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Abstract

When ultrashort pulses pass through common optical elements such as gratings and
thick lenses, they can pick up spatio-temporal couplings (STCs) - nonseparable chro-
matic aberrations. The main cause of this phenomenon is the inherent feature of
ultrashort pulses—their broadband spectrum. STCs increase pulse duration and re-
duce the intensity at the focus, which will be detrimental for many applications, for
example, in high-harmonic generation (HHG). This project identifies and visualizes
the STCs of ultrashort laser pulses used for HHG and laser-driven acceleration by
removing aberrations shared by all wavelengths. Spatially resolved Fourier Transform
spectrometry is the main method for our STC characterization. Improvement of the
existing data analysis code, including the shared aberration removal and comprehens-
ive STC analysis documentation are included in this work.
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Popular science summary

Lasers have unique properties that distinguish them from ordinary sunlight or light
from our homes’ lamps. That property is known as spatial and temporal coherence.
Thanks to those properties, pulses with very short duration, i.e., in the femtosecond
range, can be generated. A femtosecond is the millions of billions of a second. But why
do we need such a short pulse? There are two answers: first, using the short pulse, we
can take a “movie” of fast events, and second, achieving high intensity is feasible with
short pulses. By saying “fast event,” we mean ultrafast events like electron motion
around nuclei in the atom and chemical reactions that unfold on the femtosecond (fs)
time scale.

Relatively recently, the process called high-order harmonic generation allowed to achieve
pulses on the attosecond time scale. It is an extremely short duration (1 as=1 -1078
s). Accessing such an ultrashort duration provides us with advanced insights into the
dynamics of electrons in atoms, molecules, and solids. This knowledge can be applied
to achieve real-time control of electron motion in matter, with practical applications
such as the transition from THz-to-PHz electronics, probing the molecular compos-
ition of biological systems for health monitoring, and disease detection. Reaching
high intensity with ultrashort pulses has important applications in particle accelera-
tion. Since at such high intensity, particles can accelerate close to the speed of light
in less than a meter. This allows us to drastically reduce the size of conventional
particle accelerators. High-speed protons can kill cancer cells, which has an important
application in medicine.
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Figure 1: Illutration of a) clean pulse (no STC) b) distorted pulse (with STC). Image
adapted from [1].

When generating and manipulating ultrashort pulses, their field can be distorted by
common optical elements, like lenses, gratings, etc. These distortions are usually called
spatio-temporal couplings (STC). To put it in the simplest terms, STC means that the
pulse properties cannot be written separately as a space and a temporal component.
These distortions can be beneficial or harmful to the system. In both cases, it becomes
important to characterize them. During this project, STC characterization is done for
the two laser systems used for high-order harmonic generation (AttoLab) and particle
acceleration (Multi-pass cell MPC system at DESY). In the AttoLab, significant STCs
are observed. STCs are also present in the source of the MPC system but these do
not transfer to the compressed output pulses.
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Notations

Abbreviations

STC -Spatio-temporal coupling

PFT - Pulse front tilt

PFC - Pulse front curvature

CPA - Chirped Pulse Amplification

OPCPA - Optical Parametric Chirped Pulse Amplification

AD - Angular dispersion

GD - Group delay

GDD - Group delay dispersion

NF - Near-field

FF- Far-field

CC - Chromatic curvature

CCD - Charge-coupled device MPC - Multi-pass cell compression

FT - Fourier Transform

d-scan - dispersive scan

FROG - Frequency-resolved optical gating

FTS - Fourier Transform Spectroscopy

FFT - Fast Fourier Transform

MMT - Mode matching telescope

TEL - Telescope

CMP - Compressor

STARFISH-spatio-temporal amplitude-and-phase reconstruction by Fourier-transform
of interference spectra of high-complex-beams

SPIDER - spectral phase interferometry for direct electric-field reconstruction
SPM - Self phase modulation

TERMITES - Total E-field reconstruction using a Michelson interferometer temporal
scan
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1 Introduction

The invention of the laser has profoundly impacted the field of science and technology.
Lasers’ unique characteristics, such as temporal coherency, enable the generation of
ultrashort pulses. Spatial coherency allows the laser to be focused on a precise spot.
These features have various practical applications, including imaging ultrafast pro-
cesses, laser cutting, and lithography.

The generation of ultrashort pulses is crucial for high optical power delivery and ima-
ging of ultrafast processes. Continuous progress has been made in reducing the pulse
durations from nanosecond and picosecond to extremely short femto- and attosecond
(as) pulses. We can achieve high peak power by concentrating the modest energy in
a very short duration. The first lasers, built between 1960 and 1970, generated peak
power from megawatts (MW) to gigawatts (GW). However, in the subsequent decade,
laser peak power remained unchanged due to the damage to the amplifier material
at high power. The advance of the chirped-pulse amplification technology (CPA) [2]
allowed it to reach terawatt (TW) and then petawatt (PW) peak power levels. The
discovery of high-harmonic generation (HHG) in gases when exposed to the highly
intense laser field led to the generation of extremely ultrashort attosecond pulses. To
put this into perspective, consider how many times one second is smaller than the age
of the universe, one attosecond is equivalently smaller than one second [3]. Ultrashort
pulses are used to image the ultrafast biological, chemical, and physical processes.
Moreover, the intense ultrashort pulses are used for electron wake-field acceleration
and laser fusion.

With the advancement of the generation of ultrashort pulses, their characterization
became important. How do we know our ultrashort pulse is short? What are its spa-
tial characteristics? Currently, commercially available photodetectors can accurately
measure the duration of nanosecond pulses. However, if we want to measure pico- and
femtosecond pulse duration, we need a shorter event to make the measurement. Since
no such event was available, researchers found a clever solution: the shortest event
available was the event itself. As a result, the autocorrelation method was developed
[4]. The other popular methods include frequency-resolved optical gating (FROG) [5],
spectral phase interferometry for direct electric-field reconstruction (SPIDER) [6], and
dispersion scan (d-scan) [7].

The above-mentioned methods assume that the temporal (or spectral) field has the
same properties at all points in the beam and can give correct characterization,
if the field is spatially homogenous. However, in generating and manipulating ul-
trashort pulses, the beam is exposed to spatio-temporal distortions commonly known
as spatio-temporal couplings (STC). Examples of STCs are group delay variations
across the beam, i.e., the spatially varying time of arrival in the transverse direction.
More generally, spatio-temporal coupling corresponds to the case when spectral /tem-
poral properties of a broadband field are not spatially homogenous. This results in
a pulse duration increase and intensity reduction at the focus. STC can be detri-



mental or beneficial depending on the application. In both cases, it is important
to give them characterization. Because of that, many STC characterization tech-
niques were developed. Spatially-encoded arrangement SPIDER (SEA-SPIDER) (8]
and spatio-temporal amplitude-and-phase reconstruction by Fourier-transform of in-
terference spectra of high-complex-beams (STARFISH) [9], are few examples of them.
The main focus of this thesis is STC characterization of ultrashort pulses using spa-
tially resolved Fourier Transform Spectrometry (FTS) technique [7]. In this technique,
the unknown pulse is separated into two. One is used to make a homogenous beam,
which is brought to interfere with the other one on the camera chip. By changing
the delay between the reference and the unknown beam, we obtain a spectrogram for
each pixel of the camera. Assuming the reference beam is known, we can subtract
the unknown phase for each pixel, i.e., spatially resolve it. Thus, in the end, the 3
dimensional (two space and one time/frequency) data of the unknown complex field
are obtained. From that data, one can inspect the pulse’s STCs.

1.1 Objective

This project concerns the STC characterization of intense ultrashort laser pulses loc-
ated at the Lund High-Power Laser Facility and the German Electron Synchrotron
(DESY). To achieve this, the spatially resolved Fourier Transform Spectroscopy tech-
nique [10] is used. The Titanium-doped Sapphire (Ti: Sapphire) CPA laser based in
Lund has a central wavelength of around 800 nm, pulse duration of around 20 fs, and
repetition rate of 3 kHz. The laser comprises a grating compressor to achieve the final
pulse duration after the amplification. Like any dispersive element, it is a potential
source for STCs. The STC measurements were performed to determine the existence
of any STC in the output of the Ti: Sapphire laser. Similar STC measurements were
performed for each stage of the Multi-pass-cell compressed (MPC) setup at DESY.
MPCs are a new technique [11] which allows temporal compression of the pulses from
picosecond down to femtosecond duration. The goal is to determine whether STCs
exist in this setup, which hasn’t been done before.

The obtained data involves cumbersome manipulations of 3D matrices representing
ultrashort laser pulses in space and time/frequency, which will be discussed in great
detail in section 3.2. The common aberration shared by all wavelength components
must be removed to see the true STC. This feature was added to the existing MATLAB
code, which has been optimized and well-documented.

1.2 Motivation

Like any electromagnetic wave, light pulses can be described in the form of an elec-
tric field. Usually, the spatial and the temporal/spectral parts are assumed to be
independent of each other, i.e., the field can be written as the product of the spatial
and temporal/spectral profiles. Although this assumption is valid in many cases, it
is often wrong in the case of ultrashort pulses. The impossibility of separating the



spatial from the temporal behavior of ultrashort pulses is due to their broad spec-
tral bandwidth. This mutual dependence of spatial and temporal coordinates is called
spatio-temporal couplings (STC). Common sources of STCs are prisms, gratings, sing-
let lenses, nonlinear optical interactions, and even simple apertures, which nicely illus-
trate the wavelength dependence of diffraction. Prisms and gratings introduce STCs,
like angular chirp, pulse-front tilt, and spatial chirp, which will be discussed in section
2.4. Singlet lenses introduce pulse front curvature as a result of their chromaticity [12].
Depending on their applications, STCs can be detrimental or beneficial for ultrafast
optical systems. A chirped pulse amplification system and 4-F pulse shapers are built
to introduce and subsequently compensate for any STCs. STCs increase the pulse
duration and decrease the intensity of the focus. On the other hand, STCs are benefi-
cial for controlling the beam properties and, thus, light-matter interaction processes.
For example, one can optimize the non-linear sum or frequency difference generation,
broadband THz generation with controlled STC [13] and generate isolated attosecond
pulses by using the attosecond lighthouse effect [14].

1.3 Thesis outline

Chapter 2 provides the necessary theoretical information for this project. It involves
the time-frequency description of ultrashort pulses (section 2.1.1), basic principles of
Fourier Optics, pulse compression techniques, and a description of the common types
of aberrations. Since the main focus of this project is about STCs, I included a detailed
description of STCs with simulations in section 2.4. Then, chapter 3 gives a detailed
description of the method and steps of data processing in the example of the data
obtained from the Ti: Sapphire CPA laser. The last chapter 5 gives the conclusion of
the results and a future outlook of possible improvements of the STC setup.






2 Theory

This chapter provides essential theoretical background for this work. Most of the the-
oretical part is influenced by literature [15], [16]. Since the main focus of this project
is the characterization of ultrashort pulses, the first big section 2.1 is dedicated to
ultrafast optics and is divided into several subsections. It starts with a time and fre-
quency description of ultrashort pulses (subsection 2.1.1), followed by the propagation
of ultrashort pulses in the media (subsection 2.1.2) and ends with basic principles of
pulse compression (subsection 2.1.3).

Since the data analysis part of this project involves focusing, spatial filtering, and
shared aberration removal of the ultrashort pulse, it is relevant to briefly introduce
Fourier Optics and Aberration theory in section 2.2. This section briefly starts with
the principles of Fourier Optics in subsection 2.2.1. The following subsection gives
comprehensive information about common types of aberration (subsection 2.2.2) and
descriptions of the aberrated wavefront (subsection 2.2.3).

The following section 2.3 gives a short introduction to the amplification of ultrashort
pulses.

This chapter concludes with section 2.4 about the detailed theory of Spatio-Temporal
Couplings (STCs) - the main focus of this project.

2.1 Ultrafast Optics

2.1.1 Time and frequency description of ultrashort pulses

Using the fundamental laws of Maxwell’s electromagnetic theory, we can derive the
wave equation:

1 0%u

Vi — 22
b c? Ot?

=0 (2.1)

Where ¢ = ¢y/n - speed of the optical wave in the material. V2 = 9%/9%z2 + 52 /0y* +
0?/02* - Laplacian operator in cartesian coordinates.

We can describe the monochromatic wave at position r = (z,y, z) at given time ¢
using the wavefunction: u(r,t) = a(r)cos [2mvt + ¢(r)]. But for mathematical ma-
nipulations, using the complex amplitude U(r,t) is convenient. Its real part gives us
wavefunction Re{U (r,?)}:

U(r,t) = U(r) exp(j2mvt) (2.2)
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where U(r) = a(r) exp[jo(r)]- is called complex amplitude of the wave.

For considering optical pulse in the time domain, we can omit the spatial part and
only focus on the temporal part of the complex amplitude equation 2.2. Then for an
optical pulse with central frequency vy we can write U(t) = A(t) exp j2mvyt, where
A(t) = |A(t)|exp [jo(t)] - complex envelope with amplitude |A(t)| and phase ¢(t).
Intensity in the time domain is I(¢) = |A(t)|*>. Using the equation for the complex
envelope, we can write:

U(t) = |A®)] exp (j[wot + o(1)]) (2.3)

Where wy = 271 - is the central angular frequency of the optical pulse. To characterize
the optical pulse in the spectral domain, we need to take the Fourier transform of the
equation 2.3. This will give us a function centered around the angular frequency wy:

U(w) = [U(w) exp [j9(w)] (2.4)

where |U(w)| = 1/S(w)- is the spectral amplitude, S(w) - spectral intensity, ¥ (w)-
spectral phase.

Taking the derivative from the phase of equation 2.3, we can find the instantaneous
angular frequency given by:
do

ins — > 2.5
w wo + o (2.5)

Let’s analyze the time evolution of the phase ¢(t) of the complex envelope (eq. 2.3).
For that, we will Taylor expand this phase around the pulse center (in our case ty = 0):

8(0) = 0 + 2240

10%¢(t)|

to

to

Here, the first term in this equation, ¢q, is called the carrier-envelope offset phase
(CEP), which describes the difference between the optical phase of the carrier wave
and the envelope position (see fig. 2.1). The second term makes a shift in the frequency
domain, as one can observe from equation 2.5. The third term corresponds to chirp:
if ¢ = 0%¢/0t* > 0 pulse is up-chirped, if ¢” < 0 pulse is down-chirped. In the
former case, the instantaneous frequency will linearly increase; in the latter case, the
instantaneous frequency will linearly decrease. The higher terms in eq. 2.6 results in
nonlinear changes of instantaneous frequency.

Similarly, we can expand the spectral phase into the Taylor series around the central
frequency wy:

1%
(w—wo)+ 55

1%
(=)’ + G

I (w)
Ow

U(w) = o + (W—wo)® + ... (2.7)

wo wo wo
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Figure 2.1: Effect of CEP (carrier-envelope offset) phase ¢¢ to ultrashort pulse

Here, the first term )y corresponds to the CEP in the spectral domain, and it is the
same as ¢y due to the linearity of the Fourier transform. The second term corresponds
to a shift in the time domain and is defined as Group Delay GD = 0y (w)/0w of
the pulse. The third term corresponds to chirp. Since it involves the second order
frequency derivative of phase or first order derivative of GD, thus, it is defined as the

Group Delay Dispersion GDD= 9(GD) /0w = 0%*¢(w)/dw?.

Figure 2.2 shows the pulses with Gaussian shape and at different phase values in both
temporal and spectral domains.

The pulse duration of the Gaussian pulse A7 is taken as the full-width half maximum
(FWHM) of its intensity /(t). Similarly, we define the pulse’s spectral width Av as
FWHM of spectral intensity S(w). The relation between these two variables is:

ATAv > 0.44 (2.8)

We can deduce from this equation that the broader the pulse spectrum, the shorter the
pulse potentially becomes. For the AT7Avr = 0.44 case, we call it the pulse is Fourier
limited pulse.

2.1.2 Pulse propagation

Group vs. Phase velocity

The most commonly known effect when light propagates through material is dispersion.
It is caused by the fact that different frequency components of the pulse propagate
at different velocities. Because we know that the velocity of light in the material is

7
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defined by ¢, = ¢/n()\), where ¢ - speed of light in the vacuum, n(\) - refractive index
of material that depends on the wavelength and can be described with good accuracy
by the Sellmeier’s equation:

nQ()\) =1 + Z m (29)

where, By, C} - are experimentally determined constants of material, A-wavelength of
the light in the vacuum. The shorter the pulse, the broader its spectrum and the
stronger the effects of dispersion on the pulse. When considering ultrashort pulse
propagation, separating the two concepts, group velocity and phase velocity, is useful.
The phase velocity of ultrashort pulse with central frequency wy is defined as [16]:
) w

=cp = -
p n
R |

while the group velocity of the same ultrashort pulse is defined as

— dw
Vg = =
9 dkn, wo

the wavenumber in the vacuum. Phase velocity corresponds to the velocity of the
carrier wave, and group velocity corresponds to the propagation speed of the envelope
of the pulse (see figure 2.3).

, where k,, = kn(w)-wavenumber of the pulse in the material, k = 27 /w-

By inserting the value of the k, into the group velocity equation, we can find:

8



Figure 2.3: Illustration of group and phase velocity. Phase front propagates with phase
velocity and peak of the envelope propagates with group velocity

1 dk,(w)  d [n(i)w] _ HCELW% +% (2.10)

And using the relation:

c dv c v dv —d\
D Ul S A i W (211)
since w = 27v, we can find that %‘” = —%. And hence
dn(w) dn(\)
= _ 2.12
dw D (2.12)

Putting this equation into equation 2.10, we can find the equation for the group velo-
city:

c c
Vg = ———"7—=— 2.13
I n—j—z)\ Ng ( )

where n, = n — (dn/d\)\ - is defined as the group indez.

Consider the transform-limited pulse with duration 7y linearly propagates through the
material with positive dispersion. This medium will create the phase shift ¢ = k,L =
kn(w)L and the pulse will have duration given by:

2
41n2%¢
T(L) =704 | 1 4+ (_n Zdw2> (2.14)

70

Where d?¢/dw? = GDD-group delay dispersion introduced by the medium. This
equation shows that the pulse duration is increased and positively chirped after passing
the medium. In other words, longer wavelength spectral components go faster than
shorter wavelengths, Ay > Ay => v,(A\1) > v,(A2) or "red goes faster than blue.” This

9



is true for the case of normal dispersion, i.e., in the wavelength from the ultraviolet
(UV) to the near-infrared range of the spectrum (NIR). However, dispersion will be
anomalous for the longer wavelength, and the effect will be reversed. Notably, the
pulse spectrum does not change during propagation.

2.1.3 Pulse compression

We saw that when the pulse propagates through a material with positive dispersion, it
obtains positive GDD, and its duration increases. To compensate for positive GD D
and compress the pulse duration, we need to use another optical system that can
introduce negative dispersion. The most practical way is to use a system containing
angular dispersion elements such as prisms, gratings, or Bragg mirrors.

The wavelength dependence of the refractive index in Snell’s law results in different
wavelength components being refracted at different angles and traveling on different
geometrical paths. It has been shown that regardless of the sign of the material dis-
persion (positive or negative), the angular dispersion (AD) introduces negative GDD
[17].

For compressing the pulse with a prism, only using a single prism is not enough. We
need to use a prism pair (fig. 2.4 a.). The first prism will introduce angular dispersion,
i.e., short wavelengths (“blue part”) will be refracted more strongly than longer ones
(“red part”), and the different colors will propagate in different directions. The second
prism will collimate the angular dispersion, but the colors are spatially separated from
each other. This can be compensated by reversing the beam propagation using mirrors
or using another couple of prisms (fig. 2.4 b.). In the end, we can obtain the pulse
with negative GDD, i.e., “blue goes faster than red” in the space between the prisms.

The same reasoning applies to grating compressors (fig. 2.4 ¢.). In the grating com-
pressor configuration, the longer wavelength part of the pulse travels a longer dis-
tance than the shorter wavelength part. As a result, it introduces the negative GDD.
Moreover, we can control the amount of GDD by changing the distance L, between
two parallel gratings. This GDD can be found using the following equation [16]:

o B AL,

dw? TcEA?

\ ,1732
1 (KO . sin@i) ] (2.15)

where A\ - central wavelength of the pulse, 0;- incident angle of the pulse to a grating
compressor, A-grating period.

Another pulse compression option is Bragg-Grating mirrors or Bragg-Grating chirp
mirrors, which have revolutionized ultrashort pulse generation. These mirrors are
designed to gradually increase the Bragg wavelength from the surface to the substrate.
This allows shorter wavelength parts to be reflected closer to the surface while the
longer parts can penetrate deeper, resulting in negative GDD of the output pulse
(“blue goes faster than red”).

10



b) d)

Figure 2.4: Pulse compression using a pair of prisms (a), four prisms (b), pair of gratings
(c), four gratings (d). The long wavelength A2 part is illustrated as a red line,
while the short wavelength A part is illustrated as a blue line.

Substrade

Figure 2.5: Bragg-Grating mirrors
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2.2 Aberration of Ultrashort pulses

2.2.1 Basic principles of Fourier Optics

Signals in nature, like sound or light signals, appear in complicated forms. They
may contain different frequencies and vary with time f(¢) in a way that it would be
difficult to define them with concrete analytical expression. However, using harmonic
analysis, it is possible to expand such a complex function in terms of the superposition
of harmonic functions with different frequencies. These harmonic functions have a
simpler form, making it easier to work with them. For example, f(t) function can be
expanded in terms of harmonics functions G(v) exp j2mvt:

f(t) = /_+OO G(v)exp(j2nvt) dv (2.16)

o0

From this equation, the function f(¢) is decomposed by the linear combination (in
this case, an integral) of elementary functions exp j27vt and G(v) is just a weighting
factor that is applied to these elementary functions for obtaining the desired function
f(t). In equation 2.16, G(v) is called Fourier Transform of f(t) and found using
the following equation:

+o00

Gv)=F{f(t)} = f(t) exp(—j2mvt) dt (2.17)

And equation 2.16 is called inverse Fourier Transform equation: f(t) = F '{G(v)}.

Similarly, an arbitrary complex function f(z,y) that depends on two independent
variables x and y can be written as a superposition of the harmonic functions:

+oo
flz,y) = // G(Va, vy) exp|—j2m (vpx + vyy)] dv, du, (2.18)

where v, and v, are the spatial frequencies along x and y directions, respectively. The
coefficients G(v,,1,) are determined by the two dimensional Fourier Transform:

G(Vy, vy) = // f(z,y) exp27m(vex + vyy)] dx dy (2.19)

And equation 2.18 is called the two-dimensional inverse Fourier Transform.

Similarly to the one-dimensional case, by looking at the equation 2.18, we can think
the two-dimensional function f(z,y) is a linear combination (integral in our case)
of elementary functions of the form exp[j2n (v, + v,y)]. This function has exciting
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Ry

Figure 2.6: Lines of constant phase (in red) are directed at an angle for a given spatial
frequencies. Image influenced by Ref. [18]

properties. The phase of that function equals either zero or integer multiple of radians:
21 (v, + vyy) = n27. From that fact, one can find the equation.

y=—p4 2 (2.20)

Vy Vy

Where n is an integer. An illustration of this equation is given in figure 2.6. From
that figure, we can regard that elementary functions are ”directed” at angle 6 (with
respect to x) that depends on the spatial frequencies:

6 = arctan <%) (2.21)

Using linearity and harmonic analysis, one can conclude the following fundamental
statement of Fourier Optics: any arbitrary wave can be considered as a sum of
the elementary plane waves.

Transfer function of free space

We will be interested in the effect of the STCs after long propagation or at the focus.
Diffraction theory allows us to find the field expression after propagation in any media.
For linear systems, the general procedure is to convert the complex field to k space
(or spatial frequency space), multiply it to a transfer function, and finally convert it
back to the spatial coordinates[15].
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General routine for the free space propagation calculations of the shift-invariant lin-
ear systems are given as the Rayleigh—Sommerfeld solution and can be written in a
compact form [15]:

us(z,y) :f_l{f{ul(x,y)}H(Vx,yy)} (2.22)

where u; (z,y) -is a complex amplitude of the input plane, uy(z, y)-is a complex amp-
litude of the output plane, and H(f,, f,) - is so called transfer function.

The equation for the monochromatic complex plane wave is given by U(x,y,z) =
Aexp[—j(kyx + kyy + k,2)] where k,, k, and k, are the components of the wavevector
k, its modulus, known as wavenumber, k = \/kz + k; + k2. If we say that the plane
wave propagates in free space along the z direction and the given input plane wave
located at z = 0 will be u;(z,y) = U(x,y,0) = Aexp[—j(k,x + kyy)], output plane
wave located at z = d will be uy = U(z,y,d) = Aexp|—j(k,z + kyy + k.d)]. We
can write the transfer function H(v,,v,) = us(z,y)/ui(z,y) = exp(—jk.d) or using

ke = /K2 —k2— k2 =2m\/ A2 -2 vk
H(v,,v,) = exp ( —j2m\ A2 — 2 — V§> (2.23)

This equation is called the transfer function of free space.

The system is called linear when its response to several stimuli is equivalent to the
sum of the responses to each stimulus.

Fourier Transform properties of Lens

To understand the spatial filtering and characterizations of the STCs, we need to
understand the lens’s Fourier transform properties.

Lets say plane wave with complex amplitude u;(x, y) propagates from z = 0 along the
2z direction with small angles 6, = Av, and 8, = Ay, and note its Fourier transform as
F(vg,vy) = F{ui(z,y)}. Then, the wave will be focused into a point with coordinates
(V2 fo, vy fo) in the focal plane. Assuming waves are paraxial (i.e., propagate with
small angles to z) and using the Fresnel approximation, one can show that complex
amplitude uy(z,y) at the output plane is [15]

2 2 d—
ug(z,y) = hyexp [jﬂ'(x i y)\;é fo)] F()\ifo’ Aifo) (2.24)

where, v, = x/\fy and v, = y/Afy were used and h; = Hohg = (j/Afo) exp[—jk(d +
fo)], fo- focal length of the lens. Thus, the complex amplitudes of front u;(z,y) and
back wus(z,y) focal planes of the lens are related to each other by Fourier transform
multiplied by the coefficient that is the function of coordinates (x,y).
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Sampling theory

Since the data analysis part of this project (section 3.2) uses the numerical Fast Fourier
Transform, the short introduction of the sampling theory would be relevant to this
work.

Fourier transform equation given in the formula 2.19 allows us to calculate the con-
tinuous functions. It is not always practical to use continuous functions for Fourier
analysis. By converting these functions into a sequence of discrete functions, we can
make them computer-readable. This conversion is done by using sampling and quant-
ization.

A function f(¢) is called band-limited if its Fourier transform has zeros values outside
of the integral [—B, B] around the origin. Figure 2.7 a. is given an example of the
Fourier transform of such a function.

One way to sample the continuous function f(¢) is to multiply it to the sampling
function sar = ij d(t —nAT). The sampling function is just a sequence of impulse

functions that are equally separated at a distance AT. So multiplication f (t) =
f(t)sar(t) = 3.7 f(t)o(t — nAT) will give us the sampled function. The Fourier
transform of the sampled function:

Gv)=F{ft)} = F{f(t)sar(t)} = G(v) x S(v) (2.25)

where S(v) = (1/(AT) > 6(v — n/AT) Fourier transform of the impulse train

n=—oo
sar(t). Putting this equation and calculating the convolution integral in 2.25, we can

find:

Gw) = FLF(1)} = ﬁ > Gl <) (2.26)

n=—oo

So from this equation, the Fourier transform of the sampled function f (t) consists of
infinite, periodic sequence of copies of G(v) separated by distance 1/AT. Depending on
1/AT value, the periods G (v) will be critically close to each other - critically sampled;
have a clean separation - oversampled; or will merge - undersampled. Discrete Fourier
transform of the corresponding sampled function is illustrated in figures 2.7.

We told that the Fourier transform of the sampled function G(v) is a continuous,
periodic function with period 1/AT. Therefore, we need only one complete period
in order to recover the original f(¢) function by taking the inverse Fourier transform.
For extracting from G(v) a single complete period that is equal to G(v), we need to
make sure that separation between the copies is sufficient. This sufficient condition is
satisfied if 1/2AT > B or

1
AT < — 2.27
< 3B (227)
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Figure 2.7: a) Fourier transform (FT) of bandlimited function, Transforms of
corresponding b) oversampled function, c) critically sampled function,
d)undersampled function. This illustration is adapted from [19].

This sampling theorem can be extended to the two-dimensional case: let’s assume
that function f(z,y) is bandlimited, i.e., is zero outside of the rectangle [—B,, B,]
and [—B,, B,], then this function can be fully recovered if the sampling intervals are
satisfied:

AX < AY < — (2.28)

2B, 2B,

Spatial filtering of images

The beam profile image of ultrashort pulses can be noisy due to dust in the reflecting
mirrors or other components. Thankfully, we can filter the noises using Fourier analysis
by removing parts of an image with higher frequency. In this work, we use spatial
filtering to reduce the noise of the beam profile image and improve the homogeneity
of the reference beam.

We can implement spatial filtering by following the steps: first, we need to take a
two-dimensional Fourier transform of an image. This will allow us to see the spatial
frequency components of an image. Then, we select only lower-frequency components
that are limited to within a given radius. Then, we reimage using the inverse Fourier
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(b) 2D FT of noisy image

(c) Tmage after low pass filter (d) After applying low pass filter

Figure 2.8: Spatial filtering illustration. The right columns are image spectral magnitude
(log scale). The right columns are corresponding images

transform. As a result, one can obtain a less noisy image. Figure 2.8 gives an example
of noise reduction of an image by using spatial filtering.

2.2.2 Common types of aberrations

Chromatic aberrations are an integral part of this project. When broadband pulse
passes through essential optical elements, they are highly likely to get aberrations.
We try to avoid aberrations when we do the optical alignment of the system. In this
work, we remove the common aberrations that are shared by all wavelengths. By
describing and comparing aberrations of individual colors, we can obtain information
about STCs. But before giving them characterization it is useful to get a general
concept of common types of aberrations. In this subsection, we will give a brief
introduction about them.
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a) Spherical aberration b) Coma

c) Astigmatism d) Chromatic aberration
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e) Field curvature

Figure 2.9: Common types of aberrations
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In the real world, the wavefront of light rays deviates from the ideal mathematical
paraxial approximation model. These phenomena are known as optical aberrations.
They are caused by lens design, diffraction, refraction effects, and light’s wave nature.

There are many aberrations, but we will limit our discussion to a few basic common
types: spherical, astigmatic, field curvature, and chromatic aberration.

Spherical aberration

Ideally, the lenses focus all the light into one plane. Still, when a spherical aberration
is present, light comes into focus in a different plane, resulting in a so-called circle of
confusion. In an ideal lens, the light wavefront maintains a perfect spherical wave-
front, while spherical aberration results in the deviation from that spherical shape. In
spherical aberration, focusing distances depend on where the rays interact with the
lens (figure 2.9 a.). Because of the curved surface of the lens, rays that hit different
points of the aperture will come at various angles of its surface. The steeper the angle,
the more light will be deflected. Due to the larger angle of incidence lenses with large
apertures (or smaller f#), are more likely to suffer from spherical aberration.

Increasing the lenses’ f# spherical aberration can be reduced. However, we need to
remember that there is a limit to how much this can improve image quality.

Coma

Coma is a type of aberration when off-axis point sources such as stars appear to have
a tail, like a comet (figure 2.9 b). This occurs because of the imperfection in the lens
or other components of the optical system.

This is an inherent property of parabolic mirrors when incoming rays have an angle
to the parabola’s axis. The greater the angle, the more coma aberration is noticeable.

Astigmatic aberration

Rays coming off-axis points don’t pass rotationally symmetric surfaces, including those
coming from the half-vertical (tangential) plane and the half-horizontal (sagittal) plane
(see Fig. 2.9 c¢). As a result, one of the directions will be in focus, but the other
direction will be out of focus. This distortion is called astigmatic aberration. Since
astigmatism occurs for off-axis sources, it depends on field angles. Astigmatism can
be corrected if lenses are symmetric and field rays come from small angles.
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Chromatic aberration

Chromatic aberration is caused by the wavelength dependence of the refractive index
from which lenses are made. When light passes through the lens, different wavelengths
of light are refracted at various angles and focused at different points. Longer wavelengths
(red, for example) of light will have longer focal lengths than shorter wavelengths (blue,
for example), as shown in figure 2.9 d.

Reflective optics or lenses made of several materials (i.e. doublet lenses or triplet
lenses) can have zero or greatly reduced chromatic aberration.

Field Curvature

The curvature of the lens design results in the image plane being curved ( figure 2.9
e. This is known as field curvature aberration. In typical imaging lenses, the image
plane will have a concave curvature.

We can use a negative lens near the image plane to compensate for the field curvature.
These lenses are called field flatteners, and they allow us to drastically reduce the field
curvature without affecting image size or introducing spherical aberration.

2.2.3 Zernike decomposition of wavefront

Characterization of the aberrated wavefront is possible with Zernike polynomials. Usu-
ally, optical systems have a circular aperture. A wavefront function W defined over a
unit circle can be written in terms of a linear combination of finite Zernike polynomials
as:

W(Rp,0) = a;Z;(p,0) (2.29)

j=0
where R is the radius of the pupil, 0 > p > 1, J is the maximum number of terms of
the polynomials, a; is the expansion coefficients, and Z; is the j —th terms of Zernike
polynomial. The first 15 normalized Zernike circle polynomials and their corresponding

aberration are summarized in the following table. Here the 027r fol Z% . pdpdp = w
normalization is used:

Zernike polynomials have many useful properties:

e Expansion coefficients are independent from each other and can be found:

1 2m 1
a; = ;/ / Wi(p,0)Z;pdpdd (2.30)
o Jo
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OSA/

ANSI Z; Classical name

index j

0 1 Piston

1 1 psing Vertical Tilt

2 2 pcos ¢ Horizontal Tilt

3 V6p? sin 2¢ Oblique astigmatism

4 V3 (20° — 1) Defocus

5 V6p? cos 2¢ Vertical astigmatism

6 V/8p? sin 3¢ Vertical trefoil

7 V8 (3p* — 2p)sin ¢ Vertical coma

8 V8 (3p* — 2p) cos Horizontal coma

9 V/8p* cos 3¢ Oblique trefoil

10 V10p* sin 4¢ Oblique quadrafoil

11 V10 (4p* — 3p?) sin 2¢ Oblique secondary astigmatism
12 V5 (6p* — 6p% + 1) Primary spherical

13 V10 (4p* — 3p?) cos 2¢ Vertical secondary astigmatism
14 V10p* cos 4¢ Vertical quadrafoil

Table 2.1: Zernike Polynomials

Zy

Zy

Z3

24

Figure 2.10: The first 15 Zernike Polynomials starting from 0% term to 14" term under
OSA/ANSI indexing

e All Zernike terms except the piston term have a mean value of zero; thus, the
mean value of the wavefront is equal to the piston coefficient:

- 1
Wi(p,0) = = /z: W(p,0)pdpdf = ay (2.31)

e The variance is equal to the square of each expansion coefficient, excluding the
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piston coefficient:

o (2.32)

Strehl ratio

The aberration of the beam decreases its intensity at the focus. We can characterize
this reduction of intensity by a quantity called Strehl ratio, which is defined as the
ratio of the intensity I of the aberrated beam, divided by the intensity of the I of
aberration-free beam:

2

2m 1
/ / expli2nW(p, 8)]pdpdb| (2.33)
o Jo

I 1
Strehl ratio = — = —
re ratio I 7T2

0

2.3 Amplification of Ultrashort pulses

Most high-intensity laser systems have amplification stages based on Chirped Pulse
Amplification (CPA) or Optical Parametric Chirped Pulse Amplification (OPCPA)
techniques. These techniques are based on chromatic elements, which can potentially
cause STCs. Since we are characterizing the laser systems based on these techniques,
a short introduction to them is relevant to this work.

Amplification techniques have been established for pulses with different durations.
For picosecond and nanosecond pulses, their energy can be increased by passing them
through a gain medium. However, it has been challenging to do the same for femto-
second (fs) pulses. Because in the case of ultrashort extremely high-intensity fs pulses,
many non-linear effects occur in the gain medium. For example, at high intensities,
the refractive index of the medium in the transverse direction will depend on the in-
tensity n = n(I), creating the self-phase modulation (SPM) and eventually self-lensing
(Optical Kerr effect). SPM will change the pulse spectrum and self-lensing the beam
profile modulation, even damaging the crystal. This was a limiting factor of the ul-
trashort power amplification. The introduction of the chirped pulse amplification in
1985 by Strickland and Mourou [2] has revolutionized the ultrafast science and allowed
us to push the amplification limit up to the PW level.

2.3.1 Chirped Pulse Amplification

The main idea of CPA is to stretch a fs pulse from an oscillator up to 10,000 times,
increasing its duration but decreasing its power. Then, this pulse is amplified by linear
amplification and thereafter recompressed. In the end, we can obtain the pulse with
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Figure 2.11: Illustration of Chirped Pulse Amplification (CPA) Scheme adapted from [2]

the same duration but with high power. A combination of gratings and a telescope
can stretch the pulse. To amplify the stretched pulse, we need to use an amplifier that
satisfies two crucial conditions: its bandwidth must exceed the pulse’s bandwidth that
is amplified, and the amplifier must not be saturated [2].

2.4 Spatio-Temporal Couplings (STC)

This section gives the theoretical background of spatial-temporal couplings (STC),
which is the core part of this project. The main content of this section is influenced by
classical papers about the general theory of STCs by Akturk et al. [20] and Jolly et
al. [1]. This section is divided into four subsections: pulse front tilt (subsection 2.4.1),
pulse front curvature (subsection 2.4.2), STC at different Fourier domains (subsection
2.4.3) and Multi-pass-cell (MPC) compression technique. The first two subsections
give a detailed description of first-order couplings with the derivations of important
formulas. Then, the subsection 2.4.3 gives a wave-optical description of the STC at
different Fourier domains in the example of the Gaussian pulse. The MPC is briefly
introduced in the last subsection.

In section 2.1.1, we described the ultrashort pulse only in the time and frequency
domain. To fully describe the pulse, we also need to know the pulse in the spatial
domain. It has been assumed that all spatial part of the wave equation evolves with
time (or frequency) similarly so that we can describe the pulse as a multiplication
of spatial and temporal (or frequency) parts: U(r,t) = U(r) - U(t). However, this
assumption fails in the case of the ultrashort (broadband) pulses. Spatial and temporal
(or frequency) parts of the wave equation become dependent (or coupled)on each other
for ultrashort pulses so that we no longer can separate the wave equation into spatial
and temporal (or frequency) parts: U(r,t) # U(r) - U(t). This phenomenon is known
as Spatio-Temporal Couplings (STC) or spatio-temporal distortions [1].

Angular dispersion (AD), Pulse front tilt (PFT), and pulse front curvature (PFC) are
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common examples of the STC. In this section, we will discuss these couplings in more
detail. STC is caused by the main feature of the ultrashort pulse—its broadband
spectrum. Common sources of STC are optical chromatic elements: lenses, prisms,
and gratings.

2.4.1 Pulse front tilt (PFT)

Pulse front tilt (PFT) is defined as the difference in the time of arrival of the pulse in
a given plane perpendicular to the propagation direction. It commonly occurs in the
configuration where the angular dispersion exists, i.e., when the propagation angle is
linearly dependent on optical frequency, for example, in prisms and gratings.

When the pulse passes through a prism with refractive index n and angle o, due to a
linear increase in the thickness of the prism, the beam will experience different group
delays in the transverse direction. Let’s consider the pulse that goes from plane AB
to plane A’B’. The time that it takes for the pulse front for path AA" is T, = AA' /v,
while for the phase front T, = AA’/v,, where v,— phase velocity, v,— group velocity
given in the equation 2.13. If the beam propagates through nondispersive material,
then v, = v, pulse font and wavefront would travel the same distance at a given time
period. However, the phase front and pulse front become separated when the pulse
propagates in a dispersive medium. The time difference between the pulse front and
phase front will give us the introduced group delay (GD):

AA AA nlo l(] dn lo)\o dn
T=T,-T,= — =————n——X)=—— 2.34
TP, Up c c (n X 0) c dA (2:34)
where, \o— central wavelength. Using [y = x tan a we can find that:
Ao tan o dn
Tx)= ———— 2.
(r) = RO, (23)

As we can see from this equation, the accumulated group delay linearly increases with
transverse distance x, resulting in the rotation of the pulse front because part of the
pulse closer to the prism’s upper edge will experience less group delay than the part
below. The angle difference § between phase front and pulse front gives us Pulse Front
Tilt (PFT). This tilt angle can be found from triangle tané = a/D, where D— width
of the beam, a = ¢T'(x) using that we on can find

Ao tan « dn

tand = Y (2.36)

It is important to note that a general relation exists between angular dispersion df/d\
and the tilt angle 0 [21], where §(\)— is called the deviation angle (see fig. 2.12 b.).

do

tand = A 0

(2.37)

Ao
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Figure 2.12: Pulse front tilt introduced by prisms

Gratings also introduce pulse front tilt. We can verify it using the sketch given in
figure 2.13.

It has been shown that simultaneous temporal chirp and spatial chirp of the pulse
also yield PFT [20] even if there is no angular dispersion (AD). For example, when a
spatially chirped input pulse propagates through a dispersive medium in the output,
we obtain the spatially chirped pulse with pulse front tilt.

P wavefronts phase fronts
___:,:9 --------------------- / A
\ “““““ EYN
4 A
e e e >
—
pulse front
pulse front

and phase front

Figure 2.13: PFT introduced by gratings

2.4.2 Pulse front curvature (PFC)

As we discussed in subsection 2.2.2, when the pulse passes through the lens, it’s af-
fected by chromatic aberration. We can look at this as the achromatic lens curves the
wavefront of different colors differently, known as chromatic curvature (CC). Let’s con-
sider pulse propagation in the temporal domain. The pulse will get a different group
delay in the transverse direction due to the varying thickness of the lens in a radial
direction. If the thickness of lens L(r), then the time that it takes for the phase front
is T, = L(r)/v,, while for pulse front is T, = L(r)/v,. The varying thickness of the
lens L(r) can be found by using the formula for the lens and paraxial approximation:

a2 — r2

M) =51

(2.38)
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where, a— radius of the aperture of lens, r— radial distance from the optical axis of
lens, f— focal lenghts of lens. Using this equation and equations for phase and group
velocity, we can find the group delay as follows:

a’>—r? Ngdn

") = 5= c

(2.39)

L(r) -

" J -

a ) ) n

pulse front wavefronts pulse front

and wavefront

a) b)
Figure 2.14: The derivation of group delay using paraxial approximation a), PFC
introduced by the lens b)

As we can see from this equation, the introduced group delay varies quadratically in
the radial r dimension, resulting in pulse front curvature in the output.

The Spatio-Temporal Couplings are neither good nor bad. In some cases we want to
avoid it, in other cases we intentionally introduce depending on the applications. For
example, in CPA, we know that gratings/prisms are used for compression; they are,
in turn, introducing large amounts of PFT. However, they are constructed to have no
PFT in the output. Even small misalignments in this system will cause large amounts
of PFT, which will be detrimental to the intensity of the focus.

2.4.3 STC at different Fourier domains

In section 2.1.1, we wrote the spatial and temporal parts of the ultrashort pulse separ-
ately, i.e., the spatial part was only dependent on spatial coordinates, and the temporal
part was dependent only on time. However, we already noted that in the case of STC,
these parts become dependent on each other. For the more general case, when there
is STC, we can describe the pulse in the following way [22]:

Ulz,y,t) = |U(z,y,t)|exp{jo(z,y,t)} (2.40)

where |U(z,y,t)|— spatially resolved amplitude, ¢(x, y,t) spatially resolved phase. We
can see from this description that the amplitude is also dependent on time, and the
phase is also dependent on spatial coordinates in contrast to our previous description in
section 2.1.1 i.e., they are coupled to each other. Similarly, we can describe the pulse
more generally in the spectral domain by taking the Fourier transform of equation

2.40: Uz, y,w) = |[U(z,y,w) = |U(z,y,w)|exp{jt(z,y,w)}.
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Figure 2.15: STC characterization in four domains: (z,t), (z,w), (kz,t) and (ky,w)
related with each other by Fourier transform. Image is adapted from paper
[22]

When we characterize ultrashort pulses, it is convenient to define two planes: the
plane where we measure the collimated beam - near-field (NF) and the plane where
we focus the pulse (or propagate to far distance) - far-field (FF). This introduction of
two planes adds complexity to our description. Now, we can describe the pulse in four
different domains related to each other by Fourier transforms. The explicit relations
between these domain descriptions are well described in paper [22].

A simpler mathematical derivation of the STC in different domains is given in the
appendix of paper [1]. If we consider the beam only in one transverse x direction and
assume that its arrival time ¢y(x) is dependent on that transverse direction, then we
describe the beam:

U(z,t) = f(x)g[t — to(z)] exp{jwot} (2.41)

where, f(x)— describes the spatial envelope, g(t)— is a temporal profile. We will use
the Fourier transform to convert this equation to the spectral domain. But before
that, we will rewrite this equation in the following form:

U(z,t) = f(z)lg(t) ® 3]t — to()]] - exp{jwot } (2.42)

here we denote ®— for convolution. The Fourier transform of then becomes:

Ulz,w) = f(z)[g(w) - F{OIt — to(x)]}] ® Flexp{jwot}} (2.43)
= J(2)g(w — wo) exp{j(w — wo)to() } '

Assuming the pulse spatial distribution is a Gaussian f(x) o< exp(—z?/0,). Simil-
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arly, we will assume the temporal and spectral distribution is also Gaussian g(t) =
exp{—4log?2 - (t/70)*} and g(w) ox exp{—72w?/(47)}. Putting all of these equations
into equation 2.41, we can find our final equation for describing the pulse in (z,1)
representation:

2

U(x,t) x exp { -~ 4log?2 - (#)2} exp{jwot } (2.44)

Og

Similarly putting Gaussian profile equations into equation 2.43, we will find our final
formula for the (z,w) representation:

2

~ T T0 2 .
U(x,w) o exp { —— — —(w—wp) }exp{] (w—wo)to(z)} (2.45)
o, 4w
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Figure 2.16: Simulations of the STC free pulse in the NF (collimated beam) at different
representations. Here, the pulse with central wavelength A = 800nm, pulse
duration 20fs were used

If we omit the arrival time dependence on transfer distance, i.e., to(x) = 0, we can
simulate the STC free pulse using equations 2.44 and 2.45 at different near-field do-
mains given in figure 2.16. If no spatial-temporal distortions are present, then the
amplitude change in (z,t) configuration spatial change over time is symmetric, as we
can see from figure 2.16¢.
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Figure 2.17: Simulations of PFT in the NF (collimated beam) at different
representations. Here, the pulse with central wavelength A = 800nm, pulse
duration 20fs with pulse front tilt coefficient v = 0.5mm/fs~! were used

In the case of PFT, the arrival time ¢y(z) is dependent on the transverse x dimension.
We found this dependence is given in equation 2.35. Noting the constant values in
that equation as v = (Ao tan a/c)(dn/d\), we write it in a simpler form:

to(w) =y (2.46)

where, v— is a PFT coefficient. We can simulate amplitude at different near-field
domains, inserting this equation into equations 2.44 and 2.45 (figure 2.17). Looking at
figure 2.17c, we can see the amplitude (or intensity) in (z,t) representation is tilted.
We can also observe this in (z,t) phase representation by looking at figure 2.17d. The
front is tilted relative to the phase front direction.

Also, using equations 2.46 and 2.45 we can find the equation for the spectral phase:

Y(z,w) =v(w —wy)z (2.47)

This phase is plotted in figure 2.17b and can be understood in two ways. On the one
hand, this can be seen as a phase varying linearly in frequency, with a slope di/dw,
that varies linearly with position: this describes PFT. On the other hand, this can
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be seen as a phase varying linearly in position (i.e. a wavefront tilt) with a slope
that varies linearly with frequency: this describes angular dispersion (AD). It is not
surprising because, as we said before, any element that introduces angular dispersion
(AD) (prisms, gratings) gives PFT (eq. 2.37). Then, we can conclude that PFT and
AD correspond to the description of the same pulse but are considered in
different spaces. This means that PFT (time-domain description) is equivalent to
frequency-dependent wavefront tilt (frequency-domain description).
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Figure 2.18: Simulations of PFC in the NF (collimated beam) at different
representations. Here, the pulse with central wavelength A = 800nm, pulse
duration 20fs with pulse front curvature coefficient o = 0.04mm/fs~! were
used

Figures 2.18 gives the simulations of the PFC at different representations. In the case
of the PFC, the time of arrival ¢o(x) depends on the traverse direction quadratically
as we derived before in equation 2.39. Noting constant values as a we can write:

to(z) = aa? (2.48)

where a— is a pulse front curvature constant. Using this equation, we can find the
spectral phase in (z,w) representation:

Y(z,w) = alw — wy)r? (2.49)
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Intensity values in the far field taken along the dashed line. With an
increase in PFT, the pulse duration increases and intensity decreases

The plot of this phase is given in figure 2.18b. Again, we can see this in two ways.
On the one hand, the linear spectral phase with a slope that varies with position
quadratically: this is PFC. On the other hand, the quadratic spatial phase (wavefront
curvature) varies linearly with frequency: this is chromatic curvature (CC) [1]. As we
described before, PFC is introduced by the chromatic lens which curves the wavefronts
differently for different frequency components (chromatic curvature). Thus, we infer
that the PFC (time-domain description) is equivalent to frequency-dependent wave-
front curvature (frequency-domain description). So with that, we conclude that PFC
and CC correspond to the description of the same pulse but are considered
in different spaces.

We can find the far-field (FF) (i.e., intensity at the focus plane or the plane located far
away) description of the pulses by taking spatial Fourier transform of equations 2.41
and 2.43 at the end will give us fields in the conjugate k, space: Uy(k,,t) and Uk.(kw, w).
Suppose the pulse has AD/PFT in the NF, in the FF (after some propagation or
after focusing). In that case, it will focus different colors differently in the transverse
direction, known as “transverse spatial chirp.” 2.21. This will increase the focal spot
size in the focus, resulting in an intensity drop at the focus, shown in figure 2.19.
Moreover, the wavefront in the FF will have a peculiar form known as “wavefront
rotation.”

If the pulse has CC/PFC in the NF, it will cause an intensity to drop and pulse
duration to increase like PFT shown in figure 2.20. Moreover, CC/PFC must result
in a different best-focusing position in the longitudinal dimension of the FF since
the chromatic curvature results in different radii of curvature of different frequency
components 2.22. This effect is known as Longitudial Chromatism or Flying focus.
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Figure 2.21: Angular dispersion (AD) in the NF results in Transverse Spatial Chirp in
the FF

Figure 2.22: CC/PFC in the NF results in Longitudinal Chromatism in the FF
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We can summarise the first and second-order STC at different domains in the following

table:
Fourier Domain First order couplings Second order couplings
NF (z,w) Angular Dispersion (AD)  Chromatic Curvature (CC)
(z,t) Pulse front tilt (PFT)  Pulse Front Curvature (PFC)
FF (ky,w) Transverse Spatial Chirp Longitudial Spatial Chirp
(ky, t) Wavefront rotation Flying focus
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2.4.4 Multi-pass cell compression

As mentioned before, one of the goals of this project is to give STC characterization
of the Multi-pass cell compression (MPC) system based on the German Electrons
(DESY). Because of that, the basic knowledge of the MPC technique is essential for

this project.

N()Ofs — 1Ips
t < 50fs

R — Concave

Gas or glass mirrors
1 «j\

>
Y

N

=
g

|
7

Figure 2.23: Basic setup for MPC technique. Adapted from paper [23]

Multi-pass cell compression (MPC) is a post-compression method that achieves sub 50
fs short pulses with kW average power level. The practical realization of this method is
relatively simple: we need only two curved mirrors and a Kerr medium between them.
The Kerr medium can be a solid or a gas. Stability for beam pointing, high tolerance
for minor mismatches, and compactness make them attractive for both scientific and

commercial laser systems[23].

Herriot-type MPCs are the most commonly used nowadays. When the pulse passes
from Herriot-type cells, it acquires small non-linear modulation. Multiple trips through
the medium will cause large self-phase modulation (SPM) and a large bandwidth gain.

Figure 2.23 gives a typical MPC schematic representation. We match the eigenmode
using a telescope, and then the beam is coupled to the MPC using a small mirror.
Then, the pulse passes through the cell multiple times, and the beam is coupled out
using the same mirror. Then we collimate the output pulse, and since it is chirped,
we remove the chirp utilizing a pair of gratings (or Bragg mirror).
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3 Method

This chapter provides the STC characterization method, data analysis, and details
of the cumbersome calculations that were used during this project. Methods to
measure the STCs are summarized in many review papers [2]. These methods can
be divided into two categories: measurement of an individual STC and full spatio-
temporal measurements. For broader pulses, it is preferable to take a complete
spatio-temporal measurement. The main STC characterization methods include: i)
spectrally-resolved wavefront measurements, such as Hartmann—Shack assisted, a mul-
tidimensional, shaper-based technique for electric-field reconstruction (HAMSTER)
[24], ii) Spatially-resolved Fourier transform spectroscopy (FTS), for example, ”total
E-field reconstruction using a Michelson interferometer temporal scan” (TERMITES)
[25] and INSIGHT [26], iii) Hyperspectral imaging techniques for STC, iv) spectral
interference methods such a spatio-temporal amplitude-and-phase reconstruction by
Fourier-transform of interference spectra of high-complex-beams (STARFISH) [9], v)
Holographic methods such as Spatially and Temporally Resolved Intensity and Phase
Evaluation Device: Full Information from a Single Hologram (STRIPED-FISH)[27],
and lastly, vi) STC measurement based on Young’s double slit interferometry such as
Iterative Multispectral Phase Analysis for LAsers (IMPALA)[28].

In this project, STC measurement and characterization will be done using spatially
resolved Fourier transform spectrometry. This method was developed at Lund Uni-
versity to give a detailed characterization of few-cycle ultrashort pulses and uses both
spectral and holographic approaches [7].

3.1 Spatially Resolved Fourier Transform Spectro-
metry

The Spatially Resolved Fourier Transform Spectrometry setup is shown in figure 3.1.
The unknown beam is collimated before entering the setup. The beam splitter (BS1)
separates the pulse into two parts. The intense part of the beam passes through the
delay stage and is focused using the off-axis parabola. This is done to obtain a ho-
mogeneous spherical wave. The unknown beam and the reference beam are combined
in the second beam splitter (BS2) and are brought to interference on the chip of the
CCD camera. We scan the delay between the two pulses by moving the stage (like the
Mach-Zehnder interferometer), corresponding to the linear cross-correlation between
the two pulses. In addition, in our case, it is spatially resolved. We can retrieve the
unknown pulse by recording interferometric data for the different time delays between
the pulses.

Let us consider an ultashort pulse in the spectral domain U(w) = |U(w)| expit(w),
and in time domain U(t) = |U(t)|expi¢(t). Noting the reference pulse as U,.(t — 7) at
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Figure 3.1: Schematic illustration of the method.

a given time delay 7, the interferometric complex field will be the sum of the fields:
U.(t) =U(t) 4+ U.(t — 7). Then, the intensity of the cross-correlation between the two
pulses is:

I(r) = / U(t) + U (¢ — 7)Pdt (3.1)

or

I(T):/|U(t)|2dt+/|Ur(t)|2dt+/U*(t)Ur(t—T)dt—{—/U(t)U:(t—T)dt (3.2)

We apply Fourier transform to convert this equation into a frequency domain:

f{[(t)}:]-"{/\U(t)|2dt+/]UT(t)|2dt}+(~](w)UT*(w)+UT (—w)U(—w) (3.3)

As we can see, this equation contains three parts: the DC part and two terms around
central frequency wp and —wy. In the spectral domain, it is easy to separate these
terms. Let’s look at the second term closely and rewrite it in terms of its amplitude
and phase:

Ap(w) = |U(W)I|Un(w)] exp{ili(w) — ¢r(w)]} (3-4)

as we can see from this equation, when we know the reference beam amplitude |U, (w)|,
phase 1, (w) and the reference pulse contains enough spectral content, then we can
fully characterize the pulse because the term As(w) is obtained at each pixel of the
interferogram. If the reference pulse is homogenous enough to assume its spatial
variation is negligible, then we can resolve the pulse amplitude and phase spatially:
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Ulz,y,w) = ()] exp{ithr(w)} (3.5)

The reference pulse’s homogeneity is achieved by increasing the distance between the
beam splitter 2 (BS2) and the camera. Of course, as the radius of the spherical
reference pulse increases, its power will decrease. For that reason, the initial pulse is
divided by the beam splitter 1 (BS1) by power portion 90/10, and the most intense
part is used for the reference beam. We can further increase the homogeneity of the
pulse by using the spatial filtering that is discussed in chapter 2, subsection 2.2.1. The
focusing mirror with a focal length of 50 mm is used in this setup.

Interferometric image is recorded using the CCD chip FLIR and Allied Vision broad-
band cameras. The pixel sizes of the cameras are 3.7 p m and 5 pum , respectively. In
both cases, the resolution is decreased by a factor 10 in each direction and averages its
nearest 8 neighbors to decrease memory usage and increase the signal-to-noise ratio. A
delay scan is done by stage piezosystemjena with closed-loop feedback. The scanning
range and steps of this stage can be changed. The delay scan must be sub-cycle and
very stable.

3.2 Data analysis and calculation details

The data obtained from this method is saved as a .h5 extension file. This section
gives a detailed analysis example of data obtained from an ultrashort pulse with a 20
fs time duration, a central wavelength around 800 nm, and a 3 kHz repetition rate
(ATTOLAB). Similar steps are followed for other measurements.

Saved .hb file contains three sets of data: spectral intensity of each pixel at a given
time delay, A(z,y,t), with dimension (N,, Ny, N;), an array of the scan delay times ¢,
with dimension (1, N;), and an array of center coordinates of each pixel of the chip
CCD camera, z, with dimension (1, N,) (figure 3.2 a.). We will use the z array to
calibrate the pixel values to real-world dimensions. Since in our case the FLIR CCD
camera sensor is square: N, = N,. In the Matlab code we import these set of the
data and assign corresponding variables. For example, in data that was obtained from
ATTOLAB were N, = N, = 512 and N; = 1024.

Then we plot the spectral intensity dependence to time (figure 3.2 b.) to look at a
spectral interferogram. If the interferogram contains some unstructured noisy part,
we can remove it by applying the time mask using the following equation:

1 1
1+ exp(t — trigne)] [1 + exp(—(t — tiest))]

(3.6)

tmask = [

Figure 3.2 c. shows an interferogram of the time-masked data. Here the time range
tieye = 100fs and t,gn = 100fs were used. Moreover, the spectrogram intensity is
calibrated to its mean intensity.
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Figure 3.2: a) visual illustration of recorded data. b) spectrogram at the central pixel c)
windowed data to remove the noise part of the spectrogram
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Figure 3.3: Retrieved spectrum with filtered wavelength range [Ajower; Aupper] since only
parts with significant spectral amplitude are considered for the analysis

The next step is to convert I(z,y,t) from time to frequency I(z,y, f) domain by taking
numerical slice by slice fast Fourier Transform (FFT) for each pixel. From an z and
time ¢ array we find array steps: dx and dt. dx will be necessary for pixel to real value
calibration and dt for taking Fourier transform from time to frequency domain. With
the given sampling resolution N sampled frequency values f will be from 0 to JX,—;tl
with 1/dt step. It is simple to convert frequency axis values to wavelength by equation
A = ¢/f. The retrieved spectrum will contain some noisy data outside of the given
wavelength (or frequency) range. Thus, we will select only a given wavelength (or fre-
quency) part of the spectrum Ajpyper and Aypper (O [f1, f2]) and for further calculations,
we will only be interested in intensity values T rat(,y, ) at this frequency range. In
figure 3.3 is given the retrieved spectrum at a given wavelength range [Aowers Aupper]
where Ajgyer = 720 nm, Aypper = 870 nm is given.

The next step is to remove the curvature of the reference pulse from the data. For
convenience, we will move the center of the coordinate to the central pixel. We can
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Figure 3.5: phases of interferometric image (left), after removing the reference phase
(middle), with spatial filter (right) at the peak wavelength (787nm)

assume the reference pulse is a spherical wave centered around the focus of the focusing
mirror. Due to pulse aberrations, the exact center of the spherical wave will have some
offset z¢ and yg relative to the coordinate system centered at the exact focus of the
parabolic mirror. If D is the distance between the focus of the parabolic mirror and a
camera then the equation for the spherical wave is given by the equation:

0,0, ) = e {zw) (Lol lumwly } 7

where ko(f) = 27 f /c wavenumber at a selected frequency range [f1, f2],and amplitude
is |Uy,(z,y, f)| = 1. After normalizing the intensity, we can find the unknown pulse by
using the equation 3.5 and 3.7.

The parameters g, 1o, and D are difficult to physically measure precisely since the
offset values are in the order of micrometers and distance is very sensitive to small
changes (see figure 3.4). For that reason, we adjust these parameters by looking at the
subtracted wavefront. Figure 3.5 gives the phases of the interferometric image after
removing the reference phase and the spatially filtered phase at the peak frequency
value. In this case, the fitted parameters were o = 100 um, yo = —5 pum and
D = 3.815-10° pm.

In the next step, we will do spatial filtering to remove the noise of the unknown
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Figure 3.6: Beam profile of the unknown beam before (left) and after (right) applying the
low pass filter

beam profile. The description of the spatial filtering is given in chapter 2 subsection
2.2.1. After removing the reference phase, we are left only with the complex field
of the unknown pulse Uun(x, y, f). We will go to k-space by applying a 2D Fourier
Transform to implement the low pass filtering and then go back to the spatial domain
by applying an inverse 2D Fourier Transform. Figure 3.6 gives the beam profile of the
unknown pulse before and after the low-pass filter.

Common aberration correction

Ultrashort pulse Uun(:v, y, f) may contain several types of aberrations as we discussed
in chapter 2 in subsection 2.2.2. In order to characterize the STC of the pulse without
any common aberration that is shared by all colors, we will need to do aberration
correction. For that, we will find Zernike coefficients of each type of aberration for
each wavelength. Next, we will do Zernike decomposition of the wavefront for each
wavelength to check at which wavelength range Zernike coefficients fit well with the
original wavefront. Then, we will find the average Zernike coefficients and subtract it
from the original wavefront:

14
WCOT()‘) = Worg(A) - Z ai,angi (38)
=0

here W,,.4(X) - original wavefront, a; 4,4 - average value i’s term expansion coefficient.

If the wavefront of the pulse W,,.4()) is given, we can find Zernike expansion coefficients
a;(\) over a circle by using the equation 2.30 in subsection 2.2.3. Since this equation
can find the Zernike coefficients over a circle, we will need to select only the circular
part of the wavefront.

After finding the Zernike coefficients, we can decompose the wavefront at a given
wavelength using equation Wiyeeom(A) = Z;io a;(A)Z;. We plot the original wavefront
Worg(A) and the decomposed wavefront Wieeom(A) at different wavelengths for com-
parison. Figure 3.7a shows the original wavefront starting from 720.2 nm to 869.81
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Figure 3.9: Common oblique and vertical astigmatism correction. The average a; qvg
values of the Zernike coefficients are reduced.

nm and in figure 3.7b reconstructed wavefront from Zernike decomposition for the
same wavelength range. Comparing these two figures, we can notice that the Zernike
decomposition fails for wavelengths less than 743 nm and greater than 853 nm. For
that reason, the average of the Zernike expansion coefficient a; 4,4, Was calculated in
wavelength range [743 nm, 853 nm|. Finally, we will do the common aberration cor-
rection by using the formula 3.8.

Figures 3.8 and 3.9 illustrate the common aberration correction. After doing the
correction, we find the average value Zernike coefficient. The modules of average
Zernike coefficients are reduced up to 10 orders of magnitude. For example, in the
common y-tilt correction ( left plot of figure 3.8 ), the modulus of the average coefficient
is reduced from 0.046 to 0.000403. Similarly, for the vertical astigmatism correction
(the right plot of figure 3.9 ), the modulus of the average value vertical astigmatism
coefficient is reduced from 0.0426 to 0.000224. We do a similar correction for the other
remaining Zernike coefficients. As we have corrected now for the aberration shared by
all frequencies, we can now focus on the differences, i.e., the STCs.
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Figure 3.11: Verical (left plot) and horizontal (right plot) slices at the focus

Focusing

Applications of ultrashort laser pulses, such as HHG, often involve focusing. Therefore,
the impact of STC on focus is very important to investigate. For that reason, we will
focus our beam numerically under aberration-free conditions and will look at transverse
focusing of different frequency components. Here, we distinguish two planes illustrated
in figure 3.10: the near-field plane - where we do the measurement, and the far-field
plane - where we focus the beam.

Focusing, we can implement the formula given in equation 2.24 in the subsection 2.2.1.
However, for code convenience, we will follow an analogous procedure. First, we will
curve the wavefront with focusing radius F' and apply it to a free-space propagation
equation given in 2.22 for distance F'. The choice of the focusing distance F' is arbitrary.
We used F' = 100 mm focusing distance. For calculating the Strehl ratio, we do the
exact focusing of aberration-free Uideal field. Uideal - is the field of the perfect beam
when there are no aberrations exist. It can be found by killing the phase of the complex
field of unknown beam, i, e. Ujjeqs = \f]un|

Figure 3.11 gives the intensity at (z,A) (i.e. y = 0 cut at the focus) and (y, \) repres-
entation (i.e. cut z = 0 at the focus). These plots give the z and y transverse focus
positions of the different frequency components of the ultrashort pulse. In the case of
no-significant spatio-temporal coupling, the focusing positions of different frequencies
should be the same, i.e., they must be symmetric along the x and y directions. On
the right plot of figure 3.11, there are no distinct asymmetries along the y axis. Thus,
there is no significant spatiotemporal coupling in that axis. However, on the left plot
of figure 3.11, there are distinct asymmetries; thus, we can say that there is noticeable
spatio-temporal coupling, i.e., spatial dispersion along z axis or it’s not very obvious.
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The Matlab code for the data processing is given in appendix A.
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4 Results and Discussions

This chapter presents the findings and discusses the measurements carried out during
the project. It is divided into two sections. The first section is about the STC results
of a Titanium-doped Sapphire (Ti: Sapphire) CPA laser system with 800 nm, pulse
duration around 20 fs, and 3 kHz repetition rate, which has been an HHG generation
source for many years in Lund High-Power Laser Facility (section 4.1). The second
section is about STC results of Multi-pass-cell compressed pulses with a wavelength of
1030 nm and pulse duration of less than 20 fs based on German Electron Synchrotron
(DESY) that is used for electron acceleration. Ytterbium-doped Yttrium aluminium
garnet (Yb: YAG) Innosab laser (AMPHOS) laser with a pulse duration of 1.2 ps serves
as the pulse source of that MPC system.

Since we showed the data processing step in the example of Ti: Sapphire laser charac-
terization in the method chapter, we only show the final results of that measurement,
i.e., intensity cuts at the far-field (focus) at different space representations in section
4.1.

To give a better overview of the MPC setup, we included the schematic experimental
sketch of MPC setup based on DESY and the beam outputs where the STC meas-
urements are done in subsection 4.2.1. Subsection 4.2.2 gives results of data obtained
from Ytterbium-doped Yttrium aluminum garnet (Yb: YAG) Innosab laser (AMPHOS)
output, including all data processing details. However, we include only the final results
of the MPC1 outputs at different power levels.

4.1 STC characterization of Ti: Sapphire laser

4.1.1 Low power results

Figure 4.1 shows STC characterization of the Ti: Sapphire CPA laser with a central
wavelength around 800 nm, pulse duration 20 fs, and 3 kHz repetition rate at low
power, which is 30% of the maximum peak power. More specifically, figure 4.1a shows
the intensity cut at + = 0 in (y, A) and (k,, A) representation. In (y, A), there are no
distinct asymmetries along the horizontal axis, which means the spectral components
are focused almost to the same y axis coordinate. Similarly, there is no sign of the
spatial dispersion in the (k,, A) representation.

However, for y = 0 intensity cut at the focus given in figure 4.1b, noticeable asym-
metries in (x, \) representation. Wavelengths around 812.5 nm are focused in lower
positions along the z axis than the main wavelength components around 780 nm
(middle plot of figure 4.1b). This means that there are spatio-temporal couplings on
that axis.
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Figure 4.1: Spatio-temporal characterization of the pulse 800nm wavelength, pulse
duration around 20 fs at low power
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4. defocus correction
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Figure 4.2: Defocus coefficient a4(X) for 30% of the maximum peak power of Ti:Sapphire
laser (ATTOLAB) before and after the correction

One of the Zernike expansion coefficients that were mentioned in subsection 2.2.3,
called defocus coefficient a4, gives information about how wavefront is curved in the
NF. The defocus graph shown in figure 4.2 shows that this coefficient greatly varies
with the wavelength. This is a sign of pulse front curvature. As we discussed before,
PFC leads to longitudinal chromatism; in other words, the defocus coefficient variation
infers that different wavelengths are focused at different longitudinal positions.

4.1.2 High power results

We were interested in knowing if the STCs change at high power. Figure 4.3 gives
STC characterization at the 100% of the maximum peak power. There are no distinct
asymmetries at the intensity cut z = 0 at the spectrum (figure 4.3 b.). However, slight
asymmetries are observable in the y = 0 intensity cut at the (x,\) representation
(figure 4.3 a.).

Figure 4.4 shows the defocus coefficient and a common defocus correction at high
power. Defocus coefficient variation gets stabilized for most of the frequency values,
but we still observe slight oscillations around an average value.
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Figure 4.3: Spatio-temporal characterization of the pulse 800 nm wavelength, pulse
duration around 20 fs at high power (ATTOLAB)

4.2 Multi-pass-cell compressed (MPC) pulses

4.2.1 Experimental setup for MPC system

A sketch of the multi-pass cell compression system based on DESY is given in figure
4.5. The goal was to determine whether there is STC in this MPC setup. Several STC
measurements were done at different outputs of this setup to achieve this goal. These
outputs are indicated with numbers in figure 4.5. The laser source for this system
comes from a Ytterbium-doped Yttrium aluminium garnet (Yb: YAG) Innosab laser
(AMPHOS) with energy 9.8 mJ, 1-20 kHz repetition rate, and pulse duration around
1.2 ps with a central wavelength of 1030 nm. This pulse is sent to the first MPC1 via a
mode-matching telescope (MMT). Then, this pulse takes 10 round trips inside MPCI.
The initial pulse duration is roughly maintained at 1 ps during the propagation inside
the MPC1, while the Fourier transform limit (FTL) is decreased to 49 fs after the
MPCI1. Then, the pulse is coupled out from MPC1 and, through a telescope (TEL),
sent to the compressor, which gives a compressed pulse with a duration very close to
the Fourier limit. After that, this pulse is coupled to the second MPC2 using another
MMT, where the Fourier transform limit duration decreases further to 9.2 fs after
taking 10 round trips. Then, this pulse is coupled out and, after passing the telescope
(TEL), sent to another compressor (CMP).

4.2.2 STC characterization of the Yb: YAG Innosab laser
(AMPHOS)

We first start with characterizing the Yb: YAG Innosab laser (AMPHOS) pulse with a
duration of 1.2 ps. It corresponds to the output (1) of the MPC system given in figure
4.5.
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Figure 4.4: Defocus coefficient and its correction for high-power Ti: Sapphire (ATTOLAB)
output

Figure 4.6 gives the reconstructed spectra of the central pixel of obtained data and
the measured spectra of the output, measured with another spectrometer. The recon-
structed spectral peak corresponds to the 1029 nm wavelength, while the measured
peak is at the 1031.9 nm wavelength. It means our setup reconstructed the spectra
with an error of 0.28%, which gives good credit to the capability of the STC setup.
Figure 4.7 shows an illustration of the removal of the curvature of the reference beam.
For this data, the spherical reference beam with a diameter of D = 46.9 sm and offset
values o = —160um, and yog = —90um was subtracted.

Before making the common aberration corrections, we compared the original wavefront
at different wavelength values from 1024.11 nm to 1036.95 nm. Zernike coefficients fit
well except for some noises on the original wavefront, as shown in figure 4.8. Then, we
find the average Zernike coefficients for all the wavelengths and remove the common
aberrations shared by all colors using the formula 3.8.

Figure 4.9 illustrates the common correction of the defocus, tilt y, vertical astigmatism,
and oblique astigmatism correction. We can observe that the module of the average
Zernike coeflicients a; 404(\) are greatly reduced. For example, the modulus of the
average vertical astigmatism value is reduced from 0.054 to 0.00017, and similarly, for

oblique astigmatism, that value is reduced from 0.0079 down to 0.000293 (see figures
4.9b).

We numerically focus the beam in order to see its characteristics in the far-field. Figure
4.10 gives the beam profile at the focus. A Strehl ratio of 0.7216 was obtained for this
beam. Since we removed all of the common aberrations up to the 14" term, we can
conclude that this reduction from the ideal (no STC) beam intensity is reduced by
possible STC couplings or other higher-order aberrations (greater than 14™ term).

Figure 4.11 gives the STC characterization at output (1) of the setup (see figure 4.5).
The intensity cut at y = 0 shows no distinct asymmetries in the (x, \) representation
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Figure 4.5: Experimental setup used for the multi-pass-cell post-pulse compression by
using two gas-filled MPCs and outputs where the STC measurements are
implemented: (1) output of the AMPHOS laser, (2) MPC1 output, (3) MPC1
output after the compressor, TEL - telescope, and CMP-compressor. The
sketch is inspired by paper [29]

(left middle plot of figure 4.11). However, there are slight asymmetries in the x = 0
intensity cut at (y, A) representation (right middle plot of figure 4.11). We can conclude
that there are STCs on that axis, which might be caused by a slight misalignment of
the internal grating compressor inside of the AMPHOS.

4.2.3 MPCI1 output

STC measurements were done at the output of MPC1 before the compressor ( output
(2) in figure 4.5).

Figure 4.12 shows the comparison of the reconstructed spectra and measured spectra
that were obtained from normal spectrometer. From that graph, we can see that the
spectral ranges are similar. However, since our reconstructed spectrum’s resolution is
low, it fails to reconstruct the exact same spectra. Despite that, it gives us reliably
enough spectral shape that is similar to the measured one. Like any Fourier transform
approach, the spectral resolution depends on the scan range.

STC characterization of MPC1 output before the compressor at different power levels
is given in figures 4.13 and 4.14. These figures show in the y = 0 intensity cut, no
distinct asymmetries in (z, A) representations (left plots in fig. 4.13). However, there
are noticeable asymmetries in the intensity cut at z = 0 in (y, A) representation at 20%
(fig. 4.13 a.), 40% (fig. 4.13 b.), and 60% (fig. 4.13 c.) power levels. This means that
there is STC in that axis. This STC originates from the AMPHOS laser pulse because,
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as we saw in its STC characterization, it has STC on the same axis. MPCs usually do
not introduce much STC because there are no dispersive elements such as gratings or
prisms. At higher power levels 80% and 100% there is no distinct asymmetries both
intensity cuts at x = 0 and y = 0, in the (z, A), (y, \) representations as we can see
form figure 4.14.

The most interesting result was obtained for STC pulse characterization after the
compressor at full power given in figure 4.15. This result corresponds to the output
(3) of the MPC setup in figure 4.5. We can see distortion on the y = 0 intensity
cut in (x, \) representation, corresponding to the tilt. This massive tilt is most likely
related to misalignments of the grating compressor following the MPC. Furthermore,
the effect is stronger in one direction, which makes sense because the alignment of the
grating compressor is most sensitive in the direction of diffraction of the gratings.
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Figure 4.9: Common aberration corrections for AMPHOS laser output
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Figure 4.11: STC characterization of the AMPHOS laser source at full power. Slight
asymmetries on the = 0 intensity cut (right plot) in the (y, A)
representation is a sign of the STC in that axis.
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Figure 4.13: MPC1 outputs before the compressor at different input power levels.
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b) MPC1 output at 100% power before the compressor

Figure 4.14: MPCI1 output before the compressor at (a) 80% and (b) 100 % powers
before the compressor
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Figure 4.15: MPC1 output after the compressor at 100 % power
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5 Conclusion and Outlook

In this project, the spatio-temporal characterization of two intense laser systems was
presented. The first was an 800 nm central wavelength Ti: Sapphire CPA laser with
a repetition rate of 3 kHz and a pulse duration of 20 fs. The second was a 1030 nm
central wavelength MPC system with a repetition rate of 20 kHz. The results showed
that for the Ti: Sapphire CPA laser, there is a spatial chirp at the focus along the
y transverse axis for both low and high-power cases. In the high-power cases, this
spatial chirp becomes weaker but still observable. Moreover, the great changes in the
defocus coefficient with frequencies (or wavelengths) at low power have indicated the
existence of pulse front curvature.

STC characterization was done at each stage of the MPC system. Its results showed
spatial dispersion in the y transverse direction of the focus in the Yb: YAG Innosab
laser output. This was also the main cause of the observed STCs in MPC1 output at
low powers. However, at high powers (80%, 100%) the STCs becomes unobservable
at the MPC1 output. This is an important finding, indicating that the STCs of the
incoming laser are not translated to the spectrally broadened components in an MPC!
Lastly, the STC measurements are done at the MPC1 output after the compressor.
Significant spatial chirp is observed due to the misalignment of the compressor. A
strict realignment of the compressor would remove most of the observed STCs.

The data analysis code underwent improvements in this project. We introduced a
shared aberration removal script, which simplifies the analysis process. By removing
common aberrations, real STCs are more easily identified, enhancing the accuracy
and reliability of the analysis. This thesis provides comprehensive details on the data
analysis and documentation of the MATLAB code, a valuable resource for future
research in this field.

Looking ahead, the future of the measurement setup holds promising possibilities.
Notably, the spectral resolution of the measurement can be improved by increasing
the scanning range and the number of points recorded. This is particularly relevant
for complex spectra like the MPC’s output, which necessitates a high resolution for
better reconstructed spectra. Also, like any non-single-shot measurement method, the
stability of the beam pointing is important for obtaining better data.

The most time-consuming part of the experiment is recording interferometric data.
This time depends on the number of points in the given scanning range. In our
case, it took 20-40 minutes, depending on the number of points. The interferometric
image recording software is written in Matlab, which keeps the data in its buffer.
Handling large data structures is challenging, and proper memory management has to
be implemented to make faster data acquisition and to prevent buffer overflow.
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Appendix A

Matlab code for data processing

%% STC analalysis code

% First we read the data:

% Int_xyt - intensity,

h t- time,

% x- physical x dimension of the camera:

% Quick instructions:
Do oo o oot to To o to T S To To S To o S To o T To o T T o 9o T o T T o 0o T o T T o 0o T o 0o T o 9o T T o o 9o o o T o o T o o o o o o o

% 1. variables that is located between the blocks should be changed
depending on data

Tl Tl tototototoTololo ot toToToloToTo Tolo oo %o %o ToToTo To To To To oo %o 1o Vo To To To To To To %o %o %o To To To To To To o o %o %o %o 1o To 1o To T o o
% 2. It is better to run section by section

oo

clear;

clc;

close all;

filename=[’Filename.h5’];

Int_xyt=hbread (filename,’/Int’);

5 t=hbread (filename,’/t’);
; x=hbread (filename,’/x’);

%% 2. introducing the time mask
% define left t_left and t_right edges for the timemask

Tttt lolololololololotoToToToTototototototo oo/l ool oo lolololoToTo To To To To To To To To To To 1o To 1o 1o 1o 1o 1o 1o 1o 1o 1o 1o
% enter the left and right edge of time (fs):

t_left=-440;
t_right=440;

ToToto o TotoToTohoToto o TotoTo 1o To %o To 16 %o To 1o To 1o %o To 16 o To 0o To 16 o To 1o To 16 %o To 1o o 16 o To 16 o To 1o To 76 o To 1o To 16 o To 1o o 16 o To %6 o %6 o
s=size (Int_xyt);

%timemask is better when it is exponential smooth

time_mask=single (permute (1./(1+exp((t-t_right)/3))./(1+exp((t_left-t)
/3)),[1,3,2]1)); %time mask

/)

pix_x_cor=s(1)/2; % central pixel coordinates

pix_y_cor=s(2)/2;
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16 x0=10;y0=300; width=2000; height=500;

as figure (’Units’, ’pixels’,’Position’, [x0 yO width height],’Name’, °
Spectra’ ,’PaperPositionMode’, ’auto’); clf;

19 subplot (1,2,2)

50 Cor_field = (squeeze(Int_xyt(pix_x_cor ,pix_y_cor,:))-mean(squeeze (
Int_xyt (pix_x_cor ,pix_y_cor,:)),[1,2,3])) .*squeeze(time_mask);

51 plot(t,Cor_field)

52 xlabel ("Time (fs)")

53 ylabel ("Spectral magnitude, (arb. units)")

54 title ("Windowed data")

56 subplot (1,2,1)

57 Cor_field = squeeze(Int_xyt(pix_x_cor ,pix_y_cor,:)-mean(squeeze (
Int_xyt(pix_x_cor ,pix_y_cor,:)),[1,2,3]1));

585 plot(t,Cor_field)

50 ylabel ("Spectral magnitude, (arb. units)")

60 xlabel ("Time (£fs)")

61 title("Raw data")

63 %% (optional) see the camera image at the given time delay

65 %» Enter the index of time delay (between 1-512):
66 idx_t=252; f <———mmmm e~

6s figure (1) ;clf;

60 imagesc (Int_xyt(:, :, idx_t));

70 xlabel (’x, pixel?)

71 ylabel (’y, pixel?)

72 title ("Delay time: "+num2str (round(t(idx_t)))+" fs");
73 axis square;

74 colorbar

75 %% 3. Taking FFT

76 %, define x and y axis for the FFT

77 ¢=0.299792458;

78 siz=size (Int_xyt); % size of Intxy_t

79 dx=mean (diff (x)) ;

0 x=(0:(siz (1) -1))*dx;

81 y=x7; % since image square y and x are the same
s2 dt=mean (diff (t)); % time step

s« % Enter the resolution:
85 N=2713; W Ks====== Here you can change the resolution

s7 T=dt*(1:N);

ss F=(0:N-1) /N/dt;

89

90 %» Enter the upper and lower limit for the wavelength in um

o Dottt toto oot hhhhhhhhhhhholhhololololololololoTo oo oo o oo To o ToToToToTo To 7o %o 7o %o 1o To %o %o %o %o %o %o %o % % % o
92 wavelength_lower = 1.02;

93 wavelength_upper = 1.04;

o1 Dottt tototo T hhhhhhhhhhh ool lololololoolo oo oo oo oo oo o oo To oo ToTo To 7o 7o 7o %o %o %o %o %o %o %o % % % % %o

96 % Converting these limits into frequency domain
o7 f_upper = c/wavelength_lower;

os f_lower = c/wavelength_upper;

99

100 hecreating id to filter the data in a given range
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101

102
103

104

105

106

107

108

109
110
111
112
113

116
117
118
119
120

121

126
127
128

129

130
131
132
133

134

136

137

139

140

141
142

144

id=permute ((F>f_lower)&(F<f_upper),[1,3,2]); % indexes of
the given frequency range

K=sum (id) ; % How many
spectral points correspond that area
M=siz (1) ; % number of
points spatial
IntO=mean (Int_xyt,3); % Avg. intensity for each pixel,
since the intensity in the third dimension
Int_xyf=complex(zeros(M,M,K,’single’)); Ysame dimension, x,y,f

creating empty intensity data for frequency domain

% start FFT for each pixel:
hh

for i=1:M
disp (i)
sp=fft (((Int_xyt(i,:,:))-(Int0(i,:))).*time_mask,N,3); 7
slice by slice fft
Int_xyf(i,:,:)=sp(l,:,id); %
save it with frequency filtering.

end

%% 4. Plotting the spectrum of the central point

c=0.299792458;

f0=F (id); % selecting only filtered frequency
values

k0=2*pi*xf0/(c); % wavenumber of the filtered frequency
values

% Here we find the spectral amplitude at the center: amp_c (1
x1x388)

5 amp_c=sqrt (abs (Int_xyf (M/2,M/2,:))) .*xexp(li*xangle (Int_xyf(M/2,M/2,:))

); % spectral amplitude at center

% finding indexes that correspond to maximum and minimum values:

[maxval ,maxind] = max(abs (squeeze (amp_c)/max(amp_c)));
w_central = c./fO(maxind) ; % central
wavelength

spectrum_intensity=abs (squeeze (amp_c))/max (abs (squeeze (amp_c)));

% Plots spectrum in center intensity vs frequency:
x0=10; y0=300; width=2000; height=500;

5 figure(’Units’, ’pixels’,’Position’, [x0 yO width height],’Name’, ?

Spectra’ ,’PaperPositionMode’, ’auto’); clf;

plot (f0, spectrum_intensity);

xline (f0(maxind), ’--r’)

xlabel (’frequency, PHz’)

ylabel (’spectral amplitude norm. unit’)

title("Central wavelength: " + round(w_central*1e3) + " nm"+’, (’+£0(
maxind)+"PHz)")

% Plots spectrum in center intensity vs wavelength:
wO=c./f0;
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164
165
166
167
168
169

170

182

183
184
185

186

187
188
189
190
191
192
193

194

figure () ; clf;

plot (wO, spectrum_intensity);

xline (wO(maxind), ’--r’)

xlabel ("wavelength, nm");

ylabel ("spectrum intensity, norm. unit")

title("Central wavelength: " + round(w_central*1l1e3) + " nm")
axis square;

%% 5. Subtraction of the reference beam

+ % Dimensions um (micrometer), PHz (petaherz), fs-(femtosecond)

i % Normalize the spectral intensity relative to the value at the

centre of the image:
amp_xyf=Int_xyf./amp_c;

x=x-mean (x) ; % centering
y=x’;

% we need to find to parameters in order to subtract correct
reference

% spherical beam from the interferometric image

Tt Tl tololototototototototototototototo ool hhhhhhhhh ol lolololololololololoTo To To To To To To To To 1

% Enter the distance between camera and the focus and offset:

D=-7.1e4;

x0=-9;

y0=-40;

It h T toto T Tototo T Toto T Toto o Toto oo To b To To Tl To To 1o /o To 1o 1o T To 1o 5o 1o To 0o 0o o To %6 o o To %6 o o T %o o
[X,Y]=meshgrid(x,y); % create a grid for the spherical

wavefront, here x and y in um (real world values)

Sph=single (exp(li*permute (k0,[1,3,2]) .*%((X-x0). 2+(Y-y0)."2)/(2*D)));
% Formula for the spherical wavefront

amp_xyf_R=amp_xyf .*Sph; % HERE WE SUBTRACT THE SPHERICAL BEAM
FROM THE INTERFEROMETRIC IMAGE:

% plot the subtracted wavefront phase

% in that image there should not be any fringes

% if there is a finges try to change values of D until you see image
that

% contains no fringes. By changing x0 and y0 one can center the image

figure (5) ;clf;

set (gcf,’color’,’w’);

imagesc(x/le4, y/le4, angle(amp_xyf_R(:,:,maxind))); %
divived 1le4 for converting into sm

xlabel (’x size, sm’);

ylabel(’y size, sm’);

axis square;

title("Here is the subtracted beam wavefront")

clear ’Sph’;

% This is this lines of code for radial filtering of the image:
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195
196
197
198
199
200

201

212
213
214
215
216
217
218
219
220

221

235
236
237
238

239

243
244
245
246
247

248

R=single (sqrt(X. 2+Y."2));

% Here you enter the mask radius:

% mask radius and smooth parameter in um:

Tttt lololololoTotototoToToToTototototototo ot/ /el oo oo lololoToToTo To To To To To To To To 1o 1o 1o
r_mask=1000;

smooth_param=300;

T T I TN TLIL T T TbIb T Th 6T T ThTh TbIb T T Th T T T I b Ib 1 ThTh ThTb 1 T Th b Ib b T th b Tb T Th th b T 16 17k
% this is equation for mask:
mask=1./(1+exp ((R-r_mask)/smooth_param));

% one can also use the frequency mask
% equation for the frequency mask

mask_f=single (permute (1./(1+exp ((£0-f_upper)/0.005))./(1+exp((f_lower
-£0)/0.005)),[1,3,21));

% Here we apply both radial and frequency mask:

amp_xyf_M=amp_xyf_R.*mask.*mask_f;
amp_xyf_M_before_filter = amp_xyf_M;

kx=fftshift (2*xpi/dx.*x((-M/2+1):M/2)/M);
imax=fft2 (amp_xyf_M(:,:,maxind));
[Kx ,Kyl=meshgrid (kx,kx) ;

%» Here we plot for comparison:
figure (3) ;clf;
set (gcf,’color’,’w’);

5 subplot (1,3,1)

imagesc(x/le4, y/le4, angle(amp_xyf (:,:,maxind))) %» phase of the
interferogram,

xlabel (’x size, sm’);

ylabel(’y size, sm’);

axis xy

axis square

title ("Phase NF")

subplot (1,3,2)

imagesc(x/led4, y/led, angle(amp_xyf_R(:,:,maxind))) % phase after
subtraction of ref beam

xlabel(’x size, sm’);

ylabel (’y size, sm’);

axis xy

axis square

title("Corrected Phase NF")

subplot (1,3,3)

imagesc(x/1ed4, y/led4, angle(amp_xyf_R(:,:,maxind)) .*mask) 7 and phase
when we apply frequency filtering

xlabel (’x size, sm’);

ylabel (’y size, sm’);

axis xy

axis square

title("With Spatial Filter")

67



249

292
293
294
295
296
297
298
299

300

%% Plotting the image of the beam after the reference beam
subtraction:

figure (4); clf;

imagesc(x/1le4, y/led, abs(amp_xyf_R(:,:,maxind)))
xlabel(’x size, sm’)

ylabel(’y size, sm’)

axis xy

axis square

title("Beam profile after removing ref. phase")

saveas (gca,fullfile(fname_img, [’5.Beam_after_subtr’ name ’.png’]l),
png’);

%% 6. Filtering in the k space and back again

Kr=sqrt (Kx. 2+Ky." 2); % radial Kkl

% Enter the value for the divergency window for spatial filtering in

rad

T I Th b T TbIb T b Ib I b b T b I ThIb I T T b T Th b T b I I b T Th b b th b b T Ta b Th b th Tbib th b b th th I thTb I th b b Th
divg=0.0062;

Dtk Tttt hehohoToTototo el ToTo TotototehoToTo To To %o %o ol To To To %o 1o %o /o T To To %o 1o %o o o To To 1o %o %o %o o o To To %o o

for i=1:K
imO=fft2 (amp_xyf_M(:,:,1))./(1+exp(single ((Kr/k0(i))-divg)
/0.0005)); 7 going to k space with divergency mask
amp_xyf_M(:,:,1i)=ifft2(im0) ;
% transform back with divergency applied
disp(i);
end
sp=squeeze (amp_xyf_M(s(1)/2,s(2)/2,:));

spO=sp/max (abs (sp));

%% Here we plot the comparison spectral image with maximum intensity

before and after lowpass filter
% Here is important you select the maxind
after_filter=abs (amp_xyf_M(:,:,maxind)) ."2;

figure (8);clf;

5 set(gcf,’color’,’w’);

subplot (1,2,1)

imagesc(x/1led4, y/led, abs(amp_xyf_M_before_filter(:,:,maxind))."2)

xlabel(’x size, sm’)
ylabel(’y size, sm’)
axis square
title("Original beam")
colorbar

subplot (1,2,2)

imagesc(x/led, y/led, after_filter )
xlabel(’x size, sm’)

ylabel (’y size, sm’)

axis square

title("After Lowpass filter")
colorbar
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%% Zernike Polynomials!

o thIbIbthIb I I Ib I T I b T6 I T I 16T TR I b6 I bt ThTb T thTbIb th b I ThTb I th 16 I Th T b b T th b b th b b Th Th Tt
% radius in um, of the area where we are doing the zernike
decomposition

rho=1000;

T th bbb I I Tb I T I T T6 I I T T T6 T I Tb Tl bbb I b6 ThTb I I TbIb th b I Th b b b I I T T b T th b T th b b Th Tk
ang=atan2 (Y,X);

siz=size (X);

Z=zeros (siz (1) ,siz (2) ,14) ;

r=R/rho;

id=r<1;

% id=id/sqrt (sum(id(:))); % Before it was like that
id0o=1/sum(id (:));

Z(:,:,1)=1; % piston

Z(:,:,2)=1.%x(2.%(r) .*sin(ang)); % tilt y

Z(:,:,3)=1.%x(2.%(r) .*xcos(ang)); % tilt x
Z(:,:,4)=1.*%(sqrt(6)*r. 2.*sin(2*%ang)); % oblique asigmatism
Z(:,:,6)=1.%(sqrt(3)*(2*xr.~2-1)); % defocus

1 ZC:,:,6)=1.%(sqrt(6)*r."2.%xcos(2%ang)); % vertical astimatism

325 Z(C:y 0 ,7)=1.x(sqrt (8)*r. 3.xsin(3*ang)); % Vertical trefoil

331

332

333

335
336
337
338
339
340
341

342
343
344
345
346
347

348

349

350

Z(:,:,8)=1.*%(sqrt(8)*(3*r."3-2*r) .xsin(ang)); % Vertical coma

Z(:,:,9)=1.%(sqrt(8) *(3*r."3-2%r) .*xcos(ang)); % Horizontal coma

Z(:,:,10)=1.%(sqrt(8)*r. 3.*cos (3*ang)) ; % 0blique trefoil

Z(:,:,11)=1.x(sqrt (10) *r. " 4.xsin (4*xang)) ; % 0blique quadrafoil

Z(:,:,12)=1.x(sqrt (10) *(4*r."4-3*r."2) .*sin(2*ang)); % Oblique
secondary astigmatism

Z(:,:,13)=1.x(sqrt (5) *x(6*r. " 4-6*r. 2+1)); % Primary
spherical

Z(:,:,14)=1.x(sqrt (10) *(4*r."4-3*r."2) .*xcos (2xang)); % Vertical
secondary astigmatism

Z(:,:,15)=1.%(sqrt (10)*r. 4.xcos (4*ang)); % Vertical
quadrafoil

%% Zernike coefficient calculation:

co=zeros (15,K) ;

for i=1:K
wi=angle (amp_xyf_M(:,:,1i))./k0(1i);
Co=squeeze (sum(sum (id.*wf.*Z,1) ,2))*1id0;
co(:,i)=Co;
disp (i)

end

%% Plotting all astigmatism for different frequency
figure("Name", "Astig"); clf;

names=["piston", "tilt y", "tilt x", "oblique astigmatism", "defocus"
, "vertical astigmatism", "vertical trefoil", "vertical coma",...

"horizontal coma", "oblique trefoil", "oblique quadrafoil", "

Oblique sec. astigmatism", ...

"Primary spherical", "Vertical secondary astigmatism", "Vertical

quadrafoil" 1];
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352 for i=1:15

353 subplot (5, 3, i)

354 hold on

355 plot (£f0,abs(sp0) .2, ’--k’, ’DisplayName’,’spectrum’)
356 yyaxis right

357 plot(£f0,co(i,:), ’DisplayName’ ,names (i))

358 xlabel ("f (Phz)")

359 box on

360 legend

361 end

362

363

364

365 %% Plotting WAVEFRONT for the different wavelength:
366

367 figure ("Name", "Wavefront Original"); clf;

36s dC=round (K/20) ;

370 for i=dC:dC:K

371 wf=angle (amp_xyf_M(:, :, 1))./k0(i);
372 subplot (4, 5, round(i/dC))

373 imagesc(x/1led, x/1led, wf.xid);

374 colorbar

375 xlabel(’x size, sm’)

376 ylabel(’y size, sm’)

377 axis square;

378 title("Wavefront for "+wO0(i)*1e3+’nm?’)
379 end

382 %% WAVEFRONT DECOMPOSITION using Zernike decomposition:

384 % Assuming you have the following matrices:

385 f» co: Matrix containing Zernike coefficients (15 coefficients for 115
frequency values)

386 % Z: Matrix containing Zernike polynomials (512x512x15)

388 /o Initialize the result matrix

3s0 decomposed_1 = zeros(size(Z, 1), size(Z, 2), size(co, 2));
390

301 % Loop through each frequency value

302 for freq_index = 1:size(co, 2)

393 % Extract the Zernike coefficients for the current frequency

394 coefficients = co(:, freq_index);

395

396 % Multiply coefficients with Zernike polynomials and sum over all

coefficients

397 for i = 1:size(co, 1)

398 decomposed_1(:, :, freq_index) = decomposed_1(:, :,
freq_index) + coefficients(i) * Z(:, :, i).*id;

399 end

400 end

401

102 figure (12); clf;
103 dC=round (K/20) ;

105 for i=dC:dC:K
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subplot (4, 5, round(i/dC))

imagesc(x/1le4, x/1le4, decomposed_1(:, :, 1i));

xlabel(’x size, sm’)

ylabel (’y size, sm’)

colorbar

axis square;

title("Decomposed wavefront: "+wO(i)*1e3+’nm’)
end

5 %% Finding average Zernike coefficients

% For finding average of the Zernike coefficients
% enter the frequency range in which that coeffients more or less
% contant for all colors

Do Tt o Toto T TotoTo to e To 0o To To 0o To 0o o To 0o o 9o o To 9o o T 0o o 96 o To 0o o T 0o o 9o o o 9o o 1o o o s o
f_min=0.284;
f_max=0.3;

Tt totototohehohoToTototohhoToTo ToTo %o %o fo T To To 1o %o 1o fo o To To 1o %o %o o o To To 1o 1o %o o %o
idx_range=find (£f0 >= f_min & fO0 <= f_max);

co_mean= zeros(size(15));

% Finding average Zernike coefficients of the given frequency range:

for i=1:15
coef=co(i, :);
co_mean(i)=mean(coef (idx_range));

5 end

% Plotting together spectrum, Zernike coefficients and averaged
Zernike
% coefficients at the given frequency range.

% Plotting all of the astigmatims with mean values:
figure("Name", "Plot with mean values"); clf;

for i=1:15
subplot (5, 3, i)
hold on
plot (£f0,abs(sp0) .2, ’--k’, ’DisplayName’,’spectrum’)
yyaxis right
plot (f0,co(i,:), ’DisplayName’ ,names(i))
legend
yline(co_mean (i), "--", ["avg."+co_mean(i)])
% xlim([f_min, f_max])
xlabel ("f (Phz)")
box on
end

%% REMOVING COMMON ABERRATIONS SHARED BY ALL WAVELENGTH
% (COMMON ABERRATION CORRECTION) :

[s1, s2, s3]=size(amp_xyf_M);
ab_free_amp_xyf_M=zeros(sl, s2, s3);
all_zernike=zeros(sl, s2);
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510

% Here we add all of the avg. astigmatisms:
for j=1:15
all_zernike=all_zernike+co_mean(j)*Z(:, :, j);

5 end

% and make correction to the field

for j=1:K
disp(j)
ab_free_amp_xyf_M(:, :, j)=amp_xyf_M(:, :, j).*exp(-1i*all_zernike
.xk0(3)); % TO BE USED

end

% REMEMBER ab_free_amp_xyf_M will be used for focusing

75 %/ Find Zernike coef. AFTER the FULL CORRECTION:

7 co_astig_free=zeros (15,K);

for i=1:K
wf_after2=angle(ab_free_amp_xyf_M(:,:,1))./k0(1);
Co_astig_free=squeeze (sum(sum(id.*xwf_after2.xZ,1) ,2))*id0;
co_astig_free(:,i)=Co_astig_free;
disp (i)

end

5 % Finding the mean values zernike coefficients after full correction:
;5 co_af_mean= zeros(size (15));

% Finding average Zernike coefficients of the given frequency range:
% For finding average of the Zernike coefficients

% enter the frequency range in which that coeffients more or less

% contant for all colors

o Joto 1o 1o 16 Vo 16 0o 1o 1o T o T Vot Vo T Vo 0o Yo b o 0o o 1o Yo o o o o o o fo o fo 1o o 1o o 1o o 1o o 1o o 1o o 1o o B o o o
f_min=0.284;
f_max=0.293;
o bbb I T T I T T T T TA T TR T Th T T T Th T b Tl th T b T b T b b b b b th b th b th 16 T T Th I T T T T Th Tk th

idx_range=find (f0 >= f_min & fO0 <= f_max);

for i=1:15
disp (i)
coef_after2=co_astig_free(i, :);
co_af_mean(i)=mean(coef_after2(idx_range)) ; % it is the mean
values of the co_astig_free

end

%% COMPARE ALL ABERRATIONS BEFORE AND AFTER THE CORRECTION:

% Plotting the first 4 aberrations
figure ("Name", "Correction first 6 astig"); clf;

for i=1:6
subplot (3, 2, i)
plot(f0,co(i,:), ’DisplayName’,[names(i)+" before"])
yline(co_mean(i), ’--b’, co_mean(i),"DisplayName", "avg. before")
hold on
plot (f0,co_astig_free(i,:), ’DisplayName’,[names(i)+’after’])
yline(co_af_mean(i),’--r’, co_af_mean(i), "DisplayName", "avg.
after")
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yyaxis right
plot (£f0,abs(sp0)."2, ’--k’, ’DisplayName’,’spectrum’)
xlabel ("f (Phz)")
title ([i+". "+names(i)+" correction"])
box on
legend
end

5 %» Plotting the last 8 aberrations
» figure ("Name", "Compare last 8"); clf;

for i=7:14
subplot (4, 2, i-6)
plot(f0,co(i,:), ’DisplayName’,[names(i)+" before"])
yline(co_mean(i), ’--b’, co_mean(i),"DisplayName", "avg. before")
hold on
plot (f0,co_astig_free(i,:), ’DisplayName’,[names(i)+’after’])

yline(co_af_mean(i),’--r’, co_af_mean(i), "DisplayName", "avg.
after")
yyaxis right
plot (f0,abs(sp0)."2, ’--k’, ’DisplayName’,’spectrum’)
xlabel ("f (Phz)")
title ([i+". "+names(i)+" correction"])
box on
legend
hold off
end
%% Assing new complex field without common aberrations:
amp_xyf_M=ab_free_amp_xyf_M;
» %% Plotting farfield spectral amplitude in k space:
% We define resolution:
P=2"14; % <-—----- enter the resolution
% Here we define the grid with better resolution:
x_f=(single(linspace(min(x) ,max(x),P)));

553 y_f=(single (linspace (min(y) ,max(y),P)));
[X,Y]=(meshgrid(x_f,y_£f)); % new meshgrid
% Here is our old meshgrid:

[X0,Y0]=meshgrid(x,y);

id=abs(x_f) <100; % select spatial part less than 100
micron

x2=x_f (id) ; % x, filtered #will_be_saved

dx=mean (diff (x_£f));

5 /» Here we define grid for the k space with the same resolution as new

X and

s % Y grid:

k=single ([0:(P/2) ,(-P/2+1) : -1]1/P/dx*2%*pi);
[Kx ,Kyl=meshgrid (k,k);

K2=(Kx. 2+Ky."2);

clear ’Kx’ ’Ky’
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% k space
kxf = fft2(amp_xyf_M(:,M/2,:));
kyf = fft2(amp_xyf_M(M/2,:,:));

» figure (6) ;clf;

set (gcf,’color’,’w’);

subplot (1,2,1)

imagesc (f0,fftshift (kx) ,(abs(fftshift (squeeze(kxf) ,1)).72))
title("farfield, kx, f")

xlabel ("f (PHz)")

ylabel ("k (1/um)")

colorbar

axis square

ylim([-0.02,0.02])

subplot (1,2,2)

imagesc (f0,fftshift (kx),(abs(fftshift (squeeze(kyf) ,1)).72))
title("farfield, ky, f")

xlabel ("f (PHz)")

ylabel ("k (1/um)")

ylim([-0.02,0.02])

colorbar

axis square

%% THE PROPAGATION!!!
Dz=(single (100e3)); %100e3 micro meter focal length

amp_foc=complex (zeros (sum(id) ,sum(id) ,K,’single’)); J%focus profile
spatial and spectrally

amp_foc_ideal=complex(zeros (sum(id) ,sum(id) ,K,’single’)); Jsame "
thing <3 "

diff_offset=250;

% 1=325;

for i=1:K
amp=interp2(X0,Y0, (amp_xyf_M(:,:,1i)),X,Y,’linear’,0) .*exp (1i*k0 (i
)*(sqrt(Dz"2-X."2-Y."2)-Dz)); %we curve the wavefront with
specified focal length
amp_r=ifft2(£fft2 (amp) . *exp (1i*sqrt(k0(i) "2-K2) *(Dz-diff_offset)))
; % diffraction gives offset of real focus
amp_foc(:,:,i)=amp_r (id,id);
amp_ideal=interp2(X0,Y0,abs (amp_xyf_M(:,:,i)),X,Y,’linear’,0) .*
exp (1i*k0(i)*(sqrt(Dz"2-X."2-Y."2)-Dz)); Yremoves wavefront error
from each frequency (abs)
amp_r=ifft2(fft2(amp_ideal) .*exp (1i*sqrt(k0(i) "2-K2)*(Dz-250)));
amp_foc_ideal(:,:,i)=amp_r(id,id);
disp(i);

end

%% Reconstructed image at the focus!
% Define the desired figure width and height

figureWidth = 1000; % in pixels
figureHeight = 400; 7 in pixels
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% Create a new figure with the specified width and height
figure(’Position’, [100, 100, figureWidth, figureHeightl]);

7 selected_freq_index=maxind;

set (gcf,’color’,’w’);

subplot (1, 3, 1)
imagesc (abs (amp_foc(:,:,selected_freq_index)) . 2)
title ("Reconstructed image at the focus!")

siz=size (amp_foc);

g=exp(-li*angle (amp_foc (round(siz (1) /2) ,round(siz(2)/2),:)));

amp_x=amp_foc.*q; %remove the phase in the middle, mulitply:
divide: +i

axis square

subplot (1, 3,2)
imagesc (abs(amp_x(:,:,selected_freq_index)) ."2)
title("after removing phase in the middle")

g=exp (-1li*angle (amp_foc_ideal (round(siz (1) /2) ,round(siz(1)/2),:)));

" for ideal one

same "thing <3
amp_x_ideal=amp_foc_ideal.*q;

axis square

subplot (1, 3, 3)

imagesc (abs (amp_x_ideal (:,:,selected_freq_index)) . 2)
title("the same but for the ideal case")

axis square

saveas (gca,fullfile(fname_img, [’7.Focused_beam_pro’ name ’.png’]l),

png’);
%% Converting to the time domain:

P=2"13;

7 df =mean (diff (£0)) ;
s t0O=linspace(-0.5/df ,0.5/df ,P);

DRI To Tl T ToTotototohoho o To To %o %o o To T To To 1o 9o 1o o fo o To To 9o 16 o o o T o 1o 6 4o o o o

% Time window:

id=abs (t0) <300;

Tl T Tt T To Toto T To To 0o o To To %o o To 1o %o o To 9o 0o o To 0o 0o o To 0o o o To 0o o o To 0o o o T 1o o To %o o o o %o
N=sum(id); %how many points

amp_ft=(zeros(siz (1) ,siz(2),N,’single’)); %spatial grid
amp_ft_ideal=(zeros(siz (1) ,siz(2),N,’single’));

% for i=1:siz (1)

U for j=1:siz (1)

73 % at=fftshift (abs (fft(amp_x(i,j,:),P,3))."2);
% amp_ft(i,j,:)=at(:,:,id);
% end

76 % end

for i=1:s8iz (1)
at=fftshift (abs(fft(amp_x(i,:,:),P,3)).72,3);

A

)
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679 amp_ft(i,:,:)=at(:,:,1id);

680 at=fftshift (abs(fft(amp_x_ideal(i,:,:),P,3))."2,3);
681 amp_ft_ideal(i,:,:)=at(:,:,id);

682 disp (i)

683 end

684 %% Finding intensities

685 int_xyf=sum(abs (amp_x)."2,3);

6s6 int_yf=squeeze (sum(abs (amp_x)."2,1));
6s7 int_xf=squeeze (sum(abs (amp_x)."2,2));
688

6so int_xyf=int_xyf/max (max(int_xyf)) ;

600 int_x=int_xf/max (max(int_xf));

601 int_y=int_yf/max (max (int_yf));

692

693 %h%h plot in space frequency

6o figure (89) ;clf;

695 subplot (1,2,1)

606 imagesc (£0,x2,int_xf)

697 xlabel ("f PHz")

608 ylabel ("x (um)")

600 pbaspect ([2 1 11)

700

701 subplot (1,2,2)

702 imagesc (£0,x2,int_yf)

703 xlabel ("f, PHz")

704 ylabel ("y (um)")

705 pbaspect ([2 1 11)

706

707 saveas (gca,fullfile(fname_img, [’7.preview_x_f’ name ’.png’l), ’png’)

b

709 %ht%h plot in space wavelength
710 figure (90) ;clf;

711 subplot (1,2,1)

712 imagesc (w0 ,x2,int_xf)

713 xlabel ("wavelength, nm")

714 ylabel ("x (um)")

715 pbaspect ([2 1 1])

717 subplot (1,2,2)

718 imagesc (w0 ,x2,int_yf)

719 xlabel ("wavelength, nm")
720 ylabel ("y (um)")

721 pbaspect ([2 1 1])

723 saveas (gca,fullfile(fname_img, [’8.Preview_x_w’ name ’.png’l), ’png’)

)

725 %% saving the stuff

726 /» meta info should contain: divergence filter param, radial filter
param,

727 % x0,y0, distance from focus to detector.

728 % x2: spatial axis in um, here: +- 200 um

720 % t0: time window selected in fs, here plus minus 200 fs

730 %» £0: frequency window, pHz

731 % % amp_ft and amp_ft_ideal: 3D in xyt, x,y in terms of focus
coordinates

732 % % amp_x and amp_x_ideal: 3D in xyf, x,y in terms of focus
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749

759

769

2 hbcreate(folder + name +

coordinates

h5create (folder + name +
n

h5write(folder + name + "
h5write(folder + name + "

t0 = t;
folder = "Folder\Where\You\Save\Data";
5 name = "Name_of_data";

" _zernike.h5",’/f0’,[size(£0)]);
_zernike.h5",’/co’ ,[size(co)]);

_zernike .h5",’/f0’,f0);
_zernike .h5",’/co’,co);

h65create(folder + name + "_xyf.h5",’/amplitude_xyf_real’,[size (amp_x)
1)

h6create (folder + name + "_xyf.h5",’/amplitude_xyf_imag’,[size(amp_x)
1);

h5create(folder + name + "_xyf.h5",’/f’,[size(£f0)]);

hb6create (folder + name + "_xyf.h5",’/x’,[size(x2)]);

hb6create (folder + name + "_xyt.hb5",’/amplitude_xyt_real’,[size(amp_£ft
)1 ;

h5create(folder + name + "_xyt.h5",’/amplitude_xyt_imag’,[size(amp_£ft
)1);

hb5create (folder + name + "_xyt.h5",’/t’,[size(t0)]);

hb6create (folder + name + "_xyt.h5",’/x’,[size(x2)]);

h6create (folder + name + " _xyf_ideal.hb",’/amplitude_xyf_ideal_real’
,[size(amp_x_ideal)]);

h5create (folder + name + "_xyf_ideal.hb5",’/amplitude_xyf_ideal_imag’
,[size(amp_x_ideal)]);

5 hbcreate (folder + name + "_xyf_ideal.hb5",’/f’,[size(£0)]);

hb6create(folder + name + " _xyf_ideal.hb",’/x’,[size(x2)]);

h5create (folder + name + "_xyt_ideal.hb5",’/amplitude_xyt_ideal_real’
,[size(amp_ft_ideal)]);

hb6create (folder + name + " _xyt_ideal.hb",’/amplitude_xyt_ideal_imag’
,[size(amp_ft_ideal)]);

h5create(folder + name + "_xyt_ideal.hb5",’/t’,[size(t0)]);

h5create(folder + name + " _xyt_ideal.hb",’/x’,[size(x2)]);

hbwrite (folder + name + "_xyf.h5",’/amplitude_xyf_real’,real(amp_x));

hbwrite (folder + name + "_xyf.hb5",’/amplitude_xyf_imag’,imag(amp_x));

> hbwrite (folder + name + "_xyf.hb6",’/f’,f0);

hb5write (folder + name + "_xyf.h5",’/x’,x2);

hbwrite (folder + name + "_xyt.h5",’/amplitude_xyt_real’,real(amp_£ft))

hbwrite (folder + name + "_xyt.hb",’/amplitude_xyt_imag’,imag(amp_£ft))

hb5write (folder + name + "_xyt.h5",’/t’,t0);

hb5write (folder + name + "_xyt.h5",’/x’,x2);

hbwrite (folder + name + " _xyf_ideal.hb",’/amplitude_xyf_ideal_real’,
real (amp_x_ideal));

h5write (folder + name + "_xyf_ideal.h5",’/amplitude_xyf_ideal_imag’,
imag (amp_x_ideal));

hbwrite (folder + name + "_xyf_ideal.hb5",’/f’,f0);

hbwrite (folder + name + "_xyf_ideal.hb",’/x’,x2);
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77s hbwrite (folder + name +
real (amp_ft_ideal));
779 hbwrite (folder + name +
imag (amp_ft_ideal));
7s0 hbwrite (folder + name +
731 hbwrite (folder + name +
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_xyt_ideal
"_xyt_ideal

"_xyt_ideal
"_xyt_ideal

.h5"

.h5"

.h5"
.h5"

>/amplitude_xyt_ideal_real’,
>/amplitude_xyt_ideal_imag’,

2/t ,t0);
2/x7,x2);



Appendix B

DFT equations

Using the integral form of equation 2.25 we can write

G(v) = /_ h > ()8t — nAT)e > dt

n=—oo

= i / h F()8(t — nAT)e™*™qt (B.1)

n=-—oo "
)
—j2rvnAT
= > fue
n=—o00

where f, is a discrete function but its Fourier transform G(v) is continuous and peri-
odic function. Thanks to that, we only need to characterize G(v) over one period.
Moreover, this equation expands from —oo to oo, but in practice, we deal with a finite
number of samples. So, in order to obtain M equally spaced samples that are taken
over one period v = 0 to v = 1/AT, we need to take the samples of the following
frequencies:

m
= — =0,1,2,3,.... M — 1 B.2
1% MAT; m 07 ) 73a ) ( )

Substituting this result into equation B.1 and denoting the G,, as a discrete Fourier
transform (DFT) we get:

M—1
Go= Y foe 2 =0,1,2,.., M — 1 (B.3)
=0

Contrarily, given {G, } we can reconstruct the sample set { f,,} by using inverse discrete
Fourier transform (IDFT)

M-1
1 .
fn: M } :Gn€j2ﬂ-mn/M7 TL:O,l,Q,---,M_l (B4)
m=0

We can develop the 2-D discrete Fourier transform in a similar way:
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M-

2

f 6 —j27 (ux/M+vy/M) (B5)

Il
o

z=0 y

where f(z,y) is a 2D discrete function (digital image for example) of size M x N and u
and v are the discrete variables in ranges v = 0,1,2,.... M —1and v =20,1,2,...., N —1.

Inversely, we can recover the f(z,y) 2D sample set if G(u,v) Fourier transform is
given. It is called the 2D inverse discrete Fourier transform:

G(u,v) eﬂw(ux/M”y/N) (B.6)

MZ

1M
fx —M—Eg

Il
=)

v

forx=0,1,2,.... M —1and y=20,1,2,.... N — 1.
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