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Preface and structure

Since I was a university student myself, I have missed accompanying literature in many lectures. Pro-
fessors often write long texts on the board and the entire lecture consists of copying them down, or a
PowerPoint presentation is given. My goal is to summarise all the lecture content in detail in a script
that students can use during the lecture to get an overview of the topic at hand. At the same time, I
want to highlight the most important points on the board so that the central content of the lecture
can be reinforced by copying it down. It is also important to me to relate all the material to the lec-
ture and discuss it in detail. Only then can the learning process take place effectively. A PowerPoint
presentation should only be used as a support, but should not make up the entire lecture.

As this script now exceeds 100 pages in length, it is important to clearly highlight the key content
and findings. To this end, the script contains several types of boxes in different colours, which are
explained below.

Equation: Einstein rate equations

6N1 aNZ
— =T = (B21 N2 — B1aNp) - p(v) + A1 N

This box is used to highlight the most important equations throughout the script.

Key point: Lecture box

This is a box to summarize the relevant points of a section with important key notes.

Mathematical derivation

In this box we show the mathematical derivation of a formula for the sake of completeness. The
derivation itself is generally not important for the lecture but is still shown for students who are
interested.

Example: Showing an example

Here we show an example of some previously introduced concept.

Comment: Comment box

This box is used to introduce notations or conventions (especially if they differ from cited litera-
ture) or comment on caveats of a specific physical concept.






|. Introduction

This book is intended for students of laser physics who want expand their theoretical knowledge of
lasers with the engineering aspects of designing a laser system. We will divide the book into several
sections.

In chapter II we will start with an in-depth characterization of solid-state laser materials, discussing
the significance of their spectroscopic properties and how to measure them experimentally.

We will then discuss the laser amplification process in chapter III by solving a system of rate equa-
tions and consider saturation and reabsorption effects.

In chapter IV we will move the discussion to different types of resonators and to the different
sources of generating a laser pulse. Chapter V deals with different kinds of amplifiers and their limi-
tations in generating high power laser pulses.

Diode lasers are the most power-efficient pump sources for a high intensity laser system with great
overlap to the absorption spectrum of typical solid-state laser materials. Their working principle and
beam shaping techniques are therefore discussed in chapter VI.

Finally, we want to mention different kinds of techniques in chapter VII to spatially measure a high-
power laser pulse and characterize its spectral and temporal domain.

In the introduction of this book we want to provide a short overview about the special properties of
solid-state lasers, especially Ytterbium as the dopant material, as it will be the main point of discus-
sion and compared to other laser materials in this book.

I.1. What is it all about?

The field of lasers covers a vast range of different types of lasers. In this book we will mainly discuss
the basics that are needed to understand and develop a special kind of laser, the so called High Energy
Class Diode Pumped Solid State Laser (HECDPSSL) with Ytterbium as its active laser material. What
does this mean?

* We concentrate our discussion on bulk solid state lasers. This excludes other geometries like
fiber lasers, which are not suitable for high energy applications, as the damage threshold of
solid state fibers is too low. Furthermore, we will focus on end-pumped systems where the
pump light and laser light are collinear, which leads to highly efficient lasers with excellent
beam quality. Therefore, we also exclude disc lasers from our discussion, as they are typically
pumped under oblique incidence.

* We talk about diode pumped lasers, as they allow a better spectral overlap to the absorption
bandwidth of the laser material than a conventional flash lamp (c.f. figure I.1). Furthermore,
the diode lasers are highly efficient in the conversion of electrical to optical power (= 60 %) and
can be scaled up to high output powers (several kW) by stacking laser diode bars. Therefore,
the increase in efficiency using diode lasers as a pump source is particularly interesting for high
power systems.

* The goal is to realize high energy output pulses, meaning several milli-Joule to multi Joule. This
means the laser will:

— be pulse pumped (otherwise the average power will be too high) with pulse durations in
the order of milliseconds.
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Fig. I.1.: Comparison of the emission spectrum of a Xe-flashlamp (Data taken from [Lin+99]) and a laser diode
used for the pumping of a Nd:YAG laser (spectrum taken from [Zhu+13]).

— produce short output pulses depending on the type of seed source. Q-switched lasers
produce nanosecond pulse durations, whereas mode-locked lasers produce femtosecond
pulses.

* Based on these preconditions, most practical lasers in this field are based on materials either
doped with rare earth metals such as Yb3*, Nd3*, Er3*, or Tm3*. Hence, we will focus on these
materials.

The goal of this lecture is to give a basic understanding of the physics behind high energy lasers,
their technical challenges and how to overcome them. We also want to explain principles (e.g. cavity
designs) that set them apart from classical lasers.
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I.2. Possible applications

In the following we want to discuss several possibilities of applying high energy class solid state lasers
in science and industry.

Basic research

High-intensity laser systems are the new frontier to discover and study new concepts in physics such
as in quantum field theory:

* Axions: The axion is a hypothetical elementary particle with no electric charge and zero spin.
Theoretical considerations of quantum chromodynamics (QCD) require a violation of charge-
parity (CP) symmetry, but this has not been observed. A CP violation would predict an electric
dipole moment of up to p = 10~ ¢ ecm for the neutron, which has not been measured. The so-
far only valid solution to the strong-CP problem predicts another pseudo-scalar particle (axion)
which in many respects behaves like the neutral pion 7y, in particular, it has a nonzero mass m
and can couple to two photons ¢ — 2y. The proposed experiment to test this theory is rather
simple: Shine a laser onto a wall and try to observe photons behind the wall. Use a strong
magnetic field to convert part of the photon wave (function) into an axion in front of the wall
and back into a photon behind the wall. Since the axion is weakly interactive, it can traverse
the wall in contrast to photons. The required laser intensity for this lies beyond the Petawatt
regime. So far, no axions have been observed.

See: C. Robilliard et al. “No “Light Shining through a Wall”: Results from a Photoregeneration
Experiment”. In: Physical Review Letters 99.19 (Nov. 2007)

gl
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Fig. I.2.: Experimental setup by [Rob+07]. A high power laser pulse is focused onto a wall with two magnetic
fields of B > 10T in front and behind the wall. Then, a detector is placed behind the wall to detect
re-converted photons.

* Vacuum birefringence: The interaction of light an matter are described by quantum electro-
dynamics (QED). The QED Lagrangian couples photons to charged Dirac particles. For small
photon energy but high intensity, nonlinear terms induced by QED predict pair production in a
constant electric field, which is an absorptive process. This process can occur for field strengths
larger than the Schwinger-limit given by

2

m
E.=—%=13x10%vm™. (L.1)

e

However, the associated intensity with this field strength is I, = 4.4 x 102 Wcm™2, which is out
of experimental reach for now. Alternatively, one may also observe dispersive effects like the
birefringence of the vacuum with current laser systems. The detection of this is done by a high
intensity laser pulse inducing the birefringence and a second probe beam to analyze any sort
of polarization change when passing through the focus of the first pulse as shown in figure 1.3.

See: [Hei+06; Kar+15]
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Fig. 1.3.: Proposed experimental setup by [Hei+06]. A high intensity laser pulse is focused by an off-axis
parabolic mirror with a drilled hole in such away that an X-ray pulse can travel through the focal re-
gion of the high intensity laser pulse. The ellipticity of the X-ray pulse may then be detected using a
polarizer-analyzer pair. The setup can be extended in (grey) for a generation of a high-intensity stand-
ing wave by two counter propagating pulses which may be used for pair creation.

Secondary radiation source

High intensity laser systems can be used as a source of secondary radiation which is usually not acces-
sible with conventional laser systems due to the lack of laser transitions in the XUV. There are different
models to generate new sources of radiation which all involve high-nonlinear processes such as

* X-ray sources and FEL: When a high-intensity light-pulse is focused on a target (e.g. helium gas
jet), a plasma is created in the target sustaining electric fields exceeding 100 GVm™!. Then, us-
ing the ponderomotive forces arising from the light pressure of the intense laser field, a plasma
wave is excited. This plasma wave trails behind the laser pulse at nearly the speed of light and
rapidly accelerates particles to very high energies, analogous to a surfer (particle) acquiring
momentum from a water (plasma) wave.

See: H-P Schlenvoigt et al. “A compact synchrotron radiation source driven by a laser-plasma
wakefield accelerator”. In: Nature Physics 4.2 (2008)

* High harmonic generation (HHG): When the electric field strength of the laser field approaches
the atomic bonding strength of a material, extremely nonlinear optical effects start to emerge.
The process of high-harmonic generation can be understood by a three-step re-collision model,
comprising of tunnel ionization of an electron, free acceleration in the laser field and recombi-
nation with the atom. HHG forms the basis of attosecond science.

See: Shambhu Ghimire and David A. Reis. “High-harmonic generation from solids”. In: Nature
Physics 15.1 (Nov. 2018)

» Attosecond pulses: The generation of attosecond pulses requires a broad spectral bandwidth
and precises spectral phase control. High-harmonic generation provides pulse trains with ul-
trabroad spectral bandwidths in the XUV and soft X-ray spectral region with a flat plateau spec-
trum. The high-harmonic cutoff energy is proportional to the driving laser intensity I. Thus,
for the exploration of shorter attosecond pulses, even higher laser intensities are needed.

See: Michael Chini, Kun Zhao, and Zenghu Chang. “The generation, characterization and ap-
plications of broadband isolated attosecond pulses”. In: Nature Photonics 8.3 (Feb. 2014)
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Laser-particle-acceleration for medical therapy

The use of lasers for the generation of high energy ions for medical applications is a promising field of
research. They are especially useful in cancer therapy as the area of effect of the radiation in biological
tissue can be precisely tailored using protons instead of electrons or gamma radiation. The generation
of fast ions becomes highly effective when the laser radiation reaches the petawatt power limit. Thus,
the development of such lasers as a table-top systems for the purpose of creating stable ion beams
would create a cost-efficient alternative of conventional accelerators.

See: SV Bulanov et al. “Oncological hadrontherapy with laser ion accelerators”. In: Physics Letters A
299.2-3 (2002)
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Fig. 1.4.: Depth-dose curve of different kinds of radiation in tissue-like material. The dose is normalized to the
maximum for all radiation sources. Protons show a narrow peak with a low surface dose which makes
them ideal for the treatment of deep tumors. Adapted from [ComO07].

Industry

Lasers are of course one of the widely used tool in modern industry. Some applications of high-power
laser systems might be:

* Laser shock peening (LSP): A shock wave is generated using a focused laser pulse that exerts a
high pressure on a material, which increases the hardness of the material without a big change
in the surface structure. Laser shock peening is used to improve the lifetime, wear, crack and
corrosion resistance of a material.

See: Sundar R et al. “Laser Shock Peening and its Applications: A Review”. In: Lasers in Manu-
facturing and Materials Processing 6.4 (Oct. 2019)

* Laser Inertial fusion: The idea of compressing tiny targets with high-power lasers to ignite ther-
monuclear fuel has been developed in 1972. In the compressed core of the target, the plasma
pressure induces a thermonuclear burn to produce fusion reactions (e.g. deuterium-tritium
reaction) with temperatures of tens of millions of degrees to overcome the Coulomb barrier be-
tween the fusing nuclei. So far, the furthest progress has been made at the National Ignition
Facility (NIF) at the Lawrence Livermore National Laboratory.

See: R. Betti and O. A. Hurricane. “Inertial-confinement fusion with lasers”. In: Nature Physics
12.5 (May 2016)
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Diagnostics

* Plasma physics: Study the formation and evolution of laser-induced plasmas used for parti-
cle acceleration via optical proping on a sub-picosecond level. The dynamics of an expand-
ing over-dense plasma can be studied using shadowgraphy and then compared to a solid-state
interaction model and kinetic plasma description. This provides insight into the interplay of
initial ionization, collisions, and expansion of the plasma.

See: Yasmina Azamoum et al. “Optical probing of ultrafast laser-induced solid-to-overdense-
plasma transitions”. In: Light: Science & amp; Applications 13.1 (May 2024)

* Particle Image Velocimetry (PIV): We can use ultrashort laser pulses for a time-resolved study of
molecular and atomic dynamics on a picosecond level.



II. Solid state laser media for diode pumping

The laser material is the central part of a laser, as it is the place of energy deposition and extraction
via stimulated emission. To understand the operation principle of a laser amplifier, the basic under-
standing of the laser material itself is the most important premise. In this book we focus on solid
state laser materials, as they provide the most versatile radiation source, where each output param-
eter (output power, pulse length, repetition rate, spectral range) can be tailored, as the size, shape,
doping concentration etc. can be precisely chosen.

II.1. Spectroscopic material parameters and their significance

When selecting a solid state laser medium, various parameters have to be considered. For now, we
will concentrate on the spectral characteristics that define the behaviour of a material within a laser
amplifier. For a start we will use simple and naive formulas to get an overview on these parameters
and their influence, by modeling the material as a two-level system with a ground energy state |1) and
an excited state |2).

I1.1.1. Pump process - energy deposition

First of all, we will need to store energy in our material before we start the laser process. As we would
like to do this in an optical way, the material should absorb our pump light. Given that the incident
intensity of the pump source onto the laser material is given by Iy, the light intensity of the pump
inside the laser material I;(z) (typically given in [kW/ cm?)) changes as a function of the depth z in
the material. The absorption can be modeled in a first approximation by the so called Lambert Beer’s
law:

Equation: Lambert Beer’s law

di,

=0l = @)=l e (IL1)

Here, a is the material dependent absorption coefficient. In a doped laser medium, a can be calcu-
lated by
a=Nj -0, (I1.2)

where the variables are

Oa Absorption cross section (given in [cm?]). The cross section encompasses all the properties
of the transition from the ground state |1) to the excited state |2), i.e. the transition prob-
ability, spectral line shape and resonance frequency. An explanation of the meaning of a
cross-sectional area is given in figure II.1.

N Number density of atoms in the ground state |1) (given in [cm~3]). For now we assume this
to be equal to the density of doped ions Ny = Ngop and to be unchanged.

A high absorption cross section will result in a strong absorption, which again allows to reach a high
excitation density within the laser material. It got to be further mentioned that o,(v) is dependent on
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Fig. IL.1.: For an intuitive understanding of cross sections we consider an incoming intensity I, on a volume
element AV = AA-Az of the material. We can derive a ratio of the absorbed intensity to the incoming
intensity, which turns out to be equal to the number of absorbing ions .4} times the cross section over
the surface element AA. Therefore, o, represents an effective interaction area, i.e. the probability
of the absorption process projected to an area. Thus, o, represents the cross-sectional area of the
particle, if it would be perfectly absorbing (black circles).

the optical frequency v (respectively the wavelength 1), hence, the pump source and the absorption
of our material should be matched.

Further, one has to consider that the excited state population, expressed by the number density of
excited ions N», will be depopulated over time due to spontaneous emission (there might be other
processes as well, but we neglect these for now):

0N, N -L
——=—" = Ny=N,(t=0)-e . (IL.3)
ot Tf

The time constant, in which an initial population density is reduced by a factor of 1/e is called the
fluorescence lifetime 7 y. The fluorescence lifetime determines, how long we can store energy within
the material.

11.1.2. Laser process - amplification

A laser material should amplify our incoming (seed) laser beam. Neglecting the change in the mate-
rials excitation N, due to the extraction process and absorption mechanisms at the laser wavelength,
the beam amplification (illustrated by its intensity along the optical axis I;(z) and the incident inten-
sity I;g) can be modeled by:

Equation: Simple gain model

ol
a—zl:g-ll = Ij(2) = Ijp- e~ (I.4)

Here, g is the material dependent gain coefficient. In a doped laser medium, g can be calculated by
8= Nz0e, (IL5)
where the variables are

oe(V) Emission cross section (given in [cm?]). Similar to the absorption cross section it encom-
passes all the properties of the transition from the excited state |2) to the ground state |1) via
stimulated emission. It is a measure for the probability that the photon flux will be amplified
by an excited atom. Hence, a higher gain is obtained for a higher o.

N, Number density of atoms in the excited state |2) (given in [ecm™3)).

10
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Furthermore we should consider that o¢(v) is dependent on the optical frequency v. If we want to
amplify ultra short pulses the time band width product (assuming a Gaussian pulse here)

2-In2
AtAv =

(I1.6)

demands a certain amplification bandwidth. Hence, o should be sufficiently large and have as low
as possible modulations over the entire spectral bandwidth.

Last but not least we want to be as efficient as possible with our laser. Hence, though we neglected
it in our first attempt here, there got to be a significant change in the materials inversion and also its
gain when extracting the energy with the seed laser pulse. To estimate the intensities involved in such
processes, a parameter called saturation fluence Fgy is very convenient as it is directly linked to the
materials cross sections. It represents the fluence in Jcm ™2 needed to reduce the laser mediums gain
by a factor of 1/2 (continous wave laser) or 1/e (pulsed laser) within a single pass. For now we only
want to give the definition of this parameter (it will be discussed later in section I11.3.2)

th

Fo=—+
T gav) + 0o (V)

(IL.7)
Here, hv; is the laser photon energy in the emission process. If we now want to be efficient, our
laser should operate with an extraction fluence higher or at least in the range of Fsa¢. But as we will
discuss later on, the fluence is limited by the Laser Induced Damage Threshold (LIDT). Hence, a low
saturation fluence is preferable for an efficient and safe laser amplifier (at least in pulsed mode).

11.1.3. Quantum defect

The main limit for the average power that can be achieved with a laser system is the heat generated
within the active medium. Assuming an otherwise 'perfect’ laser material, meaning that there are no
parasitic heat sources (we may discuss such effects later), the sole source of heating is the so called
quantum defect gqp, which is the energetic difference between the pump and the laser wavelength:

qQDZE(Vp)—E(Vl) Zh(Vp—Vl). (I1.8)

This energy is typically lost in non-radiating processes in the form of heat. Therefore, we can de-
fine the fraction of lost energy as a measure of the minimal heat fraction n¢op (efficiency of the laser
transition) stored in the laser crystal:

Equation: Heat fraction

h(v, - p)
qeo _hvp=vd _ vi_, _Ap (IL9)

= F0) ™ v, vy Al

Therefore, looking for an ideal material, laser wavelength and pump wavelength should be as close
together as possible. However, as we will see later, realizing this is not trivial due to re-absorption
effects taking place at the laser wavelength when both transitions are too close together. Of course
A1 > Ap, has to be fulfilled as otherwise the second main theorem of thermodynamics will be violated.
So far it is not possible to build a laser, that is cooled by its own laser transition (at least not with
optical pumping).

11



II. Solid state laser media for diode pumping

Example: Heat fraction of various laser ions

Table II.1.: Heat fraction of typical doping ions. For the calculation, the most commonly used laser tran-
sition and pumping wavelength was chosen. In reality, these values may differ due to the host
material and the use of other available transitions.

dopingion pump wavelength emission wavelength QD
Nd3+ 810 nm 1064nm  24%
Ybl+ 940 nm 1030nm 8.7%
Er3+ 980 nm ~1600nm 38.8%
Tm3+ ~1700 nm ~2000 nm 15%

Key point: The dream material
With these basic considerations we now can formulate wishes for our ideal laser material:

* long fluorescence lifetime to store as much energy in our material as possible with given
pump power (especially important for diode pumping)

* huge and broad absorption and emission cross sections
¢ low separation of pump and laser wavelength

We will now make a basic derivation of each of the parameters to see, whether our dreams can come
true or if there are relations between those parameters that prohibit such a material.

12



II.2. Einstein rate equations

I1.2. Einstein rate equations

We will start with the derivation of the very basic formulas originally introduced by Einstein. The
following derivation closely follows [Koe06, p.14].

N, ® °
By
By
An
N L L L 4 L 4

Fig. I1.2.: Two level system with Einstein coefficients.

We start with a simple two level scheme with the population densities N; and N, for the lower and
upper level respectively (c.f. figure I1.2). The levels are non degenerated, meaning, that each atom
can either be in the lower or the excited state. Hence, the total number of atoms (equaling the doping
concentration of a laser medium) is obtained by:

N1+ N, = Ndop- (II.10)

Transitions between those levels are done either by emitting or absorbing radiation with the accord-
ing energy difference:
hce
Ey—E; =hv=—. (IL.11)
A
Here h = 6.626 x 1073*Js is the Planck constant, ¢ = 3 x 108 % the speed of light, v the frequency, and
A the wavelength of the according radiation. For now we will only consider single photon transitions.
Multi-photon transitions or non-radiating transitions will be neglected.
There are two possible interactions with incoming radiation: absorption and amplification, and
one process generating radiation, the spontaneous emission.

Absorption

When an incident electromagnetic wave with matching energy and the spectral radiation energy den-
sity p(v) = [J/ (m3s)] interacts with an atom in the ground state it is absorbed and excites the atom. A
measure for the probability is the Einstein coefficient Bjy:

0N,
ot

=—-By2-p(v)-Ny. (11.12)
Stimulated emission

This is the inverse absorption process and the one that will allow us to achieve amplification later on.
It is described in the same way as the absorption with B, as coefficient:

ON:
6_t2 =—By1-0(v)- No. (I1.13)

The emitted radiation is in phase with the external radiation.
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II. Solid state laser media for diode pumping

Spontaneous emission

This process describes the spontaneous decay of an excited state. As a statistical process, there is
no phase relationship between each individual emission process, the radiation is incoherent. The
probability of emission is proportional to the upper state population. The probability factor is Ay;.

N2 _ g (IL14)
57 - AalV .
Solving this differential equations results in:
Na(8) = Na(t=0)-e 2! (I1.15)

At the time where t = 1/4,, the initial number of excited atoms is reduced by a factor of 1/e. We will
define this time constant as the radiative lifetime 7,4 := [s] of the transition.

1
Trad = —. 11.16
rad Ay ( )

This is the first accessible characteristic property of our laser material. It can be obtained e.g. by
measuring the decay curve of an excited material (cf. figure I1.3). The retrieved lifetime from such a
measurement is 7 ¢, which can be considered equal to 71,4 as long as no parasitic defects contribute.

1 — 7ZnAS2020-Ar-02-6Yb data
. — fit; Tf =0.9122ms

3
el
—
[s+]
g
L 05| 8
k=]
=
g
[s+]

0 L | | | | | | | | | | 1

0 1 2 3 4 5 6 7 8 9
time ¢ in ms

Fig. I.3.: Measurement of the excitation and decay curve for a Yb3*-doped glass under pulsed excitation. The
orange line indicates the fitting curve used to determine the lifetime.

We now combine all three processes:

Equation: Einstein rate equations

ON1 (L10) ON2
3 - ap " BalNa— BN+ An N (IL17)

In thermal equilibrium there are no net changes in the population. Hence 6%1 =0:

A1 Nz + Bo1 N2 -p(V) = B1o Ny - (V) (I1.18)

Further in thermal equilibrium the ratio of the excited vs. the unexcited atoms is given by Boltzmann’s
law:
Ny (12 _B-EK
- EeT T (I1.19)
N1 (11
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II.2. Einstein rate equations

Note that if the degeneracies d; and d, of the lower and the upper level are different, we would have
to add this to our equation. However, for simplicity we will neglect this in our simple model (and add
the correction at the end) and can transform equation (I1.18):

_E-E

e F - (Ag1 + Bo1p) = Bi2p(v)

_BE-E _EB-B
= o) [Blz—e kT '321] =e T Ay
e EzkirEl - Aoy
Q(V) = E-Ep
Bip—e T T - By
Az
Q(V) = Ex-Ey
Biz-e T =By
A 1
o =2 — (I1.20)
BZl h.e Zle -1
By

This can be compared with Plank’s law (in a frequency interval dv):

8whv3 1
o) =—73——F% (IL.21)
¢ exr —1

Hence we obtain the so called Einstein relations

Equation: Einstein relations

A21 87Th1/3 [lg
— = and — - By = By». I1.22
By 3 g, Pa=be (I1.22)

From this equation we can deduce a very important fact: The higher the spontaneous emission at a
given wavelength, the higher the stimulated emission will be. In other words, the longer the radiative
lifetime 7,4 of the upper state is, the lower the stimulated emission will be. We will see later why this
may cause problems in our quest to find an ideal laser material.

Comment: Einstein relations

1. The relation between both processes can be understood by noting that both involve the
quantized interaction of atoms with photons. Stimulated emission is directly related to the
external field, while spontaneous emission is a result of vacuum fluctuations, derive from
quantum electrodynamics.

2. The given speed of light in these equations is within the host material! Hence, if we want
to use the vacuum speed of light ¢y = cn the refractive index n got to be included:

Ap 8whn3v3

3

= (I1.23)
By &

3. If the degeneracies d, of the levels are different, the ratio between B, and By, is not 1.

4. The Einstein relations also explain, why the operation of lasers at lower wavelengths (e. g.
in the UV-regime) is much harder as for IR-lasers, because the spontaneous emission starts
to dominate over the stimulated emission.
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II. Solid state laser media for diode pumping

I1.3. Line Broadening

In real materials the energy difference of a specific transition, and hence also the wavelength, is not a
discrete value. This is also called line broadening. We do not want to discuss the details of different
line broadening mechanisms here, but rather give some basic ideas by following [Koe06, ch.1.3.1] In
principle there are two different types of line broadening:

homogeneous The broadening is generated by each single atom. Examples are:

e lifetime broadening: Fourier Transform Limit (FTL) pulse length

* collision broadening (gases): The emission is discontinued due to atomic col-
lisions — FTL

e dipolar broadening: interaction of magnetic / electric fields of neighboring
atoms, results are similar to collision broadening

 thermal broadening: caused by the influence of lattice vibrations of the host
medium on the transition

The resulting frequency line shape g(v,vy) in this case is a Lorentz distribution:

-1

&)2] (I1.24)
> .

(v— v0)2 +

Av
gL(V» VO) = :
27

inhomogeneous The spectrum of individual atoms is shifted vs. one another:
* Doppler Broadening: caused by movement of atoms

* inhomogeneity: Atoms are situated in different environments (glasses, inho-
mogeneous crystals).

The resulting frequency line shape in this case is a Gaussian distribution:

ve) = -1 /2 ¢ 41n2(v_v‘))2] (11.25)
Vo) = —\/—-exp |— .
£G 0 Av 7 P Av

IntenSity —— Gaussian line
0.47 —— Lorentzian line

0.32

Fig. I1.4.: Normalized Gaussian and Lorentz distribution with same width Av Full Width at Half Maximum
(FWHM). G, and L, are the peak intensities.
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I1.4. Fiichtbauer-Ladenburg Equation

Both spectral shapes are displayed schematically in figure I1.4. In a real laser material we will see a
combination of all these effects. Therefore, for the description of real materials the broadening of the
transition lines is better described by a Voigt-profile, which is given by a convolution of the Gaussian
and Lorentz distribution

gv,vp) = f g, vo) gLV = v,vp)dv. (11.26)

This integral has no analytical solution, which complicates the process of fitting the line function to
a measured line spectrum. However, it has been proposed [SC97] to use a pseudo-voigt function to
approximate the line function of n-transitions in the following way:

n 2

v
=Y A k 1-
gw) kgl k £k4(V_Vk)2+AVi +(1-8k)

41n(2) ( 41n2 2)
exp|— (v—=vp) . (I1.27)
Avk

Here, Ay is the oscillator strength, Avy the line width, v the center frequency and ¢ a parameter
which contains the relative contributions of Lorentz- and Gaussian broadening. The form of the con-
stant amplitude Ay for each line was chosen in such a way that it is independent on the width of the
spectra, because Avy vanishes in the case of v = v.

I11.4. Fiichtbauer-Ladenburg Equation

As we have just discussed, in real materials there are no discrete spectral lines. Hence we have to
modify our rate equation (II.18). For this we will assume that for a transition we have a certain prob-
ability following the atomic line shape' to match the energy (or frequency) of an incident radiation
field:

No(v)=g(v)-N» (I1.28)

As N, is the total number of excited states, we got to ensure, that:

f No(v)dv =N, f gwvydv=N, = f gv)dv L 1 (11.29)
0 0 0

The so called line function g(v) represents the spectral shape of the transition. We now consider a
rate equation representing the total change in the materials inversion density combining the Einstein
equations for absorption and stimulated emission (We will neglect the spontaneous emission A;; =
0). Further we use the relation B, = B2 (note that we assume no degeneracies). Then we can rewrite
equation (I1.2):

0N,
7 o(V)Ba1 - (N1 = Np). (I1.30)

As this is only valid within a spectral range, we want to know the total number density Nio; of atoms
that can interact with an incident light field within a certain spectral range:

Niotdv = (N1 — N2) - g(v)dv (IL.31)
With this we make the following changes to the rate equation:

e(v) — p(v)dv (I1.32)
B1- (N1 —N2) — By - (N1 —Np)-g(v) (I11.33)

ISince for real materials we cannot describe the line-shape with a single Pseudo-voigt function but rather a collection of
them, we will drop the parameter v in the following.
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II. Solid state laser media for diode pumping

Furthermore we can express the change to the population density by the change of the energy density:

0Ny, 0d(p(v)dv)

TEAT
With these modifications our rate equation (I1.30) now reads:
_w =hvp(v)dvBy; - (N1 — Np) - g(v)
Assuming a small line width of the radiation field we obtain by integrating both sides:
- a‘;(:) = hvo(v) By - (N1 — No) - g(v)
- Og(zv) % =— ag(zv) c=hvp(v)Ba1 - (N1 — Nz)-g(v)

If we solve this differential equation we obtain:
hv
o(v) =po(v)-exp TBZI “(N1=N2)-g(v) -z
If we compare this with the "naive" equation for the gain (N} = 0) we can identify:
v
Oe=——Ba1-g(v)

We now include the Einstein equations:

An and A ! > ¢ )
= —— = Op=— - .
8mhv3 2l Trad ¢ 8T g V? &

21

(I1.34)

(I1.35)

(I1.36)

(I1.37)

(I1.38)

(I1.39)

If we finally include the refractive index n of the material and we express the line-function in terms of

wavelengths, we obtain the so called Fiichtbauer-Ladenburg (FL) equation:

Equation: Fiichtbauer-Ladenburg equation

A2 A3
-g(A) with g(/l):T

Oe= I
€= o5 | -
8T N2Traq f/ll/ld/l

(I1.40)

The line-function g can be determined using a spectral fluorescence measurement I,. So what does

Fiichtbauer-Ladenburg (FL) tell us?

Key point: Results from Fiichtbauer-Ladenburg (FL)

* Je X # The emission scales inversely with the refractive index, because the wavelength

shortens inside the material compared to the vacuum.

® Je X TL The longer the radiative lifetime is, the smaller the emission cross section be-
comes. This follows directly from the Einstein equations which relate spontaneous and

stimulated emission.

* The absolute value o is limited by the bandwidth, as g(v) is normalized!

Hence, we have to say goodbye to our dream material. However, the question remains if we can
at least rescue the as low as possible quantum defect as an universal optimization parameter?
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I1.4. Fiichtbauer-Ladenburg Equation

Determining of the line-function

In equation (I1.40) we give a formula, how to calculate the line-function g(A) from a spectral
fluorescence measurement /(A). In the following, we want to derive this formula. We note that
the spectral intensity I, is proportional to the photon energy hv times the spectral line function,
which can be written as

I,=%€-hv-g(v) with fg(v)dv:l. (I1.41)

Here, € is an unknown proportionality constant. Using the normalization of g(v) we can get rid
of € and find an expression for g(v):

Iv I, B I,
I:fg(v)dv:fcghvdv > %:fmdv > g(v)——Iv. (I1.42)
Hv | —dv
v

Finally, we need to express g(v) as a function of wavelength using I} = IVS—X =1, %

gl with dv= %dﬂt (I.43)

A? I AT
1)27 A :7—/1
lf,l.;zh.%cm f/lIAd/l
A c 2
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II. Solid state laser media for diode pumping

11.5. Reciprocity Relation (McCumber Relation)

We now want to look at how the absorption and emission cross sections relate to each other. This
is useful to determine the emission cross section from an absorption measurement. The following
derivation follows [Pay+92]. According to McCumber [McC64] we can calculate the overall cross sec-

tions of a transition using:

The variables are the:

r E: 3
exp|— %
oe) =Y d; % oji)d;
T w |
i £
exp|——=
oa(V) =) d; % gij(v)d;
ij l

(I1.44)

(I1.45)

oijsji(v) crosssection of single transition incl. line shape. The total line shape of the material is then
a supercomposition of the single transition lines (cf. figure I1.5).

di,d;
E;, E;

Zun

kT

degeneracies of the according levels

Ex
Z = dee_ﬁ
k

Boltzmann factor, temperature

partition function of upper (u) and lower (1) manifold:

energy of sub levels measured from the lowest multiplet level

(I1.46)

The factor in square brackets represents the fractional thermal occupation of the j'th or i'th level, of
the upper and lower multiplets. Hence, we assume that the occupation of the sub-levels is always in
thermal equilibrium. Note that the partition functions also depend on temperature (c.f. figure I1.7).

_10—20 '10—20
T T T ‘ R T = =]
Absorption —— Measurement Emission —— Measurement
~ —— fitted abs. —— fitted abs.
g, —7PL 1 —7PL
i —— 1stlevel —— Istlevel
_5 —— 2nd level 2| —— 2nd level
5 —— 3rd level
g1 :
3
o
3
0 0 -
L \ 1 \ \ \ L L \ \ L \
900 925 950 975 1000 1025 1050 950 975 1000 1025 1050 1075
11000 10500 10000 9500 10500 10000 9500

Ainnm, 1/Aincm™

1

Ainnm, 1/Aincm™

1

Fig. I1.5.: Composition of real spectra from single lines for Yb:FP15 glass at T = 100K. In the absorption case,
the spectrum is determined by the three line transitions from the ground state to the three states in

the upper manifold.

20



IL.5. Reciprocity Relation (McCumber Relation)

Two-state model diE. 7, —F upper levels
of rare-earth ion in crystal A pp
A
hv | EzL
Degeneracies = d;
Energies = E; } lower levels

I

Partition function = Z; ——

Fig. I1.6.: Generic representation of the crystal field levels of the ground and excited states of a rare-earth im-
purity ion. The degeneracies (d) and energies (E) of the levels of the lower (i) and upper () electronic
states are indicated, as well as the partition functions, Z; and Z,. The cross section between the i-th
and j-th levels is equal to o;; (or o j;, by reciprocity). The energy of the zero-line between the lowest
crystal field components of the electronic states is Ezy. Adapted from [Pay+92].

In a high temperature limit, they simply represent the sum of the degeneracies of each manifold. A
representation of the level scheme is displayed in figure I1.6.

We can replace the energy difference using a particular transition (or energy hv) and the Zero
Phonon Line (ZPL) (this is the transition between the lowest energy levels of both manifolds):

Ej —E; = hv— EgzpL, (I1.47)
— Ej =E; + hv - Ezpr, (11.48)

Dividing the cross sections and using the reciprocity (o;; = 7 ;) results in:

o)z Tijdiexp| gt )ojid

= (I1.49)
Ta(v) Zu Zij d,-exp(}c—?)aijdj
2 Tijdie(z e Josid (I1.50)
Zu Zijdiexp(;—?)aijdj
Equation: McCumber relation
Oe(v) - é-ex (EZL_}W) (IL51)
oa(v) Zy kT

Therefore, the emission and absorption cross sections are related via an temperature dependent in-
verse exponential function, the ZPL and the lower Z; and upper Z, state partition functions. This
means that for wavelengths below the ZPL wavelength (higher frequency), the absorption cross sec-
tion dominates and vice versa. So what does McCumber (MC) mean for our laser materials? The ZPL
is in principle the transition between the high absorbing and high emitting areas of the spectrum. If
we want to build a laser, normally our pump absorption bands will have a higher energy than our
amplification bands. Furthermore, the closer our laser emission is to the ZPL, the higher is the un-
derlying absorption, which again is disadvantageous for our laser. On the other hand, the closer our
absorption band gets to the ZPL (or even beyond), the lower gets the absorption and the higher the
emission, which strongly limits our absorption efficiency as well as the achievable inversion and gain.
Nevertheless, the steepness of the transition between absorption and emission is increased for lower
temperatures, which would allow us to temper a bit with this limitation. This effect is explained by
the change in the thermal occupation of the lower laser levels and responsible for the more popular
operation of low quantum defect materials at cryogenic temperatures (cf. figure I1.7).
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II. Solid state laser media for diode pumping

Key point: Sayonara to our dream material!

We have entirely destroyed our dream of the perfect laser medium. There will always be trade-
offs. These are

* The cross section bandwidth is proportional to the inverse maximum cross section.

* The radiative lifetime is proportional to the inverse maximum cross section. This explains
why for example Ti:Sa has much higher cross sections than Yb3*-doped materials, because
the radiative lifetime is just in the order of s compared to ms lifetimes in Yb3*.

* n? is proportional to the inverse maximum cross section.

* A2 is proportional to the emission cross section and inverse proportional to the absorption
cross sections

¢ There will alway be a trade-off between a low quantum defect vs. low re-absorption. This
problem can be tackled with cryogenic cooling.

10* ¢ 1.4
30 ]
10 1.39
10> £ _
C 1w 1.38
10" & e B
2 : Z— - o
L 100k 12 137 N
© - = 1 8 N
S 1 7
107 - ] 1.36
107 ¢ 100K ——
N 200K —— - 1.35
107 = 300K —— 3
4k 400 K :
10 ' | . 1.34
920 960 1000 1040 100 200 300 400
A [nm] T [K]

Fig. I1.7.: Left: Ratio of the emission- and absorption cross section as a function of wavelength A for differ-
ent temperatures. For lower temperatures, the steepness rises which allows the effective use of low
quantum defect materials without significant reabsorption. Right: Temperature dependence of the
partition functions (solid lines) and their ratio (dashed line, right axis). The ratio corresponds to the
ratio of the absorption and emission cross section at the ZPL. Both calculations were done for a laser
medium with a ZPL at 980 nm (Yb:CaF,). Taken from [Kor14].

Example: Field levels in Ytterbium

We want to give an example of the field levels of the ground and excited state of different Ytter-
bium doped host materials in figure I1.8. Ytterbium is split into two sub-manifolds, the ZPL lies
around 980 nm. The laser process typically occurs between the first level E; /» of the upper and
the second level E% ;» Of the lower manifold at a wavelength of around 1030 nm. The material is
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IL.5. Reciprocity Relation (McCumber Relation)

typically pumped with laser diodes at around 940 nm and not at the ZPL (which is also possible).

YAG CaF, LiMgAS FP15

E?, 10927 10682 10833 10773
2Fs1 — El, 10634 10471 10511 10474

Ej, 10327 10188 10232 10266
E [cm™]
Al A
E3, 786 530 595 568
, Y E7, 619 110 372 323
Frip ——— E1, 581 50 233 180
0
—— B, 0 0 0 0

Fig. I1.8.: Energy levels of the ground and excited state for Yb:YAG [Koe+12], Yb:CaF, [Koe+12], Yb:LiMgAS
and Yb:FP15 [Kor+11].

Comment: Applicability of McCumber

We want to note that the McCumber relation is only applicable for laser materials with two
distinct laser manifolds and negligible quenching effects (e.g. multiphoton absorption, energy
transfer up-conversion). Thus, Ytterbium is well suited for McCumber, whereas Neodynium is
not.
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II. Solid state laser media for diode pumping

11.6. Application of FL-Method and MC-Relation in Spectroscopy

The determination of exact cross sections is fundamental for any laser calculation or simulation, but
literature values are very sparse and often inaccurate, especially if temperature dependence is con-
cerned. The derived methods now allow for the determination of the absorption and emission cross
sections from measurements (or to derive missing values if only absorption or emission is known,
and also to cross check the validity of spectral data). Here, we present a spectroscopic setup depicted
in figure I1.9 and used in several publications [Kor+11; Koe+12; Jam+13]. The setup allows for a re-
trieval of the absorption as well as the fluorescence data in a single run. If needed, the material can
be cooled in a liquid nitrogen driven cryostat to obtain the cross sections down to temperatures of
100 K. In the following, we will discuss how absorption and emission measurements are performed.

SM
—

\
\
\

[mc} @ &M @

spectrometer :
vacuum |

chamber

PM M N ’

PM SM

Fig. I1.9.: Schematic of the measurement setup: fiber coupled Laser Diode (LD), M: plane mirror, P: polarizer,
PM: off axis parabolic mirror, S: sample (mounted in cryostat), SM: spherical mirror with radius of
300 mm, WLC: fiber coupled white light source. The setup can be switched between fluorescence and
absorption measurement by just switching the source. The White Light Continuum (WLC) source is
used for absorption measurements, whereas the LD is used for the fluorescence measurement.

Absorption measurement

To record absorption data, a fiber coupled WLC source, focused through the sample, can be used (c. f.
orange path in figure I11.9). These absorption measurements can be directly related to the absorption
cross section via Lambert Beer’s law

Equation: Absorption cross section from spectroscopic measurements

1 Iref(/l) )
) = 1 ; 11.52
el Ndop'd n(Iout(/U ( )

Here, d is the thickness of the sample, I, the transmitted intensity and I,.f a reference measurement
taken without a sample to characterize the emission of the light source. As the absorption near the
zero phonon line is very high, it is advisable to use a thin sample to measure this spectral region and
relate the results to a measurement of a thicker sample to increase the spectral dynamic. In order to
determine the absorption cross section, the doping concentration Nyop is needed, which is often not
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I1.6. Application of FL-Method and MC-Relation in Spectroscopy

exactly known.

Fluorescence measurement

The retrieval of the fluorescence data is more complicated. Here, the sample is excited by a fiber
coupled laser diode (c.f. red path in figure 11.9) which is then focused onto the surface of the sample.
The same spot is then imaged onto the fiber of the spectrometer. This is done to reduce the effects of
re-absorption, which influence the emission spectrum in regions of high absorption (especially near
the zero-phonon line). Ideally, we would use a very thin sample to further mitigate re-absorption,
but those are not always available. In order to suppress the influence of scattered light from the laser
diode, the measurement is repeated for two different diode wavelengths (i.e. diode temperatures) to
clear residual peaks from the diode light.

After the measurement of absorption and fluorescence we can calculate the emission cross sections
via two different paths:

Key point: How to obtain the emission cross section?

Fiichtbauer  Input: fluorescence spectrum + radiative lifetime

Ladenb
EREERE * Advantage: This method works well when the absorption is low. An absorption

measurement is not needed for the calculation.

* Problems: As only the fluorescence lifetime is experimentally obtainable, the
radiative liftime might differ from the experimental value due to re-absorption
or non-radiative decay. Furthermore, the fluorescence spectrum is deformed
due to re-absorption.

McCumber * Input: absorption cross sections + Energy levels

lati
relation * Advantage: This method works well when the absorption is high and the en-

ergy levels and doping concentration are well characterized. No life-time mea-
surement is needed.

* Problems: The absorption signal is low for wavelengths much longer than ZPL,
especially at low temperatures. Therefore, a large noise makes the extraction
of useful emission data nearly impossible. Furthermore, exact knowledge of
energy levels is often not available and is often only determined at low tem-
peratures in literature.

A combination of both methods allows to widely compensate for insecurities especially like re-ab-
sorption and radiative lifetime (cf. figure I1.10), by using each method in its spectral area of best
validity.
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II. Solid state laser media for diode pumping
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Fig. I1.10.: Comparison of the emission spectra calculated with FL-method and MC-relation from spectral mea-
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surements on Yb:CaF; at T = 293K. The resulting curve (red) was taken from the MC-relation in do-
main I, and from the FL-method in domain III. In domain II the arithmetic mean of both methods
is used. Taken from [Kor14].



I1.7. Influence of the Laser Host Material

I1.7. Influence of the Laser Host Material

Besides the actual laser ion, the major influence on the spectral shape of a laser material is generated
by the host material. As its internal fields influence the exact separation of the individual energy levels
it determines the position of the individual absorption and emission lines. Based on the electronic
structure (c. f. for example figure 11.8), a relatively simple spectrum would be expected, consisting of
a total of m; - m, individual lines corresponding to the electronic transitions. Here, m;, m, denote
the number of sub-levels in the lower and upper manifold. The spectrum of Yb3*-doped materi-
als shows a significant higher number of transition lines, which are cause by a coupling of phonons
(lattice vibrations) to the host material. These vibration levels are positioned symmetrically to the
electronic transition levels. This also leads to a temperature dependent broadening of the transition
lines. Therefore, these broadening mechanisms also depend on the type of host material.

Crystals

The doped ions sit in fixed crystal positions, hence they all rather see the same environment. This
results in homogeneously broadened spectra with rather sharp lines, whose bandwidth is reduced for
lower temperatures (e.g. Yb:YAG). Crystals have a higher thermal conductivity than glasses due to
their ordered atomic structure, which facilitates efficient heat transfer with phonons (lattice vibra-
tions). Crystals are good for:

* high gain amplifiers due to large cross sections
* long pulses (usally > 10 ps)

* high average power (good thermal conductivity)

Fig. I.11.: Unit cell of a YAG crystal. Green: Yttrium, Red: Oxygen, White: Aluminium. A unit cell contains eight
molecular units Y3Al;0;2. In the doping process, the laser active ion replaces the Yttrium site. The
right side show the local surrounding of one Yttrium site. Figure taken from [Kos+15].

Example: Typically used laser crystals

Most crystalline laser materials are oxides, however, there also exist chalcogenides (semiconduc-
tor materials) like ZnS or ZnSe. We will focus on oxides [Koe06]:

¢ Sapphire (Al,03): hard with high thermal conductivity, doped with transition metals like
titanium (TiSa) and chromium (ruby), anisotropic

e Garnets like Y3Al5012 (YAG), Gd3Sc2A30712 (GSGG): stable, hard, optically isotropic with

27



II. Solid state laser media for diode pumping

good thermal conductivity

¢ Vandates like YVO, and GdVO,: typically doped with Nds*, these crystals have high ab-
sorption and emission cross sections

¢ Alexandrite (Cr:BeAl,0,): large emission bandwidth, low crystal symmetry and thus high
polarization dependence

¢ Fluorides like YLiF, (YLF): polarization dependent emission wavelength, lower ther-
mal conductivity and fracture resistance, long upper-state lifetime and high UV trans-
parency [Pas05a]

Glasses

The doped ions sit in statistical positions, hence, they all see a different environment. This results
in inhomogeneously broadened spectra with rather broad bands (but lower cross sections due to FL
equation). The emission line bandwidth is nearly unchanged for lower temperatures. However, they
possess the practical advantage compared to crystals in their size capability for high energy applica-
tions. Whereas crystals are difficult to grow in large sizes, glass rods can be easily fabricated up to
metre lengths with high optical quality. Glasses are good for:

* high peak power amplifiers (material availability)
e ultra short pulses (<100 fs possible)

* low average power (low thermal conductivity)

Fig. I1.12.: Comparison of a crystal and glass structure. In a crystal, the molecules form an ordered and rigid
lattice, however, glass has disordered molecules like a liquid but is still solid.

Crystals (no matching positions)

The doped ions sit in several positions and may cluster, hence they see multiple environments. This
results in a combination of homogeneously and inhomogeneously broadened spectra with mostly
broad lines, whose bandwidth is slightly reduced for lower temperatures (e.g. CaF, or CaWQy). They
are good for:

¢ high peak power amplifiers (material availability)

28



I1.7. Influence of the Laser Host Material

e ultra short pulses (< 100fs possible)

* medium average power (medium thermal conductivity)

Fig. I1.13.: Lattice structure of a face-centered cubic CaF, crystal. Three of the Ca?" ions are substituted by two
Yb3* ions for charge neutrality. Due to these substitution ratios, the incorporation of the doping
ions into the crystal lattice is not trivial. Based on the surrounding lattice structure, the spectral
characteristics vary. Figure taken from www.chemtube3d.com.
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II. Solid state laser media for diode pumping

11.8. Unwanted Effects

Besides the desired laser and pump transitions in a real material other transitions as well radiating as
non-radiating can occur. Here are just some examples.

excited state absorption: excited atoms absorb another pump photon. This happens when there are
a single or multiple higher-lying energy levels in suitable distance above the
excited state level.
multi phonon relaxation: excited atoms are de-excited by multi phonon interaction (non radiative)
e direct transfer into heat!

* decay rate adds to normal decay rate for radiative decay:

1 1 1
- = +—_ (I1.53)
Tf Trad TMP
TradT
gy RAMP (I1.54)
Trad + TMP

* In general, the fluorescence lifetime is therefore shorter than the radi-
ation lifetime 7 f < Tpyq

Energy transfer a more complicated scheme:

upconversion: S . . - . .
P * two excited ions are de-excited, while exciting another ion to a higher

energy level

¢ this level can than be de-excited, either by radiative decay at other
wavelengths or fast non-radiative decay back to the original excited
level

* depends on the density of excited ions!:

oN, N
—2 =2 _aN? (I1.55)
ot Tf

 prominent e.g. in Tm®* doped media

The so called quantum efficiency can be used to summarize such effects. It denotes how many pho-
tons on the laser transition are generated by one pump photon. In special schemes also quantum
efficiency greater unity is possible (e.g. Tm3*, cross relaxation)

In an actual laser amplifier such effects are usually unwanted. Optimization is usually possible due
to variation in the host material or reduced doping.
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11.9. Overview on Some Solid State Laser lons

It can be seen that the general trade-offs we derived before cannot be tricked. E.g. in the case of
Ti:Sa, the material yields high cross sections with a huge bandwidth, but has a very short lifetime. In
this way, Ytterbium doped materials are some kind off trade off that is well suited for the special case
of diode pumped operation (cf. next chapter). The absorption and emission cross sections with the
respective life times of the upper laser level are shown in figure I1.14.
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Fig. I1.14.: Absorption (blue) and emission (orange) cross sections of different Ytterbium doped laser materials,
measured by Jorg Korner. As a comparison, the cross sections of Ti:Sa (adapted from [Sor04]) and
Nd:YAG (adapted from https://4lasers. com) are also shown.
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II. Solid state laser media for diode pumping

11.9.1. Atomic doping concentrations

In the literature, doping concentrations of various laser materials are typically given in atomic per-
centage, which describes the fraction of ions in the host material that have been replaced by the laser
active ion. However, for our calculations we need the number density of the laser active ions. For
the determination of the doping concentration, the material density g, atomic mass units and the
number of laser active ions ¢ that replace the host material ions must be known. From that we can
calculate the number density of laser active ions for a given percentage of atomic doping. An overview
of different laser host materials is shown in Table I1.2.

Table I1.2.: Number density of laser active rare earth ions REs* for different host materials. The factor ¢ indi-
cates how many atoms are replaced by how many dopant ions.

host formula plg cm™3]  Mypit ¢ Nyop at 1%

YAG  Y3Al;0;2  4.55 9.86x107%%2g 1 1.38x10%°cm™3
YVO, 4.24 338x107%2¢g 1 1.25x10°°cm™3
YLF  LiYF, 3.99 285x107%2g 1  1.40x10®°cm™
CaF, 3.18 1.30x1072%2g 2/3 1.63x10*°cm™3
SrF, 4.24 209%x107%2¢g 1.36 x 102 cm ™3

Example: Doping concentration of YAG

Let us consider the example of Yb-doped Yttrium Aluminium Garnet (YAG) (Y3Al50;2). To con-
vert between atomic and number density, we first need to calculate the mass of one Y3Al;0;;-
unit. Using the periodic table of elements we obtain

MYAG -unit = (3-88.9+5-27.0+12-16.0)- 1.66 x 10 g, (11.56)
my may mo

Then, the number density of Yttrium ions can be calculated by using the material density of YAG

(0 = 4.55gcm™3) to calculate the number of Y-ions per cm?®
Nypyag =3—26  _ 138102 cm™. (IL57)
NIYAG -unit

number of Y-ions per unit cell

We have to take into account, that each unit of YAG contains three Yttrium ions, thus we have a
factor of three. Finally, we need to consider, how many ions ¢ of the laser active material replace
the host material ions. In case of Yb:YAG the Y3*-ions are replaced by Ybs™ in a one-to-one ratio.
Then we obtain the number density of Yb:YAG for one atomic percent

Nybyag 1% = ¢ -Nypyag -0.01=1.38x10%cm™3. (I1.58)
1
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11.9.2. Rare earth metals

Rare earth ions are a very popular choice as dopands for laser crystals and glasses. Here, the rare
earth ions replace other ions of similar size and charge state (e.g. Nd3* ions substitute Yttrium (Y3*)
in Nd:YAG crystals). We may wonder, why this is the case?

* Energy Stability: A characteristic of rare earth ions is that their electronic transition occurs
within the 4f shell?, which is partially shielded from the host lattice (5s and 5p orbitals). This
reduces influences of the host lattice, giving them well-defined, stable emission wavelengths
and bandwidths.

 Efficient Absorption and Emission: The ions exhibit strong and sharp absorption lines, en-
abling efficient energy absorption from pump sources like laser diodes.

* Long lifetimes: In comparison to other laser materials like Ti:Sa or gases, rare earth ions have
long lifetimes in the excited state, which is beneficial for energy deposition into the material

* Low Non-radiative losses: Due to the above mentioned shielding of the 4f electrons, the energy
losses through non-radiative processes is minimized.

Energy E (10° cm™)

14
"% Y
——— A —— ),
12 y
< 2 Ion host media emission wavelengths
10 — % e,
3 Nd*  YAG, YVOy, YLE 1.064 um, 946 nm,
8 ’ silica 1.053 ym
. . Ho** YAG 2.1um, 2.94 um
Gf M-—: J— Er**  YAG,YLF 2.9um, 1.6 um
’ Tm®  YAG 1.9-2.1pum, 2.3 um
4 Yb%*  YAG, FP-glass, CaF, 1.030um
Ce®*  YLE fluorides 0.28 um-0.33 um
21 —
0 | I I I
o ’Ig “Lis. °He *Frnp

Nd*  Ho* Er* Tm* Yb*

Fig. IL.15.: Left: energy levels diagram of different rare earth ions of the form RE3* in LaCl;. Adapted
from [Trd12, p.674].
Right: Laser-active rare earth ions and host media with typical emission wavelengths [Pas07].

Yb3+t_materials

Ytterbium-doped laser materials possess several interesting properties which set them apart from
others like Nd3*-doped laser gain media [Pas05b]:

« Simple electronic structure: Yb%* has only one excited state manifold (Fs,») within reach from
the ground-state manifold. Here, the assumption of McCumber of a two-state system is fulfilled

2The reason that rare earth metals are placed separately in the periodic table stems from the fact that they fill up the
4f orbitals with up to 14 electrons. Thus, there are 14 lanthanoide rare earth metals. Since the 5s and 5p orbitals are
energetically lower, they will be completely filled and help shielding the 4f orbitals.
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II. Solid state laser media for diode pumping

and the cross sections can be calculated using the MC-relation (which is not possible for Nd3%).
The pumping and lasing process involve transitions between different sublevels of these two
manifolds.

Small quantum defect: The ability to use InGaAs-Laser diodes for pumping makes a small
quantum defect possible, allowing for high power efficiencies and reducing thermal effects.
However, complications may arise from the quasi-three-level behaviour.

The simple electronic structure excludes excited-state absorption (c. f. section I1.8).

Large gain bandwidth (compared with Nd**YAG-crystals). Allows for wide wavelength tuning
and ultrashort pulse generation.

Long fluorescence lifetime in the order of milliseconds

Quasi-three-level behaviour: Due to the small quantum defect, we have non-neglectable emis-
sion at the absorption bands which requires high pump intensities. Furthermore, reabsorption
takes place at the emission wavelength around 1030 nm.

11.9.3. Transition metals

Another group of laser active ions are the two transition metals chromium (Cr) and titan (Ti). Their
electronic configuration is

34

Cr: [Ar]3d°4s (I1.59)
Ti: [Ar]3d®4s?. (I1.60)

* Strong influence by the host material: In their trivalent form (Crs*, Tis*) they have only elec-

trons in the 3d orbital left, which are unshielded by outer shells in contrast to rare earth ions.
Thus, their optical properties are heavily influenced by the host crystal field.

* Large gain bandwidth: The strong coupling of the electronic transition with phonons of a wide

frequency range leads to broad absorption and emission bandwidths. This can be used for the
generation of few-cycle pulses or tunable lasers.

Table II.3.: Laser-active transition metal ions and host media with typical emission wavelengths [Pas07].

Ion hostmedia emission wavelengths
Ti%*  sapphire Al,O3 650-1100 nm

Cr** Chalcogenides ZnS, ZnSe  2-3.4um

Cr3*  rubyAl,Os 0.8-0.9 um

Cr**  YAG 1.35-1.65um




I1.10. Temperature dependence of the cross sections

11.10. Temperature dependence of the cross sections

In the following, we also want to discuss the temperature dependence of the emission and absorption
cross sections for two different materials as shown in figure I1.16.
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Fig. I1.16.: Absorption (left) and emission (right) cross sections of Yb:YAG (top) and Yb:CaF, (bottom) for dif-
ferent temperatures. Adapted from [Kor+11].

For Ytterbium doped gain media, cryogenic cooling is necessary to set up high energy amplifiers.
This is due to limitations of the thermal occupation of the lower laser levels which vanish at cryo-
genic temperatures. In order to efficiently extract high energies from the laser medium, the quantum
defect should be as small as possible. However, at room temperatures, the re-absorption at the laser
wavelength significantly reduces the possible output power and laser efficiency.

For Yb:YAG (c.f. figure I1.16 top), the homogeneous broadening mechanisms exhibit a strong tem-
perature dependence. We can observe that the re-absorption at the laser wavelength around 1030 nm
becomes negligible at cryogenic temperatures, while the emission is strongly increased. However, the
effective emission bandwidth is reduced significantly [K6ér+11]. Therefore, cryogenic cooling is not
useful for high-intensity laser systems, where short pulse lengths are required.

For Yb:CaF,, the inhomogeneous broadening meachnisms due to the placement of the active ions
in the crystal lattice are less temperature dependent. In the figure we observe that the absorption for
wavelengths larger than the ZPL (980 nm) is decreasing and at 100K, the absorption above 1000 nm
is almost zero. On the other hand, the emission cross sections are increased in that spectral regions
and become more structured, however, the capability of broad band amplification is preserved. At
the often used pump wavelength of 940 nm, not much variation in the absorption is observed.
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l[1l. Laser Amplification Process

In this chapter we will discuss the mathematical treatment of the pump and amplification process
in a laser material. We start by discussing different level-schemes of describing a laser material. For
the pump process we assume a Continuous Wave (CW) pump pulse and consider the effect of spon-
taneous emission. For the amplification, we neglect spontaneous emission, as the extraction with
the pulsed seed pulse takes place on much smaller timescales, however, we include absorption to
describe 3-level materials like Yb3™.

I1l.1. Level schemes and rate equations
To operate a laser we will always need a so called inversion (N, > N;), meaning that there are more

ions in the excited state N, than in the ground state N;. To better understand the basic processes, we
can use the following basic models:

2 level scheme * Nolaser operation is observed for optical pumping as pump
and laser operate at the same wavelength.
N Y 12)
¢ The inversion can at most reach equality under pumping
as can be seen by rearranging equation (I1.2) in steady state
Ap A (4= — g
dr —
Ny Bi
N o mc R (ITL1)
N1 Boip+ A
3 level scheme ¢ The pump light excites into a separate level |3) from where
the atoms quickly relax into the meta stable laser level |2).
) : 13) As the ground state |1) is still occupied, a certain amount of
Na 12) atoms got to be excited to achieve inversion.
¢ In pump pulsed mode, this can be a strong loss process.
! e The 3-level scheme is often used to describe laser media
N I with re-absorption and low quantum defect (Yb3*).
4 level scheme ¢ The laser pumps a separate level |3) from where the atoms
quickly relax into the meta stable level |2). From there, the
) : 13) laser process goes to a non occupied ground level |1) from
Na 12) which it quickly relaxes back into the ground state |4).
* Inversion is already achieved with the first excited atom!
M / :ii * The 4-level scheme is used to describe laser materials with

high quantum defect and negligibly re-absorption (Nd>*).
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III. Laser Amplification Process

These basic models can be thought of as some idealized laser medium. Real laser materials typically
involve a much higher number of energy levels. In the following we will derive a model that takes this
into account. Therefore, we use a system of 2 manifolds with a continuous level distribution in each
representing a set of energy levels as shown in figure III.1. Further, for practical reasons we use the

Y 12)

11)

Fig. III.1.: Model of a laser material with two manifolds. In the shaded areas, intra-manifold phonon transitions
are possible.

photon density ® to describe the radiation field. Hence the rate equation for the interaction with an
incident photon density reads:

do
E =-0- (O'aNl - UeNz) (IIL.2)

do dodr dn;1 dn,
= _— = —— =—Pc-(0aN1 —0eNo). (II1.3)

_ = = =

dz dtdz dr c dt
The variables are:
0a(1),0.(1) wavelength dependent absorption and emission cross sections [cm?]

N1, N density of ions [cm~3] in the lower (1) and upper (2) manifold

d Photon density [cm™3]. The rate of change for the photon density is equal to the change
of ions in the manifolds.

If we now consider the pump and laser process with their appropriate cross sections for the emission
and absorption, and the spontaneous emission, the rate equation for the complete laser cycle is:

Equation: Rate equation of the complete laser cycle

dN. dN- Y
d—: = —d—tl = cDp(0a(Ap) N1 — Te(Ap) N2) - T—z — @ (0 (M) N2 — T4 (M) NY) (II1.4)
" Y R - Y ’

n_.n

Here "p" denotes the parameters involved in the pumping process and "l" the corresponding ones
in the laser process. The under set numbers 1 to 3 denote the parts of the equation representing the
pump process (1), the spontaneous emission (2) and the amplification process (3) respectively.

For basic laser operation the steady state solution of this equation is used. Talking about high en-
ergy amplifiers, this is no option as pumping and laser amplification is described by time dependent
pulses. So we got to analyze the dynamic case to understand the pulsed pump process as well as
to understand the change in the temporal profile of the amplified pulse. Therefore, we will discuss
efficient solution mechanisms for pumping and extraction in the following.
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I11.2. Pumping

During the pump process the extracting laser field will be neglected, hence we obtain:

dN, Ny

— = @@a(Ap) N1~ 0e(Ap) Vo) - = (IIL5)
do
5 =~ ®@a(Ap) N1 = 0e(Ap) o). (IIL.6)

As typical for most diode pumped lasers, we will now consider an end pumped setup, meaning that
the pump beam is co-propagating with the laser beam through the laser medium. For a realistic
representation we got to consider as well the number densities as the photon density dependent on
space. We will do so using the propagation direction z in one dimension.

Key point: Implementation of new notations

To obtain a more convenient representation of our formula we further introduce some substitu-
tions which will be used throughout the rest of this book:

* The inversion f(t, z) gives the percentage of the excited electrons in the upper manifold:

No(t,z X
B(t,2) = % with  Nyop = N1 + N (I11.7)

dop

e The pump rate R(t,z) [s~'] states, how many electrons per second can be excited by the
pumping laser field:
R(t,2) = 0,c®p(t, 2) (111.8)

¢ The equilibrium inversion (the name will become clearer looking at the final formula)

Oa

Peq = (111.9)

Oa+0e

Using this new notation we can find an expression to describe the temporal evolution of the inversion
B(t, z) by rewriting equation (I11.5) as

Equation: 1% rate equation: Time dependent inversion
0p(t, R(t, N Niop — IV
Bt Z): (¢ Z)(NI_ENZ)_E 1 _ Ndop 2:1—ﬁ(t,z)
ot Ndop (0 Tf Ndop Ndop
t, ,
=R(t,z)(1—ﬁ(t,z)—@ﬂ(t,z))—u=R(t,z) 115 6t z) eenoel BB
Ua Tf aa Tf
t,2)\ Bt 2) =1/
:R(t,z)(l— piz,z )— a2y e (I11.10)
Beq Tf

From this differential equation we can already predict some interesting results. If the inversion is
equal to the equilibrium inversion (f,z) = feq, the inversion becomes independent of the pump
rate and changes only due the natural decay of the upper laser level with the time constant 7. This
explains the naming of f¢q as the equilibrium inversion, because at this point the inversion is at bal-
ance (when neglecting spontaneous emission). As a second equation we would need to describe the
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III. Laser Amplification Process

evolution of the pump rate during the propagation through the material. For this we utilize equa-
tion (II1.6) and carry out the according substitutions to obtain:

Equation: 2"d rate equation: Space dependent pump rate

O0R(t, z)
Fraa R(t,2)(0aN1 —0eNp)
O0R(t, z) (t,2) .
3z =—aR(t,z)-(l—%) with a:Ndopaa(z). (II1.11)

Here, we reintroduced the absorption parameter a that we have already seen in Lambert-Beers law.
In order understand the role of the equilibrium inversion in the pumping process, we can analyze
the rate equation (I11.11) for different inversions.

Key point: Pump process at different inversions
* low inversion: f < feq:

OR(t,2)
0z

—aR(t, z2) = R =Ryexp(—az). (II1.12)

At the start of the pump process, the pump rate behaves like Lambert-Beer’s law.
. ’6 = ,Beq:

O0R(t,z2)
oz =—aR(t,2)(1-1)=0 = R = const. (II1.13)

The material becomes transparent, as the amount of emitted and absorbed light is equal.

* > Peq: Here we can observe that %—5

tion.

> 0 becomes positive, therefore we have amplifica-

From this we can conclude that feq is a limit of maximum inversion we can reach in the pumping
process.

111.2.1. Pump saturation intensity

Before we move on to the numerical solution of the system of the rate equations, we want to start with
a discussion of the steady state solution, i. e. when we have an equilibrium in the inversion. Then we
can solve equation (II1.10) for § as

R
o=rtai-4-]-£ = popi - Pea_ (1.14)
ea’ T/ [FRETIRES

Now we want to analyze the expression feq/(R-7f) in the denominator. We can substitute the defini-
tions of R and feq again and obtain

Peq o8 1 1 1 1 hv _ hv 1 Iy (1L15)
Rty 0a+0eTf05c® (0a+0)Tp OV, (Ga+0e)tpl 17 '

=1

Here, we used the intensity of the pump photon field I = ¢® - hv and defined the pump saturation
intensity as
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Equation: Pump Saturation intensity

h
- i g P
(Oatoe)Ty L=- =t

I sat

(II1.16)

Therefore, Isy; describes the intensity required to reach an inversion of feq/2 (on the surface) for
an infinite pump duration. The saturation intensity also indicates the order of magnitude, where
saturation effects are needed to be taken into account.

Key point: Pump saturation

* Isat o< 1/7: Saturation is inversely proportional to the fluorescence lifetime. As fluores-
cence is a loss mechanism, a low fluorescence lifetime increases the intensity required for
saturation.

* Isat < Peq: When the equilibrium inversion is lower, saturation can be reached at lower
pump intensities.

* Isat ¢ Ephoton: Saturation is not directly proportional to the photon energy, as only the
photon density @ is important. However, since we express saturation in form of an intensity
I, we need to readjust for the fact that at a higher wavelength the photon density is lower
for the same observed intensity, i. e. the saturation intensity rises for smaller wavelengths,
as the photon density drops.

Furthermore, we want to give some examples for typical saturation pump intensities. As the cross
sections are a function of wavelength, the saturation intensity changes depending on the pumping
wavelength. This is shown in figure II1.2 for different pump wavelengths typically used for optical

pumping with laser diodes. For Yb-doped materials, possible pump wavelengths are 940 nm and
980 nm (at the ZPL).
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Fig. I11.2.: Saturation pump intensity I, for three different Yb-doped laser materials.

In general, we aim for a low saturation pump intensity I, in order to pump the medium efficiently.
However, we also want to achieve a high value of f¢q at the pump wavelength to efficiently store
energy in the laser medium and a sufficiently low Seq at the emission wavelength as the lasing process
stops, when the equilibrium inversion is reached. The bottom right plot of figure II1.3 shows, that this
goal is better reached at lower temperatures and at higher quantum defects, i.e. pumping at 940 nm

is better to store more energy in the crystal, however, this increases the heat fraction between pump
and laser wavelength.
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Fig. I11.3.: Left: Inversion as a function of the pump intensity.

Right: Equilibrium inversion feq of Yb:YAG for three different temperatures. The spectral behaviour
of Beq follows a logistic function, which is steeper for lower temperatures.

I11.2.2. Numerical solutions of the rate equations
Derivation: Solution of the first rate equation
The time dependent rate equation (II1.10) is a differential equation of the shape

dp(t
g; ) +f(0)-B() =g(D), (II1.17)

with the known solution (cf. e.g. [Bro13])

B(1) = e‘””fg(t) efDdr with F(r) :ff(t)dt. (I11.18)
Therefore, we can identify f(¢) and g(¢) as
R(t, 2) 1
(t,z) = +— and (t,z) = R(t, 2)
! Beq(2) Tf &
R(t, 2) t
= F(t,z2)= der+ —. (II1.19)
Beq(2) Tf
Hence, using (II1.18) with the initial condition B(z = 0, z) = By (z) we obtain the solution
: R(t, 2) t : t”R(t’ 2) t
B(t,z) = exp| — —dt - — fR(t”,z) -exp f dtf + — |dt” + Bo(z)|  (111.20)
S ﬁeq Tf d :Beq Tf

Further by integrating the second rate equation (III.11) by separation of variables we obtain:

F B, 2)

R(t,z) = Ro(1)-e"“*-exp| a- dz' (II1.21)
:Beq

[

J
" v

R, Ry

The first R, term corresponds to the Lambert-Beer law, while the Ry, term acts as a correction
factor for non zero inversion.

We now derived a solution of the differential equation system in the integral form (which is ad-
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II1.2. Pumping

vantageous as such expressions can be well handled by numerical integration). However, we cannot
directly calculate the result as both equations are still linked with each other. Therefore, we have to
obtain a solution based on an iterative approach.

As a start we assume two edge cases to get a lower and upper boundary for the pump rate R(t, z):

1.) zero inversion at all times

Ry 1ow = Ro [ Bl (1,2) =0] =1 (I11.22)

2.) maximum inversion at all times

R
1 0 0
Rb,high =Rp ['Bhigh(t’ z) = ,Beq] =e% = R_a (II1.23)
Using now an iterative algorithm calculating
— (m-1)
Ry lowrhigh (H:2) = Ry [ﬁk’,’jv,high(t, z)] (I11.24)
and Bl uign (69 = B RaRl o mign (62| (I11.25)

one obtains successive new estimations of minimum and maximum inversions which approach a
common value representing the solution (The claim, that solutions originating from the maximum
and minimum assumptions always stay maximum and minimum assumptions that are always closer
to the real solution can of course be proofed. I desist from this here as it is not complicated and saves
some time).

One can now numerically calculate the successive estimations for both cases together with a con-
dition to abort the calculation as soon as the difference between both solutions is reasonably small.
This then is the solution for the pump process. Solutions for successive iterations for a sample case
are shown in figure II1.4.

T I
—m=1
800 m=2 I
m=3 0.3
m=4
E 600
g Q
~ g 02
g iz
& 400 §
= c
g =
a 0.1
200 '
0 0
zincm zincm

Fig. I11.4.: Sample iteration steps for the calculation of the inversion in a laser medium (here Yb:CaF, with
Ngop = 3.3 x 10 cm™ pumped at 980 nm for Tpump = 2ms with a pump intensity of 30kWcm™2).
The dashed lines show the upper limit assumptions and the solid lines the lower limit assumption.
m denotes the iteration number.

Though this might seem like a rather complex calculation, a numerical implementation is pretty ef-
fective and accurate. The solution converges most of the time after five iteration steps.
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III. Laser Amplification Process

Key point: Discussion of the Pump process

Manipulating the input parameters for the pump process, one can see several effects that are
present in an actual laser material:

* For a pump duration much longer than the fluorescence lifetime (7pump > 7 ) the intro-
duced changes to the materials inversion are rather small. Hence, it does not make sense
to pump much longer than the lifetime. In practice most lasers work with a pump duration
in the range of the fluorescence lifetime. In extreme cases a maximum of twice this value
is used.

¢ For low pump densities the pump density and, hence, the inversion follow an exponential
decay as known from Lambert Beers law.

¢ For high pump intensities the inversion is somehow “pushed through” the material along
the propagation axis (the inversion at the entrance face of the crystal stays rather constant,
before it converts back to the exponential decay for later times). This can be observed in
figure I11.5.

* The maximum inversion, that we can achieve for high pump intensities approaches feq
and therefore is strongly dependent on the wavelength (especially near the ZPL). The
higher the cross sections are, the less pump intensity is needed to approach this limit.

- 1
0.4 —— 5kWcm ™2
—— 10kWem™2
03 —— 20kWcem™2
' ——30kWem™2
< 2
o) - |40 kWcm
S
F 0.2 Q| —50kwWem™2
g «Q
=

0.1

1 +
0 0.5 1 1.5 2 2.5 3
zincm

Fig. IIL.5.: Calculated inversion in Yb:CaF, with Ngop = 3.3 x 102*cm™ and thickness d = 3cm pumped at
980 nm for Tpymp = 2ms at varying pump intensities. The saturation intensity of Yb:CaF, at this
wavelength is around Iga; = 8kWcm™2.

I11.2.3. Storage efficiency

We now want to discuss, which pump parameters we should choose, in order to make the optical
conversion from the pump to the laser process as efficient as possible. We can quantify the efficiency
of the conversion by calculating the part of the pump energy that can be extracted by the laser. This is
called storage efficiency. The problem lies within the equilibrium inversion f¢q at the laser wavelength
A;. The stored inversion ((z) inside the crystal can only be reduced to the equilibrium inversion, as
the material becomes transparent at this point.

With this in mind, the maximum efficiency can be calculated directly using the stored inversion.
For this, we have to calculate the maximum fluence, that can be extracted at the laser wavelength,
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II1.2. Pumping

given by the amount of excited ions minus the amount of ions needed for transparency of the laser
material per area:

)
Fex = Naophv - /0 B(2) — Beq(v) dz. (I11.26)

We can now compare this value with the incident pump fluence simply given by the product of pump
intensity Ipymp and pump duration 7pymp for a rectangular pump pulse

Fpump = Ipump * Tpump = P - chVpump * Tpump- (II1.27)
This yields an expression for the maximum storage efficiency 7gre Of a laser:

Equation: Storage efficiency

Fex _ Ndop hv 1

T store =

l
= f B(z) = Peq(vp)dz < 1. (II1.28)
Foump  Ipump * Tpump Jo

An example for the storage efficiency as a function of pump intensity and pump duration is given in
figure 111.6 and figure II1.7.

I I T
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(5] 0.1 ) 0.1
eTe} oo
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7 @
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| | | | | | | |
0 1 2 3 4 0 10 20 30 40 50 60
pump duration 7 in ms pump intenstiy I, in kWcem™2

Fig. I11.6.: Calculated storage efficiency of Yb:CaF, as a function of the pump duration (left) and pump intensity
(right). In general, the efficiency rises for increasing pump intensity because the achieved inversion
is higher and the equilibrium inversion at the laser wavelength becomes less relevant. The discussion
of varying the pump duration is more nuanced. As a higher pump intensity is preferable it becomes
clear, that shorter pump durations result in a higher efficiencies.

Key point: How to choose the pump system

From figure II1.6 we can make some conclusions for the design of our pump system.

The Efficiency increases with pump intensity (figure I11.6 left).

Efficiency increases for shorter pump pulses at high intensities (figure I11.6 right). This is
limited by the size of the pump engine and the thermal stress, the laser medium can take.

¢ As a compromise we choose the pump duration about equal the fluorescence life time:
Tpump = Tf

Efficiency is increased by multipass pumping, this is limited by setup.
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III. Laser Amplification Process

* Efficiency increases for lower temperatures because feq(A,) at the laser wavelength is lower
which allows extraction at lower inversion.

0.200 0.56
L 50 0.175 y 0.48
o
= 0.150 . § 040 .
< 5
= 01255 = £
- 2 S 0328
> 30 01005 = 5
£ o 0.24 &
5 0075 § & g
E 20 s E g
= 0.050 § 0.16
=
& 10 = 0.08
Yb:CaF2 at 300K 0.025 Yb:YAG at 300K '
0.000
05 10 15 20 25 05 10 15 20 25 0.00
pump duration 7, in ms pump duration z, in ms

Fig. I11.7.: Storage efficiency as a function of pump duration and intensity for Yb:CaF, and Yb:YAG. Note that
the scaling of the colour bar is different for both materials. The storage efficiency of Yb:YAG is
much higher due to a lower saturation intensity of Ig = 26kWcem™2 compared to Yb:CaF, with
It = 54kWcem™ at 940 nm (c.f. figure I11.2). Furthermore, the equilibrium inversion at the laser
wavelength is also lower for Yb:YAG due to a sharper absorption line.

Comment: Pump limitations

So why cant we just increase the pump intensity as far as we would like?

e LIDT: for nanosecond pulses, the extracting pulse in a cavity with a fluence of more than
approx. 10J/cm? will destroy our optics.

* B-Integral: Nonlinear effects will occur. This will be discussed in section V.3.3 in more
detail.

¢ Brightness of the pump: The higher the pump intensity the larger the opening angle will
be.
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II1.3. Amplification

I11.3. Amplification

While the pump duration of rare earth ion-doped materials is in the order of the fluorescence lifetime
(which is in the millisecond range), laser amplification by stimulated emission takes place at much
shorter time scales. Thus, the decay of the upper laser level due to spontaneous emission can be
neglected in this regime. Therefore, if we consider the amplification process, the rate equations can
be simplified and now have an analytical solution. We will use the rate equation in the following form
neglecting the pump radiation as well as the fluorescence:

dN.
d—f = —cDy(0e(A) N — T (A) NY). (II1.29)

In the following, we first want to discuss the simple case of a constant inversion § which will lead us to
the small signal gain description. Later, we want to show the analytical solution under the assumption
that absorption cannot be neglected.

I11.3.1. Small signal gain

When we have small signal gain, the inversion is not changed by the extracting laser field and stays
constant (§ is constant over z).

Comment: Reminder of the substitutions

To estimate the small signal gain we can again the photon density ® and use the same substitu-
tions (I11.7) and (I11.9) as for the pump process:

No(t,z .
¢ The inversion: f(f,z) = AL with  Ngop = N1 + N2
dop
ety q . Oa
¢ The equilibrium inversion: fcq = .
Oa+0¢

We can use the third part of equation (III.4) and obtain a differential equation of the photon density
in terms of § and feq

d;b
dz

dN-
= —d—f = c®1(0e(A) N2 — 04 (ADNY) (I11.30)

do .
= E:q)l(ae(/ll)NZ_Ua(/ll)Nl) with  Ngop = N1+ N2

= (I)l[(a'e +0a)N2 _O-aNdop]

Oa
=Q|N, + -
1 dop(Ue Oa) [:B Oat O
=@ Nyop(Te +Ta) (f — Peq)- (II1.31)
= ®;Ngop(0ef—0a(1—P)). (I11.32)
This differential equation is easily solvable, which gives us:
®(2) = By - e"Neor (e O~ Pea) 2 (I11.33)

D(z) = @ - eNaor (9ef-02(1=-P)) 2

From this result we can deduct the small signal gain (using the length of the laser medium z = d):
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III. Laser Amplification Process

Equation: Small signal gain

_ 0@ _

Goi= 5= exp(g) = exp(Ndop(0ef—Ta(l - B))-d) (111.34)
0

= exp(NaopT (B— Peq) - d) with 0 =0,+0e.

We call Gy the (small signal) gain and g the gain coefficient.

Comment: different equivalent forms of writing down the gain coefficient

¢ The first line (equation (I11.34)) describes that the gain coefficient is given by the effec-
tive amount Ngop0ed of stimulated ions () emitting radiation minus the effective amount
Ngop0ad of ground state ions (1 — ) absorbing radiation.

* The second line describes that a gain coefficient g > 0 is only possible if the inversion f is
larger than the equilibrium inversion feq.

Emission and absorption are handled well with these equations if we assume that the inversion is
spatially constant and does not change during the amplification process. Thus, we exclude saturation
effects and differences in the inversion of the pumped crystal.

The small signal gain of two different Yb-doped laser media was simulated in figure I11.8 using the
spectral absorption and emission cross sections from figure I1.14.

I I
15 | Yb:CaF» §:0.17 || | Yb:FP15 —g:o.lo I
. _ — =019 _ — p=0.11
Nyop =3.3x102%cm™3 Nyop =6 x 102 cm 3
dop = 3.3 107 em — p=021 dop =012
— =023 — =013
— =025 || | — =014 ||

Gain Gy

1010 1020 1030 1040 1050 1010 1020 1030 1040 1050
Ain nm Ain nm

Fig. I11.8.: Simulated small signal gain of Yb:CaF, (left) with a thickness of d = 11 mm and Yb:FP15 (right) with
a thickness of d = 6mm in a double pass setup. Since the doping concentration of Yb:CaF, is about
half as large as for the Yb:FP15 glass, we need a higher inversion § and a thicker crystal to reach the
same double pass gain values.

Key point: Small signal gain

1. The small signal gain Gy increases exponentially with the inversion, however, since g is
generally small, this exponential behaviour looks rather linear (c. f. figure I11.8).

2. As stated before, there is only gain, when f > feq(A;) is fulfilled. This is only achievable by
the fact that the equilibrium inversion at the pump wavelength is higher than at the laser
wavelength feq(1,) > Beq(A)).

3. Due to the frequency dependence of the effective cross-sections, the gain factor becomes
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Fig. I11.9.: Simulated amplified pulse shapes generated in the cavity based on the small signal gain profile cal-
culated in figure I11.8. For Yb:FP15 we observe a blue-shift of the central wavelength of the generated

spectrum for higher inversions g.

frequency dependent gy(A). This means that the spectrum of the amplified laser is influ-
enced according to this spectral dependence. After several material passes, this leads to
narrowing of the bandwidth, which is often referred to as “gain narrowing”.

4. The "quasi-three level characteristic of Yb-doped laser materials leads to a non-
neglectable absorption in the laser emission range. For higher pump intensites (i. e. higher
inversion ), this leads to a “blue”-shift of the spectral gain curve. This can be observed

especially for Yb:FP15 glass in figure II1.8.

111.3.2. Saturation fluence

Similar to the pump process one can define a saturation fluence which corresponds to the input flu-
ence of an amplifier for which the small signal gain is reduced to 1/2 of its initial value. As it has been
shown in the last section, the gain factor g is proportional to the inversion § in the steady state of

continuous pumping

8= Ndopo'(ﬁ - ,Beq)d-

(II1.35)

Therefore, such an extraction of laser energy (i. e. a CW seed pulse) will reduce the gain factor g in the

same way as the inversion g (c.f. equation (II1.16)). Thus, the gain is given by:

80
gF) = T
I+
where Fgq is the saturation fluence given by
Equation: Saturation fluence
F hv
T Gt Oe

(I11.36)

(II.37)

Furthermore, we can relate the saturation fluence to the maximum extractable fluence (given by
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III. Laser Amplification Process

equation (II1.26)). By noting, that in general g has to be obtained by integrating along the axis of
the laser medium, we find that
(111.26) Oa + Oe Fex

g: Ndop((fa‘i‘(fe)f(ﬁ—ﬁeq) dZ = —FGX: F_'
sat

II1.
T (II1.38)

Thus, the saturation fluence limits the extractable fluence from an amplifier for a given gain coeffi-
cient g.

As the saturation fluence denotes an operation scheme, which significantly alters the inversion
state of the active medium, it is desirable to work at fluences that are even higher, as this would mean,
that the energy is efficiently extracted (the ultimate limit is the laser induced damage threshold). It
should be noted that in a multi-pass amplifier the fluence is added up for every pass, which would
allow extraction with higher fluences than which are applied in a single pass.

Further, as soon as one approaches these fluences, it will no longer be possible to use small signal
gain. Hence a more elaborated solution for the amplification got to be used, which will be described
in the following section.

Comment: Saturation fluence

1. Even though we defined the saturation fluence as the input fluence which reduces the gain
coefficient to 1/2 of its initial value, this only true for CW seed sources. In a pulsed regime,
the gain coefficient is reduced to 1/e of its initial value in the limit g — 0 (c.f. figure I11.12).

2. We want to note the similarity to the pump saturation intensity Isa¢ (II.16) in the pump
process. Multiplying Iso; with the fluorescence life time (which is typically also the pump
time of the CW laser pump diode) we obtain the same formula (different numerical value,
as 0,,0, are wavelength dependent), which describes the saturation fluence Fg,; at the
pump wavelength.
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II1.3. Amplification

111.3.3. Frantz Nodvik solution

For laser pulses with high photon densities, the gain factor is significantly influenced by the inversion
reduction during the passage through the pumped laser material. Therefore, we cannot assume a
constant small signal gain anymore as the rising edge of the laser pulse will be amplified more than
the trailing edge.

The Frantz - Nodvik algorithm as given in the original paper from 1963 allows for an accurate solu-
tion but has to be modified for a three level scheme, as we have to deal with reabsorption at the laser
wavelength.

Comment: Notation
For consistency reasons we will not use the same definition of the inversion as Frantz-Nodvik
[FN63]:

A=N,—Nj. (I11.39)

Therefore, the solutions we mention here look different than the solution given in the original
publication.

We start with the rate equations for inversion f(z, t) and photon density ®(z, f). By modifying equa-
tion (II1.33) we can write

0D B .
— =—ad|l1-— with a=o0,- Ndop (I11.40)
0z eq

= % =0-cﬁeq¢>(l—£) with o =04+ 0e. (II1.41)
ot Beq

For the second equation we used the following relations:

0 ON,Oz 1 0 ¢ d Beq (0a+0¢) (I11.42)
_—— = —— an Oy = O Oe). .
ot 0z 0t Nyop 0z Ngop a eq Oat0e

The solution of this system of equations is rather complex, so we do not want to show it here. How-
ever, you can find the derivation in the appendix A.1. The final result is:

Equation: Frantz-Nodvik solution

(2,0 = 0o — LD i @y =(z=0,1) (I11.43)
2P T s - 116 0= TE=n '

_ ﬁO(Z) - ﬁeq . _ _
Bz 1) =Peq+ ST with B =Bz, t=0) (I11.44)

with  S() :exp[FFO(t)

sat

=exp

oc f @y () dt ] (Saturation) (I11.45)

z

Ndopaf (IBO (Z,) - ﬁeq) dz’

0

G(z) =exp (Gain). (I11.46)

Dy (1) Photon density in front of the gain medium (z = 0) before interaction.
Bo(z) Space dependent inversion of the active medium at ¢ = 0 before interaction.

S(1) This expression is a saturation term which is S = 1 for the small signal gain (Fi,/Fs,¢) or an
exponentially growing function S(t) = exp (oo ¢) for a square shaped pulse.
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III. Laser Amplification Process

G(2) This is equal to the small signal Gain Gy(z). For a spatially constant f it reads (I111.34)

G(z, Bo) = eMaon@etoafo=Pez = G, (I11.47)
F(1) This is the accumulated fluence (energy per area) of the laser pulse at time #:
t
Fo(t)=hv-c f Dy (¢ dt'. (I11.48)
0
Fgat The saturation fluence describes, at which fluences saturation effects start to play a role and

is a wavelength dependent property. For an efficient energy extraction, an input fluence of
F (1) > Fsqt is desired. It is given by (I11.37).
Small photon density

We can already see, that in the case of a very small photon density Fi, <« Fg,t, these equations translate
into the ones we already derived for the small signal gain:

Dy=0=>S=1 = &(z,1)=D(t)-G(z) and Pz, 1) = Po(2). (I11.49)

This means, for small input fluences the inversion remains unchanged and the photon density is
amplified by the small signal gain.

High photon density

In case of a high input fluence way larger than the saturation fluence F(f) > Fsy we find S > 1 and
thus

S()-G(z) Bo(2) _ﬁeq

CD(t):q)o(t)m:(Do(t) and ﬁ:ﬁeq+¥1+[5(t)—1]G(Z)J
-0

= Beq- (I11.50)

Here, the photon density remains unchanged and the inversion approaches its equilibrium state.
Thus, the medium becomes transparent.

No initial inversion

In case of no initial inversion Sy = 0, we are not extracting energy but pump the laser active medium
instead. Still, our equations apply in this case (e.g. the Gain G(z) simplifies to Lambert Beer’s law
G(2) = exp(—NgopTa - 2)) and we can derive an interesting formula for the output inversion

Peq  G(S-1) ~ Beq
[+(5-DG  1+GG_DPea~ i : (L.51)
G(exp(F/Fsa) — 1)

Pz, 1) = ,Beq -

The inversion is displayed in figure II1.10 (right) for different input fluences.

Since we use the Frantz-Nodvik solution, we neglect effects of spontaneous emission. Therefore, this
results refers to a pumping process with a pump pulse much shorter than the life time of the medium
eg. a 100 ns (Q-switched) pump pulse for a Ti:Sa system. For fluences beyond the saturation fluence,
the inversion is pushed through the laser active material.
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Fig. I11.10.: For an initial inversion of B(z, f) = 0 we do not extract energy from the system, but rather pump the

laser material. However, the Frantz-Nodvik solution still applies. Left: Calculated inversion §(z) for
three different values of the pump input fluence. The gain was assumed as G(z) = exp(—a - z) with

a = 1cm™'. Right: Inversion at the entrance of the medium as a function of the input fluence.

Comment: Comparison to the pump process

The derived equation (III.51) can be related to equation (III.16) of the pump process. For small
input fluences we can write exp(f/F,) = 1 + F/F,, which results at the front of the laser medium
(z=0)in

ﬁeq

Fear
1+F

B(z,1) = with G = exp(—Ngopoaz) = 1. (II1.52)

Now this formula is identical to the solution of the pump process in equilibrium for an infinite
pump duration.

Key point: Frantz-Nodvik solution

1. Approaching saturation, the single pass gain factor is reduced and approaches zero for high
input fluence (complies with energy conservation).

2. Aslong as the gain is not saturated, the input pulse shape is maintained.
3. In saturation the temporal pulse shape is altered, as the leading edge sees a higher gain
than the rest of the pulse (edge steepening). This effect is stronger for:
* higher single pass gain
* already steep etched pulse shapes.

4. The edge steepening should be taken into account for all effects linked to intensity as non-
linear effects and the LIDT.

5. Edge steepening can also occur on the spectrum in a Chirped Pulse Amplification (CPA)
system, where typically a positively chirped pulse propagates through the amplifier. Here,
the red part of the spectrum experiences edge-steepening.
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I11.3.4. Saturation corrected gain

As the pulse travels through the amplifying medium, the gain changes as saturation effects start to
deplete the inversion. Therefore, we want to give a formula for the total gain after a single pass, which
is independent on the pulse shape. We can define it as the ratio of the input and output fluence:

€§=f®(t)dt/f®0(t)dt. (I11.53)

Let us first find an expression for the integral of the laser fluence. We can rewrite (I11.43) as

(I)(t)—q)(t)L 19 ha+s-no. (I1.54)
ST TS DG  ocor ‘

Now we can do the integration which leads to

@ = f@(t)dt/f(bo(t)dt:w. (I1L55)
chDo(t)dt

Now we can use (I11.48) with Fi,, = Fy(t — oo) and the definition of Fs,t = hv/(0, + 0e) = hv/o to find

Equation: Saturation corrected gain

G(z) = Fsa‘ ln(1+G(z)

m

ex (F )—1]) (II1.56)
P Fsat ’

Comment:

Using a low input fluence Fj, < Fgy, this will simplify to the small signal gain formula (I11.34)

G(2) ~ Satln(1+G(z) ) (expx~1+x)

sat

}AG(Z)FK G(2) (In(1 + x) = x). (II1.57)

1.5 Yb:CaF, Fin/Fsat =0 Yb:FP15 — Fip/Fsat =0
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Fig. IIL.11.: Simulated correction of the small signal gain of Yb:CaF, (left) with a thickness of d = 11 mm and
Yb:FP15 (right) with a thickness of d = 6mm in a double pass setup for different input fluences Fi,
and constant inversion £.
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111.3.5. Reduction of the small signal gain

In the introduction of the saturation fluence Fg,t we claimed that for input fluences Fi,, = Fsat the small
signal gain factor g is reduced to 1/2 (CW case) or 1/e (pulsed case) of its initial value. For that let us
calculate the small signal gain, after one pass in the amplifier. For that we insert the Frantz-Nodvik
solution of the inversion f (I11.44) into the formula of the small signal gain Gy (I111.46)

[ d
Po(2) - P
R Nd"paf (p‘£+1+[S(t)—1]e((;(z))_’%q dz]
L 0
o Bo(2) - B
Z) — Pe
= exp | Ngopo 0 Zq dz
0 1+[S(t)—1]exp(Nd0p0 fo (Bo(2) = Beq) A2’
= exp af @ dz| with f(2) = By(2) — Peq, @ = Ngopo, b= S(t)—1. (I11.58)
J 1+b-exp(a-F(z)) P o

This integral is analytically solvable (notice that f(z) is the derivative of F(z)) and the solution is given
by
d
0 }
3 b+1 3 S(1) B GoS(1)
Cexp(—a-Fd)+b 1/Gd)+[S(H)—-11 1+GolS(H)-1]

Gl (d) =exp

—ln(l + %exp(—a-F(Z)))

(II1.59)

This is the same factor which appears in (I11.43) to describe the change in the photon density after
amplification.

Now we can have a look at the reduction of the small signal gain for an input fluence of Fj, = Fgat
which means S(¢# — oo) = 1 and plot the result as a function of the small signal gain Gy.

I I
06 — FlFg =1 — FlFg =1

— FlFst=05 || 1 — F/Fst=05 ||
— F/Fgqt =2 — F/Fg=2

g1/80 =In(Gy)/In(Gy)

gain factor gp = In(Gyp) gain Gy

Fig. I11.12.: Left: Reduction of the gain factor g = In(G) as a function of the input small signal gain factor g, for
different input fluences F. At F = Fgy; the small signal gain factor is reduced to 1/e of its original
value in the limit of g — 0. This corresponds to the often used definition of the saturation fluence.

Right: Reduction of the small signal gain G as a function of the input gain as a function of the small
signal gain.
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V. Resonators and seed sources

In any large high energy system, a crucial part is the so called “front end”. As this generates the pulses
that are sent to the amplifier chain afterwards, it also defines many parameters for the overall laser
system (though some might be influenced by the amplification process):

* pulselength t

* wavelength 1

bandwidth AA

* pulse shape

e temporal contrast

* maximum repetition rate

Furthermore, problems arising in this part of the laser will influence the whole system. In the follow-
ing, we will discuss different kinds of methods to generate the pulse of the front end. In this chap-
ter, we will have a look on the classical laser resonators and the basic principles to operate them in
nanosecond and femtosecond regimes or alternatively in longitudinal single mode (though we will
not go too far into detail here).

But first we will renew the knowledge about matrix optics, which we will regularly use in the follow-
ing chapters to describe the different kinds of laser resonators.

IV.1. Basics of the ABCD Matrix method

For now we will start with (par-axial) geometrical optics. We can describe an arbitrary ray of our beam
in any point z along the optical axis in a medium with refractive index n by its distance x from the
optical axis and its angle « with respect to said axis. This can be expressed by a vector:

r= ( . ) Iv.1)

na

If we now consider anything interacting with the beam, e.g. a lens or a translation in space, it will
alter the position and angle of our beam in dependence of its original set of parameters. As we are in
the par-axial approximation (tana = sina = a), we will only consider changes that are proportional
to these original parameters. This simplifies Snell’s law of refraction to n;a; = nya». In this regime,
any setup can be expressed by a system of linear equations with the proportionality factors A, B, C
and D, which can be compactified into a matrix notation

= r=

xX'=A-x+B-na A B
( )-r (IV.2)

!
a'=C-x+D na C D

Here are some basic matrices for standard elements we will often use [ST19, p.29]:
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IV. Resonators and seed sources

Equation: ABCD matrices
. . . . 1 din
propagation of distance d in medium 7, T= 0 1 (IV.3)
. . . . 1 0
thin lens/curved mirror with focal width f L=| 1 1 (IV.4)
f
. 1
refraction from plane surface n; to n, R= 0 m ) (IV.5)
np
. . 1 0
refraction at a spherical surface n; to ny, curvature R R=| m-n m (IV.6)
ny

If we now have a series of optical elements we can calculate the system’s matrix by a matrix multi-
plication of the individual elements (the sequence of elements has to be considered).

Example: Single lens with propagation
Let’s take an example to learn how to read an ABCD matrix: We assume a beam, which first prop-

agates some distance g then sees a lens with a focal length f and finally propagates again for a
distance b. We first calculate the system matrix M:

~ (1 By [1 ol g
M=T-L-Ti=|, 1) (—% 1) (o 1)
1—2 g+ _g_b
m=| [f gf (IV.7)
- 1__
f f

Besides being able to calculate the output ray of any input ray, what can we gain from M? Can we
get more information from the matrix? Yes we can!

Imaging

If we want to image something, our output beam position shall not be dependent of the angular
distribution of our input. Hence the B term of our matrix has got to be zero (c. f. equation (IV.2)).
In the case of our single lens this means:

gb
0=g+b-—=— =
f
This is now just the well known lens equation!
If we further want to know the magnification V of our image in comparison to the input, we just
have to look at the entry “A”, which is multiplied with our input ray position:

(IV.8)

S

1
=—+
8

-

b b b b
Va1 _Z_Z =2 (IV.9)
f g b g
Hence, we can directly read the magnification factor and the orientation of our image from the
matrix. This method can be applied to any optical system! Hence, we can calculate the image
plane position and magnification, which will be helpful later.
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IV.1. Basics of the ABCD Matrix method

Far field

An often required task is the determination of the so called far field (angle distribution) of a beam
(geometrical optics!). We can use our single lens to do this, but we might wonder where we have
to place the camera? To measure the angle distribution e.g. with a camera, we would need to see
it in position space. Hence, the position of our output beam should only depend on our angular
distribution, meaning A got to be zero:

0=—?+1 = b=f. (IV.10)

We see, that the far field will always be in focal distance of our lens. Here, the far field position
is independent from the distance between lens and the object plane (which is only true in the
geometrical optic approximation)!

Finally, we would like to know how we can read the actual angle from the beam size. This is
possible with the B parameter as (see equation (IV.2)):

x’(AEO)B-a:(g—g—b+b)-a
f
; gf ) x'
x=|g-—=——+fla=f-a => a=—. (IVi11)
(-5 +1)-a=1 7

Comment: Special matrix properties

As we have seen ABCD matrices are a very valuable tool for calculating optical systems and we will
use it from time to time. Finally, we want to mention some special properties of ABCD matrices:

— not commutative: My - My # M - M»

— associative: Ms - (M, - M) = (M3 - M) - M,

— determinant: det(M) = AD-BC = % or when no medium change is involved det(M) =1
. . (A B (D B . ..

—inverse system: M_ = ( c D) - M_ = ”_1( C A) (c.f. seminar for derivation)

IV.1.1. Stable Laser Resonator and ABCD matrix

If we consider a resonator, whose system matrix is represented by M, we would like to consider many
round-trips to allow for amplification. Hence we have to calculate:

A BY"
n _
M _(C D) . (Iv.12)
For this we use the transformation of the principal axis with the Eigenvalues x;:
A BY" A0
=w-|1 w! V.1
(& o) =W (3 x av1

Hence, for a stable cavity, the absolute values of the Eigenvalues 11,1, got to be < 1. We can calculate
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IV. Resonators and seed sources

them solving the characteristic equation:

0=det(M—A-1)
—(A_ - A+D A+ D)2
0=(A-A)(D-A1)-BC o M= Dy ( 22) ~
0=A%>-(A+D)A+ AD - BC

—_——

=1

1. (Iv.14)

And as follows from the determinant AD — BC =1 = 1;A,, the only real solution that fits our criteria
for a stable cavity is 1; = A, = 1. Alternatively we can allow for complex values. From this we obtain
the stability criterion:

Equation: Stability criterion of a laser resonator

=<1. IV.15
2 (IV.15)

A+D‘

We now want to consider a simple resonator design with two curved mirrors with radius of curvature
R; and R and distance L as shown in figure IV.1.

M_,

Fig. IV.1.: Top: Simple resonator design with two curved mirrors.
Bottom: Since curved mirrors and lenses are identical in the matrix formalism you can imagine the

curved mirror being represented by two thin lenses which inverse focal lengths add up ﬁ = % + /_1£

The focal lengths are given as fi,, = —%. We start with the resonator matrix of half a round trip. For
symmetry reasons we will replace the curved mirror with two lenses f = 1/R, that, together, have the
same refractive power as the curved mirror and we will start in the middle of them. Then M_. is given

by

M_. =Ly(Ry)- T(L)- Ly (Ry)

1 0\ (1 L) (1 0y (1+%& B B
G LE 2 e
Ry R & 82
Here, we defined the resonator parameters g1, g2 as
Equation: resonator parameters
L
gip=1+—. (IV.17)
Rij2
8181

Now we can use det(M) = g1 82 — BC = 1 to replace C = =:5— which then yields for a full round-trip
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in the resonator

IV.1. Basics of the ABCD Matrix method

If we apply our stability criterion we get:

B B
=gy P (e 2]
=5 8 \ZTp— &
28182-1  2Bg
M_-M_ = : . V.19
(281 (gégz 1) 2618~ 1 ( )
-1=2g1g-1<1 or 0=g1g=1. (Iv.20)

The stability criterion forms a hyperbolic region of stable resonators in a g; — g» diagram as shown
in figure IV.2. Some special cases can be found on the stability edges. But how can we apply this to
coherent beams? Such beams are not included in geometrical optics. But this matrix method can be

applied as well!

82

7 A.) Planar ] ]
. (R1 = Ry = 00)

B.) Symmetric confocal
(Ri=Rx=-1) Eg:

concave-convex

i C.) Symmetric concentric
! i (Ri=Ro=—-L/2) [=<]

D.) confocal planar

(R = ~L,R, = 00) I>[
E.) concave convex

(Ry < —L,Ry > 0) K>(

Fig. IV.2.: Resonator stability diagram: A spherical resonator is stable if the parameters g1/2 = 1+ L/ Ry 2 liein the
shaded regions delimited by the coordinate axes. the dark shaded area indicates concave resonators,
whereas the light shaded area contains conave-convex resonators. The resonator designs for each
case are shown on the right (the focal points are indicated with a black dot).
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IV. Resonators and seed sources

IVV.2. Stable laser resonator with Gaussian beams

In the previous section we have discussed criteria for a stable laser resonator. Now, we want to con-
sider, what kinds of electromagnetic fields can propagate inside such a cavity. We assume that the
light travels along the symmetry axis z of the resonator. The Helmholtz equation can then be approx-
imated for this geometry which yields different solutions (e. g. Gaussian beams or parabolic beams).

IV.2.1. Gaussian beams

The Gaussian beam is a solution for the par-axial Helmholtz equation

E(x,y,2)=0. (Iv.21)

.0 1 ( 02 02
+ —_—
0z 2k

0z " 2k\0x2 " 9y

|+

for a given wavelength A = 27” It describes the electromagnetic field for a propagating beam along its
propagation axis z and is very well suited to describe laser beams. The solution of the electric field is
given by

Equation: Gaussian beam

w 7 kr?
E(r,2) =E0—°-exp[——] ~exp[i(— +C(z)—kz) . (IV.22)
w(z) w(z)? 2R(2)
The variables are:
* Ep: maximum field strength on-axis * r: distance from the optical axis
* wy: beam waist radius (1/e field strength) ¢ R(z): wavefront radius of curvature

* w(z): beam radius at distance z from the waist * ((2): Gouy phase

In the following we want to give the definitions of the various parameters that characterize a Gaussian
beam.

Beam radius w(z)

The beam radius along the axis is calculated by

2 2
z ) Twg )
w(z)=wo-1/1+ — with z, = e (Rayleigh length). (Iv.23)

Zr
Hence we have a quadratic dependence of the Rayleigh length and the waist diameter. For large

propagation distances z > z, the beam radius depends linearly on z.

Radius of Curvature R(z)
The wavefront outside of the beam waist is curved. The radius of this wavefront is defined by:

2

Zr
1+—=|. (Iv.24)

R(z)=12z- =

Hence we have a minimal wavefront radius at z = z,.
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IV.2. Stable laser resonator with Gaussian beams

Gouy phase {(z)

Finally we have the Gouy phase, which induces a phase shift of a Gaussian beam compared to a plane
wave

((2) = arctan(zi). (IV.25)
r

All three beam parameters are summarized in figure IV.3 to visualize the propagation of a Gaussian
beam around its waist.

10

I N

2+ | — w(2) N

—{(2)
—_ 5
o)
o
S S
E 0 = 0
N
3
-5
-2
-10
—4 -2 0 2 4
zlzy zlzy

Fig. IV.3.: Gaussian beam parameters w(z),((z) and R(z). The phase front is shown with black lines. The limits
R(z) = zand w(z) = wyz/z, for z > z, are indicated by dashed lines. They form the beam divergence
angle 0, which describes the beam divergence in the farfield.

When we apply the formula of the Gaussian beam to a measured profile like a camera image, we have
to use the beam intensity. As I o« E?> we can write for the intensity:

Equation: Intensity of a Gaussian beam

w(z) 2r?
1(z) = IOW . eXp(—m). (IV.26)

IV.2.2. Stability condition and g-Parameter
In the following we will use a single complex beam parameter g to describe our beam:

q=2z+iz,. Iv.27)
The g-parameter contains the Rayleigh length (diffraction parameter) and the distance z to the beam

waist. With this parameter, a direct application of our ABCD-matrix is possible by using [Kog79, p.179]

_ 6]1A+B

= (IV.28)
q1 C+D

q2

If we now consider our resonator, we would be able to do an infinite number of round-trips, without
changing our beam. Hence the beam parameter should reproduce after every round-trip. Hence:

qqu+B 0=¢°C+q-(D-A)-B
qC+D
D-A [(D-A2 B
T YOG
__D-A 1 eeTacE
ql/z——Yi% (D—-A)~+4CB (IV.29)

63



IV. Resonators and seed sources

As AD - BC =1 we get:
A-D

— —+—\V(A+D)2-4 (IV.30)
2C ~2C

qi2 =
As there is only a Gaussian beam as long as z;, is not zero (g needs to be complex) we can find a
stability criterium for a Gaussian resonator by demanding:

|A+ D]

(A+D)?>-4<0 <1. (IV.31)

Comment:

1. If we calculate a resonator starting at a plane end mirror, we will always get an imaginary g
meaning we are positioned at the beam waist.

2. Besides the basic Gaussian mode, higher order modes are equally a solution for the res-
onator. Those modes are generally larger than the ground mode and have higher refraction
losses (but nevertheless can still start to oscillate). Hence, they can be suppressed e.g. by
introducing losses for larger beam diameters (c. f. mode apertures).

3. In some cases these modes are also welcome, e.g. to generate a rather tophat like beam
profile. In high energy resonators for example Gaussian mirrors are used to purposefully
generate higher order modes, in order to achieve a better match between pump and ex-
tracting mode (c. f. chapter IV.3.2).

IV.2.3. Limitations of beam size

To conclude this chapter we want to show the constraints of a stable cavity in relation to the size of
the beam waist wy. As we would like to amplify our laser pulses to high energies, we would like to
increase the beam size in order to keep the fluences below the laser induced damage threshold. The
beam waist radius gives us an upper bound on the fluence we might encounter inside the cavity. Let
us take a look how we can calculate this for a symmetric cavity R = |R;| = |R2|. We use the fact that
in a stable cavity the radius of curvature on the mirror surface R(z) must match the mirror’s radius
of curvature. Furthermore, the beam waist is positioned in the center of the cavity, therefore we can
demand R(L/2) = R which gives us

L L 472
R(E) (Iv.24) 5(1 N L_Zr) Lp (IV.32)

We can solve this for the Rayleigh length z, and find an expression of the beam waist radius wy

R-L 1I?
2= = = wd) (23) \/%zr(L) - ¢% VIL2R-1L). (IV.33)

From this we can formulate a scaling law of the beam radius as a function of the cavity length (for a
fixed ratio R/L):

Equation: Beam size scaling law

AL [2R
woox VA-L with wp(L) = 2—\/7—1. (IV.34)
b/

In order to have a stable cavity, ratios of 0.5 < R/L < co are needed. We have plotted the size of the
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‘ 10 F T =
—— L=2m 8l |
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Fig. IV.4.: Left: Beam waist radius wy as a function of the ratio R/L for a fixed cavity length L at 1 = 1030nm.
Right: Beam waist radius wy as a function of L for a fixed ratio R/L.

beam waist for different cavity lengths L and ratios R/L in figure IV.4. We observe that that the beam
waist ratio increases for larger ratios R/L. However, we cannot increase this value arbitrarily, as the
cavity is pushed towards the edge of the stability region. Thus it becomes more and more difficult
to align properly for larger values of R as it becomes more sensitive to external perturbations like
mechanical vibrations or temperature variations. Therefore, the only reasonable solution would be
to increase the cavity length L. Suppose, we want to amplify pulses up to 10] with our system, but
the damage threshold of our optics is around 10Jcm™2. Then, we would have to use a cavity of more
L > 100m, which is not feasible in the lab. Therefore, stable cavities cannot be used for high energy
scaling.

Key point: Stable resonators

* A stable resonator allows the propagation of Gaussian beams - a solution of the par-axial
Helmholtz equation, which can be described by a beam radius w(z) and a radius of the
curvature of phase fronts R(z).

¢ The propagation of Gaussian beams can be modeled using the g—parameter q = z + iz;.

¢ The supported beam waist radius wy increases with the square root of the cavity length L
for a fixed ration R/L. Larger beam radii require a quadratic increase in cavity length.

e Stable cavities are only feasible for output energies < 100 mJ, otherwise the damage thresh-
old is reached inside the cavity.
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IV. Resonators and seed sources

IV.3. Unstable Cavities

As we have seen in the previous section, it is difficult to achieve large beam sizes in a stable cavity.
To go beyond certain thresholds in energy, we can either give up the monolithic resonator and use
different power amplifier schemes (c. f. chapter V.2) or give up the stability criterion which leads us to
the unstable cavity.

In contrary to a stable cavity, an unstable cavity does not require that the intra-cavity beam is re-
stored after each round-trip. Instead, the criterion for constructive interference of the laser-mode
is:

The wavefront radius must be restored after each round-trip.

Besides this, the actual beam diameter can be expanded or reduced over the round-trips. The latter
possibility is ruled out due to diffraction effects limiting the reduction of the beam diameter. The
main advantage of such design is that in principle the beam diameter has no upper limit and there-
fore, high energy pulses can be generated directly in the cavity.

We will discuss the basic design rules for such layouts in the following.

IV.3.1. Hard-edge resonator

For a start we will assume a so called hard-edge unstable resonator:

* The output coupling is achieved by clipping on the aperture of one of the resonators end mir-
rors, which creates a hard edge in the output profile.

Output profile is normally a ring/doughnut shape.

The "stable mode" is a spherical wave that is magnified during the round-trips.

* The mid-point of the spherical wave is somewhere on the optical axis.

We use the matrix formalism to describe the cavity:

(fr/) B (2 g) ' (Z) (IV.35)

The radius of curvature is obtained within the small angle approximation with:

X
Rz~ — (IV.36)
a

Hence we can describe the evolution of the spherical wave radius by:

1 o _Cx+Da C+DIR

- - = = (Iv.37)
R x' Ax+Ba A+B/R
The radius of curvature got to be maintained, therefore R = R'. We get:
1 C+DI/R
R A+BIR
A B D
—+—==C+—=
R R? R
B A-D
0=—+ -C
R? R
1 D-A D-A\? ,
= = +— usingg AD-BC=1
Ry, 2B 2B
1 1|D-A A+D)\?
== -1 (IV.38)
Ry B| 2 2
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IV.3. Unstable Cavities

The Ry, represent the forward and backward propagation direction. As we need a real value for the
radius of curvature, we obtain the opposite criterion to equation (IV.31):

A+D

>1 (IV:39)

A further very important parameter of an unstable cavity is the magnification per round-trip which is
directly obtained by:
, x B
xX=Ax+B-a = M:—:A+E. (Iv.40)
X

Now, having the unstable cavity condition and the key parameters, many versions of such cavity can
be thought of. In practice mostly cavities based on two mirrors similar to the configurations shown
in figure IV.5 are used. These setups are con-focal, meaning that the cavity length L is given by:

2L=R;+ Ry (IV.41)

The magnification of these systems is:

Equation: Magnification of an unstable resonator

M= (IV.42)
Ry

The reason for this, besides being relatively simple, is that such setup generates a collimated output
beam which is suited well for energy extraction in a long gain medium. Hence, one of the results for
equation IV.38 will be 1/r = 0 for the wavefront radius.

: |

Y
\

: pe=Sasi

> >
> >

A\

Fig. IV.5.: Practical unstable resonators: a) positive branch confocal; b) negative branch confocal resonator
layout. Adapted from [Mor97, p.830].

The major disadvantage of these cavities in their original layout is, that the output beam will be
doughnut like, which is often not desired. Especially, due to the sharp edges strong diffraction will
deteriorate the beam profile as well. However, it has to be mentioned that the output beam wavefront
is typically very good. This originates from the fact that the basic "mode" generated by such cavity
is a plane wave, corresponding to an infinitely large Gaussian TEMyy beam, which is just spatially
truncated. Furthermore, the mode discrimination with respect to higher order modes is typically
quite large.
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IV. Resonators and seed sources

IV.3.2. Graded reflectivity mirror resonator

Hard-edge diffraction is a major issue in unstable resonators as it involves scattering energy into the
de-magnifying part of the wave, which leads to energy loss and focal spots inside the cavity that might
destroy the setup. We can solve this problem by introducing a so called Graded Reflectivity Mirror
(GRM) as the output coupler. Such a mirror exhibits a reflectivity profile Rgrm corresponding to a
super Gaussian distribution of the Gaussian Order (GO) with a maximum reflectivity Ry on the optical
axis:

x| 260
Rgrm(r) =Ry - exp(—Z( ) ) (Iv.43)
WGRM

Here, wgrw is the 1/e?-radius of the reflectivity profile. Assuming a spatially constant gain, the out-
put beam’s intensity profile as function of the distance to the optical axis I(r) of such cavity can be
calculated by just adding up the reflected intensities of many (in principle infinite, but the intensity
distribution will converge quite fast) successive round-trips, while applying the according magnifica-
tion in each cycle, starting with homogeneous intensity distribution with the intensity I:

s Rcrm (ﬁ)
nM=I- [ —— (IV.44)
k=1 Ro
We use equation IV.43:
)Z-GO

oy T Z(W
Iin(r) =Ip l_[e

k=1
i r 2:GO i v X
Lin(r)=1Ipexp |—2- (—) with xf=—
" i=1 \ wermM* k= 1-x
in(r)=1Ipexp|—-2- .
in 0€xXp WGRM MZ'GO—I
. 2.GO
Iin(r) =Ipexp | -2- )
werm - (M2GO —1) 760
2.GO
r . 2GO 1
Iin(r) = Ipexp |-2- w_) with w; = wgrm - (M —1)260 (IV.45)
i

Here, we indentified w; as the intra-cavity intensity distribution, which has a slightly larger radius
than the GRM’s reflectivity profile. The intra-cavity intensity profile will as well resemble a super
Gaussian beam distribution. However, due to the size mismatch, a high R, value will result in a sup-
pression of the central part of the output intensity profile, which is obtained by multiplying equations
IV.45 and V.43

Iout(r) = (1 = Rgrm) * fin (1)

2:GO r\2GO
l—RO'exp(—Z( ) ) —2~(—) .
WGRM Wi

A condition to avoid the central part suppression, a so called flat top condition is obtained by set-
ting the second derivative of the output beam intensity at r = 0 to zero, such that there is neither a
maximum nor a minimum in the center. One obtains:

=1y exp (IV.46)

1

Ry < VTR (VA7)

The resulting output beam profile for different values at a given magnification M = 1.3 and GO =2 is
given in figure IV.6. Here, the flattop condition is reached at Ry = 35%.
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Toue (1)

1/ WGRM

Fig. IV.6.: Output beam profile for different values of Ry according to equation (IV.46). The values of magni-
fication M = 1.3 and Gaussian order GO= 2 are fixed such that the flat-top condition is fulfilled for
Ry =35%. Adapted from [Mor97, p.838].

The feedback F of the cavity per round-trip, which in the end is to be balanced with the round-trip
gain Gy is given by:
M2

R
F=—2 and Gy=—. (IV.48)
M? Ro

Due to the flattop condition this so far limits unstable cavity designs to high gain laser media, espe-
cially for higher values of GO. (M cannot be made infinitely small due to stability issues. Good values
are typically = 1.3).

IV.3.3. Gain modulation resonator

The graded reflectivity mirror resonator has the disadvantage that the GRM has to be tailored exactly
to the setup of the laser resonator, i.e. customarily designed for each setup. Therefore, we want to
look at a different approach of using a spatially tailored gain profile instead of a GRM [Ko6r+19]. The
basic working principle is similar, but instead of introducing additional losses at the beam edge to
limit its spatial extension, a spatially confined gain area introduces a gain-modulation in the beam’s
center.

We start by assuming a super-Gaussian double pass gain distribution G(r) analogously to the GRM
profile with an offset of 1, which considers that there are no losses outside the pumped region

)"
2. —
Wg

Here, wy is given as the 1/e* width of the double pass gain distribution. The intra-cavity intensity can
be calculated using a sufficient number of terms of the product series

G(r)=(Gp—1exp +1. (IV.49)

oo G(L) oo GO
MF 1 r 1
Iin(r) =1 =1y (1——) exp|—2 +—
" IQO Go IEO [ Go wgMFk Go
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IV. Resonators and seed sources

If we assume a steep edge of the gain distribution, we can transform this product into a sum where
each summand is defined by the lowest k exponential term contained in the product, as all higher
order terms will not significantly contribute as their diameter is greater and thus they will not add
additional structure inside the flat top area. Then we will find an approximation:

’ GO
22—
( ngk+1 )

The resulting output profile I,y = Ry - Iin has to be calculated numerically and will resemble a step

pyramid as shown in figure IV.7.

0 0.5 1 1.5 2 2.5 3 circular square hexagonal

x 1
n(M=1Ip ), [(I—G—)eXp

k=0 0

: ik] : (IV.50)
GO

1

=4
Rp =0.8

GO

0.8}

0.6 -

Touc(r) /1o
GO =16
Rop =0.8

16

0.2

Ry =0.25

GO

Fig. IV.7.: Left: Output intensity I,y for a cavity with M = 1.4. For the solid graphs, the reflectivity of the output
mirror was kept constant Ry = 99 %, while the Gaussian order of the gain distribution was varied. The
dashed lines show a GO = 2 with varied reflectivity Ry.

Right: Simulated output intensity profiles for differently shaped gain distributions (circular, square,
hexagonal) with M = 1.4 and different GO and Ry. Taken from [Kor+19].

Contrary to GRM layouts, an output coupling via an end mirror is not necessary without losing the
intra-cavity shaping mechanism. This opens the possibility to use a variable output coupler, e.g. an
electro-optical switch in combination with a polarizer and a waveplate to use the unstable cavity in a
cavity dump operation mode or as an regenerative amplifier (c. f. later sections).

Additionally, this shaping mechanism will work for all shapes of tophat beams, as long as the inten-
sity is decreasing monotonously from the center to the edges (c. f. figure IV.7 right). This covers shapes
commonly used for homogenized laser diode pump beams like rectangular or hexagonal profiles.

Key point: Unstable resonators

¢ In contrast to a stable cavity, only the wavefront radius (not the beam radius) must be re-
stored after a round trip in an unstable cavity.

¢ The magnification of the beam size is given by the ratio of the radius of curvature of both
cavity mirrors.

* The most simple setup is the hard-edge resonator, which produces a doughnut like shape
with sharp edges that will diffract and may deteriorate the beam profile.

¢ The beam profile can be improved by using graded reflectivity mirrors (Gaussian reflectiv-
ity profile) or by tailoring the shape of the pump beam (gain modulation resonator).
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IV.4. The Active Cavity

We now know how to establish a cavity which allows to achieve multiple round trips with ideally no
losses. During each round trip there are basically four processes to be considered:

* Amplification: In an oscillator under CW operation no alteration in the inversion occurs. Hence,
we can assume small signal gain (c.f. equation (II.34)) in a homogeneously inverted laser
medium:

1= 1Iy-exp(Naop(@ef—0a- (1)) -d) =Iy-e8* (IV.51)

* Output coupling is realized through the reflectivity R; (or transmission 7; respectively) of an
output coupling mirror or other element in the cavity

R=1-T). (IV.52)

* Amplification losses « that are linked with the amplification process .

* Round-trip losses 6 ,,, which can be modeled with a limited reflectively R, of another resonator
mirror:
Ry=1-6p. (IV.53)

For a laser cavity running in a stable regime, all these contributions have to be balancing each other
and therefore we obtain the lasing condition:

RiR,- e84 =1
= gd=ad-In(RR;) with Inl-x)=-x
gd=ad+6,+T
gd=6+T with 6:=da+6,,. (IV.54)

As 6,, and T can be assumed to be small we can approximate In(R;) and In(R») by using the according
Taylor series up to the linear term. Furthermore, we replace the loss terms with a common variable 6.

Cavity time constant

We can derive the common parameters that describe a resonator’s feedback. The first one is the cav-
ity’s time constant 7., which is defined as the ratio of the resonators round-trip time ¢, = 2L/c and the
relative loss per round-trip e = T + §:

t 2L

Tc e (IV.55)

Tc=
Quality factor

Another often used parameter is the so called quality factor Q defined as 27 times the ratio of energy
stored in the cavity Egore and the energy dissipated in a round-trip Egjss:

Estore 2n

Egiss 1 —exp(—i)’

Tc

Q=2m-: fort, <7, Q=2mT,V. (IV.56)

For us the most interesting thing is how to dimension the output coupling of our laser cavity. There
are two competing mechanisms:
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IV. Resonators and seed sources

* The efficiency of our laser is strongly linked with the relation of losses 6 to the output coupling
T. The higher T is in comparison to 6 the more of the actual gain is transferred into output
power.

* Increasing either losses or output coupling demands a higher gain coefficient g. According
to (IV.51) this again requires a higher inversion density, which is proportional to the emitted
fluorescence power. Due to this the portion of extracted power is reduced.

We cannot infinitely increase the output coupling to get a higher efficiency. Hence, there has to be an
optimum output coupling level. To analyze this, we need to introduce the saturated gain coefficient
in CW operation (compare with (I11.16)) [Koe06, p.109]

8o hv

=————— with [gi=—. V.57
1+ Iin/ Isat sat (Oat+0e)Ty ( )

g

Combining this equation with the lasing condition (IV.54) and solving for I;, gives us a formula for
the intracavity intensity

-d
Iin = Isat(@ - 1) (IV24) Isat(go— - 1)- (IV.58)
g 6+T

Then we can calculate the output intensity I,y by noting that I;, at the output coupler consists of a

forward and backwards propagating wave, where the forwards propagating intensity Iforward := I is

impinging on the output coupler and the backwards propagating wave Ipackward := I - R is reflected.

Then we find by using the exact relation for the output-coupling T — —InR

1-R avse) (1-R 0-d
)Iin = ( Isat( §

Ln=I+I-R=(1+RI = Iy=0-RI=|—
" a+8 our = (1= R) (1+R 1+R) 6 -InR

- 1). (IV.59)

In figure 1V.8 a general plot of the intra-cavity and output intensity can be seen. The optimum reflec-

tivity of the output coupler could be calculated by differentiating (IV.59) and setting it to zero. The
. S . s 1-R 1

resulting equation is not solvable, however, by using the approximation {75 ~ —5In R we can find the

maximum as [Koe06, p.121]:

Equation: Optimum output coupling of a CW oscillator

-d
In(Ropy) = [ 1- gOT .5 (IV.60)

As inversion and gain are pinned to a fixed value by the laser condition (IV.54), an increase in the
pump-rate above the laser level will (at least in the first approximation) not alter the inversion. Hence,
the intra-cavity and output intensities will increase proportional to the pump rate (of course, this is
disturbed by thermal effects for high powers). The slope of the output power vs. input is the so called
slope efficiency of a laser.
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Fig. IV.8.: Laser output intensity I, (IV.59) and internal flux [;, (IV.58) as function of output coupler reflectivity
for Isa =2.9kWem™2,g9-d =1,6 =0.1.

Relaxation Oscillations

So far we have only discussed the steady-state behaviour of laser oscillation. Now, we want to discuss
the temporal evolution of the intensity within the cavity before the just discussed stable operation is
achieved:

* When the pump is switched on, the inversion (and gain) starts to increase, but still is insufficient
to allow laser oscillation.

* As soon as the threshold (the inversion for stable operation) is reached, the fluorescence light
caught in the cavity starts to oscillate and is amplified. Hence, the intra-cavity intensity rises
exponentially.

* As the intra-cavity intensity is still to low to balance the pump excitation due to extraction the
inversion increases beyond the equilibrium inversion.

* The intra-cavity intensity reaches its level for stable operation, but as the inversion is higher as
in the stable mode, the intensity increases further.

* As the intra-cavity intensity is now higher than in the balanced case, more energy is extracted
and the inversion reduced.

* As soon as the inversion threshold value is reached, the intra-cavity intensity no longer in-
creases.

* As the intensity is now above the balance value, the inversion is further reduced below the
threshold, resulting also in a reduction of the intra-cavity intensity as 6 and output coupling
are not sufficiently compensated by the gain.

* Assoon as the extraction is again low enough, the inversion is again increased by the pump.

* Now this process repeats itself with decreasing amplitude giving a time-pattern as shown in
figure IV.9 which is called spiking.
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Fig. IV.9.: Spiking behaviour of a laser resonator recorded with a photo diode, detecting the leakage of the intra-
cavity intensity.

IV.4.1. Q-switch operation

So far the oscillators we discussed do not generate high intensities. This is because continuous opera-
tion will limit the peak output power. Nevertheless the spiking, namely the first spike is already pretty
interesting. As the intensity is higher the larger the initial inversion overshoot is, we can proceed by
stopping our cavity from starting a laser oscillation, until we achieved the highest inversion we can
get. Then we let the spiking begin and only use the first spike, which will be a giant impulse. But
how can we achieve this? If we do nothing, the inversion is limited by the threshold (and a bit by the
available pump power). We need something that blocks our cavity (i. e. reduces the quality factor Q
by increasing losses) until we are ready. This can be done by:

e Mechanical elements:

We could either use a shutter or rotating chopper wheel to mechanically block the beam or use
arotating optic, e.g. prism to control the cavity losses.

Though this seems rather simple, it is very complicated to achieve a stable and predictable
operation. Furthermore, mechanical devices are mostly way to slow.

e Electric Polarization switching and polarizer:

Using a polarizer, only one polarization is allowed to travel around in the cavity.

The switching element controls whether the polarization is turned (resulting in high losses at
the polarizer) in every round-trip or not (low loss cavity).

Switching is typically realized with a Pockels cell: This is a birefringent crystal, who's refractive
index difference in the two axes is dependent on an external electric field. Hence, by setting an
external voltage to the cell, we can determine whether it does nothing, or induces a phase shift
according to the applied voltage. As a phase shift of 1/2 corresponds (with according alignment
of the crystal axis) to a polarization rotation of 90°. A schematic example can be seen in figure
IV.10. Such electro-optical switches allow a very fast switching (nanosecond range) in a very
controlled manner, which is mainly linked to an external trigger system. The drawbacks are the
needed active synchronization, and high voltages involved which make these approach rather
expensive and complicated.

* Acousto Optical Modulator (AOM):
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Fig. IV.10.: Q-switch operated linear cavities using an electro-optic Pockels cell in quarter wave (top) and half

wave configuration (bottom). The polarizer under 0° is not necessary for polarized laser radiation.
Top: Pulse-off Q-Switch. The Pockels cell is located between a polarizer and a rear mirror. During
the pump process, the quarter-wave voltage is applied, such that any radiation is ejected by the
polarizer. Finally, the cell is switched off, permitting a build up of oscillation within the cavity.
Bottom: Pulse-on Q-Switch. The Pockels cell is located between crossed polarizers. During the
pump process, no voltage is applied to the cell. Finally, the half-wave voltage is applied, which
causes a 90° rotation and thus allowing oscillation.

Here, the modulator redirects parts of the beam out of the stable cavity by defraction on a vol-
ume grating that is generated by a standing acoustic wave in a transmissive optical element.
This generates a density modulation and finally a refractive index modulation that acts like a
grating, which induces refraction.

The advantages are similar to the ones of a Pockels cell, though instead of a high voltage, a
frequency has to be handled. Futhermore, no polarizers are needed as the beam is refracted
by the AOM. Limitations are given by the speed of sound for larger apertures, which limits the
switching speed. Also, the switching efficiency is lower.

¢ Passive elements:

Q-S

This is typically realized with a so called saturable absorber, which absorbs lower intensities
and gets transparent for higher intensities. Therefore, the losses are higher for lower intensities.
Materials used for such elements are e. g. Cr:YAG.

The main advantage is that such an element needs no active synchronization, but therefore it
has to be accurately dimensioned from the beginning on, as there is no real way of adjusting.
Additionally, the passive synchronization leads to temporal jitter.

witching procedure

For a standard Q-switch the temporal procedure is as follows (c. f. figure IV.11):

1.

2.

3.

The cavity is in a blocked state (Pockels cell is off) and the pump is switched on.
The inversion f increases, but no photon field is present.

When the maximum (or desired) inversion is reached, the Pockels cell is switched on. The cavity
is now open and has a predefined corresponding output coupling level.

Now, the process is identical with the spiking process, only, that as the gain is much higher, the over-
shoot and hence the output pulse is much bigger. According to this, we can find some characteristics

fort

he Q-switch pulse:
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Fig. IV.11.: Temporal procedure in a Q-switch laser (adapted from [Koe06, p.489]).

* Theleading edge is increasing exponentially according to the gain achieved in the laser medium.

e The trailing edge decreases exponentially, according to the combined output coupling and
losses.

* Hence, the pulses will be shorter the higher the gain of the active medium and the shorter the
cavity (round trip time, or amplification steps per time) is.

IV.4.2. Cavity Dump

Another way to achieve a nanosecond pulse is the so called cavity dump which is very similar to the
normal Q-switch, but needs two switching operations (on and off) from the switching element. It
works as follows:

In the beginning of the pump cycle the cavity is blocked (Pockels cell is off).

When the target inversion is achieved, the Pockels cell is switched on, which in contrary to the
classical Q-switch results in a "perfect” cavity, i. e. that the output coupling will be zero.

As there is no output coupling, the power evolving in the cavity according to the spiking proce-
dure is trapped in the cavity, while only the losses reduce the stored energy.

When the highest amount of stored energy in the cavity is achieved, the Pockels-cell is switched
off, which leads to a 100 % output coupling, releasing the stored energy from the cavity at once.

Pulses generated by this method typically have the same length as the cavity round trip time (as long
as the switching of the Pockels-cell is fast enough). The pulse shape also reflects this as the edges
are given by the falling edge of the the Pockels cell switch, while the plateau of the pulse is rather
constant.
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IV.4.3. Mode Locking

So far the lower limit for pulse lengths generated by a laser oscillator is merely the length of the cavity.
For achieving ultrashort pulses shrinking the cavity length is not enough when we talk about sub pico-
second pulses. Therefore, we need a another scheme to generate such pulses. The basic principle is
that we will reduce the round-trip losses for shorter or more intense pulses either actively or passively.

Key point: Types of mode locking
e active modulation:

- We can use a fast switch, e.g. an AOM that switches with a repetition rate that corre-
sponds to the round trip time of our cavity, with an opening time as short as possible.
The cavity will only be a low loss cavity for a short pulse traveling around in the cavity.

¢ passive modulation:

— A saturable absorber with a short time constant (less than the round trip time) is used
which provides a lower loss, if the energy in the cavity concentrated in a short pulse.

— Kerr lens: Due to the dependence of the refractive index on intensity (n = ng + ny - I)
this effect can be used to introduce a lens in the cavity that is only there for high
intensities (short pulses). If the cavity exhibits lower losses with this lens as without,
we achieved our goal.

- With some fantasy also other nonlinear optic effects can be employed to modulate
the losses in dependence of the intensity (e.g. second harmonic generation).

In most ultra short pulse lasers passive methods are used, as they are much faster than an active
modulation, and hence allow for shorter pulses.

So now we know how we can build a cavity, that is essentially better suited for an ultra short pulse
than for continuous operation, but how can we obtain such a pulse? The answer is pretty simple: It
will just happen. A disturbance of such a laser e.g. by small knock on one of the mirrors, will lead
to intensity fluctuations, which will finally develop to an ultra short pulse, which gets the higher gain
per round-trip compared to the continuous operation, and hence, will win against it (c.f. Kerr lens
mode-locking). As soon as this has happened, an ultra fast pulse is travelling in your cavity and a
part of it can be coupled out in every round-trip. In contrary to the nano-second sources such a laser
source is operated continuously, as the once generated pulse should be preserved. The repetition
rate of such a laser is given by the round-trip time in the cavity. Hence, a longer cavity with the same
average output power will result in a higher pulse energy.

In the final step to an ultra fast laser we consider that the pulse length is connected to the spectrum
via Fourier Transform (FT), meaning the shorter the pulse length the broader the spectrum has to be,
which is represented by the bandwidth limit (assuming a Gaussian with pulse duration At (FWHM)
and spectral width Av (FWHM) here):

Equation: Time-bandwidth product

2-In2 0.441 A? A?[um?]
> At=—""— =1468fs————. (IV.61)
Cc

AtAv =
tav AL AA[nm]

Furthermore, two things have to be considered:

* To achieve a short pulse from the bandwidth available, the different wavelength have to be in
phase, otherwise interference would prohibit any short pulse (cf. figure IV.12).
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Fig. IV.12.: Top: Phase lock dependence for a mode locked pulse. The spectral intensities have a Gaussian
distribution, while the phase is zero. This results in a fourier limited gaussian pulse in the time
doimain. Bottom: Signal of a non-modelocked laser. The spectral intensities I(v) are Rayleigh dis-
tributed around the Gaussian mean, the phases are random. This results in a temporal structure
characteristic to thermal noise.

* As we will have a considerable bandwidth for an ultra short pulse, every material will intro-
duce an optical path difference due to dispersion. This would lead to a de-phasing of our ultra
short pulse and therefore destroy it. Hence, compensating measures have to be taken in the
cavity. This can either be a prism pair (e.g. see figure IV.13) or chirped mirrors. The latter are
thinfilm optical systems with layers of different thickness, allowing the reflection of different
wavelengths at various depths in the optical system.

Today, the preferred manner of femtosecond pulse generation is passive mode-locking via the Kerr-
lens effect or by means of a SEmiconductor Saturable Absorber Mirror (SESAM). Figure IV.13 depicts
the setup of a Kerr-lens mode-locked Ti:sapphire laser. Mode-locking can either be achieved by hard
or soft aperturing. For hard aperturing we insert a simple slit inside the cavity which blocks light
which is not located on the optical axis. If the intensity is higher, the light is focused in the Kerr-
medium which leads to a smaller beam diameter. For soft aperturing we design the cavity in such a
way that the beam overlaps only with the spatial gain profile of the active medium when we have a
pulse inside the cavity.

Output coupler /
[ "

- <

Ti:sapphire

R,

slit \
pump beam

Brewster-angled
prism pairs

Fig. IV.13.: Example layout for a Ti:Sapphire femtosecond oscillator using (hard edge) Kerr lens mode locking
and a prism pair for compensation of Group Velocity Dispersion (GVD) in the Ti:Sa crystal. (adapted
from [Kra+92]).
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IV.4.4. Single Mode Operation

After discussing short pules lasers as seeds for an amplifier system, it might at first sound a bit awk-
ward to discuss single mode lasers, which are more linked to continuous wave operation. But there is
one thing we have not included so far: If we have a nanosecond oscillator the emitted pulse is not a
spectral single mode, in most cases it is a very large number of single modes. Now all these modes are
not locked in phase to each other, but are at least partly coherent. This means that these modes will
interfere with each other resulting in modulations in the temporal pulse shape. This can be avoided
using a single mode laser either in pulsed form or as continuous wave laser where one cuts out a
nanosecond pulse from the laser beam which is then amplified.

So how does it work? At first we should understand how longitudinal multi-mode operation is
generated within a laser:

* The mode separation in a laser is given by the accepted modes of the cavity, where the con-
straint is that the wave is reconstructed after one round trip (otherwise there will be destructive
interference):

An=2Z or va=2 (IV.62)
n 2L
Hence the separation of two neighboring modes is:
c

Av=—.
2L

(IV.63)

In an cavity of 1m length and a wavelength of 1 um this is an approximate separation in wave-
length of only 0.5 pm.

* As the mode separation is so low, there are typically many modes having approximately the
same gain according to the spectral characteristics of the laser medium, which is hence not
sufficient to select out a single mode.

» This is why several modes are above laser threshold, resulting in a multi-mode operation. This
is further worsened as due to interference with itself in a standard cavity, a single mode can
spatially only use part of the inversion (spatial hole burning).

Hence to achieve single mode operation we have to select out a single mode and increase losses for
all other modes:

» Using extremely short cavities, e.g. micro chip lasers: This increases the mode spacing and may;,
if the gain curve of the material is tight enough be sufficient to achieve single mode operation.
For most Ytterbium materials this is not sufficient because of a wide bandwidth, but it works
e.g. for Nd:YAG.

* Dispersive elements can be included in the cavity as Prisms or gratings, though the spectral
separation is often not sufficient and the losses e.g. in case of the grating are rather high. Such
techniques are used e.g. for diode lasers.

» Etalons (see e.g. https://lightmachinery.com/optical-design-center/etalon-designer/)

* Lyot filters (using the wavelength dependence of the birefringence to select out a wavelength
that is not influenced by this element, while other wavelength get a phase shift, which in com-
bination with a polarizer results in losses)

As single mode sources are often more stable if operated in a continuous mode, one has to think of
how to obtain a nanosecond pulse for amplification. Here the switching devices discussed for Q-
switching, especially electro-optic and acousto-optic devices allow to cut out a pulse. Nowadays,
more sophisticated electro-optic modulators even allow to shape arbitrary pulse shapes with a tem-
poral resolution of down to 100 pico-seconds.
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In the past chapter we learned how to generate basically any type of pulse. Nevertheless, the achiev-
able output energy is limited for short pulses. In case of pulse pumped nanosecond operation the
energy is limited by the feasibility of large cavity modes and the reduced efficiency because of the
losses introduced by the mandatory switching elements. In case of ultra fast operation (mode lock-
ing) the high average power introduced by the intrinsic high repetition rate also limits the available
single pulse energy. Hence, the only way to achieve high energetic pulses is to amplify the pulses
coming from a seed source in an amplifier. In the following we will discuss several solid state ampli-
fier layouts. Though most of the things described can be generalized, we will assume end pumped
lasers.

V.1l. Regenerative amplifiers

In case of lower output energies and where high gain is needed, a so called regenerative amplifier is the
type of choice. Such amplifiers are typically identical to a cavity dumped oscillator (c.f. figure IV.10).
Instead of using the cavity to generate a pulse starting from the fluorescence light, a seed pulse is
coupled into the cavity.

In the example in figure V.1, a pulse is coupled into the cavity via a Thin Film Polarizer (TFP). Using

pump
Y

Yb:FP15 glass

adaptation
telescope
curved mirror )
R=5m Optical
diode

H % TFP
Output Input

Fig. V.1.: Schematic layout of a typical regenerative amplifier. The input and output coupling is done via reflec-
tive TFPs which reflect s-polarized light (at 66° angle of incidence) and transmit p-polarization. The
angle to the curved mirror is as small as possible to minimize astigmatism effects. The angle towards
the pump mirror is also small such that pump beam and amplified pulse travel nearly collinearly. To
match the size of the cavity mode, an adaptation telescope is inserted. Furthermore, back reflections
are suppressed by an optical diode where the role of the second polarizer is fulfilled by the input TFP.
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reflective polarizers like TFPs is preferable to polarizing beam splitters like Glan-Taylor polarizers, as
there is no material dispersion in the reflection case. Due to a pass through the half wave plate the
polarization is turned 90° and the pulse is reflected at the second TFP proceeding to perform one
round trip. Then, the polarization is turned again by passing the half wave plate and the pulse is
coupled out. If the Pockels cell is switched on while the pulse is within the cavity, the effect of the
half wave plate is canceled. Hence, the pulse will be trapped within the cavity. Now the pulse can
do an in principal infinite number of round trips extracting energy from the active medium. As soon
as the Pockels cell is switched off again, the amplified pulse is coupled out. The off switching of the
Pockels cell is typically synchronized to the point in time where the round trip losses are balancing the
amplification to achieve maximum output energy (in pulse pumped mode for single pulse operation).

Comment: General remarks on regenerative amplifiers

o Cavity length:

- To avoid truncating the pulse, the cavity length has to be at big enough to accommo-
date the pulse length and the switching time of the Pockels cell.

— For a femtosecond oscillator as a seed source it might be useful to match the cavity
length to the repetition rate of the oscillator to mitigate pre- and post-pulses.

* Mode matching: The input pulse has to be matched with the cavity mode. This can be
achieved e.g. with an adaption telescope (c. f. figure V.1).

* Mode aperture: In order to obtain the TEMyo-mode with a symmetric profile, an aperture
can be placed in the cavity to suppress higher order modes.

* Optical diode: Input and output beams have to be separated (otherwise we will destroy the
seeder). One way to achieve this is a cavity where in- and output are separated, e.g. a ring
cavity as in our example. If in- and output are not separated by the cavity layout, an optical
diode can be used:

- An optical diode consists of two polarizers with a Faraday rotator for 45° polarization
rotation and a A/2-plate in between.

- The polarizers are aligned to each other, such that each transmits the same polariza-
tion, whereas the other polarization is reflected.

— As the polarization is always turned into the same direction independent from the
propagation direction by the Faraday rotator, this setup transmits light in one direc-
tion, while in the other direction it is reflected by one of the two polarizers.

Key point:

We want to mention some advantages and drawbacks of regenerative amplifiers:

Advantages Disadvantages

- high gain/number of passes - limited beam size and output energy

- good beam quality (TEMgy) - losses due to optical switches in every round
trip

- saturation can be easily achieved
- beam profiles other than TEMyg are hard to

- easier to align than Multi-pass amplifiers L
maintain

- Q-switch operation possible
Hence: When we proceed to higher energies, we need another approach.
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V.2. Multi-pass amplifiers

A multi-pass amplifier is an amplifier which redirects the laser beam several times through the laser
medium on a predefined path to achieve the desired amplification.

V.2.1. Butterfly

The butterfly setup is the most simple variant of a multi-pass amplifier realized by several plane mir-
rors redirecting the beam. An example is shown in figure V.2.

Input
DA
— | —
—
N L laser medium —
N >
Y Output

Fig. V.2.: Schematic layout of a butterfly style multi-pass amplifier.

As there is no imaging involved in such an amplifier the beam profile is influenced by propagation
effects, which will lead for example to diffraction of shape features (e.g. edges) of the beam or a
change in beam size. Hence this amplifier setup is mainly applicable to large beams with soft edges.

V.2.2. Imaging amplifiers

In many high energy amplifiers sharp features on the beam cannot be avoided, e.g. if a tophat beam
is to be used to operate efficiently. In such case the basic principle is to image the laser medium with
every pass, to maintain the beam profile (and the angular distribution).

A straight forward solution for this problem is to use a telescope in between every pass through the
laser active medium. The drawback for this solution is, that for a large number of material passes a
high number of optics is needed which also leads to a high effort for aligning the amplifier.

By intelligent folding it can be achieved that those imaging optics can undergo multiple uses during
the round-trips, which allows compact setups with a high number of imaging round-trips. In the
following a theoretical derivation for such systems taken from [KHK16] is given.

We assume that a round-trip in an imaging multi-pass amplifier is described by alternating free
space propagation L (IV.4) and ideal imaging elements L (IV.3). Hence, the matrix representing one
round-trip in a system of n elements is given by:

Gn=Tn+1"Ln - Tp-Lp-1-...-L1-Th (V.1)

A suitable imaging system has to restore both the spatial and the angular distribution after each
round-trip. Hence, the optical system matrix must equal either the unity matrix 1 or in the case of
a symmetric profile, the negative unity matrix —1. However, we can omit the latter solution by the fact
that in a real world application we need to separate the different beam passes geometrically by intro-
ducing a little tilt of the flat optics in the image plane and only the asymmetric solution will prevent a
summation.

Under these constraints, we proceed by solving the matrix equation G, = 1. In the following, we
will give the results for n = 1...3. Solutions for systems of more than three elements are no longer
distinct, as there are too many degrees of freedom.
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Starting with a system containing only one imaging element (n = 1) per round-trip, there is no
solution, as the focusing or de-focusing effect of the single optic cannot be mitigated and will always
alter the collimation state of the input beam.

Type | systems

In the case of n = 2 a solution is found for the negative unity matrix. Hence, double passing such a
system back and forth will result in a unity matrix again. This is in a narrower sense a special case of
four imaging elements. The solution in this case is:

fife-(fi+ o) —dsf?

4 = 7 (V2)
d = fi+fo (V3)
h = f (V.4)

Here, d; to ds are the corresponding free space propagation distances, and f; and f, are the focal
lengths of the imaging elements. We will refer to such a kind of system in the following as a Type I
system. Schematic setups for optical systems of this type accomplishing three round-trips are exem-
plarily given in Figure V.3a.

As this system needs to be double passed to fulfill the constraints, it is not really necessary to have
a unity magnification, as was originally requested by the constraints used for deriving this solution.
This renders Equation (V.4) unnecessary, but since all distances have to be =0, it follows from Equa-
tions (V.2) and (V.3) that f; and f, must be at least positive.

o

(a) Typel (b) Type II

Fig. V.3.: Schematic drawings of (a) Type I and (b) Type II systems with three round-trips based on lenses (top)
and on mirrors (bottom) as imaging elements. The numbers in the arrows denote the sequence of
passing beams. Taken from [KHK16].

Type Il systems

For a system with three imaging elements (n = 3), there are already too many degrees of freedom
with respect to the four different distances to get a closed solution for each distance. Therefore, we
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V.2. Multi-pass amplifiers

concentrate on the special case of a symmetrical system, where the layout is mirrored at the second
imaging element. Hence, the additional constraints f3 = fi, d4s = d; and d3 = d; reduce the degrees
of freedom. Furthermore, in a practical setup, such a layout is very advantageous, as it only requires
two different imaging elements. In this case, the ABCD-model results in the following constraints:

fE+2fifo
di T (V.5)
d, = f1 +2f2. (V.6)

Similar to the Type I system, both f; and f> have to be positive to obtain positive distances. Fur-
thermore, solving these results for 1/f,, one obtains the imaging equation for an ideal lens:

1 1 1

Hence, this system will generate an image of the original beam on the second optical element.
This reverses the angular distribution, and the beam is then imaged back to the original image plane
by the first element. The diameter of the second element only has to be large enough for supporting
the beam itself, as the individual round-trips will not be spatially separated on this optic. Such a
system will be referred to as Type II in the following. Schematic examples are given in Figure V.3b for
three round-trips also. It should be mentioned that Type I systems are identical to Type II systems for
ds = 0 and half the focal length of the second element, to consider the double pass on this element.

Comment: Spherical mirrors vs. lenses

In the amplifier, using spherical mirrors instead of lenses as the imaging element has several
advantages [KHK16, p.8]. The mirror-based layout enables smaller length scales, as the setup
can be folded. Additionally, lenses induce higher losses and add additional material path into
the setup. Furthermore, residually reflected light from the surface of the lens generates ghost foci
which may damage the amplifier. Any transmitted light in a mirror-based design is de-focused.
Nevertheless, a mirror-based design features one major drawback, which is that the incoming
and outgoing beams have to hit the spherical mirrors under an angle 6 as shown in figure V.3.
This adds astigmatism to the beam, which increases for every roundtrip . The meridional f;,, and
sagittal f; foctal lengths are given by

_ o __f
fm = f-cos(@), fs_cos(e)' (V.8)
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V.3. Design limitations

Up scaling the output energy of our amplifier system is not straightforward, as additional effects have
to be considered such as nonlinear effects like the intensity dependent refractive index of the laser
medium leading to a break up of the beam profile at high energies. Other phenomena like Amplified
Spontaneous Emission (ASE) have to be accounted for as well. Therefore, we will discuss different
limitations of our amplifier system in the following sections.

V.3.1. Amplified spontaneous emission (ASE)

In a typical high energy laser system, the energy of the laser beam is amplified in various steps by
using different amplifiers in succession. Besides the fact that certain types of amplifiers operate at
different laser energies (e.g. regenerative amplifiers at m] level, whereas multipass amplifiers are
needed for J-level pulses), one might ask the question, why the usage of more than one amplifier is
a common scheme for high energy lasers. We could argue that by scaling the number of material
passes, the gain of an amplifier can be scaled as needed. To understand this, we should remember
that an inverted active medium emits energy in form of fluorescence light:
g p 1 do

= = — 9
dr Tf Ndop dt (v:9)

As these photons are emitted in all directions, only a fraction is captured by the amplifier optics. But if
this fraction is in the same order of magnitude as the input laser beam, one can no longer neglect it, as
this radiation will be amplified, too. This is called Amplified Spontaneous Emission (ASE). This phe-
nomenum occurs especially in regenerative amplifiers, as they can exhibit Q-Switching behaviour.
Hence, in such cases a non-negligible amount of energy is within the underlying fluorescence light.
Furthermore, if the amplified spontaneous emission significantly alters the inversion, the self lasing
will ultimately limit the amount of storable energy in the laser medium.

First, we want to calculate an estimation of the generated ASE power in a regenerative ampli-
fier [Kep+16]. We start by modifying the small signal gain formula (I11.34) with a loss term L as

G=(1-Lexp(N2-d(0e+0a) with L=1—exp(Naopd(0e+03)). (V.10)

The total power of the fluorescence light P¢ is the number of pumped photons N, (d - A) de-exciting
per second multiplied by their photon energy. Then, for ¢ < 7y we can write this as

B hv-N>(d- A) B hv
Tf (Ue+0a)Tf

P
f 1-L 1-L

Nad(0e+03,)

G G
-A-ln(—) =Isat-A-ln(—). (V.11)

We can now consider the evolution of the ASE during the amplification. In every roundtrip, more
fluorescence light is added to the total ASE and the already existing ASE of the k-th roundtrip is am-
plified by G"¥. With a total number of n-passes, we can approximate the accumulated ASE power
with a geometric series [[IMMO3]:

1 1 x© 1 1
Pasg=PrGV [ 14 =+ —+...+ ]:P Gy —=p,g"!
ASE f | G G2 Gn—ll f ];)Gk f 1 %
=l i 1
i Gk (2 GF
=P G" I A ln( G ) G" (V.12)
BN R 1-1)G-1 ‘
S —
Gase
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Now, in order to see how the contrast between the original seed laser energy (which is amplified by
Gpuise = G™) and the ASE deteriorates, we can plot Gasg/Gpuise as shown in figure V.4 for different
amounts of losses L due to re-absorption or other cavity losses. We observe that higher losses signifi-
cantly deteriorate the ASE-contrast especially for low small signal gain values.

T
—L=0%
— L=125%
—L=25%
— L=50%

Gasg/! Gpulse

| | |
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

small signal gain G

Fig. V.4.: Plot of the contrast between the gain of the ASE and the laser pulse depending on the small signal gain
for different re-absorption losses L.

However, we must note that the calculated ASE power (V.12) is only valid by assuming that every flu-
orescence photon is amplified in the resonator, which unrealistic. Therefore, we need to introduce
additional factors to accommodate for the spectral, angular and polarization acceptance of the am-
plifier:

Angular acceptance Kaq

Only the part of the fluorescence light emitted along the laser axis has to be considered for ASE. There
are several ways of describing the Spatio-angular acceptance:

e Multipass-Amplifiers using laser rods [Koe06, p.195]: A high gain medium with a long path
length is prone to exhibit strong ASE. Here, the acceptance solid angle AQ of the ASE is given
by the geometry of the laser rod AQ = %, where d and A describe the rod length and cross-
sectional area, respectively (c.f. figure V.5). Due to refraction at the end-faces of the laser
medium, the acceptance angle is further increased by the refractive index n?.

Fig. V.5.: Geometry for the derivation of the acceptance solid angle of a laser rod.

* Regenerative amplifier with a thin amplifier disc [Kep+16] (d < zg): The acceptance angle de-
pends only on the amplifier mode size and is independent of the amplifier geometry. Further-
more, there is no refraction at the surface, since the laser beam is perpendicular to the surface.
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V. Amplifiers

We can calculate a lower bound of the ASE by using the divergence of the TEMgy-mode which
is given by the minimum Beam Parameter Product (BPP)

A A
BPP=wy-0 and BPPpj,=— =>0=——. (V.13)
/2 TWwo
With the divergence angle 6 of the beam we can calculate the acceptance solid angle (under
small angle approximation)

2(0 . A? AQ A2
AQ =4 sin (—)=n6 = = Kpng=—=-—"1.
2 A dr  AmA

(V.14)
Note that this simplification is only valid if the amplifier accepts the TEMgg-mode only. For
higher order Gaussian modes, we have to multiply this result by the M? factor of both spatial
directions M ,ZC . M)Z,. The factor Kaq describes the share of the acceptance solid angle to the total
solid angle.

2wy
A=nw}

—

Fig. V.6.: Geometry for the derivation of the acceptance solid angle of a thin laser disc.

We can minimize the accepted solid angle by using e.g. spatial filters (pinholes), therefore only al-
lowing spatial frequencies used in the beam profile. The accepted solid angle is most critical in large
aperture imaging systems with high order super-Gaussian beams.

Spectral acceptance Kj,

The spectral acceptance describes the part of the emitted fluorescence spectrum which can be ampli-
fied within the amplifier, as the optics of the system (e. g. dielectric mirrors in the cavity) only reflect a
certain wavelength range at high reflectivity. Hence, reducing the spectral acceptance of the amplifier
improves the contrast between the laser pulse power and the ASE. The share of accepted fluorescence
Iy to the fluorescence emitted over the full spectrum is calculated by

Kay=22v (V.15)

Polarization acceptance K,

As most amplifiers are polarization sensitive, only fluorescence light with the correct polarization
state is accepted by the cavity and thus amplified. The probability of a photon matching the correct
polarization state is described by K,,. For isotropic laser glasses like Yb:FP15, the generated fluores-
cence light is unpolarized, hence K, = 0.5. However, for anisotropic materials like Ti:Sa the emission
and absorption cross sections are different for 7— and o —polarization (c. f. figure 11.14).

We can now summarize all these factors into a single formula to describe the generation of ASE. We
can now multiply the acceptance parameters to equation (V.12), which yields
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Equation: Generated ASE power

- G | G"
Ppsg = Isat'KAQA'KAv'Kp'ln ﬁ .

. Design limitations

(v.16)

We want to note that the saturation intensity and the small signal gain have been replaced by their

averaged values over the accepted spectral range Av.

Comment: Design of a laser material

Besides the forward directed self-lasing, ASE can also occur on other paths, e.g. within the laser

medium itself. This is especially significant for large aperture amplifiers with
gain. Therefore, several design ideas are to be kept in mind:

¢ Laser medium aspect ratio

a high single pass

- Very thin high doped discs will exhibit a huge transversal gain compared to the laser

axis.

— This is even more problematic as (unavoidable) total internal reflections guide a huge

amount of the emitted fluorescence.

— Measures: Bonding with un-doped material, increased material thickness with dop-
ing accordingly reduced (as far as possible in point of cooling and pumping scheme).

» The sides shall not reflect fluorescence (avoid whispering gallery modes). Here, we can

utilize:
— absorbing cladding (e.g. Cr:YAG for Yb:YAG)
- special crystal shape

- index matching + absorber
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V.3.2. Laser Induced Damage Threshold

All optics have a certain Laser Induced Damage Threshold (LIDT), that describes the maximum allow-
able laser fluence that the optic can tolerate without being destroyed. This parameter is dependent
on many factors and always includes a considerable variation. In actual laser amplifiers the most sen-
sible part of the optics are the surfaces and coatings, as bulk LIDT is typically much higher, as long as
there are no inclusions.

When we want to compare the specified LIDT of an optic to our laser system, we have to keep in
mind the following parameters:

* wavelength: For a different wavelength than the specification, the damage threshold must be
scaled appropriately. A good approximation for this is

[ A
LIDT = LIDTyefy | —, (V.17)
Aref

which means that the LIDT decreases for shorter wavelengths. However, a small distance to ab-
sorption bands can change the behaviour drastically [CRDO03]. Furthermore, when a dielectric
multi-layer coating, the position of the maximum electric field strength relative to the material
boundaries can change the LIDT depending on the wavelength.

* Energy density of the laser beam (total energy divided by 1/e? area).

* Pulse duration of the laser. For pulsed lasers, the LIDT decreases for shorter pulse duration and
is roughly constant in the ultrashort regime.

* repetition rate | average power

* Beam diameter of the laser. A larger beam diameter (at a constant energy density) decreases
the LIDT for longer pulse durations, since there is a higher chance of a defect occurring in the
illuminated area, thus increasing the probability of damage.

e Intensity profile of the laser (e.g. Gaussian).

Generally we can distinguish the LIDT measurement between continuous wave (cw) lasers and pulsed
lasers:

* CW lasers: The damage of an optic by a CW laser (or lasers with pulse lengths 7 > 1 us) is usually
caused by the melting of the surface as a result of absorbing the laser energy or a damage to the
optical coating. The scaling of LIDT to pulse length is linear.

* Pulsed lasers: Pulsed laser do not supply enough heat to the optic to induce thermal damage.
However, the strong electric fields are capable of inducing dielectric breakdown in the material.
This happens if the electric field density is high enough to remove electrons from their lattice
position. For even higher electric fields, the free electrons are accelerated by the laser field and
excite neighbouring bound electrons, which leads to avalanche ionization and multi-photon
ionization for ultrashort laser pulses.

The dependence of the LIDT on the pulse length and beam diameter of a transparent material is
shown in figure V.7 for the example of fused silica at 1064 nm [Wo0098]. For long pulses and CW light
the components temperature rises and thermal mechanisms take place.

For nanosecond pulse durations (dielectric breakdown), the ionization rate of freed electrons is
proportional to /7.

For picosecond pulse durations (avalanche-ionization), the stronger ionization rate limits the build-
up of the electron avalanche, as the electrons move out of the beam center during the characteristic

90



V.3. Design limitations

time ¢; of ionization. For longer pulses and larger beam radius w, the chance of avalanche breakdown
is higher and the LIDT scales with exp(—7/¢;)/ w.

At ultra short pulse duration (7 < 1 x 107 13g), multi-photon avalanche ionization can occur, as the
interaction takes place in a time frame, where the freed electron absorbs several incident photons
without intermediate movement. Here, the LIDT scales linearly with the pulse duration 7.

I I I
10° | multi-photon: avalanche - dielectric
L e o« T thermal
ionization :ionization: breakdown
o  10°F xXT o exp(-T) x T
|
g
=
£ 10 i
H
a
=
1073 | a
7L —— 100mm | |
10 | | | | |

10715 10712 1079 1076 1073
pulse duration 7 in s

Fig. V.7.: Laser induced damage threshold in fused silica at 1064 nm as a function of pulse duration and spot
size. Data taken from [Wo098].

Additionally, the actual coating, surface and choice of material has a large influence on the LIDT.
Typically, the LIDT of laser materials and their coating lies in the range of 2 to 10J/cm? for 100 ps
pulses. At the Polaris laser system the LIDT of the Yb:FP15 laser material lies at about 3J/cm?, while
the saturation fluence is around 30J/cm?. Therefore, most of the time, it is not possible to operate

Yb-doped laser media at the saturation fluence Fgy.

Other typical damage thresholds of typical metal films lie at around 1J/cm?. Therefore, these mir-
rors are typically not used in amplifier systems (also due to their lower reflectivity at around 98 %) and
are exchanged by coated dielectric mirrors.

Key point: Best parameters
In order to achieve a high damage threshold our laser should have the following properties:

¢ long wavelength

¢ long pulse duration

¢ small beam diameter at constant energy density
* smooth transversal profile (e.g. Gaussian)

In general, dielectric coated surfaces have a higher damage threshold and reflectivity than metal
surfaces (e.g. silver mirrors). However, they are more expensive and have a smaller spectral ac-

ceptance window.
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V.3.3. Nonlinear effects

A direct amplification of ultrashort pulses towards high pulse energies/intensities is not just limited
by the LIDT, but also the manifestation of nonlinear interactions of the laser with the optical elements
of the laser system (e. g. laser-active materials, Pockels cell crystals, lenses, polarizers, etc.). The re-
fractive index of any material is not a constant with regard to the pulse intensity. When we consider
a medium with a non-zero third order nonlinear susceptibility y®, the solution of the wave equation
with a polarization source term yields an additional phase contribution, which depends on the in-
tensity I(¢) of the laser pulse. In first approximation, this can be described as a linear scaling of the
material’s refractive index which is called the optical Kerr effect [Boy07, p.375]:

Equation: Optical Kerr effect

3)((3)

—
degnge

n(t) =ng+nI(t) with np= (V.18)

Here, ny is called the nonlinear refractive index, which is directly proportional to the nonlinear sus-
ceptibility @, c is the vacuum speed of light and €, the permittivity of vacuum.

A practical approach to describe this effect is the so called B-integral, which describes the total
intensity induced phase shift in radians'. The path difference can be calculated by integrating over
the additional optical way induced by the nonlinear refractive index [Sie86, p.386]

Equation: B-Integral

L
27
B=7fn2-ldz. (V.19)
0

If we consider for example a Gaussian-like spatial profile, the magnitude of the B-integral is higher
in the center of the beam than on its edges, this results in a nonlinear phase distribution generating
a lens. The beam will experience a focusing effect called self focusing. As this further increases the
intensity, the lens inscribed by this effect will get even stronger and leads to further focusing of the
beam until the diffraction limits the focusing.

For large beams employing e.g. a tophat beam profile the effect leads to an intensification of mod-
ulations on the beam profile, as regions of higher intensity will generate their own lenses and thus get
more intense. This leads to a small scale break up of the beam as seen in figure V.8.

0.9TW 1.9TW 2.8TW

Fig. V.8.: Transversal beam profiles of a Nd:glass laser amplifier system (Argus laser) showing small scale beam
break as the power is increased. Small modulations of the intensity profile get enhanced by self focus-
ing of certain parts of the beam. Figure taken from [SHW81].

As arule of thumb the B-integral should never be greater than 2 to avoid nonlinear small scale beam
break up. However, this should be treated as an empirical value, as there might be systems with high

1Remember: The phase shift is ¢ = k- L, k-wave vector, L-length of the medium
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specifications where this value is already too high.

Example: Fused silica

In order to get an intuition of nonlinear effects, let us consider fused silica which has a nonlinear
refractive index of ny = 2.74 x 10716 cm?/W [Mil98] with 7 = 1.5 at 1053 nm. For a 1 ns long square
pulse at 10J/cm? we have a beam intensity of 1 x 10! W/cm?. Then, the ratio of the nonlinear
part of the refractive index to the linear part is

An 6 .
— =1.8-10" with An=mny-I. (V.20)
n

This results in a value of B =1.13 for L = 10 cm of fused silica at A = 1 um.

In an amplifier a calculation of the B-integral is typically sufficient for the output energy of the last

passes.
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V.3.4. Beam Distortions

In this section we want to discuss the effects on the spatial (thermal lensing, clipping) and temporal
(gain saturation) profile of the beam.

Temporal effects - Edge steepening

Back in chapter I11.3.3 when we presented the Frantz-Nodvik solution of pulse amplification, we were
able to compute the inversion and temporal pulse shape of our seed pulse, when it gets amplified
in the active material. When we consider a high gain material like Yb:YAG, we can achieve single
pass gain-factors well beyond one. Then the pulse will change the inversion during its propagation
through the material. Therefore, the rising edge of the pulse will see a higher inversion than the trail-
ing edge, which will lead to a distortion of the temporal profile. This process is called edge steepening
and is shown in a simulation displayed in figure V.9 for a high gain material (Yb:YAG) and a lower gain
material (Yb:CaF,) for roughly the same total gain. Due to edge steepening in saturated amplifiers
the effective pulse length and temporal shape might be strongly changed.
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Fig. V.9.: Simulated temporal profile of a seed pulse in an amplifier using Yb:YAG (top) and Yb:CaF, (bottom)
pumped at 940 nm with an emission wavelength at 1030 nm with a pump intensity of 30kWcm™2. For
the seed, a high order Gaussian pulse (GO = 2) with an input fluence of 10mJ cm~2 was chosen. The
high gain material (Yb:YAG) shows significantly higher distortions of the beam profile than the lower
gain material (Yb:CaF,), even though the total gain was similar.

Comment: Spectral edge steepening

Edge steepening may also occur in a CPA-system with a broadband, stretched pulse. Here, the
wavelengths of the beam are separated in time, thus edge steeping can also affect the spec-
tral profile of the beam. Since broadband gain media often have lower cross sections (c.f. FL-
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equation), this effect is rather small.

Spatial effects

There are several effects that can alter the spatial profile of the beam:

* Shape of the pump beam: Modulations in the pump beam will directly transfer into the beam
profile. However, the adapdation of the shape is nonlinear. Thus, a Gaussian pump beam will
not generate a Gaussian output. Hence, for efficiency and LIDT considerations, mostly tophat
beams are used.

* Clipping of the beam profile: Especially for tophat beams diffraction during propagation has to
be considered. Optics with an aperture smaller than the beam size will lead to clipping, which
introduces ripples onto the beam profile. Those high spatial frequencies may be filtered by
pin-holes.

e Temperature gradients:

— thermal lensing n(T) (c.f. section V.3.5)

— temperature dependent amplification o (T) (c.f. section I1.10)
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V.3.5. Thermal lensing

The beam quality is influenced by the wavefront of the amplified laser pulse. Here, the active medium
may induce aberrations which are a consequence of a spatially different Optical Path Difference
(OPD) ¢(r). This path differences may be induced (similar to the description in section V.3.3) by a
change of the refractive index due to pump induced thermal load or changes of the electronic con-
figuration [Tam+18]. These spatial distortions will reduce the focusability of the output beam, thus
limiting the available peak power and intensity.

Determining the thermal profile

For Ybs*-doped materials the small quantum defect of approximately 9 % leads to reduced thermally-
induced OPD of the pumped material. Therefore, electronic contributions are more important and
cannot be neglected in the description of wavefront aberrations. However, for this section we want to
study the thermal contributions. This can be done by solving the heat equation [Ché+06]

0Cp aTért’ D KT = w. (V.21)
T(r,t) TemperatureinK.
0 Density in kg/cm3
Cp Specific heat capacity in J/(kgK). It only affects the temperature variation in the pulse
regime. For quasi CW laser pump diodes the temporal variation can be ignored.
K, Thermal conductivity in W/ (mK). This governs the temperature gradient inside the crystal
Py, Absorbed pump power Py, = 17 Py, which is converted into heat. The ratio is given by the

heat fraction 7.

14 Volume, in which the pump radiation is absorbed.

We can simplify the equation by assuming a steady state condition (%—{ = 0), a radially symmetric

pump profile T(r, t), a scalar and temperature independent thermal conductivity K, 2. Then the heat
equation becomes

2
10 ( aT) O°T _ _nPans(r,2) (V.22)

——r— =
ror\ or) 0z2 V-K,

An analytical solution of this equation is only calculable in rather simple systems. Assuming a cylin-
dric laser rod with length L and radius R, one obtains a parabolic temperature profile [Koe06, p.97]

TIP abs

— s (R, 23
4nR2-L-KC( ) (v.23)

T(r)=T(R)+
where T'(R) is the temperature on the crystal surface, which can be calculated by a proper choice of
boundary conditions. The temperature difference between the center and the surface of the rod is
given by

npabs

AT=TO)-T(R) = ——,
0)-T(R) LK,

(V.24)

which is, surprisingly, independent of the radius R and the surface temperature T(R), but scales in-
versely with L. This means that external cooling will not decrease the thermal gradient inside.

2This restricts our discussion to glasses and cubic crystals
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The heat transfer between the laser crystal and the flowing cooling agent leads to a temperature
difference between the surface T'(R) and coolant T,. A steady state is reached when the absorbed
pump power is equal to the power removed from the rods surface

Phw=A-H(T(R)—T.) with A=27R-L, (V.25)

where H is the heat transfer coefficient which can be calculated by the geometry and flow rate of the
cooling agent [Koe70]. The total temperature profile is shown in figure V.10.
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Fig. V.10.: Steady-state temperature profile of a homogeneously pumped laser rod of length L and radius R.

Comment:

This solution is only valid for a homogeneously pumped laser rod and is therefore not applicable
to end-pumped geometries. For spatially restricted pump profiles the solution is given in the
literature for top-hat shaped pump profiles [SGWO00] and gaussian shaped profiles [Inn+90].

Determining the OPD profile

When we have a suitable model to describe the temperature profile of the laser material, we can
calculate the OPD profile using [Ché+06, p.119]

Equation: Optical path density profile

-

Photoelastic effect ~ thermal expansion

O(r, 1) = g—;+ 2nmyarC,y  +(no— DA +Warl |- (T(r,0)— To)L. (V.26)
-

g—; thermo-optic coefficient

no refractive index of the unpumped material

ar coefficient of thermal expansion

v Poisson’s ratio. It measures the ratio of deformation in axial and transversal direction
C, Photoelastic constant in radial direction

We observe three contributions to the thermal OPD profile of the laser material. First we have the
temperature dependence of the refractive index, which can be either positive (Yb:YAG) or negative
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(YbCaF,) c.f. table V.1. Thermo-optical stress is described by the photoelastic effect which induces a
birefringence in the crystal. As most beams are perpendicular to the rod’s surface, only the radial part
C, contributes. The thermal expansion describes the deformation of the end faces of the laser rod.

Table V.1.: Thermo-optical coefficients for three different Yb-doped laser materials. Taken from [Tam+18].

material unit [1x107°K"1']  Yb:YAG Yb:CaF, Yb:FP15
thermo-optic g—? 9.0 -10.1 -8.3
photoeleastic 2ndarC, 0.3 -4.0 0.2
thermal expansion (n9—-1)(1+v)ar 7.1 10.0 9.6

V.3.6. Air breakdown

At very high laser beam intensity, i. e. when focusing in an imaging amplifier, the local laser intensity
can be large enough to trigger inoization effects in the surrounding gas before the pulse reaches its
focal plane. This creates a plasma with a non-uniform electron density distribution, because the
typically gaussian-shaped transversal intensity distribution is not uniform. This leads to a higher
electron density n.(r) close to the laser axis which affects the refractive index n(r) of the plasma

2
Nellr w~Egm
n(r):,h—ne—(), with e = — 35— (V.27)
crit.

Here, ngit is the critical plasma density which depends on the wavelength A = 27w/c of the laser beam.
This leads to an increase of the phase velocity Uph(r) = ¢/n(r) in regions of higher electron density
which results in a diverging behaviour. Thus, the maximum achievable intensity of the laser beam
is reduced. As this defocusing behaviour depends on the density of electrons, reducing the ambient
pressure increases the threshold of the ionization induced-defocusing effect as shown in figure V.11
(right). Furthermore, the threshold of breakdown increases for decreasing pulse durations (c.f. fig-
ure V.11 (left)). In summary, the threshold intensity depends on the wavelength, pulse duration and

T T T T T TTT] T T TTT] T T TTT]
N 1 N
| X = |
T
g \ g 1018 | relativistic self-focusing and |
= = ’ N . _
= 1015 | \ 15 ionization of inner shell e
%) 1 E
§ X 7? B 1016 - |
S 1012 [ \ | E
= N £
S 3
< £ S —
4 \ E o101 | |
=10 [ 3
| | | | | | [ [ [
10717 107 10711 107 107 1072 107! 100 10!
pulse duration 7 in s pressure p in bar

Fig. V.11.: Scaling of the laser breakdown intensity I in air (nitrogen gas) as a function of pulse duration
(left) [Nie95] and pressure p (right) [M&dul9, p.80]. For short pulse durations (4 ps to 8us) an in-
verse square root dependence is observed. The scaling law on the right side was obtained using a
laser pulse at A = 1030nm at room temperature. The maximum reachable laser intensity decreases
for increasing air pressure until the barrier for tunnel-ionization is reached, then the threshold stays
constant.

pressure. This leads to the need of placing imaging amplifiers in vacuum chambers to prevent break-
down in air.
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VI. Diode lasers as pump source

To achieve higher pulse energies, as well as to increase the repetition rate, it is important to maximize
the efficiency of the conversion of applied electric energy to extracted optical energy. In contrast to
broadband excitation of the laser medium using flash lamps, diode lasers with a narrow emission
bandwidth have also been established, ensuring selective excitation of the absorption lines and thus
effective utilization of the used radiation. Commercially available InGaAs high-power diode lasers
achieve more than 60 % conversion efficiency from electrical to optical power [Pil+14].

VI.1. Laser diode basics

A LD is a semiconductor device similar to a Light Emitting Diode (LED), which is made of a negative
(n) and positive (p) doped layer of the same semiconductor material and an undoped intermedi-
ate layer (i). At high input currents, a sideways emitting zone builds up in the p-i-n-junction of the
semiconductor. Due to the geometrical layout and the coating of the facets, a feedback allows the
generation of a laser beam in a cavity of 1 to 2 mm length.

A homo-junction using a single semiconductor material for the p-i-in-structure suffers from leak-
age of electrons and the lack of a guiding structure of the generated light [Trd12]. Therefore, a double
heterostructure is required which was a Nobel prize winning idea invented by Kroemer and Alferov.
Here, the intrinsic layer-material is chosen, such that it has a lower band-gap than the surrounding
doped areas. The intermediate layer then confines the electrons/holes in the conduction/valence
band and acts as an optical 2D-waveguide since the lower bandgap corresponds to a higher refractive
index n. In order to insure confinement of the laser emission in a single axis, the active material is
embedded in a semi-insulating material for force the current to move only through the intermediate
layer. An example of the geometry of a single emitter is shown in figure VI.1.

I+

far field P

‘'n
A # 7 50...200pm
e

Fig. VI.1.: Schematic of a single semiconductor laser emitter with a double hetero structure. A single laser
emitter has an output power of P = 1W(< 2V, < 10A). Since the intermediate layer is very thin in
the horizontal axis, the output profile in the far field is elliptical with a large vertical opening angle.
Adapted from [Trd12, p.760].
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VI. Diode lasers as pump source

VI1.1.1. Electrical characteristic

The electrical characteristics follows a normal diode:

¢ in backward direction it has a high resistance. If a sufficient voltage is applied there will be a
breakthrough, which leads to the destruction of the diode.

¢ in forward direction there will be a high resistance until the threshold is reached, than the cur-
rent increases very fast (low differential resistance).

Since the characteristic of a laser-diode is highly non-linear, we need a special driver to control the
laser diode.

* The current has to be regulated.

¢ Current spikes and backward voltage have to be avoided.

current /
operation
region
| | voltage U
Vor Vi
backward direction forward direction

Fig. VI.2.: Current-voltage characteristic of a pn-junction.

VI.1.2. Output spectrum

The actual output spectrum of a laser diode is defined by the used semiconductor material, the coat-
ing and its dimensions. For high power laser diodes in the range 900-1000 yum typically InGaAs-diodes
are used.

¢ Standard high power laser diodes will exhibit a spectral width of some nm, dependent on the
current (higher current higher width)

¢ the central wavelength shifts with temperature (typically approx. 0.3 nm/K)
— induced by cooling temperature
- average power

— might change over pulse

¢ Aregulation of the output wavelength is possible by controlling the heat sink temperature using
a cooling liquid like water or applying a bias-current.

Furthermore, the spectrum of a laser diode can be pinned to a certain wavelength by generating
feedback, which also allows for reduction in its bandwidth:

* Use a special coating of the end facets of the single emitter, to reflect only a small bandwidth.

e Within the layers of the semiconductor material a volume bragg grating (VBG) can be applied
which leads to output bandwidths down to AA < 0.5nm.
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VI1.2. Power scaling

A single emitter, as shown in figure VI.1, allows for an output power in the range of 10 W. Such diodes
are usually provided as fiber coupled modules for oscillator or pre-amplifier pumping. Typical high
power laser diodes are stripe emitters, i. e. they have different dimensions in horizontal and vertical
direction. Due to the aspect ratio we can differentiate between two different emission axes:

¢ Fast Axis (FA): In the thin direction, stripe emitters offer a close to Gaussian shaped Transverse
Electro-Magnetic (TEM)gg distribution, with a rather large divergence angle

0=——=70° (VL)
TWo

with wy being the mode size. Due to the high beam quality in this axis, the beam can be col-
limated efficiently by attaching a small cylindrical lens (fast axis collimation FAC) on the front
facet of the emitter.

» Slow Axis (SA): In the other direction, the material is much broader resulting in non-Gaussian
beam distribution, but with lower divergence angle (=10°). Due to the multi-mode structure of
the slow axis, a beam collimation is hard to achieve.

Higher output powers are generated by combining multiple stripe emitters. This is done conve-
niently in form of a bar, where several diodes are used in parallel. Hence the the current is scaled up
by the number of single emitters. Currently, bars of 1 cm length can generate more than 500 W. A
photo and sketch of a diode bar is shown in figure VI.3.

fast axis

/ ) 10 mm

“slow axis

Fig. VI.3.: Left: Photo of a laser diode bar with dimensions of 1.5 mm x3 mm. With a cylindrical lens to collimate
the fast axis beam. The largest part of the bar is the heat sink which is connected to a water cooling
system (the water flows through the two outer holes of the heat sink). Right: Sketch of alaser bar with
several parallel stripe lasers. Figure adapted from [EE10, p.190]

To further increase the output power, several single bars are arranged in series to a stack (e.g. 20
Bars) as shown in figure VI.4. This allows a power output of 2.5 ... 10kW of continuous output power.
As the high-power laser diode stack has an efficiency of < 60 %, a lot of power is transferred into heat,
which has to be dissipated via a metallic heat sink (typically copper). The heat sink is coated by a
corrosion resistant gold-alloy material and cooled with water flowing through a simple tube in the
middle as shown in figure VI.3 (left). The cooling can be improved by using micro-channels within
the heat sink or peltier elements [EE10, p.191].
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Fig. VI.4.: Left: Photo of a laser diode stack used at the POLARIS laser system in Jena with an output power of
2.5kW. The left images shows 20 stacked diode bars with cylindrical fast axis collimation lenses. The
right side shows the entire laser diode stack including its beam shaping components.

Table VI.1.: Power scaling of the different components of a laser diode stack.

single diode diodebar  diode stack
current [ 5...10A 100...1000A 100...1000A
voltage U <2V <2V <20V
power P 10W 150W  2.5...10kW

0.8 -10.8
1.5

0.6

voltage in V
—
T
opt. output power in kW

power conversion efficiency

0.4 -10.4
0.5 -
0.2 -10.2
0 | | | | | | | | | | | Lo Jo

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
diode current in A

Fig. VI.5.: Performance of a single laser bar. Bias voltage, optical output power and efficiency as a function

of the quasi continuous wave current for a repetition rate of f = 10Hz and duration of 7, = 0.1ms.
Adapted from [Cru+15].

102



VI.3. Beam shaping

VI1.3. Beam shaping

As the profile generated in laser diode modules is not suitable for pumping, beam shaping is a crucial
part. In most applications it is desirable to use a tophat shaped pump distribution, which will avoid
the spatial distortion of a beam profile during amplification.

For small modules with just a few emitters, the homogenization of the beam can be achieved by
using a fiber coupled approach. This allows for intrinsic homogenization, as the beam adapts auto-
matically to the fiber core shape, which is typically multi-mode.

e The fiber coupling can be demanding, as the beam divergence of a single diode emitter is large.
¢ The coupling can be realized directly for small divergence lasers or by using a focusing lens.

* The output power is limited, given by the beam parameter product (BPP) of the diode source,
the fibers core diameter and numerical aperture and the allowed maximum power.

Hence, a more scale-able homogenization version is highly desirable. Besides homogenizing rods,
here micro optic homogenizers are most promising. For this a so called imaging micro-lens array
(MLA) is used:

VI1.3.1. Homogenization with an imaging micro-lens array (MLA)

A Micro Lens Array (MLA) is a periodic structure of mostly square or hexagonal lenslets. Typically,
spherical lenses are used at the entrace and exit surface of the lenslets.

For homogenization purposes two types of micro lens based homogenization techniques exist,
imaging and non imaging homogenizers. The latter one is mostly not suitable, as the achievable
uniformity is worse than for imaging homogenizers. Therefore, we will only discuss imaging homog-
enizers here.

In the following, we will focus on monolithic micro lens arrays, meaning arrays that are designed
in a way that both faces, entrance and exit surface, have a lens array. This is an often used simplifi-
cation for the actual setup, as otherwise a six axis (all rotations and relative distances!) alignment is
necessary and additional surfaces are involved (meaning additional losses, additional coating, etc.).
Nevertheless, if no monolithic arrays are available, also air spaced homogenizer can be used.

Working principle of the homogenization

For now we will also assume that the length of the array is identical with the internal focal length,
meaning the second lens surface is placed in the focus of the first one.

The homogenization setup consists of our monolithic array and a fourier lens as indicated in fig-
ureVL.6. In the focal length distance behind the lens, our homogenized beam profile will be generated.
This is what happens:

* We assume that our input beam consist of many collimated single beams, each larger than the
aperture of a single lens.

* Now each of these beams is focused onto the surface of the second lens (in the end we see the
angular distribution of our input beam here!). This already defines an acceptance angle: only
the lens directly across should be hit. If other lenses are hit, this will lead to so called ghosting,
which are spatial echoes of the original flat-top profile. This will be analyzed later.

¢ Then, the second MLA-lens surface transforms the spatial illumination pattern of the first lens
into its angular distribution, as the lenses are in their respective focal length distance.

e Now the Fourier lens transforms the sum of all single angle distributions back into a spatial
distribution in its focal length distance.
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VI. Diode lasers as pump source

» This corresponds now to an average of the illumination pattern of the individual micro lenses,
which resembles a homogeneous distribution (if enough lenses are illuminated and the spatial
frequencies are not too high), which is tailored by the aperture of the single lens.

¢ Therefore, the beam in the final image plane resembles a top-hat, where the shape is identical
with the shape of the micro lenses. Thus, only two shapes are possible without blocking parts
of the aperture, as these have to be aligned, to result in a closed surface: rectangular/square or
hexagonal.

Fourier lens Image plane

dmvita = fmia Ir id

<+ > > >

A

Fig. VI.6.: Schematic drawing of the beam homogenization setup with a MLA with spherical lenslets at the
entrance and exit surface. There are three rays with the acceptance angle a sketched in the case of

d=f.

Focal length / MLA-thickness

The refraction at a spherical boundary was given by (IV.6) and can be modified for the transition from
airn;=1to
1 0
Rs=( 1_1q).1 1)~ (V1.2)
G-V'% =

Here n is the refractive index of the lens material, and R the radius of curvature (ROC) of a single lens.
An incoming collimated beam (« = 0) with a distance xj to the optical axis is transformed to

oLy g D
()= () M'g)

Within the small angle approximation we can derive the focal length in the medium using trigonom-
etry under the small angle approximation:

Equation: focal length of a MLA

fmia = (VL4)

Therefore, this should be the thickness dpa of the MLA.
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VI.3. Beam shaping

Acceptance angle

In the following calculation we use the small angle approximation again. The maximum angle 8 of a
mid beam (after refraction) within the MLA that still hits the opposite lens is (cf. figure VI1.6):
P

- 2dpra (VL5)

Here, P is the so called pitch of the MLA, noting the diameter of a single lens, and dya = fyra the
thickness of he MLA which in our case is identical with the focal length of a single micro lens.

Including the refraction, the input acceptance angle a can be calculated using Snell’s law (n;a =
mP)withn;=1,n=n

(x=n,6=g (V1.6)

Image size

The size of the final flat top beam just depends on the angular distribution and the focal length of the
final lens, as it is just the far field. We remember the conversion of a spatial coordinate x into an far
field angle ¢ from the single lens focusing with ABCD matrices (see equation (IV.11)):

X
=— (VL.7)
fvra
Therefore, we obtain our image size x (since ¢ = a):
npP
X=a- fmia= S (VL8)

2d

It is interesting to note that in principle the distance of the Fourier lens has no impact on the gen-
erated image. Nevertheless, it should be placed in focal length distance to optimize for beam diver-
gence. Due to this, it will be ensured that the angular distribution in the image is minimal, as it is the
Fourier transform of the smallest spot size, which lies on the MLA back-surface.

VI.3.2. compaction

see exercise. Basic rules:

* The diode beam should always be adapted to the acceptance angle of the homogenizer.
- too low: good image quality but loss in brightness

- too high: ghosting

» To preserve brightness the MLA should be placed either in the near or far-field of the stacks (the
angular distribution shall not depend on space)

¢ Strong intensity modulations on the MLA should be avoided.
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VIl. Beam Characterization

For the understanding and optimization of a high-power, high-energy class laser system, precision in
the output parameters and efficiency are critical. A comprehensive beam characterization is impor-
tant, as we need to optimize its spatial, temporal and spectral shape to achieve high intensities which
determines its effectiveness in the desired applications.

Therefore, in this chapter we will explore key aspects and methods to characterize a beam, focusing
on three fundamental properties:

e Spatial: The beam’s intensity distribution, divergence and quality of the wavefront are crucial
for the focus-ability, propagation and design of optical components in the amplifier chain.

e Temporal: The pulse length is an important part for high-power applications. Furthermore,
the analysis of the contrast between the main pulse and amplified spontaneous emission or
pre-/post-pulses is important.

e Spectral: In order to achieve short pulses, the spectral shape of the laser beam needs to be
controlled carefully. In order to ensure the compressibility of the amplified laser beam in com-
pressor unit, the spectral intensity and phase profile need to be characterized and tailored.

VIl.1. Spatial characterization

In order to achieve a small focus in our high-intensity laser application, the wavefront and beam
quality have to be analyzed and optimized. This is done via different measurement techniques using
wavefront sensors. First, we will introduce different parameters that are used to characterize the
quality of a beam.

VII.1.1. Beam parameter product

The Beam Parameter Product [mmmrad] is given by the product of the laser beam’s divergence angle
0 in the farfield and the beam waist radius wy

BPP =6 - w. (VIL1)

In the case of a diffraction limited Gaussian beam, we can calculate the divergence angle in the farfield
(c.f. figure IV.3). Using the definition of the beam width (IV.23), the divergence angle can be written
as

A
) ~—, (VIL.2)
TWo

z w
0= 2arctan( lim )) =2 arctan(—o) = 2arctan(

z—oo 27 Zr 27wy

where A is wavelength of the laser beam. Then, the BPP is given by
Equation: Beam parameter product

A
BPP =0 wy=—.
T

(VIL.3)

It is important to note that the BPP is unchanged when the beam propagates through an optical sys-
tem without aberrations. As the beam diameter decreases, the divergence increases.
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VII. Beam Characterization

VII.1.2. Radiance

The Radiance L [kW/cm?sr], which is often also called "brightness", is a parameter commonly used to
describe beams from laser diode pump engines. It describes the power content P of a beam parame-
ter product, and hence cannot be increased by normal optical means (excluding e.g. amplification or
polarization combining):

p

L=—
AQ

(VIIL.4)

Here Ais the area, from which P is emitted and Q the solid opening angle in [sr]. For practical reasons
Q is typically assumed to be either rectangular (pyramid shape) or circular (cone shape). In these
cases it can be calculated by:

» rectangular [Kha68]': Q = 4-arcsin(sin(¢y)sin(¢p,))
e circular: Q =27 -sin®(¢)
Here ¢ is the half opening angle of the cone and ¢y, ¢, the half-opening apex angles of the pyramid.

Example: Laser bar

We can apply the formula of the radiance to a laser bar with the specifications mentioned in
chapter V.2 (2¢, = 10°,2¢,, = 70°, P = 150 W) which results in

150w 1 o MW
~ lcm x 1um 4arcsin(sin(5°) -sin(35°))  cm?2sr’

(VIL.5)

However, for a standard laser diode stack, the radiance is typically a bit lower as the homogeniza-
tion scheme introduces losses. Typical values ranging from 1 to 5 MW/cm?sr can be commonly
found today. A principal problem arising with the definition of the radiance is that it should
be clearly stated how area and angle should be defined with respect to the beam diameter (e.g.
FWHM, 1/¢€?) or power content (typically 95 %).

VII.1.3. Beam quality factor - M?

Coming to actual laser beams the radiance is a rather uncommon value. For oscillator beams rather
the M? - value is used instead to describe the beam quality. This value describes the opening angle of
abeam in comparison to a TEMgy Gaussian beam of the same size:

Y —
PTEMO0

(VIL.6)

Here similar problems arise as for the radiance with the definition of beam size and opening angle, as
soon as the analyzed beam is no longer a clean Gaussian one (e.g. tophat). In the ISO 11146-1 for that
purpose the RMS width of the intensity distribution is used.

some facts:

* As the TEM Gaussian has the lowest possible divergence, the M? value is always greater than
1.

« tophat beams have high M? values

-1
We refer to equation 3 of the paper, where the apex angles are given by sin(¢x) = a- V' a? + h?
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VIIl.1.4. Wavefront analysis

For most high energy lasers the determination of the beam quality factor M? is not sufficient for a
description of the spatial profile. Due to thermal load of the pump, mechanical stress in the ampli-
fied medium, corresponding birefringence and nonlinear effects, the wavefront of the beam can be
deformed. This has to be corrected in order to efficiently focus the beam to high intensities. There-
fore, the wavefront analysis is an important tool to characterize the beam, as it helps us to identify the
origin of certain beam distortions. This helps to determine the influence of tilted lenses, astigmatism,
mirror quality issues or effects of thermal lensing.

Wavefront measurement

The measurement of the wavefront in the visible and near-infrared spectrum is done via the detec-
tion of intensity variations using a Shack-Hartmann wavefront sensor. The sensor is made up of a
microlens array which is positioned in front of a CCD-sensor as shown in figure VIL.1. A plane wave-
front impinging on the microlens array is divided by the microlens apertures and generates a spot
pattern on the CCD-camera. The centroid-position is then recorded and can be compared to the spot
pattern of a distorded wavefront. The shift of the spots compared to the plane wave corresponds di-
rectly to the average slope of the wavefront over the lenslet of the microlens array. The information of
the wavefront slope can then be used to reconstruct the wavefront of the whole beam profile, where
the resolution is given by the pitch of the microlens array.
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Fig. VIL.1.: Setup of a Shack-Hartmann wavefront sensor. On the top, a plane wavefront enters the sensor and
a spot pattern is generated as shown on the sketch of the CCD image. On the bottom, a curved
wavefront results in a variation of the spot pattern compared to the plane wavefront.

The measured wavefront is finally decomposed into into the orthogonal Zernike polynomials which
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are given as

ZI(r, ) = R (r)cos(my)  (even)
Z, " (r, ) =RH(r) Sin(m(p) (odd)
'z DFm-k)! )
Rm(r) — — r}’l 2k
A T T =
m,n non-negative integers withn=m=0
0] azimuthal angle
r radial distance0<r <1
R for n — m odd, the radial polynomial is zero.

if n—-m

is even.

(VIL.7)
(VIL.8)

(VIL.9)

The amplitudes of the eigenfunctions tell us, which part of beam distortions dominate the final
wavefront profile, as aberrations can be attributed to different Zernike polynomials. The lower order
Terms of the Zernike polynomials are shown in figure VII.2. As the polynomials are orthogonal, no
cross influence of individual terms is observed.

Astigmatism (m = +1),

Coma (m =

Angular frequency (m)

-tip -ahd tilt

(de) -focu-s

Q -

(u) 19pI10 TeIpeY

Fig. VIL.2.: The first 15 Zernike polynomials, ordered vertically by radial degree and horizontally by azimuthal
degree. The different forms of aberrations can be attributed to different Zernike polynomials. Taken
and adapted from [Com20].

Wavefront adaptation

After the measurement and characterization, the wavefront can be manipulated using adaptive op-
tics. This is typically a deformable mirror that changes shape by an external control. Some important
parameters that characterize a deformable mirror are listed below:
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* Surface type: A deformable mirror can either be continuous or segmented as shown in fig-
ure VII.3. Continuous membrane mirrors are made up of a single surface which can be de-
formed at several positions using actuators. Segmented mirrors consist of smaller mirror sec-

tions which provide individual control.

e Actuators: The mirror segments are positioned by tip-tilt actuators. For continuous surface
deformable mirrors use actuators under the reflective surface to deform the surface. This can
be realized by mechanical actuators, magnets or piezoelectric elements. The number of used
actuators relates to the quality of the output profile, the adaptive optics can produce. Typical
numbers of actuators range between ten to hundreds.

mirror surface

——

——

electrode
| —

continous mirror

segmented mirror

Fig. VIL.3.: Different types of deformable mirrors as adaptive optics.
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VIl.2. Temporal characterization

For high-power laser applications the characterization and optimization of the temporal pulse profile
is important. Here, the shape of the main pulse peak is important, as well as the picosecond contrast
to the background (amplified stimulated emission, pre-pulses). We will start with a description of the
pulse length measurement.

VII.2.1. Pulse length

The temporal length of an ultra shortlaser pulse is usually accomplished by scanning auto-correlation,
which will be discussed in the next section. However, for a low repetition rate system, such a mea-
surement takes a long time and is not ideal for alignment purposes. Thus, a single shot autocorrelator
can be used to obtain the pulse length within a single shot.

Here, the pulse enters the measurement device and is split into two parts and recombined under
an angle in a frequency-doubling crystal, which leads to Sum Frequency Generation (SFG), if both
pulses overlap in time. The sum frequency is captured on a CCD camera and the generated image
can be used to determine the pulse length.

auto-correlation trace

incoming pulse
ksnc

I ke,

Delay
-~ SHG

beam splitter

Fig. VIL.4.: Setup for a single shot auto-correlation measurement. The incoming pulse is split into two pulses
and recombined in a Second Harmonic Generation (SHG) crystal. The right side shows the spatial
mapping of the two thin disks of light, spatially overlapping in the SHG crystal. The shorter the pulse
length, the thinner the autocorrelation trace will be.

The measured intensity distribution recorded by the CCD camera is described by a convolution of
the intensity distribution I(¢) of the pulse with itself

[e.e]

AP (1) = f (0 I(t-7)dt. (VIL.10)
—00
Since we cannot resolve this temporal distribution with a photodiode, the crossing of the beams maps
the delay 7 between both pulses onto a transverse position which can be recorded by the CCD cam-
era. The width of the recorded second-order autocorrelation trace is not identical to the pulse width.
However, the Root Mean Square (RMS) of the autocorrelation trace can be related to the RMS pulse
width

1
Tpulse = ﬁTAC- (VIL.11)
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VIL.2. Temporal characterization

Therefore, knowledge of the temporal pulse shape is not needed to measure the pulse length. How-
ever, the intensity auto-correlation is not sufficient for a full characterization of the pulse shape, as
the generated signal is symmetric A(zr) = A(—7), thus different pulse shapes can yield identical auto-
correlation traces.

VI1I1.2.2. Pulse contrast

The issue of a second order autocorrelation measurement is the resulting symmetry in the deter-
mined pulse shape which leaves ambiguity when we want to determine the actual pulse shape. We
can break the symmetry of autocorrelation by using a third-order nonlinear process. There are sev-
eral methods of measuring the third-order autocorrelation trace using polarization gating or self-
diffraction in a nonlinear medium [Trel2, p.77], but it can be also achieved by combining a SHG-
crystal with a third-order nonlinear medium as shown in VIL.5.
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Fig. VIL.5.: Left: Setup for a third-order scanning auto-correlation measurement. The incoming pulse is split
into two pulses, one arm is converted to the SH and both are recombined in a Third Harmonic
Generation (THG) crystal. The previously used camera is replaced by a photomultiplier. For a mea-
surement, the pulse delay is scanned and the generated THG intensity is recorded for each step.
Right: Exemplary contrast measurement of a mJ pulse at the POLARIS laser system recorded with a
Sequoia third-order autocorrelator.

In order to measure the pulse contrast over a large range, a single-shot measurement via spatial map-
ping is not feasible. Therefore, instead of a camera, a photo multiplier is installed to measure the
generated third harmonic intensity. Then, the delay 7 can is changed and the measurement repeated
with another pulse. This generates the third order autocorrelation signal

(e )

A¥ () = f I2(t)- I(t - 1)dt, (VIL.12)

—00

which can be evaluated to obtain the temporal contrast profile of the laser pulse as shown in fig-
ure VIL.5 (right). As the measurement requires a scanning of the pulse delay 7, several thousand of
pulses are needed to obtain the measurement. This restricts the application to stable laser condi-
tions, where the pulse shape is reproducable. Furthermore, third-order nonlinearities are weaker
than second-order ones, hence they require a higher initial pulse energy (> 1 mJ).
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VII1.3. Spectral characterization

For a precise control of the temporal pulse shape, its spectral components have to be characterized
first. A FT of the temporal electric field E(¢) yields a complex quantity E(w) which can be separated
into its spectral intensity S(w) and phase ¢(w)

E(w) = V' S() exp(—ip()). (VIL.13)

We will discuss in the following two sections how two measure these two quantities in order to obtain
a full description of the pulse.

VII.3.1. Spectral intensity

Performing a measurement of the intensity of a laser pulse is straightforward, as we only need a
photo-sensitive detector like a photodiode or a Charge-Coupled Device (CCD). Now, in order to spec-
trally resolve the intensity, we need to spatially separate the wavelengths by utilizing dispersion and
assigning different positions of the detector to a certain wavelength range. The separation is typically
done via gratings or prisms. In the following, we want to discuss the working principle of a prism and
grating spectrometer.

Prism spectrometer

In a spectrometer the entrance aperture of the apparatus is usually imaged onto the CCD chip via two
lenses/curved mirrors. The dispersive element is then placed in between those two imaging elements
as shown in figure VII.6.

| prism

aperture

Fig. VIL.6.: Sketch of a prism spectrometer. The aperture represents the input hole of the apparatus, which is
imaged onto the CCD-chip using two lenses. The prism is then positioned in the minimum devi-
ation angle position, i. e. the position, where the input and output angle of the central wavelength
are equal with respect to the prism base of length a.

The resolution of such a spectrometer can be determined using the refractive index dispersion as a
function of wavelength
Equation: Resolution of a prism spectrometer

//{/ —
dr

dn

=—|s I.14
a1 (VIL.14)

a-

where a is the prism base length. The larger the frequency dispersion of the refractive index 7 is, the
larger is the resolution of the spectrometer.
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Grating spectrometer

The grating spectrometer has a similar working principle. Instead of refraction at the interfaces, the
wavelengths are separated via diffraction. In contrast to prism spectrometers, zero-order and higher
order diffraction can occur, which limits the sensitivity and spectral range of these spectrometers.
The resolution of this spectrometer can be determined by counting the number of illuminated grating

| grating

aperture

Fig. VIL.7.: Sketch of a Grating spectrometer. As before, the input aperture is imaged onto the CCD-chip using
two lenses.

lines N and multiplying that with the diffraction order

Equation: Resolution of a grating spectrometer

A
—=m-N. I.15
a~ " (VIL1S)
As the efficiency of the diffraction is wavelength dependent, the spectrometer has to be intensity
calibrated using a well characterized broadband light source.

Finally, we want to compare both types of spectrometers as shown in table VII.1. We want to note
that these days, grating spectrometers are used more commonly for the detection of visible and near-
infrared laser radiation. This is due to the fact that the resolution of the spectrometer scales with the
size of the optical element and gratings are cheaper than prisms of similar size.

Table VII.1.: Comparison of the grating and prism spectrometer

Grating spectrometer Prism spectrometer

+ inmost cases higher resolution — lower resolution

— limited free spectral range due to the over- + free spectral range only limited by the
lap of high order diffraction. However, the prism material and its absorption bands
spectral range can be increased by adding
color filters

— polarization sensitive + polarization insensitive

— wavelength dependent diffraction effi- + higher outputintensity as there is only one
ciency order

— lower damage threshhold (issue for pulsed
lasers)
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VII. Beam Characterization

VI1.3.2. Spectral phase

The information how a medium affects the laser pulse can be found in the refractive index n(w) and
the wave vector k(w). The pulse accumulates phase according to ¢ (w) = k(w)-L in a medium of length
L. Therefore, the dispersion effects are contained in the spectral phase. Since the phase cannot be
extracted directly from the intensity spectrum S(w), an interference method can be utilized. The spec-
tral components of two time-shifted pulses can interfere with each other, whereby the spectral phase
is imprinted on the intensity spectrum. The interference occurs as fringes in the spectrum, which is
shown schematically in figure VII.8. Analyzing the spectral fringes can be used for a determination of
the delay #p and the spectral phase.

|E1(w)|2/\ BN

— 1o |E1 () + Ex(w)]?

|Bs (@) 2 /\—/

Fig. VIL8.: Sketch of spectral interference between two laser pulses with a GAUSSIAN spectrum, one of which is
delayed by #;. Taken from [Bey20].

Spectral interferometry

The method of Spectral Interferometry (SI) is mainly used to obtain the spectral phase difference of
two gaussian pulses. In this method, two single pulses E; (f) and E(t) interfere to form an interfer-
ence pattern, which can be described mathematically as a superposition of two single pulses. Since
the fourier transform is linear, the spectrum S(w)? can be written as

S) = |E ) + E2 () ?
= 1VS1@e @ 1 \/Sylwie
= S51() + S2 () + 2/ 81 (W) S2(w) - cos(1 (W) — P2 (w)). (VIL.16)

It is assumed that the spectral intensity of both pulses is the same S; () = S2(w) = S(w). By introduc-
ing a delay #p and using the Fourier transform shift theorem a time delayed pulse E(t — ty) transforms
to E(w) exp(—iwtp). The delay can be separated from the phase ¢ (w) and therefore the spectrum can
be written as

(VIL16)

2.2
) =9 2 5(w) [1 + cos(Ap(w) + wtp)] with S(w)=exp(—w2T) (VIL17)

where Ap(w) = ¢ (W) — 2 (w) is the phase difference of the two GAUSSIAN pulses. The cosine indicates
that depending on the delay #, of the pulses, a periodic change in the amplitude can be observed.
These spectral fringes are the key for SI. The fringe distance is inversely proportional to the delay fy.
An example of an interference spectrum is depicted in figure VIL.9.

The key to characterize dispersion effects of the medium is the spectral phase, but only the intensity
spectrum can be measured by a spectrometer. However, the interference spectrum can be used to
retrieve the spectral phase difference Ag(w) by performing an inverse FT on (VIL.17) into a pseudo
time domain (without temporal phase information)

2 _ =1g)? _rig?

- 1 - . .
F S (1) = = (2727 +e 22 e 0P L o7 o AP (VIL.18)
T

2The frequency w describes the shift w = ' — wg to the central frequency wy.
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Fig. VIL.9.: The left side shows the simulated spectrum of two interfering GAUSSIAN pulses for different delays
fp. On the right the absolute value of the Fourier transform of the spectrum is depicted. Taken
from [Bey20].

which is also depicted in figure VIL.9. The fourier transform describes which frequencies lead to the
course of the measured spectrum. The spectrum contains a central peak which describes the under-
lying GAUSSIAN of the frequency spectrum and contains no phase information. The shifted side peaks
are symmetrical and contain the spectral phase according to (VII.18). The phase can be extracted by
isolating the side peak and performing a fourier transform of the chosen part of the spectrum. The
phase Ag@(w) contains the information of the Group Delay Dispersion (GDD) (second order disper-
sion) and higher order dispersions (TOD, FOD), which can be extracted via phase differentiation.
An experimental setup for performing spectral interferometry is shown in figure VII.10 with a Michel-

son interferometric setup.

™™™ reference

delay

Faraday PBS e
rotator [

— -2

PBS

spectrometer EI

Fig. VII.10.: A Michelson interferometer is used to create a second pulse, which interferes with the first pulse
leading to fringes in the spectral domain due to the delay between the two pulses.
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A. Appendix - Frantz-Nodvik calculations

In this section we want to further discuss the Frantz-Nodvik solution of the system of rate equation we
found for the amplification process. First, we derive the solution and then we proof that the solution
is additive, i. e. the results are the same, whether we amplify a long pulse or several shorter pulses.
This is particularly helpful to simulate the spectral amplification of a laser amplifier, by chopping a
single pulse into many smaller pulses of different wavelength.

A.1l. Derivation of the solution

We start with the rate equations (I11.40) and (I11.41)

0 _ q)(l_i) ith a=o. N A1)
P a ,Beq wi & =0gq " Ndop .

- @zacﬁeqcp(l-ﬁ) With 0, =c-(Ta+00). A2)
ot Beq

First, we want to find the solution of the photon density ®(z, t). For this, we need to eliminiate § from
the equation system by solving (A.1) for f(z, )

(1 _ i) __11o0
Beq a® oz
= Bz, 1) :ﬁeq(1+éé%) :ﬁeq(1+é§zln®) (A.3)
and inserting the solution into (A.2)
ﬂeq% 1+$%lnd> :acﬁeq;zf(l 1-&}%%’) |ﬂieq
i(ilncb =—0,—
0r\0z 0
= i (EIHGD +0.D|=0. (A.4)
0z \ot
=f1(1)

Here, we found a space invariant function f;(#) which we can use to solve for ®(z,t). We take the
derivative (% In® = 122 divide the equation by ® and find a differential equation for the inverse ®~!

Dor
1 0 1 _ o 1 0
&a®+acza‘fl(t), with ad) :—&aq) follows
0 __ _
= —&CD 1+UC=CI> 1-fl(t)
o _
= ge=—0 L+t (). (A.5)

ot

This is a first order linear, inhomogeneous differential equation. We start by solving the homogeneous
part (o, = 0) by separation of variables

o= A(re "D with F = f fi(r)ydt. (A.6)
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A. Appendix - Frantz-Nodvik calculations

We proceed to solve the inhomogeneous part by inserting (A.6) into (A.5) with the ansatz A = A(z, 1)
(variation of constants) which yields

0A
o= Ee_ﬂm—f] (N Az, e + fi() Az, e (A7)
= Az, 1) = / o.elDdt+ fo(2). (A.8)

The function f>(z) is a possibly space dependent integration constant. Now we split off the time
dependence of A(z, t) using a help function S(¢) which is defined as

ds
S(t)zoc[eFlmdt+fz(0) > 4 =gel1®, (A.9)

Using this help function, we can find a compact expression for the solution ®(z, t)

eFi(0) Lds

; 10
e d — = In(S(0)+ fo(2) ~ f2(0). (A.10)

@ ,t: = =
=0 Alz, 1) SO+ f2(2) - f2(0) o

In the second step, we used again the chain rule to rewrite the time derivative. For a proper solution
we have to include boundary conditions to determine the function S(z). We assume that before the
interaction, the photon density is given as ®((t) = ®(z = 0, 1), (z = 0 denotes in this context that the
input pulse has not entered the medium yet). Then we find

t
cpo:i%ln(sm) = S(r):exp(acf%(t’)dt’). (A.11)
0

Oc

Using the explicit expression of S(#) we can insert it into the first part of equation (A.10), which yields

D (1) - S(1)

— = ith f. = - 0). A.12
SO+ h@ f2(2) = fo(2) - f2(0) A12)

D(z,t) =

We now proceed to insert our solution into the explicite equation of §(z, t) (A.3) in order to find an
expression for f,(z)

adoz
11 dp
a S(1) + fo(z) dz

Bz, t) = ,Beq(1+ llid)

)_ﬂ (1_1WW dfz)
= feg

@ PoB-ST [S(1) + [k dz
10 -

_ﬁeq(l_ )—ﬁeq(l_E&ln[s([)‘*'fz(Z)]). (A.13)

Again, we can introduce boundary conditions with (z,t=0) = fpand S(t=0) =1

10 -
Bo(z) = ,Beq(l - E&IH(I +f2(z))). (A.14)

We can now solve this equation for fg (2)

z

10 ~ _ ﬂo(z) ,
E&ln(l+f2(z))_1_ | /dz

ﬁeq 0
> @) =exp af(l—ﬁ()(z))dz' -1 (A.15)
0 ﬁeq
::17G(z)
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A.2. Additivity of the solution

We have now introduced the z-dependent gain G(z) in the laser medium. Before we can summarize

our solutions, we have to find an expression for the derivative fz
df; 1
af _ : .(l_ﬁ)a.g(z):( ’80) @ (A.16)
dz G (Z) ﬁeq ﬁeq G(Z)

Finally, we can write down the solution by substituting fg (2) with G(z)

Equation: Frantz-Nodvik solution

oz, 8 (A12)q) 0 Dy(1)- S(t) _ S(t)-G(z) A17)
S(t) + G( =1l ~1+(S(0) - 11G(2)
Bz, 1) 42" Beq - P U Fa)5@ ( ﬁ“‘) = Peq + Pot2) = Peg (A.18)

@ S(0)+ g - 1 1+(S(0-11G@’

A.2. Additivity of the solution

In this section we will show that the solution can be also applied by chopping the original pulse into
several parts and amplifying them seperately. Consider a temporal profile ®y(¢) € (0, T) given as

D 13 te(0,t
D (1) = @g o (1) + Do (1) = valt) £€@.n) (A.19)
Dy p(1) te(n,D).

Now we have to show that the amplified pulse ®(¥) is given by

o) = Dy(1) — 205D Lo a0 (A.20)
T G-+l ¢ PR '

where ®,(#) and @ (t) are the amplified parts of ®g ,(¢) and g ;(#). For the first time interval ¢ €
(0, 1), the saturation S,(t) is given by

I3 5]
MOGE exp(achI)a,o(t)dt) = exp(ach)o(t)dt) = S(1). (A.21)

0 0
Then, the expression for ®,(¢) is simply given by

0,0 = B a1 —25D pr re0.1) (A.22)
At T A S -1 + 1 e :

Now we have to calculate the amplification of the second pulse S ,(¢), which is more complicated,
as the inversion and gain are already changed by ®,(¢). The new inversion is given by

Po(z) - ﬁeq

. (A.23)
1+ [S(#1) —11Go(2)

p1(z) = ,Beq +

Then, the corrected gain (at the end of the medium of length d) can be calculated analogously to
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section I11.3.5 by

G1 (d) =exp

= exp

= exp

da
Po(z) - ,Beq

Nd°p”f(%+ 1+[su(r)—11c(z))_%dzl

0

d
Ndop(Tf ﬁo (2) :,Beq dz
0 1+[Sa()—1] eXp(fO (Bo(2") — Peq) dz')
d
f(2) . _ _ _
a dz| with f(2) = Bo(2) = Peq, @ = Naop0, b= S4(1) —1. (A.24)

1+ b-exp(a-F(z))

L 0

This integral is analytically solvable (notice that f(z) is the derivative of F(z)) and the solution is given

by

Gi(d) =exp

—ln(l + Ilo exp(—a-F(Z)))

d GoSa(t)

"1+ GolSa(n-11"

(A.25)

0

Now, the amplified pulse ®,(#) can be calculated by

G1(d) - Sp(1)
G @) (Sp(D -1 +1
(A.25) 1 GoSa(1)Sp(1)

= (I)(),b(t) *
1+ GolSa(t) = 1] - Bselh—(Sy(1) — 1) +1

GOSa(t)Sb(t)
GoSa()(Sp() = 1) + 1+ Go[Sqtty— 1]
GOSa(t)Sb(t)
Go(Sa(DSp(H—1)+1°

Dy (1) = Do, p(1) -

=@, (1)

— Dy (1) - (A.26)

In the last step we have to analyze the product S, (#)Sy(t)

51 T
Sa(1)-Sp(1) :exp(acffba_o(t)dt) exp(ac[@b,o(t)dt)

0 151

T T
= exp(acf(tba,o(t) +<I>b,0)dt) = exp(acf@o(t)dt) =S(1). (A.27)
0

0

Now we can combine equations (A.26) and (A.22)
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List of abbreviations

AOM
ASE
BPP
CCD
CPA
Cw
FA
FL
FT
FTL
FWHM
GDD
GO
GRM
GVD
HECDPSSL
LED
LIDT
LD
MC
MLA
OPD
RMS
SA
SFG
SHG

SESAM

Acousto Optical Modulator
Amplified Spontaneous Emission
Beam Parameter Product
Charge-Coupled Device

Chirped Pulse Amplification
Continuous Wave

Fast Axis

Fiichtbauer-Ladenburg

Fourier Transform

Fourier Transform Limit

Full Width at Half Maximum
Group Delay Dispersion
Gaussian Order

Graded Reflectivity Mirror

Group Velocity Dispersion

High Energy Class Diode Pumped Solid State Laser
Light Emitting Diode

Laser Induced Damage Threshold
Laser Diode

McCumber

Micro Lens Array

Optical Path Difference

Root Mean Square

Slow Axis

Sum Frequency Generation
Second Harmonic Generation

SEmiconductor Saturable Absorber Mirror
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SI

TEM

TFP

THG

YAG

ZPL
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Spectral Interferometry
Transverse Electro-Magnetic
Thin Film Polarizer

Third Harmonic Generation
Yttrium Aluminium Garnet
White Light Continuum

Zero Phonon Line



Definition of symbols

A

A(T)
A
Bi2,B2)
b

Cp

¢, Co

d

dy, dy
EiE;
Ezpr,
Fat

E Fpump, Feq
f

g

g

81,82
8L, 8G
G(2), Go(2)
4 (z2)

H

h

1
LI,I,
Lsat

K.

h

MZ
Ny, N>

area
autocorrelation signal

Einstein coefficient of spontaneous emission
Einstein coefficients of absorption and stimulated emission
image distance

specific heat capacity

speed of light (in vacuum)

thickness of the laser material

degeneracies of the upper and lower manifold
sub level energy

Energy at the zero phonon line

saturation fluence

fluence

focal length

gain factor

object distance

resonator parameters

line shape of a Lorentz and Gaussian distribution
gain, small signal gain

total gain

heat transfer coefficient

Planck constant

intensity, current

intensity/power density of a laser beam
saturation intensity

thermal conductivity

Boltzmann constant

wave number

resonator cavity length

radiance (brightness)

ABCD-matrix

beam quality factor

number density of ions in the lower (1) and upper (2) manifold



A. Appendix - Frantz-Nodvik calculations

Ngop doping concentration of the laser-active ion in the host medium
N total number of ions in a given volume
n refractive index

np nonlinear refractive index

Ne electron density

PP £ Pasg power

p Pitch of a micro-lens array

p pressure

Q quality factor

q g-parameter

qqp quantum defect: energy difference between pump and laser wavelength
R(t,2) pump rate

R,R,R> radius of curvature of resonator mirrors
Ro, Rgrm reflectivity

S() Saturation (c. f. Frantz-Nodvik)

S(w) spectral intensity

T temperature

t cavity round-trip time

3 time

U voltage

174 volume

w beam radius of a Gaussian beam

Zu, Z; partition functio of upper (u) and lower (l) manifold
VAL Zernike polynomials

zr Rayleigh length

a absorption coefficient

ar coefficient of thermal expansion

B inversion, given as the ratio N2/ Ngop
Beq equilibrium inversion

0 resonator roundtrip losses

£ dielectric permittivity of vacuum

¢ Gouy phase

1QD heat fraction

0 beam opening angle

Ap, Ay pump and laser wavelength

Vp, Vi pump and laser frequency

v Poisson’s ratio

p material density
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pv)

spectral energy density

cross section of a single cross section
absorption cross section
emission cross section
clog+oe)

pulse duration

fluorescence life time

radiative life time

pump duration

photon density

third order nonlinear coefficient
solid angle

acceptance solid angle

angular frequency

A.2. Additivity of the solution
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