2 must be the same. For 

either higher or smaller refractive index differences, the conversion efficiency decreases 

rapidly. 

        
     

   
   

    

  
 

  

  

                  

(14) 

with         , 
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Figure 15. Phase matching function response. 

 To simulate the conversion efficiency of the second harmonic, as a function of k, I 

have used (12) and considered the ratio P2/P. I have then used the equation parameters 

shown in Table 2. These parameters correspond to the SHG of =1064 nm in a LBO 

crystal.  

   

  
 

         
   

      
     

             (15) 

Table 2. Parameters used for the simulation shown in Figure 16.  

 SHG parameters 

 (×10
6 

GHz) 1.77 

deff (pm/V) 0.83 

Crystal length (mm) 5 

Beam radius (m) 200 

P (W) 200 
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Figure 16. SHG conversion efficiency for different n. 

 In Figure 16, the refractive index difference of 10
-6

 does keep the conversion from 

1064 nm to 532 nm to continue throughout the whole crystal length. As this difference 

increases to 10
-4

, the conversion goes on up to half of the crystal (green curve) and after 

that, on the descending part of the curve, the energy is back converted from the SHG to the 

fundamental, in this case, no SHG photon would come out of the crystal. For higher 

differences, the energy is converted cyclically, fundamental→SHG then 

SHG→fundamental, as for the yellow and red curves. 

1.3.2. Importance of nonlinear crystal and laser beam parameters 

The nonlinear crystal characteristics and their influence on the SHG process are 

enumerated below. Typically a nonlinear crystal is selected to suit a particular application 

or fundamental laser beam, based on these properties. 

 Nonlinear coefficient: As demonstrated in the previous subsection (1.3.1) the deff has a 

quadratic relation with the SHG output power, thus increasing it. This coefficient is an 

intrinsic property of the material, so choosing the material one can get more or less 

conversion efficiency.  
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 Angular phase matching: In order to obtain efficient SHG, the incident wave must be 

in phase with the harmonic wave. However, these two waves have different wavelength 

and they propagate at different velocities inside a medium with very well defined 

refractive index, thus are not able to get in phase. The solution comes from 

birrefringent media, which change the refractive index for different wave polarization 

and angle of incidence. Given that, in many cases it is possible to find an angle in 

which the harmonic wave experiences the same refractive index of the incident wave, 

enabling the phase matching, Figure 17.       

 

Figure 17. Refractive index distribution of an uniaxial KDP crystal for two 

different wavelengths 1-solid black line and 2 – red dashed line. 

In above KDP example, the z axis is representing the optical axis and the 

solid lines are the representation of the refractive index seen by 1 (n1) and the red 

dashed lines are the refractive index seen by 2 (n2). The circles correspond to the 

ordinary polarizations (n
o
) while the ellipsoids correspond to the extraordinary 

polarizations (n
e
). As a result, there is an angle m for which the phase matching is 

possible. At this angle the ordinary beam at 1 experiences the same refractive 

index of an extraordinary beam at 2. This is called critical phase-matching where a 

critical angle is required to enable SHG. 
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In addition, there are two types of phase matching which relate to the 

polarization of the incident and outcome waves: Type I and Type II. The first one 

requires two photons with the same polarization to generate one second harmonic 

photon with opposite polarization (e + e = o or o + o = e). The second one requires 

two photons with opposite polarizations to generate one harmonic photon in one of 

the incident polarizations (e + o = e). 

 

 Temperature phase matching: In most crystals the refractive indices depend on 

temperature. In some cases this can be used to reach the birefringent phase 

matching condition simply by changing the temperature of the medium, i.e. with no 

angle changes. This is known as noncritical phase matching. For noncritical phase 

matching schemes, the temperature control has to be very stable, as any temperature 

change would decreases the SHG conversion efficiency. 

 

 Walk-off: The walk-off effect is related to the angular displacement of the energy 

transport path, given by the Poynting vector (S), and the k vector of the incident 

wave, which happens for angular phase matching (critical). As a consequence, 

frequency doubled or frequency mixed beams will propagate in a different angle as 

the fundamental beam, in the extraordinary direction. As a result, the converted 

beam will be elongated in one of its axes, detrimental for good beam qualities and 

limits the maximum intensity of the incident beam. This is an effect that happens 

only for extraordinary beams.  

 

 Absorption: The absorption of either fundamental light or SHG light does 

introduce heat into the nonlinear crystal, thus changing its refractive index. The 

refractive index inhomogeneity created restricts the volume of the crystal in which 

the phase matching can be achieved. This kind of issue is generally found in high 

power continuous wave lasers, whose heat load is very high. 

 

 Optical quality: Any refractive index distortions inside the nonlinear medium, 

such as defects, are going to decrease the maximum conversion efficiency.  
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Regarding the laser beam, there are some specific characteristics necessary to enable 

efficient conversion as well. The two most important are: 

 Beam divergence: As a consequence of angular phase matching, there is an 

acceptance angle in which the incident beam will be converted, due to the phase 

matching angle restrictions. In that case the convergence and divergence of the 

beam has to be inside the acceptance angle, as Figure 18 demonstrates, in order to 

reach the maximum SHG conversion. 

 

Figure 18. Influence of the beam divergence on the SHG conversion. 

 Spectral bandwidth: Depending on the bandwidth of the light source to be 

converted, some of the wavelengths on the edge of the band may not be converted, 

Figure 19. In fact, each line into the band will experience a different refractive 

index. This is generally not relevant difference, although for relatively large 

bandwidth this effect start to be noticed and the condition for phase matching is no 

longer fulfilled. This is also dependent on material parameters, with some materials 

having larger acceptance bandwidth than others. 



46 

 

 

  

Figure 19. Acceptance bandwidth of a nonlinear crystal. 

1.4. Nd quasi-three level lasers  

In this section will be described the most relevant physics for the the Nd quasi-three level 

lasers followed by a review of the key works reported on the field. 

1.4.1. Physics 

The majority of solid state lasers are based on four level laser systems, in which there are at 

least four levels involved in the laser process (see Figure 9). However, this is not the only 

system found in laser materials with possibilities to create laser action. There is another 

very common laser scheme called three level system, in which only three levels are 

involved, as represented in Figure 20.  

 

Figure 20. Three level laser scheme. 
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 As seen in Figure 20, the difference between a three level laser and a four level 

laser starts with the fact that the lower laser level is the ground state in the three level case. 

If one takes the population distribution at thermal equilibrium given by the Boltzmann law, 

it will be found that the lower laser level has now a non zero population. In this case, the 

inversion is harder to reach, since it requires a higher pump power density to put more ions 

in the excited state than in the ground state as the ground state is already populated. 

Another important fact is that the laser transition can also be accomplished upwards, 

characterizing an absorption, due to the natural population in the ground state. Thus, 

photons generated by spontaneous and stimulated emissions are going to be partly 

reabsorbed by the system, causing an extra loss. 

 Fortunately in solid-state lasers the local crystal field causes splitting of the energy 

levels. Given that, depending on which Stark level of the fundamental multiplet is used as a 

lower laser level, the amount of reabsorption changes. If the interaction is with the 0 cm
-1

 

energy level, the maximum reabsorption takes place (the lower the energy the higher is the 

population - Boltzmann distribution). For laser transitions terminating on a higher Stark 

level, reabsorption will lower because the level has lower population. In some cases a Stark 

level can have extremely low population. Lasers involving less populated ground state 

Stark levels are generally denominated as quasi-three level lasers or quasi-four level lasers 

depending on the population of the lower laser level. 

 A laser system can be called quasi-four level laser when the reabsorption can be 

almost neglected. An example is the Nd:YAG 946 nm laser, where the lower laser level is 

the highest ground state Stark level and has only 0.7% of the total population in the whole 

multiplet, Figure 21(a). The physical treatment of those lasers is basically the same as for a 

four level laser system. 

 The quasi-three level laser case is closer to the three level laser systems as the name 

says. In this case, there is no population number that indicates the limit between a quasi-

three level laser and a quasi-four level laser, it depends on other parameters too, such as the 

stimulated emission cross section. Some examples of quasi-three level lasers are Yb-doped 

lasers, Nd:YVO4 (914 nm), Nd:GdVO4 (912 nm), and Nd:YLF (903/908 nm), as shown in 

Figure 21(b). In Figure 21 it is possible to see the population difference in the lower laser 
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level between Nd:YAG and Nd:YLF, with the last one having nearly 5 times more 

population than the Nd:YAG at room temperature. 

 

(a) 

 

(b) 

Figure 21. (a) Nd:YAG quasi-four level laser scheme and (b) Nd:YLF quasi-three 

level laser scheme. 

 Some mathematical models for the quasi-three level lasers are found in the 

literature [38, 39, 40]. They describe the population dynamics for the energy levels 

involved in the laser process in order to predict the gain and even laser performance.  
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Considering the model described in [40], and the energy level scheme shown in 

Figure 22, one can have as a starting point the rate equation which describes the population 

dynamics on the lower laser level NL that belongs to the N1 manifold. 

 

Figure 22. Quasi-three level laser scheme used in the modeling. 

 Making a simplistic approximation of constant temperature distribution in the 

whole crystal volume, the emission and absorption cross sections are kept constant as well. 

Also, considering the transition 3→2 a fast transition, we can assume the population in 2 is 

the only other population than 1. With this approximation, and also neglecting effects like 

spatial hole burning and assuming the pump beam passes only once through the active 

medium, the rate equation for the lower manifold can be written as 

   

  
                         (16) 

 

where A is the spontaneous emission rate (1/f), N2 the upper manifold population, e the 

stimulated emission cross section for the transition NU →NL, I is the laser mode intensity, Ip 

the pump intensity, a is the absorption cross section at the laser wavelength (reabsorption), 

N1 the lower manifold population and ap the absorption cross section at the pump 

wavelength. The intensities must be given in units of photons per second per centimeter 

square (s
-1

·cm
-2

).  
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 Solving (16) in the steady-state regime (dN1/dt = 0), and considering the total 

population as N = N1+N2, we find the expressions for N1 and N2 as follows, 

    
     

                
 

 

(17) 

 

    
         

                
 

 

(18) 

It is possible to obtain the gain coefficient (g) at the laser wavelength by 

introducing (17) and (18) in, 

            (19) 

 As a result the gain coefficient given in cm
-1

 can be calculated by the following 

equation: 

   
           

                
 (20) 

 It is also interesting to evaluate the small signal gain coefficient (g0), which can be 

used to analyze the laser threshold condition. In this case, we can neglect the laser intensity 

(I) term, turning (20) into 

    
           

       
 (21) 

  At this point, it easy to notice the degrading influence of the reabsorption losses, 

represented by the aA term, reducing the laser gain.  

 Now we want to consider the spatial distribution of the beams. Assuming a circular 

Gaussian distribution for both pump beam and laser mode, and also assuming a TEM00 

mode oscillation and taking into account the pump beam quality factor M
2
, the expressions 

describing the radii of pump (wp) and laser (wc) beams are given by 
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(22) 

 

 

  
        

   
  

     
 
 

 
(23) 

where n is the material index of refraction, p and  the pump and laser wavelengths 

respectively, wp0 and wc0 the pump and laser mode waists respectively and z0 is the pump 

waist location along the propagation axis.    

Having the spatial distribution of the beams, it is now possible to describe their 

intensity distribution in the whole crystal using cylindrical coordinate (radius-r; length-z). 

For that, the pump absorption coefficient (p), the pump power (Pp), the laser intracavity 

power (Pint) and the output coupler transmission (Tout) are required. 

        
   

      
    

             
    

  
    

  

 

(24) 

 

               
     

          
    

    
    

  
    

  (25) 

Finally, the net gain (G) per double pass integrated over the whole active medium 

can be described as 

         
        

  
      

    
    

  
    

     
  

 

 

 

 

 

 (26) 

where l is the crystal active medium length and rc the crystal radius.  

 In order to reach laser oscillation the net gain (G) has to be equal to the round-trip 

losses, determined by the output coupler transmission (Tout) and passive losses (L). 

Assuming low intracavity losses, this condition can be described as  

  
 

        
 (27) 
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 Taking the quasi-three level laser parameters of the Nd:YLF (908 nm), Nd:YAG 

(946 nm) and Nd:GdVO4 (912 nm) crystals, it is possible to calculate their small signal 

gain distribution in the whole crystal, and with it, the total net gain in each case. To 

exemplify I have chosen two different pump powers, 5 W and 15 W, and simulated the 

small signal gain curves at the center of the beams (r = 0) using (21), (22) and (24). The 

same doping concentrations of 0.6 at% and crystal lengths of 10 mm were chosen for the 

three crystals for the purpose of comparison and the results are shown in Figure 23. The 

pump beam parameters used in the simulations are typical of those found in fiber coupled 

diode lasers, a 100 m core diameter fiber (M
2
 = 40). The output beam is focused to a 

250 m beam radius on the face of the laser crystal. The pump transition used is the 

4
I9/2→

4
F5/2, at 806 nm for Nd:YLF and 808 nm for Nd:YAG and Nd:GdVO4. 

 The double pass net gain calculated can be obtained using (26) and is also shown in 

Figure 23 for each case, giving an idea of which one would oscillate or even support more 

resonator losses, therefore lower pump threshold. 

(a) (b) 
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Figure 23. Small signal gain distribution in Nd:YLF, Nd:YAG and Nd:GdVO4 

crystals for two pump powers (a) 5 W and (b) 15 W (simulations carried out by the 

author). 

 Analyzing the double pass gains (G) in these six different situations, one will find 

that only three of them have chances to reach laser action (G > 1): Nd:YAG - 15 W ; 
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Nd:YLF – 15 W and Nd:YAG – 5 W. The last one has tiny chances to keep an oscillation, 

as its G is only slightly higher than one, which would easily be overwhelmed by a small 

loss. 

 To increase the gain on these lasers we can look at the parameters of the equations 

(20) and (21). Both saturated gain and small signal gain are dependent on the material 

parameters, such as the absorption and emission cross sections, including the lifetime of the 

upper laser level (A=1/f). Accordingly, one should choose a material with high emission 

cross section (e), low reabsorption cross section (a) and long fluorescence lifetime (f). 

The later would reduce the spontaneous emission rate (A), keeping the upper laser level 

poupulated longer enabling stronger inversion and reducing the number of decays that 

populate spontaneously the lower laser level. For the saturated gain case, there is also the 

traditional saturating effect caused by the stimulated emission with some contribution of 

the reabsorption (a+e)I.     

 The Nd:YLF example in Figure 23 is a case where by increasing the pump power it 

was possible to overcome the reabsorption losses by having pump absorption in the whole 

length of the crystal. Accordingly, it is a priority for most quasi-three level lasers to spread 

the pump absorption through the whole crystal length to get a similar effect, either by 

reducing the Nd concentration or using a pump wavelength at a lower absorption cross 

section. 

1.4.2. Literature review 

The first diode pumped quasi-three level laser was reported by Fan et al. [41]. It was a 

Nd:YAG laser emtting at 946 nm operating at room temperature. Many other works have 

followed it, applying frequency doubling in order to obtain efficient and high power blue 

lasers [42, 43, 44].  

 These lasers were not restricted only to the Nd:YAG crystal, they were also 

demonstrated based on Nd:YVO4 [45], Nd:GdVO4 [46], Nd:YLF [30] and various lesser 

known crystals [47, 48]. Table 1 (in section 1.1) provides the wavelengths obtained from 

the 
4
F3/2→

4
I9/2 transition, in Nd:YAG and in the other cited crystals.  

 Multi-Watt operation of these lasers in the infrared was demonstrated with more 

than 10 W of output power. In 2006 Zhou et al. [44], reported a maximum CW output 
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power of 15.2 W Nd:YAG laser at 946 nm. A more recent work [49], demonstrated high 

power and high efficiency continuous wave operation of a Nd:GdVO4 laser at 912 nm. The 

Nd:GdVO4 crystal was pumped at 880 nm, which reduced the heat load, allowing the 

maintenance of a good beam quality (M
2
~1.5 at 14 W of absorbed power) with an output 

power of 8.1 W and a slope efficiency of 68% (optical-to-optical efficiency of 58%). A 

Nd:YLF 908 nm was also demonstrated using a direct pump scheme, reaching a maximum 

output power of 4.7 W in CW regime [17] with an optical to optical efficiency of 39.8%.  

The best continuous wave results in the blue were obtained in Nd:GdVO4 and in 

Nd:YVO4 lasers. An output power of 14.8 W was demonstrated at 456 nm using the 

Nd:GdVO4 as the active medium, reaching a diode-blue conversion efficiency of 37% [50]. 

Another similar work has demonstrated 13.2 W of output power at 457 nm, which 

corresponds to a diode-blue conversion efficiency of 34.7%, using a Nd:YVO4 crystal [51]. 

Other lasers reported did not achieve such high output powers, but some of them deserve to 

be highlighted as in the case of Nd:YLF. The Nd:YLF quasi-three level laser enables the 

deepest blue emission among the cited crystals, 451 nm () and 454 nm (), and output 

powers of 4.5 W in CW regime were reported at 454 nm [30]. 

 The success of neodymium lasers operating on this transition, inspired the current 

search for lasers operating in the more populated degeneracies of the Nd fundamental level, 

which enables the generation of even deeper blue lasers [52]. 

1.5. Raman lasers  

This section will describe the basic physics of the Raman lasers and also the main works on 

the field are highlighted and discussed, in the context of the present thesis work. 

1.5.1. Physics 

Discovered in 1928 by C. V. Raman [53], Raman scattering is an inelastic process where 

part of the energy of the incident light is transferred to the medium, such that the scattered 

(Stokes) light has a different frequency. 

The interaction between an incident electromagnetic (EM) field and the scattering 

material has to be observed from the molecule/atoms point of view in order to be 
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understood. Electrons orbiting the atoms are perturbed periodically at the frequency of the 

incident wave, creating a cyclic charge separation, known as an induced dipole. This dipole 

determines the frequency context of the scattered radiation. The majority of the scattered 

light has the same frequency of the incident field (i = 2i). Such scattering is termed 

“elastic” scattering, and the most usual types are Rayleigh and Mie scattering. A small 

(typically 1 in 10
6
) fraction of the scattered light will have different frequency to the 

incident light, arising from “inelastic” scattering processes. Raman scattering is one of the 

possible inelastic processes (Brillouin scattering is another), and is the responsible for 

frequency shifted components, known as Stokes (s= 2s) and anti-Stokes (a= 2a). A 

scheme of these two types is shown in Figure 24. 

 

Figure 24. EM field scattering components. 

As this thesis concerns only the Stokes process, the anti-Stokes will not be 

discussed further.  

The molecular vibrational modes are generally the responsible for absorbing the 

residual energy, ħv, in the case of Stokes emission (ħs = ħi – ħv). This vibrational 

energy is very dependent on the material structure, atoms, bonds and so on.  

An interesting characteristic of Raman scattering is that it can be cascaded, or in 

other words, the 1
st
 Stokes photons (s1) can be shifted in the same way of the first incident 

field, generating the 2
nd

 Stokes (s2) and so on. Figure 25 shows a representative energy 

level scheme with the generation of multiple Stokes photons. 
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Figure 25. Stokes lines generation. 

Theory of spontaneous Raman scattering 

As mentioned above, a dipole is induced in the material by the incident EM field; its 

strength P can be expressed as [54] 

     (28) 

where  is the polarizability and E the electric field of the incident wave. The electric field 

is given by 

             (29) 

with i given in rad/s where       
  

 and E0 is the amplitude of the electric field. 

Inserting (29) in (28) we can describe the induced dipole moment as a function of the time. 

              (30) 

The polarizability depends on the particular position of the individual atoms, thus 

there is a need to describe the instantaneous position of the atoms involved. The atoms 

actual displacement q(t) around their equilibrium position originated by a specific 

vibrational mode can be described as 

                (31) 

s1 = i - v     (1
st
  Stokes) 

s2 = s1 - v   (2
nd

 Stokes) 

s3 = s2 - v (3
rd

  Stokes) 
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where v is the frequency of the vibrational mode and q0 is the maximum displacement 

around the equilibrium point. 

 An important assumption about the polarizability () must be made, a statement 

that the polarizability of the atomic system varies with the internuclear separation q(t) 

according to the equation (32). This is a good approximation for relatively small 

displacements, such as up to ~10% of the bond length [54].  

     
  

  
     (32) 

 The polarizability at the equilibrium position is given by 0 and the derivative term 

describes the variation of the polarizability with the displacement. Substituting (31) in (32) 

we can have 

     
  

  
           (33) 

  Lastly, we take this polarizability definition and insert into (30) as follows 

               
  

  
                     (34) 

 Using the trigonometric relation,           
 

 
                   , it is 

possible to observe the three frequency components generated, i, (i - v) and (i + v).  

               
  

  

    

 
              

  

  

    

 
              (35) 

The first term describes an elastic scattering, Rayleigh or Mie, where the frequency 

of the incident EM field is maintained, and the last two terms are inelastic scatterings 

composing the Stokes (at lower frequencies) and anti-Stokes (at higher frequencies) 

emissions, respectively. 
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Analyzing equation (35) it is clear that the term       must not be zero in order to 

make Raman scattering possible. Therefore, a Raman active material must have at least one 

vibrational displacement mode of its atoms/molecules that produces a change in 

polarizability. We can take as an example a simple diatomic system as shown in Figure 26. 

(a) (b) (c) 

   

Figure 26. Diatomic system vibration at (a) maximum compression, (b) at 

equilibrium and (c) at maximum stretch.  

   When the system is at its maximum compression (L-q0) as in Figure 26(a), the 

electrons from the red atom are going to have a strong interaction with the black atom 

nucleus, and vice versa. As a result, they will not be perturbed much by the incident field. 

On the other hand, as shown in Figure 26(c), when the atoms are far from each other 

(L+q0), they are going to be more sensitive to the incident field, as they feel less influence 

from each others nucleus, thus they are more easily perturbed by the field. Finally, in terms 

of polarizability, when the system is at maximum compression, its polarizability reduces, 

while if the system is found at maximum expansion, its polarizability increases. 

Stimulated Raman scattering (SRS) 

Having in mind the nonlinear description of spontaneous Raman scattering, we can now 

think on how its stimulated version takes place. 

 Physically speaking, the dynamic modulation of the polarizability creates the 

frequency sidebands on the laser field. Now if one traps the Stokes band into a resonator, 

we will have two fields propagating together, i and s. These two fields are going to beat 

and thus modulate the total intensity as [37] 

                      (36) 
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where I0 is a time independent intensity term and the second term has I1 as an intensity 

amplitude which oscillates at the frequency i – s. Given that i – s = v, we found out 

that the beat frequency is exactly the molecular vibration frequency. Therefore, the atomic 

system involved is going to experience a coherent excitation provided by the beat, leading 

to a stronger molecular vibration. This stronger vibration increases the Stokes field 

undergoing this region, which in turn leads to an even stronger molecular vibration. As a 

result of this cyclic process we have a coherent Stokes field amplification, defining the 

stimulated Raman scattering (SRS). I have considered (simulated) this in the context of a 

solid-state Raman laser. Figure 27(a) shows the plots of the fundamental and Stokes 

frequencies found in Nd:GdVO4 self-Raman laser (author’s simulation), 1064 nm 

(i=282 THz) and 1173 nm (s=256 THz), evidencing the beating pattern created. In Figure 

27(b), we show a superposition of these two waves with the molecule vibrational 

oscillation in red, demonstrating the resonance between the beat generated by the two 

propagating fields and the molecular oscillation. 

(a) (b) 

  

Figure 27. (a) Fundamental and Stokes fields beat, and (b) molecular vibration in 

red at the same frequency of the beat (simulation by the author). 

 A further quantitative description of the SRS process can be found in [37]. From 

here the phenomenological description will be focused on the laser operation as follows in 

the next section. 
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Raman lasers 

In order to build a Raman laser, it is necessary to introduce in the laser setup a Raman 

active material, in which the SRS occurs. Generally it is placed inside the resonator where 

the photon field is very high, required to reach the SRS threshold, as discussed later in this 

section.  

Regarding the Raman laser operation, there are two operation regimes to be 

considered in the analysis: Steady-state and transient regimes. 

The Raman laser is considered to operate in a steady-state regime when the duration 

of pumping p is much longer than the decay time TR (this is the decay time for the phonon 

transition). In this case, the Stokes emission intensity IS(z) has the following dependence 

[55] 

                     (37) 

where Ip is the pump intensity, z is the crystal length, and gR is the Raman gain coefficient 

described as, 

   
     

   
   

  
 
  

  
 (38) 

where the integral Raman scattering cross section is expressed by, 

  

  
 

  
   

    
 

 

    
  

  

  
 
 

 (39) 

In these equations N is the density number of Raman active molecules, nS and nL 

are the refractive indices for Stokes emission and pump wavelengths, respectively, m is the 

molecular oscillator reduced mass, Γ is the linewidth for the Raman transition which is 

equal to the inverse of TR and c is the light speed in vacuum. The integral cross section and 

the polarization of the Stokes scattered light depends on the orientation of the crystal with 

respect to the polarization of incident light. Theory predicts that high Stokes scattering 

intensity, as well as the gain, occurs when it has a polarization oriented orthogonally to the 

pumping polarization, although in practice it may be different in some cases. In this 
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regime, the Raman gain coefficient (gR) increases as the Raman linewidth and wavelength 

decrease and the integral scattering cross section increases.  

In the absence of a Stokes field, the SRS grows with spontaneous emission 

integrated over the Raman transition linewidth for a given solid angle (). 

      
  

   
 

  
 

 

     
    (40) 

Since Is(0) typically presents values around 10
-15

 W/cm
2 

[55], to reach the Raman 

threshold it is necessary an exponent gRIbz with a value above 30. Considering a crystal 

operating in the steady state regime with gain coefficient of 10 cm/GW (typical of a crystal 

with high Raman gain) and 30 mm long it would require a pump intensity greater than 1 

GW/cm
2
. However, this usually exceeds the damage threshold of many candidates for this 

purpose.  

There is also a transient regime where P << TR, where the Stokes emission grows 

according to [55]: 

 (41) 

In the case of TR= 1, the Stokes intensity increase does not depend on the 

linewidth and the exponential term depends on z
1/2

 instead of z. Consequently, Raman 

crystals with higher scattering cross section are more interesting for this regime.  

It is possible to generate the second, third and higher orders of Stokes emission. 

This occurs when the first Stokes intensity becomes sufficiently strong to be shifted too, 

and then starts to generate the second Stokes. The same can happens with the second, third 

and other Stokes orders, creating a cascade effect. This usually takes place in cavities with 

a high Q factor, and this effect is used in Raman lasers used for generating multiple 

wavelengths [56]. 

Raman laser engineering 

Three main types of configuration are used to obtain SRS frequency conversion; these are 

usually called Raman generators, external cavity Raman lasers and intracavity Raman 

lasers.  

])/(2exp[)/exp()0()( 2/1
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In Raman generators, the simpler configuration among the three cited, the pumping 

beam with high peak power and pulse duration of the order of 10-100 ps passes through the 

Raman crystal generating the Raman shifted output in a single step. This conversion 

mechanism has shown conversion efficiencies as high as 95%. To reach the threshold of 

SRS, the pump beam is typically focused in the crystal to reach intensities of about 

1 GW/cm
2
. Intensities of this magnitude are close or exceed the damage threshold of many 

crystals and also allow other nonlinear effects such as self-focusing (also related to 

) that 

compete with the SRS. Figure 28(a) shows a schematic drawing of a typical Raman 

generator. For the case of pulses having duration longer than the travel time of the photon 

inside the crystal, it is beneficial to use an optical resonator (which allows the amplification 

of Stokes field through multiple passes), such as the external cavity Raman laser shown in 

Figure 28(b). The output coupler is a partial reflector mirror at the Stokes emission 

wavelength, and often this mirror has high reflectivity at the wavelength of the pump 

making the pump beam pass twice through the crystal thus increasing the conversion 

efficiency. 

      

 

Figure 28. (a) Raman Generator and (b) external cavity Raman laser. 

The intracavity Raman laser configuration, shown in Figure 29, is usually used 

when the output power of a particular laser is not so high. In this case, the Raman medium 

is set up inside the cavity where it can find a highly intense fundamental field. Above the 

Raman threshold there are two intracavity fields: fundamental and Stokes. 
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Figure 29. Intracavity Raman laser. 

There are many variations of the intracavity configuration. One is called a self-

Raman laser and is shown in Figure 30(a). Here the active medium is the same as the 

Raman medium and performs the two functions of generating the laser fundamental and 

Raman-shifting, thereby simplifying and shortening the optical resonator. Another 

approach is using an intracavity mirror, either to separate the fundamental and Raman 

cavities, the so called coupled cavities, or even to simple redirect the visible beam from the 

doubling crystal to the output, and not going to the laser crystal, thus adding heat (Figure 

30(b)). The visible Raman lasers can be found with active medium and Raman crystal 

separately, which prevents the two thermal loading processes to be in the same crystal. On 

the other hand, it adds two more, lossy interfaces, Figure 30(c). 

  

 

Figure 30. (a) Self-Raman laser, (b) Self-Raman SHG laser with an intracavity 

mirror and (c) SHG Raman laser. 

1.5.2. Literature review 

This PhD work has the objective to exploit the unique characteristics of Nd:LiYF4 

(Nd:YLF) crystals in order to achieve developments in Raman lasers. In the long term, 
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such development might include power scaling (>5 W of output power in the visible), 

improve the management of the “green-like problem” (yellow problem in this case), which 

presents itself as an amplitude noise generated by the frequency doubling process, and 

generation of new wavelengths in the near infrared and visible range are some of the 

outcomes. Also, this crystal can be useful in pulsed lasers due to its longer upper level 

lifetime when compared to other crystals. All these advantages as well as the disadvantages 

will be further described in the last section of the chapter. 

The first four sub-sections provide a brief review of the Raman laser field since the 

discovery of Stimulated Raman Scattering (SRS) until the real laser devices developed 

until now. Since the present project concerns the development of a Crystalline Raman 

lasers, the review focus on the results of only this type of Raman laser.  

Stimulated Raman Scattering (SRS) 

The first notice of the Stimulated Raman Scattering was made by accident in 1962, by 

Woodbury and Ng, which later became a patent [57]. They were working in a Q-switched 

ruby laser combined with an intracavity nitrobenzene Kerr cell, when they noticed a 

decrease of power at 694 nm as it was pumped harder. More detailed studies showed some 

increasing of power at a red shifted wavelength. Theoretical description of the phenomenon 

was done in the same year by R.W. Hellwarth [58], where he discussed the dynamic 

behavior of the shifted laser light based on stimulated Raman scattering using measurable 

material parameters, such the Raman scattering cross section. After that, the effect was 

found in many liquids and crystals by Eckhardt et al [59], and others. 

Later on, in 1966 [60], Eckhardt provided a guide to select Raman materials. Such 

work focused on the material analyses and light properties in order to help with the 

prediction of Raman behavior in new materials. One year later, Bloembergen did a huge 

theoretical and experimental review of all the stimulated Raman scattering outcomes since 

their discovery [61]. So far, most of the Raman active materials studied were liquids or 

gases, only few solid state materials were found, like diamond, calcite and -sulphur. 

Through the 70s and 80s other solid state materials were discovered with potential 

application in stimulated Raman scattering. Nitrate based crystals, such as Ba(NO3)2 [62], 

showed very high Raman gain at 532 nm (47cm/GW) and 1064 nm (11cm/GW). Also 
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KGd(WO4), KGW, a tungstate crystal, was another important discovery at the time, which 

is still used nowadays. This material does not have a Raman gain as high as barium nitrate, 

but it is birefringent and depending on the polarization of the optical field, it is possible to 

access different Raman shifts (901 cm
-1

 or 768 cm
-1

). In addition, this crystal can be doped 

with Nd
3+

 and then generates both, fundamental field and SRS [63]. 

More recently, the vanadate based crystals were found to be good candidates for 

efficient Raman shifting as well as they were well explored as efficient crystals for 

fundamental lasers at 1064 nm when doped with Nd
3+ 

[64, 65, 66, 67],. Kaminskii et al. 

[68] were the first to demonstrate the Raman potential in YVO4 and GdVO4 crystals in 

2001. After that, many Raman lasers started to be build using Nd:YVO4 and Nd:GdVO4. In 

one of the more recent experiments the highest CW intracavity visible self-Raman laser 

with5.3W of output power at 559 nm was built [69]. Later, Kaminskii et al. reported 

observation of the non-linear Raman effect in a LuVO4 crystal [70], in which it was shown 

to be a promising self-Raman laser material. 

Nowadays, two crystals are extensively used in Raman lasers because of their 

special properties. One of them is the BaWO4 crystal, which presents one of the highest 

Raman gains (second to diamond) among all the others studied, combined with good 

optical properties and chemical stability [71,72]. The last two properties make this crystal 

more suitable than Ba(NO3)2, which has a higher Raman gain, but is hygroscopic and has 

not such good thermal properties [55]. The very best crystal is an old known material, the 

diamond, which provides, with no doubts, the best properties among all the solid materials 

investigated for the Raman shift generation [73] . Although, this was known since the very 

beginning of the SRS history, it only recently became available with cheaper prices and 

better optical qualities. Synthetic diamond is now produced artificially, by Chemical Vapor 

Deposition (CVD) [74]. Table 3 presents the main materials used nowadays and their 

properties.        
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Table 3. Summary of the main Raman crystals and their properties. 

 
Raman 

shift (cm
-1

) 

Gain coeff. 

at 1064 nm 

(cm/GW) 

Damage 

Threshold 

(GW/cm
2
) 

Thermal 

conductivity 

(Wm
-1

K
-1

) 

Ref 

KGW 768/901 4.4/3.5 10 

2.6 [100]       

3.8 [010]                 

3.4 [001] 

[75] 

BaWO4 926 8.5 - 3 [75] 

YVO4 892 4.5 1 5.2 [55] 

GdVO4 885 4.5 1 5 [75] 

Ba(NO3)2 1047 11 0.4 1.17 [55] 

Diamond 1332 12 - 2000 [73] 

Solid State intracavity Raman lasers 

Due to the fast developments in SRS theory and experiments during the 60s, real laser 

devices were produced in the following period. These new lasers provided access to new 

wavelengths in the near infrared and visible range showing high efficiency and then, 

becoming a promising tool. The following review focus on the intracavity design in 

continuous wave operation and visible lasers.  

CW Raman Lasers 

The first work showing continuous wave (CW) operation of Raman lasers was an argon-

ion-laser-pumped Ba(NO3)2 crystal [76], reported by Grabtchikov in 2004. It was pumped 

at 514 nm and generated 543 nm shifted output laser in an eternal cavity configuration. 

Actually, the first intracavity CW Raman laser, which this review concerns, was made in 

2005 by Demidovich et al. [77], consisting in a Nd:KGW self-Raman laser. It reached a 

maximum output power of 54 mW at 1181 nm, corresponding to a diode-Stokes efficiency 

of 2.6%. 

A detailed review on CW Raman lasers up to 2007 can be found in [55]. Since then 

only a few works tried to couple infrared emission to the 1
st
 Stokes. This is because the 

optimum 1
st 

Stokes output transmission was found to be quite low, around 1% and also 
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because the frequency doubled version of these lasers was more interesting from the 

application point of view. Nonlinear coupling (second harmonic/sum frequency generation) 

has been used to extract the potential of CW intracavity Raman lasers, resulting in yellow-

orange lasers. 

From 2007 onwards, there were some groups reporting over multi-Watt CW output 

powers in a variety of systems. Dekker et al. have reported 2.04 W at 1173 nm extracted 

from a Nd:GdVO4 self-Raman laser [78]. In 2009, one of the highest output powers was 

reported by Fan et al. [79], demonstrating 3.36 W using a Nd:YVO4 and a BaWO4 crystal 

with the 1
st
 Stokes at 1180 nm. During the following years, many others reached output 

powers up to 3 W in CW Raman lasers [80, 81, 41]. 

Nowadays, output powers of 5.1 W at 1217 nm and 6.1 W at 1139 nm were 

achieved by Savitski et al. [82]. The 1217 nm laser was based on a commercial Nd:YLF 

laser module (153 W of diode pump power in side pump configuration), and a diamond 

crystal as the Raman active medium. The 1139 nm laser has also used the Nd:YLF laser 

module, but this time combined with a KGW crystal; the power of 6.1 W is the highest CW 

output power for a crystalline intracavity Raman laser so far. Another interesting fact is 

found yet in this work, the M
2
 of the diamond based Raman laser was of about 1.1, and the 

one obtained with the KGW crystal was of about 5.5. In fact, this happened because of the 

excellent thermal properties of the diamond, which has a thermal conductivity of 

2000 W/mK [82], 500 times higher than KGW, ~3.8 W/mK, thus resulting in a very weak 

thermal lens and very weak or no mode degradation. Higher powers from the CW diamond 

can be expected in future. 

Limiting factors for CW operation are also related to the thermal lens. In this case, 

the lens build up is not only due to the pump loading in the laser crystal, but also to the 

continuous shifting process (photon fundamental = phonon + photon Stokes) that generates 

the Stokes field. This is the major limitation for CW self-Raman lasers power scaling, 

which associates both heating effects in one crystal.  

The best prominent results in terms of efficiency with CW crystalline Raman lasers 

were obtained using nonlinear coupling to the visible; their review follows in the next 

section. 
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Visible Raman lasers 

Defined as an efficient route to couple the intracavity power from Raman lasers, nonlinear 

conversion (second harmonic and sum frequency generation, SHG/SFG respectively) have 

been extensively used to generate visible lasers, mainly in the yellow–orange range of the 

spectrum. The first report, by Ammann in 1979 [83], demonstrated conversion at five 

different visible wavelengths. These five waves came from SHG or SFG of the intracavity 

oscillating fields, fundamental, 1
st
 Stokes and 2

nd
 Stokes. In 2008, an exhaustive review 

[75] was done of visible Raman lasers. Until that moment the best result of visible pulsed 

Raman laser was 3.14 W of average power using a Nd:YAG/BaWO4/KTP system emitting 

at 590 nm [84]. For the CW systems, 704 mW (5% of efficiency) [85] was the maximum 

output power obtained. However, in this case, when the duty cycle of the pump was 

changed to 50%, the output power had a significant increase to 1.57 W, corresponding now 

to an efficiency of 7.9%. It exposed once more the fragility of Raman laser systems under 

thermal stress. 

Post 2008, in the pulsed domain, in 2009 an average power of 5.7 W at 588 nm was 

reported [86]. The improvement obtained in this work came from the use of a composite 

Nd:YVO4/YVO4 crystal, which provided a better thermal management. The same group 

optimized their results in the end of the same year, when they reported 7.9W at the same 

previous wavelength. The use of a double-end diffusion bonded Nd:YVO4 crystal scaled up 

the performance of such a laser, showing a diode to yellow conversion efficiency of 30% 

and a slope efficiency of 43% [87]. This is the highest average power reported until the 

present moment in pulsed intracavity doubled Raman lasers. 

Exploring the CW regime, Lee et al reported in 2008 an output power of 2.51 W at 

586.5 nm doubling a Nd:GdVO4 self-Raman laser [88]. Early in 2010, the same group 

demonstrated 2.9 W using BaWO4 Raman crystal, which has almost twice the Raman gain 

coefficient of GdVO4 [81]. The highest output power and conversion efficiency so far, in 

CW regime, comes from the sum frequency mixing process done in a Nd:GdVO4 self-

Raman laser. The LBO crystal was temperature tuned to reach the phase matching between 

1064 nm and 1176 nm, generating a lime-green emission at 559 nm. It delivered an output 

power of 5.3 W with 21% of diode-to-visible conversion efficiency [69].  
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Some of the latest results in the field show the versatility of the visible Raman 

lasers. By means of the Nd:GdVO4 self-Raman configuration, which showed the best result 

up to date, multi-Watt operation was demonstrated for three visible wavelengths [89]. The 

results follow in the Table 4.  

Table 4. Parameters of the multi-wavelength laser [89]. 

 
Conversion type Max power 

Diode-visible 

conversion 

LBO temperature 

(deg C) 

Green: 532 nm SHG: 1064 nm 4.6 W 16% 155 

Lime:  559 nm SFG: 1064+1176 nm 5.3 W 20% 95 

Yellow: 586 nm SHG: 1176 nm 4.3 W 17% 45.5 

 

Recently, CW 2
nd

 Stokes laser was demonstrated using a Nd:GdVO4 self-Raman set 

up [90]. As a result, around 950 mW of output power was extracted at 1308 nm 

corresponding to a conversion efficiency of 6.8%. Introducing a LBO crystal in the cavity, 

1027 mW (4.9% diode-visible conversion efficiency) was obtained in the red, 620 nm, by 

means of SFG. Such results expand even more the versatility of the visible Raman lasers. 

State of the art and future trends  

There are many topics in crystalline Raman lasers to be further developed and understood 

yet. New materials have been constantly introduced to the field, bringing new options and 

characteristics to the Raman lasers. The diamond itself is not fully explored yet and is the 

most promising material for Raman, so a major effort is given to its development, 

particularly in terms of high optical quality production.  

 Power and efficiency scaling still have plenty of room to evolve. Therefore, there 

are several works concentrated on how to extract the maximum of the already existing 

Raman lasers. Direct thermal lens characterization of self-Raman lasers (Nd:GdVO4) [91], 

and separated crystal (BaWO4) configurations were recently reported [92], with the idea to 

understand better the influence of the composite lens in the resonator. Also, more efficient 

pump geometries have been explored, such as double polarized end pumping [93], which 
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improves the spatial overlap between pump and laser mode, and dilutes the thermal load 

over the whole crystal. Disk laser geometries and the use of crystals with weaker thermal 

lensing, such as is this work (Nd:YLF), are other approaches to improve the performance 

of the Raman lasers. 

 In terms of beam quality, the lasers demonstrated with multi Watt outputs also 

generally present very poor beam quality. One of the trends to improve the beam quality of 

these lasers is demonstrated in this thesis, with the use of Nd:YLF as the laser active 

medium, due to its weak thermal lensing. 

 Theoretical and experimental analysis of SRS competition with other effects is also 

under study and would improve the performance or even help forming new ideas. Analysis 

of the competition between SRS in laser and Raman crystals has been reported, and also 

between different Raman transitions [94].       

 There is still room for new wavelengths, coming with new materials or new 

combinations such as the ones demonstrated here, Nd:YLF/BaWO4 and Nd:YLF/KGW. 

This versatility of the Raman lasers must be further explored. 

     Finally, the losses are one of the biggest issues for such very low gain lasers. The 

minimization of the losses for the Stokes wavelength in these lasers increased a lot their 

performance, as shown also by the modeling work published by Spence et al. [95]. An 

interesting approach to reduce the Stokes loss is to use coupled cavities, in which the 

Stokes mode does not pass through the laser crystal, thus removing the losses from the 

coating and possible optical defect in that crystal [96]. In this thesis, we have studied 

another possible loss mechanism present in some Raman lasers. It is a blue fluorescence 

that emanates from the Raman crystal above SRS threshold. By understanding the 

mechanism which feeds the blue fluorescence, one can find the way to avoid it, thereby 

improving the laser performance.       

Nd:LiYF4 lasers and their advantages for a Raman laser 

Raman lasers using Nd:LiYF4 (Nd:YLF) as active medium have been reported few times 

although this material deserves more attention as it adds some interesting characteristics to 

the existing crystalline Raman lasers. One of its features is that the radiative transitions 

occur at shorter wavelength than in other neodymium doped crystals used in Raman 
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resonators, namely at 903 nm, 908 nm, 1047 nm, 1053 nm, 1313 nm and 1321 nm. This 

characteristic permits new Raman wavelength at either the near infrared or in the visible 

spectral range, which is very interesting from the applications point of view. Additionally, 

this crystal presents two emissions ( and ) with different energies from the same 

transition, which can be accessed simply by changing the polarization of the propagating 

wave, permitting two first-Stokes emissions with differing wavelengths. Moreover, the 

thermal lensing behavior of Nd:YLF is peculiar, since the refractive index change as a 

function of temperature is negative which partially compensates the positive lens generated 

by the bulging of  the crystal end facet. For this reason Nd:YLF presents a very weak 

thermal lens, which favors a good beam quality even with high pump powers and also very 

good resonator stability [97, 98, 99]. This is in stark contrast to other high gain media 

whose output power is limited by the onset of resonator instabilities caused by the strong 

thermal lens. However, there is a drawback to YLF which is its small thermal fracture limit 

(33MPa) [22] that is 5 times smaller than in Nd:YAG.  

A most interesting feature of the Nd:YLF crystal is its long upper state lifetime of 

520 s. Many Raman lasers work in a Q-switched mode [100, 101, 102, 103, 104, 105], 

where the longer upper-laser-level lifetime is of great importance and should permit higher 

conversion efficiencies than other crystals, e.g. Nd:YAG (~230 s), Nd:YVO4 (~100 s) 

and Nd:GdVO4 (~95 s) [106].  

Table 5 shows the first-Stokes and second harmonic wavelengths expected when 

using Nd:YLF as active medium and four different Raman crystals operating on the 

4
F3/2 → 

4
I11/2 transition. 

Table 5. First-Stokes emissions generated from the fundamental Nd:YLF emissions 

at 1047 and 1053 nm for four of the most used Raman crystals. 

Laser 

crystal 

Raman crystal/ Raman 

shift  (cm
-1

) 

Fundamental 

emission / Energy 

(cm
-1

) 

First stokes emission 

(SRS) 

Second harmonic 

(SHG) 

Nd:YLF 

 

YVO4 / 892 

1047 nm / 9558 

1154 nm 577 nm 

GdVO4 / 885 1153 nm 576.5 nm 

KGW / 901 and 768 1155 nm e 1137 nm 577.5 nm e 568.5 nm 

BaWO4 / 926 1159 nm 579.7 nm 
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YVO4 / 892 

1053 nm / 9502 

1161 nm 581.7 nm 

GdVO4 / 885 1160 nm 580.2 nm 

KGW / 901 and 768 1162 nm e 1144 nm 581.3 nm e 572.1 nm 

BaWO4 / 926 1167 nm 583 nm 

1.6. Thesis outline 

This work is a dedicated research about the use of Nd:YLF within low gain laser systems, 

specifically quasi-three level Nd lasers with and without frequency doubling, and 

crystalline Raman lasers with or without frequency doubling. These kind of lasers have as a 

main issue the need for very low loss resonators, pushing the coating technologies and high 

optical quality crystal growth to their limits. While these requirements make these lasers 

very expensive, these lasers provide output at wavelengths that are hard to reach by other 

means, including the deep blue and the yellow-orange spectral regions.  

Two types of low gain laser systems are studied in this research; quasi-three level 

Nd:YLF lasers operating at 908 nm; and Raman lasers using Nd:YLF as active medium 

operating at 1.1 m. Furthermore, these lasers are doubled in frequency to reach the visible 

range in the blue and yellow-orange spectral region. In addition, a possible source of loss 

for Raman lasers is also studied, characterized by a blue luminescence originated in the 

Raman crystals above the Stokes lasing threshold. 

Following this introduction, chapter 2 describes the general methods and equipment 

used to develop this research. Chapters 3, 4 and 5 contain the experimental research with 

results and discussion on their developments and achievements. Chapter 3 is related to the 

Nd:YLF quasi-three level laser operating at 908 nm and also its conversion to the blue 

range. Chapters 4 and 5 are dedicated to the Raman lasers, with the first one showing the 

performance of two different Raman lasers (Nd:YLF/KGW and Nd:YLF/BaWO4) and the 

last one showing the investigation of a blue luminescence originated in many Raman 

crystals under Stokes oscillation. This blue luminescence had been observed in several 

Raman lasers but was not characterized in depth so far. Chapter 6 has the conclusions and 

suggestions for future works.  

Finally, there are four appendixes. Appendix A brings the MathCad worksheets 

used for the calculations in the thesis. Appendix B has the coating data for the mirrors, 
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Appendix C the full data of the ICP-MS measurements and in the Appendix D the 

publications generated during the PhD.   
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Chapter 2 
General methods 

2.1. Laser crystals   

2.2. Raman crystals 

2.3. Doubling crystals 

2.4. Mirrors 

2.5. Pump sources and schemes 

2.6. Cooling systems 

2.7. Resonator design assisted by software 

2.8. Characterization methods and equipment  
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2. General methods 

This chapter describes the general methods and apparatus used throughout this thesis.  It 

starts showing the characteristics of crystals, mirrors, diode lasers, the schemes used for 

pumping the lasers, mounts, and cooling system, after that it introduces the computer 

assisted laser cavity simulation software (LASCAD) and finishes describing the 

equipments and facilities used for characterization. 

2.1. Laser crystals 

The main laser crystal used in this work was the Nd:YLF and will the focus of this 

subsection, although other lasers were built using Nd:GdVO4 and Nd:YAG for the blue 

fluorescence experiments. Basically, four different a-cut (cut along the crystalline a-axis) 

Nd:YLF crystals were used for the different experiments performed. 

 For the quasi-three level experiments, two crystals were used. The one used for 

quasi-CW operation has dimensions of 3×3×10 mm
3
, with Nd

3+
 doping concentration of 

0.7 at%. The other one used for CW regime has dimensions of 3×3×15 mm
3
 with the same 

doping concentration of the previous one. Both crystals have the same coatings on their end 

faces, characterized by low reflectivity at 903 nm, 908 nm (R<0.1%), 806 nm (R<0.5%), 

1047 nm/1053 nm (R<0.3%) and 1313 nm/1321 nm (R<4%). These crystals and coatings 

were produced by Crystech Inc. (China). 

 For the Raman laser experiments, other two variations of Nd:YLF were used. One 

has dimensions of 4×4×15 mm
3
, with Nd

3+
 doping concentration of 1 at%. The other one 

has the same dimensions and doping concentration, with the difference that one of the end 

faces is Brewster cut with no coating. The coated faces of both crystals have the following 

characteristics: Low reflectivity at 1047 nm/1053 nm (R<0.2%), at 1135-1170 nm 

(R<0.1%) and at 881 nm (R<5%). These crystals were also produced by Crystech Inc. 

(China). 
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2.2. Raman crystals 

For the Nd:YLF Raman lasers developed in this work two different Raman crystals were 

used , a BaWO4 crystal and a KGW crystal.  

The BaWO4 crystal has dimensions of 4×4×25 mm
3
, and was cut for propagation 

along the a axis (a-cut). The coatings on its end faces were low reflectivity at 1047-

1180 nm (R<0.2%). This crystal was obtained from the collaboration with the State Key 

Laboratory of Crystal Materials and Institute of Crystal Materials, Shandong University - 

China, by means of Prof. H. Zhang and Prof. J. Wang. 

 The KGW crystal has dimensions of 4×4×25 mm
3
, and was cut for propagation 

along the Np refractive index axis. The coatings on its faces had low reflectivity at 

1047 nm/1053 nm (R<0.2%) and at 1064-1170 nm (R<0.1%). This crystal was produced 

by EKSMA Optics (Lithuania). 

2.3. Doubling crystals 

LBO (LiB₃O₅) and BiBO (BiB₃O₆) were the non-linear crystals used in this work to 

achieve second harmonic generation and sum frequency mixing.  

 For the blue laser project, both LBO and BiBO were explored in three different 

lengths (3×3 mm
2 

- 10, 15 and 20 mm long). They were all cut for type-I critical phase 

matching. The main parameter of LBO and BiBO crystals for doubling of 908 nm is shown 

in the Table 6. Their end face coatings are characterized as follow: Low reflectivity at 

903 nm/908 nm (R<0.1%), at 1047 nm/1053 nm (R<2%) and at 451 nm/454 nm (R<0.3%). 

Castech Inc. was the crystal provider.  

Table 6. LBO and BiBO type-I non-linear parameters for 908 nm at 300 K [107]. 

 LBO BiBO 

Transparency (nm) 160-2600 286-2500 

deff (pm/V) 0.80 3.45 

Acceptance angle (mrad·cm) 4.45 1.10 

Walk-off angle (mrad) 12.7 45.7 

Cut at °) 90 / 22.2 159.2 / 90 
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 In the frequency doubled Raman lasers, LBO with dimensions of 4×4×10 mm
3
 was 

used in all the cases. In this case, LBO was cut for type-I non-critical phase matching. The 

coating of such crystal is as follow: Low reflectivity at 1047 nm/1053 nm (R<0.2%), at 

1150-1180 nm (R<0.1%) and at 550-590 nm (R<1%). Table 7 shows the LBO non-linear 

parameters for the three Stokes wavelengths obtained in this work. 

 To reach the phase matching condition, the LBO crystal was heated up. For 

temperatures up to 63°C, a TEC (thermoelectric cooler) was used to control and keep the 

temperature stable. For higher temperatures, a resistor was the source of the heating. Both 

the TEC and the resistor were set in direct contact with the copper mount of the crystal.   

Table 7. LBO type-I non-critical phase matching parameters for all the Raman 

conversions found in this work [107]. 

LBO 
SHG 

(1147 nm) 

SHG 

(1163 nm) 

SHG 

(1167 nm) 

SFG 

(1053+1147 nm) 

SFG 

(1053+1163 nm) 

deff (pm/V) 0.84 0.84 0.84 0.84 0.84 

Acceptance angle 

(mrad·cm) 
286.1 150 142.8 290.2 209.3 

Walk-off angle 

(mrad) 
- - - - - 

Non-critical phase 

matching 

temperature (°C) 

63 50 48 109 101 

2.4. Mirrors 

A variety of resonator mirrors were used in this work. In order to better organize and show 

the most important ones, they are set out below in a list of topics. They were available in 

different radii of curvature, from flat to 500 mm concave (diameters of 1”, ½” or ¼”). The 

spectral data of all the mirrors used in this work can be found in the Appendix B. 
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 Mirrors for the 908/454 nm lasers (Layertec GmbH - Germany): 

 Pump mirror: High reflectivity at 908 nm (R~99%); Low reflectivity at 

806 nm (T~5%), at 1047/1053 nm (T~2%), at 1314/1321 nm (T~5%) and at 

454 nm (T>98%); 

 Output coupler: same as the pump (the coupling was not made by a mirror 

in the experiments at 908 nm); 

 Visible output coupler: same as the pump one, T>98% at 454 nm. 

 Mirrors for the Raman lasers (ATFilms - USA): 

 Pump mirror: High reflectivity at 1047/1053 nm (R>99.99%) and at 1150-

1180 nm (R>99.99%); Low reflectivity at 806 nm (T~98%), at 881 nm 

(T~96%), at 560-579 nm (T>75%) and at 580-590 nm (T>94%); 

 Intracavity mirror: High reflectivity at 530-590 nm (R>97%); Low 

reflectivity at 1047/1053 nm (R<0.1%) and at 1160-1190 nm (R<0.1%); 

 Output coupler for 1
st
 Stokes: High reflectivity at 1047/1053 nm 

(R>99.9%); Transmissions at 1147 nm (T~0.1%) and at 1160-1170 nm 

(T~0.3%); 

 Visible output coupler: same as the pump mirror; Transmission at 560-

579 nm (T>75%) and at 580-590 nm (T>94%); 

2.5. Pump sources and schemes 

Fiber-coupled diode lasers were used as the pump sources for the lasers developed in this 

work. Two diodes with different characteristics were chosen to pump Nd:YLF, one 

emitting at 806 nm and another emitting at 881 nm for direct pumping.  

 The 806 nm diode (Apollo Instruments Inc. –USA) has a fiber coupled to it which 

has a core diameter of 100 m, and it was able to provide up to 50 W of CW output power. 

The numerical aperture (NA) of the fiber is of 0.22. It also operates in pulsed mode, using 
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an internal module for the temporal modulation (>100 s pulses / up to 1 kHz). This diode 

is water cooled, which is done by means of a temperature controlled chiller. It was used to 

pump the Nd:YLF quasi-three level laser. 

 The other diode emits at 881 nm (LIMO GmbH - Germany) and was used to pump 

the Raman lasers. This one is able to deliver CW output powers up to 40 W and was 

coupled to a fiber with 100 m of core diameter and 0.22 of NA. It was cooled by a 

thermoelectric cooler (TEC) which gives more precision and stability to the temperature 

set. 

 Various pump optics were needed to focus the beam coming out from the fiber into 

the crystals. For that, a set of two lenses are used. The first lens is introduced to collimate 

the beam from the fiber, while the second one focuses the collimated beam in the laser 

crystal. Those lenses have anti-reflective coatings to reduce the reflection losses and 

deliver pump powers as close as possible to what comes out of the fiber. This type of pump 

scheme is mostly used in longitudinally pumped lasers, as shown in Figure 31, where high 

pump intensities are needed. 

 

Figure 31. Fiber coupled diode laser longitudinal pumping scheme. 

 Achromatic doublets were used in the quasi-three level lasers, which reduces 

chromatic aberration then providing smaller beam waists. 
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2.6. Cooling systems 

As the lasers developed in this work are made to operate under high power conditions, it is 

essential to have powerful and efficient cooling systems. For that, temperature controlled 

water was pumped through diode laser and crystal mounts by means of a chiller.  

 The crystal mounts are made of copper and have internal channels for water 

flowing. This flow of cool water takes out the heat generated in the crystal due the laser 

operation. To remove heat from the crystal is of extreme importance, as it helps to keeping 

the thermal lens as low as possible and to avoiding thermal fracture. In addition, in the case 

of the quasi-three level lasers, cooling is necessary to decrease the laser medium 

temperature reducing the population of the upper Stark levels in the lower laser level, thus 

decreasing the reabsorption loss. 

 For the laser diodes, the cooling is not only required to avoid damaging them, but it 

also can be used to temperature tune the diode emission within a short range (±5 nm). This 

enables the diode emission to be set exactly on the absorption peak of a specific active 

medium, consequently increasing absorption efficiency. In this case, both water and TEC 

cooling systems were used, given that the second one needs some type of low rate heat 

extraction system coupled to it in order to dissipate the heat transferred to the bottom plate 

(generally a low pressure water flow through a copper mount coupled to the TEC cooper 

mount is enough). 

2.7. Resonator design assisted by software 

To design the resonators we have used the software LASCAD (Las-cad GmbH). This 

software is able to perform simulation of the transverse mode size formed in the cavity by 

means of ABCD Gaussian beam propagation. Also, there is a finite element analysis (FEA) 

package that we used to simulate the thermal lens created by the pump beam in the laser 

crystal. The simulated thermal lens can then be incorporated into the ABCD resonator 

model to understand its impact on the resonator stability under different pump conditions. 

 LASCAD enables the insertion of other intracavity optical elements such as thin 

lenses and refractive index interfaces. It can also treat the horizontal and vertical transverse 
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planes separately, allowing simulation of astigmatic beams. The stability point of the cavity 

is plotted in the stability diagram if desired. 

2.8. Characterization methods and equipment 

In this sub-section, the main instruments and pieces of equipments used for this research 

are described.         

2.8.1. Cary-5E Spectrophotometer 

In order to measure precisely the absorption of the laser crystals, as well as the 

transmission and reflectance of the crystal coatings and resonator mirrors, a Cary-5E 

spectrophotometer was used. Such equipment provides a wide spectral range for these 

measurements, from 175 nm to 3300 nm, with a maximum resolution of 0.01 nm in the 

ultraviolet-visible range and 0.04 nm in the near infrared.  

 As in this work we were interested in polarized spectral data, and there was not any 

internal mechanism in the Cary-5E to enable polarized spectra to be recorded, additional 

polarizing optics were inserted, such as polarizing prisms. The spectra were generally 

recorded with resolution of 0.5 nm for measurements over a wide spectral range (>100 nm) 

and around 0.1 nm when measuring features over narrower spectral range (20-50 nm), eg in 

the case of absorption of laser crystals. 

2.8.2. Portable optical spectrometers 

For non-absolute spectral intensity distribution measurements, two types of portable optical 

spectrometers were used. They were made by Ocean Optics. Inc, and were generally used 

to monitor the wavelength of the diode lasers and the solid-state laser emissions.  

 An USB-2000 was used to measure the wavelengths in the range of 200-1100 nm, 

with a resolution of 0.3 nm. This was used to measure the visible emissions of the 

frequency doubled lasers, the diode emission around 0.8 m and the fundamental laser 

emissions around 1 m.  

 Another spectrometer, the HR-4000, was used for measurements in the near 

infrared range from 1050 nm to 1200 nm, with a high resolution of 0.09 nm. Therefore, it 
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was mostly employed to measure the spectrum of the Stokes lines, which were around 

1.17 m, although also it was still able to measure some of the fundamental lines, such as 

1053 nm (Nd:YLF) and 1064 nm (Nd:GdVO4 and Nd:YAG). In addition, it could measure 

the visible lines with very high resolution, using the second diffraction order of the 

diffraction grating. 

2.8.3. Laser Ablation Inductively-Coupled-Plasma Mass-Spectrometry (LA-ICP-MS) 

The ICP-MS technique is a very well known method to quantify the elements contained in 

a specific material. The principle of this method is to ionize the sample with inductively 

coupled plasma, whose ions will be separated and quantified by a mass spectrometer.  

 The one used in this work, which belongs to Macquarie University Geochemical 

Analysis Unit (GAU), has a Laser module coupled to the ICP-MS. Such laser is responsible 

to ablate solid samples, whose mass goes to the plasma torch of the ICP-MS. Given that, it 

is possible to characterize the elements of solid materials, such as crystals, with very low 

detection limits. Figure 32 shows a schematic view of a traditional LA-ICP-MS.  

 

Figure 32. LA-ICP-MS operation scheme [108, 109]. 
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 The model used in this work is a 7500 ICPMS (Agilent), and it was used to 

characterize rare earths concentration in the Raman crystals, mainly Tm
3+

 and Nd
3+

, in 

order to find the origin of the blue fluorescence described in Chapter 5. Three different 

spots were measured in the crystal slabs, two close to the faces and one in the middle, 

Figure 33. More than one layer must be removed by the ablation process before the data 

acquisition, since the surfaces of the crystals are very susceptible to having a higher 

concentration of impurities. 

 

Figure 33. Position of the ablation spots in the crystal sample. 

2.8.4. Raman spectrometer 

The Raman spectra found in this work were obtained using a RENISHAW-INVIA Raman 

spectrometer, located at the University of Sydney. This Raman spectrometer is composed 

by three main parts: the laser source; the microscope; and the spectrometer. 

The laser sources available could deliver five different wavelengths, 488 nm, 

514 nm, 633 nm, 785 nm and 830 nm. For the tested samples, the 514 nm line (Argon 

laser) was chosen, in order to avoid absorption by the materials at shorter wavelengths.  

The laser was delivered to the sample using a microscope, which gives very small 

beam waists, therefore very high excitation intensities, resulting in high Raman scattering 

signal. 

In the spectrometer the scattered light passes through a notch filter, which avoids 

that the excitation light gets in the detection zone, and then through a diffraction grating 

which disperses the wavelengths. Each wavelength will be detected in different pixels of a 

CCD (charge-coupled device) array. The spectral resolution is of 1 cm
-1

. It is a system fully 

controlled by computer. Figure 34 shows the light path through the spectrometer from the 

light source to the detection of the scattered light into the CCD. 
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Figure 34. Inside the RENISHAW-INVIA Raman spectrometer [110]. 

2.8.5. Beamscope 

The beam quality of the lasers are an important parameter to be characterized. For this 

purpose a beamscope (Gentec Beamscope-P7) was used to measure the M
2
 of the lasers 

built. Using two slits that move on the x-y plane of the beam, such beamscope can measure 

the diameter of the beam in a specific point of the z direction. In this work, the beam scope 

was associated to an automatic translation stage, which translated the beamscope module 

on the z axis, providing then a range of beam diameters in the z direction. This data was 

then analysed and fitted using the data analysis software Origin (OriginLab Corp.), or the 

beamscope software to determine M
2
. 

 This specific beamscope can measure beam sizes of 3 m to 25 mm 

(interchangeable slits), and the wavelength range depends on the detector, which can be 

Silicon, Germanium or Indium Arsenide, covering the range of 190-4000 nm. Also, it can 

measure both CW and pulsed lasers (>5 kHz). 
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2.8.6. Power meters 

The output powers of the lasers were characterized using power meters and different heads, 

for different range of powers. Two power meters were used for that, one is the PM100A 

(Thorlabs), whose power range goes from 100 pW to 200 W, limited by the head coupled 

to it. The other power meter used was a PM100D (Thorlabs), which features a big digital 

display and operates in the same range as the previous one.  

 Different heads were used depending on the range of output powers. For diode laser 

characterization up to 10 W and all the solid-state lasers built, the thermopile head S310C 

(Thorlabs) was the chosen one, since it operates from 10 mW to 10 W, with a resolution of 

200 W. For output powers up to 25 W, a MPE-2500 (Spiricon) power meter was used. 

Another head used was an 818P-150 (Newport) employed for powers up to 150 W (water 

cooled), generally used to characterize diode lasers with output powers as high as 50 W.  

2.8.7. Photomultiplier tube 

A photomultiplier tube (PMT) was employed to characterize the lifetime of the blue 

fluorescence, discussed in Chapter 5. The reason why a PMT was used instead of the 

traditional fast detectors, is that the intensity of the light measured was too weak, only 

detectable by a very high sensitivity detector, such as the PMTs.  

 The one chosen for this purpose was a R446-Hamamatsu photomultiplier tube. 

Such PMT has a high sensitivity at the blue region, and response time of few ns. As the 

expected emitting level lifetimes are of the ms order, this PMT was adequate to the 

measurements. Figure 35 shows the spectral response of the R446 PMT. 
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Figure 35. Spectral response of the R446 PMT [111]. 

2.8.8. Oscilloscope 

For temporal analysis, a digital oscilloscope (Tektronix TDS 3054) was used, Figure 36. 

The lifetime measurements were all observed and recorded by means of this oscilloscope, 

which can output data by means of a floppy disk. It has a bandwidth of 500 MHz and has a 

sampling rate of 5 GS/s. 

 

Figure 36. Oscilloscope Tektronix TDS 3054 [112]. 
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2.8.9. Integrating Sphere 

In order to estimate the blue fluorescence power originated in the Raman crystals, an 

integrating sphere was used. The one chosen is produced by Labsphere Inc, and it has a 

diameter of 9.5 cm, four ports and a Spectraflect coating on the internal wall (Figure 37(a)). 

The Spectraflect coating is a white coating which presents diffuse reflectivity in a wide 

range of wavelengths (350-2400 nm), as shown in Figure 37(b).  

(a) (b) 

 

 

Figure 37. (a) Integrating sphere and (b) the Spectraflect coating reflectance [7, 8]. 

 The principle of the integrating sphere is based on diffuse reflectance. Considering 

a light source inside the sphere, its light rays incident on any point of the internal surface of 

the sphere will lose spatial information by means of diffuse reflection, and then after 

multiple reflections, the intensity is going to be distributed equally in all the points of the 

sphere (Figure 38). Using ports to couple in or couple out some amount of light, it is 

possible to estimate precisely the total power produced by the light source. 
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Figure 38. Integrating sphere scheme showing the diffuse reflection. 
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Chapter 3 
Nd:YLF quasi-three level laser 

3.1. Quasi-CW laser operation at 908 nm and at 454 nm  

3.2. CW laser operation at 908 nm and at 454 nm 

 3.3. Discussion 
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3. Nd:YLF quasi-three level laser 

In this section the Nd:YLF quasi-three level lasers are described. The experimental setup, 

operation and the results obtained for the quasi continuous operation (quasi-CW) are 

shown, followed by the continuous wave operation version of this laser. The last part of the 

chapter brings a summary and a deep discussion regarding the results obtained in this work, 

theory and other similar lasers found in the literature.  

3.1. Quasi-CW laser operation at 908 nm and at 454 nm 

In this section we describe the quasi-three level Nd:YLF laser operating in quasi-CW 

mode, ending with deep blue laser generation. 

The 
4
F3/2 →

 4
I9/2 Nd

3+
 transition in the YLF crystal, which terminates at the upper 

Stark level of 529 cm
-1

, emits at 903 nm () and at 908 nm (). These emission 

wavelengths are shorter than those found in the most common crystals used for the same 

purpose such as Nd:YAG (946 nm), Nd:YVO4 (914 nm) and Nd:GdVO4 (912 nm), 

allowing Nd:YLF lasers to reach deeper blue wavelengths by means of SHG. This fact 

associated to YLF’s interesting properties described in the introduction, served as the 

motivation for this study. 

A Nd:YLF crystal with dimensions of 3x3x10 mm
3
 and Nd

3+
 doping concentration 

of 0.7 at% was acquired for such purpose. This crystal presents AR coatings at 806 nm 

(T>90%), 903/908 nm (T>99%),1047/1053 nm (R<5%) and at 1.3 m (T<10%). In fact, 

the coating becomes complex because of the various distant regions that it has to cover. any 

parasitic oscillation at other than the 0.9 m Neodymium transitions must be avoided. 

Finally, the crystal is wrapped in an Indium foil and inserted in a cooper mount for cooling 

purposes, as show in Figure 39. 
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Figure 39. Nd:YLF crystal support. 

Water flows inside the mount, and keeps it cooled to about 10°C. This is an 

specially important step, since the lower laser level is populated at room temperature, and a 

few degrees cooler crystal temperature can aid reducing this population and thus the 

reabsorption losses.  

The pump system used was composed of a fiber-coupled diode laser (Apollo 

Instruments-USA) emitting around 808 nm, with a fiber core diameter of 100 m and a 

numerical aperture of 0.22. The nearest absorption peak of Nd:YLF to 808 nm is at 806 nm 

and can be reached by temperature tuning of the diode, as show in Figure 40. A 50.8 mm 

focal length doublet was used for collimation of the fiber output and a 200 mm focal length 

doublet was used for focusing the beam inside the crystal. This pump injection scheme 

delivered 50 W of diode power with a beam waist of 225 m. This beam size was chosen 

in order to optimize the gain inside the crystal and at the same time maintain good overlap 

between the lowest order resonator mode and the pump beam.  

 

 

crystal 

Indium 
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Figure 40. (a) Absorption spectrum of the Nd:YLF and (b) the overlap of its 

absorption with the diode emission. 

Before starting to build the quasi-three level laser, a very simple laser operating at 

the 1053 nm transition was built in order to investigate the maximum pump power the 

crystal could support. For this experiment, a very short plane-parallel cavity was built with 

HR mirrors and the diode laser tuned to reach 806 nm at 11 W of optical power. The 

absorption at this wavelength is 90%. Next the incident pump power is increased in CW 

operation until a rollover can be noticed in the curve of output power against absorbed 

power. At this point the thermal lens is so strong that the cavity becomes unstable and 

therefore decreases its output power until, eventually, the Nd:YLF crystal breaks. In the 

case of this particular host crystal, the onset of a rollover as a function of pump power 

occurs very close to crystal fracture whereas in other, more robust crystals the rollover 

occurs much before crystal fracture. 

The cavity was then modified to resonate the 908 nm or the 903 nm transition. The 

laser was operated in a quasi-CW regime with a duty cycle of 3% and pulse duration of 

2 ms. This way, the thermal load deposited, which is proportional to the average pump 

power, becomes very low and the crystal can be pumped at much higher peak powers than 

the maximum it could support during CW regime. Given the low thermal load, it was 

possible to keep the wavelength the same throughout the whole pump power range. 

The diode was tuned to 806 nm (32°C water temperature)  and the cavity was 

mounted using a flat pump mirror, and a curved end- mirror with100 mm ROC, both AR-

coated at 806 nm and 1047/1053 nm and HR-coated at 903/908 nm, Figure 41. The most 
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efficient cavity length was determined experimentally, which was 9 cm long for this 

specific configuration.   

 

Figure 41. 0.9 m laser setup.  

In order to determine the optimum output coupling, a Brewster window was 

introduced in the cavity.  This window was made of Quartz, whose refractive index is well 

known (1.46), with very good surface quality to not introduce extra losses to the oscillating 

field. The window together with the end-mirror acted as an output coupler for the linearly 

polarized laser. By rotating the window it was possible to tune the reflectivity of the output 

coupler from 0% at Brewster angle (angle of incidence of 56°) to more than 20%. Figure 

42 shows the setup for this experiment.  

 

Figure 42. Cavity with an intracavity Brewster window and a fine angle adjust 

panel at the back. 

Laser 

diode  
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Filter 

Output coupler 
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Figure 43 shows a simulation for a refractive index of 1.46 when the photon 

polarization is parallel to the incidence plane, and in red the actual region measured in this 

work.    
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Figure 43. Quartz reflectivity as a function of the incidence angle. In red, the actual 

range of angles tested in the experiment. 

 The output power measured was the sum of the front and back reflections of the 

Brewster window. Figure 44 is a scheme of the set up, where D1 and D2 were deflected to 

a power meter (Coherent, model-PS19, associated to a Field-Max2) by low loss gold 

mirrors. Yet, two absorber filters were put in front of the power meter, with each one 

absorbing 90% at 806 nm and 10% at 908 nm. Finally, the angle of the window varied 

from 56° to 26°, which is equivalent to total reflectivities of 0 to 10% (four reflections have 

to be taking in account, air-glass, glass-air, forward and backward, where each of the 

reflections follows Figure 44), respectively.  
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Figure 44. Beams reflected by the Brewster window. 

 To obtain the blue emission, the Brewster plate was removed and a SHG crystal 

was inserted. Also, the cavity was changed and the mirrors were inverted, the curved one 

was used as the pump mirror and the flat one as the output coupler. The setup is shown in 

Figure 45.  

 

Figure 45. Setup used for the 454 nm laser. 

 The SHG was studied using two different type-I nonlinear crystals, BiBO and LBO, 

for critical phase matching, as well as different lengths, 10, 15 and 20 mm. The nonlinear 

crystal was placed near the flat mirror where the beam waist was smaller, around 125 m 

for the 4 cm long cavity, in order to obtain a better conversion. Detection was made 

similarly to that described before, the only difference is that a blue band-gap filter (BG40) 

is used in front of the head of the power meter, allowing only the 454 nm photons to reach 

the detection area. Coatings with high transmission at 454 nm and 908 nm (T>99%) were 

deposited on the LBO and BiBO crystals faces. The mirrors have the same coating used in 

Brewster 

window 

D1+D2 = Total power 
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the previous laser, 908 nm, noting that they have high transmission at 454 nm (T>95%), in 

order to couple out the blue generated by SHG. 

Results 

From the first experiment that defined the maximum pump power by means of the rollover 

in the input- output curve, a maximum allowable absorbed pump power of 13 W (CW) was 

determined as shown in Figure 46, in which the laser only shows a tendency to decrease the 

output power at 13 W due to the strong thermal changes. Pump powers above 13 W were 

not tried in order to prevent crystal damages. The laser emitted at 1053 nm only, certainly 

favored by the mirror reflectivity.  
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Figure 46. 1053 nm CW output power as a function of absorbed pump power. 

The laser emission was purely at 908 nm (). This occurs because of the stronger 

emission cross section of the 908 nm transition when compared to 903 nm, as reported 

before [113]. The slope efficiency obtained in the high Q cavity was 1.4% with a peak 

output power of 270 mW, as shown in Figure 47. 

Absorbed pump power (W) 

O
u

tp
u

t 
p

o
w

e
r 

(m
W

) 



97 

 

 

0 7 14 21 28
0.0

0.1

0.2

0.3

 

 

 

High Q cavity output power

Slope efficiency = 1.4%

Absorbed pump power (W)

O
u

t
p

u
t
 
p

o
w

e
r
 
(
W

)

 

Figure 47. High Q cavity 908 nm qCW output power as a function of absorbed 

peak power.  

Using the Brewster window, it was possible to determine the optimum coupling for 

the 908 nm intracavity field, which was 2.5% transmission. Figure 48 shows the output 

power curve as a function of the window reflectivity pumped at 20 W. The red line is just a 

guide to the eye. 
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Figure 48. Output power as a function of reflectivity (transmission of the window). 

In order to obtain 2.5% of reflectivity in the Brewster window, an incidence angle 

of 45° is necessary. With the angle fixed for the optimum coupling, a power scaling 

measurement was performed, Figure 49. An output peak power of 5.5 W was obtained at 
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908 nm for 27 W of pump power, corresponding to an optical efficiency of 19.8% and a 

slope efficiency of 33.6%. The threshold pump power was of 4.5 W.  
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Figure 49. Output power as a function of absorbed power, for a coupling of 2.5%. 

 The SHG results at 454 nm followed the same order of magnitude of the infrared 

laser, reaching a maximum peak output power of 3.5 W. Figure 50 shows the power scaling 

curves for the blue lasers using each one of the doubling crystals.  
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Figure 50. Power scaling of the quasi-CW blue lasers (a) using LBO and (b) using 

BiBO.  

With LBO, the best result was achieved using crystal lengths of 15 mm and 20 mm. 

In this case the diode to visible conversion efficiency was 11%, with a maximum peak 

output power of 2.8 W. Using BiBO the best result was using a 15 mm long crystal and the 
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diode to visible conversion efficiency was of 13.7%, with a maximum output peak power 

of 3.5 W. Table 8 summarizes all the quasi-CW lasers results described in this section. 

Table 8. Summary of the quasi-three level Nd:YLF lasers operating in quasi-CW 

regime (best results highlighted). 

Laser 

crystal 

Doubling 

crystal 

Wavelength 

(nm) 

Peak output 

power (W) 

Conversion 

efficiency (%) 

Lasing 

threshold 

(W) 

Nd:YLF 

- 908 5.5 33.6 (slope) 4.5 

LBO (10 mm) 

454 

2 8.4 7.5 

LBO (15 mm) 2.8 11 7.5 

LBO (20 mm) 2.8 11 7.5 

BiBO (10 mm) 3.1 11.9 6 

BiBO (15 mm) 3.5 13.7 7.5 

BiBO (20 mm) 2.1 8.3 7.5 

3.2. CW laser operation at 908 nm and at 454 nm 

The operation of the Nd:YLF 908 nm and 454 nm lasers in CW regime are demonstrated in 

this section.  

  The transition from qCW operation to CW operation in three-level lasers is a 

difficult task. Upon changing the modulation of the diode from pulsed to CW, using the 

same laser described in the section 3.1., no laser operation could be observed. The 

explanation for that is related to reabsorption, described in more detail in the first chapter 

of this thesis. Continuous wave operation offers around 33 times more heat load than the 

quasi-CW regime (3% duty cycle). More ions will be found in the lower laser level, 

according to Boltzmann distribution, and achieving population inversion will be a much 

more difficult task, thus increasing the pump power threshold of the laser.  

 Knowing the effects of reabsorption effects on the laser gain (chapter 1), changes in 

the crystal size and pump wavelength were made, trying to reduce these effects. The main 

idea in this case was to distribute more the absorption all over the crystal, thus improving 

the heat dissipation. With a better heat distribution comes the lower temperature in the 

crystal which results in a lower population in the lower laser level and consequently lower 
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reabsorption loss. In order to get a better distribution of the absorption, either the 

concentration of Nd
3+

 should be reduced or a smaller absorption coefficient/cross section 

should be chosen.  

 We did not have a lower concentration crystal available, but we had a 15 mm long 

Nd:YLF crystal with 0.7 at% Nd-doping. This crystal was pumped at a wavelength of 

lower absorption coefficient, distributing thereby the heat and still keeping the overall 

absorption high due to its length of more than 5 mm. 

 The wavelength chosen was 802 nm, which has an absorption coefficient of 1.4 cm
-

1
, as shown in Figure 51. With the 15 mm long crystal the total absorption at 802 nm is 

88% comparable to the 90% absorption obtained for the 10 mm crystal pumped at 806 nm.  

 

Figure 51. Nd:YLF 0.7 at% Nd
3+

doped crystal absorption spectrum. 

 The cavity was the same used for the pulsed operation. To tune the diode to 

802 nm, the temperature of the cooling water was reduced to 20°C.  

 For the blue laser SHG experiment the same cavity as described in section 3.1. was 

used. In this case, the doubling crystal was the 15 mm long BiBO, since the best SHG 

conversion efficiency in the quasi-CW regime was demonstrated using this crystal. 

Results 

The results were not as promising as the ones obtained for pulsed operation. Operating at 

908 nm, the maximum output power delivered was of 700 mW, with an optical efficiency 

of 4.2% and a slope efficiency of 10.2%. The lasing threshold was 9.8 W. Figure 52 shows 

the power scaling curve for the 908 nm CW laser. 
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Figure 52. Input-output power curve of the Nd:YLF 908 nm CW laser. 

 For the 454 nm operation, 200 mW of output power was obtained, as seen in Figure 

53. The diode to visible conversion efficiency was of 1.2%. 
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Figure 53. Performance of the Nd:YLF/BiBO (15 mm) 454 nm CW laser. 

 For comparison, a summary of the CW results together with the quasi-CW results is 

displayed in the Table 9 below.  
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Table 9. Summary of the CW results and the quasi-CW obtained for the Nd:YLF 

quasi-three level laser. 

Laser 

crystal 
Regime 

Doubling 

crystal 

Wavelength 

(nm) 

Output power 

(W) 

Conversion 

efficiency (%) 

Lasing 

threshold 

(W) 

Nd:YLF 

CW - 908 0.7 10.2 (slope) 9.8 

q-CW - 908 5.5 (peak) 33.6 (slope) 4.5 

CW BiBO (15 mm) 454 0.2 1.2 9.8 

q-CW BiBO (15 mm) 454 3.5 (peak) 13.7 7.5 

3.3. Discussion 

The performance obtained from this laser should be compared to other similar experiments 

from the literature in terms of efficiency and output power.  

Few works have been published demonstrating quasi-three level laser operation in 

Nd:YLF. Spiekermann et al. in 2000 [113] demonstrated the operation of a Nd:YLF laser 

at the  and  emission lines of 903 nm and 908 nm, respectively.  A maximum output 

power of 1.43 W at 908 nm in quasi-CW mode (duty cycle of 25%) and 1.06 W in CW 

mode was achieved. The corresponding slope efficiency was of 49% (optical-to-optical 

efficiency of 28%) in pulsed mode while in CW mode, the slope efficiency was of 32% 

(optical-to-optical efficiency of 21%). Laser threshold was around 1.5 W (which line  or 

) with an output coupler transmission of 2.7%. 

During the time (2012-2011) when these (PhD) experiments were carried out, 

researchers at other institutions were also working hard towards the same goods. A recent 

work by Liang et al. [17] has so far the record in terms of CW output power for this laser. 

An output power of 4.7 W at 908 nm was demonstrated, with a slope efficiency of 43.3% 

(optical-to-optical efficiency of 39.8%). In their case, the threshold was very small, around 

1 W of absorbed power at 880 nm (direct pumping scheme) and the same when pumped at 

806 nm. The output coupler had a transmission of 3.5% at 908 nm, one percent higher than 

the one used in this work. Lu et al. showed a CW frequency doubled Nd:YLF laser 

operating at 454 nm with a maximum output power of 4.33 W, corresponding to a diode-

blue conversion efficiency of 13.2% [30],. The threshold for this laser was of 8.4 W with a 
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maximum incident pump power of 32.8 W at 880 nm. The results are summarized in Table 

10. 

Table 10. Summary of the results obtained in the literature and the ones obtained in 

this work. 

 
Wavelength 

(nm) 

Output 

power (W) 

Conversion 

efficiency 

(%) 

Threshold 

(W) 

Pump 

scheme 

Crystal 

length (doping 

concentration) 

Spiekermann 

et al. 
908 1.43 (qCW) 49 (slope) 1.5 792 nm (-) 

2.4mm, 3mm 

(0.6 at%) 

Liang et al. 908 4.7 (CW) 43.3 (slope) 0.93 
880 nm 

(:200 m) 

15 mm  

(1 at%) 

This work 908 5.5 (qCW) 33.6 (slope) 4.5 
806 nm 

(:225 m) 

10 mm  

(0.7 at%) 

Lu et al. 454 4.33 (CW) 13.2 8.4 
880 nm 

(:200 m) 

15 mm  

(1 at%) 

This work 454 3.5 (qCW) 13.7 7.5 
806 nm 

(:225 m) 

10 mm  

(0.7 at%) 

Looking at the results obtained in this work, one can see the maximum output 

power of 5.5 W obtained at 908 nm is higher than the others reported, although the laser 

operation was in quasi-CW regime. Another good result is the diode-to-blue conversion 

efficiency, which reached 13.7%, the highest reported. The threshold for the blue laser was 

also smaller than the one demonstrated in [30], but this is probably because of the lower 

crystal temperature in the quasi-CW operation and to the fact that they used a four mirror 

cavity with an intracavity Brewster window, which increases the losses. 

Using the data from the literature and the data extracted here, a simulation of the 

small signal gain (g0) can be performed using simplified quasi-three level laser theory. 

These simulations help to gain a better insight of the lasers behavior, e.g. threshold and 

general performance, and how to improve them. 

Simulating the gain for the lasers in Table 10, one can find the small signal gain at 

908 nm as a function of crystal length. It was not possible to find all the parameters needed 
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to simulate the laser in [113], but it is possible to simulate the laser in [17] and the one built 

in this work.  

Inserting the following particular laser parameters given in [17]: Pump - 

wavelength, beam waist at the crystal and beam quality; Crystal – doping concentration and 

length; Cavity characteristics – laser mode diameter inside the crystal, passive losses and 

output transmission; it is possible to vary the pump power until a balance between the 

effective gain and losses (effective Gain - Losses = 1) is reached, which will be the 

threshold power. The following behavior of threshold, Figure 54(a), and pump intensity 

distribution, Figure 54(b), was found. 

(a) (b) 

 
 

Figure 54. Simulation of (a) small signal gain and (b) pump intensity along the 

crystal[17].  

The zero mark in Figure 54(a) represents the point where the small signal gain is 

equals to the reabsorption loss. Above the mark, there is more gain than loss and for the 

points below the mark, the losses are stronger than the gain. In Figure 54(b), the red dotted 

line represents the transparency intensity which in this case is 9.58 kW/cm
2
. 

From Figure 54(b) it follows that the best condition is with the pump beam waist 

located 6 mm away from the crystal’s pump face. The pump threshold power at this 

condition is 13 W, which is very far from 0.93 W, found in [17]. One way to get such low 

threshold is by cooling down the Nd:YLF crystal to very low temperatures, reducing the 

population of the 539 cm
-1

 lower laser level, thus reducing the reabsorption. 
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In the case of the 908  nm laser described here, the threshold pump power given by 

the simulation is 4.8 W. Comparing to the experimental quasi-CW threshold of 4.5 W, they 

are very similar, the experimental one is just slightly lower. This can be explained by the 

fact that the pump modulation of 3% of duty cycle keeps the crystal at water temperature, 

15°C, which is cooler than the room temperature, thus reducing slightly the reabsorption 

losses. Figure 55 shows the simulation curves obtained for this laser when focusing at the 

pump facet. The transparency intensity in this case was of 1.82 kW/cm
2
, Figure 55(b). 

(a) (b) 

 
 

Figure 55. Simulation of the (a) small signal gain and (b) pump intensity 

distribution at threshold pump power for the laser demonstrated in this work. 

For the CW case, a higher threshold was expected, since there is much more heat 

load. At the beam location the temperature can rise tens of degrees above the temperature 

of the copper mount (15°C), increasing significantly the population of the lower laser level, 

and consequently the reabsorption losses. In addition, the crystal used for the CW 

experiments was 5 mm longer than the one used for quasi-CW, adding an extra 

reabsorption region. 

Regarding the blue lasers, one should be able to obtain similar output powers to that 

obtained for the 908 nm laser using the optimum coupling transmission [114]. The 454 nm 

laser demonstrated here did not achieve the 5.5 W the 908 nm laser delivered. This is 

probably related to the second harmonic conversion efficiency and additional losses the 

doubling crystal introduces.  
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The SHG has a strong dependence with intensity, as discussed in the introduction of 

this thesis. Given that, such lasers should achieve their most efficient operation by 

increasing the intensity of the laser at the doubling crystal. For that a different cavity 

configuration should be employed, such as folded cavities or ring cavities, which provide a 

control of two waists inside the cavity, one for the laser crystal and one for the doubling 

crystal. This has been shown by Lu et al. [30], who used a “Z” type cavity to obtain the 

454 nm laser. The output power obtained (4.33 W) was very similar to the one reported for 

the 908 nm laser (4.7 W) in [17]. 

Joining the research developed here and the research carried out in [17, 30], there is 

an apparent pathway to developing efficient lasers at 908 nm and at 454 nm. It was found 

out that the reduction of the reabsorption is necessary for a good performance of these 

lasers. It can be reached either by a combination of Nd
3+

 doping concentration and crystal 

length or by saturating such absorption using high pump powers and very high intracavity 

fields. In addition the temperature is another factor which influences a lot on the 

reabsorption, thus it must be kept at temperatures as low as possible. 
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Chapter 4 
Nd:YLF Raman lasers 

4.1. Nd:YLF/BaWO4 Raman laser 

4.2. Nd:YLF/KGW Raman laser 

4.3. Discussion 
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4.  Nd:YLF Raman lasers 

In this section the Raman lasers will be described. Two different lasers were studied, both 

using Nd:YLF as the laser active medium. Two Raman crystals were employed in order to 

build up the Stokes field, a BaWO4, whose laser project and results are detailed in section 

4.1. and a KGW, whose details are found in 4.2. Discussions over the performance of the 

lasers built in this section are done in 4.3. 

4.1. Nd:YLF/BaWO4 Raman laser 

All the Raman lasers built in this work were pumped with the same pump source, a 60 W 

fiber coupled diode laser (LIMO) emitting at 880 nm, with a fiber diameter of 100 m and 

a numerical aperture (N.A.) of 0.22. A 25 mm focal length lens is used for collimation and 

a 125 mm lens is used for focusing, delivering a pump spot of 500 m diameter inside the 

Nd:YLF laser crystal. The diode output wavelength is temperature-tuned to 881 nm in 

order to match one of the absorption peaks of the Nd:YLF crystal [16]. Direct pumping has 

two main benefits: first, a 33% reduction in heat by eliminating the multiphonon decay 

from the pump level to the upper laser level, and second, as the absorption coefficient at 

this wavelength is smaller than at conventional pump wavelengths (806 nm), there is a 

smoother distribution of the absorption over the whole length of the crystal so that the local 

temperature rise in the crystal is minimized. 

 The first Raman laser built in this research is a Nd:YLF/BaWO4 laser. The Nd:YLF 

crystal chosen was doped with 1.0 at% Nd
3+

, a-cut oriented and had dimensions of 

4x4x15 mm
3
. The 1 at% doping concentration was chosen in order to have a reasonable 

absorption at 881 nm without increasing too much the energy transfer upconversion (ETU) 

rate [26]. The fraction of pump power absorbed in the 15 mm long crystal is 43%, and this 

is something that could be optimized in the future, for example by double-passing the 

pump. The crystal faces were coated for high transmission (T>95%) at 881 nm, with 

antireflection coating (AR) for fundamental 1047/1053 nm (R<0.2%) and for first Stokes 

wavelengths 1135-1170 nm (R<0.1%). This crystal oscillated at 1053 nm, favored by the 

mirrors and crystal coatings. The 1053 nm field undergoes a weaker thermal lens than that 

experienced by the 1047 nm, providing better stability and good beam quality for the laser 



109 

 

 

even under high pump powers. Amongst several Raman active materials, the BaWO4 

crystal was chosen because of its high Raman gain of ~8.5 cm/GW compared to KGW 

(~4.4 cm/GW), GdVO4 (>4.5 cm/GW) and YVO4 (>4.5 cm/GW) [55]. This crystal was a-

cut with dimensions of 4×4×25 mm
3
. Such a long crystal was chosen due to the fact that in 

the steady-state regime the Stokes field increases exponentially with the interaction path 

along the crystal. The Raman shift provided by the BaWO4 is of 926 cm
-1

, thus the 

1053 nm field is shifted to 1167 nm. 

The optical resonator was designed for high Q oscillation of the fundamental 

1053 nm and output coupling of the Stokes wavelength at 1167 nm. A flat mirror with high 

reflectivity (HR) at 1053 nm and 1167 nm (R>99.99%) and high transmission at 880 nm 

(T>95%) was used as the pump mirror. The output coupler (O.C.) had the same HR coating 

of the pump mirror at 1053 nm but with a transmission of 0.4% at 1167 nm, and a radius of 

curvature (ROC) of 250 mm. The cavity was 240 mm long, as shown in Figure 56, and the 

radii of the resonator modes were estimated using LASCAD software to be 150 m and 

165 m in the laser and Raman crystals, respectively. We have also measured the 

performance of the Nd:YLF laser with no Raman crystal and using a 5% transmission 

mirror as the output coupler. It can give an idea of the limits and fundamental changes that 

could interfere in the Raman performance. 

 

Figure 56. Nd:YLF/BaWO4 Raman laser setup. 

In order to obtain yellow emission from the laser, a lithium triborate crystal (LBO) 

was added to generate the second harmonic of the 1167 nm Stokes wavelength. This LBO 

was cut for type-I non-critical phase matching, with dimensions of 4x4x10 mm
3
. The phase 

matching temperature was experimentally determined to be 47°C. The cavity has to be 

modified to no longer couple the 1
st
 Stokes out but, instead, to couple the yellow 
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wavelength 583 nm out. For that reason, the output mirror had to be changed to one with 

HR-coating (R>99.99%) at both fundamental and Stokes wavelengths, with high 

transmission at 583 nm (T>95%). Also, the curvature of the mirrors had to be changed, to 

achieve a small mode size in the doubling crystal but keeping similar beam sizes as before 

in the laser and Raman crystals. The pump mirror used had a ROC of 400 mm and the 

output coupler a ROC of 200 mm, and the cavity was 80 mm long, providing TEM00 

resonator mode radii of 170 m, 170 m and 180 m in the laser, Raman and doubling 

crystals, respectively. An intracavity mirror, with an antireflection coating (AR) at 1053 

nm and 1167 nm (R<0.1%) and HR at 583 nm (R>95%), is inserted between the BaWO4 

and the LBO crystal in order to reflect the backward propagating yellow beam into the 

output of the laser. Figure 57 shows the optical resonator used for the yellow laser. 

 

Figure 57. Nd:YLF/BaWO4/LBO yellow laser setup. 

Results 

The fundamental laser performance was as expected, maximum output power of 10 W at 

1047 nm in CW regime, for a maximum absorbed pump power of 21 W, corresponding to 

~50% of optical to optical efficiency. No competition between 1047 nm and 1053 nm was 

observed. The beam quality was not measured, but by visual inspection it seemed to be a 

TEM00 mode. Figure 58 shows its performance. 
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Figure 58. Fundamental laser performance. 

Figure 59(a) shows the output power at 1167 nm as a function of absorbed power. 

The Raman laser provided a maximum output power of 1.5 W when operating in CW 

regime. The beam quality was measured at a pump power of 15 W using a beam analyzer 

(Beamscope P8, GENTEC). The measured result is M
2
 of 1.43 in the horizontal and 1.51 in 

the vertical direction, as shown in Figure 59(b). The overall diode to Stokes efficiency was 

9%. 

(a) (b) 

  

Figure 59. (a) CW 1167 nm output power as function of absorbed pump power and 

(b) M
2
 measurement of the 1

st
 Stokes laser beam with the beam profiles images in 

the near field, focus and far field. 
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The cavity used to produce 1.5 W at 1167 nm is considered a long cavity for Raman 

lasers, since the most efficient ones were based on self-Raman configurations [69, 87, 90], 

and in those cases, a strong thermal lens exists, demanding the use of very short cavities. 

The advantage of a long cavity is in fact its capacity to provide more longitudinal modes, 

which is a feature that plays an important role for low amplitude noise lasers. Furthermore, 

Nd:YLF has a gain bandwidth of 358 GHz at 1053 nm compared to 344 GHz for 

Nd:GdVO4, 254 GHz for Nd:YVO4 and 119 GHz for Nd:YAG [115, 116], providing 

naturally more longitudinal modes than the others. Another advantage brought by the 

possibility of building long cavities is the design freedom, making it possible to build 

folded, ring and other types of resonators, or simply to design a resonator with near optimal 

mode sizes in the laser, Raman and, if present, the frequency mixing crystal. 

With the introduction of the LBO crystal, laser emission at 583 nm was obtained. 

The SHG resulted in 0.61 W, and the corresponding laser behavior is shown in Figure 60. 

A competition between oscillation at 1053 nm and at 1047 nm was observed, which was 

not observed when operating at 1167 nm without the SHG crystal. This happened probably 

because of the LBO coatings introduced extra losses to the 1053 nm emission. 

 

Figure 60. 583 nm CW laser performance. 

Pure 1053 nm oscillation was possible only up to 14 W of pump power. Above 

14 W, the 1047 nm line starts to oscillate, reducing the 583 nm output power. One way to 

overcome this problem is to introduce more losses to the 1047 nm line by using a Brewster 

window or any low loss polarizing optics, since 1053 nm and 1047 nm have orthogonal 

polarizations.  
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Knowing that, we tried a Brewster-cut Nd:YLF crystal in the cavity. Single 

oscillation was then obtained at 1053 nm up to the pump power limits. However, it was not 

possible to reach the same output powers and efficiencies as with the flat-flat crystal. The 

maximum Stokes power achieved was 0.50 W for a pump power of 17 W. We believe this 

low performance is due to some kind of axis misalignment between the Nd:YLF, BaWO4 

and LBO crystals. Since the Nd:YLF Brewster face impose the direction of the 

polarization, we may need to rotate the BaWO4 crystal to match with more accuracy its 

strongest Raman cross section with the imposed polarization, but no rotation mount was 

used in the Raman crystal in this experiment. 

4.2. Nd:YLF/KGW Raman laser 

The second Raman laser built is a Nd:YLF/KGW laser, which uses the KGd(WO4)2 crystal 

as the Raman active medium. The crystal presents two different Raman shifts with strong 

gain. In this case the quasi-CW operation of the lasers was also investigated, and for this 

purpose, a chopper was placed after the diode’s fiber. This chopper was operated with 50% 

duty cycle and frequency of 850 Hz so the thermal energy deposited in the crystal would be 

approximately 50% as much as during CW operation. In this mode of operation it is 

possible to reach higher peak powers and also predict the CW output power that could be 

achieved by pumping the crystal harder, without taking the risk of a thermal fracture.  

We used a Nd:YLF Brewster plane cut crystal with 1 at% Nd
3+

 doping 

concentration and dimensions of 4×4×15 mm
3
. The crystal’s flat face was coated with the 

same coating of the Nd:YLF used for the BaWO4 experiments. The Brewster-cut on the 

other face introduced losses for the 1047 nm, thereby enabling the 1053 nm fundamental 

wavelength to oscillate without competition. We chose 1053 nm as the fundamental 

wavelength because it generally has a weaker thermal lens than 1047 nm [25] and was 

therefore more likely to deliver good beam qualities and freedom to design long cavities. 

There are resonator designs that allow the laser to operate under strong thermal lensing, 

such as telescopic resonators [117], however, they typically operate only for a short range 

of pump powers, and generally introduce extra optics to the resonator, increasing the 

intracavity losses.  
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The KGW crystal used has dimensions of 5×5×24 mm
3
. It was AR-coated at the 

fundamental and Stokes wavelengths (R<0.1% at 1053-1170 nm), and cut for propagation 

along the Np axis. The Raman spectrum for KGW is complex [118] and for this reason a 

measurement of the Raman spectra was performed for the two orientations we used in this 

work, using a Renishaw InVia Reflex microRaman spectrometer with resolution of 1 cm
-1

.  

 A special copper mount was designed for the KGW crystal, Figure 61, so it could 

be rotated in order to access either the 901 cm
-1

 shift (fundamental and Stokes polarization 

parallel to the Nm refractive index axis) or the 768 cm
-1

 shift (fundamental and Stokes 

polarization parallel to the Ng refractive index axis). Table 11 shows the combinations of 

fundamental, Stokes, yellow and lime-green emission generated using the two Raman 

shifts. 

 

Figure 61. KGW rotating stage with water cooling. 

Table 11. 1
st
 Stokes, SHG and SFG wavelengths generated by Nd:YLF/KGW 

system. 

Shift Fundamental 1
st
 Stokes SHG SFG 

768 cm
-1

 
1053 nm 

1147 nm 573 nm 549 nm 

901 cm
-1

 1163 nm 581 nm 552 nm 

The cavity used to obtain 1
st
 Stokes laser emission is shown in Figure 62. The input 

mirror had high reflectivity (>99.99%) at 1053 nm, 1147 nm and 1163 nm, and high 

transmission (T>90%) at 880 nm, with 400 mm of ROC. The output coupler for the 1
st
 

Stokes had a R>99.99% at 1053 nm, 0.2% transmission at 1163 nm and 0.1% transmission 
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at 1147 nm, with 250 mm of ROC. The distance from the last end face of the KGW to the 

O.C. was 115 mm and the overall cavity length was 160 mm. The TEM00 resonator mode 

had 420 m diameter in the laser crystal and 400 m diameter in the Raman crystal, 

calculated using the ABCD resonator model (LASCAD). 

 

Figure 62. Nd:YLF/KGW 1
st
 Stokes laser setup.  

A lithium triborate (LBO) crystal (4×4×10 mm
3
) was used for intracavity 

SHG/SFG. It was cut for type-I non-critical phase-matching, and AR-coated at the 

fundamental, Stokes and SHG/SFG wavelengths (R<0.1% at 1053-1170 nm and T>95% at 

570-590 nm). This was the same coating used in the Nd:YLF/BaWO4 laser.  The LBO 

crystal was positioned next to the KGW, as shown in Figure 63, and temperature tuned to 

63°C for 573 nm or 50°C for 581 nm. The TEM00 resonator mode diameters were 

calculated to be 380 m, 366 m and 368 m respectively in the laser, Raman and 

doubling crystals. The curved (200 mm ROC) output coupler had high reflectivity, 

R>99.99% at the fundamental and Stokes wavelengths and high transmission, ranging from 

80-95%, at the yellow and lime-green wavelengths. An intracavity mirror was also 

introduced between the KGW and LBO crystals in order to redirect the backwards 

propagating yellow beam toward the O.C. This intracavity mirror had an AR-coating at 

1053 nm (R<0.1%), 1147 nm and 1163 nm (R<0.1%), and a HR-coating at 573 nm and 

581 nm (R>98%). 

For the SFG operation at 549 nm and at 552 nm, the same configuration was used. 

The temperatures of the LBO crystal required for phase matching were 109°C for 549 nm 

and 101°C for 552 nm. 



116 

 

 

 

Figure 63. Nd:YLF/KGW/LBO yellow and lime-green laser setup.  

Results 

The Raman spectra, at the two orientations of the KGW used in this work, were measured 

in a Raman spectrometer as described above. The result is shown in Figure 64. 
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Figure 64. Raman spectra at the two orientations used in the Nd:YLF/KGW laser. 

 These spectra are normalized and it is possible to observe that when the electric 

field is aligned to the Nm axis, the 901 cm
-1

 shift is the strongest, and when it is aligned to 
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the Ng axis, the 768 cm
-1

 is stronger than the 901 cm
-1

. So, orientating the KGW in one of 

those conditions, it is possible to select the shift between 901 cm
-1

 and 768 cm
-1

. 

 

Laser operating at the 901 cm
-1

 shift  

When the KGW was oriented to access the 901 cm
-1

 shift, the 1
st
 Stokes laser delivered a 

maximum CW power of 0.95 W at 1163 nm for an absorbed pump power of 12.3 W. The 

beam quality was measured to have an M
2 

of 1.49. For quasi-CW operation 1.56 W of peak 

power was obtained for 21 W peak absorbed pump power. Figure 65(a) shows the input-

output power performance of this laser. The Stokes beam profile was elliptical, due to the 

Brewster angle in the cavity, and the M
2
 and beam sizes mentioned are average values for 

the two planes. We did not measure the beam quality of the fundamental beam (1053 nm) 

because the mirrors have a very high reflectivity at this wavelength (>99.9%), thus, the 

residual power leaking from the cavity was not enough to make a reliable M
2
 measurement.   

When the 10 mm LBO crystal temperature was tuned to 50 °C for the SHG of 1163 

nm, a CW output power of 1.10 W at 581 nm was obtained, with M
2
 of 1.93. In quasi-CW 

mode, 1.65 W of peak power was obtained, Figure 65(b). It is interesting to note that the 

powers in the visible are higher than in the infrared and this is attributed to the fact we were 

not using the optimum output coupling for the 1
st
 Stokes. 

When the LBO crystal was tuned to 101°C for SFG of 1053 nm and 1163 nm, we 

obtained 1.90 W CW at 552 nm for 13 W of absorbed pump power. The corresponding 

beam quality was M
2
~2.01. In quasi-CW operation, 3.12 W of peak power was achieved 

for 20 W of peak pump power. Figure 65(c) shows the output power performance for this 

laser. 

The spectral linewidths (full width at half-maximum) of the fundamental, first 

Stokes and visible lines were measured using an ocean optics HR4000 spectrometer to be 

0.3 nm. 
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Figure 65. Output power as a function of absorbed pump power for (a) 1163 nm, 

(b) 581 nm and (c) 552 nm. 

Laser operating with the 768 cm
-1

 shift  

When the KGW crystal was rotated to access the best gain for the 768 cm
-1

 shift, the first 

Stokes laser delivered 0.70 W CW power at 1147 nm for 13 W of absorbed pump power 

and for quasi-CW operation, 1.20 W of peak power for 20 W peak absorbed pump power, 

as shown in Figure 66(a). The beam quality was measured to be M
2
~1.44.  

When optimized for frequency doubling the 1
st
 Stokes at 1147 nm, we obtained 

0.60 W CW power at 573 nm for an absorbed pump power of 13 W (see Figure 66(b)) and 

the corresponding beam quality was measured to be M
2
~1.76. In quasi-CW operation the 

maximum peak yellow power was 1.25 W for 18 W of peak pump power. At higher (18-

20 W) pump powers the 901 cm
-1

 Raman transition began to compete. Looking at the 

Raman spectra in Figure 64, we can see that for this orientation the 901 cm
-1

 and 768 cm
-1

 

lines have similar intensities, with the 768 cm
-1

 only slightly stronger. The competition 

arises because there are losses for the 768 cm
-1 

shift through the SHG process, but no such 

losses for the 901 cm
-1

 shift.  

When optimized for sum frequency to generate 549 nm, a maximum power of 0.65 

W was achieved in CW regime and 1.20 W peak power when chopped, as seen in Figure 

66(c). Unfortunately coating damage occurred on the KGW crystal and the low thresholds 

obtained previously could not be realized. It is very likely that considerably higher output 

powers could be achieved at 549 nm using a KGW crystal with un-damaged coatings.  
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The spectral linewidths (full width at half-maximum) of the fundamental, first 

Stokes and visible lines were measured to be 0.3 nm. 

 

Figure 66. Output power as a function of absorbed pump power for (a) 1147 nm, 

(b) 573 nm and (c) 549 nm. 

 An analysis of the laser results, showed in the sections 4.1 and 4.2, is made in the 

next section. 

4.3. Discussion 

Using Nd:YLF as the laser crystal in a CW intracavity Raman laser offers several 

advantages as discussed in the introduction chapter and they include a naturally polarized 

emission and weak thermal lensing. Having  and -polarized emissions at two 

wavelengths, 1047 nm and 1053 nm respectively, combined with the two Raman shifts in 

KGW, enables an interesting selection of near-infrared and visible wavelengths to be 

accessed. Figure 67 shows all the wavelengths that can be achieved by such combination, 

highlighting the ones obtained in this work. 
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Figure 67. Wavelengths generated by the combination of Nd:YLF and KGW. 

The laser performances shown in Figure 59, Figure 65 and Figure 66 are very good 

in terms of output power and efficiency, particularly if we consider that the coatings on the 

crystals and mirrors were specifically designed for a system having the 1064 nm as the 

fundamental wavelength (ie. not 1053 nm).  The lasers reported here operate over a useful 

range of wavelengths and output powers, with good efficiencies. The highest conversion 

efficiency (with respect to absorbed pump power) reported here is 14% in the case of SFG 

to 552 nm, and this can be compared against 20% obtained in a self-Raman Nd:GdVO4 

laser with SFG to 559 nm [69], which is the highest efficiency reported in the literature. 

The higher efficiency in [69] can be attributed to lower resonator losses, enabled by very 

low loss AR-coatings on the crystals and the fact there is one less crystal present. For the 

yellow, we achieved a conversion efficiency of 7.8% for generation of 581 nm, somewhat 

lower than the highest-reported conversion efficiency (17%) for a self-Raman [89] 

operating at 586 nm, but again the difference is due to extremely low resonator losses in 

[89]. In the case of the 1
st
 Stokes, our conversion efficiency of 9% when generating first 

Stokes output at 1167 nm can be compared against 13.8% for the best CW self-Raman 

performance, from a composite Nd:KGW/KGW laser operating at 1181 nm [119]. 

Furthermore, the Nd:YLF Raman lasers we have demonstrated  had good beam quality, 

with M
2
~1.5 for the 1

st
 Stokes laser at 1163 nm and 1167 nm and with M

2
≤2 for CW 
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operation at 1147 nm and in the visible at 581 nm and at 552 nm. This beam quality is 

considerably better than for the Nd:GdVO4 self-Raman lasers in which the beam quality 

during the sum frequency mixing was M
2
~10 [69], and for the second harmonic it was 

M
2
~6 [88], both at maximum pump power. The good beam quality reported here for 

Nd:YLF Raman lasers is a consequence of the much weaker thermal lensing, since the 

beam quality is strongly linked to thermal lensing, which in the case of self-Raman laser is 

typically very strong and abberated. A summary of the results obtained in this work is 

shown in Table 12. 

Table 12. Summary of the Nd:YLF Raman lasers demonstrated in this work. 

 
Nd:YLF/BaWO4 Nd:YLF/KGW 

1
st
 Stokes wavelength (nm) 1167 

1147 (768 cm
-1

) 

1163 (901 cm
-1

) 

1
st
 Stokes output power (W) 1.5 

0.70(CW) / 1.20(qCW) 

0.95(CW) / 1.56(qCW) 

Diode-Stokes efficiency (%) 9 
5.4 

7.7 

Beam quality M
2
 1.5 1.5 

 Visible sources  

SHG/SFG wavelength (nm) 583/- 
573 / 549 

581 / 552 

SHG/SFG power (W) 0.6 
0.60(CW), 1.25(qCW) / 0.65(CW), 1.20(qCW) 

1.10(CW), 1.65(qCW) / 1.90(CW), 3.12(qCW) 

SHG/SFG diode-visible efficiency 

(%) 
4 

4.6 / 5.0 

7.8 / 14.6 

SHG/SFG beam quality M
2
 - 

1.76 / - 

1.90 / 2.01 

We can also compare our results to other Raman lasers reported using Nd:YLF. 

Savitski et al. reported the highest output power of 6.1 W [82] for any CW Raman laser, by 

combining the 1047 nm fundamental from Nd:YLF and the 768 cm
-1

 shift in KGW. 

However, the overall diode to first Stokes efficiency of ~4% was substantially lower than 

the 9% reported here, and also the beam quality, Mx
2 

~5 and My
2 

~6, is not good as the M
2
 

~1.5 reported here. Interestingly, the beam quality they found using diamond (instead of 

KGW) was an excellent Mx
2
~1.1 and My

2
~1.2, which given the very high thermal 

conductivity of the diamond, suggests that some of the beam degradation occurs in the 

Raman crystal. In the work of Bu. et al. [96], the (absorbed) diode to yellow conversion 

efficiency is estimated to be 7.4%,  quite similar to the conversion efficiency we have 

obtained (7.8%). An attractive feature used in [96] is the coupled cavity setup. This reduces 
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considerably the intracavity losses for the Stokes field, yielding lower thresholds for SRS: 

1.35 W compared to our lowest threshold of 2 W for yellow (581 nm).  

We anticipate that substantial improvements in efficiency will be possible in the 

future by improving the characteristics of the mirror and crystal coatings, particularly the 

AR-coatings on the Raman crystals and the visible transmission of the output coupler. For 

all the cases investigated here, the 1
st
 Stokes laser performance was superior when using 

the BaWO4 crystal, compared to the KGW results in CW regime. While the 1167 nm laser 

provided a maximum CW power near 1.5 W, the 1163 nm reached 1 W and the 1147 nm 

only achieved about 700 mW. In the visible, the 581 nm laser delivered more than 1 W 

with a threshold of 2 W of absorbed power, while the 573 nm laser provided a maximum of 

600 mW, similar to that obtained at 583 nm, with a threshold of 3 W of absorbed power. 

These distinct performances could be due to differences either in Raman gain or resonator 

losses at the various wavelengths.  In the KGW case, according to the literature [120], as 

well as our measured spectrum in Figure 64, the 768 cm
-1

 shift has higher Raman gain than 

901 cm
-1

, but we believe such a difference is not enough to explain the different 

performances we have observed. Considering all the mirror and crystal coatings, we found 

the round trip losses for both Stokes wavelengths to be similar, with the 1147 nm losing 

0.1% more power per round trip than the 1163 nm, which may contribute to the small 

difference between their thresholds. Moreover the output coupler has a transmission of 

about 0.1% at 1147 nm and 0.2% at 1163 nm. This higher output coupling contributes to 

the higher power at 1163 nm. The maximum powers at 1147 nm were slightly limited by 

the onset of competition between the 901 cm
-1

 and 768 cm
-1

 shifts for absorbed pump 

powers above 18 W. With regard to the different output powers that were obtained in the 

yellow, we note that the O.C. mirror has about 20% of reflectivity at 573 nm and <5% at 

581 nm, and this is likely to be the main cause for the reduced performance of 573 nm 

when compared to 581 nm. The powers at the two sum frequency wavelengths cannot be 

compared due to the crystal damage that occurred when optimising performance at 549 nm.  

The output powers demonstrated here for Nd:YLF Raman lasers are substantial, 

particularly in the visible: CW operation yielded up to 1.5 W in the near-ir (1167 nm) and 

1.9 W in the visible (552 nm). Quasi-CW operation at 50% duty cycle resulted in peak 

output powers up to 1.65 W in the near-ir (1163 nm) and over 3 W in the visible (552 nm).  
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Higher peak powers would be achieved at lower duty cycles, and there are many 

applications for which modulated laser output is suitable.  Our capacity to scale to higher 

powers has been constrained by the need to avoid fracture of the Nd:YLF.  However, there 

are recent developments in power-scaling CW Nd:YLF in which up to 60 W of output 

power at 1053 nm was demonstrated [28] by using large mode sizes in the Nd:YLF, and 

accordingly, we believe there is considerable potential for efficiently scaling Nd:YLF-

based Raman lasers to much higher powers.  

Yet another exciting possibility for the future exists to build a low-noise, multi-

Watt yellow laser, this possibility stemming from the broad (~360 GHz) emission band of 

Nd:YLF. Here the concept is to build a sufficiently-long Raman resonator that operates 

simultaneously on a large number (100s) of longitudinal modes, an approach previously 

used to solve the “green problem” [121, 122]. 
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5.  Study of a blue luminescence in solid state Raman lasers 

In this section the characterization and analyses of a blue luminescence, characteristic in 

some Raman crystals when operating above SRS threshold, is described. First it will be 

contextualized in the introductory section, and then the methods used for characterization 

will be discussed in the other sections. Finally, a discussion over all the characterization is 

made and some conclusions about the phenomenon are provided. 

5.1. Introduction to the problem 

With the rise of the solid state Raman lasers, one special side effect has been observed, a 

blue luminescence. Such luminescence is strong, clearly visible and bright in a well-lit 

room. This blue emission around 475 nm comes out of the Raman active crystal when 

reached the threshold for the Stokes oscillation. Several groups have reported the effect in 

their Raman lasers, showing the presence of the phenomenon in many different crystals, 

KGW [123, 124], BaWO4 [79, 81], SrWO4 [125, 126], YVO4 [86], GdVO4 [127] and 

SrMoO4 [128]. Some of them tried to explain the origin of the emission, either by an 

upconversion in Nd
3+

 ions or by an upconversion in Tm
3+

 ions present in the crystals as 

impurities. However, the scope of those works were the laser performance, thus they 

presented a very brief discussion on the blue emission topic.  

Nowadays, Raman lasers have reached a level of development that makes the 

reduction of resonator losses and thermal effects very relevant to their performance. Given 

that, there is the need of a better understanding of the blue luminescence phenomenon in 

order to comprehend not only the origin of the emission, but also its influence on Raman 

laser performance, either as an extra loss, or as an extra heating source, which may be 

originated from non-radiative decays derived from the upconversion process. 

Recently, two works were published discussing specifically the blue emission [129, 

130]. Zhu et al. [129], characterized the emission in three crystals, YVO4, GdVO4 and 

SrWO4, with fundamental oscillations at 1063 nm, 1064 nm, 1079 nm and 1342 nm. The 

strongest emissions were found for the SrWO4 crystals, when the fundamental was in the 

1 m range, but no luminescence was observed for the 1342 nm fundamental. The 

conclusion found by them is that the luminescence is produced with only fundamental 
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oscillation around 1 m, and no Stokes is needed for the process. However, they could not 

explain the origin of the emission. In [130], Kodasevich et al. made a deeper analyses of 

the phenomenon, comparing the experimental emission from a KGW crystal with the 

expected shape obtained by calculation for a Nd:KGW crystal and a Tm:YLF crystal. As a 

result, they found more similarities with the Neodymium emission band around 475 nm 

than with the Thulium one, although it was not enough to state that Nd
3+

 is the responsible 

for such emission. Both works discarded the Nd and Tm impurities hypothesis and they 

suggested at the end that usual theories do not apply to this phenomenon and a new one 

might be needed.  

In all the cases reported, the groups were looking for the origin of the phenomenon, 

but no considerations was given to possible consequences for laser operation in terms of 

laser efficiency or thermal loading of the crystals. We present here the characterization 

methods we have used to analyze the origin of the blue emission for the Raman lasers: 

spectral analyses of different Raman crystals; lifetime; extra-cavity probing; quantification 

of impurity ion concentration; and power measurement. Finally we consider the implication 

of the blue luminescence for laser operation, particularly with regard to laser efficiency and 

thermal loading of the Raman crystal. 

5.2. Spectral characterization 

We selected four crystals in which the blue emission had been previously reported: KGW, 

BaWO4, Nd:GdVO4 (from two suppliers) and Nd:YVO4. The setup used to measure the 

fluorescence was very simple. The Raman lasers were built with the Raman medium of 

interest, then from one of the crystal faces the blue emission was collected using two 

spherical lenses in order to capture as much light as possible and couple it in a fiber with a 

200 m core diameter. This fiber injected the light collected into the HR4000 spectrometer 

module (Ocean Optics). Figure 68(a) shows the blue light emitted in a long line path, 

which overlaps the resonator modes. Figure 68(b) shows the setup used to measure the 

spectra of a self-Raman laser, while Figure 68(c) shows the setup for a laser with the laser 

and Raman crystals separated. Another approach used to collect the blue emission was to 

insert the fiber in a hole on the side of the heat sink mount of the Raman crystal, as per 

Figure 68, although it was less efficient than the previous method. 
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(a) (b) (c) 

 

 
 

Figure 68. (a) Picture of the blue emission in a KGW crystal and the setup used in 

the spectral measurements (b) for self-Raman configuration and (c) separated laser 

and Raman crystals. 

The spectra in Figure 69 correspond to the crystals KGW, BaWO4, Nd:GdVO4 and 

Nd:YVO4, and they were obtained using a high resolution spectrometer (Ocean Optics 

HR4000 , having ~0.1 nm of resolution). Note that two of the crystals were intentionally 

doped with 0.3% Neodymium (ie self-Raman materials). The spectra were recorded above 

threshold for SRS, for a diode pump power of 15 W. 

450 455 460 465 470 475 480 485 490 495 500

5

10

15

20

25

 

 

 KGW

 Nd:GdVO
4

 BaWO
4

 Nd:YVO
4

wavelength (nm)

in
te

n
s
it
y
 (

a
.u

.)

   

 

Figure 69. Blue emission spectra of KGW, Nd:GdVO4, Nd:YVO4 and BaWO4 

crystals. 
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It is possible to see similarities between all the four crystals, despite the fact that 

two are vanadates and two are tungstates, and that two are intentionally doped with Nd and 

two are undoped. There are even stronger similarities between tungstate based hosts and 

between vanadate based hosts. In addition, the good spectral resolution that reveals the 

multiple peaks of the emission has made allowed us to compare the spectra obtained here 

with high resolution spectra found in the literature. 

The blue is the strongest emission coming out of the Raman crystals, but not the 

only one. There is also a red emission which was not mentioned in the previous reports. 

The spectrum in Figure 70 shows this emission band around 650 nm. It can only be seen 

above SRS threshold. However, such emission is not easy to resolve since it is much 

weaker than the blue one.  

It becomes clear looking at the spectra in Figure 70 that the emissions around 

525 nm, 550 nm and 600 nm are present with or without the SRS, but the blue emission 

(475 nm) and the red emission around 650 nm only happen above the SRS threshold. 

Below such threshold there are no strong traces of both blue and red emissions, showing 

that they do not come from the standard Nd
3+

 fluorescence. In the case of KGW, very weak 

blue luminescence (by at least an order of magnitude) was sometimes observed below SRS 

threshold.   
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Figure 70. Blue and red emission at 650 nm from a Nd:GdVO4. 

Taking the Nd:YVO4 spectrum and comparing it with a Tm:YVO4 spectrum found 

in [131], with similar resolution, it is possible to see a very good match between them, as 
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shown in Figure 71(a). The same was done for the KGW, as shown in Figure 71(b). We 

were not able to get analogous information for the other crystals, mostly because the 

spectra we found in the literature did not have sufficient resolution. 

(a) (b) 

  

Figure 71. Comparison between blue emission in a Nd:YVO4 self-Raman and (a) 

Tm:YVO4 blue emission and (b) between KGW Raman laser and Tm:KGW [132].  

We also observed that the blue emission intensity increases with the 1
st
 Stokes 

power. Plotting such function in a log-log scale, we could observe a slope of 1.5, which 

shows that at least two Stokes photons are likely to be involved in the process. This kind of 

analysis is well described in [133], but has some restrictions for the experiments here, such 

as phonon assistance, other complex interactions and that it is hard to interpret the plots due 

to the fact it is not possible to vary the fundamental and Stokes powers independently. An 

alternative is to use multi-variate analysis. This analysis was a contribution of a PhD 

student, Christopher Artlett, also working in the Raman laser group and its description is 

found in the next subsection.  

 Observations were also made about the intensity of the blue emission in different 

crystals under the same conditions of operation. We noticed stronger emission in the KGW 

crystal than in the BaWO4 crystal and in the Nd:GdVO4 crystals. In addition, we have 

tested two different Nd:GdVO4 crystals, with different origins. In this case, we observed 

that one of them (from the Northrop Grumman -NG) had stronger emission than the other 

(from Castech). This emission was even stronger than the one observed in the KGW 

crystal. The blue emission from BaWO4 was the weakest.  



130 

 

 

 Using different laser crystals to generate the fundamental, specifically Nd:YLF and 

Nd:YAG, we also noticed some blue emission inside the laser active medium, which has 

not been reported before. The spectra are shown in Figure 72(a) for the Nd:YLF and Figure 

72(b) for the Nd:YAG. 

(a) (b) 

 

 

Figure 72. Blue fluorescence found in Nd:YLF and Nd:YAG under Raman lasers 

operation compared to (a) Tm:Yb:Nd:YLF [134] and (b) Tm:YAG [135] found in 

the literature.  

 Comparing the spectra obtained from the literature for the equivalent hosts doped 

with Tm
3+

, it is again possible to see similarities. However, the blue emission from these 

crystals is not nearly as strong as for the blue emission coming from a Raman shifting 

medium.  

 Looking at the emission in separate crystals and self-Raman configurations, we 

observed that the Nd:GdVO4 crystal presents the emission when used in a self-Raman 

configurations, although no emission is seen if the same crystal is not operating as the 

Raman active medium. It shows the phonons in the Raman process do play an important 

role for generating the blue emission, which could be due to some kind of phonon 

assistance supported by the huge amount of phonons generated in the stimulated shift.  
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 Finally, an odd effect was observed in a very specific case. One of the Nd:GdVO4 

crystals showed a strong increase of its characteristic green emission at a very specific 

pump power. The emission became much stronger than the blue, which was weaker than 

that obtained for lower pump power. It was not observed in any other case. It suggests that 

in this case, an energy transfer took place and aided to populate the green emitting level 

(
4
G7/2→

4
I9/2) in the Nd ions, Figure 73. This emphasizes the complexity of this system. 

 

 

Figure 73. Possible path for energy transfer between Tm and Nd ions. 

5.3. Multi-variate analysis of the blue luminescence (collaboration) 

A detailed investigation was made of the emission spectra as a function of incident diode 

pump power. We have observed the changes of the emission intensities as a function of 

pump power, using a Nd:GdVO4 self-Raman laser, as seen in Figure 74. The fundamental 

and Stokes powers measured through the output were recorded. 
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Figure 74. Emission spectra of the Nd:GdVO4 Raman laser for different diode 

pump currents. 

 We used absorbed pump powers from 5 W to 19 W, corresponding to a diode 

current range from 15 A to 29 A, as shown in Figure 74. The spectra were processed 

(smoothed, Savitsky-Golay, 3
rd

 order, 17 pts) and then, statistically analyzed by means 

Principal Component Analysis (PCA). I collected the experimental data, and the analysis 

was made by Christopher Artlett, a PhD student in our group who has the expertise with 

such statistical methods. 

 Multivariate data consists of many different attributes or variables recorded for each 

observation. In this particular case at each pump power the emission spectrum was 

collected (one observation) containing the intensity of each wavelength (variables). Multi-

dimensional hyperspace is often difficult to visualize, and thus the main objectives of such 

method are to reduce dimensionality and score the observations based on a composite 

index and clustering similar observations together based on multi-attributes. It becomes 

possible to display graphically in case these attributes are reduced to two or three 

(dimensions), and kept a minimal loss of information. 

 PCA summarizes the variation in a correlated multi-attribute to a set of uncorrelated 

components, each of which is a particular linear combination of the original variables. The 
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extracted uncorrelated components are called principal components (PC) and are estimated 

from the eigenvectors of the covariance or correlation matrix of the original variables. 

These PCs are extracted in decreasing order of importance so that the first PC accounts for 

as much of the variation as possible and each successive component accounts for a little 

less. 

 The plots extracted from the PCA analysis are PC loadings and PC scores. PC 

loadings measure the importance of each variable in accounting for the variability in the 

PC. It is possible to interpret the first few PCs in terms of 'overall' effect or a 'contrast' 

between groups of variables based on the structures of PC loadings. PC scores are the 

derived composite scores computed for each observation based on the eigenvectors for 

each PC. 

Intensities for relevant fluorescence peaks were collated for each pump current 

level. Peak intensity data were then imported into The Unscrambler (Camo Software), a 

statistical analysis program primarily designed for spectroscopic analysis and 

chemometrics. The data were then analysed. 

PCA Model – All Data 

(a) (b) 

  

Figure 75.  PCR plots for all spectral data. (a) Scores, (b) Loadings. 

The points in Figure 75(a) represent the combination of spectra for each diode 

current level in terms of new axes PC1 and PC2 (Principal Components). Orange points are 

the lower current measurements, while the green points are the higher current 

measurements. Figure 75(b) represents the strength of the relationship between the various 

fluorescence bands and PC1 and PC2. Some clustering of these data is evident, with the 
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475 and 648 nm emissions strongly correlated, with the same occurring for the 524-552 nm 

bands. Significantly, they cluster away from each other, which is suggestive of different 

mechanisms.  

The two current segments which are shown in the scores plot (Figure 75) were next 

investigated independently. 

PCA Model – Low Current Regime 

(a) (b) 

  

Figure 76. PCR plots of low current data. (a) Scores, (b) Loadings. 

The low diode current data in Figure 76 show somewhat similar behaviour to the 

complete data seen in Figure 75. 

PCA Model – High Current Regime 

(a) (b) 

  

Figure 77. PCR plots of high current data. (a) Scores, (b) Loadings. 
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High current regime data (Figure 77) appear to show separation between Raman 

and “Raman-linked” emissions in terms of PC2, and the 475/648 nm and 524-552 nm 

emission bands in PC1. 

In summary, Principal Component Analysis provided more information about the 

relationships the emissions have with each other. As a result, the 475 nm and 648 nm 

emissions seem to cluster near each other in all the cases, which indicate they are 

originated from correlated mechanisms, such as decays from the same level. In the case of 

Tm
3+

, the blue and red emissions decay from the 
1
G4 level to different lower energy levels, 

475 nm (
1
G4→

3
H6) and 648 nm (

1
G4→

3
H4) which is strongly supported by the PCA 

analysis. 

5.4. Lifetime characterization 

In order to measure the decay time of the blue emission, four Q-switched Raman lasers 

were built using each one of the Raman active crystals studied here. A Nd:YAG crystal 

was used as the laser active medium in the case of YVO4, KGW and BaWO4. For the 

Nd:GdVO4 a self-Raman laser was built since there was no undoped GdVO4 crystal 

available. Using a 50 mm lens to collect the blue emission from the Raman crystal and a 75 

mm lens to image it into a Photomultiplier tube (Hamamatsu R456), it was possible to 

measure the lifetimes. Two visible band pass filters (FGS900 Thorlabs) together with a 

short pass filter, which reflects the green and yellow emission (nonlinearly generated in the 

Q-switch crystal), were used in order to allow only the specific blue emission at 475 nm to 

get in the PMT. Figure 78 shows the decay curves collected. 
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Figure 78. Fluorescence lifetime decays for Nd:GdVO4, YVO4, KGW and BaWO4 

crystals. 

Table 13 below summarizes the lifetimes measured for each crystal. Also, it shows 

the lifetime values found in the literature for the Tm
3+

 
1
G4 transition (475 nm) in the 

respective hosts. 

Table 13. Lifetimes obtained in this work and the ones for the corresponding Tm
3+

 

doped hosts. 

 
Fluorescence lifetime – 

this work (s) 

475 nm Tm
3+

 lifetime –  

literature (s) 
Ref 

KGW 109 
127 (0.1 at%) 

fluorescence lifetime 
[136] 

BaWO4 163 - - 

Nd:GdVO4 117 
140 

radiative lifetime 
[137] 

YVO4 116 
131 

radiative lifetime 
[138] 

We found similar lifetime values for three of the crystals we measured, Nd:GdVO4, 

YVO4 and KGW. There is no such information for the BaWO4 crystal in the literature, it 

started to be used for laser purposes recently. For the KGW the fluorescence lifetime 

described in [136] is from a 0.1 at% Tm doped crystal, which is a small concentration, 

good to compare to our measurements, where the Tm concentration is supposed to be very 

low. For the vanadates we found the radiative lifetimes, which do not consider any parallel 

process that may quench the emitting level, which could shorten the lifetimes. Therefore, 

considering an impurity as a very low concentration of Tm, in this case, one should observe 
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fluorescence lifetimes close or slightly shorter to their radiative lifetimes. Based on that, it 

is feasible to compare the lifetimes measured here to the reported ones. All the lifetimes 

found in the literature were just a little bit longer than the ones measured in the Raman 

crystals, but they are in the same order of magnitude, differing only 20 s to 30 s. Given 

that, it is very possible that the decay in the Raman crystals is coming from the 
1
G4 level of 

Tm
3+

 impurities, reinforcing this hypothesis.   

5.5.  External cavity probing: Q-switch laser probe test 

Two reasons were found to support an external probing of the Raman crystals. The first one 

is the fact that the thulium 
1
G4 blue emitting level could have been populated using only 1

st
 

Stokes photons with some support of non-radiative transitions. Also, it could need the 

support of some fundamental photons added to the Stokes field, but may have no need of 

phonons originated from the Raman scattering. Using a Q-switched laser it is possible to 

obtain intensities as high as the ones found intracavity in a CW laser, and then analyze the 

influence of the fundamental and Stokes fields independently. Figure 79 shows the Tm
3+

 

energy level scheme and the possible paths to populate the 
1
G4 level. 

 

Figure 79. Tm:YVO4 energy level scheme and the possible paths to populate the 

blue emitting level. 
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The other reason is related to the fact that this kind of measurement is useful even if 

there is no Tm
3+

 involved. It gives a general understanding on how the blue emission 

behaves in the presence of each field separately. 

For such experiment a Nd:YAG/YVO4 active Q-switch Raman laser was built. A 

10 mm long Nd:YAG with  1.0 at% of Nd
3+

 was used as the active medium. The frequency 

was then shifted by a 20 mm YVO4 crystal. Placed between the crystals there was an 

acousto-optic Q-switch unit to modulate the laser. The cavity consisted in a 200 mm of 

ROC (radius of curvature) mirror as the pump mirror and a flat mirror with 5% 

transmission at the 1
st
 Stokes wavelength as the output coupler. From this laser it was 

obtained 20 ns pulses with 3 kHz of repetition rate and an average power of 0.5 W at the 1
st
 

Stokes. Using either a 50 mm or a 30 mm focal length lenses, the beam intensity was 

increased to values higher than the intracavity ones observed in CW Raman lasers. Figure 

80 shows the setup used in the experiment. 

 

Figure 80. Setup used for the Q-switch Raman laser probe tests. 

The CW intracavity intensity obtained in previously built lasers was calculated to 

be about 200 kW/cm
2
. With the configuration above, it was obtained intensities at least 100 

times higher. Operating at this condition the blue emission should be visible even by naked 

eyes, once the 0.02% of duty cycle reduces in 50 times the blue intensity we can see (since 

the eyes can only distinguish the average power at this repetition rate), but on the other 

hand there was an increase of at least 100 times in the intensity we are using to pump the 

crystal which should be enough to make it visible again. 

The crystals used for the probe were two Nd:YVO4 crystals and a KGW crystal. 

Using a filter to block the residual fundamental laser leaking from the output coupler, the 

crystals were probed with a very intense and pure 1
st
 Stokes field in different positions and 

orientations, either the c-axis parallel or perpendicular to the polarization of the beam and 

changing the focusing lens either to 50 mm or to 30 mm lens. Also, the filter that blocked 
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the fundamental field was removed leaving some amount of fundamental photons to get in 

the probe crystal, providing a probe with both fields simultaneously. 

As a result the blue emission was not observed in all cases. Analyzing such result 

we can figure out that either the phonons generated by the scattering process must play a 

role to populate the 
1
G4 level or there is a specific proportion for the number of 1064 nm 

photons and the 1
st
 Stokes photons that make it turn on. To further support it, other 

researchers in our group have built Raman lasers with a Nd:GdVO4 as the laser crystal and 

a BaWO4 as the Raman medium, and it was found out that when SRS takes place in the 

BaWO4 crystal, the blue is strong only in the BaWO4 and not in the Nd:GdVO4. On the 

other hand, if the SRS takes place in the Nd:GdVO4, the opposite happens, with a strong 

blue emission at the Nd:GdVO4 but not at the BaWO4.  

5.6. Trace element concentrations – ICP-MS (Inductively coupled plasma 

mass spectrometry) 

We have measured the elements concentration using an ICP-MS to verify the presence of 

Tm
3+

 in two different Nd:GdVO4 crystals from Northrop Grumman (NG) and Castech, in a 

KGW and in a BaWO4 crystal. For each of the crystals, measurements were made in three 

different spots measured (S1, S2 and S3). The concentration and other relevant parameters 

obtained in the measurements are summarized in the Table 14.  

Table 14. ICP-MS Tm
3+

 concentration measurements (full data in Appendix C). 

BaWO4 Trace element concentration (ppm) Error Minimum detection limits Counts 

S1 0.00032 0.0001 0.00025 84 

S2 <0.00024 0.0001 0.00024 26 

S3 <0.00027 0.0001 0.00027 69 

     Nd:GdVO4 

(Castech) 
Trace element concentration (ppm) Error Minimum detection limits Counts 

S1 0.00129 0.00011 0.00015 213 

S2 0.0012 0.0001 0.00015 196 

S3 0.00103 0.0001 0.00015 164 

     
KGW Trace element concentration (ppm) Error Minimum detection limits Counts 

S1 0.00168 0.00012 0.00025 466 

S2 0.00182 0.00013 0.00024 491 
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S3 0.00133 0.00013 0.00028 352 

     
Nd:GdVO4 

(NG) 
Trace element concentration (ppm) Error Minimum detection limits Counts 

S1 0.00385 0.00021 0.00016 636 

S2 0.00365 0.0002 0.00015 620 

S3 0.00384 0.0002 0.00016 641 

As noted in section 5.2, the blue emission in the Nd:GdVO4 crystal from NG was 

stronger than for the crystal from Castech. This corresponds well with the measured Tm 

concentration being more than two times higher for the NG crystal. Similarly, blue 

emission from KGW was much stronger than for BaWO4, and this corresponds to a much 

higher Tm concentration in the KGW. So, it is in very good agreement with the Tm
3+

 

concentration found in the ICP-MS measurements. In the case of BaWO4, only one sample 

(S1) presented traces of Tm
3+

 above the detectable limit. Other researchers from Macquarie 

have since found significant differences in the blue emission intensity from different 

BaWO4 crystals.   

5.7. Proposed excitation mechanism for blue fluorescence 

Based on the observations in previous sections, we believe that the blue fluorescence 

originates from the 
1
G4 to 

3
H6 transition in Tm

3+
, which is present as an impurity in the 

crystals we have studied. The proposed mechanism is strongly supported by the spectral 

similarities observed between the blue emitted by the Raman crystals measured in this 

work and by their Tm-doped version. The multi-variate analysis shows a strong correlation 

between the blue and red emissions, supporting the same emission mechanism (same upper 

energy level), which is characteristic in Tm-doped materials. Also, the lifetimes measured 

for different Raman crystals are consistent with the ones found in the literature for Tm-

doped crystals with the respective hosts. Finally, the ICP-MS showed out the presence of 

Tm
3+

 impurities in all the hosts studied here, with higher Tm concentration in crystals with 

more fluorescence.  

Given this strong evidence to support the Tm impurity hypothesis, it is possible to 

propose the sequential absorption mechanism that raises the ions to the 
1
G4 emitting level, 

in the case, two or three Stokes photons should be involved, as shown in Figure 81. The 
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first transition is 
3
H6→

3
H5 by means of the absorption of a 1

st
 Stokes photon (S1); then 

follows a non-radiative decay 
3
H5→

3
H4 (H1); the second step is the absorption of another 

1
st
 Stokes photon 

3
H4→

3
F3 (S2) or a fundamental photon 

3
H4→

3
F2 (F1); then another non-

radiative decay 
3
F3→

3
F4 (H2); and finally another Stokes photon is absorbed 

3
F4→

1
G4 

(S3), populating the 
1
G4 level. 

 

Figure 81. Blue upconversion steps. 

The energy level scheme shown in Figure 81 is built using the data found in [139]. 

The reference contains the Tm
3+

 energy distribution for different hosts. The one shown in 

the figure corresponds to Tm:YVO4 at 300K.  

5.8.  Measurement of the blue power 

To quantify the power of the blue emission accurately, we used an integrating sphere 

(Labsphere) and the setup displayed in Figure 83. For that, we built a Raman resonator 

using a Nd:YLF crystal as the active medium and a KGW as the Raman active medium. 

The Stokes wavelength was at 1163 nm. This combination of crystals was chosen because 

the KGW (901 cm
-1

shift) was the crystal presenting the strongest blue emission amongst all 

we observed (not considering the self-Raman crystals), and the Nd:YLF was used because 

its weak thermal lens enabled a long cavity to be made which would accommodate the 
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integrating sphere (diameter of 9.5 cm). Another precaution taken was not use a self-

Raman configuration, such as Nd:GdVO4 or even a Nd:KGW, in order to avoid pump light 

by Nd
3+

 which could complicate the measurement. Finally, a photopic filter [140] was 

placed in front of the detector, in order to avoid any infrared photons to be measured.  

 The laser performance was not as good as the ones obtained in chapter 4, mainly 

due to poor mode matching, but efficiency was not considered important in this case. Using 

an output coupler with transmission of 0.2% at 1163 nm, the laser performance was 

recorded, and the results are shown in Figure 82. 
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Figure 82. Nd:YLF/KGW laser performance. 

 Higher threshold and output powers lower than the ones obtained before are 

explained by the fact the cavity was modified to introduce the integrating sphere, thus the 

overlap of the pump and laser mode was not as good as before. Also, the KGW crystal was 

not actively cooled as before, which may influence in the laser performance as well. Figure 

83 shows the setup used to measure the blue power.    
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Figure 83. Laser cavity with the integrating sphere used to measure the blue 

emission power. 

Looking from another angle it is possible to see the solid angle that effectively 

reaches the detector, Figure 84. 

 

Figure 84. Another perspective of the sphere showing the detector field of view. 

Using a known laser source, a green laser (532 nm; 3.5 mW), we performed the 

calibration of the sphere. We determined the areas of all the ports where the light escapes 

from the sphere and used the specified reflectivity of the internal surface of the sphere 

(spectraflect- 97% reflectivity at 475 nm). Then the flux of light into the detector was 
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calculated and compared to the value measured. If the numbers are different, it means that 

the real system has extra losses that the calculation did not consider, like the crystal holder 

we introduced to place the KGW crystal in the center of the sphere. This was wrapped the 

holder with white Teflon tape to maximize its reflectivity. Finally, we included an extra 

loss factor (calibration factor) in the calculation which could be varied until the calculated 

power agreed with the measured power. Having calibrated the system in this way, it was 

then used to determine the blue power. Yet another approach to estimate the blue power 

was used, with the measured powers in the detector (corrected for the filter transmission 

and detector sensitivity at the respective wavelengths) and the total green laser power, the 

blue total power can be estimated by proportionality. The detailed calculations can be 

found in the Appendix A (Estimation of the Blue fluorescence power using an Integrating 

sphere), which brings the MathCad worksheet used for these calculations. 

As a result, it was measured a total blue power of 17.4 mW using the first measure 

and 19.2 mW using the linear relation, both for 15 W of absorbed pump power in the 

Nd:YLF crystal. The source of such difference in the two approaches used can be due to 

the fact the sphere used was not in the best condition. Probably the main source of the error 

is the internal coating degradation, which would reduce its reflectivity, and consequently 

increasing the blue power measured to values closer to the one found using the linear 

approach. The estimated error is calculated to be of ±15%, as shown in Appendix A. The 

following sections use 19 mW for the power of the blue emission. 

5.9. Implications of blue emission for Raman laser efficiency 

In order to estimate the maximum power extracted from the 1
st
 Stokes field, by the 

stepwise upconversion process, one should consider the worst case scenario, which is the 

use of three Stokes photons to reach the 
1
G4 level. However, not every Tm in the 

1
G4 level 

will decay by emitting a blue photon and so, the branching ratio () of the 
1
G4 level and the 

quantum efficiency (qe), have to be taken in account. The branching ratio is found in the 

literature [138], and it is 0.4, while the quantum efficiency is calculated from the ratio of 

the measured fluorescence lifetime (f) to the radiative lifetime (r).  
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 (42) 

 Based on the lifetime values described in the previous section, the quantum 

efficiency is calculated to be 0.86. The power (Ptotal) loss from 
1
G4 in order to generate 

19 mW of blue (Pblue) is calculated by (43), 

       
     

     
 (43) 

 The power is calculated to be 55.3 mW. Now we assume that three Stokes photons 

were consumed for each 
1
G4 level that decays (radiatively and nonradiatively) and the 

power extracted from the Stokes field is given by 

        
     

      
        (44) 

where h is the Planck constant, s is the Stokes frequency and blue is the blue frequency. 

68 mW of Stokes power is expected to be extracted from the intracavity field per round-

trip.   

We compare this 68 mW of Stokes power lost from the system to the power lost by 

the passive losses and by the output coupler. For the cavity used in these experiments, the 

intracavity field is of the order of 230 W for the 1
st
 Stokes. Therefore, the 68 mW 

represents a loss of around 0.029% for the Stokes field (see calculations in the Appendix A 

- Blue fluorescence loss and thermal contribution in Raman Lasers). For the case of only 

two photons involved in the process, this loss is going to be lower. The coatings in the 

crystals have a reflectivity of about 0.05% at the Stokes wavelength, although it is partially 

minimized by aligning the crystals, which traps the reflected photons on the resonator axis, 

contributing minimally for the resonator loss. Comparing the 68 mW lost to the Stokes 

output power of 470 mW, it represents a small percentage of 14.5%. Based on that, the 

influence of the blue fluorescence in terms of loss is fairly low for the specific cavity used 

here.  
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Finally, the blue fluorescence may have some thermal influence that deserves 

further investigation. It can add to the thermal lensing of the crystal, which would also 

degrade the laser performance. 

5.10.  Implications of blue emission for thermal loading of Raman 

crystals 

The importance of considering the involvement of the blue to the thermal loading in Raman 

lasers was pointed out by Dekker et al. [78] in 2007 and more recently by Omatsu et al. 

[91] in 2012. Both works treated deeply the thermal lens issue in Raman lasers, and both 

raised the possibility that the blue fluorescence might contribute to the “higher than 

expected” heat found in their measurements. However, there is no research in the literature 

characterizing this thermal load created by the blue fluorescence. Given that, we decided to 

estimate such extra heat.  

We can begin by making a very approximate calculation about the thermal loading 

associated with 19 mW blue fluorescence. To a first approximation, we can simply take the 

difference between the 68 mW Stokes power consumed to generate the 19 mW blue 

emission. This provides an upper limit on the power deposited as heat of 49 mW. We can 

then compare this to the phonon heating which accompanies the first Stokes output power 

of 470 mW. This phonon heating is found to be 44.5 mW, from the difference in 

fundamental and first Stokes photon energies. 

Given the similarity between these powers, it appears that the blue fluorescence 

phenomena could be contributing a significant thermal load to the KGW, relative to Raman 

heating. We therefore consider the issue in more depth. The calculations described below 

were made using the MathCad worksheet in Appendix A, and we maintain our assumption 

that 3 Stokes photons are required to excite a Tm ion to the 
1
G4 level. 

First consider the excitation of the 
1
G4 level. As shown in Figure 81, the energy of 3 

Stokes photons exceeds the energy level of Tm (
1
G4) and the difference is accounted for 

the nonradiative decays indicated by the black arrows. This gives a first contribution to the 

thermal load associated with the blue fluorescence. 
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                  (45) 

Next we consider the Tm - 
1
G4 ions that decay by emitting a blue photon.  Since 

these decay to the ground state there is no thermal load associated with these. 

               (46) 

Then we consider the thermal load associated with the 14% of Tm-
1
G4 ions that 

decay nonradiatively. We assume that all the corresponding energy associated with this 

ends up as thermal load. 

                                    (47) 

Finally we consider the other 60% of Tm-
1
G4 ions that decay radiatively eg at 

650 nm or 800 nm to levels other than the ground state. For these, we estimate that ~1/3 of 

the energy is deposited as heat. 

             
       

   
   

 
        

  

(48) 

Adding up the relative contributions we find that the amount of heat deposited in 

the KGW Raman crystal that is associated with the blue emission is ~30 mW. The main 

uncertainties in this estimate is that all the blue photons emitted from Tm-
1
G4 are detected, 

ie that there is no reabsorption of the blue emission. Given the low Tm concentration, this 

seems to be a reasonable assumption. 

Next we consider the Raman heating in more depth, so that the two heat loads can 

be compared.  The thermal lens depends directly on the Stokes photons generated per 

second.  We assumed in our rough calculation that this corresponded to the Stokes output 

power (ie transmitted through the output coupler). However, it must include Stokes power 

lost by reflection/transmission losses at the AR coatings and mirrors, as well as scattering 

losses in the crystals.  These are difficult to quantify but have been estimated recently for a 

self Raman laser using similar components (but shorter crystals) in Li et al. [141]. It was 

noted here that scattering losses dominated coating losses from the crystals when the 
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crystals are aligned to have their end faces normal to the resonator beam. For our 

NdYLF/KGW Raman laser we estimate the following losses shown in Table 15. 

Table 15. Passive losses for the Nd:YLF/KGW resonator. 

Component Round-trip losses 

Input mirror 0.004% 

Nd:YLF coatings + scattering losses 0.2% 

KGW coatings + scattering losses 0.3% 

The output coupled Stokes power (PSout) is related to the total Stokes power 

generated (       
         

 ) by 

             
         

 
   

     
 

  

(49) 

where Toc is the output coupler transmission and L the other resonator round-trip loss. 

So accordingly we estimate that the generated Stokes power is 3.5 times higher than 

the Stokes output power of 470 mW, then the generated power is 1.65 W. The thermal load 

associated with Raman heating is ~154 mW. 

Comparing the blue fluorescence heat of 30 mW with the estimated Raman heat of 

~154 mW (calculated including the passive losses), it appears that the contribution 

associated with the blue fluorescence contributes to an additional 16% compared to the 

usual Raman heating. Given the uncertainties in the estimates of passive resonator loss, this 

factor is quite approximate, and further study is required to fully characterise these losses 

and estimate more precisely the influence of the blue fluorescence on thermal loads.  

For the self-Raman cases, the heat load associated with 19 mW of blue emission 

would be even less significant, contributing with only 1% of the total heat. In this case, the 

quantum defect between the pump and fundamental is the most relevant, contributing with 

~80% of the total heat load. However, the self-Raman case needs more considerations in 

order to reach a more reliable conclusion. I did not measure the blue emission power for a 

self-Raman laser and there is a possible energy transfer path between Tm and Nd ions, a 

per Figure 73, which would reduce the blue yield. 
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5.11.  Chapter summary 

The characterization of the blue fluorescence and analysis strongly indicate that the blue 

475 nm emission comes from Tm
3+

, present in all the crystals studied as an impurity. We 

shown that the emission obtained in the Raman crystals are very similar to the respective 

host doped with Tm
3+

, supported by the lifetimes measured from the 
1
G4 level for each one 

of the crystals, also similar to the values found in the literature. ICP-MS measurements 

added the information that small quantities of the Tm
3+

 ion were present in the crystals, and 

that there was a correlation between Tm
3+

 concentration and the intensity of blue light 

emitted by the crystals. The extra cavity probing of those crystals showed in some way the 

dependence on both fields, fundamental and Stokes, as well as the need of the phonon field, 

in order to obtain such luminescence. With this information we described the apparent path 

through the energy levels to populate the blue emitting level, as well as the photons 

involved. Finally, a statistical analysis (PCA) exposed the behavior of each peak on the 

emission spectra for different pump powers, showing that the blue and red emission 

clustered in all the cases, indicating they probably come from the same level (
1
G4) and that 

they originate from a different process compared to the other emission lines. 

Based on what was found in the characterization, we then proposed the possible 

path to populate the 
1
G4 level of the Tm ion, and based on that path we studied the 

influence of the blue upconversion on laser performance (efficiency and thermal load). 

First the blue power generated was estimated using an integrating sphere, giving 

values of around 19 mW ±15% of total blue power for an absorbed pump power of 15 W. 

With this result it was possible to observe the implications it have in terms of efficiency for 

the laser, adding an extra loss for the Stokes field. Such loss was calculated to be 68 mW, 

which corresponds to a loss of 0.029% for the 230 W intracavity Stokes field. Also, it was 

compared with the output Stokes power of 470 mW, and in this case the 68 mW represents 

a percentage of 14.5%. As a result, the blue fluorescence does not seem to be a relevant 

influence in terms of loss for the Raman laser studied here, but it may make the difference 

in high Q cavities, where the transmission of the output coupler is much lower. 

In terms of heat we estimate the blue fluorescence was contributing 30 mW heat load (for 

15 W of absorbed pump power). This extra heat was then compared with the other heating 
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mechanism in the KGW crystal, which comes from the inelastic nature of SRS (Raman 

heating). Two values were found, one not considering the resonator passive losses (L), only 

the transmission of the output mirror (Toc), giving 44.5 mW of heat. The other value was 

found considering the passive losses, which was an estimated value, resulting in ~154 mW 

of heat. Using the value found considering (L+Toc), the extra heat given by the blue is 

around 16%, which seems to be a modest but significant contribution. For self-Raman 

lasers, if one supposes the same intracavity conditions, such as fundamental and Stokes 

intensities similar to the ones found in the case described here, the heat load originated 

from the blue should be the same. However, the total heat generated in the self-Raman case 

involves the quantum defect from the pump-fundamental conversion, which is responsible 

for ~80% of the total heat, while the blue contribution becomes only ~1%. Given that, the 

relevance of the blue in terms of thermal loading in self-Raman lasers becomes lower than 

in the case with separated laser and Raman crystals. 
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Chapter 6 
Conclusion and future works 
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6. Conclusion and Future works 

6.1. Conclusions 

This research had the objective of exploring the use of Nd:YLF crystal in low gain lasers. 

This crystal has interesting characteristics for lasers in general, such as weak thermal 

lensing, polarised emission, longer upper level laser lifetime (~500 s) and shorter laser 

wavelengths when compared to other Nd
3+

-doped crystals commonly used for the same 

purpose. In fact, for the low gain laser systems studied in this thesis, the most interesting 

features are the shorter emission wavelengths and the weak thermal lensing effect. In terms 

of wavelength, the Nd:YLF quasi-three level laser allowed deep blue lasers to be built 

(454 nm) and for the Raman lasers it unleashed the demonstration of new wavelengths in 

the lime-green region. Regarding the weak thermal lensing, it becomes a very interesting 

feature for the Raman lasers, which are frequently power-limited due to very strong 

thermal lensing, especially for the self-Raman configurations in which heat loading arises 

from both pump heating associated with the generating the fundamental and also Raman 

heating associated with the inelastic nature of the Raman process. The use of the Nd:YLF 

unleashes a way to obtain more stable Raman lasers with very good beam qualities due to 

the resultant weak thermal lens. 

The quasi-three level transition of the Nd:YLF was studied and demonstrations of 

efficient and power scalable 908 nm lasers were described on the text. Peak output power 

of 5.5 W at 908 nm was achieved, with a slope efficiency of 33.6%. The best result 

reported for this laser has reached an output power of 4.7 W with a slope efficiency of 

43%. However, the authors of this work pumped the laser directly to the upper laser level 

(880 nm), which generally raises the efficiency and decreases the heat load.  

Also, deep blue laser emission at 454 nm was achieved through the SHG of the 

908 nm. A peak output power of 3.5 W was demonstrated, with a corresponding diode to 

visible conversion efficiency of 13.7%. This efficiency is nearly the same as the one 

obtained in the best result reported so far, although they have direct pumping and operated 

in the CW regime and we used traditional pumping at 806 nm and operated in the quasi-

CW regime (3% of duty cycle). The pump power threshold obtained here is ~1 W lower 
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than the one found in their work, probably due to fact the CW regime adds more heat than 

the quasi-CW, thus increasing the reabsorption loss. Continuous wave operation has also 

been demonstrated in this thesis, but the performance of the lasers were not as good as in 

their quasi-CW versions. Given that, blue lasers which are very much desired in the 

applications market, either to improve existing functions or to enable new ones, were 

developed in this thesis demonstrating a good potential of the Nd:YLF for the blue laser 

market. 

 Original infrared and visible laser lines were demonstrated by the Nd:YLF Raman 

lasers developed in the thesis. The 1.1 m and yellow-orange ranges are hard to reach 

regions on the electromagnetic spectrum which has few laser light sources available in the 

market. The combination of different laser crystals and Raman crystals has recently been 

supplying a comb of new wavelengths in the region, with very good performances. Here in 

this thesis two combinations were demonstrated, Nd:YLF/BaWO4 and Nd:YLF/KGW, 

which can give rise to six different 1
st
 Stokes wavelengths and more than ten different 

visible wavelengths. The thesis did not explored all of them, it was demonstrated here three 

different 1
st
 Stokes lasers, 1147 nm, 1163 nm and 1167 nm and five visible lasers, 549 nm, 

552 nm, 573 nm, 581 nm and 583 nm.     

With the Nd:YLF/BaWO4 laser it was achieved a CW output power of 1.5 W at 

1167 nm, which was the best 1
st
 Stokes result obtained in the thesis. For the visible, the 

Nd:YLF/KGW was the one which showed the best performance, with CW output powers 

above 1W at 552 nm and 581 nm. For quasi-CW operation, the maximum peak power 

reached was of 3.12 W at 552 nm. All the Raman lasers demonstrated here using Nd:YLF, 

presented good beam quality, M
2 

≤ 2, which is considered better than for the most multi-

Watt CW Raman lasers . The results showed to be competitive and in some cases better 

(better efficiencies and beam quality) than the ones found in the literature for Nd:YLF 

operating in Raman lasers. 

In addition, associating Nd:YLF with BaWO4 and KGW Raman crystals, it was  

possible to prototype CW Raman lasers with long resonators, due to the weak Nd:YLF 

thermal lens, still providing output powers of a few Watts. It is an interesting observation, 

since the self-Raman lasers are usually limited to very short cavities, due to the strong 

thermal lensing, which prevents the investigation of different resonator geometries. Also 
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the capability to make a long cavity offers an approach to reduce the amplitude noise of 

SHG lasers. Using Nd:YLF these two directions are able to be explored. Finally, from the 

five visible wavelengths demonstrated, two of them were obtained for the first time in 

crystalline Raman lasers, 549 nm and 552 nm.  

 The third stage of my research addressed a well-know phenomena in many Raman 

lasers that utilise vanadates, tungstates and molybdite crystals. It is a blue fluorescence that 

emerges from the Raman crystals when the SRS threshold is reached. I performed a 

complete investigation of this blue emission to investigate its origin, and any consequences 

it may have for laser operation, in particular its influences on the losses and as a heat 

source. Analysing the spectral data collected from different crystals (Nd:GdVO4, KGW, 

Nd:YVO4 and BaWO4), strong similarities were found with the spectra in the literature for 

Tm doped crystals with the corresponding hosts. Lifetime measurements supported the 

hypothesis of Tm emission, as the decay times were also similar to the Tm doped version 

of the crystals from the literature. Also, it was observed in the ICP-MS measurements the 

presence of Tm impurities in all the crystals studied, with the concentration correlating to 

the emission intensity observed in each of the crystals. In addition to it, PCA analyses 

indicated a strong coupling between the blue and red (much weaker than the blue, not 

noticed in other works) emissions present in the Raman crystals during the operation. With 

these indications, we proposed the possible upconversion mechanism in Tm
3+

, finding out 

that two to three Stokes photons must be consumed in the process.   

Based on the upconversion mechanism proposed, it was found out that ~68 mW of 

Stokes power was consumed to generate an amount of ~19 mW of blue. This represents 

only 0.029% of the intracavity Stokes field (~230 W), and 14.5% of the output Stokes 

output power (470 mW). In both cases the loss added does not seem to be relevant, 

however, this was measured for a low-Q cavity with output transmission of 0.2%, but the 

high-Q cavities, used for visible generation, generally have much lower passive losses, and 

then it might influence more.  

In terms of thermal load, a moderate influence was found for the total heat load, 

considering the case of separated laser and Raman crystal as studied here. An amount of 

~30 mW of heat is added to the Raman crystal due to the blue fluorescence. Comparing it 

to the Raman heating (from the Raman shifting process) of ~154 mW, it corresponds to 
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20% of the Raman heat and 16% of the total heat loaded into the Raman crystal. In the case 

of the self-Raman lasers, where three heating mechanisms are together in the same crystal 

(quantum defect, Raman heating and blue), we believe it is much less relevant as the 

quantum defect of the pump-fundamental conversion is responsible for a much higher 

amount of heat, ~80%, with the blue contributing for only ~1% to the heat. 

6.2. Future works 

For the future, the Nd:YLF laser has a great potential in both low gain laser systems 

demonstrated in this work. There is still scope to explore even further its proved abilities 

such as the high energy pulses at the deep blue wavelength using Q-switch techniques as 

well as cavity design flexibility for Raman lasers due to the overall weak thermal lens, 

enabling higher conversion efficiencies and low amplitude noise operation. The quasi-three 

level laser can be further explored in terms of wavelength, as only one work has reported 

the operation of such laser at the 903 nm line, with very poor performance. With that, an 

even deeper blue line can be reached at 451 nm. Also, the investigation of the 1047 nm 

emission for Raman shifting would raise new wavelengths and maybe higher output 

powers can be achieved, as it has stronger stimulated emission cross section.   

 More than that, the Nd quasi-three level technology could be combined with the 

Raman technology in order to create a new set of versatile blue lasers. It was not done 

before for the best of my knowledge, and must be a hard task in a first glance, since it is a 

combination of two low gain amplification processes. However, as a good support for such 

combination, comes the fact that the Raman gain increases for shorter wavelengths, which 

could help to improve the efficiency of this kind of association. 
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Estimation of the Blue fluorescence power using an Integrating sphere
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Blue fluorescence loss and thermal contribution in Raman Lasers 

 



162 

 

 

 



163 

 

 

 



164 

 

 

 

 



165 

 

 

Appendix B 

Spectral data of the coatings (mirrors) 
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Raman mirrors 
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Quasi-three level laser mirrors
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Appendix C 

ICP-MS full data 
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continuous operation 
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Abstract: In this work we present continuous and quasi-continuous operation of Nd:YLF 

operating at 908 nm and frequency conversion to 454 nm using LBO and BiBO nonlinear 

crystals with different sizes. 
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OCIS codes: (140.3580) Lasers, solid state; (140.3530) Lasers, neodymium; (140.3480) Laser, diode-pumped; 

(140.3515) Lasers, frequency doubled; (140.7300) Visible Lasers. 

 

1. Introduction 

 

Lasers operating in the blue spectral range have been studied for many years around the world especially 

due to applications in data storage and display technology. RGB displays demand deep blue wavelengths 

to expand the color gamut which is the area inside a polygon formed by the linkage of three or more 

points (wavelengths), in the CIE 1976 diagram to obtain more combinations of colors. Data storage 

applications benefit from the lower wavelength to increase the storage capacity on compact disks. 

 One of the many possibilities to achieve blue wavelength is the intracavity frequency doubling of 

neodymium doped crystals operating on quasi-three level transition lines. Neodymium solid state lasers 

operating on the three level transition 
4
F3/2 → 

4
I9/2 generally use the highest fundamental stark level as 

lower laser level to generate photons between 900 nm and 950 nm, which can be efficiently converted to 

the blue spectral range between 450 nm and 475 nm by intracavity frequency doubling.  A maximum blue 

output power of 14.8 W at 456 nm was reported using Nd:GdVO4 [1]. Different wavelength with less 

output power in the blue have been demonstrated using other crystals such as Nd:YAG and Nd:YVO4 

[2,3]. In most cavity designs a folded mirror cavity was employed that produces two waists, one in the 

laser crystal and other smaller one in the doubling crystal, which improves the conversion efficiency for 

the SHG. In almost all cases the output power of these lasers is limited by the onset of resonator 

instability due to the strong thermal lens inside the active media. 

A deeper blue emission at 451.5 nm and 454 nm may be achieved with neodymium doped yttrium-

lithium-fluoride (Nd:YLF), which is a well known birefringent laser media (and therefore naturally 

polarized) that shows strong emission lines at 1053nm and 1047nm.  Additionally it has another 

advantage for this specific application, which is its very week thermal lensing due to the combination of a 

negative index lens and positive end face bulging. In Nd:YLF, the transition 
4
F3/2 → 

4
I9/2 generates 

photons of lower wavelength when compared to other neodymium doped crystals working also on the 

highest fundamental Stark level. The wavelength of the fundamental -polarization is 908 nm and of the 

-polarization is 903 nm. The transition cross-section of both fundamental wavelengths is approximately 

1 x 10
-20

 cm
2
, which is roughly 15 and 20 times smaller than the respective cross-section at the four-level 

transition of 1053 nm and 1047 nm [4]. Laser action in continuous wave operation (cw) has been reported 

on both transitions with 1 W and 0.6 W at 908 nm and 903 nm, respectively [5]. Blue laser with 270mW 

in cw operation at 454 nm was obtained using an L cavity and a 5mm long LBO crystal [6].   

 In this work we present continuous and quasi-continuous operation of Nd:YLF operating at 908 nm 

and frequency conversion to 454 nm using LBO and BiBO nonlinear crystals with different sizes.  

 

2. Laser setup 

 

A linear cavity set-up with a curved pump mirror (ROC=100 mm) and another flat mirror, both highly 

reflective (R> 99.8%) at 908 nm and anti-reflection coated at 1047/1053 nm, 805 nm and 454 nm was 

employed (Fig.1). For the pump source, a fiber coupled diode laser of 50 W maximum output power was 

used whose fiber had 100 m diameter and NA of 0.22 (Apollo Instruments). Two doublets with focal 
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length of 50 mm and 200 mm were used to focus the fiber output into the crystal providing a focus of 450 

m spot size inside the crystal. For quasi-continuous operation (qcw) the diode laser was temperature 

tuned (31
o
 C) to 805.7 nm using re-circulating chiller. The Nd:YLF crystal, used during the qcw 

experiments, had dimensions of 3x3x10 mm
3
 and a Nd

3+
 concentration of 0.7 at% in order to reduce the 

pump absorption and up-conversion losses inside the crystal. All crystals were AR coated at 454nm, 

908nm, 1047/1053 nm and the pump wavelength of 806 nm. A total of 90% of the pump radiation was 

absorbed inside the crystal. A total of 90% of the pump radiation was absorbed inside the crystal.. Pulses 

of 2 ms duration and duty cycle of 3% were used. For continuous wave (cw) operation the diode laser was 

temperature tuned to 802 nm (20
o
 C) and a 15 mm long crystal was used in order to decrease the total 

absorption to 83% and distribute the heat load more uniformly throughout the crystal. All crystals were 

AR coated at 454 nm, 908 nm, 1047/1053 nm and the pump wavelength of 806 nm.  

The SHG was studied using two different type I nonlinear crystals, BiBO and LBO, as well as 

different lengths, 10, 15 and 20mm. The nonlinear crystal was placed near the flat mirror where the beam 

waist was smaller, around 125m for the 4 cm long cavity, in order to obtain a better conversion 

Detection was achieved using a blue band-gap filter (BG40) and a thermopile detector (COHERENT 

Corp., model PS-19).  

 

 
 

Fig. 1: Laser cavity set-up. A blue band gap filter (BG40) was used to block the infrared radiation from the detector.  

 

3. Results 

 

Laser operation at 908 nm was characterized using an intracavity Brewster plate on a rotation stage. Using 

the extra-cavity measured reflectivity of the Brewster plate as a function of rotation angle we determined 

the maximum output power as a function of effective reflectivity.  
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Fig. 2. (a)) output power as function of effective mirror reflectivity, (b) slope efficiency in qcw operation. (c):slope efficiency in cw 

operation. 
 

In qcw operation a maximum peak output power of 5.5 W were achieved for a total Brewster plate 

reflectivity of 2.5%.  The respective slope efficiency is 33.6%. In cw operation, using the longer crystal 
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and pump wavelength of 802 nm, a slope efficiency of 10.2% and output power of 700 mW were achieve 

at 16.5 W of absorbed pump power (Fig. 2c).  
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Fig. 3. Blue output power in qcw operation as a function of Nd:YLF absorbed pump power using crystals of different size, (a) LBO  

and (b) BiBO. 

Using LBO we achieved the best results with crystal length of 15 mm and 20 mm. In this case the 

conversion efficiency was 11% (Fig. 3a). Using BiBO the best result was with a 15 mm long crystal and 

the efficiency was 13.7% (Fig. 3b).  

In the cw regime, using the 15 mm-long BiBO crystal, 200 mW at 454 nm were obtained (Fig. 4a). 

The theory for the second harmonic generation for a gaussian beam using type I crystals results in a 

conversion efficiency  of [7,8]. 
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Where deff is the effective nonlinear coefficient, n is the refraction index, L is the nonlinear crystal 

length and w0 is the beam waist inside the nonlinear crystal.  The parameter  is the normalized wave 

vector mismatch given by kzR. The mismatch and walk off effects appear in the h function (where  is 

the walk off angle). Using this theory it is possible to simulate the conversion efficiency of a 15 mm long 

BiBO in function of different beam waists, Fig. 4. 
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Fig. 4. (a) Output power in the blue during cw operation  and (b) simulation of the conversion efficiency.  

 

4. Discussion and conclusion 

 

As in our experimental setup a linear cavity was used, the beam waist inside the nonlinear crystal was 

relatively large, around 125 m, giving low conversion efficiency. In the literature a maximum of 270 

mW was obtain in the deep blue using a Nd:YLF pumped at 792 nm and a 5 mm-long LBO as nonlinear 

crystal with a beam waist of 41 m [4]. In order to obtain a higher power in the blue emission we intend 

to make a L cavity to achieve smaller waists. This should result in a 3 times higher efficiency. The qcw 

blue output power of 3.5 W was obtained in this research and it is the highest reported so far. 
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