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Abstract

To observe electron dynamics in molecules and atoms which takes place on
the attosecond timescale, single isolated attosecond pulses are required utilized
in performing pump–probe experiments.

The Light Wave Synthesizer 20 generates intense sub-5 fs pulses with a
peak power of 16 TW and a broad spectrum. This offers a chance of generating
isolated attosecond pulses via high harmonic generation (HHG) in gas medium.
In this project, the variation of cutoff energy of HHG with different intensities
of the driving laser was investigated. In addition, an isolated attosecond pulse
with an Fourier-limited pulse duration of 188 as is produced with a selection
of 15 eV around the cutoff region. Moreover, one optimization method refer to
GDD scan was illustrated to optimize the HHG cutoff and continuum.
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1 Introduction

The ultimate goal of attosecond physics is to study and control the electron dynamics
inside atoms, molecules, and solids. Pump–probe experiment is the most powerful
tool to capture electronic processes occurring on the attosecond timescale. In such
an experiment, one attosecond pulse initializes the dynamics, while another pulse
makes a time-delayed observation of the evolving dynamics [1].

According to the 3-step model, when linearly polarized intense laser pulses in-
teract with a gas medium, a train of attosecond pulses will be produced by HHG.
The separation between the attosecond pulses is half cycle of the fundamental, for
example 1.3 fs for Ti:Sapphire lasers. If such an attosecond pulse train is used for
pump-probe experiments, the exact pulse which excited and probed the system can-
not be known. Unlike femtosecond sources, it is also not possible to pick out an
isolated attosecond pulse in the pulse train due to the short time spacing between
the attosecond pulses and the fact that transmission optics have huge losses in the
XUV spectral region.

To generate isolated attosecond pulses (IAPs), scientists explore various methods,
for instance using a sub-two-cycle driving laser with a stable carrier envelope phase,
or a longer driving laser with different gating methods to control the radiation process
of HHG. The first successful demonstration of isolated attosecond pulses was achieved
in 2001 that used a selection around the cutoff generated in HHG with a 7 fs long
driver pulse [2]. To date, the shortest generated IAP is 43 as [3]. These broadband
attosecond pulses are a powerful tool to study bound-state wave-packet dynamics
and electron correlation in atoms [4]. Therefore, new sources delivering isolated
attosecond pulses are developed to be able to study and understand the fastest
processes, which can be temporally resolved by mankind.

2 Theory

In this chapter the theory, which will be used in the rest of the thesis, is explained.
This will be in particular the theory of several gating techniques to generate isolated
attosecond pulses, and the spectrum of an isolated attosecond pulse and a pulse
train.

2.1 Isolated attosecond pulse

As mentioned before, for pump-probe measurements, it is crucial to have an XUV
attosecond source which is able to generate IAPs. Two common techniques that can
generate IAPs with a long laser driver will be explained in the following paragraphs.

HHG in gas medium can be described by the 3-step model which is illustrated
in Fig 2.1. When the intense laser field approaches the gas medium, the coulomb
potential of the gas atom will be suppressed by the potential form the electric field as
they are comparable in the magnitude. The electron tunnels through the potential
barrier and performs a classical oscillation motion due to the electric force. The
change of the electric field will decelerate the electron and turn it back to the parent
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ion, where it has a chance to recombine. The ionization potential and the kinetic
energy the electron obtained in the electric field will then be released as a high energy
photon.

Figure 2.1: 3-step model of high harmonic generation: (1) The coulomb potential
of a gas atom is suppressed by the laser field which allows the electron to tunnel
out the potential barrier. (2) The electron is accelerated and turned back again by
the electric field of the laser. (3) The electron recombines with the ion and emits
radiation [5].

The 3-step model can be briefly concluded by: ionization, acceleration and re-
combination, 3 steps. Different gating techniques which can achieve the generation
of isolated attosecond pulses are normally manipulating one of these processes.

2.1.1 Ionization gating

The ionization gating method is generating IAPs by controlling the ionization pro-
cess. The density of the free-electrons is a crucial factor during HHG. The proper
ionization degree for phase-matching in HHG is usually a few percent, above which
the phase-matching condition is not full-filled anymore [6]. If the intensity of the
laser is so intense that when the gas medium is exposed to it, the medium will be
rapidly ionized during the first several half cycles of the laser. When the main peak
of the pulse reaches the medium, the neutral target is depleted already, therefore
no HHG can be produced in the tailing edge [7]. In this way the phase-matching
window will be decreased as shown in Fig 2.2(b). The low energy component can be
filtered by metallic filters, hence producing a continuum region corresponding to an
isolated pulse.

Comparing to the non-gated HHG, ionization gating will produce IAPs with a
broader bandwidth, therefore a shorter pulse duration.
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Figure 2.2: (a) For the non-gated case, attosecond pulses are generated every half
cycle of the driving laser. (b) In the case of ionization gate closes before the peak of
the pulse. The figure is taken from [8].

2.1.2 Double optical gating

The ionization gating is focused on producing single attosecond pulses at the cutoff.
However the XUV spectral range is not that stable and limited by the intensity of
the driving laser. Double optical gating is another technique which can generate
ultra-broadband attosecond pulses using multi-cycle pulses. It is a combination of
two-color gating and polarization gating techniques.

The laser pulse applied with polarization gating is linearly polarized in the middle
of the envelope and elliptically polarized in the leading and trailing edges. In the
two-color gating method, the driving laser is superimposed with it’s second harmonic
field. The intensity of it’s second harmonic field is weaker but polarized in the same
direction as the driving field. In this way, the symmetry of the laser is distorted,
the generated attosecond pulses has a separation of a full fundamental cycle. The
combination of the two technique allow one to generate HHG with a much broader
available bandwidth[9].

2.2 Spectrum

Normally an isolated attosecond pulse is desired when performing pump-probe ex-
periment. However, this is still very hard to accomplish.

The electric field of an isolated attosecond pulse can be described by a cosine
with a Gaussian envelope. Fig 2.3(a) shows the electric field of an attosecond pulse
centered at 100 eV with a full-width of half-maximum(FWHM) bandwidth of 30eV.
Fig 2.3(b) is it’s intensity spectrum. Clearly there’s no modulation in the spectrum,
which is called continuum.
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Figure 2.3: (a) Electric field and (b) spectrum of an attosecond pulse centered at
100 eV and a bandwidth of 30 eV.

Fig 2.4(a) shows the electric field of three attosecond pulses with a bandwidth
of 30 eV and centered at 100 eV. The delay between the pulses is 1.3 fs, while the
amplitude of the electric field of the two side pulses is 10% of the main pulse (temporal
intensity is 1%). Fig 2.4(b) shows the intensity of the pulses in frequency domain. In
the same manner, Fig 2.4(c) shows the case when the electric field amplitude of the
side pulses is 1% of the main one (temporal intensity is 10−4), and the corresponding
spectrum is Fig 2.4(d). It is clear that even if the intensity of side pulses is 10000
times weaker than the main pause, the modulation is still obvious in the spectrum.
Hence, a continuum in the spectrum is a good proof of a very well isolated attosecond
pulse.
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Figure 2.4: (a) Electric field and (b) spectrum of three attosecond pulse centered at
100 eV with a FWHM bandwidth of 30 eV, the pulses have a 1.3 fs delay between
them. The amplitude of the side pulses are 10% of the main one (intensity 1%).
(c) Electric field and (d) intensity spectrum of three attosecond pulses when the
amplitude of the side pulses is 1% of the main one (intensity 10−4).

In the experiment, the spectrum of the attosecond pulses can be easily obtained
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by an XUV spectrometer. The time-bandwidth product(TBP) can help one to esti-
mate the time duration of the attosecond pulses by analyzing the spectrum.

The TBP for a transform-limited Gaussian pulse is

τFWHM ∗ ∆ε = 4ln2~ = 1825eV · as, (1)

Therefore, for pulses shorter than 1 fs, the spectrum should cover at least a range
of 1.8 eV [10].

3 Experimental setup

3.1 The Light Wave Synthesizer 20 (LWS-20)

The Light Wave Synthesizer 20 (LWS-20) is an intense few-cycle laser system which
generates sub-5 fs pulses with a peak power of 16 TW.

The system starts with a Ti:sapphire oscillator (Rainbow HP, Femtolasers) which
produces pulses with a broad bandwidth. Those pulses are split into the seed arm
and pump arm according to a ratio of 60:40.

The seed arm is first amplified in a 9-pass chirped pulse amplifcation stage with
a repetition rate of 1 kHz. The pulse energy is increased to 1 mJ and a FWHM
pulse duration about 20 fs [11]. Afterwards the pulses are broadened in a neon-filled
hollow-core fiber (HCF) reaching a broad spectrum with a bandwidth supporting
sub-4 fs and a pulse energy around 350 µJ. A cross-polarized wave generation setup
is used after the HCF to clean the pulse contrast.

The pulses are then temporally stretched by a grism stretcher which provides
negative dispersion. The pulse transmitted through the stretcher supports a band-
width from 580 to 1000 nm. A programmable acousto-optic modulator (Dazzler) is
coupled with the stretcher which can compensate high-order dispersion to modify
the temporal shape of the pulses at the end of the system.

The pump arm is first shifted in spectrum to a wavelength range centered at
1064 nm. Afterwards, the pulses are split into two arms and amplified in a Nd:YAG
pump laser with a repetition rate of 10 Hz. After amplification, one arm is frequency
doubled and the other one tripled using LBO crystals. The pulse energies are 530 mJ
at 532 nm and 350 mJ at 355 nm after eliminating the fundamental laser. They are
divided to pump the four non-collinear optical parametric chirped pulse amplifcation
(NOPCPA) stages.

The main amplifer system contains of four NOPCPA stages: one red channel
(700-1000 nm) and a blue channel (580-700 nm). The red channel is pumped with
2ω while the blue channel is pumped with 3ω. The energy achieved after all four
stages can reach over 100 mJ [11].

After the amplifcation, the final compression is achieved by anti-reflection-coated
bulk material and four chirped mirrors inside a vacuum chamber. An adaptive mir-
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ror is used after the bulk material to correct wavefront aberrations. After that, the
beam is ready for experiments.

3.2 HHG setup

A sketch of the HHG setup with marked distance between the chambers is shown in
Fig 3.1. The main components of the setup are described in the following.

LWS-20

Focusing 
Chamber

Turning
Chamber

XUV
Generation
Chamber

Experimental
Chamber

11m

9m 14m

Figure 3.1: High-harmonic generation experimental setup for 22m focusing geometry.

3.2.1 Focusing Chamber & Turning Chamber

There are three mirrors locate in the focusing chamber, two flat mirror and one 22
m focal length mirror. A remote control is coupled to the focusing mirror to align
the beam to the center of the mirrors in the turning chamber.

The turning chamber is designed to save space, therefore only flat mirrors are
used. The last mirror is also motorized in order to align the beam to the reference
position in the experimental chamber. After the last mirror, another mirror can be
flipped in to reflect the beam to a BBO crystal for second harmonic generation to
characterize the pulse duration via the chirp scan technique (Dazscope).

3.2.2 Generation Chamber

Reflected by the last mirror in the tuning chamber, the beam is sent to the genera-
tion chamber. The inside of the generation chamber is shown in Fig 3.2.

The driving beam comes from the right side of the figure, the propagation di-
rection is set using the alignment iris. For HHG, the gas medium is provided either
by a gas nozzle or a gas cell. The diameter and length of the cell can be chosen
as needed. To switch between the nozzle and the gas cell as experimental needed,
they are mounted on a movable stage. Furthermore, the position of the cell can be
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adjusted by four stages which can align it properly both for the entrance and the
exit [12].

Gas 
nozzle

Gas 
cell

Switching 
Stage

X-Y 
Stage

X-Y 
Stage

Alignment 
Iris

Incoming 
beam

Figure 3.2: Photograph of generation chamber.

To characterize and optimize the focus, a flip mirror in the beam line can send
the beam to a beam profiler camera which sits outside of the chamber. The image
plane of the camera corresponds to the position of the gas nozzle.

The aberrations of the LWS-20 system is first corrected by the feedback loop
between the adaptive mirror and wavefront sensor. Before the beam enters the
generation chamber, there are still several optics in the beam path. These introduce
new aberrations that need to be corrected by the adaptive mirror again. With this
system the laser beam can be focused close to the diffraction limit.

3.2.3 Experimental chamber

When the high intensity laser pulses meet the gas medium in the generation chamber,
XUV is generated via HHG. After propagating for about 15 m, the generated XUV
and the fundamental reach the experimental chamber. The distance between the two
chambers is designed long in order to protect the XUV filters from optical damage,
which are used to transmit the XUV and eliminate the fundamental at the same time.

The filters are mounted on filter wheels shown in Fig 3.3(a). Al, Zr, Si and Pd
filters are used in our case. The filters are chosen depending on which part of the
XUV spectrum is needed during the experiment. The transmission curve for these
filters can be seen in Fig 3.3 (b).
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Figure 3.3: (a) Schematic of the experimental chamber. (b) Transmission curves for
100nm thick Si, Al, Zr and Pd filters, the experimental data is found on [13].

After the filter mounts, a translation stage is installed to send the XUV beam
to different detectors for characterization. On the translation stage, two gold coated
mirrors and an XUV photodiode are mounted. The mirrors are used to reflect the
beam in grazing incidence to the XUV spectrometer and the XUV CCD camera to
measure the spectra and beam profile, respectively.

The XUV spectrometer is mounted at the edge of the experimental chamber. The
grating used for the spectrometer is an unequally spaced curved-groove laminar-type
replica grating which can image the source into a flat plane without compromising
the quality. The XUV camera in the spectrometer is the Newton 920 series which
has 256 ∗ 1024 pixel with 26 ∗ 26µm pixel size [14].
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4 Method

For an XUV spectrum as shown in Fig 4.1, the x axis gives information on pho-
ton energy, while the y axis is the spatial profile of the diffracted XUV beam. In
this chapter, the cutoff energy determination, the distinction of a continuum and a
modulated spectrum and the XUV spectrum with different pulse durations (different
GDDs) will be described.

Before all the evaluation, a pixel to photon energy calibration along the x axis
is needed for all spectra. The calibration is done by theoretical analyses of the
spectrometer geometry and the cuts of the metal filters. A Zr filtered XUV spectrum
is shown in Fig 4.1(a), the converted axis is shown in Fig 4.1(b), the binning used is
2*2. A more detailed description of this calibration can be seen in [15].

(a) (b)

Before and after calibration

Method

Figure 4.1: One Zr filtered XUV spectral image (a) before and (b) after pixel to
photon energy calibration. (Data form 2018-11-01)

4.1 Cutoff energy determination

According to the semiclassical model, the cutoff energy of HHG is the highest energy
the electron acquired in the electric field of the laser, plus the ionization potential. Fig
4.2(b) shows the intensity distribution along the energy axis after summing intensities
from pixel 77 to 87 of Fig4.2(a). One can also choose other intense regions for the
evaluation.
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Figure 4.2: (a) One Zr filtered XUV spectral image. (b) Summed intensity distribu-
tion from pixel 77 to 87 as a function of the photon energy of (a) on a logarithmic
and linear scale. (Data form 2018-11-01)
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It is clear that the intensity drops rapidly in Fig 4.2(b) from 110 eV. There’s no
XUV detected above around 135 eV, however a small amount of signal is still detected
in this region due to background form the laser. Therefore, above the 135eV is the
noise region. The cutoff energy is determined as the energy which drops until it is
50% above of the maximum noise. In Fig 4.2(b), the cutoff energy is determined to
be 121.7 eV.

4.2 Evaluation of continuum and modulated spectrum

Normally if an XUV spectrum does not show distinguishable harmonic orders, a
continuum is expected, but wrong analyze methods can lead to incorrect result.

In one XUV spectra, it is possible that the intensity of the same harmonic order
is tilted, i.e the energy of a given harmonic changes with transverse position (prop-
agating direction). Therefore summing intensities from several pixels will lead to a
continuum when the spectrum is plotted.

Due to this reason, the determination of the continuum has to be done with
lineouts of a single pixel. To have a better evaluation, several intensity lineouts are
needed. In this way, either a continuum or a modulation can be confirmed only if all
the lineouts show the same trends.

4.3 GDD scan

GDD scan is one of the procedures to optimize the HHG yield and the continuum.
When the driving laser interacts with the gas medium, and the pulses are chirped,
the intensity of the laser is lower than the non-chirped case, therefore a lower cutoff
energy is expected. The GDD scan is done by setting the GDD of the pulses by
the Dazzler, in the meantime monitoring the XUV spectrum [12]. To increase the
sensitivity of the GDD scan, the iris which is used to change the laser intensity is
slightly closed during the entire scan.

For each GDD value, 20 XUV spectra are measured. After subtracting the back-
ground noise, the intensities of 20 shots are averaged to construct one-dimensional
lineouts. One XUV spectra as a function of GDD is shown in Fig 4.3. The horizon-
tal axis is the GDD value of the Dazzler, while the vertical axis corresponds to the
photon energy axis.
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Figure 4.3: XUV spectra as a function of GDD.(Data form 2018-10-30)

From this image, one can estimate the optimal GDD value which is around 1962-
1971 fs2. To determine the best GDD value, the cutoff energy for each GDD needs
to be determined.
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5 Results

5.1 Cutoff energy variation with the laser intensity

The cutoff energy can change with the intensity of the driving laser. In this evalu-
ation, the intensity change of the driving laser is done by changing the diameter of
the beam. The beam size can be controlled by a motorized iris which sits in front of
the compression chamber.

100 raw XUV images are recorded for each iris diameter. For each spectrum, the
cutoff energy is determined as the one which is 50% above the maximum noise as
mentioned before. The final cutoff energy is the mean value of 100 cutoff energies.
The cutoff energy with standard deviation for each iris size is shown in Fig 5.1.
From 34 mm to 44mm, the cutoff energy increases linearly with the laser intensity,
afterward, the cutoff energy shows small variation.

Figure 5.1: Cutoff energy as a function of iris size, the error bars are deviations.
(Data form 2018-11-01)

5.2 Continuum and modulation in the cutoff spectral region

Fig 5.2(a) and (d) show images of XUV spectra with a modulation and continuum in
the cutoff region, respectively. Fig 5.2(b) and (e) are the intensity lineouts of pixel
47, 49, 51 and 53 of (a) and (d). They all show the same trends in the cutoff region.
An averaged intensity lineout of Fig 5.2(a) and Fig 5.2(d) is shown in Fig 5.2(c) and
Fig 5.2(f). The averaged area is from pixel 45 to 55.
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Figure 5.2: (a) One XUV spectrum image with modulation in the cutoff region.(b)
Intensity lineouts of pixel 47,49,51,and 53 in the spatial direction along the energy
axis of (a). (c)Average of intensity lineouts from pixel 45 to 55 in the spatial direction
along the energy axis of (a).
(d) One XUV spectrum image with continuum in the cutoff region.(e) Intensity
lineouts of pixel 47,49,51,and 53 in the spatial direction along the energy axis of (d).
(f)Average of intensity lineouts from pixel 45 to 55 in the spatial direction along the
energy axis of (d). (Data form 2018-11-06)

The Fourier-limited pulse duration of the IAP in Fig 5.2(d) is estimated to be
about 188 as coming from the continuum which stretches form 100 to 125 eV.

5.2.1 GDD scan

For the GDD scans as shown in Fig 4.3, the vertical axis is first converted to photon
energies. Then the cutoff energy is found for each GDD value. Fig 5.3(a) shows
XUV spectra as a function of GDD with cutoff energies highlighted, while Fig 5.3(b)
plots the cutoff energy as a function of the GDD value. The highest cutoff energy is
82.06 eV when the GDD is compensated for 1964 and 1966 fs2, which indicates best
compression.
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Figure 5.3: (a)XUV spectra as a function of GDD with cutoff energies highlighted.
(b)The cutoff energy as a function of GDD.

6 Conclusion

Due to the short pulse duration of the driving laser (sub-5 fs), an isolated attosecond
pulse can be generated for the spectral region from 100 to 125 eV. This bandwidth
corresponds to a Fourier-limited pulse duration of 188 as which is sufficient to resolve
many interesting inner atomic and molecular process like Auger decay.

Fig 5.1 shows that before intensity saturation, the cutoff energy increases linearly
with the driving laser intensity. A proper choice of the iris diameter can not only
improve the beam quality but also keep a high cutoff energy at the same time.
Moreover, GDD scan is an effective technique to determine the best GDD down to a
sensitivity of 2 fs2 at the target. It is also effective to extend the cutoff and optimize
the continuum of the HHG.
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