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Zusammenfassung

In Hochleistungsscheibenlasern ist die erreichbare Besetzungsinversion durch die ver-
starkte spontane Emission (engl. amplified spontaneous emission (ASE)) begrenzt. In
dieser Arbeit wird ein Simulationsmodel vorgestellt um ASE zu untersuchen. Ein beson-
deres Augenmerk liegt auf der ortlichen Verteilung der Besetzungsinversion. Die en-
twickelte Simulaion nutzt ein Monte-Carlo basiertes Strahlverfolgungsverfahren um den
Strahlungstransport innerhalb der laseraktiven Scheibe zu beschreiben. Um der ortsab-
héngigen und zeitlich aufgelosten Verstdrkung und Absorption der Strahlung Rechnung
zu tragen wird die Scheibe in Zellen aufgeteilt. In jeder Zelle werden die Ratengleichun-
gen gelost. Als Erstes wurde die zeitliche Entwicklung der rdumlichen Verteilung der
Besetzungsinversion unter dem Einfluss von ASE untersucht. Es konnte gezeigt werden,
dass ASE am Rand der angeregten Fldche mehr Einfluss hat als in der Mitte auf Grund
der langeren mittleren Wegstrecke. Dies deformiert die ortliche Verteilung der Beset-
zungsinversion und steigt mit wachsender Inversion. Der selbe Effekt konnte unter der
Berticksichtigung einer Pumpquelle gezeigt werden. Um die Simulation zu iiberpriifen
wurden die Ergebnisse mit experimentellen Daten verglichen. Besonders der maximal
erreichbare Verstarkungsfaktor stimmt gut iiber ein, aber auch der zeitliche Verlauf zeigt

grofse Anlichkeiten.

Abstract

In high power thin disk lasers the achievable inversion is limited by ASE. In this thesis, a
simulation model is presented in order to investigate the effect of ASE. Special attention is
paid to spatial distribution of the upper laser level population. The developed simulation
model is based on a Monte-Carlo ray tracing approach to solve the radiation transport
within the thin disk. In order to get location depended and time resolved amplification
and absorption of the radiation the disk is divided up in cells. In each cell the laser rate
equations are solved. First, the evolution of the spatial distribution of the population
inversion is examined with given initial distributions. It could be shown that ASE has
a stronger influence on the edge of the excited area than in the center due to the longer
average path lengths. This distorts the population inversion profile noticeably and grows
with increasing inversion. The same effect could be also shown if the pump effect is taken
into account. To benchmark the simulation, the results are compared to experimental
data. Especially the maximum reachable single pass gain is in good agreement, but also

the temporal evolution of the gain shows great similarities.
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1 Introduction

High power thin disk lasers are widely used both in industrial applications as well as a
ray source in manifold scientific research areas. The reasons are the high efficiency, the
good power scaling capabilities (covering a big range of output powers (up to 10kW) and
pulse energies in the order of several hundreds of mJ [1]) while keeping good beam quality
and the versatile operating modes from continuous wave (cw) to ultra short pulses in the
femtosecond range [2]. On top of that the same concept can be used for amplifier as well.

One reason for growing output power is for example to save time in material processing
(cutting, welding, drilling, hardening). And the more laser output power the more mate-
rial can be processed in the same time. The big advantages of laser material processing
over conventional methods (mill, drill, turn) are for example that the process takes place
without contact and therefore no tension is applied to the rest of the work piece. Another
benefit is that the tool never gets blunt. This safes time and money because the tool has
not to be renewed. In addition to the material removal processes stated before, it is also
possible to use lasers for welding or to harden materials.

Another interesting application is the space debris removal. In this application the
momentum of high power laser beams are used to slow down the obsolete satellites or
debris in order to avoid collisions with other satellites [3].

But even in thin disk lasers, which are considered to be good scalable, the losses
are rising while scaling to high output powers. The spontaneous emission is inherent
in every laser active material with inverted population. This by itself already limits the
performance of a laser system. But for strongly pumped systems the spontaneous emission
gets unfortunately even amplified and decreases the population inversion drastically. The
higher the population inversion, the stronger the effect of ASE. This of course limits the
ability to store or rather to extract energy from the disk. In the high power regime of
solid-state lasers ASE is the major loss and therefore prevents the system to continue to
scale. This effect is well known in the literature from an experimental point of view (e.g.
[4]) or dealing with it analytically (e.g. [5]).

In order to suppress ASE as much as possible multiple reflections of the spontaneous
emission radiation inside the disk has to be kept small. This can be realized by an Anti-
ASE-cap on top and an absorbing layer at the edges of the disk.

The main aim of this thesis is to get a better understanding of ASE. In particular the

temporal evolution of the spatial distribution of the upper laser level population under
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the effect of ASE. This is studied with different pump powers, pump beam diameters, and
reflectivities of the boundary. To reach this goal a Monte-Carlo based simulation model

is developed in this thesis.

This thesis is organized as follows:

In section 2 the concept of thin disk lasers is given and the
ASE effect is introduced. The introduction in the radiation
transport helps the further understanding of the simulation
model. To support and understand the results from Section 4

a two dimensional analytical approach is given.

Section 3 describes the physical model and how it is imple-
mented including the assumptions made. In addition to that
the evaluated parameters and the locations of evaluation is

pointed out.

Section 4 presents the simulation results, which are obtained
with the developed model. Firstly the temporal evolution and
the spatial distribution of the upper laser population with given
initial values is given. Secondly the investigation of different

pump parameters and boundary conditions is pointed out.

Finally Chapter 5 concludes the presented work and gives a
outlook to future work with some ideas for further improve-

ments.
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2 Background and theory

2.1 The concept of thin disk lasers

Thin disk lasers are a special kind of solid-state lasers where the thickness of the laser
active material (crystal) is smaller than the diameter of the disk. The common setup is
to mount the disk with its high reflective (HR) coated surface to a heat sink. This surface
acts as a cavity mirror. The advantage of mounting the laser crystal directly onto a heat
sink is that the cooling can be very efficient due to the big area of contact. Therefore the
thermal lensing effect is smaller (focal length bigger than ~ 1ml6]) compared to other
setups like standard rod lasers. This results (for a proper resonator design) in a good and
stable beam quality.

The crystal can be pumped in two different setups. The first one (shown in Figure 2.1)
is (quasi) longitudinal, the second one is radially. The important thing especially with
longitudinal pumping is to let pass the pump beam multiple times through the crystal to
achieve a long absorption path (to compensate the small thickness).

To complete the cavity also an output coupler (OC) is needed. In a setup like in

Figure 2.1 a spherical mirror is needed to get a stable resonator.

Laser beam
Heat sink :&
Crystal \ Pump beam Output

coupler

Figure 2.1: Scheme of a thin disk laser. The laser active
medium is mounted directly on the heat sink [6].

The concept is well suited for quasi-three-level systems such as ytterbium-doped
yttrium-aluminium-granat (Yb:YAG), because high pump power densities and low tem-
perature are achievable at the same time. The thin disk concept is also possible with
other laser materials like neodym-doped yttrium-aluminium-granat (Nd:YAG), neodym-
doped yttrium orthovanadate (Nd:YVO,), and thulium-doped yttrium-aluminium-granat
(Tm:YAG) [7].
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2.2 Rate equation model of thin disk laser

In the following the most important assumptions of an analytical model for the rate
equation system are summarized (for more details see [6]).

As stated above the used laser material is Yb:YAG which behaves like a quasi-three-
level medium. The lower laser level is already populated from the thermal population.
The involved energy levels are the ?F7), (ground state) and the 2Fr5 (excited state)
Starksplit. The relaxation times within a manifold are in the order of picoseconds and
therefore we can use a two-manifold model with different values for the emission and
absorption cross sections o, and o,.

The laser rate equations for a constant temperature and homogeneously pump distri-
bution are given by

Anyy — Epdp Nabs  Mup EresAias

dt - hc  Niond o MTT[nupae()‘laS> — NiowTa(Aas)] (2.1)

and the equation for the change of the intracavity laser power density is given by

E
’ d;es - MTETesNion [nupge()‘las) - nlowo-a<)‘las)]ﬂ - Eresi[_ln(l - TOC) - l?’L(l - L)]

217’88 2lres
(2.2)

Here n,, and nj,, are the number of ions in the upper and lower laser level and Nj,,
is the bulk density of laser active ions in m~3; E, and E,., are the power density of the
pump and the intracavity laser power density in W m™2; % is the energy of a photon in J;
d is the crystal/disk thickness in m; 7 is the fluorescence lifetime in s; 7, is the unitless
absorption efficiency; [, is the resonator length in m, and L is the total losses per round
trip.

The multiple passes of the pump beam through the disk would influence the unitless
absorption efficiency 7,ps.

Because the developed simulation does not include the amplification of a pulse the
last part in Equation (2.1) can be neglected. Further the pump process is condensed to a
pump rate. With this assumptions Equation (2.1) results in

dny,, Nup

where W, is the pump rate, n,, the number of ions in the upper/excited state, and 7

the lifetime.
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2.3 Amplified spontaneous emission

Beside thermal problems, ASE is a significant issue concerning ultra high power thin disk
laser. The issue of ASE is subject of intense research since the invention of the laser [8].
ASE is also called fluorescence amplification or super-fluorescence [9].

ASE happens when photons emitted by spontaneous emission traveling through the
pumped laser medium are amplified due to stimulated emission. This of course results
in a decreased remaining population inversion. In extreme cases (and if the edge-face
surfaces causes optical feedback) it can lead to parasitic lasing in the transversal direction
and deplete the population inversion even more.

The effect of ASE is sketched in Figure 2.2. The spontaneous emitted photon (on the
left hand side) gets amplified in the pumped (and therefore excited) area of the disk. This
decreases the population inversion and therefore limits the energy which can be stored

inside the disk.

Pump laser beam

I _

Figure 2.2: Principle of ASE in a pumped medium.

A photon generated by spontaneous emission gets

amplified when travelling through the excited laser
material [10].

To avoid ASE many technical approaches have been proposed. Very common devices
are anti-ASE caps like shown in Figure 2.3. The point of an anti-ASE cap is to reduce the
optical path length in the exited media by suppressing total internal reflections. Without
an anti-ASE cap more of the spontaneous emitted photons would be reflected back in the

exited media on the upper surface due to reflection.
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Top surface; Polished

Y

Undoped YAG
(anti-ASE cap)

Slope surfaces:

il i __ Polished and AR-coated

YhYAG thin layer

T, e _(d=0.6 mm, 9.8 at.%)
3 - 1
= _ x "n.{
ASE / Parasitic Lasing *llf R Side surfaces:

| Unpolished
Bottom surface: Polished and LN, directly cooled

Figure 2.3: A schematic diagram of an anti-ASE cap. To supress the
total internal reflection a refraction matched caps is on top of the
active medium. Mostly it is the same material as the active medium
but undoped [4].

For the steady state of the population inversion there are analytic approaches to
estimate the effect of ASE (e.g. [11] or [12]). However, all of these analytical models
need some additional assumptions on the gain path length. According to the author this
cannot be determined by itself but is used to fit the model predictions to the experimental
data and depends on the disk geometry.

In principle, ASE leads to an additional loss term in the rate equations. This is
included in Equation (2.3) and thus the rate equation including ASE can be written as

dny, Ny Ny

=W, - 2 _ 2.4
dt P T TASE ( )

2.4 Radiation transport

In the past years and currently the most common research areas for radiative transport are
astrophysics and medical dose calculations. These two application areas are very different.
In astrophysical applications the distances are very big. For medical applications the
distances are not that big but often three dimensional simulations with very different
material parameters are needed.

The monochromatic radiation transport can in general be expressed as

12I+QVI+(k + k)= +ksi/ld§2. (2.5)
c ot A Jo

—/—/w_/v
4

In this equation [ is the radiance (in W sr~! m~2); ¢ the speed of light; Q) the direction
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of the ray; ) the unit sphere; k, and k, the scatter and absorption coefficient; and j the
source term. All of the variables may depend on time and position. For inhomogeneous
media the variables even may depend on the propagation direction. In Equation (2.5) the
black body radiation is already neglected, which would be an additional source term and
the equation would be temperature dependent as well.

The different terms are:

1. diffusion term

2. losses (in this direction) due to scattering and absorption

3. source term/emission coefficient

4. radiation which is scatter from all directions in the propagation direction

The equation of radiative transfer shows that a beam travelling along a direction
loses energy due to absorption and scattering and gains energy from redistribution due
to scattering and from the source term.

Of course Equation (2.5) cannot be solved without boundary conditions. According to
this one of the biggest contrasts of the different applications is revealed. In astrophysics
just the radiance in the area of interest is treated and everything else is not treated
anymore. In medical dose calculation the area of interest is as big as it has to be. So the
radiance on the boundaries is negligible.

In the case of a thin disk laser we have a fixed volume with different boundary condi-

tions on different surfaces.

Absorption

HR

Figure 2.4: Indicating the different boundary conditions

On the top there is a anti reflective (AR) coating to reduce the losses of the seed beam.
At the bottom there is a HR layer serving as a cavity mirror. The side surfaces are either

roughened, tilted or have an absorption layer to avoid total reflections.
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2.4.1 Evaluation of known algorithms

To solve Equation (3.7) a suitable method needs to be used. In our case, the radiance I
is a function of six variables: three spatial describing the location, two angular describing
the direction, and the time. This leads to a huge discrete problem with 102 unknown if we
take 100 grid points on each variable. Another problem described by [13] is that the linear
Boltzmann equation behaves totally different for different coefficients. Throughout the
literature there are several numerical methods to solve different problems with radiative

transport. These algorithms can be roughly classified in four categories (according to

[13]):

Monte-Carlo methods

Finite element methods

Angle-Moment methods

Discrete-Ordinate methods

The stochastic approach of Monte-Carlo is extremely flexible, since the concept of
following rays is applicable to arbitrary geometries. Furthermore the different boundary
conditions like absorption, transmission, and mainly the reflection can be implemented
easily. Finite Flement methods are, even though rarely, used in solving radiative transfer
problems. In [14] a method is explained for a convex domain surrounded by vacuum and
therefore no reflection. The Angle-Moment method assumes the diffusion approximation
which is not valid in optically thin media. The fourth approach, the Discrete-Ordinate
method, discretizes the propagation direction. The latter two work to structured grids for
homogeneous media, smooth initial conditions, and small gradients in the solution. The
Finite Element method can be applied to unstructured grids, however without reflective
boundary conditions. Therefore it is not suitable to simulate ASE in a thin disk. The
restriction of the Angle-Moment and Discrete-Ordinate methods to be only valid for small
gradients and the difficulty of reflective boundary conditions leads to the decision to use
a Monte-Carlo based method to solve the radiative transport. Further this approach was

used successfully for the simulation of multislab laser amplifier [15] and also in cw thin

disk lasers [16].
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2.5 Two dimensional analytical approach of ASE

Among other effects in Section 4.1.1 we will see that the temporal evolution of the pop-
ulation inversion is not homogeneous over the pump spot. To make plausible why the
population inversion value drops faster on the rim of the pump spot than in the center an
analytical calculation is performed here. For this we assume a constant value of the upper
laser level population on a circular area and calculate the flux coming from all possible
points to the two evaluation points (Figure 2.5). For simplicity we neglect the thickness
of the disk and just calculate in two dimensions. Therefore we don’t have to deal with
(multiple) reflections on the top and bottom side.

In order to get the amount of radiation traveling through the point of evaluation from
all other points we have to integrate over the sketched area.lt has to be taken into account

that the radiation gets amplified exponential on the way to the evaluation point.

Figure 2.5: A sketch of the integration area and the two
points of evaluation.

Using polar coordinates and setting the pump radius to 3 mm the change of the upper

laser level population density at a point P can be mathematically formulated as

2 3mm
_ dNup,ASE(P) _ Nup ddisk: / eJEA.diSt(P7(T7¢))rdrd¢, (2.6)
dt Tsp Vi ¢=0 Jr=0
where dist(P, (r,¢)) is the distance between the evaluation point P and the position
(r,®), daisk is the disk thickness, and V), is the pump Volume.

In general the distance between a point P and a point (x,y) can be calculated as

dist(P, (x,y)) = /(zp — 2)* + (yr — y)*. (2.7)

With the use of polar coordinates it results in
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dist(P, (r, ¢)) = \/(rpcos¢p — rcos )2 + (rpsin gp — rsin ¢)2. (2.8)

For the central evaluation point Pg this simply is

dist(P, (r,¢)) = r. (2.9)

For the edge point Pg it results with the use of P = (=3 mm,0mm) in

dist(Pg, (r,¢)) = v/(=3mm — rcos(¢))2 + (—rsin(¢))?

(2.10)
= /(3mm + rcos(¢))2 + (rsin(¢))2.

Now we evaluate Equation (2.6) for the two sketched points Po and Pg with the
values 0, = 2.25-10"*m?, 0, = 1.4- 10" m?, Nyp =4 - 102 m~3, and dgs = 300 pm.
The change of the upper laser level population due to ASE in P is given by

_dNunASE(PC) NUP ddZSk / /Smm oeA-dist(Pc,(r,¢)) rdrdeo
¢=0 Jr

dt Tsp
Nup ddzsk / /3 mm JEA‘TTde¢ (211)
¢=0 Jr

Tsp

~ 8.665574 - 10* s ! m™3

and for the evaluation point on the edge Pg we get the numerically calculated result

_dNwpasp(Pp) _ ddlsk / / s st P9 1l
¢=0 Jr=

dt
3mm
ddzsk / / 3mm+7’cos(¢))2 +(rsin(¢))2 ’l“d?"dCb (212>
¢=0 Jr

~ 3.6136484 - 10°°s ' m~3.

This calculation shows, that the population inversion drops much (~ 4 times) faster
at the edge of the pump area as in the center due to ASE. This is of course not a reliable
value because we neglected the effects coming from multiple reflection and assumed totally
absorbing boundaries on the side. But it emphasize that ASE is more dominant at the

edge of the pump spot than in the center.
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3 Model description

The goal of this model is to give an insight into the behaviour of ASE and its influence
on the power scalability in regenerative pulse amplifiers. In this section the implemented
model is described. The model is based on a Monte-Carlo method to solve the radia-
tion transport inside the crystal. Furthermore this is coupled to the two level laser rate

equations.

3.1 Physical model

To quantify the influence of ASE in thin disk lasers the population inversion has to be
combined with the radiation transport. The strategy is to divide the disk in several
cells and solve the rate equations in each of the cells. Form these multiple sets of rate
equations the spatial distribution of the population of each level is calculated and therefore
the emission or absorption in this area can be obtained. This means a method to solve
Equation (2.5) with spatial and time dependent k, and j is needed. Fortunately no
scattering inside the crystal is happening and therefore ks, = 0. According to this part 4
is cancelling out and the remaining equation is
10

ST+ QVI+ kI =] 3.1
“al VI + J (3.1)

We rearrange Equation (3.1) so that the transportation part is on the left hand side
and the sources and losses are on the right hand side. This results in
L0 OV =~ kIt (3.2)
c ot NGNS |

losses  source
k4 and j are functions of the population inversion and therefore depend on location
and time.
To quantify this the rate equations are needed to describe the temporal evolution of

the populations. In general for the change of the upper laser level

dN,, N,
L =W, —0.c®N,y + 04PNy — —2 (3.3)
dt Top
can be written and for the lower level
dNipw N,
0 — Wy + 0PNy — 0PNy + —L (3.4)

dt Tep
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Here N,, and N, are the upper and lower laser level population as density (in m~3);

W, is the pump rate in m~3s~!; o, and o, are the absorption and emission cross sections

in m?; ¢ is the speed of light in ms™; 7, is the upper laser level lifetime in s; and @ the

3

photon density in m™°. The photon density ® is directly linked to the radiance (from

Equation (3.2)) over

I
o = . 3.5
hw - ¢ (35)
Plugging Equation (3.5) in Equation (3.3) results in
ANy 1 I N,
— =W, —0.,—N, o—Niow — P 3.6
B e P, (36)

In Equation (3.6) everything contributing with a minus sign means a loss of the upper
level population. Because of energy conservation this results in the same amount of
photons. One term arises out of stimulated emission (UeiNup), the other one out of
spontaneous emission (]Z—pp) Within Equation (3.6) there are also two parts with positive
impact on the upper level population. When the upper level population raises the amount
photons need to be decreased or an external energy source is needed. This two terms are
the pump rate W, and the reabsorption part UQ%NZOM which decreases the amount of
photons of the current ray.

Combining the parts from the rate equation (Equation (3.6)) and the equation for the
radiative transfer (Equation (3.2)) results in the final equation for the radiation transport
which takes into account the (re-)absorption, spontaneous emission, and the stimulated

emission.

19, ¢ N,y -
~—I1+QOVI=— 0, N,y + 0IN,, +—L—
cot T
reabsorption  stimulated/  spontancous
emission emission

3.2 Implementation

As mentioned in Section 2.4.1 a Monte-Carlo based ray tracing method is used to solve
the radiation transfer inside the disk. In order to be able to describe ASE the ray tracing
is coupled with the rate equation Equation (3.6).

The simulation is composed of steps shown in the flow diagram in Figure 3.1.
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Simulation
parameter

Start

Calculate
spontaneous
emission

Trace rays

J no

Sim. finished

Figure 3.1: Schematic flow diagram of the simulation routine

The steps shown in Figure 3.1 are described in more detail in the following paragraphs.

Parameter

As input parameter for the simulation needs:
e disk dimensions (I, w, h) e pump power Epymp
e number of cells in each direction e pump duration t,,my

(nx,ny,nz) .
e pump beam diameter dpymp

number of rays to spawn in each cell ' _
e boundary absorption coefficient at the

(nray2spaum) .
side surface «

time step size At o
e initial distribution of the upper laser

total time to simulate T’ level population 7,

Calculate spontaneous emission

In each cell the spontaneous emission is calculated using a explicit Euler method in
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order to solve the rate equation containing the spontaneous emission term and the pump

rate. This yields to

W nold
up

DI = nold 4 A ( - ) (3.8)
=Ansp

Here n,, is the number of excited ions in this cell, At is the time step in s; W, is the

pump rate in s~!

; Tsp 1s the lifetime of the upper laser level in s.

The time step size At has to be chosen wisely. Usually for equations like Equation (3.8)
(without the pump rate) At is about a tenth or a twentieth of 7, in order to describe the
exponential decay exactly enough. In this case the additional change of n,, by the rays
(described in the next paragraph) has to be taken into account as well.

Since this model is not dealing with more than the upper and lower laser level the

condition

Niot = Niow + Ny = cONSL. (3.9)

must be true in every cell in every time step. Therefore Ny, can be simply determined
by ntot —Tup. Nitor can be calculated from the doping concentration Ng,, and the cell volume

Veetr by

Ntot = Ndop Veen (310)

Trace rays
The radiation transport is now solved by tracing rays through the disk.

From Ang, the starting number of photons or rather the starting energy of the rays
is calculated. In each cell n,qy2sp0rn Tays are created with random initial position (but
within this cell) and random direction. Each ray contains

npirt = _Ang (3.11)
Nray2sporn

photons. This rays then propagate according to ray-optic laws through the disk. Here
the absorption or the amplification due to the population of the laser levels has to be
taken into account as well as different boundary conditions. This part of the model is

pictured as a schematic flow diagram in Figure 3.2.
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/ Ang, and nyo? /

Choose start ’

conditions
for ray ’

Calc. inter-

section point
with next plane

Update number
of photons
of the ray

Update number
of excited
ions in cell

|

Intersection
point

lsurface plane

Boundary
condition

transmitted

Last ray

l yes

‘ Next time step ’

Calc. new
direction

reflected

no

Figure 3.2: Schematic flow diagram of the ray-trace sub routine
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Start conditions
Each ray is described by a position and a direction. The starting values are chosen
randomly according to the Monte-Carlo approach. The only condition is that the position

is within the cell.

Intersection with next plane

As the ray propagates through the disk it intersects with planes necessarily. Since the
disk is discretised in several cells the closest intersection point is calculated. The distance
between the starting point and the closest intersection point is the path length s needed

in the next step.

Update number of photons
To update the number of photons (or equivalent the containing energy) in each ray

Equation (3.12) is used.

A OeNyp — 0N

end start start eltup alllow

Npp, =MNpp, "€Xp | 0ec-S- =np, -exp|s- v (3.12)
Lcell cell

Here npy, is the number of photon in this ray. It is directly linked to its energy by
Eroy = nppEpy = nphhf; 0. and o, are the emission and absorption cross sections; s the
path length of the ray in this cell and V,; the volume of this cell.

Of course the end number of photons is the starting number in the next cell if the ray
is still inside the crystal. From Equation (3.12) one can calculate the amount of photons
emitted or absorbed in each cell and for each ray. So for one ray in one cell the difference

18

di f fonotons = Nt — it (3.13)

This difference in the number of photons has, according to energy conservation, to

influence the number of exited ions in this cell.

Update number of excited ions
With the value of dif fyhotons from Equation (3.13) the number of exited ions has to
be updated. If dif fyhotons is positive the ray was amplified and therefore the number of

exited ions has to be lower. Mathematically this can be written as
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N = 2% di f fonotons- (3.14)

up up

After the ray and the cell is updated the ray propagates into the next cell and repeats
this procedure. If the ray hits a surface plane it can be absorbed, reflected, or transmitted.

If the ray is either transmitted (out of the disk) or absorbed it will no longer be traced.

Output of the simulation

The simulation saves two values for each cell in each time step. The first one is the
upper laser level population n,, and the second one is the depopulation of the upper laser
level caused by ASE. n,, is directly calculated by Equation (3.8). The depopulation from
ASE is the sum over all rays which propagated through this cell of the photon difference.

AnASE‘ = Z diffphotons (315>

rays
3.3 Evaluation parameters and methods

The quantity of most interest in this thesis is the population of the upper laser level.
From this and its change over time we can determine various interesting properties such

as the single pass gain and the effective lifetime.

3.3.1 Measurement locations

The quantity extracted from the simulation are the total amount of excited ions for each
cell and the amount of total change resulting from ASE. To compare different results and
determine the influence of the diverse input parameters the population of the upper laser
level is evaluated at two different points, at a line parallel to the y-axis, and additionally
the average over the pumped area is calculated in some cases. In Figure 3.3 the points,

the line of evaluation, and the pumped area are sketched.
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Figure 3.3: The two points and the line of evaluation on the computational domain. The
blue filled squares indicate the pumped Area.

In Figure 3.3 the points of evaluation are shown. P, is in the center of the disk which
is also the center of the pump spot. P,qge is the point with the smallest index of the cells
which are pumped. The dashed red line is at x = %T, where [, is the length of the disk

in z direction.

3.3.2 Upper laser level population

The key value to extract from the simulation is the upper laser level population. It is
not sufficient to just evaluate the total amount of excited ions n,, but on the spatial
distribution. Since we calculate the total amount of excited ions in each cell the results
of the simulations with different discretisations would be difficult to compare. To make
the results independent of the discretisation we calculate the upper laser level population

density N, according to

n
N, = —2. 3.16
P Ve (3.16)
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3.3.3 Lifetime (Tsp/TASE/Teff)

In order to get access to the different lifetimes some calculations are needed.
As described in Section 2 the population of the upper laser level n,, can be modeled
(without pump, but including ASE) as:
dny Ny Ny Nup

— L A 3.17
dt Teff Tsp TASE ( )

Here the lifetimes (75, /Tasg/Ters) are the crucial parameters. Equation (3.17) already
implies that
1 1 1

=—+—. (3.18)
Teff Tsp TASE

In this model 75, = 1.2ms is assumed to be constant, but since 745g is not constant
Tesf 1s not constant as well. To be able to model the rate equations including ASE
properly, either 749 or 7.¢s is needed. In order to get access to these values we have two
possibilities. The first one is to measure 7.7 in the simulation result. The second one
measures the decay caused by ASE separately.

For approach one, we assume n,,(t) behaves like (at least piecewise) exponential

decay with a associated decay time. Then one can write around %:

Nup(t) = Nupo(to) - exp < S ) (3.19)

Tess(to)
and
dny(t) 1 ( t )
= — Nup.ol(to) + €x — . 3.20
dt Tes s (to) pollo) - exp Ters(to) (320
From Equation (3.20) follows
dny,(t) t
— Tt P — nypolto) - - . 21
rslto) ) — e e (- L) (3.21)

Insert Equation (3.19) in Equation (3.21) and after some rearrangement we get:

Ters(to) = ——(m) (3.22)
dt

Depending on what you are interested in or which one you have, with Equation (3.22)

and Equation (3.18) one can calculate 7455 according to:
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Teff * T
Tasp = —H L (3.23)
Tsp — Teff

In approach two, we split the differential equation (Equation (2.4) but again without

pumping) into two parts:

i _ [y | [dip | Ty T (3.24)
dt A dt sp TASE  Tsp
where part 1 is:
dn,, u
{ n p} _ M (3.25)
dt J 4sp TASE
and part 2:
dn, dn,,
{ ”p} __dny (3.26)
a J, Tsp

As mentioned before T45g most likely will be not constant over time but may depend
on the upper laser level population.

The change of the population of the upper laser level according to ASE ({ d’zl“;’”} )
ASE

and according to spontaneous emission {dfl;‘p} can be extracted directly from the sim-
sp

ulation.

Equation (3.25) can be transposed to get Tagg:

P (t) (3.27)

TASE = ——F————~
dnap (1)
dt
ASE

The gain (also called amplification coefficient) measured by Michal Chyla et al. (in [17])

3.3.4 Single pass gain

is the fraction of the seed beam power measured with and without pumping for one
transition through the disk. The following considerations are made:
e 10 losses due to

— the surface of the disk
— the HR backside of the disk

— scattering

e homogeneous population inversion
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e seed beam orthogonal to the disk

Therefore it can be written:

P um, Pzn - @TesBpump
G = pump © = exXp (0'63 . (Apump - Anopump)) (328)

Pnopump Pzn : eUESAnOpumP

Here Pymp and Ppopump is the measured output power; F;, the input power; o, the
emission cross section; s the path within the disk; and A the population inversion either
in the pumped case or the unpumped. Equation (3.28) assumes no saturation during the
amplification within the disk. That also means that the population inversion remains the
same for both paths (the incoming and the reflected one).

Now A = Ny — Nigy - 2* can be inserted in Equation (3.28):

G = exp |:S ' <(Nup,pumpae - Nlow,pumpaa> - (Nup,nopumpae - Nlow,nopumpaa)>:| . (329>

Using the fact that the upper laser level is not occupied without pumping in this model

Equation (3.29) can be written as

G = exp |:5 : (Nup,pumpae - Nlow,pumpaa + Nlow,nopumpo-a)‘| . (330)

With the use of the conservation of active Ions Ny = Ny + Njoyw the result is:

G = €Xp {9 ' <Nup,pumpae - (Ntot,pump - Nup,pump)o-a + Ntot,nopumpo-a>:| (331>

and after resolving all brackets the final equation is

G = exp <s P aa)). (3.32)
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4 Results

In this caption the simulation results of the described ASE-model are presented. It is
split into three parts. First, the influence of ASE in a scenario with a given distribution
of population inversion is investigated. In the second part the influence of ASE including
the pump process is studied. In addition to that a comparison with experimental results

is shown.

4.1 Evolution of the upper laser level population with given

initial values

In this section, the scenario a initial population of the upper laser level is given at the

time tp = 0 and the temporal and spatial evolution is determined.

4.1.1 Uniformly distributed population inversion

The first results presented here are from the simulation with a circular initial distribution
of population inversion. A top view of the disk is shown in Figure 4.1 and a cut through
the x — z or respectively the y — z plane is sketched in Figure 4.2.

Such distributions may be present in a thin disk after pumping with a tophat shaped
pump beam. In order to check the influence on the strength of ASE three simulations are

evaluated.

T

Figure 4.1: A sketch of the initial condition of the population

inversion in the top view of the disk. The blue area indicates

no excitation, the red area indicates values corresponding to
10 %, 20 %, and 30 % excitation.
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Nu[1/m?] Nu[1/m?] Nu[1/m?]
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1.43e26 ’—‘
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Figure 4.2: Equally distributed population inversion with different values. On the left
hand side 1.43 - 102 m™ (corresponds to 10 %) of the ions are excited, in the middle

2.86 - 10 m™3 (corresponds to 20 %), and on the right hand side 4.29 - 1026 m—3
(corresponds to 30 %).

In Figure 4.3 the change of the spatial distribution shape especially for high starting
values of N, is shown. The initially uniformly distributed population inversion gets
deformed. N,, drops much faster at the edge of the excited area than in the center.
This has to be an ASE effect because the spontaneous emission is not depending on the
location and the surroundings. The reason why it drops faster on the edge than in the
center is because the average path length of every point to the edge is bigger than to the

center. This effect was already studied theoretically in the analytically two dimensional

approach in Section 2.5.

%1026 x 1026 x 1026
4 4 4
(ap] (ap] (ap]
£ 3 £ 3 £ 3
-E 2 E 2 E 2
s s g
Z 1 0 Z 1 0 Z 1 0
0 0 0
0 0.005 0.01 0 0.005 0.01 0 0.005 0.01
yinm yinm yinm
Time in ms
0 0.1497 0.2994 0.4491
0.0499 0.1996 0.3493 0.499
0.0998 0.2495 0.3992

Figure 4.3: Spatial distribution of the upper laser level population at certain
time steps.

In order to emphasize the effect of ASE, the temporal evolution is compared to the
solution just considering spontaneous emission without ASE in Figure 4.4. The time curve

of the upper laser level population without ASE follows the function
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Nup(t) = Nupo - e~ (4.1)

and is drawn in Figure 4.4 as greenish dashed lines. The second color in the dashed
line shows its affiliation to the start condition. It becomes apparent that, as expected, the
influence of ASE is bigger for higher values of N,,. The decay of N, for high excitation
is much faster than the reference without considering ASE. Again it shows up that the
decay is faster at the edge of the pump spot (upper figure in Figure 4.4) as in the center
(lower figure in Figure 4.4).

On the edge of the pump spot N, 30% even drops below the N, 0% line after about
12ps due to the high influence of ASE from all over the disk. The decay of NN, is
much faster for the simulations with 30 % and 20 % initial value than the predicted decay
without ASE. Meanwhile the difference for 10 % excited ions is barely visible. Another
thing to mention here is that the for low inversion values the decay is about the same in
the center as on the edge of the pump spot. This can also be seen in Figure 4.3 as the
shape of the population inversion does not change over time for low initial values. The
bigger the excitation at the beginning the more change in the spatial distribution can be

seen and the faster the excitation decays.

41026 Edge of the pump spot
4 —— | | |
) I Initial value
g of N up
£ 10%
[
< 20%
_ 30%
Nup’0 exp(-t/ Tsp)
0 : ; : '
0 1 2 3 ! ’
tins x1074
<1026 In the center

tins %104

Figure 4.4: Temporal evolution of the upper laser level population N,, at the
edge of the pump spot (upper figure) and in the center (lower figure).
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In Figure 4.5 the effective lifetime 7.7 is shown. Again it shows that the effect of
ASE is bigger for higher population inversion because the effective lifetime is smaller
and therefore the decay is faster. To compare the effective lifetime with the spontaneous
emission lifetime 7, it is plotted as well (dashed green line). At the beginning of the
simulation the the effective lifetime 7.7, is very clearly smaller than the spontaneous
emission lifetime 7,,. Also the difference of the different starting conditions are visible.
For low amount of excited ions (10 %) 7.ss is closer to 7y, than for the higher excitation

(20 % and 20 %). This again shows that ASE scales with the population inversion.

%103 Edge of the pump spot
1.5} ’-sp | Initial value
m of N
K 1 Wm up
= - -
i _ o gl e | -
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Wm,w fr iy :
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0 1 : | | |
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15| :
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K 1 WWW
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! o WWM _
0 . | | I
0 1 2 | | |

tins «10 4

Figure 4.5: Temporal evolution of the effective lifetime 7.7 at the edge of the
pump spot (upper figure) and in the center (lower figure).

Because Figure 4.4 and Figure 4.5 showed that the effective lifetime 7.;; depends on
the upper laser level population it is plotted in Figure 4.6. In the center of the disc a
smooth correlation between N,, and 7.5 is found. As mentioned before the effective
lifetime is smaller for higher values of /V,,. On the edge of the pump spot the correlation
is not that smooth. 7.;; can be clearly distinguished among the different simulations for a
fixed N,,. Once the upper laser level depreciates towards the level where the population
inversion A = N, — g—leow reaches 0m™3 the effective lifetime Tesf goes towards the
spontaneous emission lifetime 7.

The reason for the differences of 7.¢; at the edge of the pump spot is the ununiformly
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distributed population inversion. The higher the peak in the center, in relation to the
observed location (here on the edge of the pump spot), the higher the influence of the
central peak. In the top figure of Figure 4.6 we see that the effective lifetime for example
at about 1.3m™3 is smaller for the 30 % simulation than for the 10% simulation. In
Figure 4.3 we see that higher starting population inversion yields to bigger distortion of

Nop-
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up

Figure 4.6: The dependency of the effective lifetime 7.7 over the upper laser
level population N,,.

In Figure 4.7 it can be seen that the upper laser level population after 0.5 ms does not
differ a lot between the different simulations. In the center the the simulation with the
highest starting excitation has still the highest excitation after 0.5 ms. At the edge of the
pump spot the decay was stronger and therefore the upper laser level is less populated in

the case of 30 % compared to the simulations with 20 % and 10 %.
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Figure 4.7: The remaining upper laser level population after 0.5 ms
Summary

The most important things learned with this simulations:

e ASE does not preserve the shape of the population inversion
e ASE is more present at edge of the excited area
e ASE strongly depends on the population of the upper laser level

e After 0.5ms the population density is nearly the same for all 3
cases

4.1.2 Ring-shaped population inversion

In this section the case with a ring-shaped population inversion as starting condition is
studied. The reason behind this scenario is that in almost all cases the pump spot is
bigger than the actual laser beam. So the pumped area is bigger as the depleted area as
well. From this a population inversion profile similar to these in Figure 4.9 will be created
after pumping and depletion by the seed beam.

The inversion profile is shown in the top view in Figure 4.8 and as a cut through the
x - z plane or equivalent through the y - z plane in Figure 4.9. There are three areas
to distinguish. In Figure 4.8 they are marked as blue, the non excited surrounding area;
red, the highly inverted area; and yellow the moderate excited area. The blue area has
no excited laser active ions because there is no pumping at all. In the highly inverted
area (red) is supposed to be pumped but not depleted from the seed pulse. The moderate
excited area (yellow) was pumped but the majority of active ions are depleted due to

stimulated emission from the seed beam.
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T

Figure 4.8: A sketch of the initial condition of the population
inversion in the top view of the disk. The blue area indicates
no excitation, the red area high excitation (30 %), and the
yellow area indicates lower to intermediate excitation.

To check the influence of the remaining excitation three cases are simulated. In Fig-
ure 4.9 the initial population inversion is shown. The highly excited parts have in all cases
a upper laser level population density of 4.29 - 10% m ™~ which corresponds to 30 %. In the
depleted area in the center population densities of 0.72-10*m=3 (5%), 1.43-10* m™3
(10%), and 2.15 - 10*m~3 (15 %) are used.

N,[1/m?] Ny[1/m?] N, [1/m?]

4.29e26 4.29e26 4.29e26
2.15e26 \—‘
0.72e26 M N 143 N N

LY Y Y

Figure 4.9: Cut through the ring-shaped initial population inversion caused by
incomplete overlap of the pump and seed beam.

To start the evaluation the temporal evolution of the spatial shape of the upper level
distribution is evaluated. In Figure 4.10 the spatial distribution is shown for multiple
time steps. As already obtained in Section 4.1 ASE has more impact on the rim of the
pump spot. The explanation is analogical. The spontaneous emission radiation hitting
the inner edge of the ring gets amplified by passing through the ring and depopulate the

outer part of the ring therefore more than in the inner part.
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Figure 4.10: Spatial distribution of the upper laser level population at several
time steps for the three simulation cases.

Now the focus is on the temporal evolution of the upper laser level population density,
which is shown in Figure 4.11. In the upper part of the figure it is noticeable that the
upper laser level decays slightly faster for bigger values of the N, in the center than for
the simulation with low NN, in the center. In the lower figure we obtain that the decay is
faster for higher values of NV,,. This coincides perfectly with the results from Section 4.1.
Interesting is the behaviour of N, in the center for a starting excitation of 5% (blue line).
The upper laser level density is so small in this case that the population inversion A is
negative. As a consequence, this part of the disk does not contribute to ASE but even
reabsorbs the spontaneous emission radiation from the outer parts of the disk. This is

the reason why the decay is slower than the analytical solution without considering ASE

or any interaction between different locations.
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Figure 4.11: Temporal evolution of the population of the upper laser level on

the edge of the pump spot (upper figure) and in the center (lower figure)

In Figure 4.12 the different strengths of ASE is harder to determine on the edge of
the pump spot (upper figure) but on the other hand it can be clearly seen that 7.7y is

bigger as 7y, in the center for the simulation with just 5% excitation. This implies that
the spontaneous emission gets reabsorbed.
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Figure 4.12: Temporal evolution of the effective lifetime 7.;¢ on the edge of the
pump spot (upper figure) and in the center (lower figure).

To check the dependency from 7.5 on NN, it is plotted against each other. On the
edge of the pump spot (the high excitation area) the dependency is similar to the case
from Section 4.1 but 7.¢; tends to be higher for the same value of N,,. This is explainable
by the fact that the total amount of excited ions is smaller and therefore ASE is smaller.
In the center the behaviour is different due to the totally different spatial distribution.
The effective lifetime in the center most likely depends strongly on the population of the
upper laser level in the ring. In the center the upper laser level population is low but ASE

is relatively strong because the population is high in the outer ring.
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Figure 4.13: Effective lifetime 7.¢; plotted versus the upper laser level
population density N,, on the edge of the pump spot (upper figure) and in the
center (lower figure).

The upper laser level populations at the edge of the pump spot and in the center
are compared for the different simulations after 0.5ms (Figure 4.14). In the center the
amount of excited ions is still higher for the simulations with higher starting values and
respectively lower for those with lower initial values. The correlation does not seem to be
totally linear but flatten for higher values of initial excitation. This is also what would
be expected with the results from Section 4.1 (Figure 4.7). On the edge of the pump spot
a different behaviour is present. The initial values at the rim are in all simulations the
same. So in a model without ASE the expection is that after the decay the values are still
the same. But with ASE this is not the case. The more the center is excited the bigger
the influence of ASE. Because of that the decay on the rim is faster for those simulations

with higher values of N,, in the center.
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Figure 4.14: Remaining population density after 0.5 ms at the edge of the pump
spot ant in the center.

Summary

The most important things learned with this simulations:

e The population density on the edge is depleted more if the center
is higher excited

e The strength of ASE depends on the distribution of N,, all over
the disk

e The ring of N,, gets more depopulated on the outside rim

4.2 Evolution of the upper laser level population including
pumping

In this section the influence of different parameters is investigated. The focus of this study

is to check the influence of the pump properties pump power and pump beam diameter.

4.2.1 Varying parameter: Pump power

In Section 4.1 it could be shown that ASE depends on the population inversion. Since
the pump power is the most obvious parameter impacting the population inversion the
first study is about multiple pump powers ranging from low power (100 W) to very high
pump power (4500 W).

The thin disk with the dimensions of 12mm x 12mm x 0.3 mm is in the ground state

at the beginning and pumped within a diameter of 6 mm. The pump duration is 0.3 ms
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and the repetition rate is 1kHz. The temporal pulse shape is assumed to be constant.

The resulting peak pump power and the pulse energy density is shown in Table 4.1.

Avg. pump power | Peak pump power | Pulse energy density

in W in W in Jcm™2

100 333.3 0.35

400 1333.3 1.41

700 2333.3 2.48

1000 3333.3 3.54

1500 5000 5.31

3000 1000 10.61

4500 15000 15.92

Table 4.1: Conversion table from average pump power to
peak pump power and the pump pulse

Similar to the approach in Section 4.1 the first study is about the spatial distribution of
the upper laser level population and its temporal evolution. This is shown in Figure 4.15
for all simulated pump powers.

Beginning in the top left figure with the lowest simulated pump power of 100 W. The
population of the upper laser level increases over the pump duration evenly and likewise
it decays evenly with respect to the beam diameter (it is barely visible in this plot but it
can be verified with Figure 4.16). With 100 W pump power the population inversion is
still negative and therefore no lasing would be possible. In the top middle figure the result
for a pump power of 400 W is shown. In this case the upper laser level population already
reaches positive values of the population inversion. Important to mention here is that
the spatial shape is still evenly. This indicates that ASE is not yet dominant. Already
with a pump power of 700 W (top right figure) the shape does not remain evenly over
the diameter during the pump process. Here ASE already effects the spatial distribution
of the upper laser level population. Like predicted in Section 2.5 the upper laser level
population gets depopulated more on the edge of the pump spot than in the center. The
reason is again the bigger sum of distances from all the pumped points to the edge of
the pump spot and to the center. At the beginning of the pump process the population
of the upper laser level increases proportional to the pump rate and and therefore stays
evenly over the pump diameter. This remains valid until about 0.235ms. After that time
the upper laser level population has reached a level where ASE begins to play a part.
The disk is still pumped and hence the upper laser level population wants to grow larger.

On the other hand the amount of spontaneous emission rises as the population inversion
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rises. Since the sum of the distance gets bigger towards the edge of the pump spot the
depleting effect gets bigger there.
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Figure 4.15: Spatial distribution of the upper laser level population density with
different pump powers ranging from 100 W to 4500 W at multiple time steps.

As the pump power rises this effect gets bigger and bigger. For the two highest values
of the pump power (3kW and 4.5kW) the upper laser level population rises as expected

when the pump process starts. As the inversion rises and ASE becomes more relevant
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there is a region on the edge of the pump spot which gets depleted more from ASE than
excited from the strong pump power. In contrast the central area the outer one reaches
a stationary state after a transient process and doesn’t change any more.

The same matter of fact can be obtained from Figure 4.16. Here the temporal evolution
of the upper laser level population density is plotted versus the time. The middle figure
shows the evolution in the central point and shows even more clearly that for low pump
powers the upper laser level population rises linearly. For high pump powers the upper
laser level population reaches a saturation value and remains stable. On the contrary, on
the edge of the pump spot and high pump power the upper laser level population rises at
the beginning (75 - 1075 sfor 4.5kW) but falls off afterwards due to the strong depletion
caused by ASE.
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Figure 4.16: Temporal evolution of the upper laser level population density. In
the top figure the average over the pump spot, in the middle figure the values
in the center of the pump spot, and in the bottom figure the values on the edge
of the pump spot is shown.
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In Figure 4.16 (top figure) the average of the upper laser laser population over the
entire pump spot is shown. The average upper laser level population also reaches a
saturation value like at the edge of the pump spot.

The most interesting fact obtained from Figure 4.16 is that in the average the popu-
lation inversion does not increase anymore after reaching the saturation pump power.

Figure 4.17 shows the effective lifetime of the upper laser level. As in Figure 4.16 the
values are plotted for the central point, on the edge of the pump spot, and the average
over the pump spot. At the beginning of the simulation the effective lifetime is 1.2 ms for
each pump power value and at every point as expected for a disc with no excitation. As
the pump excites more laser active ions the effective lifetime rises. The reason for this is

the reabsorption of the spontaneous emission radiation of the other areas.
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Figure 4.17: Temporal evolution of the effective lifetime of the upper laser level.
In the top figure the average over the pump spot, in the middle figure the
values in the center of the pump spot, and in the bottom figure the values on
the edge of the pump spot is shown.



4. Results 38

After the rise of the effective lifetime it starts to decrease. For high pump powers faster,
for low pump powers slower. From the time the population decreases ASE counteracts
the reabsorption of the spontaneous emission. A special point for each simulation is
when the effective lifetime again matches the spontaneous emission lifetime (1.2 ms, green
dashed line). If we go back to Figure 4.16 and check the times when the upper laser level
population reaches the value with A = 0 one find that it is the same time when 7.5 = 7.

The same message is given in Figure 4.18. Here the effective lifetime is plotted as
a function of the upper laser level population. In the central figure it seems that the
effective lifetime is a unambiguous function of the upper laser level population. But on
the edge of the pump spot (and also for the average) the value of 7.7; is not unique for
a given population value. For example the average effective lifetime at 2-10** m=3 for
the 4.5kW simulation results in 0.5ms or 0.3ms. On the edge of the pump spot this

discrepancy is even bigger. On the other hand in the center it is negligible.
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Figure 4.18: Effective lifetime of the upper laser level versus the upper laser
level population (Top: average over he pump spot; middle: in the center;
bottom: on the edge of the pump spot).

To understand this behaviour on the edge, the graph can be read in the way that
we follow the temporal evolution. This means to start at point A and follow the graph
over the points B and C towards D. In the first sector (between point A and B) the disc
gets pumped and the dominant process between different cells is reabsorption. Exactly
in point B where the population inversion A = 0 the reabsorption is zero and there is
still no ASE. After the population inversion is positive (N,, > 8.4-10* m™?, between
point B and C) the spontaneous emission propagating through the disc gets amplified and
therefor the upper laser level population depleted. This results in a decreasing effective
lifetime. Again it shows that ASE has the biggest impact at high population inversion
values since the effective lifetime is (in principle) lower for higher values of N,,.

In the domain of point C the population of the upper laser level reaches its maximum.

Like in Figure 4.16 this value is not lasting the whole pump process since ASE gets
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massive. In the domain of point D the equilibrium point between the pump and the decay
mechanisms (spontaneous and amplified spontaneous emission) is reached. In comparison
in Figure 4.16 (bottom figure) for the 3kW simulation this would be from about 110 ps
to 300 ps.

After the end of the pump process the upper laser level decreases as already seen
in Figure 4.16. This is the path from D to E. Here the biggest difference between the
varying simulations is visible. The reason for the difference between the simulations is
the same reason why it doesn’t go back on the same path as it came down to point C.
The explanation is the different spatial distributions (Figure 4.15). To understand the
difference in the spatial shape of the two cases where the upper laser level population at
the edge of the pump spot has the same value we compare the time step 0.029 ms and
0.382ms in Figure 4.15 (Pp = 3000 W). At ¢ = 0.029 ms (during the pump process) the
distribution of the upper laser level is evenly with a value of about 1.6-102m=3. At
t = 0.382ms the upper laser level population has a bell-shaped course with the same
value at the edge but in the center of about 2.7 - 102 m~3. This overall bigger population
inversion yields to more ASE and therefore to a shorter effective lifetime.

To sum up the results from this section in Figure 4.19 the upper laser level population
density is plotted versus the total pump power. It shows impressively how ASE leads to
enormous losses for high pump powers. The average upper laser level population barely
rises after pumping with more than 700 W. Figure 4.19 also shows the growing discrepancy

between the central population inversion and the population inversion at the edge of the

pump spot.
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Figure 4.19: Upper laser level population after the pump process (¢ = 0.3 ms).
ASE limits the average upper laser level population to less than 3.1 m™3.
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Summary
The most important things learned with this simulations:

e The effective lifetime cannot be described as a unambiguous func-
tion of the upper laser level population

e The saturation of the upper laser level population due to ASE is
quite abruptly

e The difference of the upper laser level population in the center
and on the edge of the pump spot can be significant

4.2.2 Varying parameter: Pump beam diameter

In this section the influence of the pump beam diameter is determined. For this the
pump power is set to 1000 W and the geometry and numerical parameters are identical
to Section 4.2.1 where different pump powers where studied. The pump beam diameters
considered are 3mm, 3.75 mm, 4.5mm, 5.25 mm, and 6 mm.

In Figure 4.20 the spatial distribution and its temporal evolution is shown for each
pump beam diameter. The result is similar to the results presented in Section 4.2.1. For
small beam diameters which is equivalent to high intensities the spatial disturbance is
much bigger. For 6 mm the ASE just starts to disturb the spatial distribution of the
upper laser level population. In the case with a pump beam diameter of 3mm the effect

is very pronounced.
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Figure 4.20: Spatial distribution of the upper laser level population density
with different pump beam diameters ranging from 3 mm to 6 mm at multiple
time steps.

In Figure 4.21 the temporal evolution of the upper laser level population is plotted.
Again the evaluation is made in the center (middle figure), at the edge of the pump
spot (bottom figure), and the average over the pump spot (top figure) is investigated.
The results are comparable with the the results from Section 4.2.1 in Figure 4.16. The
difference is that the higher intensity results from smaller pump beam diameters and not
from more pump power. The main difference in the results is that the saturation value of
the upper laser level population is different for each beam diameter. As we saw already
in Figure 4.16 the value for N,, (average over pump spot) in the saturation regime is
about 3 -10%m™3 for all pump powers. This result is reproduced here as for the 6 mm
simulation N,, = 3-102m™3. The smaller the pump spot the higher the upper laser
level population density. This effect is even bigger in the center of the pump spot. On
the other hand it is not that big on the edge of the pump spot, which again shows that

ASE has more influence on the edge of the inverted area.
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Figure 4.21: Temporal evolution of the upper laser level population density. In
the top figure the average over the pump spot, in the middle figure the values
in the center of the pump spot, and in the bottom figure the values on the edge
of the pump spot is shown.

In Figure 4.22 the temporal evolution of the total number of excited ions is shown.
This demonstrates that the total amount of ions in the upper laser level can be higher for
bigger pump beam diameters. The reason is that the area is bigger and over compensates
the lower upper laser level population. From this follows that the total amount of energy
stored in the disk is higher for bigger beam diameters. In contrast to that for smaller beam
diameters the achievable single pass gain is bigger due to higher population of the upper
laser level density. The relation between upper laser level population density and single
pass gain was determined in Section 3.3.4 to be G = exp(sNy,(oe — 04)). But keep in
mind that the beam diameter has to be smaller or equal to the pump beam diameter and

therefore over all more energy can be extracted when using bigger pump beam diameters.



4. Results

44
5 X 1 0 28 T T T T
4r 7 | Pump diameter
in mm
3¢ 1 3
s 3.75
- .
2+ . 4.5
5.25
1l - 6
O 1 1 1 1
0 1 2 3

5
tins x107
Figure 4.22: The temporal evolution of the total number of excited ions within

the pumped area.

In Figure 4.23 the upper laser level population density and the total amount of excited

ions is plotted as summary. Here it can be clearly seen that the upper laser level population

limit is higher for smaller beam diameter but the total amount of ions in the excited state
is bigger when using larger pump beam diameters.
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Figure 4.23: The upper laser level population is shown on the axis on the left
hand side. On the right hand side the total amount of ions in the upper laser

level is represented.
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Summary
The most important things learned with this simulations:

e The effect of ASE depends on upper laser level population and it
spatial distribution

e The total amount of excited ions is higher when using larger beam
diameters

e The upper laser level population density is higher for smaller beam
diameters due to higher intensities

4.3 Effect of an anti-ASE cap

In the literature anti-ASE caps have been discussed a lot and showed their positive in-
fluence in experiments as well as in theoretical models (e.g. [11, 18, 19, 20]). As already
discussed in Section 2.3 an anti-ASE cap reduces the path length of the spontaneous emis-
sion photons by suppressing total internal reflections. To simulate an ideal anti-ASE cap
the total reflection on the AR coated surface is suppressed. That means all rays hitting
the top surface (AR) leaving the disk and do not propagated any more inside disk.

In order to quantify the influence of an ideal anti-ASE cap the simulations from Sec-
tion 4.1 and Section 4.2 are repeated with the mentioned change of the boundary condi-

tion. The major results are depicted here.

Uniformly distributed population inversion

First the influence on an existing population inversion without pumping is studied. In
Figure 4.24 the spatial distribution of the upper laser level population density is plotted.
In contrast to the result without an anti-ASE cap (Figure 4.3 on page 23) the decay of

the upper laser level is homogeneous. There is no bell-like distribution because of ASE.
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Figure 4.24: Spatial distribution of the upper laser level population at certain
time steps.

In Figure 4.25 the effective lifetime 7.7 is plotted versus the upper laser level popula-
tion density. In contrast to the result without anti-ASE cap (Figure 4.6 on page 26) the
effective lifetime is closer to the spontaneous emission lifetime. Additionally the difference
between the values on the edge of the pump spot and in the center is not significant any

more, which already could be seen in Figure 4.24.
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Figure 4.25: The dependency of the effective lifetime 7.;¢ over the upper laser
level population V.

Figure 4.26 shows the resulting upper laser level population after 0.5ms. In contrast
to the result without anti-ASE cap (Figure 4.7 on page 27) the values for the simulations

with 20 % and 30 % initial excitation are much higher. Further the values from different

locations on the disk are more evenly excited.
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Figure 4.26: The left over upper laser level population density.

Ring-shaped population inversion

In this paragraph the difference between the simulations with and without anti-ASE cap
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is studied in the case of a ring-shaped initial population inversion profile. In Figure 4.27
the spatial distribution of the upper laser level population density is plotted. In contrast
to the result without an anti-ASE cap (Figure 4.10 on page 29) the slope on the ring is

inclined towards the center and over all the decay of the highly excited ring is slower.
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Figure 4.27: Evolution of the spatial distribution of the upper laser level
population at certain time steps.

This can also be seen in Figure 4.28 where the effective lifetime is plotted versus the
upper laser level population density. The effective lifetime is even for very high values of
N, in the order of the spontaneous emission lifetime. In the case without anti-ASE cap
(Figure 4.13 on page 32) the effective lifetime is smaller by orders of magnitude. Besides
ASE the reabsorption in the center of the disk for the simulation with 5% initial excited
ions is considerably lower. This can be seen in the part where the effective lifetime is

bigger than the spontaneous emission lifetime.
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Figure 4.28: The dependency of the effective lifetime 7.7 over the upper laser
level population N,,.

In Figure 4.29 the temporal evolution of the upper laser level population density is
plotted. As opposed to the simulation without anti-ASE cap (Figure 4.11 on page 30)
the decay on the edge of the pump spot does not depend on the values in the center any
more. This clearly shows that in the case with anti-ASE cap the majority of spontaneous
emission photons from the center do not deplete the regions on the rim. The reabsorption
in the center of the 30 %/5 % simulation is also significantly smaller than without the

anti-ASE cap.
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Figure 4.29: The temporal evolution of the upper laser level population density
at the edge of the pump spot (top figure) and in the center of the pump spot
(bottom figure).

Figure 4.30 shows the leftover upper laser level population density after 0.5 ms. Here
it is clear that the central population inversion has nearly no influence on the population

inversion on the edge of the pump spot.
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Figure 4.30: The resulting upper laser level population density after 0.5 ms at the edge
of the pump spot and in the center.

Various pump powers

In this paragraph the influence of the anti-ASE cap on the simulation with different
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pump powers is investigated. Figure 4.31 shows the temporal evolution of the upper laser
population density distribution. While comparing with the results without an anti-ASE
cap (Figure 4.15 on page 35) keep an eye on the different scale of ordinate.

PP=1OOW PP=400W F’P=7OOW
x102° x 1026 %1026
8 8 8
(] (] (]
E s E s E s
= :, =
s s s
z z z
2 2V ERY =’
ol e | 0 = ol bF——1
0 0.005 0.01 0 0.005 0.01 0 0.005 0.01
yinm yinm yinm
PP=1OOOW PP=1500W PP=3OOOW
X1026 x1026 X1026
8 8 8 /\\
(] (] (]
A\
E 6 € 6 > E 6 //4'\4\\\\,
= - - 17\

N
up
N
up
N
up
N
p
I

2 230 2 Adoq %2
0 0 | 0=
0 0.005 0.01 0 0.005 0.01 0 0.005 0.01
yinm yinm yinm
PP =4500 W
%1026
Time in ms
0.000 0.176 0.352
0.029 0.205 0.382
0.059 0.235 0.411
0.088 0.264 0.440
0.117 0.294 0.470
0.147 0.323 0.499

0  0.005 0.01

Figure 4.31: Evolution of the spatial distribution of the upper laser level
population at certain time steps.

The difference of the two simulations starts to be visible at the pump power of 700 W.
The results of the simulation with less pump power (100 W and 400 W) are more or less
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the same. The upper laser level population density distribution starts to deplete faster at
the edge of the pump spot than in the center for pump powers greater than 1500 W with
anti-ASE. In the case without anti-ASE cap this is already the case for 700 W. But the
shape of the upper laser level population is not the only difference.

The main advantage of the anti-ASE cap is the higher reachable upper laser level
population density. For example with 1500 W the maximum value is 5.8 - 102 m—3 with
anti-ASE cap and only 3.6 - 102 m 3 without anti-ASE cap. For a pump power of 4500 W
the values are 9.2 - 10 m=3 and respectively 4.8 - 10?6 m ™3,

In Figure 4.32 the upper laser level population density is plotted versus the pump

power.
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Figure 4.32: Upper laser level population density after the pump process (¢t = 0.3 ms)
versus the different pump powers with anti-ASE cap. ASE limits the average upper laser
level population to about than 6 - 10?2 m~3 with anti-ASE cap.

This plot shows noticeably the influence of an anti-ASE cap. With cap ASE starts to
be an issue with pump powers greater than or equal to 1500 W and without cap already
the critical pump power is 700 W. This results in much higher saturation population
of the upper laser level of about 6 - 102 m™3 (average) and about 3 -10*m™3 (average)
without anti-ASE cap.

This shows that the amount of energy stored in the disk can be doubled by using an

anti-ASE cap (for the mentioned disk parameters).

Various pump beam diameters
Section 4.2.2 showed that ASE also depends on the pump beam diameter. To deter-

mine how well ASE can be suppressed at different pump beam diameters the simulations
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from Section 4.2.2 on page 41 is repeated with the ideal anti-ASE cap described in the
paragraphs before.

In Figure 4.33 the spatial distribution of the upper laser level population density
is shown for multiple time steps. In the case without an anti-ASE cap the bell-like
distribution shape is preset for all simulated beam diameters for a pump power of 1000 W.
In contrast to that in the simulation with anti-ASE cap the distortion starts to be not
negligible with beam diameters smaller than 4.5mm. But the main difference is the
different amount of excited ions. The maximum upper laser level population density (in

the center) is about 50 % higher for all simulated pump beam diameters.
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Figure 4.33: Evolution of the spatial distribution of the upper laser level
population at certain time steps.

In Figure 4.34 the upper laser level population density and the total amount of excited
ions is depicted. In contrast to the simulation without anti-ASE cap it is clearly visible
that the function for the total amount of excited ions starts to flatten in the right hand

part of the graph. This already indicates that the total amount of excited ions cannot
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increase arbitrarily for bigger pump beam diameters. This is clear because the pump
power is fixed in this case and therefore the total number of excited ions is limited by the
finite pump pulse energy. Another interesting observation is that the functions for the
different locations seem to coincide for large beam diameters but split up for pump beam
diameters smaller than 4.5 mm. This indicates that ASE starts to be dominant at this
value because the spatial distribution is influenced by ASE a lot as we saw in Section 2.5

and in Section 4.
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Figure 4.34: Upper laser level population density after the pump process (¢ = 0.3 ms)
versus the different pump powers with anti-ASE cap. ASE limits the average upper laser
level population to about than 6 m=3 with anti-ASE cap.

Especially the higher values for the upper laser level population density (and therefore
for the total amount of excited ion) is worth highlighting again. In this cases there is

about 50 % more energy stored in the disk when using an anti-ASE cap.

4.4 Comparison with experiments

Michal Chyla et al. [17] measured the maximum possible single pass gain of a thin disk.
For this they used a setup shown in Figure 4.35. The thin disk is pumped by a pulsed laser
diode. With a weak (1 mW) seed beam the single pass gain was measured as described

in Section 3.3.4.
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Figure 4.35: Optical setup for gain measurements [17].

As result they got the measured gain show in Figure 4.36. In short we can summarize
that the maximum possible single pass gain is about 1.3 for all pulse durations and pump

beam diameters.
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Figure 4.36: Single pass gain versus pump energy density for 3.4mm, 4.5 mm
and 5.5 mm pump spots, pump pulse duration (a) 1ms, (b) 1.5ms, and (c)
2ms. Results from [17].

The values for the population of the upper laser level from the simulation can be
converted to the single pass gain according to Equation (3.32). The pump powers given
in the simulation can be converted to energy densities. For this the pump pulse duration
of tyump =300 ps, the pump repetition rate of f,., = 1kHz, and the given pump beam
diameter of dpm, = 6 mm is used.

With the mentioned pump repetition rate, the pump beam diameter, and the pump

powers used in Section 4.2.1 the energy densities can be calculated according to

Pavg
. =1
E = Preak * tpump _ Freptpump ~ PemP Pavg (4.2)
A N A N A ' '
pump pump f’]"@p : pump
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Pump power | Energy density Population of the Gain
upper level

in W in Jcm 2 in m™3
average | center edge | average | center | edge
100 0.35 0.48e26 | 0.48¢26 | 0.48¢26 1.03 1.03 | 1.03
400 1.41 1.79e26 | 1.79e26 | 1.82e26 1.12 1.12 | 1.12
700 2.48 2.62e26 | 2.67e26 | 2.53e26 1.18 1.18 | 1.17
1000 3.54 2.73e26 | 3.11e26 | 2.40e26 1.19 1.22 | 1.16
1500 5.31 2.72e26 | 3.43e26 | 2.45e26 1.19 1.24 | 1.17
3000 10.61 3.00e26 | 4.21e26 | 2.41e26 1.21 1.31 | 1.16
4500 15.92 3.08e26 | 4.66e26 | 2.48e26 1.22 1.34 | 1.17

Table 4.2: Conversion table of the pump power to the pump energy density and the
resulting upper laser level population density and the corresponding gain (without the

use of an anti-ASE cap.

Pump power | Energy density Population of the Gain
upper level

in W in Jem—2 in m—3
average | center edge | average | center | edge
100 0.35 0.48e26 | 0.48e26 | 0.48¢26 1.03 1.03 | 1.03
400 1.41 1.84e26 | 1.84e26 | 1.84e26 1.12 1.12 | 1.12
700 2.48 3.18e26 | 3.18e26 | 3.18e26 1.22 1.22 | 1.22
1000 3.54 4.26e26 | 4.26e26 | 4.26e26 1.31 1.31 1.31
1500 5.31 5.18e26 | 5.53e26 | 4.97¢26 1.39 1.42 | 1.37
3000 10.61 5.47e26 | 7.47e26 | 4.44e26 1.41 1.60 | 1.33
4500 15.92 5.59e26 | 8.56e26 | 4.45e26 1.42 1.72 | 1.33

Table 4.3: Conversion table of the pump power to the pump energy density and the
resulting upper laser level population density and the corresponding gain (without the

use of an anti-ASE cap.

The results collected in Table 4.2 and Table 4.3 are plotted together with the results

of the experiment in Figure 4.37. In the upper plot the experimental data was measured

with a pump duration of 1ms, in the middle with a pump duration of 1.5ms, and in the

bottom graph for 2ms pump duration. The simulation values are the same in every plot

(with a pump duration of 0.3 ms).
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Figure 4.37: Results from the experiment performed by [17] and the simulation results.
For the simulation the average population of the upper laser level over the pump spot is

plotted. Experimental data was picked from the graphs from [17| with the help of
https://apps.automeris.io/wpd/.

Due to the lack of information of the experimental setup, the comparison has to made

with care. The main issue is that the thickness of the thin disk is not mentioned in [17].

In the simulation and in the calculation of the gain from the upper laser level population

the thickness of the disk is a key parameter. A further issue is the lack of knowledge


https://apps.automeris.io/wpd/
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of the pump beam shape, which of course influences the distribution of the population
inversion and therefore the gain. An additional crucial point is the uncertainty about the
anti-ASE cap, which has a big influence. The lack of temperature depended coefficients
for the simulation introduces further uncertainties.

Taking into account all these uncertainties the coincidence is quit impressive. Espe-
cially the saturation in the gain is perfectly in the range between no anti-ASE cap and
an ideal anti-ASE cap. Assuming they use an not ideal anti-ASE cap this is a great re-
sult. The steeper rise of the gain with respect to the pump energy density (especially for
shorter pump pulses) cannot be described that easily. An option would be that the pump
beam has not a tophat profile but a Gaussian-like shape. This would increase the local
population inversion in the center and therefore lead to bigger a gain. An other factor is
the temperature dependency of the material parameter. Due to the lack of information
this effect cannot be quantified in greater detail.

In Figure 4.38 the measurement of the temporal evolution of the single pass gain is
plotted to see the similarities between the experiment and the simulation. As it is written
in [17], the gain signal is overlapped by a unknown amount of fluorescence. This means

that the real gain is smaller than the values plotted in Figure 4.38.
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Figure 4.38: Temporal evolution of single pass gain with pump pulse duration in
case of 3.4mm and 5.5 mm pump spots at three different pump energy densities (a)
1ms (b) 1.5ms and (c) 2ms (performed by [17]).

Figure 4.39 shows the evolution of the gain in the simulation in the case without and
with anti-ASE cap. Besides the already discussed differences in the magnitude the time
curve of the simulation and the experiment are quite similar.

In both simulated cases on the edge of the pump spot some instabilities are noticeable
for high pump powers (and therefore high energy densities). This also shows up in the

experiment as spiking.
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Figure 4.39: Temporal evolution of single pass gain calculated from the simulated
upper laser level population. In the top three figures the values without an anti-ASE
and on the bottom three figures the values with an anti-ASE cap are depicted.
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5 Conclusion and outlook

One limiting factor for high power thin disk laser systems is ASE. In order to be able
to avoid ASE it is necessary to have a deep understanding of it. All the theoretical
approaches found in the literature are not able to describe ASE without making strict
assumptions. Therefore a simulation of the spatial and time dependent population in-
version is presented. The model includes the rate equations and the radiation transport
inside the disk. Pumping, spontaneous emission, and the stimulated emission (and thus
ASE) are determined by solving the well known laser rate equations. The propagation of
the radiation resulting from spontaneous emission is calculated via a Monte Carlo based
ray tracing.

The influence on ASE of various parameters such as pump power, pump beam radius
and the surface reflectivity has been determined.

It could be shown that ASE disturbs the spatial distribution of the upper laser level
population due to different path length with in the area of interest.

In particular it was shown that the population inversion in the center of the pump
spot grows with more pump power, but at the edge of the pump spot there is a strict limit
due to ASE. Therefore, ASE is a limiting factor to the average population inversion.

The effect of population inversion distortion is also studied with different pump beam
diameters. It could be shown that the disturbance in the upper laser level population
caused by ASE is bigger when smaller beam diameters are used. The reason for this
observation is the higher resulting pump intensity (with the same power). In addition to
the distortion it could be shown that the total amount of excited ions is bigger for larger
beam diameters while the amplification of the spontaneous emission is bigger with higher
population inversion values (small beam diameters). The longer path length when using
bigger beam diameters have not any significant impact.

In order to predict the effectiveness of an anti-ASE cap the simulations were repeated
with a different boundary condition on the AR surface to suppress total internal reflec-
tions. It could be shown that the amount of energy stored in the disk can be substantially
higher. Depending on the case the enhancement was between 50 % and twice as much as
without anti-ASE cap.

In order to qualify the simulation results they are compared with experimental results.
The experimental data are taken from [17]. First, the single pass gain of a pumped thin

disk was taken to compare the simulation with the experiment. The maximum reachable
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single pass gain measured in the experiment is between the simulation with anti-ASE cap
ant the simulation without cap. Second, the temporal evolution of the single pass gain
is compared. The similar characteristics indicates that the simulation is working quite
well. But due to various uncertainties in the experiment the comparison has to be done
carefully.

Although the results of the simulations give a good insight into the process of ASE
and the influencing parameters, there is always place for improvements.

In general it would be great to speed up the simulation. This could be achieved in
various ways. First, for rotational symmetrical systems one could make use of a two
dimensional simulation model. This would speed up the simulation by orders of magni-
tudes but it is not clear yet how to handle reflective boundary conditions. Second, the
ray tracing part could be implemented in parallel or maybe even on a graphics processing
unit (GPU). Another way would be to use adaptive time steps in order to reduce the
amount of calculated time steps.

Beside speeding up the simulation there are also some physical effects which are promis-
ing candidates for being included into the simulation model. To be more flexible with the
pump and able to reduce the amount of assumptions made, the pump process could be
realized via ray tracing as well. Since this model is monochromatic, it could provide an
even more detailed understanding of ASE if the spectral dependency is consider as well.
Additionally the temperature dependence could be included as well since parameters such

as absorption and emission coefficients show a temperature-dependent behavior.

However, the fundamental principles of the painful loss mechanism ASE and its
influence on the spatial distribution of the population inversion can be studied

well with the presented simulation model.
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