
 

 

 

  



 

 

 

 

 

 

 
 

 

 

Properties of Volume Bragg Gratings and 

Nonlinear Crystals for Laser Engineering 

 

 

Staffan Tjörnhammar 

 

 

Doctoral Thesis in Physics 

 

 

Laser Physics 

Department of Applied Physics 

School of Engineering Science 

KTH 

 

Stockholm, Sweden 2015  



 

 

 

 

 Lilla Charles, sof sött, i frid, 

Du får tids nog vaka, 

Tids nog se vår onda tid 

Och hennes galla smaka. 

Verlden är en sorge-ö, 

Bäst man andas, skall man dö 

Och bli mull tillbaka. 

En gång, där en källa flöt 

Förbi en skyl i rågen, 

Stod en liten gosse söt 

Och spegla sig i vågen: 

Bäst sin bild han såg så skön 

Uti böljan, klar och grön, 

Straxt han inte såg'en. 

Så är med vår lifs-tid fatt, 

Och så försvinna åren: 

Bäst man andas godt och 

gladt, 

Så ligger man på båren. 

Lilla Charles skall tänka så, 

När han ser de blommor små, 

Som bepryda våren. 

Sove lulla, lilla Vän, 

Din välgång skall oss gläda. 

När du vaknar, sku vi sen 

Dig klippa häst och släda; 

Se´n små hus av kort, lull lull, 

Sku vi bygga, blåsa kull 

Och små visor kväda. 

Mamma har åt barnet här 

Små guld-skor och guld-kappa, 

Och om Charles beskedlig är, 

Så kommer rätt-nu pappa, 

Lilla barnet namnam ger. 

Sofve lulla! Ligg nu ner 

Och din kudde klappa. 

 

 

”Vaggvisa för min son Carl” av Carl Michael Bellman 
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Abstract 
This thesis focuses on two topics: thermal limitations of volume Bragg gratings (VBGs) 

employed as laser-cavity mirrors and formation of color centers in KTiOPO4 and its isomorphs. 

To explore the mechanisms of the thermal limitations of VBGs in high power lasers, I 

designed and constructed a diode-pumped, solid-state laser with a VBG as cavity mirror that had 

a significantly higher absorption than what is typical. Thereby I could study the limiting thermal 

effects by using only moderate intra-cavity power. Additionally, I designed a computer model to 

numerically investigate the thermal effects in VBGs. Both the experiments and the simulations 

showed that the laser became successively more unstable when the power was increased. 

Absorption of the reflected laser beam causes broadening of the grating spectrum accompanied 

by decreasing diffraction efficiency. The reduced reflectivity leads to a leakage of the radiation 

through the grating. Moreover, the simulations showed that this increased instability was due to a 

reshaping of the intensity distribution profile inside the grating, which, in turn, leads to a sharp 

reduction of the diffraction efficiency. 

High-intensity visible radiation induces color centers in KTiOPO4, which can lead to severe 

decrease in the performance of the crystal and can cause catastrophic breakdown. The formation 

of color centers was investigated by measuring picosecond, blue-light induced infrared 

absorption (BLIIRA) in periodically-poled KTiOPO4, Rb:KTiOPO4, RbTiOPO4, KTiOAsO4 and 

RbTiOAsO4 through thermal lens spectroscopy using a common-path interferometer. This setup 

is capable of measuring absorption as low as 10
-5

 cm
-1

. The dependence of the BLIIRA signal on 

blue light average power and intensity as well as on the crystal temperature was studied. The 

results show the presence of at least two different types of color centers. A higher level of 

remnant absorption was observed in the phosphates compared to that of the arsenates. The 

largest portion of the induced absorption is attributed to photo-generated electrons and holes 

being self-trapped in the proximity to the Ti
4+

 and O
2-

 ions, respectively, forming polaron color 

centers. Stabilization of these centers is aided by the presence of mobile alkali metal vacancies in 

the crystal. 

 

Keywords: volume Bragg grating, VBG, thermal effects, nonlinear optics, KTiOPO4, quasi-

phase matching, photochromic damage, grey-tracking, color centers, blue-light induced infrared 

absorption, BLIIRA  
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Sammanfattning 
Denna avhandling fokuserar på både volymbraggitters (VBGs) termiska begränsningar, i 

tillämpning som speglar i laserkaviteter, och på bildandet av färgcentra i KTiOPO4 och isomorfa 

kristaller. 

För att undersöka de termiska effekterna i VBGer som medför begränsningar på 

högeffektlasrar utfördes både experiment och simuleringar. För experimenten konstruerades en 

diod-pumpad Yb:KYW laser med ett VBG som har betydligt högre absorption än vad som är 

typiskt. Därmed kunde de termiska effekterna studeras vid måttliga intrakavitetseffekter. 

Simuleringarna bestod av två delmodeller; gitterstrukturen modelerades med överföringsmatriser 

och värmeflödet med en tredimensionell modell baserad på finita elementmetoden. Både 

experimenten och simuleringarna visade att en laser blir successivt mer instabil när den optiska 

effekten ökar. Absorptionen av laserstrålen i VBGt förändrade dess spektrala egenskaper, vilket i 

sin tur påverkade laserns stabilitet och prestanda. De huvudsakliga effekterna var en breddning 

av gittrets spektrum med en minskad reflektans. Simuleringarna visade även att den ökade 

instabiliteten berodde på en förändring av strålningens intensitetsfördelning inuti gittret, vilket 

accelererade reduktionen av gittrets reflekterande förmåga. I termer av den effekt som faller in 

mot gittret, har lasern en tydlig övre effektgräns. När den gränsen har uppnåtts leder vidare 

ökning av pumpeffekten i huvudsak till ökat läckage genom volymbraggittret, i stället för till 

ökad uteffekt hos laserstrålen.  

Kortvågigt synlig ljus av hög intensitet inducerar färgcentra i KTiOPO4, vilket kan leda till 

kraftigt reducerad transparens och kan orsaka permanent skada i kristallen. För att undersöka 

skapandet av dessa färgcentra mättes den termiska lins som uppstår  vid blå-ljus-inducerad 

infraröd absorption (Eng: blue-light induced infrared absorption = BLIIRA) inducerad av blåa 

laserpulser vid en våglängd av 398 nm och vid pulslängder i storlek av pikosekunder i 

periodiskt-polad KTiOPO4, Rb:KTiOPO4, RbTiOPO4, KTiOAsO4 och RbTiOAsO4. Den 

termiska linsen mättes med en metod kallad gemensam-vägsträcka-interferometer (Eng: 

common-path interferometer), en metod känslig nog för att mäta absorption så låg som 10
-5

 cm
-1

. 

Dessutom undersöktes hur nivån av BLIIRA beror på medeleffekten och intensiteten hos den 

blåa laserstrålen samt på kristalltemperaturen. Resultaten visar att det bildas minst två typer av 

färgcentra med olika livslängder. Vidare observerades en högre grad av långsamt avklingande 

absorption i fosfaterna jämfört med arsenaterna. Den största delen av den inducerade 

absorptionen tillskrivs fotogenererade elektroner och hål som ”självfångas” i närheten av Ti
4+

 

respektive O
2-

 joner, och bildar färgcentra av polaron karaktär. Stabilisering av dessa centra 

underlättas av lättrörliga alkalivakanser i kristallerna. 
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List of common abbreviations and symbols 
BPM 

 

birefringent phase matching 

cw 

 

continuous-wave 

DE 

 

diffraction efficiency 

DFG 

 

difference frequency generation 

FWHM 

 

full width at half maximum 

IC 

 

input coupler (to a laser cavity) 

IR 

 

Infrared (light) 

KTA 

 

potassium titanyl arsenate (KTiOAsO4) 

KTP 

 

potassium titanyl phosphate (KTiOPO4) 

OC 

 

output coupler (from a laser cavity) 

PP 

 

periodically poled 

PTR 

 

photo-thermo-refractive 

QPM 

 

quasi-phase-matching/-ed 

Rb:KTP 

 

rubidium doped KTP 

RTA 

 

rubidium titanyl arsenate (RbTiOAsO4) 

RTP 

 

rubidium titanyl phosphate (RbTiOPO4) 

SFG 

 

sum frequency generation 

SHG 

 

second-harmonic generation 

UV 

 

ultra violet (light) 

Yb 

 

ytterbium 

Yb:KYW 

 

ytterbium-doped potassium yttrium tungstate 

   c = λν 

 

speed of light in vacuum 

ε0 

 

permittivity of free space 

λ 

 

vacuum wavelength of light 

ν 

 

frequency of light 

ω = 2πν 

 

angular frequency of light 

ω 

 

radius of a laser beam 

αabs (some times α) 

 

linear absorption coefficient 

αex 

 

thermal expansion coefficient 

n 

 

refractive index 

t 

 

time 

r = xex + yey +zez 

 

spatial coordinate 

Λ 

 

spatial period 

k = kxex + kyey +kzez 

 

wave vector 

k = |k| 

 

wave-vector magnitude 

E = Exex + Eyey +Ezez 

 

electric field 

A = Axex + Ayey +Azez 

 

complax amplitude of E 

P = Pxex + Pyey +Pzez 

 

material polarization 
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1 Introduction 

Background 

In our modern society, lasers have become an important element in many areas of application, 

such as telecommunication, material processing, optical storage, medicine and scientific 

research. A consequence of the technological advancement in this broad range of fields is that 

lasers are now being used in more diversified applications, which increases the requirements on 

the lasers’ spectral properties. To mention two examples, in bio-imaging it is desirable to match 

a laser’s wavelength to the absorption peak of a fluorescent marker (e.g., green fluorescent 

protein) for maximum efficiency; some holographic measurement techniques require several 

lasers with narrow spectra separated in wavelength by a single nanometer.  

Volume Bragg gratings (VBGs) written in photo-thermorefractive glass  [1] offer good optical 

and mechanical properties, and can have a maximum reflectivity exceeding 99% and a frequency 

bandwidth of down to approximately 10 GHz. VBGs have been used in many applications 

including locking the wavelength of lasers  [2–5]. Since VBGs are being employed for higher 

energy and power, thermal limitations, especially in their use as laser mirrors, become important. 

In fact, it has been observed that the absorption of the reflected beam can cause a red-shift of the 

diffraction peak and a reduced diffraction efficiency with power scaling [6,7]. Thus, the power- 

and intensity-handling limits of VBGs are primarily due to thermal effects caused by absorption 

in the bulk glass. Moreover, a VBG is affected differently when a laser beam is reflected by the 

grating or when it is transmitted. For a VBG, where the beam is transmitted, the temperature is 

essentially constant along the beam path, while the temperature decays radially from the center 

line of the beam. For a reflecting grating, the intensity is high at the entrance of the VBG and 

low toward the rear end, giving both a longitudinal and a transverse temperature variation. As 

showed in this thesis, in high power applications even a small absorption gives rise to a non-

negligible inhomogeneous temperature distribution, which changes the spectral response in a 

detrimental way by shifting the Bragg wavelength, reducing the reflectivity, broadening the 

spectrum and, in some lasers, this creates unstable operation.  

Jelger et al.  [8] showed that the heat distribution loosely follows the intensity distribution in 

the grating for a highly reflective VBG. Waritanant et al.  [6] have used a finite element model 

together with a T-matrix model to simulate the heat distribution and the influence on the 

reflectivity and the peak of the reflectivity wavelength caused by the absorption of the reflected 

laser beam in a 3.6 mm long VBG. In their simulations, calculations of the intensity distribution 

along the beam-path follow that which was used in  [8], and which generates the intensity 

distribution in an un-chirped grating with respect to the peak reflectivity and with the length of 

the VBG itself. This approach takes into account the redistribution of the intensity due to the 

reduced peak reflectivity, but not the redistribution caused by varying the Bragg wavelength in a 

thermally chirped grating, which largely contributes to the nonlinear relation between the 

incident and the absorbed power.  
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In order to obtain a desired wavelength, wavelength-locked lasers with VBGs can, with great 

advantage, be used as pump sources in frequency conversion schemes employing nonlinear 

crystals. For the frequency conversion to be efficient, the phases of the interacting waves need to 

be matched, however this is often not automatically the case. Phase matching can be achieved by 

either birefringent phase-matching (BPM) or quasi-phase matching (QPM) techniques. Three 

major advantages of QPM are that a) the nonlinear crystal can be engineered for a given 

application, b) it enables type 0 phase-matching free from spatial walk-off and c) it allows the 

utilization of the largest nonlinearity of a crystal, which is almost never the case for BPM. In 

1993, Yamada et al. [9] demonstrated periodic structuring of the spontaneous polarization by 

electric-field poling in LiNbO3 (LN), after which electric-field poling of ferroelectric oxides has 

become the most frequently used method to implement QPM. The most commonly used 

materials for QPM today are LN, LiTaO3 (LT) and KTiOPO4 (KTP) isomorphs. 

Since the first high-quality crystal growth of KTP by the hydrothermal-growth method [10] 

and, especially after the introduction of the commercially more viable flux-growth 

technique  [11], this nonlinear crystal has been increasingly used for frequency conversion to the 

green spectral range, due to its beneficial phase matching properties and apparent absence of 

photorefractive damage. Moreover, the possibility of periodically structuring of the spontaneous 

polarization by electric-field poling [12,13] makes KTP a popular choice for QPM applications.  

Unfortunately, power scaling of cw visible light generation in periodically-poled nonlinear 

crystals is often limited by absorption of the generated light, which causes a thermally induced 

phase mismatch [14–19]. 

Furthermore, high intensity of short wavelength visible radiation induces color-centers [20–

30], so called grey tracks, with characteristically broad absorption bands in the visible range and 

with absorption tails extending up to the near-infrared. This IR absorption is referred to as green-

induced infrared absorption (GRIIRA)  [31] or blue-light induced infrared absorption 

(BLIIRA)  [32]. Even though the creation of color-centers often is reversible, grey-tracking can 

lead to severe decrease in the performance of an affected crystal and can cause catastrophic 

breakdown. Additionally, since increased absorption further increases a thermally induced phase 

mismatch, it is particularly cumbersome for periodically-poled crystals employed for QPM.  

A measurement of the induced IR absorption is an effective method to investigate a material’s 

propensity to form color centers, where KTP previously has been investigated for both 

BLIIRA [32] and GRIIRA [31]. Nonetheless, since periodic poling has been demonstrated for 

several KTP isomorphs, e.g., RbTiOPO4 (RTP) [33,34], RbTiOAsO4 (RTA) [35], KTiOAsO4 

(KTA)  [36,37], making them available for QPM applications, it is important to investigate and 

to compare the sensitivity to the formation of color-centers of these isomorphs. 

The objective of the work 

This thesis contains reports of work done with both VBGs and KTP isomorphs. 

The aim of the work with VBGs was to explore their thermal limitations when used in lasers 

for spectral control. I wanted to reveal the mechanisms behind those limits in order to pave the 

way for better and more flexible laser systems. To accomplished this, I designed and constructed 
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a diode-pumped, solid-state laser with a VBG that had a significantly higher absorption than the 

normal ones, i.e., αabs = 2.8 % cm
-1

 around 1 μm. Thereby I could study the limiting thermal 

effects by using only moderate intra-cavity power, at the level of a few to tens of watts, instead 

of going to much higher powers. Additionally, I designed a computer model to numerically 

investigate the thermal effects in VBGs. 

The main focus of my work with KTP and its isomorphs was on investigating their propensity 

to form color centers and to increase our understanding of the underlying mechanisms by 

measuring the BLIIRA respons. The isomorphs included in the study besides KTP were Rb-

doped KTP, RTP, KTA and RTA. The induced IR absorption was measured with a technique 

called thermal lens spectroscopy by employing a common-path interferometer. It was not only 

the level of the BLIIRA that was of interest but also how it is affected by varying the crystal 

temperature, the pulse duration of the blue laser beam, and of the average power of blue light. An 

understanding of the mechanisms behind the formation of color centers in the different KTP 

isomorphs is important so that the most appropriate isomorph, for a given application, can be 

selected and the limitations of laser systems can be pushed even further. 

The outline of the thesis 

In Chapter 2, some basic theory relevant to the work is briefly described as an introduction to the 

subject. Included are an introductory description of the manufacturing process of VBGs, the 

transfer matrix method used as basis for the simulations and an introduction to nonlinear optics. 

In Chapter 3, the thermal limitations of VBGs, employed as laser-cavity end mirrors, are 

presented. This chapter contains four sections, where in Section 3.1 most of the experiments are 

described. These include, besides the specific laser experiments, the measurements aiming to 

determine the absorption coefficient of the VBG. In Section 3.2, the simulations of the effects of 

inhomogeneous temperature distributions in VBGs are presented. The simulations include a 

study of a VBG with similar properties as the VBG used in our experiments. In Section 3.3, the 

thermal effects in a VBG limiting the output power of a green solid-state laser are described. 

Also it is described how the simulation model, presented in this thesis, was applied to confirm 

the experimental observations. Finally, in Section 3.4, the results from the experiments and the 

simulations are discussed and suggestions for future work on VBGs are presented. 

In Chapter 4, absorption in KTP isomorphs is discussed. This Chapter is organized in six 

sections. In Section 4.1, some material properties of KTP isomorphs, including the crystal 

structure are presented. In Section 4.2, the impact of the linear absorption on visible light 

generation in periodically-poled KTP isomorphs is discussed. In Section 4.3, an introduction to 

photochromic damage is given together with the experimental results showing the degrading 

impact of this damage on the performance of a KTP crystal employed for SHG to the visible 

spectral region. In Section 4.4, blue-light induced infrared absorption is presented. This section 

includes experimental details, results and discussion. Section 4.5 presents fluorescence from 

color centers induced in KTP isomorphs by blue light. Finally, Section 4.6 contains conclusions 

and suggestions for future work on the subject. 

Chapter 5 contains the bibliography. 
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2 Principles and Methods 
In this chapter some brief theory, methods, and material properties relevant to the work done for 

this project are described.  

The chapter is organized in five sections. In Section 2.1, some brief laser theories relevant to 

the work are described. Included are descriptions of resonator modes and Gaussian beams. 

Section 2.2 gives a short introduction to solid-state lasers, with focus on ytterbium-doped, 

potassium yttrium tungstate (Yb:KYW) as gain medium. Section 2.3 concerns volume Bragg 

gratings written in photo-thermorefractive glass  [1]. An introductory description of the 

manufacturing process is included. Section (2.4) presents the transfer matrix method used in the 

work. This method is the basis of the simulations presented in Section 3.2. In this chapter’s final 

section (2.5), an introduction to nonlinear optics is given with focus on second-order 

nonlinearities and quasi-phase matching. 

 

2.1 Laser principles 
The principle of a laser is based on that it consists of a resonance cavity and an amplifying 

medium, also known as the gain-medium. The resonance cavity is often constructed with a high-

reflecting mirror (M) at one end and a partly reflecting mirror at the other, also known as the 

output coupler (OC), see Fig. 2.1. The light transmitted through the OC is known as the laser 

beam. Since most OCs only transmits a small portion (e.g., 10 %) of the incident light, the power 

circulating inside the cavity is much higher (e.g., 10 times) than the output power of the laser 

beam itself.  

 
Figure 2.1. Schematic drawing of a basic laser cavity. 
Fig. 2.1  

 

When the light passes through the gain-medium it is amplified by a process called stimulated 

emission. Stimulated emission occurs when an electron in an exited state (E2) is stimulated by an 

incoming photon to fall down to a lower energy level (E1) by emitting a photon, see Fig. 2.2. The 

emitted photon will have the same wavelength and phase as the incoming one. Excited atoms, 

also, emit photons in random directions, this is called spontaneous emission.  Spontaneous 

emission is what starts the laser. 

OCM



5 

 

 

Figure 2.2. Schematic drawing of stimulated emission. 
Fig. 2.2  

 

One condition for the gain-medium to work as an amplifier is that its energy levels are 

populated in such a way that an incoming photon has higher probability to generate a new photon 

than being absorbed. If that is the case, the system has population inversion (N2 > N1). However, 

at thermal equilibrium, the lower energy level is more populated than the higher energy level. It 

is, therefore, necessary to add energy to the gain-medium for laser action to occur, this is known 

as pumping. If the laser is supposed to continuously emit light (continuously wave or cw) 

continuous pumping is necessary. 

The threshold is the lowest pump power for which the gain medium is pumped to the level 

that the roundtrip gain equals the combined cavity losses. 

Longitudinal modes 

The wavelength of light that determines the resonance in a cavity needs to fulfill the condition 

that one half of the wavelength (λ), multiplied with an integer number (m), equals the optical 

path length (L) of the cavity:  

𝑚
𝜆

2
= 𝐿. 

2.1 

(2.1) 

In most cases, the value of m is very large since the wavelength of light is much shorter than 

the optical path length (e.g., m = 10
5
 for λ = 1 μm and L = 50 mm). It follows from Eq. (2.1) that 

the frequency separation (Δν) between two adjacent longitudinal modes is equal to the speed of 

light in vacuum (c) divided by twice the optical path length:  
𝑐

2𝐿
= Δ𝜈. 

2.2 

(2.2) 

As one can see, the mode separation is dependent on the length of the cavity.  

Transverse electromagnetic modes 

There are several different ways that the light circulating in the cavity can resonate depending on 

the spatial boundary conditions of the cavity. These different resonances are called the transverse 

electromagnetic modes. For an open resonator with spherical mirrors, each mode has its own 

intensity distribution described by the following expression  [38]: 

E2, N2

E1, N1
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𝐼𝑚,𝑛(𝑥, 𝑦) = 𝐼0 [𝐻𝑚 (
√2𝑥

𝜔
) 𝐻𝑛 (

√2𝑦

𝜔
) 𝑒−(𝑥2+𝑦2) 𝜔2⁄ ]

2

. 
2.3 

(2.3) 

Here, Hm/n are the Hermite polynomials of order m/n, I0 is the maximum intensity, ω is the 

beam radius (often called the spot size) and x and y are the orthogonal transverse directions. It is 

common to denote these modes TEMmn, and the mode when n = m = 0 is known as the 

fundamental mode and all other combinations are higher-order modes. For most cases, the 

fundamental mode is the one that is desired when designing a laser. In Fig. 2.3, the intensity 

distributions for some transverse modes are shown. 

 

Figure 2.3. Intensity distributions for some transverse electromagnetic 

modes. 
Fig. 2.3  

Gaussian beam 

A laser operating in the fundamental transverse mode has a beam form with a Gaussian intensity 

distribution in the transverse plane, known as a Gaussian beam. Even if a mathematical Gaussian 

distribution stretches out to infinity, it is convenient to talk about the beam size. One commonly 

used definition of the beam radius is the distance at which the intensity has dropped to 1/e
2
 of the 

maximum intensity. Gaussian beams have a smallest beam radius, ω0, known as the beam waist, 

and the radius at any point along the optical axis, ω, depends of the size of the waist as  [38]: 

𝜔(𝑧) = 𝜔0 [1 + (
𝜆𝑧

𝜋𝜔0
2

)
2

]

1/2

. 
2.4 

 

 (2.4) 

Here, the z-axis is the beam propagation direction and the coordinate of the beam waist is z = 

0 and λ is the wavelength.  

n
 =

 0

m = 0 m = 1 m = 2 m = 3

n
 =

 1
n
 =

 2
n
 =

 3
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The depth of focus, a useful parameter when focusing a Gaussian beam, is known as the 

Rayleigh range, zR. It is the defined as distance where the radius has increased by √2 
 
relative to 

the beam waist, and it follows from Eq. (2.4) that it can be described by the expression: 

𝑧𝑅 =
𝜋𝜔0

2

𝜆
. 

2.5 

(2.5) 

For distances much larger than the Rayleigh range, the divergence angle, θ, is given by: 

𝜃 =
2𝜆

𝜋𝜔0
 . 

2.6 

(2.6) 

Here, θ is the full angle of the diverging Gaussian beam measured at the point where the 

intensity has dropped to 1/e
2
 of the maximum value. 

A Gaussian beam is often referred to as a diffraction-limited beam since it can be focused 

down to the smallest diffraction-limited spot size. 

Beam quality factor, M
2
 

Most laser beams are not pure Gaussian beams since most real lasers often operate in multi 

transverse modes, and, therefore, the formulas describing the Gaussian beam are for that reason 

not applicable. However, real beams can be defined via multiples of the ideal Gaussian beam. 

For that reason, the factor M has been introduced. It makes it possible to describe the divergence 

angle, Θ, and the real beam waist, W0, of the actual beam as follows:  

𝛩 = 𝑀𝜃 
2.7 

(2.7) 

𝑊0 = 𝑀𝜔0 
2.8 

(2.8) 

This allows Eq. (2.4) to be modified to fit a real laser beam with W(z) as the 1/e
2
 beam radius 

at any point on the z-axis and with W0 as the beam waist for a real beam: 

𝑊(𝑧) = 𝑊0 [1 + (𝑀2 𝜆𝑧

𝜋𝑊0
2)

2

]
1/2

. 
2.9 

(2.9) 

As we see, it is not the factor M, but M
2
 that separates Eq. (2.9) from Eq. (2.4) and, due to 

this, it is M
2
 that is known as the beam quality factor or the beam propagation factor. A real 

laser beam is said to be M
2
 times diffraction limited. From Eq. (2.9) it follows that the Rayleigh 

range of a real laser beam will be described by: 

𝑧𝑅 =
𝜋𝑊0

2

𝑀2𝜆
. 

2.10  

(2.10) 
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2.2 Solid-state lasers 
Solid-state lasers are lasers that have a gain medium consisting of a transparent dielectric host 

material doped with an active medium, such as lanthanide or transitional-metal ions. It is 

common to optically pump solid-state lasers by using a flash lamp or a laser diode 

(semi-conductor laser). Pumping by a laser diode has the advantage of a narrower pump 

spectrum than that of a flash lamp. This means that by matching the wavelength from the diode 

laser to the absorption spectrum of the gain medium, it is possible to achieve higher power 

efficiency. 

Thermal lens 

Thermal lensing can appear in a laser crystal when it is non-uniformly heated. It can be due to a 

transverse temperature gradient leading to a transverse gradient of the index of refraction (the 

thermo-optic effect). Also, thermally induced mechanical stress leading to changes in the index 

of refraction (photo-elastic effect) and bulging of the end faces have lensing effects.  

A thermal lens can reshape the mode inside the cavity and lead to lower stability and 

mismatch between the mode and the pump.   

  

Yb:KYW 

Ytterbium-doped potassium yttrium tungstate, or Yb:KYW, is commonly used as a gain medium 

in diode-pumped, solid-state lasers. As shown in Fig. 2.4, Yb:KYW has a large absorption 

cross-section at 980 nm. This is a wavelength where there are high-power laser diodes available, 

since erbium doped fibers (so-called EDFAs), used in telecommunications, have been pumped at 

this wavelength for many years. As one can see in Fig. 2.5, the emission cross-section has a 

broad spectrum which, together with some measure for spectral control, allows the engineering 

of lasers at a wide range of wavelengths. Also, the broad emission spectrum makes Yb:KYW a 

suitable gain medium when designing a tunable laser  [39]. The energy levels involved when 

lasing in Yb
3+

 are the 
2
F7/2 and 

2
F5/2 levels with their respective Stark sublevels  [40]. This means 

that there is no parasitic loss due to upconversion processes in other levels, like in neodymium. 

For a crystal with 5 % atomic Yb-doping, the lifetime in the upper level, τ, is 240 µs  [41] and 

the emission cross-section, σ = 1.5∙10‐20
 cm

2
, both at 1029 nm  [42].  

In this thesis, the laser was operated as a quasi-three level system, pumped at a wavelength 

around 981 nm and with lasing at a wavelength around 1030 nm. This gives a quantum defect 

just below 5 %. Low quantum defect is important in order to limit the thermal effects (e.g., 

thermal lensing) in the system. The crystal structure of KYW is biaxial, with three orthogonal 

dielectric axes named ng, nm, and np, where ng > nm > np referring to the refractive index. The 

largest cross-sections are in the nm polarization axis. A crystal cut for beam propagation along 

one of the two other axes will generate light linearly polarized in the nm direction. This is of great 

advantage when the laser is to be used for nonlinear conversion. 
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(a) 

 

(b) 

 

Figure 2.4. Absorption cross-section for Yb:KYW in the nm polarization 

direction  [42]. 

 
Fig. 2.4  
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(a) 

 

(b) 

 

Figure 2.5. Emission cross-section for Yb:KYW in nm polarization  [42]. 

 
Fig. 2.5  
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2.3 Volume Bragg gratings (VBGs) 
A high reflecting volume Bragg grating is an optically transparent bulk structure with periodic 

variations in the refractive index. The VBG used in the experiments described in this thesis had 

sinusoidal refractive index modulation. This type of grating is basically transparent for all 

wavelengths except those that meet the Bragg condition for first order diffraction: 

𝜆 = 2𝑛0𝛬 cos 𝜃. 
2.11  

(2.11) 

Here, Λ is the grating period, λ is the wavelength of light in vacuum, n0 is the average 

refractive index and θ is the angle between the propagation direction of the light and the normal 

to the grating. Besides the grating period and the average refractive index, VBGs are also defined 

by the grating length, l, and the refractive index modulation amplitude, n1. For modeling of 

VBGs, I have used a transfer matrix method, as described in Sec. 2.4. Another common approach 

to model VBGs is the coupled-wave theory developed by Kogelnik  [43], which will not be 

discussed further in this thesis. However, readers interested in a short recapitulation of 

Kogelnik’s theory may consult Ref  [44]. 

As was mentioned in the introduction to this thesis, VBGs written in photo-thermorefractive 

(PTR) glass  [1] offer good optical and mechanical properties, and can have a reflectivity 

exceeding 99 % and a frequency bandwidth on the order of 10 GHz. VBGs have been used in 

many laser applications including locking the wavelength of diode lasers  [2], as mirrors in solid-

state lasers  [3,4], in fiber lasers  [5] and for optical parametric oscillators  [45], for spectral beam 

combination  [46] and for pulse stretching and compression  [47]. 

The following explanation of the manufacturing process of VBGs is based on  [1,48]. PTR 

glass is a Na2O-ZnO-Al2O3-SiO2 glass doped with silver, cerium, fluorine and bromine. Volume 

Bragg gratings are recorded in PTR glass by exposure to an interference pattern in the near-UV 

spectral region (e.g., 325 nm produced by a He-Cd laser), followed by a thermal treatment at 

~500 °C for a few hours. The UV radiation produces photo ionization of Ce
3+

, the released 

electrons are captured by the silver ions which are converted to neutral atoms. In the thermal 

treatment, the silver atoms diffuse and form silver nano-particles. These particles function as 

nucleation centers for precipitation of sodium and fluoride ions, which form cubic sodium 

fluoride (NaF) crystals. Since there is a difference in the crystallization rates between the UV 

exposed and the unexposed areas the density of NaF crystals will follow the UV interference 

pattern. This result in a periodic decrement of the refractive index, i.e., a bulk grating has been 

produced inside the PTR glass. An analysis performed by Lumeau et al.  [49], concluded that the 

decrement of the refractive index is most likely attributed to residual stresses, which surround the 

NaF crystals. Differences in thermal expansion coefficients between the NaF crystals and the 

PTR glass causes the stresses to appear as a VBG is cooled down after the thermal treatment.  

The maximum reported refractive index decrement with this manufacturing procedure is in the 

order of 10
-3

  [50]. This type of grating has shown stability for temperatures up to 400 °C. 

The unprocessed PTR glass have low absorption from 350 nm to 2700 nm, and an absorption 

coefficient, αabs ≈ 10
-4

 cm
-1

, at a wavelength of around 1 µm  [46]. However, after the grating has 
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been written into the glass, the absorption depends strongly on the manufacturing 

conditions  [51]. The presence of silver-containing particles results in an absorption peak in the 

blue spectral region. Lumeau et al.  [51] have shown that the increase of absorption in the NIR is 

proportional to the absorption in the blue spectral region, which indicates that the NIR absorption 

arises from the tail of the absorption band of the silver-containing particles. Also, the increase of 

the absorption at 1 μm becomes one order of magnitude lower if bromine is left out of the PRT 

glass composition. It has been reported that by optimizing the glass composition and the 

manufacturing techniques, novel PTR glass with αabs = 5×10
-5

 cm
-1

 and a corresponding VBG 

with αabs = 1×10
-4

 cm
-1

 has been produced  [52]. 
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2.4 Transfer matrix theory 
The transfer matrix method is used to model a stack of dielectrics with varying refractive index, 

ni, and to calculate the electric field of a plane wave of coherent light, propagating through it. 

The relationship between the electric fields at any two arbitrary points in the stack is described 

by a set of 2 × 2 matrices. These matrices will be explained for the simple example shown in Fig. 

2.6. 

 
Figure 2.6. Schematic of a three-layer stack of dielectrics. Here, Eij is the 

electric field of the propagating light, where the subscripts indicate the 

position in the stack and the + and the – signs denote right- and left-

traveling waves, respectively. 
Fig. 2.6  

 

First, consider the boundary between the layers with refractive index n1 and n2. By solving 

Maxwell´s equations on both sides of the boundary and assuming that the permeability is 

constant throughout the stack, one finds that the electric field amplitudes to the right of the 

interface are related to the corresponding amplitudes on the left-hand side by a matrix, given by: 

 

[
𝐸12

+

𝐸12
− ] =

1

2
[

1 +
𝑛1

𝑛2
1 −

𝑛1

𝑛2

1 −
𝑛1

𝑛2
1 +

𝑛1

𝑛2

] [
𝐸11

+

𝐸11
− ] = 𝐵2,1 [

𝐸11
+

𝐸11
− ]. 

2.12  

(2.12) 

This matrix is known as the boundary matrix for this interface, B2,1. The opposite relation is 

described by an inverse boundary matrix, B1,2: 

 

[
𝐸11

+

𝐸11
− ] =

1

2
[
1 +

𝑛2

𝑛1
1 −

𝑛2

𝑛1

1 −
𝑛2

𝑛1
1 +

𝑛2

𝑛1

] [
𝐸12

+

𝐸12
− ] = 𝐵1,2 [

𝐸12
+

𝐸12
− ]. 

2.13  

 

(2.13) 

These two equations can now be used for any boundary in a multilayer dielectric stack by 

replacing the refractive indices shown with the corresponding indices associated with the 

interfaces in question.   
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For the second boundary in Fig. 2.6, the interface between the layers with refractive index n2 

and n3, the inverse boundary matrix is denoted B2,3.  

The electric-field amplitudes at the two edges of a layer of constant refractive index are 

related by a propagation matrix, which for the center layer of thickness d and refractive index n2 

is written as 

 
[
𝐸22

+

𝐸22
− ] = [

𝑒𝑥𝑝{−𝑖𝑘2𝑑} 0

0 𝑒𝑥𝑝{𝑖𝑘2𝑑}
] [

𝐸12
+

𝐸12
− ], 

2.14  

(2.14) 

with the corresponding inverse propagation matrix, P2, 

 
[
𝐸12

+

𝐸12
− ] = [

𝑒𝑥𝑝{𝑖𝑘2𝑑} 0

0 𝑒𝑥𝑝{−𝑖𝑘2𝑑}
] [

𝐸22
+

𝐸22
− ] = 𝑃2 [

𝐸22
+

𝐸22
− ]. 

2.15  

(2.15) 

Here ki is the wave vector in a medium with refractive index ni.  

Furthermore, the electric-field amplitudes at any two points in a stack of dielectrics are related 

by the product of the matrices describing the intermediate layers and boundaries. In Fig. 2.6, E11 

relates to E23 by a matrix, M, as follows: 

 
[
𝐸11

+

𝐸11
− ] = 𝐵1,2𝑃2𝐵2,3 [

𝐸23
+

𝐸23
− ] = 𝑀 [

𝐸23
+

𝐸23
− ]. 

2.16  

(2.16) 

Now, consider a laser beam incident on a dielectric stack of N layers with alternating 

refractive index, e.g., a volume Bragg grating. The total matrix M, which relates the electric field 

just before the stack, E0, to the field after the stack, EN+1, is the product of all N inverse 

propagation and N+1 inverse boundary matrices as 

 
𝑀 = 𝐵0,1𝑃1𝐵1,2𝑃2𝐵2,3𝑃3. . . 𝐵𝑁−1,𝑁𝑃𝑁𝐵𝑁,𝑁+1 = [

𝑚11 𝑚12

𝑚21 𝑚22
], 

2.17  

(2.17) 

where B0,1 and BN,N+1 represent the interfaces between the two end layers and the surrounding 

medium (e.g., air). When the light has passed through the stack it is no longer being reflected, 

i.e., the electric field lacks a backward propagating component, 𝐸𝑁+1
− = 0. The relation between 

the fields on the two sides of the stack is given as: 

 
[
𝐸0

+

𝐸0
−] = [

𝑚11 𝑚12

𝑚21 𝑚22
] [𝐸𝑁+1

+

0
] = [

𝑚11𝐸𝑁+1
+

𝑚21𝐸𝑁+1
+ ]. 

2.18  

(2.18) 

The amplitude reflection coefficient, r, of the full stack is defined as ratio of the backward to 

the forward going electric field components, in the following way: 

 
𝑟 =

𝐸0
−

𝐸0
+ =

𝑚21

𝑚11
. 

2.19  

(2.19) 

Once r is calculated, the electric field at any point inside the dielectric structure can now be 

calculated using the boundary and propagation matrices. The diffraction efficiency, DE, is given 

by: 

 
𝐷𝐸 = |𝑟|2. 

2.20  

(2.20) 
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2.5 Nonlinear optics 
In this chapter, I briefly present the areas of nonlinear optics that are most relevant to this thesis, 

which includes an introduction to the basic concepts, the second-order nonlinearities, and phase 

matching. The content is largely based on the books written by Yariv [53] and Boyd [54], where 

the interested reader will find more detailed descriptions. 

2.5.1 Basic concepts 

Classically light is described as electromagnetic waves with spatially and temporally varying 

field strengths, where the directions of the electric field (E) and the magnetic field (H) are 

orthogonal to each other as well as to the propagation direction of the light. As light interacts 

with matter, these fields interact with the charged particles which constitute the material. 

However, it is common to describe the interaction between light and matter in terms of only the 

electric field, since the impact of the magnetic field on the charged particles usually is negligible.  

When light travels through the dielectric material, the charged particles are accelerated in the 

electric field so that a separation between the positively and the negatively charged particles 

occurs. This charge separation produces an electric dipole moment, where the average value per 

unit volume is called induced electric polarization (P). This polarization depends not only on the 

electric field but also in the material's susceptibility to polarization. At low electric field 

strengths, the relationship between the polarization and electric field is well described by a linear 

function. However, if the light is intense enough, as in a focused laser beam, the polarization 

responds nonlinearly to the electric field. Moreover, if the non-linear processes are not too close 

to an absorbing resonance, the polarization can be described by a series expansion of the 

electrical field:  

𝑷 =  ∑ 𝑷(𝑛)

𝑛

= 휀0 ∑ 𝝌(𝑛)𝑬𝑛

𝑛

. 
(2.21) 

Here, P
(n)

 is the n-th order polarization, ε0 is the vacuum permittivity and χ
(n)

 is the n-th order 

optical susceptibility, a tensor of rank n + 1. Usually the contributions from terms with n ≥ 4 are 

too weak to be of significance. The first term in the series, P
(1)

, describes the linear polarization, 

thus it is sometimes denoted P
L
 and the sum of the following nonlinear terms is denoted P

NL
. 

The first nonlinear term, P
(2)

, is only non-zero in non-centrosymmetric materials and is used for 

many applications, such as second harmonic generation (SHG), sum frequency generation 

(SFG), difference frequency generation (DFG) and optical parametric generation (OPG), which 

is discussed further in the next section.  

2.5.2 Second-order nonlinearities and the χ
(2)

susceptibility 

In this section second-order nonlinear interactions are presented. These processes originate from 

a quadratic response of the induced polarization to the electric field of light. And, such processes 

only occur where centrosymmetry does not exist, either if the material structure itself is non-
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centrosymmetric or in a centrosymmetric material where the symmetry is broken, e.g., in 

proximity to the surface. 

Second-order processes involve a mixture of three waves that interact in the material through 

its polarization. From Eq. (2.21) it follows that the contribution to the total polarization of the 

nonlinear material from the second-order processes is given by: 

𝑷(2) = 휀0𝝌(2)𝑬2. (2.22) 

Suppose light of two wavelengths, with the respective angular frequencies ω1 and ω2, is 

incident on a non-centrosymmetric material. The electric field for each frequency can be 

described by a complex amplitude, Aγ = A(ωγ), and an exponential function:  

𝑬(𝜔𝛾) = 𝑨𝛾𝑒𝑥𝑝{𝑖(𝒌𝛾𝒓 − 𝜔𝛾𝑡)} + 𝑐. 𝑐. (2.23) 

Here c.c. denotes the complex conjugate and kγ is the wave vector with an absolute value 

given by: 

𝑘𝛾 = |
𝑛𝛾𝜔𝛾

𝑐
|, (2.24) 

where nγ = n(ωγ) denotes the refractive index at ωγ and c being the speed of light in vacuum. 

Now, by inserting the electric fields in to Eq. (2.22) and expanding the squared term the second-

order polarization can be rewritten as: 

 𝑷(2) = 휀0𝝌(2)(𝑬(𝜔1) + 𝑬(𝜔2))
2
  (2.25) 

 

         = 휀0𝝌(2)[𝑨1
2𝑒𝑥𝑝{𝑖(2𝒌1𝒓 − 2𝜔1𝑡)} + 𝑐. 𝑐.         SHG of ω1 

 

                        +𝑨2
2𝑒𝑥𝑝{𝑖(2𝒌2𝒓 − 2𝜔2𝑡)} + 𝑐. 𝑐. SHG of ω2 

 

                        +2(𝑨1𝑨1
∗ + 𝑨2𝑨2

∗ ) OR of ω1 

and ω2 

                        +2𝑨1𝑨2𝑒𝑥𝑝{𝑖((𝒌1 + 𝒌2)𝒓 − (𝜔1 + 𝜔2)𝑡)} + 𝑐. 𝑐. SFG of ω1 

and ω2 

                        +2𝑨1𝑨2
∗ 𝑒𝑥𝑝{𝑖((𝒌1 − 𝒌2)𝒓 − (𝜔1 − 𝜔2)𝑡)} + 𝑐. 𝑐. ]. DFG of ω1 

and ω2 

Here A
*
(ω) = A(-ω) and each term is labeled by the process it describes; second harmonic 

generation (SHG), sum frequency generation (SFG), difference frequency generation (DFG) and 

optical rectification (OR). Sometimes DFG is referred to as optical parametric amplification 

(OPA) since the lower of the two incident frequencies becomes enhanced in the process. The 

expression for the induced polarization in Eq. (2.25) gives a clear visualization of the frequency 

mixing in the nonlinear process. But to describe the different Cartesian components (Pi, i = 1, 2, 

3 = x, y, z) of the three-dimensional vector P
(2)

, Eq. (2:22) is rather rewritten to: 

𝑃𝑖(𝜔𝑛𝑚) = 휀0 ∑ ∑ 𝜒𝑖𝑗𝑘
(2)

(𝑛𝑚)𝑗𝑘

(𝜔𝑛𝑚; 𝜔𝑛, 𝜔𝑚)𝐸𝑗(𝜔𝑛)𝐸𝑘(𝜔𝑚). (2.26) 



17 

 

Here, the summation of the electrical fields is performed for all frequencies ωn and ωm, both 

positive and negative, where the sum of the frequency pair is fixed. Thereafter, by summation 

over the Cartesian indices (j, k = x, y, z) the polarization component Pi is obtained. 

It is common to express Eq. (2.26) with the nonlinearity tensor dijk instead of using the 

susceptibility; 

𝑑𝑖𝑗𝑘 =
1

2
𝜒𝑖𝑗𝑘

(2)
. 

(2.27) 

Although dijk is described by a tensor with 27 elements, symmetries occur which reduces the 

number of independent variables. This applies particularly when the maximum optical frequency 

of the interacting waves is much lower than the lowest resonance frequency of the material and 

Kleinman symmetry is applicable, i.e., when the tensor elements are frequency independent. 

Then, it is common to use the contracted notation presented in Table 2.1 to describe dijk as a 

matrix of 10 independent values: 

𝑑𝑖𝑙 = [

𝑑11 𝑑12 𝑑13

𝑑16 𝑑22 𝑑23

𝑑15 𝑑24 𝑑33

𝑑14 𝑑15 𝑑16

𝑑24 𝑑14 𝑑12

𝑑23 𝑑13 𝑑14

]. 
(2.28) 

Furthermore, due to the symmetry found in crystals, several elements of this nonlinear 

coefficient matrix become zero, e.g., KTiOPO4 has five non-zero elements: 

𝑑𝑖𝑙 = [
0 0 0
0 0 0

𝑑15 𝑑24 𝑑33

0 𝑑15 0
𝑑24 0 0
0 0 0

]. 
(2.29) 

For given directions of the polarization and propagation directions of the electric field through 

a material, d has an effective value known as the effective nonlinear coefficient, denoted 

deff  [54]. Thus, it is common to rewrite Eq. (2.22) as: 

𝑃(2)(𝜔𝑛𝑚) = 휀0𝐷(2)𝑑𝑒𝑓𝑓𝐸(𝜔𝑛)𝐸(𝜔𝑚), (2.30) 

where D
(2)

 is a degeneracy factor (equal to 1 for SHG and 2 for SFG). 

 

Table 2.1. Convention of contracted index. 

 jk index  contracted index l  

 xx  1  

 yy  2  

 zz  3  

 yz, zy  4  

 xz, zx  5  

 xy, yx  6  
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2.5.3 Coupled wave equations 

This section describes how interacting electromagnetic waves get coupled by the induced 

nonlinear polarization in a material.  

Consider a dielectric nonlinear material without free charges and currents. From Maxwell's 

equations a non-homogeneous wave function is then obtained: 

∇2𝑬(𝜔𝛾) −
𝑛𝛾

2

𝑐2

𝜕2𝑬(𝜔𝛾)

𝜕𝑡2
=

1

휀0𝑐2

𝜕2𝑷𝑁𝐿(𝜔𝛾)

𝜕𝑡2
. 

(2.31) 

Here, the P
NL

 function acts as a source term. To illustrate how this equation couples interacting 

light waves to each other a SHG process can be considered. Then, the light propagating through 

the nonlinear material can be assumed to consist of two monochromatic waves, the fundamental 

wave of frequency ω and the generated wave of frequency 2ω. For simplicity, assume that the 

light takes the form of a plane wave, propagates in the x-direction and are polarized in the z-

direction, which are the directions when utilizing the d33 nonlinear coefficient in KTiOPO4. 

Since it is reasonable to assume that the material is dispersive, n2ω ≠ nω, Eq. (2.31) must be 

solved for each frequency component separately: 

𝜕2𝐸(2𝜔)

𝜕𝑥2
−

𝑛2𝜔
2

𝑐2

𝜕2𝐸(2𝜔)

𝜕𝑡2
=

1

휀0𝑐2

𝜕2𝑃(2)(2𝜔)

𝜕𝑡2
 

(2.32) 

and 

𝜕2𝐸(𝜔)

𝜕𝑥2
−

𝑛𝜔
2

𝑐2

𝜕2𝐸(𝜔)

𝜕𝑡2
=

1

휀0𝑐2

𝜕2𝑃(2)(𝜔)

𝜕𝑡2
. 

(2.33) 

Here, the electric field of 2ω and ω can be described by 

𝐸(2𝜔) = 𝐴2𝜔𝑒𝑥𝑝{𝑖(𝑘2𝜔𝑥 − 2𝜔𝑡)} + 𝑐. 𝑐. (2.34) 

and 

𝐸(𝜔) = 𝐴𝜔𝑒𝑥𝑝{𝑖(𝑘𝜔𝑥 − 𝜔𝑡)} + 𝑐. 𝑐., (2.35) 

respectively. While the second-order nonlinear polarization induced in the material of the two 

interacting waves is described by Eq. (2.25), with ω1 = 2ω, ω2 = ω. Then, it is clear that the 

expression giving a polarization of frequency 2ω is the one labeled SHG of ω2 and the 

polarization of frequency ω is given by the expression marked DFG of ω1 and ω2, giving: 

𝑃(2)(2𝜔) = 휀02𝑑𝑒𝑓𝑓 [𝐴𝜔
2 𝑒𝑥𝑝{𝑖(2𝑘𝜔𝑥 − 2𝜔𝑡)} + 𝑐. 𝑐. ] (2.36) 

and 

𝑃(2)(𝜔) = 휀02𝑑𝑒𝑓𝑓[2𝐴2𝜔𝐴𝜔
∗ 𝑒𝑥𝑝{𝑖((𝑘2𝜔 − 𝑘𝜔)𝑥 − 𝜔𝑡)} + 𝑐. 𝑐. ]. (2.37) 

Note that the complex conjugates can be dropped and equality is still maintained as the 

expressions describing the electric fields and the polarizations are inserted into their respective 

wave equation, which is done from now on. Moreover, a phase mismatch term defined as Δk = 
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k2ω – 2kω is introduced. Now, inserting Eqs. (2.34) and (2.36) into Eq. (2.32) and performing the 

derivations gives: 

𝜕2𝐴2𝜔

𝜕𝑥2
+ 𝑖2𝑘2𝜔

𝜕𝐴2𝜔

𝜕𝑥
= −

8𝜔2𝑑𝑒𝑓𝑓

𝑐2
𝐴𝜔

2 𝑒−𝑖∆𝑘𝑥. 
(2.38) 

And, inserting Eqs. (2.35) and (2.37) into Eq. (2.33) and performing the derivations gives: 

𝜕2𝐴𝜔

𝜕𝑥2
+ 𝑖2𝑘𝜔

𝜕𝐴𝜔

𝜕𝑥
= −

4𝜔2𝑑𝑒𝑓𝑓

𝑐2
𝐴2𝜔𝐴𝜔

∗ 𝑒𝑖∆𝑘𝑥. 
(2.39) 

Since the amplitudes change slowly compared to the wavelength of the interacting waves, it is 

reasonable to neglect the second derivative of the amplitude. Hence, Eqs. (2.38) and (2.39) can 

be simplified to 

𝜕𝐴2𝜔

𝜕𝑥
=

𝑖2𝜔

𝑐𝑛2𝜔
𝑑𝑒𝑓𝑓𝐴𝜔

2 𝑒−𝑖∆𝑘𝑥 
(2.40) 

and 

𝜕𝐴𝜔

𝜕𝑥
=

𝑖2𝜔

𝑐𝑛𝜔
𝑑𝑒𝑓𝑓𝐴2𝜔𝐴𝜔

∗ 𝑒𝑖∆𝑘𝑥, 
(2.41) 

respectively, which are known as the coupled amplitude equations for SHG.  

The impact of the phase mismatch term is that energy will be transferred back and forth 

between the fundamental wave and the SH wave at a period of twice the coherence length of the 

interaction (lc = π/Δk), as the beams propagates through the nonlinear medium. Consequently, for 

the nonlinear conversion to be effective, the phases of the interacting waves needs to be matched 

(Δk = 0), something that can be achieved with either birefringent phase matching or quasi-phase 

matching techniques.    

2.5.4 Quasi-phase matching 

The principle of quasi-phase matching (QPM) is to periodically reset the phase difference 

between the interacting waves to prevent energy from flowing back to the fundamental wave 

from the generated wave. This energy back-conversion occurs once the propagation distance of 

the waves exceed the coherence length of the interaction, lc = π/Δk, i.e., where the phase 

difference reaches π radians. For frequency conversion processes exploiting the χ
(2)

 nonlinearity, 

the most efficient QPM is achieved by resetting the phase difference at coherence length 

intervals, which is known as first order QPM.  

In crystals, QPM is accomplished by engineering the crystal so that the components of the 

nonlinear coefficient tensor, d, periodically change sign, shown schematically in Fig. 2.7. In 

ferroelectric crystals, such as KTiOPO4 (KTP), changing the sign of d is often accomplished by 

periodic poling (PP), where electric fields applied over a periodic electrode switches the 

direction of the spontaneous polarization. Typically, these poling periods for first order QPM, Λ 

= 2lc, ranges from a few to tens of µm, e.g., Λ = 7.99 µm for SHG from 1030 nm to 515nm in a 

KTP crystal.  
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Figure 2.7. Schematic representation of a periodically-poled crystal 

employed for frequency conversion. 
Fig. 2.7  

Since the nonlinear coefficient has a spatial dependence, the coupled amplitude equations are 

modified when describing quasi-phase matched nonlinear processes, where Eq. (2.40) is 

rewritten to 

𝜕𝐴2𝜔

𝜕𝑥
=

𝑖2𝜔

𝑐𝑛2𝜔
𝑑𝑒𝑓𝑓(𝑥)𝐴𝜔

2 𝑒−𝑖∆𝑘𝑥. 
(2.42) 

Fig. 2.8  

Here, deff (x) represents a periodically reversing of the sign of the nonlinear coefficient deff 

along the x-direction. It is common to describe this deff (x) as a Fourier series: 

𝑑𝑒𝑓𝑓(𝑥) = 𝑑𝑒𝑓𝑓 ∑ 𝐺𝑚

∞

𝑚=−∞

𝑒𝑖𝐾𝑚𝑥, 
(2.43) 

where  

𝐾𝑚 =
2𝜋𝑚

Λ
 

(2.44) 

is the m-th order grating vector and the respective Fourier coefficient, Gm, for an ideal rectangle 

function is given by 

𝐺𝑚 =
2

𝜋𝑚
sin(𝑚𝜋𝐷). 

(2.45) 

Here, D represents the duty cycle of the period, which is defined as D = l/Λ, illustrated in Fig. 

2.8. Furthermore, it follows from Eqs. (2.42) and (2.43) that the phase mismatch Δk can be 

rewritten as  

𝛥𝑘𝑄𝑃𝑀 = 𝛥𝑘 − 𝐾𝑚 =
𝑛2𝜔2𝜔

𝑐
−

2𝑛𝜔𝜔

𝑐
−

2𝜋𝑚

Λ
, 

(2.46) 

 
Figure 2.8. Schematic representation of the alteration of the nonlinear 

coefficient. The duty cycle is defined as D=l/Λ. 
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where achieving ΔkQPM = 0 only is possible for one value of m. Usually, the grating period Λ is 

chosen so that Δk = K1, with a duty cycle D = 0.5, exploiting the fundamental Fourier coefficient 

G1 = 2/π for the nonlinear conversion. The contributions from the non-phase-matched higher 

order Fourier coefficients causes the intensity of the generated wave to grow oscillatory around 

the trajectory it would follow if only G1 was considered, as shown in Fig. 2.9. Even though the 

nonlinear coefficient is reduced by a factor of 2/π, QPM is often the preferred phase-matching 

technique, since it enables employment of so called type 0 phase matching, where all the 

interacting waves are polarized in the same direction. This makes all non-zero elements of the 

nonlinear coefficient tensor accessible. In KTP the d33 coefficient is almost four times larger than 

d32, which is the largest coefficient that can be utilized with BPM.  
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Figure 2.9. Comparison of different phase matching conditions in a 

KTiOPO4 nonlinear crystal. 
Fig. 2.9  
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3 Linear absorption in volume Bragg gratings and the 

implications on lasers 

3.1 Laser Experiments 
The experiments presented in this section shows how an inhomogeneous temperature distribution 

changes the properties of a high-reflecting VBG used for spectral control in a laser, and the 

impact this has on the laser´s performance. 

The section is organized in five sub-sections. Presented in section 3.1.1 is the determination of 

the absorption coefficient of the VBG used in the experiments. Also, included is a measurement 

of the temperature dependent heat capacity of a VBG. Section 3.1.2 concerns the laser cavity 

design and the materials used in the setup. Presented in Section 3.1.3 are the experiments using a 

cavity configuration with a highly reflecting (R > 99.9 % at 1030 nm) dielectric mirror as cavity 

end mirror. The results show the output power and the spectral profile of the laser when no 

measures are taken to control the spectrum. The first VBG laser experiments are presented in 

Section 3.1.4, where the results reveal an output power roll-over. To reach this power roll-over at 

lower pump power, the reflectivity of the output coupling mirror of the VBG-laser was increased 

from 85 % to 90 %. The results from these experiments, presented in Section 3.1.5, show that a 

small absorption of the reflected laser beam also resulted in an increased coupling through the 

VBG, a change of the spectrum from single to double peak at high power, and anti-phase 

dynamics between the mode groups on the long and the short wavelength side of the spectrum. 

 

3.1.1 Determination of the absorption coefficient of the VBG used in the laser 

experiments 

The absorption of the VBG in the 1 μm spectral region was determined using a calorimetric 

method. In this method, the surface temperature of the VBG was measured as a NIR-laser beam 

was transmitted through it. Together with the knowledge of the VBG’s heat capacity, mass, and 

length, the absorption coefficient was extracted from these measurements. It has been shown 

that, when a uniformly absorbing cylindrical rod is heated by absorption of such a laser beam 

transmitted through it, the surface temperature will increase in a similar manner as the average 

temperature  [55]. That is, the absorption coefficient of the rod can be extracted from the 

measurements of the surface temperature. This was assumed to be valid in our case as well, even 

though the VBG had a rectangular cross-section. I consider this assumption reasonable, since the 

temperature sensor, due to its size, measured the surface temperature at some average distance 

from the center of the VBG. 

The first measurements were aimed at determining whether the absorption related linearly or 

nonlinearly with the intensity of the laser beam. A PT-100 temperature sensor was placed on top 

of the VBG in order to measure the temperature as the laser beam, with a wavelength of about 1 
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μm, was focused through it. The VBG was placed on top of mirror mount and surrounded by air. 

For each level of laser power, the temperature was measured after three minutes, for thermal 

equilibrium to be reached. As shown in Fig. 3.1, the temperature increased from room 

temperature in a linear manner up to approximately 96°C. 
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Figure 3.1. Surface temperature of the VBG vs. incident pump power. 

Fig. 3.1  

The heat capacity of a VBG was measured using a differential scanning calorimeter 

(METTLER TOLEDO DSC 1), see Fig. 3.2. The best fit to the measurement data was a third-

order polynomial;  

 

 𝐶𝑝(𝑇) = 9.36 × 10−9𝑇3 −  1.54 × 10−5𝑇2 + 8.22 × 10−3𝑇 − 0. 637. 
3.1 

(3.1) 

 

Here, T is the temperature in K and the heat capacity is expressed in kJ/(kg×K). This equation 

was extrapolated to cover the temperature range of 290-370 K. As seen in Fig. 3.2, the calculated 

curve follows the behavior of SiO2, the largest constituent of the tested PTR glass. 
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Figure 3.2. Specific heat capacity vs. temperature. The figure shows both 

measured data and a fitted, third-order polynomial function for the PRT 

glass. Also included in this image are the database values  [56] of pure 

SiO2 glass and for a glass consisting of 50 % SiO2 and 50 % ZnO. 

Typically, a PTR glass consists of 70 % SiO2 and 5 % ZnO. 
Fig. 3.2  

The surface temperature of the VBG was recorded as a 20 W laser beam with center 

wavelength of 981 nm was transmitted through it for approximately 25 seconds. The temperature 

was measured using above-mentioned thermal sensor, placed on the VBG. Good thermal contact 

was obtained by attaching the thermal sensor with a conductive glue (Electrolube, silver 

conductive paint). Also, to reduce the heat-flow, the grating was placed on a 1 cm thick plastic 

foam. The source of the laser beam in this experiment was a fiber-coupled, multiple-emitter 

diode laser. The laser beam was focused into the VBG resulting in a 1/e
2
 beam-waist radius of 

approximately 350 μm.  

Two sets of measurements (shown in Fig. 3.3 (a) and (b), respectively) resulted in a total of 

four rise-time events, which are seen in the regions marked “I” and “III”. In the regions marked 

“II”, the laser beam was not incident on the VBG, thus the grating was cooled by heat transfer to 

the surroundings. For the regions where the laser beam was transmitted through the VBG, the 

slope of the temperature curve can be described by 

 

 
𝑑𝑇

𝑑𝑡
=

𝛼𝑎𝑏𝑠 × 𝑙 × 𝑃𝑖𝑛𝑐

𝑚 × 𝐶𝑝
− 𝛼𝑐(𝑇 − 𝑇0). 

3.2 

(3.2) 
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Here, 𝛼𝑎𝑏𝑠 is the absorption coefficient,  𝑙 is the length of the VBG (9.7 mm), 𝑃𝑖𝑛𝑐 is the 

power of the incident laser beam (20 W), m is the mass of the VBG (0.600 g), 𝑇0 is the initial 

temperature, and 𝐶𝑝 is the specific heat capacity (given by Eq. (3.1)). The second term on the 

right hand side of Eq. (3.2) comes from Newton’s law of cooling, in which 𝛼𝑐 is a positive 

coefficient. Since 𝐶𝑝 is given by a third-order polynomial function of temperature (see Eq. (3.1)), 

Eq. (3.2) is difficult to solve analytically. This dilemma was solved using the central difference 

approximation on the measurement data in order to obtain values of dT/dt, to which Eq. (3.2) 

could be fitted.  

The absorption coefficient of the VBG at a wavelength of 981 nm was determined to be 2.82 

% cm
-1

 with an absolute standard deviation of 0.13 % cm
-1

. 

 
Figure 3.3. Fitted curves together with raw data from the two sets of 

measurements are shown in (a) and (b), respectively. The laser beam was 

turned on in the regions marked I and III. 
Fig. 3.3  

 

3.1.2 Cavity design and setup 

The VBG used in the experiments was 9.7 mm long with an aperture of 5 × 5 mm
2
. It had an 

initial reflectivity of 99.4 % at a wavelength of 1029 nm and a spectral width of < 0.2 nm 

FWHM, which was measured with a tunable cw Ti:Sapphire laser at low power. Also, the 

absorption coefficient of the VBG was 2.8 % cm
-1

 around 1 μm, which was obtained with a 

calorimetric technique (see Sec. 3.1.1). It should be pointed out that this VBG had an unusually 

high absorption and was chosen to show how a laser with much higher power would perform 

using a low absorbing VBG. The VBG was placed on a Peltier element and the bottom surface 

was kept at 20 °C in all of the measurements. This was performed not only for the thermal 

management but also to provide a stable boundary condition for the heat simulations, as 

described in Sec. 3.2.3. 

The gain medium used was a 1.5 mm long ng-cut Yb:KYW crystal with 5 % atomic Yb-

doping and with both end-surfaces AR coated for the pump and the signal. It was placed in a 
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water-cooled copper holder for cooling. As shown schematically in Fig. 3.4, the laser cavity was 

of the w-type with a total length of 25 cm. This design enabled pumping without exposing the 

VBG to the pump beam. Also, the VBG was accessible from the side for additional 

measurements during operation. Either the VBG or a highly reflecting (R > 99.9 % at 1030 nm) 

dielectric mirror was used as the cavity end mirror. The experiments were conducted with 10% 

(Sec. 3.1.5) and 15 % (Secs. 3.1.3 and 3.1.4) of output coupling, respectively. Both of the mirrors 

used for output coupling were plano-concave with a focal length of 50 mm. Two flat mirrors (R 

> 99.9 % at 1030 nm) and one curved mirror (f = 100 mm, R > 99.9 % at 1030 nm) were used to 

fold the cavity. One of the flat mirrors (IC) was high transmitting (R < 2 %) for the pump 

wavelength and was used for input coupling of the pump beam. According to a simulation, the 

laser mode radii (1/e
2
) were 130 μm inside the Yb-crystal and 250 μm at the surface of the end 

mirror, respectively. For the pumping, a fiber-coupled diode laser with a maximum output power 

of 20 W at the ytterbium absorption peak at 981 nm, was used. 

 
Figure 3.4. Schematic picture of the w-type Yb:KYW laser cavity. Either 

a VBG or a highly reflecting mirror (M) was used as the cavity end 

mirror, as seen in the dashed box to the right. The flat input coupler (IC) 

was high transmitting (R < 2%) for 980 nm and high reflecting (R > 

99.5%) for 1030 nm and placed at a 22.5
o
 incident angle. HR1 and HR2 

were both high reflecting (R> 99.9%) at 1030 nm, where HR1 was flat 

and HR2 had a radius of curvature of 200 mm and placed at 10
o
 incident 

angle. The output coupler (OC) had a radius of curvature of 100 mm and 

transmitted 15% at 1030 nm. 
Fig. 3.4  

 

3.1.3 Yb:KYW laser with no spectral control 

In a first set of experiments, a highly reflecting (R > 99.9 % at 1030 nm) dielectric mirror (M) 

was used as cavity end mirror and the transmission of the output coupler (OC) was 15 %. 

As seen in Fig. 3.5, the laser threshold occurred at an incident pump power of about 10 W, 

and the average slope efficiency with respect to the incident pump power was about 22 %, 

excluding the lowest third part of the pump range. Here, I want to point out that the cavity was 
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designed for investigating a VBG, not to maximize output power. From an optimized Yb:KYW 

laser locked at 1029 nm by a VBG, one can expect a slope exceeding 50 %  [42].  

The laser’s nonlinear output response to the pump power at low pump levels, is probably an 

effect of the pump laser’s wavelength shift with drive current, in such a way that increasing the 

drive current increases the match of the pump spectrum to the absorption spectrum of the 

Yb:KYW crystal.  

 
Figure 3.5. Output power vs. pump power. The red dashed line is a 

linear fit, with slope of about 22 %. 

Fig. 3.5  

A spectrum analyzer (Hewlett-Packard 86140A) with a resolution bandwidth of 0.07 nm was 

used to analyze the laser spectrum at 10 W and 20 W of input pump power (Fig. 3.6), 

respectively. As can be seen, the spectra were multi-peaked with a peak separation of 0.185 nm, 

centered between 1029.5 and 1030 nm for both pump powers. The width of the spectra was 1 nm 

and 1.7 nm FWHM for 10 W and 20 W of pump, respectively. These multi-peak spectra, which 

experiences spectral power redistribution with pump power, is usually undesirable for the use 

with nonlinear optics (e.g., second harmonic generation). Using a VBG as a cavity end mirror is 

an effective way to narrow down the spectrum and, thus, to achieve spectral stability. 
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Figure 3.6. Normalized output spectra of the Yb-laser for 10 and 20 W of 

pump power. For each pump power, three spectra are plotted on top of 

each other. 

Fig. 3.6  

After this initial Yb:KYW laser experiment , the cavity was rebuilt using the volume Bragg 

grating (VBG) as cavity end mirror, see Fig. 3.4. These experiments are described in the two 

following sections. 

3.1.4 VBG-locked Yb:KYW laser with 15% output coupling 

This cavity configuration differs from the one described in the previous section by the use of the 

VBG instead of the flat end mirror (M). Here, the VBG was used instead of a high reflecting 

dielectric mirror. 

To simulate the output power of the VBG-laser we used the following expression  [57]: 

 𝐼𝑜𝑢𝑡 = (𝛿1) [
2𝛼𝑚0𝑝𝑚

𝛿1 +  𝛿2  + 𝛿0
− 1]

𝐼sat

2
. (3.3) 

Here, Iout is the intensity transmitted through the output coupler, δ1 is the intra-cavity loss at 

the output coupler (transmission),   δ2  is the loss at the cavity end mirror (M/VBG), δ0 is the 

cavity loss excluding the losses at the end mirrors, assumed to be 1 %, 2αm0pm is the unsaturated 

power gain, and Isat is the saturation intensity: 

 𝐼sat =
ħ𝜔

𝜎𝜏
. (3.4) 

The energy levels involved, when lasing in Yb
3+

, are the 
2
F7/2 and 

2
F5/2 levels with their 

respective Stark sublevels  [40]. For a crystal with 5 % atomic Yb doping, the lifetime in the 
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upper level, τ, is 240 µs  [41] and the emission cross-section is σ = 1.5∙10‐20
 cm

2
 at 1029 

nm  [42]. This results in a saturation intensity of approximately 54 kW/cm
2
. An isolated 

expression for the unsaturated power gain is acquired by rearranging Eq. (3.3): 

 2𝛼𝑚0𝑝𝑚 = [
2𝐼𝑜𝑢𝑡

𝐼sat𝛿1
+ 1] (𝛿1 +  𝛿2  + 𝛿0). (3.5) 

Using this equation, and taking Iout from the laser experiment described in Sec. 3.1.3, 2αm0pm 

can be calculated. The expected output from the VBG laser was calculated using Eq. (3.3), where 

the loss in the end mirror (δ2) was increased by 0.6 % to match the low power reflectivity of the 

VBG. This simulated output was used as a reference in the evaluation of the VBG-locked laser. 

As seen in Fig. 3.7, the output power of this VBG-locked laser followed the simulated output 

up to approximately 16 W of launched pump power, which corresponds to about 5 W of laser 

power incident on the VBG. At higher pump power, the power through the output coupler was 

essentially constant at 1 W, and, instead, the additionally generated laser power was coupled out 

through the VBG. This is due to the heating of the VBG and thereby related reduction of the 

reflectivity and broadening of the VBG spectrum, as will be discussed later. At ~20 W pumping 

the reflectivity had decreased to ~96 %. 

 

 
Figure 3.7. The powers coupled out through the output coupling mirror 

(x) and the grating (●) vs. launched pump power. The dashed line is the 

output of the VBG-laser as calculated using Eq. (3.3). 

Fig. 3.7  

To reach an output power roll-off at lower pump power, it was decided to replace the output 

coupling mirror with a similar one, but with a 10 % transmission instead of 15 %. The results 

from those experiments are presented in the following sub-section. 
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3.1.5 VBG-locked Yb:KYW laser with 10% output coupling 

This cavity configuration differs from the one described in the previous sub-section only by the 

transmission of the output coupler (10 % instead of 15 %). By lowering the level of output 

coupling, the threshold was reduced to approximately 9 W of pump power and the power roll-off 

similarly to 14 W of pump power, respectively, see Fig. 3.8 (a). The VBG’s reflectivity showed a 

highly nonlinear dependence on the intra-cavity power. This is seen in Fig. 3.8 (b), where the 

coupling through the VBG increased rapidly with increasing power, such that the power through 

the grating reached the power through the output coupler, as the intra-cavity power increased 

from ~4 W to ~6 W. 

 

Figure 3.8. (a) Output power vs. launched pump power. The power 

coupled out through the output coupler and the VBG are marked by “x” 

and ”●”, respectively.  (b) Output power vs. intra-cavity power. The 

power coupled out through the output coupler and the VBG are marked 

by “x” and ”●”, respectively.  In both figures, the measured temporal 

fluctuations are visualized by the full lines, (maximum and minimum 

values). 
Fig. 3.8  



31 

 

In Fig. 3.9, the experimentally extracted reflectivity of the VBG at the laser wavelength is 

shown against the product of the absorption-coefficient and the incident-intensity (αabsI0,inc), 

which is the scaling parameter in the absorbed power distribution function (presented in Sec. 

3.2.1). Here, I0,inc refers to the peak intensity of the Gaussian beam incident on the VBG. Lasing 

at wavelengths off the reflectivity peak resulted in the local dips seen in Fig. 3.9. at αabsI0,inc ~25 

W/cm
3 

and at ~75 W/cm
3
. Also, one can see that there is a sharp roll-off as the reflectivity 

rapidly decreases from >98 % to around 90 % when αabsI0,inc increases from approximately 140 

W/cm
3
 to 180 W/cm

3
. 

 

Figure 3.9. Reflectivity of the VBG extracted from the experiment plotted 

against the product of the absorption-coefficient and the incident-

intensity (αabsI0,inc). 
Fig. 3.9  

 

Besides increased output coupling, through the VBG at higher thermal load, the laser 

spectrum changes as well. The spectrum of the laser was recorded at different powers with an 

optical spectrum analyzer (OSA, resolution bandwidth = 0.07 nm). The results from these 

measurements are presented in Fig. 3.10 and Fig. 3.11, showing changes in peak position and 

spectral profiles, respectively. 

The shift in laser wavelength is shown in Fig. 3.10. Except for one measurement point, the 

laser had a single operational wavelength, which increased monotonically up to a value of 

αabsI0,inc = 155 W/cm
3
.  At the parameter value of αabsI0,inc ~ 60 W/cm

3
 it was observed that the 

laser output jumped to two wavelengths, with a separation of ~ 0.07 nm, which was within the 

VBG’s spectral width of < 0.2 nm (FWHM).  The average value of the two peaks followed the 

trend line. Furthermore, for αabsI0,inc between 100 W/cm
3
, and 155 W/cm

3
 the peak redshift 
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showed a highly nonlinear increase, and for αabsI0,inc ~155 W/cm
3
, a second, lower peak appeared 

about 0.15 nm on the red side of the main peak and remained there for higher pump powers, 

giving the laser a double peak spectrum.  

 

Figure 3.10. Position of spectral peaks vs. thermal load on the VBG, as 

given by αabsI0,inc. 
Fig. 3.10  

 

Figure 3.11 shows the laser spectra at αabsI0,inc values of 10, 150, and 180 W/cm
3
, 

respectively. These spectra are the average traces of 20 sweeps. For αabsI0,inc ~150 W/cm
3
, even 

though the spectrum had a single average peak it was observed that the emission wavelength 

fluctuated. These fluctuations were no longer detectable with the OSA as the spectrum changed 

from single to double peak at αabsI0,inc  ~155 W/cm
3
. Also, the magnitude of the side peak 

increased such that the side-to-main peak ratio increased from 2 % to 12 % as αabsI0,inc increased 

from 155 W/cm
3
 to 180 W/cm

3
. 



33 

 

 

Figure 3.11. Spectra for the VBG laser for three different pump levels 

corresponding to αabsI0,inc values of 10, 150 and 180 W/cm
3
. 

Fig. 3.11  

 

The dynamic behavior of the laser was investigated by spatially resolving the spectrum with a 

reflection grating and simultaneously recording the two main wavelengths (denoted Ch. A. and 

Ch. B.) with two photodiodes. The results from the measurements conducted at αabsI0,inc  ~150 

W/cm
3
 and ~180 W/cm

3
, respectively, are presented in Fig. 3.12 and Fig. 3.13. In the 

measurement at αabsI0,inc  ~150 W/cm
3
,
 
the center peak of the spectra recorded in Ch. A. and Ch 

B., respectively, were separated by approximately 0.04 nm (Fig. 3.12 (a)). The oscillation 

(shown in Fig. 3.12 (b)) had a frequency of approximately 12 Hz and showed anti-phase 

dynamics between the mode groups on the long and the short wavelength side of the spectrum. 

The measurements at αabsI0,inc  ~180 W/cm
3
 were conducted at the center wavelengths of the two 

peaks in the double-peak spectrum (shown in Fig. 3.13 (a)). As shown in Fig. 3.13 (b), these 

measurements also showed anti-phase dynamics, but with a frequency of approximately 175 Hz. 

The oscillation frequency dependence on the value of the factor αabsI0,inc indicate that these anti-

phase dynamics were of thermal origin. 
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Figure 3.12. (a) The spectrum of the signal in each of the two channels 

(Ch. A. and Ch. B.) at αabsI0,inc ~150 W/cm
3
. Each spectrum was 

normalized by dividing it by its maximum value. (b) The traces of the 

oscillations in the two channels at αabsI0,inc ~150 W/cm
3
. 

Fig. 3.12  
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Figure 3.13. (a) Normalized spectrum of the signal in each channel (Ch. 

A. and Ch. B.) at αabsI0,inc ~180 W/cm
3
. (b) The traces of the oscillations 

in the two channels at αabsI0,inc  ~180 W/cm
3
. 

Fig. 3.13  
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3.2 Simulations 
Besides the overview description of the simulation process given here, the present section is 

organized in four sub-sections. In Sections 3.2.1 and 3.2.2, the two parts of the model are 

described, respectively. Section 3.2.3 concerns a simulation of the grating used in the 

experiments described in Section 3.1. This simulation shows that an inhomogeneous temperature 

distribution deforms the grating such that the diffraction efficiency is reduced and the light 

penetrates deeper into the VBG, which accelerates the deteriorating effects. Presented in Section 

3.2.4 are numerical investigations of how different VBGs deteriorate depending on the reflected 

laser power. In the first study, the laser power limit was found for VBGs of different lengths, 

spanning from 2 to 10 mm. The aim of the study was to find the relation between the power limit 

and the VBG length. In the second study, the relation between the power limit and the radius of 

the reflected laser beam was analyzed. This was accomplished for VBGs also of length 2 mm 

and 10 mm. 

The approach to simulate the effects of an inhomogeneous temperature in a VBG, caused by 

absorption of a reflected laser beam, employs a two part model. Here, the first part is a transfer 

matrix model of the VBG, and the second part is a three-dimensional (3D) finite element heat-

transfer model (FEM; COMSOL Multiphysics 4.3), which calculates the temperature distribution 

in the glass bulk. The two parts are used together in the following way: 

The model is set up by creating a basic grating, in the VBG-model, with the grating period Λ, 

the length of the VBG L, and the refractive index modulation n1, as input. Here, L and n1 relates 

to each other as a constant product for given values of the maximum diffraction efficiency DEmax 

and the grating period (i.e., the Bragg wavelength, λB). Also, the geometry of the bulk glass piece 

needs to be defined in the heat transfer model with the material parameters and the desired 

boundary conditions. 

As is shown in Fig. 3.14, the simulation chain starts with the calculation of the diffraction 

efficiency spectrum DE(λ), for a desired wavelength range. This is followed by calculating the 

normalized intensity distribution I(z), along the beam propagation direction, for the wavelength 

of the reflectivity maximum, DEmax. The normalization is the sum of the intensity of the forward 

and the backward propagating wave inside the VBG divided by the incoming intensity, that is, 

the value at the VBG surface closest to the laser cavity is 1 + DEmax. The absorption power loss, 

in principle can be introduced in the transfer matrix solution. However, in all practical VBGs 

used in laser cavities the absorption is low enough not to change the intensity distribution inside 

the grating. That is a reasonable but nonessential simplifying assumption employed in these 

simulations.  

Furthermore, before performing the first temperature calculation, the initial value of the 

product of the absorption coefficient and the incident intensity αabsI0,inc, needs to be set. This 

product is a scaling parameter used together with I(z) to define the heat source, in the heat-

transfer model. 

Now, the heat transfer-model calculates the temperature distribution in the bulk glass, and 

outputs the temperature profile along the beam path, T(z).   
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The VBG-model uses this temperature profile to modify the grating structure accordingly, and 

calculates DE(λ) and I(z) for the chirped grating. At this point, the model checks if the last 

calculated I(z) is similar, within a preset tolerance, to the intensity profile used in previous step, 

in the heat transfer model. If so, the model is considered to have found a converged solution for 

the current value of αabsI0,inc. DE(λ), I(z), T(z), and αabsI0,inc are the outputs from the simulation. 

The next step is to find a solution for a higher value of αabsI0,inc. Hence, to re-start the calculation 

process, the value of αabsI0,inc is increased and used together with I(z) in the heat-transfer model. 

If the model has not converged, I(z) is used together with the old value of αabsI0,inc in the heat 

transfer model. 

The impact of an increase of the αabsI0,inc value, on the VBG, increases in a highly nonlinear 

manner with αabsI0,inc. Thus the step size should be reduced as the value of αabsI0,inc is increased. 

 
Figure 3.14. Schematic of the simulation process. The simulation finds 

steady state solutions of DE(λ), I(z) and T(z) for incremental values of 

αabsI0,inc. For each αabsI0,inc value the simulation model iterates between 

the two parts until the solutions converge. 
Fig. 3.14  

 

3.2.1 3D Finite Element Method Heat Transfer model 

To acquire the temperature distribution, the VBG was modeled in 3D using the finite element 

method (FEM). The model finds a solution to the stationary heat transfer equation; 

   .QTk   (3.6) 

Material parameters used to solve Eq. (3.6) were the thermal conductivity k = 

1 W/(m×K)  [46] and measured density ρ = 2496 (±1) kg/m
3
. The temperature dependent heat 

capacity, Cp(T), was described by Eq. (3.1).  
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In this model, the absorption is assumed to be small, such that depletion of the laser beam is 

negligible, and the beam is a Gaussian wave with a constant radius. 

To simulate the heating by absorption of a reflected laser beam, the absorbed energy, Q, was 

defined as;  

 )(2exp),,(
2

22

,0 zI
yx

IzyxQ incabs










 





.

 (3.7) 

Here, ω is the beam radius, x, y and z are Cartesian coordinates where z is the propagation 

direction of the laser beam and I(z) is the intensity distribution in position z. The investigation 

was conducted for incremental steps of the αabsI0,inc quantity. 

 

 

3.2.2 Transfer matrix grating model 

The model was used to calculate the wavelength dependent diffraction efficiency, DE(λ), and the 

intensity distribution along the beam path, I(z), with the wavelength that matches the peak 

reflectivity of the grating. This modeling approach has the great advantage compared with 

others, such as the coupled wave theory  [43], that it provides full freedom to modify the grating 

structure. All simulated gratings were highly reflecting (~99.5 %) and had a sinusoidal refractive 

index modulation, with an average refractive index of n0 = 1.49. 

The first step, when modeling a VBG of given length, L, with the maximum diffraction 

efficiency, DEmax,  and the Bragg wavelength in vacuum, λB, is to determine the grating period, 

Λ, and the modulation amplitude, n1. The grating period can be calculated from λB, using the 

Bragg condition, Eq. (2.11). 

And, it follows from coupled wave theory  [43] that the modulation amplitude relates to L, 

DEmax and λB as: 

  .tanh max

1

1 DE
L

n B 




. 
(3.8) 

The sine shaped refractive index modulation was modeled by dividing each period into a 

number, K, of elements of equal length but with varying refractive index. For our simulations, 

the optimal value of K was found to be 32. Increasing the value of K to 64 did not change the 

simulation output, but increased the calculation time. While, using K = 16 resulted in a slightly 

different output. One of those periods is schematically shown in Fig. 3.15. 

The number of periods, G, required to construct the grating is given by G = L/Λ. Thus, the 

VBG will be represented by N = G∙K elements, where the length and the refractive index of each 

element can by modified individually. This provides a great flexibility when investigating VBGs. 

In our simulations, the elements were adjusted according to a temperature distribution, using the 

thermal expansion coefficient, αex = 8.5×10
-6 K

-1
, and the thermo-optic coefficient, 

dn/dT = 5×10
-7

 K
-1

  [46].  
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The diffraction efficiency spectrum, DE(λ), of the VBG was acquired by calculating the 

matrix M, given by Eq. (2.17),  and the diffraction efficiency, given by Eq. (2.20), for the desired 

range of wavelengths.  

Furthermore, the first step to calculate the intensity distribution along the beam path, I(z), is to 

first calculate the electric field, E(z), using the boundary and propagation matrices, given by Eqs. 

(2.13) and (2.15), and adding the forward and the backward propagating fields. The normalized 

intensity distribution is calculated as: 

 ,)()(
)0()0(

)1(
)(

2

2
zEzn

En

DE
zI




. 

(3.9) 

where n(0) and E(0) is the refractive index and the electric field in the element closest to the 

entrance/exit face of the VBG, respectively. In the 3D finite element model, I(z) is used together 

with the product of the absorption coefficient and the incident intensity (αabsI0,inc) to define the 

heat source.  

Stress-induced refractive index changes have been neglected in this model. This 

approximation was validated by a finite element analysis, which showed that PTR glass would 

be required to have stress optic coefficients three orders of magnitude larger than those of 

silica  [58] to have an impact on the results, which seems unrealistic.  

 

 

 
Figure 3.15. Bar chart illustrating the modeling of a sinusoidal 

refractive index modulation. 
Fig. 3.15  
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3.2.3 Simulation of the experimental grating 

The simulated VBG was similar to the grating used in the experiments, described in Chapter 3, 

regarding the Bragg wavelength, λB = 1029.3 nm, physical size (length = 9.7 mm, aperture 5 × 5 

mm
2
) and maximum diffraction efficiency (DEmax = 99.4 %). This length and diffraction 

efficiency correspond to a modulation strength, n1, of 1.1×10
-4

. The beam radius was set to 250 

µm, taken from our experiments. 

The boundary conditions for the FEM model were set as follows: The bottom side of the VBG 

was maintained at 20 °C to simulate the cooling by the Peltier element employed in our 

experiments while the remaining sides experienced cooling from convection into the surrounding 

air at 20 °C.   

Solutions for DE(λ), I(z) and T(z) were acquired for 13 values of the factor αabsI0,inc, ranging 

from 0 to 137 W/cm
3
 , where the latter was the highest value for which the simulation algorithm 

converged to a steady state solution. As seen in Fig. 3.16, analyzing DEmax regarding the 

magnitude and the position revealed not only a reduction and a redshift, but also that increasing 

αabsI0,inc, accelerated the reduction of DEmax. For αabsI0,inc < 80 W/cm
3
, the redshift is 

approximately linear with a slope of 2×10-4 nm/(W/cm
3
), as in seen in Fig. 3.16 (right y-axis). 

However, the redshift rapidly increases as αabsI0,inc goes beyond 120 W/cm
3
. An explanation for 

these accelerating behaviors is found in Fig. 3.17, which shows the normalized intensity 

distributions for an un-chirped grating and for chirped gratings, where αabsI0,inc equal is to 125 

W/cm
3
 and 137 W/cm

3
, respectively. As αabsI0,inc increases, I(z) changes such that the relative 

amount of power in the VBG increases. For αabsI0,inc = 137 W/cm
3
, the peak of the intensity has 

shifted from the entrance/exit face to approximately 0.5 mm into the VBG and has a value just 

over two. This shows that a standing wave has formed in the VBG.  

Furthermore, as αabsI0,inc increases from 0 to 137 W/cm
3
, about half of the intensity 

redistribution occurs above αabsI0,inc  = 125 W/cm
3
. A severe consequence of this redistribution of 

intensity is that the absorbed power does not scale linearly with the incident power. 
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Figure 3.16. Calculations of the maximum diffraction efficiency (left y-

axis) and the wavelength shift of the peak compared to an un-chirped 

grating (right y-axis) for various levels of absorbed intensity (αabsI0,inc). 
Fig. 3.16  
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Figure 3.17. The normalized intensity distribution along the beam path, 

z, inside the VBG for an un-chirped grating as well as for a chirped 

grating where the value of αabsI0,inc are equal to 125 W/cm
3
and 137 

W/cm
3
, respectively. Position 0 mm is the end surface of the grating 

closest to the laser cavity. The normalized intensity is the sum of the 

intensity of the forward and the backward propagating wave inside the 

VBG divided by the incoming intensity, i.e,. the value at the VBG surface 

closest to the laser cavity is 1 + DEmax. 
Fig. 3.17  

 

When the chirp is introduced into the grating due to heating, not only is the peak reflectivity 

reduced and shifted, but the whole wavelength dependent reflectivity function, DE(λ) is also 

changed. In Fig. 3.18, DE(λ) is depicted for an un-chirped as well as for a chirped grating with 

the input given by αabsI0,inc = 137 W/cm
3
. Comparing the two, the peak of the diffraction 

efficiency of the chirped grating is red-shifted about 0.04 nm and it has decreased from 99.4 % to 

98.2 %. At the same time, the reflectivity bandwidth has increased from 0.09 nm to 0.14 nm at 

FWHM. Furthermore, the side-lobes on the red side of the main peak have increased while the 

side-lobes on the blue side have decreased. When DE(λ) is changed in this way, the  intensity 

penetrates deeper into the grating giving an inhomogeneous temperature distribution, as shown 

in Fig. 3.19, with the highest temperature inside the grating instead for at the surface.  
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Figure 3.18. The diffraction efficiency as a function of the wavelength for 

an un-chirped as well as for a chirped grating with the input given by 

αabsI0,inc = 137 W/cm
3
. 

Fig. 3.18  

 

 

 
Figure 3.19. The temperature distribution, for two values of input power, 

in the center of the laser beam is shown vs. the z-coordinate in the VBG 

with z = 0 mm as the entrance/exit facet for the beam. 
Fig. 3.19  
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3.2.4 Numerical study of the power limit of VBGs of various lengths and 

beam sizes 

In the first study, the power limit of the laser was found for VBGs of different lengths, spanning 

from 2 to 10 mm, and exposed to a laser beam of radius (1/e
2
) ω = 250 μm. The aim of the study 

was to find the relation between the power limit and the length of the VBG. In the second study 

described here, the relation between the power limit and the radius of the reflected laser beam 

was analyzed. This was also carried out for VBGs of lengths 2 and 10 mm, respectively.  

All the modeled gratings were high reflecting, with initial maximum diffraction efficiency of 

99.5% at the Bragg wavelength (λB = 1029 nm), and with apertures of 5 × 5 mm
2
. Both the 

bottom and the top surfaces were assumed to be temperature controlled and set constant at 20 °C, 

while the remaining sides experienced cooling from convection in to the surrounding air at 

20 °C.  

It follows from Eq. (3.8) that the product of L and n1 is constant for a given value of DEmax. A 

consequence of the increasing n1 value, with decreasing VBG length, is that the spectral width 

also increases. This is seen in Table 3.1, which shows the so-called zero-to-zero spectral width, 

Δλ, ranging from ~0.1 nm (L = 10 mm) to ~0.5 nm (L = 2 mm). The desired spectral selectivity 

is, of course, a restricting factor when selecting a VBG for a specific application.  

Table 3.1. The refractive index modulation amplitude, n1, and the zero-

to-zero spectral width, Δλ, for the simulated VBGs of different length, L. 

L [mm]: 2 3 4 5 6 8 10 

n1 [10
-4

]: 5.47 3.65 2.74 2.19 1.82 1.37 1.09 

Δλ [pm]: 518 346 259 208 173 130 103 

The maximum diffraction efficiency of the VBGs was reduced with increasing αabsI0,inc, in a 

highly nonlinear fashion due to spectral broadening, and a subsequent intensity redistribution, 

which in turn lead to an even larger spectral broadening and a reduction in the maximum 

reflectivity. So, the maximum reflectivity for small values of αabsI0,inc remained fairly constant 

with only a slow reduction, as the intensity increased. As the limiting point was reached, 

however, the maximum reflectivity dropped precipitously. The limiting value of αabsI0,inc 

depended highly on the length of the VBG. This is seen in Fig. 3.20, which shows the derivative 

of the maximum diffraction efficiency with respect to the product of the absorption coefficient 

and the incident intensity, dDEmax/d(αabsI0,inc). In our calculations, we have defined the power 

limit to the αabsI0,inc value corresponding to dDEmax/d(αabsI0,inc) = -10
-3

 cm
3
/W. At this power 

limit, the diffraction efficiency of the simulated gratings had been reduced to around 98.3 %. 

Obviously, there is certain arbitrariness in defining the limiting power. One can notice, that in 

order to avoid output power roll-off and a subsequent decrease in reflectivity as the VBG losses 

become higher, the absolute value of the derivative of the roundtrip gain versus intensity should 

be higher or equal to that of the loss. So, the critical point will depend on the laser saturation 

intensity, small-signal gain and the intensity in the laser gain medium. The value of 
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dDEmax/d(αabsI0,inc) used here corresponds to the Yb:KYW laser, described in Sec. 3.1, which was 

actually used for the experimental validation of the model.  

 
Figure 3.20. Derivative of DEmax with respect to αabsI0,inc. The lines show 

the results for VBGs of length, in order from the left to the right, 10, 8, 6, 

5, 4, 3, and 2 mm, respectively. The radius of the beam irradiating the 

VBGs was constant at 250 μm.   

Fig. 3.20  

As seen in Fig. 3.21, the power limit increased with decreasing length of the VBGs, as one 

could expect. This dependence, however, is clearly nonlinear. For the limit expressed in terms of  

the absorbed power, the limit of the 2 mm long VBG is about 2.1 times higher compared to the 

limit of the 10 mm long VBG (Fig. 3.21 (a)). The nonlinearity is probably the result of a larger 

effect of the internal redistribution of the intensity due to the heat-related detuning of the grating 

in the long VBGs. Furthermore, for a given incident power, the amount of laser power present 

inside the glass bulk is larger for a long VBG as compared to a short one, since it had a weaker 

modulation strength. Consequently, the limit disparity becomes even greater when expressing the 

limit in terms of the incident power. As one can see in Fig. 3.21 (b), the limit for the 2 mm long 

VBG, expressed in incident power, is approximately 9.5 times higher than that of the 10 mm 

long one. Fitting a power function of the form:  

 𝛼𝑎𝑏𝑠𝑃𝑖𝑛𝑐 = 𝑎 × 𝑙−𝑏 , (3.10) 

where l is the length of the VBG, expressed in mm, to the results found a good agreement for a = 

3.93 and b = 1.47, which is also shown in Fig. 3.21 (b). 
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Figure 3.21. (a) Power limit expressed as the absorbed power. (b) The 

power limit as expressed as the product of the absorption coefficient and 

the incident power. The radius of the beam irradiating the VBGs was 

constant at 250 μm.  
Fig. 3.21  

 

It is interesting to observe that the power limit expressed in terms of the incident power, 

αabsPinc, related approximately linearly to the beam radius, with a slope of 3.4×10
-3

 W/(cm×μm) 

and 1.8×10
-4

 W/(cm×μm) for the 2 mm and the 10 mm long VBG, respectively, which is seen in 

Fig. 3.22. A slight deviation from a linear dependence in the case of long VBGs, again, is the 

result of larger sensitivity of the longer grating to the intensity redistribution at higher powers. In 

terms of the absorbed intensity, αabsI0,inc, the limit then will decrease approximately inversely 

proportional to the beam radius (see Fig. 3.23).   

 The reason for this is that changing the beam radius will alter the absorbed power distribution 

function, Eq. (3.7). That is, for a given value of αabsI0,inc,  the thermal power flow in the 

transverse direction will increase as the beam radius becomes smaller and the resulting 

transversal temperature gradients increase.    
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Figure 3.22. The power limit expressed as the product of the absorption 

coefficient and the incident power as a function of the reflected beam 

radius. Results for the 2 mm and the 10 mm long VBG are shown in (a) 

and (b), respectively. 
Fig. 3.22  

 

 
Figure 3.23. The power limit expressed as the product of the absorption 

coefficient and the incident intensity as a function of the reflected beam 

radius. Results for the 2 mm and the 10 mm long VBG are shown in (a) 

and (b), respectively. The solid lines are used to guide the eye. 
Fig. 3.23  
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3.3 Impact of absorption in VBG on a green solid-state laser and an 

application of the simulation model 
In this chapter, I describe how thermal effects in a VBG are limiting the output power of a green, 

solid-state laser. Also described is how the simulation model was applied to confirm the 

experimental observations. The laser was a diode-pumped, Yb:KYW laser with maximum output 

of 1 W at a wavelength of 514.7 nm. The green light was created through intra-cavity second-

harmonic (SH) generation in a periodically-poled, Rb-doped KTiOPO4 (PP-Rb:KTP) 

crystal  [59].  

3.3.1 Experimental setup 

The VBG employed in the laser was 3 mm long with an aperture of 5 x 5 mm
2
 and a maximum 

reflectivity of about 99.5 % at the Bragg wavelength, 1029 nm. 

The laser feature a “V-type” cavity design, in which the VBG served as an input coupler, See 

Fig. 3.24. Two highly reflecting curved dielectric mirrors were employed to control the cavity 

mode size. The folding mirror, M1, was highly reflecting (HR) for the laser fundamental 

wavelength at 1030 nm and highly transmissive (HT) at the pump wavelength of 980 nm. It had 

a radius of curvature (ROC) of 50 mm and was placed at a distance of 55 mm from the VBG 

input coupler. The second mirror, M2, was also HR coated at 1030 nm, but HT for the SH at 

514.7 nm and placed at a distance of 70 mm from the folding mirror M1. The ROC of M2 was 

25 mm, which created two small beam waists of 35 μm and 45 μm in the PP-Rb:KTP and the 

VBG, respectively. The laser crystal was a 3 × 3 × 3 mm
3
, b-cut Yb:KYW crystal with 5 % 

atomic doping and AR coated for both the pump and the fundamental wavelength. It was 

clamped in a water-cooled holder and placed approximately 3 mm from the VBG. The crystal 

was optically pumped by a collimated, free-space laser diode at 980 nm, focused through the 

VBG to a spot size of 95 μm × 70 μm (1/e
2
 radius) using a 25 mm lens. The AR coated PP-

Rb:KTP crystal was 3.2 mm long with an aperture of 6 × 1 mm
2
. The grating period of 7.99 μm 

corresponded to the phase-matching at the 1029 nm fundamental radiation at 80 
o
C   
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Figure 3.24. Experimental setup of the laser cavity. 
Fig. 3.24  

3.3.2 Results and Discussion 

The laser was evaluated at the fundamental wavelength without the PP-Rb:KTP crystal in the 

cavity, using three different output couplers, replacing the mirror M2, see Fig. 3.24. They had 

reflectivities of 1 %, 2 % and 5 %, respectively. A maximum output power of 1.3 W was 

obtained with the 5% output coupler at an incident pump power of 19 W.  

The laser output curve had a roll-over in all of the cases, but at different pump powers 

depending on the output coupler used. However, the intra-cavity power was approximately 27 

W, for all the three laser configurations, see Fig. 3.25. Pumping of the laser beyond the roll-over 

point resulted in more laser radiation, but not through the output coupler; instead, it leaked out 

through the VBG as the reflectivity dropped significantly. This behavior is a similar to that 

observed in the laser described in Sec. 3.1. The similarities in the intra-cavity power limit 

indicate that this effect was primarily caused by the absorption of the reflected laser beam, and 

that the absorption of the transmitted pump beam only had a negligible effect on the laser’s 

performance.  
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Figure 3.25. Output power for the fundamental wavelength with different 

output couplers. 

Fig. 3.25  

The VBG was simulated, using the approach presented in Sec. 3.2. For the calculation, inputs 

were taken from the experiment, such as the beam radius ω = 45 μm, the Bragg wavelength of 

1029.5 nm, and the relevant boundary conditions. To achieve a maximum diffraction efficiency 

of 99.5 % for the 3 mm long VBG, a modulation amplitude of 3.8×10
-4 

was used.  

The results show that an intra-cavity power limit of 27 W corresponds to an absorption 

coefficient of 1.54 % cm
-1

. As seen in Fig. 3.26, the maximum diffraction efficiency remained 

high for intra-cavity powers of up to approximately 26 W, where it rapidly decreased.   
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Figure 3.26. Simulation of the used VBG showing the change of the 

reflectivity and the center wavelength with increasing intra-cavity power. 

Fig. 3.26  

We used the absorption coefficient to simulate the heating by a 19 W pump beam, and 

compared the resulting temperatures to the ones caused by the reflected beam at 27 W of the 

intra-cavity power; see Fig. 3.27. Heating by the pump beam resulted in a temperature difference 

between the VBG’s end faces of about 1 K in the area of the reflected beam and the absorption 

of the reflected laser beam caused a temperature difference as high as 45 K. These results are in 

good agreement with the experimental observations that the pump beam only has a negligible 

contribution to the power limit. Hence, pumping through the VBG provides a simple cavity 

design with a good control of the beam size in the laser and the PP-Rb:KTP crystals. It should be 

noted that semi-homogeneous heating from a transmitted beam gives rise to a spectral redshift. 
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(a) 

  
  

(b) 

  
Figure 3.27. Cross-section of the temperature distributions of half the 

VBG. (a) The results from heating by the reflected laser beam at 27 W of 

circulating intra-cavity power. (b) The results from heating by the 19 W 

pump beam, focused through the VBG. The left edge is closest to the 

cavity and the bottom edge is the center of the VBG. The color bars show 

the temperature in Kelvin. Note the scale difference between (a) and (b). 

COMSOL Multiphysics 4.3. 

Fig. 3.27  
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A maximum green power of 1.1 W was obtained for 17 W of pump power, as seen in Fig. 

3.28 below. The linewidth at 514.7 nm was measured to be smaller than 0.05 nm, limited by the 

resolution of the spectrum analyzer. The green output power was almost as high as that which 

was obtained in the near-IR. This corresponds to a large depletion of the fundamental mode. It 

can be seen that the the SH power follows the theoretical curve until just below 1 W of green 

light being generated. At that point, the intra-cavity fundamental power clamps at a pump power 

of 16 W and an increase in pump power just leads to leakage through the VBG. 

This serves as an excelent exampel of how thermal effects in VBGs can limit a laser. 

 
Figure 3.28. Measured green output power and a theoretical prediction 

(solid line) [paper III]. 
Fig. 3.28  
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3.4 Discussion and Conclusion 

3.4.1 Discussion 

Both the experiments and the simulations show an accelerating decrease in the VBG reflectivity 

for increasing incident power, resulting in what can be described as a reflectivity cut-off.  A 

consequence of this rapid reduction in reflectivity is a significant roll-off of the laser output 

power, i.e., by increasing the pumping will primarily result in a leakage of the laser radiation 

through the VBG. Experimentally, the cut-off point occurred at a value of the product of the 

absorption-coefficient and the incident-intensity (αabsI0,inc) of ~140 W/cm
3
, in good agreement 

with the result of the simulation. Below the roll-off point, an increasing pumping affected the 

VBG such that the peak position of the laser spectrum red-shifted and stayed stable, and the 

reflectivity remained high (>98 %). 

For αabsI0,inc values between 140 and 155 W/cm
3
, the reflectivity at the lasing wavelength 

rapidly decreased from ~98 % to ~93 %, see Fig. 3.9. It is reasonable to assume that this 

decreasing reflectivity is representative for a reduction of the VBG´s maximum diffraction 

efficiency. 

As the value of αabsI0,inc increases from 155 to 180 W/cm
3
, the reflectivity decreased from 

~93 % to ~90 %. However, this reflectivity consisted of contributions from both the original 

peak and the additional subsidiary lower peak, where the wavelength of the latter is off the main 

reflectivity peak by ~0.15 nm (the peak separation), see Fig. 3.10 and Fig. 3.11. Thus, we cannot 

with certainty claim that the decreasing reflectivity for αabsI0,inc > 155 W/cm
3
, as extracted from 

the experimental data, is solely due to a reduction of the VBG’s maximum diffraction efficiency.  

Since the experiments and the simulation produced similar results regarding the reflectivity 

cut-off and the accelerating redshift, this simulation approach as a method to find and to 

investigate the cause of the thermal limitations of a VBG is valid. The double peaks in the 

spectrum at high pump power is attributed to the amplitude increase of the first side-lobe, located 

on the red side of the main peak in DE(λ) (Fig. 3.18), which, in turn, is a result of the increasing 

temperature chirp. 

Furthermore, the simulation shows that the redistribution of intensity (Fig. 3.17) is of major 

importance to the accelerating deterioration of the VBG properties, such that the absorbed power 

increases nonlinearly with increasing incident power. We have compared our approach to 

calculate the intensity distribution, which takes into account redistribution caused by both a 

varying Bragg wavelength in the thermally-chirped grating and the reduced reflectivity, with the 

one used by Waritanant  [6], which only accounts for the latter. For the un-chirped grating, 

which is the starting point for our simulation, the two methods generated the same result, as 

expected. However, at a value of αabsI0,inc = 137 W/cm
3
, our method resulted in approximately 

40% more laser power in the VBG. Our approach fits much better with the experiments, and it 

gives a better understanding of the mechanisms involved in the deterioration of the VBG 
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properties. When estimating the limit of a VBG employed in a high-power laser, the αabsI0,inc 

quantity is more useful compared to the absorbed power, as is the case in  [6]. 

Since short VBGs (e.g., L = 2 mm) have fewer reflecting periods compared to long ones (e.g., 

L = 10 mm), they can withstand larger temperature differences between the end faces before 

severe deterioration occurs. Thus, the power limit expressed in the absorbed power increased as 

the length of the investigated VBGs decreased. This is seen in Fig. 3.21 (a), where the limit in 

absorbed power of the 2 mm long VBG is about 2.1 times higher compared to the limit of the 10 

mm long VBG. Furthermore, for a given quantity of incident power, the amount of laser power 

present inside the glass bulk is larger for a long VBG compared to a short, since it has weaker 

modulation strength. Consequently, the limit disparity becomes even greater when expressing the 

limit in terms of incident power. As one can see in Fig. 3.21 (b), the limit for the 2 mm long 

VBG, expressed in incident power, is approximately 9.5 times higher than that of the 10 mm 

long one. A 2 mm long VBG with absorption coefficient αabs = 0.1 % cm
-1

, used as a laser mirror 

for spectral control, can withstand incident powers of up to 1.5 kW (assuming a laser-mode 

radius ω = 250 μm), while using a 10 mm long VBG, with similar absorption coefficient, would 

lower this limit to ~150 W. Hence, it is desirable to select a short VBG, when designing a laser 

with high intra-cavity power with a VBG for spectral control. If the spectral width of the grating 

allows the laser spectra to be multiple peaked it is preferable to increase the free spectral range 

by inserting a Febry-Perot etalon in the cavity. This cavity configuration can withstand higher 

intra-cavity power than if a longer (e.g., 10 mm), more spectrally selecting, VBG is used. In low-

power lasers, longer VBGs can with great benefit be used to narrow down the laser spectrum. 

One should notice, that in order to avoid output power roll-off and a subsequent decrease in 

reflectivity as the VBG losses become higher, the absolute value of the derivative of the 

roundtrip gain versus intensity should be higher or equal to that of the loss. So, the critical point 

will depend on the laser saturation intensity, small-signal gain and the intensity in the laser gain 

medium. 

 

3.4.2 Conclusions and outlook 

I have shown that the absorption changes the reflecting properties of VBGs. When the VBG is 

used as a cavity end mirror in a laser, this can have severe influence on the laser stability and its 

performance. The primary effect is a chirp and a broadening of the grating spectrum 

accompanied with a decreased peak reflectivity. The reduced reflectivity leads to a leakage of the 

radiation through the grating during lasing. Both the experiments and the simulation showed that 

a laser becomes successively more unstable when the power is increased. From the simulation it 

was found that this increased sensitivity was due to a reshaping of the intensity distribution 

inside the grating. This increasing sensitivity, in turn, leads to a sharp reduction of the main 

reflectivity peak at a input power level of approximately αabsI0,inc = 140 W/cm
3
. For circulating 

powers above this limit, our Yb:KYW laser output rolled off and the power was instead leaking 

out through the VBG. This happened as the spectrum changed from a single-peak to a double-

peak, where the second peak, compared to the main peak, was lower and located on the red side. 
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The simulations also showed that the power limit of a VBG-locked laser is highly dependent 

on the length of the employed VBG. The limit for a 2 mm long VBG, expressed in incident 

power, is approximately 9.5 times higher than that of a 10 mm long one, assuming similar 

absorption coefficient. The power limit of a 2 mm and a 10 mm long VBG was found for various 

beam radii.  The limit expressed in the incident power related linearly to the beam radius, with a 

slope of 3.4×10‐3 W/(cm×μm) and 1.8∙10‐4 W/(cm×μm) for the 2 and the 10 mm long VBG, 

respectively. 

For a 2 mm long VBG with absorption coefficient αabs = 0.1 % cm
-1

, used as a laser mirror for 

spectral control, the limit expressed in the incident power is 1.5 kW and 1.9 kW, when exposed 

to a laser-mode of radius 250 μm and 400 μm, respectively. 

Our simulation predicts the various limits of the VBG and can effectively be used when 

designing VBG lasers and other VBG systems. By using the αabsI0,inc parameter one can find the 

upper limits of the absorption coefficient required to achieve a specific desired power or to 

estimate the maximum power possible for stable operation for a given laser cavity, with a VBG 

with known absorption coefficient.  

It is my hope that the results presented in this thesis should be of benefit when designing laser 

systems, employing VBGs for spectral control. A next natural step could be to investigate 

various schemes for thermal management. To give an example, attaching a temperature 

controlled sapphire window to the entrance/exit face of the VBG. Also, it would be interesting to 

use the simulation model to investigate various pre-chirped gratings, to compensate for a 

thermally induced chirp.    
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4 Absorption in KTiOPO4 isomorphs 

4.1 Material properties 
KTiOPO4 (KTP) and its isomorphs are non-centrosymmetric crystals commonly employed for 

second-order frequency conversion. Besides KTP, the isomorphs used in this thesis are 

RbTiOPO4 (RTP), RbTiOAsO4 (RTA), KTiOAsO4 (KTA) and rubidium doped KTP (Rb:KTP). 

These ferroelectric materials are suitable for domain switching through periodic poling, thus they 

are widely used for quasi-phase-matched applications [12,13,33–37]. The optical transparency 

limit on the short wavelength side is quite similar for all of the isomorphs, with a cut-off at 

approximately 0.35 µm. On the long wavelength side, however, the phosphates have a cut-off at 

~4.3 µm while the transmission range for the arsenates extends out to ~5.3 µm [60]. This IR 

transmission cut-off in KTP has been associated with the first overtone of the v3 phosphate 

vibration [61]. 

All of the KTP isomorphs have a nonlinear d coefficient matrix of the form: 

 

𝑑 = [
0 0 0
0 0 0

𝑑31 𝑑32 𝑑33

0 𝑑15 0
𝑑24 0 0
0 0 0

], 

(4.1) 

where the values of the d components are presented in Table 4.1. 

The techniques used to grow the KTP isomorphs can be divided into two main categories, 

hydrothermal-growth [10] and flux-growth [11]. In the hydrothermal process, the crystal 

components are enclosed with a seed crystal in an autoclave, where the growth process requires 

both a constant very-high pressure (1.4×10
8
 Pa to 1.7×10

8
 Pa) and a high temperature (350 

o
C to 

600 
o
C) [62]. Crystals produced using this method are more uniform and less conductive 

compared to crystals produced using the flux-growth method. However, it is difficult to achieve 

large crystals and the technique is costly. For the flux-growth methods, the constituents are 

melted in a high temperature flux (700 
o
C to 900 

o
C) but still below the melting temperature of 

the desired crystal. The growth starts from a seed placed in the coldest spot in the solution and 

the growth continues as the temperature is slowly decreased throughout the solution. Flux-grown 

crystals are commercially available from several vendors to an acceptable price, thus all of the 

crystals used in this thesis work were flux-grown. 

 

Table 4.1. Nonlinear coefficients for KTP, KTA, RTP and RTA [63]. 

Nonlinear coefficients  KTP [pm/V]  KTA [pm/V]  RTP [pm/V]  RTA [pm/V] 

d15  2.02  2.30  1.98  2.17 

d24  3.75  3.64  3.98  3.92 

d31  2.10  2.30  2.05  2.25 

d32  3.75  3.66  3.82  3.89 

d33  15.4  15.5  15.6  15.9 
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4.1.1 Crystal structure 

The crystal structure of KTP was for the first time determined in 1974 by Tordjman et al. [64, 

65]. The structure of KTP can be described by building blocks of TiO6 octahedra, PO4 tetrahedra 

and K
+
 ions, as illustrated in Fig. 4.1. In the lattice, two crystallographic sites exists for titanium 

[Ti(1) and Ti(2)], phosphorus [P(1) and P(2)], and potassium [K(1) and K(2)], respectively, and 

ten additional sites for oxygen. Out of these ten oxygen sites, two are bound to two titanium ions 

only, so that the TiO6 octahedra are linked together, forming helical chains along the c-axis. 

Meanwhile, the other eight oxygen sites are located in between the phosphorus and the titanium 

ions, forming the crystal lattice by linking the PO4 tetrahedra to the TiO6 octahedra. This 

framework results in open channels parallel with the c-axis, see Fig. 4.2. Furthermore, since the 

titanium atoms are slightly displaced from the center in the octahedra, the Ti-O bonds in the 

helical chains alternates between being long and short. The two potassium ion sites are located at 

structural voids and are either eight-coordinated [K(1)] or nine-coordinated [K(2)] by the 

oxygen.  

The origin of the nonlinearity in KTP is not yet fully determined. It has been suggested that 

the alternation of the long and the short Ti-O bonds results in a net polarization and thus 

contributes to the nonlinearity [62, 66]. Another study suggests that the nonlinear properties 

originate from the KOx (x being 8 or 9) and the P(2)O4 groups  [67]. 

Substituting K
+
 for Rb

+
 results in a slightly elongated lattice along the a- and b-axis. On the 

other hand, replacing P with As increases the length of all the lattice axes, which is seen in Table 

4.2. 

 

Table 4.2. Lattice parameters for KTP, KTA, RTP and RTA. 

Lattice Parameters  KTP [Å] [68]  KTA [Å] [69]  RTP [Å] [70]  RTA [Å] [71] 
a  12.819  13.130  12.974  13.2428 

b  6.339  6.581  6.494  6.6685 

c  10.584  10.781  10.564  10.7624 
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Figure 4.1. Crystal structure of KTP. The axes are labeled with the 

Cartesian directions associated with the nonlinear susceptibility tensor 

as well as with the crystallographic directions in parentheses. 

Fig. 4.1  

  
Figure 4.2. Alternative view of the crystal structure of KTP. The white 

areas show the open channels along the c-axis. The axes are labeled with 

the Cartesian directions associated with the nonlinear susceptibility 

tensor as well as with the crystallographic directions in parentheses. 
Fig. 4.2  
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4.1.2 Ionic conductivity 

Motion of the alkali ions in the loose crystal framework results in ionic conductivity in the KTP 

isomorphs [72]. This motion is enabled by the alkali ion vacancies through a vacancy “hopping” 

mechanism, when an electric field is applied across the crystal. However, the open channels 

along the crystallographic c-axis make the conductivity highly anisotropic. In fact, the 

conductivity along the c-axis (typically 10
-4

 S/m for flux-grown KTP and KTA) is several orders 

of magnitude larger as compared to that of the perpendicular directions [73].  

For Rb:KTP, the Rb
+
 doping reduces the conductivity (to typically 10

-7
 S/m for flux-grown 

Rb:KTP). This reduction is a result of a higher activation energy for Rb
+
 (0.45 eV) than for K

+
 

(0.33 eV) in the KTP lattice [74], which is attributed to the larger ionic radius of Rb
+
 compared 

to that of K
+
 (about 1.1 times). Even at low concentrations (< 1%) of Rb

+
 will reduce the 

conductivity due to the so-called bottleneck effects in the ion channels. 

Furthermore, since the conductivity is enabled by the alkali ion vacancies it also depends on 

the technique employed during the crystal growth. Hence, the ionic conductivity can differ 

several orders of magnitude between the different samples of the same isomorph. 

 

4.1.3 Ferroelectricity and polarization domains 

Ferroelectric crystals possess a spontaneous electric polarization, which can be switched between 

different equilibrium states by an applied electric field. These states have the same crystal 

structure but with different direction of the spontaneous polarization. The electric field required 

to switch this spontaneous polarization is known as the coercive field. Also, a ferroelectric 

domain is defined as a region in the crystal with uniform polarization direction, and the 

intersection between two adjacent domains is known as a domain wall. In the KTP isomorphs, 

there are two available equilibrium states, known as 180
o
 domains, oriented in either the c

+
 or c

-
 

direction.  

Furthermore, these ferroelectric domains are stable for temperatures below the Curie 

temperature, Tc, at which the crystals undergo a structural phase transition and become 

paraelectric, that is, the spontaneous polarization disappears. The actual value of Tc depends on 

the growth condition and the inclusion of impurities but usually ranges between 892 
o
C and 960 

o
C in KTP [75]. 

It has been suggested that the spontaneous polarization is switched by a shift in the alkali ions 

with a slight relaxation of the adjacent oxygen ions, so that the alkali ions occupy alternative 

sites, from K(1) to an alternative K(2) site and from K(2) to an alternative K(1) site [76].  
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4.2 Impact of linear absorption on visible light generation in 

periodically-poled KTP isomorphs 
In this section, I discuss how the linear absorption affects the periodically-poled nonlinear 

crystals used for frequency conversion with quasi-phase matching (QPM).  

High-power, cw coherent light sources in the visible spectral region are useful in many 

applications, including laser displays and material processing. Often a narrow bandwidth at a 

specific wavelength is desirable for these light sources. An effective way to achieve this is to 

convert the near-IR output from a narrow bandwidth laser through a second-order nonlinear 

process. Here, it is particularly beneficial to employ a periodically-poled (PP) nonlinear crystal 

for QPM, since the QPM grating period (Λ) can be tailored to suit a given conversion process. 

However, linear absorption of the generated visible light will result in a thermally induced phase 

mismatch and can limit power scaling  [14–19]. To illustrate this thermal de-phasing, a SHG 

process can be considered, where the light can be assumed to consist of two monochromatic 

waves, the fundamental wave of frequency ω and the generated wave of frequency 2ω. Assume 

also that the grating period is chosen to achieve first order QPM, so that the phase mismatch is 

given by 

𝛥𝑘𝑄𝑃𝑀 =
𝑛2𝜔2𝜔

𝑐
−

2𝑛𝜔𝜔

𝑐
−

2𝜋

Λ
. 

(4.2) 

Since the refractive indices change with temperature, ΔkQPM = 0 can usually only be achieved for 

a specific temperature, T0. Suppose that the temperature of the nonlinear crystal is T0, so that,  

2𝜋

Λ
=

𝑛2𝜔2𝜔

𝑐
−

2𝑛𝜔𝜔

𝑐
, 

(4.3) 

where ni ≡ ni(T0). Then, the temperature derivative of Eq. (4.2) becomes 

𝜕

𝜕𝑇
𝛥𝑘𝑄𝑃𝑀 =

2𝜔

𝑐
(

𝜕𝑛2𝜔

𝜕𝑇
−

𝜕𝑛𝜔

𝜕𝑇
+ 𝛼𝑒𝑥(𝑛2𝜔 − 𝑛𝜔) ), 

(4.4) 

where αex is the thermal expansion coefficient. Now, the de-phasing as a function of the 

temperature deviation from T0 (ΔT) can be obtained as: 

𝛥𝑘𝑄𝑃𝑀(𝛥𝑇) =
2𝜔

𝑐
(𝛥𝑛2𝜔 − 𝛥𝑛𝜔 + 𝛼𝑒𝑥𝛥𝑇(𝑛2𝜔 − 𝑛𝜔)), 

(4.5) 

where Δni = ni(T0+ΔT) - ni(T0).  

It is commonly known that a ΔT of only a few degrees has a severe deteriorating impact on 

the conversion efficiency, e.g. a KTP crystal used for SHG into the green spectral region with a 

10 mm long poled area usually has a temperature bandwidth (FWHM) of around 5 K. Hence, 

maximizing the frequency conversion efficiency requires a precise control of the crystal 

temperature, which can be accomplished by placing the nonlinear crystal in a crystal oven. By 

doing so, an absorption induced temperature increase can be compensated for by lowering the 

oven temperature. However, the absorption coefficient for light in the visible spectral region can 

be several orders of magnitude larger as compared to the coefficient for near-IR. And, since the 

generated wave grows in power as the interacting waves propagate through the crystal, the 

temperature distribution along the crystal becomes inhomogeneous, with a spatially varying 
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ΔkQPM as a consequence. Thus, perfect phase matching is not achieved throughout the entire 

interaction length even though the oven temperature is adjusted to compensate for the average 

temperature increase.  

The impact of this inhomogeneous phase mismatch is visualized in Fig. 4.3, which shows the 

results of a numerical simulation of SHG down to 532 nm from a high-power cw infrared beam 

in a 1 cm long periodically-poled KTP crystal with an absorption coefficient of 0.04 cm
-1

 at 532 

nm. The fundamental wave is assumed to be a Gaussian beam focused to a waist radius of 31 µm 

(focusing parameter of ξ = 1) in the center of the crystal.  

In the numerical model an iterative approach was employed, combining the coupled-wave 

equations for the fundamental and the second-harmonic fields and the heat transfer equation. In 

essence, the linear absorption terms in the coupled-wave equations determine the absorbed heat 

distribution within the nonlinear crystal, which, in turn, is used to calculate the resulting local 

temperature. The changes of the phase-matching condition are then used to recalculate the 

optical field distributions. These steps are then repeated until a steady-state solution is reached. 

The calculated SH powers, as presented in Fig. 4.3 (a), illustrate the importance of adjusting 

the temperature. As is seen, adjusting the oven temperature (green curve) resulted in about 3.5 

times more SH power at 60 W of fundamental power as compared to when no adjustment was 

done (red curve). Here, the difference in the final oven temperature is 8.4 K. The upper curve 

shows the calculated power result of green light when the absorption is set to zero. This power 

level is significantly higher and this shows that ignoring the linear absorption will result in a 

misleadingly high conversion ratio when performing calculations for high-power SHG. 

Furthermore, when considering the conversion efficiency presented in Fig. 4.3 (b), it appears that 

the thermally induced distribution of ΔkQPM severely limits the conversion efficiency. In this 

case, it reaches a maximum efficiency of approximately 20 % at ~35 W of incident IR power, 

while further increase of the incident power results in a slightly reduced efficiency. 
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Figure 4.3. Numerical simulation of cw high-power SHG in KTP, where 

(a) shows generated SH power and (b) shows the corresponding 

conversion efficiency. 
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Fig. 4.3  

Table 4.3. Sample absorption, ionic conductivity, effective nonlinear 

coefficient and temperature acceptance bandwidth [77]. 

 Sample  α @ 532 nm [cm
-1

]  Conductivity [S/m]  deff [pm/V]  ΔTFWHM [K]  

 V1L  0.005±0.002  (5.0–8.2) × 10
-8

  9.7  5.7  

 V2H  0.043±0.002  (0.8–1.1) × 10
-4

  10.5  5.6  

Although numerical calculation enables the visualization of the effects of the linear 

absorption, it is important to remember that the results obtained in an actual experiment could 

also be affected by other effects as well, such as two-photon absorption and thermal lensing. 

Results from high-power, single-pass cw SHG experiments with two PPKTA samples are 

presented in Fig. 4.4. These samples were provided by two different vendors and are denoted 

V1L and V2H, respectively. The poling area for the samples was 8 mm long with a grating 

period of 8.49 µm, which phase-matched for room-temperature SHG at 1066 nm. The KTA 

samples differed in their ionic conductivity and absorption, the numerical parameters are 

presented in Table 4.3 together with their respective effective non-linearity and temperature 

acceptance bandwidth [77].  

The fundamental beam was provided by a tunable cw Yb-doped fiber laser, delivering powers 

of above 100 W with a spectral width of FWHM < 60 pm and with a beam quality factor, M
2
 < 

1.2. This pump light was focused into the different crystals to a beam waist radius of ~25 µm, 

which corresponds to a focusing parameter of ξ = 1.1. For proper thermal contact and heat 

removal, the crystals were wrapped in indium foil and housed in an aluminum holder, which was 

mounted in a temperature-controlled oven. Since no AR coating was present on the end facets of 

the crystals, they were slightly tilted to prevent feedback to the pump laser. Also, all measured 

values for both the launched pump and green output powers were corrected for the Fresnel losses 

at the crystal surfaces. Hence, the presented values are assumed to correspond to the actual 

power levels in the crystals.  

To evaluate the experimental data, the above mentioned model was again employed to 

calculate the expected SH output from the two crystals assuming perfect phase matching, i.e., not 

taking any dephasing effects into account. Pump depletion, the focusing arrangement, and the 

linear absorption of the pump and the SH signal, however, were all included in the calculations. 

Both the numerical predictions and the experimental results of the generated SH power and the 

conversion efficiency are presented in Fig. 4.4 (a) and (b), respectively. As is seen in Fig. 4.4 (a), 

the SH power generated in the more absorbing V2H sample starts to deviate from the numerical 

prediction at considerably lower power levels, in comparison to the SH output from sample V1L. 

This is presumably caused by an earlier onset of the absorption-induced thermal dephasing. 

Another consequence of the higher absorption in V2H is a larger adjustment of the oven 

temperature with increasing SH powers compared to that of V1L, which is presented in Fig. 4.5. 

Power scaling of up to 13.6 W of green power at 25 % conversion efficiency was achieved in 

sample V1L, while in sample V2H power scaling only reached 5 W at 17% conversion 

efficiency. In both samples, the upper limit was placed by an onset of SH power fluctuations 
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(>30%), determined to be associated with a slow response of the crystal oven and the 

temperature controller. Hence, it is likely that a correction of the thermal management scheme, 

such as reducing the samples’ aperture size, could improve the maximum stable SH output 

power. None the less, at the moment, 13.6 W is the highest reported generated power employing 

a periodically-poled KTP isomorph in a single-pass setup for SHG into the green spectral region. 

These experiments show the potential that high-quality, low-absorbing KTP isomorphs has for 

high-power cw frequency conversion to the visible spectral region. 
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Figure 4.4. Comparison of experimental and numerical results for (a) 

second-harmonic signal vs fundamental power and (b) second-harmonic 

conversion efficiency vs fundamental power. 
Fig. 4.4  
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Figure 4.5. Phase-match temperature offset vs generated SH power. 
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4.3 Photochromic damage 
Photo-induced absorption, also called light-induced absorption, photodarkening, or 

photochromic damage, refers to the creation of absorbing color-centers in otherwise optically 

transparent materials. Even though the creation of color-centers often is a reversible process, 

photo-induced absorption can lead to a severe decrease in the performance of an affected optical 

element and can actually cause catastrophic breakdown. 

Early on, it was observed that the injection of free charge carriers in KTP, either by direct 

optical absorption [20–30], by passing an electric current through the sample  [78], or by thermal 

reduction in a H2 atmosphere [78,79], led to the formation of color centers, the so-called grey 

tracks, in the bulk of the crystal with characteristically broad absorption bands in the visible 

range and with absorption tails extending into the near-infrared region. Electron-paramagnetic-

resonance (EPR) studies indicated that the presence of color centers was associated with the 

emergence of Ti
4+

/Ti
3+

 electron traps and O
2-

/O
-
 hole traps on the bridging oxygen ion adjacent 

to the Ti ions [27,78,80,81]. These electron and hole traps are inherently unstable and require a 

charge compensating mechanism in order to stabilize them. In KTP, the stabilization of the 

centers can be provided by stoichiometry defects: potassium vacancies (VK)
-
 and oxygen 

vacancies (VO)
2+

. These defects are naturally present in flux-grown KTP, while the concentration 

of the defects depends on the crystal growth temperature [82]. Importantly, the VK are mobile 

even at room temperature and are mainly responsible for the quasi-one-dimensional ionic 

conductivity in KTP [72]. Indeed, there is some previous evidence that the induced absorption in 

KTP correlates with the ionic conductivity of the crystal [25]. Attempts to reduce the ionic 

conductivity by doping KTP with Ga or Ce have been explored [82,83], but such doping makes 

the material unsuitable for periodic poling and, therefore, of little interest for many applications. 

Impurities, primarily Fe
3+

 which can act as  hole traps have also been identified in KTP by EPR 

and spark mass spectrometry measurements [27,79,82]. Although Fe
3+

 centers cannot be totally 

ruled out as contributing to the induced absorption, the concentration of these impurities is quite 

low (of the order of 10
16

 cm
-3

) [82] and it was shown [84] that their most pronounced effect in 

KTP was to slightly shift the fundamental bandgap to lower energies.  

For periodically-poled nonlinear crystals, employed for quasi-phase-matched frequency 

conversion, photo-induced absorption causes not only a reduced transmission but also a phase 

mismatch due to the increased thermal load, which also will decrease the performance of the 

device. The deteriorative impact by color-center formation on the conversion efficiency of the 

second-harmonic generation in a PPKTP crystal is shown in Fig. 4.6.  

In this experiment, visible radiation was obtained at the target wavelength of 515 nm through 

extra-cavity, single-pass SHG. The poling area of the employed PPKTP sample was 8 mm long 

with a grating period of 7.99 µm, which should phase-match SHG from 1030 nm at 85 °C. The 

sample had an effective nonlinearity deff = 9 pm/V and a temperature bandwidth FWHM of 5K, 

both determined at low power cw operation.  
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 The crystal was pumped with 42 ns long pulses at a wavelength of 1030 nm and with a 

repetition frequency of 94.7 Hz. The fundamental beam was loosely focused into the uncoated 

crystal to a beam waist radius of 61 µm, which corresponds to a focusing parameter of ξ = 0.22. 

As is seen in Fig. 4.6, the conversion process reached a maximum efficiency of 63 % at an 

incident fundamental average power of ~12 mW, corresponding to a SH pulse energy of 84 µJ. 

Increasing the incident power further reduced the generated SH power drastically, causing a 

rapid decrease in the conversion efficiency, which was attributed to a strong color-center 

formation. At this point, the peak intensity inside the crystal was 47 MW/cm
2
, which should be 

compared to previously reported grey-tracking thresholds of 80 MW/cm
2
 [85] and 2 

GW/cm
2
 [23] for pulses with durations of 10 ns and 26 ps, respectively. Both of the reported 

threshold values were measured at a wavelength of 532 nm at a repetition rate of 10 Hz. It has 

been previously determined that the threshold intensity depends on the pulse duration, τ, as 

1/τ
1/2

 [23]. As the duration of the generated SH pulse relates to the duration of the pump pulse as 

τ2ω = τω/2
1/2

, the threshold of 80 MW/cm
2
 corresponds to 46 MW/cm

2
 when compensating for 

the difference in the pulse duration, which is in very good agreement with the measured 

threshold. Below the point of color-center formation, no decrease in the conversion efficiency 

was observed during several hours of operation.  

It is clear that the formation of color centers constitutes an upper limit for frequency 

converting of high intensity lasers into the visible spectral region, and that this limitation is more 

abrupt than the limit imposed by the linear absorption, discussed in the previous section. In this 

section, I have given an introduction to the formation of color centers and have showed their 

negative impact on the performance of a PPKTP crystal employed for SHG. In the next section, I 

present a study of the nature of these color centers in various KTP isomorphs. 

 
Figure 4.6. Conversion efficiency for SHG at 94.7 Hz repetition 

frequency in PPKTP.  

 
Fig. 4.6  
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4.4 Blue-light induced infrared absorption 
In this section, I present an investigation of the IR absorption associated with the formation of 

color center, introduced in the previous section, induced by blue-light radiation. Analyzing the 

dynamics of the IR absorption enabled a comparison of the nature of the color centers formed in 

different KTP isomorphs. 

The crystals included in this study were two KTPs, two RTPs, four Rb:KTPs, three KTAs and 

one RTA, where the Rb doping concentration in the Rb:KTP crystals was approximately 0.3 

at%. All of the samples were periodically poled and are listed in Table 4.4 below, which shows 

the ionic conductivity, the poling period, the small-signal absorption at 398 nm, the intrinsic 

absorption at 1.04 µm and together with the various vendors.  

All of the samples were flux grown; however, we have limited knowledge of the actual 

growth conditions and the post-growth processing. The crystals were cut parallel to their 

crystallographic axes to dimensions of approximately 10 mm × 5 mm × 1 mm (a,b,c), and the 

end faces in the bc-plane were polished to optical quality for beam propagation along the a-axis. 

 

Table 4.4. Measured sample parameters: ionic conductivity (), poling 

period, absorption coefficient at the excitation wavelength (398 nm), 

absorption coefficient at pump wavelength (1.04 µm).List of vendors. 

Sample σ [S/m] 
Poling period 

[µm] 
α @ 398 nm [cm-1] α @ 1.04 µm [cm-1] Vendor 

KTP 1 7.3×10-5 3.18 0.15 4.0×10-5 #1 

KTP 2 8.9×10-5 3.18 0.14 5.2×10-5 #1 

RTP 1 2.3×10-9 8.66 0.16 1.1×10-4 #3 

RTP 2 8.6×10-9 8.66 0.53 1.2×10-4 #1 

Rb:KTP 1 2.7×10-7 3.18 0.17 3.3×10-5 #1 

Rb:KTP 2 4.5×10-7 6.03 0.23 3.7×10-5 #1 

Rb:KTP 3 5.2×10-7 3.18 0.13 3.3×10-5 #1 

Rb:KTP 4 1.2×10-6 6.03 0.17 4.3×10-5 #1 

KTA 1 5.0×10-8 8.49 0.18 6.6×10-5 #2 

KTA 2 9.0×10-5 8.49 0.46 5.7×10-5 #4 

KTA 3 6.3×10-4 8.49 0.02 5.2×10-5 #2 

RTA 8.0×10-8 40.5 0.19 6.7×10-5 #2 

 

4.4.1 Experimental details 

The blue-light induced infrared absorption (BLIIRA) was measured using the thermal lens 

spectroscopy technique by employing a common-path interferometer using a setup similar to the 

one used in [32]. The setup is depicted schematically in Fig. 4.7. Here, three different laser 

beams were combined by dichroic mirrors DM1 and DM2 for collinear propagation through the 

sample: a probe beam at 632.8 nm for measuring the thermal lens, a near-infrared (NIR) pump 

beam at 1.04 m whose absorption was to be measured, and a blue beam at 400 nm for inducing 
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infrared-absorbing color centers. All the beams were in the fundamental TEM00 mode. The probe 

beam was provided by a cw HeNe laser with 3.7 mW of output power, focused to a beam waist 

radius of 150 m in the sample (153 m radius at the end faces of the sample). The NIR pump 

beam was generated by a diode-pumped CW Yb:KYW laser, with up to 1.8 W of output power. 

The beam was focused to a waist radius of 50 m in the sample (64 m radius at the end faces of 

the sample) and coinciding with the waist of the probe beam. Finally, the blue beam was 

acquired by frequency doubling the 796 nm pulses of a Ti:Sapphire regenerative amplifier (RA) 

in a beta-barium borate (BBO) crystal. This RA configuration was set to generate pulses with the 

duration tunable between 2 ps and 40 ps at a repetition frequency of 1 kHz. The blue beam was 

collimated over the samples with a radius of 350 µm. All of the beams were polarized parallel to 

the crystallographic c-axis of the samples as this is the most common way for QPM generation of 

visible radiation in KTP and its isomorphs, and it allows utilization of the largest nonlinear 

coefficient. 

Absorption of the NIR pump beam creates a thermal lens in the samples, which distorts the 

phase front of the probe beam. This phase-front distortion modulates the amplitude distribution 

of the spatial Fourier transform performed by a lens (f = 250 mm) mounted in a focus-to-focus 

configuration. In order to measure the intensity modulation, an aperture with a 200 µm diameter 

was placed approximately 2 mm off-axis in the Fourier plane, allowing only higher spatial 

frequencies to reach the photodetector. The signal from the photodetector was measured using a 

lock-in amplifier (Stanford Research Systems, SR830 DSP) whose output was buffered in an 

oscilloscope memory and continuously logged in a computer. The pump beam was modulated by 

a chopper at ~20 Hz. The probe beam was separated from the other beams using both a dichroic 

mirror (DM3) and a diffraction grating. And, in addition, Schott filters (OG550 and BG19) were 

used to further prevent radiation from the pump beam and the blue beam from reaching the 

photodetector (Si p-i-n, Thorlabs DET 36A). The temperature of the crystal holder was 

controlled by using a Peltier element and a thermistor.  
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Figure 4.7. Schematic of the common-path interferometer employed to 

measure the thermal lens induced by BLIIRA. 
Fig. 4.7.  

 

The absorption coefficients, α, of the different samples were extracted from the recorded lock-

in signals by comparison to a well-defined reference sample (Schott glass N-BK7 [86]) using the 

following equation  [31,32]: 

 

𝛼𝑠𝑎𝑚𝑝𝑙𝑒 = 𝛼𝐵𝐾7√
𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝑆𝐵𝐾7

𝑑𝑛
𝑑𝑇

|𝐵𝐾7𝜅𝑠𝑎𝑚𝑝𝑙𝑒𝐿𝐵𝐾7

𝑑𝑛
𝑑𝑇

|𝑠𝑎𝑚𝑝𝑙𝑒𝜅𝐵𝐾7𝐿𝑠𝑎𝑚𝑝𝑙𝑒

, (4.6) 

where the index refers to the material, S is the amplitude of the lock-in signal, L is the length of 

the sample, κ is the thermal conductivity and dn/dT refers to the thermo-optic coefficient, which 

as a function of the vacuum wavelength (λ) of light and the temperature (T), was approximated 

as follows:  

 𝑑𝑛(𝜆, 𝑇)

𝑑𝑇
≈

∆𝑛(𝜆, 𝑇 + 1) − ∆𝑛(𝜆, 𝑇 − 1)

2
. (4.7) 

Here, 

 ∆𝑛(𝜆, 𝑇) = 𝑛1(𝜆)(𝑇 − 25 𝐶𝑜 ) + 𝑛2(𝜆)(𝑇 − 25 𝐶𝑜 )2, (4.8) 

is a parabolic function with the coefficient, n1 and n2, given by [87,88]: 

 

𝑛1,2(𝜆) = ∑
𝑎𝑚

𝜆𝑚

3

𝑚=0

. (4.9) 
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The am coefficients for the four KTP isomorphs are presented in Table 4.5 together with their 

respective thermal conductivities at the end of this sub-section. However, the thermal 

conductivity of RTP is unknown, thus, it was estimated by assuming that replacing K
+
 with Rb

+
 

would change the thermal conductivity of phosphates in a similar manner as for arsenates, i.e, 

κRTP = κKTP × κRTA / κKTA.  

Furthermore, the lowest detectable absorption was estimated to be ~1×10
-5

 cm
-1

.  

The relaxation of the induced absorption after the blue-light was cut off, could be fitted by a 

double exponential decay function:  

 𝛼(𝑡) = 𝛼𝑒𝑛𝑑 + 𝐴𝑠𝑙𝑜𝑤𝑒−(𝑡−𝑡0) 𝜏𝑠𝑙𝑜𝑤⁄  + 𝐴𝑓𝑎𝑠𝑡𝑒−(𝑡−𝑡0) 𝜏𝑓𝑎𝑠𝑡⁄  , (4.10) 

where τslow/fast are the slow and fast decay constants, Aslow/fast are the amplitudes of the slow and 

fast decaying absorption component, and αend is the remaining absorption, respectively. This αend 

represents color-centers with long life-times, whose decay constants are too long to be resolved 

within the timeframe of these measurements. Also, t0 is the point in time where the blue beam is 

switched off, and the absorption at t0 is denoted αmax, i.e., α(t0) = αend + Aslow + Afast = αmax. 

 

 

 

 

Table 4.5. Material parameters of the different KTP isomorphs. [*] 

refers to the estimation: κRTP = κKTP × κRTA / κKTA. 

  KTP  KTA  RTP  RTA 
Thermal 

conductivity 

[Wm
-1

K
-1

] 

 

 [89]   [89]  [*]   [89] 

κx  2.2  1.8  1.9  1.6 

κy  2.3  1.9  1.9  1.6 

κz  2.6  2.1  2.1  1.7 

         

Coefficients to 

Eq. (4.9), 

C1=n1 [10
-6

 
o
C

-1
], 

C2=n2 [10
-8

 
o
C

-2
] 

E // c-axis 

 

C1 [87] C2 [87]  C1 [87] C2 [87]  C1 [88] C2  [88]  C1 [88] C2 [88] 

a0  9.959 -1.188  -6.154 -0.9675  13.46 -0.858  8.022 6.511 

a1  9.923 10.46  64.51 13.19  -18.34 14.84  2.936 -6.118 

a2  -8.960 -9.814  -56.45 -11.78  18.03 -13.63  -2.586 8.083 

a3  4.101 3.148  17.17 3.629  -3.507 4.438  2.996 -2.664 

 

4.4.2 Results and discussion 

The time dependent BLIIRA was studied by illuminating the samples with the absorption-

inducing blue beam for 50 minutes, after which the beam was blocked and the relaxation of the 

BLIIRA signal was observed for another 50 minutes. An average power of 3 mW and pulse 
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duration of 30 ps was used for the blue beam, resulting in a peak intensity of approximately 50 

MW/cm
2
. For an absorption coefficient of 0.2 cm

-1
 at 398, nm this intensity would correspond to 

a generated free-carrier concentration of about 6×10
14

 cm
-3

. The temperature of the crystal holder 

was kept at 25 
o
C.  

Representative BLIIRA traces measured under the above-mentioned conditions are shown in 

Fig. 4.8. In all of the isomorphs, the absorption at 1.04 µm increased by more than one order of 

magnitude and reached rather similar values when the blue light was illuminating the samples 

over the first 50 minutes. In the isomorphs with higher ionic conductivity, KTP, Rb:KTP, KTA, 

the maximum value of BLIIRA, max, and the remnant absorption after 50 minutes of relaxation, 

end, are both correlated with the value of the ionic conductivity. With reference to Fig. 4.8 (a) 

and (c), it is evident that KTP2 with higher conductivity than that of KTP1, showed higher 

values of max and end, as is also the case with Rb:KTP4 as compared to Rb:KTP1, or, similarly, 

in the case of KTA3 as compared to the KTA1 and KTA2 samples. Although this “intra-

isomorph” correlation of the level of the BLIIRA signals with ionic conductivity does exist, it is 

a rather small effect. A much stronger effect of the ionic conductivity is revealed if the values of 

end and the BLIIRA relaxation speed in different isomorphs is considered. It is thus instructive 

to compare KTP and the Rb:KTP isomorph in this respects, since those two isomorphs came 

from the same supplier. In Rb:KTP, there is a small admixture of Rb in the flux (1.4 mol%), 

which renders Rb:KTP with a much lower ionic conductivity than that for KTP. This is due to 

the fact that the ionic radius of Rb
+
 is larger than that of K

+
 which substantially impedes the 

vacancy hopping motion in the case of Rb:KTP. In KTP, the accumulation of slow-relaxing, 

induced absorption centers increases much more prominently during the exposure as compared 

to Rb:KTP. And, after the end of the 50 minutes of relaxation, 90% of the induced absorption 

remains in KTP as long-lived color centers. For comparison, the remnant absorption in Rb:KTP 

is 60 % whereas only about 30 % in RTP, which has even lower ionic conductivity than that of 

Rb:KTP. Thus, the ionic conductivity appears to be crucial for stabilizing the induced color 

centers. In the arsenate isomorphs, the induced absorption is due to fast-relaxing color centers 

and there seems to be little accumulation of remnant absorption in KTA or in RTA as can be 

seen from the virtually constant induced absorption during the exposure in KTA. In RTP, and to 

a much lower degree in RTA, there are other effects apart from the induced absorption which 

affect the measured signal dynamics. They could, for instance, be caused by a buildup of an 

internal electric field possibly due to a photogalvanic effect and an associated electro-optic 

modulation of the probe beam. Both of these materials have very low ionic conductivity and, 

therefore, the built-up field by separated charge carriers cannot be easily screened at room 

temperature. In RTA, the color centers relax much faster than in the case of RTP. Therefore, the 

electric-field related effects are much weaker. These effects totally disappear in RTP at 

temperatures of 80 C and higher.  
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Figure 4.8. Absorption at 1.04 µm measured as the 398 nm blue 

excitation beam was switched on at t = 0 min and switched off at t = 50 

min. T = 25C. (a) PP-KTP and PP-Rb:KTP, (b) PP-RTP, (c) PP-KTA, 

(d) PP-RTA. 
Fig. 4.8  

The remnant absorption accumulation in the different isomorphs was compared by repeating 

five times over the cycle of exposure for approximately 10 minutes followed by a relaxation for 

20 minutes. The corresponding BLIIRA traces are shown in Fig. 4.9. In KTP and Rb:KTP, there 

is a clear accumulation with repeated exposure of the long-lived, stable color centers. Due to the 

built-in electric field effects in RTP, the absorption accumulation data is not reliable and, 

therefore, was not analyzed. On the other hand, arsenates do not show clear accumulation 

behavior, indicating that a majority of the color centers induced by the blue light display fast 

relaxation. The remaining absorption in the arsenates was approximately constant and is 

probably related to the absorption by impurity related traps, (e.g. Fe
4+

/Fe
3+

).  
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Figure 4.9. BLIIRA traces of KTP, Rb:KTP, KTA and RTA for a five 

times repeated cycle of blue light exposure and relaxation. 
Fig. 4.9  

It is well known that the induced absorption centers in KTP can be removed at elevated 

temperatures. Measurements of the relation between the BLIIRA dynamics and the temperature 

show that the induced absorption level during exposure to the blue light, max, does not change 

significantly as the temperature of the crystals was varied between 25 C and 80 C. On the other 

hand, the induced absorption relaxation dynamics becomes substantially faster as the temperature 

was increased. As shown in Fig. 4.10, in the phosphate isomorphs, end is drastically reduced at a 

temperature of 80 C as compared to that at 25 C. Meanwhile, in the arsenates, end does not 

change as much as in the phosphates but the relaxation of the absorption after the blue light is 

switched off becomes increasingly rapid at elevated temperatures. Illustration of the BLIIRA 

dynamics at different temperatures in KTP and KTA are shown in Fig. 4.11. The temperature 

dependencies indicate that the free-carrier trapping is largely unaffected by the temperature 

increase, but the stability of the centers is strongly reduced and there is an increasingly efficient 

mechanism leading to delocalization of the charge carriers and their recombination.   
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Figure 4.10. Remnant induced infrared absorption normalized to the 

maximum absorption as a function of crystal temperature. 
Fig. 4.10  
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Figure 4.11. BLIIRA traces measured at different crystal temperatures. 

KTP (a), KTA(b). 
Fig. 4.11  

 

To investigate a possible dependence of the BLIIRA signal on the peak intensity of the blue 

light, measurements were conducted using excitation pulses ranging from 40 ps down to 2 ps, 

while still maintaining the average power at 3 mW. This resulted in a variation of the peak 

intensity between 37 and 733 MW/cm
2
. The temperature of the crystal holder was kept at 25 C 

in all cases. These measurements revealed that the maximum absorption during the exposure, 
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and the remnant absorption after 50 minutes of relaxation, remained the same within the 

accuracy of the measurements, regardless of the peak intensity. This indicates, first, that it is a 

linear absorption at 398 nm which is mostly responsible for the creation of the free carriers; 

second, that the carrier recombination time is longer than 40 ps. This makes the BLIIRA 

amplitude and, therefore, the concentration of the induced color centers primarily dependent only 

on the pulse-integrated generated carrier concentration, i.e., the pulse fluence. 

Furthermore, the dependences of the max and end on the average power at 398 nm, i.e., on 

the generated carrier concentration at 25 C are shown in Fig. 4.12. The blue power range 

between 1 mW and 9 mW corresponds to an intensity ranging from 16 MW/cm
2
 to 147 

MW/cm
2
. High ionic conductivity samples, KTP2, Rb:KTP3, KTA3 (see Table 4.4), were used 

here to investigate the “worst case” scenario. The value of max reflects the contributions from 

both the unstable (short-lived) and stabilized (slowly relaxing) induced color centers, while that 

of end stems mostly from long-lived color centers and stationary impurity traps. The max clearly 

showed sublinear dependence with clear saturation in the case of Rb:KTP and KTA. Within the 

power range of the blue light, max increased in KTP by 2.4 times, while in Rb:KTP, 1.4-times 

and in KTA only 1.3-times, respectively. The end in KTA did not change with the blue power, 

while in Rb:KTP it proportionally followed the increase in max. In KTP, on the other hand, end 

rised 4.5-times as an increasing proportion of the generated color centers were stabilized. Such 

stabilization does not appear to happen in KTA, although ionic conductivity in this sample was 

even higher than in KTP.  
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Figure 4.12. BLIIRA after 50 minutes of exposure to blue light, max 

(solid symbols), and at the end of 50 minutes of relaxation at 25C, end 

(open symbols), as a function of average power of the blue light at 398 

nm. Absorption coefficients normalized to the max at 1 mW of the blue 

power for each isomorph. 
Fig. 4.12  

 

4.5 Color-center fluorescence 
The existence of Ti

3+
 centers in KTP, KTA and RTA was verified by measuring a spectrum of 

the fluorescence as generated during color center creation. The samples were excited by 350 

mW, 150 fs pulses at 400 nm and with 80 MHz repetition rate. The beam was tightly focused 

inside the crystal using a microscope objective. The fluorescence was collected in the direction 

(along the crystal c-axis) perpendicular to the excitation beam propagation (crystal a-axis) by 

simply placing a cleaved tip of a SMF28 fiber end in proximity of the focus. Due to the low 

collection efficiency, a spectrometer with a photon counting detection system was employed. 

The measured fluorescence spectrum at room temperature in the crystals is shown in Fig. 4.13. 

The spectral position and the broad spectral width correspond to those expected from Ti
3+

 centers 

in KTP [90].  
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Figure 4.13. Room temperature fluorescence spectrum measured in KTP, 

KTA and RTA. 

Fig. 4.13 
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4.6 Conclusions and outlook 
Blue-light induced infrared absorption dynamics have been investigated in the periodically-poled 

isomorphs: KTP, Rb:KTP, RTP, RTA and KTA. 

In all of the samples, the IR absorption rapidly increased as the color-center-generating blue 

beam was launched through them. In the phosphates, this fast absorption increase was followed 

by a slower increase which continued throughout the full exposure time, indicating the presence 

of at least two different types of color-centers. Such a secondary slower increase was also 

observed for RTA, but it reached a constant level in a few minutes. On the other hand, in the 

KTA samples, the level of the BLIIRA remained approximately constant after the initial fast rise 

of the signal.  

After the blue beam was turned off, the absorption again decayed to a remnant absorption 

level (end) which for the arsenates was considerably lower than that for the phosphates, and an 

analysis of the color-center relaxation process revealed the presence of color centers with 

different decay rates. Moreover, repeated exposure to the blue beam showed that the final 

absorption, end, in KTP and in Rb:KTP increased for every exposure, while no clear 

accumulation effect was observed for the arsenates. 

We attribute the largest portion of the induced absorption to photo-generated electrons and 

holes self-trapped in the proximity of the Ti
4+

 and O
2-

 ions, respectively, forming polaron 

excitation. Stabilization of these centers is aided by the presence of mobile alkali metal vacancies 

in the crystal, making flux-grown KTP highly susceptible to formation of slowly-relaxing 

absorption centers and an accumulation of BLIIRA with repeated exposures to blue light. In the 

arsenate isomorphs the delocalization and/or recombination of the self-trapped charge carriers is 

much faster than in the phosphates, in fact, fast enough to largely prevent formation and 

accumulation of the long-lived color centers at room temperature. This fast relaxation of the 

induced absorption is related to a higher population of thermal phonons related to the TiO6 group 

vibrations in the arsenates.  

The level of the BLIIRA signal during exposure to the blue beam did not change significantly 

when alternating the temperature between 25 C and 80 C. However, the relaxation dynamics 

became faster and the end level was reduced, due to an increase in the population of thermal 

phonons with rising temperature. 

Varying the pulse duration between 2 ps and 40 ps, at a constant average power did not 

significantly change the maximum level of the BLIIRA signal nor the remnant absorption, which 

indicates that linear absorption of the blue beam is mostly responsible for the creation of the free 

charge carriers and that the carrier recombination time is at least longer than 40 ps.  

When changing the average power between 1 and 9 mW, at a constant pulse duration of 30 ps, 

the maximum absorption max, showed a sublinear dependence with a clear saturation in Rb:KTP 

and KTA. Within the power range of the blue light, max increases in KTP by 2.4 times, while in 

Rb:KTP and KTA only 1.4 and 1.3 times, respectively. Moreover, the absolute value of end in 

KTA did not change with the blue power, indicating that this remnant absorption in KTA is 

mostly caused by impurity related traps rather than a stabilization of self-trapped charges. While 
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in Rb:KTP, end proportionally follows the increase in max and in KTP, it even rose 4.5 times as 

an increasing part of the color centers are stabilized. 

Finally, room-temperature fluorescence attributed to Ti
3+

 centers has been measured in KTP, 

KTA, and RTA. 

It would be interesting to continue the studies of the KTP isomorphs by measuring the 

ultrafast transmission dynamics and the relationship between the BLIIRA and the repetition rate 

of the blue pulses. Such measurements should give a greater insight into the dynamics of when 

the color centers are created and how they stabilize. Moreover, it would be interesting to do 

BLIIRA measurements for a broader range of temperatures to continue studying how phonons 

affect the longevity of the color centers. 
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