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Introduction

Light pulses have provided the means for observing fast-evolving processes since the invention

of photography. The evolution of ultrafast processes in the molecular and even atomic level can

be tracked by means of ultrashort laser pulses with the widely used pump-probe technique. A

pump laser pulse initiates the dynamics to be observed followed by a delayed probe pulse that

probes the evolution of the process as a function of the delay introduced between the pump and

the probe pulse. The time resolution that can be achieved with this technique is determined by

the laser pulse duration.

During the last decades, continuous efforts in laser-pulse engineering reached femtosecond and

lately attosecond pulse durations allowing with the tracking of ultrafast molecular and atomic

dynamics. High-power ultrafast laser systems are today based on Ti:Sapphire crystals emitting

pulses with a central wavelength of 800 nanometers and pulse durations in the femtosecond

regime. Low odd-order harmonics of these systems are routinely generated through the inter-

action with a gas phase medium and can be utilized for time-resolved studies of photochemical

reactions as many organic molecules absorb in this wavelength range. The low-order harmonic

pulse duration is proportional to the generating fundamental pulse duration and determines the

temporal resolution that can be achieved in this kind of experiments.

The scope of the present thesis is the utilization of the previously developed Interferometric

Polarization Gating technique for generation of ultrashort low-order harmonic pulses. Taking

advantage of the harmonic generation dependence on the generating pulse polarization proper-

ties, a temporal gate can be formed in which low-order harmonic emission takes place. In this

case the temporal gate width defines the low-order harmonic pulse duration instead of the longer

generating infrared pulse duration and as a result shorter harmonic pulses can be generated.

The present thesis deals with the generation and characterization of a third-harmonic pulse us-

ing the Interferometric Polarization Gating technique. In the first part the parameters for the

application of the Interferometric Polarization Gating technique for low-order harmonic pulse

generation are investigated. The second part of this thesis deals with the experimental imple-

mentation of this approach for the generation of an intense ultrashort third-harmonic pulse of

a Ti:Sapphire laser system.

4



Chapter 1

Generation of Attosecond Laser

Pulses

According to Fourier synthesis, a pulse of a given duration is formed as a superposition of a

number of spectral components, with an appropriate spectral phase relation. The pulse duration

and spectral width are related as:

∆ν · ∆t ≥ K (1.1)

where ∆ν denotes the spectral width, ∆t the pulse duration, K is a constant that depends on

the pulse shape (K = 0.441 for a Gaussian temporal shape) and the equality part corresponds to

the shortest pulse duration that can be achieved using this spectral bandwidth. Phase-locking

the pulse spectral components is essential as random phases will prohibit short pulse formation.

From equation 1.1 it is evident that a 10 fsec bandwidth-limited laser pulse corresponds to a

spectral width of approximately 50 THz. In order to reduce the pulse duration to the attosecond

timescale an enormous bandwidth is needed (25 asec → 20 PHz).

As proposed by [1] the broad bandwidth needed to support attosecond pulses can be provided by

means of high-order harmonics of the fundamental laser pulse frequency. High-order harmonics

are generated when an intense laser pulse interacts with an atomic sample [2],[3], reaching

soft x-ray wavelengths in particular cases [4],[5]. The generation mechanism and the spectral

characteristics of high-order harmonics are discussed below in a qualitative way.

1.1 High-Order Harmonic Generation (HHG)

Generation of high-order harmonics is commonly achieved by focusing a many-cycle linearly-

polarized intense ultrashort laser pulse below the tip of a pulsed gas nozzle, that provides the

generating gas-phase medium, in a vacuum chamber. The generated harmonics propagate in the

same direction as the generating beam with a smaller angular spread, that in general depends on

the harmonic order. In this case only odd-order harmonics are observed because of the electric

dipole approximation selection rules and the symmetry of the atomic potential.
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The high-order harmonic spectrum exhibits a generic shape. There is a sharp decline in

the intensity of the first few lower-order harmonics, followed by a plateau where the harmonic

intensity is nearly constant for several orders, when the harmonic photon energy becomes equal

or larger than than the ionization energy of the medium and eventually an abrupt cut-off.

A perturbative description is not adequate to explain the nearly constant conversion efficiency

in the plateau region of the high-order harmonic spectrum, as lowest-order perturbation theory

predicts a drop in conversion efficiency with growing orders.

In general the conversion efficiency for high-order harmonics can be at most of the order of 10−5

in the case of the ”plateau” harmonics generated by atomic gas targets [7] and can reach values

up to 10−2 with the use of surface targets [6].

Harmonic Order (q)

lo
g

 (
Iq

) “plateau” region

“cut-o�” region

perturbative

 region

Figure 1.1: A typical high-order harmonic spectrum exhibiting a perturbative region of de-

creasing harmonic intensity with increasing order, followed by a constant conversion efficiency

”plateau” region, ending in a sharp ”cut-off” region where the harmonic intensity decreases

rapidly.

High-order harmonic generation can be described in an intuitive way by a quasi-classical

model introduced in Ref. [7] . A more rigorous quantum theory retaining the basic elements of

this model was later formulated in Ref. [8].

According to this model, high-order harmonic generation is described as a three step process

where an atom is first ionized by the intense laser pulse, subsequently the liberated electron

is accelerated by the force exerted on it by the pulse electric field and finally recombines with

the parent ion emitting coherent radiation that carries away the excessive kinetic energy gained

during the electron excursion in the pulse electric field.

When a very intense low-frequency laser pulse interacts with an atom, the latter can be ionized

with a certain probability absorbing multiple low-frequency photons. This process is called

multi-photon ionization and up to a certain pulse intensity can be described by perturbation

theory methods. When the laser pulse intensity approaches or even exceeds the atomic unit

of intensity (Iat ≈ 3.5 × 1016W/cm2 for the hydrogen atom), it is able to distort the atomic

binding potential to such an extent that the electron can be liberated, with a finite probability,
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by tunnelling through the formed potential barrier or over the barrier for higher pulse intensity

values. The probability for ionization can be shown that becomes maximum near the pulse

electric field local maxima [9].

Immediately after being liberated by the atomic binding potential the electron is subjected

to the pulse electric field. The electron is accelerated away from the core but as the pulse

electric field rapidly changes sign it is driven back towards the core direction. Within a fraction

of half the laser pulse period the electron may revisit the parent ion to recombine and emit

a burst of continuum XUV radiation. As this process is repeated periodically the emitted

spectrum consists of an XUV frequency comb of the odd-order harmonics of the fundamental

laser pulse frequency as described above. The highest harmonic photon energy corresponds to

the maximum kinetic energy of the recombining electrons and therefore defines the harmonic

spectrum cut-off [10]:

~ωmax = Ip + 3.17Up (1.2)

where Ip is the ionization potential of the generating gas and Up corresponds to the mean

electron quiver energy in the pulse electric field, known also as ponderomotive energy.

Experimentally, high-order harmonics are generated from a macroscopic gas medium where the

high-order harmonic spectrum builds up from the coherent superposition of the emitted fields

throughout the generating medium. Therefore several propagation effects have to be taken

into account, namely dispersion introduced by the ionized generating medium and geometrical

effects due to the laser pulse focusing, in order to achieve good phase-matching conditions for

efficient generation.

1.1.1 Generating Field Polarization Effects

One very important characteristic for the scope of this thesis is the dependence of high harmonic

generation on the polarization properties of the generating field. In general harmonic generation

is very sensitive to the generating pulse polarization and the harmonic intensity rapidly drops

with increasing ellipticity (ǫ) of the generating field. As evident from the above discussion

the electron, once liberated in the continuum will follow a trajectory depending on the driving

electric field orientation and phase. In a classical-trajectory perspective, the escaping electron in

an elliptically polarized electric field may never re-encounter the parent ion and as a consequence

no radiation will be emitted. In a quantum mechanical perspective, the electron wave-packet

has a finite probability of recombining with the parent ion owing to its transverse spread while

being free from the atomic binding potential. According to the lowest-order perturbation theory

the harmonic intensity scales as a function of the generating field ellipticity as [11],[12]:

Iq ∝
(

1 − ǫ2

1 + ǫ2

)(q−1)

(1.3)

where q corresponds to the harmonic order and ǫ to the laser pulse electric field ellipticity value.
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For a linearly polarized generating pulse where the value of ellipticity is zero, harmonic

intensity takes its maximum value (Iqmax) while in the case of circular polarization ǫ = 1 and

the harmonic intensity drops to zero.

An ellipticity threshold (ǫth) can be defined as the value of ellipticity above which Iq < Iqmax/2.

Equation 1.2 can be valid in the non-perturbative regime if the nonlinearity order (p) instead

of the harmonic order is used. In this case the nonlinearity order is equal to the harmonic

order for the first few low-order harmonics, takes a constant value for the ”plateau” harmonics

(5 ≤ p ≤ 8) and scales approximately as p ≈ 16 in the cut-off region [9],[13]. For the needs of

the present work the ellipticity threshold for the third harmonic corresponds to ǫth3dH
= 0.414

as calculated from equation 1.3 where the ellipticity threshold for high-order harmonics used

for the generation of isolated attosecond laser pulses reaches the value of ǫthHOH
= 0.15.
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Figure 1.2: Harmonic intensity as a function of the driving laser field ellipticity is shown for three

different nonlinearity orders as predicted by eq. 1.3. The harmonic intensity drops rapidly with

increasing ellipticity and the distribution becomes steeper with growing order of nonlinearity.

1.2 Attosecond Pulse Trains

As proposed by [1], [14] in analogy with the mode-locked laser operation principle, where phase-

locking of the axial modes of the laser cavity results to the generation of a train of ultrashort

laser pulses, a spectral comb of sufficient bandwidth properly phase-locked could be used for

the synthesis of a sub-femtosecond pulse train. In this case the required bandwidth to support

attosecond pulse formation can be available by means of the high-order harmonic frequency

comb.

When fulfilling the appropriate phase-matching conditions, taking into account the atomic as

well as the macroscopic response of the generating medium leading to phase-locking between

the harmonics and by using a filter to select a group of harmonics blocking at the same time the

fundamental generating pulse, an attosecond pulse train is formed with the individual pulses of
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the train being separated by half of the fundamental laser period. Attosecond pulse train sources

have been utilized in non-linear autocorrelation diagnostics or XUV pump-probe applications

[15], [16], [17], [18].

1.3 Isolated Attosecond Pulses

For many applications of attosecond pulses would be desirable to be able to select a single pulse

from the generated pulse train just as a single pulse can be extracted from a mode-locked pulse

train with the use of a Pockels cell.

As mentioned above, the pulses formed in an attosecond pulse train are spaced in time by half

of the fundamental laser pulse period, which for the commonly used Ti:S laser systems with

a central wavelength of 800 nm corresponds to about 1.33 femtoseconds. Consequently the

extraction of a pulse from the attosecond pulse train is impossible by electronic means due to

their limited speed.

Despite the fact that pulse picking is inevitable, an isolated attosecond pulse is generated if the

XUV emission can be restricted within half of the optical cycle of the generating laser pulse. In

this case a coherent continuum is emitted by the generating medium corresponding to a single

pulse. Two main experimental approaches that take advantage of the above mentioned process

exist for the generation of isolated attosecond pulses.

The first utilizes a few-cycle driving laser pulse where the emitted XUV spectrum is quasi-

continuum with a pure continuum part in the cut-off region generated by the half cycle of

the few-cycle laser field with the highest amplitude. With the use of a thin metal filter the

cut-off spectral region can be selected corresponding to one isolated attosecond pulse. Isolated

attosecond pulses generated with this technique have so far low pulse energy due to the limited

power delivered by few-cycle laser systems. Development of high-peak power few-cycle laser

systems is thus required for energetic isolated attosecond pulses generated with this approach.

The second approach based on a proposition presented in [19] gives the ability to make use

of commercially available many-cycle high-peak power laser systems where a temporal gate

near the peak of the pulse envelope restricts the XUV radiation emission to occur during a

part of the generating field. This temporal gate formation is based on the dependence of high

harmonic generation on the ellipticity of the generating laser field as described in the previous

section. Modulating the pulse polarization in a way where the pulse ellipticity will be below

the threshold value (ǫth) for only a half-cycle of the generating field at the peak of the pulse

envelope, a temporal gate is created defining a time interval (τg) during which XUV emission will

take place. The generating pulse in this case consists of a linearly polarized half-cycle central

part turning to elliptically polarized towards its tails. Several experimental implementation

approaches exist for the generation of such a polarization-modulated pulse. For the needs of

the present work the interferometric polarization gating (IPG) technique has been used and will

be analyzed in detail in the following chapter.

9



Chapter 2

Interferometric Polarization Gating

The Interferometric Polarization Gating Technique (IPG) can be utilized for the generation of

intense isolated attosecond laser pulses by many-cycle intense driving laser fields as described

above and has been successfully implemented for the generation of coherent continuum XUV

radiation supporting the synthesis of intense isolated attosecond pulses.

In the present work the IPG technique is used for the generation of ultrashort intense low-order

harmonic pulses. As described in the previous section a temporal gate based on the ellipticity

properties of the generating field defines the time interval during which harmonic generation

takes place. In this case the ellipticity threshold for a given harmonic defines the time interval

for efficient generation of the particular harmonic. An intense ultrashort harmonic pulse can

then be spectrally selected from the emitted radiation. The objective of the present work is the

generation and characterization of an intense ultrashort third-harmonic pulse of a Ti:S laser

system generated with the IPG technique.

2.1 Concept of the IPG technique

The basic concept of the interferometric polarization gating technique for the formation of an

ellipticity modulated laser pulse is described below.

A linearly polarized laser pulse with duration τL is first split into two identical perpendicularly

polarized parts.

The first of these two pulses is split also in two equal parts and an odd number of laser wave-

lengths delay (δ) is introduced between them so that a destructive interference minimum is

formed in the center of the pulse after the two parts recombine.

The second pulse is also split into two equal parts and a delay (∆t) of the same order of mag-

nitude is introduced between them, such as the two parts interfere constructively when they

recombine.
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The destructively (Edes) and constructively (Econ) interfering waveforms are then superim-

posed to form an ellipticity modulated laser pulse with linear polarization in its central part,

where the one waveform exhibits the destructive interference minimum, and elliptical polariza-

tion with varying ellipticity towards its tails.

The temporal gate width can be controlled by the delays introduced between the pairs of pulses

δ and ∆t and by the ratio of the two overlapping components Econ/Edes that form the ellipticity

modulated pulse. This concept has been implemented by using a double Michelson interferome-

ter arrangement [20] and later by a double Mach-Zehnder interferometer arrangement [21] which

increases the energy content of the temporal gate τg by a factor of 2 compared to the double

Michelson interferometer arrangement but gives limited control of the amplitudes of the two

pairs of pulses. In this work the double Mach-Zehnder interferometer arrangement has been

used and will be analyzed in detail in the next paragraph.

2.2 Double Mach-Zehnder Polarization Gating Setup

The double Mach-Zehnder polarization gating arrangement is shown schematically below. A

laser pulse is initially split in two identical parts by the first beam splitter BS1. The transmitted

and reflected parts are delayed by a multiple of half the laser pulse period, with the use of a

pair of tilted BK7 plates (P1, P2) controlled by two New Focus Picomotor modules. The two

plates are at a slightly different angle with respect to the beam propagation axis and the two

pulses are delayed as a result of the difference in the corresponding optical paths.

Figure 2.1: Double Mach-Zehnder IPG arrangement. M1, M2, M3, M4: IR Reflecting Mirrors,

BS1, BS2: 50:50 Beam Splitters, BS3 R:20% T:80% Beam Splitter, P1,P2,P3: BK7 Delay

plates.
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The two delayed pulses are combined in the second beam splitter BS2 where a constructively

interfering part (Econ) is transmitted and a part exhibiting a destructive interference minimum

in the center (Edes) is reflected.

The polarization of the constructively interfering part is then rotated, to be perpendicular to

the initial polarization of the pulse, by a zero-order half-wave plate (WP) after being reflected

from the M4 mirror. The half-wave plate and a third plate (P3), also on a Picomotor tilting

stage, introduce a π/2 phase shift between the two components. The two waveforms (Edes and

Econ) are then recombined in a 20% reflection 80% transmission beam splitter BS3. In this

arrangement the temporal gate width can be controlled by the delay introduced by the two

BK7 plates (P1,P2), which has a value of the order of the initial pulse duration in general, but

the ratio Icon/Ides is defined by the properties of the BS3 beam splitter and corresponds to

Icon/Ides = 0.25.

Below the calculated constructively and destructively interfering waveforms that result after the

second beam splitter (BS2) are shown. The calculations were made with the use of Mathemat-

ica assuming a Gaussian temporal envelope, bandwidth-limited laser pulse of 36 femtoseconds

duration and 804 nm central wavelength and a delay δ = 36.18 femtoseconds.
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Figure 2.2: The resulting waveforms exhibiting a constructive interference maximum (a) and

a destructive interference minimum (b) leaving the second beam splitter (BS2) of the double

Mach-Zehnder IPG setup.

After the two pulses, of perpendicular polarization, shown above recombine in the BS3

beamsplitter exit, a laser pulse with time-dependent ellipticity is formed. The time dependent

ellipticity of a laser pulse consisting of two perpendicularly polarized electric field components

(Ex, Ey) reads [22]:

ǫ(t) = tan

[

1

2
sin−1

(

2Ex(t)Ey(t)sin(Φx(t) − Φy(t))

|Ex(t)|2 + |Ey(t)|2
)]

(2.1)

where Ex(t) is the time-dependent x-direction component of the pulse electric field, Ey(t)

the time-dependent y-direction component and Φx(t),Φy(t) the corresponding time-dependent

phase components.
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As already described, harmonic emission takes place when the ellipticity of the generating

pulse takes values below the ellipticity threshold value ǫth. In figure 2.3 the calculated time-

dependent ellipticity of the resulting pulse is shown. The ellipticity threshold value ǫth3dH
=

0.414 defines the temporal gate where third-harmonic generation takes place, where in the case

of high-order order harmonics the ellipticity threshold value ǫthHOH
= 0.15 defines a much

shorter temporal gate as illustrated below.
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Figure 2.3: Time-dependent ellipticity of the polarization modulated pulse and ellipticity thresh-

old for the third harmonic ǫth3dH
= 0.414 and for high-order harmonics ǫthHOH

= 0.15.

2.3 Low-Order Harmonic Generation with the IPG technique

Taking advantage of the strong dependence of harmonic generation on the laser pulse ellipticity,

a harmonic pulse is generated during the time interval that the pulse time-dependent ellipticity

takes values below the ellipticity threshold for the specific harmonic order.

Utilizing the above described technique, intense ultrashort low-order harmonic pulses can be

generated by high-power many-cycle laser systems. According to perturbation theory, the pulse

duration of the generated low-order harmonics scales as τn = τL/
√

n, where n denotes the

harmonic order and τL the generating pulse duration.

By using the IPG technique, the generating pulse duration, dictated by the temporal gate

width, can be made much shorter than that of the initial linearly-polarized pulse, resulting in

harmonic-pulses of lower pulse duration. The pulse properties of low-order harmonics of the

commonly used Ti:Sapphire lasers are very important for time-resolved photochemical studies

as many organic compounds absorb in this spectral region.

In the present work the third harmonic of a Ti:S laser pulse is generated utilizing the double

Mach-Zehnder IPG setup. As mentioned above the ellipticity threshold for the third harmonic

corresponds to ǫth3dH
= 0.414 whereas for the case of the fifth harmonic the ellipticity threshold

value corresponds to ǫth5th
= 0.294.
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As clearly illustrated in figure 2.3 the third harmonic is efficiently produced in the time

interval during which the ellipticity of the driving pulse is below the ǫth3dH
= 0.414 value

defined by the difference between the intersection points of the calculated pulse time-dependent

ellipticity curve and the ǫth3dH
= 0.414 line. Using an initial pulse of 36 femtoseconds duration,

as in our experimental conditions, and a delay value δ = 36.18 femtoseconds the above illustrated

calculation predicts a temporal gate value of τg3dH
= 10.85 femtoseconds for the third harmonic

and a temporal gate value of τg5thH
= 7.65 femtoseconds for the fifth harmonic. The temporal

gate for high-order harmonics is defined by the ellipticity threshold value of ǫthHOH
= 0.15 and

the calculated temporal gate corresponds approximately to one optical cycle of the generating

field.

The intensity content of the temporal gate defined by the ǫth3dH
= 0.414 value is calculated

to be Iτg3dH
= 0.122Iin where Iin is the initial pulse intensity. For a temporal gate defined by

ǫth5th
= 0.294 in the case of the fifth harmonic, the corresponding value is Iτg5thH

= 0.119Iin.

The contour plots 2.4 illustrate the results of the calculations made for the determination of

the temporal gate width τg as a function of the delay δ introduced after the first beam splitter

BS1 and the ratio Icon/Ides introduced by the third beam splitter BS3 and for an estimation

of the ratio between the incoming pulse intensity and the temporal gate intensity content. The

initial conditions used for this calculations were determined by our experimental conditions and

take into account an initial Ti:S pulse of 36 fsec duration and an ellipticity threshold value of

ǫth3dH
= 0.414. The shaded area in the graphs indicates the parameter range Icon/Ides = 0.25

and δ = 36.18 fsec, used in this experiment.

Figure 2.4: The temporal gate width τg and the initial pulse - temporal gated pulse part intensity

ratio are calculated as a function of the delay δ and the Icon/Ides ratio. The shaded areas depict

the experimentally used conditions for this work.
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Chapter 3

Generation of a Third-Harmonic

Pulse with the IPG technique

This chapter presents the experimental work and results of the present thesis. The objective

of this work, as described above, is the generation and characterization of an intense ultrashort

third-harmonic pulse utilizing the double Mach-Zehnder Interferometric Polarization Gating

Technique.

An experimental setup has been built for this purpose consisting of two main parts. In the first

part, high-harmonics of the fundamental laser frequency are generated and the third-harmonic

is spectrally selected. The second part of the experimental setup is used for the characterization

of the selected third-harmonic pulse. The experimental setup and the results obtained, will be

described in detail in the following paragraphs.

3.1 The experimental setup

3.1.1 The Ti:Sapphire Laser System

The light source used for the needs of the present work is a Chirped Pulse Amplified femtosec-

ond Ti:Sapphire laser system. It delivers infrared laser pulses with a central wavelength of

λL = 804 nanometers and a spectral bandwidth of ∆λ ≈ 28 nanometers supporting bandwidth

limited laser pulses of 34 femtoseconds duration assuming a Gaussian temporal shape at 10Hz

repetition rate. The pulse energy can reach the value of 170 mJoule and the beam diameter is

approximately 5 centimeters.

The system consists of a commercial mode-locked Ti:S laser oscillator (Coherent Mira) pumped

by an Nd:YAG (Coherent Verdi) laser providing laser pulses of about 7 nJoule per pulse at a

repetition rate of 75 MHz. The pulses exiting the laser oscillator are subsequently stretched

with a pair of optical gratings separating the spectral components of the pulse in time.
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The chirped pulses are first amplified in a regenerative amplifier system (Amplitude Systems)

pumped by an Nd:YAG (Photonics Industries) laser to reach pulse energy values of 6 mJoule.

The pulses exiting the regenerative amplifier are further amplified in a two-stage multi-pass

(Amplitude Systems) amplifier pumped by two Nd:YAG lasers reaching a maximum energy of

340 mJoule.

Eventually a pair of gratings is used for the compression of the pulses to a 36 femtoseconds

pulse duration delivering 170 mJoules pulse energy.
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Figure 3.1: The Ti:Sapphire laser system layout is illustrated on the left side and the 3d order

autocorrelation signal corresponding to a laser pulse duration of 36 femtoseconds as well as the

measured spectrum of the pulse exiting the compressor part of the system on the right side.

The Ti:S laser system pulse duration has been measured with a previously developed, in the

framework of the undergraduate diploma thesis of the author, single-shot third-order autocor-

rellation setup [23] which operates also in a high-contrast measurement scanning delay mode.

This setup takes into advantage the delay introduced between the fundamental IR and the sec-

ond harmonic of the fundamental laser pulse, due to the two pulse overlapping geometry on a

frequency mixing BBO crystal.

The generated third harmonic signal is imaged with a UV sensitive CCD camera. The delay

between the two pulses varies across the horizontal axis as a function of the horizontal position

and angle between the IR and second harmonic beam on the crystal. The horizontal intensity

line-out of the generated third harmonic signal, corresponds then to the third-order autocorre-

lation function, giving information about the initial pulse duration when a proper pulse shape

is assumed. Below the single-shot third-order autocorrellation setup is illustrated as well as the

produced third harmonic signal. The horizontal intensity line-out of this image is illustrated

in the right part of figure 3.1, giving information about the initial pulse duration assuming a

gaussian temporal shape for the Ti:S pulse.
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Figure 3.2: (a) The single-shot third-order autocorrellation optical setup and the corresponding

(b) third harmonic image of the CCD camera.

3.1.2 High-harmonic generation experimental setup

The first part of the experimental setup where high harmonics of the fundamental laser pulse

frequency are generated is illustrated in Fig. 3.3. The intense ellipticity modulated laser pulse,

delivered from the double Mach-Zehnder IPG setup, is focused in the interior of a vacuum

chamber, with the use of a 1 meter focal length lens (L), just under the tip of a pulsed gas nozzle

(PJet) that provides the noble gas target, which in our case is Argon gas, for the generation of

high-harmonics.

Figure 3.3: High-harmonic generation experimental setup. The third-harmonic is spectrally

selected with the THM1 and THM2 mirrors and directed to the characterization experimental

setup.

The vacuum chamber is in general divided in the high-harmonic production part and the

third harmonic characterization part which will be described in detail in the next paragraph.

The generating beam waist is adjusted with use of an iris (I1) just after the focusing lens, having

1 cm diameter, as well as the jet position with respect to the focal spot, in order to achieve good

phase-matching conditions for the generation of the third-harmonic that is here of interest.
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An oil-sealed rotary vacuum pump keeps the ambient pressure in the harmonic generation

part of the vacuum chamber under 10−3 mbar, reaching a highest value of 7.2 × 10−2 mbar

during gas jet operation.

The pulsed gas jet consists of a stainless steel casing, loaded with Argon at a pressure of 2.5

bar, ending to an adjustable nozzle which is sealed from the vacuum chamber with a rubber

poppet. The rubber poppet is actuated by a circular piezoelectric crystal, providing a noble gas

leak in the vacuum chamber in a pulsed mode. This is achieved by providing an electric pulse

of controlled amplitude and width to the piezoelectric crystal. The operation of the pulsed gas

jet is triggered by one of the laser amplification system Pockels-cells with an appropriate time

delay introduced by a Stanford Research Systems delay generator, so that the generating pulse

and the gas release are synchronized.

As mentioned in the first chapter of this thesis, the generated harmonics propagate in the

same direction as the generating pulse exhibiting in general a much smaller angular spread that

depends on harmonic order. A circular aperture (I2) is used after the harmonic-generation

area blocking a large portion of the IR beam, letting the harmonic beam to come through

and allowing also for differential pumping between the high-harmonic production area and the

characterization area of the experimental setup.

The third harmonic is spectrally selected from the harmonic beam with the use of two mirrors

(THM1, THM2) that reflect the third harmonic and transmit the rest of the incident radiation.

3.1.3 Third-harmonic characterization experimental setup

The experimental setup where the characterization of the third harmonic takes place, situated

in a vacuum chamber is shown schematically in Fig. 3.4.

Figure 3.4: The third-harmonic pulse characterization part of the experimental setup.
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The third harmonic beam reflected by the THM2 mirror is directed in the central part of

a spherical mirror, of 5 centimeters focal length, cut into two-halves (SM) having a 70% re-

flectivity value for the third-harmonic wavelength, that brings the two parts of the bisected

third-harmonic pulse into a common focus in front of the tip of a pulsed magnetic jet (ACJet)

which is situated in front of a time-of-flight spectrometer tube opening.

The two split-mirror parts are mounted in two separate translation stages that are controlled

by two New Focus Vacuum Picomotor actuators with a less than 30nm step-size specification

corresponding to 0.2 femtoseconds time resolution. In this way a controllable delay is introduced

between the two parts of the focal spot, originating from the two separate parts of the focusing

mirror. The third harmonic-beam is focused at a slight angle in front of the pulsed magnetic

jet tip due to space limitations of the current vacuum chamber.

The magnetic gas jet is in a floating ground scheme so that a homogeneous electric field for the

acceleration of generated ions is formed between the circular metal plate surrounding the jet

nozzle and a copper grid at the time-of-flight tube (TOF) opening that is earth grounded with

the vacuum chamber. The synchronization of the magnetic jet with the third-harmonic pulse

is achieved in the same way as in the case of the high-harmonic generation jet.

By applying a positive high-voltage of the order of 1000 Volts on the magnetic jet metal plate,

a homogeneous electric field is formed that accelerates the ions produced, by the interaction of

the focused third-harmonic pulse with the gas-phase target provided by the pulsed magnetic

jet, towards the field-free time-of-flight spectrometer tube.

The accelerated ions reach subsequently a Micro-Channel Plate (MCP) detector and the ion

time-of flight spectrum is observed with the use of a Tektronix Digital Oscilloscope.

After leaving the focus position the third-harmonic beam is reflected by a metal mirror (MM)

outside the vacuum chamber and focused by a f =10cm UV lens (UVL) in the plane of the

sensor of a Cohu 4810 CCD Camera imaging the split-mirror focal spot. The protective glass in

the front of the CCD sensor has been removed and the camera is UV sensitive. An appropriate

filter transmits only the third harmonic that reaches the CCD sensor.

Alternatively the CCD camera can be replaced by the optical fiber probe of an Ocean Optics

HR4000CG UV-NIR Spectrometer, with a spectral working range of 193-1050 nanometers, used

for the spectral characterization of the third-harmonic pulse.

The vacuum chamber where the characterization of the third harmonic takes place, communi-

cates with the high-harmonic generation chamber through the aperture I2 as described above.

It is pumped down to 8 × 10−6 mbar with the use of two 150 l/sec turbo-molecular pumps

supported by two additional rotary pumps. The first turbo-molecular pump is located under

the magnetic jet nozzle and the second pumps the time-of-flight tube in order to achieve high

vacuum conditions in this area.

The Micro-Chanel Plate (MCP) detector is a commercial, resistance matched, detector with

two MCP plates in a chevron arrangement with an operating voltage of 1500-1800 Volts.
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3.2 Spectral Characterization of the Third-Harmonic Pulse

As described above the third-harmonic pulse exits the vacuum chamber and is focused with

a 10cm focal length UV lens. By placing an optical fiber probe at the focal spot, the third-

harmonic spectrum is measured with the Ocean Optics HR4000CG UV-NIR Spectrometer.

The third-harmonic spectrum has been measured for two different generation conditions. First

the linearly polarized Ti:S laser pulse is used to generate the third harmonic, where in the

second case the ellipticity modulated pulse exiting the double Mach-Zehnder IPG setup is

used. In both cases a generating beam diameter of 1cm, adjusted with the I1 iris, is used and

Argon as a generating medium. After optimizing the experimental conditions for both cases

the third-harmonic pulse spectrum is recorded with the SpectraSuite software that accompanies

the spectrometer. The spectra obtained for both cases are shown below.
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Figure 3.5: Third-harmonic spectra obtained (a) for an ellipticity modulated generating Ti:S

pulse exiting the double Mach-Zehnder IPG setup and (b) for a linearly polarized generating

pulse.

As expected, according to the previous analysis the spectrum of the third-harmonic pulse

generated from the double Mach-Zehnder IPG ellipticity modulated pulse exhibits a broader

spectrum than in the case when a linearly polarized generating pulse is used, corresponding to a

smaller third-harmonic pulse duration according to equation 1.1. Here the generated bandwidth

from the ellipticity modulated Ti:S pulse is much broader than that generated by the linearly-

polarized Ti:S pulse and supports the formation of a gauss-shaped bandwidth-limited third

harmonic pulse of approximately 16.16 femtoseconds duration. The above spectra correspond,

according to the above analysis to a generating IR pulse of 50 fs duration. Variation of the

generating pulse duration is expected if the laser systems compressor gratings are not in the

distance that gives a bandwidth limited pulse. In general the distance between the two gratings

is controlled with a micrometric translation stage where the one grating is positioned.
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In a previous work [23] it was shown experimentally supported by theoretical calculations

that a very small displacement of this grating can alter significantly the laser pulse duration

delivered by the laser system. Furthermore, the IPG technique allows precise control of the

parameters that produce the time-dependent ellipticity modulation of the generating pulse and

gives the expected results even for a slightly longer generating pulse. For the optimization of

the generated third-harmonic pulse duration the previously developed single-shot third-order

autocorrelation setup can be used online.

The broad bandwidth generated with use of the IPG technique supports the generation of

a shorter third-harmonic pulse. This spectral measurement does not provide unfortunately

information about the corresponding third-harmonic pulse duration but only for the minimum

duration that can be achieved as dictated by equation 1.1, as we do not obtain information about

the spectral phase distribution. For the temporal characterization of the pulse the second-order

intensity volume autocorrelation method [15],[24],[25] will be empoyed, which will be described

in detail in the following section.

3.3 Temporal Characterization of the Third-Harmonic Pulse

3.3.1 The 2
nd Order Intensity Volume Autocorrelation Technique

For the temporal characterization of the third-harmonic pulse the second-order intensity volume

autocorrelation technique [24],[25] will be employed. This technique is an extension of the

commonly used, in femtosecond pulse metrology, second-order autocorrelation technique.

For the implementation of this method a second-order nonlinear process is needed in order

to produce the second-order autocorrelation trace that determines directly the third-harmonic

pulse duration. In our case the second-order autocorrelation signal is provided by the two-

photon resonantly-enhanced ionization of toluene (C7H8) [26], that results by the superposition

of the two parts of the third-harmonic pulse at the split-mirror focus interacting with the toluene

vapor provided by the magnetic gas jet in the characterization area.

By translating the one part of the split mirror with use of the Picomotor actuator and recording

ion signal produced by two-photon ionization, the second-order autocorrelation trace can be

obtained as a function of the delay between the two third-harmonic pulse parts τ = 2δx/c

where δx denotes the displacement between the two split-mirror parts.

The split-mirror focal spot has an Airy pattern shape for zero delay between the two parts of the

pulse and exhibits a complicated pattern as a function of their relative displacement becoming

a well divided two-spot Airy pattern when the displacement is a multiple of half-wavelength

of the focused pulse [24]. This double-spot can be used in order to align the incoming pulse

to the central part of the split mirror and in order to equally divide the third-harmonic pulse

intensity, in the two split-mirror parts, which is important for this measurement signal contrast

enhancement.
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Figure 3.6: The calculated split-mirror focus for (left) zero delay between the two pulse parts

and for (right) τ = λ/2 delay. Taken from [24].

In the commonly used in femtosecond metrology, second-order autocorrelation, the nonlinear

medium is a crystal or a non-linear photodiode and the autocorrelation signal is produced as a

variation of the intensity reaching the detector as a function of the delay between the two parts

of the pulse. In the second-order intensity volume autocorrelation however, the delay between

the two pulse parts results in a spatial redistribution of the energy inside the focal volume.

The non-linearity that produces the measured signal in this case ensures the signal modulation

and in general the signal contrast is reduced in comparison to the conventional second-order

autocorrellation technique. It can be easily realized that the signal produced for example for

a delay of half wave displacement between the two split-mirror parts the signal is proportional

to (I3dh/2)2 + (I3dh/2)2 = I2
3dh/2 in contrast to the zero delay case where the measured signal

is proportional to I2
3dh. In general dividing the pulse intensity unequally between the two split-

mirror parts or having a fringe pattern at zero delay can significantly lower the signal contrast

according to the above analysis.

The applicability of this method was investigated for the case of our experimental conditions.

In the present experiment the generating beam waist is adjusted for efficient third-harmonic

generation and the optimization of the third-harmonic signal is achieved with the help of the

Ocean Optics spectrometer. The entrance iris I1 is adjusted, having 1cm diameter for maximum

third-harmonic signal.

This diameter delivers a 4,5 mJoule pulse and for a conversion efficiency value for the third-

harmonic of 10−3 [27], we estimate that the third-harmonic pulse energy corresponds to E3dh =

4.5µJ . The two mirrors that select the third-harmonic pulse (THM1,THM2) have a reflection

coefficient of 0.9 and the focusing split-mirror 0.7. The third-harmonic pulse energy after the

split mirror is estimated to have an energy content of E3dh = 2.55µJ .

According to perturbation theory and assuming a gaussian intensity distribution, the third

harmonic beam diameter as compared with that of the infrared generating beam should be

D3dh = DIR/
√

3 = 0.57cm and the pulse duration τ3dh = τIR/
√

3 = 20.8 fsec for a τIR = 36fsec

infrared pulse duration. Using these values the intensity of the third-harmonic pulse at the

focal spot of the split-mirror is estimated to be I3dh ≈ 1.65 × 1015W/cm2. In this case we have

sufficient intensity to induce the second-order non-linear process needed to produce and the

second-order intensity volume autocorrelation signal for the pulse duration measurement of the

third-harmonic pulse.
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3.3.2 The Non-Linear Medium

The toluene molecule (C7H8) in the gas-phase, serves in our case as the nonlinear detector

having an ionization potential of 8.828 ± 0.001 eV [28] which is less than the third-harmonic

two-photon energy of 9.2 eV (2 × ~ω3dh = 9.2eV ).

As mentioned above the third-harmonic pulse is focused at the tip of a magnetic pulsed gas

jet. Toluene vapor is delivered in a pulsed mode in the vacuum chamber, synchronized with the

third-harmonic pulse with the laser system amplifier Pockels-cell signal and a Stanford Research

Systems delay generator.

The tip of the jet is aligned with a time-of-flight mass spectrometer axis and perpendicular

to the third-harmonic pulse propagation direction as illustrated in figure 3.4. A homogeneous

electric field between the magnetic jet cylindrical head and the copper grid at the time-of-flight

tube entrance accelerates the positively charged toluene ions towards the TOF entrance. After

entering the field-free tube, the ions reach the micro-channel plate detector and the time-of-flight

mass spectrum is obtained with a Tektronix Digital Oscilloscope as described above.
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Figure 3.7: (a.) The two-photon ionized toluene time-of-flight ion mass spectrum and (b.) the

toluene ion signal as a function of the third-harmonic pulse intensity in logarithmic scale. The

slope of the log-log plot equals 1.9 ± 0.19 and provides clear experimental evidence of the two-

photon ionization of toluene which can be used as the second-order nonlinear medium needed for

performing the second-order volume autocorrelation measurement of the third-harmonic pulse.

The third-harmonic pulse beam after leaving the spherical split-mirror focus is focused

again at the tip of a UV-NIR Ocean Optics Spectrometer optical fiber probe after exiting the

characterization vacuum-chamber using a 10cm focal length UV lens. This arrangement permits

the simultaneous ion signal and third-harmonic pulse spectral intensity data acquisition. The

third-harmonic pulse spectral intensity data are obtained with use of the UV-NIR Ocean Optics

Spectrometer SpectraSuite software.
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By using a beam-stop of 1 cm diameter an annular-shaped beam is formed and used to

generate high-harmonics of the fundamental laser frequency. The infrared radiation content in

the characterization area is eliminated in this way. Measurements of the toluene ion signal as

a function of the third-harmonic pulse intensity have been performed for the investigation of

the nonlinear properties of the medium. By varying the harmonic-production jet electric pulse

amplitude we are able to adjust the third-harmonic pulse intensity and measure the dependence

of the toluene ion signal as a function of the third-harmonic pulse intensity.

The toluene ion signal exhibits a quadratic dependence on the third-harmonic pulse intensity as

shown in figure 3.7b and therefore clear evidence of a two-photon ionization process is provided.

A typical toluene time-of-flight mass spectrum and the toluene ion signal intensity dependence

in log-log plot are shown above. Since the second-order nonlinear process needed for the second-

order autocorrelation signal has been experimentally verified, imaging of the split-mirror focal

spot is essential giving the ability to precisely align the third-harmonic pulse in the center of the

split-mirror and equally divide the third harmonic pulse intensity content in the two spherical

mirror parts.

3.3.3 Split-Mirror Focal Spot

The first step towards performing the second order intensity volume autocorrelation measure-

ment of the third-harmonic pulse is imaging the split-mirror focal spot. This is very important,

because it allows to spatially overlap the two resulting focal spots from the two parts of the

split-mirror in a controlled manner and also to be able to reach the temporal overlap position

by observing the interference pattern of the spatially overlapping spots according to the above

analysis.

The split-mirror focal spot is imaged with the use of a UV lens outside the vacuum chamber

on a UV sensitive CCD camera sensor placed at the focal plane of the resulting lens system.

The tilting of the two split-mirror parts is controlled by the spit-mirror mount tilting screws

via vacuum feedthrough controls.

The two resulting focal spot parts were imaged and made to spatially overlap in the best possi-

ble way, given the fact that the feedthrough screw-based tilting system does not provide precise

control. The focal spot shows astigmatism due to the angle of incidence and reflection of the

third harmonic pulse by the split-mirror. Astigmatism is observed even after optimizing the

alignment of the third-harmonic beam in the characterization optical setup since space limita-

tions of the used vacuum chamber do not allow for smaller angles to be used.

In our case the third-harmonic beam passes under the time-of-flight tube entrance hitting the

split mirror at a lower position from the mirror center. The angle between the incident and the

reflected third-harmonic beam is estimated in the best possible alignment conditions for the

current experimental setup to be θ = 10◦ ± 2◦. A different vacuum chamber would allow nearly

collinear beam alignment conditions and would be therefore possible to eliminate astigmatism

in the focal spot.
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A ray-tracing investigation for the split-mirror focal spot properties, tailored to our experimen-

tal conditions has been performed with the Mathematica ray-tracing package Optica with the

help of Manolis Skantzakis. In this calculation we produce a third harmonic beam at a distance

from the spherical mirror equal to the distance from the high-harmonic production jet to the

spherical split-mirror, as a cone of rays defining a circular beam. The next step is the calcula-

tion of the resulting focal spot under different beam alignment conditions. First we calculate

the resulting focal spot shape in the case of a third-harmonic beam incident at the central part

of the focusing mirror as a function of the angle of incidence of the 3d harmonic beam on the

spherical mirror.

Spherical Mirror Spherical Mirror Focus

0 degrees 4 degrees 8 degrees 10 degrees 12 degrees

Figure 3.8: Ray-tracing calculation results for the split-mirror focal spot shape when the third-

harmonic beam is incident to the central part of the spherical mirror as a function of the angle

of incidence.

It is evident, that as the angle of incidence is increased the resulting focal spot becomes

more astigmatic. However for a small angle, up to 4 degrees the resulting focal spot is not

significantly distorted with respect to the 0 degree shape. In the second case, which immitates

our experimental conditions, the third-harmonic beam is incident at a lower position from the

central part of the spherical mirror as illustrated below.

Spherical Mirror Spherical Mirror Focus

0 degrees 4 degrees 8 degrees 10 degrees 12 degrees

Figure 3.9: Ray-tracing calculation results for the split-mirror focal spot shape when the third-

harmonic beam is incident lower than the central part of the spherical mirror as a function of

the angle of incidence.
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In this case the resulting focal spot exhibits astigmatism even at a collinear geometry. In

both cases the calculations consider the third-harmonic beam wave-vector parallel to the unit

vector perpendicular to the center of the spherical mirror surface. In the case of our experimental

conditions and for an angle of θ = 10◦±2◦ the focal spot is astigmatic and as a result the above

mentioned splitting of the Airy disk is impossible to be observed. Instead a fringe pattern is

expected due to the particular third-harmonic beam geometry.

The imaged focal spot with use of the UV sensitive CCD camera is shown below. After the two

parts originating from the two split-mirror sides are made to overlap, the Picomotor actuated

translation stage is used for achieving temporal overlap between the two parts. At the zero-

delay position interference fringes are observed as expected. The image of the two astigmatic

spots overlapping in space and time is shown below.
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Figure 3.10: Imaging of the split-mirror focal spot when the two spots overlap in space and

time. The two spots exhibit astigmatism due to the limiting experimental optical arrangement.

On the left part the intensity line-out is illustrated where interference fringes are observed in

perfect temporal overlap (zero delay between the two spots).

The observed multi-peak fringe pattern is expected to significantly lower the contrast of the

measured signal that results from the two-photon ionization of toluene. This is also evident in

the following section where the second-order intensity volume autocorrelation trace is obtained.

Replacement of the used vacuum chamber would allow for collinear alignment geometry, elimi-

nating astigmatism and giving the ability to divide equally the third-harmonic pulse intensity

in the two split-mirror parts.

3.3.4 2
nd Order Intensity Volume Autocorrelation Measurement of the Third-

Harmonic Pulse

In this part the data acquisition process and results of the second-order volume autocorrelation

trace will be described. The first step towards the trace acquisition is the alignment of the

26



split-mirror focal spot in a way that the two third-harmonic pulse parts overlap in space and

time.

The spatial overlap is achieved by the alignment of the third-harmonic beam in the central part

of the split-mirror with use of the vacuum-feedthrough screws that control the mirror THM1

tilting screws and the help of the split-mirror focal spot imaging system which allows for real-

time monitoring of the alignment process. By using the vacuum-feedthrough split-mirror tilting

screws the third-harmonic pulse is focused at the tip of the pulsed toluene gas jet.

For the temporal overlap of the two parts of the third-harmonic pulse the New Focus Picomotor

software is used for the translation the one split-mirror part until the fringe pattern is observed

and optimized.

Figure 3.11: Imaging of the split-mirror focal spot in the zero-delay position and for ±1500

picomotor steps of displacement positions. Before and after the zero delay position the fringe

pattern disappears.

When spatial and temporal overlap has been achieved, then this position is set as position

zero in the picomotor software interface and the motor is then used for reaching a position of

the translation stage where the two parts have a considerable temporal delay. For this purpose

the translation stage is moved backwards by the picomotor actuator typically 2000-3000 steps

away from the zero delay position. For a step size of 30 nm, that is the upper limit of the

picomotor step size specification for the translation speed we use, each step corresponds to 200

attoseconds delay.

By scanning a number of ±3000 steps around the zero delay position we scan an equivalent

delay range of ±600 femtoseconds. This temporal range is sufficient since we expect a pulse

duration of the order of 10 to 100 femtoseconds at most. Also scans of the order of ±5000 steps

have been performed in order to investigate the general behavior of the traces.

A specially developed Labview software that communicates with the Tectronix Oscilloscope is

used to place a data collecting gate around the peak of interest, here the two-photon ionized

toluene ion peak, and record the integrated peak values as a function of time in our case.

Simultaneously the picomotor controlling software moves the translation stage at a 2 steps per

second speed from a maximum negative temporal delay towards the zero delay position and

reaching a positive maximum temporal delay value as described above. The two-photon ionized

toluene ion peak integral is recorded as a function of this delay at the same time. The small

picomotor scanning speed allows for an averaging of 5-10 shots per data point improving the

experimental statistics.
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Figure 3.12: The 2nd Order Intensity Volume Autocorrelation trace. The contrast of the mea-

sured signal is reduced significantly due to the focusing geometry in our case. The observed

fringe pattern at the zero delay position explains the lack of measurable modulation in the

toluene ion signal.

The third-harmonic beam geometry, as described in the previous section, produces an astig-

matic focal spot exhibiting a fringe pattern at zero-delay that significantly lowers the two-photon

ionized toluene ion signal contrast. As clearly illustrated above, no measurable modulation of

the ion signal can be detected under this focusing geometry conditions.

Under the particular conditions and after excessive efforts in the optimization of the focusing ge-

ometry using the particular space-limiting vacuum chamber the measurement of a considerable

modulation of the toluene ion signal is impossible and thus we cannot reach safe conclusions

about the third-harmonic pulse duration.

However an improvement of the focusing conditions by replacement of certain parts of the ex-

perimental setup will allow the temporal characterization of the third-order harmonic pulse,

providing valuable information about the low-order harmonic generation with the use of the

IPG technique.
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3.4 Conclusions - Future Plans

In the frame of this Master thesis, the generation of low-order harmonics of the fundamental

Ti:S laser pulse frequency has been investigated. In the first part, the ellipticity modulated

laser pulse properties that directly define the low-order harmonic pulse generation conditions

were calculated by a personally developed code using Mathematica. This code is used for the

calculation of the time-dependent ellipticity of the pulse exiting the double Mach-Zehnder IPG

arrangement and provides information about the temporal gate width formed, the temporal

gate intensity content and properties, defined by the initial laser pulse properties and the de-

sired ellipticity threshold value.

In the second part an experimental setup was built for the generation and characterization of

low-order harmonic pulses using the interferometric polarization gating technique. A broad

bandwidth third-harmonic pulse was generated with use of the IPG technique and the pulse

spectral width has been compared with the case of a linearly-polarized generating pulse. In full

agreement with our calculations the third-harmonic pulse bandwidth is significantly increased

when an ellipticity-modulated generating laser pulse is used, supporting a third-harmonic pulse

of shorter duration and promising for even shorter pulse duration for the low-order harmonics

according to our calculation results.

For the determination of the third-harmonic pulse duration an experimental setup allowing the

performance of the 2nd order intensity volume autocorrelation measurements was built and thor-

oughly characterized. The toluene ion signal dependence on the third-harmonic pulse intensity

scales quadratically, denoting a two-photon ionization process that is needed for performing

second-order intensity volume autocorrelation measurement of the pulse. The limiting vacuum

chamber space and coarse beam tilting controls did not allow the measurement of the pulse in

the time frame that was available for the completion of this Master thesis.

However valuable conclusions were drawn for future improvement of the experimental appa-

ratus. More specifically, the major limitation for this measurement results from the spheri-

cal bisected focusing mirror focusing geometry. As shown experimentally and supported by

the third-harmonic ray-tracing investigation the third-harmonic focal spot shows considerable

astigmatism for an angle of incidence higher than 4 degrees. The focal spot astigmatism lowers

the produced ion signal contrast to an extent that no signal modulation can be observed and

therefore no safe conclusion about the third-harmonic pulse duration can be drawn.

The improvement of the particular experimental setup includes the replacement of the third-

harmonic characterization vacuum chamber, so that enough space will be provided for near-

collinear beam focusing conditions. This will significantly decrease the focal spot astigmatism

and increase the ion signal contrast. Furthermore, replacement of the vacuum feedthrough screw

tilting controls with stepper-motors will allow for the precise control of the third-harmonic beam

alignment and will aid the optimization of the ion signal contrast.
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Appendix A

Mathematica Code for the Ellipticity

Modulated Pulse Calculations

Initial Parameters ;

Centralwavelength = 804H*nm*L;

omega = H2 *3.141592653589 *3 ´ 10 ^ 17 L�
HCentralwavelength *10 ^ 15 L; H*1�fs *L

FWHM= 36H*fs *L;
H*Initial Pulse Duration HIntensity Profile L*L
T = H2 * 3.141592653589 L � omega ;
∆ = 27 * HT � 2L;
H*Delay introduced between the 2 pulses ®

Multiple of T �2 for interference *L
delred = ∆ � 2;
Needs@"PlotLegends`" D

Ellipticity Threshold Calculation ;

H*Solve BI 1-Ε^2
1+Ε^2

Mq-1
�Iq, ΕF; *L

H*::Ε®- 1-Iq
1

-1+q

1+Iq
1

-1+q

>, :Ε® 1-Iq
1

-1+q

1+Iq
1

-1+q

>>; *L

Ε@q_, Iq_ D : =
1 - Iq

1
-1+q

1 + Iq
1
-1+q

;

Intensity @q_, Ε_D : =
1 - Ε^ 2

1 + Ε^ 2

Hq-1L
;

Ε@3, 0.5 D
0.414214
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Plot @8Ε@q, 0.5 D, 0.15 <, 8q, 3, 16 <,
AxesOrigin ® 82.5, 0 <,
Ticks ®

880, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23,
25, 27, 29, 31, 33, 35 <,
80.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.414 <<,

AxesLabel ® 8"q", "Iq" <, PlotRange -> 8All, All <D
Plot @8Intensity @3, ΕD, Intensity @7, ΕD,

Intensity @16, ΕD<, 8Ε, -1, 1 <D

-1.0 -0.5 0.5 1.0

0.2

0.4

0.6

0.8

1.0

Beamsplitterð1;

Plot B

ReBExpB-Ht L2 �
2

2
FWHM

2 Log@2D

2

F Exp@ä * Homega* t LDF,

8t, -130, 130 <, PlotRange ® 8All, All <,
AxesLabel ® 8"time Hfs L", "E.Field" <,
BaseStyle ® 8FontFamily ® "Times", FontSize ® 16<,

PlotPoints ® 150F

Etrans1 @t_ D : = ExpB-Ht L2 �
2

2
FWHM

2 Log@2D

2

F *

Exp@ä * Homega* t LD;

Erefl1 @t_ D : = ExpB-Ht L2 �
2

2
FWHM

2 Log@2D

2

F *

Exp@ä * HHomega* t L + Pi LD;
H*Plot @8Re@Etrans1 @t DD,Re @Erefl1 @t DD<,
8t, -130,130 <,PlotRange ®8All,All <,
AxesLabel ®8"time Hfs L","E.Field" <,
BaseStyle ®8FontFamily ®"Times",FontSize ®16<,
PlotPoints ®150D*L

Beamsplitterð2 ;

Erefl2 @t_ D : =

ExpB-HHt + delred LL2 �
2

2
FWHM

2 Log@2D

2

F *

Exp@ä * HHomega* Ht + ∆LL + Pi LD +

ExpB-HHt - delred LL2 �
2

2
FWHM

2 Log@2D

2

F *

Exp@ä * Homega* Ht LLD;
Etrans2 @t_ D : =

ExpB-HHt - delred LL2 �
2

2
FWHM

2 Log@2D

2

F *

Exp@ä * Homega* Ht - H∆ � 2LLLD +

ExpB-HHt + delred LL2 �
2

2
FWHM

2 Log@2D

2

F *

Exp@ä * Homega* Ht + H∆ � 2LLLD;
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Plot @Re@Erefl2 @t DD, 8t, -100, 100 <,
PlotRange ® 8All, All <,
BaseStyle ® 8FontFamily ® "Helvetica",

FontSize ® 14<, PlotPoints ® 300,
FrameLabel ® 8"time Hfsec L", "Econ" <,
PlotStyle ® Thickness @0.003 D,
LabelStyle ® Directive @Bold, FontSize ® 14,

FontFamily ® "Helvetica" D, Frame ® True D
Export @"ConsField.eps", %D

-100 -50 0 50 100
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

time HfsecL

E
co

n

ConsField.eps

Plot @Re@Etrans2 @t DD, 8t, -100, 100 <,
PlotRange ® 8All, All <,
BaseStyle ® 8FontFamily ® "Helvetica",

FontSize ® 14<, PlotPoints ® 300,
FrameLabel ® 8"time Hfsec L", "Econ" <,
PlotStyle ® Thickness @0.003 D,
LabelStyle ® Directive @Bold, FontSize ® 14,

FontFamily ® "Helvetica" D, Frame ® True D
Export @"DesField.eps", %D

-100 -50 0 50 100

-0.5

0.0

0.5

time HfsecL

E
co

n

DesField.eps

Beamsplitterð3 ;

H*After the 3d BS the 2 components are
combined to a polarization -

modulated pulse where the constructive
part is the 1 �4 in Intensity 0.5^2 =0.25 *L

Ex@t_ D : = 0.5 Erefl2 @t D
Ey@t_ D : = Etrans2 @t D
jx@t_ D : = ArcTan @HIm@Ex@t DD �Re@Ex@t DDLD
jy@t_ D : = ArcTan @HIm@Ey@t DD �Re@Ey@t DDLD
Ε@t_ D : =

Tan@
0.5

ArcSin @
H2 * Abs@Ex@t DD * Abs@Ey@t DD *

Sin @Hjx@t D - jy@t DLDL �
HHAbs@Ex@t DDL^ 2 + HAbs@Ey@t DDL^ 2LDD

Plot @8Re@Ex@t DD, Re @Ey@t DD<, 8t, -5, 5 <,
PlotRange ® 8All, All <,
AxesLabel ® 8"time Hfs L", "E. Fields" <,
BaseStyle ® 8FontFamily ® "Times", FontSize ® 16<,
PlotPoints ® 100D
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Plot @8Abs@Ε@t DD, 0.414, Abs @Ex@t DD^ 2,
Abs@Ey@t DD^ 2<, 8t, -70, 70 <,

PlotRange ® 8All, All <,
BaseStyle ® 8FontFamily ® "Helvetica",

FontSize ® 14<, PlotPoints ® 300,
FrameLabel ® 8"time Hfsec L", "Ellipticity" <,
PlotStyle ® Thickness @0.003 D,
LabelStyle ® Directive @Bold, FontSize ® 11,

FontFamily ® "Helvetica" D, Frame ® True,
PlotLegend ® 8" ¶Ht L", " ¶Ht L=0.414", "Icon",

"Ides" <, LegendPosition ® 80.9, 0.3 <,
LegendShadow ® None, LegendOrientation ® Vertical,
LegendSize ® 80.5, 0.3 <D

Export @"gating.eps", %D

-60 -40 -20 0 20 40 60
0.0

0.2

0.4

0.6

0.8

1.0

time HfsecL

E
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Ides
Icon
¶HtL=0.414
¶HtL

gating.eps

GatePos = FindRoot @Abs@Ε@t DD == 0, 8t, 0 <D@@1, 2 DD;
GatePos2 = GatePos fs gate position

a = GatePos + 3;
b = GatePos - 3;

Tgate =
FindRoot @Abs@Ε@t DD == 0.414, 8t, a <D@@1, 2 DD -

FindRoot @Abs@Ε@t DD == 0.414, 8t, b <D@@1, 2 DD;
Tgate2 = Tgate fs tgate

e1 = FindRoot @Abs@Ε@t DD == 0.414, 8t, b <D@@1, 2 DD;
e2 = FindRoot @Abs@Ε@t DD == 0.414, 8t, a <D@@1, 2 DD;

MaxEy = FindMaximum @8Abs@Ey@t DD, e1 £ t £ e2<,
8t, GatePos <D;

MaxEx = FindMaximum @8Abs@Ex@t DD, e1 £ t £ e2<,
8t, GatePos <D;

tEx = t �. Last @MaxExD;
tEy = t �. Last @MaxEyD;

Abs@Ex@tEy DD;

Abs@Ey@tEx DD;

0. fs gate position

10.8543 fs tgate

Ix = NIntegrate @HAbs@Ex@t DDL^ 2, 8t, -300, 300 <D;
Iy = NIntegrate @HAbs@Ey@t DDL^ 2, 8t, -300, 300 <D;
Ratio = Iy � Ix

1.34567

ListPointPlot3D @
Table @8Re@Ex@t DD, Re @Ey@t DD, t <,
8t, -150, 150, .01 <D, PlotRange ® All D

Plot @8Abs@Ε@t DD, 0.41, Re @Ex@t DD, Re @Ey@t DD<,
8t, e1, e2 <, PlotRange ® 8All, All <,
AxesLabel ® 8"time Hfs L", "Ellipticity" <,
BaseStyle ® 8FontFamily ® "Times", FontSize ® 16<,
PlotPoints ® 30D

Plot @8HAbs@Ex@t DDL^ 2, HAbs@Ey@t DDL^ 2<,
8t, -120, 120 <, PlotRange ® 8All, All <,
AxesLabel ® 8"time Hfs L", "Intensity" <,
BaseStyle ® 8FontFamily ® "Times" <,
PlotPoints ® 25, PlotLegend ® 8"Ix", "Iy" <,
LegendPosition ® 80.5, 0.2 <, LegendShadow ® None,
LegendOrientation ® Vertical,
LegendSize ® 80.2, 0.3 <D
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Plot @8Abs@Ε@t DD, 0.414, Re @Ex@t DD, Re @Ey@t DD<,
8t, -100, 100 <, PlotRange ® 8All, All <,
AxesLabel ® 8"time Hfs L", "Ellipticity" <,
PlotPoints ® 170,
BaseStyle ® 8FontFamily ® "Helvetica" <,
PlotLegend ® 8" ¶Ht L", " ¶th =0.414", "Ex", "Ey" <,
LegendPosition ® 80.8, 0 <, LegendShadow ® None,
LegendOrientation ® Vertical,
LegendSize ® 80.39, 0.3 <,
Ticks ®

8Automatic, 80.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, 1 <<D

-100 -50 50 100
timeHfsL

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Ellipticity

Ey
Ex
¶th=0.414
¶HtL

o Calculations ;

H*In this part the ratio Ig �Iin is
calculated. *L

Ixgated = NIntegrate @HAbs@Ex@t DDL^ 2,
8t, HGatePos - HTgate � 2LL,
HGatePos + HTgate � 2LL<D;

Iygated = NIntegrate @HAbs@Ey@t DDL^ 2,
8t, HGatePos - HTgate � 2LL,
HGatePos + HTgate � 2LL<D;

Ipulse2 = NIntegrate @HAbs@2 * Etrans1 @t DDL^ 2,
8t, -400, 400 <D;

GatedRatio2 = HHIxgated + Iygated L * FWHML �
HTgate *Re@Ipulse2 DL

0.122542

H*Τg as a function of Ic �Id =
ratio and the delay between the 2 pulses. *L
¶th = 0.414;
B = Sin @H2 * ArcTan @¶th DLD;
Τg@delay_, ratio_ D : =
HHFWHM ^ 2L � H2 * delay LL *

Log2@
HH-2 * H1 � Sqrt @ratio DL * Sqrt @H1 - HB ^ 2LLDL +
HB* HH1 � ratio L - 1LLL �

HB- H2 * H1 � Sqrt @ratio DLL + HB* H1 � ratio LLLD
Τg@15, 1 D;
Τg@60, 0.01 D;
Τg@36.18, 0.25 D;
data Τg = Table @Τg@delay, ratio D,
8delay, 10, 60, 1 <, 8ratio, 0.01, 1, 0.05 <D;
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a1 = Plot @ratiovaluefunction @delay, 10.8543 D, 8delay, 23, 60 <,
PlotRange -> All, PlotStyle ® 8Thickness @.005 D, Black, Dashed <D

a2 = Plot @ratiovaluefunction @delay, 15. D, 8delay, 13, 60 <,
PlotRange -> All, PlotStyle ® 8Thickness @.005 D, Black, Dashed <D

a3 = Plot @ratiovaluefunction @delay, 41.5 D, 8delay, 10, 25 <,
PlotRange -> All, PlotStyle ® 8Thickness @.005 D, Black, Dashed <D

30 35 40 45 50 55 60

0.2
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0.6

b1 = ListDensityPlot @
Table @Τg@delay, ratio D, 8ratio, 0.1, 1, 0.1 <,
8delay, 10, 60, 0.5 <D, ColorFunction ® Hue,

Mesh ® False, DataRange ® 8810, 60 <, 80.1, 1 <<,
FrameLabel ® 8"delay ∆Hfs L", "Icon � Ides" <,
BaseStyle ® 8FontFamily ® "Helvetica",

FontSize ® 15<D
FinalGraph = Show@b1, a1 D
Export @" �Users �dimitris �Desktop �gatedistributiongraph.tiff",

FinalGraph, ImageResolution ® 300D
�Users�dimitris�Desktop�gatedistributiongraph.tiff

TotalEnergyratioTable =

Table B 36

Tgate Bd, 36, J Λ N-1F

NIntegrate BIgate @t, d, 36 D, :t, -Tgate Bd, 36, J Λ N-1F � 2.,

Tgate Bd, 36, J Λ N-1F � 2. >F �

1

R
*NIntegrate AEox@t, d, 36 D2, 8t, -200, 200 <, MaxRecursion ® 12E +

1

J Λ N

2

1 -R
*NIntegrate AEoy@t, d, 36 D2, 8t, -200, 200 <,

MaxRecursion ® 12E , 8Λ, .15, 1, .001 <, 8d, 10, 60 <F;

a3 = Plot @Λ@d, 36, 10.8543 D^ -2, 8d, 31, 60 <, PlotRange ® All,
PlotStyle ® 8Black, Thick, Dashed <D

40 45 50 55 60

0.3

0.4

0.5

0.6

a1 = ListDensityPlot @TotalEnergyratioTable, PlotRange ® All,
ColorFunction ® Hue, Mesh ® False, DataRange ® 8810, 60 <, 8.18, 1 <<,
FrameLabel ® 8" ∆ Hfsec L", "I con�I des " <, ColorFunctionScaling ® False,

LabelStyle ® 8FontFamily ® "Helvetica", FontSize ® 14<,
FrameLabel ® 8" ∆ Hfsec L", "I con�I des " <D

H*a2=ListPlot3D ATotalEnergyratioTable,PlotRange ®All,ColorFunction ®Hue,

ColorFunctionScaling ®False,Mesh ®False,DataRange ®8820,80 <, 8.15,1 <<,
LabelStyle ®8FontFamily ®"Times",FontSize ®18<,

AxesLabel ®9" ∆ @fs D","I c�I d","I g�I in " =E*L
intgraph = Show@a1, a3 D
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Appendix B

Experimental Setup Photographs
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Temporal coherence of high-order harmonics. Physical Review A, 60(6):4823–4830, 1999.

[41] P Antoine, AL’Huillier, M Lewenstein, and P Salières. Theory of high-order harmonic

generation by an elliptically polarized laser field. Physical Review A, Jan 1996.

41


