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Abstract
The Light Wave Synthesizer 20 (LWS20) is an Optical Parametric Synthesizer
(OPS) system used for relativistic attosecond physics research. The LWS20 per-
forms OPS through the means of multiple two-color pumped Noncollinear Optical
Parametric Chirped Pulse Amplification (NOPCPA) stages. NOPCPA is based
on the nonlinear optical effect Optical Parametric Amplification (OPA) which is
only described analytically through simplified expressions. A natural route around
this difficulty is through the means of numerical models. In this thesis a (2+1) di-
mensional simulation software [1], [2] is used to simulate the four currently present
NOPCPA stages of the LWS20, operated under two different options. The simula-
tion will be key to the planned upgrade of the LWS20, propelling the system from
the current 16 TW power [3] to the wanted 100 TW power domain.

It is shown that the used software is able to, with some caveats, emulate the
results achieved in a laboratory environment and that the two operational op-
tions are optimized under slightly different settings. Furthermore, some barely
documented, albeit crucial, features of the simulation software have been exposed,
indicating that it is not very well optimized for simulating the OPA processes of
the LWS20. By increasing the pump energy of the simulation beyond the real-
istic level it is still possible to attain relatively realistic amplification and thus the
software ought to prove a valuable tool for the planned system upgrade. Some
alternative approaches to the continuation of the simulations are presented which
would further increase the software’s usefulness in the process of expanding the
LWS20. Historically, the LWS20 has been operated successfully under the same
conditions under the two possible operational options, but the simulations clearly
show that an optimized set-up for one option is far from optimal for the other
option. Therefore, there is a possibility to further optimize the LWS20, an idea
worth pursuing in future experiments.



Sammanfattning
Vid övergången från linjär optik till icke-linjär optik blir de analytiska uttrycken
genast mycket mer svårhanterliga [4], [5]. För att föra forskningen framåt utan att
behöva förlita sig på förenklade teoretiska modeller har diverse numeriska verktyg
utvecklats. Ett sådant verktyg är programmet chi2D som utnyttjar symmetri för
att utföra OPS-simuleringar i (2+1) dimensioner [1], [2]. I detta arbete har detta
program använts för att simulera en OPS kallad för LWS20 som i en serie av NOP-
CPA-steg med två olikfärgade pumplasrar uppnår förstärkningen över en mycket
bred bandbredd. LWS20-systemet skall uppgraderas från dess nuvarande maxim-
ala effekt (16 TW [3]) till den önskade maximala effekten av 100 TW. För att kunna
konstruera en sådan uppgradering kommer simulerade resultat vara av yttersta
vikt och förse forskargruppen med en grund som de sedan kan bygga vidare ifrån.
I LWS20-systemet finns i nuläget fyra NOPCPA-steg redan implementerade och
i detta arbete har dessa simulerats med och utan den fakultativa Cross-polarized
Wave generation (XPW)-processen. Simuleringarna visar att chi2D, under speci-
ella förhållanden, kan producera resultat jämförbara med de värden som uppmätts
i laboratoriet. Utöver detta så indikerar simuleringarna att LWS20-systemet be-
höver olika inställningar för att fungera optimalt med och utan XPW. En ytterl-
igare aspekt av detta arbete är att vissa knapphändigt dokumenterade men mycket
viktiga egenskaper och grundläggande antaganden i chi2D har undersökts i detalj.
Resultaten av denna granskning indikerar att OPS-processen i LWS20-systemet är
långt ifrån de experimentella förhållanden som chi2D är utvecklat för att simulera.
Genom att presentera alternativ för framtida fortsatta simuleringar befästs dock
mjukvarans användbarhet vid den planerade expansionen av LWS20. Tidigare har
LWS20-systemet utfört NOPCPA-förstärkning med likadana inställningar både
med och utan XPW. Det faktum att simuleringarna indikerar att ett system op-
timerat för körningar med XPW inte alls fungerar optimalt utan XPW är något
som i högsta grad är värt att undersöka i framtida experiment. Det är alltså
möjligt att det eventuellt skulle gå att optimera LWS20-systemet ytterligare.





Contents

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Purpose and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theoretical and Experimental Background and Simulation Prin-
ciple 3
2.1 Theoretical and Experimental Background . . . . . . . . . . . . . . 3

2.1.1 Linear Optics . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Nonlinear Optics . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.3 Relevant Experimental Techniques for an Optical Paramet-

ric Synthesizer (OPS) . . . . . . . . . . . . . . . . . . . . . . 9
2.1.4 LWS20 Overview . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Simulation Principle . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1 Simulation Fundamentals . . . . . . . . . . . . . . . . . . . . 16
2.2.2 Simulation Geometry and Computational Domain . . . . . . 17

3 Methodology and Results 21
3.1 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Crystal Length and Seed Energy Measurements . . . . . . . 21
3.1.2 Pump Profile . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.3 Seed Spectrum without XPW . . . . . . . . . . . . . . . . . 30

3.2 OPS Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.1 Simulation Foundation . . . . . . . . . . . . . . . . . . . . . 33
3.2.2 NOPCPA Stages . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2.3 Continued Simulations . . . . . . . . . . . . . . . . . . . . . 65

4 Conclusion 67
4.1 Concluding Remarks and Outlook . . . . . . . . . . . . . . . . . . . 68

5 References 71



CONTENTS
Oskar Hallberg (osha0027@student.umu.se)

A Abbreviations i
Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

B Material Constants: β-barium borate (BBO) v
B.1 Birefringence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
B.2 Effective Nonlinearity . . . . . . . . . . . . . . . . . . . . . . . . . . v

C The walk-off angle ρ vii

D Non-collinear phase matching ix

E Calculation of Spectrum xi

F The Error Function xv

G Source Data xvii

mailto:osha0027@student.umu.se


Chapter 1

Introduction

This chapter aims to give the reader some insight into the background of the
physics leading to the research conducted in this thesis. Furthermore, the reader
will be presented with the bigger picture from the standpoint of the RElativistic
Attosecond physics Laboratory (REAL) research group at Umeå University as well
as the concrete objectives of this thesis.

1.1 Background
Although light has been worshipped by humans for millennia and, later on, ob-
served and categorized by numerous scientist for centuries it still propose a mys-
tery. The question of whether light is a particle or a wave phenomena still has no
clear answer. As most students of quantum mechanics know, there are times when
light shows some definite particle like behaviours, see for example [6]–[8] and even
Newton was convinced that light could not be a wave [9], [10]. But another well
documented behaviour of light is that it diffracts; a clear wave like behaviour [8].
Further evidence for the wave theory is neatly exposed in Young’s famous double-
slit experiment [10]. In other words, although light is one of the fundamental
phenomena of nature there is still much to learn and the REAL group strives to
push the boundaries of our knowledge of light, especially phenomena occuring in
the attosecond regime.

Today, over half a century after Maiman’s realisation of the first laser [11], the
field of laser physics and optics is still growing [9], [12]. This growth has given rise
to several different areas of physics relating to light, light’s propagation through
matter and different applications that can rise thereof. The realisation of the
laser also opened the door to the previously quite unexplored field of nonlinear
optics [5], [13]. The key concept of nonlinear optics is well expressed in the words
of Robert W. Boyd [5]:
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”Nonlinear optics is the study of phenomena that occur as a con-
sequence of the modification of the optical properties of a material
system by the precence of light.”

Thus, by applying light to a material one is able to alter the general optical be-
haviour of that material. As explained in Chapter 2, this alteration is intimately
connected to the intensity of the applied light, which is kind of an energy density
defined as the ratio of the power of the light beam and its area. The necessary,
high, intensity is readily provided by laser light [12].

From a more mathematical standpoint one can veiw nonlinear optics as a nat-
ural extension of the classical linear optics through the inclusion of nonlinear terms
(in intensity) in the analytical expressions [4]. Due to these nonlinear terms the
analytical expressions for dealing with the different phenomena quickly becomes
cumbersome to perform through the means of pen and paper. An alternative
to relying on simplified theoretical models are computational tools developed for
analyzing nonlinear optics and in this thesis one such tool will be used.

1.2 Purpose and Objectives
One of the current goals for the REAL group is to create few-femtosecond long light
pulses at 100 TW power. The sought time scale is comparable to the time necessary
for electronic motion in nanoscale semiconductors [14]. To put the envisaged power
into perspective it suffices to say that the general output of the Ringhals 3 nuclear
power plant is about 1.1 GW [15]. It is important to recognize that the sought
100 TW in the laboratory occur under a very short time period whereas the 1.1 GW
of the power plant is produced continuously. To be able to achieve these goals
careful considerations needs to be taken in the construction and optimization of the
planned expansion of the LWS20 ultra-high power laser. To this end simulations of
yet unimplemented stages of the Optical Parametric Synthesis (OPS) (explained
in Section 2.1.3) will be crucial.

This thesis is dedicated to establishing a solid foundation for simulations of the
existing OPS of the LWS20 (see Section 2.1.4) using the simulation program chi2D.
This knowledge will then be used to simulate and optimize the four amplification
stages of the OPS already implemented in the LWS20 system and will serve as a
means to achieve the goals set by the REAL group. The options of operating the
LWS20 system with or without a so called XPW component that enhances the
temporal structure (see Section 2.1.4) will also be investigated.

2
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Chapter 2

Theoretical and Experimental
Background and Simulation
Principle

The purpose of this chapter is to equip the reader with an understanding of the un-
derlying theoretical and experimental concepts relevant for this thesis. In addition
to this, an overview of the relevant parts of the LWS20 system is given together
with the fundamental principles of OPS simulation using chi2D.

2.1 Theoretical and Experimental Background

The theoretical and experimental knowledge of light and light’s propagation through
matter is vast and the material presented in this section will be far from a complete
coverage of the subject. The interested reader is referred to the work of, e.g., [16]
and [17] for a thorough derivation of the fundamental theories of electrodynamics
or the works of, for example, [4] and [5] for a coverage of nonlinear optics.

2.1.1 Linear Optics

Maxwell’s Equations In the center of the study of light and light’s propagation
through matter lie the well known Maxwell’s equations. By introducing the electric
and magnetic fields, denoted by E and B respectively, along with the electric
displacement, D, it is possible to express Maxwell’s equations in matter as:
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∇ × E = −∂B
∂t

(2.1a)

∇ × H = Jf + ∂D
∂t

(2.1b)

∇ · B = 0 (2.1c)
∇ · D = ρf . (2.1d)

In Equation (2.1) Jf denotes the free current, ρf represent the free charges and H
is defined as

H = 1
µ0

B − M, (2.2)

where µ0 is the permeability of free space and M is the magnetization of the media.
The electric displacement is defined similarly as

D = ε0E + P, (2.3)

where ε0 is the permittivity of free space and P is the polarization of the media.
In isotropic linear material and for moderate intensities of the electric field it holds
that that the polarization depends linearly on the electric field so that

P = ε0χeE, (2.4)

where χe is the electric susceptibility of the considered medium [17]. For a non-
magnetic material (i.e. M = 0), assuming Jf = 0 and ρf = 0, the general
wave-equation

∇ × ∇ × E + 1
c

∂2E
∂t2 = − 1

µ0

∂2P
∂t2 (2.5)

can be derived from Maxwell’s equations [5].

Pulse Properties Neglecting spatial dependence and assuming the electric field
to be linearly polarized the electric field of a pulse is completely defined by the
scalar electric field E(t) ∈ R [18], [19]. One way to express E(t) is with a temporal
intensity, I(t), and carrier frequency, ω0, so that

E(t) = Re
[√

I(t)ei(ω0t−Φ(t))
]
, (2.6)

where Φ(t) is the temporal phase [19]. Through the means of a Fourier transform-
ation, F , it is possible to express the (complex) electric field in the frequency-
domain, Ẽ(ω), as [20]:

Ẽ(ω) = F(E(t)). (2.7)

4
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The fact that E(t) is real gives us that Ẽ(ω) = Ẽ
∗(−ω) [20], and combining Equa-

tions (2.6) and (2.7) and following the common practice to neglect the terms
including negative frequencies [18], [19] Ẽ(ω) becomes

Ẽ
+(ω) =

√
Ĩ(ω − ω0)eiφ(ω−ω0) (2.8)

where Ĩ is the spectral intensity and φ is the spectral phase [19]. Using the spectral
phase it is possible to express the group delay as [19]:

τ̃(ω) = dφ

dω
. (2.9)

Refractive Index In vacuum the speed of light is constant for all wavelengths λ.
In contrast the velocity of light in a material, v(λ), has a wavelength dependence.
This phenomena is known as dispersion and is described by the refractive index,
n(λ), defined as 1

c

v(λ) = n(λ), (2.10)

where c is the velocity of light in vacuum [4].
In the most simple case, n is given to be a constant of the medium [9], in a more

detailed analysis it is however important to remember the frequency dependence of
n [17]. Later we will see that the relation between refractive index and frequency
is given by Equation (2.11), known as the Sellmeier equation. It is this frequency
dependence, or dispersion, of the refractive index that, for example, causes blue
light to travel slower through a medium than red light would in the same medium,
and gives rise to the classical rainbow spectrum of prisms [9].

Birefringence There is also the case of optically anisotropic materials. One
particular effect of interest in such materials is that the refractive index becomes
polarization dependent, so called birefringence [5]. To understand the polarization
dependent refractive index, it is first necessary to understand some of the char-
acteristics of anisotropic materials. In this section these characteristics will be
expressed in terms of (anisotropic) crystals. In such a crystal, there is a at least
one direction in which the polarization does not affect the refractive index, the so
called optical axis, Ẑ. To characterize crystals in nonlinear optics one often looks
at the underlying crystal symmetry which divide into uniaxial and biaxial crys-
tals. In uniaxial crystals there is only one way to define the optical axis, whereas
in biaxial crystals there are two possible choices for Ẑ2 [4].

1Sometimes the refractive index is given as the ratio between the velocity of light in air and v.
To distinguish between these two cases n, as presented in Equation (2.10), is sometimes referred
to as the absolute refractive index [4].

2In this work only the uniaxial case will be considered.
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In the uniaxial case, Ẑ can be used in conjunction with a vector z, which indic-
ates the initial direction of propagation, to characterize the lights polarization into
what is known as the ordinary and extraordinary directions. The ordinary polar-
ization direction, denoted by subindex o, is defined as being perpendicular to both
Ẑ and z. If the polarization direction lie in the plane of Ẑ and z the polarization
is said to be extraordinary and denoted by the subindex e. From these definitions
and the definition of the optical axis it follows that the ordinary refractive index,
no, is independent of the propagation direction, whereas the extraordinary refract-
ive index, ne, will have such a dependence [5]. Due to the dispersion the refractive
indices are given by the Sellmeier equation [21]:

n2
o/e(λ) = Ao/e + Bo/e

λ2 + Co/e

+ Do/eλ
2. (2.11)

The constants Ao/e, Bo/e, Co/e and Do/e in Equation (2.11) are material dependent
and the values used in this work are presented in Appendix B.

By definition ne depends on the direction of propagation characterized by the
angle θ between z and Ẑ as defined in Figure 2.1. The dependence is then given
by the equation

no(λ, θ) = no(λ) (2.12a)
1

ne
2(λ, θ) = cos2 θ

no
2(λ) + sin2 θ

ne
2(λ) (2.12b)

and is visualized in the case of a negative uniaxial crystal (i.e. a crystal where
ne(λ) < no(λ)) in Figure 2.1. In the context of Equation (2.12) the refractive
indices with only a λ dependence is given by Equation (2.11) and referred to
as principal refractive indices to denote the difference between having only a λ
dependence and having both a λ and a θ dependence [12].

Beam Walk-off The effect of the dependence introduced by Equation (2.12b)
is to cause an extraordinarily polarized beam, originally traveling along z to stray
and move away from z. This drift of the extraordinarily polarized beam is caused
by the wave vector, k = kn̂, where k = ωn/c is the wave number and n̂ indicates
the direction, not coinciding with the Poynting vector Ŝ = (E × B)/µ0. In other
words, the phase does not propagate in parallel to the energy of the wave [22].
This stray is characterized by the angle, ρ(θ), which is the angle inbetween k and
Ŝ, and can be expressed as [23]:

tan ρ(θ) = −1
ne(λ, θ)

∂ne(λ, θ)
∂θ

. (2.13)

6
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Ẑ

X̂
✓

z

Figure 2.1 – A visualization of the effect of Equation (2.12) in a negative uniaxial
crystal. In the figure ne(λ, θ) is indicated by the red line and the blue line indicate
no(λ) of Equation (2.11). θ defines the interaction angle between the propagation
direction, z, and the optical axis, Ẑ.

A consequence of Equation (2.13) is that after a propagation length b an ex-
traordinarily polarized beam, initially propagating along z, will experience a walk-
off tan(ρ)b perpendicular to z.

Equation (2.13) can, in the case of negative uniaxial crystals (i.e. ne(λ) < no(λ))
such as BBO readily be rewritten in terms of the principal refractive indices as

ρ(θ) = tan−1

(no(λ)
ne(λ)

)2

tan θ

− θ

= tan−1
(

sin(θ) cos(θ)
ne(λ)2 cos2(θ) + no(λ)2 sin2(θ)

(
no(λ)2 − ne(λ)2

))
,

(2.14)

a derivation of this relation is given in Appendix C.

2.1.2 Nonlinear Optics
Nonlinear Susceptibility Light is electromagnetic radiation and as a con-
sequence a light wave propagating through a material constitute an electric field
moving through a structure of charges. The field will affect the charges and the
charges will in turn effect the field [16], [17], [24]. As a consequence the intens-
ity, i.e. square of the strength of the electric field amplitude, of the electric field
have an impact on the observed optical effects. When the intensity of the light
becomes high, nonlinear terms come into play, ruining the pure linear dependence
in Equation (2.4). In the scalar case the polarization can be expressed in terms of
a Taylor series as

P = ε0
(
χ(1)E + χ(2)E2 + . . .

)
= ε0

∑
i

χ(i)Ei, (2.15)

7
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where χ(1) = χe, and χ(i) for i > 1 corresponds to the higher order electric suscept-
ibility [4], [5]. For materials and situations where χ(1)E is the only term from Equa-
tion (2.15) with a significant contribution, Equation (2.4) holds. Equation (2.15)
can be generalized to three dimensions using tensor algebra for birefringent ma-
terials [4], [5], [25].

Frequency Mixing Letting light waves interact through the means of a second
order nonlinear media (i.e. a media where χ(2) of Equation (2.15) is non-zero) it is
possible to achieve several kinds of frequency mixing. The different possibilities of
frequency mixing becomes apparent if one considers the light field incident upon
the material to be a superposition of two plane waves with different frequencies, ω1
and ω2, traveling in the z-direction, so that (using the plane wave representation
of [25])

E(t) = Re
[
A1(z)ei(ω1t−k1z)

]
+ Re

[
A2(z)ei(ω2t−k2z)

]
. (2.16)

In Equation (2.16) Ai(z) is the amplitude and ki = ωin/c (i = 1, 2). Expressions
containing 2ω1 and 2ω2 (Second Harmonic Generation (SHG)), ω1 + ω2 (Sum Fre-
quency Generation (SFG)) and ω1 −ω2 (Difference-Frequency Generation (DFG))
arises from the second order terms of Equation (2.15) when combining Equa-
tion (2.15) and Equation (2.16). From a physical point of view, the incident waves
give the atoms of the material an oscillating dipole moment, causing radiation at
a certain frequency ω3. The phase of the incident waves will cause the oscillating
dipoles to radiate with a relative phase and tuning this phase makes it possible to
cause a specific kind of frequency mixing to occur constructively [5].

Phase Matching The tuning of the phase to achieve a certain kind of frequency
mixing is known as phase matching [5]. In this section the phase matching in the
case of DFG will be considered.

Phase matching in a DFG process is simply the demand that momentum and
energy is conserved in the process. This requires that

k3 = k1 − k2 (2.17)

and
ω3 = ω1 − ω2 (2.18)

holds. An alternative to Equation (2.17) is to define

∆k ≡ k1 − k2 − k3 (2.19)

and say that phase matching occurs when |∆k| = 0 [26]. |∆k| = 0 is also known
as perfect phase matching [5] and can only be achieved for one frequency at a time.

8
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Table 2.1 – Phase matching types in DFG under the assumption that ω1 > ω2 >
ω3 [21]. e and o denotes extraordinary and ordinary polarization, respectively.

Polarization
ω1 ω2 ω3 Type

e o o I
e o e II
e e o III

One way to minimize the phase mismatch in a larger spectral range is to let the
interacting beams propagate noncollinearly [25].

There are several “types” of phase matching and under the conventional as-
sumption that ω1 > ω2 > ω3 [21] these types can be characterized by the polariz-
ation of the interacting beams. The different types are summarized in Table 2.1.

2.1.3 Relevant Experimental Techniques for an Optical Para-
metric Synthesizer (OPS)

Chirped Pulse Amplification (CPA) When working with the amplification of
very short and very intense pulses there is always the problem of self-focusing [27].
Self-focusing is the phenomena of light rays getting focused inside a material due to
nonlinear effects arising from the lights interaction with the material [28] and might
result in intensities capable of damaging the optical system [5]. One way to deal
with the inconvenience of self-focusing is to “chirp” 3 the pulse before amplifying it,
giving the technique the name chirped pulse amplification. The chirping technique
imposes a phase-modulation resulting in a temporal elongation of the pulse [29]–
[31]. The longer pulse after amplification has a much lower intensity and does
not damage the optical system [32]. The amplified pulse is then recompressed, by
“un-chirping” the pulse using a similar technique as when chirping the pulse in the
first place [31], yielding a short high intensity pulse [32]. This process is visualized
in Figure 2.2.

Optical Parametric Amplification (OPA) Already in 1962 Akhmanov and
Kohkhlov saw the theoretical opportunity to use the properties of nonlinear media
to amplify a light pulse by “pumping” it with another, intense, pulse of light [33].
A couple of years later they, together with their co-workers, also made an exper-
imental observation of this [34]. The process of using nonlinear media to amplify

3The use of ”chirp” in the context of pulses was introduced in the fifties at Bell Laboratories,
then in the context of radars [29].

9
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Figure 2.2 – Schematic representation of the Chirped Pulse Amplification (CPA)
process.

one light wave through the pumping of another light wave is known as OPA, a
special case of DFG4 [4], [25].

In OPA there is an intense beam which interacts through a second order non-
linear media with a weaker beam so that the weaker beam is amplified (the process
is said to be parametric since the quantum state of the system is the same before
and after the effect has taken place) [5]. Throughout this work the intense beam
will be called the pump beam and the weaker beam will be called the seed beam.
Quantities related to the pump beam and the seed beam are indicated by the su-
bindices p and s, respectively. For the rest of the discussion relating to OPA the
assumption that ωp > ωs will be made [25]. If the pump and seed beams are to
interact in a difference-frequency fashion it holds from conservation of energy that
a new beam is generated with frequency [5] [4]:

ωi = ωp − ωs. (2.20)

The new beam will be called the idler beam, hence the index i. A schematic
visualization of this process is shown in Figure 2.3. From Equation (2.20) it follows
that if, e.g., the pump is monochromatic and the seed has a broad bandwidth the
idler will also have a broad bandwidth.

Since the seed beam is present as an input in the DFG process it is known
from the Manley-Rowe relations [35], [36] that both the idler and the seed will be
amplified by the OPA process [4]. An energy diagram such as the one in Figure 2.4
provides a means of explaining this phenomena: The presence of ωs together with
ωp stimulates the creation of photons with frequency ωi, but, due to symmetry, the
presence of the created ωi in the ωp field, in turn, also stimulates the generation
of ωs photons [5], [25].

The bandwidth supported by the OPA is determined by the transparency of
the employed nonlinear medium and the phase matching conditions [2] and by

4Technically OPA is DFG with a strong pumping beam and a weak beam intended for amp-
lification [25].
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χ(2) 6= 0

ωs

ωp ωp

ωs

ωi

Figure 2.3 – A schematic figure of the OPA process. χ(2) indicates the second
order electric susceptibility and ω denotes the frequency. It holds that ωp > ωs

and that ωi = ωp − ωs.

!s

!i

!p

(a)

!p

!i

!s

(b)

Figure 2.4 – OPA energy level diagram including the pump, seed and idler beams.
The dashed lines indicates what is known as virtual energy levels.

letting the pump and the seed propagate noncollinearly it is possible to achieve
phase matching for a broad range of wavelengths [25]. A schematic representation
of such geometry is depicted in Figure 2.5. The two representations presented
in Figure 2.5 correspond to the two possible configurations: Poynting Vector Walk-
off Compensation (PVWC) and Tangential Phase Matching (TPM), of which the
latter is used in the LWS20.

Defining ∆k ≡ kp − ks − ki and letting

g2 = Γ2 −
(

∆k

2

)2

, (2.21)

with
Γ2 = 8π2deff

2Ip

ninsnpλiλsε0c
, (2.22)

where deff is the (material dependent) effective nonlinearity coefficient, see Ap-
pendix B, and Ip is the pump intensity, it is possible to express the OPA seed gain
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z
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Ẑ

θ

(a) PVWC

z

x

p
s

α

Ẑ

θ

(b) TPM

Figure 2.5 – A diagrammatic representation of two possible ways to define the
noncollinear relation between the pump beam, p, and the seed beam, s. In the
figure the optical axis is denoted by Ẑ, the noncollinear angle by α and the phase
matching angle by θ.

as

G = 1 + Γ2

g2 sinh2(gL). (2.23)

Equation (2.23) is true for plane waves defined as the components of Equation (2.16)
and assumes that ωi < ωs < ωp, Ap ≈ constant, Ai(0) = 0, As(0) 6= 0 and that
the beams propagate a length L through the crystal, see [25] for a derivation of
this expression. From Equation (2.23) it can be seen that G increases as |∆k|
decreases, i.e. approaching phase matching.

Assuming that the pump and the seed propagate with a non-zero relative angle,
α (the so-called noncollinear angle), it can be shown that the phase mismatch in
the translational direction (i.e. the z-direction of Figure 2.5) is given by

∆k ≡ |∆k|‖ = 1
c

ωpnp − ωsns cos α − ωini

√
1 −

(
ωsns

ωini

sin α
)2
, (2.24)

see Appendix D for a derivation of this expression. The value of np, ns and ni

are determined by Equations (2.11) and (2.12b) and the type of phase matching
employed. When ∆k = 0 and the gain can be approximated as large, G is given
by [25]:

G∆k=0 ≈ 1
4e2ΓL. (2.25)

From Equation (2.22) and Equation (2.25) it is clear that G∆k=0 ∝ exp
(
adeff

√
IpL

)
for some constant a. This exponential gain can be understood from the dual feed-
back of the seed and the idler, visualized in the energy level diagram of Figure 2.4.
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Optical Parametric Synthesis (OPS) In the LWS20 both CPA and OPA are
utilized by amplifying the chirped seed pulse using OPA before compressing it.
When the seed and pump are noncollinear this combination is known as NOPCPA
and in the LWS20 this technique is utilized in two sequential sets of two NOPCPA
stages, labeled 1A, 1B, 2A and 2B. The A stages are pumped with an intense
λp = 532 nm (green) beam whereas the B stages are pumped with an intense
λp = 355 nm (blue). The main difference between the first and second set of
stages is the energy content of the interacting beams. The seed beam used in the
LWS20 has a ultrabroad bandwidth, ranging roughly from 580 nm to 1020 nm
and the two color pumping and noncollinearity is a necessity to be able to amplify
(i.e. achieve phasematching for) the entire seed. The chosen wavelengths of the
pumps results in the A stages amplifying the λ > 700 nm part of the seed spectra
whereas the B stages amplify the λ < 700 nm region. It is this two-color pumping
that renders the LWS20 an OPS.

2.1.4 LWS20 Overview
Before the OPS can be carried out great care is taken in creating the seed spec-
trum and the profile of the pump beams. The LWS20 can be broken down into
seven main steps: Generation of seed beam, generation of pump beams, spectral
broadening, (optional) contrast improvement, temporal stretching, amplification
and compression (see Figure 2.6). When generating the pump beams the goal is to
create beams with profiles resembling circularly symmetric flat-tops. By seeding
the pump laser generation process with a part of the output from the titanium-
sapphire oscillator it is possible to (optically) synchronize the pump beams with
the seed beam. The generation of the seed beam is initialized by two commer-
cially available titanium-sapphire components: the oscillator generates a weak
short pulse which is then amplified through multiple stages in a CPA. In this way
the pulse generation produces an initial seed pulse with about 20 fs pulse length
and around 0.8 mJ energy. The seed beam is then passed through a Hollow Core
Fiber (HCF) filled with neon gas which broadens the spectra. The high-dynamic
range temporal contrast (as well as the spectral phase) can then be improved by
letting the seed pass through the XPW. The seed is then stretched in a CPA
fashion using a grism set-up (combination of gratings and prisms). The temporal
structure of the beam is then further affected by the Acusto-Optic Programmable
Dispersive Filter (AOPDF) (trademarked Dazzler by the company Fastlite), an
optical device that uses acoustic waves to shape the transmitted light, i.e. control
its spectral amplitude and phase [18]. The different settings of the Dazzler will be
refered to as “modes”. Dazzler modes are used both to aid in the amplification and
in the subsequent compression. After the Dazzler the seed is amplified through
the NOPCPA stages before it is compressed [37].
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Pulse generation

Ti:Sapphire 
Oscillator

Ti:Sapphire 
Multipass CPA HCF

Broadening 
(Spectral)

Contrast improvement 
(optional)

XPW

StretcherAOPDF

Stretching

1A
Pump laser 
generation

1B

2A

2B

Compression

Am
plification

Figure 2.6 – Schematic overview of the LWS20. The green beams indicates the A
stages pumps with λp = 532 nm and the blue beams indicate the B stages pumps
with λp = 355 nm.

Crucial to the simulation work carried out in this thesis is the fact that the seed
beam can be generated with or without XPW. If XPW is employed the temporal
contrast of the seed is increased but at the loss of more than 90 % of the seed
energy [37].

Energy Content of the Pump The current working model in the REAL group
is that the pump beams are circularly symmetric flat-tops. Such intensity profiles
can be approximated by two-dimensional supergaussians but to understand and
describe these one must first start from the Gaussian. A regular (normalized) one
dimensional Gaussian of a certain 1/e2-radius x0 is given by the expression

g(x) = e−2(x/x0)2
. (2.26)
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x
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Amplitude

1

0.5

τ

Figure 2.7 – Illustration of Equation (2.27) with M = 2 (blue line), M = 4 (red
line), M = 6 (black line), M = 8 (cyan line) and M = 10 (green line). x0 was
chosen so that all supergaussians have the same FWHM, τ .

The concept of the Gaussian is easily generalized to higher orders, so called super-
gaussians, through the expression5

gM(x) = e−2(x/x0)M

, for M = 2, 4, 6, . . . (2.27)

Note that M = 2 gives the regular Gaussian. The rather obscure 1/e2-radius can
be turned into the Full Width at Half Maximum (FWHM) τ , which is easier to
measure experimentally, by considering that, by definition, gM(τ/2) = 1/2. That
is

gM(τ/2) = e−2(τ/2x0)M = 1
2 (2.28)

which implies that

τ = 2
(

ln 2
2

)1/M

x0. (2.29)

An illustration of some different kinds of supergaussians is given in Figure 2.7.
The supergaussian can readily be extended to two dimensions and the working

model of the REAL group suggests that this is done in a circularly symmetric
fashion so that

gREAL
M (r) = e−2(r/r0)M

, (2.30)

where r =
√

x2 + y2 for a 1/e2-radius r0. To be able to express the energy of
such a pump from its peak intensity the temporal component has to be taken into

5It should be noted that there are several ways to define the Gaussian and the supergaussians
and that it is only in cases like the ones in Equations (2.26) and (2.27) that x0 is the 1/e2 radius.
The choice of working with definitions including the 1/e2-radius is due to this being an input of
the chi2D simulations.
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account as well. Assuming that the temporal component of the beam also has a
gaussian like behaviour the spatio-temporal pulse is described, for some temporal
1/e2-radius t0, as

KMt
M (r, t) = gREAL

M (r)e−2(t/t0)Mt
, (2.31)

where Mt = 2, 4, 6, . . . .
By introducing a peak intensity, Imax, KMt

M (r, t) can be used to express the full
energy content of the light wave as6

EREAL
full = Imax

ˆ ˆ 2π

0

ˆ ∞

0
KMt

M (r, t)rdrdφdt. (2.32)

2.2 Simulation Principle
In this section the core principles related to simulations in chi2D is presented. The
underlying simulation geometry is presented together with some of the possible
input parameters.

2.2.1 Simulation Fundamentals
In this work the the program chi2D, based on the Matlab programming envir-
onment, was used to simulate the NOPCPA stages of the LWS20. chi2D performs
the simulations using two coupled differential equations solved using a split-step
algorithm and was developed by Tino Lang [1], [2]. To fully describe the electric
fields of the pump, signal and idler using only two coupled equation a repres-
entation of the electric fields based on their polarization is used. The split-step
algorithm then employs symmetry to neglect the spatial y-direction and carries
out the simulations using only the x- and z-directions in space and an additional
time component, t, ending up in a what is known as a (2+1) dimensional ((2+1)D)
simulation [2].

In each step of the simulation a Fourier transform and inverse Fourier transform
is performed (fourier split-step) so that

Eo/e(ft, fx, z + dz) = Eo/e(ft, fx, z)ei
[ 2πft

c
no/e(ft,fx)2−(2πfx)2

]1/2
dz (2.33)

describe the linear propagation of Eo/e for each dz, where dz is a simulation
step in the propagation direction. The ft and fx of Equation (2.33) corresponds
to the optical and spatial frequency, respectively. These frequencies arise as a
consequence of the Fourier transformation. Equation (2.33) is solved in the Fourier

6Throughout this work, any integral without any integration limits is assumed to be taken
from −∞ to ∞.
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domain and |k| ≈
√

k2
x + k2

z due to the fact that chi2D assumes that the diffraction
in y-direction is insignificant. In the spatio-temporal domain the two coupled-
equations, constituting the basis for the simulations, are

∂Eo(t, x)
∂z

1
κo

= −i(2EeE
∗
o + EeEe + 2EeE

∗
e + 2EoE

∗
e + 2EeEo) (2.34a)

∂Ee(t, x)
∂z

1
κe

= −i(EoEo + 2EoE
∗
e + 2EeE

∗
o + 2EeEo + 2EoE

∗
o), (2.34b)

where κo/e is the so called nonlinear interaction parameter, given by

κo/e = πdeff

no/ec
. (2.35)

The asterisks (“*”) of Equation (2.34) denotes the complex conjugate. Equa-
tion (2.34) is responsible for the nonlinear interaction of the fields and the two
first terms on the right-hand side of Equations (2.34a) and (2.34b) correspond to
Type I interactions whereas the remaining terms correspond to Type II interac-
tions. From the construction of Equation (2.34) it is established that all second
order processes are included in the simulations 7 [1], [2].

Since the program treats the seed, pump and idler fields as just an ordinary
and extraordinary field the produced result is also presented as a function of the
polarization. To allow analysis of not only the combined effects of fields of the
same polarization the user is given the possibility to choose which region in the
Fourier domain to analyze. In this way analysis of, for example, only the seed
beam can be performed when simulating under Type I phase matching conditions
even though both the seed and the idler are present in the ordinarily polarized
output field.

2.2.2 Simulation Geometry and Computational Domain
When performing simulations using chi2D it is important to understand the geo-
metry of the simulations and that it is only what happends inside the nonlinear
crystal during the OPA phase of the NOPCPA process and other second (maybe
some third) order nonlinearities that is simulated. This is carried out by letting
the user define a computational domain. This domain is limited by L (the crystal
length in z-direction), the time-window of the simulation, T , and the transverse
spatial window size, X (see Figure 2.8). Each dimension in this spatio-temporal
domain is divided into a computational grid with the number of points in a given

7In the new version of chi2D used in the course of this work self-phase modulation and
self-focusing (effects due to higher orders) are also included.
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Figure 2.8 – The spatio-temporal computational domain. The red dots indicate
where the crystal surface crosses the coordinate axes which occur at the point L
along the z-axis, ±T/2 along the t-axis, and ±X/2 along the x-axis.

direction given by N z, N t and Nx, respectively. In chi2D T and X are created
symmetrically around zero and due to computational reasons N t and Nx needs to
be given as even powers of 2.

In addition to the computational domain the user also defines the upper limit
to the wavelenths, λmax, included in the simulations. Together with the size of the
time window and the number of temporal grid points the definition of λmax makes
it possible to compute the shortest wavelength resolvable in the simulations as

λmin = cTλmax

cT + (N t − 1)λmax
. (2.36)

In Equation (2.36) the (N t − 1) term is a numerical necessity arising from the way
of the symmetrical creation of the time window ranging from −T/2 to T/2.

To perform a chi2D simulation the user also needs to initialize the interacting
beams. This is done by providing the program with an initial energy content
(provided as either an initial peak intensity or specified energy), wavelength, pulse
duration and beam shape. Many of these attributes can also be provided by loading
files directly into the program. One attribute in particular that contributes to the
simulation geometry is the initial offset, ∆x, along the x-direction from the crystal
center. By taking α, θ and the resulting ρ(θ) into account these offsets should
be set so that the center of the beams interact at z = L/2. An illustration of
such an intersection is provided for a noncollinear Type I process in Figure 2.9.
There are several ways to define the interaction of the beams but the interaction
geometry of Figure 2.9 corresponds to a TPM set-up [37]. TPM is the interaction
geometry used in the LWS20 [38] and is the one used in all NOPCPA simulations
carried out in this thesis. Using experimentally realistic values for L, α and θ,
∆x can be computed to be about 0.1–0.16 mm, see Section 3.2.2 for more details.
An intersection such as the one in Figure 2.9 is achieved in chi2D by defining a
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Figure 2.9 – TPM simulation geometry for a noncollinear Type I process – α
indicates the noncollinear angle between the pump beam, p, and the seed beam,
s. θ is the interaction angle between p and the optical axis, Ẑ. ρ(θ) is the walk-
off angle given by Equation (2.14) and causes the pump beam to stray from it’s
original path parallel to the z-axis. L is the crystal length, ∆xα and ∆xρ indicate
walk-off distances due to the angles indicated by the subindex, whereas ∆xs and
∆xp are spatial offsets defined as input parameters in chi2D. The dashed z-lines
are only replicas of the z-axis drawn out at offsets of ∆xs and ∆xp as a reference
for the α and θ angles.

positive θ and a negative α.
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Chapter 3

Methodology and Results

In this chapter the methods and corresponding results of the experimental and
simulational work carried out during the course of this thesis are presented. The
first part of the chapter is devoted to experimental measurements and results.
These will then be used to characterize the OPS simulations in the second part of
the chapter.

3.1 Measurements

In this section measurements and results obtained from measurements of certain
components of the LWS20 are presented. Most of the results presented here will
be used as parameters in the simulations presented in Section 3.2.

3.1.1 Crystal Length and Seed Energy Measurements

Crystal Length The measurement of the crystal length (L) was carried out by
simply measuring the four BBO crystals in the NOPCPA stages of the LWS20 using
a caliper. The crystals are slightly wedged, to counteract effects due to internal
reflections [38], which introduce a possible error in the measurements of L by about
100 µm. Great care was taken to not damage the crystal surface. Due to difficulties
in reaching and the risk of damaging the crystals these measurements were only
carried out once for each crystal and the results are presented in Table 3.1.

From the data presented in Table 3.1 slight discrepancies between the values
reported by [37] and the measured value can be seen for almost all crystals. Tak-
ing the wedging of the crystals into account the observed differences are almost
negligible.
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Table 3.1 – Measured crystal length, L, as
defined in Figure 2.8. The crystals used in the
LWS20 are slightly wedged introducing an error
of about 0.1 mm to the measurements.

NOPCPA stage L [mm] L [mm]a

1A 4.5 4.5
1B 4.3 4.5
2A 5.3 5
2B 5.0 5

a Reference values from [37].

Seed Energy By the means of a power meter the power of the laser in most of
the steps of the seed generation process until the Dazzler, as illustrated in Fig-
ure 2.6, was measured for the case when XPW was not employed. The results
of these measurements are summarized in Table 3.2. In the OPS simulations it
is only the energy after the Dazzler that is of interest since this is passed as an
input parameter to chi2D. As can be seen in Table 3.2 the measured energy is
in quite good agreement with the values presented by [37]. The low energy and
10 Hz repetition rate, as well as the new Dazzler’s significantly lower transmission
in continuous mode, made it impossible to determine the seed energy after the
Dazzler.

Several measurements of the of the power after the HCF and before the stretcher
were carried out. This was done since it was observed that initially the seed beam
was on the very edge of some of the relay mirrors, causing some minor “clipping”
of the beam. This clipping was an artifact of the beam being tuned for optimal en-
ergy. Realigning the beam and optimizing the HCF to spectrum and beam profile
lead to slightly different values and the energy after the stretcher were measured
after the realignment had taken place.
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Table 3.2 – Measurements of the seed energy of the components up to the Dazzler
component of the LWS20 (see Figure 2.6) operating without the XPW.

Process Power (W)
Repetition
rate (Hz) Energy (J)

Reference
energy [J]a

After oscillator 2.30 · 10−1 8 · 107 2.875 · 10−9 2.6 · 10−9

After multipass 1.05 103 1.05 · 10−3 8 · 10−4

Before HCF 7.93 · 10−1 103 7.93 · 10−4 −

After HCFb,c 3.50 · 10−1 103 3.5 · 10−4 3.5 · 10−4

Before stretcherc 2.00 · 10−1 103 2 · 10−4 −

After HCFd 2.70 · 10−1 103 2.7·10−4 3.5 · 10−4

Before stretcherd 1.50 · 10−1 103 1.5 · 10−4 −

After stretcher 2.3 · 10−2 103 2.3 · 10−5 3 · 10−5

a Reference values from [37]
b Tuned for optimal energy
c Some “clipping” of the beam observed
d Optimized for spectrum and beam profile and realigned to eliminate clip-

ping

3.1.2 Pump Profile

To determine the profile of the pump lasers used in the different NOPCPA stages
the beams were deflected so that instead of propagating through the BBO crystals
of the corresponding stage it propagated into a camera. A diagram of this process
is shown in Figure 3.1. The distance between the mirror and the camera, Λ1, was
altered until the image was deemed to be optimal, the distance between the mirror
and the crystal, Λ2, was measured as a reference, see Table 3.3.

Table 3.3 – Values for the distance used when measuring the pump profile for
the different NOPCPA stages. Distances defined as in Figure 3.2.

NOPCPA stage
Distance 1A 1B 2A 2B

Λ1 [cm] 12 5.5 28 20
Λ2 [cm] 12 7.5 28 20
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p

Mirror

χ(2) 6= 0

Camera

Λ1

Λ2

Figure 3.1 – A schematic figure of the deflection setup employed when measuring
the pump profiles. In the figure the pump beam is indicated by p and the nonlinear
crystal is indicated as the component with χ(2) 6= 0. The dashed line indicates
the actual propagation path. Λ1 and Λ2 indicates the distance from the mirror to
the camera sensor and the nonlinear crystal, respectively.

After the images had been acquired they were processed in Matlab by scan-
ning each image in the x- and the y-direction, respectively (see Figure 3.2). In
each case a region of 20 neighboring points in the center of the beam was scanned
and there is a noticeable size difference present in Figure 3.2. The noticeable spot
in Figure 3.2b is a spot present on the observation optics and not a feature of
the beam. In Figure 3.2d a slight clipping of the beam can be observed. When
analyzing the profile of the pump lasers a relatively high energy (still far from the
full energy) of the pumps are needed to reach saturation of the pumps and obtain
the same profile as at full energy.

Extracting the data from the performed scans, averaging it and subtracting
the background values numerical fits for the beam profiles for all NOPCPA stages
could be acquired (see Figure 3.3).

To estimate the beam shapes the averaged data from the scans was fitted with
the supergaussian model

ffit = Ae−2|(x−c)/b|M , (3.1)
where A, b, c and M are coefficients to be found using Matlab’s robust non-
linear least square fit [39]. The absolute value appearing in Equation (3.1) was a
numerical necessity due to the fit implementation in Matlab. The numerical fit
is presented in Figure 3.3 and the extracted data is summarized in Table 3.4. From
the data in Table 3.4 it is clear that the 2A and 2B pump profiles indicate a less
flat-top like behavior than their 1A and 1B counterparts. Previously in the REAL
group the pump beams have all been approximated as 10th order supergaussians
and looking at the data of Table 3.4 it is clear that the supergaussian order of
the 2A beam is much lower than this. From the beam shape of the 2A scan it
can be seen that the 2A pump laser does not display a flat-top like profile in the
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(a) The scanned regions of the 1A
pump.

(b) The scanned regions of the 1B
pump.

(c) The scanned regions of the 2A
pump.

(d) The scanned regions of the 2B
pump.

Figure 3.2 – Images used to determine the different pump profiles. The high-
lighted regions corresponds to the scan regions in x- and y-direction.

x-direction (see Figure 3.3). The reason for the unexpected shape of the 2A pump
laser is currently being investigated by the REAL group. Based on this it was
decided to approximate the 2A profile as being the same as the 1A profile, i.e. as
a 10th order supergaussian, when performing the simulations.

The 1A, 1B, 2A and 2B pumps were given to contain 19 mJ, 19 mJ, 460 mJ,
and 270 mJ, respectively [3]. Assuming the energy model of Equation (2.32) the
energy values can be used in conjunction with the measured radii to compute the
intensity of the pump beams, see Table 3.5.

From the data of Table 3.5 a noticeable difference between the given reference
values and the values resulting from the measurements of the pump beam can be
seen. A conspicuous difference between the two sets of data is that in every stage
except 2B the radii is bigger and, as a result, the intensity is lower, in the 2B case
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Table 3.4 – Fitting parameters corresponding to Equation (3.1) when applied to
the data of Figure 3.3. 〈·〉 denotes the average of X and Y .

Scan Fitting parameters
A [a.u.] c [mm] b [mm] M

1A:
X 66.9 -0.022 1.19 13.8
Y 72.3 -0.013 1.25 6.55

〈1A〉 69.6 -0.017 1.22 10.2
1B:

X 135 -0.204 1.56 8.85
Y 142.9 -0.159 1.82 6.26

〈1B〉 139 -0.182 1.69 7.56
2A:

X 124 0.759 5.59 2.45
Y 105 0.424 5.62 3.79

〈2A〉 114 0.591 5.60 3.12
2B:

X 94.9 -0.068 5.10 4.52
Y 97.1 0.042 5.89 8.59

〈2B〉 96.0 -0.013 5.49 6.56

this is reversed (see Table 3.5).
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Table 3.5 – Pump intensities computed using Equation (2.32) with the measured
and given reference values for the pump 1/e2-radius, r1/e2 , and beam shapes
defined by Equation (2.27). The pump energies necessary for the computations
were taken from [3].

New Reference
Stage r1/e2 [mm] Ip [GW/cm2] M r1/e2 [mm] Ip [GW/cm2] M

1A 1.2 6.2 10 1 8.9 10
1B 1.7 3.2 8 1.25 5.7 10
2A 5.6 6.9 10 5 8.6 10
2B 5.5 4.4 8 6 3.5 10

27

mailto:osha0027@student.umu.se


CHAPTER 3. METHODOLOGY AND RESULTS
Oskar Hallberg (osha0027@student.umu.se)

−2 −1 0 1 2
0

20

40

60

80

100

x [mm]

In
te

ns
ity

[a
.u

.]

data fit

(a) x-direction.

−2 −1 0 1 2
0

20

40

60

80

100

y [mm]
In

te
ns

ity
[a

.u
.]

data fit

(b) y-direction.

−2 −1 0 1 2
0

100

200

x [mm]

In
te

ns
ity

[a
.u

.]

data fit

(c) x-direction.

−2 −1 0 1 2
0

100

200

y [mm]

In
te

ns
ity

[a
.u

.]

data fit

(d) y-direction.

Figure 3.3 – Numerically fitted curves according to the fitting model of Equa-
tion (3.1) of the averaged data from beam profile scans of Figure 3.2. (a) and
(b) corresponds to the scans of the 1A profile, (c) and (d) to the scans of the 1B
profile, (e) and (f) to the 2A profile, and (g) and (h) to the 2B profile. Numerical
fitting parameters can be found in Table 3.4.
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Figure 3.3 (Cont.)
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3.1.3 Seed Spectrum without XPW
To be able to perform OPS simulations in the case when XPW was not used an
input spectrum was needed and to this end the seed spectra had to be measured
while with XPW a measured spectrum was provided. This was done by not letting
the seed beam pass through the XPW and using a spectrometer to measure the
spectra after the HCF and after the stretcher and Dazzler (see the LWS20 overview
in Figure 2.6). By letting the Dazzler operate in “compression mode” and meas-
ure the spectra first after the HCF and then after the Dazzler and stretcher the
spectra of Figure 3.4 were achieved. To analyze the spectra in the middle of the
near-infra region a couple of long pass filters was used, rendering the sub-spectra
of Figure 3.4. To attain the best representation of the spectra the integration time
of the spectrometer was tuned when the long pass filters were applied, leading
to the observed differences in peak intensity of the different spectra. The spec-
tra after the Dazzler was actually measured after the seed had passed through
the 1A and 1B BBO crystals. This was done out of convenience and since the
pump lasers were turned off the spectra is not affected by the passage through the
anti-reflection coated crystals.

Rescaling the sub-spectra to compensate for the different integration times and
patching them together into one uniform representation of the spectra for the two
considered cases resulted in the spectra of Figure 3.5.

It is clear that the Dazzler and the stretcher limits the bandwidth of the spec-
trum and if these components were not necessary for controlling the phase of the
pulse, providing a means of decent compression, this spectrum would be superior
(see Figure 3.5). Before feeding the spectra as input to chi2D it was smoothed
using a moving average filter adaption available in Matlab, the resulting spectra
can be seen in Figure 3.6.
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Figure 3.4 – The spectrum of the seed beam as measured by a spectrometer when
the beam was not allowed to pass through the XPW component. The different
spectra in the figures was achieved by operating the spectrometer with: no filter
(main), 900 nm long pass filter (900), and, when necessary, 950 nm long pass filter
(950). (a) corresponds to the seed beam after the HCF and (b) corresponds to the
seed beam after it had passed through the Dazzler and stretcher with the Dazzler
operating with compression mode activated.
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Figure 3.5 – Shifted, normalized and patched spectra of Figure 3.4. The data
for the spectra was gathered after the HCF (hcf) and after the Dazzler with
compression mode (compr) activated, respectively.
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Figure 3.6 – The original and smoothed, shifted and patched seed spectrum after
the Dazzler with compression mode activated.
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3.2 OPS Simulations
This section is devoted to the performed simulations and the result rising thereof.
The section starts off with some fundamental concepts and experimental find-
ings of undocumented features in chi2D and concludes with the simulation of the
NOPCPA stages.

3.2.1 Simulation Foundation
Inputs In the performed OPS simulations a Type I phase matching scenario
in tangential geometry has been assumed. Consequently the seed beam is given
an ordinary polarization and the pump beam is extraordinarily polarized. The
pump beam was defined as a supergaussian described by Equation (2.27), with
zero phase, using the beam profile functionality of chi2D. The seed on the other
hand was defined with a Gaussian beam profile by providing chi2D with an input
spectra, acquired from LWS20, provided as an input file. The input spectra was
complemented by an spectral phase, also loaded from a file, covering the same
bandwidth as the input spectra.

The original phase, originally determined by [40], was recovered from simu-
lations by [37] and through the means of Equation (2.9) this was numerically
converted into a group delay (see Figure 3.7). As mentioned in Section 2.1.3 the
A stages amplifies the λ > 700 nm region whereas the B stages amplifies the
λ < 700 nm region and these coordinates has been highlighted in Figure 3.7. An
important limitation in the code is that all parameters are defined for the whole
input spectra even though only parts of the spectra is amplified in each simulation.
The amplification regions were taken into account in the simulations by shifting
the group delay so that the center of each considered region (i.e. λ ∈ (700, 1020)
and λ ∈ (580, 700) in the A and B stages, respectively) corresponds to τ̃ = 0
(see Figure 3.8), which experimentally corresponds to matching the delay in the
amplification stages. From the highlighted coordinates of Figure 3.8 the shift was
computed to be −7.38 ps and 22.14 ps for the A and B stages, respectively. Using
these shifts a different phase could be reconstructed from the group delay for the
A and B stages and passed as inputs to chi2D.

The temporal profile of each input pump pulse could be set using chi2D’s built
in beam shape tools. In this way it was set to be Gaussian, corresponding to
Mt = 2 in Equation (2.31), for all simulations.
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Figure 3.7 – Group delay as a function of wavelength, λ, with the coordinates
of key points highlighted.
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Figure 3.8 – The original and shifted group delays as a function of wavelength,
λ.

Energy Content Some previous OPS simulations of the LWS20 have been car-
ried out by [37]. Looking closer at these simulations showed that the intensity
of the involved pump beam was almost three times higher than expected in the
first step of the simulations. To resolve this problem numerous test simulations
were carried out in which only small changes to the input parameters were made.
From these tests it was noted that the intensity computed by chi2D was intimately
connected to the used time window, T . As a consequence simulations performed
under identical settings with the exception of a difference in T resulted in changes
in intensity whilst keeping the energy of the simulations the same. Thus it seems
like that even though every other input parameter of the pump profile is defined
as a parameter of the entire pump beam the energy is defined as the energy con-
tent of the of the pump in the spatial and temporal simulation window only. For
a Gaussian temporal structure this can be corrected for with the error function
(see Appendix F) using the pulse duration and the time window size.
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Table 3.6 – Summary of the computed and simulated energies, when defining the
input peak intensity in the simulations, with the supergaussian-gaussian (spatio-
temporal) model of Equation (3.2). The simulations were performed using a beam
with 80 ps pulse duration, Imax = 8.9 GW/cm2 and x0 = 1 mm in a simulation
geometry with T = 100 ps, and X = 4 mm. The simulated values were corrected
using the error function.

M Echi2D
M,full [mJ] Simulation energy [mJ] Absolute error %

2 11.91 11.58 2.73
6 15.70 15.36 2.15
10 16.86 17.17 1.84

Despite the increased understanding of the energy computations of chi2D it was
still not possible to reconstruct the intensity–energy relation of Equation (2.32).
This clearly indicated that the simulated beam was not circularly symmetric.
After contacting the developer of chi2D, Tino Lang, about this it was revealed
that chi2D operates under the undocumented assumption that the y-direction
is always Gaussian. Thus, the intensity–energy relation of chi2D is not given
by Equation (2.32) but rather by

Echi2D
M,full = Imax

ˆ ˆ ˆ
e−2(x/x0)M

e−2(y/y0)2
e−2(t/t0)Mt dxdydt. (3.2)

Performing simulations in vacuum of a pump beam with 80 ps pulse duration,
Imax = 8.9 GW/cm2 and x0 = 1 mm in a simulation geometry with T = 100 ps,
and X = 4 mm confirmed the accuracy of Equation (3.2), see Table 3.6. In the
applied temporal window it was apparent that the pulse did not quite fit, for this
reason the energies presented in Table 3.6 were all compensated using the error
function both temporally and spatially for completeness.

Looking at the difference between g2 and, e.g., g10 it is clear that the assump-
tion that the y-direction always is Gaussian has profound influence on the energies
included in the simulations (see Figure 2.7). For example, for a 10th order super-
gaussian direct computations gives that´

e−2(x/x0)10

´
e−2(x/x0)2 ≈ 1.4 (3.3)

(independent of the value of x0). For an 8th order supergaussian this value is
roughly 1.38. Taking the full energy content of the pump beam into account and
computing the 2D correction factor

Q = EREAL
full

Echi2D
M,full

(3.4)
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Table 3.7 – The ratio, Q, as defined in Equation (3.4), as a function of the order
of the supergaussian, M , when x0 = y0 = r0, Imax = constant, and the temporal
component is the same in both EREAL

full and Echi2D
M,full.

M : 2 4 6 8 10
Q: 1 1.030 1.075 1.106 1.129

as a function of the M , assuming that x0 = y0 = r0, Imax = constant, and that the
temporal component is the same in both EREAL

full and Echi2D
M,full, resulted in the data

of Table 3.7. Note that Q is independent of the chosen 1/e2-radius.
When performing simulations in chi2D it was noted that only about 97 % of

the defined input energy was taken into account in the actual simulation. This dis-
crepancy was noted during the initialization process of chi2D and is not connected
to any spatial or temporal cutting of the simulated beams.

Periodic Boundary Conditions It was expected that the energy model of Equa-
tion (3.2) would break down when loading a spectrum from a file since the t-
component now would be specified by the loaded spectrum. The loaded spectrum
did however start to behave utterly strange and the energy content as well. The
recourse to solve this problem was to create a heavily exaggerated spectra (see Fig-
ure 3.9). By performing chi2D simulations with this spectrum and two different
values for T it was clear that chi2D employs periodic boundary conditions, as can
be seen in Figure 3.10. This observation was in direct contradiction to the inform-
ation provided by the Tino Lang (the creator of chi2D) and only seemed to occur
when loading a spectra and phase from external files. After further contacts with
Tino Lang it turned out that the spectra is cut to fit in the simulation window
before the phase is applied. Since the phase stretches the pulse, temporally, the
pulse then becomes too long for the simulation window, resulting in the behaviour
observed in Figure 3.10.
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Figure 3.9 – Exaggerated test spectrum.
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Figure 3.10 – Spatio-temporal representation of the exaggerated spectra of Fig-
ure 3.9 with (a) T = 52 ps and (b) T = 104 ps.

From the intensity of the exaggerated peak, indicated by the colorbar of the
figure, it is clear that the overlap caused by the periodic boundary conditions add
together to increase the intensity (see Figure 3.10). This would possibly change
the entire simulation set-up, and it is believed that this effect contributed to the
anomalies observed in the simulations by [37].

3.2.2 NOPCPA Stages

In this section the different simulations of the NOPCPA stages are presented. The
simulations were performed using input data of the LWS20 when operated both
with and without XPW. Several spectra are present in this section and these were
all generated using either a smoothed angularly integrated spectra or a spectra
generated through the spatio-temporal integration process (see Appendix E). The
spatio-temporal integration technique was developed at the later stages of the
simulations and, thus, it was not used when creating the 1A, 1B and 2A inputs
of the simulations with XPW. The acquired spectra were almost identical and the
spatio-temporal integration technique was employed in all the other stages due the
simplicity in which it can be implemented in Matlab. Since chi2D normalizes the
computed spectra in each simulation step the resulting spectra were put in relative
scale by considering that the λ < 700 nm region is unaffected by the A simulations
and vice versa for the B stages. The LWS20 employs Type I phase matching
and as a consequence all values for the effective noncollinearity (see Appendix B)
was tuned using γ to maximize deff for this kind of phase matching. The noted
3 % discrepancy between input energy and actual energy in the simulations could
be used to our advantage in the simulations of the NOPCPA stages due to the
presence of relay mirrors in the laboratory causing a similar change in energy.

It was given that the pump beam had a pulse duration of 80 ps and from the
group delay it is evident that the seed beam is defined for a similar temporal do-
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Table 3.8 – Spatial simulation geometry parameters

Parameter Stage
1A 1B 2A 2B

L [mm] 4.5 4.3 5.25 5
X [mm] 4 4 16 12

main (see Figure 3.7). For this reason the time-window, T , of the simulations was
always set to 104 ps: a compromise between keeping the overlap due to the ob-
served periodic boundary condition minimal whilst keeping the pump wavelength
resolvable (see Equation (2.36)) without running out of RAM. The resolvability
issue was an artefact from the demand that Nx and N t must be altered in even
factors of 2, preventing optimal RAM usage.

Based on the results in Table 3.1 and the measurements of the pump dia-
meters the spatial components of the simulation geometry was given the values
of Table 3.8. The spatial window, X, was set to be large enough to cover the
pump and the seed beams based on the 1/e2-radius and order of the used super-
gaussian. It was given that the seed beam must be larger than the pump beam
but the exact size was not known, for this reason the 1/e2-radii of the pump was
set to the measured values and the radii of the seed was set to an approximate
larger value.

Stage 1A When performing the 1A simulations the (normalized) spectrum achieved
in Section 3.1.3 when operating the Dazzler in compression mode was used to sim-
ulate the LWS20 without XPW. A spectrum from a previous measurement, the
same used by [37], was used in the case when the seed beam was allowed to pass
through the XPW during the seed generation process. The “A-shifted” phase
of Figure 3.8 was used in both cases. These spectral input parameters can be seen
in Figure 3.11.

With XPW A set of relevant input parameters used in the 1A stage with
XPW are given in Table 3.9. The seed energy was set to 300 nJ, taken as 10 % of
the seed energy reported by [37] corresponding to the reported 10 % transmission of
the XPW. Due to some data handling in chi2D not all of this energy is included in
the simulation (see Table 3.9). From the experimental data of Table 3.5 it is clear
that the energy and intensity values used in the simulation were too large. They
were chosen, however, so that an output similar to the one in a lab situation would
be achieved. The angles, θ and α, were set to 23.6855◦ and −2.2698◦ following the
analysis of [37]. Using these values the effective nonlinearity was computed, using
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Figure 3.11 – Input spectra and phase for the 1A stage with and without XPW.

Table 3.9 – Input values of the 1A stage with XPW. The presented energies are
the values computed by chi2D upon initializing the simulation, which are slightly
less than the defined values.

Parameter Pump Seed

Energy 38.9 mJ 290.8 nJ
Intensity 16 GW/cm2 0.5 MW/cm2

1/e2-radius 1.2 mm 1.5 mm
M 10 2

the formula of Appendix B, to be 2.1 and 0 for Type I and Type II processes,
respectively, and ∆xp = −0.1289 mm and ∆xs = 0.0892 mm.

Carrying out the simulations with the stated initial parameters gave the spatio-
temporal evolution of Figure 3.12. Due to chi2D renormalizing the data for each
step in the simulation it looks like a lot of the seed data is lost in the spatio-
temporal representation, the correct interpretation is that the beam is heavily
amplified in the region around t = 0 (see Figure 3.12). Extracting the simulated
spectra resulted in the graph of Figure 3.13.

From the spectrum in Figure 3.13 it is apparent that the gain is about 3 orders
of magnitude. Comparing the pump profiles presented in Figure 3.12 and looking
at the data presented in Table 3.10 it is clear that the pump beam is almost
unaffected by the simulated OPA process. Comparing Table 3.9 and Table 3.10
one can see that not all of the decreased pump energy is used to amplify the seed.
One must remember that the idler also takes energy from the pump.
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(b) Output

Figure 3.12 – Spatio-temporal beam profiles for the simulation of the 1A stage
with XPW. The images on the left corresponds to the pump beam and the images
on the right corresponds to the seed beam.
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Figure 3.13 – Relative scale of the input and output spectra of the 1A stage
with XPW.
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Table 3.10 – Output values of the 1A stage with XPW.

Parameter Pump Seed

Energy 38.7 mJ 73.2 µJ
Intensity 15.8 GW/cm2 0.4 GW/cm2

1/e2-radius 1.26 mm 0.963 mm

Without XPW Keeping the pump intensity, θ, α, ∆xp and ∆xs constant
and changing the input spectra and seed energy the LWS20 without XPW could be
simulated. The other parameters crucial to the simulation are given in Table 3.11
and as in the case of 1A with XPW not all of the 3 µJ energy was included in the
chi2D computations, even though it was given this as an input parameter. The
seed energy was taken from the work of [37]. Looking at the measured energies
of Table 3.2 this also make sense since the Dazzler has an approximate transmission
of 10 % [3]. Performing a simulation with these inputs the evolution of the spatio-
temporal beam representation displayed in Figure 3.14 was achieved.

Table 3.11 – Input values of the 1A stage without XPW. The presented energies
are the values computed by chi2D upon initializing the simulation, which are
slightly less than the defined values.

Parameter Pump Seed

Energy 38.9 mJ 2.9 µJ
Intensity 16 GW/cm2 5 MW/cm2

1/e2-radius 1.2 mm 1.5 mm
M 10 2

Comparing Figure 3.14b with Figure 3.12b some similarities can be seen in
the representation of the seed beam whereas it is clear that the pump experience
much more depletion in the case when XPW is not used. Comparing the input and
output spectra a gain of about 3 orders of magnitude is visible (see Figure 3.15).
The numerical results of the simulation are summarized in Table 3.12.

Comparing Table 3.11 and Table 3.12 one can see that about 60 % of the
loss in pump energy is used to amplify the seed. The intensity gain indicated
in Figure 3.15 is confirmed by Table 3.12, indicating an increased peak intensity of
about a factor 1500. The seed energy of 1.2 mJ is quite similar to the experimental
1.3 mJ indicated by [37] and the 1 mJ reported by [3].
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(b) Output

Figure 3.14 – Spatio-temporal beam profiles for the simulation of the 1A stage
without XPW. The images on the left corresponds to the pump beam and the
images on the right corresponds to the seed beam.
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Figure 3.15 – Relative scale of the input and output spectra of the 1A stage
without XPW.
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Table 3.12 – Output values of the 1A stage without XPW.

Parameter Pump Seed

Energy 36.9 mJ 1.2 mJ
Intensity 15.1 GW/cm2 7.4 GW/cm2

1/e2-radius 1.27 mm 0.989 mm
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Stage 1B The input spectra of the 1B stage was taken from the outputs of the
two 1A simulations (with and without XPW) and complemented with the “B-
shifted” phase of Figure 3.8. The normalized representation of the input spectra
is given together with the phase in Figure 3.16.

With XPW To simulate the 1B stage with XPW the output seed energy
from the corresponding 1A simulation was given to be the input energy of the seed
beam. As in the previous simulations: even though the program is fed the entire
output energy as input, not all energy is taken into account (compare the seed
energy of Table 3.10 and Table 3.13). The radii were set in accordance with the
measurements of Section 3.1.2 and the seed was arbitrarily put to a larger value.
The pump intensity was scaled relative to the true value of the 1A pump intensity,
as computed using the chi2D energy model of Equation (3.2) and the 19 mJ energy
from [3], and the actual pump intensity used in the 1A simulation with XPW. A
summary of the relevant input parameters can be seen in Table 3.13. Comparing
the attained 8.2 GW/cm2 pump intensity with the true value given in Table 3.5 it
is clear that the pump intensity is vastly overestimated in the simulation.

The angles θ and α were initially chosen from the corresponding simulation
by [37]. The resulting spectra was not satisfactory which led to a fine tuning of
these angles. Fixing α = −3.4◦ and performing simulations with several different
values for θ resulted in the 1B spectra shown in Figure 3.17.

In the 1B simulation an increased θ led to an increased amplification but with a
decrease in bandwidth, as can be seen in Figure 3.17. For this reason it was chosen
to perform the 1B simulation with θ = 34.565: providing adequate amplification
and bandwidth. The chosen angles gave deff = 1.92 and 0, for Type I and Type
II processes, respectively (see Appendix B), and ∆xp = −0.1621 mm and ∆xs =
0.1277 mm.

Running chi2D with the inputs of Figure 3.16, Table 3.13 and the chosen values
for α and θ gave the spatio-temporal evolution of Figure 3.18. From this evolution

Table 3.13 – Input values of the 1B stage with XPW. The presented energies are
the values computed by chi2D upon initializing the simulation, which are slightly
less than the defined values.

Parameter Pump Seed

Energy 38.2 mJ 67.4 µJ
Intensity 8.2 GW/cm2 0.1 GW/cm2

1/e2-radius 1.7 mm 1.8 mm
M 8 2
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Figure 3.16 – Input spectra and phase for the 1B stage with and without XPW.
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Figure 3.17 – B part of the output spectra from simulations of the 1B stage with
different values for θ.

it is clear that the amplification, as expected, takes place in a region near t = 0.
The slight movement in negative x-direction of the seed and positive x-direction
of the pump validates the TPM interpretation of Figure 2.9, see Figure 3.18. A
similar, but not as prominent, movement can be seen in the 1A stage.

Plotting the spectral intensity it is apparent that the spectra is (in average)
amplified by just short of three orders of magnitude in approximately the 580 <
λ < 700 nm region (see Figure 3.19). From the numbers presented by chi2D it

is apparent that the seed has gained 14.8 µJ whereas the pump has lost about
200 µJ (see Table 3.14).
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(b) Output

Figure 3.18 – Spatio-temporal beam profiles for the simulation of the 1B stage
with XPW. The images on the left corresponds to the pump beam and the images
on the right corresponds to the seed beam.
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Figure 3.19 – Relative scale of the input and output up to the 1B stage with
XPW
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Table 3.14 – Output values of the 1B stage with XPW.

Parameter Pump Seed

Energy 38 mJ 82.2 µJ
Intensity 8.2 GW/cm2 0.1 GW/cm2

1/e2-radius 1.75 mm 1.58 mm

Without XPW By changing the seed energy and spectrum to the out-
put produced in the 1A stage without XPW and keeping the pump intensity,
angles and initial offset unchanged the 1B stage without XPW could be simulated
(see Table 3.15 for a specification of the other crucial simulation parameters). The
energy was taken to be the output of the 1A stage without XPW but due to the
pre-computations of chi2D not all energy is taken into account (compare Table 3.12
and Table 3.15). The simulation produced the spatio-temporal evolution of Fig-
ure 3.20.

Table 3.15 – Input values of the 1B stage without XPW. The presented energies
are the values computed by chi2D upon initializing the simulation, which are
slightly less than the defined values.

Parameter Pump Seed

Energy 38.2 mJ 1.1 mJ
Intensity 8.2 GW/cm2 2.9 GW/cm2

1/e2-radius 1.7 mm 1.8 mm
M 8 2

Even though the simulations with and without XPW are quite similar a clear
difference between the two can be seen when comparing the spatio-temporal rep-
resentations of Figures 3.18 and 3.20. From the spectral intensity one gets that
the B part of the spectra is amplified by not quite three orders of magnitude also
in this case, as can be seen in Figure 3.21. The numerical output of the simulation
is summarized in Table 3.16.

The experimental seed energy value after 1B is indicated by [37] to be 1.5 mJ
which still is in reasonable agreement with the value reported by chi2D, see Table 3.16.
Another measurement indicate that the energy after the 1B stage is 1.2–1.3 mJ [3],
which is exactly what the simulation predicts, although much higher pump intens-
ity is used in the simulations.
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(b) Output

Figure 3.20 – Spatio-temporal beam profiles for the simulation of the 1B stage
without XPW. The images on the left corresponds to the pump beam and the
images on the right corresponds to the seed beam.
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Figure 3.21 – Relative scale of the input and output up to the 1B stage without
XPW.
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Table 3.16 – Output values of the 1B stage without XPW.

Parameter Pump Seed

Energy 37.9 mJ 1.2 mJ
Intensity 8.2 GW/cm2 2.9 GW/cm2

1/e2-radius 1.75 mm 1.63 mm
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Stage 2A The second A stage was simulated by reusing the “A-shifted” spec-
tral phase and the output spectra from the two 1B simulations (see Figure 3.22).
From Table 3.4 the 1/e2-radius of the 2A pump is given to be 5.6 mm and due to
the misshaped 2A pump profile (see Figure 3.3) it was decided to use a 10th order
supergaussian pump profile also in these simulations. Due to the need for the seed
beam to be bigger, spatially, than the pump beam, chi2D demanding that Nx and
N t must increase by even factors of 2, and the current maximum RAM capacity
(96 GB) a beam this large was not properly resolvable. For this reason it was
decided to use an 1/e2-radius of 5.3 mm, which is the 1/e2-radius used by [37],
and made it possible to use a seed 1/e2-radius of 6 mm, which is right on the limit
of what is resolvable with the current hardware.

With XPW The output energy of the seed from the 1B simulation with
XPW (see Table 3.14) was put as an input of the 2A with XPW simulation. As can
be seen in Table 3.17 about 97 % of the output seed energy of Table 3.14 is taken
into account in the pre-computations performed by chi2D. The angles used in the
simulation were the same as in the first A stage but due to the crystal being longer
the spatial shifts was recomputed as ∆xp = −0.1504 mm and ∆xs = 0.104 mm.

The used pump intensity was chosen by running several simulations with dif-
ferent pump intensities and computing the conversion efficiency, η1 and η2. η1 and
η2 are defined as

η1 = Es(z = L)
Ep(z = 0)αt

(3.5)

and
η2 = QEs(z = L)

Ep(z = 0)αt

= Qη1, (3.6)

where E is the energy of the indicated beam and αt is a temporal correction term
deduced from the error function (see Appendix F). The conversion efficiency for

Table 3.17 – Input values of the 2A stage with XPW. Due to the data formatting
of chi2D the seed intensity could not be read of properly, more than it was on the
order of 0.0 GW/cm2. The presented energies are the values computed by chi2D
upon initializing the simulation, which are slightly less than the defined values.

Parameter Pump Seed

Energy 1.04 J 79.6 µJ
Intensity 22 GW/cm2 0.0 GW/cm2

1/e2-radius 5.3 mm 6 mm
M 10 2
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Figure 3.22 – Input spectra and phase for the 2A stage with and without XPW.
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Figure 3.23 – Conversion efficiency, computed using Equation (3.5) and Equa-
tion (3.6), as a function of pump intensity for the 2A with XPW simulations.

several 2A simulations with different pump intensities is found in Figure 3.23.
From the data of Figure 3.23 the optimal conversion efficiency is found for

a pump intensity of 22 GW/cm2 which is way higher than the experimentally
expected value, see Table 3.5.

Running a simulation with the above stated input parameters and looking at
the spatio-temporal profiles of the simulation resulted in the evolution of Fig-
ure 3.24. It is clear that the t = 0 region is heavily amplified and the depletion of
the pump is prominent (see Figure 3.24).

The central parts of the spatio-temporal output data shows two distinct fea-
tures where the seed is less amplified and the pump is less depleted (see Fig-
ure 3.24). Looking at the spatio-temporal evolution in steps it is clear that the
pump is first depleted and then amplified again, as can be seen in Figure 3.25. This
process is reversed for the seed beam, indicating that the seed starts amplifying
the pump and is known as back conversion.
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(b) Output

Figure 3.24 – Spatio-temporal beam profiles for the simulation of the 2A stage
with XPW. The images on the left corresponds to the pump beam and the images
on the right corresponds to the seed beam.

From the spectra of the simulation a spectral gain of about three orders of mag-
nitude is present (see Figure 3.26). Looking at the numerical values of the simula-
tion, assuming that the input seed intensity is on the order of about 0.01 GW/cm2

(rounded down to “0.0 GW/cm2” due to chi2D data formatting) an intensity as
well as an energy gain of about three orders of magnitude is verified, as can be
seen when comparing Table 3.17 and Table 3.18. Further comparison of Table 3.17
and Table 3.18 makes it clear that the pump looses about 240 mJ but that only
about 156 of these amplifies the seed.
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Figure 3.25 – Illustration of the observed back conversion in the 2A with XPW
simulation. The left hand image correspond to the spatio-temporal representation
of the pump beam at L = 4.5 mm and the image on the right correspond to
L = 5.25 mm.
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Figure 3.26 – Relative scale of the input and output up to the 2A stage with
XPW

Table 3.18 – Output values of the 2A stage with XPW.

Parameter Pump Seed

Energy 796.8 mJ 156.7 mJ
Intensity 20.3 GW/cm2 15.7 GW/cm2

1/e2-radius 5.7 mm 5.08 mm
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Without XPW Using the output from the 1B without XPW simulation as
inputs instead, while keeping the angles and spatial offsets the same, and per-
forming a similar conversion efficiency analysis the results of Figure 3.27 were
achieved. From this data it was decided to work with an input pump intensity
of 12 GW/cm2. The chosen intensity is still high, as compared to the expected
value (see Table 3.5) but is more reasonable than the 22 GW/cm2 necessary to
reach optimal conversion efficiency in the case when XPW was used. The full set
of essential input parameters is given in Table 3.19.

Carrying out the simulation with the inputs spectra and phase from Figure 3.22
and Table 3.19 rendered the spatio-temporal behaviour of Figure 3.28. As in the
case with XPW there are some central features in the spatio-temporal representa-
tion and looking at the spatio-temporal evolution sequentially it is clear that there
is back conversion present also in this case (see Figure 3.29).

Plotting the spectral intensity (see Figure 3.30) indicate a saturated gain less
than 100 and from the numerical values presented in Table 3.19 and Table 3.20 an
intensity gain on the order of a factor 40 can be read out. The energy after the
2A stage without XPW is reported to be around 60 − 65 mJ [37] which is quite
similar to the simulated value. It should be noted that the simulations needed
much higher pump intensity than what is used in the lab to reach this similarity
and that the seed energy should be spatially corrected before a proper comparison
can be made. From the spectral intensity plot some strange behaviour can be
observed below λ = 590 nm (see Figure 3.30). This discrepancy indicate that the
data should not be trusted for wavelengths shorter than 590 nm, thus yielding a
spectra spanning roughly from 590 to 1040 nm.
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Figure 3.27 – Conversion efficiency, computed using Equation (3.5) and Equa-
tion (3.6), as a function of pump intensity for the 2A without XPW simulations.
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Table 3.19 – Input values of the 2A stage without XPW. The presented energies
are the values computed by chi2D upon initializing the simulation, which are
slightly less than the defined values.

Parameter Pump Seed

Energy 568.5 mJ 1.2 mJ
Intensity 12 GW/cm2 0.2 GW/cm2

1/e2-radius 5.3 mm 6 mm
M 10 2

Table 3.20 – Output values of the 2A stage without XPW.

Parameter Pump Seed

Energy 462.3 mJ 70.8 mJ
Intensity 11.2 GW/cm2 8.3 GW/cm2

1/e2-radius 5.59 mm 5.36 mm
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(b) Output

Figure 3.28 – Spatio-temporal beam profiles for the simulation of the 2A stage
without XPW. The images on the left corresponds to the pump beam and the
images on the right corresponds to the seed beam.

55

mailto:osha0027@student.umu.se


CHAPTER 3. METHODOLOGY AND RESULTS
Oskar Hallberg (osha0027@student.umu.se)

−4 −2 0 2 4
·104

−5

0

5

t [fs]

x
[m

m
]

−4 −2 0 2 4
·104

−5

0

5

t [fs]

0

0.2

0.4

0.6

0.8

1

Figure 3.29 – Illustration of the observed back conversion in the 2A simulation
without XPW. The left hand image correspond to the spatio-temporal represent-
ation of the pump beam at L = 4 mm and the image on the right correspond to
L = 5.25 mm.
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Figure 3.30 – Relative scale of the input and output up to the 2A stage without
XPW

56

mailto:osha0027@student.umu.se


CHAPTER 3. METHODOLOGY AND RESULTS
Oskar Hallberg (osha0027@student.umu.se)

Stage 2B Combining the “B-shifted” phase with the output spectra of the 2A
simulations with and without XPW, respectively, produced the two input spectra
of the 2B stage (see Figure 3.31). Since the pump intensities of the 2A stage
with and without XPW were set to give optimal conversion efficiency the pump
intensities of the 2B stage with and without XPW was scaled relative to these
just as in the 1B simulations. New to the 2B simulations were that the seed beam
shape was set to be a supergaussian. This was due to the result of a scan of the
spatial profiles of the 2A output seed beams when simulating with and without
XPW. These scans showed that simulations both with and without XPW produced
distinct flat-top beam shapes (see Figure 3.32). Thus, the 2B seed beam was set
to be supergaussian in the simulation and for simplicity the order was set to the
same as for the pump. θ and α were set to be the same as in the 1B case and the
increased crystal length led to ∆xp = −0.1565 mm and ∆xs = 0.1233 mm. For
resolvability reasons the 1/e2-radii of the pump and the seed beam was set, just
as in the 2A simulations, to 5.3 mm and 6 mm.
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Figure 3.31 – Input spectra and phase for the 2B stage with and without XPW.
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(a) With XPW.
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(b) Without XPW

Figure 3.32 – Seed output profiles from the 2A simulations. The images on the
left are the spatio-temporal representation of the seed whereas the images on the
right give the spatial profile of the beam.
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With XPW Feeding chi2D with the output spectrum and energy of the seed
from the “2A with XPW”-simulation and the corresponding scaled pump intensity
(see parameters in Table 3.21) resulted in the spatio-temporal change depicted
in Figure 3.33. Comparing the pump intensities of Table 3.21 and Table 3.5 yet
again show that the simulation intensity is much higher than the intensity present
in the laboratory.

Table 3.21 – Input values of the 2B stage with XPW. Later analysis indicate that
M = 2 might be a better choice for the seed beam. The presented energies are
the values computed by chi2D upon initializing the simulation, which are slightly
less than the defined values.

Parameter Pump Seed

Energy 588.9 mJ 159.7 mJ
Intensity 13 GW/cm2 10 GW/cm2

1/e2-radius 5.3 mm 6 mm
M 8 8

From the spatio-temporal representation two very distinct areas can be seen
around t = 0. From the spectral intensity it is clear that these features occur
around λ = 610 and λ = 675 nm and corresponds to two intensity peaks roughly
30 times higher than the intermediate intensity dip (see Figure 3.34).

The spectral intensity plot indicate that the intensity is increased by roughly
three orders of magnitude in the λ ∈ (590, 700) nm region (see Figure 3.34).
Looking at the numerical values of the simulation as presented by chi2D an increase
in seed energy of 32.6 mJ at the cost of 55.7 mJ pump energy can be observed
(compare Table 3.21 and Table 3.22). Computing the conversion efficiency of the
simulation give η1 ≈ 4.8 % and η2 ≈ 5.4 %. Comparing the spectral intensity
of Figure 3.34 and the seed intensity values given by Table 3.21 and Table 3.22 it
is clear that chi2D indicate an increase in peak intensity even though the maximum
of the spectral intensity is found in the λ > 700 nm region. This might be explained
by chi2D recomputing the radius of the beam during the simulation and that the
increase in overall seed energy led to the misleading indication of an increased
peak intensity.
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Figure 3.33 – Spatio-temporal beam profiles for the simulation of the 2B stage
with XPW. The images on the left corresponds to the pump beam and the images
on the right corresponds to the seed beam.

Table 3.22 – Output values of the 2B stage with XPW.

Parameter Pump Seed

Energy 533.2 mJ 192.3 mJ
Intensity 12.7 GW/cm2 11.1 GW/cm2

1/e2-radius 5.53 mm 5.86 mm
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Figure 3.34 – Relative scale of the input and output up to the 2B stage with
XPW

61

mailto:osha0027@student.umu.se


CHAPTER 3. METHODOLOGY AND RESULTS
Oskar Hallberg (osha0027@student.umu.se)

Without XPW Repeating the simulation with the seed energy and spectra
from the 2A without XPW simulation and pump intensity scaled in accordance
with the optimal conversion efficiency for the case of no XPW (see Table 3.23 for
details) the spatio-temporal profiles of Figure 3.35 was attained. Once again the
simulation intensity is higher than the experimentally expected one (see Table 3.23
and Table 3.5). Comparing the spatio-temporal profiles of the 2B simulation with
and without XPW it is apparent that the two show a similar behaviour (see Fig-
ures 3.33 and 3.35).

Table 3.23 – Input values of the 2B stage without XPW. Later analysis indicate
that M = 2 might be a better choice for the seed beam. The presented energies
are the values computed by chi2D upon initializing the simulation, which are
slightly less than the defined values.

Parameter Pump Seed

Energy 327.9 mJ 72 mJ
Intensity 7.2 GW/cm2 5.6 GW/cm2

1/e2-radius 5.3 mm 6 mm
M 8 8

Comparing the spectral intensities of the two different 2B simulations, however,
show a similar seed signal spectrum but at much lower intensites (see Figures 3.34
and 3.36). Overall the average saturated intensity gain in the relevant region (i.e.
λ < 700 nm) is of about two orders of magnitude, the exact numerical results
as calculated by chi2D are given in Table 3.24. With the increased input pump
intensity the resulting seed energy of 83.1 mJ end up in the middle of the expected
interval of 80–90 mJ indicated by [37]. Comparing Table 3.23 and Table 3.24 it
can be seen that the seed energy increases by 11.1 mJ whereas the pump energy
decreases by 20.3 mJ, computing the conversion efficiency results in η1 ≈ 3.0 %
and η2 ≈ 3.3 %. From the data of Table 3.23 and Table 3.24 it is clear that chi2D
indicates that the seed ought to have a higher peak intensity, from the spectra
of Figure 3.36 it is clear that this is not possible since the peak intensity in the
λ < 700 nm region, which is amplified in the B stages, is lower than the peak
intensity in the λ > 700 nm region.
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Figure 3.35 – Spatio-temporal beam profiles for the simulation of the 2B stage
without XPW. The images on the left corresponds to the pump beam and the
images on the right corresponds to the seed beam.

Table 3.24 – Output values of the 2B stage without XPW.

Parameter Pump Seed

Energy 307.6 mJ 83.1 mJ
Intensity 7.2 GW/cm2 5.8 GW/cm2

1/e2-radius 5.48 mm 5.95 mm
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Figure 3.36 – Relative scale of the input and output up to the 2B stage without
XPW
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3.2.3 Continued Simulations
The current 2A and 2B simulations run at the maximum capacity of the available
hardware. Due to the demand that the Nx and N t must be increased by a factor
of 2 raised to an integer power the current maximum resolution only used about
70 GB of the available 96 GB of RAM. Increasing the resolution further (i.e. by a
minimum of a factor of 2) caused the RAM to get full and render it impossible to
perform the simulations. To be able to perform simulations of the planned third
stages (i.e. 3A and 3B) one would need an even bigger pump and seed beam. Since
the current size of 5.3 and 6 mm is barely resolvable this would demand an increase
in the simulation window and, to keep the simulation parameters resolvable, the
values of Nx would have to be increased, i.e. at least doubled. The naive way to
solve this problem is to just invest in more hardware but by exploiting the fact that
only half the spectra is amplified in each stage and the other half is unaffected it
is believed that some preliminary simulations of 3A and 3B should be manageable
on the current hardware. Thus, by cutting out the A and B region of the spectra
before and passing them as input parameters in separate chi2D simulations it is
possible to shrink the time-window by roughly half and thus allow for a twice
as large spatial window with the same resolution as in the current 2A and 2B
simulation. The full output spectra would then be constructed after a simulation
by patching together the part of the spectra that was cut away (i.e. not included
in the simulation) and the part that was amplified.

In the current simulations the outcome of each NOPCPA stage has been treated
separately. In the laboratory, however, the 1A and 1B stages can be slightly
detuned to optimized the outcome of the 2A and 2B stages. A similar approach
would be interesting to investigate in any further simulations of the LWS20.
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Chapter 4

Conclusion

This thesis was dedicated to create an understanding of how the simulation pro-
gram chi2D can be used in the work of the REAL group, numerically investigate
the optimal settings for the currently present NOPCPA stages of the LWS20, and
to look into the effect of operating the OPS with or without XPW. To this end sev-
eral (documented and undocumented) features of chi2D have been explored, the
most striking being the assumption that every beam is Gaussian in the y-direction,
and the usage of periodic boundary conditions.

Based on the performed simulations (especially the ones without XPW) it is
clear that it is possible to achieve similar energies as the ones in the laboratory
at the cost of much higher pump energies. Looking into the numbers of the sim-
ulations it is apparent that the simulations without XPW all are in quite good
agreement with the reference values provided by [3], [37]. The same is not true for
the simulations corresponding to the LWS20 operating with XPW. In that case
the simulations underestimate the energy in the 1A and 1B stages and after the
optimal conversion efficiency is found for the 2A simulation the simulated energy
is propelled to roughly twice the experimentally measured value without XPW.
chi2D can nonetheless be used for some useful evaluations of the LWS20: At the
cost of higher pump energy it is clear that one can achieve similar amplification
and conversion efficiency as in the laboratory. Comparing the input spectra of Fig-
ure 3.11 and the output spectra of Figures 3.34 and 3.36 it is also clear that two
very different input spectra generate quite similar output spectra. Keeping in mind
that the input spectra is normalized in both cases and that the input spectra of the
simulations without XPW have 10 times higher intensity than the input with XPW
(see Tables 3.9 and 3.11) even puts the output spectra of Figures 3.34 and 3.36 on
the same relative scale. It should however be noted that the dip present around
λ = 650 nm in the 2B output is the result of a suboptimal phase matching that is
not present in the laboratory.

Another interesting observation is that, based on the simulations, the LWS20

67



CHAPTER 4. CONCLUSION
Oskar Hallberg (osha0027@student.umu.se)

is expected to operate far from optimally when switching between using XPW and
not using XPW if nothing else is changed. The simulations suggests that both the
2A and 2B pump needs to be adjusted to reach the optimal level of conversion
efficiency. Thus, this presents the possibility of further optimizing the LWS20,
something that might be worth looking into in the laboratory.

4.1 Concluding Remarks and Outlook
The assumption that every beam is Gaussian in the unconsidered y-direction can
roughly be compensated to calculate realistic energies of the pump by the the
computation of the Q factor. For the seed energy this is more challenging to
take into account, however, since the seed does not have the same symmetry as
the pump to rely upon and the spatial profile of the seed changes during the
simulation. To fully understand the relationship between the real energy and
the simulated energy it could be of interest to perform simulations in chi3D, a
three-dimensional extension of the chi2D code. This demanding analysis requires
a computer cluster to cope with the massive memory demands. Furthermore, to
make a realistic representation of the simulated energy a temporal compensation
is also necessary. Looking into the spatio-temporal representation of Section 3.2.2
it is clear that the bulk of the seed fits in the chosen temporal window of the
simulation, this is however not the case for the pump beam. Thus all pump
energies produced by chi2D will have to be complemented using the error function
temporally and the corresponding Q factor, see Table 3.7, spatially to be directly
comparable to the energies measured in the laboratory. Since the pump energies
used in the simulations are already higher than the true energy values of the
pump this only makes matters worse. An alternative approach to increasing the
pump intensity (and consequently energy) presents itself if one considers that in
the case of perfect phase matching and no pump depletion theory predicts a gain
of G∆k=0 ∝ exp

(
adeff

√
IpL

)
. Thus, it ought to be possible to keep the pump

intensity at a reasonable level and increase the deff of the simulations to achieve
similar results. The advantage of performing simulations like this is that the
interacting energies are on a realistic level instead of the vastly higher values
currently necessary.

A common feature to all simulations presented in Section 3.2 is that the radii
changes through out the simulations. After consulting with Tino Lang, the author
of the chi2D code, about this it turned out that the 1/e2-radius reported by chi2D
is actually the 2σ value for the beam shape, where σ is the standard deviation.
For a Gaussian beam this is the same as the 1/e2-radius but for a general shape
this is not true. From the temporal integration of Figure 3.32 it is also clear that
the beam fundamentally changes its shape during the simulation, which further
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contributes to the observed change in radii. A consequence of this change is that
the reported radius for the seed becomes smaller than the one reported for the
pump. It is, however, important to remember that the unamplified blue spectral
part of the seed is still present making the total seed bigger even though the
spatio-temporal representation of chi2D only shows the central, amplified, part of
the beam clearly. It might nonetheless be interesting to carry out simulations with
a seed much bigger than the pump just to verify the simulated results. On the
current hardware this is possible to do for the 1B stage but if a similar analysis is
to be performed on the 2A and 2B stages the hardware needs to be upgrade with
more RAM.

Based on the above observations regarding the beam shape in y-direction and
the computations of the 1/e2-radius together with the demonstration of periodic
boundary conditions it is apparent that chi2D is optimized for short, Gaussian
pulses. An alternative approach to the performed simulations would be to down
scale the parameters of the simulations. A sufficient down scale would allow that
the simulation can run on the working memory of a graphics card, something that
was demonstrated to us by Tino Lang and which dramatically decreased the simu-
lation time. The performed demonstration ran on a state-of-the-art graphics card
and it could precisely cope with the demands of a low resolution 1A simulation.
It would thus demand that all simulations were reduced to this low resolution.
Keeping the number of grid points constant would constitute a challenge as the
beams gets bigger in the 2A, 2B and possibly even 3A and 3B stages, thus, provid-
ing a problem for any future scaling of the simulations. During the work of this
thesis it has also been noted that some numerical errors can occur if the resolution
becomes too low. Nonetheless, to be able to run simulations in minutes rather
than hours and days would completely change the way in which chi2D could be
used for prototyping and testing new OPS constructions. This would of course
demand that one finds a numerically stable resolution that is low enough to fit in
the graphics memory.
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Appendix A

Abbreviations

Acronyms
AOPDF Acusto-Optic Programmable Dispersive Filter.

BBO β-barium borate.

CPA Chirped Pulse Amplification.

DFG Difference-Frequency Generation.

FWHM Full Width at Half Maximum.

HCF Hollow Core Fiber.

LWS20 Light Wave Synthesizer 20.

NOPCPA Noncollinear Optical Parametric Chirped Pulse Amplification.

OPA Optical Parametric Amplification.

OPS Optical Parametric Synthesis.

PVWC Poynting Vector Walk-off Compensation.

REAL RElativistic Attosecond physics Laboratory.

SFG Sum Frequency Generation.
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SHG Second Harmonic Generation.

TPM Tangential Phase Matching.

XPW Cross-polarized Wave generation.

Nomenclature
P Scalar representation of polarization.

ρf Free charge.

k Wave number.

E Scalar representation of the electric
field.

G Gain.

I(t) Temporal intensity.

I Beam intensity.

K Spatio-temporal 2D supergaussian.

L Crystal length in the translational z-
direction.

N Number of simulation grid points.

T Simulation time-window.

X Transverse spatial window of a sim-
ulation.

∆x Transverse offset from crystal cen-
ter.

Λ1 Distance to camera.

Λ2 Distance to the BBO crystal.

Φ(t) Temporal phase.

αt Temporal correction according to the
error function.

α Noncollinear angle.

χe Electric susceptibility.

χ See χe.

ε0 Permittivity of free space.

η1 Conversion efficiency.

η2 Conversion efficiency.

γ Tuning angle for deff in BBO.

Ŝ Poynting vector.

λ Wavelength.

E Energy of indicated beam.

Ẑ Optical axis.

µ0 Permeability of free space.

ω (Angular) frequency.

φ Spectral phase.

ρ(θ) Polarization dependent walk-off
angle.

σ Standard deviation.

τ FWHM of gM .

θ Interaction angle between z and Ẑ.

Ĩ Spectral intensity.

τ̃ Group delay.

B Magnetic field.
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D Electric displacement.

E Electric field.

M Magnetization.

P Polarization.

k Wave vector.

p Vector representing the pump beam.

s Vector representing the seed beam.

z Propagation direction.

Jf Free current.

n̂ Directional unit vector.

c Speed of light in vacuum.

deff Effective nonlinearity coefficient.

ft Optical frequency.

fx Spatial frequency.

gREAL
M Two-dimensional circularly sym-

metric supergaussian function of
order M .

gM Supergaussian function of order M .

g Gaussian function.

n Refractive index.

ne Extraordinary refractive index.

no Ordinary refractive index.

r0 two-dimensional 1/e2 radius.

t0 See x0.

v Velocity of light within media.

x0 One-dimensional 1/e2 radius.

y0 See x0.
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Appendix B

Material Constants: BBO

This document contains some of the material specific properties of BBO.

B.1 Birefringence
The constants of the polarization dependent refractive index presented in Equa-
tion (2.11) are found from experimental measurements and there exists some dis-
crepancy about the true value of these constants in the literature [21], [41]. In this
work the constants will be given the values

Ao/e = 2.7359/2.3753 (B.1a)
Bo/e = 0.01878/0.01224 (B.1b)
Co/e = −0.01822/ − 0.01667 (B.1c)
Do/e = −0.01354/ − 0.01516 (B.1d)

corresponding to the values for BBO as reported by [41]. 1

B.2 Effective Nonlinearity
In BBO it is know that

deff = d31 sin(θ) − d22 cos(θ) sin(3γ) (B.2)

describes the effective nonlinearity coefficient for Type I processes, whereas the
same coefficient is given by

deff = d22 cos2(θ) cos(3γ) (B.3)
1These are also the values used in chi2D.
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for Type II and Type III processes [22]. In Equations (B.2) and (B.3) d22 and
d31 are material properties given the values 2.22 pm/V and 0.16 pm/V, respect-
ively [22]. γ is an extra degree of freedom obtained through rotation of the crystal
along the z-axis of Figure 2.5 [21].

In the simulations γ is chosen so that deff is maximized for Type I processes.
In the A stages deff equals 2.1 and 0 for the Type I, and Type II and III processes,
respectively. For the B stages these values were 1.92 and 0, respectively.
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Appendix C

The walk-off angle ρ

In this document the derivation of the expression for the walk-off angle ρ given
in Equation (2.14) is given. The expressions will become quite complicated and to
make the derivation more transparent the convention that t ≡ tan θ, s ≡ sin θ and
c ≡ cos θ will be used. In this convention t−1 ≡ tan−1 θ, and so on. The constant
A2 ≡ n2

o/n2
e, where ne = ne(λ) and no = no(λ), will also be useful.

From [12] we know that (Equation (2.12b))

1
n2

e(λ, θ) = cos2 θ

n2
o(λ) + sin2 θ

n2
e(λ) = c2

n2
o

+ s2

n2
e

(C.1)

which can be rewritten as

ne(θ) = no

(
1 + t2

1 + A2t2

)1/2

, (C.2)

which is the expression used by [22] and is the expression used in the rest of this
document. In [23] the following expression for ρ is given (Equation (2.13))1

tan(ρ(θ)) = −1
ne(λ, θ)

∂ne(λ, θ)
∂θ

, (C.3)

which will constitute the foundation of the derivation at hand.
From Equation (C.2) we get that

∂ne(θ)
∂θ

= 1
2no

(
1 + t2

1 + A2t2

)−1/2
∂

∂θ

(
1 + t2

1 + A2t2

)

= 1
2

n2
o

ne(θ)
∂

∂θ

(
1 + s2/c2

1 + A2s2/c2

) (C.4)

1In [23] the tangent part is build into the expression and referred to as an angle. For clarity
no such dubious shorthand notation is used in this document.
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which, by defining ξ ≡ n2
o/(2ne(θ)), gives

∂ne(θ)
∂θ

= ξ
∂

∂θ

( 1
c2 + A2s2

)
= ξ(−1)

(
c2 + A2s2

)−2 ∂

∂θ

(
c2 + A2s2

)
= 1 − A2

(c2 + A2s2)2 2scξ

= 1 − A2

(c2 + A2s2)2
n2

osc

ne(θ) .

(C.5)

Inserting Equation (C.5) in Equation (C.3) gives

tan ρ(θ) = −1
ne(θ)

∂ne(θ)
∂θ

= A2 − 1
(c2 + A2s2)2

n2
osc

n2
e(θ) .

(C.6)

Through the virtue of Equation (C.2) this becomes

tan ρ(θ) = A2 − 1
(c2 + A2s2)2

1 + A2s2/c2

1 + s2/c2 sc

= A2 − 1
c2 + A2s2 sc

= sc

n2
ec

2 + n2
os

2

(
n2

o − n2
e

)
(C.7)

which concludes the first part of the derivation.
Using the identity

tan(α − β) = tan α − tan β

1 + tan α tan β
(C.8)

a direct verification of the expression given in Equation (2.14) results in

tan
[
tan−1

(
A2t

)
− θ

]
= A2t − t

1 + A2t2

= A2 − 1
c2 + A2s2 sc

= sc

n2
e + ns

os
2

(
n2

o − n2
e

)
.

(C.9)

It is clear that Equations (C.7) and (C.9) are identical, proving the equality
in Equation (2.14) and concluding the derivation.
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Appendix D

Non-collinear phase matching

In this document the expression for phase mismatch for a noncollinear OPA is
derived. To this end the wave vector of the pump, kp, the seed, ks, the idler, ki is
given under the angles α and β with respect to the z-axis as defined in Figure D.1.

From the geometry of Figure D.1 it follows that

∆kx ≡ |∆k| sin β = |ks| sin α − |ki| sin β (D.1a)
∆kz ≡ |∆k| cos β = |kp| − |ks| cos α − |ki| cos β. (D.1b)

It is known that for a given angular frequency, ω, and refractive index, n, it holds
that

k = ωn

c
, (D.2)

where c is the speed of light in vacuum. Combining Equation (D.1) and Equa-

z

x

kp

ks

α

ki

∆kβ

Figure D.1 – The geometry considered when computing the noncollinear phase
mismatch. kγ , with γ = p, s, i indicates the wave vector for the pump beam, the
seed beam and the idler beam respectively.
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tion (D.2) gives

∆kx = ωsns

c
sin α − ωini

c
sin β (D.3a)

∆kz = ωpnp

c
− ωsns

c
cos α − ωini

c
cos β. (D.3b)

Under the assumption that the phase mismatch in x-direction is small, i.e.
∆kx ≈ 0, Equation (D.3a) simplifies to

0 = ωsns

c
sin α − ωini

c
sin β. (D.4)

which implies that
β = sin−1

(
ωsns

ωini

sin α
)

. (D.5)

Using the identity that cos(sin−1(x)) =
√

1 − x2, together with Equations (D.3b)
and (D.5) gives

∆kz = 1
c

ωpnp − ωsns cos α − ωini

√
1 −

(
ωsns

ωini

sin α
)2
. (D.6)

Conservation of energy demands that ωi = ωp−ωs and since the refractive index
is a parameter of the material that depends on the frequency and polarization of
the propagating light ∆kz can be computed from Equation (D.6) given that ωp

and ωi and the corresponding polarizations is known.
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Appendix E

Calculation of Spectrum

There are different settings in chi2D which allows for the generation of the spectral
intensity (i.e. intensity as a function of wavelength). These settings have an
impact on the final representation of the spectral intensity and in this document
the different ways of obtaining the spectra are presented.

When performing OPS simulations in chi2D the user is, among other things,
given the option to compute and export the spectrum. In the computation of
this spectra the user can define if the spectrum is to be computed for only one
specific angle, or as the result of integrating over all possible angles. The user also
has the possibility to manually extract the spectral intensity of the electric field
from the chi2D’s representation of the intensity of the simulated field in the plane
created by the x- and t-axis of Figure 2.8. An example of such a spatio-temporal
representation is given in Figure E.1.

−4 −2 0 2 4
·104

−2

−1

0

1

2

t [fs]

x
[m

m
]

0

0.2

0.4

0.6

0.8

1

Figure E.1 – Spatio-temporal representation of the intensity of an electric field
simulated in chi2D.
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Spatially integrating the field in Figure E.1 results in the spectrum presented
in Figure E.2a. Since the spectral phase of the simulation is given as an input it
is possible to find a mapping between time and wavelength using the group delay,
τ̃ , as defined in Equation (2.9) (see Figure E.2b).
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Figure E.2 – (a) Spatial integration of the spatio-temporal representation of Fig-
ure E.1, (b) wavelength, λ, as a function of the group delay given by Equa-
tion (2.9).

For each time, t0, there exists a corresponding wavelength, λ0, and it is possible
to express the relation between the temporal intensity, It, and spectral intensity,
Iλ, as

It(t)dt = Iλ(λ)dλ. (E.1)
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Figure E.3 – Spectra extracted from chi2D using (1) a specific angle, (2) integ-
rating over all angles, and (3) transformation of the spatio-temporal profile. The
inset highlights one of the differences between the different approaches.

From Equation (E.1) one can deduce that

Iλ(λ) = It(t)
dt

dλ
(E.2)

which in terms of the group delay becomes

Iλ(λ) = It(t)
dτ̃(λ)

dλ
. (E.3)

Combining the temporal spectra of Figure E.2a and the mapping of Fig-
ure E.2b, Equation (E.3) can be used to attain the intensity as a function of
wavelength. Spectrums obtained in the three above mentioned fashions from sim-
ulations with identical settings can be seen in Figure E.3.

It is clear that if only one angle is considered some of the data of the simulation
is lost, whereas an integration over the angles introduces a modulation to the
spectrum (see Figure E.3). The spectrum generated through integration of the
spatio-temporal representation of the field intensity provides a representation of
the spectra without the loss of the data observed when only considering one angle
and without the modulation observed through integration of the angles, as can be
seen in Figure E.3.
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Appendix F

The Error Function

The implication of a restricted computational domain is that part of the energy of
the pulse belong to a part which is not covered by the computations of the chi2D
simulation. A visualization of this is given for a Gaussian pulse with FWHM τ in
a temporal window ranging from ±T/2 in Figure F.1.

The amount of the pulse that is within the computational domain in the tem-
poral dimension is given by the error function:

erf(T/2) =
´ T /2

−T /2 e−2(t/t0)Mt dt´
e−2(t/t0)Nt dt

, (F.1)

where to is the temporal 1/e2 radius. Using Equation (2.29) this quantity can
easily be expressed in terms of τ . As an example: For a pulse with τ = 80 ps
contained in a simulation window where T = 104 ps Equation (F.1) gives that
about 87.4 % of the pulse total energy is contained in the simulation window.
Equation (F.1) can, of course, be applied to the spatial x- and y-directions as well.
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Figure F.1 – A Gaussian pulse with FWHM τ in a temporal computation window
covering ±T/2.
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Appendix G

Source Data

This document contains a listing of the paths to the raw data, key simulations,
KeyNote images and Matlab scripts used during the work with this thesis. Each
path is given relative to the root folder “Oskar Master” on the REAL groups
“Group Data” server.

Chapter 2

Figure 2.1: Visualization of ne(λ, θ) and no(λ)
- Path: /images/indicatrix/Indicatrix.pdf

Figure 2.2: Schematic CPA.
- Path: /images/cpa_schematic/cpa_schematic.pdf

Figure 2.3: OPA scematic.
- Path: msc_hallberg/figs/theory/dfg.tex

Figure 2.4: OPA energy levels.
- Path (left): images/opa_energy_levels/energylevel_1.pdf
- Path (right): images/opa_energy_levels/energylevel_2.pdf

Figure 2.5: Noncollinear and phase matching angles.
- Path (left): msc_hallberg/figs/theory/theta_alpha.tex
- Path (right): msc_hallberg/figs/theory/theta_alpha_TPM.tex

Figure 2.6: LWS20 schematic.
- Path: images/LWS20_schematic/LWS20_schematic.pdf
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Figure 2.7: Supergauss of different order.
- Path: msc_hallberg/figs/sim/sg_g_tau.tex

Figure 2.8: Spatio-temporal simulation geometry.
- Path: msc_hallberg/figs/sim/sg_g_tau.tex

Figure 2.8: TPM simulation geometry.
- Path: msc_hallberg/figs/sim/tpm.tex

Chapter 3

Table 3.2: Seed energy without XPW.

- Path: seed_energy_without_XPW/meas_fri_14-7-2017/energy_table_140717.txt

Figure 3.1: Pump profile measurement schematic.
- Path: msc_hallberg/figs/method_result/meas/pump_profile_schematic.tex

Figure 3.2: Pump profile scan regions.
- Path: /images/1A_scan/1A_scan.pdf
- Path: /images/1B_scan/1B_scan.pdf
- Path: /images/2A_scan/2A_scan.pdf
- Path: /images/2B_scan/2B_scan.pdf

Table 3.4: Numerical fitting parameters of pump profiles.
- Path: Matlab/beam_profile/call_beam_profile.m
- Path: Matlab/beam_profile/2A/call_2A_beam_profile.m
Table 3.5: Peak intensity for given energy, radius and supergaussian order.
- Path: Matlab/supergaussian_tests/pump_intensity.m

Figure 3.3: Numerical fitted beam profile.
- Path: Matlab/beam_profile/call_beam_profile.m
- Path: Matlab/beam_profile/2A/call_2A_beam_profile.m

Figure 3.4: Seed spectrum without XPW, raw.
- Path: Matlab/LWS20_spectrum/Without_XPW/main.m
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Figure 3.5: Seed spectrum without XPW, shifted.
- Path: Matlab/LWS20_spectrum/Without_XPW/main.m

Figure 3.6: Seed spectrum without XPW, patched.
- Path: Matlab/LWS20_spectrum/Without_XPW/main.m

Figure 3.7: Seed spectrum without XPW, smoothed.
- Path: Matlab/LWS20_spectrum/Without_XPW/main.m

Figure 3.8: Groupdelay vs. wavelength, original.
- Path: Matlab/group_delay/gd_related_plots.m

Figure 3.9: Groupdelay vs. wavelength, shifted.
- Path: Matlab/group_delay/gd_related_plots.m

Table 3.6: Simulation energy verification.
- Path: Simulations/Input_1A_Imax/
simData_170323_1118_AIR_supergauss=2_gauss_new_v8
- Path: Simulations/Input_1A_Imax/
simData_170323_1131_AIR_supergauss=6_gauss_new_v8
- Path: Simulations/Input_1A_Imax/
simData_170323_1140_AIR_supergauss=10_gauss_new_v8

Figure 3.10: Demo spectrum.
- Path: inputs/demo_spectrum/demo_spectrum.txt

Figure 3.11: Spatio-temporal periodic boundary condition.
- Path: Simulations/chi2D_1A/shifted_phase/
DEMO_spectrum_periodic_bc/52ps/
- Path: Simulations/chi2D_1A/shifted_phase/
DEMO_spectrum_periodic_bc/104ps/

Figure 3.12: Input spectra 1A.
- Path (with XPW): inputs/1A_input/rem_neg_data_smooth.txt
- Path(without XPW): inputs/1A_input/without_XPW/smooth_compr_spectrum.txt
- Path (phase): inputs/1A_input/shifted_phase/shifted_phase_1A-0738.txt

Figure 3.13: Spatio-temporal input/output 1A with XPW.
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- Path: key_simulations/1A/simData_170530_
0936_sellmeier2_tpm_dist_neg_alpha_deff=2.1,0_
intensity=16_energy=300nJ_Rx=1.2_time=104ps_integrated_spectrum

Figure 3.14: Output spectra 1A with XPW.
- Path: msc_hallberg/figs/method_result/sim/
nopcpa_stages/input_output_1A_w_XPW.tex

Figure 3.15: Spatio-temporal input/output 1A without XPW.
- Path: key_simulations/1A/wo_XPW
$real$simData_170717_1749_Pint=16GWcm2_seedEnergy=3uJ

Figure 3.16: Output spectra 1A without XPW.
- Path: msc_hallberg/figs/method_result/sim/
nopcpa_stages/input_output_1A_wo_XPW.tex

Figure 3.17: Input spectra 1B.
- Path (with XPW): inputs/1B_input/smoothed_scaled_1B_input_spectrum.txt
- Path(without XPW): inputs/1B_input/without_XPW/
smoothed_scaled_1B_wo_XPW_input_spectrum.txt
- Path (phase): inputs/1B_input/shifted_phase_1B_2214.txt

Figure 3.18: Output spectra 1B with XPW, different angles.
- Path: figs/method_result/sim/nopcpa_stages/
output_1B_different_angles.tex
Figure 3.19: Spatio-temporal input/output 1B with XPW.
- Path: key_simulations/1B/
simData_170609_1745_shifted_combined_spectra_seed_senergy_theta=34.565

Figure 3.20: Output spectra 1B with XPW.
- Path: figs/method_result/sim/nopcpa_stages/
spectra_0-1A-1B_w_XPW.tex

Figure 3.21: Spatio-temporal input/output 1B without XPW.
- Path: key_simulations/1B/wo_XPW
$real$simData_170718_1242_Ipump=8.19_Eseed=1.2mJ

Figure 3.22: Output spectra 1B without XPW.
- Path: figs/method_result/sim/nopcpa_stages/
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spectra_0-1A-1B_wo_XPW.tex

Figure 3.23: Input spectra 2A.
- Path (with XPW): inputs/2A_input/smoothed_scaled_2A_input_spectrum.txt
- Path(without XPW): inputs/2A_input/without_XPW/
smoothed_scaled_2A_wo_XPW_input_spectrum.txt
- Path (phase): inputs/2A_input/shifted_phase_1A-0738.txt

Figure 3.24: Conversion efficiency 2A with XPW.
- Path: ./figs/method_result/sim/nopcpa_stages/2A/conv_eff_2A_w_XPW.tex

Figure 3.25: Spatio-temporal input/output 2A with XPW.
- Path: key_simulations/2A/
simData_170712_0920__combined_shifted_
spectra_theta=23p6855_alpha=-2.2698_seed=82.2mJ_pumpIntensity=22GWcm2_size=16

Figure 3.26: Back conversion 2A with XPW.
- Path: key_simulations/2A/
simData_170712_0920__combined_shifted_
spectra_theta=23p6855_alpha=-2.2698_seed=82.2mJ_pumpIntensity=22GWcm2_size=16

Figure 3.27: Output spectra 2A with XPW.
- Path: msc_hallberg/figs/method_result/sim/nopcpa_stages/2A/spectra_0-
1A-1B-2A_w_XPW.tex

Figure 3.28: Conversion efficiency 2A without XPW.
- Path: ./figs/method_result/sim/nopcpa_stages/2A/conv_eff_2A_wo_XPW.tex

Figure 3.29: Spatio-temporal input/output 2A without XPW.
- Path: key_simulations/2A/wo_XPW
simData_170725_0846_Ipump=12GWcm2
Figure 3.30: Back conversion 2A without XPW.
- Path: key_simulations/2A/wo_XPW/
simData_170725_0846_Ipump=12GWcm2

Figure 3.31: Output spectra 2A without XPW.
- Path: msc_hallberg/figs/method_result/sim/nopcpa_stages/2A/spectra_0-
1A-1B-2A_wo_XPW.tex
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Figure 3.32: Input spectra 2B.
- Path (with XPW): inputs/2B/22GW_2A_w_XPW/
smoothed_scaled_2A_input_spectrum.txt
- Path(without XPW): inputs/2B/without_XPW/
input_spectrum_2B_from_12GWcm2_2A_wo_XPW.txt
- Path (phase): inputs/2B/shifted_phase_1B_2214.txt

Figure 3.33: Spatial shape of 2A output.
- Path (with XPW): key_simulations/2A/
simData_170712_0920__combined_shifted_
spectra_theta=23p6855_alpha=-2.2698_seed=82.2mJ_
pumpIntensity=22GWcm2_size=16
- Path (without XPW): key_simulations/2A/wo_XPW
simData_170725_0846_Ipump=12GWcm2

Figure 3.34: Spatio-temporal input/output 2B with XPW.
- Path: key_simulations/2B/w_XPW
simData_170808_1544_2A_w_Ip=22GWcm2_L=5

Figure 3.35: Output spectra 2B with XPW.
- Path: msc_hallberg/figs/method_result/sim/nopcpa_stages/2B/spectra_0-
1A-1B-2A-2B_w_XPW.tex

Figure 3.36: Spatio-temporal input/output 2B without XPW.
- Path: key_simulations/2B/wo_XPW
simData_170811_0720_base=2A-wo-XPW-Ipump=12_Ipump=7.24_L=5

Figure 3.37: Output spectra 2B without XPW.
- Path: msc_hallberg/figs/method_result/sim/nopcpa_stages/2B/spectra_0-
1A-1B-2A-2B_wo_XPW.tex

Appendix D

Figure D.1: Wave vector mismatch.
- Path: msc_hallberg/figs/appendix/non-coll_pm/non-coll_pm.tex

Appendix E

Figure E.1: Spatio-temporal respresentation.
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- Path: key_simulations/1A/simData_170530_
0936_sellmeier2_tpm_dist_neg_alpha_deff=2.1,0_
intensity=16_energy=300nJ_Rx=1.2_time=104ps_integrated_spectrum

Figure E.2: Spatial integration, mapping time–wavelength.
- Path (spatial integration): Matlab/group_delay/spatial_integration.m
- Path (mapping): Matlab/group_delay/time_wavelength_conversion.m

Figure E.3: Spatio-temporal, angularly integrated, and specific angle.
- Path: msc_hallberg/Matlab/spectral_plots_1A_output
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