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Abstract

Real-time studies of ultra-fast evolving quantum systems require even
faster probe mechanisms. For electronic systems on the atomic scale sub-
femtosecond laser pulses are suitable. High-order harmonic generation can
produce the necessary broad spectrum to support such short pulses. Under
certain phase-matching conditions a subset of the emitted radiation can be
well phase-locked resulting in attosecond laser pulses. To extract sound in-
formation from the experiments' results, accurate and reliable temporal and
structural assessment of these pulses is indispensable. Various attosecond
metrology methods have been proposed and some applied. Most of these
rely either on a two-color photo-ionization of an atomic system by both the
extreme-ultraviolet attosecond pulses and the fundamental infrared radiation
together or they rely on a second-order autocorrelation based on a two-photon
ionization by the mere attosecond pulses alone.

Two techniques underlying most of the attosecond metrology methods
were compared and evaluated. These are the reconstruction of attosecond

beating by interference of two-photon transitions (RABITT) and the second-
order intensity volume-autocorrelation (2IVAC). Despite considerable contro-
versy on the applicability and reliability of these two methods, a direct com-
parison between them has been missing. This thesis �lls that gap and ex-
amines the strengths and limitations of these and other metrology methods
based on them. In this context a dispersionless second-order autocorrelator
was set up and tested by measuring the interferometric autocorrelation of
the 1.87PHz �fth harmonic pulse. Both metrology methods were applied
and compared leading to the conclusion, that RABITT may underestimate
the pulse duration. The participation of di�erent quantum-paths to the high
harmonic generation process in gases, shown here for several phase-matching
conditions, has rami�cations on applying cross-correlation methods for at-
tosecond metrology as well as on atomic-molecular tomography and preci-
sion measurements with extreme ultraviolet (XUV) frequency combs. Addi-
tionally, studying the photo-dissociation dynamics of ethylene and oxygen,
utilizing the same apparatus as used for the metrology, revealed their decay
times of a few femtoseconds.
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Preface

Producing strong light pulses of short duration has been an indispensable

tool for many technical and scienti�c disciplines for centuries, including not

only photography, stroboscopy, chemistry, medicine and physics. Shortening

the duration and increasing the intensity opens the doors to new applications

in many disciplines like �uorescence or optical-gating spectroscopy and mi-

croscopy, as well as time-resolved measurements of molecular and electronic

dynamics down to the atomic or sub-atomic scale. Many of these applica-

tions require coherent light. The shortest coherent light sources commercially

available from Ti:sapphire laser systems have a pulse duration of τL ≈ 5 fs,

which corresponds to only about two optical cycles. In the case of infrared

or visible light, the pulses can not be much shorter than that. In order to

shorten the pulses it is necessary to extend the electromagnetic spectrum

to the ultraviolet (UV) or even x-ray. This can be achieved1 utilizing high

harmonic generation in gases (HHGG) from an intense coherent light source.

Speci�c experimental conditions2have proven to provide the phase-locking of

the emitted harmonics necessary to form attosecond pulses. High harmonic

generation from surfaces3 (HHGS) was also successfully shown4 to be a viable

alternative for attosecond pulse generation.

Since the proposals5 to generate attosecond pulses more than eighteen

years ago, attoscience has left its infant cradle and matured to become a full

grown �eld of science. These attosecond light pulses produced6 today have

already found a number of interesting applications in all states of matter.

1Farkas and Tóth (1992)
2Antoine et al. (1996); Gaarde and Schafer (2002)
3Rykovanov et al. (2008)
4Nomura et al. (2009)
5Hänsch (1990); Farkas and Tóth (1992)
6Tzallas et al. (2003); Kienberger et al. (2004)
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They could be used to directly measure femtosecond light �elds,7 to track

the dynamics of autoionizing wave packets,8 to observe electron tunneling in

atoms,9 and for attosecond spectroscopy10 revealing sub-femtosecond timing

characteristics of photoelectron emission.

An ever growing number of scienti�c groups around the world is setting

up or expanding their laboratories in order to generate, study, and apply

attosecond laser pulses. The substantial discourse on the generation and

characterization of attosecond pulses has led to a number of publications,11

which could either not be veri�ed or came to erroneous conclusions, and

the precise and reliable characterization of the produced ultra-short broad-

spectrum pulses is still one of the major di�culties, that attoscience faces.

For this purpose various metrology methods have been applied and others

envisioned. Most of these derive either from an autocorrelation (AC) of the

attosecond pulses only, or they derive from a cross-correlation of the funda-

mental infrared (IR) laser with the attosecond extreme ultraviolet (XUV)

radiation generated by HHGG.

Two techniques, which most metrology methods are based on, are as-

sessed in the course of this thesis. Despite considerable dissent on their

capabilities and the limitations of their applicability, there had so far been

no direct comparison between these two methods. Here both methods are

applied, compared and analyzed concluding that reconstruction of attosecond

beating by interference of two-photon transitions (RABITT) may result in an

underestimation of the reconstructed pulse duration, due to the fact that it

measures average phases. For these measurements a dispersionless XUV au-

tocorrelator, utilizing helium photo-ionization as non-linear process, was set

up. The attosecond precision was tested by measuring the interferometric

AC of the �fth harmonic generated in xenon by a Ti:sapphire IR laser.

Further, the investigation of the two most dominant quantum-paths,

7Goulielmakis et al. (2004)
8Skantzakis et al. (2010)
9Uiberacker et al. (2007)

10Cavalieri et al. (2007)
11Papadogiannis et al. (1999); Drescher et al. (2001); Paul et al. (2001); Hentschel et al.

(2001)
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which lead to the HHGG process, called the òng and the short electron tra-

jectory, showed that both contribute to the emission of the XUV frequency

comb at all three phase matching conditions applied. This has substantial

impact on the cross-correlation-based metrology methods and on atomic-

molecular tomography and precision measurements applying such XUV fre-

quency combs.

Finally, an example is presented using the ultra-short coherent light pulses

generated with HHGG for time-resolved studies of the molecular dynamics

in the photo-dissociation process of ethylene and oxygen. All the character-

istic times in the femtosecond scale of the evolution of the excited ethylene

molecule could be extracted from the measured ionic products utilizing the

same apparatus applied for the XUV AC measurements.

Chapter 1 gives a short review on what has been achieved so far in the

�eld of attosecond generation and characterization. Techniques to gener-

ate attosecond pulses from a superposition of high harmonics are explained

and their di�erences examined. Di�erent metrology methods are introduced,

most of them based on autocorrelation and cross-correlation concepts. The

two techniques, which most methods are based on are explained in more

detail. This is �rstly the second-order intensity volume-autocorrelation12

(2IVAC), which can determine to a good degree of accuracy the duration

of the attosecond pulses but requires high intensities of the XUV radia-

tion to be examined and secondly the reconstruction of attosecond beating by

interference of two-photon transitions13(RABITT), which relies on a cross-

correlation of the attosecond pulse train with the driving laser that generated

the harmonic radiation. The latter requires less intense attosecond pulses and

could theoretically reveal the temporal structure of the individual pulses in

the pulse train.

Chapter 2 describes the experimental setup for the generation of high

harmonic radiation in gas media and from surfaces. Also the arrangements for

the autocorrelation and cross-correlation measurements are explained there

12Tzallas et al. (2003); Faucher et al. (2009)
13Paul et al. (2001); Muller (2002)
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as well as the time-of-�ight spectrometer used for the detection of the ions

and the electrons used in all of the following experiments.

In Chapter 3 the results are analyzed and discussed. Most interestingly

the comparison between the results from the two metrology methods is pre-

sented there. But also a study of the interference between di�erent quantum

paths relevant to high harmonic generation (HHG) in gas media shows the

pitfalls, that attosecond metrology methods have to circumvent. Using the

same apparatus, a time-resolved ion-mass spectroscopy reveals the character-

istic times involved in the dynamics of molecular oxygen and ethylene excited

by an ultra-short vacuum ultraviolet (VUV) laser pulse.

Finally Chapter 4 concludes by summarizing and reviewing the experi-

mental and theoretical �ndings and discussing their impact on attoscience

and other �elds of study. It also gives an outlook toward which direction to

go with future investigations.



Chapter 1
Overview

To get familiar with the basic techniques used in attoscience, this chapter

gives a short review on the state of the art of attosecond light pulse generation

and characterization. Ways to provide the spectral bandwidth necessary for

attosecond pulses are introduced �rst in Section 1.1, with focus on the two

methods to produce high-order harmonic radiation, either from noble gases or

from surface plasma. The next Section 1.2 shows how the phase relations of

the harmonics determine, if the emitted radiation forms bursts of attosecond

duration. Section 1.3 on characterization informs about the wide range of

attosecond metrology methods both proposed and already applied. Also

the two methods underlying most of these techniques, which will both be

analyzed thoroughly in Chapter 3, are introduced here.

1.1 Generation of broad-bandwidth radiation

Heisenberg's uncertainty principle of quantum mechanics is also re�ected in

a basic principle of wave mechanics: The generation of a very short electro-

magnetic pulse with duration τP requires a very broad spectral bandwidth

∆νP.

τP ·∆νP ≥ C & 1 (C is constant) (1.1)

13
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The minimum pulse duration τmin
P ≈ 1/∆νP can only be reduced, if the spectral

bandwidth ∆νP increases, so that the product τP ·∆νP stays larger than the

critical constant C, which is greater or similar to one, depending on the exact

pulse shape and the exact de�nitions of the pulse duration and bandwidth.

Although a bandwidth of ∆νL ≈ 50THz, measuring the full width over half

the maximum (FWHM), distributed in a Gaussian around the central laser

frequency of νL ≈ 375THz, is su�cient for infrared Gaussian laser pulses of

τL ≈ 50 fs duration (measuring FWHM of the intensity), the generation of

attosecond pulses with orders of magnitude shorter pulse duration requires

a much broader spectrum.

It is known for more than 20 years now, that high harmonic generation

(HHG) can provide a broad frequency comb of equally spaced emission lines.1

For an extended region of the spectrum, the emitted frequency components

have similar intensities. This region is called the plateau and it is followed by

a cut-o�, after which the intensities of the next higher frequency components

drop much more rapidly. The recent advances in table-top laser systems have

made it possible, that the long known method of high harmonic generation in

gases (HHGG) may soon be superseded by the high harmonic generation from

surfaces (HHGS), which proved to have a number of signi�cant advantages

over the former. Both are discussed in the following sections.

1.1.1 High harmonic generation in gases

A common way to produce harmonics of higher orders is to focus ultra-short

high-intensity laser pulses inside an noble gas, which is usually either con�ned

in a gas cell separated from the surrounding vacuum by di�erential pumping,

or the gas is directly ejected into the vacuum chamber as a jet by a pulsed

nozzle. This way exclusively odd harmonics are produced with frequencies

νq = q νL that are odd multiples q ∈ {3, 5, 7, . . .} of the fundamental laser

frequency νL. Figure 1.1 shows a calculated emission spectrum from HHGG

using a τL=40 fs laser pulse with λL=800 nm wavelength. The plateau region

in that spectrum ends with the 41st harmonic at the cut-o� frequency of

1McPherson et al. (1987); Ferray et al. (1988)
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Figure 1.1: Calculated spectrum from high harmonic generation in gases
The graph shows calculated intensities Iq of harmonics produced in a gas medium
using a τL = 40 fs laser pulse with λL = 800 nm wavelength at an intensity of
IL =2.5×1014W/cm2 according to the model described by Lewenstein et al. (1994).

νco ≈ 15.4PHz. The harmonics are emitted in the direction of the driving

laser beam with a total angular spread smaller than that of the initial beam:

Θq≈ 1√
p
ΘL The parameter p depends on the order of non-linearity and is

about 4 . p . 7 for the harmonics in the plateau. Also the temporal pro�le

of the emitted harmonics does not exactly follow that of the driving laser.

As shown in Sections 2.3.1 and 3.3.2 the duration τq of the emission of a

harmonic q is considerably shorter2 than the duration of the driving laser

pulse: τq ≈ 1√
p
τL

The three-step model3 describes the basic underlying mechanism semi-

classically: In the �rst step at time tt the laser �eld causes the electron to

tunnel away from the atom, in the second step it acquires kinetic energy from

the electromagnetic �eld, and eventually in the third step, after the direction

of the electric �eld has changed, the electron recollides with the parent ion at

time te resulting in the emission of the gained energy Eγ as a burst of radia-

tion. The photon energy is less than Eγ . EI + 3.2Ep for the harmonics in

the plateau region. EI and Ep are the ionization energy of the parent atom

and ponderomotive energy of the driving laser, respectively. This process

happens twice per laser period TL, once per each maximum of the laser's

2Protopapas et al. (1997) pages 434�435; Agostini and DiMauro (2004) pages 826�827
3Kulander et al. (1993); Corkum (1993); Schafer et al. (1993)
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electric �eld, if the laser has linear or almost linear polarization. The princi-

ples of Fourier analysis postulate, that any series of radiation bursts, which is

periodic with the laser's optical half cycle TL

2
, consists of frequencies spaced

apart by twice the laser frequency ∆ν = 2
TL

= 2 νL. Due to the linear polar-

ization of the laser and the symmetry of the gas atoms, which lead to the

symmetry of the emitted bursts, the harmonic orders are odd multiples.

The emission of harmonics with photon energy Eγ < EI less than the

ionization energy of the gas atoms can apparently not be described by the

three-step model. This process can be understood in terms of lowest-order

perturbation theory. Thus their yield drops exponentially with harmonic

order.

The e�ciency η = EXUV

EL
of conversion from fundamental laser radiation

into extreme ultraviolet (XUV) harmonic radiation is rather low. Using a

loose focusing and a xenon gas jet, a conversion e�ciency of η ≈ 10−5 has

been reported4 resulting in EXUV ≈ 1 µJ for the energy of the harmonics

from a driving laser with EL = 100mJ. But after the ionization saturation

limit Imax
L is reached, the generation of XUV radiation saturates. For HHGG

in xenon by an infrared laser pulse with τL = 50 fs the saturation intensity

is approximately Imax
L ≈ 8×1013 W/cm2. Further increasing the laser inten-

sity eventually reduces the harmonic yield due to the ionization of the gas

medium, which causes a break-down of the phase-matching. In order to in-

crease the number of photons per harmonic, a work-around for this problem

is to keep the driving laser intensity IL constant and to increase the laser

power together with the spot size by using an even longer focal length. This

on the other hand can place severe technical challenges to the optical setup

and the vacuum system.

1.1.2 High harmonic generation from surfaces

Another promising technique to generate harmonic radiation, and conse-

quently attosecond pulses, is the high harmonic generation from surfaces.

4Takahashi et al. (2002); Hergott et al. (2002)
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It has been experimentally observed5 for the �rst time in 1977. Two qualita-

tively very di�erent models seek to describe the generation process:

Relativistic oscillating mirror (ROM) One approach is to understand the

plasma, which the driving laser generates on the surface of the target, as a

re�ecting mirror6 that oscillates with the driving laser �eld and reaches ve-

locities close to the speed of light c. The relativistic Doppler e�ect then

gives rise to the emission of higher frequencies. Since the speed of the elec-

trons that constitute the plasma is relativistic, the dipole approximation is

no longer valid. Their movement as seen from the observer deviates from the

sinusoidal form but remains periodic with TL. So the Fourier-series expansion

of the electrons' movement in the observer's inertial frame of reference shows

components with additional frequencies νq = q νL. This results in emission

of harmonic radiation of the orders q ∈ {2, 3, 4, . . .}. The intensities Iq of the
emitted harmonics q follow a power law for frequencies νq below the cut-o�

and drop exponentially for higher frequencies. The model has later been

analytically re�ned and compared with particle-in-cell simulations,7 which

predict a power law with Iq ∝ q−8/3 for monochromatic irradiation and a

di�erent cut-o� frequency νco compared to the plain relativistic oscillating

mirror (ROM) model.

Coherent wake emission (CWE) Another model describes the harmonic

emission as a consequence of a wake8 in the plasma on the target's surface.

Electrons leave the plasma, accelerate in the laser �eld and reenter back into

the surface, in a way somewhat similar as in the 3-step model for gas har-

monics. As the electrons periodically sweep through the plasma, they give

rise to a series of wakes, which emit radiation with frequencies that are har-

monics of the driving laser. The electrons must be accelerated perpendicular

to the target's surface and therefore no s-polarized light causes a coherent

wake emission (CWE). The highest frequency νco produced by this method

5Burnett et al. (1977); Carman et al. (1981)
6Plaja et al. (1998)
7Baeva et al. (2006)
8Teubner et al. (2004); Quéré et al. (2006)
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is the electron plasma frequency νp of the bulk target material.9 This is lower

than the νco reachable with the ROM.

Which model describes the interaction better depends on the intensity and

the wavelength of the driving laser �eld. For infrared (IR) lasers at moderate

intensities of IL . 1.4×1018 W/cm2

λ2
L/µm2 the ROM does not play a signi�cant role

and the CWE model alone can describe the emission. For higher IR laser

intensities the ROM comes into play and eventually dominates the emission

process. The CWE process can be e�cient even down to laser intensities of

IL & 4× 1015 W/cm2

λ2
L/µm2 .

The HHG from solids has some important qualitative di�erences com-

pared to the HHG in gas media:

The spectrum When generating harmonics from surfaces, both odd and

also even harmonics are emitted, because the process is periodic with

the optical cycle of the driving laser.

The conversion e�ciency Compared to the generation of harmonics from

gas media, the e�ciency of ROM harmonics can be orders of magnitude

higher. The conversion of radiation from a laser with λL = 1055nm

into harmonics with photon energies of Eγ > 20 eV with an e�ciency

of η ≈ 10−2 has been reported.10

The incident intensity When generating harmonics in gas media, the ion-

ization of the target medium is an important limiting factor for the

driving laser intensity and thus limiting the energy output of harmonic

radiation. This is not a problem for harmonics generated from sur-

faces. For HHGS the incident intensity can be orders of magnitude

higher than for HHGG.

Both of the above mechanisms for HHGS rely on a clean plasma surface on

the target and a steep plasma density gradient for the interaction. A pre-

pulse or pedestal of Ipre & 1012 W/cm2 at a time earlier than t .−1 ps before the

9Tarasevitch et al. (2007)
10Dromey et al. (2007)
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main pulse, creates a plasma on the target's surface which expands enough

to diminish the harmonic emittion process by more than 99%.11

1.2 Synthesis of attosecond pulses

The idea of generating attosecond pulses from the high-order harmonics12

generated as described above, comes from the principle of Fourier synthesis:

f(x) =
∞∑

n=−∞

cn e
inx (cn ∈ C) (1.2)

The in�nite Fourier series f(x) of equally spaced phase-locked frequencies n

converges to an in�nite series of Dirac δ pulses in the time domain. Corre-

spondingly, the electric �eld E resulting from the superposition of a set Q of

quasi phase-locked harmonics q with circular frequencies ωq = q ωL forms a

train of attosecond pulses.

E(t) ∝
∑
q∈Q

Aq cos (ωqt− φq) (1.3)

When using the set Q of harmonics with their relative amplitudes Aq then

the minimal achievable duration τFTL of the pulses in the train is called the

Fourier-transform limit (FTL). This theoretically ideal case could only be

reached, if the phases of the harmonics φq were locked perfectly:

τXUV = τFTL ⇔ φq = aq + b (a, b ∈ R) (1.4)

High harmonic generation in gases The phases φq of the harmonics are

di�erent for each harmonic q due to the response of the atoms to the IR

driving laser. They can be inferred from the quantum mechanical description

of the interaction, using a single-active-electron strong-�eld approximation

and the saddle-point-solution method to �nd the stationary action in the

11Tarasevitch et al. (2000)
12Farkas and Tóth (1992)
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spirit of Feynman's path integral formalism.13 The theoretical models predict

a fundamental intrinsic characteristic of the HHG in gases: For any point in

the spectrum of the emitted radiation, there exist two relevant trajectories

of the quasi-free electron, which both lead to the same recollision energy and

therefore to the same emitted frequency ν. The two electron trajectories are

called òng and short according to the di�erent traveling times τ̀ and τs during

which the electron is separated from the parent ion. As a consequence, there

are two sets of phases of the emitted harmonics: φs
q for the short and φ`q for

the òng trajectory.

For each of these two trajectories the phase of the emitted harmonic q is

proportional to the action S that the electron acquires during the interaction.

The total action can be separated into the three components corresponding

to the steps of the three-step model : S = S1 + S2 + S3. The �rst and

the third part depend on the binding potential E0 of the electron and the

third part also on the emitted photon energy ~ωq. The second part S2 of

the action, accumulated by the quasi-free electron wave-packet during its

excursion into the continuum while it is separated from the parent ion, can

be approximated by the product of the traveling time τ = te− tt multiplied
with the ponderomotive energy Ep of the driving laser �eld.

Step 1: tunneling separation: S1 = −E0 tt

Step 2: quasi-free wave packet: S2 ≈ −Ep τ

Step 3: recombination and emission: S3 = (E0 + ~ωq) te

⇒ total action: S ≈ E0 τ − Ep τ + ~ωq te

(1.5)

Since the ponderomotive energy Ep = A
ω2
q
IL(t, r, z) is proportional to the laser

intensity, which itself varies with time t, with distance from the focus r, and

along the focus z, the emission at di�erent position and time has a di�erent

phase. This leads to a situation, where favorable phase-matching conditions

must be chosen to ensure e�ective harmonic emission. Harmonics emitted at

di�erent time t during the driving pulse at di�erent laser intensity IL have

13Lewenstein et al. (1994); Salières et al. (2001)
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Figure 1.2: Phases of the harmonics generated in gas media
The solid lines are the phases φs

q of the harmonics emitted from electrons traveling
along the short trajectory and the phases φ`q from electrons traveling along the òng

trajectory, calculated according to the quantum mechanical model for a driving
laser pulse with τL = 40 fs duration, λL = 800nm wavelength, and an intensity of
IL =2.5×1014 W/cm2. The vertical gray bars in the background depict the calculated
intensity spectrum Iq. The circles between the odd harmonics show the phase
di�erence ∆φq+1 = φq+2 − φq ∝ te between the two neighboring harmonics. The
phases are in units of full cycles (2π rad). The phase di�erences are scaled by a
factor 10.

a di�erent phase φq(t), which leads to the harmonic chirp14 ∂
∂t
ω = φ̈. Since

the òng electron trajectory has a larger traveling time τ̀ , Equation 1.5 shows

that its phase φ`q(t) is more sensitive to the variations İL of the laser intensity

and emission from that trajectory may bear a larger chirp. The consequence

of this harmonic chirp is that the pulses inside the attosecond pulse train are

not equidistant throughout the entire train. This has important implications

on the metrology methods discussed later.

The degree of phase-locking of a sequence Q of odd harmonics and thus

the degree of light bunching into attosecond pulses with high contrast and

short duration is reduced by the "inter-harmonic chirp"15 ∆2φq = (φq+2 −
φq) − (φq − φq−2). Figure 1.2 shows the calculated phases for di�erent har-

monics produced by HHGG, from electrons following either the short or the

òng trajectory, according to the saddle-point-solution method. The graphs

of φs
q and φ`q show, that the harmonics are initially not phase-locked, since

14Varjú et al. (2005)
15Kazamias and Balcou (2004)
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the phases are not a purely linear function of the harmonic order q. The

non-linear component causes the inter-harmonic chirp which broadens the

pulses in the train. The circles in the Figure 1.2 show the phase di�er-

ences ∆φq+1 = φq+2 − φq between two consecutive harmonics, which are

proportional to the emission times te. Since the emission time changes with

harmonic order q a phase-mismatch between the emitted harmonics occurs.

For the plateau harmonics the phase di�erence can be approximated by a

line which corresponds to a constant inter-harmonic chirp in that spectral

region. In order for the emitted harmonics to be well phase-locked, that

inter-harmonic chirp must be compensated for.

On the macroscopic scale numerous e�ects complicate the situation: The

dispersion due to the propagation in the partially ionized gas medium, the

geometrical Gouy phase shift along the focus, and the variation of the laser

intensity along the focus in the interaction volume (temporal chirp) as well

as the intensity distribution across the focal spot (spatial chirp) must be

taken into account. To achieve optimal phase-matching in the gas medium,

the condition for the wavevectors of the harmonics (kq) and the driving laser

(kL) as well as the mismatch caused by the dispersion (∆kd), the Gouy-phase

shift (∆kG), and the intensity-dependent harmonic phase (~∇φq) is:

kq − q · kL = ∆kG + ∆kd + ~∇φq (1.6)

Fortunately, some of these e�ects can partially compensate for each other

and according to theory,16 focusing the laser beam almost a Rayleigh range zR

before the generation gas provides for "good" phase-matching conditions for

the short trajectory and phase-locking between the harmonics to a degree of

more than 50%. This applies to a pulse with a Gaussian intensity distribution

both in time and in cross-section.

Due to the longer �ight time τ̀ of the òng trajectory, the phases φ`q of the

harmonics emitted from electrons following that trajectory are more sensitive

to variations of the laser intensity as can be understood from Equation 1.5.

Thus the inter-harmonic chirp of the òng trajectory emission can not be

16Antoine et al. (1996); Gaarde and Schafer (2002)
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compensated for in such a way and emission from that trajectory can not be

phase-locked, so emission from that trajectory must be suppressed for the

generation of attosecond pulses.

High harmonic generation from surfaces The harmonics from solid tar-

gets follow a di�erent phase relation depending on the underlying mechanism

responsible for their generation. The ROM model, which applies if the in-

cident intensity exceeds the critical value to reach the relativistic regime,

predicts that the phases of the harmonics are almost perfectly phase-locked.17

This becomes apparent in the picture of the relativistic γ-spikes,18 which

occur at very con�ned moments when the speed of the plasma surface reaches

values close to the speed of light. During these short times the highest

harmonic orders are generated most e�ciently, coherently and phase-locked.

This has lead to the conclusion, that the ROM method might be able to

produce even shorter electromagnetic pulses in the zeptosecond19 regime.

At lower intensities or shorter wavelength of the driving laser the CWE

model predicts a di�erent phase dependence of the harmonics. In the simpli-

�ed model20 assuming the speed of the electrons reentering the plasma to be

approximately the speed of light ve≈c, a linear density pro�le of the plasma,

and an angle of incidence of 45°, the phase φq of the harmonics scales with

the third power of the harmonic order: φq ∝ q3

1.3 Characterization methods of attosecond

pulses

One of the biggest challenges, that attoscience faces is the development of

accurate and reliable temporal and structural analysis tools of the generated

attosecond pulses. The duration τXUV of these electromagnetic pulses is or-

ders of magnitude too short to be assessed directly with electric devices, such

17Plaja et al. (1998); Roso et al. (2000)
18Baeva et al. (2006)
19Gordienko et al. (2004)
20Nomura et al. (2009)
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as photomultipliers. Although this problem has been overcome for the char-

acterization of femtosecond laser pulses by applying optical autocorrelation

or cross-correlation techniques and well sophisticated methods like SPIDER21

or FROG22 are commonly used in many laboratories to assess femtosecond

optical laser sources, for the purpose of attosecond metrology, these methods

must be adapted to cope with four critical aspects: The shorter wavelength,

the wider spectrum, the shorter pulse duration, and the often much lower

pulse energy.

Di�erent methods have been developed based either on an optical cross-

correlation of the XUV attosecond pulses with a second laser �eld or on an

autocorrelation technique of the attosecond pulses without the need for an-

other laser �eld. Most are counterparts of the common femtosecond metrol-

ogy methods. The cross-correlation methods require the precise knowledge

of the second �eld�usually a part of the driving IR laser� to extract in-

formation about the spectral phase φ(ν) of the XUV pulses. Together with

their power spectrum I(ν) the pulses can be calculated by Fourier synthesis.

XUV-SPIDER The well known method of spectral phase interferometry for

direct electric-�eld reconstruction23(SPIDER) can be transferred to the XUV

spectrum in di�erent ways. One way24 is to generate two XUV attosecond

pulses using two IR driving pulses, which are identical except for only a small

shift in frequency δν, but also delayed with respect to each other by a time

∆t. When using a grating spectrometer, then the spectrogram I(ν) of both

XUV pulses together shows fringes from which the spectral phase φ(ν) can

be retrieved. Instead of the shift ∆t in time, a shift ∆x of the optical axis

of the XUV pulses leads to spatial fringes on a two-dimensional detector

of the spectrometer which again are a measure for the spectral phase. An-

other method25 uses photoelectron (PE) wave packets as interfering media.

For that, two delayed replicas of the same attosecond pulse, ionize atoms

21Iaconis and Walmsley (1998)
22Trebino and Kane (1993)
23Iaconis and Walmsley (1998)
24Cormier et al. (2005); Mairesse et al. (2005)
25Quéré et al. (2003)
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in the presence of a more slowly varying electromagnetic �eld. This dress-

ing laser �eld EL introduces an energy shift δEPE between the two delayed

photoelectron wave packets, causing their interference to show fringes in the

energy spectrum S(EPE). From these photoelectron energy spectra S(EPE)

the spectral phase φXUV(ω) of the attosecond pulse can be deducted and thus

the pulse can be reconstructed. The attosecond pulse duration τXUV must be

substantially shorter than the period TL of the dressing laser �eld in order to

minimize the distortion of the photoelectron wave packets and the photoelec-

tron spectra introduced by the variation ĖL = ∂
∂t

EL of the dressing �eld. The

maximum attosecond pulse duration, for which this method is applicable, is

about τXUV . 400 as for a dressing �eld with a wavelength of λ = 800nm. Up

to now it was not possible to apply XUV-SPIDER to measure attosecond

pulses.

Attosecond streak camera (ASC) In a very similar setup using only one

pulse instead of the two replicas, the previously mentioned distortion, caused

by the variation ĖL of the dressing �eld, can be utilized to de�ect or accelerate

the photoelectron wave packets.26 In this way the time of ionization within

the attosecond pulse can be mapped to the photoelectron energy spectrum

S(EPE) or an angular distribution S(θ) of the photoelectrons making this

technique a sort of attosecond streak camera (ASC). Still the duration of the

attosecond pulse τXUV must be shorter than half the period TL of the dressing

laser �eld in order for the streaking to happen during one single sweep of the

dressing laser's electric �eld ⇒ ĖL 6= 0. On the other hand, the pulse must

be long enough, or the dressing laser's period must be short enough, so that

the streaking is signi�cant: 1/10TL . τXUV < 1/2TL This method can not

distinguish between a single attosecond pulse or a set of pulses separated in

time δt=n/2TL by a discrete number of half laser periods.

FROG CRAB Adding a delay ∆t to the dressing laser beam to change

its phase φL and recording the streaked spectra S(EPE) or S(θ) for a series

of di�erent phases φL can circumvent the restriction on the pulse duration

26Drescher et al. (2001); Itatani et al. (2002)
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τXUV that the XUV-SPIDER and the ASC su�er from. This method is

inspired by the common technique for femtosecond pulse metrology called

frequency-resolved optical gating (FROG).27 Using the e�ect of the dressing

laser �eld as a "phase gate" instead of the temporal gate commonly used

in femtosecond FROG implementations, makes it in principle possible with

an iterative numerical method to do both the complete reconstruction of

attosecond bursts28(CRAB) and also to extract the structure of the dressing

laser pulse. The laser used to produce the attosecond pulse can be the same

as the laser providing the dressing �eld for the phase gate.

RABITT In the special case of trains of attosecond pulses, as commonly

produced by HHG from many-cycle lasers, the FROG CRAB spectra de-

generate to lines of discrete energies. These discrete photoelectron energies

correspond to the harmonics of the orders q. For harmonics produced from

HHG in gases they are the odd multiples of the driving laser's photon energy

hνL minus the ionization energy EI of the parent atom: EPE
main = qhνL − EI.

If the dressing laser is the same as the driving laser for the HHG, then addi-

tional side bands appear at positions EPE
side = (q+1)hνL−EI centered between

the main spectral lines from the harmonics. These side bands oscillate in in-

tensity as the phase φL of the dressing laser changes. The period of the side

band oscillation is half the period TL of the dressing laser. The phase ϕq+1

of the side band oscillation provides the phase di�erence ∆φq+1 = φq+2 − φq
between the two neighboring harmonics. Although this method cannot mea-

sure the harmonics' phases directly, the individual phases φq can be inferred

one by one, with the residual uncertainty of a common phase o�set φ0. This

o�set is usually chosen arbitrarily so that the phase of one of the observed

harmonics is zero. The unknown common phase o�set φ0 does not change

the duration of the reconstructed attosecond pulses but merely the carrier�

envelope phase (CEP) o�set inside the attosecond pulse. Even a �rst order

(linear) increase of the phases φq with harmonic number q results only in a

shift of the attosecond burst in time.

27Trebino and Kane (1993)
28Mairesse and Quéré (2005)
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This method, the reconstruction of attosecond beating by interference

of two-photon transitions29(RABITT), can be reduced to a set of cross-

correlation traces. These traces are the intensities of the side band peaks

Sq+1(∆t) as a function of the delay between the attosecond pulse train and

the dressing laser.
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Figure 1.3: Transition diagram for RABITT
Four quantum paths lead to the emission of a photoelectron to the side band with
energy EPE

12 = 12hνL − EI:
a) Absorption of a harmonic γq and a fundamental γL

b) Absorption of a harmonic γq+2 and stimulated emission of a fundamental γL

c) Absorption of a fundamental γL and a harmonic γq
d) Stimulated emission of a fundamental γL and absorption of a harmonic γq+2

The numbers indicate the energy in units of hνq. The position of the ground state
is not to scale.

The underlying physical process, which gives rise to these side band os-

cillations, can be understood as a quantum interference between di�erent

two-color two-photon transitions ionizing the atoms illustrated in Figure 1.3.

29Paul et al. (2001)
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They involve both a harmonic photon γq and a photon from the fundamental

dressing laser γL. There are four interfering quantum paths for each side

band , which transfer the same energy ∆Eq+1 = (q+1)hνL from the electro-

magnetic �eld to the atom:

a) Absorption of a harmonic photon γq and one of the fundamental γL

b) Absorption of a harmonic photon γq+2 and stimulated emission of one of

the fundamental γL

c) Absorption of a photon of the fundamental γL and one of a harmonic γq

d) Stimulated emission of a photon of the fundamental γL and absorption of

a harmonic photon γq+2

The paths a) and b) resemble the paths c) and d), respectively, except for

the order of interaction, the virtual state involved and thus the transition

probability. The phases of the interacting photons determine the phase of

the emitted electron wave packets: For the IR+XUV quantum paths a) and

c) the electron's phase is φ+
e = φq+φL +φatom and for the IR−XUV quantum

paths b) and d) it is φ−e = φq+2−φL +φ′atom. So the side band photoelectron

signal Sq+1 shows interference oscillations from the two quantum paths with

φ+
e and φ−e , if the phase φL of the fundamental laser �eld changes with respect

to the harmonic radiation:

Sq+1 ∝ S0 + cos(φ+
e − φ−e )

= S0 + cos(2φL + φq − φq+2 + ∆φatom)

= S0 + cos(2ωL∆t+ ϕq+1)

(1.7)

Applying a delay ∆t to the fundamental laser and thus changing the phase

φL = ωL∆t results in oscillations of the two-color photoelectron signal with

a period of 1
2
TL. The cross-correlation trace Sq+1(∆t) of the side band q+1

oscillates with a phase o�set of ϕq+1 = φq−φq+2 +∆φatom. The atomic phase

di�erence ∆φatom can be calculated and is usually assumed to be negligibly

small, so the phase o�set ϕq+1 determines the phase di�erence ∆φq+1 between
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the two consecutive harmonics q and q+2. Iterative the phases of all har-

monics involved can be deduced and together with the measured intensities

of the harmonics the attosecond waveform can be reconstructed. Since the

phase o�set ϕq+1 is not measured in a single-shot method, the result gives the

phases 〈φq〉 averaged over a number of entire pulse trains and averaged over

the full beam cross-section. Together with the measured harmonic intensities

〈Iq〉, which are also averaged over the entire trains and cross-section, the re-

construction gives merely a "mean" attosecond pulse shape. This may result

in undesirable e�ects as analyzed more thoroughly later in Section 3.1.2.

The in situ method A quite di�erent approach, called the in situ30method,

aims to characterize the harmonics at the place where they are generated,

which is at the focus of the driving laser inside the harmonics generating

gas medium. For this to happen, a weak co-propagating second harmonic

component of the driving laser ( I2
IL
< 10−3) present at the harmonics gener-

ating region breaks the symmetry of the interaction and causes emission of

harmonics with even order q ∈ {4, 6, 8, . . . }. The relative intensities of these
even harmonics depend on the phase φ2 of the second harmonic relative to

the fundamental. Similarly to the RABITT approach, the oscillations of the

even harmonics can be used to determine the emission times and thus to

reconstruct the attosecond pulse.

2-IVAC All the above techniques base on a cross-correlation of the XUV

attosecond pulses to be characterized with a dressing laser. These methods

then somehow extract the spectral phase of the XUV radiation from the cross-

correlation signal and together with the intensity spectrum the waveform gets

reproduced. A more basic and more direct assessment of an ultra short light

pulse is its autocorrelation (AC). A simple and very common method to

record an AC trace duplicates or splits the pulse into two replicas and delays

one of the pulses for a short time∆t. The two replicas are convoluted by

measuring with a slow detector a signal S1 ∝ |E(t) + E(t−∆t)|2proportional

30Dudovich et al. (2006)
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to the intensity of the electromagnetic �eld E comprising the superposition

of both pulses.

S1AC(∆t) =

+∞∫
−∞

S1(t,∆t) dt ∝
+∞∫
−∞

|E(t) + E(t−∆t)|2 dt

∝
+∞∫
−∞

|E(t)|2 + |E(t−∆t)|2︸ ︷︷ ︸
constant background

+ 2 E(t)E(t−∆t)︸ ︷︷ ︸
1st order AC term

dt

(1.8)

Measuring this signal S1AC(∆t) as a function of the delay between the two

replicas results in an AC trace with a constant background. The last term

in Equation 1.8 is the �rst-order autocorrelation (1AC) term. It includes the

cross-term of the expansion of S1. The other two terms of the integral are

equal and do not depend on the delay∆t. They constitute the background.

The Fourier transform of the 1AC is proportional to the power spectrum

I(ν) of the electromagnetic pulse and the envelope of the 1AC trace bears

the coherence length of the pulse. Besides that, no further information can

be obtained about the duration τp or the spectral phase φ(ν) of the pulse.

The second-order autocorrelation (2AC) can reveal the duration of the

pulse. To achieve this it is necessary to measure a signal S2 ∝ S 2
1 ∝∣∣[E(t) + E(t− τ)]2

∣∣2 that is proportional to the intensity of the square of

the superposition of the two pulses. This is usually achieved by means of a

nonlinear optical element like a beta barium borate (BBO) crystal to generate

the second harmonic. If the resolution of the 2AC trace is good enough, then

it can reveal information on both the pulse duration τp and the coherence

length.

In the case of attosecond pulses consisting of high harmonics from a

λ = 800 nm laser, other means of beam splitting and nonlinear detection

are necessary in order to match the shorter wavelengths. A mirror, cut into

two symmetric halves, can provide a dispersion-free way to split the wave

front and delay one part of the split beam by moving one of the halves along

the beam axis. A non-resonant two-photon ionization of a suitable gas can
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Figure 1.4: Transition diagram for a second-order volume-autocorrelation
With helium taken as an example target atom for the non-linear process, a single
harmonic photon below the 16th can not ionize the atoms, but any two photons
from the harmonics 11�15 can ionize helium. The numbers indicate the energy in
units of hνq.

be used as a non-linear optical process with an instantaneous response and

a constant sensitivity over a wide spectral range.31 Bringing the two halves

of the split beam together to a common focus as shown in Figure 1.5 in a

volume of interaction with a suitable gas results in an ion yield that is very

similar to a standard 2AC, but with a reduced peak-to-background ratio of

2.8 for a fringe resolved 2AC and 2.1 for a cycle-averaged intensity 2AC.32

Since the "detector" is actually the entire interaction volume this method is

called volume-autocorrelation (VAC).

Both the delay and the focusing can be achieved simultaneously by one

31Descamps et al. (2001); Nikolopoulos et al. (2005); Tzallas et al. (2005); Benis et al.

(2006)
32Faucher et al. (2009) and references therein
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Figure 1.5: Electric �eld at the focus of a split mirror
The illustration at the top shows a split spherical gold mirror focusing the XUV
beam (blue) inside a gas jet with a time-of-�ight spectrometer (TOF) detecting the
ions (red). The color plots show the calculated electric �eld's intensity distribution
|E |2 at the focus of a split mirror in logarithmic scale over three decades for di�erent
delay ∆t. Panels on the left show a section along the beam axis and perpendicular
to the slit of the split mirror. Panels on the right show a beam cross section at the
focal plane of the static half mirror. The electromagnetic �eld is a superposition
of the four harmonics 7, 9, 11 and 13 with equal amplitudes re�ected from a split
spherical mirror with f = 15 cm focal length.

Source: Tzallas et al. (2005)
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split spherical mirror cut into two symmetric halves. In this case the maximal

displacement dmax of the movable half of the split mirror should be less or

similar to the Rayleigh range of the focus zR. The re�ection doubles the

delay∆t = 2d
c
introduced by the displacement d. Since the displacement

of the mirror half can be both directions, either towards the focus or away

from the focus, the full range τmax is twice the maximal temporal delay per

direction: τmax = 2 ·∆tmax . 4
c
zR

In contrast to the conventional 2AC, where the two pulses are separated

and recombined by an optical beam splitter that divides the intensity of the

incoming beam between the two replicas, the volume-AC divides the wave

front into two. Therefore the recombination of the beams at the detector

results only in a redistribution of the pulse energy inside the interaction

volume, never in a mutual cancellation of the two pulses across all of the

detector. The volume-AC can therefore be normally used only for higher

order processes and not for a �rst order autocorrelation. This restriction

applies only for a detector, which is homogeneous throughout all of the de-

tection volume. It can be seen from Figure 1.5, that at di�erent delay values

∆t di�erent areas receive more energy. An asymmetric or spatially selective

detector could therefore be used even for a �rst order process.

If the resolution of the system is good enough, then the trace can show

interferometric oscillations which contain information about the spectrum of

the pulse. Otherwise, if the VAC trace measures only a cycle average, then

the intensity envelope can be deduced from the trace. The ratio of the width

of such a second-order intensity volume-autocorrelation (2IVAC) trace τ2IVAC

compared to the duration of a Gaussian light pulse τp was found numerically33

to be τ2IVAC = 1.41 τp. This is the same as the factor τ2AC

τp
=
√

2 that can be

deducted analytically for a conventional 2AC.

PANTHER Instead of detecting the ions produced by the two-photon ion-

ization of the second-order volume-autocorrelation, it is possible to detect

the photoelectrons of the two-photon transition for a method called pho-

33Faucher et al. (2009)
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toelectron analysis with non-resonant two-photon-ionization for harmonic

electric-�eld reconstruction34(PANTHER). These can be energy-resolved us-

ing a magnetic-bottle time-of-�ight spectrometer, so that the photoelectron

spectrum S(EPE) show peaks at the positions EPE
PANTER = 2qhνL−EI. In the

case of a set Q of harmonics, there can be di�erent modes involved in the for-

mation of each peak. These can be from two photons of the same harmonic

order (q + q). But also the combination of one photon from a lower order

(q′ = q − n) and another photon from a higher order (q′′ = q + n) results in

the same photoelectron energy as in the case of two photons from the same

harmonic: q′+q′′ = q+q. The delay between the two pulse replicas gives rise

to interference oscillations in the two-photon photoelectron peaks from which

again the phase and the relative intensity of the contributing harmonics can

be deduced. This method is equivalent to the common FROG implementa-

tions used for femtosecond metrology that use a second-harmonic-generating

BBO crystal.

34Nabekawa et al. (2006)



Chapter 2
Experimental setup

2.1 Ti:sapphire laser system

All experiments of the present thesis are using the same light source produced

by Amplitude Technologies. It provides infrared laser pulses with λL =800 nm

central wavelength. The energy of the pulses can be up to EL =170mJ and

the duration down to τL =40 fs (FWHM). The cross-section of the laser beam

is roughly homogeneously circular with about dL≈5 cm diameter. The laser

system providing these light pulses comprises six major parts that constitute

a chirped pulse ampli�cation (CPA) system:

Oscillator A mode-locked titanium-doped sapphire laser oscillator, pumped

by a neodymium-doped yttrium aluminium garnet (Nd:YAG) laser

made by Coherent Inc., provides the initial laser pulses of EOSC = 7 nJ

energy per pulse at λOSC =800 nm central wavelength. The duration of

these pulses is about τOSC≈30 fs at a repetition rate of νOSC =75MHz.

Stretcher Two optical gratings inside the stretcher add a strong chirp to

the pulses in the pulse-train from the oscillator separating the spectral

components in time.

Regenerative ampli�er The chirped pulses are �rstly ampli�ed in a re-

generative ampli�er, pumped by an Nd:YAG laser made my Photonics

Industries. This leads to a pulse energy of EREGEN =6mJ.

35
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Multi-pass ampli�ers The �rst multi-pass ampli�er, pumped also by an

Nd:YAG from Big Sky Laser Technologies, increases the laser energy

to E1MP = 24mJ per pulse. The second one, pumped by another

Nd:YAG from Amplitude Technologies, reaches the maximal pulse en-

ergy of E2MP =340mJ

Compressor Eventually another two optical gratings reverse the e�ect of

the stretcher and re-compresses the chirped and ampli�ed pulses down

to τL =40 fs at the �nal pulse energy of EL =170mJ.

2.2 Generation of harmonic radiation

There are two vacuum chambers, in which the generation of high harmonics

can take place, one for the HHG in gases and one for the HHG from surfaces.

After the laser pulses leave the compressor, a system of slidable mirrors

directs them to the respective chamber.

2.2.1 Glass target

For e�cient generation of harmonics from solid targets, the laser intensity

at the plasma surface should be as high as possible. Figure 2.1 depicts

a schematic of the experimental setup used, where a gold-coated o�-axis

parabolic mirror (PM1) with e�ective focal length of fPM ≈ 8 cm focuses the

infrared laser with an initial diameter of DL = 5 cm very tightly to a focal

spot with a diameter of w0 ≈ 6 µm at the surface of a glass target (T). Pulses

with EL = 150mJ energy within τL = 50 fs focused at Af ≈ 30 µm2 reach

intensities above the relativistic limit of IL ≈ 2.2 × 1018 W/cm2. Since every

laser pulse creates a damage on the target's surface, rendering that spot un-

usable for another pulse, the target must be moved in between the pulses

by the size of the damage left behind. To achieve this, the circular glass

targets are mounted on a rotation stage which itself is �xed to a translation

stage. Stepper motors provide the controlled movement of both stages. The

combined movement of rotation and translation makes the series of damage
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Figure 2.1: Exprimental setup for harmonic generation from surfaces
An o�-axis parabolic mirror (PM1) focuses the fundamental infrared laser radiation
(red) onto a rotating glass target (T) to create a plasma (yellow) on the target's
surface. A second o�-axis parabolic mirror (PM2) collimates the re�ection from the
plasma including the harmonic radiation (blue beam). The gray dots on the target
illustrate the damages left behind from previous laser pulses.

marks describe a spiral on the targets surface. The re�ection from the tar-

get's plasma is collimated by a second o�-axis parabolic gold mirror (PM2).

A spherical mirror condenses the radiation at the entrance slit of a grating

spectrometer equipped with a multi-channel-plate and a phosphor screen. A

digital camera records the image of the spectrum on the phosphor screen.

The central wavelength of the grating spectrometer λGS was adjusted to

examine di�erent spectral regions around λGS ≈ 80nm, λGS ≈ 90nm, and

λGS ≈ 110nm. The corresponding spectra are displayed in Figure 2.2. No

harmonic radiation could be observed in the recorded spectra. The spectral

lines visible in Figure 2.2 are emission lines from oxygen.1 The line identi�-

cation plot for neutral oxygen in the middle left panel illustrates a possible

match for the observed lines. The limited resolution of the spectrometer is

1Moore (1976), page A8 i�2
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Figure 2.2: Spectrum from surface plasma
The left panel shows the phosphor screen of the spectrometer at three di�erent
central wavelengths near 80 nm, 90 nm, and 110 nm. The right panel shows the
corresponding vertically averaged brightness for each position, respectively. The
images have been inverted and adjusted in brightness and contrast. The inset in
the middle left panel shows a line identi�cation plot for neutral oxygen from NIST.

due to the width of the entrance slit. The positions of the spectral lines on

the phosphor screen are not exactly proportional to their wavelength, so the

match with the identi�cation plot is only approximate.

The lack of harmonic radiation is due to a pre-pulse in the temporal

pro�le of the infrared laser. The intensity trace taken with a fast photo-

multiplier tube (PMT) shown in Figure 2.3 reveals the pre-pulses at 9 ns and

18 ns before the main pulse. These pre-pulses have only about 0.01% of the

energy of the main pulse, but because of the tight focusing geometry they are

strong enough to create a rapidly expanding pre-plasma on the surface of the

target. This makes the the surface unusable for high harmonic generation

from the upcoming main pulse, because shortly after, at the time of arrival

of the main pulse, there is no steep plasma density gradient anymore.

The distance between the two pre-pulses and the main pulse indicate,

that the origin of the pre-pulses lies in the regenerative ampli�er described

in Section 2.1 and the imperfect switching of the pockels-cells. The 9 ns

distance between the pulses are exactly the round trip through the cavity of

the regenerative ampli�er.
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Figure 2.3: Intensity trace of the driving laser
The trace of IL(t), taken with a fast photo-multiplier tube, shows two pre-pulses
at t = −9 ns and t = −18 ns with pulse energies of ∼10−4EL.

Source: Robotis (2009)

2.2.2 Xenon gas jet

The setup used to produce harmonic radiation from gases is displayed in

Figure 2.4. As a �rst step a beam shaper (BS) adjusts the diameter of the

infrared laser to about dL ≈ 2 cm and blocks a central part of dBS ≈ 8mm

diameter giving the beam an annular shape with EL ≈ 13mJ energy per

pulse. In order to achieve a high conversion ratio from the fundamental

infrared laser radiation into high harmonics, a lens (L) with fL = 3m fo-

cal length focuses the driving laser very loosely into a pulsed jet of xenon

atoms (J1). The jet is situated in a vacuum chamber with an ambient pressure

of PHHGG < 10−5 mBar during operation of the gas jet. Here the harmon-

ics are generated and propagate together with the opening infrared driving

pulse, but with smaller angular divergence. Two measures reduce the inten-

sity of the annular infrared after this point: Firstly the re�ection of the pulse

from a silicon wafer (SW), placed at the Brewster's angle of the infrared, re-
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Figure 2.4: Optical setup for harmonic generation in gas targets
A beam-shaper (BS) gives the incoming infrared laser (red beam) an annular shape.
A lens (L) focuses the laser at a jet (J1) of xenon atoms which generates the high
harmonic XUV radiation (blue beam). A silicon wafer removes the infrared and
re�ects the harmonic XUV radiation. An aperture (A) blocks the residual annular
part of the infrared and lets the central part of the XUV pass. A �lter (F) can be
inserted into the beam to select a suitable spectrum from the harmonics.

duces the intensity of the p-polarized infrared by more than 99%.2 Secondly

an aperture (A) lets the central harmonics pass but blocks the outer part of

the beam, which contains the residual infrared from the annular beam re-

�ected by the wafer. If necessary, an optical �lter (F) can be inserted after

the aperture to select a spectral region suitable for the respective experiment.

Figure 2.5 shows a measurement of the beam diameter of the harmonics

using a knife-edge technique. The derivative of the photoelectron signal from

the harmonics reveals a beam diameter of dXUV = 2.3mm (FWHM) at the

position of the aperture, when the lens (L) is at the position to focus the

driving IR at zB before the gas jet (J1). The lens can be shifted along the

optical axis in order to move the focus either before, inside or after the xenon

gas jet. Photoelectron time-of-�ight spectra of the harmonics focused in an

2Takahashi et al. (2004)
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Figure 2.5: Diameter of the harmonic radiation
Inserting the edge of a knife to block a part of the XUV beam while recording
the photoelectron spectra as a function of the knifes position reveals the diameter
dXUV of the harmonics. The aperture (A) was replaced by a slit of 1.5mm width,
so that the scan is e�ectively across the center of the beam. The gray dots are
the measured photoelectron signals. The solid line is an error function �t to the
measured data. The dashed line is the derivative of the �t. The gray area illustrates
an aperture of dA ≈ 3mm.

argon gas jet were recorded while moving the lens and driving the focus

through the gas medium using an aperture of dA = 3mm and no �lter (F).

The signal of the photoelectron peaks from the harmonics 11, 13, 15, and

17 are shown in Figure 2.6 in dependence of the focus position zf . The three

arrows indicate the focus positions before (zB), inside (zI), and after (zA) the

gas jet, which were used for the attosecond pulse metrology measurements

described in Section 3.1.

2.3 Characterization and application system

After the XUV radiation is separated from the driving laser by the silicon

wafer and the aperture, di�erent �lters (F) can be used to select the part of the

harmonic spectrum suitable for the respective experiment. Autocorrelation,

cross-correlation, and pump-probe measurements can be performed in the

detection area of the vacuum chamber, which is separated from the HHGG

chamber by di�erential pumping. As illustrated in Figure 2.7, it is equipped

with a split spherical mirror (SM) used as a wave-front splitter, an interaction

gas jet (J2), and a time-of-�ight spectrometer (TOF).
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Figure 2.6: Harmonic generation at di�erent focus positions
The intensities of the individual harmonics depend on the position of the focus
relative to the xenon gas jet. The top panel shows the photoelectron (PE) signals
Sq as a function of the focus position zf for the harmonics 11, 13, 15, and 17 by
the dash-dotted, the dotted, the dashed, and the solid line, respectively. The bot-
tom panel shows a recorded photoelectron-energy spectrum with re-scaled abscissa
showing the peaks from the harmonic orders 11, 13, 15, 17, and 19. The spectra
were recorded with an aperture of dA = 3mm
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Figure 2.7: Schematic of the characterization and application system
The vacuum chamber containing the detectors is equipped with a place to in-
sert a �lter (F), with a split mirror (SM), and with a time-of-�ight spectrome-
ter (TOF) composed of two grids (G1,G2), a �eld-free drift tube (T), two microchan-
nel plates (MCPs), and an the anode (

⊕
).

2.3.1 Wave front splitting device

The dispersion-free wave-front splitter consists of a gold-coated spherical mir-

ror (SM), which is cut into two symmetric halves. Each of the two half mirrors

is mounted on a piezoelectric actuator. One side is �xed to a coarse ϑ/ϕ/∆zc

tilting-translation stage, which can be shifted along the beam axis and tilted

horizontally and vertically in order to overlap the two foci of both mirror

halves. The other half can be shifted along the beam axis by a �ne ∆zf

nanometer-resolution piezoelectric feedback-controlled translation stage to

introduce a small controllable delay ∆t = 2
c

∆zf between the two replicas of

the XUV pulse. A calculation of the intensity at the focus of the split mirror3

is shown in Figure 2.8. It is based on the spatial and temporal distribution

of the electromagnetic �eld at the focus over a volume of 20 times the focal

3Faucher et al. (2009)
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spot diameter w0 in width and height and 26 times the Rayleigh range zR in

length of the 5th harmonic assuming a Gaussian pulse.

A gas jet J2, placed at the focus of the split mirror, serves as detection

medium. The gas atoms are ionized by the electromagnetic �eld composed

from the superposition of the two foci.

Resolution of the delay stage

High resolution autocorrelation or cross-correlations measurements of at-

tosecond pulses require a very �ne scan of the delay ∆t between the two

overlapping beams by small displacement steps δz of a few nanometers. The

stability of both haves of the split mirror� the coarse alignment half and the

�ne precision half� is critical, since both halves are needed to overlap the

two replicas in space and time. The feedback control of the coarse ϑ/ϕ/∆zc

tilting-translation stage lacks the necessary accuracy to stay within a small

fraction of a wavelength of the driving laser. For this reason the feedback for

the coarse control is disabled and the piezoelectric crystals are given enough

time to relax towards their �nal position, typically a few hours or over night.

According to the speci�cations of the actuator from piezosystem jena GmbH,

the feedback controlled �ne precision delay stage can reach a maximum reso-

lution of δzf = 1.5 nm. The actual resolution of the system is further limited

by vibrations and other inaccuracies. AC traces of di�erent orders and of

radiation with di�erent wavelengths were taken to evaluate the achievable

precision of the delay.

IR autocorrelation A series of high-order autocorrelations of the IR driv-

ing laser pulse gave a �rst quick evaluation of the stability and hysteresis of

the delay stage. With the �rst gas jet (J1) closed and the beam shaper (BS)

removed, the silicon wafer (SW) re�ects a small fraction of the infrared laser

beam towards the split mirror (SM), which focuses the residual IR into the

second gas jet (J2) of argon. The condensed infrared at the focus of the

split mirror causes a multi-photon ionization of the argon atoms. A repul-

sion voltage of Urep = 4 kV on the case of the argon jet's nozzle accelerates
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Figure 2.8: Simulation of the second-order volume-autocorrelation
The 3D-color plots show the calculated intensity distribution at the focus of the
split mirror for di�erent delay values ∆t. The top left plot shows the two overlapped
foci with a mirror displacement of ∆z = λ/8, which corresponds to a temporal delay
of ∆t = 1/4TL. The top right plot shows the two overlapped foci with a mirror
displacement of ∆z = λ/4, which corresponds to a temporal delay of ∆t = 1/2TL.
The z-direction is along the optical axis, the x-axis is perpendicular to the slit of
the split mirror.

The middle panel shows the calculated signal for a second-order intensity au-
tocorrelation (solid line) and for a fringe-resolved interferometric autocorrelation
(gray area) as a function of the delay ∆t for a constant-wave laser. The decrease
at higher delay values is due to the displacement ∆z of the two foci. The hatched
area around ∆t = ±100 fs corresponds to the negligible deviation of less than 5%.

The bottom panels show two sets of calculated second-order autocorrelation
traces to compare the conventional co-linear autocorrelation (black dots) to the
volume-autocorrelation (solid line and gray area) for a 30 fs pulse in the left bottom
panel and for a 200 fs pulse in the right bottom panel. The peak-to-baseline ratio
was adjusted to overlap the two curves.

Source:Faucher et al. (2009)
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Figure 2.9: High-order autocorrelation of the infrared
The top panel shows a high-order interferometric volume-autocorrelation of the
infrared laser pulse using the split mirror as delay stage and the multi-photon
ionization of argon as non-linear detector. The thick gray line is a running average
over 10 cycles. The dashed black line is a Gaussian �t to the measured data.
The bottom panel shows three consecutive AC high-resolution traces of a small

part scanning the delay in both directions back and forth. A vertical o�set was
added to the single traces for clarity. The crosses are the direct single-pulse data
points without averaging. The diagonal crosses are from the reverse traces. The
thick gray lines are running averages over 15 data points. The thin black lines are
sinusoidal �ts to the single-pulse raw data.
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the ions towards the time-of-�ight spectrometer (TOF), where they are de-

tected. Figure 2.9 shows a cycle-averaged high-order interferometric volume-

autocorrelation (HiVAC) of the entire driving laser pulse and a set of �ve

consecutive fringe-resolved HiVAC traces of a small region, with the delay

being scanned in both directions back and forth. The interference fringes

can be clearly resolved and the �ve consecutive traces show no signi�cant

hysteresis between the two scanning directions.
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Figure 2.10: Interferometric autocorrelation of the �fth harmonic
The gray dots show the integral over the argon peak from the TOF-spectra. The
left panel corresponds to the coarse scan and reveals the duration of the �fth
harmonic emission. The �ne scan of the autocorrelation in the right panel shows
the interferometric oscillations of the �fth harmonic.

1.87 PHz autocorrelation The system's resolution must be much better

than the infrared wavelength, in order to take a 2IVAC with the necessary

precision to resolve attosecond pulses. The �fth harmonic of the laser has

a wavelength of λ5 = 160nm and a period of T5 = 534 as. Figure 2.10 shows

both the 2IVAC measuring the intensity envelope of the �fth harmonic ra-

diation pulse and the �ne-resolution second-order interferometric volume-

autocorrelation (2iVAC) scan revealing the interference of the two replicas.

The measurements was taken under the same conditions as described in Sec-

tion 3.3. The 2IVAC envelope veri�es a pulse duration of τ5 = 27±2 fs and

the 2iVAC �ne scan shows the oscillations with the period of the �fth har-

monic ensuring a detector resolution in the attosecond time scale. In order

to resolve these oscillations with at least four samples, the delay step reso-
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lution δt= 2
c
δzf must be less than a quarter of the period 1

4
T5 =133 as. This

corresponds to an e�ective resolution of the split-mirror displacement of at

least as good as δzf < 20nm.

2.3.2 Time-of-�ight spectrometer

Both ionization products, either electrons or ions, can be detected by the

Mu-metal-shielded time-of-�ight spectrometer (TOF) shown in Figure 2.7. It

can be used as an electron-energy spectrometer or, by applying an electric

repulsion potential Urep, as an ion-mass spectrometer. Particles passing the

�rst grid (G1) drift through the �eld-free tube (T) until they reach the sec-

ond grid (G2) from where they are accelerated towards the micro-channel

plates (MCPs). The output electrons from the �rst MCP enter a second

plate for further ampli�cation and it's output electrons eventually hit the

anode (
⊕

) to produce the signal detected by a digital phosphor oscilloscope

displayed in Figure 2.11. The orientation of the two MCPs is opposite, since

one is rotated by 180° with respect to the other around their surface normal,

in order to prevent any particles from passing both MCPs without hitting a

micro-channel's wall.

In order to measure either electron-energy spectra or ion-mass spectra

as shown in Figure 2.11, the grids (G1,G2) and the tube (T) are grounded

and the anode (
⊕

) is at a high positive voltage. The voltage drop across

the MCPs can be adjusted to a value of up to 1.2 kV each. A capacitor

decouples the steady high voltage potential of the anode (
⊕

) from the fast

low voltage pulses generated by the MCP's electrons, so they can be detected

by a TektronixTM digital phosphor oscilloscope. The signal from a single

electron or ion entering the detector is a peak of typically about one millivolt

on the oscilloscope.
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Figure 2.11: Time-of-�ight spectra
The top two panels show a photoelectron-energy spectrum from argon ionized by
the harmonics generated by the IR laser in the �rst gas jet. The photoelectrons
from the harmonic orders 11, 13, 15, 17, and 19 are clearly visible at positions
474 ns, 273 ns, 211 ns, 178 ns, and 157 ns, respectively. Here the signal from the
13th and 15th harmonic are saturated on the oscilloscope in order to resolve the
weaker 19th. The bottom panel shows a typical ion-mass spectrum. The ionized
background gases oxygen (O2

+), nitrogen (N2
+), argon (Ar+), water (H2O

+), and
its fragments (HO+, H+ and O+) are visible together with a small peak from he-
lium (He+). The middle and bottom panels have their time-of-�ight axes scaled for
equidistant energy and mass, respectively.
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Chapter 3
Results

Two of the most common attosecond pulse metrology methods were applied

and compared in the course of this thesis: reconstruction of attosecond beating

by interference of two-photon transitions (RABITT) as an example of a cross-

correlation technique with the second-order intensity volume-autocorrelation

(2IVAC). Section 3.1 presents the experimental �ndings, their interpretation,

and the their implications on the applicability and reliability of these and

other metrology methods.

Related to that, the next Section 3.2 investigates the interplay of the

two electron trajectories relevant for the generation of high harmonic gen-

eration in gases (HHGG). The observations reveal the fallacy of a general

assumption about the phase-matching conditions for attosecond pulse trains

from HHGG, which has crucial impact on cross-correlation-based attosecond

metrology methods as well as on atomic-molecular tomography and precision

measurements with extreme ultraviolet (XUV) frequency combs.

The last Section 3.3 provides an example for the applicability of the wave-

front-splitting setup for time-resolved measurements of molecular dynamics.

Examining the photo-dissociation of ethylene and oxygen reveals the charac-

teristic times involved in the process.

51
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Figure 3.1: Schematic of the two setups used for the attosecond metrology
measurements
The left side illustrates the setup used for the RABITT measurements and the
right side shows the setup used for the 2IVAC. A half-wave plate (WP) can be
inserted to rotate the polarization of the laser (red beam) by a small angle. The
beam-shaper (BS) gives the laser an annular shape, in the case of the RABITT
setup it has a hole in the center for the dressing beam. A small glass plate (SP)
and a large one (LP) with a hole in the center can be used to add a delay between
the central dressing beam and the annular part. The lens (L) focuses the laser at
the �rst gas jet (J1) where the harmonics (blue beam) are produced. The silicon
wafer (SW) suppresses the infrared (IR) and re�ects the XUV. The aperture (A) of
dA =3mm diameter blocks the residual IR and lets the central XUV pass together
with the dressing beam if it exists. A �lter (F) can be inserted to select a speci�c
spectrum. The split spherical mirror (SM) focuses the beam into a second gas
jet (J2). The time-of-�ight spectrometer (TOF) can detect either ions (red balls) or
electrons (blue balls).

3.1 Comparison of attosecond

metrology methods

As introduced in the overview Chapter 1, a number of di�erent attosecond

metrology tools have been developed and some have been applied up to now.
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These methods are mostly either based on a cross-correlation of the XUV

attosecond pulses with an infrared (IR) dressing laser �eld, or based on an

autocorrelation (AC) of the XUV radiation alone. The cross-correlation ap-

proach is more favorable for moderate intensity XUV radiation, since the

AC approach depends on high-intensity XUV radiation in order to observe

the two-photon ionization, which serves as the non-liner process. Two of

the most widely applied methods, one of each approach, are compared here:

The RABITT, as shown in Section 1.3, is exemplary for the basic princi-

ple of cross-correlation methods, that is the extraction of phase information

from the photoelectron wave packets generated by the XUV and IR radiation

together. The 2IVAC is the autocorrelation method which also the photoelec-

tron analysis with non-resonant two-photon-ionization for harmonic electric-

�eld reconstruction (PANTHER) is based on. 2IVAC and RABITT are the

two methods underlying most of the established characterization techniques

for attosecond pulses. Nevertheless, a direct comparison between them has

been missing. The central task of this thesis is to �ll this gap and examine

closely the capabilities and limitations of these two methods.

3.1.1 Second-order intensity volume-autocorrelation

A 2IVAC of the harmonics generated in the xenon gas jet as described in

Section 2.2.2 was taken with the setup depicted in Figure 3.1 with helium

ions as a nonlinear detector. An indium foil (F) of 150 nm thickness selects

the harmonics 9�15 and suppresses the 17th and higher harmonics in order

to avoid a single-photon ionization of the helium atoms. The normalized

relative amplitudes of the harmonics 9, 11, 13, and 15 were measured to

be 100%, 40% ,30% , and 25%, respectively, after re�ection from the split

spherical gold mirror.

Three autocorrelation traces were taken at the three di�erent positions of

the focusing lens (L) indicated in Figure 2.6. One with the focus at position

zB = −0.86zR before the xenon gas jet (J1), one with the focus at position

zI = 0 inside the jet, and one at position zA = +0.56zR focusing after the

gas jet. The length of the Rayleigh range of the focus is zR = 88± 5mm.
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Figure 3.2: Helium ion-mass spectrum
The recorded ion-mass spectrum shows peaks from the singly ionized target gas
helium (He+) at position 4, as well as a strong peak from the background gas
water (H2O

+) at position 18 and small peaks from other background gases like
nitrogen (N2

+), oxygen (O2
+) and argon (Ar+) at positions 28, 32, and 40, respec-

tively.

Only if the focus of the driving laser is before the harmonics generating

gas jet at zB, then the 2IVAC trace in Figure 3.1.1 shows clear and regular

oscillations with peaks twice per laser period TL. The solid line in the top

panel of Figure 3.3 shows a best �t to the data for a series of Gaussian peaks

with a �xed spacing of half a laser period and a peak-to-baseline ratio of

1.6. The width of the �t Gaussians determines the average pulse duration

of the pulses inside the train to τXUV =660± 50 as. The traces recorded with

the IR driving laser focused inside or after the gas jet show merely random

�uctuations and no regular structure.

This is the expected behavior.1 Theory predicts that the phase-matching

inside the production gas medium favors the emission of harmonics from

the short electron trajectory if the harmonic production in the gas medium

happens almost a Rayleigh length zR after the focus of the driving laser. In

this case the contribution of the òng trajectory is supposed to be negligible.

In the other cases, when focusing inside or after the gas jet, the phase-

matching conditions for the short trajectory are predicted to be worse and

1Antoine et al. (1996); Gaarde and Schafer (2002)
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Figure 3.3: Measured 2IVAC traces
Recording the time-of-�ight spectrometer (TOF) signal SHe+(∆t) of the helium ions
as a function of the delay between the two replicas results in the displayed 2IVAC
traces. The top panel shows the attosecond beating obtained when focusing before
the harmonics generating gas jet (zB), the center panel when focusing inside (zI),
and the bottom panel when focusing after the jet (zA). The gray dots correspond
to the measured data points. The yellow-�lled red circles are a running average
over 10 data points. The purple line is the sum of 12 Gaussian pulses �t to the
raw data points. The green area corresponds to one of the �t Gaussian pulses.
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emission from the òng trajectory comes into play. Then the attosecond pulses

from the superposition of harmonics are not well con�ned, since the phases

φ`q of the emitted harmonics from the òng trajectory are more sensitive to the

intensity variations İL(t, r, z) of the driving laser �eld. Another drawback is

that the harmonics from the òng trajectory are emitted at di�erent times t`e
compared to those tse from the short , which leads to additional phase mismatch

in the superposition, if both trajectories contribute.

3.1.2 Reconstruction of attosecond beating by interfer-

ence of two-photon transitions

Probably the most striking results presented in this thesis are the RABITT

traces obtained at the three di�erent focusing positions before zB, inside zI,

and after zA the �rst gas jet (J1), as de�ned in Figure 2.6. For the cross-

correlation between the infrared and the harmonic radiation, a setup very

similar to the one applied by Paul et al. (2001) is used with the beam

shaper (BS) shown in Figure 3.1 having a hole in the center to form the small

central dressing beam. The intensity of the IR dressing beam can be adjusted

by rotating a λ/2 half-wave plate (WP) placed before the beam shaper (BS)

by a small angle. Two plates provide the delay ∆t between the central IR

dressing beam and the XUV. One large plate (LP) with a hole in the cen-

ter delays the annular IR driving laser �eld and one small plate (SP) delays

the central dressing beam. Rotating the central plate (SP) by a small angle

changes the delay between the central and the annular part of the IR and

thus the delay ∆t between the dressing IR and the XUV produced from the

annular beam.

Figure 3.4 shows the set of photoelectron-energy spectra of argon ionized

by the superposition of the dressing IR beam and the harmonics taken while

scanning the delay ∆t to obtain the RABITT traces. The results of the

RABITT measurements shown in Figure 3.5 imply almost Fourier-transform

limited (FTL) attosecond pulses of τXUV ≈ 390 as, even when focusing the

IR beam inside the harmonics generating gas jet. Adjusting the phases φq of

the harmonics extracted from the RABITT measurement according to the
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Figure 3.4: Measured time-of-�ight photoelectron spectra with side bands

The photoelectron energy-spectra SPE(t) of argon ionized in the presence of both
the XUV harmonics and the fundamental IR show the side bands S12, S16, and
S18, appearing centered between the odd harmonics. The color-plot in the bottom
panel shows the time-of-�ight spectra SPE(t) as a function of the delay ∆t. The
top panel shows the time-of-�ight spectrum at the position of the yellow line.
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Figure 3.5: Measured RABITT traces and reconstructed attosecond beating
The left panels show the measured photoelectron signal for the side bands S12, S14,
and S16 as a function of the delay ∆t between the XUV and the IR taken with
the focus at the three positions zB before the gas jet (a), zI inside (b), and zA after
the gas jet (c). The gray dots are the measured data points normalized to the
corresponding total signal and o�set for clarity. The yellow-�lled red circles are a
running average over 15 data points of each side band and over 40 points of the total
signal. The purple lines are sinusoidal �ts to the data points over 13 oscillations
of the side band traces and over 6 laser oscillations of the total. The right panels
show the attosecond beating reconstructed from the measured intensities Iq and
phases φq of the odd harmonics 9�15 for the respective focus positions.
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Figure 3.6: Phases of the odd harmonics 9�17 measured with RABITT
The left panel shows the measured phases extracted from the oscillations of the
side bands S12, S14, and S16 at the three focus positions zB before the gas jet (red
squares), zI inside (yellow circles), and zA after the gas jet (blue triangles). The
right panel shows the corresponding emission times te found for the odd harmonics
9�17 assuming that the harmonic 19 is at the cut-o� (gray circle). It can be
seen that the measured chirp of the harmonics changes sign as the focus moves to
di�erent positions.

dispersion2 of the 150 nm thick indium �lter used in the 2IVAC measurement

and using the same relative amplitudes for a direct comparison results in

the durations τXUV of the reconstructed pulses of 350 as, 600 as, and 1020 as

for the focus positions zB before, zI inside, and zA after the xenon gas jet,

respectively.

This is in contradiction to both theoretical predictions and the 2IVAC

results shown above, where attosecond con�nement was observed only for

the focus position before the jet. An explanation for this behavior is the

presence of both electron trajectories, the òng as well as the short trajectory,

producing the harmonic radiation. As veri�ed also later in Section 3.2, the

long trajectory is not fully eliminated despite the inserted aperture with di-

ameter of dA =3mm, which selects only the central harmonic beam as shown

in Figure 2.5. The problem is that RABITT measures an average phase�

actually an average phase di�erence 〈∆φq+1〉 between pairs of harmonics.

2Hunter (1964); Koyama et al. (1973); Lemonnier et al. (1975); Henke et al. (1993);
López-Martens et al. (2005)
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This averaging is manifold:

The spatial pro�le The short trajectory emission may be prevalent in the

center and òng trajectory emission prevalent at bigger divergence. Gen-

erally, the trajectories may contribute di�erently at di�erent portions

of the beam. The phases φ`q and φs
q of all of these contributions are

averaged in the �nal RABITT measurement.

The whole pulse duration The intensity IL(t) of the infrared driving laser

follows its temporal pulse pro�le. The phases φq(IL) of the harmonics

depend on that intensity. Thus, the phases of the emitted harmonics

φq(t) vary throughout the time of harmonic generation. This can be

partly mitigated through phase-matching in the medium, but perfect

phase-matching can not be achieved in reality. RABITT measures the

average phase di�erence throughout the entire pulse train.

Shot to shot variation No laser source is perfectly stable. The intensity

and possibly the focusablility of the laser pulse may change from one

pulse to another. Hence, the harmonic emission and the respective

phases may vary from shot to shot. Since RABITT is not a single shot

method and the entire trace is used to extract the phase information,

this also plays a role.

In this case, the phases of the harmonics φq can not be straightforwardly

extracted from the phase o�sets ϕq+1 of the side bands as given in Equa-

tion 1.7. Instead a more complex formalism, including the calculation of the

emission times t`e and t
s
e of the harmonics, can reveal some information about

the relative contributions of the two electron trajectories.

Figure 3.7 shows some calculated RABITT traces. The side band sig-

nals Sq+1 are constructed according to Equation 3.1 using the phases of the
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Figure 3.7: Calculated RABITT traces
The color plots show the calculated photoelectron yield as a function of the delay
∆t between the XUV and the IR (vertical axis) and depending on the relative
contribution of the òng electron trajectory (horizontal axis). The top, middle, and
bottom panels show the signals from the side bands S12, S14, and S16, respectively.
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harmonics φ`q and φ
s
q calculated using the quantum mechanical model:3

Sq+1(∆t) ∝
√
Isq I

s
q+2 cos(2ωL∆t+ ϕsq+1)

+
√
I`qI

`
q+2 cos(2ωL∆t+ ϕ`q+1)

+Aq+1

√√
Isq I

s
q+2

√
I`qI

`
q+2 cos(2ωL∆t+

ϕsq+1 + ϕ`q+1

2
)

(3.1)

Neglecting the very small atomic phase shift ∆φatom simpli�es the phase o�-

set for the short trajectory to ϕsq+1 = φsq − φsq+2 and accordingly to ϕ`q+1 =

φ`q − φ`q+2 for the òng . The cross-term, which includes the interference be-

tween the two trajectories, has an additional amplitude modulation Aq+1 =

2 cos
(

1
2
(φsq − φ`q) + 1

2
(φsq+2 − φ`q+2)

)
. It depends on the phase di�erence be-

tween the òng and the short trajectory of the two neighboring harmonics.

The intensities of the harmonics generated from the two trajectories are nor-

malized: I`q + Isq = 1

Focus position S12 S14 S16

before zB 23% 33% 55%
inside zI 23% 40% 65%
after zA 23% 45% 95%

Table 3.1: Contribution of the long trajectory
Matching the experimental results to calculations reveals the relative òng electron
trajectory contribution for the side bands between the harmonic orders 11 to 17.
Here the values are to be understood as "mean" values between two neighboring
harmonics assuming a smooth variation along the spectrum: I`q∼I`q+1∼I`q+2

Matching the measured RABITT traces of all three positions to the cal-

culated data in Figure 3.7 (vertical lines) reveals, that the short trajectory

prevails when focusing before the gas jet at position zB. As expected from

theory, the òng trajectory gains importance as the focus shifts downstream.

The extracted ratios for the òng trajectory are displayed in Table 3.1. These

values are sensitive to the driving laser intensity used for the calculations.

The accuracy of the ratios depend on the accuracy at which the intensity of

the driving laser is known.

3Lewenstein et al. (1994)
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Figure 3.8: Comparing a RABITT reconstruction to an averaged pulse train
The line shows the averaged calculated wave form of a superposition of the odd
harmonics 9�17 with equal amplitudes, for driving laser intensities varying 15%
around 6×1013 W/cm2 with equal contributions of both electron trajectories. The
�lled area shows the wave form reconstructed from what RABITT would measure
for the same averaged superposition.

Figure 3.8 illustrates the e�ect of measuring with RABITT the average

phase di�erences 〈∆φq+1〉. The line shows two "wagons" of a calculated at-

tosecond pulse train. It is a superposition of the odd harmonics 9�17 with

equal amplitudes and with phases φ`q and φ
s
q according to the quantum me-

chanical model, assuming equal contributions from both electron trajectories

(I`q = Isq ). The laser intensity IL at the generation focus was varied ±7.5%

around 6×1013 W/cm2 and the resulting wave forms were averaged to simulate

the pulse-to-pulse and spatio-temporal variations. The �lled area of Fig-

ure 3.8 corresponds to the reconstruction, which RABITT would result in

for the same averaged superposition. The di�erence between the two wave

forms is striking. It is clear, that in this case RABITT leads to an entirely

incorrect wave form and thus can not reveal the correct pulse duration.
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Figure 3.9: Schematic of the setup for the measurement of the quantum-
interference between the electron trajectories
The half-wave plate (WP) rotates the polarization of the laser (red beam) by a small
angle. The beam shaper (BS) with a hole in the middle gives the IR beam an an-
nular shape with a small additional dressing beam in the center. A lens (L) focuses
the laser at the xenon gas jet (J1). The silicon wafer (SW) suppresses the funda-
mental IR and re�ects the XUV harmonics (blue beam). A very small aperture (A)
of dA =2mm diameter blocks the residual annular IR and lets only the most cen-
tral part of the harmonic radiation and the IR dressing beam pass. One side of
the split mirror (SM) focuses the harmonics together with the dressing beam into
the second gas jet (J2) of argon. The time-of-�ight spectrometer (TOF) records the
photoelectron spectrum.

3.2 Quantum-interference between

the short and the long electron trajectory

In the quantum mechanical process of high harmonic generation it is not

actually being measured, which trajectory the electron wave packet follows.

Therefore, the probability for an electron to recollide with the parent ion and

to emit the harmonic radiation is the coherent superposition of the ampli-

tudes of all possible electron wave packets recolliding with their parent ion.
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In the saddle point approximation, only two of these play a signi�cant role:

The electron tunnels away from the atom, follows either the short trajectory

and recollides or it follows the òng trajectory and recollides. The phase φe of

the electron, accumulated during the excursion of the electron separated from

the parent ion, is not generally the same for the two trajectories. Both φs
e

and φ`e depend on the intensity IL of the driving laser, but the dependencies

are di�erent:
∂φs

e

∂IL

6= ∂φ`e
∂IL

This may result in a situation, where the electrons following either trajec-

tory, end up with the same phase and interfere constructively φs
e = φ`e or in

another case with opposite phase, in which case their wave functions interfere

destructively. Eventually, the phase di�erence between the two trajectories

is approximately proportional to the laser intensity multiplied with the dif-

ference in �ight times (see also Equation 1.5):

∆φe(IL) = φ`e(IL)− φs
e (IL) ∼ IL · (τ̀ − τs) = IL ·∆τ (3.2)

As can be seen in Figure 3.10, the slope ∂
∂IL

∆φe of the phase di�erence in-

creases with intensity IL and is higher for lower harmonic orders q.

Figure 3.10: Calculated phase di�erence between the two electron trajectories
The phase di�erence ∆φe(IL) between the short and the òng electron trajectory
shown in the left panel depends on the intensity IL of the driving laser �eld and it
is di�erent for each harmonic q. The right panel shows the derivative ∂

∂IL
∆φe of

the phase di�erence with intensity.

The probability P= |Ψemit|2 of recollision and emission of harmonic radiation
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emerges from a coherent superposition of both quantum states Ψs = ψs e
iφs

e

and Ψ̀ = ψ̀ eiφ
`
e . It is therefore an oscillating function of the driving laser

intensity IL.

|Ψemit(IL)|2 ∝
(
ψs e

iφs
e + ψ̀ eiφ

`
e

)
× (complex conjugate)

∝ ψ2
s + ψ2

`︸ ︷︷ ︸
steady increase

+ 2ψs ψ̀ cos ∆φe(IL)︸ ︷︷ ︸
ocsillating term

(3.3)
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Figure 3.11: Interference between the two electron trajectories
The photoelectron signal S13 from argon ionized by the 13th harmonic in depen-
dence of the driving laser intensity IL shows the interference pattern observed as
oscillations on top of the steady increase of the harmonic yield.

This was measured by observing the photoelectron signal of the harmonics

Sq(EL) in dependence of the pulse energy EL of the driving laser with a setup

illustrated in Figure 3.9. The intensity IL of the driving laser at the interac-

tion region was scanned around 4×1013 W/cm2 . IL . 1×1014 W/cm2. Since the

driving laser pulse has a spatio-temporal envelope, the interference cannot be

expected to be of maximum contrast. This is because the laser intensity IL

varies with the distance from the optical axis (r) and along the focus (z) and

so the phase di�erence ∆φe(IL) varies in the di�erent regions of the argon gas

jet (AJ). This means partially constructive and partially destructive interfer-
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ence in di�erent parts of the interaction volume, but the phase-matching in

the dominant part results in the interference pattern shown in Figure 3.11. As

the driving laser intensity IL rises, the probability of harmonic emission in-

creases for both possible electron trajectories and on top this steady increase

of Equation 3.3 are the oscillations from the quantum-interfering electron tra-

jectories (QIET). These oscillations of Sq(EL) reveal, that the short and the

òng electron trajectory are both present at all three phase-matching condi-

tions, which are focusing before the harmonics generating gas jet (zB), inside

(zI) and after the jet (zA).
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Figure 3.12: XUV±IR interference between the two electron trajectories
The two-photon (XUV±IR) photoelectron signals of the side bands S12, S14, and
S16 from argon ionized by the harmonics together with the IR in dependence of
the driving laser intensity IL. The steady increase was removed from the data.

Sq+1 ∝ cos(2ωL∆t+ ϕsq+1) + cos(2ωL∆t+ ϕ`q+1)

+ cos

(
2ωL∆t+

ϕsq+1 + ϕ`q+1

2

)
· 2 cos

(
φsq + φ`q

2
+
φsq+2 + φ`q+2

2

)
+ cos(φsq − φ`q ) + cos(φsq − φ`q ) (3.4)
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Also the side bands S12(EL), S14(EL), and S16(EL) could be observed as

a function of the driving laser pulse energy, because of the RABITT-like

setup used with the small central IR dressing beam. Taking a closer look

at their oscillations shown in Figure 3.12 and also at the main peaks' oscil-

lations after removal of the steady increase reveals some interesting features.

They conform to the expected behavior found by the calculations shown in

Figure 3.13, which are based Equation 3.4 with the phases calculated by the

numerical simulation of the single-atom response with equal contribution of

both electron trajectories. The steady increase was not included in the cal-

culation.

a) The signals show a characteristic structure with double-peak interference

maxima spaced apart by about 0.23×Imax
L , which is in good agreement

with the previously reported value4 of 0.3×1014 W/cm2.

b) The distance between the interference minima (green lines in Figures 3.11

and 3.12) becomes smaller for higher laser intensity. This is in accordance

to the increase of the derivative ∂
∂IL

∆φe as shown in Figure 3.10. This

behavior could not be clearly observed when focusing after the gas jet at

zA, where the double-minima structure is not clearly visible.

c) The fringe contrast of the observed oscillations increases from about 10%

when focusing before the gas jet at zB to about 25% when focusing after

the gas jet at zA. This can be explained by the increased contribution of

the òng electron trajectory when focusing later downstream, as mentioned

earlier in Table 3.1 in the previous section. The calculations base on an

equal contribution of both trajectories.

d) The positions of the interference minima shift to lower laser intensities

as the order of the side band increases. This is illustrated by the slanted

green lines in Figure 3.12 and by the blue lines in Figure 3.13.

e) Even the side band involving harmonics close to the cut-o� shows os-

cillations. This is in agreement with the simulations of the single atom

4Zaïr et al. (2008); Auguste et al. (2009)
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Figure 3.13: Calculated side band signal in dependence on the laser intensity
The calculated two-photon (XUV±IR) photoelectron signals of the side band based
on the phases φs

q and φ
`
q of the harmonics deduced from the simulation of the single

atom response. The color plots (a, b, and c) in the top panel show the side band

signal as a function of the laser intensity IL and the delay ∆t between the harmonics
and the IR for the side bands S12, S14, and S16, respectively. The bottom panel
(d) shows a line out for all three side bands corresponding to zero delay.

response, where both trajectories contribute to the emission. Merely the

di�erence in �ight time ∆τ = τ̀ − τs is shorter when the harmonics are

in the cut-o� region, which results in a more slowly varying phase di�er-

ence ∆φe ∼ IL ∆τ as shown in Equation 3.2 and in the longer oscillation

periods visible in Figure 3.13 for highest side bands and the lowest laser

intensities.
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Figure 3.14: Schematic of the setup to study molecular dynamics
The beam-shaper (BS) gives the IR laser (red beam) an annular shape. The lens (L)
focuses the laser at the �rst gas jet (J1) where the harmonics (blue beam) are pro-
duced. The silicon wafer (SW) suppresses the IR and re�ects the harmonics. The
aperture (A) blocks the residual annular IR and lets the central harmonics pass.
An MgF2 �lter (F) selects the 5th harmonic and suppresses higher orders. The split
spherical mirror (SM) focuses the beam into a second gas jet (J2) with a mixture
of gases. The time-of-�ight spectrometer (TOF) detects the ions (red balls).

3.3 Molecular dissociation dynamics

This section demonstrates the feasibility of studying molecular dynamics

by using the wave front splitting device introduced in Section 2.3.1 to con-

duct time-resolved vacuum ultraviolet (VUV) two-photon ionization mea-

surements. With a time-resolved technique, it is possible to trace the se-

quence of quantum states, which an excited molecule passes through on the

way to the ground state. All the relevant times of the decay can be extracted

from the measured ionization signals. This presents an opportunity for appli-

cation of the emerging intense XUV attosecond laser sources in all the �elds

of study, from atoms and molecules to condensed matter.

Many materials strongly absorb vacuum ultraviolet radiation, hence the

name, as it propagates in vacuum only. A VUV photon can excite a rapidly
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evolving quantum state of various atoms, molecules, or matter. The dynam-

ics of such a quantum state can be probed with a second VUV photon by the

interaction of the photon with the molecule shortly after the excitation by

the �rst. Thus, ultra-short femtosecond or even attosecond pulses provide an

ideal tool to study these quickly altering quantum states. If used in a pump-

probe manner, that is applying two pulses with adjustable delay, the second

pulse can take a snapshot of the evolving system at a given time de�ned by

the delay. Most of the recent investigations of ultra-fast evolving quantum

systems5 have used infrared radiation as the time delayed probe. Such an

asymmetric pump-probe setup at often substantially high IR intensities may

lead to a perturbation of the system. This can introduce intermediate quan-

tum states which may complicate the interpretation of the measured data.

The recent progress in the research �elds of intense VUV and XUV pulsed

laser sources with few-femtosecond or even sub-femtosecond pulse duration6

has rendered single-color time-resolved solutions possible even at ultra-short

pulse duration.

For the presented time-resolved measurements a 5mm thick magnesium

�uoride MgF2 plate, placed at the position of the �lter (F) as shown in Fig-

ure 3.3, selects the �fth harmonic and blocks higher orders in order to avoid

single-photon ionization from the ground state of the gases used in the sec-

ond jet (J2). The dispersion of the MgF2 �lter made it necessary to add a

considerable chirp to the harmonics generating laser pulse in order to achieve

the shortest possible duration τ5 for the �fth harmonic after the �lter (see

also Figure 2.10). The second gas jet (J2) in the detection area consists of a

mixture of gases, either ethylene and krypton or oxygen and krypton. Since

the two VUV pulses are identical, the recorded ion signals as a function of

the delay ∆t between the two pulses are symmetric: S(∆t) = S(−∆t) In

the case of a non-resonant direct two-photon ionization, the trace of the ion

signal S(∆t) becomes a second-order volume-autocorrelation as described in

Section 1.3. If the spatio-temporal resolution is good enough to allow for an

5Drescher et al. (2002); Cavalieri et al. (2007); Uiberacker et al. (2007)
6Charalambidis et al. (2008); Nomura et al. (2009); Skantzakis et al. (2010); Tzallas

et al. (2011)
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Figure 3.15: Ethylene molecular structure and photo-reaction path
The molecular con�guration of ethylene in the ground state is shown on the left.
The diagrams in the middle and on the right illustrate the sequence of states, which
the ethylene molecule passes through.

interferometric autocorrelation, then the trace can disclose the dynamics of

the driven wave packet.7 In the case of a resonant or near-resonant interme-

diate state, information on the temporal dynamics of the intermediate state

can be extracted from the trace even if the resolution is not good enough

to resolve the interference pattern. In principle, the deconvolution of the

measured trace reveals both the laser pulse duration and the characteristic

times of the investigated system. Anyhow, an independently measured pulse

duration yields more accurate results.

3.3.1 Ethylene

The simple structure of the C2H4 ethylene molecule displayed in Figure 3.15

makes it a suitable target for studying the central C=C carbon double bond.

There has been much research8 on the photo-chemical behavior of ethylene

for some time, but still many questions remain open regarding processes in

the VUV.

A �fth harmonic photon γ5 with an energy of Eγ = 7.75 eV excites the

ethylene molecule to a superposition of the ππ* valence state and the π3s

Rydberg state. The population of the π3s is only about 10%, so its in�u-

7Peralta Conde et al. (2009b)
8Foo and Innes (1974); Peralta Conde et al. (2009a) and references therein
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ence on the dissociation is neglected here and the further evolution of the ππ*

state can be understood according to a model similar to the one described by

Kosma et al. (2008). Absorption of a second photon γ5 by the excited C2H4*

leads to ionization (C2H
+
4 ). If left to evolve, the excited molecule undergoes

an elongation and torsion of the central carbon bond. A torsion angle close

to 90° leads to an intermediate electronically excited region (IEER) governed

by multidimensional quantum dynamics. The C2H
∗∗
4 in the IEER is of lower

energy9 and from here the absorption of a second photon γ5 leads to frag-

mentation of the molecule, so that only CH+
2 and CH+

3 are observed. From

this IEER the molecule can go through a conical intersection (CI) to reach a

hot ground state of either H2C=CHhgs
2 ethylene or the HC:�CHhgs

3 ethylidene

radical. From this point onwards the characteristic times are of the order of

picoseconds. In this context two characteristic times shall be investigated:

τ* The time while the excited molecule C2H4* resides in the Franck-Condon

region before it reaches the IEER.

τ ∗∗ The duration that the molecule C2H
∗∗
4 in the IEER needs to reach the CI

to a hot ground state.

All time-of-�ight spectrometer (TOF) signals shown in Figure 3.16 were re-

corded simultaneously: The signal of ethylene ions SC2H
+
4

(∆t) and the ionized

fragments SC2H
+
3

(∆t) and SC2H
+
2

(∆t) as well as the signal of krypton ions

SKr+(∆t). A simulation10 of the 2IVAC, �t to the measured trace of krypton

ions, results in a pulse duration of τ5 = 31± 2 fs. The simulation of the

2IVAC is based on the spatio-temporal distribution of the electromagnetic

�eld at the focus over a volume of 20 times the beam waist diameter w0 in

width and height and over 26 times the Rayleigh range zR in length assuming

a Gaussian pulse of the 5th harmonic.

The characteristic times τ* and τ ∗∗ can be inferred from the ion signals of

ethylene and its fragments, by integrating the Liouville equation for a three-

level system11 spatially and temporally and calculating for each delay step

9Foo and Innes (1974)
10Faucher et al. (2009)
11Mestdagh et al. (2000); Stert et al. (2004)
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Figure 3.16: TOF ion signals of krypton, ethylene and its fragments
The top left panel (a) shows the signal of singly ionized krypton Kr+ from the ion-
mass spectrometer, the top right panel (b) shows that of singly ionized Ethylene
C2H

+
4 . The bottom panels (c) and (d) show the ions signals of the fragments C2H

+
3

and C2H
+
2 , respectively. Circles show the measured data points. The solid lines

are the numerical simulation of the three-level system with the characteristic times
adjusted to �t the measured data.

∆t the population probabilities of the di�erent levels at every place in the

interaction volume. The solid lines in Figure 3.16 are the calculated cycle-

averaged ionization probabilities of the excited states by a photon of the 5th

harmonic, approximated by the Golden Rule. Depletion of the populations

was not taken into account.

Adjusting the characteristic times of the system in the simulation to �t

the measured ion signals results in τ* = 24± 3 fs for the �ow out of the Frank-

Condon region towards the IEER and in τ ∗∗ = 10± 2 fs for the time needed

to reach the hot ground state through the CI. The width of the traces from

the two fragment ions SC2H
+
3

(∆t) and SC2H
+
2

(∆t) are the same, since they

originate from the same source.
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Figure 3.17: TOF ion signals of krypton and oxygen
The left panel (a) shows the signal of singly ionized krypton Kr+ from the ion-
mass spectrometer and the right panel (b) shows that of singly ionized oxygen O+.
Circles show the measured data points. The solid lines are the simulation of the
second-order intensity volume-autocorrelation with the pulse duration adjusted to
�t the measured data.

3.3.2 Oxygen

The absorption of the oxygen molecule O2 in the UV�VUV region at photon

energies of hν = 7.0�9.8 eV, which is called the Schumann-Runge continuum,

is of central importance to environmental issues. It plays a dominant role

in the formation of the ozone layer in the stratosphere. O3 and O2 are

responsible for nearly all of the UV-absorption within the earth's atmosphere,

which is necessary for the life on the earth's surface.

An absorption of a γ5 photon of the 5th harmonic excites the oxygen

molecule to the B 3Σ−u electronic state.12 From this state the molecule dis-

sociates into two separate atoms O+O. Absorption of another γ5 photon by

the electronically excited oxygen O2(B 3Σ−u ) leads to photo-ionization.

A measurement similar to the one described in the previous section should

reveal the characteristic time of the dissociation of the oxygen molecule. Here

the second gas jet (J2) is a mixture of krypton and oxygen. The measured ion

signals SKr+(∆t) and SO+
2

(∆t) are displayed in Figure 3.17. The duration of

the 5th harmonic pulse was measured to be τ5 = 27± 2 fs. The oxygen trace

does not show a signi�cant di�erence in width compared to the krypton

12Lin et al. (1998)
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trace, hence the characteristic time of the dissociation can not be quanti�ed

but can be limited to be less than τB3Σ−u
. 5 fs. This divergence from earlier

experimental results13 may be due to the di�erent probe wavelength used.

This a�ects the time window available for the ionization of the excited oxygen

molecule and that actually de�nes the characteristic time.

13Farmanara et al. (1999)



Chapter 4
Conclusions

The most important results of the presented experiments are reviewed here

and their impact on attoscience and other �elds of study elaborated.

The Section 4.1 will sum up the main points that have emerged from the

experimental �ndings. This includes the attosecond metrology assessment,

the investigation on the contributions of di�erent quantum-paths involved in

the high harmonic generation (HHG), and also the results from the appli-

cation of high harmonic radiation to study molecular dynamics utilizing the

wave-front-splitter setup.

Finally Section 4.2 dares a look ahead to see what could be coming up

on the attosecond frontier. Required future investigations are proposed and

possible improvements and re�nements as well as new methods are presented

and discussed.

4.1 Summary

A volume-autocorrelator was assembled and tested. The second-order in-

terferometric volume-autocorrelation (2iVAC) of the �fth harmonic pulse�

generated in a xenon gas jet by an infrared (IR) laser with λL = 800 nm

wavelength and τL =50 fs pulse duration�was measured with the wave-front

splitter in combination with a krypton gas jet and a time-of-�ight spectrom-

eter (TOF). The resolution of the fringing pattern of the 1.87PHz radiation

77
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indicates a resolution of the volume-autocorrelator of better than δt<133 as.

This validates the �tness of the split-mirror setup for the following autocorre-

lation and cross-correlation measurements of attosecond pulses as well as for

time-resolved studies of molecular dynamics down to sub-femtosecond time

scales.

The comparative study between the two attosecond metrology methods,

which are the reconstruction of attosecond beating by interference of two-

photon transitions (RABITT) and the second-order intensity volume-auto-

correlation (2IVAC) lead to some important insight concerning their appli-

cability and the general interpretation of their results. A RABITT measure-

ment is always averaged over the entire pulse train, over a number of driving

laser pulses needed to record the entire trace at di�erent delay values ∆t and

usually also over a considerable part of the beam diameter. Due to the na-

ture of the RABITT measurement, which is to measure the phase di�erence

〈∆φ〉 between two neighboring odd harmonics, a variation of the laser inten-

sity in time or in space has detrimental consequences for the accuracy of the

reconstructed pulse if both electron trajectories contribute to the harmonic

emission. This e�ect is illustrated in Figure 3.8.

The relative weight of the òng or the short electron trajectory depends

on the phase-matching conditions in the harmonics generating gas medium.

In a real experiment these conditions are not a priori known. The inter-

pretation of the data measured by the RABITT method relies therefore on

assumptions and simulations of the phase-matching conditions and on the

propagation e�ects in the gas medium. Even if the RABITT measurement

indicates a constant phase di�erence between the contributing consecutive

harmonics, this alone does not provide for Fourier-transform limited (FTL)

pulses in the attosecond pulse train. Since RABITT measures the harmonics'

phases 〈φq〉 spatio-temporally averaged over a large number of entire pulse

trains, it may well be that a positive chirp at one place or time and a nega-

tive chirp at another place or time neutralize each other in the �nal RABITT

measurement. Yet they might not compensate for each other in a real appli-

cation, where both parts of the radiation, the one with positive chirp and the

one with negative chirp, lead to undesirable results. This situation naturally
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arises if both electron trajectories contribute to the emission of the harmonic

radiation, since they do have opposite chirp, as predicted by the numerical

simulations based on the quantum-mechanical description of the three-step

model and as found in the results of the RABITT measurements at di�erent

focus positions shown in Figure 3.6.

Also the 2IVAC measures the pulse duration 〈τ〉 averaged over the en-

tire pulse train, over a number of driving laser pulses and over the chosen

beam cross-section. This however cannot result in an underestimation of

the attosecond pulse duration, since that method does not measure phases

but directly the impact of the radiation on the atoms. Here the situation

is opposite. The absence of a beating pattern in the 2IVAC trace does not

necessarily guarantee the absence of attosecond pulses but may be due to a

lack of spatial coherence. Theoretically, well con�ned attosecond bursts in

one region and other well con�ned attosecond bursts in another region of the

beam cross-section but with di�erent timing may distort the 2IVAC trace

so that no regular beating can be observed. Only temporally well con�ned

and spatially coherent attosecond bursts can result in the measured regu-

lar 2IVAC beating as displayed in Figure 3.3. Hence a 2IVAC measurement

assesses those beam qualities that are mostly needed for application of the

attosecond pulses.

The concurrent presence of both electron trajectories was proven to be

the case for a set of three di�erent phase-matching conditions. In all three

cases the harmonic yield oscillates with changing laser intensity, which is an

indicator for the interference of the òng and the short electron trajectory.

This causes severe problems for cross-correlation-based metrology methods,

which extract an average phase 〈φXUV(ω)〉, such as RABITT. Also other

techniques, like atomic-molecular tomography and precision measurements

that use extreme ultraviolet (XUV) frequency combs produced by high har-

monic generation in gases (HHGG) are e�ected by the presence of emission

from of both trajectories.

The application of high-order harmonic radiation to study the photo-

dissociation of ethylene and oxygen showed the applicability of the split-

mirror arrangement for time-resolved measurements on the few-femtosecond
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time scale. All the characteristic times throughout the decay of the excited

ethylene molecule down to a hot ground state could be extracted from the

measured ionization signals. By using a polarization-gating technique1 to

produce isolated attosecond pulses, even sub-femtosecond resolution can be

achieved.2

4.2 Outlook

A better understanding and a more reliable predictability and endorsement of

the phase-matching and propagation e�ects under realistic experimental con-

ditions would dramatically improve the value of cross-correlation-like phase-

retrieval metrology methods. A real-time combined measurement of di�erent

metrology methods can be a suitable way to point out the uncertainty factors

and manifest the capabilities of the techniques. This could be for example the

in situ method and the photoelectron analysis with non-resonant two-photon-

ionization for harmonic electric-�eld reconstruction (PANTHER). Another

level of insight can also be gained from phase-retrieval metrology of single

attosecond pulses if they can be spatially well resolved across the beam cross-

section in the far �eld. Also a single-shot metrology method would help to

assess the stability of the attosecond pulse generation and to estimate the

impact of averaging.

Table-top titanium-sapphire pulsed laser systems with ever increasing

peak intensities are slowly crossing the petawatt border.3 Using these light

sources in ultra-loose focusing conditions with focal spot sizes close to a

millimeter4 is one direction to increase the intensity of the harmonic radiation

generated in gas media. Multi-gas-jet or multi-gas-cell HHG setups5 present

another way to increase the conversion e�ciency on the way to stronger XUV

radiation. Polarization-gating techniques6 can be used to limit the XUV

1Tzallas et al. (2011)
2Skantzakis et al. (2010)
3Kiriyama et al. (2006)
4Hergott et al. (2002)
5Pirri et al. (2008)
6Tzallas et al. (2011)
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emission to a single bust of radiation leading to isolated attosecond pulses.

Besides that, the most promising technique for high-e�ciency conversion into

harmonic radiation is the high harmonic generation from surfaces (HHGS)

with tight focusing to reach intensities triggering the relativistic oscillating

mirror (ROM) e�ect. Since there is no saturation expected, but even higher

conversion ratios,7 this method can most e�ectively take advantage of the

highest laser intensities available.

Having access to stronger harmonic radiation makes autocorrelation ap-

proaches more viable especially for polarization-gating techniques where only

a fraction of the incident radiation inside the gate is used for the generation

of the XUV.

7Baeva et al. (2006); Nomura et al. (2009)
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Appendix A
A.1 Technical details

Some of the devices used in connection with the di�erent setups described

in Chapter 2 were built in-house. The following sections give a short sum-

mary on some of the software and hardware designed and developed for the

experiments conducted in the course of this thesis.

A.1.1 Control and data acquisition software

In order to control some of the apparatus used in the experiments, I devel-

oped a number of software programs written in the graphical programming

language National InstrumentsTM LabWIEW®. FigureA.1 shows an excerpt of

the program to facilitate recording the autocorrelation, cross-correlation, or

pump-probe measurements with the split-mirror setup shown in Section 2.3.1.

The program connects via a GBIP communication interface to the Tek-

tronix® digital phosphor oscilloscope and also via an RS-232 serial port to

the piezosystem jena controller box, which drives the piezoelectric tilting and

translation stages of the split spherical mirror (SM).

The position zf of the �ne translation stage can be adjusted in between

the instances of the laser pulses. This way the data acquisition can be syn-

chronized to the 10Hz repetition rate of the laser system. The recorded

time-of-�ight spectra can be displayed live on the computer monitor together

with �ve graphs for �ve di�erent temporal gates de�ned in the user interface
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shown in FigureA.1 While the measurement is running the spectra and the

integrals de�ned by the gates are also saved to the computer's hard drive

in real-time into a set of log �les. These further allow for the data to be

viewed with graphical analysis tools such as Origin® or other custom made

programs.

A.1.2 Electronics

The experiment control and data acquisition was supported by a number

of electronic devices, which I built for the purpose of the presented exper-

iments and for those which will follow. They include a fast high-voltage

(HV) switch to control the repulsion voltage Urep in the detection area of the

time-of-�ight spectrometer (TOF) in order to detect both electrons and ions

simultaneously for each laser pulse. Furthermore I built a driver for solenoid

pulse valves. The electronic circuits of both are displayed in FigureA.2.

For the grating spectrometer used in the setup for high harmonic generation

from surfaces (HHGS) I built a spatially resolved photon-detector utilizing

two micro-channel plates (MCP) and a phosphor screen. For the same setup

I assembled a stepper motor driver to be used with a National InstrumentsTM

digital input/output (I/O) card, which in turn could be easily controlled by

a self-made LabVIEW software.

A.1.3 Piezoelectric pulsed gas-jet valves

For both gas jets� the one employed in the high harmonic generation in

gases (HHGG) and the one in the detection area�piezoelectric valves as

illustrated in FigureA.3 were employed. They consist of a metal casing

loaded with the appropriate gas through an elastic pipe, an adjustable nozzle

and a rubber poppet actuated by a disk-shaped piezoelectric crystal.
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Figure A.1: Control and data acquisition software program
The top panel shows a screen-shot of the user interface displaying the control screen
to set the parameters for the scanning of the piezoelectric tilting and translation
stages. The bottom panel shows an excerpt of the graphical "code" of the same
program.
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Figure A.2: Schematics of the electronic circuits for the fast high-voltage
switch (left) and the solenoid valve driver (right)
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Figure A.3: Schematic of a piezoelectric pulsed gas-jet valve (not to scale)
The panels shows a schematic cross-section along the axis of the circular valve.
The steel case of the jet (light gray) is loaded with the appropriate gas through the
opening at the top. Top panel: The rubber poppet (black) in the center pushes
against the opening in the brass nozzle (yellow). It is connected to the piezoelectric
crystal (green) through a screw (dark gray). Bottom panel: The crystal deforms if
a voltage is applied and consequently moves the poppet away from the opening in
the nozzle to let the gas �ow.
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A.3 Glossary

1AC �rst-order autocorrelation, 30

2AC second-order autocorrelation, 30, 33

2IVAC second-order intensity volume-autocorre-

lation, 11, 33, 47, 51�53, 56, 59, 73, 78,

79

2iVAC second-order interferometric volume-

autocorrelation, 47, 77

AC autocorrelation, 10, 11, 29, 30, 33, 44, 52

ASC attosecond streak camera, 25

BBO beta barium borate, 30, 33

CEP carrier�envelope phase, 26

CI conical intersection, 72�74

CPA chirped pulse ampli�cation, 35

CRAB frequency-resolved optical gating for complete

reconstruction of attosecond bursts, 25

CWE coherent wake emission, 17, 18, 23

FROG frequency-resolved optical gating, 25, 33

FROG CRAB frequency-resolved optical gating for complete

reconstruction of attosecond bursts, 26

FTL Fourier-transform limit, 19, 56, 78

FWHM full width over half maximum, 13, 35, 40

HHG high harmonic generation, 12, 14, 18, 19, 26,

36, 77, 80

HHGG high harmonic generation in gases, 9�11, 14,

16, 18, 21, 51, 79, 84
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HHGS high harmonic generation from surfaces, 9, 14,

18, 80, 84

HiVAC high-order interferometric volume-

autocorrelation, 44

HV high voltage, 84

IEER intermediate electronically excited region, 72�

74

IR infrared, 10, 18, 19, 24, 40, 44, 48, 51�53, 56,

60, 63, 67, 69, 70, 77

MCP micro-channel plate, 48, 84

Nd:YAG neodymium-doped yttrium aluminium garnet,

35

PANTHER photoelectron analysis with non-resonant two-

photon-ionization for harmonic electric-�eld

reconstruction, 33, 52, 80

PE photoelectron, 24

PMT photo-multiplier tube, 38

QIET quantum-interfering electron trajectories, 66

RABITT reconstruction of attosecond beating by inter-

ference of two-photon transitions, 10, 11, 26,

29, 51, 52, 56, 59, 60, 62, 67, 78, 79

ROM relativistic oscillating mirror, 17, 18, 80

SPIDER spectral phase interferometry for direct

electric-�eld reconstruction, 24
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TOF time-of-�ight spectrometer, 31, 41, 48, 51, 53,

63, 69, 73, 77, 84

UV ultraviolet, 9, 74

VAC volume-autocorrelation, 30, 33

VUV vacuum ultraviolet, 12, 69�72, 74

XUV extreme ultraviolet, 1, 10, 11, 16, 24, 29, 31,

40, 41, 51, 52, 56, 60, 63, 67, 69, 70, 79�81

XUV-SPIDER extreme ultraviolet spectral phase interferom-

etry for direct electric-�eld reconstruction, 24,

25
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A.4 Index

ampli�er, 36

angular divergence, 15, 39

angular spread, 15, 39

atomic phase, 28, 62

atomic phase shift, 28, 62

attosecond metrology, 24

autocorrelation, 24, 29

bandwidth, 13, 14

beam diameter, 35, 40

chirp, 21, 22

coherent wake emission, 17

compressor, 36

conversion e�ciency, 16

cross-correlation, 24

cut-o�, 14, 15

delay stage, 43, 56

detection medium, 44

detection volume, 33

divergence, 15, 39

Doppler e�ect, 17

e�ciency of conversion, 16

electron trajectories, 20

emission time, 15

�rst-order autocorrelation, 30

focus position, 40, 41, 53

Fourier synthesis, 19

Fourier-transform limit, 19

frequency comb, 14

glass target, 36

grating spectrometer, 37

harmonic chirp, 21

harmonic radiation, 14

harmonics, 14

Heisenberg's uncertainty principle, 13

high harmonic generation, 14, 36

high harmonic generation from sur-

faces, 16, 36

high harmonic generation in gases, 14,

39

high-order autocorrelation, 44

hysteresis, 47

inter-harmonic chirp, 21, 22

interferometric autocorrelation, 47

laser beam diameter, 35

laser oscillator, 35

laser system, 35

lens position, 40, 41

minimum pulse duration, 14, 19, 71

multi-pass ampli�er, 36

odd harmonics, 14

optical gating, 26

oscillating mirror model, 17

oscillator, 35

parabolic mirror, 36

phase di�erence, 26, 60

phase-locking, 19, 21, 22

phase-matching, 16, 20, 22
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phosphor screen, 37

photo-multiplier tube, 38

photoelectrons, 25

piezoelectric actuator, 43

plasma frequency, 18

plateau, 14, 15

ponderomotive energy, 20

pre-pulse, 38

pulse duration, 9, 13�15, 35, 47, 54,

59, 73, 75, 77

quantum interference, 28

quantum paths, 28

recollision time, 15

regenerative ampli�er, 35

relativistic limit, 18, 36

relativistic oscillating mirror, 17

repulsion voltage, 47

resolution, 44

return time, 15

saturation intensity, 16

second-order autocorrelation, 30

side band, 26

silicon wafer, 40

spectrogram, 24

split mirror, 33

stretcher, 35

target, 36

temporal resolution, 44

three-step model, 15

total angular spread, 15, 39

translation stage, 43

tunneling time, 15

uncertainty principle, 13

volume autocorrelation, 31

wave-front splitter, 33

XUV beam diameter, 40
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