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Abstract

The subject of this thesis is the exploration of new concepts for compact solid-
state lasers in the visible and near-infrared spectral range using new components
such as volume Bragg gratings for wavelength stabilisation and wavelength tuning.
Also single-walled carbon nanotubes for mode-locking and Q-switching of lasers
have been studied.

We have developed a new method for the tuning of solid-state lasers by replacing
a dielectric mirror with a transversally chirped volume Bragg grating, which allows
smooth wavelength tuning without additional elements inside the laser cavity. The
result is a more compact laser, since the tuning mechanism and output coupler are
incorporated in one component. Another benefit is an increased efficiency, since
additional elements inside the cavity will always add to the total loss of the laser.
This has been demonstrated for a broadband ytterbium laser around 1 pm and a
single-longitudinal-mode Nd:YVOy laser around 1.06 pm.
A volume Bragg grating has also been used to construct an efficient, narrow-
linewidth ytterbium fiber laser and the employment of a volume Bragg grating
as the pump mirror of a solid-state laser for frequency-doubling has been investi-
gated. Both lasers represent a practical solution, eliminating the use of additional
intracavity elements.
Second-harmonic generation is an efficient way to access the visible spectral range
using diode-pumped solid-state lasers. However, these lasers can suffer from large
amplitude fluctuations, which has been analyzed in more detail for an optically-
pumped semiconductor disk-laser and a volume Bragg grating locked ytterbium
laser. The control of those amplitude fluctuations is very important, since many
applications like fluorescence microscopy require a laser with a constant output
power and as little noise as possible.
In addition to this, we have demonstrated, that saturable absorbers based on quan-
tum dots and carbon nanotubes can be used to mode-lock compact laser at a
wavelength around 1.03 pm. Those lasers have many interesting applications in
communications, clock generation, metrology and life sciences.
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Sammanfattning

Amnet for denna avhandling har varit att utforska nya koncept for kompakta fasta-
tillstandslasrar i det synliga och néra infrar6da spektralomradet. Ett antal nya kom-
ponenter har introducerats sdsom volymbraggitter for stabilisering och avstdmning
av vaglangden och enkelviaggiga kolnanorér fér modlasning och Q-switchning av
lasrarna.

Vi har utvecklat en ny metod fér vaglangdsavstdmning av fasta-tillstandslasrar
genom att ersétta en dielektrisk spegel med ett volymbraggitter. Gittret har en
transversellt varierande gitterperiod, vilket mojliggor en smidig vaglangdsavstamn-
ing genom att gittret forflyttas i sidled utan att nagot ytterligare komponent kravs
i laserkaviten.

Resultatet dr en mer kompakt avstambar laser &n vad som fanns tidigare, efter-
som avstdmnings-mekanismen och utkopplingspegeln ar en och samma komponent.
En annan fordel ar att lasern blir effektivare, dafiarre komponenter minskar de to-
tala forlusterna. Konceptet visade vi fér en ytterbium-laser som var bredbandigt
avstambar vid vaglandsomradet kring 1 pm och for en Nd:YVOy laser, vilken las-
rade med en enda longitudinell mode vid 1.06 pm.

Ett volymbraggitter har ocksd anvénts for att konstruera en effektiv, ytterbium-
dopad fiber-laser med smalbandigt spektra. Vidare har vi understkts om ett volym-
braggitter kan anvéndas som inkopplingsspegel fér pumpen for en frekvensdubblad
fasta-tillstandslaser. Bada lasrarna &r praktiska losningar, som minimerar antalet
komponenter i laserkaviteten, samtidigt som det ger stabil och effektiv lasring vid
en forutbestdmd onskad vaglangd.

Frekvensdubling ar ett effektivt sétt att na det synliga spektralomradet med diod-
pumpade fasta-tillstandslasrar. Dessa lasrar har ofta kraftiga amplitudsvingningar,
vilka vi har analyserat i detalj for en optiskt pumpade halvledardisklaser och
en volymbraggitter last ytterbium laser. Kontrollen av dessa amplitudsvéingningar
dr mycket viktigt, eftersom manga tillimpningar som t.ex. fluorescensmikroskopi
kraver en laser med en konstant uteffekt och minimalt brus.

Slutligen har vi visat att méttningsbara absorbatorer baserade pa kvantpricksstruk-
turer i halvledare och kolnanorérdopade polymerfilmer kan anvéndas fér konstruera
praktiska och kompakta modlasta fasta-tillstandslaser vid en vaglangd kring 1.03
pm. Dessa lasrar har manga intressanta tillimpningar inom kommunikation, klock-
generering, metrologi och bioteknik.
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Introduction

The basics of the laser (Light Amplification by Stimulated Emission of Radiation)
were laid by Albert Einstein with his work on emission and absorption of radiation
[Einl6], [Einl7]|. However, it took 40 years before Schawlow and Townes proposed
a theoretical concept for a light source based on stimulated emission [Sch58|. Only
two years later the first solid-state laser, a flash-lamp pumped ruby laser, was re-
alized by Maiman [Mai60]. Yet another two years later, the first laser action in a
semiconductor was demonstrated [Hal62], [Nat62], [Qui62].

Already in 1964, the first diode-pumped solid-state laser, an U3t:CaF; crystal
pumped by a GaAs laser diode, was demonstrated [Key64|. This was an impor-
tant step for the construction of compact and efficient lasers, since diode-pumping
enables precise tuning of the pump wavelength to the maximum absorption wave-
length of the gain medium, which can give close to 100 % energy transfer to the
ion. This is very efficient compared to flash lamp pumping, where only a minor
part of the pump light is absorbed by the laser ion. The drawback of solid-state
lasers is the limitation of the direct laser emission to the near infrared spectral
range. However, this can be overcome by the use of second-harmonic generation,
which was demonstrated as non phase-matched in quartz [Fra61] and later as bire-
fringent phase-matched [Mak62], [Gio62]. With sum-frequency generation [Bas62]
and difference frequency generation [DiD62] in non-linear crystals, the whole visi-
ble and ultraviolet spectral range becomes accessible. Those lasers are a very good
alternative to the often inefficient and bulk liquid and gas lasers.

At first, the laser has been called a solution looking for a problem” [Tow03|. This
has changed drastically, as in today’s daily life, lasers are used for many appli-
cations in medicine, material processing, telecommunication and for measurement
techniques. The various applications have very different requirements for the laser:
The most obvious is probably the wavelength, for example lasers used in display ap-
plications would need to be in the blue, green and red visible spectral range. A laser
targeting the absorption of a specific atom or molecule would need to have exactly
the corresponding absorption wavelength and at the same time, have a very stable
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output in terms of wavelength. Another important parameter that determines the
design of the laser is the needed average output power. The average power can
range from typically one milliwatt for a semiconductor red laser pointer to many
kilowatts for a CO5 laser used in the industry for cutting.

A laser can also be designed for different modes of operation, which can be divided
into continuous wave and pulsed operation. Continuous wave, or cw, lasers are emit-
ting a stable output power over time with very little fluctuations in terms of power.
Pulsed lasers on the other hand have a strong modulation of the output power over
time. The emitted pulses can be in the range of nanoseconds for Q-switched lasers
or in the range of femtoseconds for mode-locked lasers. The common trait is a peak
power that is several orders of magnitude higher than the average output power of
the laser. These pulsed lasers are very useful for applications that require a high
peak-power such as nonlinear optics or material processing, or for applications that
make use of the very short time scale for example for use in femto-chemistry.

In this work, I will show how volume Bragg gratings with a transversal chirp
can be used for tuning of solid-state lasers. With this new method, intracavity ele-
ments are no longer needed for the wavelength tuning, as the volume Bragg grating
replaces the output coupler. An experimental evaluation of the thermal limitations
of volume Bragg gratings will be presented as well.

As mentioned above, mode-locked lasers are a very important laser source for a va-
riety of applications. The commercial availablility of purified, single-walled carbon
nanotubes has made it possible to produce saturable absorbers for mode-locking in
an easy and cheap way. Here, I will present how such a saturable absorber with
low losses can be used to mode-lock an optically-pumped semiconductor disk-laser,
showing the versatility of both devices.

In addition to that, I will provide an experimental evalutation of the large ampli-
tude fluctuations that can occur in intracavity frequency-doubled lasers. This will
be performed for an optically-pumped semiconductor disk-laser, that typically has
a very stable output. The special properties of a volume Bragg grating can reduce
those fluctuations in a compact solid-state laser as well.

1.1 Outline

The next chapters describe the basic theory and concepts that are necessary for
understanding the work in this thesis and will put the performed worked in an
appropriate framework.

Chapter 2 covers the basic laser physics, and gives a short overview of the differ-
ent types of solid-state lasers that were utilised throughout this work. In Chapter
3, volume Bragg gratings are described theoretically, followed by an overview of the
different experiments utilising these gratings. After that, Chapter 4 covers the the-
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oretical background of pulsed lasers and the experiments, where pulsed lasers have
been constructed. Chapter 5 gives a short introduction to nonlinear optics with a fo-
cus on second-harmonic generation and a description of the actually demonstrated
systems including second-harmonic generation. Finally the first part finishes in
Chapter 6 with a conclusion and an outlook.

The second part consists of the papers that are the foundation of this thesis.






Solid-State Lasers

In this chapter, the basics of solid-state laser physics that are necessary in order
to understand this work will be presented. It will start with the interaction of
light and matter and a general description of a cw laser system using so-called rate
equations. This will be followed by a more in-depth description of the laser systems
that were used in this work.

2.1 Light and matter interaction

The mechanism of a laser is based on the interaction of light and matter. If elec-
tromagnetic radiation interacts with matter, the occuring processes can be divided
into intra-ionic and inter-ionic processes. The focus here will be on the relevant
intra-ionic processes. They can be either radiative or non-radiative; in the radiative
processes photons are involved, in the non-radiative processes, phonons. Fig. 2.1
shows the three most important radiative processes. Let us consider any two energy
levels Ey und FE7, with the population numbers Ny and N7, and with E; > Fy, as
shown in Fig. 2.1. If we now transfer this idea onto a solid-state system, we can
assume that Ejy, being the ground state of the system, is the energetically most
favourable state, maximally populated in a thermal equilibrium. The state E; has
a higher energy value, and therefore it is a so-called exited state. Between those
two energy state, we have an energy difference of F; — Ej.

Absorption

We may talk about (stimulated) absorption, if the system in the ground state Ey
absorbs a photon of frequency v with the value:

(Ey — Ep)

- , (2.1)
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O
E,, N,
————————— >
photon with
—————————————————— > ————————p
hev = B -E
————————— >
E,. No O
absorption stimulated emission spontaneous emission

Figure 2.1: Intraionic processes.

in which the energy of the photon corresponds to the difference between the two
involved energy levels, Ey and F4, with h being the Planck constant. The system
is now in the exited state, Fq, after the absorption of the photon. The rate of the
transition from Ej to E7, meaning the change with time of the population Ny with
time, must be proportional to the population of that state. So, we can write:

dN,
(dt0>A = —WuNo. (2.2)

The proportionality factor, Wy, describes the absorption rate and has the di-
mension of inverse time. For a plane wave, this factor depends on the cross-section,
001, of the transition Fy — E; and on the irradiating intensity, the photon flux F.
With this, we can now write the equation as follows:

AN,
—_— = —091F'Ny. 2.
< 7 )A o01F' Ny (2.3)

Stimulated emission

If the system is in the exited state F, it can be stimulated by an incident photon of
the same energy E; — Ey, to change it back to the ground state Ey. The transition
E, — Ey can be described as the change of the population N; over time of the
energy state F7, which is proportional to the population of that state:

dN,
—1 = —WioN. 2.4
< dt )St Wl ( )

The proportionality factor Wy; corresponds to the emission rate and has also
the dimension of inverse time. Just as in the case of absorption, it can be described
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as the product of the cross section of the stimulated emission, 019, and the photon
flux F'. This results in the following relation:

AN,
i} — —g10FN,. 2.5
( dt )St 710 ! ( )

The photon that is generated by this process has the same direction, frequency,
phase and the same polarisation as the incoming photon.

Spontaneous emission

By spontaneous emission we mean the transition of the system from the exited state
FE into the ground state Ey under the emission of a photon, the energy corresponds
again to the difference between the two energy levels, E; and Ey. As the energy of
the exited state F; is higher than the energy of the ground state Ey, the system
tends to transit into the ground state spontaneously. The decay rate of the exited
state 1 has to be proportional to the population of the exited state E; and can
be written as:

dNy — _AN,. (2.6)
at ),

The proportionality factor, A, is the so-called Einstein coefficient. It is inversely
proportional to the spontaneous lifetime, 7g,, of the exited state £;. With this, we
can reformulate the equation 2.6 into:

(m2) - o
dt Sp Tsp' '
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2.2 CW lasers

A typical laser consists mainly of a few basic parts: An optical resonator, which
consists of a highly reflective and a partially transmissive mirror; an active medium
situated inside that resonator, and a pump source (see Fig. 2.2). The laser is based
on the principle of the amplification of the photonnumber inside the resonator by
stimulated emission. To accomlish this, it is necessary to achieve population in-
version (N7 > Np) inside the gain medium. In an active medium with only two
energy levels, population inversion is generally speaking not possible, because the
population of the exited state can be only as high as the population of the ground
state, which would mean that the emission is just as high as the absorption.

In a suitable system, with at least three involved energy levels, it is possible to
create population inversion through the matching of the absorption of the active
medium and the emission of the pump source, inside the active medium. If the
amplification from the stimulated emission is higher that the resonator losses, the
so-called threshold of the laser is reached and the laser starts to oscillate. A more in
depth description can, for example, be found in the basic laser textbooks of Svelto
[Sve89] and Siegman [Sie86].

highly reflective mirror partially reflective mirror

gain medium

pump process

—
output

Figure 2.2: Schematic setup of a laser.

In order to describe the behaviour of a laser, so-called rate equations are com-
monly used. Here, we will concentrate on the rate equation of the cw case, a
description of the rate equations of pulsed systems will follow in chapter four.
With the help of the population numbers of the involved levels N;, the transition
probabilities W;;, and the number of photons ¢ we can set up the rate equations.
In this case we will concentrate on the rate equations of a classical 4-level-system
and describe the derived results.
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The 4-level-system

In the case of a 4-level-system, we assume that there is a fast phononic transition
between the energy levels F3 — FEs and Fy — Ey. With this, the fluorescence
lifetime 7 and 73 of the energy levels F; and FEs are much smaller than the flu-
orescence lifetime 1o of the energy level Fy and with this argument we see that
N3 ~ Nj ~ 0 and Ny > N; under optical pumping.

N,, E; ~
N, E A
2152

pump laser
N, E, _Y
No, Eq Ela

Figure 2.3: Schematic of a 4-level-system.

Using those boundary conditions, we get three rate equations, which describe
the population N; as well as the photon number ¢ as a function of time [Sve89]:

dN2 N2

— = W,Ng— — — BgN: 2.8
dt piVO - qiNg, ( )
dq q
— = V,BgqNy— —, 2.9
dt q Te (2.9)
N; = Ny+ Ns. (2.10)

Equation 2.8 describes the dynamic of the upper laser level Ns. It consists of the
pump rate W, Ny, the spontaneous emission rate % and the stimulated emission
rate BqN>. The change of the number of photons inside the resonator is described
by equation 2.9. It is composed of the growth rate of the number of photons by
stimulated emission V, BqNs and the decrease of the resonating photons through
the losses inside the resonator T%. Here, 7. is the lifetime of the photons inside
the resonator. It is assumed, that there is at least one photon present inside the
resonator, to start the oscillation of the laser. The assumption N3 ~ N; ~ 0 results

in the total population N; equation (2.10).

The parameter B introduced in the equations 2.8 and 2.9 describes the ratio of
the emission cross section o.,, and the volume of the laser mode inside the active
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medium V,. As the index of refraction of the active medium with the length [ is
not equal to unity, we have to introduce an effective resonator length L’ for the
resonator with the physical length L, given by:

L = L—|—(neff—1) l. (2.11)

Using this, we can now write B as follows:

Oem -1 Co
= - — 2.12
B V. L’ ( )

in which ¢g is the speed of light in vacuum.

Assuming N = Ny — N >~ Ns inside the active medium, we can now convert
the equations 2.8 and 2.9 together with equation 2.10 as follows:

dN N

= = W,(N;—N)—— —BgN 2.1

at » (Vi ) - qn, (2.13)
dq q

- = V,BNg- —=+. 2.14
dt q Te ( )

Applied to the cw case, we get:

dN dq

o 0 an 7 0 (2.15)
It follows for the threshold inversion Ny, from the equation 2.14 and with the

use of equation 2.12:

¥ 1
Nipr = = , 2.16
th Oeml VBT, ( )

with the logarithmic total losses being defined as:
L/

— . 2.17
y v (2.17)

The threshold inversion is reached, when the amplification compensates the
losses v of one round trip. In this case, v consists of the following parts:

Y1+ 72

T = Nt (2.18)
vi = logarithmic internal losses = —In (1 — L;), (2.19)
v = logarithmic losses at mirror 1 = —In (1 —T4), (2.20)
v = logarithmic losses at mirror 2 = —In (1 — T5) . (2.21)
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The losses in this case originate from the losses at the mirrors (transmission T;),
as well as the losses inside the gain medium Lj;.

In order to determine the necessary intensity of the pump radiation required
to reach the threshold inversion, we can reformulate the equation for the threshold
inversion (equation 2.17) and the inversion (equation 2.13) to get a condition for
the threshold pump rate:

Nth,r ~ Nthr _ Y

W r ~ — .
th (N = Now) T Net NylTOem

(2.22)

At the threshold, and also below threshold, the number of the laser photons is
nearly zero (see Fig. 2.4). Only when the pump rate W, is larger than the threshold
pump rate Wip,-, the number of the laser photons will grow. It is convenient to write
the photon number as follows:

Wp
Wthr -1

Nonw
q = VaTc . Wp (Nt - Nthr) - ;_h

-
= VoNipyr - — - ( ) . (2.23)
T
As we now have found an expression for ¢, we can now use equation 2.17 and
equation 2.18 to calculate the output power P; at the mirror ¢, which is proportional
to the number of the laser photons:

- hvg. (2.24)

Transient behaviour of a laser

A simulation of the rate equations will now be used to explain and to illustrate
some important terms and the behaviour of the laser. In this case, rate equations
in the form of

dN N
— = W, — BgN — — 2.25
dq 1
R BN — — 2.2
dt <V TC> q (2.26)

were used. The simulation parameters can be found in table 2.2.

The simulation has been performed for two cases: For the behaviour of the pop-
ulation inversion and the laser photon number below the laser threshold and for
the population inversion and the laser photon number above the laser threshold.
The result can be seen in Fig. 2.4.
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’ Parameter \ Description \ Value ‘
B Stimulated transistion rate per photon and Mode | 1-10'° %
W, Pump rate 6-10M s!
V. Mode volume 1-10712 m?
Te Photon lifetime inside the resonator 6-107%s
T Fluoresence lifetime 3-10765s

Table 2.1: Simulation parameter for a 4-level-system.

Below the laser threshold, the population inversion grows until it reaches a
maximum value for the specific pump rate, which again is limited by the number
of available pump photons. The number of laser photons is close to zero in the
beginning as the laser is not oscillating. An increase of the pump rate above the
threshold pump rate leads to the start of the oscillation of the laser. This transient
behaviour results from the interaction of the population inversion and the photon
number. When the population inversion rises above the threshold inversion, the
stimulated emission starts and the number of laser photons increases, because the
laser photons will reduce the population inversion. This happens until the popula-
tion inversion is below the threshold inversion. Then the photon number decreases
and the population inversion increases, just so much that above the threshold inver-
sion, the photon number can again decrease the population inversion. Therefore,
the population inversion is oscillating around the threshold inversion. However,
these oscillation amplitude become smaller, until they converge to the threshold
inversion.

The laser photon number also converges to a fixed average value, which, in the

begining, will show strong spikes because of the transformation of the population
inversion. These spikes do become smaller with time until a constant number of
photons is reached inside the resonator for the corresponding value. The number is
proportional to the number of photons which are coupled out of the resonator and
which in the end determines the output power of the laser.
The presented rate equation model is only valid for the case of one single longitu-
dinal mode that is oscillating inside the resonator. If n modes are oscillating inside
the resonator, this system has to be described by a set of 2n coupled first order
differential equations. The equations must contain the amplitudes and phases of
the modes, in order to take the interaction between the modes into account.

2.3 Bulk crystal lasers

The laser crystals desribed in this thesis are composed of a crystalline host material,
which is doped with active laser ions. The ions employed belong to the rare-earth
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Figure 2.4: Simulation of the inversion N(¢) and the photon number ¢(t) for a
4-level-system.

elements or lanthanides, which is the group of elements with atomic numbers 57
to 71. They are characterised by a partially filled 4f electron shell in contrast
to the fully filled 5s-, 5p- and 6s-orbitals. When they are inserted into the host
crystal, they pass three electrons on to the crystal lattice. Dipole-transitions in
the 4f electron shell are now weakly allowed because of the influence of the crystal
host field on the trivalent ion. They feature, in comparison to the allowed dipole
transitions, a low energy and a long lifetime, making them ideal as laser ions. A
detailed description of the theory of rare earth metals can be found in the book by
Henderson and Imbusch [Hen89] and additionally in Powell [Pow98].

As the electrons in the 4 f-shell are screened against the crystal field by the 5s- and
the 5p-shells, which are further away from the core, the energy states of the laser
ions behave as a first approximation as the states of a free ion. The crystal field is
then taken into account as a perturbation.

In order to calculate the electron states and their energies, the appropriate
Hamilton operator has to be formulated and the associated Schrédinger equation
has to be solved. However, the lanthanides represent a multi-particle system which
does not have an exact analytical solution. To simplify the system, it is assumed
that each electron is in an effective, spherically symmetric, central potential, which
is formed by the attraction of the atomic core and the averaged repulsion of the other
electrons. A direct interaction between the electrons is neglected [Lin96]|,[Mes90].
Using thses arguments, the Hamiltonian Hy of an N-electron system can be written
as follows:
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Hy = XN: <— - A, —i—V(ri)), (2.27)

2m
i=1 €

with —(h?A,, /2m.) as the kinetic and V (r;) as the potential energy of the i-th
electron in a distance r; from the atomic core in the effective central field. The
resulting energy eigenvalue equation is given by:

HoUy = FEo¥y, (2.28)

which, in our case, is separable and, taking into account the Pauli principle,
results in the solution:

N
Vo = []lnilimums). (2.29)
i=1

The wave function ¥y is taken as the Slater-determinant [Sla29] from the spin-
and stationary wave functions for the solution of the one-dimensional problem. The
energy eigenvalues of these eigenstates are only dependent on the main quantum
number n; and the angular momentum quantum number /;. The magnetic quan-
tum number m; and the spin quantum number mg are degenerated.

With help of the Hartree-Fock method [Sza89], it is iteratively possible to deter-
mine a self-consistent central potential. This is done by starting from an arbitrary
potential V(r;) and use the calculated function from the Hartree-Fock equations

as the new starting point, which will converge against the self-consistent potential
V(r).

In these calculations, the repulsion between the electrons and the spin-orbit
interaction is neglected and has to be included as correction terms, Ho and Hpg
shown below:

N N
He ¢ . Z( Ze? +V(ri)), (2.30)
= i=1

ol 4megrs; dmegr;
N1 1avi(n)
H = — — ! i 1), 2.31
LS ; 2m2c3 r;  dr; (s: - 1) (2.31)

The Hamiltonian for a free electron can now be written as:

H = Hy+Hc+ Hps. (2.32)
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The added corrections result in a splitting of the 4 f-state into 2T1L; states,
and with J as the total angular momentum of the electrons. The result is different,
depending on which correction term He or Hpg is most strongly affecting the
energy levels:

I For the case that the influence of H g is smaller than the influence of H¢, it is
called Russel-Saunders- or LS-coupling. Here, the total angular momentum
J is the sum of the angular momentum L and the spin S:

J = L+S. (2.33)

Here, L = Zfil I, and S = Zi\; s; are given by the coupling of the angular
momentum and the spin. The LS-coupling describes lighter elements very
well.

IT For heavier elements, Ho has a higher influence than Hpg. The spin and
the angular momentum of each electron are now coupled directly into the
resulting angular momentum j; = 1; +s; and the total angular momentum is
given as:

N
I=>"j (2.34)
i=1

This coupling is known as jj-coupling.

The influence of the correction terms for the lanthanides is similar, so an inter-
mediate coupling has to be used. Linear combinations of LS-states with the same
total angular momentum J result in states, which are named after the LS-state with
the highest part in the linear combination. This gives rise to the possibility of an
overlap between the different 25! L multiplets with respect to their J-components,
in which the total angular momentum J stays as a quantum number. The quan-
tum numbers L, S, J and M are now the eigenvalues and the 2t1L; states are
(2J +1)-times degenerated in respect to M; [Hen89]. The other perturbation terms
like spin-spin and orbit-orbit or hyperfine interaction are negligible.

On contrast to this, the interaction of the crystal field is very important for the
lanthanides, the splitting of the 2t1L; is of the order of 103 cm™!.

Influence from the crystal field

The (2J + 1)-times degeneration of the 25+1 L ; states are canceled because of the
interaction of the lanthanide’s 4 f-electrons with the electro-static field of the ligands



18 CHAPTER 2. SOLID-STATE LASERS

in the crystal. In order to describe that interaction, the Hamiltonian has to be
suplemented by the following term:

N
Hy = —e) E(r;)-r. (2.35)

The degeneration of the former M; energy levels, as a result of the crystal field,
is a result of the Stark-effect and therefore known as the Stark-splitting and is
usually of the order of around 100 cm™1 and with that, one order of magnitude
smaller than that of the other perturbation terms (see fig 2.5). With the help of
the Kramers-theorem, this results in a splitting of maximum (2J + 1) levels for
the possible states for the ions with an even number of electrons. Ions with an
uneven number of electrons, like neodym will split into (2J + 1)/2 Stark-levels.
This splitting is a result of time-reversal invariance [Mes90]. If we take all of the
interactions into account, the Hamiltonian now takes the following form:

H = Hy+Hp+ Hyg+ Hg. (2.36)
25+1
2841 y L0
~10%cm™’
25+ A r
i ~10%cm™
A i
v

~10*cm"

Coulomb spin-orbit crystal field

Figure 2.5: Schematic picture of the various influences of the pertubation terms on
the energy levels of a rare-earth ion.

The following subsections present an overview of the laser crystals described
in this thesis. A more in-depth overview of solid-state lasers and different laser
crystals has been written by Huber et al. [Hub10].

Nd:YAG

The crystal Y3Al;012 (YAG) is probably the most popular and well-known host
material for laser ions. It is an optically isotropic crystal and can be produced in
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a very high optical quality using the Czochralski method. It has a high thermal
conductivity of 13 Wm™'K~!. The Nd-doping in this material is typically of the
order of one atomic percent, where the Nd-ion takes the place of an yttrium ion
in the host lattice. The lifetime is 250 ps for the *F5/5 — “I;; o transition, which
corresponds to an emission wavelength of 1064 nm with a bandwidth of 0.8 nm and
an emission cross section of 29-10720 ¢m?. The laser crystal is typically pumped
with diode lasers at 808 nm and has an absorption cross section of 7.9-10720 c¢m?
[Cze02].

Nd:YVO,

YVOy, is a tetragonal, optically uniaxial crystal. It has two long a-axis and one
short c-axes. For incident light whose electric field is polarized parallel to the c-axis
(m polarization), the emission and absorption cross sections are much stronger than
for a polarization parallel to an a-axis (o polarization). The thermal conductivity
is, with a value of 5.1 Wm~'K~!, less than one half of that of YAG’s. However,
the high emission cross-section and polarization-dependent emission makes YVO,u
a suitable candidate for many applications. The Nd-doping is also typically of the
order of one atomic percent, where the Nd-ion takes the place of an yttrium ion
in the host lattice as well. The lifetime is 97 ps for the transition “Fg/5 — 131 /o
which corresponds to an emission wavelength of 1064 nm. The emission bandwidth
is 1 nm with an emission cross section of 123-1072° ¢m? for the 7 polarization and
a bandwidth of 1.5 nm and an emission cross section of 52:1072° cm? for the ¢
polarization. The laser crystal is typically pumped with diode lasers at 808 nm and
has an absorption cross section of 60-1072° cm? for the 7w and 12:1072° cm? for the
o polarization, respectively [Cze02].

Yb:KYW

The double-tungstate host material KY(WO4)2 (KYW) is a biaxial crystal that
has good mechanical properties with a thermal conductivity of 3 Wm~'K~!. The
polarization axis n,, has the highest cross sections and was used in the experiments
described in this thesis. The only involved energy levels for the laser transition are
*F5/5 — ?F7/5. But since lasing is possible from three different Stark sub levels
in combination with vibronic broadening [Hel07], Yb:KYW has a broad emission
between 995 nm and 1063 nm. The lifetime of the upper laser level is 232 ps with an
emission cross section of 3-10720 ¢cm?. The system is typically pumped at 981 nm
with an absorption cross section of 18.8-1072° cm?. As the pump wavelength is
close to the laser wavelength, the Yb:KYW laser features a low quantum defect,
allowing it to build very efficient lasers. Yb:KYW is, in contrast to the Nd-doped
crystals at 1064 nm, a three-level system, resulting in a higher threshold for lasing.
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2.4 Semiconductor disk lasers

The general concept of optically pumped semiconductor disk lasers (OPSDL)! is
similar to the well-known thin disk lasers [Gie94|. The major advantage of this con-
cept is a high output power while maintaining a good beam quality. The concept
was transfered to a semiconductor media, in which a semiconductor quantum-well
structure is used as the gain material [Kuz97]. This laser combines the attractive
features of potential for power scaling, excellent beam quality and wavelength flex-
ibility. The active medium of a OPSDL is a semiconductor chip, which consists of
a DBR-mirror?, an active multi quantum well structure and a window layer (see
fig. 2.6). The highly reflective DBR-mirror serves as one of the cavity mirrors and
consists of alternating AlAs/GaAs layers in the near infrared spectral range.

The reflectivity of such a DBR~mirror is given by [She95]:

2N 2N 12
R = |Moln2)” = nalm)” )" (2.37)
no(n2>2N+n2(n1)2N

In this case, ng is the refractive index of the surrounding medium, n; and ns are
the index of refraction of the alternating materials, and n, is the index of refraction
of the substrate. N is the number of alternating pairs. Very high reflectivity can
be obtained this way. As an example, for a DBR-mirror at the wavelength of
1050 nm on a GaAs substrate with ngaas = 3.4826, najas = 2.9543 and N = 30
respectively, a reflectivity of R = 0.99928 is achieved. The bandwidth Avg of the
so-called stop-band around the central frequency v is given by:

4 —
Ayy = =0 aresin (M> . (2.38)
s N9 + Ny

In the case mentioned above, this would correspond to a bandwidth of 175 nm.
By increasing the number of alternating pairs and the difference of the index of
refraction, the reflectivity as well as the bandwidth will increase.

The active multi-quantum well structure is located directly next to the DBR-
mirrors. It consists of a periodic arrangement of InGaAs-quantum wells, for emis-
sion in the near-infrared, which are positioned exactly on %—intervals of the desired
wavelength A between the GaAs-barriers. This ensures that the maximum of the
standing wave inside the cavity will be at an optimum position.

The pump radiation will primarily be absorbed in the barriers and thereby pro-
ducing free carriers, which then relax into the InGaAs quantum wells, where they

L Also known as vertical, external-cavity surface-emitting lasers (VECSEL)
2DBR. =distributed Bragg reflector
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Figure 2.6: Band diagram of a semiconductor disk laser.

create population inversion. Here, they recombine under stimulated emission.

In order to prevent the charge carriers from diffusing into the chip surface, an
AlAs window layer with a large bandgap serves as a barrier to the surface, which
will prevent the diffusion.

The description of the recombination as mentioned above involves an optical
transition via the electron distribution in the conduction- and the valence-bands.
If the semiconductor is in thermal equilibrium, it is explained through the Fermi-
Dirac statistics. The probability f(F) that an electron is in a state of the energy
E at a given temperature T is given by the expression [Tro06]:

1

IE) = T B E)/hat] (239

where kp is the Boltzmann constant and Ep is the Fermi-energy. To find
an expression for the Fermi-Dirac statistics in the case of optical pumping, the
description of the different energy levels involved is needed. In Fig. 2.7 an optical
transition with photon energy E between the conduction band of energy E. and
the valence band energy F, respectively, is shown.
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Figure 2.7: Energy levels of a quantum well [Tro06].

Using a parabolic approximation for the bands (the effective mass is considered
to be energy and temperature dependent), the energy of the emitted photon can
be expressed as follows:

R2k?  R2k?
_|_

E = Eyu+Eo +Ep
gw+ B+ B+ 5=+ 50

(2.40)

In this expression Eg,, is the band gap energy of the quantum well, E.; and Ep;
are the confinement-energies of the first bound state in the conduction and valence
band, Epq is the bandgap of the barrier layer and m. and mj, are the effective
masses of the electron and the hole respectively. The states have the same direct
wavenumber k for an optical transition. The Fermi-Dirac distributions for both
states are given by:

1
fo = T ep[E—BrfkaT] (2.41)

1
fo = . 2.42
v 1+ exp|(E, — Epy)/kpT) ( )
If we assume a parabolic approximation for the first bound states in the quantum
well, the Fermi energies in the valence and the conduction band can be put in a
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direct relation with the electron- and hole concentrations and with that, the number
of charge carriers per area of the quantum well can be calculated. In total, charge
neutrality is assumed, which means that N, = N, = N. The Fermi energy for the
two bands can now be expressed as:

N, hﬂ'ﬁ2
Epey = kgTl ek ) g 9.43
e P {exp (me,thT> ] (2.43)

This expression is valid for the population density of one quantum well. In
general however, the population of all of the quantum wells is different. But, if the
active medium is constructed in a way that all quantum wells have the same charge
carrier density, the transversal charge carrier profile in all quantum wells will be
similar. With this supposition, one can write down the amplification, or gain, per
unit time:

R ] (2.44)

Here, V' describes the mode volume in air for a cavity of the length L, see fig.
2.8. The output mirror M, has a radius of curvature R, which together with the
well-known g-parameter g =1 — %, makes us write the following expression for the

mode volume:
v o= Ly [ 9 (2.45)
5 - .

The parameter Gg is an intrinsic property of the quantum well, T'; is the
transversal and I", the longitudinal confinement-factors. A more in-depth descrip-
tion can be found in, for example, [Tro04] and [Tro06].

OPSDL laser setup

A schematic setup of an OPSDL can be seen in fig. 2.8. It consists of a DBR-miror
together with the active medium (called chip in the following) as one unit. This
chip structure is bonded onto a heat sink. The laser cavity is then formed by the
chip and an output coupling mirror M. The whole system is optically pumped
under an angle.

In order to improve the heat managment of the chip under strong optical pumping,
a diamond heat spreader can be bonded onto the chip, in order to dissipate the
heat more effectively.

The transient behaviour of the laser can be modelled using rate-equations as
desribed earlier this chapter. However, here they describe the temporal development
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Figure 2.8: Schematic setup of an OPSDL.

of the charge carriers N in a quantum well in a region of ) quantum wells, the
charge carriers N of all of the barriers together and the number of photons ¢ in
the resonator [Tro06]:

dN  _ (n.Ng—N) N
= = - ]~ Ce (2.46)
8NR - . T]CNR - N _ NR
o = M-QE - oE (2.47)
@ _ G(N)¢+rtrzﬁspBN2—i (2.48)
dt T¢

It is assumed that each quantum well possesses the charge carrier population
1n.Ngr under optical pumping. The population relaxes with the lifetime 75, given
by the charge carrier dynamics. The 7. is defined by the height of the confinement
potentials. The lifetime of the charge carriers in the quantum wells 7(N) can be
approximated by the following expression:

N
7(N)

= AN+ BN? 4+ CN?3. (2.49)

The three terms describe the defect recombination A, spontaneous, radiative
recombination B and Auger rekombination C'. The rate the charge carrier reservoir
in the barriers is pumped with, is given by the intensity of the incident pump light
I,,, which pass over into the active region. Together with the in the active region
absorbed pump rate 7, at a pump wavelength A, this results in:
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n = UPEJZ' (2.50)

>
]

The spontaneous recombination BN? is weighted by the longitudinal and transver-
sal confinement factor. The factor of the spontaneous emission s, is defined by the
part of the spontaneous emitted power, which is associated with the fundamental
mode of the external cavity. The photon lifetime 74 is determined by the resonator
round-trip time and can be treated as equivalent with it.

In this simple model, the temperature dependancies of the band gap and that
of the index of refraction are not taken into account. In addition, quasi particle
effects are neglected. Despite this, the effective gain and the photon dynamics for
a OPSDL can be properly described. Temperature-dependent phenomena such as
thermal rollover and the redshift that occurs with increasing temperature, however,
can not be described by this model.

2.5 Fiber lasers

An optical fiber usually consists of two parts, the core and the cladding. The light
is confined inside the fiber core through total internal reflection from the cladding,
which has a lower index of refraction. The difference in the index of refraction
defines the cone under which light can be coupled into the fiber core and is called
the numerical aperture (N A) of the fiber with the acceptance angle 6,:

NA = /n3—n}=sin(f,) (2.51)

Ny >ny

acceptance \/
core

cone

,,,,,,,,,,,, i

Figure 2.9: Schematic setup of a fiber.

cladding

The core of a fiber with optical gain consists usually of lanthanide ions doped
into a silica glass, while the cladding is undoped SiOy with a lower index of refrac-
tion (see fig. 2.9). The diameter of the core is between 8 pm and 30 pm, while
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the diameter of the cladding is more than one order of magnitude larger, normally
around 125 pm or larger.

The advantage of fiber lasers in comparison with bulk crystal lasers is directly
dedused from their peculiar form. Since the gain medium is very thin and long,
the surface to volume ratio becomes large, which facilitates efficient heat removal
and a very efficient cooling of the fiber is possible. This allows the construction of
high power lasers in the range of several kW of continous-wave output power. The
second benefit of having an elongated gain medium, where the light is guided, is the
good beam quality even at very high output powers without any heat distortion.
Due to the length of the gain medium, very high pump absorption can be achieved
with low doping concentrations and with that, very efficient lasers with high gain
can be constructed. Typically the polished or cleaved end-surface of the fiber has
enough reflection to serve as the output coupling mirror. A more detailed descrip-
tion can be found in [Jel09].



Volume Bragg Gratings

This chapter describes the theoretical background of volume Bragg gratings, fol-
lowed by an overview of the experiments, that used said gratings as cavity mirrors.

3.1 Overview

Volume Bragg gratings (VBGs) are basically a piece of photo-thermo-refractive
(PTR) glass with a refractive-index modulation written into the material [Efi99].
This is done by light exposure in the ultra-violet spectral region, followed by a heat
treatment. The main advantage of VBGs is that the reflection properties can be
engineered and reflections as high as 99.7 %, with a bandwidth as low as a few
hundred pico-meters can be fabricated. This allows the use of VBGs as highly
reflective mirrors in laser cavities. With this, it is possible to lock the operational
wavelength of a laser to exactly the desired value. This is not possible with using
dielectric mirrors, where additional intracavity elements are needed to stabilise the
spectrum.

With VBGs, several lasers and optical parametric oscillators (OPO) have already
been realised from our group who pioneered this field. I would like to mention the
following results:

OPO A VBG-locked optical parametric oscillator [Jac05], a narrow linewidth,
2 pm OPO in periodically poled LiNbO3 with volume Bragg grating output
coupler [Hen07] and an investigation of the spectrum of multi-longitudinal
mode pumped near-degenerate OPOs with volume Bragg grating output cou-
plers [Hen09].

Single-mode laser A tunable, single-longitudinal-mode ErYb:glass laser [Jac06],
and a single-longitudinal mode laser in Nd with a Bragg-grating Fabry-Perot
cavity [JacO7a).

27
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Yhb-lasers A quasi-two-level Yb:KYW laser [Hel07] and a widely tunable Yb:KYW
laser with a volume Bragg grating in a retro-reflector setup [Jac07b].

Fiber lasers An efficient, narrow-linewidth VBG-locked Nd:fiber laser [Jel07a], a
tunable narrow-linewidth Yb-doped fiber laser [Jel07b], a narrow linewidth
high output coupling dual VBG-lcoked Yb-doped fiber-laser [Kim08| and a
narrow linewidth high output coupling dual VBG-locked Yb-doped fiber-laser
[Jel10].

For all these publications, commercially available VBGs written in PTR glass
were used. In table 3.1, a list of some important VBG material parameters is pre-
sented:

] Parameter \ Description \ Value ‘
ng refractive index 1.49 [Gle92], [Efi99]
a thermal expansion coefficient 8.4 ppm/K [Zwa06]
dn/dT thermo-optic coefficient 0.05 ppm/K [Ven05]
N nonlinear refractive index 3.3-10720 m2/W [San06]
dip, damage threshold 10 J/cm? |Efi99b], [Gle04]

Table 3.1: Volume Bragg grating material parameters.

3.2 Theoretical description

In the following part, the important steps for the derivation of the reflectivity R, qz
and the bandwidth A\ of a given VBG with a grating period A of a thickness d
will be presented.The grating properties were already described by Kogelnik in 1969
using a plane-wave approximation. This means that the electric field of the incident
wave M and the reflected wave N are only dependent of the propagation direction
z. The Bragg condition can now be described in terms of the wave-vectors kN7M1:

ky = ky — K+ 26 (3.1)

The grating is defined by the grating vector K and by §, the wave-vector mis-
match, which allows non-perfect phase matching in order to obtain the bandwidth
of the grating. If we assume that the wavelength is the same for the incident and
for the reflected light, the wave-vectors can be written as ky y = 27ng/A = (.
The grating vector can now be expressed in terms of the grating period A, so that
|K| = 27A. For perfect phase matching, the wave-vector mismatch 0 is zero and we

IVectors and tensors will be written in bold letters.
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obtain the well known formulation of the Bragg condition from equation 3.1 with
Ap as the so-called Bragg wavelength:

—fB-e, = (-e,—K-e, = \g=2n9A. (3.2)

The Bragg wavelength is the wavelength for which the grating will have the
highest reflection. We assume that the grating modulation can be written as n(z) =
ng + n1 - f(z). In this equation ng is the average refractive index and n; the
modulation strength of the grating. For a sinusoidal variation of the index of
refraction, f(z) can be expressed as a Fourier expansion with only two non-zero
coefficients (ounly first order diffraction):

 (

2i
In order to fully describe the grating, the peak reflectivity as well as the band-

width of the grating have to be determined. For this we need to describe the wave

inside the grating and if we assume that the incident light is polarised along the
y-axis, the planar wave can be written as:

f(z) =sin(Kz) = eti7 — emiiE) (3.3)

(V> + B> +4B6f(2)) E(z) = 0. (3.4)

As discussed earlier, the electric field is a superposition of the incident field M
and the reflected field NV and takes the form of:

E(z)=M(2)+ N(z) = M(2) e *v% 4 N(z) . elbn= (3.5)
(3.6)

inside the grating. If the light is incident from the negative z-axis, the boundary
conditions are:

M) = M, (3.7)
N(d) = 0 (3.8)
With these boundary conditions, and employing the slowly-varying-envelope-

approximation as well as letting all fast oscillating terms average to zero, we can
formulate the coupled-wave equations as follows:

dM — =

— = oM N .
- i0M + kN, (3.9)
N — _

AN M- ik (3.10)

dz
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In this formulation of the coupled wave equations, the field amplitudes were
transformed to M = M - e % and N = N - "% respectively. The solution is
obtained by the eigenvalues v = +v/k2 — 02 and the eigenvectors (v + i, k),
which result in the following equations with

M(3,z) = Mot(s,z)e i ku+d)z (3.11)
N(,z) = Myr(6,z)elthn+oz, (3.12)

as the electric field inside the grating. The transmission and the reflection
coefficients t(d, z) and r(, z) are given by:

_ —cosh (y(d — z)) +id sinh (y(d — 2))

H,2) = —~ cosh(yd) + id sinh(~d) ’ (3.13)
B ksinh (y(d — z))

rd2) = —v cosh(yd) + i sinh(yd)’ (3.14)

respectively. Those expressions can be used to calculate the total power reflec-
tivity:

N(5,0) |7 k2sinh? (VkZ — 62 -d
REG) = \ OO g = o WSl g )
M (6,0) k2 cosh (\//-@ -6 -d)—5
The maximum reflectivity R,,q, is obtained for § = 0:
Rpmaz = tanh?®(kd), (3.16)

with k£ as the coupling strength. The last important parameter to calculate is
the bandwidth of the grating. Here it is defined as the spectral distance between
the two closest zeroes around the peak. They are positioned at 6 = £+/k% + 72/d?
and with that the total spectral bandwidth can be found to be given by:

Adp = AB\/CLL;)Q + <2é\)2 (3.17)

For strong gratings, the FWHM bandwidth AApw g is equal to AXg, how-
ever for weak gratings with a lower peak reflectivity, AApwgar = 0.44- AXg. Now
we can describe the VBG by either its optical properties, the peak wavelength Ap,
peak reflectivity R,,q. and the bandwidth A\ or by its material properties, such
as the grating period A, refractive index modulation n, and the thickness d. Fig.
3.1 shows the simulation and measurement of a VBG used in this work.

A more detailed description for the plane wave theory can be find in [Hel08], which
includes a description for finite beams.
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Figure 3.1: Measuremt and simulation for a VBG.

3.3 Narrow bandwidth operation experiments

It is challenging to construct single-frequency lasers in relatively long cavities, since
the number of modes that can oscillate in the cavity grows rapidly, as they have to
fulfill the boundary conditions of a standing wave. With this, the possible oscillat-
ing modes inside the resonator are defined by:

€o .
Vm = Mo mit m=1,2,3,.... (3.18)
However, only modes that are in the amplification range of the active medium
can oscillate. This is called the gain profile of the active medium. It is in general
much broader than the possible cavity modes. Because of this, there are several
resonator modes inside the gain profile, which can oscillate, if no further mode-
selecting elements are present inside the laser resonator.

Below some of the lasers, and laser experiments this thesis is built on, are
described.
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OPSDL with stable, narrow bandwidth operation

The emission wavelength of an OPSDL is temperature dependent, thus it is worth
to evaluate the use of a VBG to fix the operating wavelength and reduce the spectral
bandwidth of the laser. In the laser cavity, the VBG replaces an ordinary dielectric
output coupler and therefore no additional intra-cavity elements are needed, thus
making the setup simple and stable. For the evaluation, it is necessary to compare
the performance of the laser when using a VBG with an ordinary output coupler
regarding output power, spectrum and wavelength stability.

Gain Composite diamond
mirror Neat spreader

Z Watercooled

Pump

& copper heat sink

RoC=200mm

D1=70mm

D3=30m
D2=170mm

RoC=100mm

D4=100mm

Figure 3.2: Schematic setup of the laser cavity.

To investigate the use of a VBG, a z-type cavity (see Fig. 3.2) was constructed.

The cavity consisted of the gain structure in the first beam waist and the cavity was
completed by the VBG as an output coupler. For comparison, the VBG could be
replaced by an ordinary plane dielectric mirror. In addition, two highly reflective
curved dielectric mirrors were utilized to control the cavity mode waist.
The semiconductor gain structure was grown by molecular beam epitaxy for an
emission wavelength of 1055 nm. The structure includes a highly reflective Bragg
mirror formed by 29-pairs of AlAs/GaAs layers and the gain region was composed
of 7 GalnAs quantum wells engineered for the stated emission wavelength. The
structure was grown on n-type GaAs, which was etched away after the growth to
improve the heat dissipation.
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In the laser setup, the semiconductor chip was mounted on a water-cooled cop-
per heatsink at 15 °C with a 300 pm thick composite diamond heatspreader between
the semiconductor structure and the heatsink to enhance the thermal control. The
gain structure was optically pumped by a fibre-coupled 808 nm laser diode at an an-
gle of 35 degree, focused to a spot size of 180 um (1/€? radius). The VBG reflection
peak was centered at 1055 nm with a measured reflectivity of 99.8% (disregarding
loss) and with a spectral bandwidth of 0.4 nm (FWHM). The VBG (Optigrate Inc.)
was antireflection coated for 1055 nm.
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Figure 3.3: Spectrum for the fundamental radiation using a) a HR dielectric mirror
or b) a VBG as output coupler.

We investigated the laser operating at the fundamental wavelength and the be-
havior using the VBG or an ordinary dielectric output coupler with 99 % reflectivity
were both studied. In the case of the ordinary output coupler with a reflectivity
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of 99 %, the laser spectrum shifted to longer a wavelength and broadened with
increasing pump power (see Fig. 3.3). From the threshold and up to a maximum
output power of 1.47 W at a pump power of 15 W, the laser wavelength shifted
from 1052 nm to 1058 nm and the bandwidth increaseed from 1 nm to 4 nm. When
the normal output coupler was replaced by a VBG, the spectrum remained stable
at the grating wavelength of 1055 nm and was narrowed to a spectral bandwidth
of 0.5 nm for all output powers (see Fig. 3.3). All the spectral measurements were
performed with an optical spectrum analyzer with a resolution of 0.05 nm.

The output power for the two systems is shown in Fig. 3.4. As can be seen, the
threshold is quite similar for both cases, but for the VBG, thermal rollover occured
already at a pump power of 8 W, instead of at 15 W for the normal output coupler.
The studied gain structure had a positive detuning so that its subcavity resonance
wavelength at room temperature was 1050 nm and the quantum well emission at
1031 nm. The gain spectrum red shifted three times faster than the subcavity thick-
ness with increasing pump power. At high pump power the subcavity resonance
was at longer wavelength than the fixed operation wavelength leading to lowered
gain. As the VBG locked the operating wavelength, the laser was not able to follow
the shift to longer wavelength with increasing pump power, which resulted in a
stronger sensitivity to the heat load and therefore in an earlier thermal roll over.
It should be noted that the rather modest laser power for the fundamental was the
result of a too low output coupling of the VBG for good IR extraction.

1600

1400 | ™ 1% output coupler " -
e VBG [
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Figure 3.4: Laser output powers with the dielectric mirror and the VBG as output
coupler.
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An Yb:KYW laser with a VBG incoupling mirror

As VBGs can have a very narrow reflection spectrum and are essentially transpar-
ent to other wavelengths than the Bragg wavelength, they can be also used as the
input coupler in a diode-pumped solid-state laser arrangement without disturbing
the pump laser [Hel07], [Hag07]. This leaves considerable freedom in designing the
rest of the cavity for generation of high beam quality and for example efficient fre-
quency doubling. In a V-shaped cavity for example, two curved dielectric mirrors
can be used to create two small beam waists in the nonlinear crystal and the laser
crystal respectively, while the VBG locks the wavelength at the designed wave-
length, eliminating any need for additional IC elements such as etalons.

However, the VBG can limit the performance of the laser, since the absorption in
the grating, though small, will lead to a decrease of its reflectivity. In order to
investigate these possibilities, we decided to build such a laser and explore these
properties.

M2
RoC=25mm

SHG output
PPRKTP —v

pump

M1
RoC =50mm

Figure 3.5: Setup for the laser cavity, including a PPRKTP crystal that could be
inserted for SHG.

The used laser features a simple V-type cavity design, with the VBG serving
as input coupler, see Fig. 3.5. Two highly reflective curved dielectric mirrors were
utilized to control the cavity mode waist. The cavity was completed by the VBG
as the input coupler. The VBG (Optigrate Inc.) had a size of 5x5x3 mm?, a peak
reflectivity of 99.5 % at a center wavelength of 1029 nm with a bandwidth of ap-
proximately 0.3 nm.

A transfer matrix model was used to calculate the VBG’s diffraction efficiency
and the laser intensity inside the VBG. The un-chirped grating had a sinusoidal
refractive index modulation with an amplitude of 3.8-10~* around an average re-
fractive index of 1.49 and a Bragg wavelength of 1029.5 nm. The model alters
the grating period and the refractive index according to the temperature distribu-
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tion in the VBG using the thermal expansion coefficient o = 8.5 x 1076 K~! and
dn/dT =0.5-10"SK~1.

A 3D finite element model (FEM; COMSOL Multiphysics 4.3) was used to calcu-
late the temperature distribution with regard to the absorbed power distribution.
The absorbed power was described by a scaling parameter agpslcire and a distribu-
tion function. Here, agps is the absorption coefficient and I.;.. is the intra-cavity
intensity. In the transverse direction the distribution function was modeled as a
Gaussian beam with constant beam radius (w = 45 pm), and in the propagation
direction of the beam the distribution function was provided by the grating model
described above. The simulation finds converged solutions for incremental steps of
the scaling parameter, agpsleire-
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Figure 3.6: Simulation for the VBG employed in our experiment showing the change
of reflectivity and the corresponding center wavelength with increasing intracavity
power.

The results show that an intra-cavity power limit of 27 W corresponds to an
absorption coefficient of 1.54%cm™!. As seen in Fig. 3.6, the maximum diffraction
efficiency remained high for intra-cavity powers up to approximately 26 W, where
it rapidly decreased. It should be mentioned that the absorption for this VBG is
unusually large, and a roll-off of the type seen here should normally be expected at
considerably higher powers. Pumping through the VBG provides a simple cavity
design with a good control of the beam size in the laser and PPRKTP crystals,
and it has negligible effect on the VBG spectrum as the pump wavelength is non-
resonant.

The absorption will limit the available intracavity power and with that the conver-
sion efficiency of the SH. The compact folded setup provided efficient and stable
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SHG at 515.5 nm, with an output power of 1.1 W, using PPRKTP at 80 °C, more
information on the frequency doubling will be given in chapter V.

This experiment is described in more detail in paper VI.

A Cryogenically cooled fiber laser

Cryogenic cooling can improve the performance of crystalline laser materials, as the
low temperature reduces the thermal expansion and the thermooptic coefficient as
well as increases the thermal conductivity. In addition, the thermal populatuion
of the lower laser levels is reduced in Yb-doped lasers and, as a consequence, the
reabsorption losses are minimized for fiber lasers and self-pulsing is suppressed or
elliminated. This leads to a more efficient laser operation at the cost of a broadened
linewidth. However, the broadened linewidth can easily be reduced by using a VBG
as a cavity mirror .

To explore these features, a fiber laser was constructed, using double-clad Yb-
doped large-mode-area fibers. The fibers had a core diameter of 20 ym and a
cladding diameter of 400 pm with corresponding N A of 0.06 and 0.22, respectively.
On all fibers, one of the fiber ends was perpendicularly cleaved to provide 4 %
cavity feedback while the other was angle-polished to prevent parasitic reflections.
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Figure 3.7: Comparison of outout power and spectrum for a cryogenic cooled fiber
with dielectric output coupler and VBG.

A VBG or a highly-reflective (HR) mirror was placed on the angle polished
side of the fiber. The VBG had a bandwidth of 0.4 nm and a diffraction efficiency
of 99.9 % at the center wavelength of 1029.5 nm. The surface of the VBG was
AR-coated to prevent parasitic reflections. The fiber was coiled and placed in a
Styrofoam liquid nitrogen container.

Fig. 3.7 shows the experimental data for the 11.5 m long fiber at liquid nitro-
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gen temperature (LNT). The emission linewidth in case of the HR mirror is al-
most 20 nm. When the mirror was exchanged for the VBG, the output power did
not change noticeably, but the spectral characteristics changed considerably as the
linewidth now was reduced to 0.4 nm. The temporal characteristics showed very
little fluctuations, less than a few per cent regardless of launched pump power. The
broadening of the emission linewidths at LNT with the mirror is attributed to a
flattening of the inversion threshold for wavelengths above 1 pm in combination
with a decreasing homogeneous broadening.

In conclusion, we demonstrated the use of a VBG for spectral narrowing of a Cryo-
genically cooled fiber laser with no loss in power compared to the same laser with
broad emission spectrum due to the use of a dielectric mirror instead of the the
VBG.

This experiment is described in more detail in paper III.

3.4 Tuning with chirped VBGs

Tunable lasers have numerous applications in areas such as spectroscopy and ma-
terial characterization. The laser performance of tunable lasers is governed by two
main factors, the available gain bandwidth in the laser material and the utilized
spectral filtering to enable tunable operation.

The filter that performs the spectral discrimination in a tunable laser should opti-
mally provide the following properties:

I The spectral selectivity should be sharp with a wide free spectral range, so
that the laser can operate with as a narrow bandwidth as possible, and should
not jump to neighboring orders of the filter.

IT The method for tuning the filter should be simple, preferably by adjusting
just one degree of freedom.

IIT The filter should not introduce additional losses, that will reduce the efficiency.

IV Insertion of the filter should not complicate the laser cavity setup, to keep it
compact and stable.

The most common methods are an intracavity prisms [Li06], surface gratings

[Moe66] and birefringent filters [Pet07] and etalons [Col63]. However, they do not
fulfill all of the above mentioned properties.
Tuning with VBGs can be achieved either by turning the VBG to change the Bragg
condition as for example in a retro reflector setup [JacO7b] or in the fabrication pro-
cess by changing the Bragg condition over the length of the glass, i.e. a chirped
grating. This new method fulfills all of the above mentioned properties and is pre-
sented in two different experiments in the papers I and II.
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Wavelength tuning of an Yb:KYW laser using a chriped volume Bragg
grating output coupler

A transversely chirped volume Bragg grating (CVBG) can be used as a very simple
way to obtain tunable solid-state lasers. In particular, we have investigated the
Yb:KYW laser crystal, but other laser ions and host materials could also be used.
Currently, the grating fabrication technology limits the reflectivity of the trans-
versely chirped gratings to about 60 % 2, meaning that high-gain laser materials
should be used. Furthermore, our work demonstrates that CVBGs can be used in
a very alignment sensitive system such as a 3-level solid-state laser, which demon-
strates the good uniformity of the component.

volume

Bragg
HR mirror grating
output
input I
coupler tuningI
pump Yb:KYW
o
| .

HR mirror
RoC =100mm

Figure 3.8: Setup of the laser cavity.

The constructed laser cavity was simple and compact, depicted in Fig. 3.8. The
z-shaped cavity consisted of an input coupler, the laser crystal, two folding mirrors
and finally the transversally chirped volume Bragg grating as output coupler and
spectral selector. The chirped volume Bragg grating was used simultaneously as
tuning element and output coupler of the laser cavity. The grating was AR coated
and had an aperture of 5 mm x 20 mm. The maximum grating reflectivity was
around 50 % going from 996 nm to 1017 nm, with a chirp rate of 1.1 nm/mm. The
grating bandwidth at a single point was 0.37 nm FWHM. The grating was mounted
on a translation stage for easy tuning by displacement of the grating orthogonal to
the laser direction.

For the measurement of the tuning range, the grating was realigned at every
measurement point in order to obtain maximum output power. However, tuning
over the whole range without realignment was also possible, only resulting in a
moderate power reduction of about 25 %. By measuring how much realignment
was needed due to the grating, we could conclude that the chirped grating was

2Personal communication with Optigrate Inc.
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slightly curved by 1 + 0.3 mrad over the tuning range. It should be pointed out
that the angle between the grating planes due to the chirp is only 0.4 prad, and
has no practical impact on the laser alignment. The linearity of the grating chirp
was also investigated, by comparing the grating position to the laser wavelength.
The deviation from a linear behaviour between 998 nm and 1015 nm was =+ 0.01 %,
relative to the grating period, with an overall parabolic-like shape.
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Figure 3.9: Laser tuning range at maximum pump power. Inset shows the laser
spectrum measured with a scanning Fabry-Pérot interferometer.

In our diode-pumped Yb:KYW laser, the wavelength could be continuously
tuned from 997 nm to 1016 nm by simply translating the transversely chirped
volume Bragg grating. The maximum laser power was 3.3 W, with a spectral
bandwidth of 13 GHz (see Fig. 3.9).

This experiment is described in more detail in paper I.

Single-longitudinal mode operation and tuning of a Nd:YVOQ, laser using
a chriped volume Bragg grating output coupler

A CVBG was also used to tune a diode pumped Nd:YVOy laser in a simple, lin-
ear and compact plane-plane cavity using only two, or three, elements to form the
laser, see Fig. 3.10. The chirped VBG (CVBG) had a tuning range from 1054 nm
to 1065 nm with a chirp-rate of 0.81lnm/mm. The reflectivity was reduced from
approximately 75 % at the shortest wavelength to 20 % at the longest wavelength.
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With a beam size of 100 pm in the cavity the linewidth was below 0.1 nm.

A Cr**t:YAG saturable absorber was used to obtain passive Q-switching. Up
to 4 W of output power was obtained with a tuning range of 2 nm for continuous
wave (cw) operation and 1.08 W of average power in the Q-switched regime with
a pulse length of 3.9 ns and with a repetition rate of 150 kHz at 1064.1 nm. When
Q-switched, the laser oscillated on a single longitudinal mode (SLM).

chirped
VBG
pump Nd:YVO 4 Cr:.YAG output
HR@1064nm
AR@808nm tuning

Figure 3.10: Setup of the laser cavity.

It was not obvious, that the laser was oscillating on a SLM, as the longitudinal
mode separation of the cold cavity was roughly 50 pm, so more than one longitu-
dinal mode should be able to oscillate, as the bandwidth of the CVBG was 0.4 nm.
To further investigate this, the transmission of the CVBG was simulated at the
center wavelength A=1064.2 nm together with the transmission of the Fabry-Perot
formed by the Nd:YVO, laser crystal (3 mm) and with the air gap between the
Nd:YVO, laser crystal and the Cr**:YAG saturable absorber (0.1 mm). From this
we found that every second longitudinal mode suffered losses from the Fabry-Perot
formed by the end surfaces of the laser crystal. Longitudinal modes, which are even
more separated from the main peak, suffered additional losses from the increasing
transmission of the CVBG and from the Fabry-Perot, which is resulted from the
small air-gap between the laser crystal and saturable absorber. This resulted in the
laser oscillating only at a single longitudinal mode, even at higher output powers
(see Fig 3.11).

The transient behaviour of this laser will be described in chapter 4.

This experiment is described in more detail in paper II.
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Figure 3.11: The longitudinal mode spectrum as determined using a Fizeau inter-
ferometer with a free spectral range of 21 GHz . The symmetric pattern in a) shows
that the laser is operating single-mode. The picture b) shows the multi-mode pat-
tern obtained when the laser was operating using a dielectric output coupler with
the same reflectivity. The graphs ¢) and d) show a cross-section (marked with a
red line) of the intensity distribution in a) and b) to visualize single-mode and
multi-mode operation, respectively.



Short Pulse Generation

This chapter desribes transient behaviour of lasers, starting with Q-switching theory
followed by experiments connected to Q-switching. The second part contains the
basics of passive mode-locking with the related experiments.

4.1 Overview

For many laser applications, high powers are often wanted or needed. A prominent
example is material processing, where lasers are used to cut, solder and to mark a
variety of materials. Another application is nonlinear frequency conversion, since
the conversion efficiency scales with the intensity of the fundamental wave. A pulsed
laser provides output peak power often orders of magnitude higher than the average
power of the same laser. Pulsed solid-state lasers are normally either Q-switched of
mode-locked. For Q-switching, it can be as simple as putting a Cr:YAG crystal in
a laser cavity, but especially the extreme cases of mode-locked few-cycle attosecond
pulses and high average power Q-switched lasers, are challenging from both the
scientific and the engineering perspective.

4.2 Q-switching

Q-switched lasers have been investigated for a long time[Mcc62| and are still at-
tracting attention due to their wide range of applications in industrial and research
areas. Of particular interest are high pulse energies facilitating material processing
as well as high peak power, enabling efficient non-linear optics. When compared
to mode-locked systems, Q-switched systems are more tolerant with respect to the
laser design parameters, a fact that simplifies their construction and operation.
Furthermore, when using passive saturable absorbers additional electronics can be
avoided. The most commonly used saturable absorbers for Nd-based lasers are
Cr:YAG crystals [Shi95], [Das96]. Recently Q-switching using single-walled carbon

43
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Figure 4.1: Different modi operandi for a laser.

nano tubes has been presented in a Nd:LuYGdVOy, laser [Chell] and in a Nd:YAG
ceramic laser [Lil2].

The term Q-switching originates from the so-called Q-factor (quality factor),
which is defined as the ratio of the stored energy to the loss per cycle. If a laser is
Q-switched, the quality (losses) of the laser is switched periodically. For continuous
pumping, when the losses are high, lasing is suppressed and energy is stored in
the gain medium. When the losses are switched off, the laser is suddenly above
threshold and the stored energy is released into a short pulse. The switching can
be achieved by active means with, for example, acousto-optic or electro-optic mod-
ulators or by using passive Q-switches such as Cr:YAG saturable absorber crystals

(SA).

Passive Q-switching

Passive Q-switches allow a simple and compact laser design, since the only required
element is a SA without any external driver. In the case of a Cr:YAG crystal, it
can be as small as a few mm? and may be easily inserted into the laser cavity. The
performance ranges from ps pulses in micrco cavities to high power ns pulses in
large lasers.

Passive Q-switching can be described using the following set of three coupled
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’ parameter \ description ‘

Vg decay rate of upper laser level

Ya decay rate of first excited state of Cr*™

% population reduction factor, equals 1 for an ideal four-level laser
K, coupling constant K, = ZLAZ’ with the cross section o4 of the in-

duced laser emission, the cavity round-trip time ¢, and the effective
beam cross-section A,

K, coupling constant K, = tf‘xa7 with the cross section o; of the
absorber ground level and the effective beam cross-section within
the absorber A,

Nyo N, just before the switching process

Table 4.1: Parameters for the passive Q-switching rate equations of a 4-level laser
with Crit.

rate-equations, taking into account the population in the saturable absorber as well
as the exited-state absorption [Sie86]:

d%t) = [KyN,(t) = KoNa(t) — 8Ky (NaoNa(t)) — 7ol - m(t),  (4.1)
d]\;gt(t) = 1= Ng(t) = 7Kg Ny (t)n(t), (4.2)
d]\glt(t) = Ya (Nao — Na(t)) — KaNa(t)n(t). (4.3)

Where the key variables are explained in table 4.2.

This set of coupled nonlinear differential equations does not have an analytical
solution, but can be solved numerically. This has been done by X. Zhang et al
[Zha97] and they derived the following set of analytical equations for calculating
the pulse energy Ep, the peak power Ppe.1, the pulse length 7p, the pulse repetition
rate fp and the average output power Fy,4 as follows:

hvA, 1 ng
Ep = In{= | -In[— 4.4
r 2047 " (R> ! (nf> ’ (44)

hv 1
Ppeak' = % ln <R)

i 1 ¢
~ [ni —ng —ngoln (n> — (n; —ngo) — (1 - ”g)] :
TLf « ni

(4.5)
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b)
Ppeak

= = 4.7
fP o 1_ % ’ ( )
Pavg = fP - Ep, (48)
with:
In (%) +In le + L

n; = (10) 5 (49)

20444

1 1 1

nyw = 55 AT ; (4.10)

gla

meo_omo (1 _ ”o> (n) (4.11)
1 «@

2o () 0l ()]

n; n; n; Tn; « n;

a = . 4.13
- (413)

Q-Switched Nd:YVO,

A simple, tunable single-longitudinal mode diode pumped Nd:YVO, laser was con-
structed using a chirped volume Bragg grating (CVBG) as already described in the
previous chapter. The laser could be tuned over a large part of the Nd:YVO, gain
spectrum from 1063 nm to 1065 nm and passive Q-switching using a Cr*T:YAG
saturable absorber was obtained both in the low (<20 kHz) and in a high repetition
rate (>2 MHz) regime, depending on the operational wavelength chosen with the
CVBG.

The tuning and pulsing performance was determined by the center wavelength
and the reflectivity of the CVBG aswell as by the gain and the loss in the cav-
ity. At shorter wavelengths, the tuning range was limited by the gain spectrum
and towards longer wavelengths, the limit was set by the decreasing reflectivity of
the CVBG. As the initial transmission of the Cr**:YAG saturable absorber was
more or less constant over the tuning range, the relation between the gain and the
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Figure 4.2: Dependence of the repetition rate (logarithmic scale) on the emission
cross section (linear scale), and the reflectivity of the CVBG.

additional loss from the out-coupling through the CVBG determined the pulsing
behavior.

In Fig. 4.2 the pulse repetition frequency, the CVBG reflectivity and the emis-
sion cross section [Cze02] are plotted vs. wavelength. It is clear that the repetition
frequency is directly related to the gain and, hence, to the inversion population
build-up. As can be seen in the figure, it changes by several orders of magnitude
when the laser was tuned over the gain peak. For regions of low gain, i.e. for
wavelengths below 1063.7 nm, it takes a longer time to reach threshold and the
repetition rate will therefore be low, in this case around 100 kHz. At the same time
the inversion becomes high and a large energy can be extracted. When the CVBG
was translated and the laser tuned to longer wavelengths, the gain increased and
the threshold was reached earlier, resulting in a much higher repetition rate, up to
a few MHz, with corresponding low pulse energy. The small difference, < 0.3 nm,
between the wavelength of the peak in the emission cross section, as measured by
Czeranowsky [Cze02], and our measurement of the wavelength for maximum rep-
etition rate, can very well be explained by the lower reflectivity of the CVBG at
longer wavelengths. An important finding in this experiment was that the VBG
could force the laser to oscillate in a regime with a low emission cross section around
1063.8 nm, which allowed extraction of high pulse energies from the laser material
that otherwise would give low pulse energies.
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This experiment is described in more detail in paper II.

4.3 Mode-locking

In contrast to Q-switching, which is possible with a laser running on a single longi-
tudinal mode, mode-locking requires the laser to oscillate on multiple longitudinal
modes. The broader the optical spectrum is, the shorter the resulting output pulses
can be.

A first description for mode-locked lasers has been made by Martinez [Mar84], based
on a model by Haus [Hau75]. The following description is based on the description
of Kértner [Kae04].

The basic principle is that the different longitudinal modes (which of course have a
different wavelength /frequency), have a common phase and interfere constructively
and oscillate as a single pulse inside the cavity. Such a light pulse can hence be
described as a superposition of plane waves with different frequencies, but with the
same phase. For a fixed location, the dependence as a function of time can be
written as:

1 [ - ; 1 [ = ;
E®t) = oy E(w)e“’"tdw: %A E(w)e“"tdw—i—c.c.. (4.14)

In this case, E(t) is the Fourier transform of F(w), which is the optical spectrum
of the pulse. The abbreviation c.c. stands for the complex conjugate. The optical
spectrum has a bandwidth of Aw with a center frequency of wy. The shape of the
spectrum determines the shape of the pulse.

Typically wg > Aw and with that, equation 4.14 can be written as follows:

1 [ - .
Bt) = o E(wo + Aw)e! @029t gAL 4 c.c.. (4.15)
T J w0

This can be further simplified by introducing the envelope function A(t):

E(t) = ei“’ot%/ A(Aw)e®“tdAw + const. = A(t)e™! + c.c.. (4.16)
T

— 00

A(Aw) is the frequency shifted, single-sideband spectrum, for which A(Aw) =0
when Aw < —wyg. If Aw > —wyp, using equation 4.16, we can now write:

A(Aw) = F(wy+ Aw). (4.17)
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A(t) is the complex envelope funtion, and with equation 4.16, this leads finally
to

E(t) = A(t)e™! +cc., (4.18)
and
A(t) = /OO A(Aw)dAw. (4.19)

A schematic of such a pulse with a Gaussian envelope function can be seen in
fig. 4.3.

I

Amplitude

Time

Figure 4.3: Schematic picture of a pulse with a Gaussian envelope function.

The number of elements ¢ inside a typical laser cavity have a small influence
on the envelope function and gain and losses are typically only a few percent. The
changes are therefore so small, that it does not matter in which order the pulse
passes the intracavity elements. So, the total change of the envelope function can
be written as:
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Tp——’ 3’4 T 2 Z AA;. (4.20)

The new time variable T" describes the changes on the envelope function for
many cavity round trips whereas ¢ describes the time scale of a single pulse. This
is the so-called master equation, which can be formulated as [Kra92]:

O0A(T,t
12800 jar < jAT P ALY
oT —_———
linear losses saturable absorber
52 (4.21)
+ ( + Qzaﬁ) A(T 1)

gain medium

If only mode-locking is present in the laser (no Q-switching instabilities or cw
background), we may set:

OA(T,t)
Tpr————= = 0. 4.22
W (422
This can now be used to calculate the pulse length and the peak intensity for a

given pump power if the other laser parameters are known.

Mode-locking can for example be achieved either actively by an external source,
or passively, through intracavity saturable absorbers (SA). In this case the focus will
be on fast SA mode-locking, since these were exclusively used in this work. Fast,
in this context, means that the upper-state lifetime of the SA is short compared to
the cavity round-trip time. One major advantage of this is that SA mode-locking is
selfstarting from noise. Only very high intensity spikes are able to saturate the SA,
so that they will bleach it and some part still pass through. After several round-
trips, a complete pulse will be circulating inside the laser cavity and the leading
edge of which suffices to bleach the SA and the main part of the pulse is able to
pass the SA with only minor losses. A good overview of the theory and history of
mode-locking can be found in the excellent review written by Haus [Hau00].

Other passive mode-locking schemes include coupled cavity mode-locking, cas-
caded mode-locking and Kerr lens mode-locking, but will not be discussed here.

Semiconductor saturable absorber mirrors

Semiconductor saturable absorber mirrors (SESAM) are structures that combine
a mirror and a quantum well structure in one component and are used for mode-
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locking as a mirror in a laser cavity. The typical SESAM structure provides an
intensity dependent variation of the losses:

q0
1+ 4

Isat

RI) = 1-—ao— (4.23)

The losses in the SA are the sum of the linear (non-saturable) and the nonlinear
(saturable) losses. In the semiconductor quantum well, the absorption is dependent
on the population of the valence and the conduction band. If photons are being ab-
sorbed, electrons are excited from the valence band into the conduction band. The
more electrons there are in the conduction band by the absorption of the incident
photons, the lower the absorption will become and with that, the reflectivity of the
SESAM increases [see picture Niels|.

A recent development has been quantum dot SESAMs (QDSESAM), where the
quantum wells are replaced by quantum dots (QD). This leads to some unique prop-
erties: Large cross-sections of the absorption transitions in the QDs ensure a low
absorption saturation fluence and thus give more freedom in the parameter design
compared to quantum well structures. This enables for example mode-locking of
low-energy solid-state laser systems where a low saturation fluence as well as low
modulation depth is necessary to eliminate Q-switching instablilities.

Mode-locked Yb:KYW laser with GHz repetition rate

Fundamental mode-locking of solid-state lasers has been very successful using sat-
urable absorbers based on quantum wells, for a wide range of repetition rates and
gain media. Quantum dots (QD) have only been used to achieve high repetition
rates with all semiconductor lasers like OPSDL [Hof11] and MIXSEL [Wit12]. Sys-
tems based on solid-state crystals have only been mode-locked up to 200MHz and
have not been fully investigated the quantum dot absorbers’ potential to extend
the range to the 1 GHz region. We demonstrated a compact, passively mode-locked
Yb:KYW DPSSL operating around 1 GHz repetition rate, taking advantage of the
mentioned beneficial properties of the saturable absorber structures containing lay-
ers of self-assembled InGaAs quantum dots. This makes such a structure ideal for
high-repetition rate mode-locking of a DPSSL with picosecond pulse duration.
The cavity design can be seen in Fig. 4.4. The gain medium is a 3 mm long, 5-
at.%-doped, Ng-cut Yb:KYW crystal, pumped by at 980 nm by a collimated stack
diode. The QD-SESAM structure hosts three sub-structures, each containing five
layers of self-assembled InGaAs quantum dots and 20 nm thick GaAs spacing lay-
ers. An anti-resonant design was chosen to minimise the effect of growth errors
during production and also to minimise the influence of thermal expansion during
operation.
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Figure 4.4: Experimental setup of the laser cavity.

The laser directly emited picosecond pulses at center wavelengths around 1035 nm.
Reliable CW-mode-locking began at laser output powers of 66 mW, i.e. for a pulse
fluence of 165 pJ/cm? on the absorber. No Q-switched mode-locking was observed
up to the damage threshold of the absorber. The output power in this cavity was
limited by the QDSA’s damage which occurs at pulse energy fluence of 860 y.J /cm?.
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Figure 4.5: Measured output power of the laser, including a division into the dif-
ferent regimes of operation.
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This experiment is described in more detail in paper IV.

Single-walled carbon nano tubes

Single-walled carbon nano tubes (SWCNT) are a very interesting type of material
with exceptional optical and electrical properties [lij91]. Their properties are de-
termined by the roll direction (chirality) of the graphene sheet and their diameter.
They can show either metallic or semiconducting properties. Especially semicon-
ducting SWCNTs have interesting optical properties such as saturable absorption
and a high optical damage threshold.

These forms of SWCNT are usually fabricated by either arc discharge or chemical
vapour deposition and commercially available from several companies. They can
be purchased with different degrees of purity, limiting the spread of the diameter
distribution and the amount of non semiconducting SWCNT.

SWCNTSs can be used as saturable absorbers (SWCNT-SAs) and offer a poten-
tial alternative for high-gain solid-state laser mode-locking over a wide near-infrared
spectral range. Such saturable absorbers can be manufactured on a variety of sub-
strates in a cost-effective way by employing relatively simple techniques such as
spray and spin-coating [Yim08]. Moreover, they possess broadband ultrafast sat-
urable absorption behaviour and the samples can be used in reflection or transmis-
sion.

A good overview of the fabrication and characterization of SWCNT as well as their
use in mode-locked lasers near 1 pm can be found in [Rot12].

The samples used in this work were prepared in a multi-stage process (see fig.
4.6): First the CNTs were dissolved in 1,2-dichloro benzene at a concentration of
0.2 mg/ml. To improve the dissolving, the surfactant PmPV, with a concentration
of 5 mg/ml was added and the solution centrifuged for 30 minutes and only the
upper third was used in the following process. At the same time, PMMA was dis-
solved in 1,2-dichloro benzene with a concentration of 100 mg/ml. Both solutions
are added together at a 1:1 ratio and after stirring the solution for 12 hours, spin-
coated onto a one millimeter thick glass window.

Mode-locked OPSDL using SWCNT

It is not obvious that a SWCNT-SAs can be employed for mode-locking OPS-
DLs due to low roundtrip gain and large nonsaturable absorption loss in a typical
SWCNT-SAs reported previously. We have demonstrated, that saturable absorbers
based on SWCNTs with low loss operating in transmission can be used for mode-
locking an OPSDL. Stable fundamental mode-locking was obtained for such a sys-
tem generating 1.23 ps pulses at a repetition rate of 613 MHz, delivering output
powers of up to 136 mW near 1074 nm. The laser setup represents a highly practi-
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purchase single-walled dry in oven at 100 degree Celsisus disolve in 1,2-dichloro benzene
CNTs with high purity preferably overnight to save time add a surfactant (PmPV)
(a few gramms will be enough) stir for a long time
olte smg/mi
@ 0.2 mg/ml

prepare a PMMA solution
in 1,2-dichloro benzene
stir for another long time

spin-coat on your favourite substrate add together at a 1:1 ratio
stir for another long time (12 hours)

=

100 mg/ml

Figure 4.6: Preparation steps of SWCNT-SA samples.

cal and simple solution for a high-repetition rate solid-state laser operating in the
near-infrared spectral region. This first application of a SWCNT-SAs for mode-
locking of an OPSDL represents an important step for a further enhancement of
the versatility of both devices and can be seen as an alternative, easy to implement
and cost effective design.

In the experiment we employed a V-type cavity with a total length of about
244.5 mm (see Fig. 4.7). The cavity consisted of the gain structure in the first
beam waist and the SWCNT-SA for mode-locking was placed in the second beam
waist. The gain structure was angle-pumped by a fiber coupled laser diode at
808 nm. A SWCNT-SA was inserted at Brewster’s angle, fabricated as mentioned
above. The fabricated SWCNT-SAs were characterized by linear and nonlinear
transmission measurements (see Fig. 4.8). The modulation depth of the SWCNT-
SA used was measured to be 0.25 % and the saturation fluence (Fsq) 11.36 pJ /cm?
with non-saturable losses of about 1 %.

This experiment is described in more detail in paper VII.

Q-Switching using SWCNT

Recently Q-switching using single-walled carbon nano tubes has been presented in
a Nd:LuYGdVOy laser [Chell] and in a Nd:YAG ceramic laser [Li12]. Furthermore
Qin et. al. [Qinll] reported on a Nd:YVOy laser with 332 ns long pulses at a pulse
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energy of 326 nJ and observed mode-locking instabilities, however essential details
like the modulation depth of their absorber samples have not been presented.

Here, an alternative absorber based on SWCNT with substantially lower saturable
and non-saturable losses is presented. Although this type of SWCNT absorber is
most commonly used for passive mode-locking due to the excellent performance
with regard to its transient absorption behaviour [Set04], [Chol0], we show, that
the high mode coherence instabilities can be suppressed by the use of a spectrally
limiting VBG written in thermo-refractive glass [Efi99]. The laser can thus be
driven with high slope efficiency and clean Q-switch pulses. We also provide data
on the SWCNT samples used as well as an analysis of the output pulse parameters.
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The laser cavity featured a simple, linear design with the VBG as the in-
put coupler and a curved mirror as the output coupler (see fig.4.9). The VBG
(2x2x1.5 mm?) was anti-reflection coated for both the pump wavelength of 808 nm
and the laser wavelength at 1064 nm. The peak reflectivity was 97.5 % with a
bandwidth of 0.5 nm at 1063.6 nm. The output coupler had a reflectivity of 95 %,
a radius of curvature of 100 mm and it was placed at a distance of 80 mm from the
VBG. A 0.7 % at. doped Nd:YAG with dimensions of 3x3x3 mm?® was used as the
gain medium for the laser and was as well anti reflection coated for both the pump
wavelength of 808 nm and the laser wavelength of 1064 nm. It was pumped by a
fiber-coupled 808 nm laser diode, which was focused into the laser crystal with a
spot size of 110 um (1/e? radius). A SWCNT-SA plate at Brewster’s angle was
inserted into the centre of the cavity. The SWCNT-SA sample was the same used
in the above explained experiment.

output
—
Nd!ﬁ'G mmmm pump
. VBG
R=95%
RoC =100mm

Figure 4.9: Experimental Setup of the laser cavity.

In order to evaluate the performance of the laser, we measured the average

power, pulse width and repetition rate for different incident pump powers as can
be seen in fig. 4.10. At the highest pump power of 10.9 W, the pulses had a
temporal bandwidth of 417 ns at a repetition rate of 345 kHz at an average power
of 1.16 W. This corresponds to pulses with a peak power of 7.41 W and a pulse
energy of 3.34 uJ. The fluence on the SWCNT-sample is 2124J /em? and with that
18-times higher (than F,;) than the well known Q-switched mode locking threshold
Eg > Fgat,gFsat o« AR [Hoe99].
The pulse length is rather long with 417 ns as a Q-switched Nd:YAG using saturable
absorbers typically emits pulses with a pulse length of a few nanoseconds. For that
reason, the experimental result should be compared to a theoretically expected
value. For a fast Q-switch, the pulse length can be estimated with [Koe06]:

_ b In(z)
b =5 <z(1—a(1_1na))> (424)

with ¢, as the round-trip time, J as the round-trip losses and a = (2—1)/(z1n(z)).
In this case, the parameter z = 2gyld is the logarithmic small signal gain divided
by the resonator losses. The small signal gain can be hard to measure and another
solution is more accessible: As the output energy E,,; was measured, the following
relation can be used to calculate the z-parameter [Koe06]:
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Eopit = Esc(z—1-1n(z)) (4.25)

The energy F. is defined by Es. = Ahvd /207y, A is the beam cross section in
the laser crystal, hv is the laser photon energy, o is the stimulated emission cross
section of the laser transition and -y is one for a four-level laser. Those parameters
are easily obtainable and with that equation 4.25 is solvable numerically and with
that the estimated pulse length ¢, can be calculated to 310 ps. The reason the
pulse length is rather long is the comparably low stimulated emission cross sec-
tion of 2 - 10720 J/cm? at the laser wavelength, since the laser is VBG-locked at
1063.83 nm, where the gain is an order of magnitude lower compared to the main

peak of the stimulated emission cross section.
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Figure 4.10: Performance of the Laser.

If the VBG was replaced with a dielectric input coupling mirror, instabilities
could be observed and no stable Q-switching could be achieved. Figure 4.11 shows
a typical trace for the observed instabilities at an intermediate pump power of 8 W.
In the first figure one can clearly see, that there is a modulation on the pulse.
However, the pulses are not stable and one can often observe transitions between
continuous wave behaviour with a fast modulation to Q-switching with a fast mod-
ulation on top. The modulation is probably associated with a high phase coherency
or could also be Q-switched mode-locking.

The output spectrum was measured with an optical spectrum analyzer with a
resolution bandwidth of 0.05 nm (see Fig. 4.12. The spectrum was centered around
Ae = 1063.83 nm with a bandwidth AApyw gy = 0.59 nm. The spectrum seems
to be slightly red-shifted by 0.3 nm from the main peak of the VBG reflectivity
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Figure 4.11: Typical traces for instabilities occuring with a dielectric input coupler
instead of the VBG.

curve. However, the reflectivity of the VBG was measured with a continous wave
Ti:Saphire laser at low power (see fig. 4.12). The cause of the red-shift is heating of
the VBG by the incident pump and the laser radiation, which results in a small ther-
mal expansion and a change in the Bragg condition and a red-shift of the spectrum.
The beam propagation factor M? = 1.3 was measured using the knife-edge-method.

With this system, pulses as short as 417 ns with a pulse energy of 3.34 uJ

were measured. This demonstrates, that SWCNT absorbers with a low modulation
depth of only 0.25 % can be used for efficient and stable Q-switching.
As SWCNT can be used over a broad range in the near-infrared spectral region,
this new method to achieve stable Q-switching with SWCNT saturable absorbers
with low modulation depth is transferable to other solid-state laser systems as
well and provide route to inexpensive mass fabrication of passively Q-switched
lasers. Further improvement could be done by matching the VBG wavelength
under operation better to the main stimulated emission cross section peak in order
to achieve even shorter pulses and higher average output power.
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Figure 4.12: Measured reflectivity of the VBG using a Ti:Saphire laser at low power
and output spectrum of the laser at maxium output power. The red-shift of the
output spectrum is a result from laser and pump radiation heating the VBG.






Second Harmonic Generation

In this chapter, the basics of nonlinear optics are introduced, focussing on second-
harmonic generation. This is followed by an overview of the experiments linked to
nonlinear optics.

5.1 Basic theory

For the propagation of light in matter in a nonlinear optical medium, we will ap-
ply the fundamental principles of superposition and frequency conversion [Ber04].
The description of the effects in nonlinear optics is carried out using the index of
refraction and the absorption in the medium as material parameters. The intensity
of the incident light is usually small compared to the inner atomic fields and thus
the polarization P! of the medium is linear dependent on the field strength E of
the incident light:

P(r,t) = exVE(r, 1) (5.1)

Here, we have used the frequency dependent dielectrical susceptibility x),
which is a second-order tensor. From this we can define the dielectric tensor €;; in
an isotropic media (¢q is the dielectric constant in vacuum):

cj = eox) +oy;  ije{1,2,3}) (5.2)

With this, one can describe the dielectric deplacement D, which is well known
from the Maxwell-equations:

D = ¢E. (5.3)

IVectors and tensors will be written in bold letters.
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Figure 5.1: SHG and SFG.

In the case of linear optics, it is possible to describe well-known optical phenom-

ena such as absorption, reflection and refraction. Details can be found in [Hec98§|
for example.
However, the intensity of laser light is often quite high, so that the polarization of
the medium cannot be seen as linearly dependent of the incident intensity. The
polarization has to be developed in a power series, adding nonlinear terms. In
component notation, the polarization can be written in the following way:

1 2 3
P = eox\VEj + eox BBy + coX o E BB + ... (5.4)
Through the higher-order terms, new effects are appearing, which can be de-
scribed in terms of nonlinear optics. One of those is the second harmonic generation.

Second harmonic generation

The second-order term in equation 5.4 is responsible for the two cases of second
harmonic generation and sum frequency generation. If two electromagnetic waves
of frequencies wy and ws are superimposed in a nonlinear medium, the polarization
can now be written as a sum (here, only the terms until the second order are
included):

P = POY(w)+ PO (wy) +PEY (5.5)
+PEH) (W) + wy) + PP (Jwy — wy]) + PV (2w)) + PR (2uw5)... .

The PM-terms result from the linear susceptibility x(*), and the P®-terms
likewise from the nonlinear susceptibility y(2).

This polarization wave generates electromagnetic waves in the nonlinear medium,
which, of course, contains both the fundamental frequencies w; and ws and the
generated doubled frequencies 2w; and 2ws, as well as the sum (w; + w9) and the
difference (Jw; — wsl) of the two fundamental frequencies (see fig. 5.1). In a laser
which is oscillating on several longitudinal modes, the SHG and SFG often have a
temporal and spatial overlap and the SFG can lead to a coupling of the fundamen-
tal frequencies [Bae86]. This can fundamentally influence the output dynamic of a
laser and lead to large amplitude fluctuations, which will be discussed later.
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Phasematching

The fundamental field of frequency w together with the second harmonic field of fre-
quency 2w, which is generated in the nonlinear medium, will experience a different
index of refraction and thus the phase difference changes due to different velocities.
When the SH wave has accumulated a phase mismatch of % < Np < %, there
will be destructive interference and as a result the backconversion of the second
harmonic. The distance, where the phase mismatch is %, is called the coherence

length L., defined as:

A
A (5.6)

This reduction of the second harmonic field is the equivalent of a back-conversion
to the fundamental wave because of the conservation of energy. Only through phase-
matching of the two wave vectors k., and ks, with the condition that

Ak = 2k, —koy =0, (5.7)

we ensure that a phase-matching over a length longer than the coherence length
L. is possible (see fig. 5.2).

Birefringent phase matching

One possible way to achieve phase matching is to use the built-in natural bire-
fringence of optically anisotropic crystals, because in that case the polarization-
dependant index of refraction is different for different propagation directions. For
an uniaxial crystal, the indices of refractions are called the ordinary refractive index
n, (lowest or highest index of refraction) and the extraordinary refractive index n.
(index of refraction for perpendicular to n, polarized wave). One can then choose
an angle 6 of the wave vector k,, in relation to the optical axis, so that:

Now = TMNe2w (9) (58)

With that, phase matching is achieved and there is no dispersion between the
fundamental and the second harmonic fields. The angle 6 is given by

1 cos?(f)  sin?(f)
= + . 5.9
”g,Qw(e) ng,m ”g,zw (5:9)
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Figure 5.2: Power of the SHG in dependence of the number of the coherence length
le.

Quasi phase matching

Another possibility for achieving phase matching is to engineer the nonlinear co-
efficient periodically in a way so that the accumulated phase difference between
the fundamental and second harmonic fields is reset. This is called quasi-phase-
matching (QPM) and the wave vector mismatch can be written as:

Akg = ko, — 2k, —kg. (5.10)
with k¢ as the wave vector of the periodic grating, whose absolute value is given

by:

kg| = m=—. (5.11)



5.1. BASIC THEORY 65

In this equation, A is the period of the grating and its value is of the order
of twice the coherence length of the interacting waves. The effective nonlinear
coeflicient dcys is reduced by the Fourier amplitude of the m-th spatial harmonic
of this modulation:

2
deff = %dw (512)

This might seem to be a drawback, but the QPM technique enables noncritical
phase matching within the transparency range of the employed crystal. In this way,
the highest nonlinearity d;; can be used independent of the wavelength. A more
detailed description can be found in [Wan05|.

Internal second-harmonic generation

In order to achieve a high conversion efficiency, high intensities are needed as the
generated second-harmonic intensity scales with the square of the incident fun-
damental intensity. For cw lasers, this can be achieved by placing the nonlinear
medium inside the laser cavity, where the intensity of the fundamental is much
higher than outside. For the highest intensity, the cavity mirrors have to be highly
reflective for the fundamental frequency, and the out coupling mirror has to be
highly transmissive for the second harmonic frequency. As the second harmonic
field is not resonating, the out coupling can be as high as possible.

The intensity of the second harmonic Iy, that is generated for a double-pass in the
nonlinear medium can be written as:

L, = 2KI° (5.13)

where K is the nonlinear coupling constant and I the incident fundamental
intensity. The generation of the second harmonic intensity 2K 12 can be considered
a loss for the laser in addition to the other present losses . These losses have to

be compensated by the gain lzf‘i so that the laser can operate. Because of that,
Ts

we can now write:

290 l 2
= = +2K1I°, 5.14
L v (5.14)
in which g is the small-signal gain go = ogg(N2 — N1) and the saturation
intensity is given by Iy = hvy/ogg 7. From that, we obtain a condition for the
optimal nonlinear coupling:

Kopt = (515)

b
I,
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Now we can write the equation 5.13 as follows:

2
Tnwopt = 4gol1, (1 — 2;()1) . (5.16)
The output of the intracavity, second harmonic generation can suffer from large
periodic or chaotic amplitude fluctuations. This phenomenon is known as the
“green-problem”; since it was first observed for frequency doubling into the green
spectral range [Bae86|.
Baer has described the green problem both experimentally and theoretically using
a Nd:YAG laser with an intracavity KTP (potassiumtitanylphosphat, KTiOPOy)
nonlinear crystal for second harmonic generation. He used a set of 2N coupled
differential equations for the laser, which was oscillating on N longitudinal modes.
Equation 5.17 below describes the intensity change of the i-th mode and equation
5.18 the gain of the i-th mode, respectively:

d; ol
Tcditl = G; — o —EIZ‘—Q;EI]' 1;, (517)
dG; ol
T = BLi+> Biyli+1|Gi+GY. (5.18)
Jj#i

In comparison to the rate equations of a 4-level-systems (see chapter 2), the
losses of the intensity of the i-th mode through frequency doubling —el; and the
sum frequency generation —2 Z;\;Z el; are added. The term Z;\;Z Bij1; couples the
gain of the i-th mode to the intensity of the j-th mode, so that the cross saturation
of the two modes is included. This describes the spatial and the spectral overlap
of the modes in the gain medium as well as in the nonlinear crystal. Table 5.1
describes the other parameters and gives the numeral values assumed by Baer:

’ parameter \ description \ Nd:YAG ‘

Bij cross-saturation of the modes 7 and j | 0,666 W—!
Te cavity round-trip time 0,5 ns

Tf fluorescence-lifetime 0,24 ms

«; losses of the mode 4 0,015

€ nonlinearer coupling coefficient 5-107° W1
3 saturation parameter 1 W1
GY small signal gain 0,12

Table 5.1: Parameters for the frequency doubling model described by Baer.

The results of this model are in good agreement with the observed behaviour of
the Nd:YAG laser described by Baer:
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e A laser oscillating on one mode is stable.

e A laser oscillating on two modes shows periodic fluctuations.

A laser oscillating on three or more modes shows chaotic fluctuations.

For a decreasing nonlinear coupling coefficient, the frequency of the fluctua-
tions will increase up to the relaxation frequency of the laser. Above that,
the laser is stable.

The frequency of the fluctuations is typically in the kilohertz range and not
dependent from the pump rate.

External second harmonic generation

Efficient SHG outside of the laser cavity can be achieved with either very high
power cw lasers or with pulsed lasers, as the peak power of the latter often is orders
of magnitude higher than the average power.

The theoretical value of the generated second-harmonic power (Psy) can be calcu-
lated assuming a temporally Gaussian-shaped input pulse and optimal focussing.
For high conversion efficiency, the pump depletion must be taken into account. The
theoretical value can be expressed as [Yar89):

P
S PL: — tanh? [ (75, Pr)'*] (5.19)

Here, Psy and Pr are the average power of the the second harmonic and fun-
damental, respectively, and 5 is the nonlinear coefficient for short pulses. In this
case, the group-velocity dispersion and self-phase modulation are neglected. 74y
is then defined as [But95]:

22\ 2] 1
quH:wH[( - ) ] (5.20)

ﬁ .
The input pulse is characterized by its full width at half maximum pulse duration

7 and the pulse train has a repetition rate of f. The nonlinear coefficient gy
without pump depletion and with a continuous wave fundamental is defined as:

Psy

_SH (5.21)
PELeyy

YSH = nnormLeff =

In this equation, vsg = MnormLeys is the nonlinear coeflicient for the continu-

ous wave case without pump depletion [Boy68|, with L.y as the effective length of
the employed nonlinear crystal.

As an example, these results have been used to calculate the conversion efficiency
for a PPKTP crystal with a length of lmm, 2mm and 3mm using a mode-locked
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laser at 975 nm. The important parameters of the laser used in the simulation and
the experiment are:

’ parameter \ description size
A wavelength 975 nm
A) spectral bandwidth | 1.62 nm
T pulse width 1.5 ps
f repetition rate 500 MHz

Table 5.2: Parameters for the simulation.

However, this does not take into account that the acceptance bandwidth be-
comes smaller, the longer the crystal length L of the PPKTP is. This limits the
amount of the fundamental power that can be used to generate the second harmonic
wave |[Fej92]:

0.4429\ |nsg—n; Ong _ lansﬁr
L A o\ 2 0\

A)\FWH]W = (5.22)

This has to be taken into account for the simulation. The results are shown in
fig. 5.3.

In order to confirm the results of the simulation, an experiment with a PPKTP
crystal was performed, the parameters are as follows. For the experiment, the
PPKTP crystal was placed on a temperature controlled heatsink and the laser was
focused into the middle of the crystal using a lens with a focal length f = 40 mm,
creating a beam waist of 40 pm.

’ parameter \ description \ size ‘
A grating period 6.67 pm
Leyy effective length 15.1 mm
desy effective nonlinearity | 9.59 pm/V
T temperature 102 °C

Table 5.3: Experimental parameters.

This shows, that the used simulation is in reasonably good agreement with the
experiments. In order to get higher conversion efficiency, shorter crystals in the
range of 1 mm to 3 mm should be used.
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Figure 5.3: Calculated conversion efficiency in dependence of the fundamental input
power.

Periodically poled KTP

For the second harmonic generation experiments performed for this project, period-
ically poled potassium titanyl phosphate (PPKTP) was used for type I noncritical
quasi phase-matching. KTP has favorable properties for periodic poling, since it is
a nonlinear ferroelectric crystal with a low coercive field. In addition KTP has a
wide transparency range and a relatively high damage threshold.

Periodic poling is achieved by engineering the domain structure of ferroelectric
nonlinear crystals. They are fabricated in the following process: First, a photore-
sist is spun onto the KTP crystals, and using photolithography the desired pattern
is created. Then an electrode is deposited on top of it, allowing to contact an
external circuit in order to apply high voltage electric pulses above the coercive
field strength. These electric pulses will change the domain orientation and subse-
quently, a QPM structure is formed (see [Can05] for more details).

A PPKTP crystal should be characterized in the low-power continuous wave
regime using a laser which is adjusted to a moderate and stable output power at
the fundamental wavelength. In order to quantize the performance of a periodically-
poled, nonlinear crystal, the effective length L.;¢ and effective nonlinearity d.yss
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Figure 5.4: Results of the simulation (red dots) and measured efficieny (black
squares).

have to be measured. The PPKTP crystal has to be placed on a holder which
allows a smooth temperature tuning. The laser has to be focused into the centre
of the PPKTP crystal. For a fixed pump wavelength, the temperature acceptance
bandwidth can be written as [? |:

0.4429)\
Leyy

_ anp
n, OT

Onsy
oT

-1
ATrwam = + o (ngg — np)l , (5.23)

To

By measuring ATpw s (see Fig. 5.5) and using the material parameters, the
thermal expansion coefficient «v [Bie89], and the derivatives of the refractive indices
(nsm at the second harmonic and np at the fundamental wavelength) one can
calculate the effective length of the crystal. From the sinc? fit to the measured
data we calculated a temperature acceptance bandwidth of ATrw gy of 5 °C,
which results in an effetive length L.y of 2.99 mm, which is close to the PPRKTP
crystal’s physical length of 3.2 mm.

From the same measurement, it is possible to derive the effective nonlinearity d.y¢
by measuring Pgsp, the power of the SHG, at 514.5 nm Pgp, the input power of
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Figure 5.5: Temperature tuning curve of the PPKTP with a sinc? fit.

the fundamental at 1029 nm Pp and the focussing condition through the Boyd-
Kleinmann factor h (B, €) [Boy68|] as given by the following expression of:

2 12
" _ PSH _ 2deefkoPF
nerm T pp mTinsmpeoc>

) Lesy-h(B,€). (5.24)

From this, a deys of 10.4 pm/V is obtained which is very close to the theoretical
value of def¢ = 2d33/m = 10.8 pm/V [Van92|.

5.2 SHG experiments

Yb:KYW laser with intracavity SHG

The laser is the same Yb:KYW laser at 1029 nm as already demonstrated in chapter
3, using a VBG as the input coupler. A Rb-doped PPKTP crystal (PPRKTP) was
inserted in the second beam waist in the V-shaped cavity, between two mirrors M;
and Ms, on a temperature controlled copper heatsink which was kept at 80 °C. A
maximum green power of almost 1.1 W was obtained for 17 W of pump power, as
can be seen in Fig. 5.6. The linewidth at 514.5 nm was measured to be smaller
than 0.05 nm, limited by the resolution of the spectrum analyzer. The green output
power was almost as high as that which was obtained in the IR. This corresponds to
a large depletion of the IR radiation. The conversion efficiency in case of a partially
depleted fundamental beam is described by [Yar89]:

P
NsH = PL;{ = tanh2 |:(’VSHPF)1/21| , (525)

where Pr and Pgp¢ are the intracavity fundamental and the generated second-
harmonic powers, respectively. Here ysg = MnormLess is the nonlinear coeffi-
cient for the continuous wave case without pump depletion [Boy68] with 9,0rm =
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Psy/ (P%L). To calculate the expected power of the SH, knowledge of the IC power
is needed. It can be derived from the total average output power and the total loss
(transmission of the mirrors and additional internal loss) without SHG. Together
with the relevant nonlinear material parameters (L¢ss and deys) the nonlinear con-
version is known and the depletion at a certain pump power can be determined. It
is then possible to fit the curve to the measurement by using the laser threshold,
i.e. generation of SH, as the starting point for the simulation, see Fig. 5.6. It can
be seen that the SH power curve follows the theoretical calculation until just below
1 W of green light is generated. At that point the IC fundamental power clamps
at a level of 16 W and a further increase in pump power just leads to leakage of
fundamental radiation out through the VBG. The M? beam propagation factor of
the SHG was measured to be 1.3. The green output power was stable and had peak
to peak fluctuations below 1.5 %.

A more detailed description of this experiment can be found in paper VL.

SH power [W]

o
0

! . .
10 1 12 13 14 15 16 17 18 19 20
Incident pump power [W]

Figure 5.6: Measured output power for the SHG (dots) and theoretical prediction
(solid line).

OPSDL green problem

The green problem for solid state lasers can be described by the model introduced
by Baer [Bae86| as mentioned earlier, however it is not possible to describe the be-
havior of an intracavity frequency-doubled OPSDL with this model. The strength
of the coupling and therefor the strength of the amplitude fluctuations depends
strongly on the fluorescence lifetime. As the fluorescence lifetime is much shorter
in VECSEL (~ns), than in solid-state laser (~ms), no amplitude fluctuations should
occur. Inserting a frequency doubling crystal in the laser cavity, the green problem
could be observed under certain conditions.
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Figure 5.7: Measured output power of the second harmonic for different lengths of
the BiBO nonlinear crystal. the inset shows the experimental setup.

In order to investigate this behaviour, an optically-pumped semiconductor disk-
laser at 1050 nm, using BiBO for intracavity frequency-douling, was constructed
(see Fig. 5.7). The laser typically emits stable output for the second harmonic,
which can be explained by the tendency for single-mode operation. The reason for
a single-mode operation is the nearly ideal homogeneous gain broadening where
adjacent modes seize the same spatial inversion distribution. However, even if two
adjacent modes are oscillating at the same time, which can be the case for longer
cavities, no green problem was observed. We attribute this to a strong gain cou-
pling of the modes, i.e., both modes see almost the same spectral gain and spatial
gain distribution.

To examine the dependence of the output dynamics on the gain-decoupling of
laser modes, etalons of different thicknesses were used to vary the gap between the
two fundamental wavelengths. The optical spectrum was recorded and the ampli-
tude noise measured at the same time (see Fig. 5.8). In these spectra, the outer
peaks result from SHG and middle peak can be attributed to SFG. The presence of
the SFG component indicates that two infrared wavelengths were oscillating simul-
taneously. It can be seen that the green problem comes up if the OPS disk laser
is forced to dual-wavelength operation at larger wavelength separation. The gain
decoupling of the two laser modes due to spatial inhomogeneity increases with the
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Figure 5.8: Optical spectra (left) with corresponding amplitude fluctuations in the
second harmonic (right) for different etalons with a mode separation of AM.
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mode spacing.

A more detailed description of this experiment can be found in paper V.
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Conclusion

In this thesis, I have described how new components such as volume Bragg grat-
ings and carbon nanotube doped films can be used to construct compact solid-state
lasers in the near infrared spectral range. A number of different lasers have been
realized:

In paper I we demonstrated a diode-pumped Yb:KYW laser, where a transversely
chirped volume Bragg grating replaces the laser output coupler for spectral con-
trol, narrowing and tuning. The wavelength could easily be tuned from 997 nm to
1016 nm by translating the grating, yielding an output power of up to 3.3 W. The
laser cavity features a simple and compact design, and this new method of tuning
a solid-state laser is generally applicable to many other laser systems, as presented
in paper II.

In paper II, a Nd:YVOy laser was spectrally locked using a transversally chirped
volume Bragg grating to achieve both single-longitudinal-mode output and tuning
of the laser around the emission wavelength of 1,064 um. Inserting a Cr*T:YAG
saturable absorber in the linear cavity, Q-switched pulses with a pulse duration of
4 ns and a pulse energy of 5.7 uJ were achieved. In an external frequency-doubling
scheme, using periodically-poled KTP for second-harmonic generation, a conversion
efficiency exceeding 50 % was demonstrated.

In paper III, an Yb-doped fiber laser was cryogenically cooled in order to increase
the efficiency of the laser. The drawback of this method is a reduced reabsorption
in combination with a reduced homogeneous broadening, which tends to broaden
the output spectrum. A volume Bragg grating was used to overcome this problem
by locking and narrowing the spectrum and, at the same time, maintaining a highly
efficient laser. We could extract 11.4 W of output power with a spectral bandwidth
of less than 0.4 nm at 14.5 W of launched pump light.

In paper IV, an Yb:KYW was fundamentally mode-locked in a 1 GHz cavity employ-
ing a semiconductor quantum dot saturable absorber mirror. Without dispersion
compensation, the cavity delivered 1.7 ps wide pulses at an average output power
of up to 339 mW at wavelengths around 1.032 pym. The output power was limited

(s
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by the saturable absorber’s damage threshold.

In paper V, large amplitude fluctuations, that can occur in intracavity frequency-
doubled lasers, are experimentally described for a semiconductor disk lasers. These
lasers typically exhibit stable emission because of their tendency to single-mode op-
eration and the high gain coupling of different modes due to an extremely short gain
medium and the resonant periodic gain structure. We demonstrated a dependence
of the fluctuation amplitude on gain decoupling of different fundamental modes.
This has been done by employing etalons of different thickness for the spectral sep-
artion of the longitudinal modes, which couple through sum frequency generation.
Using BiBO as the nonlinear crystal for the intracavity frequency doubling, a con-
version efficiency of 80 % with respect to the available fundamental power has been
achieved.

In paper VI, an Yb:KYW laser was intra-cavity frequency doubled to the green
using a periodically-poled Rb:KTP crystal. The the output power exceeded 1 W
at 514.7 nm. Spectral narrowing and locking at the fundamental wavelength has
been achieved by using a volume Bragg grating as the input coupler. In addition,
we presented a detailed analysis on the thermal limitations of the volume Bragg
grating.

In paper VII we demonstrated mode-locking of an optically pumped semiconductor
disk laser by using a single-walled carbon nanotube saturable absorber in transmis-
sion in a simple, V-shaved cavity. Stable passive fundamental mode-locking was
obtained at a repetition rate of 613 MHz with a pulse length of 1.23 ps. The laser
delivered a maximum average output power of 136 mW at 1074 nm.

6.1 Outlook

The experiments have shown that volume Bragg gratings are well-suited for many
practical applications requiring precise spectral control and tuning of a laser. A
next natural step towards further improvement and increase in compactness would
be an integration of the components. One possibility would be a direct bonding of
the volume Bragg grating onto the laser crystal. Another example would be the
direct incorporation of carbon nanotubes in the photo-thermo refractive glass in
order to eliminate the necessity of a (PMMA-) matrix for the saturable absorbers.
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