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Abstract 
 

Nowadays, it is well established that the superposition of higher-order harmonics (HOH), 

resulting from the non-linear response of matter to intense laser pulses (greater than 1013 

W/cm2), comprises an avenue towards ultra-short pulse generation reaching the attosecond 

time-scale. Although this field has progressed significantly there are still a number of 

difficulties one has to surmount. An arbitrary superposition of harmonics may not depict 

close temporal confinement. Thus, it is of great importance to know the temporal 

characteristics of the superposition. 

Towards this goal an experimental method has been previously proposed the measurement 

of the relative phase distribution of the spectral components of a superposition of higher-

order harmonics or the phase distribution of individual ones. This method is based on the 

“phase-control” principles of the excitation probability of an excited atom by the harmonic 

radiation and its fundamental frequency. The work of this thesis is focused on implementing 

this proposed method in order to directly measure the phase distributions of a short pulse 

produced by the superposition of the third and fifth harmonics of a Ti:Sapphire laser system 

generated in Xe gas. For In this measurement we used a previously proposed dispersionless 

experimental set-up based on a transmission grating interferometer. From the retrieved 

phase and the measured spectral amplitude distributions the temporal profile of the pulses 

could be reconstructed and was found in good agreement with the simulated one. This work 

opens-up a new route for the characterization of harmonics, for  the temporal 

characterization of XUV pulses of ultra-short duration. 
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Chapter 1  
 
 

Introduction 
 
 
 
1.1 The femtosecond barrier 
 

The measurement of short time intervals and the perception of the dynamics of ultra-fast 

phenomena are largely based on light pulses. The need for finer time resolution and the 

quest for higher peak power explain the continuous trend towards shorter laser pulses 

almost since the inception of the laser. The historical progress of ultra-short technology is 

summarized in Figure 1.1-1. The first pulsed lasers had durations of several hundreds of 

microseconds. Within a year or so, the invention of the Q-switch by Hellwarth (1961) 

reduced the pulse length to 100 ns, a three order of magnitude decrease. Mode-locking1 

accompanied by broad-gain dye laser media2 further reduced the duration to less than 1 ps,  

another five orders of narrowing. The next reduction by three orders took another 10–15 

years to be achieved. The main development was the ring cavity with intra-cavity prism 

compensation of the group velocity dispersion with which 6 fs pulses were produced, (Fork 

et al 1987) 3. While the replacement of dyes by Ti–sapphire, a solid-state gain medium, 

brought considerable changes in the size, performance, reproducibility and ease of operation 

of ultra-short laser systems, the wavelength was at the same time shifted to the near infrared 

(800 nm), where 5 fs long pulses are just a few cycles long. By the end of the nineties, the 

innovations introduced by Kerr-lens mode-locking, self phase modulation spectral 

broadening, the availability of chirped, ultra-broad band mirrors and pulse compression all 

led to pulse lengths of about two full cycles (Steinmeyer et al 1999)4. Clearly, given that a 

pulse of light should be at least one cycle long and that the Ti–sapphire optical period is 2.7 

fs, the necessary prerequisite for attosecond light pulses is higher carrier frequencies.  
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Figure 1.1-1: Temporal evolution of the laser pulse length evolution from the free-running laser of Maiman to the recent 

refinements. A few names and techniques mark the essential steps in this evolution. The existence a femtosecond barrier is clearly visible 

on the graph. 
 

1.2 Beyond the barrier: attosecond x-ray pulses  
 

During the last decade, a scheme was slowly emerging that had the potential to break the 

femtosecond barrier: Fourier synthesis (FS) could possibly generate a pulse of a few 

attoseconds (1 as = 10−18 s) and was proposed by Hansch (1990)5, Farkas and Toth (1992)6 

and Harris et al (1993)7. The basic idea is the production of a comb of equidistant frequencies 

in the spectral domain with controlled relative phases, thus mimicking the operation of a 

modelocked laser. Hansch (1990)5 proposed using sum and frequency mixing, while Farkas 

and Toth (1992)6 recognized that high harmonic generation (HHG) could easily produce a 

broad spectral distribution in a series of lines separated by twice the fundamental frequency. 

Kaplan (1994)8 suggested another physical effect for obtaining a broad series of equidistant 

frequencies: cascaded stimulated Raman scattering (CSRS), to which is related the concept 

subsequently developed by Harris and Sokolov (1997, 1998)9,10. Both the harmonic and 

Raman routes have now proved to be successful, and in the case of HHG pulses as short as 

130 as can be synthesized (Sansone et al 2006)11. Clearly, the phase-locking of a periodic 

spectrum of equidistant frequencies can result only in a periodic intensity profile in the time 
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domain, i.e. a comb (or ‘train’) of pulses. The ‘extraction’ of a single pulse from such a train 

is in principle possible, although its period is only about 1 fs, i.e. too fast for the usual 

electronic devices.   

Ivanov et al (1995)12 and Platonenko and Strelkov (1999)13 proposed achieving sub-

femtosecond harmonic pulses from a ‘long’ pump pulse by taking advantage of the high 

sensitivity of HHG to the pump light polarization The first implemented autocorrelation 

technique used to confirm the existence of attosecond pulse trains from the superposition of 

high-order harmonics has been performed by Papadogiannis et al. (1999)14. A sub-

femtosecond beating with a period of ~1.3 fs, was clearly observed, indicating the generation 

of sub-femtosecond XUV pulses. The resulted power spectrum showed up a modulation of 

~2π/ωL reflected the fact that harmonics were apart twice the frequency of the fundamental 

ωL. Unlike the results and according to Corkum15, “the production and measurement are 

entwined” pointing out that the measurement was not completely transparent, and a 

controversy, on its interpretation came in light16,17. 

. Tcherbakov et al (2003)18, Kovacev et al (2003)19 have put these ideas to work. Alternatively 

the production of a single sub-femtosecond pulse by harmonic generation with a few-cycle 

pump pulse is possible: due to the high nonlinearity of the HHG process, a considerable 

temporal reduction of the harmonic pulse with respect to the pump is expected (and actually 

observed). P. Tzallas et al. (2003) who has recorded a second-order autocorrelation trace of a 

pulse train resulting from the coherent superposition of several harmonics - from the 7th to 

15th20, achieving of what was impossible till then. The non-linear signal detected was suitable 

for a second-order intensity autocorrelation showing an attosecond pulse train with pulses of 

duration 780 ± 80 as. In achieving this, a wave-front splitting arrangement, consisting of a 

spherical mirror cut into two halves controlled by a piezo-crystal translation stage, was used. 

The two parts of the bisected XUV pulse train were focused into a He gas-jet that was two-

photon ionized. The ions were detected as a function of the displacement between the two 

half mirrors. Single pulses approaching 1 fs (Drescher et al 2001)21, a few hundreds of 

attoseconds (Hentschel et al 2001)22 and recently 250 as (Kienberger et al 2004)23 were 

reported. These numbers give an idea of how fast the field is progressing. 

To characterize attosecond pulses is quite a challenge. Besides their extremely short 

duration they have spectral components lying in the XUV spectral regime with rather low 

intensities. The latter comprised the major obstacle in using the standard short pulse 
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metrology such as second or higher order autocorrelation techniques by using non-linear 

crystals as well as because of their photon energies makes impossible the use of beam-

splitters. The last few years many efforts have been directed towards new methods of pulse 

metrology. Some of them are based on cross-correlations between the harmonics and their 

source infrared (IR) field. These methods are able to provide information on the relative 

phase distribution between the harmonics, but they do not account for the frequency 

modulation (chirp) inside their bandwidth. The presence of the chirp could play a crucial 

role to their superposition and thus it should be taken into account.  

An alternative way has been proposed in order to fully map out the phase distribution of 

the superimposed harmonics thus providing information also on the chirp within their 

bandwidth. The experimental implementation of the characterization of the third harmonic 

field is already achieved24. This method is based on what is known as phase-control of 

excitation processes. Furthermore, a suggested experimental arrangement has provided the 

appropriate tool for the implementation of this method by utilizing a freestanding 

transmission grating in order to overcome the problems of the absorption introduced by the 

beam-splitters27. 

 

1.3 The scope of this thesis 
 

The motivation in this thesis is the implementation of the above proposed method 

utilizing the transmission grating interferometer in order to fully reconstruct the 

superposition of the third and the fifth harmonic pulse generated by a Ti:Sapphire laser. This 

work is considered as a first step for the full reconstruction of superposed  higher order 

harmonics and corresponding attosecond pulses. 

The thesis is organized as follows. Chapter 2 introduces the reader to the phase control 

technique which is the theoretical framework upon which our experimental work is based 

on. 

Chapter 3 focuses on the implementation of this technique for the temporal 

characterization of the third harmonic (TH) and the fifth harmonic (FH). The experiment is 

fully simulated and the general concepts are presented. Furthermore, we present a ray-tracing 

analysis adapted to the used experimental set-up.  



INTRODUCTION 

 

Chapter 4 includes a detailed description of the experimental set-up used. In Chapter 5, 

finally, we present the experimental results on utilizing this method as well as aspects for 

future experiments. 
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Chapter 2  
 
 

The phase-control technique for the temporal characterization 
of the superposed 3rd and 5th harmonic field 

 

 

 

In this Section, we apply the phase-control technique to a TH field (λ3 = 267 nm) and a 

FH field (λ5 = 160 nm) generated by a fundamental laser field with a central wavelength at 

800 nm. This is to provide the theoretical framework upon which our experimental work is 

based on. 

The mapping of a spectral phase distribution can be achieved by measuring the phase 

difference between all spectral components of the radiation to be characterized relative to a 

reference phase of a reference field, in a cross correlation type of measurement.  For the 

reconstruction of the temporal profile of a harmonic field Eq or a superposition of harmonic 

fields ∑
q

qE , the reference phase can be q-times the phase of a Fourier transform limited 

(FTL) fundamental laser field, q being the order of each harmonic of the superposition. This 

reference phase appears in ωq vs qω interaction schemes, like those utilized in the phase 

sensitive coherent control technique25.  In this technique, the yield of the interaction of 

matter with a dichromatic field is controlled through the relative phases of the two phase-

correlated waves, exploiting the degree of constructive or destructive interference governing 

the interaction. In an inverse manner, measuring the variation of an interaction yield, 

information about the relative phases of the interfering interaction channels can be extracted 

and thus field phase distributions may be retrieved.  

It was recently proposed a cross correlation approach based on this principle, i.e., on ωq vs. 

qω ionization of atoms, that allows for the full spectral phase distribution retrieval of ultra-

short harmonic pulses26.  Here, the term “full” describes both the relative spectral phase 

between harmonics as well as between different frequency modes within the bandwidth of 



CHAPTER 2 

 7

each harmonic.  A simplified “all optical” version of the approach, measuring a total 

harmonic generation yield instead of ionization has been successfully implemented in 

reconstructing the temporal profile of FTL as well as chirped third harmonic fields of a 

Ti:Sapphire laser produced in a gas medium24.  In this modified version the “phase control” 

is not only through quantum interference control of the induced atomic polarization, but 

also through macroscopically controlled phase matching between the interfering fields. The 

generated harmonics co-propagate with the fundamental, entering a transmission grating 

Michelson interferometer described in detail elsewhere27. 

The interferometetric setup selects the 3rd and 5th harmonic from the entire harmonic 

spectrum.  The high precision piezoelectric translation stage of the interferometer allows for 

the introduction of a variable delay (phase shift) between the fundamental and the two 

harmonic fields.  The three fields, with frequenciesω, ω3 and ω5, are subsequently focused in 

a second Xe gas cell, which henceforth will be called the second non-linear medium (NLM-

2). In NLM-2 the harmonics are generated by the fundamental in the presence of the 

harmonic fields produced in NLM-1.  The coupling scheme in the NLM-2 is depicted in 

Figure 1.3-1.  

 
Figure 1.3-1: Scheme of the interfering channels leading to an excitation probability depending on the 

relative phase between the corresponding fundamental and the harmonic modes. 
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The superposed 3rd and 5th harmonic fields to be characterized are cross correlated with 

the FTL laser field in a three vs one and five vs one coupling scheme, respectively.  In order 

for the fundamental laser pulse to be FTL in the NLM-2 a pre-compensated fundamental 

pulse has been used.  As criterion for the presence of FTL fundamental pulses in the NLM-

2, the maximization of the harmonic generation has been used by adjusting the chirp value 

of the fundamental pulse before entering the NLM-1. 

In the following discussion it is assumed that all interactions are within the lowest order 

perturbation theory (LOPT) and that the fundamental field ),,( tzE ωω  is FTL. In the 

second non linear medium (NLM-2), the propagation equation for any of the harmonic 

frequency components ωq (q=3, 5) within the spectral region of interest, results in a harmonic 

field at the exit of the NLM-2 

 

∫+===
L

q dztzPAzELzE
qq 0

),,()0()( ωωω ,                             (2.1) 

 

where z=0 is the position of the entrance of the NLM-2, and thus )0( =zE
qω is the 

harmonic field entering this medium, i.e., the field produced in the first non linear medium 

(NLM-1) modified through propagation. L is the length of NLM-2 and A is a constant. P(ωq, 

z, t) is the polarization of the medium at ωq, which in general consists of interfering non 

linear PNL and linear PL terms: 

 

),(),(),,(),,(),,( 1)1()( tzEtzEtzPtzPtzP NLMqq
q

L
q

NL
q qωω χχωωω +=+= ,             (2.2) 

 

where χ(q) and χ(1) are the non linear and linear susceptibilities at ωq, respectively. Due to the 

resulting three interfering terms in (2.1), the emitted intensity at ωq is  

 

))(cos( Lqq qBCI
q

ϕωϕω −×+=                                     (2.3) 

 

with C and B being constants and φq, φL the phases of the harmonic and fundamental fields, 

respectively. Introducing a variable delay τ between the two fields the measured intensity 

becomes oscillatory with τ  and carries information about φq: 
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))(cos()( τωωϕτω qqqBCI
q

−×+=                                    (2.4) 

  

Note that, in this “all optical” arrangement, even when the linear term in (2.2) becomes 

negligibly small, the measured signal carries the same phase information. This is not the case 

when the measured quantity is ionization in the NLM-226 instead of harmonic generation, for 

which the two terms in (2.2) have to be comparable in strength. 

For a polychromatic field, as is the case in the present experiment, the measured total 

harmonic signal at the exit of NLM-2 is the incoherent sum of intensity contributions of the 

type of (2.4) from all the spectral components involved in the interaction, i.e.  

 

q
q

qqqqTOTAL dBI
q

ωτωωϕωτ
ω∑∫

=

−∝
5,3

))(cos()()(                            (2.5) 

 

The summation, although redundant, is introduced in order to denote that the harmonic 

field is spectrally localized around the third and fifth harmonic of the fundamental. A 

Fourier transform of the cross correlation signal of (2.5) will result in the entire spectral 

phase distribution for the two harmonics under investigation. 
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Chapter 3            
        

 
Analysis of the optical arrangement 

 
 
 

A numerical simulation of the experiment, utilizing a three-dimensional (3D) ray tracing 

code for the analysis of the optical arrangement employed has been performed.  

  

3.1 3D ray-tracing analysis 
 

For the 3D ray-tracing the 3D capabilities of the OPTICA® package of Mathematica® 

have been used. 

The 3D ray-tracing code is of particular importance in analyzing this set-up, since it can 

account for the effects of the beam propagation through the grating and the reflection of the 

tilted mirrors on the dispersion and focusing characteristics. Furthermore, it assesses the 

geometric aberrations due to the optical elements of choice and the geometry used  

The code of the Mathematica® that is fully simulating the experimental setup is presented 

at the appendices in the end of this thesis (see Appendix D : Mathematica® code used to 

simulate the experiment,  Appendix B : Optica® code for the 3D ray tracing os the experimental 

setup). The parameters that had used for this simulation are presented at the in the Table 

below. 
Parameters Configuration 
λL (nm) 800 
λ3 (nm) 266 
λ5 (nm) 160 

NGrating (l/mm) 600 
x SM1 (mm) 300 
x SM2 (mm) 300-320i 
RSM1 (mm) 300 
RSM2 (mm) 300 
RSM3 (mm) 300 
θSM3 (deg) ~ 2.5 

xSM3
† (mm) 140 

 

In Figure 3.1-2 is presented the result of the 3D ray tracing code. 

                                                 
i Here should be noted that the distance grating and spherical mirror SM2 is variable 
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 The ray-tracing code resulted that the centers of the two beams on the spherical mirror 

SM2 had a spatial separation of 2 cm (Figure 3.1-1). Thus the 1 inch diameter mirror had to 

be replaced with a 2 inch one unprotected gold mirror, succeeding in this way the highest 

possible reflectivity at the FH wavelength. 

 The ray- tracing shows that we need the smallest possible height hii in order to avoid the 

astigmatism at the focus in the NLM-2. Thus the new spherical mirror should be tilted by 

≈2.5o  

 
Figure 3.1-1: The result of the ray-tracing code that gives a spectral splitting of 2-cm between TH and FH on 
the mirror SM2. 
 

                                                 
ii Elevation height h is the height difference between the incoming beam and the retro-reflected beams on the 
grating. 
 

FH TH

2 cm
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Figure 3.1-2: Schematic layout of the grating interferometer. (a) A full 3D view, (b) a side view and (c) a top 

view, as it was extracted from the optical ray-tracing. 
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In the simulation, the propagation of the harmonic radiation through dispersive materials 

(1 mm thick Fused Silica (FS) transmission grating and 2 mm thick LiF entrance window in 

the NLM-2) has been taken into account. 

An analytical code has been developed (see Appendix D : Mathematica® code used to 

simulate the experiment) in order to calculate the pulse duration of the harmonics and the group 

velocity dispersion (GVD) that was introduced. In order to calculate the refractive indices of 

the fused silica and the LiF we used the well known Sellmeier dispersion formula28,iii. The 

GVD factor D2 is given by the equation (3.1) 

 
2

2 2

( ( ))( ) d nD
c

ω ωω
ω

∂
=

∂
 ,                                            (3.1) 

 

where d is the thickness of the material, c the speed of light in vacuum and ω the angular 

frequency of the radiation. For the TH and the FH the values for the D2 are 391 fs2 and 2499 

fs2 respectively.  

The fundamental pulse had been negatively chirped in order to maximize the signal of the 

TH signal in NLM-2. This has been done in order to compensate the chirp introduced by 

the dispersive materials (1 mm fused silica grating (double pass), 3 mm thick BK7 glass (F) 

(double pass), 2 mm LiF window of NLM-2. According to the calculations the fundamental 

in the first cell should have FWHM duration τfund=70 ± 8 fs.  

The harmonics start their propagation in the interferometric setup negatively chirped, pass 

through the 1 mm thick fused silica transmission grating (double pass which this means 2-

mm) and the 2 mm thick LiF window of the NLM-2 before they were focused into it. 

According to LOPT the duration of the qth harmonic is given by qLq /ττ = , where q and 

τL are the harmonic order and the duration of the driving laser field, respectively. The 

                                                 

iii n(λ)=
$%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%A1l2

l2 -B12 +
A2l2

l2 -B22 +
A3l2

l2 -B32 + 1
,where Ai and Bi are constants and depend on the 

material. 
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FWHM durations of the TH and FH generated in the NLM-1, are τΤΗ= / 3fundτ =40 ± 3 fs 

and τFΗ= / 5fundτ =31 ± 3 fsiv, respectively and there are negatively chirped. 

Using this result and considering that the harmonics propagate through 1 mm thick FS 

grating (double pass) and 2 mm thick LiF window, the non-linear chirp factors are found to 

be  ~0 fs2 (FTL) and ~2100 fs2 for the TH and the FH, respectively. 

Using the equation (3.2) 

2

21 4 2L

L

Dln
n

n

ττ τ

⎛ ⎞
⎜ ⎟

Δ = + ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

,                                             (3.2) 

 

(where Lτ =56 fs, n is the order of harmonic and D2  is the non-linear chirp factor) we can 

extract the FWHM durations of the TH and FH in the second cell NLM-2. The FWHM 

pulse durations should be 32 fs and 270 fs for the TH and the FH respectively. 

The two harmonics have different optical paths due to FS grating. The optical path 

difference is given by the equation (3.3) 

 

1 2( ) 2 800n n dOPD fs
c

−
= ≈                                           (3.3) 

 

In order to cancel out this optical path difference the grating is displaced. The Figure 3.1-3 

depicts the optical path difference of the two harmonics vs. the distance of the grating from 

the SM2 (xSM2 in Figure 3.1-2) as it was extracted by the 3D ray-tracing code. Using as initial 

position SM2-grating (xSM2 in Figure 3.1-2) a distance of 300mm, the x-axis shows the 

distance difference from this value due to the displacement of the grating.  

Using the results of these calculations we can compensate the OPD that is introduced by 

the FS grating by moving the grating ~10 mm away from its initial position. This is similar to 

the principle of a grating compressor in conventional laser systems   

                                                 
iv These values correspond to the intensity FWHM pulse durations 
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Figure 3.1-3: Optical Path Difference (OPD) with 

the displacement of the grating as it was extracted 

from the 3D ray-tracing code.  

 

3.2  Numerical Evaluations 
 

Using the equation(2.5) and the results of the 3D ray tracing code, the cross-correlation 

trace shown in Figure 3.2-1(a) has been simulated for a delay range from -25 fs to 25 fs.  

Propagation of the TH radiation is found to induce negligible chirp.  The harmonic spectral 

amplitudes, shown in Figure 3.2-1 (b), (c), have been taken to be equal with their 

experimental values.  From these spectral phase and amplitude distributions the simulated 

harmonic field superposition has been reconstructed. For the 56 fs long laser pulse, the FTL 

duration of the 3rd and 5th harmonic is expected to be 32 fs and 25 fs, respectively.  The pulse 

duration of the reconstructed temporal profile is founded to be close to its FTL value (32 fs) 

for the 3rd harmonic pulse and 270 fs for the chirped 5th harmonic pulse. The temporal 

separation between the 3rd and 5th harmonic field which is introduced by the propagation of 

the fields in the dispersive materials is partially compensated in the experiment by changing 

the grating position in the interferometer.  In the simulation, the temporal separation 

between the two harmonic pulses is arbitrarily set to 120 fs.  

Figure 3.2-2 depicts the two reconstructed fields and the time delay between them as 

resulted from the Fourier synthesis (see Appendix E: Mathematica® code used for the pulse 

reconstruction) 

1
( ) ( ) exp( ( )) exp( 2 )

N

j j j
j

F t S v i v i v tφ π
=

=∑ ,                        (3.4) 

using the above retrieved spectral amplitude ( )jS v  and spectral phase distribution ( )jvφ . 

In eq.(3.4) N is the number of the sampling points. The pulse duration found for the TH by 
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fitting a Gaussian function on the reconstructed pulse is 32 fsv. The FH pulse duration is 

found to be 270 fs. The inset in the Figure 3.2-2 shows the interference structure of the 

superposed TH and FH field. 
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Figure 3.2-1: The simulated cross-correlation trace between the IR and the superposed 3rd and 5th harmonic 

field (a).  Fourier transforms spectra (b) and (c).  In (b) and (c): Extracted spectral phase distribution of the 

simulated superposed 3rd and 5th harmonic field (black line). Grey line: Spectral amplitudes of the 3rd and 5th 

harmonic 

                                                 
v These values correspond to the intensity FWHM pulse durations. 
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Figure 3.2-2: The reconstructed pulses are produced through Fourier-synthesis using the retrieved spectral 

phase from the simulated cross-correlation data of Figure 3.2-1 (a) and the spectral amplitude distribution of 

Figure 3.2-1 (b),(c) for the TH and FH, respectively. The time delay between them is 120 fs. The inset shows 

the interference structure of the superposed 3rd and 5th harmonic field. 

 
 
3.2.1  Fourier Deconvolution 

 

The analysis of real world signals is a fundamental problem for many engineers and 

scientists, especially for electrical engineers since almost every real world signal is changed 

into electrical signals by means of transducers, e.g., accelerometers in mechanical 

engineering, EEG electrodes and blood pressure probes in biomedical engineering, seismic 

transducers in Earth Sciences, antennas in electromagnetism, microphones in 

communication engineering, etc. 

Traditional way of observing and analyzing signals is to view them in time domain. Baron 

Jean Baptiste Fourier29, more than a century ago, showed that any waveform that exists in 

the real world can be represented by adding up sine waves. Since then, we have been able to 

build our real world time signal in terms of these sine waves. It is shown that the 

combination of sine waves is unique; any real world signal can be represented by only one 

combination of sine waves. 
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3.2.1.1  Windowing and Window Functions 
 

Using a finite-length discrete signal in the time domain in FT calculations is equivalent 

appling a rectangular window to the infinite-length signal30. This does not cause a problem 

with the transient signals which are time-boundedvi inside this window. The problems appear 

when the processed signals are continuous, like a sine wave. If the length of the window 

contains an integral number of cycles of the time signal, then, periodicity introduced by 

discretization makes the windowed signal exactly same with the original. In this case, the 

time signal is said to be periodic in the time record. On the other hand, there is a difficulty if 

the time signal is not periodic in the time record, especially at the edges of the record (i.e., 

window). If the Discrete Fourier Transform (DFT) or Fourier Transform (FT) (see Appendix A: 

Fourier transform for details) could be made to ignore the ends and concentrate on the middle 

of the time record, it is expected to get much closer to the correct signal spectrum in the 

frequency domain. This may be achieved by a multiplication by a function that is zero at the 

ends of the time record and large in the middle. This is known as windowing. 

It should be realized that, the time record is tempered and perfect results shouldn’t be 

expected.  For example, windowing increases spectral leakagevii. It should also be noted that, 

windowing is introduced to force the time record to be zero at the ends. Therefore transient 

signals which occur (starts and ends) inside this window do not require a window. They are 

called self-windowed signals, and examples are impulses, shock responses, noise bursts, sine 

bursts, etc. 

In our case the recorded signal has a length of 270 fs. Due to the limitations that are 

inserted by the piezoelectric crystal, the recorded signal has a length of 50 fs (-25 fs to 25 fs). 

This means that the DFT of the windowed signal is the convolution of the h(t) (window 

function) and the real signal S(t) ( ( ) ( ) ( )F v h v S v= ⊗ ).  

The Fourier transform of a window function is a real function 

                                                 
vi Time-bounded are called the signals that are smaller than the length of the window 
vii Spectral leakage is an effect in the frequency analysis of signals where small amounts of signal energy are 

observed in frequency components that do not exist in the original waveform. The term 'leakage' refers to the 

fact that it appears as if some energy has 'leaked' out of the original signal spectrum into other frequencies 
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                                                    ( )( ) Sin a vh
a v

πν
π

= ,                                                   (3.5) 

where α is the length of the window. 

This means that there is no introduction of new phases in the spectral phase distributions 

but there is a modificattion of the amplitude distribution. Figure 3.2-4 depicts the Fourier 

transform of the signal in Figure 3.2-1 using the FFT and DFT. 

The TH harmonic spectrum isn’t affected by the window function because the length of 

the window is bigger (50 fs) than its FWHM duration (32 fs). On the other hand there is a 

significant difference between the FFT and the DFT for the FH. First of all spectral leakage 

is observed and there is a small deviation from the central frequency due to the partial 

contribution of the FH to the DFT. The above reflects the conditions of our experimental 

data analysis. 

As it was noted before the convolution with the window function doesn’t affect the 

spectral phase distribution but is widened by the spectral leakage to the FWHM of the 

spectral amplitude distribution. In order to recover the “real” spectral phases we have to 

multiply the phases of the FH of the Figure 3.2-4(b) with the function ( )
( )

DFT

FFT

ph v
ph v

, where 

( )DFTph v  and ( )FFTph v are the spectral phase distributions of each case (Figure 3.2-3).viii 

Here should be noted that this method is justified for our experimental data analysis but 

it’s not a general correction method. 

 

 

 

 

 

 

 
Figure 3.2-3: Phase Correction Function 

                                                 
viii Here should be noted for the phase correction function depends on the window function. The phase 
correction presented is only for realization purposes. 
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Figure 3.2-4: Fourier transform spectra of the signal of Figure 3.2-1 using the (a) FFT and (b) DFT approach.
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Chapter 4  
 
 

Experimental Part 

 
 
 

4.1 The femtosecond Ti:Sapphire Laser system 
 

All the experimental work of this thesis was carried out using the femtosecond Ti:Sapphire 

amplified laser system at the Ultraviolet Laser Facility (U.L.F.) of the I.E.S.L – F.O.R.T.H. A 

schematic layout of the complete laser system is depicted in   

  
Figure 4.1-1: A schematic layout of the pulse amplification stages of the Ti:Sapphire laser system 

 

It comprises of a commercial Mira and B.M. Industries laser system using a combination 

of a Mira master oscillator, a pulse stretcher, a 1 kHz two-stage amplification configuration 

and a pulse compressor. 

The spectral and temporal profiles of the nearly Fourier-transform limited amplified laser 

pulse are shown in Figure 4.1-2. The profiles have been measured with a commercial 

SPIDER (Spectral Phase Interferometer for Direct Electric-field Reconstruction) apparatus 

available by APE. The temporal width of the pulse is measured to be 56 ± 4 fs having a 

carrier wavelength at 803-nm.  
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Figure 4.1-2: Left: The temporal and Right the spectral profile of the pulse from the amplified Ti:Sapphire 

laser system measured with a commercial SPIDER instrument available by APE. The dotted curve in the right 

figure represents the measured spectral phase. The almost flat spectral phase across the pulse indicates a nearly 

Fourier-limited pulse. 

 
4.2  Optical layout 
 

The experimental optical layout is depicted in Figure 4.2-1. The laser beam is focused by a 

30-cm focal length planoconvex lens into a 30 cm long static cell filled with Xe in which 

harmonic generation takes place. A 0.3 mm diameter pinhole is placed at the exit of the gas-

cell. The later is utilized for the separation of the gas-cell from the vacuum chamber. In 

addition, by focusing the beam slightly after the pinhole the THG signal was observed to be 

maximized. The fundamental and the generated at the gas cell harmonics enter into the 

vacuum chamber where the grating-interferometer is built in. The beams are spectrally 

dispersed by a 1 mm thick fused silica transmission grating of 600 lines/mm optimized for 

maximum throughput at 266 nm.  

  The zeroth-order of the fundamental pulse passes through a 3 mm thick BK7 glass (F) in 

order to filter out the zeroth-order harmonics and impinges on a 30 cm radius of curvature, 

1 inch diameter gold unprotected spherical mirror (SM2) mounted on a piezoelectric crystal. 

The mirror-piezoelectric crystal system is mounted on a piezoelectrical translation stage for 

ruff displacement. The first-order of the spectrally dispersed TH and FH impinge a second 

30 cm radius of curvature, 2 inch diameter gold unprotected spherical mirror (SM1). The 

diffraction angle has been calculated to be ~9.2o for the TH and 5.5 o for the FH. Both 
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mirrors are tilted by ~ 2.5 o and the retro-reflected beams are sent back to the grating having 

an elevation height of ~8 mmix. The zeroth-zeroth-order of the fundamental and the first-

first-order of the TH and the FH are focused into a second 10 cm long (NLM-2) static cell 

by the third 30 cm radius of curvature, 2 inch of aperture gold unprotected spherical mirror  

(SM3). The mirror SM3 is located in a distance of 140 mm from the grating. NLM-2 is of 

cylindrical shape with a diameter of ~12 mm, it is filled with Xe gas and it is closed with 2 

mm thick LiF windows. The resulting signal recorded by a MCP (Multi Channel Plate) 

detector using a fourth 2 inch of aperture gold unprotected mirror  (M4). The M4 and MCP 

system is mounted on a one dimensional translation stage. 

In order to image the interaction region in the NLM-2 and subsequently optimize the 

alignment, a mirror M4 is moved out of the beam axis, and the beam (consisting of the TH 

pulses as the FH pulses don’t propagate in air) is guided outside the chamber through a thin 

(3 mm) fused silica glass window. Then a 2 m focal length lens is imaging the interaction 

region in a distance of ~3 m where the CCD is placed. The latter comprises an important 

fine alignment tool when the chamber is under vacuum. In addition, the spherical mirror 

SM1 is mounted on a two-dimensional (θ-φ) pico-motor control unit giving the possibility of 

being remotely controlled. 

For the fine alignment procedure, when the chamber is under vacuum conditions, the two 

generated TH pulses are spatially overlapped outside the chamber (the FH doesn’t propagate 

in air). This can be easily accomplished by looking far away the image of their focus and by 

fine adjusting their relative position using the pico-motorized mirror SM2. Their spatio-

temporal interference can be achieved by finding the zero-delay of the two overlapping 

pulses. In addition, the observation of a single spatial interferometric fringe indicates the 

existence of two co-propagating and interfering pulses after their recombination at the 

grating. After this observation the system MCP-M4 is moved in order to send the beam to 

the MCP to record the interference signal.  

Figure 4.2-2 depicts the single spatial interfering fringe obtained through co-propagation 

of both interfering pulses as recorded for different delays between the two pulses by the 

CCD camera at the exit of the vacuum chamber. In addition, they depict the significant role 

                                                 
ix Elevation height is the height difference between the incoming beam and the retro-reflected beams on the 
grating. 
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of the mirror SM3, which by proper use, eliminates the shifting of the spatial fringes at 

different delays due to the relative tilt of the pulse fronts. 

 

 
 

Figure 4.2-1: A schematic layout of the experimental set-up: Top: a top view and bottom: a side view. The 

fundamental beam from the Ti:Sapphire laser system is focused into the NLM-1 by a f = 30-cm lens L. The 

generated TH, FH and the fundamental enter into the vacuum chamber after passed though a pinhole PH and 

impinge onto the 600-lines/mm grating G. The spectrally dispersed first-order TH and FH are reflected back 

to the grating by the mirror SM1 slightly elevated in the vertical axis. The zeroth-order TH and FH are filtered 

out by a 1-mm-thick BK7 glass and thus only the fundamental beam is reflected back to the grating by the 

spherical mirror SM1. The SM2 is mounted on a translation stage TS. The fundamental, the TH and the FH are 

focused into the NLM-2 by the spherical mirror SM3. Then cross-correlation signal is reflected from the mirror 

M4 to the MCP. 

 

 (a) (b) (c)  

Figure 4.2-2: Spatial interference fringes of the TH recorded for three different delays between the two 
overlapping pulses. The images are captured by a CCD camera placed after mirror SM3 at the exit of the 
vacuum chamber. The mirror SM3 eliminates the shifting of the fringes due to the relative tilt of the pulse 
fronts 
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4.3 Vacuum Chamber 
 

The experimental setup consists of a static cell (NLM-1) and a vacuum chamber. The quasi 

static cell is filled with Xe gas at laminar flow pressure (~50 mbar) where the production of 

the harmonics occurs. The cell is connected to the vacuum chamber through 0.3 mm 

aperture.  The cylindrical chamber, that hosts the interferometric setup including the second 

static cell (NLM-2) and the MCP detector, has an internal diameter of 71cm and a height of 

30 cm. NLM-2 was mounted on an aluminum platform avoiding contact with the 

interferometric setup in order to decouple the vibrations introduced by the rotary pump. 

The interferometric setup was built on a suspension mechanism to minimize the mechanical 

vibrations from the environment. The vacuum chamber was pumped by two 

turbomollecular pumps, having 150 l/s pumping speed each, joint in parallel and further 

pumped by a  rotary pump. Typical chamber pressures during the experiments were in the 

range of  10-5 - 10-4 mbar.  

(a) (b)  
Figure 4.3-1: (a) the vacuum chamber and the vacuum pumping system used. 1: Vacuum chamber. 2: Alcatel 

turbo pumps. 3: Pressure gauge for the generation cell. 4: Rotary pump, 5: Pressure gauge for the detection cell. 

(b) The interior of the vacuum chamber. 6: the MCP detector holder, 7: Alluminium platform which NLM-2 

cell stands on 

77
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4.4  Data acquisition 
 

Since the FH and higher harmonics don’t propagate in air the signal had to be recorded in 

the vacuum chamber. Thus automation of the translation stage synchronization with the data 

acquisition was required. For this purpose computer software (see Appendix G: Data 

acquisition Software) was developed that synchronizes the oscilloscope, which records the 

signal from the MCP detector, and the piezoelectric crystal where the mirror SM2 is 

mounted on. In the next sessions we present the data acquisition system that was developed. 

In this section is presented the electronic layout for the data acquisition. The figure depicts 

the electronic setup that it was built for these propose.  

 

 
Figure 4.4-1: The electronic setup for the data acquisition. 

 
The digital oscilloscope is triggered by the 1 kHz repetition rate of the laser. The 

oscilloscope is connected to the PC via GPIB interface. The oscilloscope averages the signal 

traces that are given by the MCP detector (for the selected by the user number of pulses) and 

sends the averaged signals to the PC for recording. After the recording the PC sends a 

command to the piezo-controller to drive the piezoelectric crystal to the next position. The 

TTrriiggggeerr 

GGBBIIPP ccoommppuutteerr  iinntteerrffaaccee 

11 kkHHzz llaasseerr  ssyysstteemm  

hhvv  
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Piezo-Controller and PC system is connected via GPIB interface. This procedure is repeated 

iteratively until the piezoelectric crystal finds the desired position.  

 

4.4.1 Micro- Channel Plate Detector (MCP) 
 

MCPs are made up of a dense stack of millions of individual electron multiplier tubes, each 

tube having a diameter of typically 10 micrometer and a length of about 1 mm The distance 

between the tubes is only a little bit bigger than the tube diameter. Macroscopically, MCP are 

thin discs of a few centimeter diameter having typically 1 mm thickness. Under a microscope 

the microstructure reveals and the tiny and densely packed pores that are the entrances to 

the individual tubes become visible. The "open area ratio", i.e. the ratio of integrated pore 

area to the total disc area is usually at least 50%. While the front and back surface of an MCP 

is coated with metal (input and output electrode), the inside of the tubes is covered with a 

semi-conducting layer that tends to emit secondary electrons under the bombardment of 

primary energetic particles, such as photons (UV and higher) or charged particles as 

electrons. By biasing the MCP electrodes with a high electric field (about 1000 V/mm), each 

of the secondary electrons gains enough kinetic energy to liberate more electrons when it 

hits the wall. As in every other type of electron multiplier, an avalanche of electrons is 

forming along the tube that has a charge of a few thousands to a million e (depending on 

L/D and the electric field), finally exiting the pore. What makes the MCP unique is the 

localization of the charge cloud into one tiny pore and the presence of a vast number of 

pores over a larger area that operate independently. 

 Figure 4.4-2 presents the electronic layout of the MCP detector that was used in the 

experiment. The MCP detector is biased through a voltage divider consisting of a resistor R1 

(1.8 MΩ) and a resistor R3 (10 MΩ) that is connected in series with the R2 (0.18 MΩ) in 

order to minimize the current that passes to the capacitor C (200 pF). The capacitance of C 

was selected in such a way that the discharging time will be some hundreds of psec. The 

operational voltage range of the detector was between 2.3-2.7 kV.  
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Figure 4.4-2: The electronic layout of the MCP. 

  
4.4.2   Stepper-Motor resolution test 
 

Piezoelectric crystals are designed to operate with high linearity in micrometer or sub-

micrometer scale. Our piezoelectric crystal had a step-size of some nanometers. In order to 

check the resolution of the device and to test its linearity in this resolution range the field 

auto-correlation signal of the TH (267 nm) was recorded. It should be noted that this test 

includes also the performance of the built-in software acquisition, and the computer in use.  

Figure 4.4-3 show the observed signal using the resolution option of 5 nm/step (PC 

value). The resolution is expected to be 10 nm (i.e. ~27 points per optical cycle) that it is 

found in agreement with the experimental result (10.16. nm i.e. ~28 points per optical cycle).  

Note that the resolution of the stepper-motor is the half of this value due to retro-reflection 

of the beam from the spherical mirror that is mounted on it. All the experimental 

measurements have been carried out by using the resolution used in the recording of Figure 

4.4-3. 
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Figure 4.4-3: Stepper-motor resolution test performed 

through field autocorrelation measurements of the TH 

(267 nm). Figure depicts an expended area of the field 

autocorrelation between 0-3.5 fs. 

 
4.4.3   Stability of the experimental set-up 
 

Maximization of the temporal resolution requires stable experimental conditions. Vibration 

originality from mechanical and environmental sources affects the stability of interferometric 

set-ups. Mechanical vibrations originate from the translating mechanical parts of the set-up, 

e.g. the piezoelectric translation stage, the vacuum pumping system, as well as the 

surrounding environment.  

In order to overcome such disturbances we performed passive isolation methods. An anti-

vibration mechanism was constructed. This mechanism consists of three bronze columns 

placed symmetrically around the center of the optical table.  The table is hanged by rubber 

belts thus remaining pendulous inside the vacuum chamber.  In addition, a damping ring was 

placed between the turbo pumps and the chamber. Moreover all the optical elements in the 

vacuum chamber were mounted on thick heavy mounts. The above measurements seemed 

adequate to isolate the interferometric setup and allow for a high resolution recording of the 

traces. 
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Figure 4.4-4: Autocorrelation measurements of the TH in the case where the interferometer, (a) is not isolated 

from mechanical noise sources (the experiment performed in air) and (b) when is isolated. 
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Chapter 5  
 
 

Results and discussion 

 
 
 
5.1 Cross-correlation measurements 

 

The fundamental pulse with energy 1 mJ is focused into the first gas-cell filled with 50-

mbars of Xe and its FWHM duration is τfund=70 ± 8 fs. The pulse had been negatively 

chirped to maximize the signal of the TH signal in the second gas-cell (NLM-2). This has 

been done in order to compensate the chirp that was introduced by the optical glasses before 

focused into the NLM-2.  

The harmonics enter the interferometric setup having negative chirp, pass through the 1 

mm thick fused silica transmission grating (double pass which this means 2-mm) and 

through a 2-mm-thick LiF window of the NLM-2 before they are focused into it. The signal 

of the fundamental is maximized in the NLM-2. This means that the positive dispersion that 

is introduced by the dispersive materials and the negative dispersion from the compressor 

canceled out. Thus, the fundamental in the NLM-2 is Fourier Transform Limited (FTL) with 

FWHM duration of 56 fs.  

The TH and FH are differently dispersed through the propagation. The generated TH and 

FH pulses are negatively chirped at their generation in the first cell. The positive chirp that is 

introduced by the optical glasses increases their FWHM duration. 

Figure 5.1-1 (a) shows the measured in the NLM-2 cross-correlation trace obtained by 

delaying the fundamental with respect to the generated in the NLM-1 FH and TH pulses. 

The average value of 100 samples per step was used. The inset in (a) depicts an expanded 

area of the cross-correlation trace showing the modulation of the signal in more detail. 

In order to retrieve the spectral phase from the cross-correlation trace we used the 

expression φ(v) =-ArcTan[Im(A(v))/Re(A(v))] where A(v) is the extracted complex spectral 

amplitude from the Fourier-transform (see Appendix C : Mathematica® code used to 

extract the spectral phase and spectral amplitude.). The black lines show the retrieved spectral phase 
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across the third and fifth harmonic peaks. Note that all the spectra recorded under these 

conditions showed a reproducible spectral phase distribution across the harmonic peaks. 

In order to retrieve the spectral amplitude of the TH and the FH pulses a field 

autocorrelation measurement, was performed. For this purpose spatial interference of the 

recombined diffracted zeroth-first-order and the diffracted first-zeroth-order of the TH and 

FH pulses, by properly positioning the mirror SM3, was recorded. The harmonic generation 

conditions were the same as in the case of the cross-correlation. Figure 5.1-1 (b) and (c) 

(grey line) show the Fourier-transform spectrum of the field autocorrelation (a) for the TH 

and the FH, respectively. 

 

Figure 5.1-1: (a) Cross-correlation trace obtained by scanning the fundamental pulse across the TH and the 

FH pulses that are generated in the NLM-1. The red line depicts the Gaussian envelope fit to the cross-

correlation trace. (b),(c) The black line depicts the retrieved spectral phase across the Fourier-transform 

spectrum of the cross-correlation trace. The grey line depicts the retrieved spectral amplitude across the 

Fourier-transform spectrum of the field autocorrelation for the TH and FH, respectively. 
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The field autocorrelation trace oscillates with two basic frequencies, the TH frequency 

(~1.123 fs-1) and the FH frequency (~1.873 fs-1). The cross-correlation trace, in this 

particular case, oscillates with two basic frequencies, the TH frequency (~1.123 fs-1) and the 

FH frequency (~1.868 fs-1).  

This small deviation (for the FH) can be explained by the time delay between the two 

pulses. The Fourier transform of the cross-correlation trace gives the spectral phase 

distribution that corresponds to the frequency range of the FH pulse that contributes to the 

cross correlation signal (and not all the spectral bandwidth) due to the experimental 

limitations that introduces the piezoelectric crystal. This fact doesn’t affect the result of the 

pulse reconstruction because the factor αx of the non-linear chirp remains constant. In 

addition the variation from the central frequency of the field autocorrelation gives the time 

delay between the two pulses.  
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Figure 5.1-2: The reconstructed pulses are through Fourier-synthesis using the retrieved spectral phase 

distribution of the cross-correlation data of Figure 5.1-1 (b),(c) and the spectral amplitude distribution of Figure 

5.1-1 (b),(c) for the TH and FH, respectively. The time delay between them is 66 fs. The inset depicts the 

interference structure of the superposed 3rd and 5th harmonic field. 

                                                 
x The phase distribution of a non-linear chirped pulse is in the form φ(v)=φο+a v2 where α is the non-linear 
chirp factor 
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Figure 5.1-2 depicts the reconstructed TH and FH fields and the interference structure of 

them. The pulse duration found for the TH by fitting a Gaussian function on the 

reconstructed pulse is 31 ± 4 fs. The pulse duration of the FH found to be 260 ± 60 fs xi. 

The time delay between the two fields is found to be 66 fs due to a not complete 

compensation through the displacement of the grating. The low contrast of the beating is 

due to the significantly different amplitudes of the TH and FH. This result indicates that the 

approach is not restricted to fields with almost equal intensities. 

 
5.2 Conclusion and Future Aspects 

 
Concluding, the full spectral phase and amplitude distribution of an arbitrary superposition 

of the third and fifth harmonic fields of an 800 nm central wavelength, fs laser radiation, has 

been measured through a cross-correlation approach. Using the measured spectral 

phase/amplitude distributions the temporal profile of the superposed harmonic field has 

been reconstructed and found in agreement with simulations. The results reveal the 

suitability of the approach for full temporal characterization of broad band short wavelength 

radiation, such as high order harmonic superposition and thus of attosecond pulses and 

pulse trains.  The technique is rigorously applicable, as long as harmonic generation in the 

NLM-2 is according to LOPT. This sets an upper limit to the order of the harmonics that 

can be characterized. Using He as NLM-2, phases of fields including harmonics up to the 

15th of the 800nm laser radiation can be retrieved. Utilizing Xe as NLM-1 “plateau” XUV 

radiation with a bandwidth of ~10eV can be treated and thus attosecond pulses as short as 

200 asec can fully reconstructed. For the characterization of waves with wavelengths below 

the LiF limit a free standing transmission grating has to be used 31 and the cells which 

contain the NLM should be replaced with gas-jets. 

. 

                                                 
xi These values correspond to the intensity FWHM pulse durations. 
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Appendices 
 
Appendix A: Fourier transform 
 

 The transformation from the time domain to the frequency domain (and back again) is 

based on the Fourier transform and its inverse, which are defined as 

                                                 2( ) ( ) j vtS s t e dtπω
∞

−

−∞

= ∫                                            (0.1) 

                                                 2( ) ( ) j vts t S f e dfπ
∞

−∞

= ∫                                             (0.2) 

Here, s(t), S(ω), and v are the time signal, the frequency signal and the frequency, respectively, 

and 1−=j . The physicists and engineers sometimes prefer to write the transform in terms 

of angular frequency ω = 2π f, as 

                                                     dtetsS tj∫
∞

∞−

−= ωω )()(                                              (0.3) 
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which, however, destroys the symmetry. To restore the symmetry of the transforms, the 

convention 

                                              dtetsS tj∫
∞

∞−

−= ω

π
ω )(

2
1)(                                        (0.5) 
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is sometimes used. The FT is valid for real or complex signals, and, in general, is a complex 

function of ω (or v). 

The FT is valid for both periodic and non-periodic time signals that satisfy certain minimum 

conditions. Almost all real world signals easily satisfy these requirements (It should be noted 

that the Fourier series is a special case of the FT). Mathematically, 

  

 FT is defined for continuous time signals. 
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 In order to do frequency analysis, the time signal must be observed infinitely.  

  

. Discrete Fourier transform (DFT) 

 

To compute the Fourier transform numerically on a computer, discretization plus 

numerical integration are required. This is an approximation of the true (i.e., mathematical), 

analytically-defined FT in a synthetic (digital) environment, and is called discrete Fourier 

transformation (DFT). There are three difficulties with the numerical computation of the 

FT: 

 

• Discretization (introduces periodicity in both the time and the frequency domains) 

• Numerical integration (introduces numerical error, approximation) 

• Finite time duration (introduces maximum frequency and resolution limitations) 

 

The DFT of a continuous time signal sampled over the period of T, with a sampling rate of 

Δt can be given as  

                                     ∑
−

=

ΔΔ−Δ=Δ
1

0

2)()(
N

n

tnfmjetns
N
TfmS π                              (0.7) 

where Δf=1/T, and, is valid at frequencies up to fmax = 1/(2Δt). 

As stated above, performing FT in a discrete environment introduces artificial effects. 

These are called aliasing effects, spectral leakage and scalloping loss. It should be kept in 

mind when dealing with discrete FT that: 

• Multiplication in the time domain corresponds to a convolution in the frequency 

domain.  

• The FT of an impulse train in the time domain is also an impulse train in the frequency 

domain with the frequency samples separated by T0 = 1/f0.  

• The narrower the distance between impulses (T0) in the time domain the wider the 

distance between impulses (f0) in the frequency domain (and vice versa).  

• The sampling rate must be greater than twice the highest frequency of the time record, 

i.e., )2/(1 maxft ≥Δ  (Nyquist sampling criterion). 
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• Since time – bandwidth product is constant, narrow transients in the time domain possess 

wide bandwidths in the frequency domain.  

• In the limit, the frequency spectrum of an impulse is constant and covers the whole 

frequency domain (that’s why an impulse response of a system is enough to find out the 

response of any arbitrary input). 

 
Appendix B : Optica® code for the 3D ray tracing os the experimental 
setup 
 
This is the Optica® code for the ray tracing of the experimental setup 
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Appendix C : Mathematica® code used to extract the spectral phase and 
spectral amplitude. 
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Appendix D : Mathematica® code used to simulate the experiment 
 

The following code is used for the calculations in Chapter 4. 
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Appendix E: Mathematica® code used for the pulse reconstruction 
 

 
 

Appendix F: Micro-channel Plate Detector 
 

Micro-channel plate (MCP) assemblies are widely used to detect electrons, ions and 

photons and to do spectroscopy of their impact position (“imaging”) and/or time-of-flight 

(“timing”) with respect to an 5 external trigger. There are different approaches to retrieve the 

two-dimensional (2d) position and time information from the MCP for single particle 

counting. Often both, time and position decoding, of a detected particle or even a particle 

shower (e.g. for imaging fragment patterns of a particle break-up) is important. Such tasks 

are found in atomic and molecular science as well as in surface and material science 

applications. 

An MCP can be used for photon and particle imaging. Furthermore, due to the small size 

of each individual electron multiplier (each tube) the timing of the photon/particle impact 

can be determined very accurately (precision of better than 100 psec).The main purpose of 

MCP is low-level light amplification. A photo-cathode converts visible photons to electrons, 

which are projected on the MCP. Behind the MCP a phosphor screen converts the 
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"amplified" charge cloud to photons again, with a high effective light gain. A single MCP 

stage shows saturation effects in the pore so that for ultra-low light-level two or more MCP 

are stacked in series. Thus, individual photons can be made visible, with gains of 10 to100 

million.  

 
Figure 0-1: top: one MCP channel and Bottom: top view of a MCP 

 
Appendix G: Data acquisition Software 
 

The data acquisition software synchronizes the piezoelectric crystal with the oscilloscope. 

In this section we will give a brief but exact description how this program works. 

The Figure 0-1 shows the interface of the software where all the basic parameters are 

introduced. The option “Interval number” denotes the number of steps that the motor has 

to move. The option “unitinterval” denotes the step of the motor in microns. The option 

“Average Value” is the number of pulses that the oscilloscope averaging and gives a single 

value back to the program for recording. The value “timeout” is the time that the motor has 

to move to the next step. After all this values are filled then press “START” button. 

The second screen (Figure 0-1(b)) is the communication page with the oscilloscope. There 

is an option which gives the possibility to choose which channel of the oscilloscope is 

needed for monitoring. Then the screen of the oscilloscope is presented on the screen. 
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Contact

Channel

1:40

Particle 

Secondary electron

~107 e- 
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Using the vertical cursors is defined the area that should be recorded. Then press the 

“Finish” button and the program starts the recording of the data. 

(a)  

(b)  
Figure 0-1: (a) First screen of the software that all the basic parameter are inserted,(b) second screen where the 
selection of the recorded area takes place . 
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