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Abstract

Ultrafast laser science relies on the characterization of ultrashort pulses, which requires determining
their electric field properties. This thesis focuses on the pulse characterization of two solid-state
femtosecond lasers operating in the near-infrared range using self-referenced spectral interferometry
(SRSI). SRSI is a technique based on linear spectral interferometry that utilizes cross-polarized wave
generation to generate a reference pulse and enables the determination of both the spectral ampli-
tude and the spectral phase of laser pulses. The experimental setup and critical parameters were
carefully analyzed to ensure accurate measurements of the electric field. In the process of determin-
ing the spectral phase, a polynomial fitting was employed to obtain dispersion terms up to order
four. Experimental evidence indicates that these determined dispersion terms accurately correspond
to the actual dispersion terms only within a specific validity range. A method for establishing this
validity range is presented. Dispersion compensation devices were implemented to minimize pulse
duration by flattening the phase across the spectral bandwidth. Consequently, a pulse duration of
38 fs was achieved for a Thales ALPHA kHz laser, while a pulse duration of 271 fs was achieved for
a Light Conversion PHAROS laser. Moreover, this work implemented an extended SRSI technique
that takes into account the influence of an incoherent laser output component, specifically amplified
spontaneous emission (ASE). The experimental findings confirmed the predictions of the extended
analytical model, which also allowed the determination of the ASE spectrum of a Thales ALPHA
kHz laser.
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1 Introduction

Ultrafast laser science and the study of ultrashort pulses play a central role in various fields of current
research, including nonlinear optics , laser-plasma physics , micro-machining @, and femto-
chemistry . A major challenge in the field of ultrashort pulse physics is not only the generation but also
the characterization of these pulses, where sophisticated techniques are required. For the measurement of
ultrashort pulses a fundamental problem has to be solved, because for the determination of a given event
in time a shorter event is needed to measure it. Since ultrashort pulses in the femtosecond range are the
shortest events ever generated in the visible and near-infrared region, the only means to measure such
pulses is through the pulses themselves. Modern electronic light detectors, limited by their resolution in
the picosecond range, are not suitable for this purpose. The distinguishing features of ultrashort pulses
extend beyond their femtosecond duration; they also possess the potential to reach extremely high peak
powers. Unlike conventional continuous-wave beams, the energy of pulsed lasers is concentrated within
individual pulses, resulting in these high peak powers.

In contrast to a continuous laser beam, whose electric field is sinusoidal in time, the electric field of an
ultrashort pulse can be described by the product of an oscillating wave and a pulse envelope function.
Another major difference is that a continuous laser beam can consist of a single frequency, whereas an
important property of ultrashort pulses is their broad spectrum, which is due to the lower limit of the
time-bandwidth product. Moreover, the frequency of the electric field can vary over time due to chromatic
dispersion and nonlinearities. To fully characterize a pulse it is necessary to measure the time-dependent
intensity and phase of the pulse’s electric field (or, alternatively, its spectrum and spectral phase). Accu-
rate pulse characterization is crucial for understanding interaction processes with matter in experiments
involving ultrashort laser pulses. Key parameters important for pulse characterization, including pulse
duration and spectral bandwidth, can be derived from the analysis of the electric field. Although de-
termining the exact electric field of a pulse is challenging compared to measuring the spectrum or pulse
duration, various methods exist for this purpose.

One of the first methods to characterize ultrashort pulses was autocorrelation, where two replicated
pulses variably shifted in time are recombined in a nonlinear medium. Although this method allows for
the measurement of intensity versus time, it does not provide information about the pulse’s phase. One
of the best-known methods for the complete determination of intensity and phase is frequency-resolved
optical gating (FROG) [8], where FROG involves spectrally resolving the output of a standard autocor-
relator. Other commonly used techniques include spectral phase interferometry for direct electric field
reconstruction (SPIDER) [9] or self-referenced spectral interferometry (SRSI) [10].

This work focuses on the pulse characterization of two solid-state femtosecond lasers operating in the
near-infrared range using SRSI. By determining the spectral phase of the pulses and implementing disper-
sion compensation devices, the pulse duration can be reduced. Within the SRSI pulse characterization,
the dispersion terms up to order four will be determined, and the validity ranges (for group delay dis-
persion and third-order dispersion) will be estimated. Another major part of the work consists of the
extension of the original SRSI method from Oksenhendler by the consideration of an incoherent laser
output component (in particular amplified spontaneous emission) and the experimental determination of
this component. Proper selection of the parameters for the optical components of the SRSI setup and
ensuring the correct minimal resolution of the spectrometer in accordance with the pulse properties are
crucial for achieving high-quality pulse characterization.

The structure of the thesis is divided into a Background and Theory section in which basics
about the theory of ultrashort laser pulses, femtosecond laser systems, nonlinear optics, an overview of
pulse measurement methods and the SRSI technique are presented. The Methods section
includes a description of the equipment used and the experimental setup, including all optical compo-
nents. Furthermore, the data acquisition process and the software technologies employed in the research
are explained in detail. This section ensures transparency and reproducibility by providing a thorough
explanation of the experimental procedures. The Results and Discussion section presents the
analysis and interpretation of the experimental findings. A major part consists of a detailed descrip-
tion of the pulse characterization of the two laser systems using SRSI. Additionally, various methods for
achieving a more precise determination of the spectral phase are discussed. Within a subchapter, the
experimental results regarding the determination of the ASE component and its impact on the spectra
of the fundamental and reference pulses calculated using SRSI are thoroughly examined.
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2 Background and Theory

In this chapter, the main principles and effects relevant to ultrashort pulses and their characterization
are discussed. In addition, a mathematical description of laser pulses is provided, and nonlinear ef-
fects fundamental to this study such as second-harmonic generation, the Kerr effect, and cross-polarized
wave generation are described. The chapter also gives an overview of ultrashort pulse generation with
high-power femtosecond laser systems and associated techniques such as mode locking, chirped-pulse am-
plification and dispersion control. Additionally, various methods for pulse characterization are outlined.
In particular, the technique of self-referenced spectral interferometry, originally proposed by Oksenhendler
et al. is discussed. In this thesis, SRSI is extended by considering the influence of an incoherent laser
output component due to amplified spontaneous emission (ASE).

2.1 Ultrashort laser pulses

For the description of ultrashort laser pulses, this chapter follows a similar approach as Rick Trebino and
Erik Zeek in .

In contrast to a continuous beam, whose electric field is sinusoidal in time, an ultrashort laser pulse
is a very short burst of electro-magnetic energy whose electric field comprises only a few cycles of an
oscillating wave. An ultrashort pulse is therefore described as a product of an oscillating wave (e.g. sine
wave) and a pulse envelope function (e.g. Gaussian profile).

Intensity and phase in the time domain

For simplicity, the electric field is assumed to be linearly polarized in this description and the possible
position dependence of the electric field is not considered. The time-dependent electric field of a pulse
can thus be written as:

e(t) = V/I(t) cos (wot — (t)) = %\/I(t)(ei(wet_¢(t)) + e~ (wot= o)) (2.1)

with time ¢, carrier angular frequency wp, temporal intensity I(t), and temporal phase ¢(¢). In this
description the rapidly varying carrier wave e?°! is intentionally separated from the intensity I(t) and
phase ¢(t) so that the characterization of the pulse by intensity and phase does not have to take into
account all the oscillations of the pulse field. Moreover, the temporal intensity I(¢) and temporal phase
@(t) vary slowly in contrast to the carrier wave.
In literature, the ’analytic signal’ approximation is frequently employed, which neglects the complex-
conjugate term in the expression given by [Equation 2.1] As a result, the expression for the electric field
becomes complex. This complex pulse field multiplied by 2 and neglecting the carrier wave e’°? is called
complex amplitude and greatly simplifies mathematical calculations. The complex amplitude E(¢) is
defined as:

E(t) = V/I(t)e "™ (2.2)

The temporal intensity I(¢) and temporal phase ¢(t) can be derived from this expression [Equation 2.2
as:

Im E(t)]) (2.3)

Intensity and phase in the frequency domain
For intensity F(w) and phase ¢(w) in the frequency domain, the real electric field (¢), given in

is Fourier transformed:
Blw) = / c(t)etdt (2.4)

Conversely, the following applies to the temporal electric field:
1 [ ;
e(t) = oy /_Oo B(w)e™'dw (2.5)
The pulse field in the frequency domain F(w) can be separated into intensity I(w) (spectrum) and spectral

phase ¢(w):
E(w) = /T(w)e "¢« (2.6)
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The spectrum and the spectral phase have components for positive and negative frequencies, where the
two regions contain equivalent information because €(t) is real. The component for negative frequencies
can therefore be ignored.

It is common that in the frequency domain the Fourier transform of the full real electric field e(t) is
used for the description of the pulse (with negative frequency components removed) although in the
time domain, the complex field E(t) is used instead of the full real electric field (). Reasons for this
convention are that the spectra are not centered around zero but around the actual center frequency
(respectively wavelength) and that the temporal waveform expressed by E(t) shows no rapidly oscillating
behavior.

The spectral intensity (spectrum) and spectral phase can be derived from the expression
as:

I(w) = [E(w)?
B Im[E(w)] (2.7)
¢(w) = — arctan (Re[E(w)])

It should be noted that theoretical descriptions of pulses and calculations are performed in the frequency
domain, while in experiments, with spectrometers, the measurements are usually wavelength-dependent.
The relation between wavelength A and frequency w is given by w = 2m¢/A thus the spectral phase and
intensity can be rescaled.

The meaning of the spectral phase with respect to chromatic dispersion is discussed in detail in
Secfion 2.T.T1

2.1.1 High-order dispersion

Chromatic dispersion describes the dependence of the k(w) vector or spectral phase ¢(w) on frequency.
High chromatic dispersion orders are of great relevance in the discussion of ultrashort pulses and are
described in this chapter. The dispersion relation for the phase of a laser pulse passing through a
medium can be written as :

6(w) = k(w) - 7 = (@/c) - nw) - 2 = (@/c) - Pop(w) (2.8)

where n(w) is the refractive index, z is the material thickness (distance through the medium) and P,,(w)
denotes the optical path length. This means that a pulse traveling through a medium accumulates spectral
phase. The spectral phase can be expanded around the frequency w = wy into a Taylor series:

1 0%

2 0w?
wo

L oo

(wfw0)2+...+7
p! OwP|

pw) =B, + 5| (Ww—wo)+ (w — wo)P. (2.9)

The meanings of the lowest orders of the Taylor expansion corresponding to different phase distortions
are described in the following. In addition, the influence of the different terms on the pulse shape is
shown graphically in The plots were created using Python Matplotlib and the magnitude of
the dispersion terms of the pulses correspond to a quantity relevant for this work (realistic values for
femtosecond pulses).

Zero-order term

The first term ¢|wo corresponds to the zero-order phase, also called absolute phase. The zero-order phase
gives the relative phase of the carrier wave with respect to the envelope . In many cases, the absolute
phase is not of great relevance, since pulses are usually many carrier-wave cycles long and the phase shift
of the carrier wave with respect to the envelope leads only to a slightly different pulse field . Only for
even shorter pulses, few-cycle or single-cycle pulses, the absolute phase plays a major role.

First-order term

The expression 7, = % is defined as a group delay (GD). A group delay corresponds to a shift of
g 0
W |0

the pulse on the time axis. This property is due to the Fourier Transform Shift Theorem . Here the
expression E(t — 1) Fourier transforms to ¢(w)exp(—iwt) which corresponds to a shift in time. (In an
analogous way, the expression e(w — wy) Fourier transforms to E(t)exp(iwgt) which corresponds to a
frequency shift.)
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Figure 1: Intensity and phase of pulses in time and frequency domain for different spectral phases. The
example pulses have a center wavelength of 3.75 - 1014 Hz (800 nm) and a bandwidth (FWHM) of about

0.13 - 10 Hz (27 nm).

a) Amplitude and phase for flat spectral phase. b) A linear spectral phase (7, = 50 fs) results in a shift
in time. c) A linearly chirped pulse (GDD = 1500 fs?) leads to a temporal broadening of the pulse. d)
Third-order dispersion (TOD = 60000 fs?) causes several adjacent intensity maxima in the time domain,
which means oscillations of the intensity before the main pulse. Spectral phase jumps occur at times
where the amplitude is zero and correspond to irrelevant discontinuities in the instantaneous frequency .
In the temporal description, it should be noted that the carrier wave e*°? is excluded from the pulse
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description, leading to the removal of the linear term of the temporal phase.
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Second-order tezrm

w? |,

called linearly positiveo/negative chirped pulses. A quadratic change in phase ¢(t) results in a quadratic
change in phase ¢(w) with the opposite sign and vice versa . Usually, an ultrashort pulse receives
additional positive linear chirp when propagating through a dispersive material.

As shown below , the GDD term can have a non-zero value due to frequency-dependent
group velocity. The frequency dependence of the group velocity means that long-wavelength components
of a pulse propagate at a different velocity than short-wavelength components [4]. For a pulse with ini-
tially zero GDD, this also leads to a temporal broadening of the pulse. Due to the temporal broadening
of the pulse when passing through dispersive media such as lenses, Group Velocity Dispersion (GVD)
leads to distortions of the pulse to be measured.

The expression M‘ is called group delay dispersion (GDD). Pulses with positive/negative GDD are

Third-order tergm

0
The expression 892' corresponds to third-order dispersion (TOD) and is also called quadratic chirp |H
w

wo
Typically, a pulse with TOD is characterized by several adjacent intensity maxima in the time domain,
which means oscillations of the intensity before or after the main pulse, depending on the sign of the
third-order coefficient.

Higher-order terms

Complex, distorted pulses can also have high-order spectral phase components. E.g. nonlinear optical
processes or propagation through long distances of fiber can lead to high-order dispersion and distort the
phase [3].

Similar to the spectral phase, also the wave vector k in a medium can be expanded into a Taylor series:

1 0Pk
p! Owp wo

1 0%k

ok L1
2 Ow?

k(w) = k|, + N (w — wp) (w—wo)?+---+ (w—wo)? (2.10)
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The individual terms can be assigned similar meanings as the terms of the Taylor series of the spec-

tral phase since they differ only by a factor z. Here the terms are defined as inverse group velocity
ok 0%k oPk

1= — , group velocity dispersion GV D = ——| and the p order dispersion POD = —| .

g ow|,, Ow? owp |

Due to the relation ¢(w) = k(w) - z the relation GDD = GV D - z is valid. With the definition of

group velocity vy = g—“,;, the group delay dispersion can be written as:

v

wo

GDD(wy) = GVD(wo) - = 2 (1}1) (2.11)
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2.1.2 Amplified Spontaneous Emission (ASE)

Amplified Spontaneous Emission (ASE) is a phenomenon that occurs in optical laser amplifiers and laser
media. It results from the fact that the gain medium is pumped with pulses that are significantly longer
than the femtosecond pulses to be amplified. This means that spontaneous emission can be amplified
continuously during the time the medium is population inverted. This amplified spontaneous emission
reduces the population inversion and thus also reduces the energy of the amplified femtosecond pulses,
which decreases the signal-to-background ratio. ASE also plays an important role in temporal intensity
contrast, which is an important factor in laser-matter interaction. This means that intense pre-pulses and
ASE can create a pre-plasma on the surface of a target (the material to be processed by the ultrashort
pulses), thus significantly changing the properties of the target before the main pulse hits it .

In ASE, the emission of radiation occurs in all directions on the entire pumped spectrum of the gain
medium (spectrum which is population inverted). There are strongly favored frequencies and directions,
where the gain of spontaneous emission amplification is high. There is no mode structure, however (low
temporal coherence) [13].

A detailed discussion on the generation of ASE in high-power CPA laser systems and calculations on the
reduction of the actual gain in the presence of ASE is given in and .
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This thesis introduces an extended pulse characterization using SRSI, which incorporates an incoherent
component in the analytical description, enabling the determination of the amplified spontaneous emis-
sion spectrum (refer to . An alternative method for characterizing amplified spontaneous
emission in femtosecond Ti:Sa lasers is described by Yong-Ho Cha et al. . Their method exhibits
qualitatively similar results in the retrieved ASE spectrum.

One way to get an ASE-free signal is to use cross-polarized wave (XPW) generation as this nonlinear
optical effect generates a signal with the same wavelength and perpendicular polarization, see
The measured XPW signal does not contain ASE due to the fact that XPW is a third-order
nonlinear phenomenon that occurs only at high intensities, making it insignificant for small amplitudes
(ASE signal is much smaller than the signal of the amplified femtosecond pulses).

2.2 High-power femtosecond laser systems

Compared to continuous-wave lasers where the output power depends on the maximum available pump
power, femtosecond laser systems can achieve high peak powers by concentrating the energy in single,
ultrashort optical pulses or pulse trains .

The generation of ultrashort pulses can be realized with a variety of lasers in the wavelength range from
ultraviolet to infrared and is basically possible by two techniques: Mode locking and Q-switching. Q-
switching allows sudden switching of the cavity Q-factor (quality factor) by opening and closing a shutter
within the laser cavity, allowing the generation of short pulses . However, most modern high-power
femtosecond lasers are based on the mode locking technique, described in [subsubsection 2.2.11 Mode
locking allows large pulse repetition rates, which often means small pulse energies. To achieve higher
pulse energies optical amplifier systems are used.

Dispersion control and pulse compression (see [subsubsection 2.2.3|) also play an important role in fem-
tosecond laser systems, since only dispersion-compensated pulses achieve a minimum pulse duration.

In addition to the solid-state lasers discussed in [subsubsection 2.2.2] there are other types of ultrafast
lasers such as fiber lasers based on passively mode-locked rare-earth-doped glass fibers or mode-locked
dye or diode lasers. A more detailed description of these lasers can be found in or [17].

2.2.1 Mode locking

Mode locking describes the state in which many longitudinal modes of the cavity simultaneously oscillate
with a fixed phase relation and the laser output is therefore a repetitive train of ultrashort optical pulses
. The minimum pulse duration is determined by the gain bandwidth (pulse duration is inversely
proportional to gain bandwidth), so for ultrashort pulses, gain media with large bandwidth are needed.
The pulse repetition rate is equal to the difference between the frequencies of two consecutive longitudinal
modes and thus depends on the cavity length (longitudinal-mode separation Av = ¢/(2L), with the speed
of light ¢ and the resonator length L) [16].

Mode locking can be divided into active and passive mode locking. In active mode locking, the mode
locker is driven by an external source and is realized by, for example, inserting an amplitude modulator
or phase modulator into the laser cavity. Passive mode locking is based on a nonlinear optical effect of
the mode-locker like the saturation of a saturable absorber or the Kerr effect.

An important technical implementation of passive mode locking is Kerr-lens mode locking, which is ex-
plained below following the definition by Frank Trager [16].

Kerr-lens mode locking (KLM)

KLM is based on the self-focusing property of a Kerr medium, where the optical Kerr effect (see
is described by the intensity-dependent refractive index. The refractive index can be
written as n = ng + nol, where ng corresponds to the linear refractive index, I is the light intensity and
ns is a positive coefficient (for a self-focusing medium). A beam with non-uniform transverse intensity
distribution (like a Gaussian distribution) crossing a Kerr medium will experience a different refractive
index and phase shift at the beam center than at the edge of the beam. This transversely varying phase
shift corresponds to the behavior of a lens, where the focal length decreases for larger beam intensities.
If the nonlinear Kerr medium is now placed in front of an aperture, then a beam with a high intensity will
be more tightly focused and a larger proportion of the beam will be transmitted through the aperture.
This means that the losses decrease as the pulse intensity increases, leading to mode locking.

10
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2.2.2 Solid-state lasers

This chapter will describe the structure and operation of typical solid-state lasers, such as the Thales AL-
PHA kHz (Ti:Sa) and PHAROS PH2-20W (Yb:KGW) lasers used in this work. These solid-state lasers
rely on Kerr-lens mode locking (KLM) and chirped-pulse amplification (CPA). Basically, the pulses gen-
erated by the Kerr lens mode-locked oscillator are stretched, amplified, and then compressed again. The
combination of stretching, amplifying and compressing corresponds to the concept of the CPA technique
(first applied to an optical amplifier by Donna Strickland and Gerard Mourou ) and reduces the dam-
age risk related to nonlinear effects . Stretching before amplification can be achieved by dispersive
elements (e.g. optical glass as in the case of the Thales ALPHA kHz laser or a diffraction grating as in the
case of PHAROS PH2-20W laser). Compression of the pulse after amplification is possible by inducing
opposite dispersion (prism compressor or diffraction grating). The two essential components, oscillator
and amplifier, are explained in the following.

Oscillator:

In principle an oscillator consists of a cavity (technical implementation e.g. with chirped mirrors) which
also contains the population-inverted gain medium. The gain medium is usually pumped with continuous-
wave laser modules. In the cavity, a large number of longitudinal standing waves (modes) oscillate within
the bandwidth of the gain medium. To generate ultrashort pulses, a fixed phase relationship between
the modes must be established (mode-locking). As mentioned above, one possibility is the Kerr lens
mode-locking technique where a nonlinear Kerr medium is placed in front of an aperture in the oscillator

[16)

Amplifier:

Usually, as in the case of Thales ALPHA kHz (Ti:Sa) and PHAROS PH2-20W (Yb:KGW) solid-state
lasers, the amplifiers contain the same gain media as the oscillators (Ti:Sa and Yb:KGW crystal, respec-
tively) which are pumped by continuous-wave pump modules. Usually a Pockels cell is used to inject the
seed pulse from the oscillator into the amplifier and to extract the amplified pulse. Inside the resonator,
it is necessary that the pulse to be amplified experiences a gain over many round-trips. This is possible
either by a regenerative amplifier, where a Pockels cell is used inside the amplifier cavity and thus is
traversed by the pulse in each round-trip (considerable dispersion of higher-order is accumulated in each
round-trip) or by a multipass amplifier where the pulse to be amplified is guided along slightly different
paths through the gain medium and thus traverses the Pockels cell only at entry .

Two commercially available high-power femtosecond solid-state lasers used in this work are described

in [subsection 311
2.2.3 Dispersion control / pulse compression

In femtosecond laser systems it is important to be able to compensate for dispersion since the shortest
possible pulses require pulses with a constant spectral phase. For example, pulses accumulate spectral
phase during propagation in a medium, which must be compensated. In the case of CPA, the pulses are
intentionally stretched (inducing dispersion) to amplify the signal, and then compressed again. In the
following, two possibilities for dispersion control and pulse compression are presented: prism or grating
pairs and pulse-shaping by an AOPDF. Further possibilities would be e.g. chirped mirrors, Gires-Tounois
interferometers, liquid-crystal spatial light modulators or deformable-mirror pulse shapers, see and
for detailed descriptions.

Prism / grating compressor

Since transparent media lead to positive group delay dispersion, but in experiments often pulses with
minimum time duration (without chirp) are needed, it is necessary to compress the pulses with optical
systems. Systems that induce negative group delay dispersion can be based on angular dispersion of
prisms and gratings. The principle of building an optical system with prisms or gratings is based on the
first element providing angular dispersion and the second element recollimating the spectral components.
In the first element, different wavelengths will be deflected unequally, resulting in varying travel times for
the different wavelength components of the pulse before being recollimated in the second element. Using
two pairs of these elements, the original beam profile can be preserved, since the lateral displacement of
the spectral components (spatial chirp) of the two pairs can cancel out. This is demonstrated in the case
of a symmetric grating pair, as shown in [Figure 2| Prism and grating pairs are used for introducing pos-
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Figure 2: Schematic diagram of a grating compressor. It can be seen that different wavelengths are
unequally deflected, resulting in different travel times for the different wavelength components.

itive group delay dispersion (and third-order dispersion), called a stretcher, and for introducing negative
group delay dispersion (and third-order dispersion), called a compressor. For prism pairs, it should be
noted that when determining the total induced GDD and TOD, not only the angular dispersion but also
the contributions of the GDD and TOD induced by the glass itself should be taken into account.

The GDD and TOD introduced by the prism pairs depend on the wavelength-dependent refractive index,
the mean wavelength and the distance between the prisms. For grating pairs the introduced GDD and
TOD depend on the angle of reflection of the grating, the mean wavelength and the grating constant
(grating spacing). A method for calculating the GDD and TOD values based on these parameters is

provided in and .

Pulse shaper / AOPDF

Pulse shaping using an acousto-optic programmable dispersive filter (AOPDF) was developed for adaptive
compensation of group delay time dispersion in laser systems by Pierre Tournois . The design includes
a programmable acousto-optical cell where the principle is based on the acousto-optic interaction in an
anisotropic birefringent medium (e.g. TeOs crystal). Naftaly Menn defines the acousto-optic interac-
tion as the phenomenon that acoustic waves, which correspond to periodic variations of the density of the
medium, induce periodic variations of the refractive index affecting the propagation of electromagnetic
waves. An acousto-optical cell (or Bragg cell) is an optically transparent material that is acoustically
coupled to a transducer.

In an AOPDF, the acousto-optical longitudinal Bragg cell transfers the amplitude and phase modulation
of the acoustic wave directly to an optical diffracted beam by acousto-optical diffraction. For this purpose
an acoustic wave is generated by a transducer. The wave propagates with velocity v through the crystal
(in the direction of the light beam z) and spatially reproduces the temporal shape of the transducer
signal. It should be noted that the acoustic wave can be considered as fixed modulated grating when the
laser beam impinges on the crystal since the speed of light is orders of magnitude larger than the speed
of the acoustic wave v. In the case of phase-matching (momentum and energy conservation), two optical
modes (two polarizations) can be efficiently coupled by acousto-optic interaction. The phase-matching
conditions can be expressed as :

kdiff (wopt,diff) == kin (Wopt,in) + kac (wac)

Wopt,diff = Wopt,in T Wac

(2.12)

where (Kdifr, Wopt,diff ) (Kin, Wopt,in) and (Kac,wac) represent the wave vectors and angular frequencies of
the optical diffracted beam, optical input beam and acoustic beam, respectively. The optical input beam
is usually polarized parallel to the fast axis polarization of the birefringent crystal (mode 1). Locally
(at a certain position on the z-axis) there is only one spatial frequency in the acoustic grating, at which
only one optical frequency can be diffracted. At this position z(w) a part of the energy is diffracted
onto the slow axis polarization (mode 2). This means that each optical frequency w propagates a certain
distance in the crystal before the phase-matched spatial frequency is encountered in the acoustic grating.
The pulse leaving the device in mode 2 consists of all the spectral components diffracted at the different
positions z. This mode 2 pulse differs from the input pulse because the velocities of the two modes are
different (slow axis, fast axis) and thus each diffracted frequency experiences a different time delay. The
amplitude of each frequency component of the optical diffracted beam (mode 2) can be manipulated by
the acoustic power at the position z where the frequency is diffracted. The functionality of an AOPDF
is also illustrated in

As discussed, the optical diffracted beam is a function of the electric transducer signal, so with the right
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Figure 3: Simplified functionality of an AOPDF. An acoustic wave propagating in an anisotropic bire-
fringent medium induces periodic variations of the refractive index affecting the propagation of the input
pulse. The optical input beam is polarized onto the fast axis polarization of the birefringent crystal
(mode 1). Locally (at a certain position on the z-axis) there is only one spatial frequency in the acous-
tic grating, at which only one optical frequency can be diffracted. At this position z(w) a part of the
energy is diffracted onto the slow axis polarization (mode 2). This means that each optical frequency w
propagates a certain distance in the crystal before the phase-matched spatial frequency is encountered in
the acoustic grating. The output pulse consists of all the spectral components diffracted at the different
positions z. The output pulse (mode 2) differs from the input pulse because the velocities of the two
modes are different (slow axis, fast axis) and thus each diffracted frequency experiences a different time
delay. The figure shown is an adaptation based on the illustrations found in and .

choice of the temporal shape of this signal (and the spatial shape of the acoustic wave generated by it)
an almost arbitrary group-delay distribution as a function of frequency can be generated . In this
study, a WB-800 Dazzler AOPDF pulse shaper was utilized within a Thales ALPHA kHz laser system,
which is described in more detail in Eubsection 3.11

For a more detailed description of the operation, please refer to the literature , , and .

2.3 Nonlinear optics

Nonlinear optics describes phenomena in which a material system’s response (polarization density) to
an applied optical electric field has a nonlinear dependence on the strength of the optical field. For the
occurrence of nonlinear optical effects, high light intensities are needed to modify the optical properties
of a material system by the presence of light. In contrast to linear optics where the induced polarization
depends linearly on the electric field strength, in nonlinear optics the polarization P(t) is expressed as a
power series in the real field strength e(t) [4]:

P(t) = eolxVe(t) + xP2(t) + XD () +- - = PO + PO () + PO (1) + - (2.13)

where x(!) is the linear susceptibility, y(?) is the second-order nonlinear susceptibility, and x®) is the
third-order nonlinear susceptibility. The expressions P (¢), P(3)(t), and P®)(t) correspond to first-,

second-, and third-order nonlinear polarization, respectively. In[Equation 2.13] the expressions P(t) and
e(t) are scalar quantities.

In a more general case of nonlinear susceptibility, it is described as a tensorial complex quantity linking
the complex amplitudes of the electric field and polarization. The following conventions are adapted from
Boyd et al. [4] and Trebino et al. [§]. The vectorial electric field of an optical wave £;(t) (with Cartesian
components i = 1,2, 3) is described as the sum of different monochromatic plane waves with the spatially
slowly varying complex field amplitudes F;(w,,) and the carrier frequencies w,:

1 .
gi(t) = 3 Z Ei(wyp)e™ + c.c. (2.14)

The number n of different monochromatic plane waves with discrete frequencies w,, depends on the opti-
cal field considered. In order to describe all second-order nonlinear optical mixing processes, the optical
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field incident on the nonlinear medium can be described by two distinct frequency components . For
third-order nonlinear optical mixing processes, three distinct frequency components of the optical field
must be taken into account. The electric field is written as the product of a carrier sine wave and the
relatively slowly varying complex envelope function as in [Equation 2.1| and [Equation 2.2 Note that
in this description the spatial dependence (e~™T) is suppressed for reasons of simplicity and must be
considered for a complete description. The expression ’c.c.’ denotes complex conjugate.

For the case of second-order nonlinear polarization Pi(z) (t), the second-order susceptibility tensor Xg})c (wn+

Wi, Wn, Wi, ) Which relates the amplitude of the nonlinear polarization to the product of the field ampli-
tudes gives the following relation [4]:

Pi(wn +wm) *60 Z Z X”k j(wn) By (wp e nteom)t 4 e, (2.15)
(nm)

Here the indices ijk are the Cartesian components and the notation (nm) indicates that a summation is
performed over n and m where the sum w,, + w,, is fixed and w,, and w,, can each vary. Note that in the
notation used, as also employed by Boyd et al. , the values of w,, and w,, can be positive and negative,
whereby the value of w, can have a different sign than the value of w,,. Additionally, the notation
states that the electric field envelope for a negative frequency is equivalent to its conjugate complex
field envelope (E(—w;,) = E*(w,)) with both the frequency and k-vector being negative. As shown in
the product of the two input waves with frequencies w,, and w,, results in a contribution
to the nonlinear polarization oscillating with frequency w,, + wy, (both w, and w,, can assume positive
or negative values independently).

For the case of third-order susceptibility, the expression for the nonlinear polarization from
can be extended to [4]:

Pi(wo + wn, + wim)
7602 Z XZ?I)CZE wo Ek(wn)El( ) wotwn twm)t + c.c. (2~16)

jkl (mno)

This effect describes four-wave mixing, as three waves enter a nonlinear medium and a fourth wave is gen-
erated. Note that all the frequencies w,, w,, and w,, can assume positive or negative values independently.

It should also be noted that second-order nonlinear processes can only occur in non-centrosymmetric
crystals (crystals with no inversion symmetry) [4]. Third-order nonlinear processes can occur in cen-
trosymmetric and non-centrosymmetric media. An exact description of the nonlinear susceptibility is
possible using quantum mechanics, but some qualitative properties can also be obtained using a classical
model. In the classical picture, the electric field shifts the electrons in the medium, and the nonlinear
polarization due to the field-dependent susceptibility can be calculated on the basis of the anharmonic
oscillator model . In this model, the electrons of the dielectric medium are assumed to be held in
equilibrium by a potential well, where the potential well is quadratic in lowest order. Only at large field
strengths, where the electron is far from equilibrium, the deviation of the potential from a quadratic form
becomes noticeable.

There exist numerous nonlinear phenomena whereby for this work, the optical Kerr effect (see
and cross-polarized wave generation (see [subsubsection 2.3.2)) are of great relevance.

2.3.1 Second harmonic generation

One of the historically most important nonlinear effects is the second-harmonic generation (SHG) which
was discovered in 1961 by Franken et al. . This discovery is often associated with the beginning of
the field of nonlinear optics. Franken et al. guided ruby laser light into a quartz crystal and observed
the generation of radiation with doubled frequency. Powers describes the process as follows: The
induced polarization in a material by an optical field is important to understanding SHG. If nonlinearities
are included in the polarization expression, this allows that energy exchange from optical inputs at
different frequencies is possible. Thus, it is possible that optical fields with one frequency w can induce a
nonlinear polarization with a component with twice the frequency. The induced polarization oscillating
with twice the fundamental frequency drives a field that radiates energy of that doubled frequency
(=second-harmonic generation). Since SHG is a second-order nonlinear process, a non-centrosymmetric
crystal structure is required.

Second harmonic generation is a special case of sum frequency generation, where two input photons with
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the same frequencies w; generate a third photon with frequency ws = 2w;. Starting from
the amplitude of the nonlinear polarization can be expressed as [|4]:

Pi(wi + wr) *60 Zka (w1) Eg(w1)e'@Vt 1 ce. (2.17)

In the case that the input field polarization is along the x-axis, the result simplifies to:

Pi(wy +wq) = §€0X§mlE2( 1)elt 4 e (2.18)
For the sum frequency generation to occur efficiently, the phase-matching condition discussed in the fol-

lowing must be satisfied.

Phase-matching

In sum frequency generation the intensity of the generated field at frequency ws = w;y + wy (conservation
of energy) depends on the wavevector mismatch Ak = ki + ky — k3 (conservation of momentum). The
efficiency of the sum frequency generation decreases if the condition of perfect phase-matching Ak = 0 is
not satisfied (for a detailed derivation see [4]). Only a wavevector mismatch of zero (Ak = 0) corresponds
to the maintenance of a constant phase relationship between the interacting waves along the propagation
direction and consequently to a coherent superposition. The perfect phase-matching (Ak = 0) with
collinear beams can be written using the relation (k = m) between wave vector k, refractive index
n, angular frequency w, and speed of light in vacuum ¢y as:

n(wr)wi + n(we)ws = n(ws)ws (2.19)
For the case of second-harmonic generation (w7 = wy and w3 = 2w;) the equation reduces to:
n(wy) = n(2wq) (2.20)

Assuming that the incoming and outgoing beams are parallel and have the same polarization, and that
the refractive index n(w) increases with increasing frequency (normal dispersion), this equation cannot
be satisfied [4]. One way to fulfill the phase-matching condition is phase-matching by angle tuning.
This is based on the optical property of birefringence, the dependence of the refractive index on the
polarization direction of the light. Another possibility is noncollinear phase-matching where two partial
beams within the nonlinear crystal must cross at a certain angle. Further explanation and calculations
of the phase-matching condition can be found in |4] and .

2.3.2 Cross-polarized wave generation (XPW)

Cross-polarized wave generation is a third-order nonlinear optical process by four-wave mixing. It in-
volves the interaction between three incident waves, leading to the generation of a new wave at the same
frequency but with an orthogonal polarization component . When a linearly polarized input beam
enters the nonlinear crystal, the output signal consists of the (depleted) initial wave and a component
orthogonally polarized to it. This requires a medium with anisotropy of the third-order nonlinear sus-
ceptibility such as BaFy or YVO, [27]. In cubic crystals, a [001] orientation (z-cut crystal) or a [011]
orientation (holographic cut) is commonly used, with the holographic cut showing a higher conversion
efficiency in cross-polarized wave generation [|28].

Minkovski et al. provide a theoretical description of the efficiency of XPW generation. It is observed
that in addition to the input pulse energy, the efficiency of XPW generation also depends on the thick-
ness of the crystal, the orientation (periodic dependence of the efficiency on the crystal rotation), and
the anisotropy of the x®) tensor of the crystal. Note that these theoretical estimates predict an XPW
efficiency of at most 10%.

Starting from [Equation 2.16] the amplitude of the nonlinear polarization for the degenerate four-wave-
mixing process can be expressed as:

Pi(wr + w1 — wq) *60 Z [ngkl (w1)Eg(w1) By (—w )eiwlt
gkl

+ Xz(‘gg'l)clEj (w1)Eg(—w1)Ey (wl)ei“’lt
+Xz('?l)clEj<_w1)Ek(w1)El (w1)e Wlt} +ce.

(2.21)
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where the three involved field frequencies entering the nonlinear medium are wy, wy and —w; (respectively
the k-vectors are ki, k1 and—ky). The generated wave has therefore the same frequency as the input
signal. The k-vector of the generated wave corresponds to k; which is why this is a self-phase-matched
process.

The electric field envelope of a negative frequency as in the notation of corresponds to a
conjugate complex field envelope where its corresponding frequency and k-vector are both negative. Such
a third-order effect, where a k-vector is subtracted, is called a induced grating effect because the intensity
due to two beams exhibits a sinusoidal spatial dependence which then induces a sinusoidal modulation of
the properties of the medium, similar to a diffraction grating . Such a process can then be described as
the diffraction of the third beam (with negative frequency and k-vector) off the induced grating (Bragg-
grating).

In the case where two input beams are polarized in the y-direction, the diffracted third input beam is
polarized in the x-direction and considering only the ng;)yy component of the susceptibility tensor, the
result can be simplified to:

1 )
Pelwis +wyp —wy) = geoxgg)nyx(—wl)Ei(wl)e“"lt + c.c. (2.22)

Simplified, omitting the polarization direction and frequency, the nonlinear polarization of the third-order
frequency-degenerate nonlinear XPW effect can thus be expressed as in :

PO(t) o« xDE()2E(t) + c.c. (2.23)

The generated field is proportional to P®), so the generated XPW field Expw(t), depending on the
fundamental input field Er(t), can be written as [29]:

Expw(t) X ‘EF(t)‘ZEF (t) (224)

As previously stated, the generated XPW field Expw(t) is polarized perpendicular to the fundamental
input field Er(t), allowing for easy separation from the incident beam.

Temporal filtering characteristic

Cross-polarized wave generation is a third-order nonlinear optical effect that occurs only at very high
intensities. This results in a temporal filtering property (for pulses with only one prominent temporal
intensity peak) that shortens the generated XPW signal in time, which can also be seen in
The pulse duration of a fundamental pulse Er to generate the XPW signal has therefore a longer duration
than the generated XPW pulse Fxpw. This also means that the spectral phase of the XPW pulse is
flattened and the spectrum is broadened which is due to the time-bandwidth product. Jullien et al.
showed a possible pulse duration shortening up to a factor of v/3.

It is observed that for large values of GDD or higher-order dispersion of the fundamental pulse, the
temporal filtering property mainly flattens the phase of the XPW pulse and broadens the spectrum only
slightly (example shown in b). For small values of GDD or higher-order dispersion where the
phase is already relatively flat, the temporal filtering property mainly means a broadening of the XPW

spectrum (example shown in a) and c).

2.3.3 Optical Kerr effect
The optical Kerr effect is described by the intensity-dependent refractive index [26]:

n:n0+n21:no+%|E\2 (225)
where ng corresponds to the linear (weak-field) refractive index, I is the light intensity, E' is the electric
field and ns is a positive coefficient (for a self-focusing medium). The nonlinear index ny depends on the
linear refractive index and the third-order nonlinear susceptibility y(*) (derivation in Powers ) The
Kerr effect is also known as the quadratic electro-optic effect since the refractive index is proportional to
the square of the electric field of the incident light itself. This means that in this electro-optic effect, the
field of the incident light itself is responsible for the change in the refractive index and no external field
is required for this effect to occur. The Kerr effect is the basis for the Kerr-lens mode locking method,
which is an important method for generating ultrashort pulses, see [subsubsection 2.2.1] In addition, the
nonlinear optical effects of self-focusing and self-phase modulation are due to the Kerr effect.
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Figure 4: The spectra (FWHM = 28.8 nm, center wavelength = 800 nm) and spectral phases for fun-
damental pulses with different spectral phases and the corresponding generated XPW pulses are shown.
The generated XPW pulses can be calculated by utilizing the relation specified in A
spectral broadening and flattening of the phase of the generated XPW pulse can be seen due to the
temporal filtering property of XPW. a) Slightly chirped fundamental pulse (GDD = 100 fs?). Mainly
a broadening of the XPW spectrum can be observed. b) Chirped fundamental pulse (GDD = 600 fs?).
Mainly a flattening of the spectral phase of the XPW pulse can be observed. ¢) Fundamental pulse with
third-order dispersion (TOD = 3000 fs®) and the corresponding XPW pulse.
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2.4 Pulse-measurement methods

As mentioned in the introduction, the full characterization of a pulse requires measuring the time-
dependent intensity and phase of its electric field (or its spectrum and spectral phase). This cannot
be achieved using electronic light detectors alone, as they have limited time resolution. Instead, pulse
characterization techniques rely on nonlinear optical effects. There are various methods available for
pulse characterization, and this section highlights some of the most commonly used ones such as autocor-
relation, frequency-resolved optical gating and spectral interferometry. In this work, the characterization
of two femtosecond lasers is achieved through the use of self-referenced spectral interferometry (SRSI).
Consequently, a comprehensive discussion of this method is provided, including the treatment of an
additional incoherent component in the laser output signal.

2.4.1 Autocorrelation

One of the earliest ultrashort-pulse measurement techniques is autocorrelation, where the intensity of the
pulse versus time can be measured. The input pulse is divided into two pulses, which are recombined in
a non-linear medium (e.g. SHG crystal). One of the partial pulses is delayed variably in time (delay 7)
before the recombination. When using an SHG crystal, the intensity of the generated field is proportional
to the product of the intensities of the two partial pulses Isnc(¢,7) o< I(¢)I(t — 7) [8]. Detectors are too
slow to resolve the time dependence of the signal Ispg(t, 7), which is why the measurement records the
time integral (autocorrelation) [8]:

A7) = / T W -t (2.26)

— 00

The autocorrelation contains information about the pulse length since no second harmonic generation
will occur if the pulses don’t overlap in time. With this method, the phase cannot be determined, and
the phase-matching-bandwidth condition requires a thin SHG crystal, resulting in a weak SHG signal
and poor measurement sensitivity [30].

2.4.2 Frequency-resolved optical gating (FROG)

FROG is an advanced technique that measures the intensity and phase of a pulse invented by R. Trebino
et al. . In a FROG system, the femtosecond pulses are divided into two replicas each. One of
the replicas is time-delayed compared to the other and then spatially overlapped in a nonlinear medium
to produce higher harmonics. The spectrum of these higher harmonics is measured, together with the
locally resolved time delay between the superimposed beams .

The special feature of the FROG method is that the ultrashort pulse measurements are not performed
purely in the time domain (autocorrelation) or the frequency domain (spectrum) but in a hybrid do-
main, the time-frequency domain . So the measurements are simultaneously resolved in the time and
frequency domain. This means that FROG analyzes the spectrum of a standard autocorrelation output.
So instead of measuring the signal energy versus the delay as in an autocorrelator, FROG measures the
signal spectrum versus the delay . A phase-retrieval algorithm allows for determining the temporal
pulse intensity and phase from this signal.

In a FROG setup, depending on the design, up to five or more degrees of freedom are involved, which
makes the alignment of the setup difficult .

There are several variants of FROG based on different nonlinear optical processes. The most common
geometry is the second-harmonic generation FROG. There also exist third-harmonic generation FROG
geometries. Third-order FROG geometries include the Polarization Gating, Self-Diffraction, and Tran-
sient Grating FROG techniques. For a detailed description of all subgroups see Trebino et al. .

2.4.3 GRENOUILLE

GRENOUILLE (grating-eliminated no-nonsense observation of ultrafast incident laser light e-fields) is one
of several techniques for measuring femtosecond pulses and determining the full electric field described by
pulse intensity and phase. Pulse measurements with high accuracy and real-time capability (single-shot
measurements) are possible with this technique . GRENOUILLE is a specialized, simple setup of the
frequency-resolved optical gating (FROG) method. As with FROG, a phase-retrieval algorithm allows
for determining the pulse intensity and phase versus time from the measured signal.

A conventional FROG setup corresponds to a frequency-resolved autocorrelator, where the autocorrelator
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is a complex, expensive and alignment-sensitive setup. GRENOUILLE simplifies the setup by replacing
the beam splitter, the delay line and the beam combining optics with a Fresnel biprism. In addition, a
thick nonlinear crystal is used to obtain a stronger signal and to spectrally resolve the autocorrelation
signal due to the small phase-matching bandwidth [34].

2.4.4 Spectral phase interferometry for direct electric-field reconstruction (SPIDER)

SPIDER is a self-referencing interferometric method to perform full intensity and phase measurements
of ultrashort pulses first proposed by C. Iaconis and 1. Walmsley ﬂgﬂ In their original proposal ﬂgﬂ, the
principle is as follows. Two replicas of the pulse to be characterized are separated by a certain time
delay. This pulse pair is superimposed with a stretched pulse in a nonlinear medium, which generates the
sum frequency. The stretched pulse is derived from the input pulse and undergoes significant temporal
broadening when passed through a highly dispersive optical element, such as a block of glass or a pair of
diffraction gratings. Due to this high chirp, each frequency component of the pulse appears at a different
time. The two temporally separated pulse replicas of the pulse to be characterized are thus mixed with
a different temporal (and also spectral) component of the stretched pulse. Because the stretched pulse
is highly chirped, this corresponds to a mixing of a replica pulse with a quasi-monochromatic frequency.
This sum-frequency mixing in the nonlinear medium results in two pulse replicas which are frequency
shifted and spectrally sheared. The sum-frequency signal is analyzed by a spectrometer. The generated
spectral interferogram of the frequency-converted and spectrally sheared pulse pair is recorded, whereby
the intensity Jix(w) can be written as [9):

In(w) = |E(w) + E(w — Q)(fi‘”|2
| [BW)|e= @ 4 [B(w — Q)|e=i¢@-D—ivr |’ (2.27)
= [E()]? +|BEw — Q) + 2|B(w)E(w — Q)| cos (¢(w) — p(w — Q) —wr)

E(w) is the first unknown upconverted field, E(w — ) is the second unknown upconverted field (shifted
by spectral shear ), 7 is the time delay, and ¢(w) is the spectral phase. In contrast to FROG, the
phase-retrieval algorithm to determine the phase from the interferogram is noniterative and requires only
two one-dimensional Fourier transforms ﬂgﬂ The third term provides the spectral phase as the phase
difference between spectral components separated by the shear €2, modified by the term wr, which arises
due to the delay T between the two upconverted fields E(w) and E(w — Q) [9].

2.4.5 Spectral interferometry (SI)

Spectral interferometry (SI) or interferometry in the frequency domain was first introduced in the 1970s
by C. Froehly et al. . The operation is based on the interference between an unknown signal F(t)
and a reference signal with known electric field E,.;(¢). The two time-delayed signals with delay 7 are
collinearly fed into a spectrometer, where the measured spectrum can be described as follows [§]:

In(w) = |Ereg(w) + E(w)e ™72
= Vs @le e 4 (e #eien| 229
= [Eref (W) + [E(W)? + 2| Erep (W) E(w)] c0s (¢ref (@) — dp(w) — wT)

E,c;(w) and E(w) are the electric fields of the reference and unknown signals, ¢re;(w) is the spectral
phase of the reference signal, ¢(w) is the spectral phase of the unknown signal, 7 is the time delay, and
w is the angular frequency. The measured SI interferogram thus consists of the two individual spectra
of the reference and the unknown signal and an interference term which depends on the phase difference
¢ref(w) — @(w) and the delay 7. The crucial point in SI is that the electric field or intensity and phase of
the reference pulse must be known and must not correspond to the unknown pulse itself, otherwise the
spectral phase cancels out in the interference term. Also, the spectrum of the reference pulse must be
broader than that of the unknown pulse to allow a correct characterization.

The assumption of an ideal reference pulse, represented by a Dirac-d-pulse d(t), implies a pulse with an
infinitely broad spectrum of constant intensity and a constant phase. Consequently, the bandwidth of
the amplitude of the cos-modulated interference term (2|E,e;(w)E(w)| cos (¢rer(w) — ¢(w) —wT)) would
correspond to the spectral bandwidth of the pulse to be determined, while the argument of the interference
term (taking into account the modulation wr) would correspond to the spectral phase.
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One way to generate a reference pulse with a known spectral phase and a broader spectrum than the
unknown pulse for pulse characterization using SI is the self-referenced spectral interferometry technique
described below.

2.4.6 Self-referenced spectral interferometry (SRSI)

SRSI is a femtosecond pulse characterization technique to determine the spectral amplitude and phase
originally developed by Oksenhendler et al. . SRSI is based on spectral interferometry, where the
reference pulse is self-created from the pulse to be characterized. The self-created reference pulse results
from pulse shaping optimization and non-linear temporal filtering. The pulse shaping optimization is
achieved by an acousto-optic programmable dispersive filter. The non-linear temporal filtering is achieved
by a frequency-conserving non-linear optical effect (e.g. cross-polarized wave generation).

By generating a reference pulse with a known spectral phase and wider bandwidth than the pulse to be
measured, it is possible to perform the measurements by spectral interferometry. This method is linear,
analytical, accurate and therefore simplifies the measurement setup and algorithm in contrast to other
techniques like FROG or SPIDER [10].

In this work, this technique is used to characterize the pulses of two femtosecond laser systems, which is
why a detailed discussion of the SRSI design and algorithm is given below in

2.5 Theory of SRSI

This chapter describes the method proposed by Oksenhendler et al. for pulse characterization using self-
referenced spectral interferometry (SRSI) |10], which provides a description of the full electric field of
an ultrashort pulse. In addition to explaining the setup, functionality, and characterization procedure,
the chapter also covers an extension of the SRSI technique that incorporates an incoherent laser output
component.

SRSI represents an extended version of spectral interferometry (SI), where SI operates on the princi-
ple of using two collinear pulses, a known reference pulse and an unknown, fundamental pulse to be
characterized. These pulses are temporally delayed and interfere with each other. In the case of SRSI,
this reference pulse is self-created. To determine the phase and amplitude of the fundamental pulse, it
is essential to have knowledge of the amplitude and phase of the reference pulse. In order to measure
the phase and amplitude of the fundamental pulse accurately, it is necessary for the reference pulse to
possess a broader spectrum compared to the input fundamental pulse. Without this condition, the phase
of certain frequencies cannot be measured . Furthermore, to ensure accurate pulse characterization
using SRSI, it is crucial for the reference pulse to have a flat spectral phase. The generation of the self-
created reference pulse in SRSI involves two main steps: pulse shaping for reference pulse optimization
(using an acousto-optic programmable dispersive filter, prim or grating compressor) and the utilization
of the frequency-conserving non-linear optical effect known as cross-polarized wave generation. The pulse
shaping (phase flattening) is performed within the laser system itself, prior to the SRSI setup, thus af-
fecting both the fundamental pulse being determined and the reference pulse. As the spectral phase of
the fundamental pulse is altered in this process, it becomes necessary to deduce the phase of the original
fundamental pulse before the pulse shaping process. The spectral phase introduced to achieve an output
with a flat phase yields the initial spectral phase to be measured . In many cases, including this
thesis, a flat phase of the fundamental pulse is desired to obtain the shortest possible pulse duration,
eliminating the need for determining the initial spectral phase of the pulse.

In the experimental setup, the beam follows a specific sequence of optical elements. These elements
include: first polarizer, calcite plate (retardation plate), first focusing lens, XPW crystal, recollimating
lens, second polarizer, second focusing lens and spectrometer. A schematic representation of the experi-
mental setup with its optical elements as well as the changing amplitudes and polarizations of the pulses
after passing through the respective elements is shown in The input pulse is approximately
vertically polarized using the first polarizer, whereas the laser output beam itself is already approximately
vertically polarized. Using the calcite plate and its birefringent property, a replica pulse is generated.
The optical axis of the retardation plate is parallel to the crystal’s front surface and therefore perpendic-
ular to the direction of incidence of the input beam but slightly rotated with respect to the polarization
direction of the input beam. The dependence of the refractive index on the polarization leads to a time
delay and the splitting of the input pulse into two partial pulses with polarization perpendicular to each
other. The delay between these pulses corresponds to the time 7. By rotating the calcite plate and thus
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Figure 5: Schematic representation of the optical elements in SRSI setup and the changing amplitudes and
polarizations of the pulses after passing through the respective elements. The interference between the
fundamental pulse Er and the XPW pulse Fxpw with time delay 7 is then measured by a spectrometer.
P1: first polarizer; CP: calcite plate; FL1: first focusing lens; BaFs: XPW crystal; RL: recollimating
lens; P2: second polarizer; FL2: second focusing lens; S: spectrometer;

changing the orientation of the optical axis, the ratio of the intensities between the beams polarized par-
allel and perpendicular with respect to the optical axis can be changed. The optical axis is rotated only
a few degrees with respect to the polarization direction of the input beam. Thus, the vertically polarized
partial pulse has a higher intensity than the horizontally polarized pulse The stronger, vertically polar-
ized pulse exiting the calcite plate Er jnput serves as input pulse for the XPW generation. The weaker,
horizontally polarized wave exiting the calcite plate corresponds to the unknown fundamental pulse Ep
to be characterized, which is shifted by the time 7 compared to the pulse E¥ jnput. Since the optical axis
corresponds to the slow axis, the pulse Er precedes the pulse Ef inpys. The first focusing lens is used
to focus the beam into the BaFy crystal, ensuring a sufficient intensity for XPW generation. Since the
input pulse EF input is stronger than the pulse Er, it is possible to obtain a horizontally polarized XPW
signal Expw generated in the XPW crystal which has an intensity similar to the fundamental pulse Fp.
Due to the similar intensity of the reference pulse and the fundamental pulse, it is possible to generate a
well measurable interference signal. This implies that after the XPW crystal, there are two horizontally
polarized components: a pulse Er to be determined, and a time-delayed reference pulse Expw. The
reference pulse has a broader spectrum and a flatter phase due to the temporal filtering property of
XPW generation. After the BaFy crystal, the diverging beam is collimated with a recollimating lens
and all vertically polarized pulses are blocked by a second polarizer. The beam is then focused into
a spectrometer using a second focusing lens, where the interferogram Ijn(w) of the two pulses Er and
FExpw is recorded.

As in spectral interferometry, the measured signal I1n(w) can be expressed as :

Iin(w) = |Expw (w) + Ep(w)e”™7|?

, , 2
= || Expw (w)|e71xPW @) 4| Bp(w)|et0r (@) gmiwr

(2.29)
= So(w) + 2| f(w)]| cos (pxpw (W) — ¢r(w) —wT)
= So(w) + F@)E™T + F(w)e T
with the interference term between the unknown and the reference pulses:
f(w) = Expw(w)Ep(w) = | Expw (w)]e” W - | Ep (w)[e"#F (2.30)
and the sum of the spectral intensities of the pulses:
So(w) = |Expw(w)]* + |Er(w)[? (2.31)

Note that the term e“7 corresponds to the interference of the signal seen in the interferogram I (w),
where successive peaks are separated by the distance Aw = 27/7.

In the following the algorithm is presented how the amplitude and phase of the fundamental pulse can
be determined from the measured interferogram.

2.5.1 Pulse characterization procedure / SRSI algorithm

For the estimation of the spectral phase and amplitude of the unknown, fundamental pulse based on
the measured interference signal I1n(w), a similar procedure is followed as in and [36]. The steps
necessary to achieve this are discussed in this chapter.
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Processing of the measured signal

Usually the measured interferogram Ijn(A) is recorded by the spectrometer in the wavelength domain
(data points with intensity and wavelength information). By the relation f = ¢/\, with the frequency
f, speed of light ¢ and wavelength A, the interferogram can be represented also in the frequency domain
Iin(w). A typical interferogram of a femtosecond pulse is illustrated in To perform a Fourier

a) Interferogram fy(w) b) Fourier transformed interferogram FT~*{/y(w)}
1.00 1.00 ]
0.75 1 0.75 1
z z
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Figure 6: Typical interferogram and its Fourier transform for a femtosecond pulse, whereby the fun-
damental pulse has a center wavelength of 800 nm. The intensities of the fundemental and the XPW
pulse were assumed to be equal. a) Intensity I1n(w) of the interferogram. b) The temporal signal I1n(t)
corresponds to the Fourier transformed signal of Itn(w) consisting of the sum term Sy (¢) (peak centered
around ¢ = 0) and the interference terms f(t + 7) (peaks centered around ¢ = +7).

transform of this spectrum using the fast Fourier transform algorithm, the intensities must be equidis-
tantly distributed. Since this is not the case, the data points are linearly interpolated. Thus, it is possible
to display the intensities of the interferogram in the frequency domain with an equidistant step size. The
step size must be smaller than the smallest distance between two data points of the raw data.

The step size (pixel spacing) can be described in terms of a frequency interval Af, or a wavelength
interval A)X. In this context, Af can be expressed as a function of A\:

_ %
D

C

Af -5

- AN (2.32)

Ai

where c is the speed of light and \; is the wavelength under consideration.

Analogously, the following relation is valid for the wavelength interval A\:

dX ¢

A= —| ‘Af=——

df |, 7

where f; is the frequency under consideration. Note the relation w = 27 f when performing calculations
involving angular frequency.

Af (2.33)

Extracting the sum term and the interference term

The signal I1x(w) is composed of a sum term Sp(w) and an interference term f(w) (see [Equation 2.29)).
In the following, it is discussed how the terms Sp(w) and f(w) can be extracted from the measured signal.
The measured signal I1n(w) is transformed from the frequency domain to the time domain by an inverse
Fourier transform, as illustrated in and can be expressed as:

FT HIn(w)}(t) = So(t) + f(t — 1)+ f*(t+7) (2.34)

The first term Sy(¢) corresponds to the sum of the field autocorrelation functions of each pulse and is
therefore centered around ¢ = 0 [10]. The terms f(¢t —7) and f*(¢+7) are the cross-correlation functions
shifted by 7 [10]. They are centered at ¢t = 7 and ¢ = —7. The functions f(t — 7) and f*(¢t + 7) are
symmetrically mirrored about ¢ = 0 and contain the same information, so in the following only f(t — 7)
is considered. The peaks Sy(t) and f(t — 7) are separated by the time delay 7, which corresponds to the
delay of the replicate pulse through the calcite plate. The delay 7 is proportional to the thickness of the
calcite plate. It is important that the delay 7 is large enough to separate the peaks properly. If the peaks
do not overlap, it is possible to extract So(t) and f(t — 7) (or f*(¢ + 7)) from the temporal signal using
a window function. For the choice of the window function, for example, a fourth-order super-Gaussian
function with a width of half the gap between Sp(t) and f(¢ — 7) (corresponding to half the time delay
between reference pulse and fundamental pulse 7/2) is suitable, see . The super-Gaussian window of
order four is defined as exp[—((t — 7)?/(20?))*] with the window width o, time ¢ and time shift 7.
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By Fourier transform of the separated signals Sy(¢) and f(t — 7) the signals Sp(w) and f(w)e™™ can
be obtained. When performing the transformation of f(t — 7) in practice, the signal is centered around
t=0.

Calculating amplitudes of fundamental and reference pulse

With the equations [Equation 2.30] and [Equation 2.31] it is possible to find expressions for the absolute
values of the amplitude for the reference pulse |Expw(w)| and the fundamental pulse |Ep(w)| [10]. As-
suming that the XPW spectral components are more intense than input pulse ones at each frequency the
analytical expressions are given by:

| Expw (w

(w% )+ 20 @)+ V/Solw) — 217 )] (2.35)

1
3
B (w ;( )+ 2@ - V/5o(w) — 21/ (236)

If the input pulse spectral components at each frequency are more intense than those of the XPW signal,
the analytical expressions for the amplitudes of the reference pulse |Expw(w)| and the fundamental pulse
|Er(w)| are:

[Expw ()] = 5 (Volw) + 2@ - V/Solw) ~ 217 (2:37)

| B (w *(\/50 )+ 20 ()] + /Solw) — 2If )] (2:38)

The obtained amplitudes are only accurate if the measured interferogram is well-resolved and the interfer-
ence term f(w) can be precisely determined. Therefore, the spectrometer must have a sufficient resolution.

Alternativeley, the XPW spectrum and the fundamental spectrum can be measured separately (each
signal is measured independently without interference from the other signal, achieved by modifying the
experimental setup accordingly, see . Because the magnitudes of the separately measured
intensities of the XPW spectrum I¥py (w) and the fundamental spectrum I (w) do not match the mag-
nitude of the intensities of the two signals during the SRSI measurement, they must be scaled. This is
possible by fitting the sum of the two intensities multiplied by a scaling factor to the sum term Sp(w)
(Equation 2.31)) obtained from the interferogram:

So(w) = prw(w) + IF(W) = CXPW * .[)]gpw(w) +cF - Ilgd(w) (239)

The superscript "M’ refers to the fact that it is a directly measured spectrum. The coefficients expw
and cp are determined using a least-squares routine (by a Python SciPy routine). For this the following
integral is minimized:

/ |So(w) — CXPW - I%PW(M) —cp - Ig/[(w)| dw (2.40)
Or in the discrete case the following sum is minimized:
N
Z |(S0)i — expw - (Ixpw)i — cr - (Ip1):] (2.41)
i=0

The absolute values of the amplitude for the reference pulse | Expw (w)| and the fundamental pulse | Er(w)]
can thus be written as:

|Expw(w)| = \/expw - IRy (W) (2.42)
1B ()] = \er - 12 (w) (2.43)
Calculating the spectral phase

With the interference term f(w) = Expw(w)Efi(w) (see [Equation 2.30) the following relation can be
established:

arg[f(w)] = ¢r(w) — dxpw(w) (2.44)
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with the spectral phases of the reference pulse ¢xpw(w) and the fundamental pulse ¢p(w).

If the spectral phase of the generated reference pulse is assumed to be nearly flat this corresponds to
a constant phase ¢xpw(w) = constant. This means that in this approximation the argument of the
spectral interference term arg[f(w)] is set equal to the spectral phase of the fundamental pulse ¢r(w)
(neglecting the constant phase term), which simplifies the equation to:

¢r (w) = arglf(w)] (2.45)

Thus, using [Equation 2.36] and [Equation 2.45] the fundamental pulse can be fully characterized to a first
approximation, since both amplitude |Fr(w)| and phase ¢r(w) have been determined. This approxima-
tion is accurate in case of a completely flat phase of the reference pulse. Since the phase of the reference
pulse is flatter than that of the fundamental pulse due to XPW generation, but not completely flat, the
phase determined by arg[f(w)] is only an initial estimate.

Consideration of a non-constant spectral phase of the reference pulse:

Until now, a flat phase of the reference pulse has been assumed for determining the phase of the unknown,
fundamental pulse. This is only a good approximation for the characterization of pulses with small dis-
persion. In general, the reference pulse has a non-constant phase, which can be taken into account as in
the following iterative algorithm for determining the phase of the fundamental pulse (also illustrated in
[Frgure 7).

The fundamental pulse Ex(w) is described by the amplitude | Ep(w)| (see [Equation 2.36) and the spectral
phase ¢r(w) which is estimated in the first iteration step with ¢r(w) = arg[f(w)] (as in equation
tion 2.45). Using an iterative algorithm considering the phase of the reference pulse, the phase ¢p(w)
will be determined more accurately.

For this purpose, the reference pulse is approximated by the expression Expw (t) o< |Er(t)|> Er(t) (Equa]
, whereby the expression Fr(t) is calculated by Fourier transform of Ep(w). By inverse
Fourier transform of Expw(t), the spectral phase of the reference pulse can be obtained ¢xpw(w) =
arg[(FT{Expw(t)})]. The obtained phase ¢xpw(w) can thus be used to calculate a new estimate for
¢r(w) using equation The phase ¢p(w) is used in the next iteration step to compute a
new estimate of Ep(w). This new estimate of Fr(w) in turn provides a more accurate estimate of the
phase of the reference pulse. This iterative process is continued until convergence. The iteration steps
until convergence depend, among other things, on the strength of the dispersion of the input pulse and
are approximately in the range of 10° to 102.

In the iterative calculation of Expw/(t), linear spectral phase may accumulate . A linear spectral
phase corresponds to a shift of the pulse in the time domain. Therefore, this problem is easily fixed by
centering the pulse Expw (t) around t = 0 after each calculation.

It is important to note that the spectral phase is meaningless for an intensity of the pulse equal to
zero. This means that the calculation of the spectral phase is meaningful only in a wavelength range
where the intensity has a value larger than zero. The calculation of the phase in the following is always
performed only for a range in which the intensity is larger than 5% of the peak intensity.

Phase flattening

To achieve the highest accuracy when determining the amplitude and phase of the fundamental pulse it
is essential to have a reference pulse with an almost flat spectral phase across the entire spectrum. The
criterion for a good approximation of the spectral phase for the fundamental pulse by ¢r ~ arg[f(w)] is
that the spectral phase of the reference pulse is completely flat. This can be achieved by e.g. an AOPDF
pulse shaper, prism or grating compressor.

Due to the temporal sharpening of the XPW effect, the chirp can be minimized by maximizing the band-
width of the generated XPW signal while manipulating the second-order dispersion of the fundamental
input pulse by a dispersion compensation device (e.g. grating compressor or AOPDF). Thus, an initial
compression of the reference pulse can be achieved because the reference pulse (and also the fundamen-
tal pulse) is now approximately chirp-free. Another possibility is to determine the spectral phase and
dispersion terms of the fundamental pulse using the SRSI algorithm and compensate for the dispersion
based on these findings.

If a flat phase of the fundamental pulse is determined by the SRSI algorithm, this corresponds with high
accuracy to the actual phase, since the reference pulse has an even flatter phase due to the property of
temporal filtering of the XPW effect.
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First estimation of phase ¢p(w):
or(w) ~ arg[f(w)]

I
Calculate phase of reference pulse oy pyy(w):
Ep(w) = |Ep(w)]er®)
Ep(t) = FT '[Er(w)]
Expw(t) < |Ep(t)*EF(t)
Shift Ex pw () to t = 0 to avoid accumulation of linear spectral phase
Expw(w) = FT[Expw(t)]
dxpw(w) = arg[Ex pw(w)]

!

Improved phase ¢p(w):
or(w) = arg[f(w)] — dxpw(w)

Use the improved phase ¢p(w) for next iteration

Convergence?

Corrected phase ¢p(w) has been retrieved. |

Figure 7: Tterative algorithm for determining the phase of the fundamental pulse ¢p(w). In general, the
reference pulse has a non-constant phase ¢xpw(w), which can be taken into account as described in this
flowchart to obtain a better estimate for the phase of the fundamental pulse.

Since dispersion compensation is performed by the AOPDF or grating compressor within the laser sys-
tem, it is crucial to consider the phase changes introduced by these dispersion compensation devices to
accurately determine the original pulse’s phase (phase before dispersion compensation).

Temporal amplitude and phase

By inverse Fourier transform, the electric field of the pulse in the time domain can be calculated from
the amplitude and phase in the frequency domain. From the obtained temporal amplitude an estimation
of the pulse duration can be made (FWHM of the intensity). Due to the carrier frequency (average
frequency of the pulse wg) the temporal phase has a large linear part, which is why in the literature the
carrier wave e’ is often excluded from the description of the pulse.

2.5.2 SRSI with consideration of an incoherent component

So far, the analytical description of SRSI, as originally proposed by Oksenhendler et al. , has been
presented without considering an incoherent part of the laser output signal. The influence of an incoherent
component, specifically the ASE signal, which is particularly important for ultrashort pulse lasers, is
discussed in this section. It is important when considering ASE that has to be extended.
Considering the incoherent component I4sg(w), the following relation now holds:

In(w) = |Ease(W)]? + |Expw(w) + Ep(w)e ™72 = Sp(w) + f(w)e™T + f*(w)e T (2.46)
with the unchanged interference term between the unknown and the reference pulses:
f(w) = Expw(w)Eg(w) (2.47)
and the sum of the spectral intensities of the pulses including the intensity of the ASE signal:

So(w) = |Basp(w)® + | Expw (@)[* + [Ep(w)[® (2.48)

When considering an incoherent component, [Equation 2.35|to [Equation 2.38|are no longer valid, so Iy (w)
and Ixpw(w) cannot be calculated exactly with these formulas. Therefore, the XPW spectrum and the
output spectrum corresponding to the fundamental spectrum, including an incoherent component, are
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measured separately (each signal is measured independently without interference from the other signal,
achieved by modifying the experimental setup accordingly, see . Because the magnitudes
of the separately measured intensities of the XPW spectrum (I{by (w)) and the laser output spectrum
(IM, (w) = Ir(w) + Iase(w)) do not match the magnitude of the intensities of the two signals during
the SRSI measurement, they must be scaled. This is possible by fitting the sum of the two intensities
multiplied by a scaling factor to the sum term Sp(w) (Equation 2.48]) obtained from the interferogram
[38]:

So(w) = Tasp(w) + Ixpw(w) + Ir(w) = expw - I)%W(W) +cra - II],L/IA(W) (2.49)
The superscript "M’ refers to the fact that it is a directly measured spectrum. The coefficients cxpw and
cra are determined using a least-squares routine (by a Python SciPy routine). For this the following
integral is minimized:

/ 1S0(w) — expw - oy () — ca - T ()] do (2.50)
Or in the discrete case the following sum is minimized:
N
D [(So)i — expw - (IXpw)i — cra - (I14)i (2.51)
i=0

Using [Equation 2.47} the intensity Ir(w) can be expressed as:

Io) = @ I 52)

Ixpw(w)  expw - Iy (w)

Since the intensity of the laser output Ip4(w) is composed of the coherent part Ip(w) and the incoherent
part Tasg(w), the intensity I4sp(w) can be expressed as follows:

IASE(W):IFA(OJ)—IF(OJ):cFA-IIJyA(w)—M (2.53)

expw - Ixpw (w)
Thereby the intensity Ir(w) is calculated as in [Equation 2.52

An alternative calculation of the intensity Issp(w) can be derived from [Equation 2.48] After trans-
forming the equation and using [Equation 2.52] I4sg(w) can be expressed as:

IASE(LU) = So(w) — Ip(w) — IXpw(w) = So(w) — C)Q:)V\l/:f(;z/{lm]v(w) — CXPW * I%;W(w) (254)

The expressions for calculating the ASE intensity have also been obtained in this form by Iliev et al. .

If the incoherent ASE component is taken into account, the analytical formulas for calculating the coher-
ent component of the laser output signal and the XPW signal as in
are no longer valid. This is due to the fact that the sum term Sy(w) has to be extended by the incoherent
part Tasg(w). If the calculation is carried out, solutions for the coherent part of the laser output signal
and the XPW signal can be found using [Equation 2.47] and [Equation 2.48] These contain the term for
the ASE signal which must be known or determined as described before.

Assuming that the XPW spectral components are more intense than input pulse ones at each frequency
and considering ASE, the analytical expressions for the amplitudes | Expw(w)| and |Er(w)| are given by:

| Expw (@ (\/sO ~ Tasel@) + 20T @)+ VSo(w) — Lasp@) — 2Af@))  (255)

1B ()] = 5 (VEo(@) ~ Tasp(@) + 27 (@)] ~ V/Solw) — Tasu(@) — 217()]) (2.56)

If the input pulse spectral components at each frequency are more intense than those of the XPW signal,
the analytical expressions for the amplitudes |Expw(w)| and |Er(w)| are:

Expw ()| = 5 (VEolw) ~ Tasp(@) + 207@)] - Vo) ~ Lase@) — 2 @) (257)

B (@) = 5 (VEolw) ~ Tase(@) + 2A7@) + V5o(w) ~ Tass(@) — 27 @)]) (2.58)

This allows a comparison of the results for the calculated intensities of the laser output signal and the
XPW signal with and without consideration of an incoherent component.
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3 Method

The following sections outline the experimental and theoretical approaches and methods employed in this
work. A detailed description of the equipment specifications, including laser systems, spectrometers, and
optical components utilized in the experimental setup will be provided. Furthermore, an estimation for
the required calcite plate thickness is performed. The procedure for data acquisition and the description
of the spectra measurement will be outlined, along with an explanation of the software used for data
processing and evaluation.

3.1 Equipment

The equipment used in the experiments includes, in addition to the actual SRSI setup, two femtosecond
solid-state laser sources and two types of spectrometers. An overview of these lasers and spectrometers,
along with their respective specifications, is provided below.

Ti:Sa laser - Thales ALPHA kHz

The Thales ALPHA kHz laser is a custom-build high-repetition-rate (5 kHz) Ti:Sa laser system for gener-
ating ultrashort pulses. The basics of such a solid-state laser based on Kerr-lens mode locking and chirped
pulse amplification is described in [subsubsection 2.2.2] The average power measured in the laboratory
for the amplified signal is 2.3 W, which corresponds to 0.46 mJ energy per pulse at a repetition rate of
5 kHz. The bandwidth (FWHM) of the generated amplified pulse is in the range of more than 30 nm
with an average wavelength of about 800 nm. This allows pulse durations of down to 30 fs, enabling
applications in high-order harmonic generation, time-resolved spectroscopy, laser engraving and many
others. Other features of the ALPHA kHz laser series are the fully diode-pumped design and a beam
diameter of 15 mm. The dimension of the system is 1.5x6 m?. A grating compressor is used for disper-
sion control and pulse compression which allows to manipulate and compensate second- and third-order
dispersion. The diffraction grating is mounted on a motorized translation stage where the compressor
length (and thus GDD / TOD) can be adjusted by software. An additional pulse shaper (AOPDF
Fastlite Dazzler), positioned after the oscillator between the stretcher and the amplifier module, allows
the manipulation of dispersion. By measuring the spectral phase and feedback into the pulse shaper, the
dispersion can be almost completely compensated and pulses with a duration in the range of 30 fs can
be achieved. An overview of the properties of the ALPHA kHz laser series can be found in the manual .

Yb:KGW laser - Light Conversion PHAROS PH2-20W

The PHAROS PH2-20W laser is a high-repetition-rate (up to 1 MHz) Yb:KGW laser system for gener-
ating ultrashort pulses. Yb:KGW (potassium gadolinium tungstate) is a rare-earth-doped (ytterbium-
doped) laser gain medium commonly used for solid-state femtosecond lasers. Also this solid-state laser
uses Kerr-lens mode locking and chirped pulse amplification as described in [subsubsection 2.2.2] The
average output power is up to 20 W and the average wavelength is 1025 nm. According to the manufac-
turer, a pulse bandwidth (FWHM) of 8.2 nm and a pulse duration of down to 223 fs is possible. Some
features of the PHAROS laser are the compact (0.73x0.42 m?), thermally-stabilized and sealed design,
the built-in pulse picker to adjust the repetition rate by software and the robust optomechanical design,
which ensures a stable operation in varying environments. An adjustable grating compressor is used
for dispersion control and pulse compression which allows to manipulate and compensate second- and
third-order dispersion. The diffraction grating is mounted on a motorized translation stage where the
compressor length (and thus GDD / TOD) can be adjusted by software. An overview of the PHAROS
laser series and its operation can be found in the manual .

Ocean Optics HR4000CG-UV-NIR spectrometer

The HR4000CG-UV-NIR is a miniature dispersive spectrometer for high-resolution measurements of
spectra. A diffraction grating is used to separate the light into its component wavelengths and using a
mirror and lens system, the dispersed light is directed to a CCD detector which records the spectrum.
A wavelength range from 200 to 1100 nm at an optical resolution (FWHM) of 0.75 nm is supported
(the wavelength difference between adjacent CCD pixels is about 0.25 nm). The integration time for the
recording of the spectrum can be continuously selected between 4 ms and 20 s. The python-seabreeze
library provides an interface to the Ocean Optics HR4000 spectrometer. This allows real-time recording
of the spectrum for direct pulse characterization. The HR4000CG-UV-NIR manual provides detailed
information about the device’s functionality and its potential applications.
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Anritsu MS9740B spectrometer

The Anritsu optical spectrum analyzer is a dispersive spectrometer that allows high-resolution, wide
dynamic range spectra to be recorded. A diffraction grating is used to disperse the signal into different
wavelengths, which are then measured by the photodetector. This means that the intensities of the dif-
ferent wavelengths are recorded in sequence. A wavelength range from 600 to 1750 nm at a minimum
resolution of 0.03 nm is supported. The video bandwidth (VBW) is the bandwidth of the photodetector
used to measure the individual wavelengths and can be set between 1 MHz and 200 Hz. The VBW
affects the speed and accuracy of the spectrum analysis, with a higher VBW resulting in a faster display
of the spectrum because the detection filter is faster. A narrower VBW, on the other hand, helps to
suppress noise as the signal is averaged over a longer time. The sweep time (time needed to measure and
display the spectrum) depends not only on the VBW but also on the point averaging and the measured
wavelength range. The Anritsu manual provides detailed information about the device’s functionality
and its potential applications.

Since the intensities of the wavelength intervals are recorded sequentially, a fluctuation of the intensity of
the entire input signal means fluctuations in the measured spectrum. These fluctuations can be reduced
by point averaging (per measured wavelength) or sweep averaging (multiple sweeps).

WB-800 Dazzler pulse shaper

The Fastlite WB-800 Wide Band Dazzler is an ultrafast pulse shaper based on the principle of an acousto-
optic programmable dispersive filter (AOPDF). The operation of an AOPDF is described in
The pulse shaping system enables a precise programming of spectral phase and amplitude for
ultrafast laser pulses. The wavelength tuning range is from 680 to 920 nm with a spectral resolution of
0.6 nm (at 800 nm). Dazzler systems can be installed inside a CPA system and allow to compensate
high-order phase distortions, thereby enabling the generation of ultrashort pulses. In this study, a Dazzler
is integrated into a Thales ALPHA kHz laser system, positioned after the laser oscillator between the
stretcher and the amplifier module. Dispersion compensation up to the fourth-order through an input
mask in the software is possible. By employing an input file for the Dazzler that includes the spectral
phase relative to wavelength, an ’arbitrary’ spectral phase of the output pulse can be predefined (the phase
must fall within specific value ranges and avoid jumps, refer to ) Consequently, compensation for
even higher-order dispersion terms becomes attainable. Detailed information regarding the operational
principles and applications for the Dazzler pulse shaper can be found in the manual .

3.2 Experimental setup and optical components

The experimental SRSI setup with all optical components is shown in The individual compo-
nents and their functionality are described in the following.

Figure 8: Experimental SRSI setup with schematic beam path.
A: aperture; P1: first polarizer; CP: calcite plate; FL1: first focusing lens; BaF2: XPW crystal; RL:
recollimating lens; P2: second polarizer; FL2: second focusing lens; CM: cable mount;
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Aperture: The round adjustable aperture selects the inner part of the beam profile. This is neces-
sary because the input beam (15 mm diameter) is wider than the first polarizer (5x5 mm?).

First polarizer: The first polarizer with fixed polarization direction and a size of 5x5x5 mm? polar-
izes the input beam vertically. This polarizer is a broadband polarizing beamsplitter cube, which is
composed of two prisms positioned at right angles. One of these prisms includes a dielectric coating that
enables the cube to split light into s-polarized and p-polarized components. The s-polarized component
is reflected by 90°, while the p-polarized component is transmitted. It is important to note that the glass
prisms used in the polarizing beamsplitter cube are made of high-dispersion flint, which also induces
dispersion.

Calcite plate: Using the calcite plate and its birefringent property, a replica pulse is generated as de-
scribed in The stronger, vertically polarized pulse exiting the calcite plate will serve
as input pulse for the XPW generation. The weaker, horizontally polarized pulse corresponds to the
unknown, fundamental pulse to be characterized. The orientation of the calcite plate is chosen so that
the vertically polarized partial pulse has a higher intensity than the horizontally polarized pulse. A
3 mm thick calcite plate is used for the characterization of the ALPHA kHz laser pulses with an average
wavelength of 800 nm. For the characterization of the PHAROS laser pulses with wavelength 1025 nm,
a 10 mm thick plate is used. For the estimation of the thicknesses see [subsection 3.3

Focusing lens: The first focusing lens with a focal length 50 mm focuses the two partial pulses with
perpendicular polarization into the XPW crystal. It should also be noted that the crystal should not
be placed directly in the focal point of the first focusing lens, since the high intensity may exceed the
destruction threshold of the crystal. On the other hand, placing the crystal too far away from the focal
point will result in a weak XPW generation.

The coated lens is made of N-BK7 and has a center thickness of 5.3 mm. It should be noted that the
lens also introduces dispersion.

XPW crystal / BaFy crystal: The vertically polarized partial pulse has a higher intensity than the
horizontally polarized pulse. Thus, it is possible to obtain a horizontally polarized XPW signal generated
in the XPW crystal which has an intensity similar to the unknown, fundamental pulse. The thickness
of the BaFs crystal is 1 mm. The XPW crystal is rotatably mounted to allow the crystal orientation to
be adjusted to maximize XPW efficiency. In addition, the entire mount of the XPW crystal is mounted
on a linear translation stage to allow the crystal to be variably moved around the focal point of the first
focusing lens. A holographic ([011]) crystallographic orientation is used.

Recollimating lens: The recollimating lens with a focal length of 50 mm collimates the diverging partial
beams and guides them into the second polarizer.

Second polarizer: The second polarizer of size 5x5x5 mm? is rotatably mounted to align the polar-
ization direction so that the vertically polarized pulses are blocked and only the XPW signal and the
replica of the fundamental signal generated in the calcite crystal are transmitted. The polarizer is a
polarizing beamsplitter cube, like the first polarizer.

Second focusing lens: The second focusing lens with focal length 50 mm focuses the interfering par-
tial beams into a fiber optic cable which can be connected to the spectrometer.

Cable mount: The cable mount is used to fix the fiber optic cable that is connected to the spectrometer.
Two adjusting screws allow the cable to be moved in the plane perpendicular to the direction of incidence
of the pulses in order to optimally guide the focused beam into the cable.

3.3 Choice of calcite plate thickness

In this section, a suitable thickness of the calcite plate and the required resolution of the spectrometers
for pulse characterization of the different laser systems are determined. It should be noted that the pulses
of the ALPHA kHz laser and the PHAROS laser differ in their average wavelength, bandwidth and pulse
duration.
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One of the crucial steps in pulse characterization using SRSI is the separation of the sum term Sy () and
the interference term f(¢ + 7) in the time domain by a super-Gaussian window function after the inverse
Fourier transform of the measured interferogram It (w). For this procedure, the temporal retardation 7
must be much larger than the pulse duration of the pulse to be determined. The temporal retardation
is determined by the thickness of the calcite plate. At the same time, the distance between two peaks in
the interferogram Ijn(w) is inversely proportional to the temporal retardation, so that if the retardation
is too large, the interferogram can no longer be resolved by the spectrometer.

In general, two peaks in the interferogram have a spacing of Aw = 27/7. This can be seen in
by the term e,

The distance Aw between two peaks in the frequency domain can be rewritten for the wavelength domain
as described in [Equation 2.33] The distance in the frequency domain between two peaks Aw is constant
for different frequencies w; considered. In contrast, AX depends on the frequency/wavelength. Thus, the
signal can be better resolved by the spectrometer (assuming that the spectrometer has about the same
resolution on the whole wavelength range) when the pulse has a larger average wavelength. Example: If
we assume a fixed time delay of 7 = 2 ps we obtain the same values for the distance Aw between two
peaks in the interferogram independent of the frequency w;. In contrast, the distance A\ between two
peaks in the interferogram is about 1.06 nm at a wavelength of 800 nm (w; = 2.36 -10'° rad/s) and about
1.75 nm at a wavelength of 1025 nm (w; = 1.84 -10° rad/s).

Thickness of the calcite plate for ALPHA kHz laser

The retardation with a calcite plate of thickness As = 3 mm corresponds approximately to a temporal
retardation of 7 = 1.67 ps at a mean wavelength of 800 nm (7 = Cﬁf{) — C/A;E, with speed of light c,
ordinary refractive index n,(800 nm) = 1.6488 [43], and extraordinary refractive index n.(800 nm) =
1.4819 ) In this estimate of retardation, higher dispersion terms such as GDD induced by the calcite
were neglected, and the pulse shape and pulse duration before and after the calcite plate were assumed
to be the same.

The calculated temporal retardation of 1.67 ps is much larger than the expected pulse duration in the
order of 30 fs. This also means that the sum term Sy(¢) and the interference term f(¢) can be well
separated. When performing the SRSI pulse characterization in[subsection 4.1] this separation of the two
terms can be seen in [Figure 13

The distance AX between two peaks in the spectrum around 800 nm (w; = 2.36 -10*® rad/s) is 1.3 nm
(calculated by [Equation 2.33| using Aw = 2 /7).

The used pixel spacing of the Anritsu spectrometer is 0.05 nm, resulting in an actual resolution of
0.059 nm (internally calculated by the spectrometer and displayed on its monitor; for more information,
refer to the handbook ) As a consequence, the interferogram can be well resolved with this setup as
shown in a). On the other hand, the Ocean Optics HR4000 spectrometer has a resolution of
0.75 nm, which indicates that the fine structures of the interferogram are not adequately resolved with
this spectrometer as shown in b).

It is important to highlight that the resolution of the recorded interferograms significantly influences
the pulse characterization process using SRSI. Very low resolution can hinder the clear separation and
distinction of two adjacent peaks within the interferogram. Even if the maxima and minima can be
clearly separated, insufficient resolution also leads to a weakened contrast of the interference pattern,
i.e. a smaller amplitude of the interference signal, which subsequently affects the evaluation of the inter-
ferogram. Therefore, a high resolution is crucial for accurate and effective pulse characterization using
SRSI. The measured interferograms of the same signal for the two spectrometers can be seen for compari-

son in[Figure 9 The resulting effect on the determined spectral phases will be discussed in [subsection 4.1]

The experiment was also carried out with a 1 mm thick calcite plate. This gives a temporal retar-
dation of about 7 = 560 fs (one third of the temporal retardation of the 3 mm calcite plate). Compared
to a pulse with a duration of around 30 fs, this time delay is still large. However, it is possible that
the clear separation of the sum term Sy(t) and the interference term f(¢ 4 7) cannot be achieved (see
[Figure 10]), as there may be some overlap between the two signals which may result in reduced accuracy
of pulse characterization using SRSI.
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Figure 9: Intensity I1n(A) of a typical interferogram of an SRSI measurement for a calcite plate with a
thickness of 3 mm and a dispersion-compensated femtosecond pulse with a center wavelength of 800 nm
measured by different spectrometers. a) Interferogram recorded by Anritsu MS9740B spectrometer with
an optical resolution about 0.059 nm. b) Interferogram recorded by Ocean Optics HR4000 spectrometer
with an optical resolution about 0.75 nm. Insufficient resolution leads to a weakened contrast of the
interference pattern.

Thickness of the calcite plate for PHAROS laser

The retardation with a calcite plate of thickness As = 10 mm corresponds approximately to a temporal
retardation of 7 = 5.44 ps at a mean wavelength of 1025 nm (7 = C/Arfo — jje, with speed of light c,
ordinary refractive index n,(1025 nm) = 1.6432 [43], and extraordinary refractive index n.(1025 nm) =
1.4799 ) The temporal retardation is thus much larger than the approximate pulse duration of about
300 fs. This implies that the sum term Sy(¢) and the interference term f(t) can be effectively separated,
as demonstrated in [subsection 4.2 |[Figure 26|

As described earlier, the spectrum can be better resolved for a higher average wavelength. However,
the thick calcite plate results in closely spaced peaks in the interferogram, requiring a spectrometer with
high resolution. The distance A\ between two peaks in the spectrum around 1025 nm is 0.64 nm (calcu-
lated byusing Aw = 27 /7). The used pixel spacing of the Anritsu spectrometer is 0.05 nm,
resulting in an actual resolution of 0.059 nm. As a consequence, the interferogram can be well resolved
with this setup. The Ocean Optics HR4000 spectrometer has a resolution of 0.75 nm, which means that
the interferogram cannot be resolved adequately with this spectrometer.

The experiment was also carried out with a 3 mm thick calcite plate. This gives a temporal retardation
of about 7 = 1670 fs. For a pulse with an approximate duration of 300 fs, this temporal retardation is
too small to clearly separate the sum term Sp(t) and the interference term f(t47) with a super-Gaussian

window function, since the two signals overlap, see

3.4 Data acquisition / procedure for measuring spectra

As previously mentioned, it is important for the fundamental signal to have a similar intensity to the
XPW signal generated in the non-linear crystal. This yields the highest contrast of the fringes resulting
from the interference of both pulses, thereby achieving a high signal-to-noise ratio in the spectrum ob-
tained. For the pulse characterization, three spectra are measured: the XPW spectrum Ixpyw (w), the
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Figure 10: Measured interferogram and its Fourier transform for a calcite plate with a thickness of 1 mm
(temporal retardation of 7 = 560 fs between the fundamental and the XPW pulse), whereby the funda-
mental pulse has a center wavelength of 800 nm and an approximate pulse duration of 30 fs. a) Intensity
Ix (M) of the interferogram. b) The temporal signal I () corresponds to the Fourier transformed signal
of I'n(w) consisting of the sum term Sy(t) (peak centered around ¢t = 0) and the interference terms
f(t £ 7) (peaks centered around t = +7). (Spectrometer: Ocean Optics HR4000)
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Figure 11: Measured interferogram and its Fourier transform for a calcite plate with a thickness of 3 mm
(temporal retardation of 7 = 1670 fs between the fundamental and the XPW pulse), whereby the funda-
mental pulse has a center wavelength of 1025 nm and an approximate pulse duration of 300 fs. a) Intensity
Iix(A) of the interferogram. b) The temporal signal I1nx () corresponds to the Fourier transformed signal
of I'n(w). The sum term Sp(t) (peak centered around ¢ = 0) and the interference terms f(t = 7) (peaks
centered around ¢ = £7) cannot be separated properly. (Spectrometer: Anritsu MS9740B)

fundamental spectrum (laser output spectrum) Ir(w), and the interferogram I1x(w). In the measured
spectrum of the laser output signal, an incoherent component (ASE) is neglected and the pure coherent
fundamental signal Ir(w) is assumed. A treatment that considers the incoherent part is discussed in
Please note that the term ’fundamental spectrum’ or 'laser output spectrum’ refers to the
output signal of the laser after passing through the optical elements of the SRSI setup. Otherwise, the
spectrum could be measured directly at the laser output, but this would neglect the induced dispersion
caused by the optical elements of the SRSI setup.

SRSI allows the analytical computation of both the fundamental and XPW spectra from the measured
interferogram. However, the separate measurement of these spectra allows a comparison to evaluate the
accuracy of the pulse characterization by SRSI. To measure the spectra, the procedure is as follows.

In the first step, the calcite plate and the BaFs crystal are removed from the SRSI setup. Then the
polarization directions of the two polarizers are aligned perpendicular to each other to obtain best ex-
tinction.

In the second step, to measure the pure XPW spectrum, the following procedure is carried out: The
calcite plate is reinserted into the SRSI setup and aligned to maintain extinction (optical axis parallel to
the polarization of the beam). Now the BaFs crystal can be inserted and rotated to obtain maximum
XPW generation. The generated XPW signal is polarized at 90° with respect to the input signal, which

32



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

is why it is transmitted by the second polarizer. At this point also the setting of the grating compressor
of the laser is optimized. The compressor allows a change of the GDD, whereby the measured XPW
spectrum reaches a maximum bandwidth with the best compensation of the GDD by the compressor.

In the third step, to measure the fundamental spectrum Ir(w) (output signal of the laser), the pro-
cedure begins by removing the BaF, crystal from the setup. Subsequently, the calcite plate is rotated by
a few degrees from its previous position. By rotating the calcite plate and thus changing the orientation
of the optical axis, the ratio of the intensities between the beams polarized parallel and perpendicular
with respect to the optical axis can be changed. A time-delayed replica pulse Er(t — 7) is generated
due to the birefringent property of calcite. The replica pulse should have a lower intensity than the
pulse with perpendicular polarization Ep input(t) that is needed to generate the XPW signal. Note that
the magnitude of the intensity of the spectrum of the replica pulse should be similar to the previously
measured magnitude of the intensity of the XPW spectrum in order to observe the largest possible inter-
ference contrast when measuring the interferogram Itn(w). Due to the slight rotation of the calcite plate,
the two partial pulses are not polarized exactly parallel or perpendicular to the polarization direction of
the second polarizer. This results in leakage of the input pulse into the spectrometer. Since we want
to measure an interference-free spectrum of the output signal, the polarization direction of the second
polarizer is adjusted to extract only the time-delayed replica pulse Er(t — 7) and block Er input(t) with
perpendicular polarization. For this purpose, the polarizer is rotated until no interference is present in
the measured spectrum. Another way to adjust the second polarizer and to block the fundamental signal
Erp input (t) is to rotate the polarization direction of the second polarizer until the measured spectrum has
a minimum intensity. This second approach is necessary, for example, if the spectrometer cannot resolve
the interference pattern.

If the second polarizer is not optimally adjusted, the interference between the time-delayed replica pulse
of the fundamental pulse generated by the calcite plate Ep(t — 7) and the fundamental pulse E input(t)
polarized perpendicular to Er(t — 7) can be described mathematically as in the following. For this,
it is assumed that the amplitude |Ep inpus(w)| does not differ from the amplitude |Er(w)| except for a
constant factor. The interferogram Itn(w) has to be extended in that case by a term const - Er jnput(w)
(multiplication by constant factor since only a part is transmitted by the second polarizer) and is given by:

In(w) = |Expw(w) + Er(w)e™ ™7 + const - Ep jnput (W) |?

wT * —iwT (31)
= So(w) + f(w)e™T + f*(w)e
with the new ’interference term’ f(w):
f(w) = (Bxpw(w) + const - Er input (w)) - B (w) (3.2)
= Expw(w) - Ef(w) + const’ - | Bp(w)|? .
and the new ’sum term’ So(w):
So(w) = | Expw(w) + const - Ep input (W) > + | Er(w)]? (3.3)

The expression arg[f(w)] = ¢r(w) — dxpw(w) (Equation 2.44) is no longer valid for Ep jnput(w) not equal
to zero, so the estimate for the phase ¢r(w) = arg[f(w)] no longer holds.

As described in this step, by rotating the calcite plate and thus changing the orientation of the optical
axis, the ratio of the intensities between the partial beams polarized parallel and perpendicular with
respect to the optical axis can be changed. Due to the slight rotation of the calcite plate, the two partial
pulses are not polarized exactly parallel or perpendicular to the polarization direction of the second po-
larizer and the second polarizer has to be readjusted. An alternative approach could involve rotating the
first polarizer rather than adjusting the calcite plate. This change would result in an equivalent effect on
the intensity ratio between the partial beams. This way the second polarizer would have to be adjusted
only once. However, changing the polarization direction of the first polarizer will result in a change of
the total intensity, since the beam of the laser output is linearly polarized.

In a fourth step, after the correct adjustment of the second polarizer, whereby the fundamental pulse
Erp input (t) is blocked in order not to interfere with the replica pulse Er(t — 7), the BaFy crystal can be
inserted. This crystal must also be rotated until XPW generation and the resulting reference phenom-
ena are suppressed. The spectrum measured in this way corresponds to the output signal (fundamental
signal) of the laser whereby the generation of an XPW signal was completely suppressed.
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In a final step, the interferogram Iin(w) can now be measured by rotating the BaFy crystal. Depending
on the rotation angle, the intensity of the generated XPW signal can be varied. Amplitudes of the replica
pulse |Er(w)| and the XPW pulse |Expw(w)| of the same order are needed for an interferogram with
good contrast. Note that the achievable intensity of the XPW pulse is limited by the value determined in
step two, and even this limitation cannot be completely attained. This occurs because, as a result of the
rotation of the calcite plate in step three, the input pulse is split into two perpendicularly polarized partial
pulses. Consequently, the intensity of the pulse used to generate the XPW pulse Er inpus(t) experiences
a certain attenuation compared to the input pulse before the calcite plate. Therefore the magnitude of
the XPW spectrum measured separately in step two does not match the magnitude of the XPW signal
that contributes to the generation of the interferogram.

An example of the spectra obtained using this procedure for the femtosecond pulses of the ALPHA

kHz laser is shown in |[Figure 19|a).

3.5 Software

This chapter explains the software implementation, technologies and the software libraries used to im-
plement the SRST algorithm (for the pulse characterization procedure and ASE determination, see
[subsection 2.5.1| and [subsubsection 2.5.2)). All evaluations were realized using Python, importing various
libraries for subtasks. In [Appendix A] the Python implementation of the SRSI algorithm is described,
demonstrated by the characterization of pulses from a Thales ALPHA kHz laser. An overview of the
software packages used and their application is given in the following.

Python: The entire SRSI algorithm for pulse characterization including graphical presentation was im-
plemented using Python. Python is an interpreted, interactive, object-oriented programming language.
It contains modules, exceptions, dynamic typing, dynamic data types and classes. There are interfaces to
many system calls and libraries. Another advantage is portability: Python is executable on many Unix
variants and on Windows. Documentation can be found at https://docs.python.org.

Pandas: Pandas is an open-source software library for Python used for data analysis, data mining and
data modeling. Advantages of this library include existing tools for reading and writing data between
in-memory data structures and various formats such as CSV and text files. The integrated handling of
missing data is an additional beneficial feature. In this work, the library is mainly used in the evaluation
to read the spectra stored by the spectrometers in CSV files and to structure the data into datasets for
further evaluation. Documentation can be found at https://pandas.pydata.org.

SciPy: The open-source Python library SciPy is widely used for scientific computing applications. It
provides various functionalities such as optimization, integration, interpolation, algebraic and differential
equation routines. Detailed documentation can be found at https://docs.scipy.org. Of particular
importance in this work are the algorithms for Fourier transform, optimization/minimization of scalar
functions of two variables and for finding global maxima of functions.

NumPy: NumPy is an open-source Python library optimized for array computing and includes many
numerical computing tools and mathematical functions and algebra routines, documentation at https:
//numpy .org. NumPy was used in this work for interpolation tasks, mathematical functions and phase
unwrapping.

python-seabreeze: The python-seabreeze library provides an interface to the Ocean Optics HR4000 spec-
trometer. This allows real-time recording of the spectrum for direct pulse characterization. Therefore a
continuous pulse characterization is possible, with one cycle being performed in a few seconds. The eval-
uation includes the determination of the phase and amplitude of the pulse as well as further evaluations.
Documentation can be found at https://python-seabreeze.readthedocs.io.

Matplotlib: The library Matplotlib is used for visualization of static, animated and interactive graphs in
Python, see documentation at https://matplotlib.org. All data visualization plots in this work were
generated using this library. The interactive mode allows continuous updating of the plots, so that with
the additional use of the python-seabreeze library continuous pulse characterization is possible.
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4 Results and Discussion

In this chapter the results of experiments conducted to characterize two high-power solid-state femtosec-
ond lasers using SRSI are presented and discussed. The retrieval of the full electric field enabled the
determination of various parameters, including pulse durations and the dispersion terms (group delay
dispersion, third-order dispersion and fourth-order dispersion) of the pulses. It is explained how a flat-
tened spectral phase across the entire bandwidth is achieved by incorporating dispersion compensation
devices. Furthermore, the chapter presents the results of pulse characterization using an extended SRSI
model that considers an incoherent component of the laser output and allows the ASE spectrum to be
obtained.

4.1 SRSI pulse characterization of a Thales ALPHA kHz laser

For pulse characterization, it is crucial to adjust the optical elements of the SRSI setup according to
the instructions provided in Selecting an appropriate thickness for the calcite plate, as
detailed in [subsection 3.3] ensures the acquisition of an interferogram with distinct fringes, enabling the
evaluation and retrieval of the pulse characteristics.

The evaluation for the pulse characterization is done as in [subsubsection 2.5.1| where the algorithm to
retrieve the pulse characteristics is described. In the following, the individual steps of the evaluation are
described on the basis of an example pulse (dispersion-compensated pulse with pulse duration of about
38 fs, center wavelength of 800 nm and bandwidth of about 30 nm from a Thales ALPHA kHz laser
source). The calcite plate used for this experiment has a thickness of 3 mm.

Using the Ocean Optics HR4000 spectrometer, the spectrum is recorded with an integration time of 100 ms
over the entire wavelength range with an optical resolution (FWHM) of 0.75 nm. The python-seabreeze
library allows a real-time recording of the spectrum. Therefore a continuous pulse characterization is
possible, with one cycle being performed in a few seconds. The evaluation includes the determination of
the phase and amplitude of the pulse, calculation of the dispersion parameters and pulse duration as well
as the graphical display of the amplitude and phase in the time and the frequency domain. In the process
of pulse characterization by SRSI, the spectral phase is flattened iteratively by dispersion compensation
in the grating compressor as well as the Dazzler pulse shaper to obtain a reference pulse optimization.
The pulse shaping (dispersion compensation) is performed within the laser system itself, prior to the SRSI
setup, thus affecting both the fundamental pulse being determined and the reference pulse. The spectral
phase introduced to achieve an output with a flat phase yields the initial spectral phase to be measured
. When aiming for the shortest pulse duration of the fundamental signal, optimizing the reference
pulse simultaneously optimizes the fundamental pulse. In many cases, as in this thesis, the generation
of the shortest possible pulses is desired. This is why the process of pulse characterization through SRSI
not only involves characterizing the pulse but also results in an optimization of the fundamental pulse.
It should be noted here that the low resolution of this spectrometer causes the interference term to be too
small. This is evident from the visibly reduced size of the interference pattern. The small interference
term directly affects the calculated amplitudes for the XPW and fundamental pulse spectra (amplitude
calculations by [Equation 2.35| — [Equation 2.38|). Hence, in the subsequent step, a second spectrometer
(Anritsu MS9740B) with higher resolution (0.059 nm) will be employed.

Therefore, after initial pulse characterization using the Ocean Optics HR4000 spectrometer and optimiz-
ing the spectral phase through the dispersion control devices of the laser, the pulse characterization is
performed again using the Anritsu spectrometer, which requires several minutes to record the spectrum.
Due to the higher resolution (0.059 nm) of the Anritsu spectrometer, a more precise determination of the
amplitude and phase is possible. For recording the spectrum with the Anritsu spectrometer the VBW
was set to 200 Hz and the point average to 1000.

It should be noted that in the following evaluation, a possible incoherent part of the laser output is
ignored. A calculation that takes into account an incoherent part is performed in
4.1.1 Pulse characterization procedure

In the following paragraphs, the experimental procedure of pulse characterization for the Thales ALPHA
kHz laser is performed according to the theoretical description in [subsubsection 2.5.1]
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Processing of the measured signal

The spectrometer (Ocean Optics HR4000) records the intensities for the wavelength range 194-1120 nm
with an approximate pixel spacing of 0.25 nm. The individual wavelengths are not equidistantly spaced.
The spectra (XPW spectrum, fundamental spectrum, and interferogram) are recorded as described in
and are shown in a) for the example of a dispersion-compensated femtosecond
pulse with a center wavelength of 800 nm. The interferogram Ijx(A) shown in this figure serves as input
for the evaluations presented in [Figure 12|b) to |[Figure 16|a).
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Figure 12: Typical interferogram of an SRSI measurement for a calcite plate with a thickness of 3 mm
and a dispersion-compensated femtosecond pulse with a center wavelength of 800 nm, displayed in the
wavelength and frequency domain. a) Intensity In(A) of the interferogram in the wavelength domain.
The interferogram It (\) serves as input for the evaluations presented in [Figure 13| to [Figure 16{a). Also
shown are the intensities of the separately measured XPW spectrum Ix py (A) and fundamental spectrum
Ir(N\). b) Intensity Iin(w) of the interferogram in the frequency domain. Black dots correspond to the
measuring points of the spectrometer. The red line corresponds to the linear interpolation.

The interferogram was recorded with an Ocean Optics HR4000 spectrometer (resolution about 0.75 nm).

As described in [subsubsection 2.5.1] the spectrum data is mapped to a frequency range between 0 and
4.2 -10'* Hz and linearly interpolated to obtain equidistant data points which are needed for the later
fast Fourier transform. The pixel spacing of the Ocean Optics HR4000 spectrometer corresponds to a fre-
quency interval |Af| = 1.2-10! Hz (at wavelength 800 nm and a pixel spacing in the wavelength domain
of 0.25 nm, for the calculation see [Equation 2.32)). Since the evaluation is later performed using the An-
ritsu spectrometer, with a pixel spacing of 0.05 nm (equivalent to a frequency interval |Af| = 2.3-101° Hz
at 800 nm), an interpolation step size of 10!° Hz is chosen. The obtained spectrum in the frequency do-

main /in(w) can be seen in [Figure 12| b).

It should be noted that spline interpolation or interpolation using the zero-filling method as described
in Dorrer et al. does not significantly affect the retrieved amplitude or phase of the pulse to be
determined.
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Extracting the sum term and the interference term

The measured signal in the frequency domain 1y (w) is composed of a sum term Sp(w) and an interference
term f(w) (see[Equation 2.29). The following shows how the terms Sp(w) and f(w) can be extracted from
the measured signal. For this purpose, the inverse Fourier transform of I1n(w) is calculated (using fast
Fourier transform). This yields a temporal signal Iix(t) (see containing the sum of the
field autocorrelation functions Sy(¢) and the correlation functions f(¢ —7) and f*(¢t 4+ 7). The temporal
signal is depicted in The signal exhibits fluctuations across the entire range, which may be
attributed to fluctuations in laser output power and noise within the measured interferogram. A signal
near the main pulses, however, can be important for pulse characterization to identify pre-pulses.

a) Fourier transformed input signal FT 2 {/y(w, T)}
1.00 A
; 0.75
&
Z 0,50 A
w
]
£ 0.25
0.00 A A
-3 -2 -1 0 1 2 3
Time (s) le-12
b) Fourier transformed input signal FT " {/y(t, T)}
3 1071
i
&
£ 1073
£
105 T T T - - {
—3 —2 -1 0 1 2 3
Time (s) le-12

Figure 13: The real part of the temporal signal I1x(t) is shown in a). The real part of the temporal signal
in a semi-logarithmic plot is shown in b). This temporal signal is the inverse-Fourier-transformed signal
Iin(w) measured by the SRSI setup. The signal I1n(t) contains the sum term Sy(t) centered around ¢ = 0
and the two interference terms f(¢t — 7) and f*(¢ + 7), which are centered around ¢t = 7 and ¢t = —7. By
multiplying a super-Gaussian window function of order four (shown in gray) with the temporal signal
Iin(t), the sum term Sy(?) and the interference term f(t —7) (or f*(t+ 7)) can be separated. The pulse
characterized here is a dispersion-compensated femtosecond pulse with a center wavelength of 800 nm.

The peaks Sy(t) and f(t — 7) are separated by the time delay 7, which corresponds to the delay of the
pulse replica created by the calcite plate. The retardation with a calcite plate of thickness As = 3 mm
corresponds approximately to a temporal retardation of 7 = 1.68 ps at a mean wavelength of 800 nm
(for the calculation see. For a calcite plate with a thickness of 3 mm, the peaks Sy(¢) and
f(t — 1) are well separated so that the temporal signals do not overlap.

Thus, by multiplying the super-Gaussian window function with the temporal signal Ijn(¢), the sum term
So(t) and the interference term f(¢ —7) can be extracted (depicted in [Figure 14)). In this figure the tem-
poral signal from [Figure 13| separated into interfernce term and sum term, is shown in more detail and
beyond the primary peaks, a subtle signal adjacent to the peaks becomes evident. This signal contributes
to the finer features in its Fourier-transformed counterpart. For instance, narrowing the width of the
super-Gaussian window function in the temporal domain to cut off this side signal leads to a smoother
Fourier-transformed signal (resulting in a correspondingly smoothed spectrum and spectral phase of the
fundamental and XPW signals, determined by SRSI). In addition to the envelope, the figure also illus-
trates the carrier wave.

After centering the interference term f(t — 7) around ¢ = 0, Sy(t) and f(¢) can be Fourier transformed
to obtain the now separated components f(w) and Sp(w) (depicted in [Figure 15)).

Calculating amplitudes of fundamental and reference pulse

Using the sum term Sy(w) and interference term f(w), the amplitudes of the reference pulse |Expw (w)]
(XPW signal) and the fundamental pulse |Er(w)| (pulse to be determined) can be determined. In case
all XPW spectral components are more intense than the ones of the input pulse at each frequency the
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Figure 14: The plot shows the interference term (a) and the sum term (b), which were extracted from the
signal I1n(t) by multiplication with a super-Gaussian window. Thereby the sum term corresponds to the
sum of the field autocorrelation functions of the fundamental and the reference pulse. The interference
term corresponds to the cross-correlation of the two pulses. The pulse characterized here is a dispersion-
compensated femtosecond pulse with a center wavelength of 800 nm.
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Figure 15: The plot shows the interference term (a) and the sum term (b) extracted from the measured
SRSI signal I1x(w). Note that the sum term in the frequency domain is the Fourier transformed sum of
the field autocorrelation functions of the fundamental and the reference pulse Sy(¢) and therefore the sum
of the spectral intensities of the reference and the fundamental pulse, see This leads to
a purely real signal Sy(w). The pulse characterized here is a dispersion-compensated femtosecond pulse
with a center wavelength of 800 nm.

expressions [Equation 2.35| and [Equation 2.36]are used. The intensity ratio between the XPW and funda-
mental signal was adjusted by rotating the calcite plate. The intensities of the XPW and the fundamental
spectrum are shown in It should be noted that the spectrum of the XPW signal should be
wider than the spectrum of the fundamental pulse. This condition is fulfilled.

If the resolution of the spectrometer used is too small, the magnitude of the observed interference pattern
in the measured interferogram Ijx(w) is too small. This results in a too small magnitude of the interfer-
ence term f(w). The magnitudes of the XPW and fundamental spectra calculated using the sum term
So(w) and interference term f(w) therefore differ from the actual values. An estimation of the actual
magnitudes of the intensities of the XPW and fundamental spectra is possible by measuring the XPW
spectrum {5, (w) and the fundamental spectrum I (w) separately and fitting the magnitudes of these
independent spectra to the sum term Sy obtained from the interferogram as described in
In [Figure 16| a comparison between the intensities of the XPW and fundamental spectra calculated from
the measured interferogram using the SRST algorithm (see [Equation 2.35|—[Equation 2.38)) and the sepa-
rately measured and scaled spectra (see [Equation 2.42| - [Equation 2.43)) is shown. The two XPW spectra
and the fundamental spectra show a similar shape. Note that the ratio of the maximum intensity of
the fundamental spectrum to the maximum intensity of the XPW spectrum depends on the calculation
method. The comparison of the XPW and the fundamental spectrum shows that the XPW signal has
about twice the intensity of the fundamental signal in case the spectra are measured and scaled sep-
arately. In the spectra derived from the measured interferogram using the SRSI algorithm, the XPW
signal appears to be approximately eight times larger than the fundamental signal. This discrepancy can
be overcome by using a spectrometer with higher resolution, as demonstrated in |[subsubsection 4.1.2]

38



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

a) I¢(A) - calculated by SRSI algorithm Ixpw(A) - calculated by SRSI algorithm

0.012 1.0 1
0.010 A 0.8
5 | 3
s 0.008 506+
2 0.006 1 z e
a a 0.4 1 35.98 nm
U a (FWHM)
£ 0.004 1 £
0.002 1 12
0.000 A 0.0 1
760 780 800 820 840 760 780 800 820 840
Wavelength (nm) Wavelength (nm)
b) I(A) - measured separately and scaled Ivpw(A) - measured separately and scaled
1.0 1
0.5
0.8
5041 3
K4 806
é’ 83 000 e é’ ___________
7] 30.55 nm u 36.44 nm
5 02 {(FWHM) g 04 (FWHM)
= E
0.1 0.2
0.0 1 0.0
760 780 800 820 840 760 780 800 820 840
Wavelength (nm) Wavelength (nm)

Figure 16: a) The intensities of the XPW and fundamental spectra calculated from the measured inter-
ferogram using the SRSI algorithm (see [Equation 2.35[— [Equation 2.38)) are shown. b) The separately
measured and scaled spectra (see [Equation 2.42| - [Equation 2.43) are shown.

It can be seen that the ratio of the maximum intensity of the fundamental spectrum to the maximum
intensity of the XPW spectrum depends on the calculation method. This variance can be attributed to
the limited resolution of the Ocean Optics HR4000 spectrometer.

In each case, the intensities are scaled with respect to the maximum intensity of the reference signal
Ixpw(N). The pulse characterized here is a dispersion-compensated femtosecond pulse with a center
wavelength of 800 nm.

Calculating the spectral phase

The spectral phase of the fundamental pulse ¢p(w) is estimated by arg[f(w)] (see [Equation 2.45). A flat
phase of the reference pulse (XPW signal) is assumed in this approximation.

In contrast to the previous evaluations, a sample pulse without a flat phase is now considered. In this
context, the spectral phase of an initially dispersion-compensated pulse was modified using the Dazzler
pulse shaper, inducing a second-order dispersion (GDD = 400 fs?). The resultant spectral phase of this
altered pulse is depicted in Figure [I7] It indicates a complex structure with a positive second-order
dispersion as well as higher-order dispersion.

One possibility to improve the accuracy of the determined spectral phase is to consider the non-constant
phase of the reference pulse as described in [subsubsection 2.5.1] By using an iterative algorithm (see
Figure 7)) a better estimation of the phase of the pulse to be determined can be performed. The deter-
mined spectral phase for a positively chirped pulse with and without consideration of the non-constant
phase of the reference pulse is shown in The change of the spectral phase also changes the
temporal amplitude of the pulse to be determined, thereby influencing the pulse duration (FWHM =
35.4 fs for pulse without phase correction and FWHM = 38.2 fs for pulse with correction). As described
in the spectral phase of the pulse to be determined is equal to the sum of the argument
arg|f(w)] and the phase of the reference pulse. In the case of a pulse with a significant GDD, the reference
pulse will also exhibit a slight positive chirp. Considering this factor in the spectral phase calculation of
the fundamental pulse leads to a larger second-order dispersion compared to assuming a constant phase
for the reference pulse.
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Figure 17: a) The calculated spectral phase of the fundamental pulse ¢g(\) is shown in gray for the case
without iterative correction to account for the non-constant phase of the reference pulse. For the case
when the non-constant phase of the reference pulse is taken into account, the spectral phase is shown
in red. The phase indicates a positive group delay dispersion (400 fs?) and also higher-order dispersion
terms. By changing the spectral phase, the temporal amplitude of the pulse to be determined Ir(t) also
changes. b) The temporal intensity of the fundamental pulse is illustrated in gray for the scenario where
the non-constant phase of the reference pulse is not taken into account (FWHM = 35.4 fs). The temporal
intensity is depicted in black for the scenario involving the iterative phase correction (FWHM = 38.2 fs).
The pulse described is a femtosecond pulse with a center wavelength of 800 nm.

Phase flattening

Another way to improve the accuracy of the determination of the spectral phase is to use a pulse shaper
(AOPDF, grating or prism compressor) which is introduced before the SRSI setup. By adjusting e.g. the
second, third and fourth-order dispersion it is tried to achieve a spectral phase as flat as possible since the
determination of a flat phase by SRSI is a very good estimate of the actual phase (detailed explanation
in [subsubsection 2.5.1)). However, the original input pulse to be measured has now been changed by the
pulse shaper. The change of the spectral phase in the pulse shaper to reach the flat phase corresponds
to the spectral phase of the originally measured input pulse .

The procedure of phase flattening is basically done in two steps.

Coarse compression: manual phase adjustment

With the software for the Dazzler pulse shaper used, the dispersion terms up to order four can be varied
manually by means of an input mask. To do this, the phase is determined as discussed in the previous
steps and fitted to a fourth-degree polynomial to estimate the dispersion terms up to order four (for details
of the determination of dispersion terms see . The dispersion terms are only an estimate,
since the determination of the phase by SRSI is only meaningful for a certain deviation from a flat phase
(estimate of the validity range in [subsubsection 4.3.2). In the Dazzler pulse shaper, the dispersion can be
compensated using the estimated dispersion terms. After correcting the phase in the pulse shaper, the
determined phase is flatter. This procedure can be iterated. An alternative approach to achieving coarse
compression, without the need to determine the spectral phase, involves maximizing the bandwidth of
the generated XPW signal while manipulating the second-order dispersion of the fundamental input pulse
using the laser’s grating compressor or Dazzler pulse shaper. The spectral broadening of the XPW signal
is a result of the temporal filtering property of the XPW effect, with the most significant broadening
occurring when the input pulse is dispersion-compensated.

Fine compression: phase adjustment by feedback of the determined phase

In order to compensate for the dispersion of the fundamental input pulse in the Dazzler pulse shaper even
more (also higher dispersion order terms), an additional iterative feedback approach can be chosen. The
phase of the fundamental pulse is determined as described above and can be used by the pulse shaper
to further correct the input pulse . An input file for the Dazzler containing the spectral phase versus
wavelength allows to compensate the dispersion by subtracting the values of the determined spectral
phase for the different wavelengths from the corresponding values in the file. The input file used for the
Dazzler has a value range of 750 - 850 nm, which is why the phase within this range is determined using
SRSI. As mentioned before, the determined values of the spectral phase outside the spectral bandwidth
of the pulse, at intensities close to zero, are not reliable. Nonetheless, these values are applied to the
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input file because the phase modulation induced by the Dazzler beyond the pulse spectrum’s bandwidth
has a negligible impact on pulse manipulation.

By employing this phase feedback loop with the Dazzler, it becomes possible to achieve even further
phase flattening. For a comparison of the determined spectral phase of the pulse to be determined before
and after the iterative feedback loop for dispersion compensation see a) and b).
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Figure 18: a) Phase and spectrum of fundamental pulse and XPW spectrum determined by SRSI after
coarse compression with a Dazzler pulse shaper by a fourth-order polynomial (without fine compression
by feedback of the measured phase into the pulse shaper). Additionally, the temporal intensity of the
fundamental pulse is shown. b) Phase and spectrum of fundamental pulse and XPW spectrum determined
by SRSI after fine compression (two iterations of the feedback loop). Additionally, the temporal intensity
of the fundamental pulse is shown. Note that the XPW spectrum is wider and the temporal pulse width
is shorter after fine compression. The interferogram Itx(w) was measured by the Ocean Optics HR4000
spectrometer.

To maximize the range of values in which the Dazzler pulse shaper can manipulate the spectral phase,
the second-order dispersion of the pulse can be already compensated in the grating compressor of the
laser system. This allows compensation of dispersion by the Dazzler pulse shaper over the widest possible
wavelength range. A constant phase can thus be achieved over almost the entire pulse bandwidth (where
the pulse intensity is still larger than 5% of the peak intensity).

As seen in [Figure 18 b), the XPW spectrum produced by a fundamental pulse with a constant phase
(phase after fine compression by feedback loop) is broader than the XPW spectrum produced by a pulse
with non-constant spectral phase, see discussion in [subsubsection 2.3.2]
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4.1.2 Improvement by a high-resolution spectrometer

With the Anritsu spectrometer, the evaluation can be performed again, whereby the higher resolution
provides a more precise determination of the amplitude and phase. The spectra (XPW spectrum, fun-
damental spectrum, and interferogram) are recorded as described in and are shown in
a). The main problem with a spectrometer with too small a resolution is that the interference
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Figure 19: Typical interferogram of an SRSI measurement for a calcite plate with a thickness of 3 mm
and a dispersion-compensated femtosecond pulse with a center wavelength of 800 nm, displayed in the
wavelength and frequency domain. a) Intensity In(A) of the interferogram in the wavelength domain.
It serves as input for the evaluation presented in a). Also shown are the intensities of the
separately measured XPW spectrum Ixpw(A) and fundamental spectrum Ir(A). b) Intensity Iin(w)
of the interferogram in the frequency domain. Black dots correspond to the measuring points of the
spectrometer. The red line corresponds to the linear interpolation.

The interferogram was recorded with a high-resolution Anritsu spectrometer (resolution about 0.059 nm).

pattern cannot be resolved well enough and the magnitude of the amplitude of the interference term
appears too small. The determined interference term f(w) is thus too small and directly affects the
analytically calculated spectra for the XPW and the fundamental pulse (see [Equation 2.35| and [Equa-|
tion 2.36)). This is easily seen by direct comparison by measuring the same signal with spectrometers of
different resolutions. Compare the interferogram b) (measured with Ocean Optics HR4000,
optical resolution (FWHM) about 0.75 nm) and the interferogram b) (measured with Anritsu
spectrometer, resolution about 0.059 nm). Note that both measurements are of the same signal.

As described in the previous paragraphs, the measured interferogram Ijn(w) can be processed to ex-
tract the sum term Sp(w) and interference term f(w) and consequently calculate the amplitudes and
phases of the fundamental and the reference pulse. In a comparison between the XPW and
fundamental spectra calculated using the SRSI algorithm (see [Equation 2.35| - [Equation 2.38)) and the
separately measured and scaled spectra (see [Equation 2.42| - [Equation 2.43|) is shown.

42



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

a) Ie(A) - calculated by SRSI algorithm Ixpw(A) - calculated by SRSI algorithm

0.25 - 1.0
—~ 0.20 081
S 3
& J £ 06
> N Y =
E 30.0 nm E
§ 0.101 (FWHM) Tl
15 5
0.05 - 0.2
0.00 A 0.0
760 780 800 820 840 760 780 800 820 840
Wavelength (nm) Wavelength (nm)
b) Is(A) - measured separately and scaled Ixpw(A) - measured separately and scaled
0.4 4 1.0 1
~ 031 . 081
b= -
& £ 061
z 2
g 0.2 T 8
g (FWHM) 2047
£ 01 =
* 0.2 1
0.0 0.0 -
760 780 800 820 840 760 780 800 820 840
Wavelength (nm) Wavelength (nm)

Figure 20: a) The intensities of the XPW and fundamental spectra calculated from the measured inter-
ferogram using the SRSI algorithm (see [Equation 2.35(— [Equation 2.38)) are shown. b) The separately
measured and scaled spectra (see [Equation 2.42| - [Equation 2.43) are shown.

In each case, the intensities are scaled with respect to the maximum intensity of the reference signal
Ixpw(A). The spectra were measured by the high-resolution Anritsu spectrometer. The pulse charac-
terized here is a dispersion-compensated femtosecond pulse with a center wavelength of 800 nm.

It can be seen that the ratio of the maximum intensity of the fundamental spectrum to the maximum
intensity of the XPW spectrum still depends on the calculation method, which will be discussed below.
The separately measured and scaled XPW and fundamental spectra are smoothed by inverse Fourier
transform and multiplication by a Gaussian window function in the time domain. The width of the win-
dow is chosen the same as for the interferogram signal to obtain the same filter properties as for the sum
and interference term. After multiplication with the window function, the signal is Fourier transformed
back to the frequency domain. This method corresponds to a band-pass filter and reduces noise while
preserving the underlying structure of the spectrum.

The two differently determined XPW spectra and the fundamental spectra show a similar shape (see
. In contrast to the determination using the Ocean Optics HR4000 spectrometer (lower res-
olution) as seen in the ratio of the maximum intensity of the fundamental spectrum to the
maximum intensity of the XPW spectrum is similar for both calculation methods. However, there is
still a deviation which is due to the amplified spontaneous emission (ASE). The measured fundamental
spectrum is not the purely coherent fundamental intensity Ir(w), but also includes an incoherent com-
ponent (ASE). The independently measured spectrum Iz 4(w) is composed of the fundamental intensity
Ir(w) and the incoherent component I4s5(w) and therefore corresponds only approximately to the fun-
damental spectrum calculated from the measured interferogram using the SRSI algorithm (calculation
by [Equation 2.36)or [Equation 2.38). A detailed treatment of the amplified spontaneous emission is given
in

By further feedback of the determined spectral phase of the fundamental pulse into the pulse shaper
using the high-resulution spectrometer, the phase can be flattened even more.

In a) the phase and spectrum of the fundamental pulse and the XPW spectrum determined by
SRST after fine compression of the fundamental pulse (two iterations of the feedback loop) are shown. For
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this fine compression, the phase for the feedback into the Dazzler was determined by SRSI, using the Ocean
Optics HR4000 spectrometer to measure the interferogram as described in[subsubsection 4.1.1} Note that
the fine compression was performed by using the low-resolution Ocean Optics HR4000 spectrometer, but
the displayed phase and spectra in were determined by SRSI, using the high-resolution Anritsu
spectrometer to measure the interferogram.

By using the high-resolution spectrometer for the fine compression, the dispersion can be compensated
even more. The phase and spectrum of the fundamental pulse and the XPW spectrum after an additional
iteration of the feedback loop is shown in b), where the phase for the feedback into the Dazzler
was now determined by SRSI, using the high-resolution spectrometer.
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Figure 21: a) Phase and spectrum of fundamental pulse and XPW spectrum determined by SRSI after
fine compression by low-resolution Ocean Optics HR4000 spectrometer (two iterations of the feedback
loop) b) Phase and spectrum of fundamental pulse and XPW spectrum determined by SRST after fine
compression by high-resolution Anritsu spectrometer (one more iteration of the feedback loop).

Note that in a) the fine compression was performed by using the low-resolution Ocean Optics HR4000
spectrometer, but the displayed phase and spectra were determined by SRSI, using the high-resolution
Anritsu spectrometer to measure the interferogram. Also in b), the displayed phase and spectra were
obtained by SRSI, utilizing the high-resolution Anritsu spectrometer for interferogram measurement.

The fluctuations of the spectral phase are not necessarily due to higher-order dispersion terms, but can
also be caused by the output power fluctuation of the laser.

Also the misalignment of the optical setup could have an impact on the measured interferogram and
retrieved phase. For example, a wrong adjustment of the second polarizer results in one of the two
perpendicularly polarized fundamental beams not being completely blocked, which leads to interference

(detailed discussion in [subsection 3.4]).

Temporal characterization

By inverse Fourier transform, the electric field of the pulse in the temporal domain can be calculated from
the amplitude and phase in the frequency domain to obtain an estimate of the pulse duration (FWHM
of the intensity). For a dispersion-compensated pulse (fine compression performed by feedback of the de-
termined spectral phase of the fundamental pulse into the Dazzler pulse shaper using the high-resolution
Anritsu spectrometer as described in the upper paragraphs) this results in a pulse duration of about 38 fs.
In the temporal intensity of the pulse is illustrated in two scenarios: one determined through SRSI
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pulse characterization using the Ocean Optics HR4000 spectrometer for measuring the interferogram
(with a resolution of about 0.75 nm), and the other through the utilization of the Anritsu spectrometer
(with a resolution of approximately 0.059 nm). No pre-pulses are evident in this plot.
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Figure 22: Intensities I (t) of a dispersion-compensated pulse in the time domain (fine-compression by
feedback of the spectral phase in the Dazzler pulse shaper, see corresponding spectrum and spectral
phase in b). In a) the temporal intensity was determined through SRSI pulse characterization
using the Ocean Optics HR4000 spectrometer (with a resolution of about 0.75 nm). In b) the temporal
intensity was determined through SRSI pulse characterization using the Anritsu spectrometer (with a
resolution of approximately 0.059 nm). The pulse duration (FWHM) is about 38 fs.

Also in the temporal intensity of the dispersion-compensated pulse is depicted. In contrast to
this is illustrated in a semi-logarithmic plot that spans a time range roughly equivalent to the
width of the super-Gaussian window function used in the SRSI evaluation. In this plot, the identification
of a potential pre-pulse should be feasible. However, no distinct pre-pulse is detectable. This could also
possibly be attributed to the significant noise present, which complicates the analysis.
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Figure 23: Semi-logarithmic plot of the temporal intensity Ir(¢) of a dispersion-compensated pulse in
the time domain (fine-compression by feedback of the spectral phase in the Dazzler pulse shaper, see
corresponding spectrum and spectral phase in b). In a) the temporal intensity was determined
through SRSI pulse characterization using the Ocean Optics HR4000 spectrometer (with a resolution
of about 0.75 nm). In b) the temporal intensity was determined through SRSI pulse characterization
using the Anritsu spectrometer (with a resolution of approximately 0.059 nm). No distinct pre-pulses are
detectable.

4.2 SRSI pulse characterization of a Light Conversion PHAROS laser

For accurate characterization of pulses from the PHAROS laser source, it is crucial to use a suitable
thickness of the calcite plate and a high-resolution spectrometer as described in Also,
it is important to adjust the elements according to the instructions provided in This
ensures the acquisition of an interferogram with clear fringes, enabling the evaluation and retrieval of
pulse characteristics.

The evaluation for the pulse characterization is done as in [subsubsection 2.5.1| where the algorithm to
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retrieve pulse characteristics is described. In the following, the individual steps of the evaluation are
described on the basis of an example pulse (dispersion-compensated pulse with pulse duration of about
270 fs, center wavelength of 1025 nm and bandwidth of 6.7 nm from a Light Conversion PHAROS PH2-
20W laser source).

The most important difference to the measurements and the pulse characterization described for the
Thales ALPHA kHz laser source is the now larger pulse duration (and narrower bandwidth). As a con-
sequence a thicker calcite plate is used, otherwise the sum term Sy(¢) and the interference term f(¢) in
the time domain cannot be well separated by the Gaussian window function. The calcite plate used for
this experiment has a thickness of 10 mm. A detailed discussion of the estimation of the thickness of
the calcite plate can be found in Due to the longer delay time 7 of the 10 mm calcite
plate, the peaks of the interferogram are close to each other. The Anritsu spectrometer with a resolution
of 0.059 nm (pixel spacing 0.05 nm), VBW of 200 Hz and point average of 100 is used to record the
interferogram. Using the grating compressor of the PHAROS laser system, the spectral phase of the
pulses can be flattened and the pulse duration can be shortened.

Regarding the measurement procedure of the interferogram (as described in, it should be
noted that the Ocean Optics HR4000 spectrometer is used for fine adjustment of the optical elements to
see the effects of the different settings on the measured spectrum directly (without significant time delay).
The Anristsu spectrometer with higher resolution needs up to several minutes for the recording of a single
spectrum which is too slow for adjustment and used only for the measurement of the interferogram after
the fine adjustments.

Using the Ocean Optics HR4000 spectrometer with lower resolution poses a problem in the adjustment
of the second polarizer, which should completely block the fundamental pulse Ep input(w). The interfer-
ence pattern, which results from the superposition of fundamental pulse Ef jnpu(w) and the generated,
time-delayed replica pulse Er(w) if the second polarizer does not block one of the two pulses, cannot
be resolved by the Ocean Optics HR4000 spectrometer. The best setting of the second polarizer can
still be found by rotating the polarizer until a minimum intensity of the spectrum is measured. At this
setting the fundamental pulse EF input(w) is blocked by the second polarizer. To check the alignment,
the Anritsu spectrometer can be used to verify the absence of interference in this spectrum.

4.2.1 Pulse characterization procedure

In the following paragraphs, the experimental procedure of pulse characterization for the PHAROS laser
is performed according to the theoretical description in [subsubsection 2.5.1}

Processing of the measured signal

The Anritsu spectrometer records the intensities for the wavelength range 1015-1035 nm with a resolution
of 0.059 nm. The interferogram is recorded as described in and is shown in for
the example of a dispersion-compensated femtosecond pulse with a center wavelength of 1025 nm.

As described in [subsubsection 2.5.1) the spectrum data is mapped to a frequency range (0-3-10'* Hz) and
linearly interpolated to obtain equidistant data points which are needed for the fast Fourier transform.
The pixel spacing of the Anritsu spectrometer corresponds to a frequency interval |Af| = 1.4 - 100 Hz
(at wavelength 1025 nm and a pixel spacing in the wavelength domain of 0.05 nm, for the calculation see
Equation 2.32)). Therefore an interpolation step size of 10*° Hz is chosen.

The spectrum obtained in the frequency domain Ijx(w) can be seen in While there is noise
present in the interferogram, it’s important to note that the smoothing of the interferogram isn’t required
to achieve smooth spectra through the SRSI algorithm. This is due to the fact that the signal smooth-
ing is already incorporated within the SRSI algorithm. Smoothing occurs during the processing step
in which the interferogram is inverse-Fourier-transformed, the sum term and the interference term are
extracted by multiplication with a super-Gaussian window function and the extracted signals are Fourier
transformed back into the frequency domain. This procedure is elaborated in more detail in the following.

Extracting the sum term and the interference term

The measured signal in the frequency domain Ijx(w) is composed of a sum term Sp(w) and interference
term f(w). As in the case of the characterization of the pulses of the Thales ALPHA kHz laser, the terms
So(w) and f(w) are extracted from the signal Itn(w). Therefore in the first step Iin(w) is inverse-Fourier-
transformed (using fast Fourier transform) to obtain a temporal signal I1x(t), depicted in
The peaks Sy(t) and f(t —7) of the signal I1n(t) are separated by the time delay 7, which corresponds to
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Figure 24: Intensity I1n(A) of a typical interferogram of an SRSI measurement for a calcite plate with
a thickness of 10 mm and a dispersion-compensated femtosecond pulse with a center wavelength of
1025 nm. It serves as input for the evaluations presented in [Figure 25 — [Figure 29| (Spectrometer:
Anritsu; resolution 0.059 nm)
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Figure 25: Intensity Iin(w) of a typical interferogram of an SRSI measurement for a calcite plate with a
thickness of 10 mm and a dispersion-compensated femtosecond pulse with a center wavelength of 1025 nm.
Black dots correspond to the measuring points of the spectrometer (Anritsu; resolution about 0.059 nm).
The red line corresponds to the linear interpolation.

the delay of the replica pulse caused by the calcite plate. The retardation with a calcite plate of thickness
As = 10 mm corresponds approximately to a temporal retardation of 7 = 5.44 ps at a mean wavelength
of 1025 nm (for the calculation see [subsection 3.3).

For a calcite plate with a thickness of 10 mm, the peaks Sy(t) and f(t — 7) are well separated so that
the temporal signals do not overlap. Thus, by multiplying the super-Gaussian window function with
the temporal signal I1n (), the sum term Sp(t) and the interference term f(¢t — 7) can be extracted (de-
picted in [Figure 27). After centering the interference term f(t — 7) around ¢ = 0, So(t) and f(¢) can
be Fourier transformed to obtain the now separated components f(w) and Sy(w) (depicted in [Figure 28)).

Calculating the amplitudes of the fundamental and the reference pulse

Using the sum term Sp(w) and interference term f(w) the amplitudes of the reference pulse |Expw(w)]
(XPW signal) and the fundamental pulse |Er(w)| can be determined. Assuming that all XPW spectral
components are more intense than input pulse ones at each frequency the expressions
and are used. The intensities of the XPW and the fundamental spectrum are shown in
As required by the SRST method, the spectrum of the XPW signal is wider than the spectrum
of the fundamental pulse.

Since in the Anritsu spectrometer the intensities of the wavelength intervals are recorded sequentially, a
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Figure 26: The temporal signal I1n(t) (the real part is shown here in black) is the inverse-Fourier-
transformed signal Iix(w) measured by the SRSI setup. The signal I1n(t) contains the sum term Spy(t)
centered around ¢ = 0 and the two interference terms f(t — 7) and f*(¢ + 7) which are centered around
t =7 and t = —7. By multiplying a super-Gaussian window function of order four (shown in gray) with
the temporal signal I1nx(t), the sum term Sy (¢) and the interference term f (¢t — 7) (respectively f*(t+ 7))
can be separated. The pulse characterized here is a dispersion-compensated femtosecond pulse with a
center wavelength of 1025 nm.
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Figure 27: The plots shows the interference term (a) and the sum term (b), which were extracted from the
signal I1n(t) by multiplication with a super-Gaussian window. Thereby the sum term corresponds to the
sum of the field autocorrelation functions of the fundamental and the reference pulse. The interference
term corresponds to the cross-correlation of the two pulses. The signal Iix(¢) is the inverse-Fourier-
transformed signal I1n(w) measured by an SRSI setup. The pulse characterized here is a dispersion-
compensated femtosecond pulse with a center wavelength of 1025 nm.

fluctuation of the intensity of the entire input signal means fluctuations in the measured interferogram,
since in the implementation it was not averaged over a sufficiently large number of points and sweeps.
This results in a fluctuation of the intensity of the determined fundamental and XPW spectrum. This can
also be seen in the fundamental intensity spectra Iy(\) for different spectral phases, shown in
which theoretically should be the same, since the grating compressor only affects the phase. If more
accurately determined spectra are required, the point averaging (per measured wavelength) and sweep
averaging can be increased, resulting in a longer measurement time. Alternatively, pulse characterization
can be repeated multiple times without making any adjustments or modifications in the experimental
procedure. This would provide a more distinct understanding of the noise characteristics.

As an extension of this work, the obtained spectra could be verified by measuring the fundamental
and XPW spectra separately, as was done in the characterization of the Thales ALPHA kHz pulses and

described theoretically in

Phase retrieval and pulse compression
As described insubsubsection 2.5.1] the spectral phase of the fundamental pulse ¢ (w) is estimated in first

approximation (assumption of a constant phase of the reference pulse) by arg[f(w)], see [Equation 2.45
To improve the accuracy of the determined spectral phase, the non-constant phase of the reference pulse

is taken into account as described in [subsection 2.5 Using an iterative algorithm (see [Figure 7)), a better

estimation of the phase of the pulse to be determined can be made. The determined spectral phases of
femtosecond pulses with a center wavelength of 1025 nm for different settings of the PHAROS grating

compressor are shown in
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a) Interference term in frequency domain: f(w) b) Sum term in frequency domain: Sp(w)
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Figure 28: The plots shows the interference term (a) and the sum term (b) extracted from the measured
SRSI signal I1x(w). The pulse characterized here is a dispersion-compensated femtosecond pulse with a
center wavelength of 1025 nm.
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Figure 29: The analytically calculated spectra of the reference pulse Ixpw () (a) and the fundamental
pulse Ir(A) (b) are shown. Intensities are scaled with respect to the maximum intensity of the reference
signal Ixpw(A). The pulse characterized here is a dispersion-compensated femtosecond pulse with a
center wavelength of 1025 nm.

In the case of the PHAROS laser system, the built-in compressor (diffraction grating setup) allows dis-
persion compensation. By changing the compressor length, a negative or positive chirp can be induced.
The best compensation can be determined by gradually changing the compressor length and determin-
ing the spectral phase. The best compensation means the flattest possible phase and minimum pulse
duration. The determined phases and temporal intensities Ir(t) of pulses for three exemplary settings
of the compressor length are displayed in The best compression allowed a pulse with a pulse
duration of 271 fs. If the compressor length is changed from this optimum, positive/negative GDD is
induced and the pulse duration is increased.

4.3 Determination of dispersion terms and validity ranges using SRSI

In the SRSI method to determine the spectral phase and amplitude of a Thales ALPHA
kHz pulse (without considering ASE) was presented. The shape of the spectral phase already provides
qualitative information about the pulse (flat phase, positive/negative chirp, etc.). For quantification, a
polynomial fitting of the spectral phase is performed to determine the chromatic dispersion terms.

As we have seen in the spectral phase can be expanded into a Taylor series. Thus it is
possible to fit the spectral phase to a p-th degree polynomial to obtain dispersion terms up to p-th order.
The fitting polynomial is centered at the peak wavelength of the retrieved spectrum. Note that the calcu-
lation and fitting of the spectral phase is performed only for a frequency range where the pulse intensity is
larger than 5% of the peak intensity, since the values of the phase are not meaningful at an intensity close
to zero. For small intensity values, retrieving the correct phase becomes challenging, which means that if
the spectral phase is unwrapped for too large a wavelength range (where the intensity at the edge is very
small), the fitted polynomial is not a good approximation of the actual phase. At the same time, however,
it is necessary to fit the spectral phase on the largest possible wavelength range where correct retrieval of
the phase is still possible in order to obtain the best possible approximation by the polynomial. For the
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Figure 30: The following plots show the spectral phase and temporal description of different femtosecond
pulses with a center wavelength of 1025 nm (PHAROS laser) for different compressor settings. a) Case of
negative chirp (compressor length: -10000 steps compared to optimum) b) Case of the best compensation:
The phase is approximately constant over the entire bandwidth of the pulse and the pulse duration is
shortest possible. ¢) Case of positive chirp (compressor length: +10000 steps compared to optimum)

polynomial fitting of the spectral phase, no weighting factors were applied. An alternative approach could
involve employing an intensity-weighted fit, where the phase is weighted lower at low-intensity frequencies.

For the following experiments the Thales ALPHA kHz laser system, the Fastlite Dazzle pulse shaper
and the Ocean Optics HR4000 spectrometer were used.

The experiments in this chapter were performed with a 1 mm thick calcite plate, which yields well-resolved
peaks in the interferogram using the Ocean Optics spectrometer. However, it should be noted that the
resulting time delay 7 between the fundamental and reference pulses is relatively small, as explained in
This can result in a lack of clear separation between the temporal sum term and the in-
terference term, leading to potential inaccuracies in the pulse characterization. To achieve a more precise
determination of the spectral phase and the associated dispersion terms, conducting these experiments
with a thicker calcite plate is suggested. However, it is important to consider that for effective resolution
of the resulting interferogram, a spectrometer with higher resolution would be required. When using the
Anritsu spectrometer, this would significantly increase the time required for the experiments.

Because we characterize pulses with non-negligible dispersion (no flat spectral phase), the dispersion
of the reference pulse has to be considered. The estimation of the phase of the fundamental pulse by
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or(w) = arg[f(w)] is therefore inaccurate and was corrected by taking into account the phase ¢xpw(w)

as described in [subsubsection 2.5.11

A possible incoherent part of the laser output is ignored in the following evaluations.

In the first experiment, the objective is to characterize a sample pulse featuring pure second-order dis-
persion (GDD of 200 fs?). For this purpose, an initial dispersion-compensated pulse is generated through
the fine-compression process involving iterative feedback of the spectral phase into the Dazzler pulse
shaper. Subsequently, an additional GDD of 200 fs? is introduced to this dispersion-compensated pulse
using the Dazzler pulse shaper. In the spectral phase of this pulse and its fit by a fourth-
degree polynomial is shown. The values of the dispersion terms obtained by the polynomial fitting are:
GDD = 214.25 fs2, TOD = 548.61 fs?, FOD = -96237.98 fs*. The magnitude of these values is not as
large as it appears. In the case of a pulse with a spectral bandwidth (FWHM) of 30 nm (approximately
14-10* Hz), these values result in a change in spectral phase of 0.210, 0.008, and 0.015 rad, respectively,
at a distance of half the FWHM from the central wavelength. The calculation of this change in spectral
phase, depending on the dispersion terms and the frequency is provided in

Since we assumed a dispersion-compensated pulse with additionally introduced GDD, we expect small
values for the TOD and FOD terms. Possible reasons for the deviation of the measured GDD value of
214 fs? from the 200 fs? introduced by the Dazzler pulse shaper and the non-zero values of the TOD
and FOD are the neglect of higher-order dispersion terms and the inaccurate retrieval of the spectral
phase, especially in the edge regions. Moreover, the pulse (without the introduced GDD = 200 fs?) is
not exactly dispersion-compensated (see e.g. [Figure 21I)). One way to determine the dispersion terms
more accurately is to proceed as discussed in the following paragraph, using a ’'reference phase’ of a
dispersion-compensated pulse.

Ir(A) and @r(A)
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Figure 31: SRSI pulse characterization of a Thales ALPHA kHz laser with center wavelength at 800 nm.
The pulse described corresponds to a dispersion compensated pulse (fine compressed by iterative feedback
of the spectral phase into the Dazzler pulse shaper), with an additional GDD of 200 fs? subsequently
added using the Dazzler pulse shaper. The spectral phase of the pulse with positive GDD is shown in
gray. The phase is fitted to a fourth-degree polynomial (red) to obtain the dispersion terms up to order
four. (Spectrometer: Ocean Optics HR4000; calcite plate thickness: 1 mm)

4.3.1 Determination of relative GDD and TOD of different pulses

Using a dispersion-compensated pulse as a reference, the method presented here allows the relative GDD
and TOD of different pulses to be determined with a higher accuracy than fitting the retrieved spectral
phase to a high-order polynomial.

In the Taylor expansion of the spectral phase, in general, higher-order dispersion terms cannot be as-
sumed to be zero, so high-order fitting polynomials would be necessary. However, if only the deviation
of the second or third-order dispersion with respect to a certain pulse is of interest, a fitting polynomial
of second or third-order is sufficient. In the experiment, this is realized as follows.

An initial pulse is generated through the fine-compression process involving iterative feedback of the spec-
tral phase into the Dazzler pulse shaper. The measured spectral phase of this dispersion compensated
pulse can be defined as 'reference phase’, see a). If the GDD or TOD is now changed by the
Dazzler pulse shaper by a certain value, the spectral phase of the dispersion-compensated pulse can be
subtracted from the measured spectral phase of the pulse with nonzero GDD or TOD. The phase thus
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obtained should correspond to a polynomial of at most third degree. This means that this difference of
spectral phases can be accurately fitted with a third degree polynomial. If the spectral phase (of a pulse
with additional GDD or TOD with respect to the compensated pulse) determined in this way deviates
from a polynomial of maximum third degree, the deviation is a measure of the error of the determined
phase, see [Figure 32|b). With the fitting parameters of the fitted polynomial the values for the GDD and
TOD can be determined using

A dispersion compensated femtosecond pulse with a center wavelength at 800 nm (fine compression pro-
cess with iterative feedback of the spectral phase into the Dazzler pulse shaper), with an additional GDD of
200 fs? subsequently added using the Dazzler pulse shaper is used as an example, see b). Fitting
the retrieved spectral phase corrected by subtracting the spectral phase of the dispersion-compensated
pulse to a fourth-degree polynomial yields the following values: GDD = 201.38 fs?, TOD = -238.7 fs3 and
FOD = 6349.28 fs*. Since the pulse shaper only introduces additional GDD with respect to the original
dispersion-compensated pulse and the higher-order dispersion is eliminated by subtracting the spectral
phase of the dispersion-compensated pulse, the third and fourth-order terms are expected to be zero. The
observed deviation of the values from zero is small (smaller than the retrieved dispersion terms by fitting
the phase to a fourth-degree polynomial without using a reference phase) and could possibly be explained
by the inaccurate retrieval of the spectral phase, especially in the edge regions and the inaccuracy of the
phase manipulation by the pulse shaper.

As mentioned before, for better accuracy of the determined phase, an iterative algorithm (see
is used to take into account the non-constant phase of the reference pulse, since the spectral phase of the
pulse to be characterized is not flat. Note: If the non-constant phase of the reference pulse is neglected
and the iterative correction algorithm is not performed (which means that the phase is estimated by
or(w) = arg[f(w)]), the calculated GDD would only be 176.34 fs?, resulting in a deviation of more than
10%.
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Figure 32: SRSI pulse characterization of Thales ALPHA kHz laser with center wavelength at 800 nm.
a) The phase of a dispersion-compensated femtosecond pulse is represented in gray. The compensation
is achieved through a fine-compression process that incorporates iterative feedback of the spectral phase
into the Dazzler pulse shaper. b) Presented in gray is the spectral phase of the initially dispersion-
compensated pulse, with an additional GDD of 200 fs? subsequently added using the Dazzler pulse
shaper. It’s important to note that the spectral phase of the compensated pulse displayed in a) has
been subtracted from this phase to exclude higher-order dispersion. The deviation of the measured
phase (gray) from the fitting polynomial (red) is a measure for the error of the determined phase. The
dispersion terms up to order four were obtained by fitting the high-order dispersion corrected phase to a
fourth-degree polynomial.

(Spectrometer: Ocean Optics HR4000; calcite plate thickness: 1 mm)

4.3.2 Validity range of retrieved GDD and TOD

By changing the second- and third-order dispersion of the pulse to be determined by the Dazzler pulse
shaper, it is possible to estimate the range of validity or limitation of the SRSI method for determining
the second- and third-order dispersion of the pulse. For this purpose, the GDD and TOD were varied
stepwise by the Dazzler pulse shaper and the results of the SRSI analysis plotted against these values.
For large GDD and TOD values, a deviation of the GDD and TOD determined by the SRSI method
from the GDD and TOD introduced by the pulse shaper is expected. When employing to
determine the phase, a deviation from the actual values is expected due to the assumption of a constant
phase of the XPW pulse. In this experiment, however, the phase is determined using the iterative correc-
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tion algorithm described in which takes into account the non-constant phase of the XPW pulse.
Nevertheless, even within this approach, accurately extracting the non-constant spectral phase of the
fundamental pulse through the SRSI algorithm remains a challenge, as the iterative correction process
itself can introduce inaccuracies.

The interferograms for pulse characterization were acquired with the Ocean Optics HR4000 spectrometer.

Procedure:

An initial pulse is generated through the fine-compression process involving iterative feedback of the spec-
tral phase into the Dazzler pulse shaper. The measured spectral phase of this dispersion compensated
pulse can be defined as 'reference phase’. Then the GDD and TOD can be changed step by step by the
Dazzler pulse shaper, and the spectral phase can be determined respectively. The examined values of
TOD are [-6000, -3000, 0, 3000, 6000] fs* relative to the dispersion-compensated pulse. The examined
values of GDD are [-400, -200, 0, 200, 400, 600] fs? relative to the dispersion-compensated pulse. To
better understand how these TOD and GDD values affect the spectral phase of the pulse, the following
estimation proves to be insightful. For a pulse featuring a spectral bandwidth (FWHM) of 30 nm (ap-
proximately 14-10'* Hz), these values of the dispersion terms lead to a change of the spectral phase of
0.1 rad (for TOD = 6000 fs®) and 0.4 rad (for GDD = 400 fs?) at a distance of half the FWHM from the
central wavelength. The calculation of this change in spectral phase, relative to the dispersion terms and
frequency, is given in

After determining the spectral phases of the pulses with modified GDD or TOD, the 'reference phase’ can
be subtracted from the retrieved spectral phases. The spectral phases of the pulses with modified GDD
should thus correspond to a second-order polynomial and can be fitted with a second-order polynomial.
Equivalently, the spectral phases of the pulses with modified TOD can be fitted with a third-order poly-
nomial. The results of the stepwise change of GDD and TOD by the pulse shaper versus the determined
GDD and TOD by SRSI can be seen in [Figure 33| and [Figure 34l It is evident that a deviation from a
linear dependence occurs beyond a certain threshold. The findings indicate that when the GDD values
exceed % 400 fs? or TOD values exceed & 3000 fs?, the experimentally determined dispersion terms by
SRSI can deviate by more than 15 % from the actual values.

In addition, the GDD values were determined for the stepwise change of the TOD. Since no GDD was
introduced by the pulse shaper, the GDD values obtained from the fit should remain equal to zero (see
b)) The results suggest that the pulses manipulated by the pulse shaper with different values of
TOD have no relevant influence on the corresponding GDD values determined by SRSI, which is expected.

An improvement of this experiment, the determination of the validity range of the determined GDD
and TOD, would be the pulse characterization using a spectrometer with higher resolution. Unfortu-
nately, this is very time-consuming e.g. for the case of the Anritsu spectrometer. Another possibility
would be the use of a larger and finer interval of the investigated GDD and TOD values.

A possible future extension for the discussion of the validity range would be the numerical simulation
of pulses with different values of the dispersion terms, and their interferogram, and thus the possible
validation of the values of these dispersion terms determined by the SRSI algorithm from the simulated
interferogram.

GDD validity range
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Figure 33: The graph illustrates the GDD terms obtained by fitting the determined spectral phase by

SRSI to a second-degree polynomial, versus the GDD values set by the Dazzler pulse shaper. The
deviation of the determined values from the ideal allows an estimation for the validity range.
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Figure 34: a) The graph illustrates the TOD terms obtained by fitting the determined spectral phase
by SRSI to a third-degree polynomial, versus the TOD values set by the Dazzler pulse shaper. The
deviation of the determined values from the ideal allows an estimation of the validity range. b) GDD
values determined for the stepwise change of the TOD by the pulse shaper. The GDD should remain
equal to zero.

4.4 Consideration of ASE in SRSI pulse characterization of a Thales ALPHA
kHz laser

To determine the incoherent ASE part of the laser output, the measured interferogram of a conventional
SRSI measurement alone is not sufficient. In the chosen approach to determine the ASE, in addition to
the interferogram, the spectrum of the XPW signal and the spectrum of the output signal of the laser are
recorded separately. It is important to emphasize that the measured XPW spectrum does not contain
ASE. This is due to the fact that XPW is a third-order nonlinear phenomenon that occurs only at high
intensities, making it insignificant for small amplitudes. Consequently, if the intensity of the ASE signal is
low, its contribution is negligible in the XPW signal. The XPW signal can therefore be considered purely
coherent. In contrast, the output signal of the laser consists of a coherent part, in the following called
fundamental signal with intensity /p(w), and an incoherent part, due to ASE with intensity Iasg(w).

The three required spectra of the XPW signal Ix pw (w), output signal Ips(w) = Ip(w) + Iase(w) and
interferogram I1n(w) are measured as described in In contrast to the

measured signal of the laser output is now treated as Ipa(w) instead of Ir(w).

The pulse to be characterized is a dispersion-compensated pulse of a Thales Alpha Ti:Sa laser. The
dispersion-compensated pulse was obtained as described in by the fine-compression pro-
cess involving iterative feedback of the spectral phase into the Dazzler pulse shaper. The used calcite
plate has a thickness of 3 mm and the used Anritsu spectrometer has a resolution of 0.059 nm. The high
resolution of the spectrometer is crucial for effectively resolving the interferogram, allowing for a distinct
separation between the interference term and the sum term. The following analysis uses the spectra

depicted in [Figure 19|a) as input data.

To be able to distinguish in the following the intensities of the directly measured spectra (I3, (w) and
I (w)) from the intensities correctly scaled for the evaluations and calculations (Ip(w) and Iy py (w))
the superscript '™’ is used for the measured spectra.

4.4.1 Estimation of the ASE spectrum

In the first step, the measured interferogram is processed and the sum term Sp(w) and interference term

f(w) are determined analogously to

The independently measured XPW spectrum {5y (w) and fundamental spectrum I, (w) can be smoothed
by an inverse Fourier transform followed by multiplying a super-Gaussian window function in the time
domain. The width of the window is chosen the same as for the interferogram to obtain the same filter
properties as for the sum and interference term. After multiplication with the window function, the signal
is Fourier transformed again. This method corresponds to a band-pass filter.

After that, the spectra I, (w) and I#Ly,(w) are scaled as described in by fitting them to
the sum term Sp(w) using scaling factors, see A deviation of the sum of I3, (w) and I{hy, (w)
from the sum term Sy(w) is due to the noise of the measurement signal (fluctuation of the laser output

power and noise of the detector in the spectrometer) and the used filters in the data processing for sep-

54



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

arating the sum and interference term (multiplication of the Fourier transformed signal with a window
function in the time domain to extract the sum and interference term). This error also limits the accuracy
of the ASE signal determination.
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Figure 35: a) The separately measured spectra [ %A(A) and I%DW(A) are scaled by fitting them to the
sum term Sp()\) using scaling factors. b) Shown are the scaled spectra I, (\) and I¥4y,(\) with scaling
factors cpa and cxpw. It can be seen that the scaled XPW signal is stronger than the fundamental
signal.

Intensities are scaled with respect to the maximum intensity of the sum term Sy(\).

Now, using the sum term, interference term, scaled fundamental spectrum and scaled XPW spectrum,
the ASE can be calculated in two ways as described in [Equation 2.53] and [Equation 2.54] The results
of these calculations are shown in It should be noted that the first method of calculat-
ing the ASE spectrum is more accurate because it uses the directly measured (and scaled) expression
Ipa(w) = cpa - IM,(w) instead of the composite term Ira(w) = So(w) — expw - Itby (w). This is also
evident from the negative intensities of the ASE signal depicted in b) (clearly an outcome of
inaccuracies in the calculation). The ratio of the integrated intensities over the wavelength range (750 nm
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Figure 36: Estimation of the ASE spectrum using the sum term and interference term determined from the
interferogram and the two separately measured and scaled XPW and fundamental spectra. A Gaussian
fit is shown in gray. a) Calculation of the ASE intensity by ITasg(A\) = Ira(A) — Ir(N). b) Calculation
of the ASE intensity by Iasg(A) = So(A) — Ir(X) — Ixpw ().

Intensities are scaled with respect to the maximum intensity of the sum term Sy(\).

to 850 nm) of the ASE spectrum to the fundamental spectrum ranges from 21.5 % to 23.1 %, depending
on the calculation method. The ASE part of the total laser output signal Iasg(w)/(Iase(w) + Ir(w))
thus corresponds to about 17.7 % to 18.8 %.

4.4.2 Influence of ASE on the calculated fundamental and XPW spectrum

By comparing the formulas for the calculation of the amplitude of the XPW spectrum with and with-
out consideration of ASE (Equation 2.35| and [Equation 2.55|) a statement on the influence of ASE on
the amplitude can already be made (the same applies to the fundamental spectrum, see
and . The magnitude of the intensity of the actual XPW spectrum (calculation with
consideration of ASE) is larger than or equal to the intensity of the calculated XPW spectrum with-
out consideration of ASE. The opposite is true for the magnitude of the intensity of the fundamental
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spectrum. It should be noted that the formulas are valid under the assumption that the XPW spectral
components are more intense than the fundamental ones at each frequency. (In the case that the fun-
damental spectral components are more intense than XPW pulse ones at each frequency, the formulas
[Equation 2.37] [Equation 2.38| [Equation 2.57| and [Equation 2.58| apply.)

The magnitudes of the calculated spectra without consideration of ASE and the actual magnitudes con-
sidering ASE can be compared, this is shown in a) and b) and will be discussed in the following.

The magnitude of the fundamental spectrum without consideration of ASE calculated from the mea-
sured interferogram using the SRSI algorithm (see [Equation 2.36| or [Equation 2.38) differs from the
actual magnitude (obtained by Ir(w) = [f(w)[*/(expw - Ixpw(w)), see [Equation 2.52). The deviation
can be quantified by the ratio of the integral of the spectrum calculated as described in the SRSI algorithm
(without consideration of ASE) over the wavelength to the integral of the actual spectrum (obtained by
over the wavelength. The integration is performed over the wavelength interval 760—
840 nm, since the intensities outside this range are close to zero. The ratio determined in this way has
a value of 0.940. This means that the magnitude of the analytically calculated fundamental spectrum
without consideration of ASE is about 6.0 % smaller than the determined fundamental spectrum with
consideration of ASE.

Also the magnitude of the XPW spectrum without considering ASE calculated as described in the SRSI
algorithm (using [Equation 2.35|or [Equation 2.37) differs from the actual magnitude (obtained by direct
measurement and scaling Iy pw (w) = cxpw - Iibw(w)). Again, the deviation can be quantified by the
ratio of the integral of the spectrum calculated as described in the SRSI algorithm (without consider-
ation of ASE) over the wavelength to the integral of the directly measured and scaled spectrum over
the wavelength, using the same wavelength interval as before. The ratio determined in this way has a
value of 1.071. This means that the magnitude of the analytically calculated XPW spectrum without
consideration of ASE is about 7.1 % larger than the actual XPW spectrum.

a) I£(A) b) Ixpw(A)
0.30 4 104
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Figure 37: The calculated magnitudes of the fundamental and the XPW spectrum without considering
ASE differ from the actual magnitudes considering ASE. Intensities are scaled with respect to the max-
imum intensity of the measured XPW spectrum Ixpw (A). a) The actual XPW spectrum is obtained
by direct measurement and scaling Ixpw (\) = cxpw - Itbw(A), shown in black. The calculation as
described in the SRSI algorithm without considering ASE is shown in gray. b) The actual fundamental
spectrum is obtained by Ir(X) = |f(N)|?/(cxpw - Ibyw(A)), shown in black. The calculation of Ir()) as
described in the SRSI algorithm without considering ASE is shown in gray.

The influence of ASE on the fundamental and XPW spectra calculated as described in the SRSI al-
gorithm without taking ASE into account (using [Equation 2.35(—[Equation 2.38|) can also be calculated
in a numerical simulation. For this, first the bandwidths and center wavelengths of the fundamental and
the ASE spectrum are determined in order to correctly model the spectra in the numerical simulation.
The bandwidth and center wavelength of the ASE spectrum is determined by fitting a Gaussian function
to the ASE spectrum (see . The ASE spectrum is determined as specified in [Equation 2.53
since this calculation method is more accurate than (as described in [subsubsection 4.4.1]).
This results in a bandwidth of 33.1 nm and a center wavelength of 805.2 nm for the ASE spectrum. For
the determination of the bandwidth and the center wavelength of the fundamental spectrum (obtained
by also a Gaussian fit is used. This results in a bandwidth of 31.2 nm and a center wave-
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length of 806.0 nm for the fundamental spectrum. Gaussian fits are used for determining the FWHM
and central wavelength, as this approach is more precise than directly measuring the spectrum’s width at
half intensity. When directly measuring the bandwidth at half intensity, the obtained width is influenced
by noise or minor local intensity fluctuations.

It is essential to highlight that the central wavelength and bandwidth of the ASE spectrum closely resem-
ble those of the fundamental spectrum. This similarity allows us to assume a proportional relationship
between the ASE and fundamental spectrum intensities. Also, the fundamental spectrum, computed
using SRSI without accounting for ASE as described in [Equation 2.36 or [Equation 2.38] has a similar
central wavelength (806.3 nm) and bandwidth (30.8 nm), both of which were also determined through
Gaussian fitting.

In order to compare the experimentally determined deviation (deviation of the calculated fundamen-
tal and XPW spectrum by SRSI without consideration of ASE using [Equation 2.35|—[Equation 2.38|from
the spectra determined by [Equation 2.42[—|Equation 2.43|) with the calculated deviation of the numerical
simulation, the following procedure is followed. First, in the numerical simulation in Python, the fun-
damental and ASE spectra measured and determined in the experiment are reproduced by using their
Gaussian fitting functions with the fitting parameters described above. The XPW spectrum is generated
using the Fourier transformed fundamental spectrum, the relation [Equation 2.24)and Fourier back trans-
formation. The maximum intensity of the fundamental spectrum is scaled to 30.0 % of the maximum
intensity of the XPW spectrum (determined by comparing the fitting parameters of the Gaussian fitting
functions). The maximum intensity of the ASE spectrum is scaled to 21.5 % of the maximum intensity
of the fundamental spectrum.

These three spectra (fundamental, XPW, and ASE) serve as references for subsequent evaluations and
comparisons.

The sum term Sp(w) and the interference term f(w) can be calculated numerically by [Equation 2.47]
and Using these two terms, the fundamental and XPW spectra can now be calculated as
described in the SRSI algorithm using [Equation 2.35| and [Equation 2.36| as suggested in Oksenhendler
et al. . This calculation does not consider ASE and the difference between the spectra calculated
as described in the SRSI algorithm without considering ASE and the original spectra as defined in the
simulation can be analyzed. This is shown in a) and b).

As also seen with the experimentally determined spectra, there is a difference between the magnitudes of
the intensities of the spectra calculated as described in the SRSI algorithm without considering ASE and
the original spectrum as defined in the simulation. The deviation is quantified by the ratio of the integral
of the spectrum calculated as described in the SRSI algorithm over the wavelength to the integral of the
actual spectrum over the wavelength. The ratio determined in this way for the fundamental spectrum has
a value of 0.939. This means that the magnitude of the fundamental spectrum calculated as described
in the SRST algorithm without consideration of ASE is about 6.1 % smaller than the actual fundamental
spectrum.

The deviation of the magnitude of the intensity of the XPW spectrum calculated as described in the
SRSI algorithm without considering ASE from the original spectrum as defined in the simulation can
be calculated similarly as for the fundamental spectrum. The ratio determined in this way has a value
of 1.050. This means that the magnitude of the XPW spectrum calculated as described in the SRSI
algorithm without consideration of ASE is about 5.0% larger than the actual XPW spectrum.

The experimentally determined deviations and the deviations determined by the numerical simulation
of the magnitudes of the XPW and fundamental spectrum by the calculations without consideration of
ASE from the actual magnitudes show good agreement. Discrepancies may be due to the fact that a
Gaussian shape is assumed in the modeling (fitting) of the spectra for the numerical simulation, which is
only an approximation. In addition, the experimentally determined spectra are subject to errors due to
the measurement process of the spectra itself (fluctuations of the intensity of the laser output). Also the
procedure described in for the determination of the sum and interference terms and the
fundamental and XPW spectrum without consideration of ASE can lead to deviations due to the Fourier
transforms and filtering.

The evaluation shows that one must be aware that the magnitudes of the determined spectra devi-

ate from the actual magnitudes without taking ASE into account. In the experiment presented here, this
discrepancy was of the order of 5 to 7 %. The consideration of ASE also affects the characterization of

57



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

a) 1¢(A) b) Ixpw(A)

0.30 1
1.0 4

0.25 1
- — 0.8 1
z 0.20 1 z
20151 z 0.6
- g 0.4
a ] o 0.44
g 0.10 E

0.05 —_—IF 0.2 — lyxpw

~ —— IF,sgs (no ASE consideration) —— Ixpw,srs) (no ASE consideration)
0.00 1 0.0 4
760 780 800 820 840 760 780 800 820 840
Wavelength (nm) Wavelength (nm)

Figure 38: The figure displays the difference between the fundamental and XPW spectra calculated by
the SRST algorithm, where ASE is not taken into account despite its presence, and the original spectra as
defined in the simulation. With the help of this numerical simulation, the difference between the spectra
calculated as described in the SRSI algorithm without considering ASE and the actual spectra can be
shown. Intensities are scaled with respect to the maximum intensity of the actual XPW spectrum. The
magnitude of the ASE intensity corresponds in this example to 21.5 % of the magnitude of the fundamental
spectrum intensity. The central wavelength of the ASE spectrum (805 nm) corresponds approximately
to that of the fundamental spectrum. a) The actual fundamental spectrum Ir(\) is shown in black.
The intensity I () calculated as described in the SRSI algorithm without considering ASE is shown in
gray. b) The actual XPW spectrum Ix pw () is shown in black. The intensity Ixpw (A) calculated as
described in the SRSI algorithm without considering ASE is shown in gray.

the spectral phase of the fundamental pulse, since the iterative correction (consideration of a non-flat
XPW spectral phase) depends on the fundamental spectrum (see [Figure 7)).

If the ASE spectrum is determined by an alternative method (for example by measuring the optical
spectrum before and after the optical amplifier to evaluate the optical gain and the ASE noise spectral
density, as described in [45]), the extended formulas (Equation 2.55) and (Equation 2.56) (respectively
(Equation 2.57) and (Equation 2.58))) can be employed to calculate the XPW and fundamental spectra
based on the interferogram measured during the SRSI evaluation, taking into account the presence of
an incoherent laser output component such as ASE. Thus, the fundamental spectrum (as described in
can be determined without the necessity of a separate measurement of the XPW spectrum.
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5 Conclusion

In this thesis, the characterization of pulses from two solid-state femtosecond lasers in the near-infrared
region was investigated. The main objective was to determine the characteristics of the pulses using self-
referenced spectral interferometry (SRSI). SRSI is a technique that allows to determine both the spectral
phase and the spectral amplitude of laser pulses. A thorough analysis was conducted on the experimental
setup, emphasizing the critical role of the calcite plate’s thickness as a significant parameter. A detailed
description of the impact of the calcite plate’s thickness on the SRSI evaluation has been provided. It
was demonstrated that the resolution of the spectrometer used played a significant role in the accuracy
of pulse characterization, whereby the resolution has a greater impact on the accurate determination of
the spectra’s magnitude rather than on the precise determination of the spectral phase.

In the process of determining the spectral phase, polynomial fitting was utilized to determine the second,
third and fourth-order dispersion terms. By employing dispersion compensation devices like a grating
compressor or an AOPDF pulse shaper, it was possible to flatten the phase across the entire spectral
bandwidth, thereby achieving minimum pulse durations. For the Thales ALPHA kHz laser, a dispersion-
compensated pulse yielded a duration of 38 fs. In the case of the Light Conversion PHAROS laser, the
best dispersion compensation resulted in pulse durations of 271 fs. Measured pulse durations may vary
from the manufacturer’s indicated minimum values due to their sensitivity to environmental conditions
like temperature and humidity. Furthermore, any deviation of the laser output spectrum from a Gaussian
profile could result in an extended minimum pulse duration.

To ensure the validity of the SRSI algorithm, the range of applicability for determining the second- and
third-order dispersion terms was estimated based on SRSI measurements of pulses with well-defined dis-
persion. This estimation was employed in characterizing femtosecond pulses from the Thales ALPHA
kHz laser (38 fs) using the Ocean Optics HR4000 spectrometer with a resolution of 0.75 nm. The re-
sults indicated that for pulses with GDD (group delay dispersion) values exceeding + 400 fs?> or TOD
(third-order dispersion) values exceeding + 3000 fs®, a deviation of more than 15 % in the experimentally
determined dispersion terms can be expected. Consequently, for pulses with significant dispersion, the
spectral phase determined by SRSI may not correspond to the actual phase. The accuracy of the SRSI
method is therefore enhanced when the phase is further flattened during the SRSI procedure.

An extended pulse characterization using SRSI was also studied, incorporating an incoherent compo-
nent in the analytical description. This allowed the determination of the amplified spontaneous emission
(ASE) spectrum. This extension shows that for the determination of the incoherent ASE component
the measured interferogram of a conventional SRSI measurement alone is not sufficient, but also the
XPW spectrum and the spectrum of the output signal of the laser must be recorded separately. The
experimentally determined ASE spectrum of the Thales ALPHA kHz was acquired, revealing an ASE
spectrum intensity equivalent to 21.5 % of the intensity of the fundamental spectrum. The analysis
demonstrates that the central wavelength and bandwidth of the ASE spectrum closely resemble those of
the fundamental spectrum. This similarity indicates a proportional relationship between the intensities
of the ASE spectrum and the fundamental spectrum. ASE also influenced the fundamental and XPW
spectra calculated using the SRSI algorithm. Taking ASE into account, the spectra deviate by about
5 % in magnitude with respect to the calculated spectra without taking ASE into account (at an ASE
intensity of about one third of the fundmental spectrum intensity).

One possible extension of this work could involve conducting range of applicability experiments to esti-
mate the range of validity of the SRSI method for determining the second- and third-order dispersion
terms using a higher resolution spectrometer, such as the Anritsu spectrometer. This enhancement would
lead to increased accuracy in determining the spectral phase, subsequently enhancing the precision of
the dispersion terms as well. In addition, studying a broader range and finer interval of GDD and TOD
values would allow a more precise determination of the range of applicability.

One approach to reduce the pulse duration of the Thales ALPHA kHz laser involves manipulating the
spectral amplitude in addition to the spectral phase in the AOPDF pulse shaper. By shaping the ampli-
tude profile to resemble a Gaussian distribution, for instance, by slightly reducing the intensity around
the center wavelength, the bandwidth can be increased, resulting in a shorter pulse duration. This ap-
proach helps prevent gain narrowing and yields a smoother spectral shape. Optimizing this amplitude
shaping in the pulse shaper could be a potential focus for future investigations.
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A Source code

In this section, the Python implementation of the SRSI algorithm is described, and demonstrated by the
characterization of pulses from a Thales ALPHA kHz laser. The pulse under consideration is a dispersion-
compensated pulse with a duration of 38 fs, a center wavelength of 800 nm and a bandwidth spanning
approximately 30 nm. The spectral data, which includes the interferogram, fundamental spectrum, and
XPW spectrum, was recorded using the Anritsu MS9740B spectrometer with a resolution of 0.059 nm.
The pulse characterization process and the ASE spectrum determination were conducted following the
procedures outlined in [subsubsection 2.5.1| and [subsubsection 2.5.2 The results presented in this eval-
uation partially coincide with those described in fubsubsection 4.1.2] and [subsection 4.4] due to the use
of the same sample pulse and spectrometer for pulse characterization. Below, the source code and its
corresponding outputs are displayed.

# tmport libraries

import pandas as pd

import scipy

import scipy.constants as c
import scipy.signal as sig
import scipy.fftpack as fft
import numpy as np

import matplotlib.pyplot as plt
import math

# set resolution of plots
plt.rcParams['figure.dpi'] = 150

# path to spectra
path = 'C:/Users/Public/Documents/"'

#
# read .tzt files (fundamental spectrum, XPW spectrum and interferogram) into pandas DataFrame
#

# read the interferogram
df = pd.read_csv(path+'interferogram.txt', sep='\t')
# columns for wavelength (wl) and intensity (int)
df.columns = ['wl', 'int']
# manual 'calibration' of the spectrum's intensity values
# intensities at the edge (at the smallest and largest wavelengths) are set equal to zero
df['int'] -= np.arange(np.mean(df['int'][0:20]),np.mean(df['int'][-20:]),
-(np.mean(df ['int'] [0:20])-np.mean(df['int'] [-20:]))/len(df['int']))
# insert frequency column and convert wavelength to frequencies
df .insert (2, "frequency", c.c/(df.loc[:,"wl"]*10**(-9)))

# read the XPW spectrum

dfXPW = pd.read_csv(path+'spectrumXPW.txt', sep='\t')

# columns for wavelength (wl) and intensity (int)

dfXPW.columns = ['wl', 'int']

# manual 'calibration' of the spectrum's intensity values

# intensities at the edge (at the smallest and largest wavelengths) are set equal to zero

dfXPW['int'] -= np.arange(np.mean(dfXPW['int'][0:20]),np.mean(dfXPW['int'][-20:]),
~(np.mean(dfXPW['int '] [0:20])-np.mean(dfXPW['int']J [-20:]))/len(dfXPW['int']))

# insert frequency column and convert wavelength to frequencies

dfXPW.insert (2, "frequency", c.c/(dfXPW.loc[:,"wl"]1*10%*(-9)))

# read the fundamental spectrum
dfF = pd.read_csv(path+'spectrumFA.txt', sep='\t')
# columns for wavelength (wl) and intensity (int)
dfF.columns = ['wl', 'int']
# manual 'calibration' of the spectrum's intensity values
# intensities at the edge (at the smallest and largest wavelengths) are set equal to zero
dfF['int'] -= np.arange(np.mean(dfF['int'][0:20]),np.mean(dfF['int'][-20:]),
-(np.mean(dfF['int '] [0:20])-np.mean(dfF['int '] [-20:1))/len(dfF['int']))
# insert frequency column and convert wavelength to frequencies
dfF.insert(2, "frequency", c.c/(dfF.loc[:,"wl"]*10%x(-9)))

# set the size of the plot
plt.rcParams['figure.figsize']l = [12, 4]

# plot the spectra
plt.plot(df['wl'][::-1],df['int'][::-1],label="'$I_{IN}(\lambda)$',color="black")
plt.plot(df['wl'][::-1],dfF['int']1[::-1],label="$I_F(\lambda)$',color="red")
plt.plot(df['wl'][::-1],dfXPW['int '] [::-1],label="'$I_{XPW}(\lambda)$',color="blue")
plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

plt.legend ()

plt.show()
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#
# processing of the measured signals
#

# set figure size
plt.rcParams['figure.figsize']l = [12, 3]

# set array with frequencies (from top to bottom)
xp = df ['frequency'] [::-1]

# define frequency interval
dfreq = 1%10%*10

# create array of frequencies with spacing of the size of the frequency interval
f = np.arange(0*3*10%*14,4.2%(10%*14) ,dfreq)
N = len(f)

# define time interval
dt = 1/(N*dfreq)

# time array t with interval dt
t = np.arange(-(N/2)*dt, (N-(N/2))*dt,dt)

# interpolate the interferogram in frequency domain
signal_inter_spec = np.interp(f, xp, df['int']J[::-1])

# scale values
signal_inter_spec /= np.max(signal_inter_spec)

# filter high (and low) frequencies so that the temporal signal is not distorted

# find peaks of signal

peaks, _ = sig.find_peaks(abs(signal_inter_spec), height=0.99, distance=3000)

# choose width of Gaussian filter

sigma = math.floor(0.2*10%x14/dfreq)

# multiply Gaussian function with the data to cut off very low and high frequencies
signal_inter_spec *= np.exp(-(((np.arange(0,1,1/N)-(3.75%10%*14/dfreq) /N)**2) /(2 (sigma/N)**2))**8)

# plot measured intensity data points per wavelength and interpolated curve
plt.plot(f,signal_inter_spec, linewidth=1,color='black')

plt.plot(xp, df['int'][::-1]/np.max(df['int']1[::-1]), 'ro', ms=5)
plt.plot(f,np.exp(-(((np.arange(0,1,1/N)-(3.75%10%*14/dfreq) /N)**2)/(2* (sigma/N)**2))**8) ,color="'black')
plt.x1im([0.34%10%*15, 0.41%10%*15])

plt.title("Input signal $I_{IN}(\omega,\\tau)$")

plt.xlabel("Frequency (Hz)")

plt.ylabel("Intensity")

plt.show()

# create array for the temporal signal, Fourier-transform the interpolated spectrum

signal_temp = fft.ifft(signal_inter_spec)

# shift the temporal signal;

# array has to be shifted because Fourier-transform returns an array sorted from [0,t/2] concatenated with [-t/2,0]
# an array sorted from [-t,t] is needed

signal_temp = fft.ifftshift(signal_temp)

# create array with frequencies of the signal (from bottom to top)
xp_Unk = dfF['frequency'][::-1]

# interpolate the data for the fundamental (=unknown) spectrum
Fund_inter_spec = np.interp(f, xp_Unk, dfF['int'][::-1])

# filter high frequencies so that the temporal signal is not distorted

# find peaks of signal

peaks, _ = sig.find_peaks(abs(Fund_inter_spec)/np.max(abs(Fund_inter_spec)), height=0.99, distance=3000)
# choose width of Gaussian filter

sigma = math.floor(0.6%10*x14/dfreq)

# multiply Gaussian function with the data to cut off very low and high frequencies
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Fund_inter_spec *= np.exp(-(((np.arange(0,1,1/N)-(3.75%10**14/dfreq) /N)**2)/(2*(sigma/N)**2))**4)+10%*(-10)

# create array with frequencies of the signal (from bottom to top)
xp_XPW = dfXPW['frequency'][::-1]

# interpolate the data for the XPW (=reference) spectrum
XPW_inter_spec = np.interp(f, xp_XPW, dfXPW['int'][::-1])

# filter high frequencies so that the temporal signal is not distorted

# find peaks of signal

peaks, _ = sig.find_peaks(abs(XPW_inter_spec)/np.max(abs (XPW_inter_spec)), height=0.99, distance=3000)
# choose width of Gaussian filter

sigma = math.floor(0.8%10*x14/dfreq)

# multiply Gaussian function with the data to cut off very low and high frequencies

XPW_inter_spec *= np.exp(-(((np.arange(0,1,1/N)-(3.75%10%*14/dfreq) /N)**2) /(2 (sigma/N)**2))**4)+10%*(-10)
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#
# Fourier transform interferogram to exztract sum term and interference term in temporal domain
#

# set figure size
plt.rcParams['figure.figsize']l = [5, 2]

# scale temporal signal
signal_temp /= np.max(abs(signal_temp))

# find peaks of the Fourier-transformed interferogram signal and plot the temporal signal

4.1
leld

peaks, properties = sig.find_peaks(np.abs(signal_temp), height=0.05, distance=500, prominence=(0.05,None))

plt.plot(t,np.abs(signal_temp))
plt.plot(peaks*dt-N//2*dt,np.abs(signal_temp) [peaks], "x")
plt.x1lim([-3%10**(-12), 3*10%x(-12)]1)

plt.title("Fourier transformed input signal $FT {-1}\{I_{IN}(\omega,\\tau)\}$")
plt.xlabel("Time (s)")

plt.ylabel("Intensity")

plt.show()

# tau corresponds to the temporal retardation between the fundamental and the reference pulse
tau=abs (peaks [0] -peaks[1])

window = []

# sigma for the super Gaussian function to separate the sum term and interference term from the temporal signal

# sigma defines the width of the window function
sigma = [math.floor((tau)+1)/4,math.floor((tau)+1)/4,math.floor((tau)+1)/4]

for i in range(0,3):

# all divided by N - otherwise too large walues in exponent
window . append (np.exp(-(((np.arange(0,1,1/N)-peaks [i]/N)**2) /(2% (sigma[i]/N) **2))**4))

b=window[i]

# plot the temporal signal with its corresponding window functions to separate sum term and interference term

plt.plot(t,b,color="grey")
plt.plot(t,np.abs(signal_temp),color="black")
plt.x1lim([-3*10%*(-12), 3%10**(-12)])
plt.xlabel("Time (s)")
plt.ylabel("Intensity")
plt.title("Fourier transformed input signal $FT {-1}\{I_{IN}(\omega,\\tau)\}$")
plt.show()
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extract sum term and interference term from Fourier-transformed interferogram
inverse Fourier-transform sum term and interference term to obtain it in the frequency domain

R

# separate sum term from the temporal signal
sumpeak_temporal = signal_temp+*window[1]

# plot the temporal sum term

# attention: sum term is displayed from -t/2 to t/2 but data is ordered in range [0,t/2] to [-t/2:0] (periodicity)
plt.plot(t,np.abs(sumpeak_temporal) ,label="Abs")
plt.plot(t, (sumpeak_temporal) .real,label="Real")
plt.plot(t, (sumpeak_temporal) .imag, label="Imag")
plt.title("Temporal sum term: $S_0(t)$")
plt.xlabel("Time (s)")

plt.ylabel("$S_0(t)$")

plt.x1im([-2%10%*(-13), 2*%10%*(-13)])
plt.legend()

plt.show()

# plot the temporal interference term

# separate interference term from the temporal signal

interferencePeak_temporal = signal_temp*window[0]
interferencePeak_temporal=np.roll(interferencePeak_temporal, -(peaks[0]+math.floor(N/2)))
# attention: sum term is displayed from -t/2 to t/2 but data is ordered in range [0:t/2] to [-t/2:0] (periodicity)
plt.plot(t,np.abs((interferencePeak_temporal)),label="Abs")

plt.plot(t, ((interferencePeak_temporal) .real),label="Real")

plt.plot(t, ((interferencePeak_temporal)).imag, label="Imag")

plt.title("Temporal interference term: f(t)")

plt.xlabel("Time (s)")

plt.ylabel("f(t)")

plt.x1im([-2%10%*(-13), 2*%10%*(-13)])

plt.legend()

plt.show()

ot

# auziliary variables
N=1len(sumpeak_temporal)
dfreq = 1/((N)*dt)

# shift array of the sum term in temporal domain
sumpeak_temporal = fft.ifftshift(sumpeak_temporal)

# Fourter-transform to obtain sum term in frequency domain
sumPeak = fft.fft(sumpeak_temporal)

# filter high (and low) frequencies so that the temporal signal is not distorted

# choose width of Gaussian filter

sigma = math.floor(0.15%10%*14/dfreq)

# multiply Gaussian function with the data to cut off very low and high frequencies

sumPeak = sumPeak#*np.exp(-(((np.arange(0,1,1/N)-(3.75%10**14/dfreq)/N)**2) /(2 (sigma/N)**2))**12)

# plot sum term in frequency domain

plt.plot(f, (abs(sumPeak)),label="Abs",color="black")
plt.x1im([0.34%10%*15, 0.41%10%*15])

plt.title("Sum term in frequency domain: $S_0$($\omega$)")
plt.xlabel("Frequency (Hz)")

plt.ylabel("$S_0$($\omega$) ")

plt.legend()

plt.show()

# shift array of the interference term in temporal domain
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interferencePeak_temporal = fft.ifftshift(interferencePeak_temporal)
# Fourier-transform to obtain interference term in frequency domain
interPeak = fft.fft(interferencePeak_temporal)

# filter high (and low) frequencies so that the temporal signal is not distorted

# choose width of Gaussian filter

sigma = math.floor(0.148%10%*14/dfreq)

# multiply Gaussian function with the data to cut off very low and high frequencies
interPeak *= np.exp(-(((np.arange(0,1,1/N)-(3.75%10%*14/dfreq)/N)**2)/(2*(sigma/N)**2))**12)

# plot sum term in frequency domain

plt.plot(f, (interPeak.real),label="Real")

plt.plot(f, (interPeak.imag) ,label="Imag")

plt.plot(f, (abs(interPeak)),label="Abs",color="black")
plt.x1im([0.34*10%*15, 0.41%10%*15])

plt.title("Interference term in frequency domain: f($\omega$)")
plt.xlabel("Frequency (Hz)")

plt.ylabel("f ($\omega$)")

plt.legend ()

plt.show()
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#

# calculating amplitudes of fundamental and reference pulse
# method by Oksenhendler, original SRSI algorithm, without consideration of incoherent component (ASE)
#

# set figure size
plt.rcParams['figure.figsize']l = [5, 3]

# formulas for E_XPW >> E_FA

# calculation of XPW and fundamental amplitudes

E_ref_abs_spec = (1/2*((abs(sumPeak)+2*abs(interPeak))**(1/2) + abs(abs(sumPeak)-2*abs(interPeak))**(1/2)))
E_F_abs_spec = (1/2*((abs(sumPeak)+2*abs(interPeak))*+*(1/2)-abs (abs(sumPeak)-2*abs(interPeak))**(1/2)))

66



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

# define a scaling factor
norm_factor = np.max(E_ref_abs_spec)

# interpolate data to display spectrum on wavelength scale

x = np.arange(750,850,0.01)

interE_ref_abs_specSq = np.interp(x,(c.c/(£[1::1)*10%*9) [::-1], ((E_ref_abs_spec[1::]1)**2)[::-1])
# find peaks of signal to calculate FWHM

peaks, _ = sig.find_peaks(interE_ref_abs_specSq/np.max(interE_ref_abs_specSq), distance=300, prominence=(0.5,None))
fwhm = sig.peak_widths (interE_ref_abs_specSq/np.max(interE_ref_abs_specSq) , peaks, rel_height=0. 5)
FWHMofIref = 'FWHM of $I_{XPW}(\lambda)$ = ' + str(np.round(fwhm[0][0]/100,4)) + ' nm'

# plot XPW spectrum

plt.plot(x,interE_ref_abs_specSq/np.max(interE_ref_abs_specSq),color="black")

plt.title("$I_{XPW}(\lambda)$ (SRSI)")

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

# plot line to mark FWHM

plt.hlines(fwhm[1:][0] [0],fwhm[1:][1] [0]*(x[1]-x[0]1)+x[0],fwhm[1:][2] [0]*(x[1]1-x[0])+x[0], color="grey",ls="--")
fwhmText = str(np.round(fwhm[0][0]/100,2)) + ' nm \n(FWHM)'

plt.text (fwhm[1:]1[1] [0]*(x[1]1-x[0])+x[0]+5,fwhm[1:]1[0]1[0]/1.5, fwhmText, color = 'grey')

plt.show()

# interpolate data to display spectrum on wavelength scale

interpolE_F_abs_specSq = np.interp(x,(c.c/(f[1::1)*10*x9)[::-1], ((E_F_abs_spec[1::]1)**2)[::-1])
plt.plot(x,interpolE_F_abs_specSq/np.max(interE_ref_abs_specSq),color="black")

# find peaks of signal to calculate FWHM

peaks, _ = sig.find_peaks(interpolE_F_abs_specSq/np.max(interE_ref_abs_specSq), distance=300, prominence=(0.2,None))
fwhm = sig.peak_widths(interpolE_F_abs_specSq/np.max(interE_ref_abs_specSq), peaks, rel_height=0.5)
FWHMofTIunk = 'FWHM of $I_{FA}(\lambda)$ = ' + str(np.round(fwhm[0][0]/100,4)) + ' nm'

# plot fundamental spectrum

plt.title("$I_F(\lambda)$ (SRSI)")

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

# plot line to mark FWHM

plt.hlines(fwhm[1:]1[0][0],fwhm[1:][1] [0]*(x[1]1-x[01)+x[0],fwhm[1:][2] [0I*(x[11-x[0])+x[0], color="grey",ls="--")
fwhmText = str(np.round(fwhm[0][0]/100,2)) + ' nm \n(FWHM)'

plt.text (fwhm[1:][1] [0]*(x[1]-x[0])+x[0]+5,fwhm[1:][0][0]/1.5, fwhmText, color = 'grey')

plt.show()
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#

# fitting of separately measured XPW spectrum and fundamental spectrum to the sum term S_O

# set figure size
plt.rcParams['figure.figsize']l = [5, 3]

# scale spectra

Fund_inter_spec /= np.max(Fund_inter_spec)
XPW_inter_spec /= np.max(XPW_inter_spec)
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# define interval in which the minimization is performed; edge-regions are exzcluded
interval=np.r_[round(3.5%10**14/dfreq) :round(4.1*10**14/dfreq)]

# function to minimize; parameters c_FA and c_X can be determined this way
# the parameters are used to scale the XPW and fundamental spectrum
# function is the sum over all entries %: (S_0)_i - c_Fa*(I_FA)_i - c_X*(I_XPW)_<
def fittingFunction(params):
c_FA, c_X = params

# initialization of wvariable a
a = ((np.array(sumPeak[intervall]) [0] - c_FA*np.array(Fund_inter_spec[intervall) [0]
- c_X*np.array(XPW_inter_spec[interval]) [0]) .real#*2)**(1/2)
# for every intensity data point
for i in range(len(sumPeak[intervall)):
if i !'= 0:
a+=((np.array(sumPeak[interval]) [i] - c_FA*np.array(Fund_inter_spec[intervall) [i]
- c_X*np.array(XPW_inter_spec[intervall) [i]) .real**2)**(1/2)

return a

# optimize the fitting function by least-squares method, giving an initial guess by the factors [26,71]
r = scipy.optimize.least_squares(fittingFunction, [26, 71])

# Alternative, faster method: Powell

#r = scipy.optimize.minimize (fittingFunction, [70, 15],method="Powell")

# scaling factors for the separately measured fundamental and XPW signal
scalingFactorFA = r.x[0]
scalingFactorXPW = r.x[1]

# filtering of XPW and FA signal (smoothing of spectra)

# same temporal filter as for sum term and interference term
Fund_inter_spec=(fft.fft(fft.ifftshift(fft.ifftshift(scipy.fft.ifft(Fund_inter_spec))*window[1])))
XPW_inter_spec=(fft.fft(fft.ifftshift(fft.ifftshift(scipy.fft.ifft(XPW_inter_spec))*window[1])))

# define wavelength-range for spectrum
x = np.arange(750,850,0.01)

# plot the sum term obtained by the SRSI algorithm and sum of fundamental and XPW spectrum

# interpolate data to display spectrum on wavelength scale

inter_SO = np.interp(x,(c.c/(£f[1::]1)*10%*9) [::-1], ((sumPeak)[1::])[::-1])

inter_S0_2 = np.interp(x,(c.c/(£[1::]1)*10**9) [::-1], ((r.x[0]*Fund_inter_spec+r.x[1]*XPW_inter_spec) [1::])[::-1])
plt.plot(x, (inter_SO/np.max(inter_S0)) .real,label="$S_0$",color="black")

plt.plot(x, (inter_SO_2/np.max(inter_S0)) .real,label="$c_{FA} * I_{FA} "M + c_{XPW} * I_{XPW}"M$",color="grey")
plt.legend()

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensities (a.u.)")

plt.show()

# plot the sum term, fundamental and XPW spectrum

# interpolate data to display spectrum on wavelength scale

interpol_F_measured = np.interp(x,(c.c/(f[1::1)*10%%9)[::-1], ((r.x[0]*Fund_inter_spec)[1::])[::-1])
interpol_xpw_measured = np.interp(x,(c.c/(f[1::1)*10**9) [::-1], ((r.x[1]1*XPW_inter_spec)[1::]1)[::-1])
plt.plot(x, (inter_SO0/np.max(inter_S0)) .real,label="$S_0$",color="black")

plt.plot(x, (interpol_F_measured/np.max(inter_S0)) .real,label="$c_{FA} * I_{FA}"M$",color="red")
plt.plot(x, (interpol_xpw_measured/np.max(inter_S0)) .real,label="$c_{XPW} * I_{XPW}"M$",color="blue")
plt.legend )

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensities (a.u.)")

plt.show()
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#
# calculate ASE spectra
#

# set figure size
plt.rcParams['figure.figsize']l = [5, 3]

# calculate ASE spectra using two methods I_ASE = I_FA - f72/I_XPW and I_ASE = S_0 - f™2/I_XPW - I_XPW
ASEsignal2 = (-((abs(interPeak)/np.sqrt(r.x[1]+XPW_inter_spec))**2)+r.x[0] *Fund_inter_spec)
ASEsignal = (sumPeak-((abs(interPeak)/np.sqrt(r.x[1]*XPW_inter_spec))**2)-r.x[1]*XPW_inter_spec)

# convert NaN values to zero
ASEsignal2 = np.nan_to_num(ASEsignal2)
ASEsignal = np.nan_to_num(ASEsignal)

# clip negative values of ASE signal since it is only due to moise and has no physical relevance
ASEsignal2 = ASEsignal2.clip(min=-2)
ASEsignal = ASEsignal.clip(min=-2)

# interpolate data to display spectrum on wavelength scale

x = np.arange(750,850,0.01)

interpol_ASEsignal = np.interp(x,(c.c/(£[1::1)*10%%9) [::-1], ((ASEsignal)[1::])[::-1])
interpol_ASEsignal2 = np.interp(x,(c.c/(£[1::1)*10%%9) [::-1], ((ASEsignal2)[1::]1)[::-1])

# Gauss fitting of ASE spectrum
# define the Gaussian function
# x_0 1s the deviation of the shift of the center of the gaussian function from 790 nm
def Gauss(x, A, sigma, x0):
y = A*np.exp(-1/2%(x-(x0+790))**2/ (sigma**2))
return y

# fit the ASE data to a Gauss curve; amongst others, the center wavelength (relative to 790 nm) is returned
parameters, covariance = scipy.optimize.curve_fit(Gauss, x, interpol_ASEsignal/np.max(inter_S0))

# fitting parameters of Gaussian function (amplitude, sigma and center of peak)
fit_A = parameters[0]

fit_Sigma = parameters[1]

fit_x0 = parameters[2]

# plot original ASE signal (I_A = S_ 0 - f2/I_XPW - I_XPW) and the Gaussian fit
fit_y = Gauss(x, fit_A, fit_Sigma, fit_x0)

plt.plot(x, interpol_ASEsignal/np.max(inter_SO),label="$I_A$",color="black")
plt.plot(x, fit_y, '-', label='$I_{A,fit}$',color="gray")

plt.legend()

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

plt.title("$I_A$ = $S_0 - £72/I_{XPW} - I_{XPW}$")

plt.show()

# fit the ASE data to a Gauss curve; amongst others, the center wavelength (relative to 790 mm) is returned
parameters2, covariance2 = scipy.optimize.curve_fit(Gauss, x, interpol_ASEsignal2/np.max(inter_S0))

# fitting parameters of Gaussian function (amplitude, sigma and center of peak)
fit_A_2 = parameters2[0]

fit_Sigma_2 = parameters2[i]

fit_x0_2 = parameters2[2]

# plot original ASE signal (I_A = I_FA - f72/I_XPW) and the Gaussian fit
fit_y_2_ASE = Gauss(x, fit_A_2, fit_Sigma_2, fit_x0_2)

plt.plot(x, interpol_ASEsignal2/np.max(inter_S0),label="$I_A$",color="black")
plt.plot(x, fit_y_2_ASE, '-', label='$I_{A,fit}$',color="gray")

plt.legend()

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

plt.title("$I_A$ = $I_{FA} - £°2/I_{XPW}$")

plt.show()

# print center wavelength and FWHM of XPW signal (I_A = S_0 - f2/I_XPW - I_XPW)

print("\n\nI_A = S_0 - £72/I_XPW - I_XPW")
# [0UT]: I_A = S_0 - f2/I_XPW - I_XPW
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print("center wavelength of ASE spectrum (Gauss fit) = " + str(round(fit_x0+790,2)) + " nm")

# [OUT]: center wavelength of ASE spectrum (Gauss fit) = 794.27 nm

print ("FWHM of ASE spectrum (Gauss fit) = " + str(round(2*np.sqrt(2+np.log(2))*fit_Sigma,2)) + " nm")
# [OUT]: FWHM of ASE spectrum (Gauss fit) = 32.37 nm

# print center wavelength and FWHM of XPW signal (I_A = I_FA - f 2/I_XPW)
print("\n\nI_A = I_FA - £72/I_XPW")
# [OUT]: I_A = I_FA - f-2/I_XPW

print("center wavelength of ASE spectrum (Gauss fit) = " + str(round(fit_x0_2+790,2)) + " nm")
# [0OUT]: center wavelength of ASE spectrum (Gauss fit) = 805.25 nm
print ("FWHM of ASE spectrum (Gauss fit) = " + str(round(2*np.sqrt(2+np.log(2))*fit_Sigma_2,2)) + " nm")

# [OUT]: FWHM of ASE spectrum (Gauss fit) = 33.11 nm
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# comparison of fundamental and XPW spectrum for calculation with and without consideration of ASE

# define wavelength-range for spectrum
x = np.arange(750,850,0.01)

# interpolate the measured and scaled XPW spectrum and plot

interE_ref_abs_specSq_fit = np.interp(x,(c.c/(£[1::1)*10%+9) [::-1], ((r.x[1]1+XPW_inter_spec) [1::1)[::-1])
scalingFactor = 1*np.max(interE_ref_abs_specSq_fit)
plt.plot(x,interE_ref_abs_specSq_fit/scalingFactor,label="$I_{XPW} = c_{XPW} * I_{XPW}"M$",color="black")

# interpolate the calculated XPW spectrum (without ASE consideration) and plot

interE_E_ref_abs_spec_ana = np.interp(x,(c.c/(£[1::1)*10%%9) [::-1], ((E_ref_abs_spec**2)[1::]1)[::-1])
plt.plot(x,interE_E_ref_abs_spec_ana/scalingFactor,label="$I_{XPW, SRSI}$ (no ASE consideration)",color="grey")
plt.title("$I_{XPW}(\lambda)$")

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

plt.legend(loc="lower left")

plt.show()

# interpolate the measured and scaled fundamental spectrum and plot
interE_F_abs_specSq_fit = np.interp(x,(c.c/(£[1::1)%10%*9) [::-1],

(((abs(interPeak) /np.sqrt(r.x[1]*XPW_inter_spec))**2) [1::]1) [::-1])
interE_F_abs_specSq_fit = np.nan_to_num(interE_F_abs_specSq_fit)

# plot the interpolated, measured and scaled fundamental spectrum
plt.plot(x,interE_F_abs_specSq_fit/scalingFactor,label="$I_{F} = (£°2/I_{XPW})$",color="black")

# interpolate the calculated fundamental spectrum (without ASE consideration) and plot
interpolE_E_F_abs_spec_ana = np.interp(x,(c.c/(£[1::1)*10%*9) [::-1], ((E_F_abs_spec**2)[1::]1)[::-1])
plt.plot(x,interpolE_E_F_abs_spec_ana/scalingFactor,label="$I_{F, SRSI}$ (no ASE consideration)",color="grey")
plt.title("$I_F(\lambda)$")

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u)")

plt.legend(loc="lower left")

plt.show()
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# calculate ratio of calculated XPW spectrum without consideration of ASE to directly measured and scaled XPW spectrum
print('ratio of XPW spectrum without consideration of ASE to directly measured and scaled XPW spectrum = ' +
str(round(np.mean((interE_E_ref_abs_spec_ana[round(15/0.01) :-round(10/0.01)] /
interE_ref_abs_specSq_fit[round(15/0.01) :-round(10/0.01)]1) .real),3)))
# [OUT]: ratio of XPW spectrum without consideration of ASE to directly measured and scaled XPW spectrum = 1.071

# print ratio of fundamental spectrum without consideration of ASE to directly measured and scaled fundamental spectrum
print('ratio of fundamental spectrum without consideration of ASE to directly measured and scaled fundamental spectrum =
+ str(round(np.mean((interpolE_E_F_abs_spec_ana[round(15/0.01) :-round(10/0.01)]1 /

interE_F_abs_specSq_fit[round(15/0.01) :-round(10/0.01)]) .real),3)))
# [0UT]: ratio of fundamental spectrum without consideration of ASE to directly measured and scaled fund. spectrum = 0.94

# calculate the ratio of ASE to I_FA and I_F
# this is done by an integral (sum) over the whole spectrum divided by the integral over the other spectrum
# alternative: ratio of the fitting functions' mazima of the two spectra

print('\nratio of ASE to I_FA (1) = ' + str(round((1/(np.sum(interpol_F_measured)/np.sum(interpol_ASEsignal2))).real,3)))

# [0UT]: ratio of ASE to I_FA (1) = 0.177

print('ratio of ASE to I_FA (2) = ' + str(round((1/(np.sum(interpol_F_measured)/np.sum(interpol_ASEsignal))).real,3)))

# [OUT]: ratio of ASE to I_FA (2) = 0.190

print('\nratio of ASE to I_F (1) = ' + str(round((1/(np.sum(interE_F_abs_specSq_fit)/np.sum(interpol_ASEsignal2))).real,3)))
# [OUT]: ratio of ASE to I_F (1) = 0.215

print('ratio of ASE to I_F (2) = ' + str(round((1/(np.sum(interE_F_abs_specSq_fit)/np.sum(interpol_ASEsignal))).real,3)))

# [OUT]: ratio of ASE to I_F (2) = 0.231
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#
# Gaussian fit of fundamental and XPW spectrum
#

# define the Gaussian function
# x_0 1s the deviation of the shift of the center of the gaussian function from 790 nm
def Gauss(x, A, sigma, x0):

y = Axnp.exp(-1/2%(x~(x0+790))**2/ (sigma**2))

return y

# fit the ASE data to a Gauss curve; amongst others, the center wavelength (relative to 790 nm) is returned
parameters, covariance = scipy.optimize.curve_fit(Gauss, x, interE_ref_abs_specSq_fit/np.max(interE_ref_abs_specSq_fit))

# fitting parameters of Gaussian function (amplitude, sigma and center of peak)
fit_A = parameters[0]

fit_Sigma = parameters[i]

fit_x0 = parameters[2]

# fit the ASE data to a Gauss curve; amongst others, the center wavelength (relative to 790 nm) is returned
parameters2, covariance2 = scipy.optimize.curve_fit(Gauss, x, interE_F_abs_specSq_fit/np.max(interE_ref_abs_specSq_fit))

# fitting parameters of Gaussian function (amplitude, sigma and center of peak)
fit_A_2 = parameters2[0]

fit_Sigma_2 = parameters2[1]

fit_x0_2 = parameters2[2]
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# plot separately measured and scaled XPW and fundamental spectrum (with consideration of ASE) and the ASE spectrum
fit_y = Gauss(x, fit_A, fit_Sigma, fit_x0)

plt.plot(x, interE_ref_abs_specSq_fit/np.max(interE_ref_abs_specSq_fit),label="$I_{XPW}$",color="black")
plt.plot(x, fit_y, '-', label='$I_{XPW,fit}$')

fit_y_2 = Gauss(x, fit_A_2, fit_Sigma_2, fit_x0_2)

plt.plot(x, interE_F_abs_specSq_fit/np.max(interE_ref_abs_specSq_fit),label="$I_F$",color="black")

plt.plot(x, fit_y_2, '-', label='$I_{F,fit}$')
plt.plot(x, interpol_ASEsignal2/np.max(interE_ref_abs_specSq_fit),label="$I_A$",color="black")
plt.plot(x, fit_y_2_ASE, '-', label='$I_{A,fit}$')

plt.legend()

plt.xlabel("Wavelength (nm)")

plt.ylabel("Intensity (a.u.)")

plt.title("$I_{XPW,fit}$, $I_{F,fit}$ and $I_{ASE,fit}$")
plt.show()

# plot separately measured and fundamental spectrum (with consideration of ASE) and the ASE spectrum
# also Gaussian fits are plotted

fit_y = Gauss(x, fit_A, fit_Sigma, fit_x0)

fit_y_2 = Gauss(x, fit_A_2, fit_Sigma_2, fit_x0_2)

plt.plot(x, interE_F_abs_specSq_fit/np.max(interE_ref_abs_specSq_fit),label="$I_F$",color="black")

plt.plot(x, fit_y_2, '-', label='$I_{F,fit}$')
plt.plot(x, interpol_ASEsignal2/np.max(interE_ref_abs_specSq_fit),label="$I_A$",color="black")
plt.plot(x, fit_y_2_ASE, '-', label='$I_{A,fit}$')

plt.legend ()

plt.xlabel("Wavelength (nm)")
plt.ylabel("Intensity (a.u.)")
plt.title("$I_{F,fit}$ and $I_{ASE,fit}$")

plt.show()

# print center wavelength and FWHM of Gaussian fitted fundamental spectrum

print ("\n\ncenter wavelength of fundamental spectrum (Gauss fit) = " + str(round(fit_x0_2+790,2)) + " nm")

# [OUT]: center wavelength of fundamental spectrum (Gauss fit) = 805.97 nm

print ("FWHM of fundamental spectrum (Gauss fit) = " + str(round(2+*np.sqrt(2*np.log(2))*fit_Sigma_2,2)) + " nm"

# [OUT]: FWHM of fundamental spectrum (Gauss fit) = 31.2 nm

# print center wavelength and FWHM of Gaussian fitted XPW spectrum

print ("\n\ncenter wavelength of XPW spectrum (Gauss fit) = " + str(round(fit_x0+790,2)) + " nm"
# [0OUT]: center wavelength of XPW spectrum (Gauss fit) = 803.61 nm
print ("FWHM of XPW spectrum (Gauss fit) = " + str(round(2*np.sqrt(2+np.log(2))*fit_Sigma,2)) + " nm")

# [OUT]: FWHM of XPW spectrum (Gauss fit) = 38.32 nm

# ratio of maz intensity of Gaussian-fitted fundamental spectrum to mazxz intensity of Gaussian-fitted XPW spectrum

print("\nratio of max. intensity of fundamental spectrum to max. intensity of XPW spectrum = " +
str(round(fit_A_2/fit_A,3)))

# [OUT]: ratio of max. intensity of fundamental spectrum to max. intensity of XPW spectrum = 0.303
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#
# plot spectrum with phase and temporal intensity without ASE consideration of fundamental signal
# (original proposal by Oksenhendler et al.)

#

# define electric field of fundamental signal (spectrum and phase)
E_F_spectral_withoutASEconsideration = abs(E_F_abs_spec)*(np.exp(np.unwrap(np.angle(interPeak))*1j))

# unwrap phase of fundamental spectrum

phase = np.unwrap(np.angle(E_F_spectral_withoutASEconsideration))

# rescale phase; phase is zero at centerwavelength 800nm (=3.75%10714 Hz)
phase = phase - phase[round(3.75%10**14/dfreq)]

# plot fundamental spectrum and phase (without ASE consideration)

fig, axl = plt.subplots()

ax1.plot(f,phase, color="red")

axl.set_xlabel ("Frequency $\omega$ (Hz)")
axl.set_ylim([-math.pi,math.pil)

axl.set_ylabel("Spectral phase: $\phi(\omega)$ (rad)",color="red")

ax2 = axl.twinx()

ax2.plot (f,abs(E_F_spectral_withoutASEconsideration)**2, color="black")
ax2.set_ylabel("Intensity of fundamental signal: $I_F(\omega)$",color="black")
plt.x1im([0.34*%10%*15, 0.41*%10%*15])

plt.title("$I_F(\omega)$ and $\phi(\omega)$ without ASE consideration")
plt.show()

alculate temporal intensity of fundamental signal
temp = fft.ifft(E_F_spectral_withoutASEconsideration)
temp /= np.max(E_F_temp)

# c
E_F
E_F
E_F_temp = fft.ifftshift(E_F_temp)

# find temporal peak; necessary for FWHM calculation

peaks, _ = sig.find_peaks(abs(E_F_temp)*#*2, height=0.5, distance=300, prominence=(0.5,None))
fwhm = sig.peak_widths(abs(E_F_temp)**2, peaks, rel_height=0.5)

# center temporal signal around t = 0 and calculate and print FWHM
E_F_temp = np.roll(E_F_temp,-peaks[0]-N//2)
E_F_temp_without_improved_phase_without_ASE = E_F_temp

# calculate temporal phase; (large linear component)
phi_F_temporal = np.unwrap(np.angle(E_F_temp))
phi_F_temporal = phi_F_temporal - phi_F_temporall[len(t)//2]

# plot temporal intensity of fundamental signal with FWHM

fig, axl = plt.subplots()

axl.plot(t,abs(E_F_temp)**2,color="black")

ax1.set_xlabel("Time (s)")

ax1.set_ylabel("Intensity (a.u.)",color="black")

plt.hlines(fwhm[1:][0] [0],fwhm[1:][1] [0]*(t[1]-t[0]1)+t[0],fwhm[1:][2] [01*(t[1]1-t[0])+t[0], color="grey",ls="--")
fwhmText = str(np.round(fwhm[0] [0]*dt*10%*15,1)) + " fs\n(FWHM)"

plt.text (fwhm[1:]1[1] [0]*(t[1]-t[0])+t[0]+5%10%*(-15),fwhm[1:]1[0][0]/1.5, fwhmText, color = 'grey')
plt.x1im([-100%10%*(~15) ,100%10%* (-15)])

plt.title("$I_F(t)$ without ASE consideration")

plt.show()
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#
# plot spectrum with phase and temporal intensity with ASE consideration
#

# define electric field of fundamental signal (spectrum and phase)

E_F_spectral = abs(abs(interPeak)/np.sqrt(r.x[1]*XPW_inter_spec))*(np.exp(np.unwrap(np.angle(interPeak))*1j))

# unwrap phase of fundamental pulse

phase = np.unwrap(np.angle(E_F_spectral))

# rescale phase; phase is set to zero at center wavelength 800nm (=3.75%10714 Hz)
phase = phase - phase[round(3.75%10%*14/dfreq)]

# plot fundamental spectrum and phase

fig, axl = plt.subplots()

ax1.plot(f,phase, color="red")

axl.set_xlabel("Frequency $\omega$ (Hz)")
ax1l.set_ylim([-math.pi,math.pil)

ax1.set_ylabel("Spectral phase: $\phi(\omega)$ (rad)",color="red")
ax2 = axl.twinx()

ax2.plot (f,abs(E_F_spectral)**2, color="black")
ax2.set_ylabel("Intensity of fundamental signal: $I_F(\omega)$",color="black")
plt.x1im([0.34%10%*15, 0.41%10%*15])

plt.title("$I_F(\omega)$ and $\phi(\omega)$ with ASE consideration")
plt.show()

# calculate temporal intensity of fundamental signal
E_F_temp = fft.ifft(E_F_spectral)

E_F_temp /= np.max(E_F_temp)

E_F_temp = fft.ifftshift(E_F_temp)

# find temporal peak; neccessary for FWHM calculation
peaks, _ = sig.find_peaks(abs(E_F_temp)**2, height=0.5, distance=300, prominence=(0.5,None))
fwhm = sig.peak_widths(abs(E_F_temp)**2, peaks, rel_height=0.5)

# center temporal signal around t = 0 and calculate and print FWHM
E_F_temp = np.roll(E_F_temp,-peaks[0]-N//2)
E_F_temp_without_corr_phase = E_F_temp

# calculate temporal phase; (large linear component)
phi_F_temporal = np.unwrap(np.angle(E_F_temp))
phi_F_temporal = phi_F_temporal - phi_F_temporal[len(t)//2]

# plot temporal intensity of fundamental signal with FWHM
fig, axl = plt.subplots()
ax1l.plot(t,abs(E_F_temp)*#*2,color="black")
axl.set_xlabel("Time (s)")

axl.set_ylabel("Intensity (a.u.)",color="black")

plt.hlines(fwhm[1:][0] [0],fwhm[1:][1] [0]*(t[1]-t[0]1)+t[0],fwhm[1:]1[2] [0]*(t[1]-t[0]1)+t[0], color="grey",ls="--")

plt.text (fwhm[1:][1] [01*(t[1]1-t[0])+t[0]+5+10**(-15) ,fwhm[1:][0] [0]/1.5,
str(np.round (fwhm[0] [0]*dt*10%%15,1)) + " £s\n(FWHM)", color = 'grey')

plt.x1im([-100%10%*(-15),100%10%*(-15)])

plt.title("$I_F(t)$ with ASE consideration")

plt.show()
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#
# calculate iterative phase improvement considering the non-constant phase of the XPW pulse with ASE consideration
#

# print pulse duration of the fundamental pulse before the iterative correction algorithm for phase improvement
FWHMofIunk = 'FWHM of I_F(t) without phase correction = ' + str(np.round(fwhm[0] [0]*dt*10%x15,2)) + "fs"
print (FWHMof Iunk)

# [0UT]: FWHM of I_F(t) without phase correction = 38.35fs

# define number of iterations
iterationsNumber = 100
for i in range(l, iterationsNumber+1):

# approximation of the temporal reference electric field
E_ref_temporal = abs(E_F_temp)**2+E_F_temp
E_ref_temporal = E_ref_temporal/np.max(E_ref_temporal)

# find peak of temporal intensity of reference pulse

peaks, _ = sig.find_peaks(abs(E_ref_temporal)*#*2, height=0.5, distance=300, prominence=(0.5,None))
# center temporal reference signal around t = 0

E_ref_temporal = np.roll(E_ref_temporal,-peaks[0]-N//2)

# for Fourier transform the temporal signal has to be shifted

E_ref_temporal = fft.ifftshift(E_ref_temporal)

# calculate reference pulse phase by Fourier-transform of temporal reference signal (phase=arg[E_ref(omega)])
phi_ref_spec = np.unwrap(np.angle(fft.fft(E_ref_temporal)))

# rescale phase; phase is set to zero at center wavelength 800nm (=3.75%10714 Hz)

phi_ref_spec = phi_ref_spec - phi_ref_spec[round(c.c/(800%10%*(-9))/dfreq)]

# new phase of fundamental pulse = existing approzimation of fundamental pulse phase + phase of reference pulse
phi_F_spectral = np.unwrap(np.angle(interPeak)+ phi_ref_spec)

# rescale phase; phase is set to zero at center wavelength 800nm (=3.75%10714 Hz)

phi_F_spectral = phi_F_spectral - phi_F_spectral[round(c.c/(800%10+*(-9))/dfreq)]

# update electric field of fundamental pulse with the new phase
E_F_spectral = abs(E_F_spectral)+np.exp(phi_F_spectral*1j)

# calculate temporal amplitude of fundamental pulse with corrected phase
E_F_temp = fft.ifft(E_F_spectral)
E_F_temp = fft.ifftshift(E_F_temp)

# calculate temporal FWHM of corrected fundamental pulse

peaks, _ = sig.find_peaks(abs(E_F_temp)**2/np.max(abs(E_F_temp)*+*2), height=0.5, distance=300, prominence=(0.5,None))

fwhm = sig.peak_widths(abs(E_F_temp)*+*2/np.max(abs(E_F_temp)**2), peaks, rel_height=0.5)
E_F_temp = np.roll(E_F_temp,-peaks[0]-N//2)

# print FWHM of temporal intensity (pulse duration) after phase correction

FWHMofIunk = 'FWHM of I_F(t) with phase correction = ' + str(np.round(fwhm[0] [0]*dt*10**15,2)) + "fs"
print (FWHMof Iunk)

# [0UT]: FWHM of I_F(t) with phase correction = 38.32fs

#
# plot spectrum and phase as well as temporal intensity for the case with and without iterative phase correction
# phase correction corresponds to the consideration of mon-constant XPW phase

# ASE is taken into account in this evaluation

#

# unwrap phase of fundamental pulse without phase correction

unwrappedPhaseWithoutImprovement = np.unwrap(np.angle(interPeak))

# rescale phase; phase is set to zero at center wavelength 800nm (=3.75%10714 Hz)
unwrappedPhaseWithoutImprovement -=unwrappedPhaseWithoutImprovement [round(3.75%10%*14/dfreq)]

# unwrap phase of fundamental pulse
unwrappedPhase = phi_F_spectral - phi_F_spectral[round(3.75%10**14/dfreq)]

# plot fundamental spectrum and phase with and without consideration of non-constant XPW phase
fig, axl = plt.subplots()

axl.plot(f,abs(fft.fft(fft.ifftshift(E_F_temp))**2), color="black")
axl.set_xlabel("Frequency $\omega$ (Hz)")

axl.set_ylabel("$I_F(\omega)$",color="black")

ax2 = axl.twinx()

ax2.plot (f,,unwrappedPhaseWithoutImprovement,color="blue",label="phase without improvement")
ax2.plot (f,unwrappedPhase,color="red",label="phase with improvement")
ax2.set_ylabel("Spectral phase: $\phi_F(\omega)$ (rad)",color="red")
ax2.set_ylim([-math.pi,math.pil)

plt.x1im([0.34%10**15, 0.41%10%*15])

plt.title("$I_F(\omega)$ and $\phi_F(\omega)$")

plt.legend ()

plt.show()

# calculate temporal phase; (large linear component)

phi_F_temporal = np.unwrap(np.angle(E_F_temp))
phi_F_temporal = phi_F_temporal - phi_F_temporal[len(t)//2]

(0]
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# scale temporal intensities of fundamental pulse for the cases with and without phase correction
E_F_temp /= np.max(E_F_temp)
E_F_temp_without_corr_phase /= np.max(E_F_temp_without_corr_phase)

# plot temporal intensity of fundamental pulse with and without phase correction

fig, axl = plt.subplots()

axl.plot(t,abs(E_F_temp_without_corr_phase)**2/np.max(abs(E_F_temp_without_corr_phase)**2),
color="blue", label="amplitude without corrected phase")

ax1.plot(t,abs(E_F_temp)**2/np.max(abs(E_F_temp)**2) ,color="black", label="amplitude with corrected phase")

axl.set_xlabel("Time (s)")

axl.set_ylabel("$I_F(t)$",color="black")

ax1.legend(loc='upper right')

ax2 = axl.twinx()

ax2.plot(t,phi_F_temporal,label="corrected phase",color="red")

ax2.set_ylabel("Temporal phase",color="red")

ax2.set_ylim([-100*math.pi,100*math.pil)

plt.x1im([-100%10%* (-15) ,100%10%* (-15)]1)

plt.title("$I_F(t)$ and $\phi_F(t)$")

plt.show()

# plot spectrum (with FWHM) and phase of fundamental pulse in wavelength-domain

# define wavelength-range for spectrum

x = np.arange(750,850,0.01)

# interpolate data to display spectral phase on wavelength scale

interpolPhase = np.interp(x,(c.c/f[1::]1*%10%%9)[::-1], unwrappedPhase[1::]1[::-1])

# rescale phase; phase is set to zero at center wavelength 800nm (=3.75%10714 Hz)

yAlignedInterpolPhase = interpolPhase - interpolPhase[math.floor(len(interpolPhase)/2)]

# plot the scaled fundamental spectrum

# interpolate data to display spectrum on wavelength scale

interEfund = np.interp(x,(c.c/f[1::1*10%*9)[::-1], abs(fft.fft(fft.ifftshift(E_F_temp[1::]1))**2)[::-1])

peaks, _ = sig.find_peaks(interEfund/np.max(interEfund), height=0.5, distance=300, prominence=(0.5,None))
fwhm = sig.peak_widths(interEfund/np.max(interEfund), peaks, rel_height=0.5)
FWHMofIunk = 'FWHM of $I_{FA}(\lambda) 2$ = ' + str(np.round(fwhm[0][0]/100,4)) + ' nm'

fig, axl = plt.subplots()

ax1.plot(x,interEfund/np.max(interEfund), color="black")

axl.set_xlabel("Wavelength (nm)")

axl.set_ylabel("Intensity (a.u.)",color="black")

ax2 = axl.twinx()

ax2.plot (x[17%100:-17%100] ,yAlignedInterpolPhase[17%100:-17%100],color="red")
ax2.set_ylabel("$\phi_F(\lambda)$ (rad)",color="red")
ax2.set_ylim([-math.pi*1.5,math.pi])

plt.title("$I_F(\lambda)$ and $\phi_F(\lambda)$")

# plot FWHM of fundamental spectrum

axl.hlines(fwhm[1:][0] [0],fwhm[1:][1] [0]*(x[1]1-x[0]1)+x[0],fwhm[1:][2] [0]*(x[1]1-x[0]1)+x[0], color="grey",ls="--")
fwhmText = str(np.round(fwhm[0][0]/100,2)) + ' nm \n(FWHM)'

ax1.text (fwhm[1:][1] [0]*(x[1]-x[0])+x[0]+5,fwhm([1:][0] [0]/1.5, fwhmText, color = 'grey')
plt.show()

# find temporal peak; necessary for FWHM calculation
peaks, _ = sig.find_peaks(abs(E_F_temp)*#*2, height=0.5, distance=300, prominence=(0.5,None))
fwhm = sig.peak_widths(abs(E_F_temp)*#*2, peaks, rel_height=0.5)

# plot temporal intensity of fundamental signal with FWHM

fig, axl = plt.subplots()

ax1.plot(t,abs(E_F_temp)**2/np.max (abs(E_F_temp)**2) ,color="black")

axl.set_xlabel("Time (s)")

ax1.set_ylabel("Intensity (a.u.)",color="black")

plt.hlines(fwhm[1:][0][0],fwhm[1:][1] [0]*(t[1]-t[01)+t[0],fwhm[1:][2] [01*(t[11-t[0]1)+t[0], color="grey",ls="--")
fwhmText = str(np.round(fwhm[0] [0]*dt*10%*15,1)) + " fs\n(FWHM)"

plt.text (fwhm[1:][1] [01*(t[1]-t[0])+t [0]+5%10%*(-15) ,fwhm[1:]1[0][0]/1.5, fwhmText, color = 'grey')
plt.x1im([-100%10%(~15),100%10%* (-15)])

plt.title("$I_F(t)$ with ASE consideration")

plt.show()

# plot temporal intensity of fundamental signal with FWHM in semi-log plot
fig, axl = plt.subplots()
ax1.semilogy(t,abs(E_F_temp)**2/np.max (abs(E_F_temp)**2) ,color="black")
axl.set_xlabel("Time (s)")

ax1.set_ylabel("Intensity (a.u.)",color="black")

x =t

plt.x1im([-500%10%*(~15) ,500%10%* (-15)])

plt.ylim([0.000001,2])

plt.title("$I_F(t)$ with ASE consideration")

plt.show()
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