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Abstract

The objective of this thesis work was to develop tailored �ber lasers, which meet the
pump requirement for e�cient continuous-wave (cw) frequency conversion to the
visible and the mid-infrared wavelength regimes: a stable, high-power, wavelength-
tunable, narrow-linewidth output in a single polarization.

As a �rst step, the prospect of tuning ytterbium �ber lasers over an unprece-
dented wavelength range, from 980 nm to 1100 nm, was investigated. The results
further substantiate the enormous potential of �ber lasers to act as widely tunable
pump sources for nonlinear frequency conversion schemes, allowing the design of
coherent light sources in large parts of the optical spectrum.

Subsequently, a method of �exible wavelength-tuning and -locking for high-
power �ber oscillators was demonstrated, incorporating the use of a highly re�ective
transversely-chirped volume Bragg grating as cavity mirror. Through a simple
lateral translation of the grating, continuous wavelength-tuning over 2.5THz was
achieved without sacri�cing e�ciency, spectral or spatial beam quality.

As the latter free-space laser architecture relied on an intra-cavity polarization
�lter to ensure a linearly polarized output state, the �ltered orthogonal polarization
state was available for a secondary laser oscillation. Following this basic design
idea, a high-power dual-wavelength laser with a tunable wavelength separation of
up to 2THz was demonstrated. With both signals separated in wavelength and
polarization, gain competition was e�ectively suppressed and the presented source
possessed the necessary stability for potential use in power-demanding applications
such as di�erence frequency generation of cw THz radiation.

After establishing a �exible and reliable �ber pump source, continuous-wave,
quasi-phase matched, second harmonic generation experiments were performed on
several crystals from the KTiOPO4 family. The power scaling limitations of these
materials, when generating high-power signals in the visible spectral range were
studied. Although, a conclusive identi�cation of the optimal KTiOPO4 isomorph
for this process was hindered due to varying crystal quality from di�erent vendors,
comparative transmission studies suggest that the arsenate isomorph, KTiOAsO4,
could be best suited by virtue of its low linear absorption in the visible region.

Finally, a singly-resonant optical parametric oscillator, pumped by the above
narrowband �ber laser source, e�ciently generated 11W of mid-infrared radiation
at 3.4µm and 19W single-frequency radiation at 1.55µm. Stable, high-power oper-
ation of this parametric source was facilitated by a novel method of controlling the
intra-cavity signal power using a volume Bragg grating with variable re�ectivity.
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Sammanfattning

Syftet med denna avhandling har varit att rappportera om utvecklingen av skräd-
darsydda �berlasrar vars våglängd enkelt kan omvandlas till nya våglängder i det
synliga och infraröda spektralområdet, där kontinuerligt emitterande ljuskällor med
hög e�ekt är av särskilt intresse. Detta ställer �era höga krav på �berlaserns egen-
skaper vilka är svåra att uppfylla samtidigt. Lasern skall vara polariserad, våg-
längdsavstämbar, stabil och ha en smalbandig emission med hög ute�ekt.

Som ett första steg, undersöktes möjligheten att stämma av ytterbium-dopade
�berlasrar över ett dessförinnan inte påvisat spektralt område mellan 980 och
1100 nm. Resultaten bekräftade ytterligare �berlasrars stora potential för pump-
ning av ickelinjära processer och möjligheten att skifta laserljusets våglängd. Ef-
tersom �berlasrar tillhandahåller många möjliga pumpvåglängder, kan koherenta
ljuskällor i ett brett våglängdsområde realiseras med denna teknik.

Därefter påvisades en ny och �exibel metod att både låsa och att stämma av
våglängden hos en höge�ekts�berlaseroscillator. Tekniken använde sig av ett hög-
re�ekterande volymbraggitter med en transversellt varierande gitterperiod. Genom
en enkel för�yttning av gittret i sidled kunde lasern kontinuerligt våglängdavstäm-
mas över ett spann på 2.5THz, utan att vare sig verkningsgrad eller den spektrala
och rumsliga strålkvalitén försämrades.

I den ovanämnda laserkonstruktionen användes ett polarisations�lter i kaviteten
för att säkerställa lasringen med en linjär polarisation och därmed var den ortogo-
nala polarisationen tillgänglig för en sekundär laserverkan. Detta utnyttjades för att
konstruera en tvåvåglängdslaser med en avstämbar våglängdsseparation på upp till
2THz. Den andra våglängden låstes då med ett separat volymbraggitter. Eftersom
bägge signalerna var separerade både i våglängd och i polarisation var förstärk-
ningskonkurrensen mellan dem tillräckligt undertryckt för att tillåta stabil lasring.
Denna laserkälla har därmed stor potential för användning i e�ektkrävande tillämp-
ningar så som skillnadsfrekvensgenerering av kontinuerlig terahertz strålning.

Genom att använda denna unika och driftsäkra �berlaser som pumplaser genom-
fördes �era frekvensdubblingsexperiment i kvasifasanpassade kristaller från
KTiOPO4 familjen. Konkret, studerades möjligheten av att uppnå den högsta
möjliga ute�ekten för dessa kristaller när de används för att generera signaler i
det synliga våglängdsområdet. Ett de�nitivt svar på frågan vilken den optimala
kristallen är försvårades av varierande kristallkvalité från olika leverantörer, men
jämförande transmissionsstudier tydde på att arsenikisomorfen, KTiOAsO4, är bäst
lämpad för konverteringsprocessen på grund av dess lägre absorption i det synliga
våglängdsområdet.

Slutligen har en smalbandig, kontinuerligt emitterande optisk parametrisk oscil-
lator tagits fram som visades ha mycket hög ute�ekt, 11W infraröd strålning vid
3.4µm och 19W vid 1.55 µm, och verkningsgrad. Stabiliteten hos denna parametris-
ka laserkälla säkerställdes med en ny metod att styra intrakavitetse�ekten, genom
att använda ett volymbraggitter med variabel re�ektivitet.
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Chapter 1

Introduction

1.1 Background and motivation

Since the �rst demonstration in the early 1960s [1], lasers have become indispensable
tools both in research and in real-life applications, such as material processing,
optical storage, telecommunication, medicine, sensing, entertainment and displays.
These various �elds of application with their demands for speci�c functionalities
have led to a wide diversi�cation of lasers in their shapes and sizes, ranging from
tiny lasers such as VCSEL for optical interconnects [2, 3] to extensively powerful
lasers which one day could even be integral parts in inducing nuclear fusion [4].

Applications in other �elds such as spectroscopy and photochemistry demand
ready access to broad spectral regions, which proves particularly challenging when
the required wavelengths are not accessible within the natural emission of current
laser materials. One feasible route circumventing this limitation, is to change the
emission wavelength through nonlinear frequency conversion, which was �rst pro-
posed shortly after the initial demonstration of the laser [5]. The ampli�cation of
the optical �elds in these nonlinear conversion processes originates, in contrast to
in lasers, from optically driven nonlinear polarization. As a result, the emission
window of devices based on frequency conversion is in principal only limited by the
transparency range of the utilized medium. Thus, sources of coherent radiation
covering wide ranges of the optical spectrum can be designed.

Pump sources for such frequency conversion schemes should ideally provide
easily scalable continuous-wave (cw) power as well as excellent spectral and spatial
beam properties, while simultaneously featuring broad tunability and robustness.
In that respect, �ber lasers have proven to be excellent pump sources for nonlinear
devices, as state-of-the art �ber lasers can deliver di�raction-limited output signals
with 10 kW of output power [6] and continuous tuning ranges in excess of 100 nm
are available in di�erent wavelength regions [7�9].

However, as the enabled technologies require ever increasing power levels with
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4 CHAPTER 1. INTRODUCTION

improved brightness and stability at a lower cost, interdependencies of the laser
action and the nonlinear conversion process can restrain the potential of �ber-laser
pumped nonlinear sources. One illustrative example of this interplay, is the fre-
quency upconversion of high-power pump radiation, which is generally achieved
using one of three standard approaches. The �rst scheme relies on an external
resonant cavity for the pump signal to maximize the nonlinear interaction [10, 11].
As such a resonant device requires a single-frequency pump source, special mea-
sures have to be taken to stably match the frequency of the pump laser and the
longitudinal mode of the external cavity. Moreover, the limited tuning capabili-
ties of single-frequency sources preclude the �exible use of such a device to attain
broadly tunable sources. Furthermore, well-known technical issues, such as stimu-
lated Brillouin scattering, can limit the power scaling of the single-frequency �ber
pump source. The second approach is not limited to single longitudinal mode op-
eration, since laser action and the frequency conversion process share the same
enhancement cavity [12, 13]. Yet, the reduction of the intensity noise caused by
the added non-linear dynamics in the cavity presents a considerable challenge [14].
The third avenue, which simply abandons the advantages of cavity enhancement
schemes and employs straightforward single-pass generation in specially engineered
nonlinear media [15], places high demands on material quality and durability. Still,
this last approach promises the greatest degree of freedom in the choice of pump
radiation, which should be re�ected in the overall �exibility of the pump source.
Keeping that in mind, the standard approach for power scaling of tunable �ber
lasers, so-called master oscillator power ampli�er (MOPA) schemes, where low-
power tunable seed signals are boosted in sometimes multiple ampli�cation stages,
can prove to be too cost-intensive and complex for the discussed purpose. Thus,
directly tunable �ber oscillators with preserved power scalability present a superior
solution, once the output spectrum can be properly restricted and stabilized. Of
course, such economical �ber oscillators are similarily attractive even for frequency
down-conversion schemes, that are not reliant on cavity enhancement of the pump
source.

Hence, there is ongoing research activity concerning both the development of
robust and cost-e�cient �ber lasers as well as functional nonlinear materials with
improved quality to �exibly access broad parts of the optical spectrum. As the
research described in this thesis is a part of that ongoing e�ort, it is driven by a
number of real-life applications.

Large-scale long-distance laser projector systems will bene�t from powerful con-
tinuous wave radiation in the visible range [16], as comparable pulsed systems have
high peak intensities that could potentially damage the eyes of spectators, and the
typically low pulse rates limit display scanning speeds.

Trace gas analysis, which is particularly interesting for monitoring of environ-
mental processes (e.g. pollution, climate change [17]) or processes in the human
body (e.g. disease detection in exhaled breath [18]), relies on broadly tunable
mid-infrared sources, since many interesting gas molecules display characteristic
vibrational resonances in that wavelength regime.
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Material processing in substances such as copper, gold, and silicon, is greatly
enhanced by the use of powerful visible laser sources, as these materials exhibit
considerably lower absorption in the near-infrared compared to the visible spectral
region.

Optical countermeasures based on powerful mid-infrared sources are used to
confuse the targeting mechanism of heat-seeking missiles [19].

1.2 Subject of the thesis work

The aim of this thesis research was to develop �exible, high-power, narrowband
�ber laser sources for e�cient pumping of nonlinear frequency conversion schemes.

The �rst part of the thesis is concerned with a possible expansion of the tun-
ing range of Yb-doped �ber lasers, which are the state-of-the-art, high-power �ber
laser systems. Moreover, it was investigated how the tuning of high-power �ber
oscillators can be e�ciently conducted using a transversely chirped volume Bragg
grating (VBG) both as cavity delimiter and �ltering element. Building on these
results, stable dual-polarization operation of the high-power oscillator was demon-
strated, where the mutually orthogonal polarization output states were separately
wavelength-locked. A variable wavelength separation of up to 2THz was demon-
strated.

In the second part, high-power continuous-wave second-harmonic generation
in several KTiOPO4 isomorphs was investigated, using the previously developed
laser system. Furthermore, a new functional method to stably operate singly-
resonant optical parametric oscillators at arbitrary pump levels was demonstrated
by employing a variable-re�ectivity VBG.

1.3 Outline of the thesis

The thesis contains two parts, part I and II. Part I gives an introduction as well as
a summary to the peer-reviewed journal papers I-V, on which this thesis work is
based, while part II simply contains the reprint of these papers. The introductory
part is furthermore subdivided into seven chapters. Chapter 1 consists of a general
introduction and motivation to the subject of the thesis work, while Chapter 2 gives
some theoretical background on �ber lasers. Since wavelength-locking of all �ber
lasers described in this thesis was performed by employing VBGs, a general overview
of the working principle and the design capabilities of these devices is presented
in Chapter 3. Chapter 4 introduces relevant basic principles and terminology in
nonlinear optics which were necessary to evaluate the second-harmonic-generation
and optical parametric oscillator experiments. Finally, Chapters 5 and 6 highlight
important �ndings of papers I-V and the conclusion of the presented work is given
in Chapter 7.





Chapter 2

Fiber lasers

The emergence of �ber lasers and ampli�ers as frontrunners for high-power laser
sources is based on a number of key advantages of this laser architecture as com-
pared to conventional solid state bulk lasers. Superior thermal management due to
the large surface to volume ratio signi�cantly delays the onset of thermal lensing
and mode degradation, while stable single-transverse mode operation is intrinsi-
cally promoted by the guiding mechanism. Moreover, the long interaction length
with the gain medium not only favors the large gains necessary for simple and
e�cient ampli�ers, it also enables e�cient laser pumping through cladding pump-
ing, where the pump light is guided in a secondary inner cladding and has only a
small overlap with the gain material in the �ber core [20]. While several cladding
pumping schemes have been demonstrated [21�23], they all accomplish the transfor-
mation of low brightness pump light originating from semi-conductor diode lasers
into near-di�raction limited laser light. A representation of the most basic scheme,
a double-clad end-pumped �ber laser, is displayed in Fig. 2.1.

Considering the ever decreasing production cost of diode lasers, the success of
the described brightness conversion scheme and the possibilities for powerful cost-
e�cient �ber laser sources are immense. Another factor in the success of �ber
laser, is the fact that they have developed as an o�shoot from the telecommunica-
tion industry and are thus bene�ting from well-established methods for cleaving,
splicing and �ltering which enables compact fully-�berized laser sources. A further
advantage of �ber lasers sources is their wide gain bandwidths, which permit both
ultra-short pulse generation as well as broadly tunable cw laser sources. In fact,
broadly tunable �ber laser sources where a single �ber oscillator covers large parts
of the spectrum have been realized; e.g. in ytterbium from 976 to 1120 nm [24],
in erbium from 1530 to 1600 nm [25], in thulium from 1900 to 2100 nm [8] and in
holmium from 2043 to 2171 nm [9].

7
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Fig. 2.1: Principle of brightness conversion in cladding-pumped �ber laser; inset illus-
trates refractive index pro�le for step-index �bers.

2.1 Wave propagation in optical �bers

Transmission of optical signals in a dielectric �ber waveguide structure was �rst
proposed in 1965 [26], where the authors already suggested that proper fabrication
techniques should allow signal losses in the order of a few dB/km. Since then, a
great deal of research into glass manufacturing and �ber design has resulted in a
plethora of products and solutions. Nonetheless, the simplest �ber design, with a
central core surrounded by an outer cladding with slightly lower refractive index
still provides the basis for most �ber applications. A schematic representation of
the cross section of such a step-index �ber is displayed in Fig. 2.1, together with
the associated refractive index pro�le.

To a �rst approximation, the guiding mechanism in optical �bers can be ex-
plained by total internal re�ection of rays entering the �ber core below a certain
critical angle, so they can get re�ected at the core-cladding interface. However,
if the �ber core dimensions and wavelength of the guided signals are of a similar
order of magnitude, a more complete electro-dynamic description solving the wave
equation in the dielectric medium has to be applied. The result of this analysis,
which can be found in standard text books such as [27], yields that only a lim-
ited number of electro-magnetic �eld distributions, also called transverse modes,
are permitted to propagate whilst con�ned to the waveguide. Appropriate param-
eters, to determine how many modes are supported by the waveguide at the signal
wavelength λ, are found in the core radius rc and the numerical aperture (NA) of
the waveguide, which is related to refractive index di�erence of core and cladding
material NA = (n2

c − n2
cl)

1/2. Then, a normalized frequency V can be de�ned as

V = 2π
rc
λ

NA, (2.1)

and it can be shown that a step-index �ber will only support a single transverse
mode if V < 2.405 holds. For larger V -parameters, the actual number of supported
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modes can be approximated by V 2/2.

2.2 Ytterbium-doped silica �bers

The trivalent Yb3+ has become the frontrunner as laser-active ion for high-power
�ber lasers and ampli�ers. Its simple energy level structure consisting of two well-
separated Stark manifolds for ground state (2F7/2) and excited state (2F5/2), not
only precludes excited state absorption (ESA) at both pump and signal wavelengths
it also prevents non-radiative decay via multi-phonon emission [28]. These qualities
together with the noticeably low quantum defect enable very e�cient laser oper-
ation. Moreover, the resulting reduction in thermal load stands out as one of the
main reasons for the superior power-scaling properties of Yb-doped �ber lasers [29].

The energy level diagram of Yb3+ in a silicate glass host is depicted in Fig.
2.2(a). In practice, the exact Stark splitting of the energy levels will always depend
on the individual glass host and will be di�cult to determine, due to inhomoge-
neous broadening caused by the amorphous glass host. Moreover, phonon induced
homogeneous broadening contributes to additional smear out of the energy levels.
Obtaining exact values for the transition rates between speci�c energy levels is
therefore di�cult. Instead, wavelength-dependent absorption and emission cross
sections σa,e(λ) can be inferred by measuring the loss spectrum α(λ) and gain
spectrum g(λ) of the �ber [30]

α(λ) = Γ(λ)σa(λ)nt

g(λ) = Γ(λ)σe(λ)nt. (2.2)

Here, Γ(λ) corresponds to the overlap integral between the optical signal mode and
the dopant distribution and nt denotes the density of the active ions. Exemplary
cross section data for an Yb3+-doped germanosilicate �ber is presented in Fig.
2.2(b). The broad pump band from 800 to 1070 nm allows cost e�cient pumping
with diode lasers, while possible laser emission stretches from 970 to 1200 nm. Al-
though, this broad emission promises exceptional tunability of Yb3+-doped �ber
laser sources, e�cient lasing on the di�erent transitions has to cater for the fact
that the lasing scheme transforms from a three-level system at the short wavelength
edge of the emission band to a essentially four-level system at the long-wavelength
edge.

2.3 Modelling of �ber lasers

The design and experimental realization of lasers is commonly based on rate equa-
tion models, which can account for the speci�c absorption and emission character-
istics of the gain media as well as various secondary processes, such as stimulated
Raman scattering (SRS), ESA and cross relaxation (CR). While a limited number
of equations su�ces to describe laser transitions of the active ions in a crystalline
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Fig. 2.2: (a) Energy level diagram and (b) cross section data for an Yb3+-doped ger-
manosilicate �ber [28].

host material, the energy levels of the rare-earth dopants in the amorphous �ber
glass host are split into Stark manifolds. To accommodate the resulting multitude
of available laser transitions, the gain spectrum has to be spectrally resolved by
splitting it into N wavelength slots with bandwidth ∆λ. The evolution of pump
and signal powers along the �ber can then be described by a set of 2N coupled rate
equations for forward and backward propagating signals powers P±i at wavelength
λi

dP±i
dz

= ± Γi (σe,in2 − σa,in1)P±i ± 2σe,i
n2

Ai

hc2

λ3
i

∆λ ∓ αiP
±
i , (2.3)

where Ai denotes the e�ective transverse mode area, which can be approximated
with core area and cladding area for signal and pump radiation, respectively. The
last term αiP

±
i accounts for non-radiative losses. Absorption and emission e�ects

of the optical signals on upper laser level population n2 and the lower laser level
population n1 are described by

dn2(z)

dt
=

N∑
i

Γiλiσa,i
hcA

(
P+
i + P−i

)
n1(z)−

N∑
i

Γiλiσe,i
hcA

(
P+
i + P−i

)
n2(z)− n2(z)

τ

(2.4)
nt(z) = n1(z) + n2(z), (2.5)

with A denoting the area of the dopant distribution and τ being the excited state
life-time. As only the steady state solution of Eq. (2.4) is interesting for cw lasers
the upper state population can be calculated according to

n2

nt
=

∑N
i

Γiλi
hcA σa,i

(
P+
i + P−i

)∑N
i

Γiλi
hcA (σa,i + σe,i)

(
P+
i + P−i

)
+ τ−1

. (2.6)
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Fig. 2.3: Schematic illustration of model parameters for linear cavity �ber laser.

The set of non-linear di�erential equations described by Eq. (2.3) together with Eq.
(2.6) and appropriate boundary conditions fully describe the problem, which can
only be solved numerically. Typically, the boundary conditions contain launched
pump and signal powers as well as the cavity con�guration, which in general can
be either a ring or a linear cavity. Although, only linear cavities were modelled in
this thesis the concepts described here can easily be adapted to �ber ring lasers.
For linear cavities, spectrally resolved information on the re�ectivity R0,L(λi) and
the coupling e�ciency η0,L(λi) of the two cavity delimiter is necessary, and leads
to the following boundary conditions

P+
i (z = 0) = P+,0

i +R0,i η0,i P
−
i (z = 0)

P−i (z = L) = P−,Li +RL,i ηL,i P
+
i (z = L), (2.7)

where P+,0
i and P−,Li correspond to external signals launched into the �ber in the

forward and backward direction, respectively. A diagram illustrating the chosen no-
tations is depicted in Fig. 2.3. Given suitable initial values, a numerical solution
to equations (2.3) can be derived by using a fourth order Runge-Kutta algorithm.
However, in order to solve the boundary value problem, the model has to adapt
a shooting method, where repeated forward and backward integration of all signal
powers along the �ber is conducted. Between the subsequent integrations the cal-
culated signal powers have to be adjusted to the boundary conditions. For instance,
signal adjustment prior to a forward integration of the rate equation from z = 0 to
z = L implies that the forward propagating signals P+

i are equated to the re�ected
backward propagating signal P+

i = R0,iη0,iP
−
i , while also accounting for coupling

losses. The upper level population n2(z) is also recalculated between subsequent
iterations according to Eq. (2.6). Convergence for the described iterative solution
is reached when the relative change in total outcoupled laser power after subsequent
iterations drops below a predetermined ratio, typically 10−7.
For illustration purposes, a cladding-pumped linear cavity �ber laser with typical
parameters was modelled. The modelling parameters are listed in Tab. 2.1. Us-
ing the described model, general information on the evolution of total pump and
signal powers but also spectrally resolved information on the evolution of forward
and backward propagating signals can be predicted, see Fig. 2.4. Since several
parameters regarding the �ber geometry and doping concentration will determine
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Fiber length L 5m
Core diameter dc 10µm

Cladding diameter dcl 125µm
Dopant diameter dd 10µm
Background loss α(λ) 0.02 dB/m
cross section data σa, σe from [28]
Pump wavelength λp 976 nm

Pump power Pp = P 0,+
λp

10W

Pump absorption αp 2 dB/m
Re�ectivity at z = 0 R0(λ) 0.035
Re�ectivity at z = L RL(λ) 1
Coupling loss z = 0 1-η0(λ) 0
Coupling loss z = L 1-ηL(λ) 0

Table 2.1: Test parameters for an typical cladding-pumped linear cavity �ber laser.
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Fig. 2.4: Evolution of total pump and signal power within the �ber (a) and evolution of
signals powers along the �ber for all wavelength channels (b).

the lasing e�ciency and position and shape of the gain spectrum, the model is an
excellent tool for designing and analysing di�erent laser setups. For instance, the
operating wavelength of the modelled free running laser can be inferred by studying
how the iterative algorithm converges towards its solution, see Fig. 2.5. However,
the exact signal linewidth can not be determined, since gain competition of di�er-
ent longitudinal cavity modes due to spatial hole burning is not considered in the
model. Moreover, the model is not taking into account any transverse modes other
the the fundamental mode. Both simpli�cations proved non-detrimental to the
predictive value of the theoretical model, since experimental and numerical results
were in good agreement for all experiments discussed in this thesis.
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Fig. 2.5: Dependence of convergence parameter (a) and spectral signal distribution (b)
on number of model iterations.

2.4 Power scaling limitations

There is a number of e�ects restricting the stable high-power operation of cw �ber
laser. Some e�ects especially relevant to the Yb-doped �ber lasers investigated
in this thesis and their respective origins shall be discussed here. First, nonlinear
e�ects involving acoustical and optical phonons in the glass matrix give rise to
stimulated Brillouin scattering (SBS) and SRS. Second, heat deposition in the �ber
can contribute to the melting of the silica core, melting of the polymer coating
or destabilize the waveguiding properties of the core via thermal lensing. Third,
physical damage can occur at the �ber end facets for laser intensities exceeding the
damage threshold of fused silica. Although, this physical limit is usually beyond
any concern for cw �ber lasers, detrimental laser dynamics can lead to a build-up
of huge pulses, self-pulsing, and thus large intensities with the ability to damage
the �ber. At last, quenching e�ects of the laser-active dopant induce unsaturable
losses either via fast non-radiative decay processes to lower electronic levels, life-
time quenching [31], or via the formation of color centers, called photo-darkening
[32]. If available, threshold conditions will be used to evaluate the severity of the
di�erent e�ects for the �bers used in this thesis.

Stimulated Raman scattering and stimulated Brillouin scattering

Brillouin scattering can occur when a forward incident optical wave generates an
acoustic phonon, where the optical wave couples to the acoustic wave through
electrostriction. The created acoustic wave induces a refractive index modulation
within the �ber, which backscatters the incident wave through Bragg di�raction.
This re�ected wave experiences a down shift in frequency related to the Doppler
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shift created by the forward propagating acoustic wave. For strong incident sig-
nals the scattering process becomes stimulated, and the majority of the signal is
re�ected, once the Brillouin threshold power is reached. However, the Brillouin
gain

g̃B(∆ν) =
gB

1 + ∆ν/∆νB
(2.8)

will strongly depend on the interaction length of the involved signals. As the phonon
life-time is in the order of nanoseconds, the interaction will be mostly limited by
the signal bandwidth ∆ν and the related coherence length Lcoh = c/n∆ν [27]. For
fused silica the Brillouin gain parameter is gB = 5 · 10−11 m/W and the Brillouin
gain bandwidth is in the order of 50-100MHz [27]. For single-frequency signals,
SBS is the dominant nonlinear process, and the threshold power is

P th
SBS =

21A

gB(∆ν)L
, (2.9)

where A is the mode �eld area and L the length of a low-loss �ber. E�orts to delay
the detrimental e�ects of SBS, essentially aim to limit the acousto-optic interaction
by e.g. varying the speed of sound in the �ber through temperature variations [33]
or manipulating the �ber core to be an acoustic anti-guide [34].

In contrast to SBS, SRS involves optical phonons instead of acoustical phonons
in an inelastic scattering process. The frequency shift of the so-called Stokes wave
is determined by the energy di�erence between the initial vibrational states of the
molecule involved in the scattering process, and the vibrational state after. Due to
the amorphous nature of fused silica, vibrational frequencies are spread out resulting
in a broad Raman gain spectrum centered at approximately 13THz. Due to this
substantially larger frequency-shift of the SRS Stokes wave, owed to the higher
energies of optical phonons compared to acoustical phonons, mitigation techniques
to suppress SRS can largely rely on wavelength �ltering [35, 36].

Spontaneous Raman scattering will generate phonons within the entire Raman
gain spectrum, and, contrary to SBS, SRS occurs in both forward and backward
direction, however, forward SRS is usually stronger. The frequency components
which experience the highest Raman gain gR will increase almost exponentially,
after a certain threshold value is reached. Then the SRS threshold is

P th
SRS =

16A

gRL
. (2.10)

With a Raman gain for fused silica of gR = 10−13 m/W at 1µm [27], the onset
of strong SRS and SBS in the �ber used in Paper II with a 20 µm mode �eld
diameter, 400 µm cladding diameter and 8 m length can be studied depending on
the bandwidth of the input signal. Fig. 2.6 illustrates that output powers of at least
6 kW could be extracted from a �ber laser operating close to 1µm using this �ber.
However, at these power levels the signal bandwidth has to exceed ∆ν = 20GHz,
which is a typical value for VBG-locked �ber lasers.
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Fig. 2.6: Comparison of SRS and SBS threshold power for �ber with mode �eld diameter
of 20 µm and length of 8m, as used in Paper II.

Thermal e�ects

Thermally induced damage to the �ber during laser operation will primarily depend
on the amount of deposited heat and the applied cooling arrangement for the active
�ber. For practical purposes, the threshold heat power will be given in terms of
extractable laser power per unit length pL which will be related to the deposited
heat via the factor (1 − ηh)/ηh, where ηh is the fraction of pump power that is
absorbed and converted to heat. An upper limit for this fraction, which will be
used here is 1 − ηl, with ηl referring to the laser slope e�ciency. Moreover, two
typical convective cooling schemes are to be considered, one, passive air�ow cooling,
with a heat transfer coe�cient of hp = 10W/m2K and, two, active liquid cooling
with ha = 10 kW/m2K.

Then the maximum extractable laser power before thermal fracture occurs is
[37]

pTFL =
1− ηh
ηh

4πRm

1− d2c
4d2cl

, (2.11)

where Rm is the rupture module (2469W/m in fused silica [38]) and dc and dcl are
the core and cladding diameters.

The maximum power before the creation of a thermal lens gets su�ciently strong
to destabilize waveguiding in the core for a signal with wavelength λ is [39]
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pTLL =
1− ηh
ηh

2πkλ2

dn
dT d

2
c

, (2.12)

with the dn/dT the thermo-optic coe�cient (11.8·10−6 K−1 for silica [40]) and k
the thermal conductivity (1.38W/(m K) for fused silica [40]).

Finally, the power limit for melting the core is[37]

pML =
1− ηh
ηh

4πk(Tm − Tc)
1 + 4k

dclh
+ 2 ln dcl

dc

, (2.13)

where Tm is the melting temperature (ca. 2000K for fused silica [40]) and Tc the
coolant temperature (assume 20 ◦C).

Both the thermal fracture limit and the thermal lens limit are actually inde-
pendent of the cooling arrangements and can therefore be directly calculated for
the �ber used in Paper II yielding high values of pTLL = 7.5 kW/m and pTFL =
110 kW/m, thus both of them were of no practical consequence in this work. How-
ever, the limit for core melting in this �ber is pML (h = 10 W/m2K) = 75W/m and
pML (h = 10 kW/m2K) = 12.5 kW/m. Although, the air�ow cooled value is already
rather small, the number still has secondary importance, because a practical limit
should also consider the outer polymer coating which is used to guide the pump
light. These acrylate coatings usually deteriorate at much lower temperatures (ca.
160 ◦C) than fused silica. The analytical estimates are no longer applicable when an
additional coating is included, but temperature distributions can still be estimated
using �nite element method (FEM) heat transfer models. Typical values for coating
thickness and thermal conductivity of the acrylate are 70µm and 0.2W/(m K) [41].
Results of the conducted FEM modelling are displayed in Fig. 2.7. The numerical
results show that the inner edge of the coating will melt for when ppL = 2.4W/m
or paL = 440W/m of heat are brought into the �ber, which will allow to extract
8.5W/m and 1.5 kW/m of laser power from the respective con�guration. For the
actual lab experiments in Paper II, where the �ber length was 8m and the ex-
pected laser powers were in excess of 100W, the cooling arrangement for the �ber
had to be adapted for more than simple air�ow cooling. Thus, water cooling of
the aluminium mandrel, which the �ber was coiled around, was applied. For more
sophisticated liquid cooling schemes, the power scaling limit should be higher than
10 kW, which means that the overall power scaling limit is posed by the nonlinear
e�ects rather than thermal limitations.

Self-pulsing

The optical damage threshold of fused silica is approximately 10GW/cm2 [42],
which would only be reached at output powers above 30 kW for a �ber with 20 µm
mode �eld diameter. Hence, physical damage could normally be disregarded. How-
ever, strong temporal instabilities, i.e. self pulsing, can contribute to optically
induced damage in the �ber, since peak powers approaching the damage threshold
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Fig. 2.7: Estimated temperature pro�les across the �ber for air�ow and liquid cooling,
respectively (a). Note the di�erent pump powers for the two cooling arrange-
ments. (b) 2-D representation of �ber cross section for liquid cooling.

are easily attainable. Self-pulsing behaviour is generally attributed to sustained
relaxation oscillations in the laser cavity [43, 44]. Hence, mitigation techniques
focus on either decreasing the damping time for the relaxation oscillations, or sim-
ilarly decreasing the frequency of the oscillation such that damping can take place
more e�ciently. Since the damping time is inversely related to the pump rate, self-
pulsing will eventually be eliminated for su�ciently strong pumping. Following the
same argument, self-pulsing will also be reduced, when under-pumped �ber parts
are avoided, e.g. by introducing bi-directional cladding pumping [45, 46]. Further-
more, increasing the cavity life-time by adding extra passive �ber to the cavity and
thereby reducing the relaxation oscillation frequency, was also shown to promote
stable lasing [43]. And �nally, addressing the source of relaxation oscillations such
as longitudinal(or transversal) mode beating or SBS also helps to stabilize the laser
operation [47, 48].

In Paper II, self-pulsing was only observed close to the laser threshold, and
stable lasing could always be achieved for output powers above 10W. However,
self-pulsing induced damage to the �ber end facets occurred occasionally during
alignment of the cavity, where strong pump saturation, prior the onset of lasing,
reduced the pump rate, thus prohibiting damping of the pulsations.

Life-time quenching

Although, the simple energy level structure of Yb3+ should prevent concentration
quenching, Paschotta et al. found that Yb-doped �bers sometimes exhibit unsat-
urable losses, which get aggravated when a large fraction of laser-active ions is
excited [31]. They attributed this to a fast non-radiative decay process, which af-
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Fig. 2.8: Quenching losses αq,λ per dB pump absorption for di�erent fractions of
quenched ions; �ber parameters for �ber used in Paper I [Paper I].

fected a small number of ions, which become available for re-absorption of the signal
after their de-excitation. According to [49] the wavelength dependent small-signal
loss αq,λ is determined by

αq,λ ∼= nq ·Gp
Γλ
Γp
σa,λ(σa,λ + σe,λ)(σa,pσe,λ − σe,pσa,λ)−1, (2.14)

where nq is the fraction of ions with a shortened excited state life-time, and Gp
the absorption at the pump wavelength λp. It is worth noting, that modelling of
the life-time quenching did not rely on the approximation from Eq. (2.14), but
rather directly incorporated the quenching losses in the rate equations by adding
an additional loss term nqσa to the losses αi in (2.3). Nonetheless, Eq. (2.14) was
used to illustrate the quenching losses per dB absorbed pump power in the �ber
used in Paper I, see Fig. 2.8. It is striking, that even a small fraction of quenched
ions will results in a considerable loss for the three-level lasing transitions around
975 nm (nq = 0.5% → αq,975 nm = 3 dB), which signi�cantly complicates lasing at
these wavelengths.

Photodarkening

Photodarkening in Yb-doped silica �bers is attributed to the formation of color
centers, which exhibit the strongest absorption in the UV region. Yet, absorption
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tails also extend to the near-infrared. The photodarkening rate, i.e. the growth
rate of the induced losses, is strongly depended on the excited state population
[32], in fact, displaying a proportionality to the seventh power of the density of the
excited Yb ions. This behaviour speci�cally a�ects laser operation at the edges of
the Ytterbium emission. At the short wavelength edge high inversion populations
are necessary to battle signal reabsorption in the three-level laser system, and at
the long wavelength edge the emission becomes so weak that high inversion levels
are necessary to compensate for background losses in the �ber.

Although, an already photodarkened �ber can be bleached through either heat-
ing [50] or irradiation with UV light [51], permanent mitigation of the issue re-
lies on changes of the core composition to prevent �ber degradation. It has been
shown that phosphorous codoping improves photodarkening resistivity [52], how-
ever, laser operation using phosphate �bers su�ers from reduced cross-sections and
an increase in background loss. Fortunately, cerium (Ce) codoping also appears to
mitigate photodarkening e�ects without showing the detrimental e�ects associated
with phosphorous [53]. Consequently, development of cerium codoping enables the
long-term degradation-free operation of Yb-�ber lasers at the edges of the emission
band [54], which even raises the interest in tunable sources including these edges of
the emission band, leading to the work in Paper I, where such tunable sources are
discussed.





Chapter 3

Volume Bragg gratings

Emerging as a by-product of the telecommunications industry, where wavelength
�ltering and selection is predominantly conducted with fully integrated �lters, the
�rst �ber lasers were typically wavelength-locked using so-called �ber Bragg grating
(FBG) devices [55]. The manufacturing of these gratings can be reliably performed
in standard-telecom �bers. However, the demand for increased output powers lead
to new �ber architectures such as large mode area (LMA) �bers and photonic crys-
tal �bers (PCFs), where the controlled inscription of FBGs is challenging. Another
constraint of FBGs is their limited tuning capability. As wavelength-tuning is usu-
ally performed by introducing thermal or mechanical strain in the �ber, only narrow
tuning ranges can be realized before causing catastrophic damage. Obviously, this
e�ect is further ampli�ed when FBGs are used during high-power operation of
the �ber laser, where thermally induced stresses are already prevalent. External
wavelength-locking by using either di�raction gratings [56] or volume Bragg grat-
ings (VBGs) promises therefore greater potential for power scaling as well as an
increased tuning �exibility. In order to achieve narrow linewidth signals, di�raction
gratings have to operate with large collimated beam sizes, which both limits the
degree of integration and complicates the alignment. Hence, using VBGs represents
the most viable option for wavelength-locking and -tuning of high-power �ber lasers
[57, 58]. VBGs with various designs were therefore extensively employed during the
work on this thesis.

3.1 VBG basics

The interaction of an incident electric �eld distribution with the periodic refractive
index modulation of a VBG can be described using coupled wave theory [59]. In
VBGs, the periodic index variation is achieved by exposing UV-sensitive photo-
thermo-refractive glass (PTR) to an interference pattern generated by UV radiation.
Since the transmission window of untreated PTR glass lies between 550 nm and
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Fig. 3.1: Simpli�ed illustration of the re�ection process at a VBG for incident �eld M
and re�ected �eld N (left); wave vector diagram for the process (right).

2800 nm, all important emission wavelengths of di�erent rare-earth dopants used
for �ber lasers are accessible using this glass as base material for the bulk grating.
The aim of this section is to brie�y introduce the necessary formalism to describe
the wavelength-dependent re�ection and transmission properties of a VBG with a
uniform �rst-order sinusoidal index modulation n(z) = n0 + n1 sin(2πzΛ). While a
more detailed description can be found in [60], all crucial equations characterizing
the grating response to an incident plane wave will be given with respect to the
gratings de�ning properties: grating length, periodicity Λ and amplitude n1 of
the refractive index modulation. Finally, limitations of the plane wave theory will
be discussed, to evaluate the theory's applicability to describe the interaction of
�nite beams with VBGs. It shall be noted here, that although the derivations
in [60] were performed for both s- and p-polarization of the incident �eld, the
upcoming discussion will be limited to beams which are s-polarized, as they perform
favourably and experimental conditions can easily be adjusted to accommodate for
the requirement of a speci�c polarization.

3.2 Plane wave description

Fig. 3.1 depicts the interaction of an incoming beam with a VBG under oblique
incidence, including a depiction in momentum space, which allows for a small de-
tuning δ from the Bragg condition yielding

kM = kN −K + 2δ. (3.1)

Here, kM and kN are the propagation vectors of the incident and re�ected wave,
which can be expressed in terms of the propagation constant β such that kM =
kN = β = 2πn0/λ, while K = (0, 0, 2π/Λ) is the lattice vector of the grating. The
wave equation governing the process can be written as(

∇2 + β2 + 4βκ sinKz
)
E(r) = 0 (3.2)
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where the coupling strength relates to the index modulation as κ = πn1/λ. Con-
sidering momentum conservation yields

δ = β cos θ − π

Λ
(3.3)

for the detuning, which for δ = 0 reads as the well known Bragg condition

λB = 2n0Λ cos θ (3.4)

for �rst-order uniform gratings with sinusoidal index variation. The electric �eld
E(r) within the grating can be expressed as a sum of the propagating incident and
re�ected waves M(r) and N(r).

E(r) = M(r) +N(r) = M̃e−ikMr − Ñe−ikNr (3.5)

Plugging these expressions into the wave equation (3.2) and further implementing
a substitution of variables M̃ = M̂e−iδz and Ñ = N̂eiδz leads to a simple system
of coupled mode equations

dM̂(z)

dz
= iδM̂(z) + κ′N̂(z)

dN̂(z)

dz
= −iδN̂(z) + κ′M̂(z). (3.6)

Here, the solution presumes that the slowly varying �eld envelope approximation
is valid, such that the second-order derivatives can be neglected and that all fast
oscillating exponential terms are considered to average to zero. This system of
di�erential equations for the �eld amplitudes M̂ and N̂ , where the coupling strength
κ′ = κ/ cos θ is adjusted for the oblique incidence is solved using the following
boundary conditions

M̂(0) = M̃(0) = M0

N̂(d) = 0. (3.7)

The eigenvalues of the coe�cient matrix are γ = ±
√
κ′2 − δ2, subsequently leading

to the solutions

M(δ, r) = M0t(δ, z)e
−i(kM+δ)r

N(δ, r) = M0r(δ, z)e
−i(kN−δ)r, (3.8)

which are expressed using transmission and re�ection coe�cients t(δ, z) and r(δ, z)
for better legibility

t(δ, z) =
−γ cosh γ(d− z) + iδ sinh γ(d− z)

−γ cosh γd+ iδ sinh γd

r(δ, z) =
κ sinh γ(d− z)

−γ cosh γd+ iδ sinh γd
. (3.9)
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The overall re�ection measured in terms of the intensity of the incoming plane wave
then amounts to

Rpw =

∣∣∣∣N(x, y, 0)

M(x, y, 0)

∣∣∣∣2 =
sinh2(γd)

cosh2(γd)− δ2/κ′2
(3.10)

with the peak re�ectivity occuring at

Rmax = tanh2(κ′d). (3.11)

3.3 VBG theory beyond plane wave description

The previously derived equations have to be re-evaluated when actual divergent
optical beams are incident on the VBG, as the beams angular spectrum in contrast
to plane waves is not degenerated and di�erent parts of the spectrum will experi-
ence varying amounts of re�ection. However, within certain limits the plane wave
description presents a viable description of the considered process. A reasonable
limit for the plane wave description can be found when the angular divergence of
the incident beam is no longer encompassed by the VBGs angular bandwidth [60].
The bandwidth ∆λ of the VBG is conveniently de�ned as the separation between
the �rst two zeros on either side of the re�ection peak, which are easily found at
δ0 = ±

√
κ′2 + π2/d2, where the numerator in Eq. (3.10) goes to zero. Rearrang-

ing the expression δw = (kB − β) cos θ0 for the wave vector detuning at constant
incidence angle θ0 yields

∆λ =
2λBδ0

cos θ0kB
= λB

√
n2

1

n2
0 cos4 θ0

+
4Λ2

d2
(3.12)

for the zero-to-zero bandwidth of the VBG. Similarly, the zero-to-zero angular
bandwidths at normal and oblique incidence ∆θn,o can then be found by using
the respective expressions for the detuning δn = δθ2/(2kB) at normal and δo =
δθkB sin θ at oblique incidence, where δθ = θ − θ0 is the angular detuning.

∆θn = 2

√
2δ0
kB

= 2

√
∆λ

λB

∆θo =
2δ0

sin θ0kB
= cot θ0

∆λ

λB
. (3.13)

For Gaussian beams, a suitable condition for when the plane-wave-limit is reached
is found by demanding that the VBGs angular bandwidth no longer encompasses
four times the divergence angle

θd =
M2λ

πw0
=
M2λB cos θ0

n0πw0
(3.14)
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of the beam [60], which leads to the following conditions(
π

2

n0

M2

w0

λB

)2
∆λ

λB
> 1 (normal)

π

4

n0

M2

w0

λB

∆λ

λB
> sin θ0. (oblique) (3.15)

Nonetheless, an accurate description of the grating response to �nite beams is
also possible beyond the plane-wave-limit [60], and the general idea behind this
approach shall be brie�y presented here. Contrary to the plane-wave solution, a
full description of the problem can not only account for detuning in the z-direction
parallel to the grating vector but also in the x- and y-direction. The generalized
detuning can then be expressed with the corresponding spatial frequencies ξ and η
in Fourier space

δ′ = ξ tan δ + (ξ2 + η2)/(2β cos θ) + δ. (3.16)

By using the Fourier transformed amplitudes F−1
xy [M̂(x, y)](ξ, η) = M̄(ξ, η) and

F−1
xy [N̂(x, y)](ξ, η) = N̄(ξ, η), coupled wave equations identical to Eq. (3.6) can

be derived by substituting the variables M̂, N̂ , δ with M̄, N̄ , δ′. Using Parseval's
theorem and the normalization

∫∫∞
−∞ |M0|2 dxdy = 1 the re�ectivity for a �nite

beam then becomes

R =

∫∫ ∞
−∞
|N(x, y, 0)|2 dxdy =

∫∫ ∞
−∞

∣∣M̄(ξ, η)
∣∣2Rpw(δ′(ξ, η))dξdη. (3.17)

Apparently, the �nite beam solution can be retrieved by integrating over the weighted
incident �eld amplitude in Fourier space with an adjusted plane wave re�ectivity
that considers the generalized wave vector detuning δ′.

3.4 Tunable wavelength response

The basic methods how the peak re�ection wavelength of a VBG can be tuned are
illustrated in Fig. 3.2.

Angle tuning

Considering Eq. (3.4), it can be directly seen that by rotating the VBG and thereby
changing the angle between incident beam and the grating normal θ, the Bragg
wavelength can be shifted towards shorter wavelengths. One obvious drawback of
this angle tuning method, the beam steering, can be overcome by introducing a
retro re�ector arrangement, where the VBG is attached to a broadband mirror and
both are rotated simultaneously. Despite alignment di�culties to �nd the proper
rotation center, a number of tunable light sources employing this method have been
demonstrated [58, 61]. Another restriction for the angle tuning method becomes
apparent from the earlier section regarding the plane wave limit. Large tuning
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λ1
λ2λ3

λ1<λ2<λ3

Fig. 3.2: Illustration of di�erent VBG tuning schemes: angle tuning (left), transversely
chirped grating (middle), temperature tuning (right).

angles will entail a violation of the inequality (3.15), which will ultimately decrease
the re�ectivity at these angles. To highlight this dependencies on beam size and
tuning angle, re�ectivity data calculated using Eq. (3.17) is displayed in Fig. 3.3
for two high-re�ective gratings with identical peak re�ectivity 99% but di�erent
length da = 3mm and db = 10mm. The comparison of both gratings reiterates the
trade o�, already featured in Eq. (3.15), between maximum permitted tuning angle
and spectral selectivity. While providing considerably narrower spectral bandwidth
∆λb = 0.11 nm with respect to ∆λa = 0.36 nm, the tuning range of the longer
grating is clearly more limited compared to the short grating.

Tuning with chirped grating

A second tuning method which permits operation under normal incidence and thus
simple alignment over the whole tuning range, was investigated in Paper II. The
resulting tunable high-power �ber laser functioned as pump source with excellent
spatial and spectral beam quality for all subsequent experiments on non-linear fre-
quency conversion schemes. By implementing a fan-shaped structure for the grating
planes, the peak re�ectivity wavelength is linearly chirped across the transverse di-
rection of the VBG with the chirp rate C

λB(y) = λB,0 + Cy. (3.18)

Wavelength-tuning with such a transversely chirped VBG (TCVBG) is therefore
simply realized by transversely translating the grating. Similar to the angle tuning
method, adequate control of the diameter of the incident beam is necessary to ensure
optimal re�ectivity and spectral selectivity, since the introduced chirp gives rise to
an additional detuning over the cross section of the incident beam. If the intensity
variation across the incident beam is slow enough, the beam can be divided into
individual beamlets of uniform intensity, which can be treated with the plane wave
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Fig. 3.3: Dependence of maximum re�ectivity on beam size and tuning angle for two
VBGs with equal peak re�ectivity of 99%, Bragg wavelength λB = 1064nm
but di�erent length da = 3mm (left) and db = 10 mm (right), and therefore
di�erent index modulations n1,a = 3.40 · 10−4 and n1,b = 1.02 · 10−4.

formalism, as long as the size of the individual beamlets does not violate the plane-
wave limit for normal incidence in Eq. (3.15). The total power re�ectivity R of
the TCVBG can then simply be calculated by weighing the position resolved plane
wave power re�ectivity Rpw(x, y) by the normalized

∫∫∞
−∞ |M(x, y, 0)|2 dxdy = 1

spatial intensity distribution M(x, y, 0) of the incident beam

R =

∫∫ ∞
−∞

M(x, y, 0)(x, y)Rpw(x, y)dxdy. (3.19)

An experimental veri�cation, that the power re�ectivity can be calculated in that
manner will is given in chapter 5, where the experimentally determined spectral
response of the chirped grating used in Paper II is compared with calculated data
for the power re�ectivity, see Fig. 5.7(a). Moreover, Fig. 3.4 exempli�es how
the grating properties will depend on the incident beam size, and quanti�es the
grating's decrease in peak re�ectivity and increase in FWHM bandwidth when the
incident beam size is increased.

Thermal tuning

Finally, the grating response can be thermally tuned, exploiting both thermal ex-
pansion of the PTR glass, as well as the thermo-optic e�ect which modulates the
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Fig. 3.4: (a) Calculated power re�ectivity for several incident beam diameters and (b)
dependence of the gratings peak re�ectivity and FWHM bandwidth on the
incident beam waist; grating parameters where taken from the grating used in
Paper II.

refractive index of the material. The impact of both e�ects can be studied by
di�erentiating the Bragg condition for normal incidence Eq. (3.4)

dλB
dT

= 2
dn0

dT
Λ + 2n0

dΛ

dT
= λB

(
1

n0

dn0

dT
+ α

)
. (3.20)

The reported values for thermo-optic coe�cient dn/dT = 0.5 ppm/K and thermal
expansion coe�cient α = 8.5ppm/K are rather small [62], which limits the thermal
tuning range to only about 9 pm/K for signals around 1µm. Although, thermal
tuning over a wide range is obviously not feasible, the grating's slow response
to temperature changes is advantageous for stable operation of high-power lasers
locked with VBGs.

3.5 Thermal limitations

The normalized non-constant intensity distribution along the z direction of the
grating

I(z) =
cosh

[
tanh−1(

√
R)(L− z)/L

]
cosh2

[
tanh−1(

√
R)
] , (3.21)

can potentially deteriorate both grating and, if used in a laser cavity, laser perfor-
mance. This deterioration is caused by inhomogeneously distributed heat build-up
in the grating, due to linear absorption of the incident signal. The resulting temper-
ature will induce a chirp of the grating period, which ultimately lowers the re�ection
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of the incident signal. A comprehensive theoretical study [63] of this phenomena,
found that by taking the product p of linear absorption of the grating glass and
the incident intensity on the grating an empirical threshold for the onset of grating
degradation can be de�ned

pth = αabsI0,inc = p0(L/L0)−ψ. (3.22)

For highly re�ecting gratings empirical values of approximately p0 = 1370W/cm3,
L0 = 1.3mm and ψ = 1.5 were found. For the grating used in Paper II, which
had to tolerate the highest incident intensity, this threshold product amounts to
300 W/cm3. The maximum value for p in the experiments was actually less than
3W/cm3 (L = 0.34 cm, αabs = 1.5 · 10−3 cm−1, I0,inc = 20W/(π · 0.062 cm2)), so
two orders of magnitude below the threshold, so stable laser operation could be
readily achieved. The paper also discusses the potential of further power scaling
of the proposed laser design to up to 3000W of output power. Then the threshold
product of 90W/cm3 would be closer to the suggested power limit. Practically,
though, it should be possible to avoid any detrimental e�ect by using PTR glasses
with lower absorption as demonstrated in [64], or by increasing the beam area on
the grating.





Chapter 4

Basic principles of nonlinear optics

The generation of laser light with arbitrary frequency is limited by available laser
materials and their respective gain bandwidths. However, when su�ciently strong
driving electric �elds interact with the surrounding material, a nonlinear polar-
ization can be induced and light with various new frequency can be generated.
Such processes are identi�ed as parametric, which distinguish themselves from non-
parametric processes by leaving the quantum state of the participating material
unchanged. A direct consequence of this condition is the conservation of energy,
momentum and angular momentum of the interacting �elds, which is obviously not
the case for other previously discussed nonlinear, but non-parametric, processes in
high-power �ber lasers such as Stimulated Raman and Brillouin scattering.

This chapter introduces some principal concepts of parametric processes sur-
veying the context of several textbooks, where more detailed descriptions can be
found [65�67].

4.1 Nonlinear polarization

Almost all phenomena described in nonlinear optics ignore the contribution of the
magnetic �eld component of the driving electromagnetic wave since the induced
magnetic polarization is generally much weaker in comparison to the electrical po-
larization. Instead, the description is usually limited to the interaction between the
electrical �eld of a laser beam

E(r, t) =
1

2
A(r, t)ei(kr−ωt) + c.c. (4.1)

and a non-magnetic nonlinear medium without free charges and zero currents. The
complex amplitude A(r, t) contains all slowly varying spatial and temporal depen-
dencies, while the exponential in Eq. (4.1) describes the evolution of the waves
phase fronts depending on its carrier frequency ω and propagation constant k, with

31
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|k| = k = 2πn/λ. The electric �eld of the incoming wave will exert a force on the
charged particles within the matter, e�ectively inducing dipole oscillations which
will give rise to an overall electric polarization, that is de�ned as the net average
dipole moment 〈µ〉 per unit volume

P = C 〈µ〉 . (4.2)

Here, C denotes the volume concentration of the microscopic dipoles. Driven by
the applied electric �eld, the polarization has to depend on the latter, by mere
causality. Thus, barring electric �elds with carrier frequencies close to any material
resonances, the generated electric polarization can be expressed by a power series

P = ε0

∞∑
N=1

χ(N)EN , (4.3)

where χ(N) denotes the N -th order electric susceptibility. The notation in Eq.
(4.3) implies that the total applied electric �eld can be a superposition of vari-
ous �elds with di�erent frequencies. As a result, the polarization will consist of
several Fourier components oscillating at various combination frequencies, whose
individual strength will be determined by the tensor elements of the susceptibility.
The amplitude of the Fourier component oscillating at frequency ωα can then be
expressed as

Pp(ωα)

ε0
= χ(1)

pq (−ωα;ωα)Eq(ωα) + χ(2)
pqr(−ωα;ωβ , ωγ)Eq(ωβ)Er(ωγ)

+ χ(3)
pqrs(−ωα;ωδ, ωζ , ωη)Eq(ωδ)Er(ωζ)Es(ωη) + · · · (4.4)

using a tensor notation, where repeated indices are summed over and p = 1, 2, 3
represents the Cartesian coordinates. Also, the frequency notation in (4.4) ensures
that energy conservation is observed, by requiring that the sum over all frequency
components amounts to zero.

The �rst term of the sum in (4.4) corresponds to the linear part of the po-
larization and the frequency-dependent �rst order susceptibility χ(1) will therefore
describe ordinary linear optics. Speci�cally, linear dispersion and absorption ef-
fects are characterized by the refractive index n =

√
Re(χ(1)) + 1 and absorption

coe�cient α = Im(χ(1))ω/(nc), using real and imaginary parts of the susceptibility.
The remaining addends in (4.4) constitute the nonlinear part of the polarization,
where the second-order term is of particular importance for this work and will be
discussed in detail below, while terms with N ≥ 4 are considered too weak to be
of any practical importance. The third-order term stands out as the �rst non-zero
term in isotropic media, where χ(2) = 0 since inversion symmetry applies. Thus,
parametric non-linearities a�ecting the propagation of intense laser �elds in the
isotropic glass host of an optical �ber are predominantly third-order in nature, and
include e�ects such as four-wave mixing, self-phase modulation and self-focusing.
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Although, these e�ects pose signi�cant limitations on pulsed �ber laser systems,
they are of secondary importance for cw �ber lasers and their lower peak powers,
as e.g. the self-focusing peak power threshold in silica �bers for signals around 1 µm
is as high as 4MW [68].

4.2 Second order nonlinear processes

According to (4.4), the second-order part of the nonlinear polarization can simply
be understood as a mixing process of three di�erent waves, where the resulting
oscillating frequency ωα can be excited by di�erent pairs of driving frequencies,
i.e. 2ωβ , 2ωγ , ωβ + ωγ , ωβ − ωγ . Possible frequency mixing processes are therefore
labelled according to the manner the photon energy is conserved and listed in Tab.
4.1, also including the process of optical recti�cation which refers to a possible
dc term of the polarization at zero frequency. Although, OPG, OPA and OPO
processes follow the identical energy conservation condition as the DFG process,
these processes are usually distinguished by the relative amplitudes of the three
involved waves, by convention called pump signal and idler with ωp > ωs > ωi.
While the amplitude of pump and signal waves are of similar amplitude in the case
of DFG, the signal wave generally carries signi�cantly less energy than the pump
wave in an OPA process, notwithstanding the OPG process, where the signal wave is
provided by vacuum �uctuations. And �nally, when OPG is enhanced by resonator
feedback, the process is referred to as OPO.

frequency mixing process acronym photon energies

second harmonic generation SHG ωα = 2ωβ , ωβ = ωγ
sum frequency generation SFG ωα = ωβ + ωγ

di�erence frequency generation DFG ωα = ωβ − ωγ
optical recti�cation OR ωα = 0, ωβ = ωγ

optical parametric generation OPG ωi = ωp − ωs
optical parametric ampli�cation OPA ωα = ωp − ωs
optical parametric oscillation OPO ωα = ωp − ωs

Table 4.1: List of di�erent nonlinear processes.

To evaluate how e�ective all these conversion processes are, knowledge of the

rank 3 χ
(2)
pqr-tensor and its 27 components is required, since according to Eq. (4.4)

not only di�erent frequencies but also di�erent Cartesian �eld components of the
involved �elds are mixed in the generated polarization. Fortunately, there is a
number of symmetries which help to obtain a simpli�ed version for the nonlin-
ear susceptibility. A �rst simpli�cation is owed to the fact that Eq. (4.4) should

remain una�ected when the electric �elds are commuted, yielding χ
(2)
pqr = χ

(2)
prq.

This relation enables a simpli�ed 2D-matrix representation of χ
(2)
pqr in terms of the
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nonlinear coe�cient dps = 1
2χ

(2)
pqr, where the following index contraction qr → s

is applied: {11 → 1, 22 → 2, 33 → 3, 23 → 4,→ 32 → 4, 13 → 5, 31 → 5, 12 →
6, 21 → 6}. Furthermore, the so-called Kleinman symmetry can be applied, if

χ
(2)
pqr can be considered dispersion free, which is a valid assumption for frequencies

within the transparency window of the material, far o� from any absorption reso-
nances. In that case, the frequencies in Eq. (4.4) can be permuted freely such that,

χ
(2)
pqr(−ωα;ωβ , ωγ) = χ

(2)
pqr(+ωγ ;−ωα, ωβ) = χ

(2)
pqr(+ωβ ;ωγ ,−ωα), which e�ectively

results in identical nonlinear coe�cients for di�erent conversion processes such as
SHG and OPG.

All experimental investigation conducted in this thesis aimed to work with the
highest available nonlinearity. Considering, all utilized materials were either a
member of the KTiOPO4(KTP) or LiNbO3(LN) family, where the highest nonlinear
coe�cient is the d33 component, all experimental con�gurations used z-polarization
for the interacting �elds. In that case, the induced second-order polarization will
only depend on the scalar value of d33, which is dKTP

33 = 16.9 pm/V [69] and dLN
33 =

25 pm/V [70]. It can be noted here, that the overall e�ciency of the nonlinear
process will not only depend on the nonlinear coe�cient but also on the refractive
indices experienced by the interacting waves, such that a new �gure of merit M =
d2

33/(nαnβnγ) is usually used to compare di�erent nonlinear materials, e.g. for SHG
of the Nd:YAG laser line at 1064 nm MKTP = 45pm2/V2 and MLN = 54pm2/V2.
Moreover, a straightforward expression for the complex amplitude of the induced
polarization can be found

P3(ωα) = ε0D
(2)d33E3(ωβ)E∗3 (ωγ), (4.5)

where D(2) = 2 when the electric �elds are distinguishable and D(2) = 1 otherwise.

4.3 Coupled wave equations

The evolution of light through a dielectric medium without free charges and currents
is described by the wave equation

∇2E− n2

c2
∂2E

∂t2
=

1

ε0c

∂2P(NL)

∂t2
, (4.6)

where PNL refers to the nonlinear part of the induced polarization from Eq. (4.3).
Naturally, the wave equation holds for all frequency components involved in the
mixing process, thus leading to three coupled equations for three wave mixing
processes

∇2
TAα − 2ikα

∂Aα
∂z

= −2
ω2
αd33

c2
AβAγe

−i∆kz

∇2
TAβ − 2ikβ

∂Aβ
∂z

= −2
ω2
βd33

c2
AαA

∗
γe
i∆kz (4.7)

∇2
TAγ − 2ikγ

∂Aγ
∂z

= −2
ω2
γd33

c2
A∗αAβe

i∆kz
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by using Eqs. (4.1) and (4.5) for z-polarized distinguishable �elds, the change in
notation E3(ωα) = Eα and the wave vector mismatch ∆k = kα − kβ − kγ . Also,
the derivation assumed that the fast oscillating terms e−ikz can be separated out,
and that the slowly-varying-envelope-approximation (SVEA) applies

k

∣∣∣∣∂A∂z
∣∣∣∣� ∣∣∣∣∂2A

∂z2

∣∣∣∣ . (4.8)

Finally, for plane waves the term with the transverse Laplacian vanishes and Eqs.
(4.7) can be simpli�ed to the following three coupled amplitude equations

∂Aα
∂z

= i
ωαd33

nαc
AβAγe

−i∆kz

∂Aβ
∂z

= i
ωβd33

nβc
AαA

∗
γe
i∆kz (4.9)

∂Aγ
∂z

= i
ωγd33

nγc
AαA

∗
βe
i∆kz,

which have to be solved numerically if no further simplifying assumptions can be
made.

4.4 Phase matching

A general assumption which permits a direct analytic solution of Eqs. (4.9) is when
the conversion e�ciency of the parametric process is so weak, that the input beams
Aα and Aβ can be considered constant. Then the �rst two equations in (4.9) can
be disregarded and the third equation can be directly integrated

Aγ(z) = i
ωγd33

nγc
AαA

∗
β

∫ z

0

ei∆kz
′
dz′ = i

ωγd33

nγc
AαA

∗
β

2

∆k
ei∆kz/2 sin

(
∆kz

2

)
.

(4.10)
This result can be rewritten using the expression I = cε0n|A|2/2 for the intensities
of the beams, such that

Iγ(z) =
2ω2

γd
2
effIαIβ

nαnβnγε0c3
z2sinc2

(
∆kz

2

)
. (4.11)

While the intensity of the generated beam will increase quadratically with distance
for zero phase mismatch ∆k = 0, it will display a oscillatory behaviour between
zero and a �nite value for non-zero ∆k, which is illustrated in Fig. 4.1. The period
of the observed oscillations Lcoh = π/|∆k| is called coherence length and refers to
the distance after which the direction of energy �ow between the interacting signals
is reversed. Hence, any signi�cant signal generation will require a minimal phase
mismatch, which essentially translates into momentum conservation

∆k = kα − kβ − kγ . (4.12)
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Fig. 4.1: Comparison of phase matched, quasi-phase matched and non-phase matched
signal generation using the undepleted pump approximation.

In general there are two main techniques which can impose phase matching on
the interacting waves, birefringent phase matching (BPM)[71, 72] and quasi-phase
matching (QPM)[15]. Although, both techniques have been considered as early as
1962, BPM could be demonstrated in the same year, while the �rst experimental
demonstration of QPM was in 1966 [73].

On one hand, BPM devices actually deal with the dispersion induced phase
mismatched naturally occurring in dielectric media by choosing di�erent polariza-
tions for the interacting waves, which will experience di�erent refractive indices
within birefringent crystals. Careful choice of propagation directions along certain
crystal axes will therefore allow matching of phase velocities. However, these or-
thogonal polarizations also imply that the interacting �elds are coupled through
non-diagonal components of the nonlinear coe�cient, i.e. not the d11, d22 or d33

component, which will usually stand for the strongest nonlinear interaction.

QPM devices, on the other hand, rely on a periodic reset of the phase of the
polarization, which can be accomplished through an engineered �ipping of the χ(2)

tensor, in the direction perpendicular to the propagation direction. Although, the
�rst proposal involved the stacking of sliced material [15], arranged such that the
each slab would be reoriented 180 degree with respect to the previous one, only one
plane-parallel slab of nonlinear material was actually involved in the �rst realiza-
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tion of QPM [73]. If the signals were launched under an appropriate angle into the
slab, they would undergo total internal re�ection after having propagated a dis-
tance equal to an odd multiple of the coherence length, and hence ful�l the QPM
condition. Nonetheless, the described stacking approach was realized in subsequent
experiments [74�77], although it should be noted that these processes possessed
substantial coherence lengths, which ensured the feasibility of handling the stacks.
Also, scattering losses at the stack joints are a major concern. Still, this technique
distinguishes itself, since it can achieve phase-matching for crystals lacking any bire-
fringence, such as GaAs and GaP. These semi-conductor materials are pillars of yet
another approach, called orientation-patterning, because it is possible to already
grow these materials with a periodic change in crystal direction [78�80].

Finally, QPM structures can be realized through electric �eld poling of single
domain ferroelectric materials, which enables the independent engineering of the
QPM lattice after the crystal growth process. The technique was �rst demonstrated
in LiNbO3 [81], but a number of other ferroelectric materials followed shortly after,
among them LiTaO3 [82], KTP [83, 84] and some of its isomorphs RbTiOAsO4 [85]
and RbTiOPO4 [86], and recently KTiOAsO4 (KTA) [87]. The essential feature of
ferroelectric materials is that they have a spontaneous material polarization, that
can be switched by applying an electric �eld with �eld strengths higher than a
certain value, the coercive �eld strength. Since the polarity of the polarization will
determine the sign of the second order susceptibility, an alternating modulation of
the susceptibility can be accomplished by periodically applying an external electric
�eld. One strategy to achieve this, is illustrated in Fig. 4.2, where the crystal
is periodically contacted, and an applied voltage will induce the desired domain
�ipping. The accuracy of the electrode deposition process greatly bene�ts from
photolithography techniques, which are well established in the semiconductor in-
dustry, and periodically poling with periods of a few micrometers have achieved
using this technique [88, 89]. However, even sub-micrometer poling periods have
been demonstrated, where the grating period is determined by the interference
pattern created by a UV laser [90].

Hence, within the the limits of the fabrication methods, the design of arbitrary
poling periods is viable, which enables phase mismatch compensation for a wide
range of nonlinear processes. This is a clear advantage of QPM over BPM, where
the accessible range of conversion processes is naturally limited by the available
refractive index di�erence of the birefringent materials.

Quasi phase matching

The implementation of QPM in the developed theoretical framework is straightfor-
ward, since the nonlinear coe�cient d can be replaced with an e�ective coe�cient
deff(z) which contains the periodic variation of the polarity of the ferroelectric do-
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Fig. 4.2: Ferroelectric crystal (a) prior to and (b) after to electric-�eld poling. Also, (b)
beam propagation directions and (c) phase matching condition a for particular
parametric interaction are identi�ed.

mains. The spatial dependency is then expressed using the Fourier series

deff(z) = d33

∞∑
m=−∞

Fme
iKmz, (4.13)

where the grating vector can be expressed as

Km =
2mπ

Λ
(4.14)

in terms of the grating period Λ, and the Fourier coe�cients as

Fm =
2

πm
sin(mπD), (4.15)

containing the duty-cycle D. Usually, a duty cycle of 0.5 is used to minimize
the accumulated phase mismatch for odd-order (mod(m) = 1) QPM processes,
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implying that the two lowest order components of the Fourier series read 2/πd33

and 2/(3π)d33. Signal generation using these terms individually is displayed in
Fig. 4.1 and compared to the perfectly phase matched case, illustrating how the
increasing phase mismatch within one coherence length decreases the conversion
e�ciency until the domain polarity is reversed and inverse behaviour is observed
for the subsequent coherence length. The plot also motivates, why �rst order QPM
is the more desirable process, as subsequent terms of the nonlinear coe�cient will
reduce in strength with 1/m. Nonetheless, even these high-order terms could eclipse
the e�ciency of BPM processes as the highest available nonlinear coe�cient in the
material can be utilized with QPM.

For �rst order QPM, the grating period

Γ = 2Lcoh =
2π

kα − kβ − kγ
=

1

nα/λα − nβ/λβ − nγ/λγ
(4.16)

can then be calculated using the phase matching condition. In principal, this condi-
tion can also account for so-called non-collinear phase matching, where the propaga-
tion direction of the interacting waves is not longer parallel, but then the vectorial
aspects of wave vectors and reciprocal lattice vector K must be taken into ac-
count. Thus small deviation between propagation direction and lattice vector can
be treated using a two-dimensional description of the problem.

Even so, collinear phase-matching was used in all experiments throughout this
work, and the tolerance of this process towards changes of the phase matching con-
dition, can be evaluated in terms of changes in temperature or input wavelengths.
To that end, the tuning behaviour with respect to these two parameters was studied
for SHG at 532 nm in a KTP crystal, using the Sellmeiers equation for the material
[91] and the coupled amplitude equations. The results for an 8mm long crystal are
plotted in Fig. 4.3(b), displaying the typical sinc2 dependence which was derived
earlier. The full width half maximum (FWHM) acceptance bandwidths displayed
in the graphs δλ and δT can also be obtained directly, using the formalism described
in [92]

δλ =
0.4429λ

L

∣∣∣∣nβ − nαλ
+
∂nα
∂λ
− 1

2

∂nβ
∂λ

∣∣∣∣−1

δT =
0.4429λ

L

∣∣∣∣∂nβ∂T
− ∂nα

∂T
+ α(nβ − nα)

∣∣∣∣−1

, (4.17)

where λ is the fundamental wavelength and α the thermal expansion coe�cient.

4.5 Second-harmonic generation with Gaussian beams

The preceding discussions were limited to a plane wave description of the interact-
ing beams. In reality, however, laser beams can often be approximated by Gaussian
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Fig. 4.3: Tuning curves for frequency doubling of 1064 nm in an 8mm long KTP crystal
with deff = 10 pm/V: (a) temperature tuning, (b) pump wavelength tuning.

beams which exhibit a transversely varying intensity pro�le, demanding that di�rac-
tion e�ects have to be taken into account. The conversion e�ciency for parametric
generation processes largely depends on the intensity, and thus the cross-section,
of the incident beams, which usually requires that the incident laser beams are fo-
cused into the nonlinear medium. Then di�raction dictates that optimal conversion
will be achieved for a focus that is small enough to reach high intensities, but also
su�ciently large such that the nonlinear interaction in the portions before and after
the focus is maximized. A theory addressing this issue has already been presented
in [93], but it only treats the case of non-depleted pump signals. This section will
therefore brie�y outline, how coupled amplitude equations for parametric processes
with Gaussian beams can be derived. The derivation is based on �ndings in [94],
which was adapted to treat SHG.

First, the the electric �eld amplitude A from Eq. (4.1) of a zero-order mode
Gaussian beam in cylindrical coordinates reads

A(r, z) = A0
w0

w(z)
e
− r2

w2(z)
+i kr2

2R(z)
+iζ(z)

, (4.18)

where A0 is the peak amplitude, w0 the beam waist radius, R(z) = z +
z2r
z the

curvature radius of the wave fronts and ζ(z) = arctan(z/zr) the Gouy phase. The
Rayleigh range zr = πw2

0n/λ is de�ned as the distance from the focus where the
beam waist has increased to a value of

√
2w0. Restating Eq. (4.18) in terms of the

confocal parameter b = kw2
0 and the ratio φ = 2z/b yields

A(r, z) = B(z)u(r, z) = B(z)

√
2

π

e−r
2/w2

0(1−iφ)

w0(1− iφ)
. (4.19)
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The Gaussian mode u satis�es the normalization condition∫ ∞
0

u(r, z)∗u(r, z)2πrdr = 1, (4.20)

and also conveniently ful�ls the condition

∇2
Tu(r, z)− 2ik

∂u(r, z)

∂z
= 0. (4.21)

Using this equality and substituting Eq. (4.19) into an adjusted version of Eq. (4.7)
for SHG where ωβ = 2ωα leads to the following coupled equations

∂Bα
∂z

uα = i
ωαdeff

nαc
B∗αBβu

∗
αuβe

−i∆kz

∂Bβ
∂z

uβ = i
ωαdeff

nβc
B2
αu

2
αe
i∆kz, (4.22)

where the arguments r and z have been dropped for convenience. After multiplying
the �rst equation with u∗α, the second equation with u∗β and then integrating over
the transverse coordinate plane one arrives at

∂Bα
∂z

= i
ωαdeff

nαc
√
πw0,α(1 + iφ)

B∗αBβe
−i∆kz

∂Bβ
∂z

= i
ωαdeff

nβc
√
πw0,α(1− iφ)

B2
αe
i∆kz. (4.23)

This derivation presumes identical confocal parameters b = kαw
2
0,α = kβw

2
0,β , which

implies that w0,α =
√

2w0,β . Furthermore, it is convenient to determine the initial
�eld amplitude Bα since the normalization condition Eq. (4.20) allows its straight-
forward calculation by using the expression for the launched power

Pα =
1

2
ε0cnα

∫ ∞
0

AαA
∗
α2πrdr =

1

2
ε0cnαBαB

∗
α. (4.24)

However, one crucial di�erence from the standard solution of plane wave coupled
mode equations is that optimal conversion e�ciency will not be accomplished for
zero phase mismatch, due to the fact that the nonlinear polarization will experience
a Gouy phase shift that is twice as large compared to the fundamental beam.
The complete numerical solution of Eqs. (4.23) will therefore involve an algorithm
that optimizes the phase mismatch ∆k in order to compensate for the additionally
accumulated phase.

Nonetheless, such a solution of the modi�ed coupled amplitude equations for
Gaussian beams will reproduce the results for the optimal focusing parameter ξ =
L/b = 2.84 for zero phase mismatch found by Boyd and Kleinman [93], which
is illustrated in Fig. 4.4(a). Conversion e�ciencies displayed in that plot were
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Fig. 4.4: Comparison of modelling results using Boyd-Kleinman theory and the presented
coupled-mode equation (CME) approach for Gaussian beams. The models eval-
uate the cw quasi-phase matched frequency doubling of 1064 nm in an 8mm
long KTP crystal with deff = 10pm/V for input powers (a) P1064 = 10−6 W
and (b) P1064 = 50W.

calculated using numerical �tting parameters from [95], which simplify one central
integral expression in the original work [93]. Interestingly, the optimal focusing
parameter remains unchanged for generation processes with considerable pump
depletion, where conversion e�ciencies with tens of percent are achieved, see Fig.
4.4(b).

4.6 Optical parametric oscillators

Optical parametric oscillator essentially rely on optical parametric ampli�cation,
where an input signal, referred to as pump, with frequency ωp is converted into
two output signals with frequencies ωs and ωi. While the parametric process de-
mands ωp = ωs + ωi, the output waves are conventionally referred to as signal
and idler, obeying the relation ωp > ωs > ωi. The introduction of feedback for
any number of the interacting waves in a resonator, separates OPOs from pure
OPG, and allows e�cient conversion of the input waves even at moderate power
levels. The number of resonated waves will determine the classi�cation of di�er-
ent OPOs, where singly-resonant OPOs (SRO) resonate only signal or idler wave,
doubly-resonant OPOs resonate signal and idler waves and triply-resonant OPOs
(TRO) also resonates the pump wave. The required pump intensity to start para-
metric oscillation will decrease with the number of resonating waves, since OPOs
usually start from ampli�ed random quantum noise. However, the downside of the
lowered pump threshold in DROs and TROs manifests in the need for active cav-
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ity length stabilization in order to achieve simultaneous enhancement of multiple
longitudinal modes. Contrary to that, SRO architecture is comparatively simple,
since the signal wave can simply oscillate on one available cavity mode within gain
bandwidth. Yet, the increased intensity requirements can easily be met by pulsed
laser sources or, in the case of cw OPOs, by state-of-the-art high-power �ber lasers,
which motivated their investigation within the context of this thesis.

Initially, optical parametric ampli�cation can be described as an DFG process
where an idler wave is generated from incident pump and signal waves. The single-
pass parametric gain experienced by the signal wave can then be deduced using
coupled mode analysis for plane waves

Ps(L)

Ps(0)
= 1 + (ΓL)2 sinh2

√
(ΓL)2 − (∆kL/2)2

(ΓL)2 − (∆kL/2)2
, (4.25)

where ∆k is the phase mismatch and the gain coe�cient Γ is determined by

Γ2 =
8π2d2

eff

ε0npnsnicλsλi
Ip(0). (4.26)

The threshold gain for SRO operation can be derived assuming self-consistent con-
ditions where the signal gain equals the round trip loss, such that the signal �eld
is reproduced after each cavity round trip [67]

cosh(ΓL)th =
1

1− (Ts + Vs)
→ (ΓL)2

th
∼= 2(Ts + Vs), (4.27)

where Ts denotes the amount of signal outcoupling and Vs other signal losses, in-
cluding scattering and absorption losses. The threshold pump power then becomes

Pth = {beam area} × ε0nsninpcλsλi
4π2d2

effL
2

(Ts + Vs). (4.28)

The conversion e�ciency of the SRO can be derived using coupled amplitude equa-
tions 4.9 and assuming a constant signal �eld As within the cavity as well as perfect
phase matching

∂Ap
∂z

= i
ωpdeff

npc
AsAi

∂Ai
∂z

= i
ωideff

nic
ApA

∗
s. (4.29)

A general solution for this system of di�erential equation can be determined by

�nding the eigenvalues, ±β = ±
√

ωpωid2eff |As|2
npnic2

, and eigenvectors, (1,±
√

ωinp
ωpni

), of

the coe�cient matrix. By applying the boundary condition Ai(0) = 0, the �eld
amplitudes can be expressed as

|Ap(L)|2 = |Ap(0)|2 cos2 βL

|Ai(L)|2 = |Ap(0)|2ωinp
ωpni

sin2 βL. (4.30)
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Now for each round trip, the number of generated idler photons has to match the
number of generated signal photons leading to the following equality

ns
ωs
|As|2(Ts + Vs) =

ni
ωi
|Ai(L)|2 = |Ap(0)|2 np

ωp
sin2 βL, (4.31)

which can be rearranged such that the product βL is only dependent on the ratio
of actual pump power to threshold pump power

sin2 βL

(βL)2
=

nsnic
2

ωsωid2
effL

2
(Ts + Vs)︸ ︷︷ ︸

|Ap,th(0)|2

1

|Ap(0)|2
. (4.32)

Considering that the overall conversion e�ciency can be derived from

η =
Ps + Pi(L)

Pp(0)
=
ns|As|2(Ts + Vs) + ni|Ai(L)|2

np|Ap(0)|2
= sin2 βL, (4.33)

two simple relations de�ning the SROs e�ciency are found

η = sin2 βL ↔ sin2 βL

(βL)2
=

1

N
with N =

Pp
Pp,th

. (4.34)

The conversion e�ciency of the SRO is apparently maximized for a �xed value
βL = π/2, and thus a pump level that corresponds to (π/2)2 ∼= 2.5 times the
threshold pump power. More importantly, β is a direct function of the signal
intensity which implies that only one �xed signal intensity, independent of launched
pump power, will optimize the conversion e�ciency. Functional methods to control
the signal intensity within the SRO cavity are therefore crucial for e�cient operation
of these devices, and one of these methods is investigated in Paper V.

In order to accurately describe the operation SROs under lab conditions, the
above derivation has to be adapted to cater for Gaussian beams instead of plane
waves [96]. The pump threshold for confocally focused Gaussian beams can then
be written with the help of the Boyd-Kleinman reduction factor [93]

Pth =
ε0n

2
scλpλsλi

4π2d2
eff h̃m(B, ξ)L

(Ts + Vs), (4.35)

and expected signal and idler powers can be expressed using the pump depletion
ηd = 1−P (L)/P (0), which will be less than 1 owing to the non-constant transverse
intensity pro�le over the cross section of the signal beam and imperfect overlap of
pump and signal modes. An extraction e�ciency ηe can then be de�ned yielding

ηe =
Ps + Pi(L)

Pp(0)
=

(
λp
λs

Ts
Ts + Vs

+
λp
λi

)
ηd. (4.36)

Consequently, the relation between parasitic losses Vs and signal output coupling
Ts in Eq. (4.36) implies increased extraction e�ciencies for increased signal output
coupling, which again motivates the need for powerful pump source which provide
su�cient gain to permit moderate output coupling.



Chapter 5

Fiber laser experiments

In this chapter, three experiments exploring specialized spectral tailoring of cw Yb-
doped �ber oscillators are described. The �rst experiment discusses both potential
and challenges of extending the tuning range of conventional Yb-doped �ber lasers
towards the lower bound of the ytterbium emission band in order to attain a broadly
tunable �ber laser source. The second experiment evaluates how the output spec-
trum of high-power �ber lasers can be e�ciently restricted and stabilized without
sacri�cing their potential for power scaling or wavelength tuning. Finally, building
on the results of the second experiment, the third experiment demonstrates how the
described wavelength-locking method can be expanded in order to achieve stable
dual wavelength operation in a high-power �ber laser.

5.1 Extended tunability of Yb-�ber lasers

Laser operation in Yb-doped �ber laser is principally possible over the entire emis-
sion band from 975 to close to 1200 nm [28]. Yet, the typical operation range
of these lasers is normally within a narrower window between 1030 and 1080 nm,
where e�cient quasi-three level lasing dominates. Nonetheless, considerable e�orts
to attain e�cient laser operation at both edges of the emission band led to several
solutions, which have to battle the high gain prevalent in the regions were Yb-lasers
usually operate. At the long wavelength edge, the parasitic gain can be suppressed
by either incorporating a band-gap structure in a PCF e�ectively �ltering out sig-
nals with high gain [97], or by directly pumping into the high-gain band and simply
not allowing any transitions in that region, due to energy conservation [98]. For
shorter wavelengths, the competing emission can be omitted by either employing
a special ring-doping design [49] or using large mode area PCFs [99, 100]. While,
a more detailed discussion on the suppression principle follows below, it should
be noted that degradation due to photodarkening in these Yb-doped aluminosili-
cate �bers was not studied, and therefore no long-term stable laser operation, as

45
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Fig. 5.1: Illustration of necessary population inversion level to reach a positive gain cross
section g(λ) at speci�c wavelength within the ytterbium emission band; absorp-
tion and emission cross sections are included for referencing

discussed in [54], was demonstrated. Recently, even the intermediate wavelength
region from 980 to 1020 nm attracted some interest [6, 24, 101], as e.g. single-mode
�ber lasers with the highest output powers rely on tandem-pumping schemes at
these wavelengths to reduce the quantum defect and thereby the heat load in the
�bers [6]. However, extensive tuning connecting the zero-phonon line at 975 nm to
wavelengths above 1 µm had not been demonstrated, and was therefore investigated
in a proof of concept experiment in paper I.

Choice of �ber length

E�cient and stable lasing of an Ytterbium �ber laser operating at 975 nm faces
two problems. The �rst, photodarkening, can be counteracted by Ce-codoping
[53], which was addressed by adding 0.06 at. % of Ce to the �ber preform. The
second, emission at 1030 nm competes with lasing at 975 nm, a true three-level
lasing process, which requires a minimum of 50 % population inversion in order to
start lasing. The quasi-three level lasing process around 1030 nm involves an only
partially populated upper level and can thus start at comparably lower excited ion
levels. To illustrate this aspect, the inversion level n2/nt required to achieve a
positive gain cross section

g(λi) = σe,in2/nt − σa,i(1− n2/nt) (5.1)

is plotted over the Yb-emission band, see Fig. 5.1.

According to [49], a helpful relation to estimate the gain competition is found
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in

G1030 =
σe,1030

σe,975
·G975−

Γ1030

Γ915
· σe,1030

σe,975

σa,975

σa,915
·G915 = 0.22 ·G975−

Γ1030

Γ915
·0.7 ·G915,

(5.2)
where the parasitic gain at 1030 nm G1030 is expressed in terms of the gain at the
pump wavelengthG915 and the desired lasing wavelengthG975. The �rst term in Eq.
(5.2) is small in comparison to the second term, since G975 will only compensate for
the cavity round trip losses, which is roughly 14 dB for a linear cavity laser using one
high-re�ective cavity delimiter and the Fresnel re�ection of a �ber end facet as the
second delimiter. The second term in Eq. (5.2) is apparently strongly dependent on
the �ber geometry which determines the overlap factors Γλ between the normalized
optical mode and the dopant distribution in the �ber at the respective wavelengths.

Core diameter∗ Ac 200µm2

Cladding diameter∗ Acl 17500µm2

Dopant diameter∗ Ad 200µm2

Background loss α(λ) 0.02 dB/m
Pump wavelength λp 915 nm

Pump power Pp = P 0,+
λp

25W

Pump absorption αp 2 dB/m
Re�ectivity at z = 0 R0(980-1200 nm) 0.12

(980 nm < λVBG < 1000 nm) R0(1000-1200 nm) 10−5

Re�ectivity at z = L RL(λVBG) .99
(λ 6= λVBG) RL(λ 6= λVBG) 10−5

Coupling loss z = 0 1-η0(λ) 0.1
Coupling loss z = L 1-ηL(λ) 0.1

Table 5.1: Ce-doped �ber parameters and cavity parameters for an typical cladding-
pumped linear cavity �ber laser; λVBG denotes the VBG-locked laser wave-
length

In a typical double clad pumping con�guration the ratio of overlap factors
Γ1030/Γ915 can be approximated by the ratio of cladding and core areas Acl/Ac,
which yields signi�cant parasitic gain stemming from the second term. In fact, for
a single-mode step-index �ber with 10 µm core diameter, 125 µm cladding diameter
and 10 dB pump absorption the second term would amount to a parasitic gain of
more than 1000 dB. As wavelength selective elements will not provide more than
approximately 50 dB suppression of undesired gain, the pump absorption in such
�bers has to be reduced signi�cantly, by e.g. shortening the �ber length, which
obviously compromises the overall e�ciency. Hence, in successful demonstrations
of e�cient lasing around 980 nm the overlap factor ratio Γ1030/Γ915 is reduced by
either using a PCF with large single-mode cores yielding a cladding to core ratio of
∗
A minor error occurred in paper I, where the core, cladding and dopant area are listed in

the text with four times the actual values. Modelling, however, was conducted with the correct
values.
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Fig. 5.2: Modelled output spectra for a �ber laser locked at (a) 978 nm and (b) 1000 nm
for di�erent length of gain �ber. Also, (c) gives the fraction of optical power
contained in the ASE for both lasers as a function of the �ber length. Modelled
�ber parameters are taken from the �ber used in Paper I.

only Acl/Ac = 8 [99, 100], or by employing a ring doping structure which is outside
the guiding core to reduce the overlap factor Γ1030, and thus forcing laser opera-
tion with a high population inversion, which favours lasing on the zero-phonon line
[49]. In reality, it is not only a question of whether lasing can be achieved on the
three-level transition, but also how dominant the content of unwanted ampli�ed
spontaneous emission (ASE) is in the output signal. Utilizing the model described
in section 2.3, the ASE content can be estimated for di�erent lengths of the avail-
able Ce-codoped Yb-�ber, whose speci�cation are given in Tab. 5.1 together with
relevant modelling parameters. Two cases are considered, one, a laser VBG-locked
at 978 nm with an ASE �lter (cut-o� wavelength of 1000 nm) on the outcoupling
side suppressing parasitic ASE with 50 dB, and, two, a laser locked at 1000 nm
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Fig. 5.3: Experimental setup for tunable laser [Paper I].

lacking any additional ASE suppression. The results of these numerical evaluations
are plotted in Fig. 5.2, where laser output spectra are given for three illustrative
�ber lengths in Figs. 5.2(a) and 5.2(b), and the fraction of optical power in the
ASE is plotted as a function of �ber length, see Fig. 5.2(c). The latter clearly
illustrates, that although lasing at 978 nm can still be attained for a 80 cm long
�ber, the ASE content will be signi�cant, whereas in a laser with a 65 cm long �ber
the ASE content in the signal will only correspond to 2%. Moreover, Fig. 5.2(b)
illustrates that a cut-o� wavelength of 1000 nm for the ASE �lter is not too short,
such that lasing just above the cut-o� wavelength, i.e. 1000-1020 nm, experiences
su�cient gain to compete with parasitic ASE at 1030 nm.

Setup and cavity con�guration

The setup of the tunable laser is given in Fig. 5.3. Following the consideration
above, we used a 65 cm long �ber anticipating that by multiple passes through
ASE �lters the ASE content will be reduced further. Since the shortened �ber
length also considerably limits the gain for wavelengths between the two main Yb
emission peaks, output powers in that region are no longer optimized for the large
outcoupling of 96% (transmission at one �ber end facet), which is usually applied in
high-gain �ber lasers. Consequently, the rate equation model was used to determine
the optimal amount of outcoupling to maximize output powers between 980 and
1000 nm. Fig. 5.4 displays the simulated results for linear cavities comprised
of a high-re�ective VBG and a broadband outcoupling mirror with wavelength
independent re�ectivity, where both the VBGs peak re�ectivity wavelength and
the mirror re�ectivity are swept. The results suggest that the optimal re�ectivity
for the outcoupling mirror in the range between 980 and 1000 nm is between 10 and
15%. A mirror with 12±1% re�ectivity was available and therefore chosen for the
experiments.
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Fig. 5.4: Numerical study to determine optimal outcoupling at the short wavelength edge
[Paper I].

Wavelength tuning was accomplished by angle-tuning with four di�erent high-
re�ectivity VBGs with design wavelengths 997, 1030, 1066 and 1100 nm and similar
FWHM bandwidths of 0.4 nm. The entire tuning range could not be covered by a
single VBG, due to the fact that the angular divergence of the slightly multi-mode
laser signals (M2 < 3.5) did not �t into the angular acceptance bandwidth of the
available VBGs at large tuning angles, compare Eq. (3.15). However, with either
an improved beam quality or a larger VBG aperture tuning with only one grating
becomes feasible.

Experimental results and discussion

Although, a comparison with numerical predictions suggests that an extension of the
tuning range towards longer wavelengths should be feasible, the numerical modelling
also reveals that the output powers at the short wavelength edge fall short of the
expected performance, see Fig. 5.5. The poor agreement between 1000 nm and
1020 nm can be explained by the fact that the available 1030 nm-VBG only had a
FWHM bandwidth of 0.2 nm, which led to a decreased di�raction e�ciency of the
VBG at larger tuning angles. The deviation of experimental and numerical data
between 980 nm and 1000 nm, however, could not be attributed to angle-tuning
induced losses, as measurements with a VBG (design wavelength 982 nm) under
normal incidence con�rmed. Thus, another e�ect, namely life-time quenching of
a fraction of Yb-ions, could be responsible for the observed behaviour. Modelling
of this e�ect could be implemented into the rate equation model, according to the
description in section 2.4, and the results were added to the comparison of numerical
and experimental data in Fig. 5.5. Then, the numerical results for a quenched
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Fig. 5.5: Measured experimental output powers and numerical predictions for di�erent
fractions of quenched Yb-ions [Paper I].

ion fraction of 2% give the best correlation with the experimental data. If life-
time quenching is indeed the underlying process, future improvement of the doping
composition has to focus on a reduction of quenched ions, in order to achieve e�cient
lasing at the short wavelength edge of the emission band. With the described laser
con�guration, the Yb-laser could be continuously tuned over an unprecedented
range from 980 to 1100 nm and delivered narrow-band (<60 pm), multi-watt signals
for a launched pump power of 25W. As expected, the fraction of optical power
contained in the ASE varied over the tuning range, reaching a maximum of -22 dB at
980 nm and was decreased towards longer wavelength to less than -35 dB. Especially,
the strong ASE content at the short wavelength edge indicated that substantially
longer �bers are not permitted in this laser setup, if the 980 nm emission peak is
to be included in the tuning range.

Moreover, both e�ciency and output power levels of the described laser setup
could be increased by adopting improved �ber designs, that either feature a de-
creased cladding/core ratio and/or a photonic band-gap to counteract competing
ASE. And again, improved beam quality would further simplify the laser con�gu-
ration by voiding the need for multiple VBGs to cover the tuning range.
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@ 976 nm

Power meter 8m Gain fiber TFP TCVBG

Fig. 5.6: Experimental setup for the TCVBG-locked �ber laser [Paper II].

5.2 E�cient tuning of high-power �ber lasers

As it was brie�y mentioned in the introduction, today high-power tunable �ber
sources are mostly realized using MOPAs, where the output of a low-power seed
source with the desired properties is scaled up in multiple ampli�cation stages.
One major drawback of this approach is the accumulated ASE, which introduces
signi�cant signal noise and limits, if not properly handled, the overall e�ciency of
MOPAs. A second disadvantage is the necessity to protect the seed source against
any feedback from the MOPA output, as even tiny re�ected signals can experience
strong ampli�cation and damage the seed. Such protection, is commonly provided
by optical isolators, which are hard to obtain, once power levels of tens of watts are
reached. Hence, the overall complexity of MOPA systems motivates the investiga-
tion of tunable high-power oscillators with inherent power scalability. Although,
multiple solutions for such systems using VBGs have been realized [8, 57, 58, 102],
the VBG angle-tuning of these sources is ultimately limited by the angular accep-
tance bandwidth of the employed gratings. It is possible to partially counteract
this limitation by using short gratings with high index modulations (compare Fig.
3.3), however, the bandwidth of the grating and subsequently the laser linewidth
will be broadened. Nonetheless, a feasible route towards broadly tunable narrow-
band high-power �ber lasers can still rely on VBGs as the subsequent experiment
demonstrated. The proposed tuning method involved the use of a transversely
chirped VBG (TCVBG), which permits simple tuning of the laser wavelength by
transversely translating the TCVBG, while maintaining normal incidence on the
grating.

Experimental setup

The schematic setup of the proposed TCVBG-locked �ber laser is presented in Fig.
5.6. A 8m long polarization maintaining (PM) Yb-doped gain �ber with 20µm core
and 400 µm cladding diameter was pumped by a multibar pump diode emitting
at 976 nm, which resulted in >13 dB pump absorption and provided maximum
gain for wavelengths close to 1070 nm. Additionally, a thin-�lm polarizer with the
transmitting axis oriented parallel to the slow axis of the PM �ber was placed
inside the cavity for polarization selection. The linear cavity was constituted of
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Fig. 5.7: (a) Comparison of experimental and calculated data for TCVBGs spectral re-
sponse for two di�erent beam diameters: 1.24mm and 1.84mm. Experimental
measurements were conducted at the grating center, where λB = 1068.5 nm,
L = 3.44mm and n1 = 4.33 · 10−4. (b) Peak power re�ectivity of the TCVBG
versus wavelength for two di�erent beam diameters: 0.8mm and 1.2mm.
The peak re�ectivity was experimentally measured with a beam diameter of
1.24mm. Using this result, refractive index modulations corresponding to these
re�ectivity values were calculated, and the grating responses for the two inter-
esting beam diameters were calculated.

a commercially available TCVBG, with a chirp-rate of 0.35 nm/mm and center
wavelength at 1068.5 nm, and the 3.6% Fresnel re�ection of a perpendicular cleaved
�ber end facet. Following the considerations in chapter 3, the collimated beam size
at the entrance facet of the grating is the most crucial parameter, when designing
this laser cavity, as it determines both peak re�ectivity and spectral selectivity of
the grating response. To that end, the grating re�ectivity was obtained with a
tunable Ti-Sapphire laser, where we measured the re�ected (under a small angle
with respect to the incident light) and transmitted signal powers, while detuning the
wavelength from the gratings center wavelength. The measurement was performed
for two di�erent beam diameters, illustrating the change in grating response for
di�erent beam sizes, see Fig. 5.7(a). For the present cavity a collimated beam
with a diameter of 1.2 mm was chosen, partially due to available collimating optics
and partially due to the fact, that this beam diameter provided close to optimal
linewidth narrowing of the laser output and an average peak re�ectivity of 91.6%
over the tuning range. It should be noted here, that the narrowest linewidth of the
laser signal is not per se determined by the narrowest FWHM bandwidth of the
grating response. The line-narrowing is rather determined by the degree of side-
mode suppression that longitudinal modes lying o�-center in the re�ection band
experience. Even small feedback di�erences from the grating will prevent o�-center
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Fig. 5.8: Upper graph: Wavelength-dependency of output powers at di�erent pump lev-
els. Middle graph: Relative power variations over the tuning range, symbols
represent experimental data, dashed lines represent numerically predicted val-
ues. Lower graph: Illustration of output power stability for temperature-tuned
second-harmonic generation in an 8mm long periodically poled KTP crystal.
The launched fundamental pump power was 17W.

modes from oscillating due to gain competition, see Fig. 3.4.

Results

In the described con�guration, the Yb-doped �ber oscillator delivered a continu-
ously tunable output signal (from 1064 nm to 1073 nm), whilst maintaining excellent
spectral (FWHM bandwidth <13GHz, see Fig. 5.9(a)) and spatial beam quality
(M2<1.2, see Fig. 5.10(b)) at power levels of more than 100W. An almost con-
stant output power level was measured over the tuning range with a relative power
deviations of less than 0.6% at the highest output powers, see Fig. 5.8. A simple
illustration of the usefulness of this feature is presented in the same �gure, where
the results of a SHG experiment in an 8mm long periodically-poled KTP crystal
are plotted. As the temperature in the crystal is increased, the SHG generation will
be phase-matched for longer fundamental wavelengths. Thus, changing the crystal
temperature and subsequently tuning the pump wavelength delivered by the �ber
oscillator, yields a tunable green light source, whose output power exhibits only
marginal wavelength dependence (<2%).

The slope e�ciency of the �ber laser was 78%, and lasing started for a launched
pump power of 4W. Moreover, single polarization operation was con�rmed with
a polarization extinction ratio of more than 18 dB, see Fig. 5.9(b), while stability
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Fig. 5.9: (a) Laser output spectra for maximal laser power at di�erent oscillating wave-
length. (b) Polarization extinction ratio (PER) measurements for di�erent laser
wavelengths and power levels [Paper II].
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Fig. 5.10: Temporal power stability (a) and beam quality (b) measurements for laser
operation at 1068.5 nm with maximum output power.

measurements with a photo diode resulted in a relative standard deviation of the
output power of <0.2%, leaving no evidence of self-pulsations, see Fig. 5.10(a).

The experiments show, that straightforward continuous tuning of a high-power
�ber oscillator is possible using a TCVBG for wavelength-locking and -tuning. Fol-
lowing the previous discussions in Chapters 2 and 3 on the power scaling limitation
of this laser, three major obstacles for up-scaling of this particular laser should be
considered. First, possible melting of the �ber coating, which can be counteracted
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by adapting a proper cooling arrangement. Second, inhomogeneous heat-build up
in the VBG can induce a strong grating chirp in the direction parallel to the inci-
dent beam, which ultimately destabilizes the laser. This issue can also be avoided,
by using improved PTR glasses with very low linear absorption [64]. So ultimately,
the power limit of the described oscillator will be set by the onset of SRS, or pos-
sibly SBS, if the design is adapted for signals with a narrower bandwidth. Thus,
the proposed architecture o�ers a straightforward route towards tunable kW class
�ber lasers.
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Fig. 5.11: Experimental setup for high-power dual-wavelength �ber laser with (a) dual-
polarization and (b) single-polarization output [Paper III].

5.3 Tunable dual-wavelength �ber laser

Long wavelength sources for microwave and terahertz photonics are often realized
either using heterodyne beating techniques or di�erence frequency generation of
optical signals [103, 104]. Most of the realizations of these methods rely on the
interaction of signals from di�erent laser sources, where considerable alignment
e�orts are necessary to achieve proper spatial overlap. While single emitter sources
with a multi-wavelength output are not faced with that problem, adequate power
scaling and stabilization of such lasers is challenging. A common stabilization
method, which is routinely used for low-power multi-wavelength �ber laser systems
[105, 106], relies on polarization-dependent gain, which considerably limits gain
competition between multiple laser signals if their oscillation is con�ned to di�erent
polarization states. The cause of the polarization-dependent gain, which was �rst
observed and studied in Er-doped ampli�ers [107, 108] and later also observed in
Yb-doped ampli�ers [109], has been identi�ed as polarization hole-burning (PHB).
PHB arises from the anisotropy of the rare-earth ions absorption and emission



58 CHAPTER 5. FIBER LASER EXPERIMENTS

0 5 10 15
0

10

20

30

time [min]

po
w

er
 [W

]

 

 

single−pol. fixed signal
single−pol. tunable signal

dual−pol. fixed signal
dual−pol. tunable signal

Fig. 5.12: Power stability measurement for the dual-wavelength lasers with single-
polarization and dual-polarization output [Paper III].

properties in the glass matrix, which drives signals with orthogonal polarization
states to utilize di�erent groups of gain-producing ions [110], and thus maximize
their respective gains without competing for the same ions.

The presented laser con�guration from paper II, could easily be enhanced to
produce a dual-line output signal by locking the previously �ltered polarization
state with a second VBG, see Fig. 5.11(a). As this con�guration permitted the
separation of the two signals both in wavelength and polarization, stable operation
of the laser was promoted through PHB. In order to illustrate the stabilizing e�ect
of PHB, a comparative experiment was devised where two VBGs were arranged
in sequence behind each other such that both signals had the same polarization
state, see 5.11(b). At the output the signal was separated into the two wavelength
components using a third VBG with design wavelength of 1100 nm and maximum
re�ectivity of 99% under oblique incidence. Then, the output powers were moni-
tored for both laser con�gurations over a period of 15 minutes and the results are
presented in Fig. 5.12. The measurements reveal strong gain competition for the
single-polarization laser with relative power �uctuations of up to 80%, while the
dual-polarization laser displayed power �uctuations of less than 3%, clearly demon-
strating the stabilizing e�ect of PHB. It should be noted, that a major part of the
power �uctuations can be attributed to the remnant orthogonal polarization from
the second signal, as a PER of 18 dB (approx. 1.6%) was previously measured for
the single-line laser operation in paper II.

Besides the second VBG for wavelength locking, there is one other signi�cant
modi�cation of the experimental conditions in paper III, as compared to paper II. As
most application of dual-wavelength lasers bene�t from an equal power distribution
between the two signals, gain and loss for both signals should ideally be matched.
A condition, which could not be ful�lled in the original setup, since the average
re�ectivity of the TCVBG (91.6%) was considerably lower than the peak re�ectiv-
ity of the available secondary grating with 99% peak re�ectivity at 1066 nm. The
mismatch was partially adjusted for by decreasing the collimated beam diameter
at the entrance facet of the TCVBG to 0.8mm, which raised the average re�ec-
tivity to 97.9%, see Fig. 5.7(b). However, as was explained earlier, the decreased
beam diameter resulted in a broadened linewidth of 20GHz, compared to the pre-
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Fig. 5.13: (a) Slope e�ciencies for single-line (triangles, circles) and dual-line operation
(squares); inset presents maximum dual-line power vs wavelength separation.
(b) Dual-line laser output spectra for di�erent wavelength separations [Paper
III].

viously measured 13GHz. Nonetheless, the described adjustment allowed for equal
power distribution between the two signals, where small di�erences in output power
could be compensated for by slightly tilting one of the VBGs, thus introducing a
small additional loss. Key results illustrating the lasers power scaling and tuning
capabilities are displayed in Fig. 5.13. They demonstrate, that dual-wavelength
operation was achieved without sacri�cing overall e�ciency (Fig. 5.13(a)) for con-
tinuously tunable wavelength separation ranging from 30GHz to 2THz. Although,
wavelength splitting below 30GHz was not considered in the results, since it could
not be resolved, it was realized without showing any detrimental e�ects on the
laser stability, suggesting that PHB is the dominant mechanism in the suppression
of gain competition. Moreover, long-term measurements on the spectral stability
and the power stability were conducted at the highest attainable combined output
power level of 78W and the results for 30GHz and 2THz signal separation are
displayed in Fig. 5.14, con�rming excellent stability and a optical signal- to noise
ratio of more than 50 dB. Finally, the PER for both signals was evaluated, by mea-
suring the laser spectra after the thin-�lm polarizer TFP2 (compare Fig. 5.11(a)),
once with the half-wave plate (HWP) at 0◦ and once at 45◦. These measurements
con�rmed that none of the individual laser lines PER was compromised by the
dual-line laser operation of the laser, as the measured extinction ratio of >19 dB
remained at the same level as previously measured for single-line laser operation,
see Fig. 5.15. Nonetheless, routes towards increased PER for both signals should
be investigated as further suppression of the remnant polarization in the signals
should lead to improved relative output power stability.

All in all, these results indicate, that the proposed scheme o�ers an unique and
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(a) (b)

Fig. 5.14: Spectral (upper graphs) and power (lower graphs) stability for dual-line laser
operation (a) with 30 GHz and (b) with 2 THz wavelength separation [Paper
III].

1065.5 1066 1066.5 1067 1067.5
−60

−50

−40

−30

−20

−10

0

wavelength [nm]

sp
ec

tr
al

 p
ow

er
 [d

B
]

0.14 THz separation

 

 

fixed signal
tunable signal
dual line signal

(a)

1066 1067 1068 1069 1070 1071 1072

−50

−40

−30

−20

−10

0

wavelength [nm]

sp
ec

tr
al

 p
ow

er
 [d

B
]

1.5 THz separation

 

 

fixed signal
tunable signal
dual line signal

(b)

Fig. 5.15: Measurement of the PER in the individual signals for (a) 0.14 THz and (b)
1.5 THz wavelength splitting [Paper III].

simple approach to extract stable, tunable dual-wavelength signals from a high-
power �ber oscillator.



Chapter 6

Fiber laser pumped nonlinear frequency

conversion schemes

Based on the developed high-power �ber laser pump source, several experiments
were conducted targeting powerful coherent light sources in the visible and mid-
infrared wavelength regions. The focus for all these experiments still remained
on the development of �exible and robust sources. Following this objective, visi-
ble light was generated with the method promising the most degrees of freedom:
single-pass SHG in quasi-phase matched nonlinear materials. Single-pass generation
poses considerable challenges on the applied nonlinear material, as a combination
of high e�ective nonlinearity, tolerance to strong incident �elds as well as superior
transmission and thermal properties are required to achieve useful conversion e�-
ciencies. As ongoing research still debates which nonlinear material is best suited
for QPM devices in the visible wavelength regime, this thesis explores a nonlinear
crystal in which QPM structures have only recently been implemented: KTiOAsO4

(KTA) [87, 111]. Microscope pictures illustrating the achieved poling quality in
this material are displayed in Fig. 6.1.

A powerful cw parametric source emitting in the mid-infrared, on the other
hand, is not as easy to realize through simple single-pass pumping with the available
�ber laser, as the second wave participating in the optical parametric generation
process is provided by low-power random quantum noise. The simplest source
therefore requires that at least one of the waves in the three-wave-mixing process
is resonated. With the advent of high-power �ber lasers as suitable pump sources,
e�cient optical parametric oscillators could be conceived of, which only relied on the
cavity enhancement of one interacting wave, typically the signal wave. However, as
discussed in Chapter 4, these singly-resonant optical parametric oscillators (SRO)
will only operate at peak e�ciency, if the power of the resonated signals is carefully
controlled. Thus, a promising method enabling accurate control of the intra-cavity
power is presented in the second experiment described in this chapter.

61
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Fig. 6.1: Microscope images of the ferroelectric domain structures on the patterned face
of periodically-poled (a) Vendor 2: HC-KTA and (b) Vendor 1: LC-KTA. The
inset graphs display the non-patterned face [111].

6.1 High-power second-harmonic generation

Numerous applications such as laser displays, material processing, biological inves-
tigations and eye surgery can bene�t from compact quasi-phase matched (QPM)
devices in the visible wavelength region, leading to active research during the last
two decades regarding the power scaling capabilities of these devices [112�119].
For adequate comparison, the benchmarking experiment of single-pass frequency
doubling of the Nd:YAG laser line at 1064 nm was routinely used to assess the
performance of di�erent devices. A summary of published results highlighting dif-
ferent materials and the respective publication year is given in Fig. 6.2. The
achieved results for the materials investigated within the scope of this thesis are
also given. Early devices based on periodically poled LiNbO3 isomorphs battled
with photorefractive damage and green induced infrared absorption. As these issues
could partially be resolved by introducing MgO-doping [114] and by considerable
fabrication e�orts to grow stoichiometric crystal structures, output powers could
be scaled to nearly 20W in periodically poled MgO-doped stoichiometric LiTaO3

(SLT) [116, 119]. Further up-scaling of these devices was restricted by the onset
of thermally induced dephasing due to linear absorption at the second harmonic
wavelength. Similar thermal limitations have been observed in KTiOPO4 (KTP)
[117], a material that exhibits better commercial availability than high-quality SLT.
Although, crystals within the KTP crystal family generally possess less favourable
thermal properties, with thermal conductivities of 2-3W/(m K) [120] compared to
8.8 W/(mK) in SLT [121], the reported linear absorption properties of some KTP
isomorphs [122], such as KTA, motivate closer consideration of these materials.

Although readily available, KTA has attracted little interest for visible light
generation, owing to the fact that birefringent phase-matching is restricted by the
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Fig. 6.2: Overview on results in the literature (empty symbols) and results presented in
this thesis (�lled symbols) for cw green light generating QPM devices. The
overall conversion e�ciency is normalized with respect to incident pump power
in W and crystal length in cm and plotted vs the generated SH power. Complete
literature references can be deduced from an analogous graph in Paper IV.

short wavelength cut-o� around 1075 nm. However, the recent demonstration of
domain structuring for QPM generation of visible light [111] in conjunction with
the low reported linear absorption values, suggests that KTA holds considerable
potential for future high-power QPM devices for the visible wavelength regime.

Characterization of linear transmission properties

In preparation of the high power cw single-pass SHG experiments, the linear ab-
sorption properties of four KTA samples, stemming from three di�erent vendors,
were evaluated to substantiate the reported results in [122]. The KTA samples
were 10x5x1mm3 in size and labeled according to their respective measured ionic
conductivities (low-conductive - LC; high-conductive - HC; super high-conductive
- SHC), see Tab. 6.1. Throughout the course of the analysis, identical sample
characterization and SHG generation experiments were carried out for KTP and
Rb-doped KTP (RKTP) samples (same dimensions as KTA samples), in order to
see how the performance of these compounds matches up with KTA and to further
gain insight in the limiting factors of QPM devices based on KTP isomorphs. The
RKTP sample is included here, since RKTP exhibits superior poling quality [89]
and better resistance to grey-tracking [123].

The linear absorption measurements were carried out using a Varian Cary 50
absorption spectrophotometer (Agilent Technologies). As absorption properties in
birefringent crystals can show strong dependencies on the polarization of the probe
light, the broadband light from a Xenon lamp was polarized parallel to the c-axis
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Sample Conductivity [S/m] α @ 532 nm [cm−1] deff [pm/V]
Vendor I LC-KTA (5.0− 8.2) · 10−8 0.005± 0.002 9.7
Vendor I HC-KTA (5.8− 7.0) · 10−4 0.003± 0.002 n.a.
Vendor II HC-KTA (0.8− 1.1) · 10−4 0.043± 0.002 10.5
Vendor III SHC-KTA (2.0− 3.4) · 10−3 0.050± 0.002 n.a.

Vendor IV KTP (0.6− 1.3) · 10−4 0.025± 0.002 10.4
Vendor IV RKTP (0.3− 2.0) · 10−6 0.018± 0.002 11.0

Table 6.1: Measured ionic conductivities, linear absorption coe�cient α at 532 nm and
e�ective nonlinear coe�cient deff for all samples.
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Fig. 6.3: (a) Transmission and (b) absorption spectra along the z-polarized light.

of the crystal and launched along the a-axis of the crystal, just as it is the case
for fundamental and second-harmonic waves in the generation process. The re-
sults of the absorption measurements for the six di�erent samples are plotted in
Fig. 6.3, showing signi�cant di�erences especially among the KTA samples from
di�erent vendors. Only the KTA samples provided by Vendor I displayed simi-
larly good transmission properties as in earlier investigated samples (0.005 cm−1

@ 532 nm [122]). It is worth noting, that both samples from Vendor I show very
similar transmission properties, despite di�ering signi�cantly in conductivity. As
the ionic conductivity is associated with the hopping motion of potassium ions and
is proportional to the concentration of potassium vacancies, which to a large extent
depends on the speed of the crystal growing process. Hence, the results suggest,
that the observed absorption in the di�erent samples is in all likelihood not de-
pendent on the concentration of potassium vacancies but rather is a consequence
of added impurities. These impurities are added either unintentionally during the
growth process or sometimes intentionally to promote single-domain growth, which
raises the question whether also the observed transmission properties in KTP and
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RKTP could be improved by a modi�ed crystal growth process or whether the
decreased transparency in the visible wavelength range is an intrinsic crystal prop-
erty. The linear absorption measurements were carried out using a Varian Cary 50
absorption spectrophotometer (Agilent Technologies). As absorption properties in
birefringent crystals can show strong dependencies on the polarization of the probe
light, the broadband light from a Xenon lamp was polarized parallel to the c-axis
of the crystal and launched along the a-axis of the crystal, just as it is the case for
fundamental and second-harmonic wave in the generation process. The results of
the absorption measurements for the six di�erent samples are plotted in Fig. 6.3,
showing signi�cant di�erences especially among the KTA samples from di�erent
vendors. The only KTA samples which display similarly good transmission proper-
ties as earlier investigated samples (0.005 cm−1 @ 532 nm [122]) were provided by
Vendor I. It is worth noting, that both samples from Vendor I show very similar
transmission properties, despite di�ering signi�cantly in conductivity. As the ionic
conductivity is associated with the hopping motion of potassium ions and is pro-
portional to the concentration of potassium vacancies, it primarily depends on the
speed of the crystal growing process. Then the results suggests, that the observed
absorption in the di�erent samples is in all likelihood not dependent on the concen-
tration of potassium vacancies but rather a consequence of an undesirable impurity
content. These impurities are added either unintentionally during the growth pro-
cess or sometimes intentionally to promote single-domain growth, which raises the
question whether also the observed transmission properties in KTP and RKTP
could be improved by a modi�ed crystal growth process or whether the decreased
transparency in the visible wavelength range is an intrinsic crystal property.

High-power SHG experiments

Periodic poling was successfully implemented in four out of the six samples and
SHG experiments were conducted with the setup schematically presented in Fig.
6.4. The two KTA samples which could not be poled were the high-conductive
sample from Vendor I, where crystal quality irregularities prevented high-�delity
periodically-poled structures, and the super high-conductive sample from Vendor
III, where the available poling equipment could not provide su�cient current to
compensate for the strong ionic conductivity that screens the polarization switching.
Since the active poling area is slightly smaller than the orignal sample dimensions,
the remaining four periodically poled samples were cut to dimensions 8x5x1mm3

to optimally use the active poling area. A grating period of 8.49µm was chosen
for KTA and 9.01 µm in KTP(RKTP) to phase-match SHG at 1066 nm, which is
well within the tuning range (1064 nm to 1073 nm) of the available pump laser.
At a FWHM bandwidth of approximately 50 pm the pump laser signal could be
easily phase-matched within the FWHM acceptance bandwidths of the crystals,
which is 0.31 nm in KTA (Sellmeier data from [124]) and 0.34 nm in KTP (see Fig.
4.3(b)). An identical focusing arrangement with a beam waist diameter of 50µm, in
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Fig. 6.4: Schematic illustration of the laser setup and the second-harmonic-generation
stage, with relevant diagnostic equipment [Paper IV].

conjunction with the same thermal management scheme in a crystal oven ensured
optimal comparability for the experiments in the di�erent samples.

Periodic poling was successfully implemented in four out of the six samples and
SHG experiments were conducted with the setup schematically presented in Fig.
6.4. The two KTA samples which could not be poled were the high-conductive
sample from Vendor I, where crystal quality irregularities prevented high-�delity
periodically-poled structures, and the super high-conductive sample from Vendor
III, where the available poling equipment could not provide su�cient current to
compensate for the strong ionic conductivity that screens the polarization switching.
Since the active poling area is slightly smaller than the orignal sample dimensions,
the remaining four periodically poled samples were cut to dimensions 8x5x1mm3

to optimally use the active poling area. A grating period of 8.49 µm was chosen for
KTA and 9.01 µm in KTP(RKTP) to phase-match SHG at 1066 nm, which is well
within the tuning range (1064 nm to 1073 nm) of the available pump laser. At a
FWHM bandwidth of approximately 50 pm the pump laser signal could be easily
phase-matched within the FWHM acceptance bandwidths of the crystals, which is
0.31 nm in KTA (Sellmeier data from [124]) and 0.34 nm in KTP (see Fig. 4.3(b)).
For optimal comparability of the experiments in the di�erent samples, an identical
focusing arrangement with a beam waist diameter of 50µm was used in conjunction
with the same thermal management scheme in a crystal oven.

Finally, the results of the SHG generation experiments are given in Fig. 6.5.
In order to properly analyse the data, experimental data points are compared to
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Fig. 6.5: Comparison of experimental and numerical results for (a) second-harmonic sig-
nal vs launched fundamental power and (b) second-harmonic conversion e�-
ciency vs launched fundamental power for all poled samples.

numerical predictions based on the solution of the modi�ed coupled wave equations
(4.23) given in Chapter 4. While these equations already consider focusing and
depletion of the pump signal, linear absorption can also be taken into account by
adding the absorption term −αβ2 Bβ to the right hand side of the second equation
in (4.23). The small linear absorption at the fundamental wavelength is neglected
and the absorption coe�cients at the second-harmonic wavelengths αβ use the mea-
sured values given in Tab. 6.1. It is evident that the experimental data correlates
well with the modelled data at lower power levels and starts to deviate as the
pump powers are increased. These results are in agreement with previous work
[117, 119], where this behaviour was attributed to the onset of absorption-induced
thermal dephasing. An assumption, which is further substantiated by the necessary
adjustment of the oven temperature to achieve optimal phase-matching at higher
pump powers, see Fig. 6.6. The increased thermal load at higher pump powers
was also the main limitation for further power scaling of the green output power,
as the temperature controller of the crystal oven was too slow to compensate for
small �uctuations in the optical power and the accompanying change in the heat
distribution. This slow response of the oven then manifested itself in considerable
�uctuations of the generated green output power, which in the case of the highest
achieved output power of 13.6W amounted in point-to-point �uctuations of 12%
(<1.3% rms) measured over a period of one hour, see Fig. 6.7(a). Still, the results
clearly indicate that the underlying cause of the power instabilities is found in the
linear absorption, as the onset of thermal dephasing in the low-conductive KTA
sample from Vendor I is considerably delayed with respect to the KTA sample from
Vendor II which exhibits the strongest absorption.

Nonetheless, a green output power of 13.6W was generated at 25% conversion
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Fig. 6.6: Necessary adjustment of the phase-matching temperature to achieve maximum
conversion e�ciency.
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Fig. 6.7: Beam characteristics of generated second-harmonic beam: (a) Power stability
with point-to-point �uctuations of 12%, (b) beam quality factorM2, inset shows
image of mode pro�le taken with Spiricon Pyrocam III.

e�ciency. No beam distortions of the second-harmonic signal were observed, which
was validated by beam quality factor M2 measurements, yielding values similar to
the values measured for the pump laser, see Fig. 6.7(b). This makes KTA a strong
candidate for cw QPM devices, since the crystal geometry was not optimized for
the generation process, as it was the case in the record-holding experiments in SLT
[116, 119]. In particular, considerable improvement of the thermal management
scheme can be achieved with a smaller crystal aperture and longer crystals will
provide increased gain for the conversion process.
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Fig. 6.8: Schematic illustration of the SRO bow-tie cavity with variable-re�ectivity VBG
output coupler [Paper V].

6.2 High-power continuous wave singly-resonant OPO

Continuous-wave OPOs emitting in the mid-infrared wavelength regime are in-
teresting sources for various spectroscopic applications monitoring biological and
chemical processes [17, 125]. As �ber lasers deliver straightforward access to high-
power signals with broad tunability and good spatial beam quality, they represent
excellent pump sources for cost-e�cient singly-resonant OPOs (SROs)[126�128].
The combination of considerable pump power delivered by �ber lasers, together
with improved gain materials in the parametric source has resulted in SROs with
threshold powers as low as 0.8W [129], on the one hand side, as well as SROs with
output powers in excess of 20W [130], on the other hand side. However, further
power scaling of these devices is not trivial, as a �xed intra-cavity power for the res-
onated signal is necessary to ensure optimal device performance. In fact, referring
to the discussions in Chapter 4, an optimal pump level of approximately 2.5 times
the threshold pump power maximizes the conversion e�ciency to the non-resonant
idler wave. This condition is not only valid for plane waves but also for collimated
Gaussian beams [131]. Moreover, a number of other detrimental e�ects related
to elevated intra-cavity power levels, such as thermal loading, cascaded nonlinear
conversion processes, Raman scattering and the onset of modulation instabilities
can be mitigated by adjusting the OPOs oscillation threshold to ensure the optimal
pump ratio at the desired pump level [132, 133].

In this work we demonstrate a simple approach to manage the SROs output
coupling, and thereby the pump threshold power, through a straightforward one-
dimensional translation of a VBG with continuously chirped di�raction e�ciency.
In contrast to previous work, which either involved the cumbersome choice of suit-
able outcoupling mirrors [134] or the implementation of an additional anti-resonant
cavity [135], continuous adjustment of the output coupling during SRO operation
is possible, while introducing a minimal amount of additional parasitic losses. As



70
CHAPTER 6. FIBER LASER PUMPED NONLINEAR FREQUENCY

CONVERSION SCHEMES

4 6 8 10 12 14 16 18

5

10

15

20

grating postion [mm]

O
PO

 th
re

sh
ol

d 
[W

]

(a)

0 2 4 6 8 10 12
0

5

10

15

20

25

VBG transmission [%]

O
PO

 th
re

sh
ol

d 
[W

]

 

 

measured data
calculated data
parasitic loss 1.2%

(b)

Fig. 6.9: (a) Measured threshold power for di�erent positions of the VBG. (b) Measured
(squares) and calculated (dashed line) correlation between SRO threshold and
VBG transmission. The calculation uses Eq. (4.35) and assumes a parasitic
signal loss of Vs = 1.2% [Paper V].

the VBG functions as one of the cavity mirrors, the additional losses are only a
consequence of spurious re�ections at the VBG surface, which can be limited by
using high-quality anti-re�ection coatings. In addition, using the VBG as one of the
cavity mirrors precludes the need for any additional linewidth-narrowing elements,
e.g. etalons, for frequency stabilization [136, 137].

A schematic illustration of the SRO and the employed bow-tie cavity is presented
in Fig. 6.8. A focal length of 200mm for the in-coupling lens, a curvature radius of
100mm for mirrors M1 and M2 and an overall geometric cavity length of 420mm
resulted in confocal pump and signal beams with beam waist diameters at the
center of the gain crystal of 150 µm and 170 µm, respectively. The 50mm long,
periodically poled MgO-doped LiNbO3 crystal had a grating period of 30.5 µm,
which quasi-phase matched the conversion of a 1.064µm pump wave into 1.55 µm
signal and 3.4µm idler waves. Parasitic cavity losses at the signal wavelength were
minimized by using anti-re�ection coatings on the crystal and VBG surfaces, as
well as high-re�ective coatings for mirrors M1, M2 and M3. The VBG was 3.5mm
thick, had a clear aperture of 18x4mm2 and a design wavelength of 1550.6 nm.
Along the longer transversal axis the peak re�ectivity of the grating varied between
91.9 and 99.2% under normal incidence. However, as the VBG re�ected the signal
beam under an angle the re�ectivity varied between 88.8 and 99.0%, and the central
wavelength shifted to 1548.2 nm. The latter values could be deduced, by measuring
the folding angle of the cavity, β = 4.5◦, calculating the signal beam diameter on
the grating (400 µm) and using the derivations outlined in Chapter 3.

For initial alignment of the OPO cavity, the VBG was replaced with a high-
re�ective mirror and a pump power of 0.9W was measured at the onset of para-
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Fig. 6.10: Depletion (a) and extraction e�ciency (b) for di�erent pump threshold powers.
Respective VBG transmissions Ts are indicated in the legend of the graphs.
Dashed lines show calculated values for the extraction e�ciency using the
measured depletion values, assumed parasitic losses of Vs = 1.2% and Eq.
(4.36) [Paper V].

metric oscillations. According to Eq. (4.35), this threshold power corresponds to
parasitic cavity round trip losses of 0.5%, which are caused by scattering and resid-
ual re�ections at mirror and crystal surfaces. In subsequent experiments, with the
VBG as outcoupling mirror, the pump threshold could be varied between 4.4W
and 20W using di�erent positions of the grating, see Fig. 6.9(a). Although, higher
threshold powers were feasible, they were not demonstrated in order to avoid laser-
induced damage to the crystal. Nonetheless, the expected linear dependency of
measured threshold power and calculated VBG transmission could be observed, see
Fig. 6.9(b). The overall parasitic losses could therefore be estimated to be 1.2%.
This value suggests that an additional cavity round-trip loss of 0.7% is introduced
by the VBG, which is reasonable considering that the signal beam has to pass the
anti-re�ection coated surface of the VBG twice.

Furthermore, the OPO was operated with di�erent pump threshold powers be-
tween 4.4W and 16W, measuring pump depletion and extraction e�ciencies for
pump powers up to the optimal pump ratio of 2.5, see Fig. 6.10. Apparent di�er-
ences between pump depletion and extraction e�ciency could again be attributed
to parasitic losses present in the enhancement cavity, which was con�rmed using
Eq. 4.36.

Even though, additional measurements on the SRO with the pump threshold
set at 20W were conducted, the gain crystal su�ered catastrophic damage after
delivering maximum output powers of 23W signal power and 12W idler power for
a few minutes at the maximum pump power of 50W. The damage was probably
caused by photorefraction, which can occur even in MgO-doped LiNbO3, due to a
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Fig. 6.11: Stability measurements over 1.5 hours for (a) the frequency deviation of the
signal from the initial central frequency measured both with a wavemeter and
a Fabry-Pérot interferometer, (b) the signal output power, (c) the idler output
power, and (d) the room temperature [Paper V].

combination of parasitically generated green light and the pyroelectric e�ect [138].
Hence, further scaling of output powers in the present OPO device could be feasible
by selectively suppressing parasitic green light generation by specially engineered
QPM structures [139].

Nonetheless, at a pump power of 40W the SRO generated 19W of signal and
11W of idler power, corresponding to an extraction e�ciency of 75%. Single longi-
tudinal mode operation of the signal was con�rmed using a temperature-stabilized
Fabry-Pérot interferometer with 1GHz free spectral range. The FWHM bandwidth
of the signal was measured at 1.65MHz. Subsequent long-term frequency stability
measurements yielded a small signal frequency drift of 200MHz over 1.5 hours,
which could be attributed to variations in the room temperature, see Fig. 6.11.
Simultaneously conducted power stability measurements for both signal and idler
powers revealed no dependence on the observed frequency drift, as both signal and
idler showed a point-to-point stability of better than 5%. Still, further stability
improvements might be achieved using a temperature controlled housing for the
SRO cavity.



Chapter 7

Conclusions and Outlook

This thesis provides detailed understanding of how high-power �ber oscillators
can be e�ciently tailored to meet the requirements as �exible pump sources for
continuous-wave parametric generation schemes. Based on these demonstrated
high-power �ber lasers, feasible routes towards the improved performance of non-
linear conversion at high-power laser levels were studied, using new materials and
new cavity designs.

For the broadest possible access to new wavelengths via frequency conversion,
the �ber-laser pump sources should provide wide tunability. In this work, an
unprecedented tuning range is proposed for the state-of-the-art, continuous-wave
high-power �ber laser in the near-infrared, the Yb-doped �ber laser. In a proof-of-
principle experiment, continuous tuning of an Yb-doped �ber laser from 980 nm to
1100 nm was demonstrated. Wavelength-tuning was implemented using angle-tuned
VBGs, which provided narrow-band feedback and suppressed spurious ASE. The
tuning range included the wavelength region between 980 nm and 1020 nm, where
stable laser operation was previously obstructed by the onset of photo-darkening.
By employing a �ber with Ce-codoping, degradation-free operation was achieved
in the present experiment. Furthermore, a rate equation model was devised to
optimize the cavity design and the tuning capabilities of the laser source. The
model was also employed to compare the experimental results with the numerical
predictions, yielding good agreement for longer wavelengths and somewhat poorer
agreement at shorter wavelengths. Although further numerical studies revealed
that life-time quenching of a fraction of the Yb-ions could be responsible for the
observed behaviour, a more thorough follow-up investigation is necessary to con�rm
this assumption. In this context, it is also worth noting that life-time reduction in
Yb-doped aluminosilicate �bers, without Ce-codoping, has recently been associated
with photo-darkening losses [140, 141]. Thus, studying possible life-time reduction
in Ce-codoped �bers with suppressed photo-darkening, could give further insight
into both the photo-darkening and the life-time quenching processes, which are not
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fully understood today.
In a subsequent experiment, a new method for wavelength-locking and -tuning of

high-power �ber oscillators was demonstrated, maintaining the trademark proper-
ties of �ber lasers: power scalability, e�ciency, spatial beam quality and continuous
tunability. The tuning method relied on the lateral translation of a transversely
chirped VBG, which permitted simple alignment in a compact setup with a limited
footprint. Evidently, the grating chirp altered the spectral response of the grating
for di�erent incident beam sizes. Hence, special attention was paid to the relay-
imaging conditions of the �ber mode on the grating, when designing the cavity, in
order to establish high-re�ective operation and to maximize the spectral selectivity.
Eventually, the transversely chirped VBG was used to tune a polarized Yb-�ber
laser with output powers exceeding 100W over 2.5THz from 1064 nm to 1073 nm.
Considering the standard design limitations, it was established that the presented
laser could be scaled up to deliver a tunable signal with kW-level cw output pow-
ers. Moreover, a straightforward extension of the tuning range by scaling up the
grating dimensions or by incorporating a larger chirp rate should also be feasible.
However, for larger chirp rates one has to observe that the relay-image of the �ber
mode on the grating can not be reduced arbitrarily, as the di�raction e�ciency can
be considerably reduced for tightly focused beams.

Building on the results of the previous experiments, a compelling extension of
the proposed laser enabling stable dual-line operation was demonstrated. By con-
�ning the two laser signals to two mutually orthogonal linear polarization states,
the polarization hole-burning e�ect permitted them to extract gain from two dif-
ferent subsets of Yb-ions. Thus, gain competition was e�ectively suppressed and
temporally stable, dual-line operation was demonstrated. The main source for the
remaining small power variations (<3%) in one particular channel was identi�ed
as insu�ciently suppressed signal from the second channel lasing on a parallel po-
larization state with respect to the �rst channel. Further e�orts to improve the
purity of the polarization in the future should therefore entail increased stability.
The demonstrated tunable wavelength splitting of up to 2THz is evidently limited
by the tuning range of the transversely chirped grating. Hence, a broader tuning
range for the single-line laser, enabled by an improved grating design, would also
result in a tunable wavelength splitting of several THz. As the mutually orthogo-
nal linear polarization states of the output signals make the source ideally suited
for di�erence-frequency conversion schemes in e.g. semiconductor crystals (GaP,
GaSe, ZnTe, etc), broadly tunable parametric sources emitting THz radiation can
be envisioned.

Today, power scaling of continuous-wave parametric devices based on quasi-
phase matched generation processes is mostly limited by current nonlinear materi-
als. For instance, e�cient visible light generation with QPM devices is obstructed
by the non-negligible linear absorption at visible wavelengths. This absorption
causes thermally induced dephasing at high generated powers, ultimately limiting
the overall device e�ciency. In this work, the performance of KTA as gain media for
QPM devices was studied and the results were compared to isomorphic KTP com-
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pounds. By performing comparative transmission measurements on all samples,
prior to the high-power second-harmonic generation experiments, a clear correla-
tion between the power scaling capabilities of the di�erent gain media and their
respective absorption properties at the second harmonic wavelength is established.
Distinct di�erences in the absorption properties of nominally identical KTA crys-
tals (as obtained from di�erent vendors) suggested that continued research activity
concerning optimal crystal growth conditions could lead to further improvements
in the transmission properties, both in KTA and the better studied KTP. As a
result, the question regarding optimal material choice for QPM devices emitting in
the visible wavelength region remains open. Still, the best performing KTA sample
has already generated 13.6W with a conversion e�ciency of 25% at a wavelength
of 533 nm. Although these values are already close to the highest reported values
for a single-pass cw QPM device (19W with 26.5% in SLT [119]), considerable
improvements in the device performance can be expected with longer crystals and
smaller apertures, which should augment both the e�ciency and the heat removal.

In contrast to lasers, cw SROs operate at peak e�ciency for a �xed intra-cavity
power of the resonated signal. E�cient methods for controlling the output cou-
pling of the resonant signal is therefore essential for operating these devices with
optimal e�ciency at high powers. Moreover, several detrimental e�ects compro-
mising the stability of the SRO, such as thermal loading, cascaded nonlinear con-
version processes, Raman scattering and modulation instabilities can be alleviated
if unnecessarily strong intra-cavity �elds are avoided. Within the present work, a
straightforward method relying on the one-dimensional translation of a variable re-
�ectivity VBG was employed to adjust the output coupling. By replacing one of the
cavity mirrors of a bow-tie cavity with the VBG, stable operation of a high-power
SRO was achieved and 75% of 40W launched pump power were converted into a
19W single-longitudinal-mode signal at 1.55µm and into a 11W idler at 3.4µm.
Evidently, the tuning capabilities of the presented device were limited, due to the
employed VBG, which locks the signal wavelength. However, implementation of a
second transversal chirp of the same grating's design wavelength could reintroduce
the tunability of the SRO output signals. Such a doubly-chirped grating would
then require a VBG design, where the re�ectivity is varied along one transversal
direction, and the spectral position of the peak re�ectivity is varied along the other
orthogonal direction. The technological challenge for such a device is limited as
the re�ectivity of a highly-re�ecting VBG can be adapted by changing the grating
length. Notwithstanding the fact, that by using properly designed doubly-chirped
gratings optimal e�ciency could be achieved not only in cw OPOs but also in pulsed
OPOs.
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